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Abstract. We report on recent progress in developing a compuier-aided nonlinear
conirol system analysis and design environmenl! based on sinuseidal-input describ-
ing function (SIDF) methods. In particular, twg major additions have been made
to our CAD software for nonlinear gontrols durmg 1984: a simulatipn-based pro-
gram for generating amplitude-dependent SIDF input/output models for nonlinear
plants, and a frequency-domain nonlinear compensator design package. Both of
these are described in detail. This software can treat very genéral nonlinear sys-
tems, with no restrictions as to system order, number of nonlinearities,
configuration, or nonlinearily type. An overview of the application of this software
to the demgn of controllers for a realistic, nonlinear model of an indusirial robot is
presented in Taylor {1984}, which serves to illusirate the use of these lools. Based
on the sofiware presenied here, the yse of SIDF-based nonlinear control system
analysis and design methods is substantially easler to catry out.

Keywords. Nonlinear control systems, describing functions, control system syn-

thesis, computer-aided design.

1. INTRODUCTION

The basis of this work has been established in earlier publica-
tions. In particular, Spang (1982} outlines the bhasic CAD
software tools that were avaiable before the start of this pro-
gram, Tayior (1982) describes several extiensions to that
software suite that are required for perferming convesntionat
analysis and design for nonlinear systems (equilibrium
finding, standard linearization} and required interfaces fo
create a functionally integrated eavironment, and Taylor
(1983, 1984) establishes the theoretical basis for the work
described here.

There are two major additions to our CAD software for non-
linear controls that we developed during 1984: a simuiation-
based program for generating amplitude-dependent SIDF
input/outpt medels for a nonlinear plant, based on
constant-amplitude  sinusoidal driving signals; and 3
frequency-domain nonlinear controller design module based
on the theory cited above. The specific approach taken in
developing this software was:

a. to extend the ponlinear simulation package SIMNON
(Elmagyist, 1977), 1o altow the direct generation of SIDF
models (amplitude-dependent  frequency response
models} using simulation and Fourier analysis methods,
as described in Section 2; amd

b. to create a Nonlinear Controfler Synthesis Program
(NCSF) by adding a module to CLADP (Edmunds,
1979) that accepts externally-generated frequency
tesponse models (SIDF models or experimental data),
and supports nonlinear conirof system design as
described in Section 3.

The basic functional architecture of our environment is por-
trayed in Fig. t. The new elements in that figure are the
quasilinearizer (SIDF model generator) and the nonlinear
design module.

Taylor (1983) provides an overview of SIDF models lor non-
linear systems and the overall appreach to controfler design,
and Taylor (1984) outlines and illustraies the methodology

. for muiti-mode] nonlinear contreller design by SIDF inver-

sion. Although the discussion that follows centers on SIM-

NON and CLADP, the same basic principles can be applied
o implement these features in any nonlinear simulation and
frequency-domain design package in a straightforward way,

The software developed under this program specifically
implements the functions required to carry out two nonlinear
control system design techniques from Taylor (1983, 1984},
i.e., the one-model SIDF-based linear controller design method
and the multi-model nonlinear controller design approach based
on SIDF inversion. These new capabilities provide the basis
for dealing with nonlinear syslems by adding control system
design approaches based on the behavior of the nonlinear
system for signals having amplitudes that correspond to the
actyal anticipated operation. The amplitude dependence of a
nonlinear system is a key characteristic that often’ must be
considered in the analysis and design of nonlinear systems.
This issue is distinct from the dependence of nonlinear sys-
temt behavior on operating point, which cén often be charac-
terized by a family of slandard linearized models about vari-
ous gperating points.

