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Preface to the Second Edition

It is hard o imagine any transport sys-
tem or production process today with-
out hydrostatic drives as hydeoeme-
chanical energy converters. The ease of
control in open and closed loop crcuits
makes it possible to meet the increasing
demands for flexibility and precision of
drives brought about by technical ratio-
nalisation,

Secondary control has become in-
creasingly important due o the fact that
its characteristics are much more com-
parable to electrical drives with closed
logp control than to conventional hy-
draulic drives. It is therefore no wonder
thal secondary control and its associ-
ated closed loop control technology has
gained considerable mmpetus through
the demands of electrical drives. This
has led to the developmont of a new
kind of closed loop contral technology.
Secondary control titted the bill, with ite
already familiar structure and excellent
dynamic response characteristics.

Secondary control is another variani
of hydrostatic energy transmission.

With conventional hydrostatic en-
ergy transmission the secondary unit s
moved by open or closed loop control
ut the tlow, either throltle-free via a pri-
mary unit with varable displacement,
or throttled by means of proportional or
servo valves or similar in the energy
liries.

With secondary control on the other
hand, the torque is generated by a

closed loop control process directly at
the secondary unit. As with controfled
electrical svstems the required flow is
taken directly from a hydraulic pressure
circuit with impressed  pressure. The
primary side therefore merely has the
task of preventing a pressure d_mp. as is
also the case with electrical svstems,
This type of energy transmission per-
mils unlimited wse of hydraulic accu-
mulators to cover short-lerm peak flow
requirements of the actuators ar to e
cover and store potential or kinetic en-
ergy from the actualors.

Secondary control, however, has yel
to be completely accepted by hydrostat-
ics experts. It cannot completely replace
conventional hydrostatic drives. Rather,
it should be considered as making those
tields of hydrostatics accessible, which
wery previously inaccessible with re-
spect to dynamic response and accuracy
in speed, lorque and positioning con-
trol, as well as rendering possible en-
ergy recovery with or without conver-
sion inlo another energy form,

This volume "Hydrostatic [rives
with Secondary Control®, as part of
"The Hydraulic Trainer” series; aims to
communicate to the reader the funda-
mental principles of secondary control.

The axial piston units, with slight
maodifications for secondary control, are
introduced and descriptions are given
aof the electronic compoenents, One chap-
ter covers dynamic response and the

particular characteristics of secondary
cantrol referred (o conventional drive
technology.

Selected examples demonstrate the
diversity of applications. This should
enable the technician to select and de-
sign the most suitable hydrostatic drive
tor the specific application.

The final chapter of this book con-
taing information on project design,
which should prove helpiul,

Ohir thanks are extended Lo all those
who have helped in the production of
this book by offering information, sug-
gestions and creative ideas.

I would especially like to thank Mr.
Rudi Lang for the extensive contribu-
tions he has made.

Rolf Kordak, Lobr w. Main
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Terms and Definitions 11

Terms and Definitions

Impressed pressure
T'his is a termy boreowed from electro-
technology. With power converters in
DC intermediate circuits we talk of im-
pressed vollage or impressed current.
With hydrostatic drives using closed
loop  pressure-controlled  hydrawlic
pumps and hydraulic accumulators the
system pressure is dependent on the
loading condition of the accumulators,
and s therefore not constant bul "im-
pressed .

Impressed flow

This is the fow directed to an actaator
via variable displacement pumps (dis-
placement control) or valves (valve con-
trol) for the generation of a specific out-
put.

Energy utilisation ratio ETA
The term energy utilisation ratin ETA is
used when il is unrealistic to refer to the
term efficiency, for example with values
> TN,

ETA is the quotient of the mecham-
cal energy vutput to the machine to that
produced by the prime mover.

GTO thyristor

A Gate Tum-Off Thyristor is a power
semi-conductor that can be switched off
with average switching frequency and
blocking voltage and high specific on-
state voltage. It s wvsed in eguency
Cconverters.

Displacement

Thee recommended lerms “Volumetric
displacement” for hydraulic pumps and
“Absorption capacty” for hydraulic
mwtors are replaced here by the lerm
"Displacement”, as a secondary con-
trolled unst operates in four guadrant
modie and it is not possible o com-

pletelv  separate  pump and maotor

miodes.

Hydraulic spring

This is the column of oll in a pipe sys-
lem, between the primary and second-
ary sides, that is under a varving oper-
ating pressure.

Hydraulic isalator
This is the connection point of the sec-
ondary unit to the hydraulic system,
and is analogous to the electrical plug.
It is normally in the form of an clectri-
cally piloted check valve

The hydraulic isolator stops the flow
of hydraulic energy to the actuator,

Hydraulic transformer

A hydraulic transformer is a hyvdrostatic
transmission comprising a secondary
controlled  variable displacement unit
and a fixed or variable displacement
hydrostatic unit

The hvdrostatic units are perma-
nently coupled together with no me-
chanical mput or output dove,

With the hydraulic transtormer sin-
gle-acting and synchronous cylinders
can be operated on the same ring main
with impressed operating pressure
without throttling losses, and under
suitable conditions energy may be fed
back into the system.

IGBT

This term stands for an Insulated Gate
Bipolar Transistor.

In drive technology transistors are used
at high pulse frequencies as contactless
electronic switches.

Mooring operation

This is dual-quadrant operation with
motor and generator functions in one
direction

MOos

Metal Onide Semiconductor defines the
sequence of lavers, (M (gale electrodel),
O (msulating laver), S (semiconductor
channel), set into integrated circuits as
fiedd effect transistors.

MOS is the general term for the tech-
nology used in the manufacture of dis-
creet and  integrated  semiconductor
components and any assocated opera-
tonal components,

Runge-Kutta-Merson integration
method

This Is a numerical method for solving
differential equations.

It vperates with automatic stepped
control o a prcdetrmﬂmd ACCUTACY
limit, taking into consideration any dis-
continuities that may arise.

The Runge-Kutta method and de-
rived variants of these are of great prac-
tical significance.

Self-blocking

Self-blocking is the uncontrolled decel-
eration of a hydraulic motor to a stand-
still, caused by the swivel angle drop-
ping to within the 2ero range. This
definition cannot be applied to second-
ary controlled units.

Stribeck curve

The Stribeck curve represents friction
plotted against speed or number of rev-
olutinns.
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Tandem unit
A tandem unit is the term for two hy-
drostatic units coupled together

Translatory analogon

I'his term s used to describe the mclu-
sion of hydraulic cvlinders into the sec-
onudary drive unit with energy recovery.

Total loss
This is the sum of all leakages trom
within a hydraulic system. It s made
up of;
- I'ressure losses due to mechanical or
hvdraulic friction and flow losses,
-  Leakage losses and
- Throttling losses, which usually ac-
count for the greatest loss,
The total loss will always be con-
verted into heat at the position where it
OCCurs.

Four quadrant operation
This is the term given to the operating

mode with bi-directional rotation and
bi-directional torgue.

Efficiency
This is the ratio of output o input of a

device, unit or system.

Time factor of the controlled system
This is the factor tor the time response
of the controlled system for testing sys-
tem response to the secondary control.

The time tactor of the controlled sys-
tem by in seconds characterses both dy-
namic respanse of the controlled system
and secondary onit.



Formulae

Formulas 13

practical unit
—— 3
Ay Arca, piston arca . ¥ ol
Ay Amplitude of a control value { i
B Magnetic induction { 1 -:
| c Capacity E
| - N
Cyia Spring constant of a column of oil e
Ca Loss factor with gencrator operation
Cu Loss factor with motor operation
¢ Wave speed ms
_ N
£x' Spring constant ==
D Diameter m
D Electrical flow density E_z
m
i Diameter m
d Iamping
dy Hyvdraulic diameter m; mm
dR Amplitude ratio &mm
E . Hlasticity modulus ﬂ : l N
m, on’ mm
E Energy, general 15 Kt
L€ Flectrical field strength v
m
E LOrigrinal voltage™ W
Ef{ t}.ﬂ 'i"ﬂthlnﬂ |
| Hydraulic energy M
Ey, Kinetic energy b N
£ Elasticity modulus of oil ---rl'%:-—--i-—[Il -
Pt fmEs®
[ Ecrentricity i Im; €Im; mim
¢ L'nit charge Ve




14  Formulas

Svmbol Meaning &mmmry.uni;;
_ practical unit
F Foree N "
g Amplitude resporise . —
F Amplitude ratio P
X Frequency Mz
13
E
Fi Fixed mams frequency Has 1
5
fi Stalor Frequency Le; 3
g
T
W \ Natural frequency Hz; 2
=™
G Weight N
& Shear modutus N, _ﬁ_; g N
m cm mm°
4 | Acceleration due to gravity E}
)
H Magnetic held strength A
m
|
h Height m
I Armatume current A
Iy Hase current A
= Callector current A
L Emitter current A
I 'Hn'ldhg curment | A y
| - Pilot current A
] Moment of inertia kggm-
) | Mass moment of nertia kgm?
T | Mass moment of inertia of secondary unit kgm’ .
Jus Reflected miass moment of inertia kgm* l
| Total mass moment of inertia kgm?
| " ‘Additional moment of inertia kem?
2
K Compression modulus i L
: press N “bar




Formulae 15

Symbaol Meaning, Statwory unit;
practical tmit
K, Integration constant —'l—-\-
kgm® .
K, Mudltipfication factir i controtcirouit L
L Sound pressure level dB
I Length m O
M, Idling torque Nm
M_. Acceleration torgue Nm
My Electrical torque in air gap Nm
M, Load torgue Nm .
M, I'rictional torgue Nm <
Mo Torque eommand value, general Nm
My lorque, general Nm s '
My Drmive torque; torque of primary unit; Nm
torgue of hyvdraulic pump
My, Quiput torgue; torque of secondary unit; Nm
torgue of hydraulic motor
M. Maximum torgue of secondary unit Nm
M i lorgque command value, general MNm O
My s, . Maximum torque, general Nm
My i Spoed-dependent turque correction valiie Nm 0o
Mo | Additional loss torque ‘ Nm
m : Mass kg
n | Speed rpmys OO
i
i | Change of speed per unit time gL min
| F iy
$ —
Ma Change of speed per unit time of secondary unit; 2 min
lmﬂﬂaﬁlmufsecmﬂﬂnr unit £ g
; = Y
e | Maximum change of speed per unit time 2. min
An Sp_-e:d deviation of secondary unit; pms
Speed change of secondary unit
m Drive speed of primary unit; rpmys
Divive speed of hydraulic pump
s Specd of secondary unit; rpmis ")
I L Output speed of hydraulic motor
e Specd actual value of secondary mﬁt; rpm/s N
Speed actual value of hvdraulic motor
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1 practical unit
My Spwd ﬂL‘hii.[ value of suﬂmdlry unit {m‘retj .~ rpm/s
M s, Spmd:ch.mﬂ u!uent‘m‘mdm mut{nlaw.-} rpm/s
s e hhtm'lum apeed.u!mmﬂaw unit, externally set pm/s
L 92 i !rhxfmumlpnni'nﬁmmmrvurﬁt internally set rp:-f,a
My Spowd actual value, general mpm/s
Wk “Maximum spéed rpm /s
Moz Minimum speed rpm/s
LS Mcan speed | pmis
y Nu:pmaiwﬂ lrpm/s
M Command speed, general | "Pmis
B Power, general ' bfl W kw
P Effective power e w
P, Muxtgutty poveer of pritnaty unit N w; kW
! -
[ i . Comerpower E;n_x : Wi kW
|
P Maximum power Egﬂ W; kW
If -
' Pl Hydraulic power E;’E;w; kW
_—— - = o
X | Maximum power B w; kw
P, Blind power W o
>3 = -
P, “Apparent power factor w
Pade Additional power AWk
U : " "
b 'ressure |*—5: bar
m
P _Np.ufp&bﬂfﬁﬁ ™
2 . r N
Poar High pressarg ~ ; Har
. F e
X % L
Pact Prw'ml-\iaht_! % ; bar
m
Low pre M
M pressiine L
o




Formulae 17

Symbal Mearmng Statutory unil;
< practical unit
Ay Pressure differential .l ;bar
=
Mo Pressure difterential actual value —:l-k ybar
m
| "t Pressure differential in pilot circuit l: ;bar
m
- Bowst pressure —\—_ sbar
mt
ll Q Electrical loading C
| Q Plow, general ﬂtﬂﬂ‘ =
: s min min
| 'y Flow of primary anit; ! 3 i
| Flow of hydraulic pump LA
I 5 " min " min
Qs Flow of secondary unit; m dm’ L
Flow of hydraulic motor & " min’ min
‘ [ 2 B Maximum flow 9_3 ; i_m: . aby
s "min' min
| Qi Minimum flow n_1: dm’ -
| s ~min’ min
| - -
| Qo Mean flaw m dm’ 1
| & "min” min
= = | o
O Flow of hydraulic pump m dm’, L
| & ' min ' min
]
R Resistance ¥
| By Stator resistanoe | 1
R. Rolor resistance - ‘Q X
L.r Radius m O
r Jerk 1:
=
: I Geometrical radius of drive flange m; am .
2 Geometrical radius of eylinder drum . m; gm
5 Surface m om® -
g Slip :
T Temperature o K: “C




18 Formulae

| Symbol Mesiiing | Statiitory unit;
| practical umit
T Length of time s
1 Ramp time of load moment 5 ms
L ‘ Time factor of control area =
Lo Swived time; contral time s; ms
Pt ‘lime d:l;; 5 ms
[ Time |
f, N Contral time N s
L Setting time 5
u Range. ¢ircumfenence m
u Voltage, Berieral v
| X Stator voltage v
U, Rotoevblage v
Uler Collector-emitter voltage >
Uy Analogue input voltage
u, Correction factor . v -
L1, Mean value of voltage in idle running ° v
u, Amm'i;lpui voltage, current dependent v »
U, Voltage actual value v
—ff,. Analogue input voltage, specd dependent v
" Vultage command value v
U Pilot voltage v
Vi Volume of oil calumn mtem?
v, Displacement, general m; cm’
|-_1:’,|. ] Displacement of primary unit; m’em’
; Displacement of hydraulic pump
v, Displicement of secondary wnit; m: e
Displacement of hydraulic motor
S Maximium displacement of secondary anit o
maximum displacement of hydraulic motor
Ly Speed, general ?
i Maximum speed, general ?
| ot | Pasitioning cylinder speed ?; %
[ W Work I N




Formulae 19

-i Meaning

Symbul Statutory unil
| practical tnit

X Torque relationship e a

r, | Output value A

i, —j Amplitude of output value i

% | Input value

% Ampﬁm:e ; fl'l;;ﬂ value o

y Positioning cvlinder distance MO mim

Z | No. of pistons 5 SO0

z Empedance 0

Z Disturbance torgue Mm

a | Swivel angle, general rad; degrees;

@ | Control an Jble ! rad; degm

a Tu'mg dahn angle rad; degrees:

i I Change per unit time of swivel angle t;:"-i; ;

-

i, Swivel angle of primary urnit; rad; degrees;
Swivel angle of hydraulic pump

a Swivel angle of secondary unit; P
Swivel nngle of hydraulic motor

g, Maximum swivel angle of secondary tni; vads A
maximum swivel angle of hydraulic motor

[ ;wi;I angle actual value, general - rad; degrees; -

Oy Swivel angle actual value of load unit = tad: degroes:

ny. s Swivel angle actual value of secondary unit degrees, © A

L - ‘ Swivel angle cortection factor rad; degreps: -

L= Maximum swivel angle " rad; degrees; ©

e fE;le:l angle command value rad: degrees; °

. Maximum permissible swivel angle digrees, *

5 Degree of uniformity %

£ Relative permittivity 5

n Eifficiency, general O 4

RO T =

. Mechinical-hydeatlic Siclency %,

Wi Yolumetric efficiency __ o

K Adiabatic exponent 0 '

b [ Tistse pesistance coefficient s ae
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practical unit

- = = - =
A Wavelength, electrical m
M Permeability E

: ol
S | Magnetic flow Vs
L] Stator fow Vis
? Angular position rad,
" Phase shift sad,
[ Phase response |
M Angular velocity 51
0 Angular acceleration 2
- Angular position of secondary unit rad; degrees; ©
L8 i Angular velocity of secondary umit 51
w ! Angular velocity, general s
oy I Angular frequency g
@ Angular velocity e
5

o, Angular velocity of secondary unit :
o Angular position degrees; *
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The Development of Secondary Control at Mannesmann

Rexroth

Introduction

The development of secondary control
began for Mannesmann Rexroth in Sep-
tember 1977 when Professor Nikolaus
of the Army Universily in Hamburg ap
plied for a patent on the fundamental
principles of secondary control

Simultaneously, yet independently
the author began looking inbo circuits
for the operation of rotary hydrostatic
umits In a constant pressure system
without the need tor throttling elements
in the energy lines

The result of these tests waz the
speed control of a variable hydrostabic
unit at constant pressure by means of
adjustment,

torgue achicved by a

change in displacemenl volume [see

Fig, 12)

Although

coupling laws, this circuit was technd

contradicting the flow
cally highly complex
The tirst attempts by Protessor Ni-
kolaus to find a partner to work on his
ides were ||1|t|.!||_1. unsuccessfil. The
reasons were as follows:
Secondary control was already a fa-
miiliar term within the industry, but
al that time it meant simply an apen
loop control process on the motor
side
= The unproven scientific claim that
would
motor operation or a small swivel

“sell-blocking” occur with
angle was also considered a poin
apaimst the introduction of second-
ary control. A continuous zeto posi-
tion -:nn;—-nh'rl'd

How  was  not

possible

The control experts raised the objec-
tion thal a dual-integrated systom, ol
which secondary contrnl is one, is

virtually impossible to stabilise

These reasons led o & rejection of
secondary control by drive technicians
not familiar to the industry on the
grounds of technical impossibility. Not
until 1979 Mikalaus

took up contact with the author, was the

whien Professor
basis formed for a co-operation and po-
tential marketing of the concepl

A decision was made v work o
gether on a joint project for the technical
development of a drive based on this
concepl

Defore work was started on the ac-
tual development all patentable ideas

wiere collated

Fig. 1: The tirst ever secondary controlled unil, axial piston undt tvpe TTEW iy bent axis design, with hedraulic tachometer connected (left), and

an up-te-date secondary controlled avial piston unit tvpe A4VSOHIDST in swashplate design, with electnical tochometer (right)
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Patent protection

This resulted in a patent application by

Mannesmann Rexroth in 1980 with 38

claims under protection of the earlier

priorities. This was to keep competitors s
away [rom this high-dynamic drive

technology

It came as a complete surprise how-
evier, when, at the end of 1980, a regis-

tered patent from May 1962 by engi - T
neers  ["earson and  Burretl  was

unearthed m  England, which fope- |
stalled all these basic ideas of secondary ,}'{' é
control with the aid of a hydraulic ta-

chometer. Only the fact that technology A L
at thal point was not sufficiently ad-
vanced o be able to control high dy-

namics, and also that there were no

suitable machines available, prevented

this from reaching the industrial appli- E
’f

cation stage.

|
In September 1992, after a period of III'U" 1;4'; A
2 vears, the Mannesmann Rexroth ap L__ __[

plication of 1980 was finally patenied.

The concept of the combination of an
electrical tachomeler  and  electrical T l P XW

swivel angle feedback for stabilisation

of a svstem was acknow ledged by the

patent office as an invention. Secondary ){' f
control as defined and designed by

Mannesmann Rexroth is thus protected 8
by patent right until the year 2000

In additton to this fundamental *
patent there are approximately 30 other
patent applications or patent rights al-
ready granted, pertaining o secondary
cuontrol. These include:

- hwvdraulic transformer s,

the inclusion of hydraulic cylinders
in a secondary controlled drive sys-

tem with ENETEY TECOVETY,

- torgue control by means of swivel
angle feedback,

- a so-called trick circuit for fast }% f

torque built-up,

- displacement control at low speeds « . P
for  uniform torgue  transmission
[creep speed control), Fig. 2: Possible variants for signal feedback with hydraulic speed control in an impressed

proessurne system
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= & satety cimuit to prevent excessive
speeds or acceleration and

- electronic power limitation for up to
several actuators,

Initially repeated attempts were
made to find another term tor this new
drive concept, especially as this English
translation  “secondary  control”  inti-
mates rather second rate. Terms such as
Muotor operation in a constant pressure
syslem” were considered. Such a term,
however, cannot not be used as it is not
strictly  correct.  Secondary. control
works in four quadran! operation ie
bi-directionally as a hvdraulic pump
and hydraulic motor, The operating
pressune is not constant, bul impressed
Le it changes by means of the loading
conditton of the hydraulic accumulators
that are rmrmn”_\' part of the drive 5¥E-
lem.

The term “impressed” was borrowed
from electrotechnology. In elecirolech-
nodogy b Is a known fact that with
power converter fed motors the DC in-
termediate circutt works either with Im-
pressed current or impressed voltage.

Today the term "Secondary control”
15 widely known. In November 1974 a
contract was signed between Professor
Mikolaus and Mannesmann Rexroth,
Lohr, enabling the Institute of Hydro-
static Drives and Controls of the Army
LUniversity in Hamburg to participate in
the system development using the lest
equipment available there.

In June 1980 initial tests were carried
out on an axial piston pump in bent axis
design, type 71EW, with mounted hy-
draulic tachometer and flow-dependent
positionung cylinder (Fig. 1). The first
test results were not very encouraging.
The basic structure was found (o be un-
stable (Fig. 2 and Fig. 3. A},

As a result of this the Now-depen-
dent positioning cylinder was replaced
by a hydraulic pressure-dependent pi-
It control with mechanical feedback of
the positioning cylinder to the pilot
valve {Fig. 2 and Fig. 3, B).

This test piece was used to research
into the basic requirements for system
stability.

It was determined that optimum
sysdem stability can be achieved in the
secondary controlled circuit if:

Output specd 1,

Timae ¥ in seconds

Fig. 3 Reaction of e secondary undt with hydralic tachometer 10 stepped changes in

torque; circuit to Fig. 2

- the secondary unit possesses suffi-
cient acceleration and deceleration
reserves ie. the unit must be revers-
ible and sufficiently large,

- on reaching the command speed the
acceleration or deceleration part of
the torquie is equal to zero,

These requirements can only be ful-
filled 1f;

- the measurement of speed deviation
is free from backlash and with novin-
terference and

- the change of torque is without de-
lay.

The more precisely these require-
ments are fulfilled, the more stable and
free from problems the control concept
is likely o be.

After evaluation and analysis of all
test results with this new "pressure-de-
pendent positioning cyhinder with me-
chanical positional feedback”, the speci-
fication was produced for a more
suitable positioning system. [t came as
something of a shock that the HD ver-
sion  (hydraulic adjustment, pressure
dependent) of the mobile type A4V ul-
filled all the requirements af this specifi-
vatiomn.

As from June 1982 for comparative
measurements with the 7IEW / 53041
unit used up until then, the axial piston
unit A4VOUHLD in swashplate design
with force feedback of the positioning
systern was used for the test pro-
gramme (Fig. 2and Fig. 3, C).

The evaluation of this test series un-
derlined the technical supenonty of the
swashplate over the beni axis design lor
secondary control, in addition to the po-
siioning system with force feedback,
which is more suitable for secondary
conbrol.

As expected, system stability -
creases notceably as we progress from
version A through B to C (Figs. 2 and 3),
Also as part of these tests the influence
uf the control time on the system char-
acleristics was recognised and evalu-
ated. Control time needed to be reduced
drastically, and this was achieved most
quickly and effectively by mounting a
sprvo valve in the control crouit.

By the end of 1982 all tests and
planned research on the A4VYIHS axial
pistan unit had been completed. Swivel
angle feedback was effected electnically
and the tachometer was fitted with sig-
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Fig. & Secondary control circuit with speed safiuty device

Fig. 5 Secondary control circuit with hvdraulic and electrical determination of speed

nal processing, initially analogue, and
later digital.

All dosed loop circults shown in
Figs. 2 and 3 depend on perfect fune-
tioning of the speed tachometer (hv-
draulic or electrical), as is the case with
power converter fed tachometers.

If the tachometer breaks down the
control circudt will become unstable and
"crash’. A speed limiting system is built
in to prevent this. Fven in the early

stages of development a safety svstem
was considered for protecting the con-
trol circuit in the event of the hydraulic
tachometer failing (Fig. 4). The signal
pressure in the speed control circuit is
monitored by means of a pressure
switch. If this pressure drops to below a
pre-set minimum value the electrically
operaled check valve will be activated.
The energy supply to the secondary
unit will be cut off, the brake function

however being retained, as the hr.ﬂuing
energy can drain off into the hydraulic
systerm.

In the circuit illustrated in Fig. 5 the
speed of the secondary unit is deler
mined both by hydraulic and electrical
means. The current signal generated by
the electrical control circuit acts on the
electrically operated flow control valve,

I'his process also increases
- the positioning speed,

- system stability,

operational safety and
- control precision of the drive.

If the electrical tachometer fails the
control function of the drive will be
maintained, albeit with reduced control
accuracy and system stability

The drruit designs represented in
Figs. 2 and 4 do not permit change o
direction of rotation, as the hydraulic
tachometer has to work as a pump to
generate the energy required to main-
tain the control pressure. In order to be
able to travel in both directions, the hy-
draulic tachometer must effect flow in
the opposite direction on a change of
speed sign, This is achicved electrically,
as illustrated n Fig. 6. The hyvdraulic ta-
chometer (1) operates here in closed cir-
cuit vperation.

Control pressure line (2) is used as a
level of comparison, fed by means of
the pressure relief valve. In order to re-
coive positive and negative pressure
differential signals in both directions,
the boost pressure must be reduced
even further by means of an additional
pressure relief valve (3),

The required flow volume only has
to replace the leakage loss from the hy-
draulic tachometer (1) and is therefore
negligible. For pre-setting each direc-
tion of rotation a separate control valve
(Aow convtrol valves (4) and (5)) can be
used in the control circuit. Another al-
lernative is a proportional valve with
flow control function, acting in bath di-
rections, This combines the functions of
valves (4] and (5). The tachometer (1)
generates pressure differential signals
with the relevant sign and proportional
to the control deviation, by means of the
throttle (6) in both directions of rotation
of the secondary unit. The circuit shown
in Fig. & can, in other wonds, work in
four quadrant operation.

Before development was  concen-
trated entirely on the electrical tachom-
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Fig. 7: Signal flosw chart for speed control of 2 D0 motor {top) and a secondary wnit (bottom )

eter all basic tests were carred out us-
ing the hvdraulic tachometer.

Atter this standard had been de-
fined, concrete offers could be made
and within a short time four orders
were booked in. Even at this stage it
wits Clear that this drive concept was
destined for great things, being ideally
suited for the high demands placed on
it in terms of dynamic response, preci-
sion amd reproducibility required for
test and simulation techniques in auto-
mobile manufacture.

In this context we must mention
Mercedes Benz. as they were prepared,
without anv previous references, to take
a risk by introducing secondary control,
as the advantages associated with it had
already been recognised. The result of
good co-operation was initially two test
stands, which were put into operation
without any problem and are still in pp-
eration today,

However, the development of a con-
trol electronics syslem geared to sec-
ondary control proved somewhat difii-
cult. The experts in hvdrostatic drives
were also not easily convinoed.

I'here was therefore initially no
choice but to work together with electri-
cal conirol experts on the transition
from electrical machines 1o secondary
controlled axes

Signal flows of both drive concepts
are basically the same. With an electn-
cal drive the current is fed back, with a
hydraulic drive il is the swivel angle
(Fig. 7). There are, however, consider-
able differences in the control character-
istcs,

The dynamic characteristics of the
controlled electric motor & determined
by high natural moments of inertia,
Damping Is beller with electrical drives
and non-linearity is not so pronounced
As the dynamic parameters are only Lo
a small extent dependent on load, it s
sometimes possible to pre-sel the con-
trol circuil without detailed knowledge
ot the particular application. It &= there-
lore not surpnising  that with simple
control concepts the true capacity of hy-
drostatic machines, especially  when
they are secondary controlled, cannot
be fully utilised.

There is one characteristic, however
that is peculiar to the canventional hy-
drostatic drive that is of no significance
with secondary control. The volume of
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oil enclosed in the compression cham-
bers and lines, which, due 1o its elastic-
itv, furms a second degree oscillation el-
ement together with the mass load, has
no influence on the system dynamics
because of its impressed pressure.

There are, however, problems
caused by a frequent lack of damping of
the controlled system and also by the
presence of dominating non-linearities.
In addition to this the natural moment
of inertia of the hvdrostatic unit is small
in comparison to the moment of inertia
of the load, so that the load associated
with the drive is the main factor in de-
termining the dynamic characteristic of
the drive.

A good knowledge, both of the ma-
chine to be driven and of the operating
procedure, is thus required for the tech-
mical design of the control syvstem.

In addition 1o the demand for a
drive-specific control electronics sys-
tem, & simulation compuler program
was therefore also sought, This was to
enable static and dynamic transfer char-
acteristics to be estimated as early as the
project design stage.

This led to the labaratory for hvdro-
static drives and controls at the Army
University in Hamburg being given the
job of developing a simulation program
tor secondary control at the beginning
of 1954,

DIGSIM

DIGSIM, a program system for DIGital
SIMulation of the dynamic characteris-
tics of technical machine systems with
resulls in tabular and graphic form, was
completed at the beginning of 1955, The
program item for graphic output alsy
permitted the reproduction of digitised
miasured values,

DIGSIM was suitable for numerical
imtegration of ten differential equations
of the first order, which could also be
non-linear or discontinuous as e
quired. The Runge-Kutta-Merson inte-
gration process was followed with au-
tomatic step-by-step contral according
to a pre-determined accuracy range,
taking into consideration any disconti-
nuity,

The system to be simulated was In
the form of state differential equations.

IGSIM was thus mainly suitable
for the user in technical and scientific
areas. However, due to ils Mexibility, it
could easily be used tor the simulation
of non-technical systems. Oniginally
only the data sets of axial piston units of
the series AIV_HD and A4V EL with
I. Pl and PID controllers were set up.
The program was later extended to in-
clude the series A4VS..DS  and
AlOVS..DS,

In 1990 INGSIM was replaced by
HYSEK - a program for the simulation
of secondary controlled drives - one of
four programs making up the HYSYS
package.

At a very early stage the importance
for secondary control, of using micro-
processors in the control of digital
swivel angles, was recognised.

October 1984 saw the start of devel-
opment of the digital controller pro-
gram DICREG (DIGital-REGler-Pro-
gram).

The advantage of this program lay
in the fact that no amendments needed
to be made 10 the assembler program
when implementing new control alge-
rithms. A wide range of different trans-
ter blocks were available (o the user,
This microprocessor-controlled system
was developed by  Mannesmann
Rexroth n co-operation with the labora-
tory for hydrostatic drives and contrals
at the Army University in Hamburg,
and was sponsored in the first phase by
the Ministry for Technology and Re-
search,

Other advantages of this digital con-
trol system were the high resolution
achievable in the determination of the
swivel angle, which depends entirely
on the impulse rate of the transmitter
per revolution, and the high resolution
of the hardware counter module wsad.

In addition it offered great Aexibility
with respect to the implementation of
complex or new types of controller, to-
gether with ease of modification or
matching of existing control algorithms
by means of program amendments.
Work on this digital controller was,
however, broken off abruptly in March
1986 when Professor Mikolaus ended
his lecturing davs at the University of
Hamburg and took on a development
post in industry. The university ended
the co-operation agreement. Up to this
paint twelve research projects on sec-
ondary control, several studies and dis-
sertations as well as a thesis for a doc-
torate had been completed.
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Further Development

From this point all further development
in the field of secondary control lav in
the hands of Minnesmann Rexroth

Axial piston units

Although the use of any cuompressors
with varable displacement over centre
was considered feasible with second-
ity controlled hydrostatic drives in four
quadrant operation, since 1985 the
swashplate design with series A4VS
and ATOVS has been the one in common
TENS

The advantages of these two series
vutweigh the disadvantages, i spite of
the fact that start-up efficiency, particu-
larly under load, is up to 8% lower in
comparisun with the bent asis design,

In March 1957, after axial piston
units were adopted as standard in sec-
ondary control, product information
sheet AP 160 was published, This data
sheel contamed not only the relevant
technical data, but also stipulated the
rules and directions for application of
mindels with displacement volumes of
40, 71, 125 and 250 em?,

The series has since been extended
o include units with displacoments of
180, 355, 300, 730 and 1000 am®,

Analogue standard
controller

Since 1986 there has been a specitication
of an analogue standard controller for
the A4VS series. The V112000 contral
aned monitoring electronics which de-
veloped from this was put into opera-
bon in August 1988 on completion of
tests. Since October 1989 the range of
applications has been extended by
means of the £/U converter and mani-
toring electronics VTSO102 1 is used tn

conjuction with a digital tachomieter (in-
cremental transducer) and, together
with the VT12000, is suitable where
high speed and positioning accuracy
are required. These electronics are also
used for monitoring the signal lines of
the incremental transducer for cable
breaks.

As the control with the combination
of ¥T12000 and VT50102 is still ana-
logue, a digital control card developed
in 1992 offers a suitable solution, as this
can be used for varivus hydraulic appli-
cations but with the same hardware e .
tor secondary control.

This "ebectronic matching” 1o the rel-
evanl work process is carried oul exclu-
sively by the software.

The DSR digital open and closed
loop electronic control has been avail-
able for the ALOVS series since the be-
ginning of 1984, This is an open Euro-
bus hased hardware system with input
via menus. The digital positional con-
troller operates with state feedback. The
subordinate swivel angle control circuit
15 still of analogue design.

Digital controller systems

The control of the smallest possibile
additional moment of inertia on the
controlled axis has alwavs been the
greatest prionty in the continued devel-
epment of digital controller systems.

A digital adaptive controller is being
sought after. which recognises changes
in paramelers and s able to adapt itself
aptimally to these changes,

This requirement is not new, espe-
dally as digital open and closed loop
vontrol systems are in the forefront on a
broad basis in virtually all branches of
industry.

Summary

The experience that we have gained
from the past in the implementation of
secondary controlled units has placed
us in the position today of being able tn
make detinite statoments on the techni-
cal limits and possibilities of this system
technology. These are essentially detor-
mined by the achievable spoed of the
control system, characterised by the
control time. Other decisive factors ane
the technical data of the controlled area
such as moment of inertia and lsad
tumque  recognition, which are able o
give us the applicaion limits in ad-
vanoe.

Future development of secondary
control will be aimed mainly at system-
oricnfed ransmission units for reduc-
mg control time.

Other aims are:

- increasing response sensitivity of the
control device with small signals,
controlling  the system  frum ex-
bremely fast controlled arcas e
with low moments of inertia,

- increasing system safely and accu-
racy,

= inclusion of translatory analogons
into the secondary controlled drive
system and

- reducing losses by improving volu-
metric efficiency.

i doubt some of these characteris-
tics which hiave been developed for sec-
ondary control will also be used to ad-
vantage  with drve
syslems with flow coupling, as has re-
peatedly been the case in the past.

conventinnal
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Basic Principle of Secondary Control

Introduction

Secondary control, a hydrostatic drive
concept in a hydraulic system with mm-
pressed operating pressure, has been in
worldwide use since 19501 As the spe-
cial characteristics can be more easily
compared with electrical drives with
closed loop control than with conven-
tional hydraulic drives, project design
together with the application of second-
ary contralled drives is still only used
I:"_r. a small group with specialist knowl-
edpe

Secondary control s used predomi-
nantly where a conventional drive is no
lorgger able 1o fulfil the technical re-
quirements in terms of dynamic e
sponse, positioning and precision con-
trol of speed and torgue.

Une important criterion is energy ne
covery with or witheat conversion inlo
another enerigy form.

In drive lechnology two power
transmithing parameters ane of impor-
fance:

torque M; m Nm and
- speed ninorpm.

These mechanical parameters corme-
spond to the following parameters in
hydrostatic drives:

- pressure p in bar corresponds to
torgque My and

flow 1 in L/min corresponds 1o

speed n,

Depending on the coupling of the
mechanical and hydraulic paramters
we differentiate between bwo types af
drives. Thise are:

drive systems with tHow coupling

{conventional systems) and
- drive systems with pressure cou-

pling {systems with control of the

secondary umit),

Tig. & Basic circull of a conventional hydro-

static drive

Drive systems with flow
coupling

Betore looking at the system-depen-
demt characteristics of secondary con-
tral it is a good 1dea to start by demon
strating the basic principle of the
conventional hydrostatic dnve system
that operates with a flow coupling.

In hydrostatics pressure differential
Ap and fHow Q are modified in order to
influence the power 1o be transmitted

P = 222G
i M1
w here
Payn hydrauhic puswir m kY,
L3 = pressae dillerential in bar
Q fiow i L7 min

The conventional hvdrostatic drive
consists of a hvdraulic pump with vari-
able displacement 'v',ﬂ

and a hvdraulic

iy ity
|08
My VOO0

will be changed and thus the output
speed 112 af the hydraulic motor deter-
rrvined

Flow (0, deterrmined by drive speed
n; and volume V; . causes the hydrau-
lic motor to achieve an output speed n;
depending on its displacement V2
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A pressure  differentiol  Ap, corme
sponding to the load characteristic of the
drive performance graph, will ooour at
the hydraulic drive:

Hiome My,

Vs

Ap=

With any change in lorque requined
at the output end the svstom will re-
spond with a change in pressurne Ap.
I'he oil column between the control ele-
ment and actuator will be either com-
pressed or expanded. With dynamic re-
sponse  operations  the “hydraulic
spring” may have a considerable ad-
verse effect on system stability. It is ad-
visable in practice to damp the sestem
by increasing control time of the hy-
draulic pump. This enables pressure
build-up or reduction and thus system
stability 1o be kept under control, This
apphes in particular (o the closed cirouit
represented in Fig. 8.

In heavy engineering and shipbuild-
ing it is common practice to install hy-
draulic systems with a central il sup-
ply. These operate at a constant
pressure using  pressure  regulated
pumps and can have several actuators
connected in parallel. In order to ensure
that all the fluid does not fow throwgh
the actuator with the lowest level of re-
sistance, 1t 15 necessary to install throt-
tling elements in the energy transmis-
sioni lines. These ensure  that  the
required flose reaches the individual ac-
tuators. Thus, in order to obey the laws
of fiow coupling, the constant pressure
svstem is converted into a constant flow
sysiem.

Fig. 9 shows an example of two actu-
ators in open circuil. Actuator (1) 13 a
fived displacement motor with an elec-
trical tacho-generator for a closed loop
specd-controfled drive. The control ele-
ment can be either a proportional valve
or a servo valve. Energy is supplied o
the svstem by two pressure regulated
hydraulic pumps, Actuator (2) can be
egither a fived displacement or a variable
displacement motor. Masimum flow 1o
this unit is limited by a fow control
valve. Below this maximum flow the
mator is controlled by means of a direc-
tional valve, which can control both the
direction of rotation of the motor and
can also throttle the speed even further
If the putput units tend to act as genera-
tors ie. when decelerating or when
lowering a load, the energy |s converted
into heat by means of a deceleration
valvie
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Fig. 9 Conventional hydrmostatic drive

In the throtthing operations illus-
trated here and especially under partial
load conditions, a considerable amount
of heat 15 lost due to the proportion of
pressure generaled by the pump which
is mot required by the actuator for a
given How volume. The energy balance
leaves much o be desired, energy usage
at the primary end being correspond-
ingly high.

It was thus necessary o look for an-
other drive concept which would not
have these disadvantages and which
would have the following characteris-
tics:

- Parallel operation of a number of ac-
tuators without limitation.

- Energy transier from the primary to
the secondary units without throt-
ting,

- Fnergy recovery without throttling,
for use by other actuators or by re-
tuming the energy to the primary
unit.

- A constant operating pressure in or-
der to eliminate the influence of the
hydraulic spring.

- The ability to accommodate acou-
mulators within the system al any
required point, again without throt-
iling.

- Four gquadrant operation

These drive concepts can be illus-
trated as in Fig. 10. A pressure differen-
tinl A is generated in a hydrauolic sys-
tem by the input of energy. The
pressure level in the system is also de-
termined by the loading conditon of
the accumulator. By means of isolating
elements as many actuators as required
can be commected to the ring main
There are no throttling elements in the
emergy transmission lines. When the ac-
tuators are working as motors, energy is
drawn from the system, When they are
working as generalors, energy is re-
turned to the system. The energy which
has been recovered may be wsed by
other actiators or may be stored for
later use or even returned (o the energy
supply unit and converted into another
form of energy e.g. electrical energy. As
the operating pressune remains virtu-
ally constant, the influence of the hy-
draulic spring is no longer of impor-
tance, the dvnamics of the system have
free rein, the energy balance s im-
proved and the primary energy usige is
comsiderably reduced.

It now rermains to find a technical so-
lution which permits such a system o
b controlled in every operating condi-
tion, s that any influence from interac-
tion of the actuators i= excluded from
the system, This drive concept we call
secondary control.
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Lattirg Slewe Bucket operahim lravelling
L SHydraubic molator™ (sev Fig 18)

Fig, 1% Drive concept with seme advantages over a convenfional system

Drive systems with i

. -
pressure coupling
. Var Vgz
: L . Diriving : 32 B3
IT a hydrostatic transmission consists iy Ap EEven
: : machine o
of three energy carriers, comprising at My, Mo i
least one hydraulic pump, one accumu-
lator and one actuator element, it is pos-
sible o store energy in the operating i [

circuit (Fig. 11}

This type of transmission design dif-
fers from conventional ones in that the
system pressure is dependent on the

loading condition of the accumulator

and can no loager be freely matched to oy n a £ My, @

output torque M = s g ™
: . , o 5 £
Such hydrostatic drive systems ane g My, > | ny 2

, ; . ft—— | = = el E

known as hydrostatic  transmissions = & ) £

with “impressed ’ operating pressure, a LE ? g =

term taken from electrotechnology. = T o i
Cutput drve torque My- is deter- Va1 Vga

mined by varying displacerment V. of

the secondary unit .._—JF... Cuntrol system .‘L

Fig. 11: Hydrostatic transmission in 2 svehemi with Impressed pross e
F
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At a pressure differential Ap  and
constant speed flow Q to the secondary
unit is proportional to swivel angle i
and hence also proportional to output
torgque My according o the formula;

ApsV ity

MTH. = ;:Zmu.

MNwp

GZ T

An easy step-by-stop introduction to
pressure coupling is demonstrated in
Figs. 12 to 15, as this method differs
considerably from that of systems with
impressed flow,

Step 1

Ihe following conditions apply.

In a hydraulic system a number of
primary and secondary units are con-
nected together in parallel (Fig, 12),
These may operate either as motors or
generators. The operating pressure is
maintained at a constant value. No
throttle elements are fitted in the energy
transmission lines. The hydraulic circuil
can be either open (Fig. 12) or closed.
The displacement of the hydrostatic
units, with either axial or radial pision
units, shown here as a winch drive, can
be separately adjusted over the sero
puint ie. both value and direction, by
means of a mechanical screw control
with a hand wheel. The torque changes
proporbonally as follows:

My ~ApeV - Aps flus)

w here

My = outpul tesgque of bvdrautic modor in Nm,
L. = pressune ditference in bar

'|-'I » =daplacement id hpdmaubic monor in o
= swivel angle of hedeaabic makor in *

If, after a load is applied 1o a winch, the
hand wheel is fumed experimentally
backwards and forwards, it will be seen
that the lpad rises and falls at varving
speeds and it will be easy after a few
tests to ascertain the balance point. This
balance point is achieved when the me-
chanical torgue due to load s exactly
equal to the hydraulic torque which, at
constant operating pressure, is deter-
mined exclusively by the swivel angle
of the unit,

[t e vy 1 Presaure contm]
i = | ' Manual adjustment with crenk
i s
| ——F
1 |
= v ek,
a
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Fig. 12: Hvdrostatic drive ina constant pressune system

In this condition no other forces are
in operation. The load speed is zero and
the load s held in position regardless of
the volumetric efficiency of the unit and
withoul the need to apply a mechanical
brake. This characteristic s somewhat
perplexing if one is accustomed to sayv-
ing that a load cannot be held hydrauli-
cally, However, this statement refers
solely to conventional hydraulic sys-
tems with flow coupling. In the case
presented  here, the volumetric effi-
ciency has no effect on torque if the op-
erating pressure remains constant.

However, if moving from this stable
condition, the swivel angle and there-
fore the displacement of the unit i= in-
creased very slightly by turning the
hand wheel, the hvdraulic torque will
become greater than the mechanical
torgue, the unit will work as a motor
and the lnad will be raised slowly. Ve-
locity increases with increasing swivel
angle (torque) so that an exactly defin-
able “flow” will be drawn from the sys-
tem at a constant "voltage”. Any in-
crease mn speed and lorque therefore
means that the flow requirement of the
unit becomes greater.

We thus have the unusual relation-
ship thal a change in torque produces a
similar change in flow. The analogy to
closed loop electrical drives thus be-
comis clear.

It, starting once more at the balance
puint, the swivel angle is reduced, the
mechamcal torque will become greater
than the hydraulic torque. The unit will
then work as a generator ie. a pump,
and the load will fall. The potential en-
ergy will then be fed back into the hy-
draulic ring main.

The direction in which the pressure
is acting will remain the same in this
condition, even though the direction of
rotation has been reversed.

If the winch is to be lowered with an
empty hook, the swivel angle must be
reversed over sero into the negative
area. This means that the unit must
once more act as a motor, as the load
due to the empty hook is oo small 1o
cause the unit to act as a generator.

The first step has little in common
wilth secondary control. It has been de-
seribed only 1o show the possibility of
achieving o throttle-free drive of a num-
ber of units in parallel with pressure
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coupling via a constant operating pres-
sure.

The overall characteristics of this
drive system in which a torque is gener-
ated hydrostatically and the driven ma-
chine reacts with an appropriate speed
is totally different from the require-
ments in practice. Normally a pre-set
speed s demanded of o hydrostatic
drive. The latter then generates the re-
quired  torque  automatically  via a
closed loop system in order to be able to
hold the speed constant under the oper-
ating speed being applisd at that time.
In order to be able to operate such a sys-
tem economically, technical modifica-
tions and additions must be made to the
axial piston unit shown in Fig. 12,

Step 2

The mechanical positioning device has
been replaced by a flow-dependent po-
stioning  cyvlinder. As no  statement
about output speed n; can be made
trom the flow alone, the lost speed m-
formation must be determined another
way and fed o the positioning system
as an overriding signal value. This de-
termination of speed and the feedback
of the signal into the positioning func-
tion iz assumed in a hydraulic tacho-
generator in the control circuit. This ta-
chometer can act either as a pump or as
a motor. It feeds the positioning signal
to the volume-dependent cylinder and
regulates its position such that the
speed of the secondary unit is reduced
to zero and the required torgue is built
up.

An equilibrium pesibon 15 once
more achieved when the mechanical
and hydraulic torques at the coupling
point are the same. This is exactly the
case when the pressure differential in
the control circuit atl the positioning cvl-
inder and the tachomater are zero e,
when Ap; = 0.

If the loading on the winch drum is
now changed, equilibrium is lost. The
load starts to move and the winch drum
turns. At the same time pilot oil from
the tachometer is fed to the positioning
cylinder so that its position is changed
Lo suit the new torque levels, At the end
of this adjustment, a new state of equi-
librium is achicved.

Under conditions of constant load,
the same process is repeated if the oper-
ating pressure is changed. This may oc-
cur, for example, if other actuators draw
power from the system, thus emptving
the accumulator.

In contrast to Fig. 12, additional ac-
cumulators have been included mn Fig.
13. This has an influence on the operat-
ing pressure depending on the loading
conditions, We speak here of impressed
operating pressure i.e. the pressure re-
mains nominally constant. However,
the pressure varies somewhat due to

the amount of charge in the acoumula-
tors. This process has no effect on the
systern characteristics. The drouit pre-
sets 4 speed of zeto which is not depen-
dent on the load or the operating pres-
sure.

The load holding process is once
more completely independent of the
volumetnc efficency of the axial piston
unit in the driving circuit but is not en-
tirely independent of any leakige from
the control crcuit. For example, a leak-
age In the control circuit at the lachome-
ter would lead to a corresponding creep
speed of the winch drum,

In this way we have set up a torque
control with speed teedback. The swivel
angle of the unit and its displacemenl is
a tree value and is not uniquely defined
It changes with the required torque mn
order to maintain zero speed,

In order to be of use, & drive must be
able o be operated. Further additions
are therefore necessary.
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Fig. 13: Secondary control in a system with impoessed pressure
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Step 3

As opposed to Fig. 13, in Fig. 14 a valve
has now been added in the control ar-
cuik

This valve can be ecither a propor-
tivnal valve or a servo valve depending
on the dynamic response required. This
valve is used to select the direction of
rotation and to meter the required How
inio the control circuit.

With the valve in the neutral posi-
Hon, the charactenstics are the same as
for Fig. 13 and the speed is zero. If a
flow is now passed via the valve into
the pilot circuit. the balance across the
positioning cylinder is destroved with
pressure being built up at one side. The
positioning  cvlinder then changes iis
pusition and thus alters the torque
available al the secondary unit. An im-
balance now occurs between the me-
chanical torque at the winch drum and
the hydraulic torque available. The lnad
starts to move and the drum tums. The
pilot oil requirement of the tachometer
rises  proportional to the rotational
speed and the pressure differential at
the pusitioning cylinder s reduced

Equilibrium is once more achieved
when the pressure differential at the po-
sitoning cylinder is reduced to zero,
This occurs when the total pilot oil flow
is bled away via the tachometer.

