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ABSTRACT. We discuss the application of expert systems pro-
gramming techniques to the design of lead-lag compensators for
a single-input, single-output, continuous-time plant. A design
method based on first adjusling the high-lrequency response
with fead and constant-gain compensaters followed by adjusting
the low-frequency response with lag compensators has been de-
veloped, This design heurislic is presenled and ils abllily to
achieve specifications for a range of different plants is discussed.
Inference engine capabilities and extensions to a conventional
analysis and design package required to implement this aulomatic
conirol system design method are discussed.

1. INTRODUCTION

While the analytical results of classical and modern control theo-
ry are stated with mathematical precision, the design experlise
required lo use a particular technique is normally in the form of
heuwristics (rules-of-tlhumb) and informal trial-and-error pro-
cedures. Also, allhough synthesis methods may appear to be
straightforward, there are often subtle points in applying a partic-
ular procedure that are only fully appreciated after the user has
attained a moderate to high level of experience. Thus, although
a number of powerful sofiware packages have been developed
" for computer-aided control engineering, their capabilities may be
. difficult for an inexperienced or parl-lime user to exploil due lo
the complexity of the programs and lack of guidance in their
effective use, The result is that there is a pressing necd to aid
the less-than-expert applications engineer in ways that are
difficult to accomplish through traditional programming methods.

We' believe that expert-systems programming techniques offer a
solution to such problems. We will support this opinion by
describing an expert system that has been built to apply the
powerful numerical routines available in the Cambridge Linear
Analysis and Design Program (CLADP, Edmunds {1]) to com-
plete an iteratlive design fo meet specificalions on closed-loop
bandwidth, gain margin, and low-frequency gain {position- or
velocity-error constant). This capability is a part of the overall
process handled by our expert system, which we have designed
to encompass a much larger part of the Computer-Aided Conlrol
Engineering (CACE) domain. Because we see this syslent as the
beginning of a third-generalion of CACE systems (Taylor and
Frederick [3]), we call it CACE-LIL.

The use of experi sysiems lo represent and apply expetl
knowledge in a particular domain is becoming increasingly
widespread (cf. Hayes-Roth [2]). Our recent eilort ([3], Taylor
et al. [4,5]), and James el al. [6]) has been directed al construct-
ing an expert system 1o aid a control engineer in exploiling avail-
able software to achieve an acceptable design in a broad sense
that includes support for model development, specification
development, control system design, and design validation. In
this paper we discuss one element of this work, namely using
the knowledge representation and inference mechanisms of ex-
pert sysiems lo creale a set of rules which will aid a control en-
gineer in the design ol lead-lag compensation for a single-input,
single-oulput linear plant.

The knowledge represenlation scheme which we use (see [3]) is
the produclion rule or ‘‘recognize-act’” formalism. In (his
method the experlise is represented by a sel of rules in lhe form
of IF <premise> THEN <conclusion>, The premise is a con-
Junction of clauses which describe a possible situalion, and the
conclusion is a disjunction of aclions which are to be performed
if the situalion occurs. Additional details on knowledge
representalion and inference mechanisms are conlained in [2, 3,
5, and 6], In this paper, we will not detail the rules themselves;
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rather, we will define the procedure in algorithmic lerms so that
the interested reader can apply it manually or embody the algo-
rithm in an expert system.

In Section 2 we present the heuristic used for the design of lead-
lag compensation, and Section 3 outlines the requirements for an
inference engine to implement this heurisiie, Section 4 deals
with modifications and extensions to CLADP required to in-
tegrale it with the inference engine. We conclude wilh com-
ments regarding Lhe slatus and fulure of this efforl.

