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Abstract: This paper deals with description of one of possible approaches to control of
MIMO control loops with utilisation of the so called binding members and correction
members. The designed method of control combinations classical way to ensure of
autonomy of control loop via binding members and the use of the method of SISO branched
control loops with measurement of dominant disturbance variables to ensure of invariance
of control loop by means of correction members. Simulation verification of this method was
carried out for three-variable control loop of a steam turbine. Copyright © 2007 IFAC
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1. INTRODUCTION

At large numbers of controlled object (steam boilers,
turbines,  air-conditioning  plants, distillation
columns, etc.) several variables have to be controlled
at the same time. In this case there is not larger
member of independent SISO control loop. These
control loops are complex with several controlled
variables where separate variables are not mutually
independent. Mutual coupling of controlled variables
is usually given by simultaneous action of each of
input (manipulated and disturbance) variables of
controlled plant to all controlled variables. These
control loops are called MIMO control loops and
they are a complex of mutually influencing simpler
control loops (Balaté, 2004).

2. CONTROL LOOP OF MIMO SYSTEM

We will consider MIMO control loop with
measurement of disturbance (see Fig. 1) where Gg(s),
Gsy(s), Gr(s) a Ggc(s) are transfer matrixes of a
controlled plant, disturbance variables, controller and
correction members. Signal ¥(s) [nx1] is a vector of
controlled variables, W/(s) is a vector of setpoints, U(s)
[nx1] is a vector of manipulated variables and F{s)
[mx1] is a vector of disturbance variables.
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Fig. 1. MIMO control loop with measurement of
disturbance
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Transfer matrixes of controlled plant and transfer
matrix of disturbance variables are considered in
forms
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Transfer matrixes of controller and transfer matrix of
correction member are considered in forms
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2.1 Autonomy and invariance

Beside stability and quality of control it is often
required at synthesis of MIMO control loop that one
control variable causes a change of only one
corresponding (proper) controlled variable. Such
control loop is called autonomous. Elimination of
influence of measurable disturbance variables on
controlled variables can also be a further
requirement. Such control loop is called invariant.
Control loop at which the influence of disturbances
on controlled variables is completely eliminated are
called absolutely invariant. Control loop at which the
influence of disturbance variables is eliminated only
partially (e.g. only in stabilized state) are called
approximately invariant. They are often called also
invariant up to € where € is an error caused by
incomplete elimination of influence of disturbances
(Balate, 2004).

In order to ensure autonomy and invariance of
control loop we start from a command transfer
matrix Gy (s) and disturbance transfer matrix Gy (s),
therefore

Gy (5)=[1+ Gs(5)G 5] Gs(6)6 () 3)

Gy(5)=[1+ 6465)Ge ()] 6oy (5)- G5 6)Gc 6] )

Autonomy

It results from the equation (3) that the control loop
is autonomous if it is ensured that the matrix
Gs(s) Gr(s) is diagonal. On the base of this
condition it is possible to derive the following
relation

Ry
R

_ Sik

klim=<1,..,n>s, #0
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ml Sim

s; - algebraic supplements of separate elements of a
transfer matrix of controlled plant G (s)

R; - separate members of a transfer matrix of
controller G (s)

208

Diagonal (main) controllers R;;, R, R3; etc. are
usually known already from the first design of
conception of control. The above mentioned
relation (5) is therefore used for calculation of all
remaining members of matrix controller i.e. for
calculation of transfers of binding members, which
are aside-from diagonal elements of transfer matrix
of controller Gy (s).

