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Abstract: The authors discuss the application of
expert systems programming techniques to the
design of lead-lag compensators for a linear, sin-
gle-input/single-output, continuous-time plant. A
design method based on first adjusting the high-
frequency response with lead and constant-gain
compensators followed by adjusting the low-
frequency response with lag compensators has
been developed. This design heuristic is presented
and its ability to achieve specifications for a range
of different plants is discussed. The heuristic has
been implemented using the production r1ule
knowledge representation; examples of pro-
duction rules are given and their use is discussed.
Inference-engine capabilities and extensions to a
conventional analysis and design package,
required to implement this automatic control
system design method, are also ocutlined.,

1 Introduction

While the analytical results of classical and modern
control theory are stated with mathematical precision,
the design expertise required to use a particular tech-
nique is normally in the form of heuristics (rules-of-
thumb) and informal trial-and-error procedures.
Similarly, although synthesis methods may appear to be
straightforward, there are often subtle points in applying
a particular procedure that are fully appreciated only

after the user has attained a moderate to high level of

experience. Thus, although a number of powerful soft-
ware packages have been developed for computer-aided
control engineering, their capabilities may be difficult for
an inexperienced or part-time user to exploit, owing to
the complexity of the programs and lack of guidance in
their effective use. The result is that there is a pressing
need 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 tech-
niques offer a solution to such problems We will support
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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 [1]) to complete an iterative design that meets
specifications on closed-loop bandwidth, gain margin and
low-frequency gain (position or velocity error constant)
ot closed-loop bandwidth, phase margin and low-
frequency gain. The 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 com-
puter-aided control engineering (CACE) domain. Because
we see this system as the beginning of a third-generation
of CACE systems [2], we call it CACE-III

The use of expert systems to represent and apply
expert knowledge in a particular domain is increasingly
widespread {cf Hayes-Roth [3]). Our recent effort [2,

- 4-7] has been directed at constructing an expert system

to aid a control engineer in exploiting available software,
to achieve an acceptable design, in a broad sense, that
includes support for mode! development, specification
development, control system design and design vali-
dation The expert system consists of an inference engine
that applies the data in a knowledge base, to aid the user
in running external programs to achieve design specifi-
cations (Fig 1)

external
programs

N
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inference
engine

knowledge base

Fig.1  Elements of CACE-1II

In this paper we discuss one element of this work,
namely using the knowledge representation and inference
mechanisms of expert systems to create a set of rules
which will aid a control engineer in the design of lead-lag
compensation for a single-input/single-output (SISO)
linear plant. We will present an overview of one applica-
tion of this rule base. More detailed presentations of this
example and other applications of the expert system to
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compensate a sampled-date system and nonlinear system
can be found in Reference 7.

The knowledge representation scheme which we use is
the production rule or recognise-act formalism (see Refer-
ence 2). In this method, the expertise is represented by a
set of rules in the form of IF (premise)} THEN
(conclusion). The premise is a conjunction of clauses
which describe a possible situation, and the conclusion is
a disjunction of actions which are to be performed if the
situation occurs. Additional details on a knowledge rep-
resentation and inference mechanisms are contained in
References 2, 3, 5, 6 and 7 and Bonissone and Johnson
[8]. Examples of production rules used in CACE-III and
a discussion of the use of production rules to mimic a
train of thought are provided in Section 4 '

In Section 2 we present the lead-lag compensator
design heuristic for SISO linear continuous time systems,
and, in Section 3, we provide an example of using the
heuristic to compensate a fifth-order type-zero system.
Section 4 contains examples of the production rules used
in CACE-II and provides some thoughts on the benefits
of using production rules to represent and apply know-
ledge of this type. Section 5 outlines the requirements for
an inference engine to implement the lead-lag design heu-
ristic. Section 6 deals with modifications and extensions
made to CLADP to integrate it with the inference engine.
We conclude in Section 7 with comments regarding the
status and future of this effort.

