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t ABSTRACT

The BOXPLX of a user specified cost function is evaluated
as a control system design method. The emphasis is on compen-
sator design for multiple-input-multiple-output plants, but the
\ technique should be aprlicable to any control system with
adjustable parameters.

The engineer must define the plant dynamics, inputs and
outputs, the desired output responses for the specified inputs,
weighting factors for the performance measure, the type of com-
f pensation to be used, the free parameters, and initial values
| and constraints on the free parameters.

The program gives a direct search of the optimum values,
within the specified constraints, for the free parameters.
Evaluation of the results is given in graphical plots of the
output time responses including the desired output response as
well as the compensated response.

The Transfer Matrix Method is used to provide an analytical
check on the accuracy of the method and the procedure is illus-

trated with a two-input-two-output system example.
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I. INTRODUCTION

As control systems become more and moré complex, design
engineers are faced with an increasingly difficult problem in
the development of compensators. Single-input-single-output
linear systems can be compensated using Bode plots or root
locus plots and trial and error methods to meet the system
specifications [1]. When compensating multiple-input-multiple-
output linear systems, use can be méde of transfer matrix
techniques described by Ogata [2] to achieve total decoupling
and the desired output responses. Since decoupling during
the transient period of real systems may require controls
which exceed physical constraints imposed by the system, it‘is
sometimes desirable to decouple during steady state conditions
and allow coupling during the transient period [3].

Non-linear, single-input, single-ouput systems, wherein the
non-linearity can be lumped into one element, can be analyzed
and compensated effectively using the phase plane method (for

second order systems) and describing function analysis [2,4].

Some of these MethodsSrequire extensive mathematical manipulations

and become rather unwieldy, but do produce the desired results.
In all of the analysis and design approaches mentioned above,
any one of several well established simulation programs can be
used to evaluate the design.

To reduce the tedium involved in the design of compensators,
frequency domain and time domain computer optimization schemes
have been developed, which will set free parameters in the

compensator to yield a system response which most nearly

bR
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approximates a reference response specified by the user. Lima
used this approach to address the problem of controller design
for ships engaged in underway replenishment [S]. MacNamara
applied this method to an autopilot design (6], and Vines
developed a generalized program for compensator optimization
in single-~input-single-output systems ([7].

The following chapters present a generalized discussion of

transfer matrix analysis and compensation of multivariable

systems, optimization techniques, and performance measures.

A two-input-two-output system is then compensated using transfer

matrix techniques, and using parameter optimization. The

results are then compared.
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II. MULTIVARIABLE SYSTEM COMPENSATION

A. TRANSFER MATRIXjANALYTICAL METHODS
l; Introduction
A linear, multiple-input-multiple-output or multivariable
system can be described by a transfer matrix, which is simply
an extension of the transfer function concept. Consider the

two-input-two-output open loop plant:

RI1(S) C1(S)

R2(S) | =

Figure 2-1 Multivariable Plant

The Block Diagram of the plant can be represented in the

eneral sense as shown in Figure 2-2.
g g

R1(S) 5 Gy, (S)
Gen (S)

l-—a{emz(s)

R2(S) 3G, ,,(S)

Figure 2-2 Generalized Multivariable Plant




Algebraic equations for the outputs in the independent variable

S, can be written directly:

Cl(s) = Gpll(s)Rl(s) + Gpl2(s) R2(s) (1)

C2(s) = Gp2l(s)Rl(s) + Gp22(s) R2(s) (2)

If the inputs Rj(s) and the outputs Ci(s) are each considered
as vectors of one dimension (i, j = 1, 2) the equations can be
written in matrix form:

Cl(s) Gpll(s) Gpl2(s) R1(s)

C2(s) Gp21(s) Gp22(s) R2(s)

The number of inputs and outputs can be increased, and need not

be equal so that in the general case:

FEl(s)jk -bpll(s) Gplai{s) —== Gpij(;TEWF;l(s;—.
C2(s) Gp2l(s) R2(s)
L = 1 (4)
1 Y
| : i
C; (s) Gpil(s) Gpij(s) Rj(s)
. — - —k —
or: C(s) = gp(s)g(s) (3)

where Gp(s) is the transfer matrix (ixj) of the plant.

2. Feedback Compensation
Transfer matrices can be used to describe the compen-
sation of multivariable systems as well as the plant. Consider

the two-input-two-ouput plant above with feedback compensation




as shown in Figure 2-3.

