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CAD OF THE HOROWITZ/ SIDI-DESIGN FOR 
FEEDBACK SYSTEMS WITH LARGE PLANT 

PARAMETER UNCERTAINTY 

A. Graser, W. Neddermeyer and H. Tolle 

Inst it ute of Control Eng ineering , T echnical University of Darmstadt, 
Federal R epublz"c of Germany 

Abstract. I. M. Horowitz and M. Sidi (1972) presented a design procedure 
which guarantees quantitative demands on disturbance rejection and suppression 
of plant variation using the minimum controller gain just necessary for this 
effect. 

This paper describes an interactive , computer - aided implementation of this 
design procedure , which has proved to be very effective. The plant variations 
are handled by some expansions of a method from L. Longdon and D. J. East (1979), 
the controller design by a parameter optimization method using a vectorial per 
formance criterion in an interact i ve manner. 
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INTRODUCTION 

Feedback allows to reduce effects of disturb 
ance signals and of plant parameter variations 
by a suitable dynamic correction in the closed 
loop, the controller . However, the command re 
sponse is l ikewise influenced by the controller . 
I . M. Horowitz (1963) introduced therefore the 
distinction between control loops with one and 
two degrees of freedom and proposed to use in 
general two degrees of freedom - two dynamic 
corrections - the first one being the control 
ler and the second one a dynamic prefilter for 
command response shaping - see fig. 1 -

Concentrating on the problem of plant parameter 
variations one may describe the plant by the 
parameter dependent mathematical model P(s,~) , 

where ~ is a vector describing parameters vary 
ing between specific bounds: 

( 1 ) 

The design objective for the two degrees of 
freedom control loop is to keep step function 
responses of the closed loop in a permissible 
domain : 

a(t) S y(t , ~) S B(t) (2) 

which may be reformulated at least for minimum 
phase plants as a requirement on a domain for 
t he gain variation of the closed loop frequen 
cy response: 

( 3) 

(see Krishnan and Cruickshanks 1977). Due to 
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possible amplification of the unavoidab l e 
measurement noise and design economy t h e 
design objective should be reached with mi n i 
mum loop bandwidth and/or controller gain. 

THE DESIGN METHOD OF 
HOROWITZ/SID I 

The controller design method devised by I . l ~ . 

Horowitz and M. Sidi (1972) works according 
to the following principle: For a number of 
selected frequencies ~ . the plant gain and 
phase variation is det~rmined giving a cer 
tain phase - gain area in the Nichols chart, 
which can be shifted in the phase and the 
gain direction by selection o~ phase and 
gain of the controller . With the Nichols 
chart - see fig. 2 - there is a graphical 
connection between phase and magnitude of 
the open and the closed loop. Choosing a 
nominal parameter set according to ( 1 ) with 
the plant template one can look at distinct 
phase values of the open loop to the min i mal 
magnitude of the nominal open loop to fulfill 
the requ i red maximum magnitude variation of 
the closed loop . 

Connecting points for different phase shifts 
using a nominal plant parameter set one gets 
boundaries above which the controller has to 
b r ing the nominal open loop plot in the 
Nichols chart for this frequency W.' Since 
one guarantees by this procedure tfie closed 
loop gain variation only, one has to adjust 
later on with the prefilter that the command 
response has not only the required small 
variation but is actually really inside of 
the given domain for the closed loop re 
sponse . 
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However, one has to consider bes i des these 
b o undar i es for each w. the stability problem in 
the Ni chols chart , toB . In most cases this can 
be handled by a so- called high frequency bouna
ry, which is based on the following situation: 

Fo r a stabl e closed loop and plants with at 

least two more poles than zeros - which is un
avo i dable , if one takes together process plus 

and with T 
w 

T· F we can write : 

I:NI ~ I ~ I ' l;a·1 
w 

~ 
a (w) , 

( 7) 

actuator as the plant to be considered - one I NI I N I I N I 
can diminish the closed loop variat i on vis - a - T Tw Tw 
v i s the plant variation only up to a certain ~ Tw < Tmin 
frequency, wh ich is unfortunately smaller than w 

~ 

S (w) , 

t h e cross over frequency in the Bode- diagr am so that we would have lower and upper bounda-
(see e . g . Griser, Dickmann and Neddermeyer 1982~ ~ ~ 