The proportional flow control thus
feeds a Mlow o the tachometer which
acts as 6 command value and which is
then taken as the command speed sig-
nal.

This process is the secret of second-
ary control.

In secondary control we therefore
have a speed control loop with the
swivel angle or torque as a free value
te. the hydraulic unit seeks automat-
cally to meet the pre-set speed input by
adjusting its torque in order to hold the
pre-sel speed, depending on the avail-
able operating pressure. A hydraulic ta-
cho-generator is still used in certan spe-
cial cases e.g. in fire or explosion hazard

JOTH=.
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Fig. 14: Secondary control in a system with impressed pressuee with hydraulic tachometer
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Fig. 15; Secondary control in a system with impressed pressure
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Step 4

In the vast majority of applications
the hydraulic tacho-generator is re-
placed by an clectro tacho-generator
(Fig. 15) capable of producing either ana-
logue or digital signals. As leakage in the
control circuit is also completely avoided
in these cases, load holding may be
achieved without difficulty,

Summary

In contrast to conventional drve svs-
tems, the swivel angle of the secondary
unit is no longer co-related with an ex-
actly defined drive speed n> in rpm. In-
stead, in a svstem with impressed pres-
sure, it is defined by a definite torque
Mz in Nm. When the system pressurne
changes, the swivel angle is so regu-
lated as to maintain the required lorgue,
and the speed is held constant. In a sys-
tem with secondary control there is al-
maost lnss-free conversion of hydraulic
energy into mechanical energy (motor
operation) and of mechanical energy
into hydraulic energy (pump opera-
Hon),

A four quadrant drive can even be
achieved in open arcuit without problem.
With the help of secondary control, in a
similar manner toan electrical power line
operating at constant voltage. as many in-
dependent actuators as required can be
coupled in parallel in most motor and
pump operations. The possibility of al-
mast loss-free energy storage by means of
piston or bladder accumulators permits a
new energy-saving drive concept to be
achieved on a universal basis.

The following characteristics, peculiar
to the conventional drive with flow cou-
pling, do not apply with secc coH-
trol with pressure coupling, although the
laws of physics are not affected.

a) Flow coupling:

“With flow coupling the operating
medium flows to the actuator with the
least resistance, other actuators con-
nected in parallel remaming in a rest
condilion”.

This statement does not apply to
pressure coupling.

b) Flow coupling:

If the displacement of a motor in a
conventional hydrostatic drive is re-
duced, the speed will increase”,

With secondary control an mcrease
in speed is only possible if the displace-
ment is increased.
¢} Flow coupling:

“If the swivel angle is sufficiently
small, "Self-blocking” will occur in mo-
tor operation Le. the hvdraulic motor
will remain still’

A machine with secondary control
will have constant zero flow if -the
swivel angle is decreased. In the un-
loaded condition a swashplate unit
with 500 em” displacement at 2000 rpm
can be operaled in the motionless state
and motor operation with a swivel an-
gle of less than 1.57,

d} Flow coupling:

"A change in torque within a con-
ventional system is directly propor
tional to a change in operating pres-
sure”,
With secondary control a change of
torgue at constant speed means a
change in the flow volume required by
the axial piston unit.
el Flow coupling:

“Instability or vibrations within a
svstem can be eliminated either by con-
ventional methods or by the use of
throttling elements".

Throttling within the contral circuit
af a secondary controlled machine will
directly cause vibrations - the smaller
the reduced moment of inertia where
coupled, the greater the vibrations.

f) Flow coupling:

‘I a hydraulic pump is used for
open or closed loop speed control, only
ever one actuator can be used”.

With a pressure coupled drive sys-
tem with impressed operating pressure
any number of actuators can be con-
nected in parallel without their interact-
ing on cach other.
£ Flow coupling:

"The use of hydraulic accumulators
for energy recovery is by conventional
methods only possible with a complex
control system.”

This is not a problem with second-
ary control. The hydraulic accumulator
can be situated in any position without
necessitating extra valves.
hj Flow coupling:

i

‘In a conventional system  four
quadrani operation is only of any use in
a closed circuit.”

With secondary contral this aperat-
ing mode can easily be apphied to an
O circuit.

i} Flow coupling:

"During the deceleration process a
conventional motor uses the drive unit
or valves for support”.

With secondary contral the drive
unit can be decoupled ever in open cir-
cuit operation. Under certain conditions
it may even be switched off, without
having any effect on the control process.
All that is required is a pressure valve
for build-up of pressure,

1} Flow coupling:

“An external load cannot be held by
conventional hydraulic means as it will
move under the influence of external
leakage".

With secondary control the size of a
machine has no effect on the load hold-
ing process; the load will remain sta-
tiomary even if there is no mechanical
braki.

In the past, for a conventional hy-
drostatic drive system with flow cou-
pling, the dosed loop control concepts
required o achieve a good Hme re
sponse and high precision were worked
on regardless of whether the system
was designed (o be pump or valve con-
trolled. This drive system will suffice
for both rotary and linear operating ac-
Luatinrs.

The pressure difference not required
by the actuator becomes energy lost. 1T
throttling elements need to be used for
energy recovery when energy is drawn
from the system for flow control, the
natural advantage of the constant pres-
sune system cannaot then be utilised to
the full. This is not a problem with sec-
ondary control and there is thus no
need for throttling elements in the en-

With lincar movement by means of a
hydraulic cvlinder it is not possible to
influence the effective piston area. So-
called hydraulic transformers must be
used to draw energy without a basic
loss from a hydraulic system with jm-
pressed pressure. The infinite varation
in piston diameter will thus occur in an
intermediate step, which is described in
mire detail in a later chapter,
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Axial Piston Units Designed for Use with
Secondary Control

Swashplate design
A4VS

As initially insulficient machines were
manufactured which were specifically
for secondary control, machines had to
be used that were really designed for
use with a conventional system. How-
ever, the increasing demands placed on
this system technology in the course of
tme have required some design moditi-
cations (o be made. The result of these

modificaions was essentally a longer
service life of components, a reduction
in control time and monitonng of oper-
ational safety

Fig. 16 shows the standard design of
an axial piston unit of the type A4VS in
swashplate design, for use in a second-
ary control drive syetem.

The

M) or 2500 increments per revolution,

incremental  transmilter with
which is coupled to the second shaft
end free from backlash, is also available
with an mtegral analogue output. A me-

chamical centrifugal switch is fitted as a

special accessory between tachumeter

Fig. 1 Antal piston umt type A4VS, swashplate design, lor secondary control

and the axial piston unit to increase
safety. This can, however, only be used
to advantage with a sufficently large
reduced additional moment of inertia
due to the associated switching delay
As the speed range per unit time can
be extremely high this is discussed in
greater detail later on. An inductive po-
gliional transducer for electrical feed-
back of the swivel angle is fitted at the
control piston and is connected 1o this
by means of a non-positive inclined
plane. This swivel angle feedback (cas-
subprdinate to  the

cade), which is

Closed loop spesd circuit is essential for
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svatem stability, as secondary control is
a double-integral system, renowned as
being difficult to stabilise. With the
feedback an indicator is given for the
swivel angle or displacement, so that
this can be taken into account with the
operating pressure for torque controd
{see also the chapter on “Special Charac-
teristics of Secondary Control”)

Control of the positioning cvlinder is
by means of either an electrohydraulic
servn valve or, with limited dynamic re-
sponse, a proportional valve

In principle with secondary control
the pilot low is taken from the operal-
ing pressure system. This not only dis-
penses with the need for a separate pi-
lot pressure sysiem, the increasing pilol
forces proportional o the operating
pressure are also compensated this way
and the control surfaces and hence also
the contrul volume can be reduced, This
is not the case with the standard ver-
sion

Fig. 17 shows a comparison of a
standard control system series (top)
with the standard version for sccondary
control (centre) and a special version
with integral piston positional irans-
ducer (boltom)

With the latter two versions the con-
trol piston is manufactured from one
component. The oblique part for the
feedback is inwrought, instead of being
screwed on, as was formerly the case
The simultaneous reduction of the con-
tro] area decreased positioning time still
further, leading to even grealor system
stability (see also pages 45 to 51).

Due to its high resolution the contral
piston version with integral inductive
be  used
where high accuracy 1s required and for

positional  transducer  can

torque control.

However, unlike the inductive posi-
tional transducer, this version is depen-
dent on size.

With both these positioning svstems
comtrod Hmes can be realised In accor-
dance with Table 1, which guarantee
2(0% satety,

The control time is defined as tol-

lovws:

Fig. 17

‘ositioning systems: Standard series (top), standard version for secondary control

{centrel, special version with integral piston positional pransducer (botom)

Displacement change trom 0 to
ry to 0

g2 nnay

¥ - LA
2w [ )

Any further reduction of control
time with this ivpe is virtually impossi-
ble, as these current figures extend to
the mechanical fatigue limits of the as-

spciated companenlts,

The mechanical part of the system s
secondary controlled axis is completed
by the electrically pilol operated check
valve mounted at the pressure port, the
so-called "hydraulic isolator” {Fig. 18,
item 4), In an emergency this check
valve cuts off the encrgy supply from
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Flg. 1%; Circuat diagram for an avial piston unit for secondary control with Jwdrauhc solator
4 P

Fig, 1% Secondary unit A4VESNDS] with hvdraubic tsolator’

the primary side to the secondary unit
Unlike the conventional hydrostabic
drive, where the overload protection re-
mains safeguarded via pressure relief
valves or flow control valves sitaated in
the energy line, with secondary control
the secondary unit s connected directiy
tor the energy side. There is thus a virtu-
ally unlimited supply of energy. In the
event of a breakdown eg. control sys-

tom failure, the drive must be cut off
from the energy supply

In the emergency operating mode
the secondary unit can only help by
generating a power supplv.

The “hvdraalic isolator” has another
important function. During comumiis-
sipning at maximum operaling pressurne
and with an interrupted energy supply
to the drive unil Le. at zero speed, the
positioning system (servo valve, posi-

| Displacement| Control | Pilotoil |
incm? time flow
in ms in Limin
40 an 12
n y 40 16
I 125 30 23
180 50 1
| 250 i) 36
355 bD 3-5- e
SO0 b 45
% 750 G0 70
1000 1o . 77

[able 1- Virmmaum control tomes and associ-

ated Aow requirement of AGVS series

tioning cvlinder) can be optimised
without risk
The complete secondary control
drive system comprises the following
companents, which are tested in the fac-
tory as a complete unit (Fig. 18 and Fig.
19%
- Axial piston unit
ALVSE.L. D561, (1)
- 4-way servo valve
4WSZEM10(1.2)
(optional proportional valve)
Inductive positional  transducer TW9
(1.3)

for swivel angle feedback
{optional integral piston
positional transducer),

Pressure filter DEBH /HC, (2)
sandwich plate version
- Tachometer
(digital or analogue]), (3)
- "Hydraulic isolator”, (4]
- Anti-cavitation valve (if required) (5]

Closed loop control and monitoring

electronics.
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Bent axis design

In addition to the A4VS series swish-
plate version as described it is perfectly
teasible for a benl axis design of the
AV or AZP series (o be used as a sec-
ondary controlled wnit. This has fre-
quently occurred in the past, as this de-
sign principle offers the least friction for
movement of the piston in the cylinder
drum and the tank is free from torque.

However, when used in a closed cir-
cuit system the bent axis, adjustable
over the zero point, has some disadvan-
lages compared with the standard
swashplate design, These include:

- mounting of tachometer is complex,

= Muid path is complicated via molary
trarsmission leadthrough,

- large mass to be moved in swivel
operation and

- shaflless transmission with trans-
duced lorgues,

The swashplate design, which is
more economic to produce, has come o
be more commuonly used in this type of
application.

Radial piston design

Radial piston units with an eccentricity
variable over the zero point are equally
as suitable for use in secondary control,
as any ensuing forces only act on one
level and the positioning time can thus
be further reduced,

Moreover radial piston units have a
favourable ratio of displacement to nat-
ural moment of inertia, which has a
beneficial effect on the system dynam-
s,

Swashplate design type
A10VS

If the A4V5 series can be driven with a
neminal pressure equal to a continuous
pressure of 350 bar, the swashplate de-
sign ALOVS (Fig. 20) can be used for op-
erating pressures of up to 250 bar. This
unit is also equipped with an incremen-
tal transducer, albeit with analogue out-
put only. It also has an inductive swivel
angle feedback and a hydraulic isolator.
Control of the positioning cylinder is by
means of a proportional valve.

Fig. 21 shows a complete lavout of
an ATVE axal piston unit for second-
ary control,

As the A1DVS is large-scale manu-
factured, this secondary controlled ver-
sion is available at a reasonable price. It
must, however, be mentioned here that
the A4VS series offers higher dynamic
response and greater precision can be
achieved with speed control and posi-
tioning. The nominal calculable service
life is aleo longer with the A4VS,

Ihe fact that with secondary cantrol
the operating pressure remains constani
of impressed, even with partial loading,
unlike with a conventional system
where the pressure drops, has no detri-
mental effect on the service life of the
bearings. It must be noted that, al-
though the A4VS series 1s usually de-
signed based on a standard pressure of
280 bar, the system frequently attains
the maximum permissible value of 350
bar.

If the torque of a hydraulic system
with flow coupling is reduced by 50% at
constant speed, the operating pressure
will be halved, for example from 300 to
150 bar.

Ad the operating pressure 1o the
power three is included in the caleula-
tion of the service life of bearings, the
calculated service life would be in-
creased by a factor af &,

With secondary control with pres-
sure coupling a torque reduction of 30%
at constant speed will cause the swivel
angle also to be reduced by 0% eg.
from 157 t0 7.5, As we can see from Fig.
22 the bearing service life carries an ex-

Fig. 20: Axial piston umit AN0VE, swashplate design, for secotdary contral



Swashplate design type A10VS 41

tension factor ot 10, This means that at

constant operating pressure the swivel w \ .
angle with swashplate wnits has a 5

greater influence on the bearing service e s o =

life than changes of pressurne. € 24—

This doe= not take inlo account the E 162
fact that the hydrostatic bearings on the E \ |
guide shoe, conirol plate and swivel e s I 2 2
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erating medium.
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Fig. 21: Axzal piston unit AIVS .. vension for secondary control



Dynamic Response of Second
trolled Drives

Cnmparisun Df e‘ectric with hydrostatic units under secondary

control, with respect to the maximum

motors and Secﬂndaﬁ' possible rate of change of speed per sec-
controlled units ond as a function of the corner power

The actual values at present achiewv-

able with secondary control are shown

in the ranges B/B2 (on a double loga-

Fig. 23 shows a comparison of various rithmic scale). Looking back over the

tvpes of controllable electric motors 1ast len years an enormous increase can
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ary Con-

be seen in controllable acceleration and
the assocuited dynamic response of sec-
ondary controlled units. This is depen-
dent on size i.e. the displacement of the
unit, the swivel time and the signal pro-
cessing in the control circuit. It worls,
however, independently of the "hy-
draulic spring”

108 T - . T I
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— - ] H
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=
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0.01 0.1 1.0 10 100 1000
Corner power P, 0 kW
A Hydraulic motor, possible theoretical value
B Hydraulic motor, secondary speed control with axial peston it tvpe A4VEL, 14984
Bl Hydmaulic motor, secondary speed control with axial piston unil tvpe A4VS, 1987
2 Hydraubic motor, secondary speed control with axal piston unit tvpe A4VS, 1990
€ DLC. servio murtors
D AL servo motors
E AC motors, [requency controlled
F D.C. motors, externally cooled
Fig. 2% Maximum rale of change ol spevd per second of various maotors as a funcibon of the cormer power
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Ax can be seen from the graph in
Fig. 24 the speed of a secondary con-
trolled unit with a displacement of 250
cm? changes at a rate of 463 rpm in 10
msecs. This represents a speed change
of 46,300 rpm /sec or 4850 rad /sec?. The
maximum value theoretically obtain-
able with neglgible loss 1= 5100 rad/
sec. In the last ten years the rate of
speed change has been increased five-
told, still keeping to within the limits of
technical possibility

The test measurements were carried
out under the tollowing conditions:
Pressure differential:

Ap =250 bar
Boost pressure:

Phast =3 bar
isplacement:

V2w = 250 cm?

Minimum swivel time:

t .= 35 meecs
Natural moment of inertia:

[,..= 00958 kgm?

Additlonal momenl of inertia
pling):

Jud = 00991 kgm?

Under the specified conditions, if the
operating pressure was increased to 300
bar the system would become unstable
in accordance with the formula

{cou-

3y = 62000 0 L2

W can also see from Fig, 23 that fur-
ther developments must be made in or-
der to push curve B2 towards the theo-
retical limit of curve A

There are several ways in which this
can be achieved:

- by producing a system-oriented ro-
tary group with the object of reduc-
ing the control times of the units.

= by improving the clectronic signal
processing in the tachometer, swivel
angle feedback and at the servo
valvie

- by developing advanced digital
closed loop control concepts with
specially adapted algorithms for sec-
ondary control,

Speed in rpm

-
.
.

ssassrassnsdiae

-
]
B e I R

.
-
.
s

Time f i ms

Fig. 24° Determination of acceleration of an A4V SORS0EYST unit

The aim of this development must
be an adaptive digital controller which
recognises changes in parameters and
auiomatically optimises itself to suit
these.

If displacement V2 of a maotor
changes with impressed pressure the
outpul torque Mz will also be affected.
If the torque and swivel angle @, in-
crease then flow to the unit must also
increase, even at constant speed.

The tollowing rate of speed change
will be set depending on the system
charactenshic:

Hy = —-—-—m .
1= :’"F.t
Ape V' . i y
i sdmng s
Ll e . e M, -M, .1|

A decisive factor in the quality of a
secomdary controlled unit is the contral
time toq0 which, according to defini-
tion, is the time from 0 0 0. in sec-
onds or milliseconds,

Fig. 25 shows the influence of the
control time and the reflected moment
of inertia of the doven axis on the speed
variation for a jump in torque from light

running to 70% of the maximum possi-
ble torgue,

The derivation of the formula for A
is based un the following mathematical
relationships:

b= Xol gt ety

M, (1) - M.(t
i a2l JH

An, ={ T,

Jedl

" M,
5 Mo

Mty - Mptt)
" = R e ANISED. Sl T
- I'H'f:
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Speed ny in rpim

Fig. 25 Min. amount of maximum speed variation with load step

when
hy = Reflevtes] mownsnt of mertun m LFm:
M, Torgue of secondary unit in Fom,
.'n."_,_w = Max. torgue of secordiry umit in Aem
.'-.'I = Load worgque in Nim,
M. Frictional torgque in Mm,
oy = Maveleration im rpm s,

= Pressute differential m bar,
e, =Swivel angle of secondary wnil in *,

i~ Max, swivel angle o secandary unit in *,

i = T kn =,

b i = Cistidris] Lt ah s,

bisiy ™ Time delay in soc

v s = Max. displacement of secondary unit in
am?

I Torgue rabo

As soon as the change in load torque
is recognised, and without a servo valve
in the control circuit, the unit swivels
immediately lowards maximum dis-
placement dependent only upon the
swivel time (Ta0). As the hydraulic
torque, which is dependent on the
swivel angle, is smaller than the load
torque, the speed falls until both
torques ar equal at X = 0.7, A further
increase of the hydraulic lorque then
causes the drive to accelerate again un-
til the original speed s achieved. The
hydraulic torque must now be reduced
until it is equal to the load torque as

otherwise the speed would continue to
increase.

Due to the influence of the servo
valve the unit swivels with a ime delay.
This is dependent on the natural fre-
gquency of the valve

|!..i-.l_|.,l = W z

Ihe speed variation is thus greater
and the steady state is only achieved af-
ter a short time delay,

Assuming that the electronic closed
loop control is of optimum design (with
a gain of Kgy 2 100 in the speed control
loop), the speed variation Anx can be
calculated as follows:

- withoul the time delay of the servo
vilve:

-
A wApel
Aty = ————— 25Ty arpm

ENE '|I'\{

- with time delay of the servo valve;

IX eApeV_,
_"“1: - “—‘Eﬁ - r'-i‘l."T .
dag w] '
X
{ :I'.""I i \
EE L linrom
\ X li-\-n.'.'l."n':""l 2
where
e Matural requency in Hz
i =  Reflected moment of nertia
n kgm
Miz = Tesguoe ol secoundary wnil
in MNm.

M= Man fomgue

wrl s omtnry it im fm

Ay Speed deviation of secomdary unit
in rpm,

dp = DPressure differential in bar

Baics Control time in 5,

Yy = Dl time ins

Vit mee=  MlEn. skroke
of secondary usil in om',

X = Torque relabonship

As can be seen from the formula for
Aits, the greater the reflected moment of
inertia, the smaller the fall in speed. a
fact assisted by the large natural mo-
ment of inertia of the electric motor
However, the crucial value is the swivel
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trme Tads which determines the rate of
torque build-up. Although the cleciric
motor is capable of mcreasing the
torgue within the air gap of the motor
within 15 - 20 msecs, this has no influ-
ence on the dynamic response of the
unit due to its high natural moment of
inertia

Step functions, such as we have
shown here in Fig. 23 for the load
change, are frequently used in simula-
ticn calculations as thev can be clearly
defined. In practice. however, they do
not exist, as the acceleration must then
be infinitely greal. The Toad torque actu-
ally nises alomg a ramp as illustrated
Fig. 26. As the rise m torgque occurs
mare Guickly than the unit can swiveel
out, a fall in speed is inevilable, bul this
s much less than is shown in Fig. 25,

Speed variation without the Hime de-
lav of the servio valve:

I ehpe 1Ir'-;_"‘n'u.l. . -

.-\.HJ =
dem = “

| v rpm

sup’

Speed variation with time delay of
the serve valvie

m:-.ﬁ.;ul. A
Ay = 1 B .

i j'[: = J\_ SENTD
el ] d 1"!’,1..;“. 1 T
- I
A Yowrr Aol

Fig. 2n: Speed devintion with load torgue
ramp
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whire
L = Hitlected moment of inesuis
i kg,
h Matral mormsend of imiertia
ot secondary anit in kgm®,
duy = Spewd deviation of secondary unit in
T,
¥ Pressure differential i T,
L] = Ramp time of load tongue in 4,
toue =  Cornrkrol e nos
. Dlelay lime in s
Vizwm= Max stroke in cm”
X = TForgue rlationship

Ltilising the above formula for
speed variation a numerical example
has been calculaied and the results
shown in Table 2. In this case an axial
piston unit tvpe AIVSO250D51 has
been installed and a torque relationship
of X = 70% considered. Columns 1 and
2 ¢over i lvad step withoul and with
time delay. Columns 3 and 4 show a
load torque ramp without and with the
time delay of the servo valve

The drive shown includes a reflected
equivalent mass of 10 limes the moment
of inertia of the drve unit. For reasons
of stability this is the value that should
be used.

The time delay is:

[ |

g - = =35m
Yiotny Tene |, Teneds + 3 m
whiere
fi Matural [negueniy in He,

e fary time in &

A

The calculation also shows the influ-
ence of the natural frequency of the
servo valve referred to the time delay: It
becomes obvious that an increase in
natural frequency by means of better
design has a greater influence on speed
accuracy than any improvement in the
mechanical area.

The dynamic characteristic of an ax-
il piston unit on the secondary control
is determined to a greal extent by the
dynamic response of the swivel angle
pusitioning device, as defined by con-
trol time Toguer The dynamics of the
overall control loop and the regulator
transfer characteristics are also impor-
These  theoretical
showen in Fig, 26 were pul into practice

tant, ProCosses  as

using a development test rig with a
stepped load change (Fig. 27).

To this purpose two axial piston
units type A4VS with a displacement of
250 em? were used, tensioned against
each other (Fig, 28),

E':n'nhddr}- umt {2) is .rrp-eed Comne-
trolled. Loading of the system can be in-
finitely varied with the lorque con-
trolled unit (4). With this circuit the
primary unit needs only to cover the
hydrauhe-mechanical and  volumetric
losses of all hydraulic components and
the power losses in mechanical section
3. The primary power in this drcuit
constitutes less than one third of the
secondary unit power.

A pressure difference of Ap = 245
was selected tor this test, and the con-
trol time of urat (4} determined from 0
10 7 e with 47 msecs.

Fig. 27 shows a torque jump from
570 to 0 Nm al a speed of 1000 rpm. The
torque generated by the torque con-
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trolled unit (4) acts like a motor on the
speed controlled secondary unit (2). In
order to sustain the pre-sel speed of
1000 rpm the secondary unit (2) must
work as a hydraulic pump. This way it
works against the motor-driven torque
of unit (4).

With a torque jump to Mz = 0 Nm
from unit (4) there is no driving mo-
ment, 50 therefore the speed controlled
secondary unit (2) must change over to
motor l1pt‘l‘iﬂﬁ;;n'l. in order o maintain
the pre-set speed of 1000 rpm. During
this torque jump a speed deviation Aus
= <150 rpm will occur, which will, how-
ever, be brought under control without
overshooting (T = 1.7 secs).

This test was then carred out with
an additional reflected moment of iner-
tia of 1.9 kgm‘?, the torque control time
being 2501 msecs.

| .L te=1.7s (Speed control)

| |

[ |

I’F?ﬂ
X Ay = 15 rpm
n::== 10600 rpren j!t.n |
¥

M g2

_’_I = & ([ Tonque control)

=1 | ! |

Fig. 27 Spevd nesponse of secondary unit ASVSOTITIS)

L]
—
Ly
Ly
Fig. 284: Basic diagram Ly ——u

of tist circuit
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Fig. 29 shows the reaction of the test
equipment to a speed command value
jump from 400 rpm to 1050 rpm for a
Ioad of 500 Nm.

The increase in speed effects a reduc-
tion of torque to 300 Nm during a
length of time 400 msecs (I = 400
MSecs ).

This reduction in torque is caused by
the fact that during the acceleration pro-
cess with the secondary unit (2) work-
ing as a generator. the torque must be
reduced in order for the acceleration
torque to be sustained. This torque dif-
ference is recorded by the measurement
shaft. The torque of the load unit {4) is
nol affected by this process.

After a time of 1.4 secs the requined
speed will be attained, again without
overshooting.

Due to the special impaortance of dy-
namic response with secondary control,
the user needs the parameters which
determine the system characteristics in
the project engineering stage.

For this reason a correction value for
time response of the controlled system
is defined, the so-called time factor T, of
the controlled system in seconds.

This time factor indicates different
transmission behaviour depending on
the type of application and is found by
equating the kinetic energy Lo of the
rotating drive shaft

iy
BT 5

with the hydraulic energy Fiyg to be
used during one revolution of the sec-
ondary unit.

Equi = _I-P.n-_..,'"“

ty characterises the dynamic re-
sponse of the controlled system and sec-
ondary unit.

J'Pitd s ft = j.f.;r ., ot =

= [Ape v pom, e

with
. dp, Zemen,
el R

gives

! ,
mjjpllﬁim:- !

IP.'.'U.I o di=

It we assume that Ap and Vg are
constant and ¥, = V2 max, it follows
that

¢ 1
JFHI.M odl = mﬁ;"vg:mu:'j day

Referred to one revolution we obtain:

=

jn‘m: =2wn
i

From this it lallows that:

- "”'r . V F AT
[ Pyyq it = —— 42202
1

Thus:

IH - {.DE =t -'_\_;r . T:Iglm.-' .

k] =

For a length of time

sy =

2n
f

the time factor of the controlled svs-
tem will be

| 5.ir1

t. nQex |

; yApe v;'.‘ruu'r
whare
Euwe  — Hwdranic erergy n bm,
.r.|:,.| = Kmeh rmeTEy of I'I..'Ll‘fITIK

drive in Nm,
! Frequency in 175,
Is « Weflocted moment of

et in 'h.BmJ.

Faws = Hydraulic power in watts,

A I'ressure ditterential o bar
Uz = Plow inem’ /s,

I = Time in &

t Time tactor of comtrol arca ins,
Vir. = Stroke e,

2k = Angular velocity 178

With the swivel time values of the
control system T,ym and time factor of
the controlled system T, the characteris-
tie for the transmission behaviour of the
secondary unit can be  determimed
These apply to a complete series of axial
piston units, and are virtually indep-
dent of the signal processing in the con-
trod circuit.

Ihe controlled svstem is considered
to be friction-free. It has integral trans-
mission behaviour with the integration
constant

Fig 2% Speed response of secondary unit A4V50711251
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This integrativn constant depends
solely on the reflected moment of iner-
tia on the controlled axis. This instance
of an integrated controlled system is the
least favourable option with regard to
system stabilitv.

For the given output torque Myz the
resulting rotational acceleration rawill
be greater, the faster the response of the
control  circuit and  the smaller the
swivel time T

The time factor of the controlled sys-
tem is proportional to the momen! of

| S,
t, = ‘1"“;".5. =
G §lmax

inertia and s a parameter of the
drive which eliminates the influence of
the size factor Le. the dvnamic response
of a complete series of units may be de-
termined from this single stability dia-
gram (Fig. 30).

The area below the curves represents
the stability zones. Above the curves in-
stability can be expected.

The user is thus in possession of all
the parameters which determine the
system characteristics in the project en-
gineering  stage. If the practically
achievable and pre-determined control
time T Is greater than the curve for
the pre-determined limiting positioning
time, the secondary speed control of a
given series operating under conditions
of impressed pressure can only achleve
the prieselected command speed after a
period of oscillation. The greater the
difference between the required and
practical values of control tme, the
worse the situation will become. If the
practically achievable contral fime is
less than the imiting control tme, the
speed control will reach the set com-
mand speed under light running condi-
tions without overshoot, and will have
a certain amount of dynamic reserve,
The value of this reserve will depend on
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Control time £y in's

0 05

Fig. 30: Stability curves control sethng

the difference between the two control
Hmes.

When designing a system, il must be
ensured that the dove hes below the il-
lustrated limiting curves, In view of this
it is not difficult to see that a reduction
in contral time and/or an increase in
moment of inertia will increase the sta-
bility of a drive.

We can also see from the curves thal
if a better regulator with PID transter
characteristics is used instead of a I reg-
ulator, the limiting control Hme can be
considerably offset. This means that
with the same time factor T, and given
that the pressure difference and dis-
placement remain constant, the control
time T can be greater, or the same
control time can be used with a lower
moment of inertia.

Time factor of control area t, in s

In conclusion it can be said that,
with reducing moment of inertia the
dynamics of the speed control loop
st be increased.

In practice, this can often ocour
where, for example, the reflected inertia
is reduced due to the square of the gear
reduction coming into play. .

As all problems are reduced when
the control imes are reduced, in conclu-
sion we can say:

No matter how short, control time
will always be too long,
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Electronic Components of a Secondary
Controlled Drive System

Introduction

Unlike conventional hydrostatic drives,
with secondary control the actuator in-
fluences the swivel angle and hence the
displacement, The speed actual value
trom the tachometer is compared with
the command value and this then con-
trols the servo valve of the control sys-
tem via the controller Anv variation in
speed will result in a change in dis-
placement and thus also a change in
torque by means of the actuator of the
secondary unit. The controller output
value will be approximately equivalent
o the acceleration minus the load
torgue

As long as the basic natural fre-
quency is well above that of the drive,
the system will consist of two integra-
Lors in series, normally renowned as be-
ing extremely difficult to stabilise,

Thie design of the control system as
in Fig. 31 is characterised by an integral
tme delay function {I-T4). The posi-
tional feedback of the swivel angle ac-
tual value for forming a subordinate
swivel angle circuit has enabled the in-
tegral characteristic o be converted into
proportional characteristic with time-
delay (I-15)

As the swivel angle position can be
maintained, this markedly improves
the control characteristic of the second-
ary unit. It may be useful in extreme
cases to add a sevond differentiator for
stabilisation purposes. This could be for
example the 2nd derivation of the speed

I‘Irr_
the "jerk” or actual value signal acceler-
ation.

This double differentiation of speed
is, however, seldom used in practice, as
i has no significant improvement on
the control characteristic. Not only the
position but also the speed dy /it of the
pusitioning cylinder is fed back in these
cases. This is identical o the accelera-
tion in speed Le the 2nd derivation of
the speed.

Vulve Positioning cylinder
e e e e o ey
i . " & E o
do Z FiF [ &, |
i Current @ Swivel angle
U Voltage i Swivel angle speed 3
v, Posltioning e PWIVE] Rl Sersor
cylinder spead command value v
v Positioning
cylinder stroke
! = Swivel angle : i
T contral

Fig. 31: Block diagram of swivel angle control circuit

Speed control

Referred to the swivel angle, the speed
has a proportional lime delay character-
istic {(P-11) (Fig. 32)

If the secondary unit lies at the lower
end of the speed range and is driven
with low friction, it has an almost inte-
gral characteristic,

Thus for a constant speed under sta-
ble conditions, relatively small changes
in disturbance torgue Z will cause aceel-

p
= -
R .
Mr  Torgue
My Frictional lorguc
n Speed
P Pressure
Z  Disturbance torgque
o Swivel angle

Fig. 311 Block diagram of speed characteristic

eration or deceleration to occur. At a
constant swivel angle, this will lead o
relatively large speed variations, even
to the exient of stopping the unit or
overspeed  before levelling out. The
swivel angle must therefore be continu-
ally corrected in order to achieve a con-
slant speed,

The main application arca of second-
ary control is in the speed control circuit
with free torque value ie. the torque is
set that is required o maintain the pre-
sel speed

F4
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Positioning cylinder
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i Current Mo Speed commovalue  y Pos eyl stroke @ Swivel angle §  Angular

M. Frict torque v, Pusitioningeylinder Z Disturb. torgue speed velocity

n Speed speed i Swivel angle

Fig. 33 Structure of speed control circudt

The block dingram is designed as
Fig. 33.

Under the influence of load and fric-
tional torques, at constant speed the
secondary unit requines a swivel angle
that is variable across the zero position.

A sustained speed deviation must
therefore be reckoned with when using
a speed controller with proportional
characteristics, This deviation will de-
pend on the size of the countertorques
and the controller amplification.

This control deviation is compen- -
sated for by installing a speed controller
with proportional integral characteris-
tics (PI controller).

Positioning control

The advantage of a digital control

lies in the high resoluotion attainable
when determuning the angular pusition,
This is limited only by the pulse rate of
the generator per revolution

2500 pulses per revolution give a reso-
lution of 0.144° and hence, referred
b0 one revolubon, an accuracy of
L,

and by the resolution of the hardware

coiinter module used

32 bits give a total of 27 (= 4 294 Y67
296) pulses. For a processing fre-
quency of 500 He and a generator of
BN pulses per revolution  this
means a maximum speed of 12000
TP
In reality 24-bit counters are nuor-

mally used. This enables the resolution

Positioning control is required of drives
which are used eg. in automaton as
drives for handling systems, industrial
robots, machine tools, driverless (re-
mote control) vehicles and similar. By
mesans of a digital controller the pre-cet
angular position command value is
compared with the actual angular posi-
tion determined via the pulse generator
to give the angular position differential.

to be extended by means of the software
as required.

For generalors of 2 500 pulses for

example, 10 (00 pulses will be evalu-
ated at the counter, The accuracy of the
positioning process can in this wav be
matched to the relevant operating se-
quende.

The positioning circuit is designed
as shown in Fig. 34

If comprises a micry processing con-
trol system with a control algorithm
specially tatlored to secondary control,
where the digital controller transmits
directly the command value for the ana-
logue swivel angle,

Utilismy the almost mtegral charac-
teristic speed, with its real integral char-
acteristic for angular position as de-
scribed earlier, a quasi double integral
characteristic is achieved in the posi-
tioning control loop. For this reason
speed feedback is required for position-
ing control, achievable by means of a
special algorithm in the digital position-
ing control.

As with speed control there will be a
restdual control deviation caused by the
influence of friciion and load torque.

A Pl positioning control  would
cause oscillation due to the angular po-
sition integral  characleristic and  is
therefore unsuitable. The residual con-
trol deviation is thus compensated for
by means of special algorithms matched
to the requirements of secondary con-
trol.
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Fig. 3 Posibioning cirouit with secondary conteol lor proporctional valves with positional feedback

Analogue standard
controller for series
A4VS

In August 1988 the control and monitor-
ing elecironics for speed control with
secondary controlled axial piston units,
the VT 12000, was introduced (Fig. 35)
It containg a ramp for the speed com-
mand value, an analogue speed control
with I'I13 characteristics, a likewise sub-
ordinate analogue swivel angle control
and various monitoring functions, The
amplification stage for the servo valve
and voltage stabilisation are also inle
grated mito the unit

At the differential amplifier input
[Fig. 36} the speed command value will
be + 10 volts. With potentiometer R 2001
the speed command value can be re-
Mpr. Lhe slew rale of the
specd command value can be pre-set
from 20 msecs o 5 msecs by means of

duced to

an attachable ramp. This is sel al poten
tiometer B 203, where the ranges of the
speed ramp are selected via jumpers 3
and 4

The PIY speed control, which has
parameters that may be changed when
the machine is at a standstill, processes
the speed difference between command
and actual values. The output signal of
the following PD swivel angle control
delivers the input signal for the servo
valve outpub stage. The output current
of the VT 12000 controls the servo valve,
which positions the swivel angle cor-
rectly.

Swivel angle feedback with the stan
dard muosdel s carried out by an mduc-
tive positional transducer, whose out-
put
demodulator. The speed actual value

signal s generated by a
delivered by the tachometer is standar-
dised with the resistances R 229 and R
230 10 0 ..
with R 202. This signal is then passed
on to the speed control

210 volts and is finely tuned

Fig. 35: Standard control electronics V112000

The following functions ane assigned
to the relay requests K1 to K3
K1 switches the speed command value
to "ON" or "ZER(OY

- K2 switches the speed contral to "ON

K3 switches the swivel angle com-
mand value to "ON"

- K4 switches the speed ramp "OFF (in
operational mode the speed ramp is
switched on)

= K5 is used for reversing control.
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Fig. 36 Block diagram of VT12000 standard control electronics



The monitoring board on the card
receives the following signals from the
comtrol board (Fig. 36):

- actual and command speeds.

If the speed differential is 25% the

signal is activated. An error signal

will be sent if the speed exceeds the

maximum value by 10%.

An error signal will also be sent of

the actual rate of speed increase is

taster than the pre-set value.
- swivel angle actual and command
vialues.

If the swivel angle differential is 25%

an error signal will be senl
- Monitoring signal - pasitional trans-

ducer.

In the event of a breakdown in the
pusitional transducer range, caused by
a short circuit, cable break or unsymime-
try of the stabilising voltage, an error
signal will also be sent.

All data is interlinked. It is gener-
ated and output in the torm of instanta-
neous switch signals.

If the tachometer with analogue out-
put is replaced by a pulse generator,

Frequency-voltage converter with additional monitoring electronics 55

then the actual speed signal must be
matched to 210 volts by means of a fre-
quency voltage modulator, before it is
sent to the V12000,

Frequency-voltage
converter with
additional monitoring
electronics

The VISDI02 frequency-voltage con-
together  with  the
control  plectronics

verter 15 used
VT12000 standard
(Fig. 37) and a digital tachometer wher-
ever great demands ane made on speed
accuracy and operational safety.

On receipt of two pulse sequences
the input signals from the evaluation
switching vperation are divided into
frequency and directional signals. By
means of @ jumper the input frequency
may be doubled or increased fourfold.
The converter component converts the

frequency into a proportional analogue

voltage, the directional signal determin-
ing the sign of the analogue voltage.

Ihe pre-set conversion ratio can be
finely tuned during commissioning by
means of a potentiometer in the front
plate

The sign itself can be inveried by
means of a jumper. The [/U converler is
fitted with a cable break monitoring de-
vice which compares the four input sig-
nals of the incremental transducer with
cach other, If there is a breakdown of
one ar more lines a memory will be set
and an LED will respond simulta-
neously. The input pulse sequences are
individually monitored before conver-
sion to enable recogniton of over-
speeds,

If there is a fault in one channel the
overspeed will be recognised by the
other channel. The output signal of this
speed monitoring will be added o the
12 gy Stgmal of the VT12000, whose ana-
logue voltage is monitored. On recogni-
tion of overspeed a memory will be soi
ance mare and an LED activaled.

AL ZA RS

Fig. 37: Signal flow chart of f/U-converter with VT1200)
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I'ig. 38 shows both electronid I.'.IFI.E:-
in Burocard format. The internal moni-
toring signals of the YT12000 are linked
to those of the /U converter The
VTI12000 error messages and the §/U
converter monitoring signals are inter-
mediately stored on the electronic card
The error states will remain stored until
reset, either by activating a kev or via a

24V signal

Torque control

The chapter "Spedal Characteristics of

Secondary Control” discusses a type of
torgque control (page 71) by means of the
swivel angle. This torque control card
(Fig. 39] can, however, as lhe name
says, alsp be used for torgue control if
there is a torgue gauge. This card works

; ' i Fig. 35V 11200K] standard controd electronics with VTS0102 1/ Uconverter in Eurocard Torma
again in conjunction with the VT12000
control  and  moniloring  electronics
{Fig. 40)

Il'll' |.I|h]|||' Wi tlh.'ll Y lLIE I.'lllrl:'lllli I:'l.l..
the gauge is sent to the P1D control on
the card. The active correcting function
uperates as an emmor value cormection
and effects an ncrease in the control
charactenstics of the control device,

If the monitoring and control elec-
tronics are active, the mit switch will
prevent the drive from exceeding the
set maximum speed. The maximum
value is set separalely for each direction
of rotation via internal or external trim-
mers. The speed control acts on the
speed command value input of the

VT 12000 standard control electromics

Fig. 39: MDM toeque comtrod card



Power Control

Another important component in the
use of secondary control is the LBI
power control card for the power, speed
or pressurc-dependent limitation of the
swivel angle in four quadrant operation
iFig. 40). It is used whenever overload-
ing of the powered maching on the pri-
mary side is Lo be avoided e when the
primary side power and the instailed
accumulator capacity are lower than the
comer power of the secondary unit,

Ihis operating mode occurs fre-
quently in practice with mobile machin-
ery, whenever several actuators con-
nected m parallel are driven from a
primary station. Even with a single ac-
tuator, overloading of the powered ma-
chine may occur for example during the
acceleration phase.

The power of a secondary controlled
unit is the product of pressure, displace-
mient and speed

« Prgg—apeV om,,

On reaching the pre-set maximum
value, the power of a secondary unit
can be imited or even reduced by low-
ering the speed command value. This
process atfects the control drewit and
may, under certain conditions, lead to
instability.

More stable conditions can be ex-
pected when the speed command value
remains constant and the swivel angle
is influenced by a pure control opera-
tion, which is seldom unstable.

This maximum permissible swivel
anghe @ is calculated as follows from
the pre-set maximum power Piqag at an
impressed pressure Ay and  speed
"

£ T
P
|IJ.F,". = K" fimt .
[ APy ® Moyl

The standardising factor K is deter-
mined from the system data at comer
power, e

= Speedttpgr = 10 volts,

- Swivel angleagmgy = 10 volts,

- Corner powerlqpr = 10 volts.

Maximum power is given relative to
corner power.

Fig. 41 shows the block diagram of a
secondary unit with power control. In
practice power control is usually used
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only in motor operation, as in generator
operation iLe. when using a diesel mo-
tor, the braking energy has to be con-
verted into heat by means of a pressure
relief valve. In this instance only the
swivel angle direction will be influ-
enced depending on the direction of ro-
tation. With & deceleration process the
tutal braking torque is available as with
positioning. If, when operating a bi-di-
rectional pressure controlled primary
unit {mooring), the braking power is to
be passed on Lo the mains circuit via the
electric motor, power control must be
effective in all four quadrants.

When power control is activated the
speed control is deactivated, so that
when monitoring the control crcuit the
error message SPEED VARIATION®
may occur. In this case the message
POWER CONTROL ACTIVE" &5 out-
prut. This enables the evaluation logic,
for example in a PLC, to suppress the
SPEED VARIATION" error message.

The actual converted power

Bagee ® Lagey = PMJ
K Ap

at constant operating pressure can
be cultput o a main system as a display
for feedback via a second functional
group of the power control card. Only
values 12 apge and G geet are pre-sef.
AS 17 pouar imput s independent of
Hapet fOr power control, power gener-
ation of a lorgue o swivel angle con-
trolled load unit can be calculated by
multiplication and added to the maxi-
mum power of a speed controlled drive
umit to give extra power to the primary
umnit.

Wi are familiar with such operating
modes from test rigs and also from
winding operations in the paper indus-
try (Fig. 42).

If a winding machine has a speed
controlled secondary unit coupled me-
chamically to a load unit. the power
from the primary unit together with
that generated by the load unit will be
available to the speed controlled unit.
After the primary power has been set
the power of the load unit will be calcu-
lated by the multiplier. Depending on
whether the load unit is operating as a

generator or as i motor, the power limil
of the speed controlled secondary unit
will either increase or decrease.

Apart from the power display fune-
tion, the multiplier {unctional group
can be used to control a diesel motor as
drive of the primary unit, depending on
system status of the secondary unit, in
such a way that sufficient power is al-
ways available without the diesel motor
having to run constantly at maximum
speed. This is a way of reducing power
lorss in the complele system.

The speed command value of the
diesel motor is dependent on varous
factors:

- a switched mput with invertible logic,
which fixes the basic speed of the
diesel motor,

- a pressure switch input, whose re-
sponse effects maximum output cur-
rent. It monitors the operating
pressure, responding if the pressure
drops o below the minimum value,

- the actual power level attained, deter-
mined by the product of 12 4, e and
0t witnalts 1t the product of swivel an-
gle and speed increases, the diesel
speed will also increase. 1f it de-
creases, he diesel speed will also de-
crease. This function only ocours
during the acceleration phase i.¢. in
molor operation.

- additional influence of output current
by the actual speed and actual
swivel angle values. Here again the
actual swivel angle is effective only
in motor operation.

- additional influence of output current
via an analogue input from a pres-
sure pick-up, o enable the diesel
mutor speed to be increased when
the operating pressure is decreasing.
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Secondary control
using master/slave
principle

Where several secondary  controlled
units are coupled together either by
non-positive  or  positive  locking, it
makes no sense o drive the two units
mudependently with separate speed con-
trals. This would resalt in the l-sections
in closed loop control having a separat
ing or oppuosite-acting effect on the con-
trols,

IF the non-positive locking malfunc-
tions the master /slave principle will be

applied, as demonstrated in Fig. 43
with the example of a paper winder.

The paper roll is wound onto a roller
{recl-spool) (2}, whereby the roll tension
and speed must be kepl constanl re-
gardless of diameter,

Hoth these values can be set,

The winder is driven by way of two
controlled rollers (1) at constant power
ie il the diameter is increased the
speed will decrease and the torque will
MCTEAasE

The master axis (3) is speed con-
trolled in the usual wav. The swivel an-
gle feedback value of this machine is
transmitted as the swivel angle com-
mand value to the slave axis (4).

With this winding operation Wo can
see that only a single speed control is of-
fective with two subordinate swivel an-
gl-.r-.ﬂﬂtnﬂ circuits,

In the event of an error and of mal-
function of the non-positive locking, or
during setting up without the reel
spool, control of the slave axis (7) will
be effected temporarily via a speed con-
trol with limitation (8). This will main-
tain the slave axis at an adjustable limit
speed command value, which cannot be
ewceeded.

Another commaon application of the
master /zlave principle is in the paper
mustry where different torque settings
(9) are required for the winding process.

it
Y Sty spwesd il
3 Aralogue./ digital converter
5
* g o [ —
PD -—?-—’“" PID -—?-
L T s i
Masier
O 2 copwem, evtera.
oo : "W,

n."wuuu = 2 T ~ 3 ";I i
PD HID with limiter
M
Nyam s LLEeT
Slave

Fig, 43: Secondary control with master Sslave principle



Digital control of
secondary controlled
units

Development in automation technology
is characterised today by the great ad-
vanoes made n the integration ol semi-
conductors,
priced digital processors and memuories.
In 1971 the first microprocessors to be

leading 1o favourably-

combined with semiconductor memi-
ries and input/output compunents,
producing reasonably priced micro pro-
cessing units, appeared on the market,
taking it by storm. With the aid of mi-
croprocessors, which far excevd the ca-
pabilities of the earlier process comput-
ers, decentralised automation systems
cant be built up. At the same time the
microprocessors are being increasingly
psed with digital controls and freely
programmable control systems.
Secondary control must, however,
be usable with digital control if it 1 to
follow the trend towards automation
As well as being able to replace one
or more analogue controls, digital con-
trols are capable of carrving out addi-
tional functions such as delayed control
of  command independent
switching to different control and out-
put values, adaptive control parameters
dependent on the operating point, and
also additional monitoring of limiting

values,

vilues.

Other new functioms ane

Communication with other digital
controls, mutual redundancy, automatic
error detection and diagnostics and the
selection of vanous control algorithmes,
m particular adaptive control  algo-
rithimis.

Adaptive or self-adjusting control 1s
of particular importance. With the help
of an adaption algorithm, this uses the
information contained in the measured
process outpul signals to match a con-
trol 1o the process between (wo sam-
pling points

Complete closed loop control cr-
cuits can be achieved in a digital con-
trol. Some examples are cascade con-
trol, multvalue control with coupling
contrbl and disturbance variable com-
pensation operations, that can be easily
modified or completely changed either
during commissioning or later by con
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figuration of the software. In addition a
large range of numbers may be used for
the control parameters and scanning
timie

The characteristics of digital closed
loup contral with process computers or
micrprocessors are as tollows:

- Open and closed loop conkrol algo-
rithms are realised as software.

lime quantised signals are pro-
duced.