H,, (Sl
R1(S) - UIs) g:' c:1(s)>
H\, (SI€
GplS)
Ha, (S)
ARV e
H,, 5]k

Multivariable Plant with Feedback Compensation

Algebraic equations for Rl(s) and Rz(s) can be written:

Rl (s)

]

Ul(s) _ g 11(s) cl(s) - H12(s) C2(s) (6)

R2 (s) U2(s) - B 21(s) Cl(s) - H22(s) C2(s) T

with C, R, and U two element, one dimension vectors these

egquations can be rewritten:

R.L(s)-1 Ul(s) H11(s) HlZ (S) Cl(s)

1}
)
s
@
s

R2(s) U2(s) H21(s) H22 (s) C2(s)




or in the general case:

2(s) = U(s) = H(s)C(s) (9)
where H(s) is the transfer matrix (jxi) of the compensation.
From the uncompensated plant:
c(s) = gp(s)g(s) (10)

Substituting equation (9) for R(s) in Equation (10):

C(s) = gp(s) [ U(s) = H(s) Cl(s)] (11)

Rearranging:

[T+ G, (s)H(s)]C(s) = G_(s)U(s) (12)

Since Gp(s) is an ixj matrix, H(s) is a jxi matrix the product,
Gp(s)H(s), is a square, ixi matrix. Assuming that [I + Gp(s)H(s)]

is non-singular the inverse can be taken.

Premultiplying both sides of equation (12) by [§+§p(s)§(s)]-l:
C(s) = [I + G, (s)H(s)17 G, (s)U(s) (13)
C(s) = G(s)U(s) (14)

The compensated system transfer matrix (ixj) is then:

G(s) = [I + G, (s)H(s)1 G, (s) (15)

The plant with feedback compensation can be depicted more

clearly as shown in Figure 2-4.

L3




c(S)
R(S) u(s) 6.(S) -~

B(S)

H(S) ]<

Figure 2-4

Matrix/Vector Representation of Multivariable

Plant with Feedback Compensation
To determine the feedback compensation, H(s), required to
achieve design specifications, the dynamics of the plant must
be known and put into transfer matrix form, gp(s). The desired
closed loop dynamics must then be reflected in the closed loop
transfer matrix, G(s). Then through matrix manipulation the
compensation, H(s), can be computed in closed form provided
that G(s) and gp(s) are square and non-singular.

Premultiplying both sides of equation (15) by [§+Gp(s)§(s)]

and then postmultiplying by §(s)_l:
I+ G (s)H(s) = G (s)G(s) ™} (16)
Rearranging:
G, (s)H(s) = G (s)G(s)™h - 1 (17)
Thenmultiplying both sides of equation (16) by c;p(s)'l
2(s) = (st - g (" (18)

3. Cascade Compensation
Cascade compensation can be treated in a similar fashion.

Consider the same basic plant with cascade compensation as shown

14
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M

in Figure 2-5.

C3czt(55) |
CBP(S”
Gey (S]
U2(S) G,,,IS) c2(s)

Figure 2-5

Multivariable Plant with Cascade Compensation

The algebraic equations for Rl(s) and Rz(s) are:

Rl(s) = Gcll(s)Ul(s) + Gcl2(s)U2(s)
R2(s) = Gec21l(s)Ul(s) + Gec22(s)U2(s)
or Rl(s) Gell(s) Gecl2 (s) Ul (s)
R2(s) Gec2l(s) Gc22(s) U2(s)
in the general case: :
(s) = gp(s)gc(s)g(s)

(s) = gp(s)Gc(s)
If Gp(s) is a square non-singular matrix the compensation
Gec(s) is given by:

Ge(s) = Go(s) ™" G(s)

15
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The compensated plant can be depicted as shown in Figure 2-6.

uls | C(9)
- RIS > G9) B ™ GplS)

\

Figure 2-6

Matrix/Vector Representation of Multivariable
Plant with Cascade Compensaticn

4. Cascade and Feedback Compensation.
Cascade and feedback compensation can also be combined

as shown in Figure 2-7.

