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Abs trac t . In 1973 I . Ho r owi t z and M. S idi h ave given a method for quant i tat i ve 
design by cascaded contr o l o f process es with large parameter uncerta i nties . 
Th i s paper i ndicates t he necessary modif i cations in case of bandwidth limitations 
and the differences in the resul ts , which can be reached in such a case. As an 
example the design of a car test bench - which motivated the investigation s -
i s discussed . 
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I . INTRODUCTI ON 

For life span tests of wheel suspensions and 
complete cars servohydraulic test benches are 
used . I n one o f the possible test cases the car 
body is f i xed and horizontal and vertical 
loads as measured dur i ng road tests are gene ­
rated by servohydraulic actuators . Figure 1 
s hows such a configur ation schemati cally . One 
problem of such a simulation of r eality is 
t h at the dynamics of the car o n the road are 
to a certain extent d i fferent from the dyna ­
mics of the laboratory system car plus actu ­
ators . S i nce test benches are only useful , if 
o n e ge t s fairl y e xact results on life span 
and on t h e location of eventual material 
crashes , one needs either a lot of experience 
i n the compensation of unwanted effects or a 
detailed modelling , wh ich enables one to 
design control loops , guaranteeing that t he 
input s i g nals brought onto t h e car axles and/ 
or suspen sions in the tests are nearly identi ­
cal to the respective input signals on the 
road . A modelling of this kind has been per­
formed by A. Graser ( 1982) for the problem 
discussed here and for some other car test 
bench prob lems . 

In the s i tuation of figure l one can concen­
trate on t he design of one horizontal d i s ­
placement in combination with the vertical 
displacement . This i s due to the fact that 
in first appro x imation there i s a unilateral 
coupling from the vertical i nput onto the 
hor i zontal input only , since the horizontal 
wheel s uspension is much stiffer t h an the 
vertical one . F igure 2 clarifies the basis of 
such a coupl i ng : The hor i zontal actuator must 
follow movements of the vertical actuator 
s i mulating the jumpi ng of the wheel on the 
road . Th e kinematics give in general a quadra ­
tic relatio"1 that means we have a non l inear 
coupling. 
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Since in the vertical directio n the actuato r 
simulates t h e wheel displacement one usual ­
ly runs the horizontal actuator in force con ­
trol due to the small displacements in this 
direction , which can be measured , however . 
As a second measurable value for the verti ­
ca l direction one may use the oil pressure 
of the actuator . If one separa tes furtheron 
in the actuators between the conversion of 
t he electrical input signal into the mechani ­
cal contro l of the o il fl o w and the connec ­
tion between this input and the oil pressure 
and/or the actuato r displacement , one gets 
the process descriptio n given by figure 3 . 

The detailed analysis (Graser 1982 ) shows 
that Sl can be modelled by a linear transfer 
fun c tion, but that S2 and Sl are heavily de ­
pendent on the working point due to valve 
nonlinearities and on the ve hicle to be t0St ­
ed . However , the overa ll beha viour can be 
described by a linear transfer function with 
poles and zeros very near t o the imaginary 
axis but still in the left half of the com­
plex plane with a relatively high uncertain ­
ty on the frequency values c haracterizing 
these singularities . 

Table 1 gives the transfer functions for the 
model of figure 2 and representative para ­
meter variations for the prob l em looked at . 

The parameter uncertainties can be handl ed by 
appropriate feedback (cascaded system). Here 
a quantitative design procedure developed by 
I . Horowitz and M. Sidi 1972 , which has been 
extended by t h e same authors to cascaded 
systems in 197 3 has been applied . The method 
guarantees that the design demands are ful ­
filled with controller amplifi ca tions as 
small as possible , which is important with 
respect to disturbance and sensitivity ampli­
fication unavo idable in the high frequency 
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range for real plants . However , in Horowitz/ 
Sidi 197 3 the design restrictions are assumed 
to be others than being important here . There ­
f ore we sha ll discuss in section two some modi­
fications of Horowitz/Sidi 1973. Section I I I 
will deal with the design of the car test 
bench control and section IV concludes the 
paper with s ome summarizing remarks . 

11. THE DESIGN OF CASCADED LOOPS FOR 
PROCESSES WITH LARGE PARAMETER 
UNCERTAINTIES 

The de sign method of Horowitz/Sid i (1972) 
makes use of the connection between open and 
closed loop frequency response in the Nichols 
chart. Paramete r uncertainties lead to an en­
l argement of the single point characteriz ing 
phase and gain of the process for a certain 
frequency in this chart to a certain area in 
the chart. The controlle r shifts this area 
without changing it i nto anoth er position and 
one can check whi ch con trolle r gain is just 
necessary to guarantee tha t the process vari­
at ions do not lead to a closed looped ampli­
tude variat i on higher than specified. In addi ­
tion to these frequency dependent l ower 
boundaries, above whi c h the controller has to 
raise the plant frequency response for some 
selected nominal process parameter val ues , 
stability has to be secured. This leads to a 
so-called "high frequency boundary " whi c h 
guarantees the avoidance of a certain area 
around the crit ical point OdB , -180