- The signals are amplitude-guan-
tised via linite word lengths in the A/D
converter, the central unil and the D/A
converher.

- Process analysis and control syn-
thesis can be carried out by the comy-
puter itself,

As the apen and cosed loop control
algorithms in the sottware are highly
flexible, we are no longer restricted to
standard components with 1 1 and 13
characteristics, as 1s the case with ana-
logue control systems. Advanced algo-
rithms from mathematical process mod-
els may also be used.

Another particular advantage is the
fact that on-line digital controls permit
pricess identification, control design
and simulation processes 0 be under-
taken,

MCS Digital control
card

The MCS digital control card (Fig. 44]

was developed for the control of axial

piston units type AIOVS that are Fitted

with a positioning device by way of a

proportional valve. The cand containg

all functional groups necessary for de-
termination of valve piston and swivel
angle positions as well as for analogue
speed feedback.

I'he block diagram for the MCS digi-

tal control card is shown in Fig. 45.

The following functions in the hard-
ware are digital:

- Processing of all control and parame-
ter data for the Philips/Valvo
G3C100 micro controller with 16/32
bil processor.- RS 232 or 15 485 serial
interface for connection W 4 per-
sonal computer (PC) or remote con-
trol box BB3

Release /error resel input and start/
stop input, opto decoupled (24 V)

- Switching transistor for control of a
check valve connected o an opto de-
coupled output ("CONTROL AC-
MIVE")

- Power-up reset,

- Watchdog circuit for monitoring the
controller

8 diagnostic LEDs for error and status
I'r'lt"H:‘-\-c]gI."‘q

- Optional card with 16 opto decoupled
24 V imputs /outputs, 'L connect-
able.

The following are analoguce:

- Two differential or current inputs for
commanid values or other input sig-
nals such a5 Momme Mo M
directed via a multiplexer to the A/
D converter.

- Voltage distributor differential inpul
for analogue tachometer and tumng
amplifier for precise speed match-
ing.

- Oueillator demodulator module for
evaluation of the swivel angle in-
ductivie positional transducers and
valve control,

- Reading the analogue voltage values
fOr M. Muct Baei and e by means
of a parallel converting 12 bit/4
channel A/D converter

- Qutput of control value via 14 bit D /
A converter and a 0 ... = 10V tuning
amplifier

- Clocked output stage with current

feedback for valve.

Fig. 44: MCS digital control card
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- Monitoring of oscillator demodulator
module, release input and watchdog
circuit of the controller. When the
monitoring  system  responds  the
switching transistor is blocked and a
24 V error message is output opto
decoupled.

Fig. 46 shows the system arrangement
of the controller card.

Ihe standard software for the closed
loop digital control comprises the
tollowing funchional blocks:

"D control with subordinate I'D
swivel angle control and D valve
spoul positioning control.

- Speed command value ramp with
pre-set  acceleration and  decelera-
Hon.

- Safety functions by means of soft-
ware monitoring of-

* maximum speed,

* speed ditferential,

® poepleration,

* swivel angle differential and
* valve positioning differential.

- [hrect switching of check valve via
hardware or software monitoring.

- Simple operation with Start / Stop sig-
nal by means of sequence program
four input / output sequence opera-
hons,

- Three control parameter sets permit
speed-dependent switching

- More exact influence of contr] circuil
and output of status messages possi-
ble by use of plug board for 'MLC
communication (for each one Tk
opto decoupled inputs and outputs).

- Additional analogue input for spedial
functions such as external setting of
U, power limitation and torque.

A commercial PC or remote control
box may be connected via a serial inter-
face for setting the control parametcrs
and for the display of status values
There is a console available for the PC
for mput of parameters and display of
process data, Parameters are protected
against unauthorised modification by
means of a code word.

By setting control modes the control
circuits may be individually activated,
matched and optimised during com-
missioning,

Matching of the swivel angle posi-
tional transducer is also possible to a
certain extent,

Other software components include
open or closed loop torgue control with
compensation of the friction character-
shc, load bmitaton and the master/
slave principle.

The hardware described is designed
specally for use with the A10VSO se-
ries.

When using an A4VS secondary unit
is used with the
hardware, but with different system in-
lerfaces,

the same software

A
—-I'ﬁf'ﬁ'm"
W Serial interface
Mo = = ;s
v e e =z Ea : s —
Gl el
Free Ui water ’1‘ &“
RS —i- v 12 it 1"
!\mbﬂ MW
‘X ki W L- L3100
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Inductive  ——s— S I R T
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Fig. 45: Block diagram of MCS digital control card
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Special Characteristics of Secondary Con-

trol

"Self-blocking"

The term "Self-blocking”, when refer-
ring to h_‘.drn-_dﬂtig units, was intro-
duced in the forties by hydraulic engi-
meers. When the swivel angle of a motor
is reduced beyond a certain point, the
motor  does not  generate  sufficient
torque to maintain the given speed,
even when unloaded

Self-blocking means therefore - un-
controlled  deceleration with a small
swivel angle until the hydraulic maotor
reaches a standstill

For this mazon some manufactuners
have mechanically hmited the mini-
mum permissible swivel angle, tor ex-
ample for hydraulic motors with axial
piston units and variable displacement,
to between 4% and 7

This theory of self-blocking, how-
ever, does not hold with scientists. 11,
with the unil operating as a motor, a
swivel angle of approx. 4° for example
decreases and eventually reaches zero,
no continuously  variable control of
swivel angle could occur through the
zern position, as the speed would not
INCIeAsE again until the zerp prosibion
had been crossed and with the unit op-
erating as a generator

Continuously  variable control of
swivel angle through the zero position
is, however, imperative with secondary
control. Without it no secondary control
would be possible

In 1980 a senies of tests were started
o prove the inearity, which fulfilled all
expectations with regard to lincar oper
ation during swivel angle control
through zero. The term “Seli-blocking ™,
when used in this context, therefore had
to be redefined

In 1993 the Dresden Technical Uni-
versity was given a contract to carry out
4 series of tests to examine the propor-

tionil relationships between torgue and

Fig. 47: Development test stand; back tensioning principle with axdal piston units

s

-
Left umt {secondary unit)
2 Rotex coupling
3 Measurement shalt
4 Bearng
Fig. 45 Hasic cirowil of test equipamient

swivel angle, taking into consideration
pressure differential, speed, fhud tem-
perature and long-term behaviour.

A bwo-axis test rig (Fig. 47) was used
for the tests. This test rig consisted of
two A4VSD axial piston units tensioned
apainst each other.

The secondary unil with the built-on
DC tacho-generator (30 volts at 1000

"]

awitch coupling
6 Moment of inertia
Kight urt (loading unit)

rpm) has a displacement of 71 cm?, the
loading unit having a displacement of
40 em*,

The two-axis est rig is connected to
a cendral oll supply, to which three other
secnndary controlled units are also con-

nected.
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The basic circuit for the test equip-
ment is shown in Fig 48. The central oil
supply 15 not shown.

The two axial piston units are inter-
connected by means of Rotex and dog
clutches. The left hand secondary unit is
sperd controlled (closed loop) the right
hand one being torque controlled (open
loop), thus lensioning the transmission
line. The load torque generated by the
torque controlled unit is measured by
means of the measurement shaft situ-
ated between the Rolex couplings.

The tensioning power is infinitely
adjustable m all four quadrants by
means of the speed input and load
torque. The unit on the left operates as a
motor, the right as a generator. With the
associated power Aow
mechanical —> hydraulic —= mechan-
ical, only the power loss from the cen-
tral oil supply needs o be generated

The series of tests was carried out
with the following components and
lechnical data:

Lnading unil
¢ Axial piston unit type A4VSOL0 with
built-on propartional valop

STWiDOR3
* Digital control electromics MOS, type

VTD235

The swivel angle is closed loop con-

trolied.

Secondary wit
= Axial piston unit tvpe A4AVSOT1 with
built-on servo valve 4WS2ZEMI0
e Analogue control amnd monitoring
electronics VT 12000
Speed compensation
2040 rpm = 10volts

The speed is closed loop controlled.
lechnical dali
Owperating pressure: 275 bar
Boost pressune: 7.5 bar
Fluid temperature: 50° C

Fig. 49 shows the swivel angles over
centre or torques of both units at con-
stani speed
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Fig. 51: Test sct up: swivel angle against speed

The speed of the axis remains con-
stant at 210 rpm, the swivel angle of the
lsading unit being controlled in a trian-
gular function with a frequency of (1.2
Hertz in the range of +4.4 to 4.65°. Dur-
ing this phase there will be continual
changeover between motor and genera-
tor operation.

The secondary unit completes the
load change. Here too there will be con-
tinual changeover between motor and
generator operation,

The swivelling actions of both units
are linear and there will be no discon-
tinuous action

The “shaky" progression of the
swivel angle actual value of the second-
ary unit indicales a dynamic equilib-
rium during the speed control process,
The displacement of the loading unil is
4% lower than that of the secondary
unit, a fact that must be considered
when converting the swivel angle into a
torque value.

As can be seen in Fig. 50, at constant
generator loading and with the loading
unit operating as a pump, speed rever-
sal will gccur, a process which can for
with upwards and
downwards movement of a constant

example ocour

lvad on a crane. The swivel angle of the
lvading unit here will be 4.5°, The speed
change of the secondary controlled axis
within the range of 4280 to -270 rpm
with a frequency of 0.2 Hertz will result
in a swivel angle change of the second-
ary unit from 3.8 to 0.4% £ 0.15" As ex-

Lesft ani

£

1
a‘

Swive] anglee in V

Speed o inepm

Fig. 52 Measurement results; swivel angle o in volts against speed i o rpm

pected this transition shows no discon.
tinuous action. The noticeable dynamic
equilibrium prevents static friction from
oCourring,

Here is an interesting question in
this context :

What will be the minimum swivel
angle for a given operating pressure
with respect to speed in a state of egui-
librium? These measurements were car-
ried out again on a lensioning test rig,
using in this case two axial piston units,
each with a displacement of 250 om?
iFig. 51). The unit on the Aght = speed
controlled in closed circuit operation.

I'he operating pressure is generated
by a pressure controlled axial piston
unit with a pressure of 200 bar, the
boost pressure being 4.5 bar,

The unit on the left will be mensly
“dragged along” at a swivel angle of 01°.
An additional moment of inertia of 1.9
kgm?, the three couplings and torque
measurement shaft are also driven.

Fig. 52 shows the swivel angle pro-
gression in volts against the speed in a
state of equilibrium { 10 3zolts = 157 ),

In the top curve, which is recorded
at a drain oil temperature of 28°C of the
unit on the right, the swivel angle
shows an almost lincar increase from
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Characteristic of right and left AAVSOTL unit at various operating pressurcs with clockwise and anti-clockwise rofation.
Command value settings for speed range: 10V to +10V

Fig. 53 Measuretment results; swivel angle @ in volts against speed » in rpm

(1,89 and 30 rpm to 2037 at 2000 rpm.
It is inversely proportional o tempera-
ture, at 43°C and 2000 rpm having been
reduced to 1.75%, corresponding to a
displacement of 28 am?,

If the unit on the left 15 discomnected
via the dog clulch, presenting a reduced
moment of ineriia lo the dove, the
swivel angle will be reduced at 2000
rpm to 097 The unit will then stll
have a displacement of 16 cm® The flow
requitemnent at idling spead will also be
correspondingly small.

To complete the picture it should be
mentioned that an increase in operating
pressure o the levels commonly used
today (280 - 300 bar) will cause a further
reduction of the swivel angle.

It must be emphasised here that,
with respect 1o the "self-blocking” of hy-
drostatic axial or radial piston units, re-
gardless of type, the torque on the drive
shift must be reconsidered.

The curve shown in Fig. 52 excludes
thie speed range below 250 rpm. Yet the
knowledge of this aren is important for
start-up. Using a tensioning test rig
with units of 71 cm? displacement, Fig.
53 shows a record taking into account
the lower spesd range with start-up
from zero speed at various operating
pressures. If a speed command value is
pre-set by means of a time ramp, an ini-
tial breakaway torque will be gencrated
at 4 pre-set operating pressure and an
increasmg swivel angle to overcome the
static friction. As the coefficient of fric-
tion i considerably smaller when

movement takes place and the torgue
requirement is thus lower, after break-
away the swivel angle will reduce once
muore, to enable it to increase in a linear
fashion from approx. 50 rpm upwards
iStribeck curve). These me ts
were carried out both with increasing
and decreasing speed. There is clear ev-
idence of hystercsis, brought about by
the frictional torque being lower when
thieaxial piston unit is decelerating than
that when the unit is accelerating. A re-
duced swivel angle will thus be neces-
sary in order to maintain the lower
speed,

The measurements were carried oul
at an operating temperature of 4°C in
closed circuit operation {p, ., = 15 bar},
the pre-sel command value for the
speed range being + 10 volts.




Torque control

Lue to the linear relationship between
swivel angle and torque it seems rea-
sonable to use the swivel angle at a pre-
set operating pressure for forgue con-
trol with secondary controlled axial pis-
ton units: However, knowing the rela-
tonships  between  swivel  angle,
operating pressure, torque, fAuid tem-
perature and speed (Stribeck curve),
use of a comection curve cannot be
avoided.

As the usual torgue measurcment
shafts only attain a sufficiently long ser-
vice life in static operation, turgue con-
trol is being increasingly applied with
electrical and hydraulic loading units,
which dispenses with the need for this
measuement device.

Torque control with
electrical machines

For decades now the DC shunt genera-
tor dynamometer has been used as a
loading unit in test environments for
power ranges of up to 1000 kW, This is
due to its stable operating behaviour
and the fact that it is nol prone to oscil-
lations

Even power converter-fed rotary
generators which have recently grown
in popularity render possible near-real-
istic simulation on the test rig, of a road
traffic situation tor example.

Both machines are designed for ex-
ternal cooling, the cooled air being di-
rected wia the rotor surface, through
channels in the stack and also bebween
the poles.

As the electrical motor is pendulous
and torque measurement is carned out
on the balance principle, this motor
leaves something to be desired with re-
spect to pesponse sensitivity and reac-
Hion to mechanical influences.

With torque control the torque is cal-
culated from the size and speed of the
machine.

Flectrical  motors equipped  for
lorque control have a bulll-on digital

____ Torgue control 69

speed tachometer al the through shaft  taken inlo consideration. These losses

endd. influence the armature  lensioning,
Torque My acting at the shaft of a  which is nol necessary for the calculs-
DC generator is made up as follows: Hon.
M; = Me-My-M,tM, Acceleration torque of the rotabing
mass,
whene |"-'fh = [ ?_:J‘

Mi = scceleration torgue in Pm,

Mg = electrical tongter in the beating clearance in

S, with | as moment of inerlia, is ac-
M4 = midivicnal foss torgue in hom, counted for in the run-up of the un-
Mn = idling torgue in Mm loaded machine h}' a4 ZETO CUmpensa-
The air gap torque is calculated as  lion, without needing to know  the
follows: absolute value
M. = i w E ol All technical data determined by the
E™ 2egren N shaft torque such as armature current
whisn I4. speed n and primary voltage E can
L« "primary vollege” or power in volts of electra therefore be measured Le.
riscelae, =14 al a shunt resistor,
[4 = armature carrent o A, - at the digital speed lachometer
® = spwxd in rpum and
lIdling torque My is determined by -E al a voltage bridge.
the idling current lp, where {y = finE2is By referring back 1o a micr proces-

recorded and stored in an idling test  sor with associated memories all losses
rumn, within the total operating arca of the

The low additional loss torque M = machine are picked up. Aligning opera-
finJA) is determined in the factory be-  tons for individual loss torgues ane not
fore delivery of the motor and stored  necessary. This simphifies commission-
for the nominal current in the computer  ing, further compensation being possi-
as a curve. ble at any time.

In this process the current heat The electronics industry stipulates
losses in the armatore circuit are not  that with this method of measuring val-

u.,_'E .E;—_ : —E——o

{ %

Syn:  Svnchronisation U bt

K12 Measurement range 2 Analogue inpul voltages
1AL Digrital fanalogue converter b bk by

Standardsation factors

Fig. 54 FuncHomal principle of tonue calculator
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ues [1, m and £ the shaft torque outpul
can deviate by <1%.

I'he torgue calculator, which s
equipped with a 16 bit micro processar,
operates as tollows:

The analogue input voltages Lig, LI
and Ly are sent to the computer via an
analogue-digital converter.

Using these values the micro proces-
sor delermines the electrical torgue fak-
ing into account the idling current (Fig.
841 The values for M and M are then
determined and added to this value.

This resulting torque walue corre-
sponds to the mechanical torgue at the
shaft. This torque is determined at in-
tervals of 1.5 msec via a digital-ana-
logue converter. The 9 wvolls corre-
sponds o the nominal torque. A mean
value is calculated and output as a digi-
tal display.

The torque value determined by the
torque calculator fulfils the require
ments for torque contral in the aneas of
dynamic response and statics with suf-
ficient accuracy, without the need for a
torque measurement shaft.

However, this. is required with a
torque closed loop crcuit, where the
torque actual value has to be measured.

Torque control of second-
ary controlled units

As the velocity dynamics of hydrostatic
units vary and are higher than those of
electrical machines, it is necessary fo
apply tarque control without the torque
measurement shaft.

The secondary controlled unit can-
not be installed as a dynamometer due
to the difficulty of passing oil through a
rotary joint and also due o the naccu-
racies caused by the asspciated friction,

One solution is terque controd, tak-
ing mto consideration the control piston
position which is already output as a
violtage.

The following mathematical rela-
tionship exists between the displace-
ment of an avial piston unit and the
swivel angle, represented by the control
piston position:

Diisplacement of an axial piston unit
in swashplate design:

Ve=2srzoAgetana

Displacement of an axial piston unit
in bent axis design:

Vi=2enpeAgesina

Displacement of a radial piston unit :
VI\.—E L ?"A[.

b

Ay = piston area inom”

Fy + geomctrical rads of cvlinder doum in
em,

T = geometrical radios of drive amge inom,

Vg displacement inom L

7 = ol pesions,

- = mwivel angle in *

t cooentricty fnem,

Mk = mechanical-hydraulic efficiency.

From the factors displacement and
pressure differential we arrive at the
torgue

Ape

M= Shex * e

or, simplified, to
My~ Ape flo).

Torque conversion by means of op-
erating pressure and displacement or
swivel angle or eccentricity is the same
tor all hydrostatic units. In hydrostatics,
we are returning to the various meth-
ods of altenng the displacement with
torgue control from which other drive
svsiems are excluded.

The demands of the automotive in-
dustry and relaled branches for open
and closed Joop speed and torque con-
tral in dynamic endurance lesting can
be fulfilled with secondary control us-
ing the same loading units for torgue
cantrol as for speed control without ad-
ditivmal components.

The torque is calculated by means of
an analogue calculation circuit by mul-
tiplying the swivel angle actual value
by the pressure actual value and then
adding or subtracting a correction fac-
tor, depending on operating mode. The
correction factor is created by means of
an analogue calculation circuit and is
dependent on the actual speed. [t corre-
sponds to the extra swivel angle around
which the swashplate has to swivel out
in order to compensate for mechanical
leakage of the unit.

In order to obtain as accurate a sim-
ulation of the cormection curve as possi-
ble by means of a caleulation circuit, the
characteristic of each secondary unit
must be measured individually and the
circuit designed accordingly.

The analogue calculation circuit and
all necessary additional functons are
contained on the MD1/VTS0229 torgue
controller card. This card is used with
the VT I2000 analogue control and mon-
itoring electronics necessary for speed
control,

The MD1 torgue controller card op-
eraties as [ollows (Fig. 55§

The torque command value Mz
w15 €ntered as a voltage (0 o £ 10
volts), linked with the speed actual
value Ny and passed on to the calcu-
lating dircuit. Using the pressure actual
value Ap the torque calculator assigns
and outpuls a swivel angle command
value e pmmms

The correction factor (Fig, 53} is cre-
ated dependent on the size of machine
selected and its respective speed and
pressure.

Correction value Lig = f (i) 15 identi-
cal to the idling torque My and is deter-
mined on the test rig before the umt is
delivered.

Therefore the correction value repro-
duces a voltage (torque) dependent on
unit size, which also has to be generated
when operating as a motor in order 1o
compensate tor inherent losses from the
urit.

This means that, for example, if a
zeto torgque s required al the output
shaft, the unit will operate as a motor
with a speed-dependent correction
value.

In motor operation the cormection
value is added to the pre-set torque
command value and is converted info a
swivel angle, taking into consideration
the speed, which is then passed on to
the VT12000 standard control electron-
1cs via a limiting circuil,

Determination of torque considers
both motor and generator operalion,
where the correction value is subtracted
from the calculated torgque command
value,

The signal e sent from the
torque card is adjusted with the swivel
angle controller on the VT12000 control
and monitoring electronics,

With the analogue calculating circuit
Wepmmanad 15 built up from the following
values;

With motor operation

a _ 1':'{1—: +M g d

Covwm

Lo

M
Pact
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Fig. 55: Tosrque control card

With generator operation

‘IH'J' Jpomm "l'f'.' .

u'L T = - - L'l-
Pac

whiene
LM = lowa lachor with motor operstmn,
(G = lowse factor with grnerabod ||5||:rdh'.1l‘..
My = spoed depencdest correcliom valoe,
Pag pressimd sctual value in bar,

typpm = swivel angle command visbue

A change of torque will result n a
speed variation at constant shaft load-
ing. In order to prevent overspeed the
lorque card contains a speed hmiting
device with which any required maxi-
mum speed can be set.

The speed limiting value 1 2qummpe 15
at the input of the PID speed control of
the VT12000 standard control electron-
ics. Below this ceiling speed torque con-
trol s effective using the method de-
scribed, 1T the speed increases (o above
the limiting value the swivel angle com-

mand value will decrease until the

speed drops o within the permitted
range.

This speed limitation is effective in
both directions.

The analogue characteristic can be
replaced by a digital corrector caed if
higher accuracy is requited or for ex-
specitic
model the swivel angle command value

tended applications. For a
is taken from a previously recorded
look-up table, and is dependent on
speed, pressure and temperature.

The look-up table can be read in and
correcled at any time

With the digital corrector card, O,
e 15 produced as follows:

With motor operation

f M T2comm
Pact

P oy 40,

camm

With generator nperation

My,

coimer _ e~
y = L]
cang \

Puct

oy G_l Car

oo 15 an external swivel angle cor-
rector value that takes into consider-
ation the model of axial piston umit, the
speed, pressure and temperatune

Behaviour of the drive
at creep speeds

For drives that need o cover a wide
spieed range, in addition to the charac-
teristics of bearings, guides and distur-
bance factors, the running of a second-
ary controlled motor in the lower speed
range of <10 rpm is of particular impaor-
tance.

A limiting value which determines
the behaviour of a hydrostatic dnve op-
erating at creep speeds is the degree of
uriformity of flow & It is a measure of
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Pressure side
the Muctuation of an angular velocity o
& +
from a reference velocity. |
As the speed is directly proportional + Qe

to the angular velocity the dimension-

less degree of uniformity & is also suit-
able as a measure of speed fluctuation
trom a mean speed Mypp. o
In machine dynamics the degree ot
unitormity is defined as follows:

Transterred to flow this means:

Suction side
& = Dmex ~ Qi
E'J‘ulll in

Fig. 56: Piston flow as function of angular position @
If we analyse piston movemend

within the piston units it can be seen
that the stroke of & piston follows a pure
sing law megardless of the kinemalic Raae = st
data (Fig. 56) S
With swashplate design
Q=2®r,» A » tanc* m* sinm

With bent axis design
Q=2er A, » gine * @ * siniidd,

whiene

Ak - pistor asca in oo

n spnd i

Q = e in L/ e,

™ gecmetrical eadits of drive flamge inom,
7 = gersornetrinal radiues of cyiinder drum in
i

m = swrivel angle -

wb = g o= swivel anggh

Figg. 37: Vectorial representation of the degree of uniformity fir 9 pistons

If the sirokes of the individual pis-
tons on the delivery side are added
ivectorial), for an axial piston unit with

15
4 pistons we achieve the 9-sided poly- 14 LLELL L I L1 .,[ ,[ |
R ., zZl 3T 4l 5l el vl slwln
FONLAE LML WKl g ¥ T SR 40| 1A 35| 74| 1A ao Lam |||
The degree of uniformity is immedi- 5 12 = -
ately recognisable if we roll out this = :‘
polygon onto a Hat surface. Its fre =4 : \
quency for an odd number of pistons E‘ g h \
will be 2 E T b
{ =2 e e Z in other words it will -a_-j s Ever no, of
. 5
Tun at twice the speed. E P pistons
It is evident thal the uniformity pat- & 5 || Ddd ms. of b
tern for an uneven number of pistons = 2 | pistons ]
progresses with o/ (2 = ) and for an 1 TT 11 T 1
even number of pistons with ©/Z iLe, [ 5 10 15 20 25

the step of even piston numbers s twice

No. of pistons /
as large

Fii. 38: Degeee of uniformity of Aow for axmal prston unils



Fig. 58 shows in graphic form the
uniformity of systems with an even and
odd number of pistons.

The following equations apply:

bor an even number of pistons:

b= %- tanm%l 100 in .

tor an odd number of pistons:

" 45°
8= —ntan—

37 = o TO0 i .

It is clear that, with respect to unifor-
mity, a 1(-piston drive unit is equally as
good as the 5-piston drive unil. Both
have an irregularity of approx. 5% and
are therefore nol used for exacting re-
quirements, 7 or $-piston drive units be-
Ing most suitable with an irregularity of
anly 2.5 or 1.5%.

The tangent values of the repro-
duced formulae of both systems are in a
ratio of 2:1. The uniformity of the units
with an odd number of pistons is thus
four times more acourate,

Where extremely small irregulari-
ties are required it is recommended that
two units with an odd number of pis-
tons be coupled together in such a way
that one unit follows the other by % fris-
ton division. Thus a degree of unifor-
mity is oblained that hies between 17
and 19 on the graph for an odd number
of pistons, although the number of pis-
tons of this tandem unit is 18, an even
number.

This method of reducing the rregu-
larity by coupling together two axial
piston units is, however, nol alwavs of-
tective. Measurements from the test rig
have shown that the actual degree of
uniformity is also influenced by revers-
ing operations, increasing if the operat-
ing pressure rises and deviating consid-
erably from the calculated value.

Due to the final odd piston number,
when rolaling an axial piston drive
unit, either 3 or 4, or alternatively 4 or 5
main pistons are connected to the pres-
sure side of the control plate. The dis-
placement changes to the same degree
per madian, If a constant flow i5 sup-
plied to the axial piston unit at constant
torgue when the unit is operating as a

maotor, this will lead to speed Auctua-
tions at low speeds, this in turn causing
pressure fluctuations. The torque can no
longer be transferred evenly

Fig. 539 demonstrates the behaviour
of the speed of an axial piston bent axis
maotor with a fixed displacement of 12
em”. Flow to and from the unit is regu-
lated by means of throttles and remains
therefore virtually constant. Due to the
change in displacement per radian
there will be a supply pressure change
from 20 to 28 bar. The supply pressure
upstream of the throttle will be 50 bar.

As can be seen from the recorder, the
speed fluctuation at an average speed of
7.6 rpm will be £ 1.2 rpm. With an aver-
age speed of 2.2 rpm the fuctuation will
be £1.3 rpm.

With secondary controlled drives it
is clear that alternative criteria must be
applied, as
- the operating pressure either re-

mains constani ar is impressed,
- the How 1= not throttled,

speed is regulated and
- the swivel angle and hence the dis-

placement are free values, adapting

to the specitic load

10

___ Behawiour of the drive at creep speeds 73

Speed and swivel angle behaviour of
a secondary controlled unit with a dis-
placement of 28 cm” at an impressed
pressure of 170 to 200 bar is shown in
both recordings (Fig. 60). The top curve
shows a speed Auctuation of 135 rpm
at an average speed of 59 rpm. the
swivel angle varies between 025 and
1.5 With the lower curve the speed
Auctuation is + 0.4 rpm, based on an av-
erage value of 1.6 rpm, the swivel angle
fuctuation lying between 045 and
0.75°.

It is clear to see that the secondary
unil during the positioning process acts
in opposition to the lorque rregularity,
trying to avold continual acceleration or
deceleration of the drive. The system, in
other words, endeavours to maintain
constant displacement per radian, irre-
spective of the varying number of pis-
tons under pressure.

Thie test series leading o the results
shiwen in Figs. 59 and 60 were carricd
vut with moment of inertia of the sec-
ondary unit only, without any addi-
tional mass. Speed irregularity with the
secondary unil decreases as the mo-
ment of inertia increases, The swivel an-

- ! y ' . 1
it e

Speed fluctuation & in rpm
[

[ n=1ls/om
i

Faper feed spued

Fig. 5% Spevd behaviour of an asial piston bent-axis motor
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Fig. 6} Speed behaviour of an axial piston swashplate mator, secondary controlled

gle will, however, fluctuate more, al-
though this will have no effect on the
speed due to the increasing system iner-
tia

When a secondary unit is operating
at creep speed it is possible to even out
the speed to a degree by omitting the
closed loop control circuit. As the speed
deviation appears with a phaso-shift,
the control action by the speed control-
ler will be too late to achieve smooth
running. With a unit of small displace-
ment and low speed the control charac-
teristic will also deteriorate, because

there will no longer be any proportion-
ality between swivel angle and torque.
I'he frictional torque and leakage losses
dependent on the swivel angle will thus
change to such an extent in the lower
part of the speed range that no absolute
smooth runming state can occur.

This can, however, be improved if
the speed signal for adjusting the dis-
placement is changed in relation to the
actual value of the swivel angle in the
lower speed range by means of a con-
trol algorithm, so that the shaft torque
of the unit remains constant. The swivel

Mean speed:

Peen = 59 rpm
Tmiv = %S rpm
ey = B2 pm
G- = 025 *

oy = 15 °
Mean speed:

By = L& 1pm
Mgy = 12 t‘FH‘I
s = 20 rpm
[ = 045 * (mean)
@ = 075 " {mean)

angle command value must in other
waords be corrected depending on the
swivel angle and taking into account
the efficiency. As the frequency of the ir-
regularity is double the speed, with a 9-
piston unit the correction must be every

Jon”
le/

= Nr

(4 = no. of pistons).

The swivel angle command value
has a positive effect on the accuracy of
the drive if positioning is carred out
from low speeds,



Natural frequency with sec-
ondary controlled units

The natural frequency of a drive is a
known eriterion for the stability and ri-
gidity of a system, It can be used to cal-
culate the shortest possible acoeleration
time that a drive system can achieve
without oscillating. In a similar way to
the spring-mass system the natural fre-
quency of a hydraulic motor can be cal-
culated from spring constant C and mo-
ment of inertia [;

= Lo m .
Jem 4] §
where:
C = spring constand in N / rad,
B natiTal requerey in e,

I = el oo inertia o kg :

The natural frequency of a valve-
controlled hydraulic motor (Fig. 61) is
determined from the following values:

f V.': : Em.‘ M
il T ==
\2eqm v, g T
— |.r'(,|]- 10
V a4 i N
= i oy i
by = e ) V. in =5
=22+ Vg |w 10
, oo Ry eCy. g
e = :'.'I".I |l Iﬂ:
Vaz
Vor e
a b

Fig. 61: Valve controlled hydraulic meotor

whene
Bt modulus of elasticity of oil in kg / cmes
I'K'I = |.|:'.-r|1!.ut'rru'r|'. o sevvmalary it in -.-rn-l.
¥al = el wsluime slde A i em’, and
Wi ol wolume side B inom’,

The above-defined natural fre-

guency, consisting of an  oscllatory
sprimg-mass  system, is not  possible
with secondary control, as the "hydrau
hie spring” (0il column} is under a con-
stanl tension (pressure).

It is therefore not possible 1o use the
natural trequency of a system to des-
cribe the control accuracy and dynamic
response of a secondary controlled sy-
stem.

In principle any function ot time can
be used as an input value of an clement
or system in mathematical and experi-
mental tests of the behaviour of ele-
ments of a closed loop circuil. There are
twa functions, howewver, that are of par-
ticular importance, namely the step
function response and the sine function,
as these are mathematically easier to
solve and technically more feasible. The
response part of the step function re-
sponse 15 known as the transient re-
SPOTISE,

Transient response

Input value ¥y is changed in steps
and response Tpsps ©f the element or
of closed loop circuit is measured. The
transient function measured is used Lo
determine the time constants of the ele-
ment (Fig. 62).
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Frequency response method

The input value is sinusoidally excited
at constant amplitude .17,, , In the tran-
sient state with linear svstems the out-
put value will also be sinusoidal, ampli-
tude .tfd and phase ¢ being dependent
on the characteristics of the element
(Fig. 63). The following equations apply
to input and outpul signals:
¥ (1) = T, sin oy
and
XLy =%, sin (@, + @)

with

ml =2 = x = f as angular frequency.

If this test is carried out for all fre
guencies between zero and infinity, de-
pendent on the frequency this will re-
sult in typical changes in amplitude and
phase shift of the output value of the el-
ement,

Evaluation of
sponse can be etther in the form of a

the frequency  re-

Bode diagram or locus curve (Nyquist
diagram).

Fig. 68 Measunement of froquency nespuonsy

e | e

| B

Fig. 62t Mensurement of transient function (1,

1
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Bode diagram (frequency
response characteristic)

Amplitude response

One possibility of representing the test
resulis of frequency response is offered
by Bode diagram (Fig. 64)

In a double logarithmic co-ordinate
svatermn  the
2./%

amplitude relationship
is plotted as a function of the an-
gular frequency

Phase response

In a single logarithmic co-ordinate svs-
termn the phase shift is plotted in the
same way as a funchion ol the angular
frequency.

The logarithmic representation of
the amplitude response

K = Ya
i

and phase response @ with a series
crcuil consisting of several transmis-
sion elements, of which the Bode dia-
gram isa known example, offers the ad-
vantage that their behaviour can be
determined by geometric addition of
the individual amplitude and phase re-
sponses (Fig. 63)

The time constants are delermined
in the transient function of systems of
the first order al a phase shift of 457
(0rput = COMET frequency = T ).

From Fig. 65 we can see that a svs-
tem of the first order can attain a maxi-
mum phase shift of -90°. This angle cor-
responds to an amplitude relationship
of zeto and an angular frequency of

0 — o2,

With I T and | elements there will
be a phase shift o (negative ), whereas
13 elements show a phase lead (positive
Q)

Amplitude responee

e
ol -

N.-{— “’N_*

log o —
Phase response

Fig. 6d: Results of the [reguency nspuonse

mithod as Bode diagram tor a P-T. element

Locus curve

By plotting the amplitude relation-
ship aganst phase shift over the lolal
frequency range on a complex plane
(Gaussian numerical plane) by polar co-
vrdinates we obtain the locus curve for
the test system. The application of the
Caussian numerical plane comes from
the fact that the sine or cosine Tunction
can also be written as a complex func-
tion (Euler's theory).

Fig. 66 shows the locus curve for a
system of the first order. The angle be-
tween the positive real axis (Rg) and the
radial from the zero point to the point
in the numerical plane represents the

£,

Amplitude relationship 24
%
IK Fi —m Ir:l +!K F]i

and

PP oy

Phase angle g

R o A

- 180

Fig. &f Series circuit of two fnegquency responses in the Bode diagram

=
et

Fig, b6 Result of the frequency response method as locus curve fora T element
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phase shift, whereas the length of the
radial represents the amplitude relati- Amplitude response
vnship.

The curve shivwn in Fig. b6 describes
the behaviour of a P -T; element, 0

From the locus corve we can also de-
fermine the time constants of the sy
stem al a phase shift of p = 45°

Fig. 67 shows the frequency re-
sponse characteristic curve of the posi
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el ——

|

|

¥

|

I

2%l \ I |
-10 4 G‘I,.. '\ |
il I
I

|

|

|

[

tioming cvlinder of a secondary control-
led axial piston umt type A4VSOTISE,
at an impressed pressure of 2060 bar,
with built-on servo valve with a nomi-

nal flow of 20 L/ min.

Amplitude nesponse In di
1
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lhe amplitude response is given in
decibels (dB). The amplitude relati-
onship will be
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The Bode diagram thus gives us a
clear statement of the dynamic response
of i closed loop circuit or of a complete
drive system. We can see from Lhis that
at a constant input amplitude the out-
put amplitude can change depending
on the frequency

= 100

Mhiase shirt i ©

- 300

Fig. 7: Frequency response chamcteristic of the positioning cylinder ol a swashplate axial
piston pump A4VSOTDST; Amplitude response fop and phase response below
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Fig. 68 shows the frequency re-
sponse of bypes A4VS0250051 without
any additional moment of inertia, and
at an impressed pressure of 200 bar,
Speed amplitude is + 300 rpm.

The frequency response measure-
ments in Figs. 689 and 70 were carried
out using the following technical data
(Table 31

Fig.69 | Fig70
Operating pres- | 20 50
sure i har
Speed amplitude | 2 150 + 500
inrpm
Matural moment | (1,095 56
of inertia in kg’
Additional mo- =1 -1
ment ol inertia in
kgm? | ,

lable & Technical data to Fig. #4 and |-=g?

All measurements were cartied out
in closed drcuit operation with a boost
pressure of 10,5 bar,

Fig. 71 shows the frequency e
sponse characteristic of an axial piston
unit in  swashplate  design, type
ATOVECNDDDS at an operating priessure
of 250 bar.

The unit has a natural moment of in-
ertia of (L0167 kgm? and an additional
inertia of (137 kgm?.

laad _ 0,37

—_= = X 16

] 0, 0167

The command value speed setting
was & 1000 and + 2000 rpm respectively.

Curve progression 1 lo 4
1 = Ao = 1000 rpm]),
2 F Ay = 1000 rpm),
3 -l A = 2000 rpm),
4 FlA o = 2000 rpm).

The combinaton of a hvdrostatic
umnit and electronics, measurement tech-
nulogy and closed loop control is a fea-
ture of secondary control. The suc-
cessful application of this field of
technology requires a comprehensive
knowledge of a complete range of para-
meters and their infloence on overall
system behaviour

A% :
Wy .
e N ;

2% - 180
o 1 2 3
Froguency fin He

Amplitnde + 300 rpm, p = 200 bar, unit without additiomal mass
i
0 o
3 ..
; 5
= |
T %0 3
z Amphiude = g
¥ e ponse
<=2 —
-3 \ - 180°
o 1 2 3
Fregquency | in Hz

Amplitude £ 300 rpm, p = 250 bar, unit without additional mass

Fig. 68: | reuency response characlenstc of a swashplate axel piston P bvpe A4YSOZSE0SE]

Close vbservation of the basic physi-
cal laws are an important part of closed
loop control technology, allowing the
optimum choice of equipment and ac-
curale predictions of the precision and

dynamic responses that can be expoc-
ted.
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Fig. a%: Frequency response characteristic of a swashplate axial pis-

Fig. 7k Frequency response charscteristic of a swashplate axial pis-
ton pump type A4YSO2S0TE]

tom pump type A4VSO25005]
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Fig. T1: Frequency response characteristic of a swashplate axial piston pump type A10VSO100DS
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Examples of secondary drives in industrial
and mobile applications

Back in the early BOs the seemingly
l.lll'T'If"]{"l. control characteristics of the
secondary drive concept was generally
unknown in hvdrostatic circles, This
was, however, not the only reason for
the reluctance to implement secondary
control. In spite of its many advantages,
development of the digital and adap-
Hive electronics necessary for secondary
control was neglected or rather continu-
ally postponed. A complete high dy-
namic response drive system could
therefore not vet be offered.

In the inital stages there was no
choice but to wail for the right combina-
Hon i.e. a project engineer who believed
in the product and an enthusiastic pro-
spective user. Important factors here
were to acknowledge the technical risk

imvolved, to make allowances for it and
for the customer to assume some of the
responsibility when implementing this
system technology

We are indebted here to those few
engineers who were prepared to go
ahead in spite of the knowledge thal
there were no previous references, With
Ih\' ci “["I.'rn.]tllll'l \1| ”!I.'H"‘ t._'I'IL_:IT'Ik,"‘I_'."'h dan
optimum electronics system was devel
oped for the respective application

It is theretore not surprising that the
first applications ol secondary control
were in special machines.

This limiting of applications to mdi-
vidual drive concepis that, on technical
grounds, could not be covered by
closed lpop electrical and conventional

The milling head drive on a machine tool (Fig. 73)

-3

Fig. 72: LU machining centne

hvdraulic drives, initially had a detri-
mental efiect on component costs.

The use of secondarv controlled
drives in mass production today has
been achieved thanks o a newly de-
fined standard that has come into prac-
tice, It still. however, depends mainly
on the person and the application

The tollowing application examples
should make 1t easter tor the potential
user in his initial implementation of sec-
ondary controlled hyvdrostatic unils in
thie feld of high dynamic response
drivies.
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In a CNC machining centre with a total
of 35 hydraulic functions, the main mill-
g spindle drive was equipped with a
hydraulic drive having a power of 70
kW under secondary control (Fig. 73)

During the various operations of
this machine, & number of unusual ma-
chining processes mav take place. In
stead of a conventional tuming tool, a
high-powered milling head may be
wsed, which means that in addition to
the turning of cyhndrical, eccentric and
elliptical returned parts, other shapes
such as polvgons, flal areas and grooves
can be milled in the stabonary work-
piece without the need for eclamping

I'he drive motor for the milling head
is installed in the so~called mulli-lower
which s mounted on the cross-slide
(Fig. 74). It may be slewed separately
about its vertical axis. This permits the
tool to be positioned at any angle and
COrTaeT l'll"‘w'-“l'l':'- '|\I|:.r'- ""l"‘-E'H.'I.‘I by ||'H'
workpiece axis

For physical reasons the tacho-gen-
erator for speed control could not be
mounted on the through shafl of the hy
draulic motor It was therefore driven

by means of a toothed belt on a parallel

1 Hydrmulic powsr unit

2 Muotor for mamn spindle dove
3  Headsiock

4 Face plate

5  Mulb-tower

r

axis (Fig. 74} The torque of 275 Nm
necessary to drive the head was pro-
duced by an A4V axial swashplate unit
of 90 ¢m” displacement. For a machine
toal, an unusually high operating pres
sure of 255 bar was used. Maxinmum
speed of the motor was 2850 rpm

lhe machine specification  stated
that anv speed variation due to load
change on the milling head, e.g. due to
interrupted culting. must be kept to
within 5 rpm. This was achieved in
spite of the great distance between the
primary and secondary units of approx
10 metres due to the hydraulic spring
being eliminated bv virtue of the im-
pressed operating pressure. An addi-
tanal 10 litre accumulalor was installed
directly at the drive in order to cater for
short term energy peaks required at this
P'L"'II”

Another important factor with this
hydrostatic drive is the extremely low
weight and compact size of the unit. A
D.C, motor of similar power could not
have been installed within the same
available space

The main advantage, however, is the
high cutting and chip removal capacity

6 Vydraulic motor

7 Milling head

8 Tail stock

9 Magarine for tnol palett svsbems
10 Cross slide

Fig_ 73 Overall view of the CNC machining centre

Fig. 74: Drive motor in the multi-loswer

which could be achieved even al low
speeds, thus considerably reducing pro-
duction times.




A drive for a roughing
mill

It has also proved possible to utilise the
technical advantages of secondary con-
trol on the drive of a roughing mill. In
such a rolling mill, a number of mill
stands are installed in series to educe
the thickness of bars by progressive
rolling operations. In this operation, the
specd of the rolls increases from stand
to stand and the torque reduces as the
bar section is reduced. However, the
same power is required at cach stand.

When rolling, the bar may be sub-
jected neither to compression nor ten-
sion, as otherwise the quality would be
reduced. This therefore places high re
quirements on the dynamics of such
drives. Fig. 75 shows a comparison be-
tween the physical sizes of an electrical
drive and a hydraulic drive tor such a
mill stand. In each case the drive power
is between 350 and 400 kW.

Even ftrom the frst glance at the
comparison, it becomes apparent that
this was a tesl case in which it was be-
ng attempted to use a hydraulic drive
in place of the existing D.C. machine.
This meant that the interface for the hy-
draulic motor at the back of the plane-
tary drive already existed. Such a pro-
cess is nol unusual as there is then an
underlying assurance that, should the
hyvdraulics not fulfil the requirements,
the electric drive can be reinstated.

It is therefore not surprising that the
hydraulic drive was hardly any
cheaper, if at all, than its electrical coun-
terpart.

If, however, one utilises all the possi-
bilities of a hydrostatic drive, the twin
outpul mill gearbox (with a ratio nor-
mally of 1:1}, together with the cardan
shafts, can be totally eliminated. (Fig.
7h]

The axial piston units together with
their assocated reduction gearboxes
can then be built directly onto each roll.
As the minimum roll centre distance is
pre-defined and cannot be mcreased, a
simple spur gear output can be used,
should the diameter of the planetary
gearboxes prove too large.

As'the majority of rolling mill drives
have been elecirically driven up to the
present time, the designer of the hydro-
static drives must utilise the accepted

A drive for a roughing mill B3

Mill stand
Cardan shalts
Kl pearbow
Planstary drve
Coupling

BC maotor

Axdal piston unit

Fig. 75 Koughing mill stand with electrical dove (top) and hydraniic drive (bottom

Fig. 76: Mill stand with full hydrauhc drive

defimtions of dynamic characteristics
tor speed of DC. machines tollowing a
stepped  load change to VDI/VDE
guideline 2155,

A measure of the error influences
and the quality of rolling, stemming
from the overriding change of speed
when the torgue suddenly changes, 15
the control envelope Ap = ¢ . of the
speed control loop (Fig. 77).

The load settling time is the time
which starts when, after a step m
torgue, the control value leaves the pre-
set tolerance band. It ends when thas

band is re-entered for the final time on
setthing.

The control envelope is the product
of the load settling time and the greatest
variation of the control value from its
steady state. The damped oscillation
process on a change in lpad is character-
ised by the ratio between the amplitude
of the frst and second control values
AxfA; measured against the final value.

The torgque shock in rolling mills oc-
curs when the billet runs into a pair of
rolls which are running at a pre-set
speed. As the settling time must be less
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than 200 msec, and it possible consider-
ably smaller, a drive under secondary
conirol s inilially at a disadvantage
compared with & conventional hydro-
static drive, as the following consider-
ation will make clear,

In a conventional hydraulic drive to
a mill stand, the speed is determined by
the pump which drives a fived displace-
ment motor on the mill stand (Fig. 78
top). Under idle runming conditions the
pressure differential al the motor is
small and the rolls run at the pre-set
speed.

When the billet enters the rolls the
lorque rises almost mstantaneously and
the pressure in the hydraulic system
will also rise proportionally.

As the speed during this process
must remam constant, the pump will
only need to deliver the comprossion
volume in addibon to the leakage, The
swivel angle will change accordingly.

This process is very shorl, being
over in 15 o 20 msec. The svstem can
then start to oscillate due to the effect of
the hydraulic spring. In practice it must
be damped to prevent this Le. the con-
irol operation at the pump must be
slowed down, which has an effect on
the settling time,

Under conditions of secondary con-
trol (Fig. 78 bottom), the entry of the bil-
let has quite a different effect. Speed
control is performed on the secondary
urit at the mill stand itsell. An im-
pressed operating pressure is available
and the hydraulic spring is therefore
under constant tension. The swivel an-
gle of the secondary unit has adjusted
itself to suit idle running conditions e.g.
at 2°

When the torque shock occurs the
unit swivels o maximum swivel angle
of 15° in the mimmum possible time
anel then swivels back o the required
steady state value of e.g. 127,

For this pperation an A4VS0500051
axial piston unit under secondary con-
trol requires approximalely 60 msecs,
with a corresponding effect on the roll-
ing technology.

This apparent disadvanlage = easy
o overcome, however, by means of a
trick circuit (Fig. 79). A 2-way cartridge
valve and an electrically adjustable
pressure reducing valve are built nto a
control block mounted directly onto the
pressurne flange of the axial piston unil.

a
y

n=1fin

iKi

!

M=r{n

[
ity = Nomimal speed
Ay = Permissible
speed varationm
2o An = DPermiss. wolerance band
An, = Speed variations

with load

—-

L = |nad setting tme
Ay = Mo speed varation
A=, = Control envelope

Fig. 77: Control variation with a stepped change in forgue

The cartridge valve acts as a "hydraulic
isolator” in order to be able to isolate the
flow of energy during an emergency sit-
uation, The axial piston unit can only
work as a generator. returning the en-
ergy to the ring main.

For safety reasons this cartridge
valve is always installed.

Under idle running conditions the
cartridge valve is closed and the operat-
ing pressure at pressure flange A is re-
duced by means of the pressure reduc-
ing valve. As the lorque requirement
under these conditions is unchanged,
the swivel angle must therefore be
greater. 11 is increased toa value close o
the steady state conditions which ocour
when a billet is being rolled, this angle
being known beforchand, so that the
time loss for the change in swivel angle
when a torgue shock vocurs is compen-
sated for. In this case the valve simply
necds to be operaled and the displace-
ment of the axdal piston unit need only
be changed by a small amount.

Any  variations from the pre-set
value can be determined and can be in-
cluded in an adaptive open or closed
loop contral process.

The losses associated with this “trick
circuit " when the 2-way cartridge valve
is closed during the inlet phase of ap-
prox. S0 msec are acceplable.