2 Lead-lag design heuristic

We chose classical SISO frequency-domain design tech-
niques for our initial study, with the expectation that well
established rules exist for its application. The goal was to
have the expert system utilise CLADP to achieve specifi-
cations of gain margin, bandwidth and low-frequency
gain by the addition of lead-lag compensation to a SISO
lingar plant. (In the CLADP nomenclature, this is calted
a precompensator, i.e. it is placed before the plant in the
forward path, rather than after the plant or in the feed-
back path) We discovered that numerious textbooks
present in detail the results of adding lead or lag com-
pensation {cf D’Azzo and Houpis [9]), and indicate that
iteration is needed to achieve an acceptable design;
however, a systematic approach for iterating the lead-lag
compensator parameters to meet specifications is not
given The closest presentation meeting the requirement
of providing a design algorithm is given by Thaler [10];
even this lacked the completeness required for rule-base
development. In retrospect, we believe that the ciassical
approach to control-system design may be one of the
more difficult to implement in an expert system, due to
the visual aspects of the process (e g, shaping Bode plots
or Nichols plots) and the amount of ad hoc adjustment
required for success.

The rule base we developed automatically designs a
compensator that achieves specifications for a variety of
systems. The basic idea is to first adjust the high-
frequency portion of the frequency response, using either
a constant gain or a combination of gain and lead com-
pensators to meet the specifications for gain margin and
closed-loop bandwidth, or phase margin and closed-loop
bandwidth. The low-frequency portion of the frequency
response is then adjusted by adding lag compensators to
meet the specification for position error constant (type-0
systems) or velocity error constant (type-1 systems})
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2.1 The design heuristic

A flow chart representation of the synthesis method is
provided in Fig 2. Specific details of the heuristic are as
follows:

2.11 Adjust the high-frequency portion of the frequency
response: This is done in one of two ways, depending on
the open-loop phase characteristic:

{i) If the minimum open-loop phase angle is greater
than — 180°, the gain margin is infinite, so phase margin

no

add lead(s)
to adjust
OLP at wohws

adjust gain adjust gain
to meet to meet
cLBw gain_margin

specification specification .

add tead(s) adiust lead
to adjust to meet
phase margin CLBW
specification

yes

|

add lag(s}
to meet
position
or velocity
constant

Fig. 2

specification
Lead-lag design heuristic
CLBW = closed-loop bandwidth

QLP = open-loop phase

y,,, = closed-loop bandwidih specification

should be used to guide the design process. The high-
frequency portion of the frequency response is adjusted
to meet phase-margin and bandwidth specifications (¢,,,
(9,05} a8 follows:

{a) Estimate the compensated magnitude crossover
frequency (w,,., , the frequency at which the compen-
sated system magnitude is to be unity or § dB) needed
to meet the specified closed-loop bandwidth by deter-
mining the actual uncompensated open-loop magni-
tude crossover frequency w,, and actual
uncompensated closed-loop bandwidth with unity
feedback c,,,, and making a logarithmic extrapo-
lation: @, = Wy Dpws/ Pune- FOT Lype-zero systems, a
constant-gain precompensator with gain greater than
10 may have to be added to have the open-loop gain
exceed a magnitude of 1.0, because the low-frequency
magnitude approaches a constant Consideration of
the Nichels plot indicates that this approach should
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work well, but we have not tested it for a variety of
systems. In any event, whatever value of the initial
estimate of the compensated crossover frequency is
arrived at, that value is subsequently adjusted (see
below) until a compensated open-loop magnitude
crossover frequency is achieved which causes the
actual closed-loop bandwidth to be close enough to
the specified value.

{b) A single stage of lead compensation is defined by
a lead gain K., a pole/zero ratio ¢, and a lead
centre frequency w,, , as in eqn. 1. The maximum per-
mitted value of w,,; is 20, which corresponds to a
maximum added phase of 64.8°; one or two leads may
be added, and so the total added phase that can be
ingserted by the expert system is just under 130°. The
lead compensator parameters are calculated so that
the gain of the compensated system at the estimated
compensated crossover frequency ¢,,, is unity, and
enough phase is added at that frequency such that the
phase margin specification ¢, is met. The method to
achieve this is discussed by Sinha [11].

Oioad § + mctr'\/a!ead
s+ wcrr\/alead

GIead{S) = Klead (1)

{c) Tterate the value of w,,, in increments of 10% of

the estimated compensated magnitude crossover fre-

quency @,,.,, increasing o, to increase the closed-

loop bandwidth and decreasing w,, to decrease the
bandwidth.