Invariance

For ensuring absolute invariance it is necessary that
the disturbance transfer matrix Gy (s) (4) is zero. This
is possible if the following relation is valid

Gyc (S) =G5 (S)Gsv (S) (6)
At design of correction members, the task of which is
to eliminate the influence of disturbance variable on
control loop, internal couplings are omitted at MIMO
control loop and thus » SISO branched control loops
with measuring of a disturbance variable are gained.
Connection of all these SISO control loops is the
same and they differ only in separate transfers of
controlled plants, controllers, correction members
and disturbance variables (Balaté, 2004). Common
connection of these control loops is presented on the
following Fig. 2.
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Fig. 2. Block diagram of SISO control loop with
measuring of disturbance variable v;

Correction members KC are determined on the base
of the condition (6) i.e. from the condition of
invariance. The invariance of the control loop is
ensured, according to the above mentioned method,
by using analogy of SISO branched control loops
with measuring of disturbance variable v;. Transfer of
correction members KC are gained by using the
equation (6) in the following form

S
KC, ==L i=<1,..,n>8,;#0 (7)
Sii
Syi- separate  members of transfer matrix of
disturbance variables Gy (s)
S;; - separate members of transfer matrix of

controlled plant G (s)

2.2 MIMO control loops synthesis

In practice the possible approximate solution of
MIMO control loop is applied from analysis of
MIMO control loop and really used control



schemes in particular technological equipments
(Balaté, 2004). One of the possible methods of
solution of MIMO control loops synthesis is
described in the following part of this paper.
Generally it is possible to divide this solution into
three parts

e design of main (diagonal) controllers by any
synthesis method of SISO control loops, i.e.
design of parameters of main controllers for n
SISO control loops (R;;, Raz, ..., Run),

e ensuring autonomy of control loop by means of
binding members of transfer matrix of controller
Gr(s),

e ensuring invariance control loop by means of
correction members KC by using n SISO control
loops with measuring of disturbance variables.

3. SIMULATION EXAMPLE
3.1 MIMO controlled plant

Steam turbine is a typical example of MIMO
controlled plant. In this case is considered the
turbine with two controlled withdrawals which
drives electric generator supplying determined part
of electric network (it means the turbine operates
without phasing into power network). Here, the
turbine represent three-variable control loop. The
scheme of three-variable control loop of steam
turbine is presented on the Fig 3.

Am’o1, Apo

Am’y, Apga

Fig. 3. Three-variable control loop of steam turbine

Denominations on Fig. 3 mean: AM; - change of
electric load of turbo-generator, Am’y;, Am’p,-
change of mass flow of withdrawn steam, Aw -
change of angular speed of turbo-generator, Apy;,
Apy; - change of steam pressure in corresponding
withdrawals, Ayyr, Aysr, Aynr- change of opening
position of control valves of high-pressure, medium-
pressure and low-pressure part of turbine.

Controlled variables are Aw, 4py;, Apg,, manipulated
variables are Ayyr, Aysr, A yyrand disturbance
variables are AMg, Am 'y, Am’g,.

3.2 Mathematical model of three-variable control
loop

Resulting  differential equations for creating
mathematical model of the controlled plant were
gained already after deriving and using linearization
from the project OTROKOVICE elaborated by the
firm ALSTOM Power (ALSTOM Power, 1998).

The first equation is equation of moment balance
which is in the form

518446 = 6334w +656.9Apy, +4611.74py, +
+1007.34y,7 +200.6Ayg, +121.54yy, — AM; ®)

second and third equations are equations of flow
through flow spaces which are in the form

1.8654py; = —1.6104pg; +0.1674 pgy +1.523Ayyp —
~0.361Ayg — Am', ©)

13.454py, =1.5634py; —10.517Apy, +0.3614y¢, — 0
—0.222Ayy — Am'y, (10)

It is possible to re-write the above presented
differential equations into better-arranged form by
introducing relative values (with regard to starting
stable state-operational, i.e. to calculated point) at
which relation of values can be generally written in
the form ¢ y= AX/(X)y. Then differential equations
are given by following relations

3257107(0{0 = _397714(050 + 9196'6¢Pm +
+7148.1p, +19289.8p, +120159¢, + (11)
+8480.7¢, —39789¢,,

26.110, =-22.540p, +0.259p, +29.165p, -

~21.624p, ~6949p,, (12)