Another possibility, that of overrid-
ing a swivel time which is too long for a
roughing mill, specifically with axial
piston units having a large displace-
ment, is shown in Fig. 80, This uses a
tandem unit, both having the same dis-
placement and a control unit that can be
by-passed via a valve. Depending on
the material to be rolled the control unit
15 set to a specific swivel angle which
then remains constant,

Parallel to the valve both machines
operate as motors, the effective direc-
tion of the torques bemng added to-
gether This process stops during the
rolling process.

After the billel has left the rollers the
drives only need to produce the idling
torgque at the same speed. The second-
ary unit will thus reduce the swivel an-
gle to a negative value, because when
for example, two 1000 can” axial piston
units are used, an idling torque can be
produced from approx, 150 cm” at an
impressed pressure.
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PT

Fig. 78 Conventiomal drive (tupl. secondary controlled drive (bottom)

Shortly before another billet enters
the valve is brought into the crossover
position. The control unit then works as
il h:‘.l.’rlllllil. p1|r11|1 (1] I..,'-E'lr"l..,\ﬁi'lf'll_l['l 1‘!.,\ Thl_‘
impressed  operating  pressune. The
idling torque and drive torque for the
hydraulic pump are now only required
by the secondary unit. The swivel angle
of the secondary unit thus assumes a
value close to that required by the roll-
ing process. The billet run-in automati-
cally triggers the switching process, and
both units then change over to motor
operation

The moughing mills in operation, o
which this circuit principle is being ap-
plied, have proved the effechvensss of
this trick circuil. Although the by-pass
valve has to travel the full stroke, which
5 effected in 8 to 10 msec, torgue gen-
eration will be within the range of 20 to
40 msec as specfied by the manufac-
turer.

The pressure shock associated with
the by-pass process is kept within Hmits
and has no negative effect on the rolling
operation.

Fig. 81 shows such a tandem umil
comsisting of two 1000 cm” units, with a
circuit in accordance with Fig. 50, Be-
hind the gearbox as the first unit is the

control unit to be switched, and cou-
|}|h1 to this is the '_-*'quhl.Ir:q- controlled
variable unit with the electrical tacho-
generator. It is obvious that the power
density for this size unit cannot be
achieved with closed loop controlled

electrical units

Fig. 79 Ausiligry cirout for a rolling mill drive

Control unit

Secondary wnit

[oFs

-

Fige. 80 Auxiliary cincuit for a rolling mill

vy

Fiig, 81: 1000-cm™ tarden ot
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A drive for a large plate
rolling mill

The advantage of high speed accuracy
and high response in the speed control
loop has also been proved in a roller
convevor drive of a large plate rolling
mill (Fig. 82)

The

twelve motors of various sizes in syn-

TE'L]L'I.]_['EI'I";-:'H[ was i '(lpl.'rﬂll.'
chronism under secondary control. The
maximum speed variation, which must
be achieved 500 msec after the ocour-
rence of a disturbance torque, was £ 1.5
rpm for all twelve motors. This meand
that all twelve motors had o operate
absolutely within a tolerance band of 3
rpm

The miotors, without any mechanical
inter-connections, drive a total of 391
rollers, which are grouped together by
means of chains in groups of varying
ratio
125:1, 140:1 and 200:1 were interposed

numbers. As gear drives with
between the motors and various groups
of rollers, and as these gears were not
backlash-free, the

made any easier

problem  was not

Due to the particular requirements,
the drives were first of all strmualated on

a computer taking into account the
torque shicks 1o be expected. The com-
puter results were good and the techni-
cal fsks could be foreseen. It was there-
fore diecided (o install standard motors
type A4VS0 on the mechanical side. In
this case the analogue 12.C tacho-gener-
ators had to be replaced by incremental
generators, However, there was no
need to change from the standard con-
tral card tvpe VT12000. On the other
hand, due o the digital tacho signals
the previously described frequency/
voltage converter and monitoring elec-
card FUWI1/VTS0102 was re-
quired (Fig. 83). All the drives were op-

erated by a single, common command

tronK

speed value. As the tolerance band did
ik F"ln'.':L"[" an excessive !'t'L|l||r|‘.'1f|l'11| o
speed regulation on the secondary con-
trol, this was ideally suited to this type
ol \"lpt.‘.rﬂtll."'l'l. and ex pemstve BV hroni-
sation closed loop « ontrols were not re-
quired.

This roller operation was originally
equipped with electrical drives which
could not fulfil the synchronisation ne-
quirements. This in turn led toa maark
ing of the surface of the stainless sieel
plates and a reduction in quality, Com-
missioning of the drves with secondary

Fig. 82: Heating rven line with roller conveyors, 1otal length 114 m

control by the customer went without a
hitch and the
never exceeded.

With an overall length of the instal-
lation of 114 m, distance between pri-

tolerance  limits wore

mary and secondary units could be up
to 80 m. The central il supply is in-
stialled in a cellar (Fig. B4), The distance
between the actuators and the supply
has no mfluence on the dynamic opera-
tion of a drive using secondary control

The pump station consists of five
pressure  compensated  A4VSOI125DR
axial piston units. The drive power per
ponwer unit is 55 kW and the operating
pressure is 160 bar, The system is aper-
ated in open circuil

With a system installed as described
here, good guality products can be pro-
duced up to the following dimensions
Mate width: 800 to 3800 mm,
Plate thickness: 3 to 300 mm
Plate length: G000 to 16000
Max. weight per plate:13 tonnes.

The speed of the units is adjustable
(25 and 15 m/min, corre-
sponding to lotal speeds of between 34

between

and 2050 rpm
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o ’ l J

el

Command value for further drives

Fig, 83: Combinaton of standard control electromcs VT120000 and {/U comwverter and momitoring electromies VTS00(12

Fig. #4: Central oil supply
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A drive for a travelling
saw

A drive for a lravelling saw was e
guired for a continual non-ferrous cast-
ing plant ; that would guarantes a high
level of speed stability oven with inter
rupted cutting, vet still be of low
weight

[he possible wvarianis, speed con
trolled electric motors, were no good
beyond a drive power of 100 kW be-
cause of their large size and the mass o
be moved

The hydrostatic dove concept of
fized displacement motor and primary
adjustment of the hydraulic pump, as
applied with the older systems, left
something to be desired, as the torque
variations transmitted from saw (o mo-
tor led to considerable varations
Z"'F"I.'I.'I.I

Although secondary control met ini-
Hally with some opposition, it was
w.g'nhl.l“:; realised that the disadvan-
tages of conventional hydrostatic drives
would then be eliminated

I'wo vears of experience have now
proved that the decision in favour of
secondary control was the correct one

Fig. 85 shows the complete saw unit.
Fig. 86 shows the basic circuit diagram.
The speed deviations were well within
the permissible range. Even with a large
radius of the saw blade the speed re-
mains virtually constant over the whaole
cutting speed range

Fig. 84 Basic circwit diagram of the trav-

elling saw

Fig. 85 Overall view of saw unit

Secondary speed
conrol

Pressure control



Mobile deep drilling
installation

When we see a drilling ng, especially
on the northern plains of Germany, we
immediately think of oil. Drilling for oil
m Europe has increased considerably,
as the example of the North Sea demon-
strates, and has mel with some success.
The quantity, however, cannot be com-
pared with that produced by the LsA
or the Middle EasL.

What has, however, been consider-
ably more successful in Furope, is the
search for natural gas, which Is just as
much in demand as oil,

The most important gas-producing
formations in Germany are  concen-
trated in the North Cerman Basin, as
the geological condibons were partic

Diraw wiorks

Rotary table

larly favourable here tor the formation
of natural gas. There is natural gas in
Teufen at a depth of 2000 - 5000 m.

The most economical method of
drilling into the gas-producing forma-
tions, often kilometres away, is o use a
moveable, medium-heavy drilling sys-
tem, designed for use with a maximum
lifting load of 240 tonnes al a masl
height of 51 m (Fig. 88), The power of
buth 625 kW hydraulic motors is trans-
ferred by hydraulic means to the indi-
vidual actuators. The idea of hydraulic
power transfer in drilling platforms is
nol new. The conventional hydmostatic
drive used up to now has certain fail-
ings, which have a noticeable detrimen-
tal effect on drilling operations. There
are, for example, problems when chang-
ing over from holding a load to the low-
ering or lifting movements. The spring
effect of the oil column prevents accu-

D8

WLy

Flushing pumgp Turbune pump

Maobile deep drilling installation 89

rite movement, and the power distribu-
tion over several oil circuits, all of
which had to be designed to withstand
masimum power requirement of the ac-
tuators, could nol be satisfied.

Thus secondary control was alsp
chosen for this case, as the stipulated re-
quirements with respect to dynamic ne
sponse, positioning accuracy and step-
less power distribution can be best
fulfilled with this technology.

The high speed response associated
with the low moment of inertia permits
fast adjustment of disturbance values
le. the speed will then remain mainly
stable during the drilling process and
will not be subject to variations, Load
control on the drilling line is thus mone
easily controlled. Braking is by hydrau-
lic means only, the braking energy be-
ing passed on to the other actuators.

The load can remain suspended as long

Measuring winch

|
|
.f
|
i.
|
|
|
.[
|
|
|

Fig. 87: Basic circuil diagram of the drilling system

P~ I 1 7 Drive containgr
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as reguired without the need for an-
other braking svstem

Ihis operating mode is not possible
with diesel mechanical or diesel electri-
cal drives. These must have an addi-
tional brake, m the form of a mechanical
lever which has to be operated manu-
ally

Secondiary control is the first step to-
wards the further automation of drill-
ing operations.

Fig. 87 shows the basic circuil dia-
gram of the hydraulic system with
draw works, rotary table, fushing
pump, turbine pump and measuring
winch actuators.

The powerful draw works, rotary ta-
ble and flushing pump are driven by
single or tandem 1750 am’ displace-
ment axial piston pumps in bent axis
design,

Although the use of bent axis design
in secondary control is an exception, be-
cause the cylinder drum is not shatt
driven, but by means of the piston rod,
there are no technical reasons why this
method should not be used, as the
torgues act in one direction only and are
not reversred.

The only exception is with the draw
works, when the empty buckel is low-
ered. A high dynamic response is then
not required. Due 1o pressure coupling
between the primary side and actuator
the diesel motor power may be gener-
vusly distributed as required

As the total power requirement of
the actuators s greater than the awvail-
able diesel motar power, priorities are
set electronically. The speed of the die-
sel motors can be pre-set according o
the power requirement, The actual po-
tential energy produced when the drill
pipe is being sunk is passed on to the
other actuators. This process also influ-
ences the diesel motor speed. Moreover
a drive contamer (Figs. 89 and 90) can
be switched completely off and the sec-
ond remaining drive unit operated at
reduced speed. In spite of this all the ac-
tuators can be run idle, as long as the
operating pressure is kept constant.

If the drill pipe is lowered, for exam-
ple after changing the drilling bit, this
will result in a minimum of power be-
ing required. The reason for this is, that
in this operating mode, the energy re-
COVEry increases in proportion to depth,
and vnly the bucket needs o be raised,

Fig. 88 Mobile deep drilling installation

Fig, 8% Drive container




In this case there is only one contamer
in operation, running at low speed. 5i-
multancously the diesel motor will
switch off a senes of cylinders and then
||['|-k"!'||1|_' s d I.._I_”T'IF"F!:"‘_-_‘-I_"F rly'.'llr'l_'-T .!h’T'II_F
spheric pressure

Due to the mobility of the deep drill-
ing installation all actuators and power
units are accommodated in standard-
ised containers. Fig. 91 shows al the lop
both drive containers with the silencers
for the diecsel motors fitted, and under-
neath the drive for the main winch

Drilling is carried out in four shifts
operating 24 hours a day. There are four
men working on each shift together
wilth a shaft foreman

The complete installation is  de-

signed explosion }-mul'.

Fig. %0: Drive power unit (right)

Fig. 91 Conlainer with maln winch dreive

Mobile deep drilling installaticn

a1
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A drive for an offshore
crane

'he installation and operation of de-

vices underwater requine modern lift-

ing equipment. This must be capable of

the following tasks under the rough

working conditions found at sea:

- The laying of pipelines,

= The milling of trenches on the sea bed,

- The installation of underwater mani-
fold assemblies and

- The support of submersible vehicles
and divers.

A Dutch company has developed a
new generation of off-shore cranes for
these tasks, which enable work to be
carried oul to a depth of 4 metres,
even under adverse weather conditions.

Hydraulic drives with secondary
control are used to fulfil the high e
guirernents placed on offshore cranes

e decisive factors here were:

- the lower level of power required,

- the very short response times of the
closed loop control,

= the high dynamic characteristics
achieved,

- a high power density ratio,

- enetgy recovery when lowering loads
and

- the possibility of storing enetgy with-
out the need to convert this to an-
other form.

Figs. 93 and 94 show three 700 kW
crane installations on a pipe laver and
two semi-submersibles. How these and
the following installations have not
only fulfilled their tasks, but have also
demonstrated their reliability under
continuous operation, is explained be-
I,

The hydraulic svstem (Fig. 92) con-
sists of a central oil supply and a com-
mon ring main system for all actuators,
It is operated as a closed circuit.

The gquestion as to whether an open
or closed drewit should be chosen is
solely dependent upon the position of
the ail tank with regard to the low pres-
sure connection of the secondary units
and if these must act as generators
when the load is being lovwered and on
the speed required. The reason for this
is that a secondary unit must receive a
Aow of oil under these conditions. If the
tank is set at a much lower level than

1 Low pressure line 7 Boost pump station
2 High pressore line & High pressure pump
3 Mamn winch station

4 Lulfing winch 9 Accumulator stition
f  Auxiliary winch 1 Logle block

6 Sliew mechamism

Fig. 92 Hydraulic svstem of an offshore crane




the secondary units, a closed arcuit or a
pre-filled circuit must be used

The
driven:

following actuators were

- the main winch,

- the auxiliary winch

- the topping winch,

- the slew mechanism and

the positioning winches.

The hydraulic system remains func-
tional but at reduced power, even it
only one pump station is operational, as
long as the operating pressure remains
within the cormect range

Encrey recovery when lowering the
winch or decelerating the slew mecha-
nism leads to energy storage in the hy-
draulic accumulator system or a feed-
back of energy into the clectrical power
system on board. The requirements for

a constant pull on the line, active stroke

compensation and high posihoning ac-
that the
times and dynamic response of second

CUracy  maan short reaction
ary control are essential

I he movement of the "I”E1 15 mea-
sured by means of an acoelerometer and
converted to sutable movements of the
derrick via a microprocessor, The en-
l.'rj.'l'n- T{"'l-il'l-l'n"i.'l Iram wave movement
makes a possible saving in primary en-
ergy of up to 30% possible, In this way,
in spite of large poswer variations, the
electrical power lines on board are
evenly loaded. This sea following oper-
ation permits the crane o be operated
in winds of up to force 5. Due to the
high power required, axial piston units
AZMONOHS

with secondary

SETIES bent  axis design

installed
with a tacho umit built onte the second-

contral are

ary drive

Fig, 9% 7D0-EW crane installation on a semi-submmersibbe

A drive for an offshore crane 93

The same applies here as with mo-
bile deep dnllng installations, that
there is no technical reason why wingh-
ing operations cannot be carried oul
with a torgque acting in one direction, in
spite of the cylinder drum being driven
without shaft by means of the pision
rod. Problem-free operabon over a pe-
riod of several yvears has justified this
LS -

With the new generation of cranes
however, the new A4S series in swash-
plate design is used, this having been
extended m 1992 by the addition of the
N T

The main advantages are the com
pact design and low weight, the easy in-
stallation of the tachy unit and low cap-

ital costs

Fig, 94 KN Tattice tower crane on & pipe

YT
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Lattice tower crane TC
3600

The TC 3600 lattice tower Ccrane was
first introduced at the BALUMA exhibi
tion in 1989 (Fig. 95)

This crane attracted attention, not
only due to its extremely large lifting
capacity, but also its quick assembly, the
new system being comparable to that of Fi. 95: Lattice sowes
the |.|'||."":-I.IIPI1' crang

The technical data is as follows

Max. load torgue: 3600 kKNm

Max. load capacity: A5l tonnes

Max. moller height: 180 - 190 m

Transport weight: 96 tonnes

crane [U 3608] ready

for operation

hese] motor pPower: IR0 kWY

Max. travel speed: 65 km /hr

The derrick of the TC 3600 is con-
structed such that a minimum ol thnes
lattice poles for a derrick length of ap-
prox, 50 metres can be accommodated
o rﬁ!rlHllllrh'r

If the lIoad is 30 metres long the TC
3600, mcluding extra parts, can be ac-
commodated on the same number or
even fewer vehicles than are requined
by a large telescopic crane. This is due
to the lighter derrick being able to
achicve the same lifting capacity with
less ballast

When using a dermicking jib a basic
derrick system is necessary that is rigid
and stable as with the classic lattice
tower crane. This is one of the reasons
why the TC
three or even four times heavier than a

W6 can support a lnad

telescopic crane with derricking fib (Fig,
96

Another special feature of the TC
3600 is the super lifing device. It 1m-
parts this new type of tast litter with a
load torque of almost 9600 mi This
high torque is achieved in an extremely
short time, in approx. 30 minutes. With
thi= new lype of derrick no more space
is required as with a telescopic crane
which has to transport the derrick sepa-
ratelv. The revolving superstructure is

also new, consisting of a welght saving

Fig. 96: Lattice tower crane TC 3600 in operation

lathcework with built-on moller revoly-

ing connection  and  the  angular-
mounted slewing sectinn

) By means of a power divider the die-
In addibon to the many new me-

sel motor drives five pressure-con-

chanical features a modern drive sys-

trolled axial piston pumps of the series
A4VS(OY as well as a boost pump for the
The

grouped together in two

lem was also chosen, in the form of sec-

ondary control (Fig. 97)

closed loop circuit, hydraulic

F"IJ’.HPH arg

groups of three, The actuators, the sec-
ondary controlled units for the lifting
equipment, the lutfing and slewing gear
for the derrick and the hydraulic cylin-
ders are all connected to a common

F1rt'--|.'r-." lirwe.



This arrangement guarantees good
svstem redundancy, as the actuators can
continue operating, albeit at reduced
power, it one hydraulic pump breaks
down.

The energy recovered when a load is
being lowered or when the slew is de-
celerating  (the secondary controlled
axes then working as a generator), will
be either supplied to the other actuators
or will support itself for up to a third of
the nominal power on the diesel motor.
Another decisive factor in the choice of
secondary control was the ability to
travel accurately to the millimetre, to
position accurately and to hold the load
without mechanical brakes.

The hydraulics and open and closed
loop contrals are closely linked 1o each
other in order to meet the continually
increasing demands with regard to easy
operation and manulacturers’ safety re-
guiremnents.

The experience gained from the use
of mobile harbour cranes and  the
knowledge of data processing and elee-
tromic control technology was put mto
practice with lattice tower cranes.

Liftiing
mwecharism,
derrick

Lattice tower crane TC 3600 95

The program will send error mes-
sages in the event of excess tempera-
ture, breakdown of limit switches, over-
speeds, cable break, short circuit and
over acceleration and  will display
swivel angle and speed differentials.

There is an integral supporting force
analysis and calculation, which places
the syslem in a position to suggest to
the crane driver the solution o the
given load. On input of the required
combination the calculator offers sug-
gestions as to how Lo achieve this, using
data such as length and pressure of der-
rick, and lengths of main derrick and
derrick jib

I'he classic overload protection is re-
dundant, supported by the caloulator,
The limit swilches are also redundant. If
the switch fails an error message will be
sent, but the crane will continue opera-
tion. This applies to all error messages.
Even a breakdown in one section of the
electronics will not necessarily lead to
an nterruption of operation, as the
equipment can revert from pne operat-
ing mode to a lower one, still retaining
the open and closed loop control opera-

Lifting
dirvioe

Derick

—

11

it
i

BAYEIIED ATOVECAE

Fig. 97 Basic cirewit diagram of the lattice tower crane

tions. Emergency lowering equipment
is therefore not necessary.

secondary control also means, how-
ever, synchronisation of the winches. At
any time it is possible o switch to syn-
chronisation, even if one hook is travel-
ling upwards and the other down-
wards. By pressing a button  both
winches will travel in synchronisation
vet independently of each other, regard-
less of how often the winch reeves or
how much cable is on both drums.,

The informaton that the crane
driver receives is already sorted accord-
ing to danger class i.e. he receives on his
monitor only that data which is relevant
to the specific application. He is no
longer confronted with a mullitude of
tlashing control lights and he can thus
concentrate on the sequence of move-
ments o be carried out.

" Secondary speed contrl
“  Pressure contiol

¥ Winch safety circuit
HD High pressure

NI Low pressurne
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A drive for a mobile har-
bour crane

The range of harbour cranes from a rep-
utable manufacturer of mobile machin-
ery was supplied up to now in two ver-
sioms (Fig. 98)

« The electrical version, which consists
of diesel motor, generator and elec-
tric motors.

The cyiinder for the derricking jib 1=

supplied by an additional hvdraulic

power unit. which also drives the
hydraulic pump

- The conwventional hydraulic variant,
which consists of diesel motor, gear-
box with mounted control pumps
for the hvdraulic motors and tlting
cylinders.

All rotating drives are operated as
closed circuits. Although the hydraulic
version is the cheaper option the ver-
gion with diesel electrical drive was
favoured by the manufacturer doe to its
sensihive control, and this version was
more of a market surcess

After conversion from the comven-
tional hydraulic version to secondary
control the technical problems wero
solved, the price advantage over the
electrical dnve remaned, and the
whole concept of secondary control be-
came generally accepbed.

Fig. 99 shows the basic circuit dia-
gram for a harbour crane. The price ad-
vanlages are clearly on the primary
side, With secondary control the gear-
box with the four or five mounted con-
trol pumps is replaced by an axial pis-
ton pump directly connected to the
diesel motor and with mechanical pres-
sure control and mounted boost pump
(Fig, 101},

The pipeline system,
merely ol a single pressure line but with

consisting

somewhat larger nominal bore, pro-
vides a further saving in costs,

Ihe diesel motor power amounts to
450 kW al 1800 rpm and is transferred
to the axial piston pump with 500 cm?
displacement. In contrast to the diescl
electrical drive the diesel speed is
matched electromically to the relevant
power requirement. Regardless of the
diesel speed the generator will run at a

Fig. 98: Mobile harbour crane type HMEK170H

constant 1500 rpm. In addition to the
generator the lifting and slew devices
are also secondary controlled (Fig. 102).
The lifting device is driven by a tandem
unit with 2 x 500 em? displacement, a
25 cm3 unit with planetary gear being
installed on the slew mechanism.
drive with A&6VM
units was selected, controlled by a pro-
portional valve, for reasons of cost. This

A conventional

was due to the relative insignificance of

the moving gear if the crane needs to be
occasionally moved to another location.
il is supplied by the same hvdraulic
system with impressed pressure, which
also supplies the tlting and support
cvlinders.

With this drive concept the follow-
ing technical data can be achieved:
Derricking jib: 42 m,

Min. unloading: 10 metres with 43 4,
Max. unloading: 38 metres with 20 1,



Lifting device Slew

A drive for a mobile harbour crane

Secondary speed control
" High prossure setting

Suryvo pressure control

Cenwrator Tilting cvlinder
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Fig. 9 Basic circuit diagram of mobile harbour crane

Support cvlinder
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Fig. 114 Control electronics Fig. 101: Mower unit
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Litting height above Moor: 28 m,
Lifting height below floor: <15 m,
Weight: 230 t.
Speed
1. Lifting gear
Vs =0 m/minat 43t
Ve = 90 m/mun at 101
2. Slewing gear
Hpay = L4 rpm
This corresponds to a crcumferential
speed of 180 m / min at the tip of the
jib
3. Tipping gear
Vaory =45 M/ min
4 Moving gear
Veer = B0 m / min
Two of the four slewable axes wore
driven

The
{Fig. 100} up to the interface program

complete conbol  electromics
mable control syslem was supplied by
Moannesmann Rexroth
e

equipment is digital, the swivel angle

Eir‘t'r_'l.! ool of

lifting, slewing and generatos
feedback 1s analogue, The hifting device
is also fitted with an electrical power
control which prevents a pressure drop.
The swivel angle can be set so that it
limits the torgue in order o prevent
overloading

Al digital

groups have programmable control and

control comporent

monitoring functons

A drive for a coke oven
feed machine

Exact positioning of coke oven fed ma
chines is a |'lrl.'rl'|.2|lll.':||.L" for automation
as the operating crew no longer travel
with the machine, but sit in a central
station and merely perform a monitor-
ing function. The operator thereforne re-
guires that the maximum Fu'rl‘nlf..h'-l]‘h'
doviation from the “oven centre” does
not exceed £ 5 mm. Having stated this,
the effects of heat cause the relativie po-
sitions of the individual ovens and also
position of the oven battery relative to
the foundations to change. Further-
miare, when accelerating or decelerating
the service machines, mechanical defor-
mation of the maching mame can ocour
and cause the chassis to skew with re-

spect to the tracks, A parallelity correc-

Fig. 1002 Slew and lifting drive

lion operation must theretore take place
EVETY time the machin -.1.||\c. o ensune
that the machine is square to the tracks
s that the pusher rack does not dam-
ape the walls of the oven on entering

It is thus quite obvious that these
high technical requirements mean that
the latest technology must be applied
and that this must be guaranteed o op-
erale reliably around the dock in spite
of difficult ambient conditions

At the project design stage, three
variations for the transmission drve
were considered:
- D.C
- asynchronous motors with a supenim-

miotors,

posed voltage and
= hydraulic motors,

Hydraulic motors were initially con-
sidered only in a comventional drive cir-
cuit

In addition to the transmission there
are a number of auxiliary cylinder mo-
tions which must be operated when the
machine is not travelling

First the drive problem was solved
as shown in simplified form in Fig. 103,
The transmission drive was ~'.p|i| into
two parts. The transmission speed was
TNow coupled” via the displacement of
the two pumps which alse catered for
the synchronisation. Speed  feedback
was achieved by means of a tachometer
on each side. These were built onto the

hydraulic motors or, lo prevent slip,

onto a non-driven wheel,

A further open circuit was installed
with a pressure compensated pump for
operating the cylinders. Control of
these was via proportional valves

The disadvantages of this design
WeTE
- Three hydraulic circuits, each with its

oW pump,

- Three electric motors (through shaft),
- Expensive piping,
Poor redundancy,
- Due to the hydraulic spring in {he
trangmission circuil, this could tend

o oscillate due to the high response

of the closed loop control and could

affect the positional accuracy and
- In the partial lnad range. at low pres-
sures and high oil velocities, the etti-

CIEMCY wWials pour

he situation could be improved by
intrducing a constant pressure with
pressure compensated pumps operal-
ing in open loop as shown in Fig. 104,

The pumps deliver only the flow re-
quired by the actuators in order to
maintsn constant operaling pressure
However, in order to obey the laws of
flow coupling, proportional valves or
similar must be incorporated into the
energy transmission lines.

The advantages of this system com-
pared to Fig. 103 are
- Only two pumps with electric motors

are reguired,

- The svstem can be operated by a single
pump {good redundancy),



- The Mlow requirement of the cylinders
15 not required as an extra, as the
machine is either operated or ma-
nipulated,

- Reduced piping,

- The hydraulic spring i= shortened
(now only between the motors and
the proportional or servo valve) and

- Improved oscillation characteristics.

Ihe disadvantages are:

- Poor energy balance,

- Braking power is converted into heat,

= In the partial load range the pressure
differential at the valves 1s converted
nto heat,

- All valves are arranged in the energy
Meve path,

- In addition, the pressure drop at the
valves must be generated at the
pumps (in the case of servo valves
up o 7 bar) and

- A high cooling power is required.
After weighing up all the advan-

tages and :‘11-'.'=rdtantageg\, the results of

the investigation leaned towards an
electrical drive.

This was exactly the right tme for
systems with secondary control to make
an appearance, although this was a new
drive concept with few references to its
credit.

Atter critical analysis of the system
with secondary control a decision was
made to use the system as shown in Fig,
105. The decisive faclors were not so
much the possibility of energy recovery
during the deceleration phase and en-
ergy sturage, but more the advantages
of control and the tulfilment of requine-
ments for high positioning accuracy,

The advantages of secondary control
in this instance were;

- One or two pumps [/ electric motors
(better redundancy),

- The How requirement of the cyvlinders
did not need to be considered,

- Low cost piping,

- The hydraulic spring had no effect on
the dynamics and vscillation charac-
tenistics of the system,

= Good energy balance as no control de-
vices interfere with the flow of en-
TRy

- Minimum cooling power required,

- The deceleration energy can be stored
amd re-used for the next acceleration
phase,

A drive for a coke oven feed machine

@

Figg. 103: Comventional drive in closed (left) and open (rght) ¢ircudt

XEA X (XELE

Fig- 104: Conventional drive in apen cimouil

Fig. 105: Secondary amtml with pressure coupling in open corcuit

{4

88
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I'hie electrical drive power can be re-
duced.
- The control range is extremely wide
and
i braking energy can be retumed to
the electrical power line if required
The transmission drives for the coke
ejecton machine (Fig. 106) and the coke
carry over machine (Fig. 107) were
theretore "'\.||||F1|"I.'l.| with motors undi
secondary  control.  The dynamic re-
sponse of this drive system showed tha
it could achieve a pusitional accuracy ol

+ Imm with a machine weight of G600

Fie. 106 Cioke election sachine kM for the ejection machme. The high-
est speed of the machine was 1.5 m/sec
I b transmission motors are coupled to
the wheels via gearboxes (Fig. 108), As
these pearboxes are nol backlash free
this has a negative effect on the dvnam-
ics of the contral and on the positional
accuracy. The influence of this backiash
must therefore be eliminated from the
system characteristics. This is achieved
bv means of hvdraulically tensioning
the two motors with respect to each
other. In this way, the tlank contact of
one set of gears is opposed to that of the
other sel. As the diameter of the drive
wheels is 1250 mm, a positional acou-
racyof 1 mm is e alent to an angular
rotation of the wheel of 0,.09°

Fig. 109 shows a transmission motor

of standard design with bulll-on servo
valve, swivel angle feedback and a
built-on hvdraulic isolator. The motor is
equipped with an analogue tacho gen-
grator wilh integral mechanical centrif-
ugal switch, The speed and synchroni

salion control are both performed on an

analopue basis. The distance travelled 1s

T

Fig, 108: Dyvive for the ooke wjection machin Fig. 10%: Dave motor Fige. 11 Absolute posttional tramduces



determined by an incremental impulse
mounted non-driven
wheel (Fig. 110). The approach and final
positioning are achieved under digital

gencrator on a

control

The excess energy present during
the deceleration phase is stored for use
in the next acceleration phase or, should
the accumulator be full, returned to the
electrical power line. Should this be
necessary, the  pressure  controlled
pumps act as motors and drive the
three phase electric motors al above
synchronous speed, thus feeding power
into the power lines

Cperativnal

since the end of

galthered
that the
drive system selected has fultilled all

|,-"l.E1|.'rIl.'I1u'
1986 show

expectations under the gven drive con
ditions. In particular the control charac-
feristics  in automatic operabon, bor
which the internal positivning control
system is fed through an overriding op-
erating system in the positioning phase,
allows the positioning accuracy to be

achieved with ease

A drive for a mobile
manipulator

In this exercise a muobile manipulator
{Fig. 111) was required to move a ring
wiighing up to 100 kN from a press and
to place this in a ring rolling machine
somie 4 m away within the shortest
possible tme. The posibonal accuracy
was pre-set at £ 2 mm, In addition to the
litting and tipping cylinders, the trans-
mission and slew drives also had to be
operated. Once more, it was decided to
use a system with secomdary control, as
that
this could maintain the pre-set toler-

simulation calculations showed
ances. The overall weight of this vehicle
with load is 530 kN. A maximum speed
of 2.7 m/sec is required with an acceler-
ation of (.85 m/sec’. Although the in-
stialled cormer power through the actua-
taken amounts  to
approximately 600 kW, the energy re
covery and storage achieved in the

tore together

transmission and through the use of
socopndary control made t necessary
only to mstall a diesel engine having o
power of 143 kKW at 1600 rpm.

Hg. 111: Mobile manipulator in operation

Fig. 114 shows the basic circuit of the
mobile manipulator. The diesel engine
drives a tandem pump A4VSOISHIK +
AAVSO25DR which the
pump for the closed transmission cir-
cuit s mounted (Fig. 112)
drive and the cvlinders are l'lPl."Fn.‘lh'_‘L'] in

oo boost

The shew

an open circuil. All motors under sec-
und.{r} control are of the same type
A4S 25135, On the slew drive, an in-
cremental encoder is installed in addi-
tion to the analogue tacho, for the pur-
pose of pn:-;hnnin!._: Unce more a molor
drive was applied so that gear play
could be eliminated in the subsidiary
swivel angle position controlled loop
Fig. 113 shows one of the motars for the
slew drive.

A drive for a mobile manipulator 107

ig. 112: Diesel motor with axial piston landem pump

Hiz: 113 Axdal piston motor for slew drive
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The transmission operation can be
described as follows:

During the previous hydrostatic de-
celeration operation, the sccumulator
system is loaded to 260 bar. At this op-
erating pressure a very high rate of ac-
celeration can be achieved as both drive
motors are simultaneously swivelled to
the maximum swivel angle of 157, Dur-
ing this operation the accumulator pres-
sure falls to 200 bar. LUp to this paint the
pump is still al zero stroke. Below 200
bar the pump swivels out, and if the ac-
celeration process is not complete, the
operating pressure falls further to 195
bar.

When the command travel speed
has been reached, the motors swivel

Slew

down to approx. 12% displacement in
order to overcome rolling resistance.
The flow requirement therefore falls so
that the pump also swivels back to ap-
prox. 3% of its displacement. During
the deceleration phase the motors
swivel over centre in the opposite direc-
tion and act as generators, thus recharg-
ing the accurmulator svetem up to 260
bar. The pressure controlled pumps
swivel back to zero stroke during the
deceleration phase. Energy recovery is
also achicved in the slewing operation
and when the cylinders are operated. In
this case, the deceleration enorgy of the
slew is either stored or fed to the cvlin-
ders.

This continual transfer of energy
without the need to convert it o an-
other form reduces the primary power
required from the diesel engine and re-
duces the amount of unnecessary heat
produced, which would otherwise have
to b eliminated by the use of a heat ex-
changer. As a result, the heat exchanger
could be kept reasonably small.

Transmissiom

Fig. 114 Simplified hydraulic circuit disgram of the mobile manipulator



A drive for a bucket
wheel excavator

Ome of the first applications in the de-
velopment of secondary control was in
mobile machinery, a system being in-
stalled in a bucket excavator, as shown
in Fig,. 115.

I'he device, with an operational
weight of 4500 kN, has a capacdty of
1390 m® / hr and a drive power of 2 x
300 kW,

Although conventional hydrostatic
drives with control of the primary unit
have been emploved in bucket wheel
excavators since 1972, DLC. motors have
been preferred for high powered de-
ViCes

The disadvantage of this tvpe af
drive is the high weight of D.C. motors
and the necessary grarboxes. In this re-
spect 1t should be noted that any addi-
tional weight at the bucket wheel head
leads to an increase in the ballast weight
and an associated strengthening in the
design, which can have a three or four-
fold factor on the overall weight of the
excavator. This m tum leads (o addi-
tional costs over and above the high
cost for the TLC. drive ikself

In order to avoid the disadvantages
mentioned above, a hydrostatic drive
with four hvdraulic motors and  indi-

vidual gearboxes was selected for the
bucket wheel drive. Due to the stepless
controllability of speed over the whole
speed range, optimum excavation and
emptying of the bucket can be achieved
under the most varied of ground condi-
tions. Stones and rocks can be carefully
excavated

[P to the elimination of the buckel
wheel shafl and the replacement of the
large bucket wheel gearbox by four in-
dividual gearboxes and the electric mo-
tor by four hydraulic motors, a consid-
erable cost saving could be achieved
compared with an equivalent electrical
drive syslem. The weight of the bucket
wheel head was also reduced by 45 kN,

In total, the operabonal weight of
the bucket wheel excavator \_'L"'L]J.L'I..bk! TE-
duced by approsimately 350 kN by us-
ing secondary control. The reduced
amount of piping due to the common
oil supply was also a significant con-
tributory factor,

Figs. 116 and 117 show a comparison
of the two hydrostatic drive concepts -
primary control and secondary control

In the system with secondary con-
trol, the primary end is limited o two
pumps. In a conventional drive system
a total of seven pumps would be re
quired. The auxiliary pumps for the
boost and pilot systems are nod shown

In the case of the system with sec
ondary control. redundancy is higher

A drive for a bucket wheel excavalor
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as, should one pump fall, the machine
can still be operated at half power. Al
termatively, redundancy can be further
extended by the use of more pumps. As
the ail column operates under condi
tons of nominally constant pressure,
the position of the primary unit with re-
spect to the actuators = freely select-
able, e.g. it can be used as the counter-
welght for the bucket whaeel

The material costs at the secondary
end in a secondary control system are
greater than in a conventional system,
as axial piston units controllable over
centre have o be installed
the advantages of a svstem under pri-

However,

miary control are not always what they
may sevm, as vanable motors are often
employed in convenhonal systems

In mobkile
chines it makes little sense 1o equip an

and constructon  ma-
existing machine, already using a con-
ventional system, with drives with sec-
ondary control

The advantages shown here can
only be fully realised if the design re-
quirements can be met and the device
re-designed accordingly. This becomes
more relevan! when a greater number
of actuators are attached to the hydrau-
lic power lines. Also, depending on the
duration of operation and the degree of
parallel operation, the capital costs al
the primary end can be reduced.

Fig. 115: Bucket wheel excavator
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A drive for a mine
locomotive

In spring 1990, after nearly four yvears of
development, the brst secondary con-

trofled mine locomotive was produced

and pul intp operation at a Ruhrkohle

AG mine after tests above ground (Fig.
118}

The diesel motor with a conlinuous
power of 74 kKW drives an axial piston
pump tvpe A4AVSOTTDR in swashplat
design, fitled with a mechanical pres

sure controller. Power s distributed
ovier two secondary controlled axial |':.--
ton units tvpe A4VSOTIDS, cach driv
ing a single axis. Maximum speed of the
locomotive is 7.5 m/sec and a tractive

force of 45 t can be achieved at the

hook

In accordance with underground
mining regulations the apen and closed
loop controls for the drive are designed
e "-].1|'~"‘:‘||~"r' F‘TLH.'r

When designing the electronic con
trol circuit the aims were oplmurm ac-
celeration and deceleration conditions
irrespective of load ratio, and also to en-
and

sure good whiel

wheel slip. For this reason a differential

grip previend

was calculated trom the speed actua
value of bath drive units, beyvond which
would result in an error signal. This er-

ror signal not only reduces the torgue of
thie faster motor, it also moreases simul-
taneously the Lrgue of the slower mo-
tor, thus sustaining the tractive force ol

the locomotive and resulting m opt-

mum acceleration  conditions [
speed controller, where the ermor signal

tor both drve units is generated, re-

ceives the speed command value also

Fig. 115: Mine locomaotive in operation

- b =013 mfs

L%: Travel diagram of mine locomotive
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the actual value determined for both
arvies

I ardeer to prevent excessive avceler-
ation leading to wheel slip, a ramp is n
guired. This will limit the rate of in-

crease  depending  on the speed
differential of the two axes, regardless
of the preset command value, The gra

dient of the acceleration or deceleration

1 Start-upfromp =10

1 Maximum pump flow
attained

3 Maximum speed altained

4 Reduction of the swivel angle
at the hedraulic metor

5 Starl of deceleration phase

f Standstifl, o=
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signal is determined by means of a con-
trol voltage, which in tum may be al-
tered depending on various operating
parameters,

Finally the acceleration values can
alzo be changed depending on the im-
pressed prossure in the prossure circuit
of the drive units. In the event of a pres-
sure drop this enables an acceleration
value which has just been set o be re-
jected until sutficient pressure has been
restored in the circuit,

In underground operation "ASR”
and "ABS" modes mean additional pro-
tection against sparking if the wheels go
inlo a spin. Braking is in general purely
hydraulic. In the deceleration phase the

sccondary units swivel over centre and
start operating as pumps (Fig. 199).
The resulting increase in system pres-
sure causes the hydraulic pump con-
nected to the divsel motor to swivel to a
smaller swivel angle, then to cross back
over centre and into motor operation.

Maotor operation is limited by means
of a mechanical fixed stop, as the diesel
mtor can absorb one third of its nomi-
nal power in shunting operation. The
remaining braking power is transferred
into heat by means of a pressure relief
valve.

A mechanical safely brake is oper-
ated only in an emergency.

The electronic open and closed loop
control system guarantees easy operat-
ing af the mine locomotive and permits
easy monitoring of all functions. A
project plarmed for the future i= the in-
corporation of this transport system
into an automated operation without
driver, one which is perfectly feasible
and should present no problems.

Fig. 120 shows the arrangement of
the individual components in the loco-
mickive.

1
:
;

E
i
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Fig: 120k Mine locomotive with ASR (anti-shp controlland ARS (anfi-blocking svstem)

Exhaust cooler
Anti-flame device
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A transmission for an
automated transport
system

The first mass produced mobile ma-
chine with secondary control is the
driverless container vehicle CT40, built
for ECT (Furopean Combimed Termi-
nitls) in Rotterdam (Fag. 121).

This
containers weighing up to 40 t at the
ECT Sealand Delta Terminal (Fig, 122)

The main task of the container vehi

convevor svstem  transports

cles is the transport of 150} containers
within a terminal and between the load-
ing slations and the maritime cranes to
the warehouses for intermediate stor-
age. They are designed so that they can
dock at the leading stations and har-
bowur cranes,

These vehicles are only one part of
the comprehensive logistics system for
controling container  muwvements
within the port A computer sysiem
controls and monitors the driving oper-
atlons, transmitting the commands Lo
the individual vehicles

Thi vehicles themselves have an on-
hevard navigation sysiem that muritors
the present position and accepls super-
ordinate commands. They also have an
contruol This
mechanism controls all dove functions,
the diesel motor parameters, the drive

electronic mechanism.

Fig. 122 ECT-Sealund Delta Terminal

A transmission for an automated transport system

and steering systems, it monitors the
warning and other signal lighls and
also the hvdraulic amd electronics sys-
tem

One of the main features of the vehi-
cle is a svetem based on radar and ultra-
sonics for detecting any nbstacles in the
driving path, thus ensuring safe driver
less operation

T'he drive concept was dependent on
a single drive unit for all rotatory and
linear movements

Energy transter to all actuators is
thus restricted to a single pressure line.

Due to the high dynamic response of
sacondary control the drive mechanism
is able to position the vehicle with an

Fig. 121: Container vehicle CT40
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accuracy of T 20 mm urespective of
load. This is all the more remarkable as
the vehicle is unsprung and the runming
radius of the tyres varies according to
load.

Alter a six-month trial period usmg
a prototype a further eight vehicles un-
derwent endurance tests. This meant
that at the end of the load tesis 30 vehi-
cles were able to receive the go ahead
for production

In 19493 the first automated container
terminal in the world was put into op-
eration in Kotterdam using these 48
h'..1r1_~.]‘|."-|'t sYslems

Closed loop control af the tranmis-

sion was by means of system-optimised
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control electronics, 1 BEurocard  format
with the V120000 as the basic compo-
nent, with control and monitoring olec-
tromics for all speed conbmol functions
such as ramp, speed control with subor-
dinate swivel angle control and muoni-
toring functicns (Fig. 123)

The monitoring signals are sent o
the PLC (o ensure cut-off in this event of
AN ETNETEENCY,

The drive clectromics are connected
to the super-ordinate computer sy stems
via an interface for switch and analogue
sigrials.

With secondary controlled hydro-
static drives the secondary side is gen-
erally designed for larger Aow volumes
than are available from the primary
side

Although this guaranlees  high
torgue availability when starting up
and high specds with low torques,
power taken from the actuators must be
limited in order to prevent pressure
drops.

This means that if the speed com-
miand vialue cannot be attnined doe o
an excessive output torgue, the second-

ary unit will operale only below the
power limit pre-set by the primary side

The analogoe calculation circuit on
the power Hmiting card determines the
maximum possible swivel angle from
the adjustable power limit and the cur-
et speed of the secuondary. unit, and
influences the swivel angle command
vithe of the standard control electronics
VT 12K e the event of reduced
power bemg available o the secondary
unit at low diesel speed or due to power
consumption of the hyvdraulic steering,
pressure reduction will be initiated via
a4 pressure switch and will alse influ-
ence the power limitation by means of a
switched input,

Aspeed command value will also be
pre-set by means of the power limiting
cand to the diesel motor depending on
power requirement, and the spead will
be matched to the power required. This
will keep the drive continuousiy within
the optimmum speed range for fuel con-
sumption and service |ife

The power used isa D.C /DO con-
verter which converts the 24 volt on-

bosrd supply into + 24 volts for the elec-
tronics.

(See also page 59),

These pusitive results with the first
serles led to an extension of the termi-
nal, orders being given for a further 6l
vehicles

Thie control and monitoning  elec-
tronics of these vehicles carry oul a con-
version from analogue sumal process-
ing into digital, thus relieving the PLC
of monitoring and control  functions.
This conversion to digital also greatly
facilitates comumissioning and maimte-
nance

The example demonsirales that sec-
undary control can also be imple-
mented b mobile machinery applica-
tins with increasing automation.

Secondary spevsd control

Valve flow
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Fig, 123 Wlock disgram of drive
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Driverless transport
system

In 1994 around 30 million conlainers
were handled in the ports of South East
Asia, more than anywhere else in the
world. Loading, wnloading, transport
and intermediate storage will continue
to increase, meaning that many ports
will have to increase their capacity by
expanding their container terminals. To
this purpose they are also contimually
looking into technological advances.

For one of these ports a remote con-
trol transport system was completed at
the end of 1994 for handling 20, 40 and
45 fopl 150 containers (Fig. 125). Sec-
andary control was the choice here due
to the high demands placed on the
drivie system.

Numerous tests regarding suitability
and reliability of the complete system
had preceded this. These tests involved
subjecting three prototypes to a range of
tests on spewd, positioning accuracy,

maintenance and repair, service life and
influence on the handling cvele.

In order to extend the intervals be-
bween servicing as far as possible where
the system = in operation 24 hours a
dav, there iy an integral diagnostic sys-
temn that automatically displays when
the next inspection is due. By means of
a laptop compulter the vehicle parame-
ters are called and lhisted, thus enabling
any problem to be dealt with ndividu-
ally:

The diesel hyvdraulic drive system,
comprising diesel motor, axial piston
pump with built-on boost pump, cooler,
Huid tank, filters and other hydraulic
devices, is an independent module ac-
comodaled in the centre of the vehicle
All line connechion points are fitled
with mapud action couplings, enabling
the drive system to be removed com-
pletely from the vehicle for servicing,

Dhesel motor power is distnbuted
between two driven axes. The block di-
agram shown in Fig: 124 is of similar
design to Fig. 125 when considering the
second drive motor. The speed com-
mand value is entered into a speed con-

troller (master). The swivel angle of this
secondary unit is assigned to the second
hydrostatic motor {slave), so that equal
turques are set at both motors. The ta-
chometer of the second hydrostatic mo-
tor controls the speed of the second
drive unit and compares il with that of
the master

If overspeeding occurs with the sec-
ond hydrostatic molor due to slipping,
the speed will be regulated automati-
cally so that both motors run synchro-
nously once more.

The second unit will, however, only
run for a short time under speed con-
trol

(ct, page 62),

Even with this remote control trans-
port sysiem the operator has already
sugpested that the control and monitor-
mg electronics when running in series
should be changed to digital signal pro-
cessing, in spite of the fact that ana-
logue technology has fulfilled the ne-
quirements up until now.
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Fig. 12% Block diagram of drive
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Techmical data of transporter:
Empty weightappros. 20,000 kg,
Load capacity:approo. 30,000 kg,
Total weightapprox, 70,000 kg,
Lenth of transporter: 15,500 mm,
Width of transparter: 3,000 mm,
Helghl of transporter: 1,700 mm,
MNo. of driven axles: 2,
Mo, of steerable axles: 2,
Distance between axles: 10,000 mm,
Mo, of drn'mg wheols: 4,
Wi of braking wheels: 4,
Engine:Mercedes Benz OM 441A,
Power at 2100 rpm:260 kW,
Performance data:
Max. speed:25 km /h,
Max. steering lock:= 40°,
Load capacity:

2 % 2 ool conlainer,

1 x 40 foot comtainer,

1 % 45 foot container

With secondary controlled transmis-
sions, as already mentioned, the diesel
motor is given a speed command value
which depends on the relevant power
requirement. The primary side will thus
be kept within a specifiic speed range
that gives optimal fuel consumption

As the drive speed is de-coupled
from the diesel motor speed below
ITil \ilTI'I.] m 'F'Lll'li. P S8 wida rY  cond I'l'!i
can go one step lurther towards reduc-
ing the primary energy requirement,
spmething that other drive systems are
urable to do.