R(S) E(S] uls) cs)
GiS e SIS

H(S) F‘

Figure 2-7

B(S)

Matrix/Vector Representation of Multivariable
Plant with Cascade and Feedback Compensation

16




E(s) = R(s) - H(s)C(s) (25)
U(s) = G_(s)E(s) (26)
C(s) = gp(s)g(s) = Gp(s)Ge(s) [R(s) - H(s)C(s)] (27)
C(s) = Gp(s)Ge(s)R(s) - Gp(s)Gec(s)H(s)C(s) (28)
Gp(s)Ge(s)R(s) = [I + Gp(s)Ge(s)H(s)]C(s) (29)

If Gp(s) is an ixj matrix Gc(s) will be a j x j matrix, and
H(s) will be jxi, in which case Gp(s)Gc(s)H(s) is a square
matrix (ixi)y. If [E + Qp(s)gc(s)gls)j is non-singular, it can be
inverted and:
cls) = [I + Gp(s)Ge(s)H(s)] tap(s)Ge(sIR(s) (30)
C(s) = G(s) R(s)
The compensated system transfer matrix G(s) (ixj) is:
G(s) = [I + Gp(s)GC(s)H(s)] T Gp(s)Ge(s) (31)
Equation (31l) contains two unknown matrices, g(s) and Ge(s) .

One of these must be selected arbitrarily and then in certain

special cases the other can be solved explicitly. For example:

H(s) = [; {} =1 (32)

In which case:

G(s) = [I + Gp(s)Ge(s)] ™t Gp(s)ge(s) (33)
[I + Gp(s)Ge(s)]G(s) = Gp(s)Ge(s) (34)
G(s) = Gp(s)Ge(s) [I - G(s)] (39)

If Gp(s) is a square matrix G(s) and Gc(s) will be square. If

Gp(s) [Cj(s)"l - I], and G(s) are non-singular:

17
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t

| Gp(s)™t = Ge(s)[G(s) ™t - 1] | (36)
Ge (s) = gp(s)-l [(j(s)"l - 5]-1 (37)

L If Ge(s) and {[g(s)-l - I]Gp(s)} are assumed to be non-singular

equation (37) can be rearranged for convenience:

1 -1

Gp(s)Ge(s) = [G(s) ~ =~ I] (38)
ep(s) = [G(s)™t - 1171 gersy ™t (39)
gets)™t = [a(®”! - 1] gp(s) (40)
Ge(s) = {le(s)™t - 1] ep(s)}7t (41)

This result can also be obtained directly from equation (37)
using the matrix identity (5@)-1 = §-l 5-1.

In each of the systems discussed above the compensation
cannot be solved for in closed form, except in special cases

as indicated.

18
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B. PARAMETER OPTIMIZATION - COMPUTER METHOD
1. Optimization Technique

The Complex“Method of constrained optimization (BoxPLX)
was utilized in this program. The algorithm suggested by
Box (9) was modified by the programmer, R. R. Hilleary, Naval
Postgraduate School, to find the constrained minimum, and
includes an integer programming option, as suggested in (10).
The Complex Method is a modification of the unconstrained, direct
search, Simplex Method introduced in (l1ll). Direct search methods
compare function and constraint values only in searching for
the minimum value of the function. These direct search methods
have been widely used because of their robustness, reliability,
and ease in programming and use. They have widespread applic-
ability. The one drawback is that they age generally less
efficient than gradiant-based techniques (l12). A more (etailed
discussion of the Complei Method is included in the program
documentation.

In this program, the main program simulates the reference
output and then calls FUNCTION BOXPLX which in turn calls FUNCTION
FE. FUNCTION FE calls SUBROUTINE Plant which simulates the
compensated system. FE then computes the performance measure
and returns to BOXPLX. BOXPLX keeps track of the compensator
parameter values, computes a new set of free parameters and
calls FE again. This iteration continues until termination as
described in the documentation. See Appendix A for more

information on the program.

19
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2. Performance Measures

In order fo; a numerical method fof parameter opti-
mization to produce a result, a decision process must be com-
pleted, the result of which is the set of parameters which is
defined as "optimum." This term optimum is an enigima of sorts.
The program addressed here utilizes a comparison of time domain
response of a compensated system with a reference response
specified by the user. The word opéimum above is dependent on
the designer's knowledge of what reference response is best
suited to the output he is trying to control. Furthermore,
with the exception of very simple linear systems, it is diffi-
cult to match a reference response exactly, so the designer
must decide if the comparison at steady state is more or less
important than that during the transient period. Additionally
very high frequencies with periods less than one half the
integration step size may be filtered out by the digital process
in the computer, and not be present in the simulated output.
The designer is faced with some decisions which he must make
objectively before the "optimum"” set of parameters can be
computed.

The decision process mentioned above is based upon a

performance measure which is an indicator of the "goodness"
of a given set of parameters being varied in the optimization
process. The designer must select the performance measure; the
performance measure is then minimized by numerical methods,
since the objective here is to have the system response match

the reference response.