20.848¢p, =21.882¢, —16.30lp, +21.624p, -

- 15.496(pyw - 6.94(/7,,,07 (13)
Three algebraic equations are gained by using the
sentence about differentiation of the original, out of
which after arrangement it is possible to put together
transfer matrix of the controlled plant and
disturbance variables. The Laplace transform of an
output (controlled) variable is given by the following
relation

Y(s)=G(s)U(s)+ Gy, (s)V(s) (14)
after substitution we receive

Doy (pJ’VT Py G
Ppo, =Gj(s) Dyor +Ggy(s) Py, (15)
Ppe Pyr Py



where

0.735> +1.59s +1.11 0.465 +0.745 +0.09 0325 +0.335+0.04
1235 +21.857 +10.7s+1 12357 +21.857 +10.7s+1 1235 +21.85% +10.7s+1

Gols)= 1.68s+1.31 —1.2465-0.9589 -0.01 (16)
g 1.515% +2.485+1 1.515% +2.485 +1 1.515% +2.485+1
1.764 1.5615+0.039 ~1.125-0.97

1.515% +2.485+1 1.515% +2.485 +1 1.515% +2.485+1

—1.515% -2485 -1 -0.095-0.15 —0.095 - 0.08
12.35° +21.852 +10.7s +1 1235 +21.852 +10.7s +1 12.35° +21.85> +10.75+1
—0.405 -0.31 —0.005
Gy ls)= 0 >
o) 1.51s% +2,485 +1 15157 +2.485 +1 (17)
o 042 —0.505 —0.43
15157 +2.485 +1 1.515> +2.48s +1

Step response of transfer matrix of the controlled
plant Gg(s) and of transfer matrix of disturbance
variables Gygy(s) are presented on the following
figures (see Fig. 4 and Fig. 5).
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Fig. 4. Step response for transfer matrix of the
controlled plant Gi(s)

Step Response

From: U(1) From: U(2) From U(3)
0 T
=05
S
e e
15
1
@
b _
2 g
3 >0
€ 5 .
< =
-
1
ol
)
-1
0 20 40 0 20 40 0 20 40

Time (sec.)

Fig. 5. Step response for transfer matrix of
disturbance variables Gg(s)

3.3 Synthesis of three-variable control loop

The principal described in the paragraph 2.2 is used
at solution of synthesis of the three-variable control
loop. First transfers of main controllers R;i, Ry, R33
are determined for transfer functions Sj;, S» a S
then autonomy of control loop by using relation (5)
is being solved and in the end fulfilment of the
condition of invariance (approximate invariance) of
control loop is ensured by using equation (7).

At design of parameters of main controllers the

following methods were used:

a) Ziegler Nichols step response method (Astrom
and Hégglund, 1995; Balate, 2004),

b) method of desired model (method of dynamics
inversion) (ViteCkova, 1998; Wagnerova and
Minat, 2000),

¢) polynomial method of synthesis - 1DOF (1 degree
of freedom configuration) configuration (Blaha
and Dostal, 2002; Prokop, et al., 2006).

For method of desired model it was necessary to
arrange transfer functions on main diagonal of
transfer matrix of controlled plant Gg (s) to the form
of transfer functions for which the method of desired
model was designed, therefore transfer functions S,
S5, S33 were arranged to the form

1.106 0959
93725+1 2T 1168 +1

-0966 8
= 97541 18

1 Lupr =

To calculation of binding members R; (aside-from
diagonal elements of transfer matrix of controller
Gr(s)) was used, as mentioned above, equation (5).
Then these members were determined from
following relations

_ S13S32 B Sle

s
R,(s)="2R,, = 3R
v S22 z S11833 = 81585 z
S,8,, -85
Rls(s):SiRw = 512523 S]SSZZ Ry
S33 11922 ~ P12
S-S, -8,8
Rzl(s):SiRn = SBS}I S21S33 Ry
811 2°33 T 93P (19)
S.S8,,—-8,8
R23(S):siR33 = =Ry,
S33 S1|S22 _S12S21
S,.S, —S,,8
R31(S)ZSLR11 = 2 R,
S1 853,833 =855
S,,8,, =SS
R32(S)=SiR22 =R,
Sx S1183 = 81385