Fig. 126 shows the lines of equal etfi-
ciency entered for a secondary unit, de-
pendent on the relationship of displace-

ment  (swivel angle) to  operating

pressure. As with the diesel motor sec-
ondary control permits free movement
in this characteristic field, whilst mamn-
fainming speed and torgue

It the vehicle is moved at 30 bar
pressure partially loaded, this will oc-
cur for example at a swivel angle of 20
% with an efficiency of 70 % (point 1). 1f
this operating state is sustained for a
while the logics in the electronics will
identify this operating point as one that
needs improving, and will initiate a
mevement in the characleristic field by
reducing the pressure

At 150 bar for example (point 2) the
swivel angle will double to 40 % at an
efficiency of 86 ", This process has no
ettect on the drive speed

Droplacernent relationship V Ve o, in %
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Fug. 126 Charactenstic Geld ol a secondary controlled axial piston unit



Drive for a turntable
with energy recovery

A turntable with a moment of inertia of
13,500 kgm? is to be positioned in 2 sec-
onds at 90° or 3 seconds at 180° in a
foundry moulding machine

The length of time for one operating
cyvele for the upper and lower casing
must be 26 seconds, with 1) sevonds
given for filling and pressing.

As the positioning accuracy referred
to a radius of 140 mm may not exceed
(1.5 mm, and the drive must be able to
recover energy due to ity large moment
of inertia, a secondary controlled drive
was selected

Fig. 128 shows the basic circuil of
the drive for the turntable. The accelera-
tion power of approx. 81 kW is gener-
ated by the electric molor (7) with a
power of 18,5 kW and a hydraulic acou-
mulator (5). The kinetic energy pro-
duced during the deceleration phase is
hydraulically stored for the subsequent
acceleration,

Mhe high level of positioning accu-
racy required can only be attained with
the use of an incremental transducer
(11). This device is coupled directly to
the main load (1) so that the backlash of
the required planetary gear (2) has no
effect on the accuracy.

Speed is regulated by means of a ta-
chometer built onto the hydraulic mo-
toor (%) (Fig. 127).

Positioning is carried out by the
standard [3AX 5 digital two-axis control
(9). The DAX 5 cam control gives accu-
rate pusition dependent outputs for fur-
ther conditions, as well as the 90° and
180" positions to the freely-programma-
ble controller (10), It is possible to
change all machine parameters such as
acceleration, speed, ime delay and po-
sition via the DAX 5 display with the
aid of a key-operaied switch and pass
word

Once again the choice was the tried
and tested VTI12000 control and moni-
Turing electronics (8) with I speed
control and subordinate PD swivel an-

gel control, This device monitors not

only speed, but also the swivel angle
and angular acceleration.

This data is interlinked, prepared
and  transmitted  instantaneously  as
switch signals. A voltage stabiliser and
amplifier outpul stage for the servo

valve are also integrated into the equip-

Drive for a turntable with enargy recovery
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Fiz. 124: Basic circuil of a turntable drive

A turntable drive for
glass presses

Fig. 129 shows the basic circuil for an
additional tumtable drive. This turnta-
ble is used tor moving and positioning
glass presses for monitor tubes

This drive also converts the kinetic
enerey of the tumntable that is produced
during the deceleration phase into hy-

draulic energy, storing it in a hydraulic
accumulator for use during the acceler-
ation phase. This way the primary unit
need only replace any system losses
and can thus be designed based on the
nominal power of the secondary unit

Accelerabon power is generated by
a pressure-controlled axial piston pump
(1) with a flow of 40 | /min at 270 bar
and two high pressure accumulators of
L amdd 20 Litres respectively (3)
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Flows of up to 500 L/min can occur
at the secondary wnit during the accel-
eration phase

A0 litre hydraulic accumulator {4)
is installed on the low pressure side
The turntable is fitted with a rim gear.
The drive goes from the secondary unit
(2} via a backlash-free transmission (5)
with pinion onlo the rim gear,

In order to maintain stability in the
ciosed loop circuit, an  incremental
transducer (6) is installed without back-
lash at the nm gear of the turntable o
determine the position,

In addition Lo the hardware and soft-
ware safety functions of the incremental
transducer the secondary unit is fitted
with a centrifugal switch (7).

In the event of a malfunction, energy
supply to the secondary unit will be cut
off by the hydraulic isolator (8). At the
same time the unit (2) will switch over
o generator operation, causing the
turntable to brake. If the positiorung
system control is lost, a deceleration
process will be initiated by means of di-
rectional valves (%) and (100

Axdal piston pump (1} is equipped
with a gear pump (11); operation will be
in closed circuit with a boost pressure of
15 bar on the low pressure side

With the DSRE digital electronics a
positional accuracy of 0.3 angular de-
grees at the secondary unit, correspond-
tng to 0.004% at the tumtable, can be
achieved

Secondary unit with
hydraulic tachometer

The latest oil tanker disasters have
demonstrated vet again the technical
problems involved in skimming woil
spills off the surface of the water.

Tankers carrying chemicals pose an
increasing danger. The mud flats off the
German coast, a5 one of the most pre-
cious and sensitive ecosystems, must be
protected from oil and chemicals with
all available technical resources,

Ohne of the most efficient syslems o
combal this problem is by means of the
chemical-treating ships developed in
Hremen (Fig. 130}.

The shallow design of these ships
renders them suilable for use on the

T
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Fig. 12% Basic circuit of the turntable drive for glass blowing
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Fig. 130 Chemical-treating ship

mud Mats. The oil is removed by means
of a skimming device built into the bow
se tiom.

Mhe oil skimmed off via two con-
trolled shell-like traps flows into a
sump situated in the skimmer. From
there the oil is pumped into the first
loading tank by means of two hydrauli-
cally driven pumps. This tank contains
an inlet sectivn which leads the oil-wa-
ter mixture without turbulance to the
tloor of the tank. The following loading
tanks, which are situated upstream
from this tank, are filled by overflow
cascading. They are emptied by two hy-
draulically driven eccentric  spiral
pumps situated in the pump chamber.
The chemical tank is filled and emptied
by a hvdraulic hose pump from on
deck. A rake device is fitted before the
skimmer for separating coarse or fi-
brous matter by transporting it by ele-
vator trom the grille onto a conveyor
belt above the skimmer. The conveyor

then disposes of it into a solids con-
tainer,

It is seldom that complete oil slicks
have to be dealt with, there usually be-
ing isolated drifting contaminated ar-
eas. Mower consumplion of the skim-
mer pump drives and thus of the speed
is undermined by continual fluctua-
tions which have to be controlled man-
ually with conventonal drives.

There is a similar problem with the
design of the dnoves for the transfer
pump wmit with which the loading
tanks are bilged. Here, however, the vis-
cosity fluctuations are not so great, as
the oil is separated in the tanks when
static. In accordance with the specifica-
tion for newly-bullt ships, a constant
tlow should be used when loading and
unloading. In other words speed fuctu-
ations of the pump drives brought
about by fluctuations in viscosity of the
medivm used must be automatically
compensated for. The viscosity of the



medium can range from the low viscous
oil-water mixture to 4000 St for
heavy oil

On the basis of this specification a
secondary  controlled  drive was  de-
signed for the pump drives, whereas
the remaining hydraulic actuators such
as winch, erane and hydraulic cvlinders
are connected tv a convenlional con-
stant pressure circuit of 200 bar operat-
ing pressure, The secondary control sys-
bem permits the skimmer and transter
pump units o be maintained at a con
stant pre-selected speed irrespective of
any external torques being caused by
viscosity  fluctuations of the medium
The drives are equipped with a hydrau-
lic tachometer (Fig. 131 (1)) for setting
the speed

The pilot oil Aow for the hydraulic
tachometers is adjusted at an upstream
flow regulator (3) in a control stand sit-
uated on deck. The self-adjushng pres
sure betore the tachometer is used o
control the hydraulic dependent adjust-
ing device that regulates the swivel an
gle of the hydraulic motor. The pilot
pressure for the tachometer will lLie
within the range of 10 - 45 bar tor spevd
contrul, This pressure range corre-
sponds proportionally to a swivel angle
of 1 Lo maximum for the hyvdraalic mo-
tors. If the set pilot pressure increases
upstresm of the tachometer during op-
eralion, the tachometer and theretore
the drive motor will rotate too slowly
The pilol valve of the drive motor is
controlled by means of the control pres
sure removed, causing the hvdraulic
motor o swivel out to enable a higher
torque to be output, thus increasing the
speed. The increased oll consumption is
compensated by the pressure circuit
with impressed pressure. If the pilot
pressure is too low the speed of the ta-
chometer and hence that of the hydrau-
lic motor will be too high. The swivel
angle of the hydraulic motor will be re-
duced by artuating the pilot valve, thus
redlucing both output torque and speed.

The use of hydraulic tachometers as
in Fig. 132 is resorved for specal cases
[t is, however used when operaling in
toxic or explosive environments. The
level of speed accuracy attainable is de-
pendent solely on the change in volu-
metric efficlency of the tachometer

Secondary unit with hydraulic tachometer 113
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Examples of Applications in Test Stands
and in Simulation Technology

Introduction

I'he development centres tor the auto-
motive  industry and  its  associahed
branches have been applying secondary
control increasingly since 1982, Up to
that time, the limited dvnamic response
of ndividual components and lack of
digital computers meant that predomi-
nantly only stationary tests were possi-
ble on electrical and conventional hy-
draulic test stands.

foday, in addition to secondary con-
trol, power clectronics, measurement
and monitonng electronics, fast and
versatile computer systems are also
available for high dvnamic response
tests using test stands. By combining
these components we now have a range
of passibilities for moving more tests off
roads and test tracks and into the labo-
ratory, with a virtually perfect simula-
tion of actual driving operations and
conditions.

This enables tests of components on
the road to be limited to those which are
ready for production.

This simulation of driving condi-
tions on suitable test stands brings with
it the advantage of reduced tes! limes,
vet at the same time increasing the
number of tests.

The requirement for lesting under
real conditions in the laboratory, as they
actually exist in the vehicle on the road,
means testing components, assemblies
and structures right through to the com-
plete vehicle, Depending on the energy
Aow, we can differentiate between three
types of test stand thal are available.
These are suttable for the following:

Pure braking systems (Fig. 134).

- Systems with energy feedback in
which only the energy losses need to
be used as the "power input”, as the
encrgy output of the lest plece is re-
used as a second inpul (Fig. 135)

- bystems with energy recovery into
the hydraulic or electrical power
lines (Fig. 136).

= 100% 90%
S Dirive Tist piece
JRRANRENIEY - . . CCRTERALTL. - . e )
10%
f o o e b T A 1

Test plece
(KM

! fmtermal combustion engine

Fig. 134 Test stand principle: Energy flow in pure braking svstems

e R R T e P e e Electrical or
30%| hydraulic
enengy

Test piece
(BEM) Y

! Infrrnal combustion engine

T 136 Teest stand principle: Fnergy flony with energy recovery
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With pure braking systems such as
water trbulence or  eddy
brakes, the total primary energy will be
converted mto heat. As this available
heat cannot be utilised for cost reasons,
it is given off into the atmosphere, for
example via a cooling tower. Although
capital costs for the test equipment
alome are relatively low, high energy
consumption, together with consider-

current

able maintenance costs for the energy
supply and heat transferral have a sig-
nificantly negative effect.

Back tensioning systems (Fig. 135),
which have been used in electrical and
hydrostatic units for some time now, are
considerably cheaper from the energy
aspect, because the power output by the
test piece to the loading unit can be re-
used by the drive without the need for
energy conversion. Only losses from the
umit and test piece, together with the ac-
celeration power, have to be externally
supplied.

If the back lensioning syslem cannol
be wused, the loading encrgy ks con-
verted into clectrical or hydraulic en-
ergv (Fig. 136}, and is then supplied to
other actuators such as a back tension-
ing system by means of the relevant dis-
tribution supply network.

If, in pure braking svstems, water
turbulence or eddy current brakes are
used, hydrostatic drives in either a con-
ventional form or under secondary con-
trol can be considered as an allernative
to T} machines or frequency controlled
AC machines.

Table 4 shows a comparison of the
three drivie systems such as are used on
test stands. It is casy (o see that, due o
the dymamic response in four guadrant
drive, the axial piston unmit under sec-
ondary control is superior to all other
systems.

From the pomt of energy recovery
further advantages are to be found.
When feeding energy back into the elec-
irical power line, the AC motor s
driven by the hyvdrostatic unit al above
svnchronous speed. It therefore acts as a
geoneralor, generating a pune sinusoidal
current. Dynamic operating conditions
are covered by the hydraulic accumula-

Eddy current DC machine Secondary controlled
power brake axial piston unit

Internal moment | 30 1

ol inertia

Spuce reguired on |55 % 210% o0 %

test stand

Space required fn | 15 % T2 {1005

Dhirection of Bi-directonal without loss of power

:

Direction of torgue | ondy load torgue Four guadrant operation

Dhvnamtic response | suitable medium high

Energy recovery | Heat energy Flectrical emengy Electrical energy, i
hydraulic accumula-
tow, eneriy return to
hydraulic central in-
stallation

Quality of recov= | ol possible nol pure sine wave | pure sine wave

ered electrical en- due o chopper due to three phase

Ry b

Loadingof the possible high due to load no load peaks, due to

electrical power | peaks built-on hydraakic ac-

lines for dynamic cumulator

tsts |

Price comparison ]mw 120 100 %

Table & Comparson of dove systems in st stands

tor. The electrical power line is thus not
subject 1o overload peaks.

The advantage of hydraulic cnergy
recovery and storage without convert-
ing the energy into another form can be
utilised if all the test stands in one test-
ing centre are connected to a common
hvidraulic system.

Such a system which has been un-
dertaken for a well-known German au-
tomobile manufacturer s shown sche-
matically in Fig. 137.

The slarting paoint for this system
was an exisling test arca consisting of
twa lensile lesting units with hydraulic
pulsing test stands Le. cylinders with
servo valves in the energy feed lines.
Power supply to this system was via a
common  pipeline system  with two
compensated axial piston
pumps designed for 280 bar. This pip-

pressure

ing svslem was extended and, in the
firsl extension slage. lest stands for en-
gines, drive shafts and gearboxes were
connected. All of these units operate
under secondary  control  with  im-
pressed operating pressure. The brak-
ing energy of the engine test stands is
now returned to the system and is avail-
able without throttling for use by the
other actoators. As the engines can be
operated either on drive or on overrun,
dynamic changes can be covered by hy-
draulic  accumulators.  These  are
mounted directly in the test cells.

The energy flow within the drive
shaft and gearbox test stands is hydrau-
lic —+ mechanical — hydraulic. The nec-
es=ary  acceleration  power,  together
with the losses of the units under test
and the hydrostatic units are therefore
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Tension frame 2

Cardan shaft teet stand
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" Fivdmaulic
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Pump room

Fig. 137: Ring main system for a test bod with energy recovery

all that need to be fed inlo these sys-
tems.

As all test stands work completely
independently of each other the ques-

bon of enerey balance s ol partn'ular
importance.

Pressure compensated axial piston
units are installed in a common pump
room. These units may be swivelled

over centre and can act as either pumps
ar motors. In this way, any exvess en-
crgy produced within the ming main
causes the pumps to act as motors driv-

ing the AC motors and returming en-
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ergy to the electrical power lines. Any
power deficil is alsp covered by the
units acting as pumps. The number of
electric motors and thus usage of po-
mary energy is considerably reduced
within this combined system. Energy
recovery also reduces the amount of
heat produced. By monitoring the
swivel angle of the units the energy re-
gquirement or energy overflow of the
system can be easily determined. This
in turn means that a logic circoit can be
fitted, permitting the pump units 1o be
switched in and out as required, thus
further redu ing power losses

DPwo test stands are described which
are connected to this combined system

Test stand for dynamic
rotary group testing

For the dynamic testing of a drive unit
consisting of an internal combustion en
gine, a manual or automatic gearbox
throigh to the drive wheels, the loading
musl simulate the vehicle maszs and the
resistance to movement. The energy
taken from the loading units is then re-
tumed o the central hydraulic power
lirkes

Az such test installations represent a
considerable investment, a greal deal of
Hexibility is normally reguired regard-
ing construction and .|L|.1[1h1hi|1|'} with
respect to the various lpst pieces and
testing programmes.

Fig. 138 shows the test stand
adapled 1o test a complete drive trans-
mission line. The loading units simulate
the traved conditions from the smallest
unlpaded vehicle right through to the
largest loaded vehicle of the specific
manuotacturer.  [During acceleration or
deceleration of the vehicle the vehicle
mass 1s also simulated to enable any re
guired measurement to be made on the
stand without the need for re-bunldine
or re-setting.

Fig. 139 shows the arrangement of
and  the
A4VS0._DS1 axial piston units under
secondary control

the rotiating MASSES

For the simulation of the mass the
torgques are inserted on the load side
These are calculated from the pre-sel

Fig. 138: Test stand for drive components

Fig. 13%: Loading device for lest stand for drive components

maximum  travel
speed and the momentary gradient of

vehicle mass, the
the drive speed.

Ihe measured rotary acceleration 1s
then used as an input value for the
closed loop control. If the masses on the
loading side are either much too small
or much too large, severe changes in
torque {e.g. with gear changing) cause
all loading systemns to generate simula-
tion errors and often also cause oscilla-
tion in the control. In order 1o eliminate
these errors the system is equipped
with a number of flywheel elements
which can be selected when the wnit is
stupped. In this way, very good control
accuracy s ensured, and at the same
time the cost of the braking machines
and control technology are kept within
limits, as onlv a small part of max, 2(-

A of the currently selected rolating
miass needs to be added or subtracted in
the simulation

Between the engine, gearbox and
brake unit a dove shaft s fitted, The
speed and torque are measured imme-
diatelv before the braking unit. A spur
gear reduction is utilised to match the
specd range required to that of the hy-
Depending on the
power and speed range required either

drostatic  units

W O foar h'\'llﬂ\htaﬂlt umits are m-
stalled. In order o simulate resistance
of the vehicle travelling, the gradient,
rolling and air resistance values, vehicle
frontage area, axle ratio and the dy-
namic rolling ratio of the tyres are all
pre-set. The air resistance is calculated
depending on vehicle speed. The gradi-
ent value can be varied as required dur-



ing the test run. All other values are
taken as constant for the test. Hydraulic
accumulators are necessary b achieve
the required dynamic response in the
systemn shown, as the system is con-
nected Lo a central hydraulic power line
which includes a ime delaved reaction
time. Hy means of careful matching of
the (ransfer ratios. a suitable loading
unit can be buill up even for complete
drive trammission line with two or four
driven wheels.
The design data of the test stand in
Fig. 139 is as tollows:
Speed range (in both directions of
rotation) O to 7000 rpm,
- Lisad torgue (referred to iy = 700
rpm) = 2000 Nm,
- Vehicle weight (range) 7004500 kg
and
- Mass simulation at loading unit with
a control constant in the range of =

0.2 kem?=.

A drive shaft test stand

I'he drive shaft test stand shown in Fig,
140 is built on the principle of back len
sioning the unit. This means that the
power delivered at the output end is
fed back into the input end. In this way,
only the power losses need to be taken
from the power supply unit. The brak-
ing energy from the rotary Eroup test
stand (see “Test stand for dynamic ro-
lary group teshing ) can be mist sensi-
bly used here without the need for con-
version inte any other energy form. By
means of gear coupling, four units can
be coupled together and tested simulta
neously. The inlermediate bearings are
set into a slide unit so that the vertical
movement of the wheel can be simu-
lated. The low rotaling mass of this sys-
temn is necessary inorder o achieve the
high torque and speed response re-

guired

Fig, 140

Fast response test
stand for internal
combustion engines

The ||||||'-u||1j_.; tendencies are apparent
from development in the automobile in-
dustry

= Weight reduction
Thie choice of models is being ex-
tended,

= Driving comtort is being improved
Diriving noise is being reduced,

- The time mmterval between the intro
duction of new models is beimg re-
duced and

- Reliability is being improvied
These requirements have had an un

avoidable influence on the design of

test stands and on the requirements

placed on simulation technology. As a

general rule, the capabilities required

exceed those of existing test stands

An engine lest stand will be de-
scribed here, the specification of which
was lald down in 1983, and which was
the first unit of its kind to demonstrate
the possibilities of dynamic response
under secondary control,

When the specification was laid
down, it not only stated that technical
parameters such as pressure, Tow, lom
velocity, acceleration

perature, force

Tiest staned for drive shafts and cardan

A drive shaft test stand 119

shafts

and gas relationships must be measured
and evalualed, it also stipulated that the
unit must be capable of dynamic endur-
ance tests in which the loading and re-
sponses change automatically as would
be found in a road test. The features of
this stand are the dynamic control of
speed and torgque and the measurement
of these values

In the automobile industry il is com
mom with test stands for internal com
bustion engmes to use power converter
fed DC shunt wound molors. In this
way, the energy produced by the inter-
nal combustion engine can be acoepted
by the DC motor and fed into the three-
phase power lines via suitable circuitry
This calls for extensive and expensive
control crcuitry, However, due to the
largge moments of mertia, the dynamic
control of such a test device Is insuffi
vlent

[hee recently proposed introduction
of tield excited power converters which
have similar speed/torque characleris-
tics to DC shunt wound machines, are
really of no help here, even when one
takes into consideration that the mo-
ments of inertia can be reduced

BPue to the high rates of dynamic re-
sponse for speed and torgue reguired in
this instance, the company decided to

use a system with secondary control
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Ihe i|n|leI.-1r1! points for this deci-
S Wi
= that on acceleration and decelera-
bon, an energy exchange with the
hydraulic take

place without the need for dynamic

accumulator could

feedback into the electnical power

lines and
- the electrical supply could be ar-

ranged for average usape rather

than for the peak powers requined,

The following reguirements were

placed on the test stand:
- Max. power:

Prosay = £ 290 kW,
= Max. torgue;

Mg = £ 550 Nm,
- Speed range:

= 600 to 7000 rpm and

High dynamic response of speed

The lpading machine musi, when
uncoupled from the test unit, be able to
be driven in a triangular wave form
from 1000 rpm to 7000 rpm and back
again within 1 sec

Fig. 142 shows the test cell with the
loading unit consisting of a splitter box
with two speed-controlled axial piston
units in parallel. The engine under test
is coupled 1o the single input shaft of
the splitter box via a torgue measuring
it

Two pressure compensated axial pis-
ton units of the same size as the loading
machines are connected as shown n
Fig. 141 and form the coupling between
the hydraulic and the
phase power lines

circufl thres

As ”'H' |"'I|'|‘-I'r units are some 1_1];\-
tance from the test ooll and are also on a
lower floor, a closed arcuit hydraulic
systern had to be chosen

The torque selling is achieved by
setting a specific throttle opening fo
the engine. Depending on energy flow
the loading machine reacts accordingly
and the engine under test either drives
or is driven

The moment of inertla of the 290 kW
loading machine is 11,126 kgm?, referred
to the high speed shaft. The average
I"Il'l:hh'll ..‘I\‘l‘\"ll.'ﬁ.'.'ll\rl J"'I\'l-'n.-':'r FI..,'-\.!H'ITE'-CJ o
run from 1000 to 7000 rpm in 1 sec will
at P = 35 kW be extremely small. The
low moment of inertial results in only
minimal torque peaks from the Lest
piece. It is theretfore possible to use high
dynamic

H"-'-E'lllﬂ‘-l ITHESAS LTI 1IIT|||.H;'

shafts in continual operation.  The

torgque determined is very close to the
lost I.'||-I|__!||r'|l.' m I.J'n. A I'l"-|]'|llr'|‘1t'

A swilching safety circull ensures
that the power feed o the loading ma-
chine is broken immediately should a
fault ccur Within 1.2 sec the speed will
be reduced to zero. By swilching off one
of the axial piston units or by lowering
the operating pressure, the power of the
test stand can be vaned to suit the
power of the enyine under test.

Fig. 143 shows the basic hvdraulic
circuit. Due to the impressed pressure
the physical arrangement of the loading
machine and the primary unit may be
frecly chosen, as the distance between
the primary and secondary units has no
effect on the dynamic response of the
svstim.

The energy reguired to accelerate the
lowding machine itselt is taken from the
hvdraulic asccumulator which
the energv during the

phase. This m turn means that the meea-

resstinres

deceleration

sures which would be required 1o stabi-
lise the electrical power lines are no
required

Such circuitry is re-

longer

quired i asynchro-
nous machines are
tin refurm a P'I_Il'l-_' 51—
nusaidal wave
form back mmto the
electrical power
lines The effi
dency of enerey re-
covery  has  been
measured at 73%.
In prder Ly
prove the

ics Of the test stand,

dvnam-

the operalor stipu
lated that a speed
FESPONSE CUrve had
o be produced
This curve 1s shown
in Fig. 144
The
shows  the

diagram
actual
and command val-
LS fior spevd
against Hme
sured on the high

speed shaft of the

ma-

loading device

The engine under

l=d which could
hardly have with
stoodd  this process

over an extended period of time, was
uncoupled during this test

As can easily be read from the
curves, the speed changed from 900 10
7200 rpm i 500 msec, This cormesponds

to a rate of change of speed of 12,600
rpm per second

Fig. 141: Three phase motor with pressune

comntrolled axial piston units
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The Hme offset between the com-
mand and actual values arises from the
fact thal the closed loop speed control
was npl optimised for this type of oper-
abon

With the test engine connected a
curve will be produced as shown in Fig.
145. The internal combustion engine ro-
tates at 5,700 rpm with the throttle fully
open. The torque at this bme is 310 Nm
The engimne 15 |_~u||n! divwwn to 3,500 Fprm
by the loading machine in 09 sec. This
couses the torgue to rise to 400 Nm. The
loading maching must theretore decel-
erate both the engine and itself in order
b generate the higher torgue. T fulfils
this duty completely

The pre-set vialues for speed control
of the machine and torque for the en
gine comtrol can be entered at will

The signals given are derived as fol-
lows
- brom a simulatiom computer given

the vehicke model,

from actual values obtained during

test drives or
- from a synthetic programme set out

by the engineer,
the closed
loop control must fulfil the follow-
ing tasks:

For these o be effective,

Speed control of the engine under

test and of the loading machine
- PPosition control of the throttle and

thus the torque control of the engine

and
- Electronic pressure control of the ax-

ial piston units of the primary units

via pressure transducers

The axial piston units which haxl
been running since December 1983
were checked after a running time of
7,500 hours, A visual check showed no
apparent wear, This was only to be ex-
pected. as the functioning of the test nig
had not shown any detenoration

On first commissioning, a decision
was made based on the assumption that
the main components only require a ba-
10,000 hours. This

u1rr|*-.]'ull1d~. o ﬂ!'IPI'II\II"I‘I::I|L"|'I.' 5 vears'

sic vyverhaul after

operating hme

Dynamic engine test
stand

The demands of autemobild manufac-
furers for a test stand are not hmited
merely to static characteristic diagrams
In particular internal processes in the
viehicle have to be stimulated, in order to
cnable the majority of the tests to be
transferred o the laboratory. 1f the pa-
rameterisation values for starl-up and
gear change are known, the lest equip-
ment has to ensure that road driving
conditions are simulated troe o natoare.
Even vibrations m the drive transmis-
sion line as they ocour after a change of
gear have to be simulated in the lower
frequency range. Fig. 146 shows a dy-
namic engine test stand with a hydro-
slatic unil under secondary control and
the following technical data

Braking power 180 kW,
- Positive drive power 125 kKW,
- Gpeed 9,000 rpm and
= Torgue 350 Nm

As this is a single test stand i.e. there
are no other hydraulic actuators, the
braking energy is converted into an AC
current vig the electric molor and fed

back into the electrical power line.

a=pe LUk L
? - - - - -
3 ] s |
Wt o i L
1 Throttle open
2 Actual spesd 3500 rpm
3 Command speed 35350 rpm
4  lorque

53 Actuoal speed 5700 rpm
6 Command speed 5700 rpm

lorgue 310 Nm

Fig. 145: Speed and lorque curves with

ETIFZIME connected

Fig. 146: Test pliece with loadmg anit




Central oil supply

Before the days of secondary control it
was not possible to connect a rotary
drive to a central oil supply, unless a
throttle valve was installed in the en-
ergy line and also if it was accepted that
the energy balance would be unfavour-
able. With this drive technology a high
dynamic response can be achieved with
changes of speed and torgue, as the hy-
draulic spring is pre-tensioned up to the
throttle valve (servo or proportional
valve], However, as the losses are quite
high the heat exchangers here are usu-
ally designed to run on 80 % of the elec-
trical power mstalled.

This cost can be reduced consider-
ably if a sufficient number of secondary
controlled test stands are connected on
the actuator side, as shown mn Fig. 148
with the central oil supply. In this case
the heat exchanger can be designed to
run on only 30 % of the electrical power,
which means that there is considerable
reduction in primary energy consump-
ton.

Twelve axial piston units with 25(
cmy? displacement are used for this pur-
pose. Total power of all the electric mo-
tors will be 2400 kW, the total flow
amounting to 4,300 L/min at an operal-
g pressure squal to a constant pres-
sure of 280 bar. The axial piston pumps
are pressure compensaled

Fig. 147 shows the tank station ac-
commuosdated in the same oom. The us-
able conlent of the oil tank is approx
24,000 litres, Screw spindle pumps ane
installed vertically and these pre-fill the
operating pumps with 10 bar via a fine
filter

These tests are carned out in open
circunt operation

Here are two examples of [est stands
connected to a cenitral oil supply.

Fig. 148: Central oil supphy, mator-puimp stations

Central oil supply

123
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Test stand for axle
drives

Phis test stand is used for testing the
axle head component group consisting
of hub, brake disc, wheel bearings and
steering knuckle or wheel carners on
the laboratory test road

Fig. 149 shows the external loadings
acting on the axle head, wsing the exam-
ple of a driven wheel. In addition to the
two wheel forces applied to the contact
surface of the tvre Le. the whewl load
and lateral forces, there are also the lon-
gitudinal forees applicd o the centre of
the wheel Le the braking and drive
torques. With these environmental fac-
tors such as travel wind and weather
conditions have to be considered 1e. a
-'-;l]'-[\h of cold ar must be blown onto
the individual components in order (o
simulate normmal drving conditions,

The test stand is designed according,
to this loading and can be seen in Fig.
150.

he stand comprizes the rear axle
shafl, a drum which accommodates the
wheel im, a loading lever to mibate the
three radial forces, an oscllating mass
and a loading unit. Thus all loading of a
non-drven wheel 15 simulated,

With a driven axis a drive torgue is
generated in addition to this via the la)-
eral shaft by means of the Trplex drive

componEnts.

Iravel

wired
R &
Pecelera- Dirive

fm IIZ1T|.I|L'II'

e

TI'I"l'.|1.':t'

Spewnd

.
Lateral
foree Whaeel load

Figr: 149 Loadmz on axle head

The design of the west stand is based
on the measurements of the axde head
requirements on fest routes and in ex-
ITeme Manoein res

All values can be simulated depend-
ing om the penod of time measured in
the vehicle and can be reproduced ex-
actly

The complete test stand has a total
length of 6 metres (Fig. 151. The
through drive transmission line which,
for the loading, starts at the axial piston
unit, consists of a sub-structure made
up of several sections with oscillaling

bearings

Devel

FOrgue

Speed

Fiywhoerl

Teavel wind

An emergency brake is situated be-
tween the axial piston unit and the Hy-
wheel. A speed borgUe  measuring,
component with speed direction trans
ducer is arranged next to the Aywheel
on the right

Mhie loading levier with whesel force
cylinders contains the bearings for the
external drum which 1= driven from the
left hand side via the cardan shaft

On the right hand side of the wheel
15 the continuation of the transmission
line via the lateral shaft (vehicle drive
shaft) and also another speed / lorque

measunng component

Drrive tongue

Lateral

e

Wheel [oree

L AN rd
il b
Loading components vy compasnents
Fig. 150k ... and derived test stand concept

Axle test stand

Fig- 151

S O ‘Q
e

X
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Drive components

Fig. 152 Block diagram of asle fost stand

Because of its rigidity the wheel disc
was mounted with five clamping jaws
on both sides in a two-part external
drum for use as force input, corre-
sponding to the vehicle tvres. The inner
drum houses a clamping unil for the
wheel disc. When operating the inner
and outer drums are screwed together,
For mounting purposes g, when
changing the brake linings, the wheel
complete with drive unit can be moved
to the right with an integral sliding ta-
ble. During this process the inner drum
remains connected to the wheel disc,
With wheels of varying siees eg. diam-
eter, width, material, rim horn dimen-
sion, the drum and clamping unit must
be matched. The external drum floats
on bearings in the foree inpul arm. This
design principle was selected from sev-
eral alternatives and has proved to be a
good chuice.

Finite element method caleulations
have shown that with the force system
selected in the key area of the whesel
dise the stresses on the test stand agree
well with those m the actual vehicle,
These calculations also demonstrated

that, as a result of the radial forces intro-
duced, any displacement of the drum
axis or of the point of application of
force does not mcrease to bevomnd the
maximum permissible level.

Adapiors at the points of application
of force of the load lever permat adjust-
it of different wheel radii and shift-
ing of the application of force.

As can be seen from the overall de-
sign of the test stand, the concept se-
lected i only feasible with hydrostatic
drives.

Block diagram Fig. 152 shows that
the axle drive test stand is a back ten-
sioning lest stand with the possibility of
re-utilising the braking energy,

The triple combination on the drive
side was selected because of its dy-
namic characteristics, as three small
untits can produce a much higher dy-
namic response than a single one of
equivalent size.

In normal operation with small
drive torques the torque is generated by
the firsl unit, the other two motors run-
ning without any torgue,

With extreme manoeuvres e.g. rapid
start-up operations, all three motors are
simultaneously controlled and com-
bine to generate the torque

I'he four hydrostatic units in swash-
plate design are driven from the central
oil supply tor several test fields. It only
the loaded side of the test stand is
driven Le. non-driven axes lested, un-
der certain operating conditions the hy-
draulic motor will operate as a pump
and feed back to the ring main. If a sin-
gle driven axis is tested both sides are
coupled together via an energy inter-
link block. In this case there is a me-
chanical back tensioning of the drive
train. Only the power losses are drawn
from the hydraulic ring main.

The flywheel in the mechanical sec-
fion was designed for the manufac-
turer's smallest vehicle. When testing
larger wvehicles an increased inertia is
simulated by means of the load unit us-
mgMy =g *m

The hydraulic accumulators situated
on the high and low pressure sides in
the hyvdraulic crowt increase system
dvnamic response and, with the help of
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a boost pump, prevent cavitation from
occurring on the low pressure side.

Measurements are restricted to the
determination of the radial forces al the
load lever and are carried out by means
of force measurement devices on each
hydraulic cylinder.

Pwur specially developed measuring
elements are installed for the determi-
nation of torque and speed. These are
especially suitable due to thewr compact
size and insensitivily to lateral forces,

The cesed loop control is made up
of components available from analogue
compulers.

All closed loop circuits operate on
the cascade contral principle, in which a
directinnal control is subordmate to the
force comtrol circuits. With deceleration
torgue control the braking pressure is
used as a subordinate value, with speed
and drive torque control it is the swivel
angle of the hydrostatic units which is
used as a subordinate value, A specially
developed frequency-voltage converter
with variable Alter characteristic per-
mits the control of speeds as low a= 1
rpm.

The control af deceleration torgue
and drive torque is of particular intenest
wilh the drivie axle test stand

Fig. 153 shows the comparison be-
tween command and actual values for
these torques. With deceleration mea-
surement (top curve) the clearance of
the brake piston must first be overcome.
This leads to unavoidable overshooting
to a greater or lesser degree, depending
om the control setting,

The simulation accuracy of the drive
torgque (bottom curve) is, on the other
hand, considerably betler. Great torgque
variations are not simulated to their full
extent. The recognisable phase differ-
ences between command and actual
values are caused by the relatively high
flexibility of the drive tramn and the high
dynamic response of the hydrostatic
urits

The deviations observed here have
in the meantime to a large extent been
elimimated by installing ITFC software
for iterative compensation of the trans-
mission functions.

The axle drive test stand wis de-
signied for endurance testing. Testing of
a brake disc, for example, requires sev-
eral davs solid testing. This meant that
the test stand had to be fully auto

| Braking torgue or
l e 1 e i Ruiiag foscs
Actual £z
e
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Fig. 1533 Comparson of command and actual v

mated. This applies o the areas of com-
mand value pre-setting, control and
monitoring, as well as the interception
of data to be measured and evaluated.

For pre-setting the command vilue
the measurements taken in the vehicle
are stored in the process computer
memory. The computer outputs the
command values to the analogue com-
puter via an interface and receives the
actual values back. The actual values
are classified and monitored in the com-
puter.

A PLC carries oul the control and
muonitoring of the test stand. The stand
is connected by means of a control
panel and access is gained to the vari-
vus functional operations (set-up, oper-
ation with load unit, operation with
load and drive unit etc.). The contral
demands a specific flow from the cen-
tral oil supply, After the relevant hy-
draulic pumps have been connected the
demand is acknowledged and the test
stand can be connected to the pressure
circuit by means of the connection / cut-
off block.

The second important function of
this computer is to monitor the test
stand whilst in operation. Values to be
monitored include temperature of the
bearings on the load lever and on the
oscillating mass, the temperature i the
tank of the brake Muid unit together
with its fluid level, speed of the hyvdro-
static units, the wear sensor on the

alucs

brake lining and leakage from the hy-
draulic components,

This control is also used to switch off
the test stand. There are two different
methods of achieving this. With rapid
stop the hydraulic motors are used to
bring the drive to o standstill. This oper-
ation 15 carried out when for example
the wear sensor of the brake lining
switches. In this case the test piece must
nuot be damaged by this action. With an
emergency stop the emergency brake
will also be put into action and the load
lever will be returned Lo the mid-posi-
tion by means of the centering evlin
ders. After the drive has reached a
standstill the test stand will be hydrau-
lically separated from the ring main.
The drive will be brought to a standstill
in = 4 sec al maximum speed (2200
rpm). The emergency stop is effected if
for example there is a rupture in the
drive shafl. In this case the test piece is
essentially overloaded.

The axle drive test stand described
combines for the first time the functions
of a stand for lesting deceleration of an
uscillating mass with that of a multiple
axis axle loading test stand. The univer-
sal design permits comprehensive test-
ing of all braking operations for round
furneys, short joumneys, sequential
stopping and high speed braking as
well as operational stiffness tests on all
parts of the axle head



Test stand for rear axle
drive

Rescarch and development in the auto-
motive industry is concerned not only
with design and relevant calculations,
but also with the method of compuler
simulation of driving and tests using
the test stand. As each of these methods
has both advantapes and disadvan-
tages, these can aclually be utilised to
complement cach other in the various
stages of vehicle development and con-
struction.

There is a noticeable trend, however,
towards reducing the time required for
road testing by increased use of the test
stand. Prerequisite for this is that the ac
tual driving conditions relevant to the
specific applicaton can be simulated
exactly. In other words the lest stand
must be able to produce the time se-
quences of velocity or motor speed and
power or torgue, as these occur during
actual operation of the vehicle.

To achieve this goal a combination of
Processes ane h|'||1|._: increasingly used,
thus bringing out the advantages of
computer simulation with those of the
lest stand. A test stand is controlled by a

computer on which the dynamic re-
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Test stand for rear axle drive

Rear axde drive test stand

sponse of the l'l||'|||."|l'tl.' viehicle :-_',';-l'-;‘r'l'l
is simulated. Such a process is known as
system simulation osing  best pleces.
This method permits the dynamic re-
sponse of a lest piece to be tested
combination with the complete vehicle
systemm. This way it is possible to opti
mis¢ matching of the system al a paoini
in the development at which the viehicle
is not vet available with all its compo-

nents.
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High demands are also placed on
the dvnamic response of the test euip-
ment for solving this task

These factors playved a decisive role
in the design of the rear axle drive test
stand shown in Fig. 154, as the dynamic
response of the secondary controlled
unit had been proved to be sufficient in
other applications

This Hlustration shows the overall

structure with two secondary controlled

©N

©

Fig. 155 Circuit d mgram showing principle of hydraulic back tensioning
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axial piston units working as motors
and connected in parallel via the trans-
mission. The internal combustion maotor
i= simulated here

The tandem version was chosen for
the load wnits to enable the required
drive power o be generated tor the
wide speed range

All axial piston units on the drive
and load sides have a displacernent of
250 ey

It wiould also have been feasible to
use a single unit of 500 cm® displace-
ment instead of two, although this
would have limited the dvnamic e
sponse

The conventional differential gear to
be tosted has the lask of distributing the
torque generaled by the internal com-
bustion engine evenly over the drive
shafts and hence over the wheels, It also
has o L-1|.‘||Ir||-.:lr' on corners tor the
speed difference between the wheel on
the outer curve and that on the inner
CUTVE

As tar as the control concept of the
load unit {8 concemed, this means that
the control of both speed and torgue
has to be possible. This concepl also
permits testing of the limited slip differ
ential gear and of the locking differen-
hal.

Fig. 155 shows thal the principle of
hydraulic back lensioning is being ap-
|"!I|'|.1 I opeTahing medium of the
load units (4.1) arranged on the wheel
side and working as generators, is sup-
plied without throttling to the motor
sidde (4.2). An energy flow will occur hy-
draulic — mechamical — hyvdraulic, =o
that onlv the losses from the central oil
\s the

oil supply, which operales in open cir-

supply (3} have to be replaced

cuit, is accommodated in the pump cel-
lar, and the test stand is situated one
floor higher, special measures need to
be taken to ensure that the ol can flow
unhindered to the generators (4.1). To
this end a boost pump (6) was installed
on the il tank. As this pump also oper-

ates 0 a closed crcuit, higher speeds

Fig. 158: [ Frive side of mear axde drive jes

& Fig. 157

Fig

Figz

156 Hear axle drive tesl dand




are achievable within the permitted
range of this circuit.

In this case, however, the s re-
quired by the lesl piece were consider-
ably higher, and thercfore additional
matching to the secondary unit had to
be carried out via transmissions (2) and
(3}, which were connected in series.

Fig. 156 shows a slightly different
design of test stand tor rear axle drive
in the same development centre.

Additional transmissions connected
in series are also necessary with this
VErSion.

In Figs. 157 and 158 we can see the
test stand from another manufacturer
tor a rear axle drive.

This also has planctary gears con-
nected in series, which can actually be
by-passed by means of a dog clulch
when at a standstill. The two speed
ranges produced cover a wide conver-
sion range of vehicle transmissions eco-
nomically.

The torque and speed measuring
shalts are also built nto the planetary
gears, thus saving on space and addi-
tional moments of inertia. This also pre-
vents any problems with balance, espe-
ciallv at high speeds.

As we can see by looking al the
drive side. where the internal combus-
tion engine is simulated, the design of-
fers & high energy density with ex-

tremely low moments of inertia and
associated high dynamic response, Two
A4VS02Z5005 axial piston units are
used, in tandem with a directly con-
nected tachometer The braking unils
on the wheel side from the same series
feed the braking energy back to the
drive units, so that only approximately
3% of the power flowing via the test
piece has to be supplied externally.

This test stand has an oil supply of
its own.

It is also possible with this variant
for the three secondary controlled drive
or braking systems to be either speed or
torque controlled. The speed differen-
tial between both outpul drives on the
wheel side are pre-set by means of an
additional closed loop control process.
In order to cover the total conversion
and speed ranges when testing auto-
matic and non-automatic ransmussions,
in addition to the two speed ranges of
the switchable planetary gears, match-
ing of system pressure is effected in the
high pressure side of the hydrostatic
unit.

The technical data required for the
test stand are as follows:
= Four guadrant operation including

#ero specd al maximum torque,

- Maximum speed gradient of the hy-
drostatic unit 3000 rpm per sec ne-
ferred o the test piece (the matching

Test stand for rear axle drive 129

of the planetary gear by gearing
rmust be takien into accoant),

- Differential speed between both out-

put drives must be variable with ap-
prow. 2000 rpm per sec and
- Torgue of both output drives must
be varable with approx. 30000 Nm
per siec.
In this way the svstem data will be
kept within the limiting values.
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Test stand for an all-
wheel drive

Lising the test stand for an all-wheel
drive as shown in Fig. 159 tests can be
carmied out considerably more cheaply
than on the road or on the test ground

Some tests are only possible using the

test stand:

- The test runs are mdependent of
wenther, traffic and driver and they
demonstrate high reproducibility,
The load and speed profiles are in-
le'|I|.I'I|.'i:|'I'II: o distance prl':lih“‘- and
traffic conditions

- With service life tests considerable
tirme can be saved, as the load collec-
tives can be collated as nequined

- The complete test procedure can be
automated
Measurements are easier to carry out
than on the road

- A complete vehicle s not required -
a considerable time-saver, especially
during the development slage
Parameters can be entered Lo pre-sel
various Ioading conditions such as
folal weight, axle load distribution
and traller operation
All these factors lead to considerable

Gl III_;:': g T 1'|I -|1r||1'||l Lo :'Illl.i ciels,
Fig. 160 shows the complete assem-

bly of the test standd without primary

station. The intermal combustion en-
gine, which could also have been re-
placed by a hydrostatic unit, was left
here, to enable the test piece to be cor-
recily loaded in terms of dynamics

Al four outpuls of the all-wheel
drive are either speed or ltorgue con
trdled. The secondary units, which are
of tandem design, include torque mea
surement shaft, tachometer and centrif-
sl switch fixed onto modalar housing
umts standardised in the factory. They
are connected to the test piece via tor-
sionally stiff couplings

They are connected on the primary
side by means of the hvdraulic isolatar.

This can be used to conniect the second-

ary controlled axis so that it can drive or

decelerate any other machine

Fige. 139 Temt stard for an all-wheel deive

Fig. 161 shows a tandem version of a
hydrostatic load unit. The test stand

manufacturer standardised the com-
plete A4VS series mternally from 40 to
1000 em®, and can therefore cover a
power range of up to 500 kW or alterna-
tively 1600 kW il using tandem unils.

Extended time tests should prefera
bly be carried out on the test stand in
simulator operation. PMitch, rolling and
air resistance tests must be simulated
together with accelerating and deceler-
ating power of the translatory vehacle
movements, Special emphasis should
be placed on the exact distribution over
both drive axes. A tvpical lvad collec-
tive for an all-wheel drive vehicle in-
cludes testing of the axle compensation
transmission and the clutch or differen
Hal controlled torque distribution over
the front and rear axles as well as the as-
sociated locking mechanisms

With all tests the simulation of the
slipping wheel plays a significant part,
whereby slip conditions can be set via
parameters on the simulator. The simu-

lation must guarantee correct torgue

distribution, even when the |ocking
'IT'Il-_"l._'I"I.!['I'I_--Tr'IE ArE I I\i'li_'r.l'.lllrl

The load units are freely position-
able on a subframe, and the dimensions
of different types of vehicle with respect
to wheel base and track width can be
covered. The test stand is designed in
such a wav that vehicles with 2-wheel
or 4-wheel drive can be tested. There is
no limit with respect to torque distribu
tiom between the driving axles.

The primary station shown in Fig.
162 is also of modular design and built
to internal standards as stipulated by
the test stand manufacturer, The same
applies to the hydraulic accamulator
blocks, the control electronics, test stand
control and computer control, so that
every application can be covered for dy-
namic rotary drives of modular design

I'his standardisation and its possibil
ities with regard to standardising com-
FH'T'H-'T'”"- .I'I'II.J l.l.'lI'IIF"'I.\rlt'I'It _Q:T“U]l'- i‘- el
important step in system technology
Even with r{'hTu-Lf tin price it J~|.'r1r||r-
electrical

substitution of controlled

drives,
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Fig. 160 Complete assembly of the all-wheel drive test stand

The technical sdvantages are plain - with the 4-wheel drive test stand the associated loading of the electrical
to see moments of inertia of the electrical ma-  power supply.

Conventional simulation methods  chines disturb the slipping simulation. If this is carried out by hydraulic
using D0, or AC. power converter fed Fhe moments of inertia would have to - means (| presents no problem
motors are either very complex and ex-  be completely eliminated in the simula-
pensive or else they are not capable of  tion. This is hardly teasible on the
simulating slipping wheels. Especially  grounds of power and stability and the
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Fig. 16]: Loading machine in tardem design

Fig. 162 Drive station

Test stand for
automatic
transmissions

From the functonal viewpoinl auto
matic transmissions can be divided into
a transmission section and a control sec-
tiom. The important control range in-
creasingly containg an electronics sec-
tion which determines when and how
the switching operation is to take place

The actual ransmission sechon con-

sists ol the converter, possibly a con-

verter by-pass, the planetary sets, the

Fig. 163: Generator section of test stand for automatic transmission



multi disc clutches or band brakes and
the free wheeling elements,

This design permits gear changing
without disturbance of the tractive et-
fort under load

Fig. 165 shows the schematic dia-
gram of the functional test stand

In range A the internal combustion
engine is simulated by two axial piston
units (1), Input power is a maximum
350 kW. An axial piston unit (2) Is cou
pled to this to simulate the moments of
inertia. By meany of the torgue M.‘ = ]x .
w the moment of inerba of the internal
combustion engine deviating from the
design in question 15 simulated under
consideration of acceleration.

The speed of the axial piston units
cann be infinitely varied between 170
and 2000 rpm, enabling a speed range
of between Al and 70U rpm (o be sel
on the test piece by means of the gear
ratio

The static input torque al the test
piece i 500 Nm. This can b Superim-
pused by a dynamic torque of

My =1 100 Nm.

Drivie wrt:

Test stand for automatic transmissions

The dynamic response determines
the momient of inertia of the drive train
from the axial piston units via the trans-
mission o the test preco.

This amounts Lo 'Ir.:r-:.' = [L{%g ]-.1.‘,I'I'|1
reterred to the high speed shafl. the
greatest part, | = (.0774 L}_;n-.;'- being
used up by the transmission and the
cardan shaft.