0 
and which 

itself is representative for the maximum ampli ­
f i cation of parameter uncerta inty effects o n 
closed loop response , which are unavoidable 
for real plants in the high frequency range 
if one suppresses them in the low freque ncy 
range by high controller gain . (Bode-Westcott­
theorem 

'J l og 11 +q ( j w) I dw = 0 
o 

q(s) open loop transfer - function - see e . g. 
Krebs 1973 - ) . Details of the me thod and its 
semiautomatic handling via an interactive 
computer program can be found i n a compan i on 
paper (A. Graser , W. Neddermeyer , H. Tolle , 
1982). Here we are going to deal with the ex­
tensio n of this method to ca s caded control 
loops by Horowitz and Sid i (1973). They start 
with the design of the outermost control loop , 
neglecting the parameter variations of the 
inner ones in deta il , but taking account of 
them in some ove r design - higher contr o ller 
gain than necessary - . With the next loop go ­
ing to the inside of the cascaded system the 
closed loop transfer function variation due to 
parameter variation s has to stay inside the 
overdesign margin , will have some ove rdesign 
again as far as further inner loops are still 
to be closed , but is free in all other aspects . 
By this one gets stepwise the necessary con­
trollers and guarantees that the overall design 
requirements are fulfilled . However , due t o 
the Bode-Westcott - theorem one has to pay for 
the parameter uncertainty effect suppression 
in the cl o sed loop in the low frequency area 
by s ome a mplification in the high frequency 
area , so that in general the necessary band-

width is growing for the inner loops steadi ­
ly . Especially , one doesn ' t know in advance 
what bandwidth requirement one will have for 
the actuator acting on the process before 
one has designed the whole cascaded sys -
tem . Now in a number of control tasks like 
the car test bench control bandwidth limi­
tations for the innermost loop exist: Either 
because the high frequency behavio ur of the 
process is not well known or because high 
frequency resonances are possible or because 
the actuators have a limited bandwidth only . 
Furtheron , coupled parameter variations of 
the different process blocks can complicate 
the boundary computations for the Ni chols 
charts for inner loop design , if o ne starts 
from the outermost l oop . Out of these reasons 
the design starting from the innermost loop 
and going stepwise to the outer loops is 
proposed here as an alternative to the Ho ro ­
witz /S idi method . By this , one can easily 
handle bandwidth limitations. But now , the 
required sensitivity suppression to a defined 
frequency may not be reached . However, one 
gets a clear picture , which results may be 
reached with a certain process model and/or 
selected actuator and what cannot be reached . 

Besides of this change in design direction 
the car test benc h control loop design indi ­
cated that the very simple unique high fre ­
quency boundary of Ho rowitz/Sidi 1972 has to 
be modified , if the phase variatio n is not 
negligible up to relatively high frequencie s 
and the phase variations are not only posi­
tive compared with the phases of the process 
with the nominal parameter set. In this case 
one is only sure to avoid the specified 
region around the critical point for all pa ­
rameter var i a tions , if o ne calculates for a 
high enough number of selected d iscrete fre ­
quencies f orbidde n regions d irectly with t h e 
parameter variation areas - see figure 4 -

Ill. CAR TEST BENCH DESIGN 

The process description by a block diagram 
has been given in figure 3 , the transfer 
functions and respe c tive parameter values in 
table 1. Due to possible resonance s in the 
high frequency range an 021n loop bandwidth 
limitat ion of w~2 000 sec has been chosen 
and to get the best design possible under 
such conditio ns all measurements available 
have b een used , which leads to the cascaded 
closed loop struc ture of figure 5 . The non ­
linear coupling from the vertical loop onto 
the horizontal loop has been compensated by 
modelling the process nonlinearity . If the 
inner loop for control of the ho rizontal 
movement woufid behable to suppress the 
effec ts of 51 . 52 - parameter variations 
fully, the compensation would need the non ­
linear term only . However, the bandwidth li ­
mitation doesn't allow this up to the neces ­
sary extent , as will be shown later on and 
this makes t he additional lead term neces ­
sary. 

We shall discuss here the design of the hor i -
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zontal loop only . The design steps are the 
same for the vertical l oop and will not be 
shown therefore . Figure 6 is a Bode plot of 
phase and gain for the no~nal values and 
their variations for S~ . S2 according to 
table 1. The command frequency region is for 
both the vert~Ial and the horizontal loop 
OSw$w =80 sec . However, the quadratic non ­
linea~ity leads to inputs up to,2w as inputs 
from the vertical loop . The open l~op band­
width limitation doesn't allow to specify the 
inner loop variations as tight as o ne would 
like to do. Figure 7 shows the possible closed 
loop gain variation specification as chosen 
after some prelimina ry test investigations and 
figure 8 a number of open loop gain variation 
boundaries calculated from this closed loop 
requirements and the unique high frequency 
b oundary of Horowitz/Sidi applicable here (see 
f i g . 6) for a disturbance ampl ifica tion smaller 
than 10 dB as a maximum. The frequency plot 
shown is already the process with the nominal 
parameter set plus a satisfactory controller: 
The high frequency b oundary is avoide~land for 
example for the frequency w