(d) When the phase margin and closed-loop band-
width specifications are met, then proceed with low-
frequency adjustment using lag compensators.

(ii) If the minimum open-loop phase angle is less than
—180°, both gain-margin and closed-loop bandwidth
specifications (G, @, will be met by adjusting the
high-frequency portion of the frequency response. This is
achieved as follows: :

(@) Add lead compensators fo adjust the open-loop
phase angle at the specified closed-loop bandwidth
wy,s - The centre frequency of the lead w,, is placed at
My The amount of phase lead initially added is cal-
culated to place the forward-path phase at m,,,, 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 system type, were sel-
ected to account for the fact that Nyquist plots for
type-1 systems tend to approach the origin closer to
the negative real axis than type-0 systems, and so addi-
tional lead is required to maintain an appropriate dis-
tance from the critical point. The pole/zero ratio of the
lead network a,,s which is needed to achieve the
required amount of phase lead is calculated using a
piecewise-linear approximation to the expression

et 1 Xyead — 1

¢y = sin —a!m 1 (2)
(see, for example, Reference 12, Eqn 10.11. Note that
the product of the gain K,,,; and this pole/zero ratio is
the high-frequency gain of the lead compensator. One
or two stages of lead are used as necessary

(b) Adjust the compensator low-frequency gain(s)
K ,,.2 to meet the gain-margin specification

() Adjust the actual closed-loop bandwidth by
making incremental changes in the values of «,,, to
increase phase lead at w,,,, by 10°, when the band-
width is too small, and decrease phase lead by 10°
when the bandwidth is too large
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(d) Repeat steps (B) and {c¢) until the gain-margin
and bandwidth specifications are within tolerance
When both conditions are satisfied, the high-frequency
portion of the forward-path frequency response has
been completed.

Typical uncompensated and compensated Nichols plots
for type-1 and type-0 systems are given in Figs. 3 and 4.

10 =

\\ 16 (juod

Fig 3  Uncompensated and compensated type-I Nichols loci

@y, = bandwidth specification

..., = estimated crossover frequency {compensated)

a@,,,, = tncompensated bandwidth

w,., = uncompensated crossover frequency

w,,,, = actual bandwidth (compensated)

a Uncompensated Nichols locus

b Compensated Nichols tocus

(i} Adjust open-loop phase at w,,,, to lie in this range

{ii) Low-frequency adjustment placed well below w_,

(iii) High-frequency adjustment based on the specified closed-loop bandwidth w,,,
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Fig. 4 Uncompensated and compensated type-0) Nichols loci

ax,,,, = bandwidth specification

w,, = estimaled crossover frequency {compensated)

@,,, = uncompensated bandwidth

w,., = uncompensated crossover frequency

oy, = actual bandwidth (compensated)

a Uncompensated Nichols locus

b Compensated Nichols locus

(i) Adjust open-loop phase al w,,, Lo lie in this range

{ii) Low-lrequency adjustment placed weil below w,

{iii} High-frequency adjustment based on the specified closed-loop bandwidth w,,,,

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

Glag( ) = ﬂg_ (3)

s+ wzlg/a!ag

where @, is the frequency associated with the zero of
G (s), and oy, is the zero/pole ratio and is equal to the
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low-frequency gain. A maximum of two lags can be
added by the expert system:

(i) For a type-0 system, the zero of the lag is placed a
decade below the estimated compensated magnitude-
crossover frequency (w,;, = ®,.,/10) to make the high-
frequency impact of the lag negligible. The pole of the lag
is determined by the amount of added low-frequency gain
required to meet the specification, which is «,,,

(ii) For type-1 systems, the zero of the lag compensator
is placed an additional octave below the compensated
magnitude-crossover frequency, making w,, = w,,,/20.
This modification corrects for the more pronounced
effect that a lag compensator has on magnitude-crossover
conditions for type-l1 systems compared with type-0

systems owing to the increased low-frequency phase lag

of a type-1 system,

(i) To see why the lag for a type-1 system must be
placed at a lower frequency, consider the Nichols charts
for a compensated type-1 system (Fig. 3) and a compen-
sated type-0 system (Fig 4). The phase of the type-t
system tends to —90° as the frequency tends to 0 rad/s
The phase of the type-0 system, however, tends to 0% as w
tends to zero. Thus, as the frequency increases from a low
value, the Nichols locus for a typical compensated type-1
system {Fig 3} tends to move closer to the —180° axis
than the locus for a compensated type-0 system (Fig. 4)
The result is a more pronounced effect of the lags on the

type-1 system locus, in the vicinity of the intersection of

the Nichols locus with the —3 dB closed-loop contour
(M = 0.71), which governs the closed-loop bandwidth