Situated behind the test piece in area
C is an oscillating mass of [, =70 kgm™
which represents the vehicle mass of
the smallest car produced by the partic-
ular manufacturer. Two axial piston
units (3) simulate larger vehicle masses
and drive resistance. These units are de-
signed for left or right hand drive by
means of the cardan shaft and gearbox

These act as generators and direct
the energy back to drive train A. Only
the relevant acceleration power re-
quired and the losses from the test piece
and the hyvdrostatic units are replaced
by primary units (4) and (3)

The impressed pressure in this case
i= 280 bar

Fig. 164 shows the drive side of the

test stand.

Tust pieve

simulates an inlernal combustion engine

Cregillating imidss

133

In the toreground are the axial pis-
ton units with control block substruc-
ture, which will cut off the energy sup-
e
flanged onto the transmission

ply in an emergency units are

The cardan shaft can be seen behind
the transmission, with the speed and
torque measurement shafts in front of

the entry point into the lest piece, be-

Figz

malic transmission

164 Drrivie sicde of test stind [or suto-

Deceleration wnit:
simulates travel resistance
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Fig 165 Clrouit diagram of lest stand for automatic transmiissior
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hind which both values can be mea-
sured again,

The generator section (Fig. 163) 1s
separated from the drive tran by a par-
tition wall

Both hvdraulic accumulators for the
high and low pressure areas are fived to
the wall in the background.

This test stand has proved thal simu-
lation of mass and drive resistance is re-
alistic and reproducible.

The fact that hydrostatic drves are
in the foreground of the highly interest-
ing field of test stands for the automo-
bile industry is nol only due 1o the high
dynamic response. Significant develop-
ments in the last decade have led to
considerable improvements in the reli.
ability and the price / power ratio of
the vehicles put into operation.

Ihis trend has been helped greatly
by the corresponding developments in
the electromcs feld.

Experimental dynamic
response test stand for
identification of drive
trains

When designing drive trains it s impur-
tant to know the dynamic behaviour of
the mdividual components, as the dy-
namics have a considerable effect on the
sysiem behaviour of powered machin-

Fig. 166: Experimental test stand
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ery, drive trains and mobile machines.
Digital computers can be used to simu-
late system behaviour, it exact mathe-
matical models of the individual com-
shafts,
clemenis, flexible couplings or frictional

ponents such as Hywheel
couplings, transmissions etc. are avail-
able.

T drive lrain components, about
which little is known with respect to
dynamic behaviour, are the hydrody-
namic torque converter and the hydro-
dynamic coupling,

In order to produce mathematical
models of these two components a high
dynamic response test stand (Fig. 166)
was built at the Ruhr University of Bo-
chum within the framewaork of a special
research project. This test stand was
equipped with secondary controlled
hydrostatic units, due to the great de-
mands to be placed on it

Once again the hydraulic back ten-
sioning principle was applied using
drive and load units.

The drive umit is speed controlled,
the load unit being torque controlled.
The hyvdrodynamic test piece also per-
miits simultaneous speed control at both
hydrostabic units

Simultaneous torque control, how-
ever, is not possible

System identification processes are
the basis for determining  dynamic
drive train models for simulation calou-

lations. The first step is o stipulate a
model application thal is then, in the
second step, matched and optimised o
real systems by taking measunements
on the test stand.

The identification of systems, that
can be described by means of linear
models, is carmed out mainly over a set
frequency range. The real system is ex-
cited at a fixed frequency and the re-
spimse amplitude given a relationship
to the exciter amplitude. This process is
repealed for different frequencies, so
that after taking a sel of readings the
frequency response is available in non-
parametric form to be matched 1o the
mmoslel

Conditions for this type of identifi-
cation are rapid adjustment of drive
and deceleration wnits, dynamic e
sponse control and suthiciently large ac-
celeration and deceleration torgues, in
order to generate harmonic exatation
with exactly defined amplitude and fre-
quency.

Non-linear compeonent groups, such
as the hvdrodvnamic couplings and
converters  already mentioned,  are
formed by lincarisation around the op-
erating point. By special excitation of
torque or speed of the component
groups even non-linear models can be
achieved, so the requirements here far
fast and accurate control of speed and
torque are equally great

In practice, especially with highly
dynamic component groups, system be-
haviour with respect to rapid start-up
and deceleration processes need o be
this
must also be made for these special

examined. For reason  provision
loadings to be tested

it test stand has the following
power data:

Prive unit

P =200 kW

Mr=1060Nm

r=186{ rpm

J=0.095% kgm?

Supply unit (primary side|

P=R3 kW

Syslem pressure

p=280 bar



Dyvnamic response example!

For an inertial mass of the drive
train of | = 1.56 kgm”
Ipadings can be driven:

the following

- sinusoidal speed variations at 15 He
i = 1000 rpm L 50 rpm
sinusoidal speed variations at 2 11z
1 = 500 rpm £ 500 rpm and

- speed ramp
from U rpm to L1000 rpm in 0.2 sec
Analogue closed loop control  of

both equal-sized axial piston units 1s
with a PD
swivel angle control, which can have al-
termately

carricd out in each case
an analogue speed or torgque
control connected n senes

The command values for the speed
control, torque control or directly for
the swivel angle control are pre-set by
the digital computer.

Syslem moniloring is by means of a
PLC, which both controls the

and monitors speed, control variations,

sy slem

oil temperature, filter status as well as
Critical
system conditions such as emergency

the combination of controls.
operation will cause the system to shut
dowrn.

The actual command value settings
the measurement of data and thelr eval-
wvation are all carmed out by the com-
puter system. The measurements and
command value settings have (o be car
ried out in real time. A fixed Lime grid is
mmportant for the evaluation of the in
put and output values, a closed loop
operation permitting digital control or
characteristic prr15r11|r1l'|||rig

So far dynamic respanse tests of hy-
drodynamic converters and couplings,
carried out on the test stand described,
have been satisfactory. The drive sys-
tem has proved to have sufficiently
high dvnamic response. As the drives
alwavs have to be driven righ!l up to the
stability limits due to the high dynamic
response that is required, optimum set
ting of the control paramelers is essen-
tial. Oscillations of the control circuit af-
fect  the measurement  values,  but
digitised control with adaptive control
concapts, something that is planned for
the future, should improve this,
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Rear axle acoustic test
stand

n"|l" ovier II'|L'r1'.'|¢|ir1]_." I.h"!“ll.l'lll."r ror Prl_}—
techon of the environment and at the
same time for comfort mean that auto-
motive manutacturers are having to re-
duce noise pollution. Continuous de-
velopment of this is,
possible on the test stand, which can
carry oul acoustic effects on the vehicle
free from disturbances and with good
reproducibility

however, only

Such test stands must be capable of
operating to the physical limits o
They

guarantee location of individual sound

spund  propagation must also

sources, the measurement of sound and

sound

sound direchon characteristic,

Fiar. 147; Free feld

chambwer

absurption and body insulation for the
test viehicle to be driven under load.

Fig. 167 shows one of several sound
test stands of one car manufacturer, the
so-called free field chamber, which i
equipped with secondary controlled
hydrostatic units.

I'he free held chamber s fitted with
a glass fibre absorption lining. The low-
frequency tuned wedge-shaped glass {i-
bre units are covered with a glass silk
coating to prevent the transmission of
air and impact sound from the environ-
ment. This test stand guarantees the
“free” Le
from the test piece in all direclions, es-
pecially downwards. This is possible as

undisturbed sound radiation

all reflecting aneas essential for opera-
tion of the test stand, are restricked to a
munimum i number and area

L

W

Wi

Pressume-flosw conlro

Fig. 168: Hydranlic orewit, simplified version

L=
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In order to tulfil all requirements the
vehicle must be “suspended” in the
chamber. This is achieved with the help
of a special steel structure with two
driving tracks of welded round steel
rads. A net made of steel rope was sus-
pended as a walking area and for the
area around the vehicle. Steel girders
were used as supports with oscillation-
damped bearings on the bare floor.

Suppression  of  secondary  noise,
which distort the measurement resulls,
was the main task of the test stand de-
signier. Thus a secondary controlled hy-
drostatic drive with four-guadrant op-
eration was chosen, and not only
because of the dynamic response and
the fact that the requirements were rela-
tively easy (o fulfil. The loading umit
could be integrated and sound-encap-
satlated into the absorption lining of the
wallzs (Fig. 168). Heal accumulation
does nol occur when the unit s com-
pletely enclosed, as the heal is removed
by the fluid.

Both hydrostatic units are connected
to the drive axle of the vehicle via an ax-
fally moveable intermediate shaft and a
final cardan shaft dove to match the
various track widths. Special ims with
inside bearings ensure through drive
when the vehicle and wheels are sta-
Honary.

The driving simulation of traction
and overrun permils simulation of up-
hill and downhill driving. The energy
requirement for downhill travel is gen-
erated by a primary unit situated exter-
nally from the test stand, both second-
ary umnits being speed controlled.

Uphill travel is carried out by the
secondary units operating as genera-
tors. The energy produced is directed to
the primary side and fed back into the
electrical power arcuit. Recovery effi-
clency is <75 ",

Test stand for a tractor

As with passenger and utility vehicles,
tractors have also attained a high qual-
ity standard and advanced develop-
ment stage. For this reason a well-
known manufacturer of farming trac-
tors ordered a test stand, illustrated in
Fig. 169. The test stand permits exact
measurement of sound emissions on
the tractor as a whole and fulfils all re-
quirements with respect to dynamic re-
sponse, selting accuracy and repetifive
ACCUrACY.

It is designed for a diesel motor
power of 250 kW, that can be deceler-
ated either on its own or in combina-
tiom, It offers the following possibilities:
- all-wheel drive,

- rear axbe drive and

- power take-off.

All hydrostatic loading units can be
driven in four<quadrant operation, The
following conditions must also be ful-
filled:

- It must be operable up to a dnove
speed of 60 km /h, a rear wheel load-
ing of up lo 25 kNm and a power
take-off lnading of up to 2.5 kKNm.

- The front axle unit must be usable on
the cardan shafl without needing to
extend the front axle.

- The tront asle unit must be capable of
carrying out the function of power
take-off unit.

- The units must be accommodated in
the available chamber and be sound-
encapsulated.

- Tractor power must not be "heated ™.

- The test stand must be open and be
suitable for other possible loading
units in other positions.

For reasons of space the primary sta-
ton must be accommaodaled in a sepa-
rate room in the cellar. The secondary
units can be used as hydraulic motors

i, as drive units. When decelerating
they work as generators, the braking
energy of the diesel motor being fed
into the electrical power circuit.

Fig. 170 shows the secondary unit
fora geared rear axle, an additional fly-
wheel, a highlv flexible coupling and an
intermediate cardan shaft, The Aywheel
ts situated in the coupling Aanges from
the axial piston unit to the gear.

lorque transfer to the tractor is by
means of a 25 kKNm coupling and exten-
sion shaft to the support bearings.

The moveable third unit the ™ front
axle and power take-off loading wnit”
can be installed with the mntegral roll-
ing-lifting device at varous posthons,

Axle height can be mfinitely set be-
tween 250 and 700 mm above the
ground, and without a liftimg mecha-
nism, by means of the lifting cylinder

All secondary operations can be car-
ried oul
- individually and in
- in combined manual operation and in-

ter-dependent or
- by computer.

Operation and  monitoring  takes
place at the control box of the test stand
measurement position. For on-site oper-
ation ie. from the tractor itself, a porta-
ble control case offering bmited ndi-
vidual operations and display =
installed in the test chamber.

Detailed monitoring for the primary
station is carried out directly at the sta-
tion control box,

For test purposes the rear axle units
can be driven in speed control, the mo-
bile unit can be either in speed or tonque
control,

To ensure satety of the test stand all
command values and all reaction actual
values, limited in both directions, can
be monitored.

endently,
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Fiz. 170 Secondary unil on the rear axle

Flat bed driving
simulator

Flat bed

known for some time i the automaobile

fest units have been well
industry. They are used as test stands
for tyres and wheel oms, many tests
having been carried out 0 this conbext
Fig. 171 shaws a flat bed unit driven
by a secondary controlled hydrostatic
unit and with an additional servo oylin
der, with which disturbances from the
road are transmitted to the wheel. The
installation shown in Fig. 172 can e
used as a tyre test nig. The wheel is
drven from the main drve belt by toc-
tivmal contact with the tvre. The tvre
held by the loading unit can swivel in
bwio dimensions in relation to the direc-
ton of travel, meaning varous angles
of attack and different king pin inclina-
tions can be simulated when the wheel
is rolling. It is also possible to apply dif-
ferent forces o the Mat bed in order o
simulate any wheel loading required
Ihe disadvantage of this type of tyre
test stand is that no traction or braking
when the

torces can be  simulated

whiels are runming, A factor of consid-

erable significance in tyre testing Is thus
ignored, meaning that realistic loading
conditions cannot be tested

In order for realistic tvre tests o be
carried out, by generating traction and
thrust forces at high wheel rolling
speeds, it 15 possible to extend the test
stand in which the vehicle is driven

The circuit shown in Fig. 173 was se-
lected to minimise the primary energy
requirement. Considerable importance
was attached to energy consumplion in
ttus case. When the vehicle is travelling
at maximum speed practically half the
mustor power is fransmitted by means of
the tyres onto the road, and the tyre
tests extend over a long period of time,
Both these factors mean that the energy
consumption is quite considerable. Por
these reasons enetgy recovery andd feed-
back into the hydraulic ring main, as al-
ready described with the back tension-
ing test stands is, therefore, beneficial
Bath sevondary units on the tyre or,
rather, on the flat bed simulator, can be
either speed or torque controlled. The
tandem version af hydrostatic units on
the flat bed simulator was selected be
cause this version hasa [\.:rlil‘nh‘lrlt Jovw

mertia. This means that rapid change of

lnad, e.g. full braking or changmng from
traction o overrun operation and vice
versa can be simulated without prob-
lem, without the rotating test stand
mass seeming wrong. The rotating mo-
ment of inertia necessary on the braking
side of the test stands can be main-
tamied at a lower level than a mass
equivalent to the smallest passenger ve-
hicle of the manufacturer. In this way
the mass equivalent of the real vehicle
can easily be simulated,

The primary energy requirement, as
can be seen in Fig. 173, is provided by a
single oil supply. Connection o a cen-
tral oil supply, if one is available, is also
possible, especially as such a svstem o
day can be driven a1 250 har almost
without exe epiion

The basic flat bed unit can be ox-
tended by coupling two flat beds to-
gether and connecting to an axle test
stand. By using tour tlat beds a road can
be simulated in the laboratory. This is il-
lustrated m Fig. 174. A complete vehi-
cle, securely fived about its centre of
pravily or by another suitable method,
can be buill. With centre of gravity
mounting, the vehicle is fixed in posi-
tiort on the test bed such that its move-
mant in the vertical, sidewavs and lon-
gitudinal direction is nol affected.

his simulation offers the following
advantages over actual road driving
condibons:

- It is independent of weather and trak-
fic conditions,
- Test conditions can be reproduced,
Mo instruments need be built into the
vichicle,
Test resulls are not infuenced by the
weight of the measurement devices,
- Direct evaluation of dala,
- Yehicle and units can be abserved al
maximom speed and
- Constant test conditions

The flat bed test stand of another au-
tomobile manufacturer, as shown in
Fig. 176, is used primarily to test and
improve on vehicle comtort. The dy-
namics of vehicle movement are also
lested. Stability tests, especially endur-
ance  fatigue tests, do not constitute
part of these tests.



'he complete road testing of o car
can then be carried out al "speeds” up to
250 km/h with the vehicle still in the
workshop, Particular attention  must,
however, be paid to the drive and brak-
ing systems, as the speed of all four
conveyors must be exactly the same
For this meason once agam secondary
control was used which could be con-
nected to an available central oil supply.
Highest priority was given o the test
siand functions of vertical, longitudinal
and sidewavs dvnamics. This enabled
the vertical movement operation lo be
transferred from the servo oyvlinder 1o
the moving convevor belt

In order to fulkl this task, the con-
veyurs are equipped with contact-free
bearings. Due to the better damping of
hydrostatic bearings as opposed to air
bearings, the carrier bearings are manu-
factured on a water basis. In order (o be
able to reproduce driving round curves,
the twa front units can be swivelled

D o the need to swivel the tracks,
the choloe of suitable drive molors was
not solely dependent upon good dv
namic characteristics and smooth run
ning over the whole speed range. In ad-
dition the motors must be light and
compact (Fig. 175)

CUmne main argument for the use of
modern test stands is the economy as-
pect, as both time and money savings
are made

Further advantages are the good
comparability of test procedures and
ease of parameterisation

If we were 1o compare the test re
sults using a test stand with those car-
ried out under real driving conditions,
we would see that the test stand results
would be more accurate than those car-
ried out on a manually controlled test
vehicle with its much poorer reproduc-
ibility, Only the use of "driving robots”
wiuld improve accuracy

One final thought emphasises the
superiority of modern test stands. If op-
timisation in the development of partic-
ular vehicle components needs o be
changed, such as transmission condi
tions, efficiency levels or Aexibility, then

this type of test stand can be adapted as

Fig. 171: Flat bed test stand

Fig. 172: Flat bad unit in a tyre test stand

Flat bed driving simulator

139
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Fig. 173 Hydraulic circuit, simplified

required and in the shortest possible
time, simply by ¢hanging the parame-
ters either on the operating console or
in the computer. In order to achieve this
in road tests components would have to
be chamged, costing considerable time

anud pimsey

Figg. 175 Part view of flat bed road to Fig. 176
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Fig. 178: Flat bed road

Summary

Un the basis of the application exam-
ples selected using test and simulation
technology we have demonstrated that
secondary controlled hydrestatic units
can be used together with compulers in
test procedures to simulate driving con-
ditions, These test procedures permil
the integration of vehicle components
on the test stand into simulation svs-
whereby  the

temis, Il.l|'||['l."r|t"|'|1'- nust

available as real parts can be stmulated

mn their dynamic characteristics on the
test piece components. This permits the
effects of change between test piece and
the complete system to be considered
even if the test piece components are
the only ones available as real parts

Creer 100 Lest stands are now in op-
eration, and so far no problems with re-
spect to dynamics have arisen, and all
requirements hiave been fulfilled

This has resulted in secondary con-
trul achieving recognition in the last
tew years in the held of hydraulic con-

trol svstems, where specific demands

need to be met. System costs have thus
been reduced around the primary sta-
tion alrcady available, which then
again means continued .|l~:'|||..~I|-'-r| ot
this lechnology in the future, in auto-
matin for I."\..'I.'IIE'lll.'

Other featires and advantages arns-
ing from this new control technology
which must not be forgotten, include
system momtoring and diagnostics
emergency control procedures, priority
control for when reguired, monitoring
of components and load collective mea

surements
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Low Loss Controls in a Hydraulic Ring Main
System with Impressed Pressure

Low loss power take-off from a hydrau-
lic ring main system with impressed op-
eraling pressure is best achieved with a
rotary drive with variable hydrostatic
units which can be swivelled "over cen-
tre”. Utilising such devices, four quad-
rant operation 1s possible in open circuit
configuration.

However, fixed displacement units
can also be connected to such svstems,
For this, it is necessary to make cortain
changes to the circuit as can be seen in
Fig. 177. A fixed displacement unit (1} is
coupled 1o a lacho-unit (2) in a conven-
tional manner. The speed informaltion is
achieved by flow control {3) and the di-
rectional control by means ot dimec-
lional valve (4). Between the pressure
ling and main actuator, a 4-way propor-

-
o

Pilot ol

Fig- 177: Fived displacement unit in a system

with impressod pressuee

tional valve (5), piloted via the tacho-
unit circuil, is mstalled. The propor-
tional valve now controls the pressumne
difference at the secondary unit depen-
dent on the external torque applied to
the unit, so that the pre-set speed set by
the Aow control can be maintained. The
pressure difference between the system
pressure and the actuator pressure is re-
duced at the proportional valve. Regen-
erative braking vperation is also possi-
ble with this circuil. The losses ane,
however, higher than with a varable
unit having over-centre controd, due 1o
the existence of the throttling valve in
the energy flow line

e same problems ocour in a cykin-
der control in the same type of system,
as the most effective solution myvolving
steplessly changing the piston area is

Fig. 178: Trarslatory
K

hydrostatic drive;
pump controd (flow

coupimg)

technically not possible. Three possible
cvlinder controls are shown in Fig. 178,
Fig. 179 and Fig. 180. Fig. 178 shows a
flow coupled svsterm with control being
achieved via the swivel angle of the
pumps. Energy recovery is possible
when the cylinders are being retracted.
This energy is returmed o the electrical
power lines, Fig, 179 shows a system
with Aow coupling by means of propor-
tional valves. These take their power
from pressure compensaled  pumps,
The power loss here is dependent upon
the pressure drop across the propor
tional valves. In the partial load condi-
tion, with high performance devices,
this can be extremely high.

The most expensive, but at the same
tume the system with the lowest losses,

is the system with pressure coupling

-

Fig. 179: Translatory
hvdrostatic deives cvl-
inder contral (con-

stant pressune system)
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and hvdraulic transformers shown
Fig. 180, In this circuit the losses are de-
pendent solely on the efficiency of the
transformers. This solution is, however,
only economic when high-power and
large units are to be employed eg. on
very large excavators or presses. As the
cylinders arce retracted, the potential
and kinetic energies are stored in the ac-
cumulators in the common  pressure
line: The conling power which must be
installed is very much less than with
throttling control.

The hvdraulic transformer consists
of a speed controlled variable displace-
ment molor with one or more hydro-
static units of fixed or variable displace-
ment. The wnits are coupled 1o cach
other and there s no mechanical input
or output drive. The speed is pre-set by
means of the secondary controlled unit,

Fig. 161 shows two possible cvlinder
circuits for connecting cvlinders to a
svstemn with impressed pressure. These
show a single acting cylinder with load
in one direction and a double mod cvlin-
der with allernating loads.

When the single acting cylinder at
the top of the illustration is extended, a
speed command value is given to the
tacho-anit which in tum acts as a speed
control for the cylinder. The fived (or
variable) displacement unit acts as a
pump, the pressure output of which is
dependent upon the load of the cylin-
der The variable unit, acting as a mofor
whilst the cylinder is being extended,
matches its displacement to the cylinder
loading and the pressure available in
the power line working under second-
ary control, so that the command speed
of the cvlinder is attaimed. When the
cylinder is retracted under load, the
function of the transformer is reversed.
I'he variable unit works as a pump and
delivers fluid back mto the pressure
line. At the same time, the speed set at
the tacho-unit once more acls as a speed
control for the cylinder. The energy re-
cowvered can either be stored or trans-
ferred to other actuators. The tacho-unit
may be either electrical or hydraulic in
this circuit.

The reversal of the cylinder move-
ment can either be achieved by revers-

.
o

;
e

Fig, 180 Transiatory
hvdrostatic drive; sec-
omdary contro] [pres-

wure coupling)

ing the direction of rotation of the trans-
former or by reversing the swivel angle
of the output device of the transformer,
if this is a variable displacement unit.
As reversing the swivel angle is much
faster  than reversing the complete
transformer, this i the preferred
method.

Fig. 182 shows the design of a hy-
draulic transformer using  standard
swashplate axial piston units. The de-
sign requires neither input nor output
drive shafts as the drve shatts are con-
nected together by means of a coupling.
The tacho-unit is connected to the
through shaft of the unil. If requred,
the through shaft of the fxed displiace
ment unit can be used to drive a second
actuator. An extra load can thus be
powered in a simple manner from this
point,

MNormally, both axial piston swash-
plate units are selected 10 have the same
displacemenl. However, as these are
standard units, any required combina-
tion of units can be selected to suit the
application, the operaling pressure of
the fixed displacement unit and the op-
erating conditions, This means ffec-
tively, that the transformer can be oper-
ated either as a pressure transformer or
as a Now transformer.

As no external mechanical connes-
tioms to the transformer ane required,
the bent axis design of the unit can be
simplified as may be seen in Fig. 183.

o dne

Fig. 181: Cvlinder control with hydraulic
IraTSTTITET

The drivee shafis of the two units
may be connected to a common drive
lange fixed to the housing and which
also carnes the gear drve to the tacho,
As the pistons operale in opposite di-
rections, bearing loads are substantially
reduced. This also has a beneticial effect
on the bearing life.

In addition, the axial dimensions
and also the manufacturing costs are
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Fige. 182: Hydraulic transformer with swashplate units

considerably reduced. Any  reduction
in manufacturing costs must also have a
considerable influence on the range of
applicalions of the unit, making it more
economic for lower powered applica-
tions,

As vl this transformer has not been
constructed

It. however, the application of a hy-
dravlic transformer s not possible on
economic grounds, the cheaper circuit
shown in Fig. 184 can be employed.
Onece more, the cylinders are operated
from a svstem with impressed pressure
onto which a number of units are con-
nected. These units can operate cither
as generators or motors,

An intornal combustion unit drives a
pressure controlled axial pision unit
with a mooring type control (mooring
contrel means a two-gquadrant drive
system in one direction). A metering

pump (13) is also driven by the engine
to control the speed of the ovlinders
The cylinders are single acting, the pis-
ton rod side being pressurised.

Only one cylinder at a time can be
controlled by the metering pump, the
piston speed being determined by the
motor l'-F‘l.'I."".'] and the swivel angele of the
metering unil.

If the pressure at the actuator side
(V] 15 lower than the system pressure
{H) when the cylinder is extending, the
melering unit acts as & motor and
drives the engine. Il the prossure is
higher, the metering unit acts as a
pump, thie extra provweer bz taken
from the engine
thi

proviess is reversed, Energy 15 recovensd

When the cvlinder is retracted

as the engine only needs to make up the
difference in pressure between (V) and
(tH) on the diagram. The engine is also

driven when the pressure (V) on the ac-
tuator side i1s higher than that on the
system side with impressed pressure
(H). Tf pressure on the actuator side (V)
rises to the level of the maximum per-
missible value, a pressure switch oper-
ates the directional valves to unload the
annulus side of the cvlinders to tank.
I'his hias the effect of reducing the pres-
sure by the ratic of cylinder areas. 1f
maore energy s returned to the system
than the hydraulic accumulators can ac-
commuodate, the axial piston unit with
pressure control and the mooring con-
trl feature then drives the enging with
up to 30% of its power rating. Only af-
ter this time is it necessary to convert
the extra energy into héat,
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Fig. 183 Hvdraulic transformer with benl axis

Slew TFurther
actuators

umits

Y~
s J H
" e
B =
-
- |
=iy Fo= =23 e,
" £
- y o
L e
1 —
~
" *

Service hvdraulics

J)

1M

Internal combustion engine

ok

L

S 4

 AXT
=

%‘ ! i}}ww‘rl

Pressure compensator and mooring control

Fig. 184: Hydraulic cvtinders m a svshem with impressed pressure




A cylinder drive for an
oil well pump

A well known feature of underground
oll wells are the "nodding donkevs"
{Fig. 185, so-called due to their regular
nodding moverments that are reminis-
cent of a donkey. These work hard
pumping the vil from deep in the earth
Ihe “nodding beams”’ of these ma-
chines, which are connected to the
pump rods, are electrically driven via a
pulley, a belt drive, a gearbox and a
connecting rod. The weight of the
pump rd is partially counterbalanced
by a counterbalance weight. The veloc-
ity of the pump rod changes with the
angle of the connecting rod in a sinusoi-
dal manner throughout the cycle.

The need for greater flexibility in
meeting the varying operating condi-
be achieved with
this type of drive. In view of this, a di
rect hydraulic drive utilising & hydrau-
lic cvlinder was offered (Fig. 186). The
hydraulic cvlinder drives directly onlo
the pump rod and, with the exception
of the short reversal fime in the upper

bons cannot casily

and bottom dead centres, remains con
stant throughout the stroke.
The conditions under which a crude

oil pump must work are dependent
I |

Fig. 185 MNodding donkey pumps

upon many factors including the viscos-
ity of the fluid to be pumped, the quan-
tity of water and sand present, the con-
dition of the bore hole and the gas
pressure

To this are added the problems of
pumping very heavy oils. The pumping
operation occurs when the pump rod is
rising. On the down stroke, the pump
chamber iz filled.

If the down stroke occurs faster than
the pump can fill properly, poor filling
will occur. These problems are particu-
larly acute in new boreholes where con-
ditions are completely unknown. Flexi-
bility s therefore paramount
Mechanical drives operate at the same
speed in each direction - they have no
choice. The maximum cyele rale there-
fore depends on the maximum down-
ward speed. Under certain conditions
this can be very slow. The hydraulic
drive permits independent selection of
very slow downward speed and the
correct pumping specds. This means
that the lower cycle limes can be
achieved under otherwise identical con-
ditions,

A further advanlage is that the
stroke of the hvdraulic unit can be var-
ied by simply resetting limit switches
T'his can be done to reduce production
from the field without needing to stop

A cylinder drive for an oil well pump 147

the pump which would otherwise lead
tor the bore silting up.

When the drive was designed, the
possibility of recovering the potential
enefgy of the pump rod durng the
downward motion could not be over-

looked, 1f all these requirements are

Fig. 186! (%] well pump with hedraulic oyl

inder drive
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gathered together, it becomes apparent
that a svstem with secondary control
with energy recovery from a hvdraulic
transformer would provide the ophi-
mum solution (Fig. 187)

The single acting cylinder (1) is
driven upwards by the hydraulic trans-
former (2) which also refurns the poten-
Hal energy to the accumulator (3) when
the rod is travelling downwards. On the
next upwards stroke, this energy is re-
ustd and any losses made up by the
electrically driven, pressure compen-
sated pump (4). The speed of the trans-
former and thus the speed of the cvlin
der is determined by the hvdraulic or
electrical tacho-unit (2.1). The cylinder
is reversed by changing the direction of
the hydraulic transformer or by moving
the unit on the cylinder side over cen
tre. The installed electrical power was
35 kW. This only covered the power ro
quired to pump the oil or approxi-
mately 50% of the power required dur-
inge the pumping stroke.

I'he complete installation is shown
in Fig. 188, The hyvdraulic transtormer
can be seen in the foreground. It con-
sists of 2 tandem units - a total of four
axial piston units type A4VS0I125, To
the right, on the through shaft of one of
the units, the tacho-unit can be seen - a
6.5 am” gear pump. The manifold with
the controls tor direction and speed are
mounted on the bellhousing

All components are easily accessible
and understood and have fulfilled the
requirements of
- long service life working on a 24-hour

basis
- extreme reliability under adverse con-

ditions and widely varving tempera-
tures and
- gasy operation and maintenance

Another, somewhat modified solu-
tion for an oil well pump drive is shown
int Fig. 189. Here the transtormer pring-
ple s converted down to a certain ex-
tent, although recovery of the potential
energy is completely retained. In this
way thie primary energy consumption is
still low as with the previous example
and remains virtually constant during a
complete cvele.

Ihe speed of the shaft, which con-

sists of an electric motor (1) and the two

L)

Fig. 1588: Pawer unit lor an ofl well pump

tandem axial piston units (21 and (3], re-
mams constant, Both wnits swivel over
centre and can therefore operate alter-
nately as molors or generators.

O the down stroke unit (2) operates
as a hydraulic motor, drives pressuare
compensated axial piston unit (3),
which operates as a pump. The poten
tial energy from the rod is stored n ac-
cumulator (8) for reuse dunng the next
pump stroke. With this stroke the tan-
dem units reverse their operation. The
apwards and downwards speed of the
cylinder can be selected for optimum

pump operation. For example, to

¥ Pressure contrm
" Pilet press, dependent

|'|'l'|lhIH"III|:.!IIJ|"rh|‘

achieve good filling a slow downwards
stroke must be aimed at, whereas pump
movement must take place quickly
Changing direction is effected by
means of a ramp and is therefore corme-
spondingly gentle. o undesired peak
lnads will occur, nor will there be any
mechanical overloading of the piston
rod, This is a major advantage of the hy-
draulic drive over the mechandcal drive.
With the latter jamming may occur
briefly during the downward stroke,
caused by the penetration of sand for
example. The drive does not recognise
this and the result will be buckling of

the cable with sudden tightening at the
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beginning of the stroke. This in turn can
lead o damage of the piston rod and fa-

bgue fractures

This problem does nol occur with a

hydraulic drive, as any jamming inter-
rupts cylinder movement However, as

axial piston unil (2) is still set o the

down stroke, the Aow that it requires
will be sucked via valve (7). If the down
stroke is not completed within a given
time, indicated by limit switch (10b), a
message will be sent to the PLC and
pump operation will be stopped.

The advantages, referred to the ser-

vice life of the piston rod, have o be

considerable in the eyes of the manufac-
turer, as any exchange of faulty piston

rods not only hinders produaction, bt

also means high repair costs,

All drive components as shown in

Fig. 189, with the exception ot the [ W Pressaane condel,

ting cvlinder, are accommodaled in the remnte controllable

drive unit (Fig. 190). The operating pa- " Hydmulic positioning devicn
rameters such as the pre-setting of lit- with proportimnal valve

ting and lowering speeds can be modi-
fied by means of a built-on console or
from a central moratoring station., The Fig. 184%: Switch cirowit of drive for an odl well pump
electrical signals introduced into the sy-
st influence the swivel angle posttion
and thus the displacement of the elec-
trohvdraulic positioning device of axial
piston unit (2). Remole control permils
IIPEIII'I'IUI'I'I \'IPL"!'ﬂ.llﬂ;L‘, condifions to HJ:"‘F"I\-
for the pumping operation, these de
pending on the degree of viscosity of
the ail.

Fig, 190 Power unit with bydraunhic accumulator for oil well pump
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Energy-saving circuit
concepts for presses

Developments in hydrostatics have, in
recent years, o a considerable extent
been concerned with improving energy
usage and reducing power losses.

This has Ted o increased use of dis-
placement control, in order to prevent
throttling losses which oceur with valve
control.

The construction of presses could
not apply this concept. Cylinder contral
used in conjuncltion with displacementl
control in a constant pressure system s
effected by throttling the operating
pressure by means of proportional or
control valves on the load pressure
which is determined by the cylinder
loading, The ensuing throttling losses
are converted into heat. [t is techmically
not possibile to recover energy from the
actualor and feed it back into the sys-
tem.

Throttling losses can be reduced by
implementing displacement control and
this will bring about nol only a reduc-
tion in prmary energy requirement and
cooling capacity, but in certain cases a
considerably lower pump capacity may
be selected without its affecting the cy-
cle time of the pump.

Energy recovery is of great mmpor-
tance as seen in the example of o deep
drawing press.

In the usual circwit (Fig, 1910 the hy-
draulically driven die cashion cylinder
i brought into the starting position by
means of a hydraulic variable displace-
ment pump. The holding pressure dur-
ing the working stroke can be pre-se
lected al the pressure relief valve. When
the die cushion cyvlinder has attained
the end position the hydraulic pump
output will reduce lo zero. After the
press shide has been placed in position
the down stroke will commence by dis-
placement of the oil, and the pressure
value set at the pressure relief valve will
be requested. The energy produced will
be converted into heal, the pump oper-
ating in idle Tunning for this process

Fig. 192 demonstrates how the en-
ergy balance can be improved.

The upwards movement of the pres-
sure pad progresses in the way de-
scribed via the pump flow at a pre-de-

=
n!
u j

¥ Hydraulic pesition dependent
positioning device

Fig, 191: Conventional deep drawing priss

without energy recovery

termined speed. On reaching the end
position the positioning device of the
hydraulic pump is swilched over from
flow control io the superordinate pres-
sure control in two-guadrants (mooring
operation). When over centre moves
ment occurs in the same direction, the
direction of flow and torque will
change. After the press slide has been
placed in position the hydraulic pump
guoes over to motor operabion on start-
ing the return stroke, and on maintain-
ing the pre-sel operating pressure forces
the electric motor to act as a generator,
The energy produced is stored and
fed back inte the electrical power lines.
Another example of energy recovery
with the same type of deep drawing
press is shown in Fig. 193, in which the
electric motor has been replaced by a
secondary controlled hydrostatic unit.
Both slide and die coshion cylinder
can be muwed imdependently of each
other. The two hydraulic pumps (2) and

-

¥ My rautic sorvo adfustrent with
o el

Fig. 192: Convamntional deep drawing press
with ENETRY recovery

(31 swivel out in both directions and are
therefore suitable for encrgy recovery.

If the press slide on its downwards
stroke does not come into contact with
any solid material, the potential encrgy
af the slide will be converted into elec-
trical energy by the secondary unit (1)
which is operating as a generator. When
the press operation commences the sec-
ondary unit (1) acts a motor, The electric
muotor diows nol need to produce the Lo
tal penwer, as the hydraulic energy of the
die cushion cyvlinder is also fed mechan-
ically into the secondary controlled cir-
cuil.

If the possibilities offered by second-
ary control are fully exploited a further
simplification can be achieved on the
primary side (Fig. 194). As the circuit
tor buth press shide and die cushion eyl
inder is pressure controlled, both cir-
cuits can be directly joined, saving on
one hydraulic pump. This does, how-
ever, restrict the press sequence. All
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Y Pressure control

U s control

* Hydractic servo adfustment with pressure control

Fig, 193 Deep drowing press with secondary controlled slide

movements can still be carried oul com-
pletely  independently of each other,
withoul any inderaction,

The energy recovered from the die cus-
hion evlinder is fed to the secondary unit
withoul conversion. By eliminating the
comversion the energy recovery level is im-
proved skl further, This arouit design
leads v considerable savings on primary
side capital costs, It does, however, make
sense it the counter holding pressure does
not need to fall biedow a specific value, as is
the case in certain applications.

If the counter holding pressure is too
low, the secondary unit must be of a
larger design. the advantage on the pri-

mary side being compensated under
certain condilions.

Several energy-saving circuit de-
signs are described here, using hydrau-
lie transformers in the manufacture of
presses. Fig. 195 shows the application
of hydraulic transformers in a deep
drawing press, whose slide (1) is
moved by two or more double rod oyl
inders (2), Double rod  cylinder (4)
warks as a rapid traverse cylinder,

The transformers can carry oul an
additional task. In addition to position
or pressure control they can assume the
synchromsation operation with multi-
ple axis presses.

Fig. 194 Deep drawing press. secondary comtrolled

With this circuit variant the press
cvlinders (2) are pre-tensioned at both
ends 10 o high pressune level The press
slide attains its force as a difined Mow is
drawn via the transformers. Due to the
virtual constanl pressure level displace-
ment losses are to a large extenl pre-
viented. Another advantage is that the
prevailing direction with rapid traverse
takes place with shorl-circuiled cham
bers. Pressure peaks such as with valve
conteol do not occur.

Energy recovery is here once again
of prime mmportance. During one sec-
tion of the down stroke the potential en-
ergy of the press slide is converted by
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means of the ransformer into hvdraulic
energy. After placing the slide in posi-
tivm on the workpiece, when the press
stroke commences the energy produced
at the die cushion cylinder (3) is recov-
ered via the primary side mechamnical
equipment, reducing  the energy  re
quirement on the primary side.

Circuits of this type enable the man-
ulacturer of such a press to reduce the
electrical power required by approxi-
mately one thind compared o that re-
quired by valve controlled presses.

The circuit design as shown in Fig,
195 will change if the pull-back cylinder
is of single rod rather than double rod
design. This is llusirated in Fig. 196. In
order to achieve a closed cirouit for all
cyvlinder movements, a direct hydraulic

Low Loss Centrals in 8 Hydraulic Ring Main System with Impressed Pressure

coupling with two single rod pull-back
cylinders (5) will not be possible, due to
the equal areas of the press cylinder (41,
I'he rapid traverse speed must therefore
be carried oul by the transformer (13),
One of the units {13.1) is secondary
controlbed and is connected to the impres-
sed pressure system, whereas the second
umit (13.2} controls the pull-back cylinder.
[he second transiormer (130 mow
controls the rapid traverse down stroke
and also the returm stroke. During these
movements both areas of the press oyl
inder (4) are short-circuited via valve
(6)., The transformer is installed soch

that after opening the safety valve (14)
the potential energy of the press slide is
recovered, as the unit 113.2) is working
as a motor,

The circuits shown in Figs, 195 and
196 can be simplified considerably if
single rod ovlinders are used for the
press and pull-back cvlinders (Fig. 1971,

As this circuil is of considerable im-
portance it is now described In greater
detail.

The hydraulic drive system consists
of a pressure compensated hydraulic
pump (1), an impressed pressure svs
tem because of the accumulator (100, a
transformer (3), press cyvlinder (40 and
the two auxiliary cylinders (5) for the
return stroke. Two variable displace-
ment axial piston units in swashplate
design, mechanically coupled together,
are used as transformers. Both unils can
be operated as generators or motors
The first hydrostatic unit (3.1} is con-

-
il ;ﬁ /
3
by o | g
’r
/]
+
O=: O
1 Secomdary control

A Prevsasn congnil

1 Hydraulic servo ad fustmen] with presse conieol

Fig, 195: Hydraulic press with transformer and double rod cylinder



nected 1o the impressed operating pres-
sure, It operates under secondary con-
trol, whereas the second (3.2) contruls
the cvlinders. This circuit is designed so
that the transturmer only has 1o draw
energy from the main supply that is re-
quired for the press cyvlinders e the
hydraulic and potential energy produ-
ced by the press and fed back into the
pressure system. For this reason no
throttling elements are mstalled in the
energy transmission lines, all control
vialves being 2-way cartridge valves
with open and close functions

The complete press cycle of rapid
traverse, the press operation, decom-
pression, rapid return travel and flus-
hing of the operating medium, is car-
ried out by a single transformer. The
speed of the press cylinder is determi-
ned by the variable speed of the trans-
former and the vanable displacement
which also determines the direction of
mveTenl.

The two awaliary cylinders are re-
quired in closed circuit pperation du-
ring rapid traverse and the press opera-
tion to effect movement of the press

Enargy-saving circuit concepls for presses
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ram. I'hese are designed so that the an-
nulus area of these awaliary cylinders,
together with the annulus arca of the
press cvlinder amounts to approxima-
tely the same value as the piston area ot
thee press cylinder. A slight area overlap
ot the annulus side i= aclually desirable
under certain conditions, in order to
compensate for external leakage of the
unit (3.2,

)\t (2]
Ava
\r 7 g
i (J) ¥ )
'o
L
131
P ’
142 — 141
g-t: e
§ Li)
5 Py —
| SR
L ¢ 4

I Sacomdary contrul
2y Iyatristrbie ssorva adjustment

# Pressire omtrol

Fig, 196 Hydraulic press with transformaer and single rod evlinder
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Function of the press cycle

When setting up the press for rapid tra-
viorse the short-circuit valve (6) is swit-
ched to through travel and the annulus
area and piston area of the press cylin-
der are connected to each other. The
vperating pressure that is generated by
thir pressure compensated hydraulic
pump is fed via the check valve (7) as
pre-fensioning pressure (0 both cylin-
der areas, This pressure is then direciod
to the annulus areas of the auxiliary cv-
linder via 2-way cartridge valve (8) and

fy

the pilol operated salety valves (9.1)
and (9.2)

With the equal areas of the cvlinder
group and -I.|ri|.'-n=l|r_|,' transtormer or
with the onit (3.2) mtaling at zero
stroke the press ram will be in the resi
position

If the transformer is now activated
and the hydrostatic unit (3.2}, whach is
operating as a pump, 15 swivelled out,
Howw will be directed from the auxiliary
evlinders via the hydraulic pump to the
press cylinder, which will be moving ra-
pidly downwards. The Quid will flow

via short-circuit valve (p) from the an-
nilus side to the piston side of the press
cylinder On
press operation the required speed will
be set, The external loading will effect a
pressure  difference on the cylinder
areas, and the short-circuit valve (6) will
automatically close, The shorl-circuil
valve has here the funchon of a check

commencement of the

valve, The transiormer unit (3.2) now
controls the flow of all annulus areas o
the piston area of the press cylinder and
the operating pressure in the cvlinder
chamber will rise,

;.

\?
$

12

=

T

S

Pt
'

I
i ﬁ
U

t 9.2

Qél}

O

Oéﬂ

91

" Secondary control
B prevsaare comerol
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g, 197 Dieep drvwing press with transtormer and retaining ovlinder



Atter the pressimg |_||_1|;'1'..'=11|._-r| 1= CUITE-
pleted the fuid will be decompressed
by means of the transformer anit (3.2)
which now drives the generator unit
(3.1) a5 a miolor.

The energy recovered is stored in the
hydraulic acoumulator (10) for later use
The same occurs il the potential pnergy
from the press ram during the down
stroke permits the unit (3.2) to operate
a8 8 mobor

Apart from flow losses, as only a
small guantity of fhud will flow from
the impressed pressure to the cvlinder
crcuit, the temperature of the operaling
mgdinm must be controlled by a flush-
ing process, when the press ram is sta-
tionary for example. The reversing
valve (11} will thus effect a tempera-
e ||'.'[1L'1u|r'|al metered flow to the
tank. This volume will be replaced by
fresh oil by means of the check valve
{7

This flushing process can also be car-
ried out during the press operation i re-
quired, for example it during decom-
pression the medium MQowing back via
the umit (3.2) is directed not to the annu-
lu= area, but by means of valve (120 into
the low pressune circuit of maximum 5
bar, and from there to the tank

Here agiain backteed 15 automatic via
check valve (7)

Fig. 198 shows the operaling side of
a deep drawing press that has been
modified by installing hydraolic trans-
formers. The press ram is moved by
four single rod cyvlinders situated in the
comer arcas. As the ram has by carry
vut large vertical strokes, the rapid clos-
ing moverment s carmed oot by dead
weighl. The excess energy produced is
fed back into the pressure system. An
wther feature is that the press table is
driven by three die cushion cvlinders
All seven cvlinders are controlled by
transtormers (Fig. 199) and are con-
|'.\"'l.'|.l'L1. by & Coammsin ]1n'l--11r1.' ‘-',‘:-fi'r'l'l h_'n.
means of secondary controlled wnils
Pwir pressure compensated axial piston
units are installed on the primary side

During stroke movemenl the speed
of the transtormers remains constant
and movement s comtrolled exclusively
by means of the swivel angle. The fluid
takerr from the lower cylinder chamber
i= feud to the upper end of the cylinder
and complemented by a corresponding
tlow trom the common pressure system

Downwards movement. which will no
longer be parallel due to unequal forces
placed an the ram during the press op-
eration, is recognised at the ovlinders
and compensated for via the measure-
ment svsiems

The pressure decrease in the lower
cylinder chambers permits an operating
prossure system with a high pressure
level, offering economic energy oo
erv. In this way power peaks are easily
catered for. As the energy in the lower
cylinder chambers can be recovered, th
installed primary power can be consid

erably reduced from that reguinsd in

conventional valve technology. The ram

___Function of the press cycle 1

&n
&n

is maintained i oa parallel position
without the need for separate counter-
balance holding cvlinders or any other
mechanical components, and there = no

ram force lost

Fig. 198: Modified deep drowing press with hvdraulic trunsformers

Fig. 1%k The hydraulic transiormer of the press o Fig, 195
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Summary

In this chapter various possibilities for
energy-saving control of hydraulic cy-
linders in a hydrostatic system with im-
pressed prossure have been introduced
The hvdraulic transformer plays a si-
gnificant part, as it permits both cylin-
der contral without the wsual throttling
losses, and also enables encrgy to be re-
covered from the hvdraulic cylinder
and fed back into the pressure svstem.
The vanous diagrams show (ransfor-
mer circuits for different ovlinder types
such as those with a single rod, plunger
or double rod.
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The Speed-Variable Electrical Drive

Introduction

In electrotechnology 120 and  three-
phase AL, motors are used for speed-
variable drives,

Electrical energy is normally gener-
ated in the form of a three-phase AC.
current. The direct generation of a 1.0
current i limited 1o special cases. In
Germany, however, around 25% of en-
ergy generated is required for DAV ac-
tuators, therefore provision must be
made in the supply network o convert
the available A.C. current into a D.C.
current.

Even a speed-variable AC. motor can-
nol manage in the mtermediate circuit
without a DUC. current,

Considerable  wechnological advances
have been made in recent vears with re-
spect to the conversion of 1.C. current
intop AL, currenl. Development has
progressed from the rotary ranstormer
via the static mercury vapour converter
with electronic control through to the
semiconductor rectifier. The latter is su-
perior to all other types of transtormer,
The technical possibilities of its devel-
opment have as yet been nowhere near
exhausted.

Although the stalic-converter fed
three-phase AC. motor has become
much more common, the D0 motor
has still retained its importance due to
its good characteristics. 1t can be:

- dvnamically loaded up to three
times the nominal torgque,
- reversed for shorl perinds,

speed controlled in the ratio of -

1000 and it also has
- torque uniiormity with a 2% iregu-

larity at appros. 10 rpm.

However, because of the increasig
importance  of speed-variable  three-
phase motors, those versions which

Fig. 208 Hasic circuit diagram of a power
CONVETter

may be used in all forms will be de
scribed here:

three-phase  asvnchronous  motor
with cage armature,

- three-phase  asynchronous  motor
with slip ring,

- continnously  excited  synchronous
mictor,
rotating  rectifier-excited
nisus motar or
- reluctance molor
The speed charactenistics of an asvn-
chronous motor can be described as fol-
lows:

synchr-

F
ne=—ua(]-=g]

2

The speed can be varied by means ol
the following values:

rolating speed # of the rotary field

with the output value stator fre

iuency f, and
- slip # between rotary field and rotor

with the output values stator flux o,

rotor voltage Uy and torque M with

asynchronous motors.