20
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The term selectivity is used to describe a quality of the
performance measures. If three dimensional space is considered
with the performancé measure plotted as a function of two free
variables in a compensator of the system, the resultant topology
should include one or more minima for the performance measure.
The minima with the lowest value are referred to as the global
minima, although the minimization performed is constrained.
Selectivity is directly related ta the steepness of the slope
of the contour in the area immediately adjacent to the minima.
This selectivity is a function of the performance measure used
as well as the plant and compensator dynamics (2,8).

Several performance measures have been suggested in numerous
sources, scme of which will be discussed here. 1In each case
the performance measure will be represented by the variable J.

Consider a single-input single-output system with cutput,
c(t), and reference response, r(t). The error, e(t), for this
case is defined as the difference between the reference res-

ponse and the system response or:
e(t) = r(t) - c(t) (42)

Integral square-error. The defining equation for £finite

J = f e (t)at (43)
Q

This performance measure is not very selective and tends to

time is:

emphasize large errors and ignore small ones (2,8).

21
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Integral of time multiplied square-error. The defining

equation for finite time is:

§ =3
J = f t e?(t)dt (44)
(@]

Steady state error is penalized more heavily by this per-
formance measure. This performance measure is said to be
more selective than the integral square-error criterion in that
the value of the integral tends to change more rapidly with
changes in the system parameters (2,8).

Integral absolute error. The defining equation for finite

time is:
J = le(t)|dt (45)
o
This performance measure is slightly more selective than the
integral sguare-error criterion (2,8).

Integral of time-multiplied absolute error. The defining

equation for finite time is:

€
J =f t|e(t)|dt (46)
Q

This performance measure is more selective than those mentioned
previously and, as in the case with the integral of time multi-
plied square-error criterion, this performance measure tends to
emphasize errors late in the transient period and in steady

state and deemphasize those which occur early in the transient

period (2,8).

22




The optimization of the performance measure can be addressed
in two categories; the case where the reference response speci-
fied is the forcing-function: or the reference response is some
function, usually a second order response, which the designer
believes to be a model response for his application. In the
first case the peak overshoot, setting time, rise time, and
natural frequency, are determined by the dynamics of the com-
pensated system and by the performénce measure selected. How-
ever, if the designer desires a second order response with a
certain minimal rise time, he can specify a second order
reference response which meets this requirement, and use the
integral absolute error or integral error-squared performance
criteria to optimize the compensation parameters.

Provisions for both of these approaches have been included

in the program in that the user can reference a second order

response, where he specifies the damping factor, natural frequency

and gain, or he can utilize the table loop-up feature in which
he can specify any reference response he desires.

Other performance measures can be developed using classical
measures of system performance such as maximum overshoot, time
for the error to reach its first zero, time to reach maximum
overshoot, settling time, frequency of oscillation of the
transient or steady state error. However, performance measures
based on these characteristics would be complex and increase
computation time, and their desirability over those previously
discussed is questionable.

The performance measure used in the optimization program

A




(see Appendix) is the sum of the weighted performance measures
of each output of the multivariable system.

M
z (wi)(Jik) (47)
i=1

The subscript i denotes the output for which Ji is calculated.

k
’
The subscript k denotes one of four performance measures which

can be selected by the user to be applied to each output in
turn:

Integral square error

(Mt = ¢, )7 (48)

Ji,l =
i 3wk

L[ o B>

Integral of time multiplied square error

N
3.2 = LRI - € 2 (1A (49)
j= :
Integral of absolute-error
N
Ji,3 = A N (50)
3=1 iee
Integral of time multiplied square-error
N
Ji,¢ = T | ®Mj,i = cj i| (1AT) (51)
i=1

N represents the number of integration steps in the simulation,
AT represents the integration step size, M is the number of

outputs being optimized, and W is the weighting factor applied
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to each output.

It should be noted that the performance measures are an
approximation and when the weighting factor is introduced
the performance measure diverges significantly from the defining
integral equation. Comparison of performance measures for a
given plant with various types of compensation should be done
with the same weighting factors. The same performance measure
cculd be achieved for a system using two different compensation
schemes, since the performance measures for each channel may

vary significantly.
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C. A TWO INPUT-TWO OUTPUT SYSTEM EXAMPLE

1. Transfer Matrix Solution

In order to demonstrate the program it was decided to

analyze a simple system, synthesize the compensation required
to produce a specified output, and then show that the optimi-
zation program will arrive at the same results. It is emphasized
that this program will not determine the type of compensation
required to achieve the desired response. It will set free
parameters in the compensators (specified by the user) to most
nearly produce the desired response.