{iv) Fig. 3 and 4 also show the reason why the open-
loop phase angle at the desired closed-loop bandwidth
W, 18 adjusted to a different range for type-0 systems
than for type-1 systems. It is seen that, for type-1 systems,
the Nichols locus tends to cross the M = 071 contour at
a greater value of phase (due to the increased slope of the
type-1 locus) than does the Nichols locus for type-0
systems Thus, the open-loop phase at the desired band-
width frequency must be adjusted to lie in a more posi-
tive range of values (— 140 to - 170° instead of —170 to
—200°) to cause the locus of type-1 systems to cross the
M = 0.71 contour at the desired frequency.

The tolerances for declating specifications to be met
are: bandwidth +20%, gain margin +3 dB, and low-
frequency gain or velocity constant +3 dB. The rules for
the initial adjustment of the open-loop phase angle are
structured to cause lead precompensators to be added, to
place the open-loop phase angle at the desired closed-
loop bandwidth in ranges that approximate the band-
width specification Additional rules make subsequent
adjustments to the values of «,,,, until the bandwidth and
gain-margin specifications are within tolerances

2.2 Discussion of the heuristic

As discussed, the placement of the lead centre frequency
and the amount of phasc lead added are calculated using
a heuristic derived from a study of the Nichols locus An
alternative scheme to place the lead centre frequencies
o, as a multiple of the closed-loop bandwidth, with

15 dB of gain margin, has been tried for several ranges of

values for a third-order, type-1 system, and it worked
well for the example to be given below. It appears that
this approach would work for a wider variety of plants
than the one currently used in the expert system. Also, an
alternative to calculating the initial amount of phase lead
to add, based on placing the phase at the desired closed-
loop frequency in a range of values, would be to apply
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Sinha’s method for a nominal phase margin. Regardless
of the approach used to pick an initial adjustment, the
subsequent adjustment of the compensation to meet spe-
cifications would proceed as described in this paper.

In most cases tried, especially where there are lightly
damped poles and/or zeros, this algorithm has been suc-
cessful. For systems with very lightly damped poles or
zeros, however, the algorithm may not initially place the
leads at the appropriate frequencies, and so the iteration
scheme cannot converge to meet the bandwidth and
gain-margin specifications. The resonant-mode case is
known to be difficult, often requiring the design of com-
pensators with complex zeros [10]

As indicated above, we use frequency-domain specifi-
cations to determine lead, lag and gain parameters in our
control sysiem design. If the system can be approximated
by a second-order system with less-than-critical damping,
an approximate relation exists between the bandwidth of
the system and the rise time of the step response, as well
as between the maximum frequency-response amplitude
and the percentage overshoot to a step input [9] There
is also an approximate relationship between the phase
margin of the system and the percentage overshoot of the
step response [12]. An exact relation exists between the
low-frequency gain and the steady-state error to a step or
ramp input. These types of relations can provide the basis
for supporting other combinations of specifications, in
both the time and frequency domain.

CACE-III currently supports the entry of a wide
variety of performance specifications, in both domains.
However, rules which can make use of the above rela-
tions to translate other specifications into those used in
the design heuristic have not been implemented. Another
extension that would be required to support this capabil-
ity would be rules to check that the original specifications
had indeed been met when the derived frequency-domain
specifications were satisfied. A truly flexible specification
system that would allow the user to input an arbitrary
combination of specifications, and then check for consis-
tency and completeness and translate them into the spe-
cifications needed for our design heuristic, would
probably be quite a challenge

There are currently approximately 300 rules in CACE-
I, and running a complete design problem such as illus-
trated in the example below reguires about 30 min ‘clock
time’ (not CPU time) on a lightly loaded VAX 11/785
About half of this time is required to ‘compile’ the rules
as we switch among the rule bases (eg the supervisor,
specification and design rules); this time could be elimi-
nated if DELPHI supported storing and accessing com-
piled versions of the rules. (‘Compiled’ refers to loading
the rules into the data structure used by the inference
engine )