Therefore the r i es a(w), S( w) , if we would know TwN. requi rement : 

IlIT (j w) I < ~ 
'w - :a( w) I 

(4) 

makes sense o nly in the f requency comma nd band 
o < w < w . Fo r highe r f reque n cy o ne limits the 
un;vo i dable ampli f i catio n o f the variations, 
which can be do ne for examp le by a requirement : 

jT(j W) ! < y , y > (5 ) 

wh ich leads to a c l o s ed c urve in the Ni c hols 
chart with the critic al p o int Od B, - 180

0 
in its 

i nterior . Now the template s must no t p e netrate 
into this area . Normal l y the phase va riation is 
already small f o r w- valuE' Swith (u > wc ' so that 
o ne gets only some gain variation now, which 
can be approximated by the high frequency gain 
va r iation , which is th e plant gain variatio n f o r 
w + 00 . One f i nds in this way in additio n t o the 
ph ase and gain dependent bo undari e s f o r sel ec ted 
wi one further bo undary - see f o rbidde n area in 
f i g . 7 - for all frequen c ies, the s oca lled high 
frequency b o undary. 

CALCULATION OF THE w. - BOUNDARY 
1 

The h igh f requency bo undary f o l lows dire c tly 
f r om (5) and lim lIP(s , ~) . 

s+oo 

However , the wi b o undarie s are e xpl a i ne d up t o 
now in a way , whi c h can be ha nd l e d ve ry easily 
by hand and visio n in a trial a nd e rror proce 
dure , but not very e asy by a compu ter. The ba 
s i s for an automation has been given by 
L. Longdon and D. J . East ( 1979 ). It starts f r om 
t h e relative plant variation vis - a - vis s o me 
sui tably selec ted plant descriptio n pN o ut o f 
t h e possible P(s , ~) a nd the easily ve ri f yable 
equation : 

(6) 

With upper and lower boundarie s on TN/T and the 
ca l cul able relative plant variat i o n pN/p o ne 
can now get the wi - bo undaries in the Nichols 
ch a r t by the computer (for details see Longdo n 
and East 1979). An upper and lower bo undary o n 

TN/T can be f o und in the f o llo wing way : From 
(3) we have: 

Longdon and East choose now the nomi nal c l osed 
loop transfer function in such an manner , that 
it has the same percentage deviation from the 
~pper Znd lower boundary , which gives some 
a( w) , S( w) and allows by that t o ca l culate 
with (4) some controller R, whi ch meets all 
requiremen t s set forward in t h is way . However , 
the controlle r has minimum gain only i f the 
actual value of T~ is chosen wi~h res~ect to 
the value T~ used to calculate a and S . 
Since th i s is not a l ways t he case with the 
assumption of Longdon and East , one may get 
by their method a certain overdesign (higher 
controll e r gain than ne cessary) . The simple , 
but very effec tive modification is to take 
a certain number of different T~ i n the region 
al l owed by (5) , getting by this different 
boundaries in t he Nichol s - chart, wh i ch may 
cross each other for different ph ases . I f one 
takes the lower envelope , one gets now for 
all phases a bounda r y of minimum gain and 
avoids by this an overdesign. 

To elucidate the above connections , an example 
is given below. 

Example: For t he plant model 

P(s , a) 

[ : l ~· : 1 < [ :: 1 
a b o undary for LN is t o be calculate d at 
frequen c y pOint w

1 
2. 

The admissible gain variatio n is liT 

ITmwax ldB _ I min i I I ITw = II T( w ) = 
' dB 1 ' dB 

6 , 5 dB. 

Fig . 2 shows boundar i es for seve n allowed 
values of T~ , giving seven paired va l ues of 
~ ~ 
a and S. The resulting envelope is line B

