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Abstract

The paper deals with the description and simulation verification of one of possible methods to
control of multivariable control loops. In this case, the so called main controllers, binding
members and correction members are used. The proposed method of control combines
classical way to ensure of autonomy of control loop via binding members and the use of the
method of single-variable branched control loops with measurement of dominant disturbance
variables to ensure of invariance of control loop via correction members. Main controllers can
be proposed by arbitrary synthesis method. Simulation verifications of the control method are

carried out for three-variable loop of a steam turbine.
(Received in April 2010, accepted in January 2011. This paper was with the authors 1 month for 1 revision.)
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1. INTRODUCTION

At large numbers of controlled systems several variables have to be controlled at the same
time. The examples of these systems are e.g. air-conditioning plants, reactors, steam boilers,
turbines, distillation columns, etc [1]. In these cases, it means that there is not only larger
number of independent SISO (single-variable) 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
output (controlled) variables. These control loops are called MIMO (multi-variable) control
loops and they consist of mutually influencing simpler control loops [1-2]. Special case of
MIMO control loop is SISO control loop having only one input signal (manipulated
variable, disturbance variable) and one output signal (controlled variable) [3].

One of above-mentioned examples of multi-variable controlled system is a steam turbine
[4-6]. In the experimental part of the paper is considered simulation example of three-variable
controlled system of steam turbine [4]. Proposed method to control of the three-variable
controlled system uses the so called main controllers, binding members and correction
members [1]. The main controllers are designed via classical SISO synthesis methods (Ziegler
Nichols step response method, method of desired model) [1, 7-10] and also via polynomial
approach (pole placement method) for SISO control loop [11-12]. Binding members and
correction members ensure autonomy of control loop and invariance of control loop. All
simulation experiments were performed in the simulation mathematical software
MATLAB/SIMULINK version 6.5 [13].

2. MULTI-VARIABLE CONTROL LOOP

It is considered multi-variable control loop with measurement of disturbance (see Fig. 1)
where Gs (s), Gr(S), Gsv () and Gkc (s) are transfer matrixes of a controlled plant, controller,
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disturbance variables and correction members. Signal Y(s) [nx1] is a vector of controlled
variables, W(s) is a vector of setpoints, U(s) [nx1] is a vector of manipulated variables, V(s)
[mx1] is a vector of disturbance variables and it is considered m <n [14].

Transfer matrixes of controlled plant Gs(s) and transfer matrix of disturbance variables
Gsv (s) are considered in forms:

Siu Sz Sy
S S - S Ysi(s
Go()=| 2 P2 Sl SIS g o i M
: : : i(s)
Snl Sn2 Snn
SV11 SV12 SVlm
G @ﬁ:%ﬂ Wn h SV.Zm;S--=YSV’i(S)i=1,...,n,j=1,...,m,msn )
MY : : V ij V-(S)
j
San SVn2 SVnm

Transfer matrixes of controller Gg (s) and transfer matrix of correction member Ggc (S) are
considered in forms:

Ru Ry Rin
Roi Rop -+ Ry, Ugi(s) . . (3)
Ggr(s)=| ‘ o Rij=——— 1=1..,n, j=1..,n
: e I E j(s)
Rnl Rn2 Rnn
KCy; 0 0
0 KCyp 0 Ugc,i(s) . (4)
Gyc(s) = .| KC =—= =1..n, j=1...,m, m<n
0 0 KCn
V(s)
> Gs\/ (S)
Ukc (S)
»| Gie (S) = Yo ()
W(s) E(s) Ur(s) U(s) Ys () Y(s)
Gr (S) Gs (S) —>

Figure 1: MIMO control loop with measurement of disturbance.

2.1 Autonomy and invariance of control loop

Beside stability and quality of control it is often required at synthesis of multi-variable 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 loops at which the
influence of disturbance variables is eliminated only partially (e.g. only in steady 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 [1].
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In order to ensure autonomy and invariance of control loop we start from a closed loop
transfer matrix Gwyy () and disturbance transfer matrix Gyy (s), therefore:

Gy (5) = [1 +Gs(5)Gr(s)] ™ G (s)Gr(s) (5)
Gy (s)= [' +Gg (s)Gg (5)] -+ [Gsv (8)—Gs(s)Gkc (5)] (6)

Autonomy of control loop

It results from (5) that the control loop is autonomous when the matrix Gs (s) Gg (S) is diagonal.
On the basis of this condition it is possible to derive the following relation:
Ra _ Swc k,,m=<1...,n> s, #0 (7)
le Sim
where sy, Sim are algebraic supplements of separate elements of a transfer matrix of controlled
plant Gs(s) (1) and Ry, Rm are separate members of a transfer matrix of controller Gg(s)
(binding members) (3).