3 Example application

The following example illustrates the ability of the algo-
rithm to design compensation for a nontrivial plant. The
expert system was given the transfer function

_ 500(s + 10)
T {5+ 25 + 5)(s + 3+ jA)s + 3 — jA)s + 20)

with the design specifications of 9.0 rad/s bandwidth,
10.0 dB gain margin and 400 dB low-frequency gain.
Prior to beginning the design of compensation of the
system, a Nyquist plot of the uncompensated system is
displayed (Fig. 5) As the design proceeds, the user is

G(s)
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informed of the parameters of the lead, gain and lag pre-
compensators being added. A Nyquist plot of the com-
pensaied system (Fig. 6) is provided when the design is
complete. The step response of the compensated system
(Fig. 7) is also provided if the user requests it. The com-
plete closed-loop system is portrayed in Fig. 8. The

M=t 4 0.40F
/ 3
‘I w=55 &
E
I —_
. P ™ 2 }
l-050 ~ 0 05 1.0
l’ wz4 3 Re[G(juil
!
-0 40
w=35
Fig. B  Nyquist plot of uncompensated plant
3
&
E
M=14 -
1
10
Re [G(jw)]
/LD=3 5 LU:J 6
Fig. 6  Nyquist plot of compensated forward path
1.0 “v\/—r"——
\ ————
05F / N
/
/
0 1 1
50 100
time
Fig 7  Closed-loop system step responses

closed-loop response. CACE-III design
— -~ — - closed-laop response, gain adjusted for 92 dB gain margin

results achieved were 9 3 rad/s bandwidth, 8.5 dB of gain
margin, and 40.0 dB of low-frequency gain Each of these
falls within the stated tolerance.

4 Why an expert system?

Considering the flow chart in Fig. 2, a question which
may arise is: Why not implement the logical flow indi-
cated in this Figure in a conventional structured prog-
ramming approach using C, Pascal, Fortran, or some
other high-level language? This could have been done,
but we believe that such an implementation would suffer
from the problems of complexity, and difficulty of develop-
ment and application, mentioned in the introduction We
will make these issues more tangible by illustrating how
we have used the expert systems approach to deal with
them

The management of complexity is very important,
both for the user and the developer. This is accomplished
in a rule-based system by separating the knowledge from
the execution of reasoning or inference, For instance, the
rule that is used to recognise that the high-frequency
adjustment is successfully completed is given in Table !
The three clauses in the premise of the rule (those ele-
ments between WHEN and THEN) must all be satisfied
for the rule to be applied (‘fired’). When these conditions
are satisfied, the three actions in the conclusion portion
(those elements after THEN) are performed. The second
action of the conclusion causes the fact:

(LOW-FREQ ADJUSTMENT . REQUESTED)

to be written into the set of facts, causing the premise of
the rule which will begin the execution of the lag precom-
pensator design heuristic to be satisfied. Al this is trans-
parent, without a need to be famililiar with the overall
program,

An important side-benefit of this formulation is the
ability to query the system, to determine the flow of logic.
For example, at the point corresponding to the rule fired
by the fact (LOW-FREQ ADJUSTMENT .
REQUESTED), the user can ask why and the rule will be
displayed, together with the assignment of values to vari-
ables which were used to select the rule. A second query
of why will cause the rule of Table 1 to be displayed, and
so forth In this manner, the developer or user can check
the logic embodied in the set of rules In addition, the
trace function can be set to display each inference as it is
made. In contrast, if the flow chart of Fig. 2 had been
implemented in a conventional program, the user would
not have been able to query the system to check on the
logical fiow of the design heuristic. Thus, the focus is on
enabling the user to understand what is happening as the
heuristic is applied, instead of implementing the heuristic
in the fewest number of lines of code. It should be noted
that extensive help systems have been constructed for
other applications of the expert system approach (cf. Ref-
erence 8) A similar capability could be included here to

gain lag 2 lag 1 lead 2 lead 1 piant
+
5+0.58 s+ 058 2 4514 20s.40
183 b—oom 50072 P, sio [ G
x=81 x=81 x=2 4 x=200
wzm: 058 (.uzmzo 58 u)ctr: 50 “’ctr"'g o)