2. A LEAD-LAG DESIGN HEURISTIC

We chose classical single-input/single-outptit [requency-domain
design techniques for our initial study, with the expeclation thal
well-established rules existed for ils application. The goal was to
have the expert syslem ulilize CLADP to achieve specificalions
of gain margin, bandwidth, and low frequency gain by the addi-
tion of lead-lag compensation to a single-inpul, single-ouipul
linear plant. (In the CLADP nomenclature, this is called a
precompensalor, i.e., il is placed before the planl in the forward
path, rather than after the plant or in the feedback paih.) We
discovered that numerous textbooks present in detail the resulls
of adding lead or lag compensation (cf. D’azzo and Houpis [7]),
and indicate that iieration is nceded io achieve ap acceplable
design; however, a syslemalic approach for ileraling the lead-lag
compensator parameters to meet specificalions is nol given. The
closest presenlation meeling the requirement of providing a
design algorithm is Thaler [8]; even this lacked the completeness
required for rule-base developmenl. In relrospect, we believe
that the classical approach to control system desigh may be one
of the more difficult to implement in an experl sysltem, due lo
the visual aspects of the process {e.g., shaping Bode plots) and
the amounl of ad hoc adjustment required for success.

The rule base we developed aulomalically designs a compensalor
that achieves specifications for a variely of syslems. The basic
idea is to first adjust the high-frequency porticn of Lthe [requency
response using either a conslanl gain or a combinalion of gain
and lead compensators lo meet Lhe specifications lor gain margin
and closed-loop bandwidth. The low-frequency poriion of lhe
frequency response is lhen adjusted by adding lag compensalors
to meet the specification for position-error constant {type-0 sys-
lems) or velocily-error constant (iype-1 syslems).

A [low chart representation of the synthesis melhod is provided
in Figure 2. Specific details of the algorithm are as follows:

A. Adjust the high-frequency poriion of the [requency
response. This is done in one of two ways, depending on
the open-loop phase characteristic:

1, If the minimum open-lvop phase angle js grealer than
-180°, the gain margin is infinite so phase margin
should be used fo guide the design process. The secant
algorithm is used to determine the gain that must be
added to the forward path to meet lhe bandwidth
specificalion, and a lead compensalor may be added (o
provide the appropriale phase margin. The gain and
lead are adjusted until (he bandwidth specificalion is
met.

2, If the minimum open-loop phase angle is less ihan
-180°, bolh the gain-margin specification and the closed-
loop bandwidth specification must be mel by adjusling
the high-frequency porlion of the [requency response.
This is achieved as follows:



a. Add lead compensalors lo adjust the open-loop
phase angle at ihe specified closed-loop bandwidth,
wae. The transfer funclion used for each stage of

lead is
G As) K @ poadS + @ et~/ O jond (1)
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The center frequency of the lead, w,,, is placed at
wae. The amount of phase lead initially added is
calculated to place the forward-path phase at wg, in
the range of -200° to -170° for a type-0 system and
in the range of -170" to -140° for a type-1 system,
the different ranges depending on syslem type were
selected to account for the fact that type-1 systems
tend to approach the origin closer to the nepative
real axis than do lype-0 systems, so additional [ead
is required lo mainiain an appropriale distance from
the critical point. The pole-zero ratio of the lead
network (a.:) that is needed to achieve ihe re-
quired amounl of phase lead is calculated using the
piecewise-linear approximation to the exact curve
porirayed in Figure 3. Nole thal the producl of Lhe
gain K,; and this pole-zero ralio is the high-
frequency gain of the lead compensator. Two or
more stages of lead are used if necessary.

b. Adjust the compensator low-frequency gain(s) Kiea
to meet the gain-margin specification.

¢. Adjust the actual closed-loop bandwidth by making
incremental changes in the values of ap.s to in-
crease phase lead at wgy, by 10° when the
bandwidth is too small and decrease phase lead by
10° when the bandwidth is too large, based on the
approximate relation depicted in Figure 3.

d. Repeat steps (b) and (c) until the gain-margin and
bandwidth specifications are within telerance.
When both conditions are salisfied, the high-
frequency portion of the [orward-path frequency
response has been completed.

B. Add lag compensation to adjust the low-frequency gain.
The lag transfer function is of the form

5t Wy
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where w,, is lhe frequency associaled with the zero of the
transfer function and ay, is Lhe zero-pole ratio and is equal
to the low-frequency gain. Again, more than one stage of
lag may be used il necessary.