11
=349 sec the 

frequency plot point lies exactly on the re­
spective boundary 11, with a good approximation 
to this si tu~tion for the other frequenc ies. The 
controller R (s) leading to this result is of 
the fourth o~der in the nominator and the de ­
nominator: 

1,7 5 1 s2) (1+ 1 , 68 1 s2) 27 , 7(1+ ~s+ 
~ 933 s+ 

933
2 

Rh= 
1 - 3 0 , 45 1 2 

s(1+0 , 84 · 10 s)(l+ 165 3 s + --- S ) 

1653
2 

o 1" The open looE1crosses the -1 80 phase lne at 
w = 1693 sec , that means the bandwidth re ­
quirement is fulfilled with no undue margin . 
Figure 9 shows the gain ag d phase variations 
of the loop closed with RI and figure 10 the 
gain and phase variations whi c h one gets by 
combining these not suppressed innefi loop 
variations with the variations of S3 ' We h a ve 
now the situation that for the nominal para ­
meter set we have also negative phase varia ­
tions . This makes it necessary to use the 
more complicated closed boundaries of figure 
4 instead of the unique high frequency 
bo undary of Horowitz/Sidi . Since this leads to 
software difficulties , the real variation 
areas have been enclosed in r ectangles and the 
b o undaries were calculated with these rec­
tangles which means a certain amount of over ­
design . Figure 11 gives the Bode plot of the 
closed loop after completion of the outer loop 
desigg . The result is acceptable . The control ­
ler R2 has a denominator of the third order 
and a nominator of the fifth order : 

- 2 1,1 8 1 s2) 8 , 98(1+1 , 4 · 10 s)(l+ -- s+--
h 113 113

2 
R2= 

8 ,2 6 , 25 0,37 
9: 2S2 ) s(1+ 

3 
s) (1+ 

10
4 

s) ( 1+ 
~ 

s+ 
10 

Figure 12 shows the step response of the 
horizontal l oop with a number of parameter 
variations. However , the step input is not 

the main problem . More important are the 
answers to sinusoidal inputs and due to the 
doubl ing of frequency through the quadratic 
nonlinearity the criti cal case is the input: 

wV '" sin 80 t 

Figure 1~ gives the answers for wV
=0 , 28 sin 

80 t ,w = 0 for the case without compen­
sation of the non linearity (a), with com­

"pensation of the non linearity 

h v 2 
- xl = - 0 ,1 2 (xl) -

but without the additional lead (PD) - term 

_ (1 + _1_ s) _ 
180 

(b) and f inally with the design shown in 
figure 5 . Actually , the compensati on without 
the lead term doesn ' t improve the situation 
vis - a - vis the case without compensation: 
One has in both cases an unacceptable system 
answer . The reason is t hat o~T has at the 
frequency w = 2 · 80 = 160 sec a lready a 
phase variation of 52

0 
f or the inner hori ­

zontal loop - see figure 10 -. The lead term 
- which would have t o be replaced by a lead­
lag element with a pole far to the left in 
case of realisation - doesn ' t bring down the 
phase variation , but the minimum and maximum 
values of the phase are shifted from 
_600 $ ~ $ _80 to _ 32 0 $ ~ $ 200 

, which 
gives the improvement shown in figure 13c. 

IV. CONCLUDING REMARKS 

The design method of Horowitz/ Sidi 19 72 is a 
very useful tool for processes with large 
parameter uncertainties , a s car test benches 
are due to linearization and differen t test 
vehicles . Ho wever , bandwidth limitations as 
may be e xistent for o the r problems , too, 
make some modifications necessary of the ex ­
tension of this method to cascaded systems 
as given by Horowitz/Sidi 1973 . The therefore 
used design from the inner cascade l oops to 
the outer cascade loops does not guarantee , 
howeve ~ any l onger the fulfillment of the 
design requirements . But it shows clearly 
what can be reached with the limitations 
given . 
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Fig .1. Sketch of a servohydraulic test bench 
with three actuators coupled to one 
wheel suspension 

wheel 

Fig . 2. Mechanical coupling of the actuators 
due to the wheel suspension 

Fig. 3 .Process model: 
index v = vertikal 
index h = horizontal 
i elektrical input 
q oil flow 
P oil pressure 
xl: movement 

F : force applied by the actuator 
c 

t gain[dB] 

high 
quenc 

11 

o 

-8 

area 

0" phase 

Fig.4. High frequency b o undaries calculated 
with two different methods 

Fig.5. Structure o f the cascade control 
system with disturbance feed forward 
decoupling 
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0.1 dsec1 
rig. 12. Step responses of the horizontal 

loop 
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Fig. 13a). Output si~nal of th~ horizontal 
control loop without disturbance 
feed forward system 

b). Output signal of the horizontal 
control loop with disturbance 
feedforward system 

c). Output signal of the horizontal 
control loop with disturbance 
feedforwarn system anj additional 
lead-lag system 