1
. 
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CONTROLLER DESIGN 

The controller design uses the w. -boundaries 
and the high frequency boundary ~in the Nichols 
chart. Horowitz and Sidi (1972) are choosing for 
each of the selected frequencies w. and s ome 
frequencies in the h~gh f~equency ~range a 
phase and gain for L = P oR by inspe c tion and 
calculate from this gain and phase requirements 
an R in certain frequencies. They select then 
a certain denominator and nominator degree for 
the contr ol l er and approximate by appropr i ate 

parameter selection the requested controller be
haviour . Since this cannot be met exactly in 
general , they have to control by some additio 
nal calculation , how far the selected control 
l~r fulfills the requirements. Horowitz/Gera 
(1980) used a Bode- Integral to automate the 
evaluation of the frequency response of the 
open loop . The determination of the controller 
then needs some optimization steps, too. Here 
another way is used. The denominator and nomi 
nator degree of the controller is chosen at 
first and the parameters of the controller 
are optimized d irectly in such a way, that the 
open loop plot LN(jw) fulfills as far as possi 
ble the requirements set by the boundaries in 
the Nichols-chart. The optimization uses after 
exploring some other possibilities now a pro
cedure , which was successful ly appl i ed by 
G. Kreisselmeier and R . Steinhauser (1979) for 
some other problems : 
The constraints for LN(jw) and/or the control 
ler are formulated as a vectorial performance 
index S!(!:) . 
The latter is normally composed of the follo 
wing six elements: 

Sum of the deviation~ of the frequen 
cy response points L (jw

i
) from the 

boundaries Bi to higher gains , 

Sum of the deviation~ of the frequen 
cy response points L (jw.) from the 
boundaries B . to lower ~gains , 

~ 

Component resulting from the violation 
of the single high-frequency boundary 

N . 
by L () W , ~), 

g4(~): Gain of the controller (jw~~) , 

g5(~): High frequency gain k
oo 

of the control 
ler, 

g6(~): Stability of the controller . 

The number of the vector components gi is easy 
to vary , so that additional constraints can be 
introduced into the design . For this purpose 
the performance i ndex components have to be 
formulated such that their values become the 
smaller the better the design requirements are 
met . 

Then the design of the controller R(~) has to 
be transformed into the task of determining 
the controller parameters ~ in such a manner 
that each component of the performance index 
~(~) becomes sufficiently small. 

This goal is achieved by iterative selection 

y+l Y y+1 Y 
of a target vector:=,. with ~(~ ) <:=,. <£ 
and by solution of one optimization task in 
every iterative step. 

The optimization task is formulated: 

find x = min x(r) for which 
r 

~(~y+l) < x-cY+ 1 x <l 

with x(r) 

is fulfilled. 

max 
15 i5n 

(G. (r) /C.) 
~ - ~ 

In the program package described here this 
problem is solved numerically using a zeroth 
order optimization procedure and a linear 
one - dimensional search strategy . 

INTERACTIVE DESIGN 

In practice a design based on the method 
described in the foregoing starts with the 
fixing of the vectorial performance index 
to be used in the optimization procedure . 
Generally the standard six dimensional 
vector agreed for the program package serves 
this purpose well. Upon establishment of the 
performance criterion , the development en 
gineer selects a controller order as well as 
c ontro ller start values rO. 

In doing so, the program enab l es him to sep
arate individual controller parameters -
for example , an integarting pole S = 0 -
from the optimization process and ~o pre
determine them exactly . 

For the numerical optimization it ts neces 
sary to choose fhe target vector C , for 
which G(ro ) < C holds. -

Beginning the optimization with these starf 
values , one o btains the paramefer ve1tor ~ 
and the perfo rmance v~ctor G(r ) <x C after 
the first iterative step. By ~electing the 
f o ll owing target vecto r , the deSigner is in 
the po sition t o contro l the optimization 
process interactively . If a specific crite 
rion is intended to be imprOve? the corre 
sponding vector component c. Y+ chosen 
has to be as small as possiBle - however , 
always larger than g. (rY) . When a criterion 
is already fulfilled~satisfactorilY it suf
fices t o selec t c. Y+ = c. Y . 

l ~ 

As an aid to select the target vector , the 
designer can have the actual frequency res 
ponse o f the nominal open loop plotted into 
a Nicho ls diagram, t o gether with the bound
aries t o be kept. By means of his geometri 
cal conception of the o~timum shape of the 
frequency response of L (Horowitz 1973) 
he then recognizes which criterion in the 
performance vector is still to be improved. 

With the aid of the above - mentioned plots 
the designer can observe the progress of 
the design and take appropriate measures , 
if required. 
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If it turns out, for instance, that no sub
stantial improvement of the locus can be 
achieved by a change of the target vector 
there is the possibil i ty o f continuing the 
optimization process by means of new start 
values for the controller parameters or with 
a new controller. 