The analysis and compensation was performed using the
ransfer matrix method described by OGATA (2). The uncompensated
plant and the compensated plant were simulated to show that the
compensation achieved the design specifications. Certain para-
meters in the compensator were defined as free parameters.
These free parameters were offset from their optimal values
and constraints were introduced which restricted the range of
values for these parameters during optimization. The plant
and compensators with free parameters were simulated in the
optimization program and optimization was accomplished.

To illustrate, a simple two-input two-ocutput linear
system shown in Figure 3-1 was selected as the plant to be
compensated. The design specifications chosen were:

1. Channel one and channel two are to be decoupled during

the transient period as well as in steady state.
2. Channel one is to have a second order response to

a step input with a natural frequency, Wn, ef 10, a
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damping factor, g, of 0.4, and no steady state error.

3. Channel two is to have z second order response to a
step input with a natural frequency, W of 4, a damping
factor, ¢, of 0.6, and no steady state error.

To achieve total deqoupling the off-diagonal elements of
the transfer matrix of the compensated system must be zero.

The desired compensated system transfer matrix, G(s), is:

r -
100 0
52 + 85 + 100
G(s) = (52)
0 . 16
3 S + 4.88 + l€J

The input/output equations obtained from Figure 3-1 are:

e 1 2

Yl(s) = Ul(s) SF7) (5+13) + Yz(s) 5+12) €531

Y. (s] = U.(s) . + ¥, gy e (54)
2 2 (3%2) (34, 1 572)

Substitution of equation (53) into equation (54), and egquation

(54) into equatiocn (53) produces equations (55) and (56).

U, (s) 20, (s) 8Y, (s) S
1108 = o eIy Y RO T N sely) T sl (sFLaT (55)
UZ(S) 4Ul(s) 8Y2(s)

I5(8) = Tt 3] L (8*L2) (3+F (3227 © ol (asLD) (56)

Collecting like terms in equations (55) and (56) and rearranging:
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r--

2 Ul(s) ZUz(s)

s +14s+16 &5
18 T eIy T BN (571D T 5D (574D (5FIDY (57)
Y. (s) 52+l4s+16 = 4u, (s) i U, (s) i
2 (s+2) (s+12) =~ T(s+12) (s+7) (s+2) (s+2) (s+4.3)
Multiplying both sides of equations (57) and (58) by
(s+2) (s+12)
sz+l4s+16
(s+2)Ul(s) 2U2(s)
Yl(s) = > - ) (59)
(s+7) (s"+14s+16) (s+4.3) (s"+14s+16)
40, (s) (s+12) U, (s)
Yz(s) = i + 5 (60)
(s+7) (s"+14s+16) (s+4.3) (s"+14s+16)
The transfer Matrix for the uncompensated plant is:
§ (s+2) 2 =
(s+7)(sz+l4s+16) (s+4.3)(52+l4s+16)
G_(s) = (61)
P 4 (s+12)
L(s+7)(52+l4s+16) (s+4.3)(22+l4s+16u

The generalized compensation to be used is shown in Figure
3-2. Equaticn (41l) will be used to calculate the required
compensation; since in this case the feedback ccmpensation

transfer matrix, H(s), is the identity matrix.

-1 B -1
Go(s) = {[c(s) - f]?p(S)} (41)

Since Go(s) is a2 2x2 matrix in this example gc(s) and G(s) will
also be 2x2. By inspection (Equation (52)), g(s) is non-singular

and can be inverted.
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The compensated system transfer matrix G(s) is given in

equation (52).

(62) .

i
e
ki |Gs) |

The inverse of G(s) is calculated by equation

(62)

Where COIj‘T is the transpose of the cofactor matrix of G(s),

and |G(s)| is the determinant of G(s).