2. A'SIMNON-BASED SIDF MODELING PRO-
GRAM

2,1 Functional Qverview

sSoftware for generating amplitude-dependent transfer func-
tions describing the input/output (1/0) behavior of nonlinear
systems excited by sinusoidal inputs has been developed by
extending SIMNON and installing a new built-in system
SIDFGEN. The system SIDFGEN provides a sinusoidal
driving signal for the nonlinear system, and contains state
variables which are Fourier integrals of a selected plant out-
put variable, The SIMNON command set has been extended
to support this activity,

The nenlinear plant mode! can be a single system, or any
other arbitrarily interconnected set of subsystems. The only
restrictions are that the nonlinear system must be stable, and
that the desired SIDF /0 relation must be single-input

svic-output. B the system is not stable, then the user must
stabilize it with the appropriate feedback. 1If it is desired to
oblain a matrix SINDF 1/0 modei (e.g., lo describe a planl
with two inputs and two outputs), then the same principles
outlined below can be used, excep! that the sinusoidal signais
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applied to each mpul must be of differentl but nearly equal
“fraquencies- and the' Fourier analylsis’ must invotve: infégra-
tion over an “integral numbet of cycles of ‘both signals. - We
have successfully defermined 2% 2 SIDF models using input
frequencnes related by the ratio 4:3; this work will nof be
" described further due to space limitations. “Nole, however,
" that one cannot obtain matrix SIHDE /0 relations by exciling
a nonlinear system one channel ‘at a time, because of the
failure of superposition in nonlinear systems; also, exciting
both channels with sinusoids of the same frequency is
unworkable, because it is impossible to distinguish the effects
of multiple inpuis on each output.

The input and output of SIDFGEN are designaled v, and
t.., TEspectively. The sighal w,,, drives the plant, and the
oufput of the plant is connected to v,.. Once SIDFGEN and
the nonlinear plant medel are interconnected appropriately,
the following excitalion is provided by SIDFGEN:

S

and, by integration of the state variables in SIDFGEN, Fburier
integrals for period k = i, 2, ... are calcuiated:

ook 1) = iy + @ coslw?)

p“-h.(l) expl—imwiddr;

l.{ I)il

m=0,1273 (2}

where o

T=2n/fuw 3

The -reai integral for.m =0 captures the coostant.-or: *'d.c.”

componenl of. the. response,: and -the complex-valued first-

. harmonic- mlegral Iz, defings: the desired /O transler func:—
tion Gﬁ(Jm oy, o}, as follows: | - S

St

"(u / T 4)

(5)

VThe remdmmg hagher harm(mm fmmer In!egmls may hc cal-
culated to provide lhe,user with a measure af the importance
of, nontinear effects and with some insight as to lhe validity
of neglecting higher harmanics. ‘Fhis information is also
presented in pseudo-transfer funclion form,

vn ,-(l','m u.,, a) =

- Gk(m “l" a) - mf,_. Jaw

er=,2-;3.--' -6

G (ime; g, @) =l [ am;

" The integrals for m =0, | are sampled every petiod of the
sinusoidal input and checked for convergence; when satisfac-
tory convergence is obtained, the simulation is stopped and
the Fourier inlegrals are used to define the 1/0 relation as in
Eqn. (5). Convergence lesling is required in this procedure,
because lransients generally occur in the simulation, and the
Fourier integrals are not meaningful unlil the contributions
of these transients have decayed 1o become small compared
to the steady state response. The mechanics of this procedure
are discussed in mose delail in Section 2.3. Once conver-
gence is achieved, the desired /O relalion is obiainéd and
writlen to a file to serve as a basis for conlrolier design using
NCSP.

2.2 Command Structure

Three new commands have been added to lmplemenl SIDF
modei generation: .

Frequency seleclion: The l'requen‘éies for .which
Gljw;, 4y, a) will be evalualed are detlertnined by the
FREQ ¢command. Four variant forms are:

a.