Main (diagonal) controllers Ri1, R2z, Rsz etc. are usually known already from the first
design of conception of control. The relation (7) 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 Gg (s).

Invariance of control loop

For ensuring absolute invariance it is necessary that the disturbance transfer matrix Gy (s) (6)
is zero. This is possible if the following relation is valid:

Gy (s) =GgH(s)Ggy (5) 8)

At design of correction members KC, 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 n SISO branched control loops with measuring of a disturbance variable are gained.
Connection of all SISO control loops is the same and they differ only in separate transfers of
controlled plants, controllers, correction members and disturbance variables [1]. Common
connection of these control loops is presented in the following figure.

Vi

> Svii

KCii

Wi €i Uj Vi
'(? > Ri Sii —>

Figure 2: Block diagram of SISO control loop with measuring of disturbance variable v;.

Correction members KC are determined from (8) 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
functions of correction members KC are gained by using (9) in the following form:

KCii:% i=<1,...,n>,S; 20 9)
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where Sy;; are separate members of transfer matrix of disturbance variables Gsy (s) and S;; are
separate members of transfer matrix of controlled plant Gs (s).

2.2 Synthesis of multi-variable control loop

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
[1, 11]. 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:
¢ Design of main controllers (diagonal controllers) by arbitrary synthesis method of SISO
control loops, i.e. design of parameters of main controllers for n SISO control loops
(Ri1, R22, ..., Rnn). Here, it is considered that original diagonal transfer functions
Si(i=1,...,n) of transfer matrix of controlled plant Gs(s) are modified to diagonal
transfer functions Sjix (i=1, ..., n). In these modified transfer functions influences of
aside-from diagonal transfer functions of transfer matrix of controlled plant Gs(s), i.e.
Sij(i#), i,j=1,...,n) on original diagonal transfer functions i.e. S;i(i=1,...,n) are
included. Transfer functions Siix, 1.6 S11x, S22x, S33x €tc. are determined from (10) by using
(5) and (7):
n ..
sii,X=ZsijSl i =<1,...,n>5; #0 (10)
=1 Sii
where s;;, S are algebraic supplements of separate elements of a transfer matrix of controlled
plant Gs (S) and S;; are separate members of a transfer matrix of controlled plant Gs (S).
e Assuring of autonomy of control loop via binding members (7) of transfer matrix of
controller Gg(s).
e Assuring of invariance control loop via correction members KC (9) by using n SISO
branched control loops with measuring of disturbance variables.

3. SIMULATION EXAMPLE

3.1 Three-variable controlled plant of steam turbine

Steam turbine is a typical example of MIMO controlled plant. In this case it 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).
The scheme of three-variable controlled plant of steam turbine is shown in Fig. 3.

Ayvt
><]

® ( AMg
v—s1]

NT
fggj\ AyNT
< 1§
Am’o1, APos

Am’o2, APo2

!

Figure 3: Three-variable controlled plant of steam turbine.

56



Navratil, Balaté: Simulation of Control of Multi-Variable Control Loop: Steam Turbine

Denominations in Fig. 3 mean: AMg - change of electric load of turbo-generator, Am’o,,
Am’, - change of mass flow of withdrawn steam, Aw- change of angular speed of turbo-
generator, Apo1, Apo2 - change of steam pressure in corresponding withdrawals, Ayyr, Ayst,
Aynr - change of opening position of control valves of high-pressure, medium-pressure and
low-pressure part of turbine.

Controlled variables are Aw, Apo1, Apo2, Manipulated variables are Ayyr, Ayst, Aynt and
disturbance variables are AMg, Am’p1, AM’py.

3.2 Mathematical model of steam turbine

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 [4]. The mathematical model consists of three
equations, i.e. equation of moment balance (11) and equations of flow through flow spaces
(12), (13).

518.4A0 = —63.3A® + 656.9A py; + 4611.7A py, +1007.3A Y, + 200.6Aycr +

(11)
+121.5Ay,r — AMg
13.45A gy =1.563Apy; —10.517A g, +0.361AY¢ —0.222A Y — AM'g, (13)

It is possible to re-write the above differential equations (11), (12) and (13) 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

o x=AX/(X)o
where:
(w)y =628.3[rad/s]  (Pg1)o =14 [bar] (Po2)o =155[bar]
(Wr)o =19.15[mm]  (Ysr)o =59.9[mm] (Ynr)o = 69.8[mm] (14)

hence:
325710.7¢,, = ~3977L.4p, +9196.6p, +7148.1p, +19289.8¢,

15
+12015.9¢,  +8480.7p, —39789¢y_ 1)

26.110p, =-22.540p, +0.250p, +29.165p, -21.624p, -694p,  (16)
20.848p, =21882p, -16.30lp, +21.624p, -15496p, -694p, — (17)