To determine of correction members KC; was used
relation (7), hence

S N N
Ky =t KOy =<2, KCyy == (20)

11 22 S33

Transfer matrix of controllers Gg(s)

Transfer matrix of controllers Gg(s) with utilization of
chosen methods of synthesis was following

a) Ziegler Nichols step response method

0.2952 +0.125 +0.01

(s +1.06)
0.3952 +0.185+0.02

34.285+34.18 1.355% +0.565+0.05

s s(s+2.09)
46.245 +46.10 ~1.095 —0.32

s s x(s+1,06) (21)
64.535+64.33  —1.5357 —0.225+0.07 ~1.225-0.35

s s (s +2.089) s

GR(S):




b) method of desired model

0.855+0.09  0.1552 +0.155+0.02  0.03s> +0.03s +0.003
s s(s+2.09) 5(s+1.06)
1.145+0.12 ~0.125-0.10 0.0452 +0.04s +0.006
G (V) = (22)
s s 5(s+1.06)
1.60s+0.17  —0.17s> —0.125+0.02 ~0.135-0.10
s s(s+2.09) s
c) polynomial method of synthesis - 1DOF
configuration
0.61s* +23952 +1.725 + 023 0255 +0.69s> + 0.465 + 0.04 0.11s* + 0325 +0.305% + 0115 + 0.01

sls? + 26757 + 2355 + 0.68)
0.155% +0.445" + 04357 + 0.165 + 0.02
sls? 426767 + 2355 + 0.68) (23)
— 04857 — 0945 - 043
s(s + 0.90)

sls? + 2885+ 1.65)
—020s® - 0.535 - 0.28
s(s +0.78)
—0285% — 0705 - 0.285 + 0.06
sls? + 2885+ 1.65)

sl #1375 + 0.67)

0.82s% +3.225% +2.325 + 031
Gyls)= -

sls? #1375+ 067)

Transfer matrix of correction members

Transfer matrix of correction members was given by
the following relation (it was the same for all three
methods)

—2.06s% —3.395-1.37

- 0 0
sT+2.18s5+1.52
0.325+0.25
Cre(s)= 0 o 24
0 0 0.45

Simulating scheme presented on the following figure
(see Fig. 6) is utilized in program environment
MATLAB/SIMULINK for simulating verification of
used procedure.

Disturbance variables - v

3
3 KC Disturbance 1

Transfer matrix of correction members
Disturbance 2

Disturbance 3

3
Controlled variables - y

Manipulated variables - u

3
Setpoints - w

3 3
‘Transfer matrix of controller

Setpoint 2

Setpoint 3

Fig. 6. Simulation scheme of control loop

Simulations of three-variable control loop of a steam
turbine with utilization of chosen SISO synthesis
methods, which are used at design of parameters of
main controllers, are presented on the following
figures (see Fig. 7, Fig. 8, Fig. 9). The following
parameters were chosen at all simulations:

o vector of time for setpoints (¢,,1, £, ,3): [30 150 270]
e vector of setpoints (wy, wy, w3): [111]
o vector of time for disturbances (¢,, ¢, £,3):[90 210 330]

e vector of disturbances (v, v,, v3): [111]
o total time of simulation (f): 400
e time step (k): 0.05