" FREQ LIN <> <wan® < | -ADD ] /< fname2> |
“FREQ L()(,;"-é-w,',',;p?'biu',,,,,,‘s i;fml‘><[ -‘Al)l)']‘-['f-{'rnmneb 1

ey

. FREQ MAN, <@ 3 gey>. < > | Mll) | { ,’/lnuncz“ 1

_fnuonn <En|mc1‘> i Ann 1 runmh N

. Faylor
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_where the notation < . > denotes a numeric value and

“1.1 dn  optional ' e]ement The’ chmces aré: LIN
(*“linear”'}, yleidmg mw valies of @ with equal spacing;
LOG, resulting in nw values of w with equal loganthmm
spacing, MAN (“manual ), which accepis the user’s fist
of Frequencles directly from lhe tommand line, and
FILE, which uses the freguency list in an existing file
< fnamel > F specified by the user. In all cases, the user
may supply a flename <fname2> for storing the fre-
gquency list; this file can be used in subsequent SIDF
modef generation. The oplion -ADD results in merging
the newly-specified list with the existing frequency list.
Il either MAN or FILE is selected, or if the -ADD
option is used, then the frequencies are organized into
ascending order, The combination of these capabilities
allow the user to generate a very finely-tuned frequency
list.

‘SIDF model generation: Obtaining the SIDF model is
conirolled by the FRESP command.

FRESP { <7,,> ][ <di> ][ -PART]

which resulis in evaluating the 1/0 characterization or
frequency response "G (jw; 4y, 2}, The optional argu-
ments <7,,> and <dt> are a maximum simulation
tinre and suggested integration step, both of which are
discussed in Section 2.3 on convergence, The, option
-PART resuits in just the first (wo inlegrals being
evaluated - [Eqn. (2), m =0, I} and the corresponding
- first harmonic and dc characterization [Egns. {4, 5}
“+ being oblained; otherwise all integrals [Egn. (2), m =0,
1,22, 3] and 1/O relations - [Eqns. (4-6)1.are. evaluated.
- As the {requéncy response is being generated, the user is
:dinformed of progress by messages of: the-form FRESP
PROCESSING w = < value> as each frequency Is con-
sidered.

c. Error control parameter setling: The ‘user can control
;convcrgeme (Section 2.3) by changing the error control
,... paramélers using the new command FERR, “For exam-
©ople, FERR EPSDC <value> sels €q to the' desired
“value. Other keywords EPSM, FP?P!!! EPSY, NCYC
mrrespnnd lo the symbols in Seu:on 2.3 in the obvious
way,

_".()ne SIMNON command has been exiended lo facifitate the
. _use ol this software: DISP, or display. New oplions are DISP

FREQY, to show the list of frequencies defined via FREQ;
DISP FREQR, to display the frequency response data; and
DISP ECPAR, to show 1he error control paramelters.

Many existing SIMNON commands are usefut in SIDF
moedel generition. In particalar:

a. Parameter setting: The PAR command may be used to
set the paramelers e and #, in Eqn. (1} lo the desired
values. The default values for these parameters are 1.0
and (L0, respectively. H the user inadveriently sels e
0.0, which is meaningless, then a warning message is

issued.

Integrability: Several commands in SIMNON can be used
to ensure that the nonlipear simulation model can be
integrated for sinusoidal excifation of the amplitude and
- frequencies selected: ALGOR.and. ERRQR. The first
selecls the integration algorithm, and the second sels the
inlegration error control parameter. Further conlrol can
be exercised by the specification of <dir> in the com-
mand FRISP, which is a suggested integration step size.
.- The issue of- plant. model integrability is: completely in
- _the. hands of the user exercising the existing conirol
.- anechanisms..as it is'in the use af any nonlinear, system
-simuiation program. We  generally :recommend using
-fourth-order Runge Kutta with self-adjusting step size,
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" The followmg example llluslrdies “many l'catures oullmed
] above (everythmg t"o!lowmg isa commem)

"SYST NAL SIDFGEN NACON | o
" NAT is a plant model, NACON cunnccls u ’
" to SIDFGEN; set ¢ and w, appropriately:

PAR A: 1.23

PAR UQ: 0.0456

" Define the frequency list:
FREQ LOG 1107

" Obtain the SIDF model:
FRESP -PART

" Display the results:
ISP FREQR

resulls in the display

FREQUENCY RESPONSE, A = 1,23000 U0 = 0.04560
Real G Imag G . y0 .
0.1000000 1.029311  -0.1029510 0.01929734
0.2154435 1.011241  -0.2178886  0.01970793
0.4641589 09382116  -0.4354827  0.02126725
1.000000 0.7308754 -0.7311587  0.02753362
2.154435  0.4335728 -0.9357857  0.04494397
. 4.641588 - 02131995 -0.9972967  0.09036508
10.00000  0.0950871  -0,9590450  .0.01944327

2.3 Convergence

The convergence testing of the Fourier integrals is a major
concern in any attempl to automsate KO transfer function
. modsé! generation, Since.we are dealing with nonlinear simu-
-lation, whete -anything can nd.ofteri does happen, there is
- no simple or foolproof answer. Therefore, we.will only dis-
cuss. convergence on a simplified level. Furiher dctali may be
found inTayler (1985). : =

First, we have had to introduce five new error conlrot param-
eters in order o provide the user with the Tequired control
' ovér convergence. These are ey, €, €4, €,, and N, The
"' first three of these are error bounds for the de component,
magnitude, and phase respectively; e, defines “small” out-
put signal amplitude in the context of lhe system being stu-
died; and N, provides one mechanism o limit the number
of cycles of the input sinusoid that will be used, The firgt two
parameters are relalive error bounds and thus must be
between 0.0 and 1.0; ¢, and €, are absolute paramelers and
must be in the ranges 0. < &, < 30, degrees, 0. < €,, Ny,
must be greater than two. )

. Somewhat loosely speaking, the Fourier integrals are said to
have converged when the d.c. component p,, and the magni-

tude and phase of the transfer function Gy, denoted M, and.

@, respectively, have converged in the sense thal ypx, M,
and ®, evaluated over the previous ((K-1)st) period: of the
simulation and the latest (Kth) period satisfy the foilowing
conditions:

Tpon — Yag-1 }

erty, = ly"K 1 < €4
- My | o
erry, = ]MA < € L ) n

errg = lik”¢;‘-__| 1( €4

where the default values lor the error bounds arg e, = €,

= 0.05 (these are re!ahve error bounds of 5%) and €, =2

degrees. - EER

.- T e A joent YO ]

- In general terms, - there® are several fhings that can prevent
-'convergence Most: aften, ‘more simulation time: 1'; required;
" -ongTmhust inspectty; o deletming if 'thal is-so} and if so,
-.inerease either M. -or T:. The first.approach changes the

number-of cycles that-witl.be used befnre the convergence
" algorithm. gives up-{the-defaull is.¥,;, = 3}, while the second
changes the maximum s1mu!auon time {see FRESP above;

'_lhc defaul is an arbllrary value ot" 10 (Seconds or whatever
“unit of time is used)). -Since, the simulation will stop after
) N,,. periods or T,,, seconds, whichever is longer, it is clear that

N, governs the run at low frequencies, while 1‘,,,, ltmils the
simulation time at high frequencies. These, two simulation
contro] parpmeters are provided to help ensure that FRESP
does not get “stuck” endlessly integrating a difficult system,

{o minimize the possibilily that the user will be compelled to

CTRL-Y the program lo regain control, therefore, we recom-
mend that these parameters be set carefully,

. Another problem is that there may be a very slow mode

which keeps the dc component frpm converging. If the user
is noy concerned with the dc component. (often it is not
important), then convergence can be obtained without an
increase in simulation time by increasing ..