Fig 8  Block diagram of compensated system
500(s -+ 10)
(s + 2)s + 5Xs + 3 + jd}s + 3 —~ j4)s + 20)

G{s) =
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Table 1: Rule to detect suceassful high-fraquency adjustment

(Rule_360 ("You now need to adjust the low-frequency response’)

(WHEN

(TRUE (PHASE-AT-OMEGA-BW VALUE . ADJUSTED)
'Phase at desired closed-loop bw is adjusted’)

(TRUE (EXCESS-GAIN-MARGIN VALUE

.3< . < +3DB)

"Gain margin is OK")

{TRUE (EXCESS-CLOSED-LOOP-BW VALUE

-del< < +delRPS)

‘Closed-loop bandwidth is OK"))

(THEN

{CLEAR (EXCESS-CLOSED-LOOP-BW VALUE -del< < +delRPS)

1.0

‘Prevant looping on this rule’)
(WRITE (LOW-FREQ ADJUSTMENT .  REQUESTED)

10

‘Now adjust the low-frequency Nichol s locus?)
(WRITE (CLOSED-LOQP-BW VALUE . ADJUSTED)

1.0

‘Closed-loop bandwidth has been adjusted'}})

further clarify for the user what actions were being taken
and why.

Another major benefit of the expert system approach
is extensibility. The rule-based system functions by either
the forward or backward interpreter establishing new
facts (e.g. (GAIN-MARGIN DB-VALUE . 8.6)). These
facts can be used to trigger complicated responses to the
current situation, and are the basis for being able to
incrementally extend the knowledge stored in the rules,
without restructuring the top-level control of the
program. For instance, the rule which recognises that the
velocity constant specification is too large to be met with
two lags, returns the user to the specification set of rules
to decrease the specification (Table 2). This rule was

not related to the issue of the language used to imple-
ment the inference engine, which could be coded in any
tanguage. Prolog has found favour with many AI
researchers, and inference engines have been written in
Pascal, Fortran, Basic, and C. The Delta inference engine
that was originally used to implement CACE-III was
written in Forth Lisp, however, is designed for symbolic
processing, and the Delphi inference engine currently
used for CACE-III is written in VAXLisp, a variant of
Common Lisp. It should be noted that VAXLisp sup-
potts direct linking of a shareable image (compiled and
linked from any language supported by VAX/VMS) into
the Lisp code, in addition to creation of VAX/VMS pro-
cesses which can run in parallel with the Lisp program.

Table 2: Rule to decrease the velocity-constant specification

(Rule_710 ("type-1, you nead to decrease the spec for velocity const’)

(WHEN

(TRUE (PHASE-AT-OMEGA = BW VALUE . ADJUSTED)
‘The phase at the desired BW has been adjusted’)

(TRUE (EXCESS-GAIN-MARGIN VALUE

-3< . < +3DB)

"The gain margin is OK")

(TRUE (EXCESS-VELOCITY-CONSTANT VALUE <-55D8)
'Cannot meet vel gons spec with two lags')

(TRUE (DESIGN-FACTS VALUES . ALL-ENTERED)
‘Design facts are known'))

{THEN

(CLEAR {DESIGN-FACTS VALUES . ALL-ENTERED)

1.0

Prevent |looping on this rule’)
(ACKNOWLEDGE (DECREASE VC-SPEC ACKNOWLEDGED)

10

You cannot meet the specification with two lags.
‘We recommend that you decrease the specification
for velocity constant We will return you to the'
specification development rule base. )
(CLEAR (EXCESS-VELOCITY-CONSTANT VALUE <-bbDB)

1.0

"Pravent firing this rule )
(FROG (MOVE-TO-SUPER DECREASING . VC-SPEC)

1.0
(prog ( }

{switeh super.rul) }}))

added a year after the basic flow of Fig. 2 was implement-
ed, but did not require any changes to other rules that
had already been written The only requirement is that
the premise of the rule be satisfied.