Designation of variables on the figures (see Fig. 7,
Fig.8, Fig. 9) corresponds to definite variables existing
in the three-variable control loop of steam turbine, i.¢.:
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controlled variable: y= {yl P V2P Vs —>(pp”2}
manipulated variable: u={u1 Py, D, U3 —wyw}
setpoint: w= {w1 Py W2 D Pp W3 D> P, }

disturbance: v = {v1 = Pug V2 2 Py s V3 P, }

— y, - controlled variable:

u, - manipulated variabll
al
—  w;-setpoint
L0 — ;- disturbance variabl]
:
5L
o _L -
| | I I | | | |
0 50 100 150 200 250 300 350 400
time
AN — 1, -controlled variable:
N u, - manipuiated variable
ook — vy setpoint
z — v, -disturbance varizble
Ok F
| | | | | | | |
0 50 100 150 200 250 300 350 400
time
3k
= L — ;- controlled variable
B u; - manipulated variable
1: L — wy- setpoint _
B N — v, - disturbance variable r
| | | | | | | |
0 50 100 150 200 250 300 350 400
time

Fig. 7. Simulation of control loop with utilization of
Ziegler Nichols step response method

— ¥, - controlled variable:

u, - manipulated variable
3 — wy- sefpoint
= — v, - disturbance variable|
- 2p
H
MRS =
RS
g
0 -
| | | I | | I |
0 50 100 150 200 250 300 350 400
time
sl —, - controlled varizble:
o u, - manipulated variable
oof — wysetpoint
Z — v, - disturbance variable
SRS - =
N
L | | | I I | |
o 50 100 150 200 250 300 350 400
time
3k
= — ;- controled variable:
P2 U; - manipulated variable|
s — Wy setpoint o
R k — v, - disturbance variable | |~
|
| | | L | | I |
0 50 100 150 200 250 300 350 400
time

Fig. 8. Simulation of control loop with utilization of
method of desired model

— ;- controlled variable
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3 — W, setpoint
7, — v, - disturbance variable|
5
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Fig. 9. Simulation of control loop with utilization of
polynomial method of synthesis



3.4 Evaluation of simulation experiments

The quadratic criterion (Jx) was used for comparison
of used methods of synthesis. Numerical method of
integration (method of rectangles) was used for
gaining quadratic surface.

T = [0 = o) 2de =[ [o(0) - wio) )t = [[v(0) - wi)]Pdr (25)
0 0 0

where ¢. is time of control, w(?) is setpoint, y(¢) is
controlled variable

Table 1 Quality of control for three-variable control

loop
Method of synthesis *) J; Jx2 Jx3
1 0.118 1.901 2.512
2 4.098 10.24 15.93
3 1.725 3.090 2.793

*) Numbers in the table in the column "Method of
synthesis" designate the wused method of
synthesis, i.e.

1 - Ziegler Nichols step response method
2 - method of desired model
3 - polynomial method of synthesis

Optimal adjustment of control loop is considered
here from the point of view of minimal size of
quadratic control surface (Jx). However quite
different point of view can be rally considered for
optimal adjustment. Namely requirements for the
shortest time of control and for the smallest
overshooting are generally valid for optimal
adjustment. However these requirements are
antagonistic and therefore the optimal adjustment
of controller is always a compromise between
them.

It is obvious from the simulation control process
presented above (see Fig. 7, Fig. 8, Fig. 9) that the
condition of autonomy was fulfilled. Fulfilment of
this condition was ensured by means of using
binding members R;; (aside-from-diagonal elements
of transfer matrix of controller Gz (s)). It is also
obvious from the simulation process control that the
control loop is invariant or let us say approximately
invariant, i.e. that influence of disturbance variables
is eliminated only at steady state. Fulfilment of the
condition of invariance was ensured by means of
correction members KC;; which are considered for
elimination of influence of dominant disturbance
variables by means of using analogy of SISO
branched control loop with measurement of
disturbance v.
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4. CONCLUSION

It was described one of possible procedure to
control of MIMO control loop. Simulation
verification of chosen procedure of control is
presented on three-variable control loop of steam
turbine. At first the method deals with setting-up of
main (diagonal) controllers, then determination of
binding members for ensuring autonomy and in the
end calculation of correction members for ensuring
invariance.

The designed method combinations classical way to
ensure of autonomy of control loop via binding
members and the use of the method of SISO
branched control loops with measurement of
dominant disturbance variables to ensure of
invariance of control loop by means of correction
members.
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