The nex! mosl common convergence problem is that the
output sinusoidal component of y;, is “small” in one of the
following senses and should be checked:

ol < €y kb= K1, K

or (8)
M, < MGuey k= K1, K

. where MG,,, denotes the maximum value of the magnitude

of G{jw; 1y, @) Tor the previous frequencies processed, The
firsi test is used only for the first frequency considered; the
second test reflects a better convergence test based on the
prior accepted values of 1G 1rather than on the arbitrary
absolute error parametct "¢, alone. In both cases,
G (fw; 1g, a) is declared to be undefined (nothing is written to
the fréquency response file). In dealing with these sitva-
tions, the first consideration should be €,, since this is an
arbitrary absolute parameter for the first frequency processed
by FRESP. The default value (1.B-6) may not have any
meaning; if so, then a change is in order using the FERR
command. On the other hand, there may be no periodic sig-
nal component in y;. This is especially likely if there are
biases and saturations in the model, Then it must deter-
mined why this is so- and whether or not the frequency
response has any meaning under those circumstances.

In conclusion, we reiterate that making this procedure com-
pletely foolproof is difficult. In particular, additionat care
must be taken to handle the d¢ convergence ercor correctly
when y, or G, are zero or very small in some sense.

3. NONLINEAR CONTROLLER SYNTHESIS PRO-
GRAM (NCSP)

The objective was to create & new module NCSP that inter-
faces with CLADP (Edmunds, 1979) and supporis nonfinear
control system design. The discussion thai follows does not
gssume a defailed famiflarity with CLADP; the reader is
referred to Edmunds (1979) for further information. The
basic functions of NCSP are:

. to accept and display a new system description lype ({re-
guency response data);

b. to generate a curve-fitted linear amalytic model (in
- {ransfer function (ratio-of-polynomial) form, based on
minimum mean square error curve fitting (Lin, 1982))
corresponding to frequency response data (Section 3,1);

¢ ta.permit the use of existing CLADP capabilities for
designing linear controllers-in the frequency domain; and

d. to provide a nonlinear controller synthesis capability
based on a pre-existing linsar controller design {obtained
. using the capability c. above or otherwise), a correspond-
ing set of frequency rtesponse models generated by
SIDFGEN {Section 2} lor the controliér in' cascade with
the nonlinear ptant for various controller input ampli-
{udes, and dulomatic nonlinear gdin synthesis via SIDF
inversion [Section 3.2; Taylor (1984)].
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This approach to nonlincar design is besl su:led l‘ar Lieahqg
with situations where the amplitude-dependence of: the non-
linear plant model is of primary concern, rather than silua-
lioris where dlfl'crent operating poitits lead to differend lineapr
ized models. The NCSD routines we have implemeated
currently handle only zero opérating points; Lhe exlension to
arbitrary values is cbvious but not simple o implement.’

Like most frequency-domain design programs, CLADP
accepls linear models in either Laplace (ratio-of-polyndmiials)
form or state-space (A, B, C, D) form, We extended the
moglel deﬁml]ons to include direct frequemy regponse
models ‘of the sort genegrated by FRESP (o ‘takem directly
from laboratory measurements). This simply’ involves rcad-
ing the frequency Tesponse dala from a hile dﬁd stormg it for
Tiirther use.

3.1 System Model Conversmn hy Lurve Fiiting

Linear compensators based .on lhc Mant Ilequency response
model may be d:{ecl!y destgncd usmg the cliissicat trequency
domain-. approaches without further niodel manipilation, or
the user may employ any other Jinear desigr apbroach by
using the FIT routine to generate ralio-of-polynomial modcls
that best apptoximaté the FR_data in the minimum ‘mean
square erfor serse. Since the original data is in 1|-|e frequency
domain, it is most direct to conver! 1o anluce form; if the
user desires to ohlain a state-space model, lhan lhe appropri-
ate conversion can be made.