We believe that the above differences between an
expert system and conventional programming techniques
provide sufficient reason to prefer the use of production
rules over a procedural programming approach. This is
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5 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 [3]. It has been our experience that the
following capabilities define the mainimum set needed to
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implement a logical flow of the control system design
process:

(@) arithmetic functions to support numerical opera-
tions and tests within the inference engine

{b) use of logical variables which can be assigned either
numetrical or symbolic values

(c) the ability to run and exchange information with
external programs which execute the analysis and synthe-
sis procedures via conventional means (¢.g., CLADP)

Our implementation uses General Electric’s proprietary
Delphi expert system shell, which is written in VAXLisp
and has the required capabilities. Delphi has a PROG
verb which provides access to the Lisp prog feature and
thus supports numerical calculations, and it provides the
capability to run external processes by creating a
VAX/VMS subprocess which can be run through YMS
mailboxes. The Lisp environment was also easily modi-
fied to create macro instructions for CLADP and to
implement a variety of functions which support exchange
of numerical and symbolic data.

These capabilities are used as follows: the expert
system starts, formulates the problem, and, when
required, runs CLADP. To run CLADP, CACE-III
issues the appropriate commands, reads the results and
assigns the values determined by CLAPD routines to
logical variables, so that it can calculate parameter values
for the leads and lags. The results of this design activity
are then automatically analysed using CLADP routines
and displayed to the user. Thus, the expert system con-
tains both the heuristic knowledge required to implement
the lead-lag design algorithm and the capability to obtain
the numerical results required to proceed The protocol
used to implement this two-way exchange of data is dis-
cussed in Reference 6.

As a historical note, our initial implementation was
made using an inference engine developed for General
Electric’s diesel electric locomotive troubleshooting aid
(DELTA) [8]. While DELTA supports both forward and
backward chaining and has a variety of verbs and predi-
cates, it does not provide for numerical computation,
logical variables, or process running This resulted in
having to 1un CLADP from one computer terminal to
insert precompensators and determine the bandwidth,
gain margin, low-frequency gain and other quantities
required to implement the design heuristic, and using
another terminal to run the expert system to enter these
values as 1esponses to queries. The user was thus in the
position of acting as an interface between CLADP and
the expert system. This limitation has been removed in
the Delphi implementation, where the user interacts only
the expert system, and all transactions with CLADP or
other programs are handled automatically.

& CLADP modifications and extensions

The application of the lead-lag design heuristic by the
expert system required that a method be established to
transform the symbolic determination that some informa-
tion was needed from CLADP into a sequence of com-
mands, which could be used by CLADP, and transform
the data that CLADP produced into a symbolic form
which could be used by the expert system. As noted in
Section 5, the Lisp environment was used to create a set
of macro instructions for CLADP which contain the
sequence of commands appropriate to performing a char-
acteristic locus plot, finding the open-ioop phase angle at
a desired frequency, finding the open-loop magnitude
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crossover frequency, gain margin, phase maigin, and so
forth. To facilitate this, certain commands and macros
were added to CLADP, It would have been possible to
create special Lisp functions to interpret the data produc-
ed by CLADP and create the information {facts or three-
tuples) used by the inference engine to continue the
inference process. However, because the CLADP source
code was available and familiar to us, we decided to
modify CLADP to produce the appropriate facts, in
response to commands received from CACE-1IL

The CLADP meodifications were of three types: new
commands for obtaining necessary information, new
commands for convenience and simplification of
command sequences, and new input/output for commu-
nication with the expert system. It should be noted that
substantial work on the development of CLADP com-
mands and macros, as well as early work on the develop-
ment of the lead-lag design heuristic, was done by
Lassinger [13]. The following new commands were
added to the characteristic locus display (CLD}) routine of
CLADP to obtain data once a system frequency response
has been calculated:

{a) FREQ calculates the open- and closed-loop magni-
tudes and the open-loop phase angle at a specified fre-
guency, by interpolation (The CLADP command EVAL
was not employed, because its use involves teturning to

" the CLADP Supervisor, invoking another routine, and

returning to the CLD routine )

(b) NMAG determines the number of occurrences of a
specified open-loop magnitude and supplies the fre-
quency and phase at each occurrence; DBMA serves the
same purpose for a magnitude specified in decibel form

(¢) CMAG determines the number of occurrences of a
specified closed-loop magnitude, and calculates the fre-
quency and phase at each occurrence; DBCM is the
decibel version of this command