Al constant stator frequency f,| and
constant number af pairs of poles p the
asvnchronouws molor can only be con-
trolled via slip 5. Special measures are
necessary for this in the rolor crowit
such as the switching in of resistors or
the generation of a counter voltage
Leakage-free control is, however, only
possible via a change in frequency of
the stator voltage,

In a similar way the power of the
three-phase: motor is detrimentally in-
Muenced by the slip and the rotor resis-
tance R Ilere too the stator frequency

and the rotor standstill voltage U must
be varable:

u_'
M-g=es-1,49.

e

# = apewd in rpm

f trequency in 1/ s

¥ = tiambser ol puies of puoiles
M = bergue in Nm

: siip

T4 = TUfAr cuerrend i r\”I

It = sbabne Muw @ - =~ inVs
Tidex | = stator size 1

Incdex 2 - rofor stee

The characteristics achievable with
the asynchronous muotor are compara-
bl with those of the 100 molor

As can be seen from the torgue equa-
tion, the torgque progression can only be
influenced by voltage.

The torque 15 formed from the prod-
uct of stator flux & and rotor current 14.
The stator flux is proportional to the
vollage and period, and the rotor cur-
rent is also influenced by the slip. In or-
der that the torque be sustained via the
frequency  during speed control, the
maximum value of the magnetic flux
must alsoy be sustained, in other words
the quotient LU,/ f, must be kept con-
stant. The static frequency converter is
used for this. This is connected to a
three-phase mains supply and the van-
able values are fed to the rotary field
motor via a 120 intermmediate circuit
(Fig. 200).

Basically the functivn of a frequency
converter & to convert a fixed three
phase mains supply inle a variable DLC,
voltage intermediate crouit, which is
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theen reconverted into a threo-phase cur-
rent, but this ime with constantly vari-
able frequency or speed. The three-
phase mains supply is de-coupled trom
the motor circait via an intermediate
clircuit

The intermediate circuit frequency
converter can be designed elther with
impressed 12.C. voltage or with im-
pressed D.C. current (Fig. 201),

The term “impressed” for fow and
operating pressure, which is also used
in hydrostatics, is borrowed from elec-
trotechnology.

An important feature of the fre-
quency converter with an intermediale
circuit 1s the inductor used for de-cou-
pling the power converter from circuit
and molor, which occurs not without
losses, The inductor must also compen-
sale for the power factor of the motor

Frequency converters with voltage
intermediate circuil are also character-
i=ed by capactors in the intermediate
circuil. In hydraulics an accumulator
would be installed here.

The motor power converter distrib-
utes the impressed D.C. current or D.C.
voltage in the cvele of the required fre-
quency between the three motor lines,

In general an AC. current is an in-
terlinked  three-phase  current.  With
symmetrical loading, voltage and cur-
rent can be shifted in opposition to each
other by 120" with respect to time, the
sum of the instantaneous values of volt-
age and current being equal to zoro. The
three phases are mterlinked m star or
star-delta connection, with or without a
centre conductor.

In a 1. crcuit the power output
from the current source is the product

Loprat Chatput Input Outpui
Bl = B Pap - A
Erad s sl s
T = Sl | F = 3-}—7

e AR 1

It

1 Controlled nectilies
2 Intermediate circuit
3 lnverted rectifier £ U = constant

Fig. 201 Power comverter for three-phase motors with impressed current (left) and impressed

varltage (right)

of the current | flowing through the ac-
tuator and voltage L.

In an A.C. circuit, on the other hand,
the power is dependent upon the type
of actuators connected and their imped-
ances, which result in phase shifting be-
bween voltage and current,

The angle of phase difference is
called @, cos @ being the power factor,

With & pure ohmic loading vollage
and current oscillate in phase e, p=107,
cus ip = | (Fig. 202),

With an A.C. drcuit with
inductive (@ =90"; cos g ={0"),
capadtive (g=-90% cosg=0")
and
mixed [— 9F=< o< 907 cos 9 =<1}

loading is thus idle power P, plus
the active power [ '

The quotient of active power and ap-
parent power P, represents the power
factor cos qu

Here @ describes the angle of phase
difference between voltage and current.

The generators endeavour to pro-
duce the maximum possible power fac-
tor o the actuators with appropriate
support. As the generators are designed
tor a specific current, the active power
will be reduced as the idle power in-
creases. This causes losses i genera-
tors, transformers and the mains arcait,
which in tum leads to higher system
cOsts. -

In order o maintain a high power
factor, the motors should be driven with
nominal loading where possible, Run-
ning motors continually with under-
loired should be avorded if possible. With
asynchronous motors the power factor
is also influenced by the number of
poles. Low speed motors  require
greater magnetisation and  therefors
have a lower cos @ than high speed mo-
turs,

Fig. 202 AC current source with pure obunic loading
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In order to be able to operate a three-
phase wvariable drive on a three-phase
circuit, a stalic frequency converter
must be vsed, which can convert the
fixed frequency ty into the variable fre-
quency {;that is required by the motor,
as well as the assodated closed loop
control devices.

The power section of this frequency
converter consists mainly of power
sermiconductors such as
- dindes,

- thyristors,

= G TOs (Gate tum-off thynstors),
- transistors,

- capacitors and

- induchoes.

The semiconductors convert either
the three-phase A.C. voltage into a D.C.
voltage (rectifier operation) or the D.C.
voltage into an A.C. voltage (inverted
rectifier operation).

The closed loop control device gen-
erates peik pulses for the thyristors and
mfluences the voltage build-up in the
power section, so that the reguired
speed s set for the motor.

The power diode

The tunction of a diode is comparable
with that of a check valve, It permits
fow of the current in one direction only
from anode (A) to cathode (C) (Fig.
203).

The conversion of an A.C. voltage
intoa D.C. voltage can be seen in an ex-
ample with high inductivity in the load
circuit (Fig. 204). The valve which di-
rects the current will always be the one
of valves 1, 2 or 3, whose anode pos-
sessos the higher voltage opposed to the
cathode. The wvalves scparate them-
selves in the points of intersection of
their phase voltages in the current-car-
rving wire. The D.C. voltage consists of
the peaks of the sinusmdal valve volt-
ages (Fig. 205). Voltage Uy represents
the mean value during idle running, the
size of the [C. voltage for a given cir-
cuil being directly proportional to the
adjacent A.C. voltage.

If the D.C, current is evened out by
means of inductor coils a current block
with a flow duration of 1207 respec-
tively will flow in the valves.

The power diode 159

Fig. 20%: Scriew diode
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Fig. 20d: Cipcuil diagram for rectification via
threw-pulse midpoint cireuir
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Fig. 205: Rectification to Fig. 204

Fig, 206; Characteristc of semiconductor

dionie

Fig. 206 shows the characteristic of a
semmiconductor diode. The different cur-
rent and voltage guidelines should be
noted in direction of Now and the dinec-
tion blocked. The on-stale current is
also small for low on-state voltages and
increases sharply above the threshold
voltage.

In the blocked direction only a small
off-state curment will fow due to the
seli-power of the crystals against the
un-state current, even though the volt-
age is high. Silicon 15 used predomi-
nantly as the basic material tor rechfier
diodes, although germanium is somg-
Limes used.

The thyristor

Voltage control for  speed-variable
drives is achieved using controllable
components such as the thyristor. The
thyristor blocks flow initially in both di-
rections, only releasing flow in one di-
rection after a control pulse. The con-
ductive state is released when the low
is smaller than the holding current.

The thyristor is comparable with an
electrically piloted check valve in hy-
draulics.

The physical action of a thyristor can
be demonstrated by mweans of a simple
model.

Fig. 207 shows the schema of a sib-
con monocrystal arranged in four dif-
ferent lavers, so that three P-N junctions
(1.2.3) are produced (1" = positive, N =
negative), With a negative annde-cath-
ode voltage U < 0 the diode blocks P -
™y (1) This state corresponds to the off-
state characteristic in Fig. 208.

With a positive vollage U = () and no
pllot current the diode blocks Ny - P,
(23. We now consider the blocking char-
acterisic in Fig. 208. With a positive
voltage U > 0 and suffidently high pilot
current Ipio the blocking at junction 2
at Ny - Py will be lifted. The thyristor
takes on a low flow resistance through
current I now fowing, it ignites and be-
haves like a diode This stale corre-
sponds to the fllow characteristic, It will
remain intact even if the pilot current is
cut off, if the load current exceeds a
holding value of 1;; If load current [ in
the load circuit is reduced to zero the
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thyristor will revert to the off-state
blocking condition,

I'he thynstor characteristic shown in
Fig. 206 i= for reasons of clarity not to
scale.

For a load current of several 100
amps the off-state current in both direc-
tions will be 10 mA. The voltage drop in
the ignited state is 1.5 volts, whereas the
maximum off-state voltage in both di-
rections can be 1 to 3 kW

When a maximum negative off-slale
voltage is exceeded the off-state current
will increaze to such an extent that ther-
mitl destruction will ocour. With a posi-
tive voltage the thyristor will switch if
the so-called sweep voltage is attained
with increasing pilot current and de-
creasing voltage. It will be conducting
and will continue 10 be so if the pilot
current is cut off, as long as the load
current is above the holding value [,

As they are only small and have a
low heat capacity highly-loaded thyris-
tors are subject to many hmiting condi-
tons with regard to temperature, volt-
age and current,

Ihe small surface area needs 1o be
increased by means of dissipaters in or-
der to remove heal losses (Fig. 209). In
addition to air cooling, with large load
currents oil or water cooling is usual
These can be mounled on both sides, as
demonstrated in Fig. 209. In this way a
power pack with a 30 mm diameter sili-
con cell 5 capable of controlling 500
amps by air cooling and up to 700 amps
with water cooling,

The time between the natural tam-
on time - the point of intersection of the

-
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Fig. 207: Schema (top) and switch symbal

{bottionn) of a thyristor

valve volltages - and the lurn-on time
initiated by the mgeer is known as the
delayed turn-on time and 1= measured
in electrical degrees.

Fig. 210 shows how the [D.C. voltage
output decreases with increasing con-
trol angle

With a pure ohmic load circuit the
[3.C. voltage will be zero for a contral
angle o = 150",

It is a known fact thal a reactive coil
with high inductivity in the load circuit

acts as an energy accumulator. ‘Such a
coil prevents the current fraom being re-
duced to zero when it goes over centre.
The voltage built up at the coil ensures
that the flow from the valve conbinues
over contre,

As can be seen in Fig. 211, for a con-
trol angle of o > 90° the D.C. voltage
will be zero.

The curve progression for an induc-
tive load at o = 907 refers to an inverted
rectifier Le. the energy flows from the

+1 ‘

Flow
120 A 1+ characperislic
Blocking
& characterstic
-u +10mA
—a} -
=10 mA + U
Ovi-state ——
characteristic

Fig. 208: Thyristor characteristic
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Fig. 2% Design of a power pack
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coil via the power converter back nto
the mains circuit. The reversibility of
the energy flow with mductive and
ohmic inductive load is cearly visible
from the control characteristic. Hefore
the static converter gave the conteolled
electrical drive a new boost by means of
the thyristor, we had to rely on the ro-
tary converter with s double energy
conversion. The constant mains vallage
had to first be converted into a mechan-
ical speed, which then had o be con-
verted back mnto an electrical form with
a variable D.C. voltage. Although this
double energy conversion offered ad-
vantages in that there were separate
current circuits and de-coupling via en-
ergy accumulalors, there were also the
associated disadvantages such as ex-
pensive machinery and foundations,
poor dynamic response and high main-
tenance costs.

The se-called Leonard circuit func-
tions as follows (Fig. 212)

Three-phase motor 1 drives at con-
stant speed a separately excited pilot
frequency generator 2, which outputs
its vollage directly o the main molor 3,
also separately exated.

Ihe armature of pilot frequency gen-
erator 2 remains connected  continu-
pusly to the armature of main molor 3,
Ihe electrical energy will flow through
this circuit, the main current crcuit,
trom the pilot frequency generalor o
the main motor, or, during deceleration,
in the opposite direction,

As there s normally no available
13.C. voltage, three-phase motor 1 must
still drive exciter generator 4.

Speed control of the main molor can
be effected by several methods:

- by changing the armature voltage of
the pilol frequency generator (Le-
omard rule),

by changing the excitation of the pilot
frequency generator (field control)
or

= by combining both these control meth-
inds.

In other words, for speed control of
the main motor, only the energising
ficlds of the pilot frequency generator
or of the main motor need o be con-
trolled, the current being monitored for
torgue control,

Disadvantages are the high system
costs, a minimum of three motors ol
similar power bemg required, and the
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relativelv low overall efficiency of 65 to
700
rlrrdtﬂ-_l i r’f bt qE' TPJ' ‘T4‘
It 15 only in mrecent years that the
static converter has brought electrical

The thyristor

drive systems to the f(orefront again
with the thyristor, and it will continue
to influence development in this field.

a=0" 30 60 o0 1200 150°
Uy ! [
/
@t -»
with ohmic loading
a=0° 30° 60 90 120° 150° 180
T
i
\
e with indurtive loading e

Fig. 2110 Influence of control angle on the cutput voltage

Fig, 211 Comtrnl characteristic
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Gate controlled turn-off
switch (GTO)

This thyristor can be tummed oft by
means of an additional connection, the
commutation being considerably re-
duced with converters that are self-
commlating.

When this power semiconductor
turn-off switch is present in the power
converters the frequency thyristors are
gradually compressed in the self-com-
mutating power converter circuits.

At the same time the technical char-
acteristics show an improvement. Due
to higher clock frequencies in pulse
width modulated systems - with GTO
inverted rectifiers a level of 200 Hz 1o 1
kHz is attamed - the harmomic current
flows are reduced in the machine. This
process results in a reduction of the har-
monic torgue, a higher degree of ma-
chine efficdency by reducing the addi-
tional armalure losses and a reduction
of noise spin-off. But these are not the
only possibilities,

Power MOS transistors, bipolar tran-
sistors and, in addition to the GTO thy-
ristors, 1GBTs will shape the power con-
verter picture in the near future. This
will lead to further increase in clock fre-
guency, with bipolar transistors to 3
kHz, with ICBTs to 5 kHz and higher.

Power transistor

Transistors are known in the fields of
entertainment and control electronics as
amplifiers.

In control technology these turn-off
semiconductors are used as contactless
switches, They have to a great extent re-
placed the electron tube as an amplitica-
tion component and the relay as a
switching component.

The fransistor consists of 4 semicon-
ductor monocrystal with two I'N junc-
tions In serfes (Fig. 213). The electmdes
are labelled as follows: E (emitter), B
(base) and C (collector).

In Fig. 213 the base emitter dinde is
poled i the conduching direction via
voltage L. .'"l.FI],‘H‘I’J\iI"I"Lﬂi‘iﬂF 1 % ot elic-
treens are discharged as base current [,
via the base connection. The remaining

e -
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1 Three-phase motor
2 Piled fregquency generalor I f
3 Main motor
4 Dactter generator j
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Fig. 212: L ponard circuit
mA
|4 r 40 A

3

2{ | m.u1"l

1

y 1 -
2 4 6

iﬂ

;

E
PNP

Fig. 213: Wirtng diagram (top left), characteristic {top right] and symbol for 2 transistor

9 % of electrons from the emitter cur-
rent are absorbed by means of the much
higher voltage LU, at the collector base
junction, and collector current - then
flows.

Ihe following equation applies:

ly= I+
and

where B = 20 to 500, the current amplifi-
cation factor



The characteristic field shows that,
after exceeding the collector emitter
voltage L. which is identical to the di-
pde threshold voltage, the collector cur-
rent I is virtually constant,

Looking at the swilch symbals of the
thyristor the armow indicates the Aow
direction of the emitter current, as we
differentiate according to sequence of
layvers between NPN and PNP transis-
fors.

Power capacitor

A capacitor consists of two metal elec-
trodes insulated against each other, It
offers the possibility of storing electri-
cally small quantities of electricity from
several millicoulombes upwards,
With frequency converters capaci-
tors are mainly used as:
- filter capacitors for voltage,
- commulator capacitors for energy re-
covery and
- buffering or supporting capacitors

Inductor

e differentiate between air and iron
mehuctors. They are used i power con-
verters for:

- smoothing current,
- cormmutation and
- limiting current flows.

Functions

With the help of the components de-
scribed above the different inctions of
the power converter are realised, such
as those of;

- rectitiers,

- inverted rectifiers,

- D.C. chopper converters and

= antiductors.

Frequency converiers for  speed-
variable three-phase drives normally
constst of severdl sections of converters
pul together, which, according to their
crouil design are either intermediate
circuit converters with impressed voll-
age and impressed current or as direct
converters.

The individual sections of the con-
verter topether with their auxiliary de-
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vices have several individual functons
to fulfil during energy conversion from
three-phase mains with constant volt-
age and frequency through 1o the
speed-variable unit.

The rectifying function

The rectifying tunction is achieved ei-
ther by means of uncontrolled rectifiers
with dindes or by controlled rectifiers
with thynstors. The preferred power
converter circuit is the bridge connec-
tion, either in the form of a single-phase
bridge for low-power applications or a
three-phase  bridge  connection  (six-
pulse). Bridge connections do nol re-
quire a middle conductor or star point
and can be driven without the need for
a transformer in the mains circuit, The
six-pulse three-phase bridge connec-
tion, with which six valves can be acti-
valed during one cycle at regular inter-
vals, can be used in both rectifier or
inverted rectifier operation. It can be
two slar connected systems in seres

Powear capacitor

with 60° phase shift. Due to this phase
shift the two three-pulse component
voltages are added together to form a
six-phase D.C, voltage (Fig. 214),

In each case the DU, current flows
via bwo valves connected in series, cor-
responding o a double valve voltage
drop. The output voltage is relatively
slable. With an uncontrolled converter
the A.C. voltage content will amount to
a mere 4.2 N, The ideal D.C. vollage L
is 513 v when connecting to 3 x 380
volts. Fig. 215 shows the circuit, the
voltage progression and the control
characteristic of a semi-controlled (left)
and a Ffully-controlled (right) three-
phase bridge connection, The total D.C
voltage at the semi-controlled bridge is
formed from the constant component or
positive voltage, and the uncontrolled
section or negative component voltage
Due to the safely intervals in inverted
rectifier operation of the controlled sec-
tion the total D.C. voltage can only be
reduced o approximately e

Fig, 214: Characteristic field and wiring diagram of a six-pulse threephose bridjge ciroatt
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Tig. 215 Characteristic field and wiring diagram of 2 partially controlled (left) and completely

controlled (rght) three-phase bridge cireuit

Voltage control

If the rectifier, which 15 situated on the
line side, is fitted with thyristors, there
will already be voltage control. Fig 216
shows a controlled three-phase rectifier
with mid-point tapping for supplying a
D.C. motor. If the galecontrolled delay
firing angle & = {1 as in Fig. 217 the cir-
cuit will act as an uncontrolled three
phase rectifier in bridge connection, as
in each case it will be the thyristor with
the highest anode voltage that will con-
duct. Smoothing inductor D keeps the
current amplitude constant, so that the
ndividual thyostors send  virtually
rectangular pulses. With a delav angle o
= 30® every annde remains open until
the voltage goes over centre, because
onty then will the next anode ignite, At
Lhrougl thw valve, even U U voltage is
negative. The flow will be maintained
due to inductor D which is working as
an energy accumulator. Flow volume is
determined by load, D.C. voltage and

thus the power throwgh the finng angle.
I'he following equation will apply:

Eje=Eg*cos o

If the firing angle i = 90°, the D.C.
voltage E, and thus the power will be
zero, The traditional Leonard circuit
with 63 to 71 % efficiency, shown in Fig.
212, can be replaced using a system de-
scribed above which has an efficiency of
5%,

Reverting to time delay, however, is
not without its disadvanlages. As the
current in the transformer windings
lags behind the voltage, in the first ap-
proximation the angle of shift will be
equal to the firing angle, therefore

COs @ = €05 o
Thn- u.r'H h:*.'-d 0 A poor power factor
Ihl. th\.rl-.turr unmr N‘I“Ill'ﬂn in Fig.
215 can also convert D.C. power into
AC. power Le. it can act as an inverted
rectifier. For a = 30F (Fig. 215) voltage
and current are positive e the mains

circuit supplies energy to the actuators,
It the firing angle is now increased, op-
erating conditions will arise whore voll-
age and current have different signs. In
this case energy will be fed back from
the actuator W the mains.

M ez = 90" the energy flow in both di-
rections will be equal. It @ > 120° the en-
ergy from the actuator will prevail over
that fed back to the mains circuil. The
unit will act as a generator, decelerating
and supplying three-phase current en-
ergy back to the mains,

Ar alrcady described, the output
voltage for uncontrolled  rectifiers is
constant. Voltage control can then be
achieved by either
- a downstream 1.0 chopper converter

or
- pulse width modulation of the power

converter on the machine side, the
inverted rectifier

D.C. chopper converter

For a power of up to around 140 kW
intermediate circuil frequency convert-
ers with impressed voltage are used,
These frequency converters (Fig. 218)
consist of an uncontrolled input recti-
fier, an intermediate circuit with im-
pressed voltage, a downstream direct
2.C. converter, the so-called chopper, a
varable wvoltage intermediate circuit
and a self-commutating inverted recti-
fier.

This drive works in four-quadrant
operation ie. it Is suitable for bath mo-
lor and generator operation in both di-
rections.

The supply voltage with this tvpe of
frequency converter is first rectified and
is then converted into a voltage of vari-
able frequency by means of a second
power converter (Fig. 219). Al varying
frequency the mean value of the voltage
will reduce from left to right. If the mo-
tor voltage is set proportional to the fre-
quency, magnetic flow and torque will
remain constant. If the frequency i in-
creased at constant voltage, the power
will remain cm‘l.sLanL Chungv nt direc-

i
ll“II“IHlH-ll LN L ||li Priar, BE ll! r| I-llll-lll-'\

drops to below 5 Hz the motor will no
longer rotate. Three-phase squirnrel cage
motors, reluctance motors or perma-
nently excited synchronous motors can
b wsed.



Fig. 21 Controlled
three-phase rectilier in
mid-point tapping

Fig. 217: Control of 1 2 3
D.C. voltage via -_c

delivved firing

a b d
c e
2 Uncontrolled input rectifier
b Filter
¢ Varable intermediate circuil volatage via chopper
d Filter
& Frase device
f  Selfcommmutating inverted rectifier by means of diodes
Fig- 214 Intermediate circwit frequency converter with impressed voltage
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Pulse inverted rectifier

The pulse inverted rectifier s an inter-
mediate circuit  frequency  converter
with a constant, load-independent in-
termediate drouit DUC. voltage, The sec-
tion of the converter on the machine
side, the so-called pulse inverted recti-
fier, serves here as an actuator for both
trequency and motor voltage. The volt-
age is adjusted during an outpul cycle
by reversing it several Hmes in each
phase (Fig. 220). This produces voltage
blocks at the oulput of each phase. The
relevant mean values of these, calou-
lated over one switching cycle, are
changed such that they follow the mo-
mentary values for the required output
voltages or that they supply the re-
quired motor current with the mini-
mum harmonic oscillation possible.

Drae to its special features the pulse
trequency converter can be universally
used for power converter-fed three-
phase drives, which are able to carry
out practically every task required of a
drive. The introduction of turm-off semi-
conductor valves and the exploitation
of microelectronics have made it mare
cconomical.

The pre-pulsing process applied to
three-phase squirtel cage and synchro-
nows  molors with  self-commutating
power converters meets high technical
requirements and covers a power range
of up to approx. 400 kKW,

An intermediate cirouit fregquency
converter 1s used in this process, with
both converter sections being de<cou-
pled via an intermediate cireuit with ca-
pacitive energy accumulators.  Fre-
quency conlrol of the output voltage
occurs in the self-commutating section
of the frequency converter. lts ampli-
tude must be adjusted o be approxi-
malely proportional to frequency in or-
der to achieve a frequency-independent
flow in the unil connecled. The fre-
quency is matched by generating a fun-
damental supply voltage wave, variable
in frequency and amplitude, as the
mean value of a high frequency nectan-
gular voltage of unegual positive and
negative voltage time spans. Fig. 221
shows the progression of the supply
voltage mn the stator coil of a three
phase motor with control by the pre-
pulse process. U represents the supply



166

voltage, 5 the voltage mean value, As
the time when switching is to nocur is
treely selectable for the reversal process,
the supply voltage lime spans can be se-
lected with pesitive or negative polar-
itv. s0 that the mean value follows a
pre-set command value.

Frequency and amplitude of the si-
rnusoidal command value depend on
the required speed and magnetisation
of the squirrel cage motor. The motor
can be pul into four-quadrant opera-
tion, the positive and negative speed
range being the same.

I, with an asynchronous motor, the
stator current is maintained at a con-
stant value by flow control, whereby
the voltage time span of the frequency
converter is influenced accordingly, and
if the supply frequency is controlled so
that the armature frequency remains
constant with cach revolution, then the
lorgue will also remain constant, The
machine can then be driven with the
breakdown lorque. It can be driven in
this mode over the whole speed range
in all four guadrants, even at low
speeds and at standstill

Inverted rectifier

The inverted rectifier converts D.C. en-
ergy into A.C. energy. During the decel-
etation process the inverted rectifier can
alsp assume the function of a rectifier

Lt us take the example of a simple
mechanical model. Pre-requisite is a PN
positive-negative) 2O, current eg. at
the output of a rectifier.

Three reversing switches, actuated
by three cam plates offset by 1207, are
connected to a DUC. system (Fig. 222),

IT the cam plate is rotated in a clock-
wise direction the three terminals U, V
and W are commicted allernately to the
positive " and the negative N polarity
of the D.C. system (Fig. 2224

A voltage that is driving the load
current cian, however, only be produced
if there is a potential difference between
the two terminals. The interlinked volt-
age is shown in Fig. 2228

Fig. 222C shows the star voltage,
which is decsive for the flow of current
in a motor coil.

As 1o be expected with a cam actu-
atedd switch, the output voltage of this
inverted rectifier is rectangular
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Fig, 220 Pulse inverted rectifier

Fig, 221: Corttrol by the prepulse process

The mechanical reversing switches
of the inverted rectifier shown in Fig.
222 can be replaced by power converter
comnecthons. Fig. 223 shows a switch re-
placed by a power semiconductor via
thyristors, and transistors being used
mstead of turn-ofi semiconductors. The
circuit with transistors can be turned off
and theretore makes things ecasier for
the following reason

As a thyristor, due to its physical
characteristics, cannot erase a D.C. cur-
rent, the circuit must be extended 1o
contain an erase device, consisting of an
erase thyristor and commutating capac-
itor, This capacitor is charged up for the
commutation to such an extent that

when the relevant erase thyristor Is ig-
nited a discharging current builds up,
that tries to close in opposition to the
conducting direction of the main thyris-
tor to be erased. This means that the
load current will flow only brietly via
the capacitor and the current in the
main thyristor will be reduced to zoro.
The main thyristor will thus perform a
blocking function and the capacitor will
be recharged.

It using a reversing switch with tran-
sistors or GTOs as these, unlike thyris-
tors, can be turmed off, no further com-
punents will be required the
cormmutation

tor
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Fig. 222: Mechanical imverted rectifier
Commutaltion in a power converier
means the transfer of a load current
from one branch of the converter circuit P N P N
to the next branch
Additional reversing diodes will be Crase thyristur Transistors
required in the inverted rectifier if con-
verting with a voltage intermediale cir
cuit. With an chmic inductive load, as is e 1 '
the case with drives, after the voltage PR
1 ristor
goes over centre (L, = 0), the load cur-
rent will continue Lo Now to the output o -
terminals of the inverted rectifier in the Reversing Ruvinsing
original direction to the centre pasition, dindes diodies

=]
D

e .

Fig, 22%: Winng diagram of a reversing switch with power semiconductor
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Line commutated power converter
With a line commutated power con-
verler the A.C. voltage drcuit supplies
the commutation voltage.

The induction motor and static con-
verter cascade system is used for the
speed control of individual molor
drives with three-phase slip ring rotor
motors in the power range of 100 to
25000 kW. The range of speed variation
is limited; the motor can be driven in
one direction (drive) only (single-quad-
rant operation); deceleration is not pos-
sible. The operating range and basic cir-
cuit are shown in Fig. 224

The stator coil of the slip ring motor
is connected Lo the mains. The armature
voltage, which is proportional to the
slip frequency, is rectified via a three-
phase bridge connection with diodes
and is then converted via a line commu-
tated inverted rectifier and transformer
into a frequency and  amplitude
matched to the main power circuit. The
slip energy of the armature is fed back
to the mains. The speed change will
thus be withoul losses. The inverted
rectifier with its open and closed loop
control system contruls the armature
voltage so that the motor attains the re-
quired speed. The smoothing inductor
m the D.C intermediate circuit is essen-
tial for trouble-free operation of the -
verled rectifier. 1t prevents any gaps in
the currenl. The D.C. intermediate cir-
cuit and matching transformer must be
designed to cope with the slip power
Far this reason this method is anly eco-
niwmical in a limited regulating range,
as the power factor deteniorates if the
range is increased.

Dring start-up the motor is driven
up tu the smallest revolution of the reg-
ulating range with a starting resistor in
the armature circuit. Then it is switched
over to cascade operation in closed dr-
cuit. The induction motor and static
converter cascade system has constant
speed characteristics,

If fourguadrant operation is re
quired, for a power range of 41 to
10000 kW, line commutated frequency
converters without  intermediate  cir-
cuit, so-called direct AC. converters,
are used. The drive motor 1s usually a
high-pole synchronous motor, a three-
phase motor with siuirrel cage arma-
ture or a synichranous motor with a low
mains frequency of 0 to 35 Hz. The basic

+F}a
’,.
e
f
s, sty
a  Line commutated inverted rectifier M Torque
b Smonthing inductor in DUC. intermediase ¢incuil n  Speed
£ Maschime driven uncontrolled rectifier e Synchromous speed

Fig. 224: Circuit diagram and operating range of induction motor and static converter cascade
system
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Fig. 226 Voltage progression at the output of a dinect converter
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circull can be seen in Fig. 225. It shows
three line commutated converters in an-
tiparallel three-phase bridge connection
i.e. each phase of the stator winding is
connected to bwo power converters, The
output voltage of the frequency con-
verter is made up of sections of the
mains vollage (Fig. 226). The output fre-
guency must therefore be smaller than
the mains cv. As there has o be
a bridge available for each semi-oscilla-
tion of the current in the maotor line, a
large number of thyristors are required.

The direct converter is suitable for
slow-rotating, powerful drives, cement
mixers tor example or for common sup-
plv of several drives e.g. roller gear bed.
There are, however, examples where the
mains feedback causes problems. Start-
up with the breakdown torgue is, how-
ever, without problem.

A synchronous motor with direct
converter, with the appropriate excite-
ment, can work with a power factor of
s i = 1 and can thus relieve the power
converter.

Self-commutating power converter
Self-commutating power converters do

not require any external AC. vollage
supply source. The voltage is supplied
by an inductive or capacitive energy ac-
cumulator, which is situated in the in-
termediate circuit and is part of the
puwer converter equipment.

For single drives in the power tange
of 60 to 200 kW and without high tech-
nical regquirements, converters with im-
pressed current are installed in the in-
termediate circuit. Fig. 227 shows the
basic circuik

This process is applied to three-
phase squirrel cage motors. First of all
the supply voltage is rectified and con-
verted into a vollage system with vari-
able frequency in a second power con-
verter. Both sections of the converter are

Uyt

A Linecommutated power converter

de-coupled by means of an inductor
coil in the intermediate circuit,

The power converter on the machine
side is selfcommutating and the leak-
age inductance is a part of the erase cir-
ciaits. For this reason the converter and
drive motor must be approximately
matched o each other. Motor current is
almaost rectangular with a fundamental
oscillation of 95 % The losses in the mo-
tor are therefore kept to within accept-
able limits.

The drive can once more be driven
in four<quadrant operation, the func-
tions of the power converters being ex-
changed, Start-up creates no problems,
although a linear move over centre is
not passible, as the drive is liable to
come to a standstill if the speed s oo
low. The selfcommutating power con-
verter is used in test stands, extruders,
stirring machines and convieyor drives.

Summary

As electric motors working as power
converters are fed with non-sinusoidal
voltage or current, this places addi-
tional demands on them, which affects
the operating characteristics,

Ihe three-phase asynchronous mo-
lor with squirrel cage armature is the
one most commaonly used, This is de-
stgned for use at constant speed.

In order to limit the initial current
without any auxiliary starting device,
this motor has a relatively high leakage
inductance, resulting in a high currem
displacement effect.

If such motors are speed controlled
by means of power converters with im-
pressed current or impressed voltage,
this places extra demands on the motor
s follows:

- an inereise in operating temperature
as cooling from the fan on the motor
shatt reduces with decreasing speed,

Upty

Ll

b Inductive energy storage in D.C intermediate cirenit

€ Selfcemmutating power converher

____ Self-commutating power converter
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even though the hysteresis loss is

alsor redluced,

= When operating at frequencies above
50 He, although the cooling power
of the fan is increased, {t cannol com-
pensate for the higher hysteresis
logs, resulting in a rise in operating
temperature.

- Losses increase due to the harmonic
content of the converter voltage and
current, so that even at nominal
speed the permissible torques have
to be reduced o prevent a rise in
tempeature.

The top curve in Fig, 228 shows the
lading capacity against frequency due
to hysteresis loss, when working with
sinusoidal voltages by means of a ma-
chine converter.

The lower curve band shows the
permissible torques with converter op-
eration, taking into account harmonic
losses. Here the permissible torques are
reduced more with powerful machines.

There will be further torque reduc-
tion due to the number of pairs of pules
and the type of converter used.

Should the frequency exceed 100 Hz
the increase in hysteresis losses and as-
sociated torque reduction will lead to
uneconomical operation. The required
nominal torque over a large control
tange can normally only be achieved by
the use of external air or water coolers.

The total efficiency of a speed con-
trolled three-phase motor is made up of
the motor efficiency, which contains the
additional losses in the motor, and the
efficiency of the converter thal describes
the commutation losses in the nverted
rectifier.

Fig. 229 shows the three progres-
sions of efficency for a elf-cooled 315
kW machine with quadratic characteris-
tic plotted against frequency or speed.

As ethiciency reduces proportionally
to frequency it must be noted that
power loss will of course also decrease.
I'he use of power converters with three-

Fig. 227 Intermediate circuil power con-
vierfer with imprissed corment
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Fig. 228: Permissible torque with speed comtrolled three-phase motors {Source: Siemens )
phase machines will also have an etfect
on the power circuil l
All actuators with non-linear charac- 100 n
- & = ¢ 2 Byt wesiew —
teristics impress influencing variables, o 80+ 3
which can have a disturhing influence -El
on the behaviour of actuators with lin- . 80
ear characteristics. The degree of distur- E iy =— _/
bance here will be dependent upon the = 70
impressed values and the reaction of 801
the mains circuit. The most prominent i . 4 At
|1'|ﬂu¢31:|rin;;l variables are [ur-frr Firctur, " ~ » ” ®
' ' S Frequency f in Hz
harmonics of the mains current and s
voltage drops for commutation. There
may also be non-typical components — Fig. 220 Efficency against frequency (Source: Siemens)
and high-frequency parts in the mains
current, However, hydrostatics s still not Continuing  aulomation, coupled

In a direct comparison  between
specd controlled  electric motors and
secondary controlled drives, the hydro-
static drives fare reasonably well.

However, if we compare the market
volume of the controlled electrical drive
with the hydrostatic dnive used mamly
in industrial mechanical engineering,
the hydrostatic drive appears only me-
diocre,

Substitution relationships are not ev-
ident to a greal degree.

2. technology is not used at a high
level, ALC technology, on the other
hand, is being increasingly imple-
mented, and considerable new develop-
ments in recent years have opened up
new areas of application for electrical
drives.

widelv accepted in spite of the obvious

imherent technical advantages it has

over electrotechnology, such as:

- low natural moment of inertia,

- high dynamic response, at present
speed variations of BOO0DO rpm [/ sec
for a 100 kW machine as opposed to
7800 rpm / sec for an electrical
drive,

- unlimited four-quad rant operation,

- energy recovery electrical, via hy-
draulic accumulators or direct hy-
draulic,

- telieving the clectric mains of peak
lading {peaks are expensive],
both drive and complete system are
of compact design,

- pussible cost advantages and
heat dissipation via the operating
medium.

with the necessity to improve on eco-
nomic efficiency of machines and sys-
tems, demands increased implementa-
tion of speed-variable drive systems.

This opens up yet another area for
secondary control, as the inherent fail-
ings of conventional hydrostatic drives
do not exist with this type of drive,
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Information on Project Design of Secondary
Controlled Drives

Introduction

Before establishing rules to be observed
when designing secondary  controlled
drives, we should perhaps summarise,
this time from a different aspect. the ba-
sic differences between secondary con-
trol and conventional hydrestatic drive
technology

Fig. 230 shows the different charac-

teristics of system vialues

w e

LY = spoed Of secondary umit in rpm

i prossune ditferntial in har,

Q2 = v o secvendary wnil o L min

v = displacement of secondary unit tn cm”,
M soreque o sevondary it m Mo anad

P = povwer of sevondary wnit ln kKW

of a primary controlled fixed displace-
ment motor and a secondary contralled
unit at specd stepped response (Fig.
231}

The conventional drive system re-
acts to a change in torgue with a L|'|.]:|u_!.v
in operating pressure differential, In ad-
dition there is a direct relationship be-
tween the swivel angle o) of the pri-
mary unit and the drive speed n; =
fAow coupling

This rule also applies to hydraulic
motors  with  variable displacement,
With flow coupled drives, speed will
therefore increase as the displacement

of the hvdraulic motor decreases.

Kiey to Figg. 230 and Fig. 231
o Prigiacy controlled foed motor
m—— Serpndary controlled variable motor

* Command value

Fig. 231: Svstem response with stepped

e

Fug. 230 System response with slepped speed
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If we convert this inle mathematical
form we obtain
for a primary controlled fixed dis-
placement motor with flow coupling
iFig. 232)
- .Vﬁ_"mu

with pressure reaction

Ap 20/ [, M 1
EL: ﬁ““’lx?-}-}d!-’-MJ'ﬁ?_-
T in AP = no speed actual value and

- for a primary controlled variable
displacement motor with Mow cou-

pling (Fig. 233)

The secondary controlled drive sys-
tem reacts 1o a change in torgque with a
change in fow requirement ie. as with
an electric motor a high loading will re-
sult in a large curnent.

I'here is no longer a direct relation-
ship between the swivel angle o) of the
primary unit and the secondary speed
M in the stationary state,

It we convert this into mathematical
form we obtain
- for a secondary controlled unit with

pressure coupling (Fig. 234)

e 0m 20m Barn
with flow reaction
@ 20m o, Ams I
E:'Tr:: = Ll.i:m‘_axf, A +IHI+1IL{r“ﬁ_P
D=V y b
U=V #2= Vezem’ Coer

Huwever, in order to cover a sudden
peak flow requirement, for example to
bridge the final swivel time of the pri-
mary unit, a hydraulic accumulator is
usually required. This accumulator can
also be used o take up potential energy
produced from lowering a load with a
winch or from deceleration of a mobile
machine

Information an Project Design of Secondary Controlled Drives

Either a pressure controlled hydrau-
lic pump or else a pressure system with
impressed operating pressure is used
tor the energy supply on the primary
side. The peak flow requirement, eg
during acceleration, can then be cov-
ered by the hydraulic accumulators,

Safety circuits must be installed to
SOCUNe against

breakdown of the tacho-unit

- rupture of a working pressure line
= no deceleration possible.

Fig. 232: Primary controlled fised motor

a

M| DGriven

%

Fig. 233: Primary controlled fixed maotor

Va2

My
Y

Fig. 234 Secondary controlled variable
lgtalinly

Vo2

Type of circuit

With secondary controlled units four
quadrant operabion is possible oven in
open circuits. The hydraulic accumula-
tor system in this case is not so com-
plex, as only high pressure accumula-
lDrs ane necessany.

It must, however, be noted, that
when lowering a load with a winch or

during deceleration, the units switch
from motor to generator operation e
flow direction of the Muid is reversed.

For this reason, the permitted speeds
tor open circuit and pump operation
musl be used as opposed to those for
closed circuit operation.

Short-term movements over centre
and into pump operation must also be
reckoned with during high response
closed Joop control operations. When
selecting an open loop circuit therefore,
it must be ensured that
- the maximum permissible speed in

pump operativm is not exceeded,

- the diameters of the suction line are
sutficiently large and

the suction port of the secondary

unit is mounted below the oil level.

The advantages of the open circuit
are still maintained it the so-called pre-
fill operation is carried out. In this oper-
ation the suction line is pre-filled by
means of an auxilisry pump in excep-

tional cases with a  flow of
Qg = 1.1 Qyyy, at a pressure of ap-
prox. 15 bar.

Fig. 235 shows the basic circuit of a
secondary unit (2) in pre-fill operation.
The filling pump {1}, which can be cou-
pled to the primary umit, must always
be able to generate the maximum flow
of the secondary unit in generator oper-
ation, any shori-term  peak nequire-
ments being covered by hydraulic aceu-
mulator (3).

Due 1o the limitations shown it is
therefore preferable for secondary con-
trolled operation to be in closed circuit.
In this ¢ase, in additon to a high pres-
sure accumulator, the low pressure line
must also be equipped with a hydraulic
acoumulator,

4 Secondary control

Fig. 235 Secondary unit in pre-fill operation
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Pressure level

A pressure level of 2580 bar has be-
come standard in test and simulation
technology as applied to the automobile
industry. As constant pressures of up 1o
315 bar are permissible with the valve
programme the aperating prossure may
be raised to this level without problem.
This is because, with the exception of
the acceleration phase, the swivel angle
is always smaller than @ . and the
swivel angle has a greater effect on the
service life of axial piston units than the
operaling pressure (see chapter "Axial
Piston Units Designed for Use with Sec-
ondary Control”).

In order to produce a higher lorgue
required tor a short time, with start-up
and break-oul of larger moments of in-
ertia for example, the operating pres-
sure with type A4VS axial piston units
may be raised to 4N bar, as the servo
valve in this phase does not have a con-
trol function.

A constant pressure of below 150 bar
is not economical and is therefore not
advisable.

Static dimensioning
{ Displacement)

We can see from the acceleration phase,
that a swivel angle reserve of between
10 - 20 %% must be allowed for when cal-
culating the displacement with respect
to the expected disturbance torques.
With motor operation the displacement
of the secondary unit is calcalated as
Follows:
0:x -'h‘l'i-_l__m._, k

My - AP o
withf, =1.1t012

The torgue reserve is taken into ac-
count with factor f,, in the evenl of a

v

gimaz =

disturbance torgue scourming
whier

Iy = lorgue reserve Doloe

M=  ma oeue ol secondary vt in S,

Ap prossure ditterential in bar

Ve = s shpalvermend of sevoradary anit IS
M=  mechanical hydraulic efficiency

Fig, 236 Slability curve lor control setting

For an operating pressure range of
200 ta 315 bar, with a swivel angle of .
J s o= (0B and at maximum speed,
My = 0.94 to 0,95,

My dierreases as the swivel angle de-
creases. |F the swivel angle s smaller
than 10" calculation of the displacement
by means of 1,4 is no longer suitable. In
this case the theoretical calculated dis-
placement should have an extra 1°
added to the swivel angle (@, = 15").

For drives that have to start up with
a full load, as with winches for exam-
ple, start-up etficency of the secondary
unit must be taken into account, This
depends on the size, lemperature and
otl viscosity, The mean value is = 0.70
o (.73,

Depending on the angular position
of the rotary group, whether there are
four or five pistons in the high pressure
area, N4 can vary by appros. + 3% If
start-up efficlency has been taken into
constderation when determining  the
displacement, then the control reserve
of 10 1o 20 % need not be included in
the calculation,

Dynamic dimensioning

{withoul overshoot)

The dvnamic response of a secondary
controlled drive can be calculated by
means of Hme factor [ of the control
area (see also page 48):

I =2'% |II > I !
' yap- V,(lm.u
where:
I = relledted momerl of inertia

(reterred 1o the cortrobled axis! in kgm?,

Ap = pressore differential in bar

Vo= e diplacement of serdary unil mam |

Iy « tima factor of conirol arca in scc

The dynamic response of the swivel
angle control crcuit is characterised by
minimum possible control time £
This control time [, can be laken
trom the technical data of the manufac-
turer (RE 92053 and RE 92713)

Fig. 236 gives quick information of
the speed /stepped response of the un-
loaded drive in idle running ie. without
load torgue My and frictional torque M,
but taking into account the reflected
moment of inertia. This idealised con-
sideration of the control arca with a
purely integral characteristic is usually
the least favourable, as generating a
load torque has a stabilising effect.

Control im0 s~

10 1

Tuimwe fuctor i, of controlled anca ns
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Calculation of the re-
flected moment of iner-
tia

{on the shaft of the secondary urt)

Natural moment of inertia |, of the
secondary unit can be laken from the
technical data of the manufacturer. The
moments of inertia [, (i = 1. 2. 3, 4) must
b calculated taking into account the
gear multiplication ratio (Fig. 237).

M,

Gear muloplication ratios = -

E

WTRCTT

A = ot spevd and

f = outpul spead

i ramsfer tu leswer speed and
izl erapisfer i faster spreed

The retlected moment of inertia is
J'. " |I4

=

;.'- = [+ 41+

Example: Calculation of the moment
of inertia of a disc

|I. = 1;!:_—! "I-;fl:. II!..

wieTe
d = dimrrwter inom,
L] = wicdth in m.

I - moment of inertla in kgm? and
n dEmSITY M kg m’

When converting o another unitary
system the following must be consid-
ered:

3
I, = E-L:L" [kpm]
I, = - GD'[Nm']
£ 4g
s here
m
i = sccelerabion due b gravily in -
.1
i = mement of fnertia in kgm® and
oFr = yw el et in Epm-luir'r e

Fig. 257: Moment of inertia
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Maximum permissible

speeds

The maximum permissible speeds for
secondary  controlled  units (see data
sheets RE 92055 and 92715} are actually
higher than the speeds that can be
achieved in closed circuit with the same
size convenhional dnves,

Por example & maximum speed of
2000 rpm is permissible for a conven-
tional hydraulic drive size 250, whereas
the secondary unit has a maximum
speed of 2600 rpm, although only with
a swivel angle of up o 80 % The speeds
specified in the data sheet may not be
exceeded, even in brief operation.

As nolse emissions of an axial piston
urat at constant vperating pressure m-
crease proportionally to speed, it 1s usu-
ally advisable to keep the design speed
below the maximum speeds.

Determination of flow
requirement of the
secondary unit

Total Aow requirement of the unit is
maide up as follows trom the three dif-
ferent Mows:

IL?,J..J_,.-l = U" + Q_I wrTid + Qp.,‘qr'
With commer power, if Mys . and ws

amr OCCur simultaneously, the flow is
calculated in the usual way as follows:

V.» "y
i Tmar R TR i
2 —5-—1 00 T in Limin,
it
Ay = outpul speed of secomdary unit
in rpm.
h = fluw of secomdary uni
v T e,
Qe = imkal Aow in L/ min,
W semm = Eero How of servo valve
it [ i,
Do = pilot odl Row in L min,
Mern valumetic efficiency

This pperating point can normally
only  occur during  the  acceleration
phase, so in a state of equilibrium flow
requirement will be 10 to 20 % less. The

differential flow must then be pm-::lumd
by the hvdraulic accumulator until
swivel-back to the smaller displace-
ment.

When several secondary controlled
drives are run in parallel from a central
il supply. the additional flow require-
ment of the remaining actuators can bo
calculated from the output power Iy, to
be generated at a given time:

600 - Py,
Q. = = in L/min.
- nop
wiere:
Li3.
Pa, = ot poneer of A secomadiry it
in L/ min,
P operating pressere in bar,
= = fow of g sesvnadary umal
In L/ min and
L Tt ® Wi

= kial efficiency

When calculating the size of units it
must be remembered that, with an in-
crease in tonque, a larger fow will be
demanded by the system than actually
needs to be produced from the primary
side, the hydraulic accumulators or ac-
tualors working as gencralors,

Zero flow of the servo valve U is

caloulated as follows:
Ap
Qo= 12E - (0, 5+ 0, (M- O, )in L/min.
Laersa — 470 5
whoere

r = I‘l'll"'rl.lr!l'l_x 'F"H."‘lhuﬂ' m |"...1r_,

Q; = nominal Tow of servo valve
in L/ min a1 7 bar,

Q) = fomu floww of sorve valve
ir L. e,

Quin = piiot oil Bow in L/min

For a mominal flow of the servo
valve of 45 L/min and a pressure differ-
ential of 4, = 315 bar, ¢, ... will be 5.5
I/ min.

This flow must be produced in sta-
Honary operation
= M= constant and

wr= constant,

Le, V2 remains unchanged.

With a stepped command value for
speed the secondary unit will swivel in
minimum paossible control ime ! to
its maximum volume,

Table 5 shows the required pilot oil
flow @ .y for this process for all sizes
of the A4VS series {see also chapter "Ax-
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Displacement| Control | Pilot oil
incm’ time flow
in ms in Limin
—t—
4 k'l 12
i | 40 16
125 50 3
180 50 n
50 Bl 36
355 60 36
s 30 18
750 o 70
1000 100 II 7

Table 5 Minimum control times and associ-
ated fow requirement for AIVS series

ial Piston Units Designed tor Use with
secondary Control ™).

These extreme values do not nor-
mally need to be specially calculated, 4s
hydraulic accumulators can cover peak
rjuirements.

The actual pilot oil flow Q py is de-
pendent mainly on the frequency and
value of the speed and torque changes.