The curve-fitting routine we implemented is based on the
algorithm given in Lin (1982). Qur lests have shown thal
this approach works well, as long as there is nol a large range
of @ in which the slope of the magnitude is not an integral
multiple of 20 dB/decade. [This phenomenon can be caused
by nonlinear effects, see Taylor (1984); it is particutarly rou-
blesome in the conlext of curve fitling if it occurs at low fre-
quencies.] In such cases, the user can control this prablem
by the appropriate restriction ol the frequency range.

in our implementation, the details of the [fitting procedure
can be specilied in advance by using the following com-
mands: NUM <wvalue> (numerator order), DEN <value>
(denominater . order), BIAS (loggle bias removal switch
onfoff), FIXN (toggle ‘switch 10 fix the numerator 5"
coefficient to be unity) and FREQ (define frequemy range
for fitting). Ordinatily, {ke FIT routine provides a model in

_whsch the denominator s coefficient is unity; however, that

must be changed |f the user has u type-one plant niodel {one
‘having a ‘pole ai’ w=0). I the FIT command js. issued
directly, the user is asked to supply this information.’

The user may find it necessary (o ilcrate in oblaining a mean-
ingful fit to the frequency response data, For example, it
may be necessary to vary numerator and denominalor order
(NUM, DEN), lo iry restricting the range of frequencies
used by the fit algorithm (FREQ}, etc., until an adequate At
is obtained.

The command LCD has been installed to provide access to
the CLADP linear controller desipn approaches. The use of
this capabiily may resuit in a linear controller design that
provides satisfactory performance, in which case the user has
successfully carried out the one-madel SiDF-based linear
controlier design method (Tayler, 1983). If this is nol the
case, lhen the systematic approach outlined in that paper
moves on lo multi-medel nonlinear controller design by SIDF
inversion. We have implemented one of these approaches,
as follows:

3.2 Dlreci Synthesis of Nonlinear Confrollers

The basic idea {(Taylor, 1984} is to process a sel of
frequency-demain models for (he nonlinear planf in caspade

with a finear compensaior designed as above and synthesize a-

static nondinearity so that the Torward path of the resulling
contral sysiem {see Fig. 2) will be as insensilive to input

o

(error. signal) amplitude e as possible, where the set of vajues
{ev . k=1, 2. ..] is selected by the user, based on the study
of the performance of the lingar controller that lead to the
decision to seek a nonlinear controller and on anncmaled
.operating conditions,

This procedure involves six steps:

a. select one plant operating regime defined by input ampli-
tude a, and generate the Gyljw;a,) model using
SIDFGEN, Section 2,

b. design a linear controller of any type denoted Cljw} {use
* CLADP - the primary coricern is to achieve good speed
'uf respense or bandw1dth and trans1ent response) creale

‘ d SIMNON miodet of CU&))

¢.. combine. Cljw) with the nonlmear plant. model and

- SIDFGEN, drive it with sinusoidal signals of d.c. value

© gy and. sinuscidal amplitude:ey, k& = 1, 2, ... and use
SSIDFGEN - to generate | the .fransfer function” models
dendied {Cw) G,Uw; e, )} or; more simply, [GG,);

""‘,‘, d take the set of models {€G;} and for edch k determine

“the precompensating slatic gain X, required lo force
K CGY to just avoid a specaﬁed M- c:rcle as illustrated in
Fig. 3;

- @ -pass !he. sel of ga;rls {K‘(q)] to the SIPFE inversion rou-
-tine for nonlinearity synthesis; and

{. validaté the nonlinear controller désign via simulation.

. This approach thys results in designing a general compensaior
_lin terms af ils dyngmic response C(w)] with gne nonlinear-

ity that is automalically sypthesized. The nonlinearity to be
placed in series with C{jw} (in front of Cljw) in Fig. 2} is
synthesized ysing a number of existing tools; the new ele-
menis are items d. (the M-Circle Algorithm) and e. (the
SIDF Inversion Algorithm). The latter routines are

_described belpw.