After a sufficient appr~ximation of the optimum 
frequency response of L has been reached, the 
designer can stop the optimization process and 
arrange for the o utput of the controller para
meters . 

In addition, the described interactive program 
package o ffers a variety of possibilities of 
crecking the control result o btained - for 
example , the calculation of step function res
ponses and frequency responses . 

Hence , to show the performance of the design 
support, the synthesis of a controller regu
lating the pressure of a servo- hydraulic actua
tor is considered in the following example 
(Drechsler 1982). 

EXAMPLE 

The plant investigated , P(s,~) , was identified 
on a motor - vehicle test bench as 

Kl (1 

2d
A s2) + s + 

2 w
A w

A 
P(s,~) 

s(1 2 2d ~ S2) + Ts) (1 + - s + 
w 2 

0 w 
0 

where the parameter set ~ varied within the 
bounds 

110 ~ Kl ~ 340 

98 ~ w ~ 116 0 . 08 ~ d ~ 0.5 
0 

56 ~ w ~ 69 0.4 ~ d ~ 0.6 
A A 

The underlined magnitudes were c hosen as nomi 
nal parameter values. 

Considering the above-mentioned plant in the 
Bode diagram (Fig . 3) , one find s that the 
maximum gain variatio n is approximate ly 35 dB. 

The requirements in the closed control loop are 
given in the frequency domain and represented 
in Fig . 4. 

The transformation of these requirements into 
boundaries took place at 11 frequency po ints . 
Fig. 5 shows these boundaries Bl ....... B11 with 
the nominal plant frequency response pN the 
frequency points belonging to the bo undaries 
are marked in the curve . Fig . 6 illustrates the 
progress of the design. The frequency res 
ponse of the open loop meets to the require 
ments imposed by the boundaries Bi . Some o f 
the frequency response pOints coincide with 
the bounda ries, for example , w4 ' w10 ' w11 where -

as the remaining ones l i e above them, which 
corresponds to an ove rdesign . 

Frequency response L
N

, however , stil l vio
lates the sing l e high- frequency boundary, 
which was determined here from the h i gh 
frequency gain variation 6k

oo
=26 . 24 dB and the 

constraint ITI~10 dB. 

F ig. 7 shows the frequency response of LN 
after five further iterative steps . It can 
be seen that the wanted optimum curve ac 
cording to Horow~tz is rea ched in good ap
proximation by L . 

The controller parameters obtained are : 

K(S - n 1) (s - n
2

) 
P(s) 

2Dl 
1 + 

1 2 
s + 2" s 

w
1 w1 

K 2 . 3 · 10 
- 6 

n
1 

- 820.88 

n
2 

- 303 .12 

Dl 0.28 

w. 1353 . 2 
1 

To verify the design the magnitude variation 
of the closed l oop is s hown in Fig. 8. The 
design requirements are marked with (x) and 
the actual variation of the c l osed loop with 
(+). It can be seen that the pre-determined 
gain variation was met at all pOints. The 
wanted absolute position of the frequency 
response is easy to attain by use of a pre 
ced ing filter. 

No t e : 

In this example the unusually loose con 
straint I T I ~ 10 dB was selected because of 
a bandwidth limitation. 

CONCLUSION 

The method of Horowitz and Sidi for a quanti
tatively prescribed suppression of p lant 
parameter variation consequences in the 
command frequency area has been implemented 
into an i nteractive computer program, using 
the ideas of Horowitz and Sidi and Longdon 
and East with some modifications. The pro 
gram runs on a small HP 9825A desk computer . 
An improved version using a light pencil 
input on the relative plant variation areas 
for a DEC- PDP 11/ 34 and/or a DEC-MINC is 
foreseen to be available at the end of the 
year . The method of Ho r owitz/Sidi and the 
program has been proved to be very helpful 
f o r design considerations on car test bench
es , since it gives clear indication s, what 
closed loop step respon se boundaries may be 
reached with actuat.ors with a given band
width and/or , what actuators are necessary 
if a certain behaviour shall be guaranteed 
for a specified plant uncertainty. 
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L = RP T=~ 
l+L 

T 
w 

FL 
l+L 

Figure 1 . Two degrees - of- freedom structure 
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Bode plot 
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Figure 4 . Tolerances on the frequency 
response Tw(j w) - Bode plo t 
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Figure 8 . Gain and phase variation of 
T(j w) - Bode plot 