1. For a type-0 system, the zero of the lag is placed a de-
cade below the magnilude crossover {requency (w,, =
@ o/ 10) in order to make the high-frequency impact of
the lag negligible. The pole of Lhe lag is placed at
wolag, where ap, I3 the amouni of added low-
frequency gain required lo meet the low-frequency gain
specification.

2. For type-1 syslems, Lhe zero of the lag compensalor is
placed an addilional octave below Lhe magnilude cross-
over frequency, making g, = @ /20 This
modification correcls for the more pronounced eflect
that a lag compensator has upon magnilude-crossover
conditions for type-1 systems compared with type-0 sys-
tems because of the increased low-frequency phase lag
of the {ormer.

The tolerances f{or declaring specifications to be met are:
bandwidth: +20%, gain margin: % 3dB, and low-frequency gain:
+3dB.

The rules for the initial adjusiment of the open-loop phase angle
are designed to add lead compensators to place the open-loop
phase angle at the desired closed-loop bandwidih in the ranges
given above. These ranges are based solely on experience. In
most cases tried, especially where here are no lightly damped
poles and/or zeroes, this algorithm has proven to be successful.
For syslems with very lightly-damped poles or zeroes, however,

the alporithm does not inilially place the leads at the appropriale
[requencies, so the ileration scheme cannol meet the bandwidtlh
and gain-margin specifications. The resonani case is known lo
be difficull, often requiring Lhe design of compensalors with
complex zeroes [8]. -

The following example illustrates the ability ol the algorithm lo
desipn compensation for a nonirivial plant. The experl sysiem
was given the transfer [unction

500(s -+ 10) 3)
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with the design specifications of 9.0 rps bandwidth, 10.0 db gain
margin, and 40.0 db low-frequency gain. Prior to beginning the
design of compensation of the system, a Nyquisl plol of the un-
compensated system is displayed (Figure 4), As the design
proceeds, the user is informed of the paramelers of the lead,
gain, and lag compensators being added. A Nyquist plot of the
compensated system (Figure §) is provided when the design is
complele. The siep response ol the compensated sysltem (Fig-
ure 6) is also provided if the user requesis it. The compleie
closed-loop system is porirayed in Figure 7. The resulis
achieved were 9.3 rps bandwidih, 8.5 db of gain margin, and
40.0 db- of low-[requency gain. Each of Lhese [alls wilhin the
siated Lolerance.

As indicated above, we use [requency-domain specilicalions (o
determine lead, lag and gain parameters in our control syslem
design. However, if the system can be approximated by a
second-order sysiem with less-than-critical damping, an approxi-
mate relation exisls between the bandwidth of the system and
the rise time of the step response as well as belween the max-

imum frequency-response amplilude and Lhe percent overshool

to a step input [7]. There is also an approximale relalion be-
tween the phase margin of the system and the percent overshool
of the siep response (Dorf, [9]). An exact relation also exisls

_ belween the low-frequency gain and the steady-stale etror to a

slep or ramp input, It is planned to provide the experl syslem
with the ability to make use of hese relations in order lo sup-
port the user in entering specifications other than those used in
lhe design rules,

3. INFERENCE-ENGINE CAPABILITIES

The choice of an inference engine with adequate means of
knowledge representation and control of the inference process is
crucial to the subsequent creation of the knowledge bases {2]). It
has been our experience that the following capabilities define the
minimum set needed to implement the logical flow of Lhe con-
irol system design process:

a. arithmetic functions to support numerical operations within
the inference engine,

b. use of logical variables which can be assigned eilher nuneri-
cal or symbolic values, and

c. the ability to run and exchange information with exlernal
programs which execute lhe analysis and synthesis pro-
cedures via conventional means (e.g., CLADP).

Our implemenialion uses General Electric’s DELPHI inlerence
engine, DELPHI is written in Franz LISP and has the capabili-
ties required. Specifically,

a. DELPHI has a PROG verb which provides access lo the
LISP prog feature and thus supporis numerical calculations,

b. DELPHI also supports logical variables which can be as-
sipned either numerical or symbolic values, and

c. DELPHI provides the capability to run exlernal processes by
crealing a VAX/VMS subprocess which can be run through
VMS maiiboxes.