3.2.1 Quasilinear gain  evaluation (the M-Circle
Algorithm), This technique proceeds as follows: The input

- for this procedure is frequency response data for CG,, in &

files. The segments that define each curve are processed lo
determine the gain X, so that' X, CG, just touches the M cir-
cle, as shown in Fig. 3. The details are omitted for the sake
‘of ‘brevily; nole, however, that if the resuliing K, is infinite,

“the wser is s0 informed and o recommendation thal a smaller
- value of M be tried will be mued if CG, goes into the hall
'plmc o< 0 atall. (If CG) s always m the right-half-plane

{is positive real), then the “gain margin’" is infiniie, which is
surely conservative; generally there is no problem that Would
necessitale synihesizing a noalinear controlter is such is the
case.)  As mentioned previously, the output of this pro-
cedure is 4 set of error amplitude-gain pairs {e,, K;} from
which a precompensaling nenlinearity is synthesized.

3.2.2 Controlier Noanlinearity Synthesis by SIDF
Inversion. For each vaiue of ¢, there exists a finear compen-
salor design that dilTers only in the gain values K. This
information serves as the basis for nonlinear controller syn-
thesis, as follows: Given the pain versus amplitude relation
of the formy K,(v,) that is 1o be achieved by a single non-
linearity, adjust the parameters of a specified piecewise-linear
nonlinear function £, (e) se that the SIDF of 7, provides
the best fit to the gainfamplitude relation K, {e,) in the
minimun-mean-sguare-error sense. We delined 7, in fairly
general terms as shown in Fip. 4, The paramelers 0 be
adjusted are the skopes, 8|, §,, the breakpopint, §, and the
slep discondinaity, 1.

The user is allnwed 1o restrict the nonlinearily by fixing any
of the paramelers of [, only free parameters will be
adjusted for mean square error minimization. For example,
fixing

= 00, 085, =00
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restricts S fo being a relay with deadzone, oi arbitrary out-
put level B and deadzone width 25. The parameters shown
in Fig. 4 allow enough degrees of freedom that most reason-
able gain/amplitude relations can be fit with decent acéurscy)
allowing Lhe designer to resirict this freedom shoul(i permit
the user to arrive at a practical design. .

In surnmary, denoting the parameters that ﬂ‘{:ﬁﬁe‘j'j",.,‘, (¢} by
the vector p, . . .
P = [8,, 83, 8, D}

we devcloped a rouhnc for evailmtmg the SEDI “of f,.,,((’ ,

" and the parameler adJuslmcnt is done usmg ‘MINPACK

(More| 1980). The output of MINPACK is. ‘ihe paramcler
set p' for the nonlinearity in the eontioller, which completes

_its: definition. I -should be observed that the gain set
%, (e)) must. be well-conditioned, in. the: .sense that the
- values of e, must cover-a.reasonable range of e fe. (o} =

({1.2,:3.3;. 5.4, 7.5} -rather- thar {e,} .= 112, 1.35, 1.50,

1:65)), lhe reasen for thig is that the SIDF of:the nonlinear-

ity fpwr cannot change abruptly with small amplitude changes,

T "so’ a closely-spaced “gain sol will, usually be’ méaningless.
L Also the user should be aware thal qhite different nonlinear-
" jties may have very similar SIDFs lof. Gél’ (1968, Figs. B.]

and B.2, where the SIDFs for a IJevel quaritizer is almost
ldenlical 1o the SIDF of a limiter for all nermalized- inpul
amplitudes greater than 1.5]. Therefore, the user may have
considerable latitude in choosing the nonlinearily to imple-
ment.

A second output is p:ovu]ed so that the nonlinearity can be
incorporated directly in a simulalion of the’ closed foop sys-
tem. This is a8 SIMNON text file <fname>.T, where
<fname> is selected by the user, that models the contro!ler
nonlinearity; the parameter values are writlen according to
the results oblained by the nonlinearity synthesis procgdure.
The user is then ready to simulaie the plant plus nonlinear
controller in either open or closed-loop configuration by sup-
plying the appropriate connecting sysiem.