Determination of pump
size

For indusirial sysiems with several ac-
luators connected in parallel it makes
sense to divide the required flow be-
tween several pumps. Although consid-
erable space is required, this s out-
welghed by the advantages, such as

- high redundancy,

- reduction of power lnsses, as pumps
can be disconnected when under-
loaded and

- shorter control times with smaller
sized units, which can act benefi-
clally on the design of hydraulic ac-
curnulators,

Nibe: The size of the hydraulic
pump should never be greater than that
of the secondary unit,

The required primary side displace-
ment of the pump(s) can be calculated
as follows:

. Y - Q40
. L L Y .
wchirne
. = bislal fow sequirement i L/ min,
¥, = displacement of primary unit in om’
n drive speed of primsiey ainit
i e aried
N = volumetric efficency of the
puEmps]

In order to guarantee equal loading
when operating several pumps in paral-
lel, the 11" pressure control for parallel
operation must be used. This controls
several pumps by means of a pressure
relief valve, so that they set virtually
equal swivel angles.

The DP pressure control is essential
it mooring pumps are used. If this re-
quirement is not fulfilled, then one
pump will normally operate as a gener-
ator and the other as a motor, due to the
flat p-Q characteristic of disconnected
actuators. This will lead to an undesired
mcrease in power losses. In addition to
DR and DT controls other positioning
devices which fulfil the requirements
can be mstalled, such as
- DRG, remote controllable pressune

controd,

- HSFE hydraulic adjustment with
pressure control function and subor-
dinate positional feedback of the
swivel angle,

A sufficiently large primary station
is prerequisite for trouble-free operation
under secondary control. Flow deticien-
cies will lead to pressure drops, causing
the unils o swivel further oul, this in
turn leading o an increase in Bow re-
quirement. Pressure drops that are
caused by reaching the limit can be pre-
venled by setting the limit on the motor
side. {See also "Electronic Components
of a Secondary Controlled Drive Sys-
tem”).

If the secondary unit attains the
maximum swivel angle the laws of
pressure coupling will no longer apply.

Hydraulic accumulator
dimensioning

Due to the reciprocal influences of
specd and pressure control secondary
controlled drive systems without hy-
draulic accumulators are ditficult to sta-
brilise.

One important criterion for stability
is the control Hme of the pressure con-
trol for the hydraulic pump, which
must be as short as possible. For a
smaller nominal size unit the control
tirme will also be shorter It therefore
makes sense o use two or more small
pumps rather than one large one.

As the volume of hydraulic accumu-
lator increases speed and pressure con-
trol will be decoupled. This volume
dlso includes the accumulator effect of
the hydraulic circuit and the compres-
sion volume of the piping system. A
longer control time can then be man-
aged.

We therefore differentiate bebween
two types of accumulators, These are:

- the damping accumulator for stabili-
sation and
= the energy accumulator,

The damping accumulator is used to
bridge the different contral times of the
pressurecontrolled  hydraulic  pump
and the servo valve-controlled second-
ary unit.

Approximate calcula-
tion of a damping accu-
mulator

{using the example of two 125 cm? dis-
placement axial piston units]

Hydraulic pump: A4VSG1250K,
Control time 100 mis;
ASVSCI25D51,
Control time 30 ms.
Due to the considerable distance, at
least in part, between the primary and
secondary sides the reaclion speed and
the resulting reaction time of the oil col-
wrnn must be taken into account.
I amounts to a distance of 10m:
5 10

fy= o= = (L0077 s
Ve 1300

Secondary unit:
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Theretore
by =8 -t +t,=20,1-0,05+ 00077
= {058 & = 58 ms.
where.
# = length ol odf column inm,
] = pontrol time of hydrandic pump in &
by = poptml twe oof sevorlary it o e

reacticen Lime ol oil column i s,
by = total time in s and
speed of pressune informanen
In &n ofl colume nm /e

The hydraulic accumulator must
therefore cover the flow requirement of
the secondary umit for a perind of 58
ma.

If the secondary unit is loaded with
& torque shock of 80 "% of the maximum
torgue in idle running at a speed of n-=
2600 rpm (@ = 1) in a state of equilib-
rium, the secondary unit will swivel to
the maximum 15° within 50 ms.

The flow requirement will increase
proportonally:
2600
1EMM)

Vea-nms 125
AQ = FA—= =

1El'.H]= = 163 min.

The change in Aow will then be:

AQ 163
: = — g = 5
AV = 28 biug= 2= 0,058 = 0,158 L.

For an assumed operating pressure
of 250 bar and a permissible pressure
drop of 30 bar the size of hydraulic ac-
cumulator can be calculated i accor-
dance with the following formula:

o iske :

|
p M 1.h
=5 (+-5)

V,=AVe
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Displacementof | Hydraulic accu-
secondary unil in mualor size
em’ in Liter
40 1
71 25
125 5
180 3
250 bl '
355 10
S0 13
750 20
1000 24

Table & Displacement of secondary unit with
respect to slze of hydrulic accumulator

w b

wy = spewd of secondary unitinoepm;,

P = minimum epataiing ressure in bar,
e

] maximum operating pressure in bar

AD = fow segpmrementin L/ i,

tew = llal e ins,

Vi bvdmmlic accumulater volume in Lo
Vo = displagement of secondary ondt in em’,
A4¥ = change i volume of hydrauls

acourmmlator n L and
pelytropie cxponens
(16w 200 bar and KOO,

The size of hydraulic accumulator 1s

_also dependent on the following pa-

rameters:

= system dynamic response,

- displacement of the units used,
= length of piping,

- pressure level and

- permissible pressure drop.

The hydraulic accumulator should
be mounted near the secondary unit
The  accumulator  pre-fill  pressure
should amount to approx. 75 to B0 % of
thi: operating pressure.

Low pressure accumulatlors :n the
closed circuit should be designed for
gas pre-load 1o 7 bar at a hydraulic ac-
cumulator pressure of 15 to 16 bar.

In practice the sizes of hyvdraulic ac-
cumulator as shown in Table & have
proved correct for the relevant sizes of
axial piston units.

Energy storage

The application of hydraulic drives
with energy recovery and storage
brings decisive advantages with mobile
machinery which use their drive power
mainly for short-term acceleration and
deceleration of masses. These advan-
tages are as follows:

- The drive power needs only to be
designed for an average power re-
quirement.

- The braking energy is stored in the
hydraulic accumulator for use in the
tollowing acceleration process.

- The internal combustion engine with
reduced drive power has a lower
fuel consumphion with comparable
CNeTgy requirement

- 1Mue to virtually constant power out-
put in a favourable area of the char-
acteristic diagram, the specific fuel
requirement can be reduced to a
minimum quile casily.

With the hydraulic accumulators
used, energy exchange is by means of
compression and expansion of a vol
ume of nitrogen. System pressure is
therefore closely related to the relevant
loading condition of the accumulator.

As the power requirement of the sec-
ondary unit at an impressed pressune is
matched only by varying the flow, it is
quite difficult to set the hydraulic accu-
mulator volume by means of the speed
and displacerment.



With secondary controlled hvdro-
static drives it is better, therefore, to use
the equation of energy as follows:

tor energy storage

[.-‘l' = F'ml'.".'I “Mietuls
for energy withdrawal

|

Miaial

sty ™ Eppnle

Nei i the total efficiency of the
while drive path. It includes the volu-
metric and mechanical-hydraulic efti-
clency of the secondary unit, efficdency
of the transmission, travel resistance
and pressure losses e the total losses
ocourring,.

Depending on the type of storage we
differentiate between:

potential energy

With these drives there are usually
rotational movements for which the an-
alogue relationships are used:

I-m:.

Pl ) =

frod

whiere

F,, = kinetic energy in Nm

Eu mechamicil energy in Nm,
Lo = putential energy in Nm,
EF. = rotationenergy i Nm,
E.. = energy tobe sbored in R,

seveleralion doe to gravity in mi,
height difference i m,

| mrermertt of nerbia in kgm®

e = rmass i kg,

w = spead inm/is

Mg =  otal etticioncy.

it} angglar velocily in 174

Calculation of

Eppp=m gk accumulator volume V1
and
kinetic energy v E,.Al-m
I |-
i F "
TR py - 1071 (22
ki ™ E m - T \Pal
whaere:
e = vy Lo be slored in Nm.
."l = min sccumudator priseunt i bBar,
" =  man, accurmalador pressure in bar,
¥ = worbume of gas in L,
v = sccumitdator vobisme at @ in L
A = polytropic exprent
The ratio of specific heal capacity for
ideal gases x=0,/c. to nitrogen at 273 K
ard Tharisn=x=14.
Operating pressure | bar
o temperature a0 100 200 | 300 400
L K it values
5 250 150 | 1677 | a5 | 1802 | 150
27 300 1485 1,563 1,669 1.707 1,705
77 350 1465 | 1,507 1.581 1618 | 1,629

Table 7 Polytropic expemmt n for nitrogen 10 K- R Ruprecht

Calculation of accumulator volume V1

179

For the conventional pressure and
temperature range of 200 bat and 607 C
n =10

The accumulator size tor py will be:

Vi
Vo=gas

g = 09 5 bor membeane or bellow
asccumiuhrtors,

B ity — 5 hat for piston accumulamors

Calculation of
accumulator volume
for a secondary
controlled winch drive

I'he following are known:
981 m/<,

g =t

] = M} m,
i = 500 kg
™ = 230 |bar,
P2 = 20  |ar,
Nt = 0,93,

As the size of the secondary unit and
the operating point in the characteristic
diagram (speed, swivel angle) are nol
vl known, the total efficiency is fixed at
Ny =073
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Fig, 23% Hyvdraulic acowmulator for closed

rircuits
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The potential energy Is calculated
thus:
E

=m g h=5000 98 2=

aod

= 981 10" Nm.

From this we obtain the accumulator
ERCIRY:

Egpar = & pat " My~ Wiz e
Ergr = 981-107.0,75-0, 95,
E,..p = 699-10" Nm,

Accumuliator volume Vi at mini-
mum operating pressure py will be:

E ol - 11)

V= -
1 1‘.T
p,o 0 |—:Lll }
Voo 699100 (1 - (1,6 - 24
‘ - tie - T
4 » ILh
130 10°' 1 - %‘:1 w
L
v, 174
[ B ——— i e, = 3D
Yo 0w 0.8 2k

Accumulator volume V: at maxi-
mum operating pressure ps will be;

! 1
Py

= = o g b -
II': = | .II_E; = X4 |~m)| = 2.

The volume differential will thus be;

AV =V, -V, =24-342 = 321

whete

Epn = potenfial energy In Mm,

£ = energy Wb stored o Nm,

™ = min accumilator pressure in bat,

» = s gormmmdator pressine in bar,
f vindueere of s im L,

accumalatos vidume at pois L
L = scommulator volueme ol g i L,
wislurme ifferemoe in L
polyropic exponent,

ilrive etticiency,

L] #fFsiemcy.

When uperating in closed circuit this
volume differential must also be gener-
ated on the boost pressure side. Due (o
the high costs involved the energy re-
coviered from large flows is used prefer-
ably in open circuit.

If. however, operation has to be in
closed circuit, the hydraulic accumula-
tors shown in Fig. 238 can be used,
equal flows being moved on the high
pressure and boost pressure sides,

This accumulator system was devel-
aped for use in secondary control and
has been applied for the first time in a
transmission circuit.

Power losses

The power losses ocourring in a hy-
draulic system from throttle, pressure
and leakage losses, are converted excly-
sively into heat and transforred to the
operating medium. This heat then has
to be removed from the circuit by tak-
ing special measures.

The procedure applied in convin-
tional hydrostatic drives, of estimating
the loss of power by means of the effi-
cency ie to set Py, = 0.14 to 020 kW
per kW installed primary power, does
not work with secondary control,

There are several reasons for this;

- As several actuators are offen con-
nected together in parallel with sec-
ondary control, working as pumps
or motors, and are suppled from a
commion primary station, this sta-
tion need not be designed for the
comer power of the complete sys-
tem. The installed primary power is
often less, somelimes considerably
si, than the corner power,

The Inss in power may, under certain
conditions, be higher than the in-
stalled power without resulling n
pressure troughs,

- The volumetric losses from a soc-
ondary unit are virtually indepen-
dent of the loading, as the operating
pressure remains impressed. If, for
example, a unit running idly at a
small swivel angle and constant
speed is  loaded, increasing  the
swivel angle, this process will have
almost no effect on the losses.

Even at zero speed the lost power will
remain approximately the same, un-
less  the hydraulic  isolator is
switched 1o the blocking position.
The difference occurs because the
mechanical-hydraulic losses are de-
termined by the speed.

- As there are variable displacernent
units on both primary and second-
ary sides, the control power only
needs to be considered with high re-
sponse drive svatems,

The flow resulting from the volu-
metric losses, which, according to the
calculation of the cooling system, is
available, is virtually constant. When
calculating the total power losses of a
secondary controlled drive svstem, the
losses of each individual unit must be
taken into account. irrespective of
whether the unit is working as a pump
or maotor.

The following formula can be ap-
plied o give an approximation:

V. . ..-m A
P PO ... e 2 m;: p-ft—ﬂr].

Irsg 1

6- 10
where:
i = LLL..,
A maximum sped inorpm,
P = pivwer oss of 2 unit iy kW
At = operating pressure differenttal m baz
Ve =  maximum drplecement in cm

irnmpective of swivel amale.
R Nerst ® Tt = dookit] effariency

With operating ranges for sizes of up
tor 500 cm” and
- Ap =200 to 300 bar and

&

Fig, 239; Secondary anit in closed crenit
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= Mg = 1000 b 2000 rpm
for Nt = 0.88 to 0.91 can be used [seealso

Fig. 126 on page 110).

To be on the sale side the cooler
should be designed using this method
of calculation.

As with the conventional hydraulic
drive, with secondary control the boost
pump has two functions o fuliil in
closed circuit operation (Fig. 239):

The external leakage losses of the

hydrostatic units must be replaced

in order to mamntain the low pres-

LT
- The boost pump must also generate

a flow for the heal exchanger

I'he heat exchanger can be installed
either in the pressure line (4) or in the
return line (5).

Cooling in the pressure line, which
is seldom used, has the advantage that
the total flow will be sent to the boost
pump via the heat exchanger. although
this must be maintained at a constant
pressure of 25 bar. If cooling is carried
out in the return line, pressure loading
of thi heat exchanger will be minimal.
As external leakage from the hydro-
static unils will remain constant re-
spective of loading, these lows can also
be directed via the cooler. A separate
cowler [/ filter circuit is not normally
necessary. The application of secondary
controlled units on a back tensioning

Fig, 240 Back tensioning test stand in closed cirewit

test stand 1 subject to spedal condi-
lions (Fig. 240).

Although the driving motor (1) hasa
greater flow  requirement due (o its
higher losses than the driven machine
{2), even with different sizes and thus
increasing, surplus flow pre-tensioning
af the low pressure lme via a pressure
relief valve is not necessarily sufficient
to dispense with the boost pump in the
lower part of the speed range.

This boost pump (4} can, however,
be kept small.

Short-term energy peaks must again
be covered by an accumulator system,
which must be installed near the actua-
tors. Care must be taken, however, to
ensure that in an emergency the Mow ne-
guirement of the drven machine [2) is
greater than that Rowing to the hydrau-
lic motor (1),



Bibliography 183

Bibliography

Prof. Dr-Ing. Nikolaus;

Hydrostatischer Fahr- und Windenant-
rieh mit Energieriickgewinung
Hydrostatic vehicle and winch drives
with energy recovery

o+p 25 (1981 Nr. 3

Kordak:

Neuartige  Antrichskonzeptionen mit
sckundargeregelten hydrostatischen
Maschinen

New types of drive concepts using hy-
drostatic machines with secondary con-
tred

o+p 25 (1981) N 5

Prof. Dr-Ing. Nikolaus:

Dvnamik sekundirgereglter Hydroein-
heiten am eingepragten Drucknetz
Dvnamic secondary controlled hydro-
static units on nng mains with im-
pressed pressure

o+p 26 (1982) Nr. 2

Kordak:
Praktische  Auslegung  sekundarg-
eregelter Antriebssystemne,

Hydraulik-Kolloguium, 13. Mai 1952,
Hochschule der Bundeswehr, Ham-
burg, Tagungsunterlagen

The practical design of secondary con-
trol systems

Hydraulik Symposium, 13, May 1982
Military  College, Hamburg (Seminar
s}

Kordak:

Einsatzbweispicle sekundargereglier
Aniriche fir hochdynamische Vorgange
mit der Moglichkeit der Energieriick-
gEwinnung.

Fachbeitrag zum 2 Hamburger Hy-
draulik-Kolloguium, April 1985
Application examples of drives with
secondary control for high response
processes with the possibility of energy
TECOVETY

PMresentation notes for the 2nd Ham-
burgSymposium, April 1985

Dr-Ing. Metener:

Kennwerle der Dynamik sekundarg-
ercgelier Axialkolbeneinheiten
Chs=sertation, Universitat
Bundeswiehr, Hamburg, 1985,
Characteristics of the dynamics of axial
piston units with secondary control,
Dissertation, Military College, Ham-
burg, 1985

der

Kordak:
Sekundadrgeregelte
Antriebe
Hydrostatic drives with secondary con-
trol

p+p 29 (1985) Nr. 9

hydrostatische

Kern, Reyer, Schober, Weiger
Hochdynamischer, hvdraulischer Mo-
torenpriifstand,

High response hydraulic engine Lest
stand

o4p 29 [1985) Nr. 4

Mannesmann Rexroth GmbH:

The Hydraulic Traimer, Volume 6, 1st
edition

KE 0293 /08 89

Dr-Ing. Lindemann, Kugler:
Priifsysteme  mut  Lewstungsrick-
speisung umnd Verspannung — Beispicle
fiir Hedrostatiklasungen.

VDI-Berichte 681

Test systems with power feedback and
back tensivning - examples of hvdro-
static solutinns

VDI Report 681

Weiblein, Kotzle, Schober, Schaub:
Radftihrungsprifstand zur Simulation
der thermisch-mechanischen Belastun-
gen am Achskopf einer angetrichenen
PEW-Achse,

VD-Berichte 681

Axle test stand for the simulation of
thermal-mechanical loading at the axle
head of a drven car axle

VDI Report 681

Folckert, Menne, 'rof. Dr-Ing. Waller:
Hochdynamischer Versuchssland  zur
ldentifikation von Antriebsstrangen.
High response test stand for the identi-
fication of d rive paths

Antriebstechnik 33 (1993} Nr. 2

Kordak:
Drehmomentsteuerung bet elek-
trischen und hydrostatischen

Maschinen mit hoher Dynamik

Torque control in electrical and hydro-
static high response units

O-p 38 (T5494) Ne. 1 und 2

Prof. Dr.-Ing. Backe:
Servohydraulik
Umdruck zur Vorlesung
Servo hydraulics
Lecture paper

Fa. Siemens:

Drehzahlverdnderbare Antriebe in der
Praxis

Speed-variable drives in practice

Prof. Dre-Ing. Leonhard:

Regelung in der elekirischen Antrieb-
stechnik

Closed loop contml in electrical drive

technology
Teubner Studienbuicher

Flegel, Prof. Dr-Ing. Bimstiel
Elektrotechnik fir den Maschinenbauer
Electrotechnology  for the mechanical
engineer

Carl Hanser Verlag, Mimchen / Wien

Kordak:

Der sekundirgeregelte hvdrostatische
Antrieb in mobilen Arbeitsgeriten.
Secondary controlled hydrostatic drives
o< 29 (1995) Nr. 12



184 Bibliography

Bevyer, lllian, Lichler:
Sekundirgeregelter Fahrantrich fir au-
tomatisiertes Transportsystem CT40
RIQ Ausgabe 4 / 1991

Secondary controlled drives for CT40
automated transport system

RIQ, Mo 4 /1997

Dissertationsschriften am

Institut  fir ' Nuidtechnische  Antriebe
und Steuerumgen der Rheinisch-West-
falischen  Technischen  Hochschule
Aachen zum Thema Sekundérregelung
Dhssertations on the theme of secondary
control at the Institute for Fluid Techni-
cal Irives and Controls of the Rhine-
land-Westphalian Techmical University,
Aachen

Murrenhoft:

Regelung von  verstellbaren  Verdrin-
gereinheiten am Konstant-Drucknete
The closed loop contral of variable dis-
placement units in a constant pressurn
sysiem

EWTH Aachen, 1953

Haas:

Sekundirgeregelie hydrostatische
Antriebe im Drehzahl- und Drehwinkel-
regelkreis

Secondarv controlled hvd rostatic drives
in spewdd and swivel angle cdosed cir-
ruits

EWTH Aachen, 1989

Weishaupt-

Adaplive Regelungskonzepte tir eine
hydraulische Verstelleinheit am Nete mit
aufgeprigtern Versorgungsdruck  im
Drehzahl- und Drehwinkelregelkres
Adaptive closed loop control concepts
for a hydraulic displacement unit in a
mains circuit with impressed supply
pressure in speed and swivel angle
closed circuits

RWTH Aachen, 1995

Kigl:

Drehmomentenregelkreis am Netz mit
angepalitem Versorgungsdruck

Torgue closed control circuit in a mains
cirouil with matched supply pressure
FWTH Aachen, 19495




Index

H-processing control system 52
16 bit micro processor ()

2nd derivation of speed 51
2-way cartridge valve 152, 153
4-way proportional valve 143
4-way servo valve 39

A

A current 158

A.C. current source 158

AC motor 116

AC power converter fed motor
131

AC. technology 170

A /D converter 61

Acceleration 23, 43, 46, 51, 62,73

Acceleration phase 57

Acceleration power 116, 120, 133

Acceleration reserve 23

Acceleration torque 69, 121, 134

Accumulator 31

Accumulator capacity 57

Actual angular position 52

Actual speed 35, 57

Actual swivel angle 57

Actual value 120

Actual value signal acceleration 51

Actuator 25, 51

Adaption algorithm 61

Adaptive control ]

Adaptive control algorithm 61

Air gap torque 69

Air resistance |18

All-wheel drive 136

Amplification stage 53

Amplitude 75

Amplitude relationship 76

Amplitude response 76, 7Y

Amplitude-quantised signal 61

Analogue amplifier card 53

Analogue computer 126

Analogue control 61

Analogue control and monitoring
electronics 66

Analogue input voltage 69, 70

Analogue output 55

Analogue signal output 35

Analogue speed control 53, 135

Anahqi,ruv standard controller 27,
53

Analogue swivel angle 52

Analogue swivel angle control 53

Analogue tachometer 58, 61, 71

Analogue torque control 135

Analogue transducer 62

Analogue voltage 35

Analogue/digital converter 61, 70

Angular frequency 75, 76

Angular position command value
52

Angular position differential 52

Angular velocity 72

Anode voltage 164

Anode-cathode voltage 159

Antiductor 163

Antiparallel three-phase bridge con-
nection 169

Armature current 69

Armature voltage 161

Asynchronous machine 120, 121

Asvnchronous motor 157, 166,
169

Automatic error detection 61

Automation 52, 61, 141. 170

Automotive industry 70, 115

Axial piston bent axis motor 73

Axial piston drive unit 73

Axial piston motor for slew drive
101

Axial piston pump 23

Axial piston unit 23, 26, 27. 33,
39,40, 47. 48, 53, 61, 65. 66,
67. 77. 78, 116. 118, 120,
123, 124, 128, 133, 136, 148,
149, 152, 155

Axial piston unit for secondary con-
trol 37, 40, 41 '

Axial piston unit in bent axis design
21

Axial piston unit in swashplate

design 21

Axial piston units 37

Axle drive test stand 125, 126

Axle test stand 124, 125, 138

Back tensioning |19, 138

Back tensioning principle with axial
piston units 65

Back tensioning svstems 116
Balance point 32

Balance principle 69

Base emitter diode 162

Index 185

Basic circuit of a conventional

hydrostatic drive 29

Basic principle of conventional

hydrostatic drive 29

Bﬂhit‘;}l:‘ﬁnﬁpll‘ of secondary control
29

Bearing 71

Bearing service life 40, 41, 144

Bent axis design 23, 27, 40, 70, 72

Bipolar transistors 162

Block diagram 52

Blocking characteristic 159

Blocking condition 160)

Bode diagram 75, 76, 77

Boost pressure 44, 66, 67, 78

Boost pump 126, 128

Birake function 24

Braking energy 24, 57, 116, 119,
129, 136

Braking power 122

Braking system |39

Braking unit 118

Breakaway torque 68

Bridge connection 163, 164

Buckel wheel excavator 103, 104

C

Cable break monitoring 55

Capacity 25

Cardan shaft drive 136

Cascade 37

Cascade control 61, 126

Central oil supply 30, 65, 66. 87,
123, 126, 128, 138, 139

Central unit 61

Centre crossover point 66

Centrifugal switch 37, 130

Change in displacement 51

Change in torque 51

Characteristic programming 135

Check valve 24, 38

Chemical-treating ship 112

Chopper 163, 164

Circuit design 24

Clocked output stage 61

Closed arcuit 24, 35, 40, 67, 68,
74, 1200, 128, 151, 153

Closed loop circuit 24

Closed loop control 78

Closed loop control and monitoring

electronics 39

Closed loop control circuit 61



186 Index

Closed loop control system 27

Closed loop digital control 62

Closed loop operation 135

Closed loop speed circuit 37

Closed loop speed-controlled drive
30

CNC machining centre 81, 82

Coelficient of friction 68

Coke carry-over machine 100

Coke ejection machine 100

Command speed 49, 55

Command value 120

Command value generator 53

Command value pre-setting 126

Command value speed setting 78

Computer control 130

Computer simulation 127

Constant flow 73

Constant flow system 30

Constant load conditions 33

Constant operating pressure 30

Constant pressure 3(), 15]

Constant pressure system 21, 3(),
149

Constant shaft loading 71

Constant tension 73

Constan! torque 73

Constant zero flow 35

Container vehicle 107

Conlainer with main winch drive
9

Continuous pressure 4}

Continuously excited synchronous
miotor l"'lT

Control accuracy 24, 75, 118

Control action 74

Control algorithm 26, 44, 52, 61,
74

Control and monitoring electronics
27,53, 56,70

Control angle 161

Control board 35

Control characteristic 51

Control characteristics 25, 56

Control clrcuit 25, 33, 34, 45, 57

Control concept 23, 25, 35, 128

Control design 61

Control deviation 24, 52

Control electronics 97. 130

Control element 30

Control function 24

Control operation 57

Control parameter 61

Control parameter sets 62

Control precision 24

Control pressure line 24

Control process 35

Control response 49

Control set 25

Control system 27.29. 31,51

Control system failure 39

Control technology 162

Control time 30, 44, 45, 47, 49,
175, 177, 178

Control time reduction 37, 49

Control valve 149

Control variation 84

Controllable electric motors 43

Controlled area 27

Controlled axis 49

Controlled svstem 48

Controller amplification 52

Controller output value 51

Controller transfer dharacteristics
47

Conventional drive in closed circuit
g9

Conventional drive in open circuil
99

Conventional hydrostatic drive 29,
30

Converter component 55

Corner frequency 76

Corner power 57

Correction curve 69, 70

Correction factor 70

Correction value 70

Countertorque 52

Coupling control 31

Creep speed 22, 33, 71

Critical system conditions 135

Crude oil pump 147, 148

Current feedback 61

Current heat losses 69

Current signal 24

Cvlinder 145

Cylinder control 143, 144, 149

D

D.C. intermediate circuit 23
D.C. machine 116

D.C. motor 25, 119
DC. power converter fed motor
131

D.C. shunt generator fHY
D.C. shunt wound motor [ 19
D.C. tacho-generator 03
D.C. voltage control 165
D/A converter 61

Damping 26

Data evaluatiom 126, 135
Data interception 126

Data measurement 135
D-characteristic 61
Deceleration 23, 35, 65. 73

Deceleration measurement 126

Deceleration of an oscillating mass
126

Deceleration phase 120

Deceleration process 57

Deceleration reserve 23

Deceleration torque 126, 134

Deceleration unit 134

Deceleration valve 3()

Deep drawing press 150, 151, 154

Deep drawing press, secondary

controlled 151

Defined flow 151

Degree of uniformity 72, 73

Degree of uniformity, vectorial

representation 72

Delay time 45, 47

Delayed control 61

Demodulator 59

Determination of acceleration 44
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Drive 148
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Drive concept 25, 30, 31
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Drive technology 29
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Energy-saving control 135
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Error detection 61
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Euler's theory 76

Evaluation logic 57

Examples of secondary controlled

drives 81

Excessive speed 23

Excitation of speed 134
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Exciter amplitude 134
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External cooling 69

External leakage 35

=

/U converter 27, 55, 56

[/U converter and monitoring

electromics 87

Fatigue limit 38

Feedback 57

Field excited power converter 119

Filter 123

First extension stage 116

Fixed displacement motor 30

Fixed displacement unit 143, 144

Fixed time grid 135

Flat bed driving simulator 138

Flat bed road 135, 140, 141

Flat bed test stand 138, 139

Flat bed test unit 138, 139
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Flow control 150

Flow control valve 24, 30
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Flow volume 24

Fluid temperature 66
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Frequency-voltage converter 35
Friction 52
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H
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Hydraulic power 29, 48
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Hydraulic spring 30, 43, 75
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Hydraulic transformer 22,
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134
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Hydrostatic drive concept 29
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I-characteristic 61
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Impact sound 135

Impressed current 23

Impressed flow 32

Impressed pressure 29, 31, 33, 41,
44 57,73, 77,116, 120, 143,
144, 145, 154, 155

Impressed pressure system |52

Impressed voltage 23

Impulse rate 26

Incremental transducer 27, 4(0), 55

Incremental transmitter 37
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38, 53,61, 62

Industrial robot 52

Inherent losses 70

Input amplitude T7

Input frequency 35

Input pulse sequence 55

Input rectifier 163

Input signal 35, 75

Input torque 133

Input value 75.118

144,
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Input/output components 61 )

Instabilitv 49, 57

Integzral characteristic 51, 52

Integration constant 48
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er 169
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Intermediate shatt 136
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Internal moment of inertia 116

Internal monitoring signal 56
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I-T4 function 51

ITFC software |26

J

Jerk 51

K
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Lattice tower crance 94

Laws of flow coupling 30

Leakage loss 24, 74

Length of time 48

Limit speed command value 60

Limit switch 56

Limiting circuit 70

Limiting control time 49

Limiting current 163
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Limiting value monitoring 61

Linear operation through zero 65

Lincarisation 134

Linearity 65

Load change 46, 47, 67

Load characteristic 3()

Load collective 130

Load holding 33, 35

Load lowering 3()

Load profile 130

Load side 118

Load speed 32

Load step 47

Load torque 25, 45,46, 51. 52, 66,
119
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Load unit 57, 130, 134

Load unit operation 126

Loading condition 30, 31, 33

Loading device 118

Loading energy |16

| oading machine 120, 121, 122,
132
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116
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Loading unit 66, 67, 69. 118, 124,
136, 138

Location of sound source 135

Locus curve 75, 76

Long-term behaviour 65
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71
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Low loss controls 143

Low loss power take-oft 143

Lower speed range 71

Machine efficiency 162

Main drive belt 138

Main supply 152

Mains circuit 57

Manual adjustment with crank 32

Mass equivalent 138

Mass simulation 119

Master axis 60)

Master /slave principle 60

Matching transformer 168

Maximum phase shift 76

Maximum power 57

Maximum speed 62

MCS digital control card 61

Measurement 115

Measurement device 25

Mechanical energy 35

Mechanical inverted rectifier 167

Mechanical leakage 70

Mechanical torque 32

Mechanical-hvdraulic efficiency 70

Metering pump 145

Micro controller 61

Microprocessor 61

Mill stand with full hydraulic drive
83

Mine locomotive 105, 106

Minimum control times 39

Minimum setting times 116

Mobile deep drilling installation 9()
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Index 189
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diagram 97

Mobile machines 134

Mobile manipulator 101

Maobile manipulator, circuit

diagram 102

Modulus of elasticity 75

Moment of inertia 26, 27, 37, 40),
44, 49, 65, 67,69, 73, 75. 77.
T8, 120, 129, 131

Monitoring 61, 126

Monitoring board 55

Maonitoring electronics 55.115

Maonitoring function 53

Monitoring signal 56
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transducer 33

Mooring control 145

Mooring operation 57, 150

Motionless state 35

Motor operation 21, 23, 35,47, 57,
67, 70,71, 150, 154

Motor pump station 123

Multiplexer 61

Multiplication 57

Multiplier functional group 57

Multivalue control 61
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Natural frequency 45, 47, 51, 75
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Noise pollution 135

Nominal torque 7()

Non-linearity 25
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Qil well pump 147, 148, 149
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Open loop control system 27
Operating behaviour 69
Operating condition 30
Operating pressure 32, 35, 66
Operating temperature 65
Olperational safety 24, 55
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Opto decoupled error message 62
Optocoupler 62

Oscillation element 26
Oscillations of control circuit 135
Oscillator 59

Oscillator demodulator 61, 62
Output amplitude 77

Output current 33, 57

Output signal 53, 55, 75
COutput speed 29, 33

Output stage for servo valve 59
Output stage, clocked 61
Output torgue 31, 44, 49
Output voltage 163, 164

Over centre movement | 5()
Overload peaks 1 16

Overload protection 39
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P

P element 76

Parallel operation 30

Path 25

P-characteristic 61

P-control 49

D swivel angle control 53, 62, 135

P12 valer spool positioning control
62

Peak lpads 148

Period of oscillation 49

Phase 75

Phase angle T6

Phase lead 76

Phase response 76

Phase shift 76

Pl controller 52

Pl positioming control 52

PID control 49, 62

PID speed control 53, 71

PID) transfer characteristics 49

Pilot circuit 34

Pilot flow 34, 38

Pilot forces 38

Pilot oil flow 34, 39, 177

Pilot pressure system 38

Piston positional transducer 39

PLC 57, 126, 135, 149

PLC card 61

PLC communication 62

Position control 122

Pesitonal feedback 51

Pesitional transducer 58, 71

Positioning 40

Positioning accuracy 27

Positioning circuil 52
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Positioning circuit with secondary

control for proportional valves with

positional feedback 53

Positioning control 52

Positioning control accuracy 29

Positioning cylinder 33, 52

Positioning device 61

Positioning speed 24

Positioning system for

secondary control 38

Positioning system with force

feedback 23

Positioning time 38§

Positive drive power 122

Potential energy 32. 148, 150, 154

power 162

Power control 57

Power control card 37, 58

Power converter 158

Power converter fed motor 23

Power converter fed rotary

generator 69

Power converter fed tachometer 24

Power deficit 118

Power display 57

Power electronics 115

Power flow 66

Power loss 47, 57, 149

Power output | 16

Power peak 155

Power required 148

Power semiconductor

turn-off switch 162

Power supply unit 121

Power take-off 136

Power unit 97, 12(), 148, 149

Power-dependent limitation 57

Powered machinery 134

Power-up reset 61

Pre-set value 122

Presses 149
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Pressure compensated 123
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Pressure control 33, 34, 150

Pressure coupling 32, 35, 40. 143

Pressure decrease 57

Pressure difference 49

Pressure differential 29, 30, 34, 44,
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Pressure fluctuation 73

Pressure pick-up 57
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Pressure relief valve 24, 57
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Pressure valve 35
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Pump control 144

Pump operation 23, 24, 35
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Radial piston design 4()

Radial piston unit 40

Ramp time 47
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Rear axle drive 129, 136

Rear axle drive test stand 127

Rear axle test stand 128

Rectification 139
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Reference velocity 72
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Resolution 52

Response amplitude |34
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Result 76

Results of the frequency response

braking operalion

method as Bode diagram for a I-T1
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Rotary group 44
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Rotating speed 157

Rotational acceleration 49

Rotor surface 69
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drive 83 -
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process 26
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Sampling point 61

Screw diode 159

Screw spindle pump 123
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115, 119, 123, 141, 143

Secomdary control circuit 24, 25
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Secondary control with power
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unit 116

Secondary controlled axis 38

Secondary controlled circuit 23

Secondary controlled drive 29
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Secondary controlled systems 29

Secondary controlled unit 40

Secondary controlled units 27

Secondary speed control 49
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|55

Secondary unil with power control
59

Self-adjusting control 61
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165
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Series circuit of two frequency
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Service life 37. 40, 69

Service life calculation 40

Service life tests 130

Servo cylinder 138, 139

Servo valve 30, 34, 44, 45, 53, 66.
77. 116,123

Servo valve output stage 53

Set-up 126

Shatt torque 69, 74

Shaftless transmission 4()

Shunt resistor 69

Shut down |35

Signal flow chart 25

Signal processing 48

Simulation 26, 61, 69

Simulation accuracy 126

Simulation calculation 46

Simulation computer program 26

Stmulation error | 18

Simulation of driving conditions
115

Simulation of mass 118

Simulation of moment of inertia
133

Simulatiom of non-technical systems
26
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tions 122

Simulation systems 141

Simulator 130

Simulator operation 130

Sine function 73

Sine law 72

Single acting cylinder 144

Single oil supply 138

Sinusoidal current 116
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Six-pulse bridge circuit 163
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Slew rate of the speed command
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Slipping 131

Software monitoring 62

Sound absorption 135

Sound direction characteristic 135

Sound emission 136

Sound measurement 135

Sound propagation |35

Sound radiation 135

Special control 49

Speed 29
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component 124

Speed accuracy 27, 47, 55

Speed actual value 53, 70)

Speed behaviour 73

Speed behaviour of an axial piston

bent-axis motor 73

Speed change 37, 44, 67, 120

Speed change per unit 43, 44

Speed characteristic, block diagram
51

Speed command value 53, 57, 68

Speed command value input 56

Speed command value jump 48

Speed command value ramp 62

Speed control 35, 40, 49, 51, 52,
53,56.60.70, 119, 122, 128,
130, 134, 136, 144, 145, 157,
168

Speed control accuracy 29

Speed control circuit 24, 51

Speed control process 67

Speed controlled drive 57
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displacement motor 144

Speed controller 52

Speed curve with engine connected
122

Speed curves, measured 121

Speed deviation 23, 45, 47, 52

Speed deviation with load torque

ramp 46

Speed difference 33

Speed differential 54, 55, 62

Speed direction transducer 124

Speed feedback 52, 61

Speed fluctuation 72, 73

Speed gradient 129

Speed increase 35, 48

Speed information 33

Speed input 66

Speed limitation 71

Speed limiting svstem 24

Speed limiting value 71

Speed matching 59

Speed measuring shaft 129

Speed monitoring 55

Speed profile 130

Speed ramp 33

Speed range 68, 119

Speed reduction 45

Speed response 119

Speed response curve 120
Speed response of secondary unit
47

Speed reversal 67

Speed signal 74

Speed variation 44, 46, 51. 57,71

Specd-dependent imitation 57

Splitter box 120

Spring constant 75

Spring-mass system 75
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Stability curves control setting 49

Stability diagram 49
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Stability tests |38
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Stable conditions 51

Standard control electronics 53, 55,
58

Standardisation factor 69

Standardising factor 57

Star-delta connection 158

Start-up 68

State differential equation 26

State feedback 27

State of equilibrium 33, 67
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Static friction 67, 68
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Step function 46

Step function response 75

Step-by-step control 26
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Supply unit 134
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70,72, 78
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Swivel angle behaviour 73

Swivel angle change 67
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Swivel angle position 51, 61
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Swivel angle reduction 40, 68

Swivel angle setting device 25

Swivel angles over centre 66

Swivel time 43, 44, 45

Synchronisation 69

Svstem and diagnostics 141

System behaviour 78

System characteristic 44

System characteristics 33, 48, 49

System cosl reduction 141

System dynamics 40

System identification 134

System matching 127

System monitoring 141

System pressure 35, 134

System safety 27

System simulation 127

System stability 22, 23, 24, 30, 38,
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Tacho-generator 635
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Tachometer matching 71
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Tandem design 130

Tandem unit 148

Tandem version |28, 129, 138
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Test stand control 130
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Three-phase bridge connection 168
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168
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165
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Throttling control 144
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Ihrottling operation 3()
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Time factor 48, 49
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Time ramp 68

Time response 48

Time-delay 51
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157, 161, 166

Torque and power control card 58
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Torque command value 7()

Torque control 33, 38, 56, 69, 70,
119, 128, 134, 136

Torque control accuracy 29

Torque control card 56. 71

Torque controlled 130

Torque controlled unit 47

Torque controller card 70

Torque distribution 130
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Torque increase 46

Torque irregularity 73

Torque jump 44, 47

Torque measurement 67, 6Y

Torque measurement shaft 700, 130
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synchronous

Torque peaks 120

Torque ratio 435

Torque reduction 4(), 48, 169
Torque relationship 45, 47
Torque response 119

Torque transfer 136

Transduced torque 40
Transformer 144, 152, 153, 155
Transformer circuit 155
I'ransformer principle 148
Transformer unit |54

Transient function 75

Transien! response 75
Translatory analogon 27
Translatory hydrostatic drive 143
Transmission behaviour 48
I'ransmission design 31
Transmission functions 126
Travel direction logic 39
Triangular function 67

Triplex drive components 124
Tuning amplifier 61

Turntable drive, basic circuit 112
Two-axis test rig 63
Two-quadrant operation 145
Tyre test rig 138
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Uniform torque transmission 22
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Valve controlled hydraulic motor
75

Valve piston position 61

Valve positioning differential 62

Variable displacement pump 150

Variable displacement unit 144

Variable hvdrostatic unit 21

Vehicle weight 119

Velocity dynamics 70

Voltage distributor 61

Voltage monitoring 62

Voltage progression 168

Voltage stabilisation 53

Volumetric efficiency 32

W

Watchdog circuit 61, 62
Water turbulence brakes 116
Wheel loading 138
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Text and reference books from “The Hydraulic Trainer” series
describe the design and functional operation of hydraulic compo-
nents for use in drive and open and closed loop technology.

Basic Principles and Components of Fluid Technology, Hydraulics
The Hydraulic Trainer, Volume 1

344 pages, 478 illustrations, 61 diagrams, 44 tables

containing
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Text and reference books from “The Hydraulic Trainer” series
describe the design and functional operation of hydraulic compo-
nents for use in drive and open and closed loop technology.

Fluid Power from A to Z
The Hydraulic Trainer, Volume 5

446 pages, 540 illustrations, 189 diagrams, 28 tables

containing

approx. 3000 terms with definitions and descriptions of specific
hydraulic and pneumatic terms together with their peripheral
fields such as measurement - open and close loop control - electron-
ics. The key-words are listed in English and German, an English
glossary completing the book.

Dictionary of Fluid Power
360 pages

containing

approx. 4000 terms in five la nguages
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relevant language.
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Text and reference books from “The Hydraulic Trainer” series
describe the design and functional operation of hydraulic compo-
nents for use in drive and open and closed loop technology.

Hydrostatic Drives with Secondary Control
The Hydraulic Trainer, Volume 6

196 pages, 240 illustrations and diagrams, 7 tables

containing
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Text and reference books from “The Pneumatic Trainer” series
describe the design and functional operation of hydraulic compo-
nents for use in drive and open and closed loop technology.

The Basic Principles of Pneumatics
The Pneumatic Trainer, Volume 1

184 pages, 378 illustrations, 20 diagrams, 31 tables

containing

Characteristics and application areas of pneumatics ¢ Basic princi-
ples ® Compressed air as energy carrier: generation, prepara tion,
distribution * Pneumatic drives ® Pneumatic control elements:
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flow control and pressure valves ® Special devices, special valves
and systems e Lines, line connections, accessories ® Pneumatic
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technology: pneumatic devices for logic functions ® Pneumatic
sequential control: Problem setting and circuit variations ¢ Pro-
gramme types, operating types and locking devices with pneu-
matic controls, circuit examples * Test exercises

How to order? —» Mannesmann Rexroth GmbH
Abt, Informationswesen
We'll send you our latest [2-97813 Lohr a. Main

catalogue of training materials ~ Telephone: 093 52/18 1035
and equipment free of charge. Telefax: 09352/181040
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The Pneumatic Trainer
Series

Text and reference books from “The Pneumatic Trainer” series
describe the design and functional operation of hydraulic compo-
nents for use in drive and open and closed loop technology.

Electropneumatics
The Pneumatic Trainer, Volume 2

176 pages, 191 illustrations, 17 diagrams, 20 tables

containing

Introduction * Basic principles of electronics ® Protective meas-
ures ® Devices for electropneumatic control ® Electrical control,
switching and signal devices * Analogue and digital signals »
Electropneumatic devices ¢ Exercises on electropneumatic control
principles ® Introduction to PLCs » Standard diagrams

How to order? — Mannesmann Rexroth CGmbH
Abt. Informationswesen
We'll send you our latest [D-97813 Lohr a. Main

calalogue of training materials Telephone: 09352/18 1035
and equipment free of charge. Telefax: 09352/18 10 40
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Training Materials

Supplementing “The Hydraulic Trainer” and “The Pneumatic
Trainer” series, “Hydraulic Training” and “Pneumatic Training”
as well as the “Fluidprax” training systems, the Rexrothek pro-
vides a wide range of didactic accompanying material.

Overview
* Computer-based training software

Hydroprax Hydraulic Circuits CBT

This educational software includes the visualisation of selected
hydraulic circuits and hydraulic components in the form of circuit
diagrams and sectional drawings. Functions and sequences and
their interrelation are described and illustrated by animation of
hydraulic circuits and hydraulic components.

Hydroprax Hydraulic Trainer CB1T

This educational software is an extensive interactive learning and
information system for the professional education and advanced
training for all occupations involving hvdraulics. It is a modular
system and can be extended according to customer requirements.

* Sets of overhead foils

Introduction to hvdraulics ® Overview of components ® Equip-
ment technics 1 - Cross-section through the hydraulic programme
* Equipment technics 2 — Proportional hydraulics

Hydraulics symbols stencil ® Electronics symbols stencil » FHy-
draulics slide rule » Hydroprax symbolic planning tolder

How to order? —3 Mannesmann Rexroth GmbH
Abt. Informationswesen
We'll send you our latest D-97813 Lohr a. Main

catalogue of training materials ~ Telephone: 093 52/18 1035
and equipment free of charge. Telefax: 09352/18 1040
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Hydraulic Training

Our seminars relay the essential theoretical specialist knowledge
and practical skills required for handling our components and
systems. These seminars take place both at Mannesmann Rexroth
and on site.

Topic overview

Basic principles of hydraulics ® Circuit hydraulics in practice *
Servo/proportional valve technology in practice ¢ Planning and
design of hydraulic control systems ® Designs using valves,
electrohydraulically controlled systems  Closed loop concepts for
electrohydraulically controlled systems, theory and practice o
Technics of the 2-way insert valves, logic elements * Hydraulic
devices and systems for mobile machines * Basic principles of
electrohydraulics ® Hydraulics for buyers * Hydraulics for in-
structors and teachers ® Axial piston units for general applications,
theory and practice ® Axial piston units for industrial applications,
theory and practice ® Electrohydraulic open and closed loop
industrial systems for axial piston units, theory and practice *
Axial piston units for indusrial applications, theory and practice,
bent axis units * Application-specific hydraulic training

How to register /order? — Mannesmann Rexroth GmbH
Abt. Informationswesen

We'll send vou our latest D-97813 Lohr a. Main

seminar brochure free of Telephone: 09352/18 1035

charge. Telefax: 09352/18 1040
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Pneumatic Training

Our seminars relay the essential theoretical specialist knowledge
and practical abilities necessary for handling our components a nd
systems. These seminars take place both at Mannesmann Rexroth
Pneumatik and on site.

Topic overview

Basic principles of pneumatics ® Electropneumatics ¢ Basic prin-
ciples of pneumatics for instructors ® Open loop control principles
e Programmable memory control (PLCs) ® Servo pneumatics
service seminar in the field of automation ® Servo pneumatics
commissioning seminar in the field of automation

How toregister /order?  — Mannesmann Rexroth
Pneumatik GmbH

We'll send you our latest D-30453 Hannover

seminar brochure free of Telephone: 0511/213 64 33

charge. Telefax: 0511/21364 29
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FLUIDPRAX

Hydraulic/Pneumatic
Training Systems

Forbasicand advanced training in educational establishments and
at work we offer specially developed training systems using
components from the standard programme. This guarantees a
smooth transition from theory to practice.

Overview
The “Fluidprax” training system is a modular system developed
for practical training in hydraulics and pneumatics, appropriate
for training in basic principles right through to specialised train-
Il'lg
Individual assemblies can be combined to form a complete system
of different stages of completion in modern laboratory design.
Both hydraulic and pneumatic single and double training rigs as
well as the combination of hydraulics and pneumatics on one
training rig are possible.
The modular system contains a carrier assembly, movable or
stationary (may be operated from one or both sides), various
stacking methods for the components as well as the relevant
energy supply. Special training modules such as a load unit (30 kg)
and a measuring glass (2,5 litres) are also part of the system.
According to the space available in the training centre the electrical
cumpnmmbi can be accommodated in a superstructure on the
“Fluidprax™ in 19 plug-in design or on a moveable laboratory
frame.
Components used are exclusively from the approved Rexroth
Hyraulics/Pneumatics standard programme.
The drive is designed in such a way that it can be extended in the
direction of proportional valve technology.

How to order? —3 Mannesmann Rexroth GmbH
Abt. VT15, Didaktik
We'll send you our latest D-97813 Lohr a. Main

catalogue of training materials ~ Telephone: 093 52/18 1041
and equipment free of charge. Telefax: 09352/18 1040
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