COF~

[G(s) ]

Q)
U;

[G(s) "-1]

-

(16) (130)
(s2+8s+100) (s°+4.8s+16)

s2+8s+100 2
T
0 s2+4.8s+16
_sz+85 0 3
100
0 sz+4.85
b ~ 16 -
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S
s"+4.8s+16
100
TN s2+85+100 _

The plant transfer matrix, Go(s), is given in equation

(63)

(64)

(65)

(66)

(6l) as:




¥ (s+2)

“
2

.(s+7)(sz+l4s+16)

G

(s+4.3)(sz+l4s+16)

(s+12)

| (s+7) (s2+14s+16)

(s+4.3)(52+l4s+16)J

Multiplying equation (6l1) by equation (66):

~ s (s+8) (s+2)

2s (s+8)

[t ™ -11G,(9) =
4(s+4.8)

100 (s+7) (s%+14s+16)

s(s+4.8) (s+12)

100 (s+4.3) (s2+14s+16)

L_16(54-7)(524-145-:-1.6)

16 (s+4.3) (s2+14s+16) _

If this matrix is non-singular it can be inverted.

-]
J It LNONI

g2 (s+8) (s+2) (s+4.8) (s+12)

(16) (100) (S+7) (s+4.3) (s°+14s+16) 2

852 (s+4.8) (s+8)

(16) (100) (s+7) (s+4.3) (s°+14s+16)°

- 1}6

N A R

52 (s+4) (s+8) (s2+145+24-8)

(16)(100)(s+7)(s+4.3)(52+l4s+16)2

s?(s+4.8) (s+8)

(16) (100) (s+7) (s+4.3) (s2+14s+16)
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~  s(s+4.8)(s+12) -25(5+8) .
16(s+4.3) (s°+14s+16)  100(s+4.3) (s>+145+16)
CoF’ - ' (70)
-4s (s+4.8) s (s+8) (s+2)
| 16(s+7) (s+14s+16) 100 (s+7) (s%+14s+16)
L o . T
G.(s) = { [ats) 1ig, (s} .
- ) -
100 (s+7) (s+12) -32(s+7) (71)
s (s+8) s(s+4.8)
400 (s+4.3) 16 (s+2) (s+4.3)
L s(s+8) s(s+4.8)

One of the possible realizations of this compensation is
shown in Figure 3-3. To obtain a confirmation of the design,
the system was simulated with and without compensation using
International Business Machines' Digital Simulation Language,
DSL (13). Figures 3-4 through 3-9 show the results of that
simulation, which indicate that the compensators used do in
fact achieve the stated objectives of the design. In each plot,
trace number 1 is the desired response, Z, and trace number 2
the system response, Y. 1In Figures 3-4B, 3-7B, 3-8B, and 3-9B
the two traces are superimposed. In Figures 3-5A and 3-6A
the desired responses are zero. The reader should note the

scale factors present on some of these plots.

2. Parameter Optimization Soluticn
The compensated system and the desired response curves

were then simulated and solutions were obtained using the
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program discussed in this section. The time response results
are shown in Figure 3-10. There is a slight difference between
the desired response curve and the output of the simulated
system.

Next, two parameter optimization was performed. The pro-
portional gain constant of each compensator was selected as
the adjustable parameters. Each of the four performance measures

iven by equations (47) through (51) were used in successive
optimizations. All other aspects of the program were unchanged
during this optimization. Equal weighting was applied to each
channel. The gains 100 and 16 were chosen because their
variation should have similar impact on the two respective out-
puts. The upper limits were 105 and 21 and the lower limits
were 95 and 1l respectively. The integration step size was

.02 and the final time was 5 seconds. Optimizaticn was begun
with the two gains set at 105 and 1l respectively, and Rl = R2 =
Unit Step functions. The results are given in Table 3-1.

The systeﬁ was simulated using these values for the two
free parameters. The simulation results are shown in Figures
3-11 through 3-14. This simulation indicates the time multiplied
integral square-error performance measure produced the best

results.
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Value of
Performance Minimum
Measure

Measure

Performance

100

Integral
Square-
Exrror

1.2026097

10~

104.9999

20

.99998

Time
Multiplied
Integral
Square=-
Error

1.641641

16

102.2554

-2 1091

Integral
Absolute
Error

Lo 353197

10

104.9862

14

282275

Time
Multiplied
Integral
Absolute
Error

9.994698

1032728

14

+81L198

Table 3-1

RESULTS OF OPTIMIZATION
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CONCLUSIONS

From the results of the two-input two-output example
system, the following conclusions can be stated:

1. The technique of cost function minimization in the
time domain can be used effectively for compensator parameter
optimization in multiple input multiple output control systems.

2. Cost function minimization is not a substitute for
control system design. The user must be able to select the
prover type of compensator which is capable of achieving the
desired results, before initiating the optimization of the
free parameters.

3. The four performance measures evaluated produced
slightly different solutions to the same problem, with the
time multiplied integral square-error yielding the best

results in the example given.
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