(d) NPHA determines the number of occurrences of a
specified phase, and calculates the magnitude (in both
decibels and absolute value) and the frequency of each
occurrence

(e} GM calculates the —180° crossover frequency and
the corresponding gain margin in both decibels and
absolute value

(f) PM calculates the magnitude-crossover frequency
and the corresponding phase margin in degrees

In addition, the following mew commands facilitate
adding compensator stages:

(i) GAIN creates a gain compensator having the gain
specified either in decibels or as a real number

(i) LEAD creates a lead compensator according to
eqn. 1, given o,y and @,

(iii) LAG creates a lag compensator according to eqn.
3, given ay,, and .

Once the above features had been added to implement
the automatic lead-lag compensator design heuristic in
CACE-I11, it became apparent that these commands are
of considerable utility to the human user of CLADP as
well. Their use can save the effort of generating plots and
reading approximate data from the terminal display, and
of defining compensator transfer functions in terms of the
order and coefficients of the numerator and denominator
polynomials. Note that these functions cannot be imple-
mented directly as CLADP macros (batch files) because
of the need to perform calculations to evaluate poly-
nomial coefficients in terms of the parameters in egns 1
and 3

In addition to the above extensions, we modified
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CLADP to read commands from a file and write the
results in a form convenient for the inference engine to
access and manipulate. The latter involved writing infor-
mation to files in the form of three-tuples, which are the
basic units of information used by DELPHI (sec Tables 1
and 2). As noted above, the same ‘signal-to-symbol’
transformation could have been done by writing Lisp
functions to decipher the conventional CLADP output.

7 Conclusion

Many considerations involved in the development of an
expert system to aid a control engineer in the design of
lead-lag compensation for a single-input/single-output
continuocus-time linear plant have been presented. Other
issues, such as the implementation of a partitioned rule-
base architecture and the co-ordination of the symbolic
manipulations of the inference engine, with numeric cal-
culations being performed by conventional software, are
described in Reference 6. The limitations of the design
heuristic have been discussed, and the results of applying
the method to a type-0 plant having five poles and one
zero have been given.

We are still seeking to improve the design heuristic. At
present, the only major deficiency is the inability to
handle resonant modes in a satisfactory manner. The dif-
ficulty is caused by the rapid change in phase angle near
the resonant frequency. We plan to expand the rule base
so that CACE-1II can add a compensator that has a pair
of complex zeros to the left of the resonant poles and two
real poles further to the left in the s-plane, ie a notch
filter, as is often done {10].

This presentation details an element of a larger expert
system [2, 4-7]. The architecture for this expert system
has been designed to provide support to the user in mod-
elling, diagnosing, constraining, specifying, designing and
simulating a plant that can be either linear or nonlinear.
The lead-lag design heuristic is currently the only
working design rule base; we developed this with two
goals in mind: to solve a problem that has importance in
terms of current practice and 1o serve as an easily acces-
sible model for expert-aided design in general, The larger
expert system is based on using both CLADP and an
extended version of SIMNON as the underlying conven-

tional software (see Elmqvist [14] for SIMNON, and,

Taylor [15, 16] for the extensions). The latter serves to
model and simulate the nonlinear plant, find equilibria
and determine linearised models to be used as the basis
for controller design. Both of these packages are now
integrated with the Delphi inference engine, so we can
expand the expertise of the expert system into other
areas. These could include the design of:

{(a) two-loop digital control systems with spectral
separation (fast inner loop, slow outer loop)

(b) multiple-input/multiple-output control systems
using frequency-domain approaches [1]

{¢) multiple-input/multiple-output control systems
using the LQR/LTR method of Doyle and Stein [17]

(d) the diagnosis of nonlinear systems [18].

The lead-lag compensator design rule base described
here, together with the material in companion references
[2, 4-7] document our effort to create a high-level, sup-
portive environment for computer-aided control engin-
eering. We have reached the point where the basic
concept is concretely defined, the overall structure has
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been implemented, and enough capabilities have been
incorporated to solve a useful class of problems and to
illustrate the promise of such a system. However, we still
have a substantial amount of work to be done to achieve
a complete working system for the larger domain of
activity outlined in the paragraph above and in Reference
2
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