For [urther illustration, see Taylor (1984).

4, SUMMARY AND CONCLUSIONS

The primary motivation for the effort deseribed above is te

simplify the use of SIDF-based methods for analysis. and

design of nonlingar systems, and to transilion this technology
to contrel engineers in other parls of General Elgetric.. It is
the zulbor's hope thal ‘this descrspllon wﬂi aiiow others to
achmve the same objeclwes

-y

E

AL KNOWLEDG EMENT

’ _“Kc\éin ._Strobel and Ralph Quah, both empldyéd at GE CRD
 and students al the Rensselaer Polytéchnic Institute in 1983

and 1984, contributed a great deal to the success of this
effort, i

REFERENCES

'_ l:(tmunds, J M. (1979). Cambrldge lineat analysis and’

design pmgram 1FAC Symposium on Compmer Aided
Des:gn o;‘ "Control Systems, Zunch

" ‘Elmgvist, H. (1977). SIMNON - An'interactive simulation

program for nen-linear Systems. Proceedings aof
Simulation '77, Montreux.

('__Lm P.L., anclY C: Wu. (1982). (dentification of multi-

input mult1 outpul lmﬂar systems from frequency

fesponse datd. Trans, ASME, 104, March 1982

More, J. I, B. 8, Garbow, and K. E. Hillstrom, (1980).
User Gi.lldB for MINPACK-1, Argonne National
‘Laboralory, Report No. ANL 80-74.

" Spang, H, A. 11, (1982). The federated computer-aided

control design system. Proc. 2nd IFAC Symp. on
CAD of Multivariable Technological Systems,
West Lafayette, IN, 121-129,

Taylor, J, H. (1982), Environment and methods for computer-
sided contro! system design for nonlinear plants.
Proc, 2nd IFAC Symp. on CAD of Myltivariable
Technological Systems, West Lafayette, IN, 361-367,

Taylor, J. H. (1983). A systematic nonlinear controiler
design approach baged on quasilinear system models.
Proceedings of the Amgrican Control Conference,

San Francisco, CA, 141-145.

~Taylor, J. H., and K. L. Strobel, (1984). Applications

of a nonlinear controlier design approach based on
quasilinear system models. Proc. American Control
Conjerence San Piego, CA, 817- 824,

f_Ta'onr, J. M. (1983). Soltware tools for nonlinear coniroller

design, GE Corporate Research and Development Report
No. 85CRDnnn. -



Trylar
Ril S | .Hll||"‘|
QUILIBRIUM
bl it LINEARIZER
" T
PLANT/SYSTEM
- GIMULATOR RESPONSE
NONLINEAR
MODELING
MODEL i LANGUAGE L PLANT/SYSTEM
MODEL DATA BASE:
PLANT/SYSTEM
Pepoedie-| ANALYSIS (i BEHAVIOR

P . NONLINEAR, CHARACTERIZATION

g SYSTEM LINEAR,

v INPUT/OUTPUT :

o 2 IDENTH- . QUASILINEAR

s DATA FICATION

SOFTWARE -
15 ‘ LINEAR DESIGN

i b pee| (CLADP],  py=dim= DESIGN
.l NONLINEAR DESIGN

i QUASE- | CONTROLLER

b ‘ LINEARIZER MODEL

8y () cos Wt +d)

: g o g o A
. .ea.cﬂ'ﬁ‘wt' B SR . [P . .
. 1 Clje): g G”wfa] R NP,

L alwse |cpa]
L é=xCljwy .

“Fig. 2. Compensated Forward Path '

M circle,
M=4

RS

 Fig-3. Illustration of K, {e,) Gengratign -

LS

Fig. 1. CAD Environment for Nonlinear System Design.

4 fow (e

Fig. 4. Piecewise-Linear Compensator Nonlinearity