The LISP environment has also proven lo be easily modified to
create macro instructions for CLADP as well as to implement a
variety of functions which support the exchange of numerical
and symbolic data. This feature of the LISP environment has
shortened the time which would otherwise have been required to
build the expert sysiem. '



By applying Lhe above capabililies, the expert system slarls and
runs CLADP (issuing the appropriale commands), assigns the
values determined by CLADP roulines (o logical variables, and
calculates new parameter values for the leads and lags. The re-
sults of these changes are then aulomatically analyzed using
CLADP routines and displayed to the user. Thus, Lhe experl
system conlains both the heuristic knowledge required to imple-
ment the lead-lag design algorithm and the capability lo obtain

the numerical results required to proceed. The protocol used to -~

implement this two-way exchange of data is discussed in {6].

As a historical nole, our initial implementation was made using
an inference engine developed for General Electric’s Diesel Elec-
tric Locotnotive Troubleshooting Aid (DELTA, lohnson and
Bonissene [10]). While DELTA supports both forward and
backward chaining and has a variety of verbs and predicates, it
does not provide for numerical computalion, logical variables, or
process running.. This resulted in having to run CLADP from
onc computer terminal to determine the bandwidth, gain margin,
low-frequency gain and olher guantities required to implement
the deslgn heuristic,”and using another terminal lo run the ex-
pert system to enter these vajlues as responses lo gqueries. The
user was thus in the position of acting as an interface between
CLADP and the expert syslem. This limitalion has been re-
moved in the DELPHI implementation where the user interacts
only with the expert system and all transactions with CLADP or
other programs are handled automatically.

4, CLADP MODIFICATIONS AND EXTENSIONS

The implementation of the lead-lag design algorithm required
that several changes be made (o CLADP, These were of three
types: new commands for obtaining necessary information, new
commands for convenience and simplification of command se-
quences, and new input/output for communication with the ex-
pert system. The following essential new commands were added
to CLADP to obtain data alter a system frequency response has
been calculated:

a. FREQ calculates the open- and closed-loop magnitudes and
the open-loop phase angle at a specified frequency.

b. Given a specified open-loop magnitude, NMAG calculates
the number of cccurrences of the magnitude, the frequency
of each occurrence, and the phase angle of each occurrence.

¢. Given a specified closed-loop magnitude, CMAG calculaics
the number of occurrences of the magnitude, Lhe [requency
of each occurrence, and the phase angle of each occurrence.

d. Given a specified open-loop magnitude in decibels, DBMA
calculates the number of occurrences of the magnilude, the
frequency of each occurrence, and the phase angle of each
occurrence.

e. Given a specified closed-loop magnitude in decibels, DBCM
calculates the number of occurrences of the magnitude, the
frequency of each occurrence, and the phase angle of each
occurrence,

f. Given a specified phase, NPHA calculates the number of oc-
currences of the phase, lhe magnitude at each occurrence, in
both decibels and absolule values, and the frequency of each
occurrence,

g. GM calculates the -180° crossover frequency and the
corresponding pain margin in bolh decibels and absolute
value,

h. PM calculates the magnilude crossover frequency and Lhe
corresponding phase margin in degrees.

In addition, the following commands greatly facilitate adding
compensator slages:

a. GAIN — creates a gain compensator having the gain
specified either in decibels or as a real number,

b. LEAD — creates a lead compensator according to Equation
(1), given the lead alpha (ay,,,) and the lead center ltequen-
oy (wn'r)u and

¢. LAG — creates a lag compensator according lo Equalion
(2), given the lag alpha {a,,) and the frequency of the zero
().

Once it was determined that the above [eatures were required lo
implement an automatic lead-lag compensalor design in CACE-
111, we realized that the commands listed above would be of con-
siderable utility to the human user of CLADP as well. Their use
can save the effort of generaling plots and reading approximale
data from the terminal display and defining compensalor transfler
functions in terms of the order and coefficients of the numeralor
and denominator polynomials.

In addition to the above exiensions, we modified CLADP (o
read commands from a file and write the resulis in a form con-
venient for the inference engine to access and manipulale. The
latter involved writing information lo files in the form of three-
tuples, which are the basic unit of information used by Lhe ex-
pert system. For example, if CACE-IIl needs to know the
closed-loop bandwidth with the present compensalors, il issues
the command DBCM -3.0. Then lhe resulls relurned by
CLADP are the three-tuples:

{ I' OCCURRENCE-OF-CL-MAG-DB . FOUND )
( SPECIFIED-MAGNITUDE OCCURS-AT-FREQ . 10.4)
{ AT-THIS-FREQ CL-MAG-DB-IS . -3.0)

The same “‘sighal-to-symbol”’ translformalion could have been
done by having DELPHI decipher the conventional CLADP oul-
pul. However, it was easier and more effective to modify
CLADP since we had access to the source code.

5. CONCLUSION

A number of control-design issues involved in developing an ex-
pert system to aid a conirol engineer in the design of lead-lag
compensation for a single-inpul, single-output linear plant have
been presented. Other issues such as the implemention of a par-
tilioned rule-base architecture and the coordination of the sym-
bolic manipulations of the inference engine with numeric calcula-
tions being performed by conventional soltware are detailed in
[6]. The limilations of the desigh heuristic used lo dale have
been discussed, and the results of applying lthe method o a
type-0 planl having five poles and one zero have been given.

We are still seeking to improve the design heuristic. Al present
the two major deficiencies are a cycling of the design algorithm
lhal occurs in some cases and the Inability lo handie resonant
modes in a satisfactory manner. The cycling of the algorithm oc-
curs while adjusting the high-frequency portion of Lhe {requency
response: Since the lead alphas are adjusted in incremenls of
10°, we occasionally find that an increase (decrease} of the lead
alpha will cause a change in gain margin thal requires a decrease
(increase) in Lhe lead alpha, etc. We expect that a reduclion in
the size of the increment made in Lhe lead alpha, once cycling
has been detecied, will resolve the problem. The difficulty with
the resonant modes Is caused by the abrupt change in phase an-
gle near the resonant frequency. We iniend to expand the rule
base so the expert system can add a compensalor that has a pair
of complex zeros to Lhe left of the resonani poles and (wo real
poles further to the left in the s-plane , i.e., a noich filler as is
often done [8],

This preseniation details an elemenl of a substantially larger ex-
peri system, nemely CACE-IU [3-6]. The architecture [or Lhis
experl system has been designed to provide support to the user
in modeling, diagnosing, constraining, specifying, designing, and
simulating a plant that can be either linear or nonlinear. The
lead-lag design heuristic is currenlly the only working part of the
design rule base., ‘The larger expert sysiem is based on using
both CLADP and an extended version of SIMNON as the
underlying conventional soflware (see Elmqvist [11] and Taylor
[12] for the extensions). The lailer serves to model and simu-
late the nonlinear plant, find equilibria, and determine linearized
models to serve as the basis for controller design. Both of these
packages are now integrated with the DELPHI inference engine,
s0 we can expand the expertise of the experl syslem into other
areas, These could include:




a. the design of 2-loop digilal control systems with speciral
separation (fast inner loop, slow outer loop),

b. the design of multiple-input, mulltiple-oulput control sys-
tems using the CLADP frequency-demain approaches [1],

¢. the design of multiple-input, multiple-output control sys-
tems using the LQG/LTR method of Doyle and Slein [13],
and

d. the analysis and design of nonlinear systems using the ex-
tended SIMNON [11 and 12] lo first perform equilibrium
finding and linearizalion, followed by lhe design melhods
outlined above.

The lead-lag compensator design rule base described here io-
gether with the malerial in companion references [3-6] docu-
ment our effort to create a higher-level, more supportive en-
vironment for computer-sided control engineering. We have
reached the point where the basic concept is concretely defined,
the overall structure has been implemented, and enough capabil-
ities have been incofporated to solve a useful class of problems
and to illustrate the promise of such a system. However, we slill
have a substantial amount of work to be done in order to
achieve a complete working system for the larger domain of ac-
(lvity outlined in the paragraph above and in [3-6].
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