Three algebraic equations are gained from differential equations (15) - (17), 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 Gs(s) (20) and disturbance variables Gsy(s) (21).
The Laplace transform of an output (controlled) variable is given by the following relation:

Y (s)=Gs(s)U(s) +Ggy (S)V (s) (18)

After substitution we receive:

P (DYVT ¢MG
Poo | =Cs(8)| @y | +Gsy (S)| P, (19)
(ppoz ¢yNT Pm 02
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where:
[ 0.735? +1.595 +1.106 0.455s2 +0.740s + 0.087 0.321s2 +0.327s + 0.037
12.32s% +21.78s% +10.67s +1 12.32s% +21.78s% +10.67s+1 12.32s® +21.78s% +10.67s +1
Ge(s) = 1.681s +1.314 —1.2465—0.959 -0.011
S 1.505s% +2.475s +1 1.505s2 + 2.475s +1 1.505s2 + 2.475s +1
1.764 1.561s + 0.039 -1.118s-0.966
1.505s2 + 2.475s +1 1.505s2 + 2.475s5 +1 1.505s2 + 2.475s +1
[ 150552 -2.477s—1 —0.092s -0.148 —0.090s —0.079 ]
12.32s% +21.78s% +10.67s+1 12.32s% +21.78s% +10.67s +1 12.325° +21.78s% +10.67s +1
—0.400s - 0.313 -0.005
GSV (S) = O 2 2
1.505s2 + 2.475s +1 1.505s2 + 2.475s +1
-0.420 —0.501s —0.432

1.505s2 + 2.475s +1

1.505s2 + 2.475s +1

(20)

(21)

Step response of transfer matrix of the controlled plant Gs(s) and of transfer matrix of

disturbance variables Ggy (s) are presented in the following figures (see Figs. 4 and 5) [13].

Step response
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0 20 40 0 20 40 0 20
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Figure 4: Step response for transfer matrix of the controlled plant Gs(s).

3.3 Synthesis of three-variable control loop of a steam turbine

40

The principal described in the section 2.2 is used at solution of synthesis of the three-variable
control loop. First transfers function of main controllers Rii, Rz, Rss are determined for
modified diagonal transfer functions Si1x, Sz x and Szzx by using (10) or (22) then autonomy
of control loop by using (7) is being solved and in the end fulfilment of the condition of
invariance (approximate invariance) of control loop is ensured by using (9).
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Step response
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Figure 5: Step response for transfer matrix of disturbance variables Gsy(s).

Eqg. (10) was used to calculation of transfer functions Sj; x, hence:

S S525,, —S,.S S5:S+:, —S,,S
S11,(5) = 311 1y5,32 +813 =Sy + 5y, DB TON0] g 921932 79209
11 S11 311 S22833 = S2353; S22533 = S2353,
S S S12S2, —5,,S S:5S: —=S5,,S
Sy2 () = Say 21+822 215, %8 g, AR g g 12070 (5
S2 S22 S 511833 —S1353; 511533 —S1353;
S S S S$:55,: =555 S:S,, —S,,S
Sga x(5) = Sqy 2L 345,22 g %8 _g 129870135 4 g S13917 0198 4 g
S33 S33 S33 S11522 = S125m S11522 = S125m
then:
1.294 -1.057 -1.020
T LT T LA S 23
Wx7g819s+1 ~#*  0479s+1 % 0.964s+1 23)

The following methods were used at design of parameters of main controllers (diagonal
elements of transfer matrix of controller Gg (S)):

a) Ziegler Nichols step response method [1, 7],

b) method of desired model (method of dynamics inversion) [8-10],

c¢) polynomial method of synthesis for 1IDOF (one degree of freedom) configuration (pole
placement method) [11-12].

Beside above mentioned methods of design of parameters of main controllers (diagonal
elements of transfer matrix of controller Gg (s)) is possible to use also other SISO synthesis
methods, e.g. the method of optimal module, the Naslin's method, the symmetrical optimum
method, etc. [1, 7, 9].
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Eq. (7) was used to calculation of binding members R;; (aside-from diagonal elements of
transfer matrix of controller Gg(s)). Then these members were determined from following

relations:

R, (s)= SR, - 21352 =SS g Sup _ Si2Sn=SiuSep
S22 S11533 — $1353; S33 S11S92 = 125
S S52Sa; — S, S S S12S,1 —S,4S

Ror(s) = 22 Ry = B2 Ry Ryy(s) = —% Ryy = 225 Ry, (24)
S11 S22533 = S2353; S33 S11520 =815

Ra1(s) = =k Ry, = So153 =S5 R R3y(S) = S8 Ry, = S12531 = S153 R
S11 822833 - 823832 Syo 811833 — 813831

To determine of correction members KC;; was used relation (9), hence:

KCll — SVll , KC22 — SV 22 ’ KC33 — SV33 (25)
S11 S22 S33
Transfer matrix of controllers Gg(s) with utilization of chosen methods of synthesis was

following:
a) Ziegler Nichols step response method:

[ 57315+1.656 0.507s2+0.211s+0.0188  0.201s2 +0.084s +0.0076 |
S s(s+2.089) s(s+1.057)
7.73s + 2.223 —~0.410s-0.118 0.271s% +0.124s +0.013
Gr(s) =| ———— (26)

S S s(s+1.057)

10.79s+3.116 —0.527s —0.082s + 0.024 —0.841s—0.243

| s s (s +2.089) s i
b) method of desired model:
[ 0.9045+0.110  0.080s+0.010  0.032s+0.0041 |
S S S
1.220s+0.149  —0.065s—0.135  0.043s + 0.0073
S S S
1.702s+0.208  —0.090s +0.0132 —0.133s—0.140
| S s s |
¢) polynomial method of synthesis for 1LDOF configuration (pole placement method):
[ 0.810s+0.095 0.28652 +0.960s+0.118  0.054s2 + 0.100s + 0.012 |
S s(s+2.089) s(s+1.057)
_ _ 2
Gu(s) = 1.092s +0.128 0.231s —0.747 0.073s? +0.138s + 0.021 (28)

S S s(s+1.057)

15245 +0.179  —0.323s? —0.995s + 0.153 —0.226s — 0.400

i s s(s+2.089) s |

Transfer matrix of correction members was given by the following relation (it was the
same for all three methods):
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[ _2.063s% —3.3945-1.371 . 0 ]
s? +2.1785+1.516
0.321s+0.251
Cre ()= 0 “sio760  ° (29)
0 0 0.448

Simulating scheme presented in Fig. 6 is utilized in program environment MATLAB/
SIMULINK [13] for simulating verification of used procedure.

Simulation courses 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 in the following figures (see Figs. 7, 8 and 9). These parameters were chosen at
all simulations:

vector of time for setpoints (ty1, twe, tws): [50 200 350]

vector of setpoints (Wi, Wo, W3): [0.4 0.4 0.4]

vector of time for disturbances (tys, tvo, tv3):  [125 275 425]

vector of disturbances (v1, vz, V3): [0.2 0.2 0.2]

total time of simulation (ts): 500

time step (k): 0.05

3 ]
KC —— Disturbance 1 3

3

Disturbance variables - v
Transfer matrix of correction members D

Disturbance 2

3

Transfer matrix of disturbance variables

S M
3 \ ¢ 3ux

171
-

Disturbance 3

— |“>+ 3
L P
3 © z} Mux > P Demux z—>|:|

m —3":|
3

Controlled variables - y

Transfer matrix of controlled plant 3 Manipulated variables - u
e O —C
3 3| + Setpoint 1 Setpoints - w
< P
Transfer matrix of controller S Mux |«
4 Setpoint 2
Setpoint 3

Figure 6: Simulation scheme of control loop.

Variables in the following figures (see Figs. 7, 8 and 9) correspond to variables mentioned
in the three-variable control loop of steam turbine (see Fig. 3), i.e.

controlled variable: Y1 > Pus Y2 > Ppyr Y3 > Py,

manipulated variable: U =@y Uy >0y U3 >y

setpoints (desired value): w; —> @, W, = @, Wz > @

disturbance variable: Vi = Oy, Vo = P V3 = O
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- controlled variable
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Figure 7: Simulation of control loop with utilization of Ziegler Nichols step response method.

- disturbance variable

0.8 T T
= 0.6 I =Y - controlled variable
£ 04r r- 5 —— u, - manipulated variable
e — - setpoint
;OQ* R v, - disturbance variable
O U — -
| | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500
time
0.8 T
06 — , -controlled variable
;& 0.4 —u, —manipylated variable
4 02k — —. W, -setpoint
S

- controlled variable

- manipulated variable
- setpoint

- disturbance variable
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time
1 \
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By — Uu
2 05F- B 5
& - W
% R ] Al
O —
| | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500
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Figure 8: Simulation of control loop with utilization of method of desired model.

3.4 Evaluation of simulation experiments

The ISE criterion (30) and ITAE criterion (31) were used for comparison of used methods of

synthesis (see Table I), i.e.:

B o t, tg
J =ISE = [e®®)dt =[[w(t) - y(®)] *dt ~[e?(t)dt ~ [e*(t)t
0 0 0 0
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Figure 9: Simulation of control loop with utilization of polynomial method of synthesis.

o0 o0 tr tS
J =ITAE = jt-|e(t)|dt = jt-|(w(t)—y(t))|dt ~ J't-|e(t)|dt ~ jt-|e(t)|dt (31)
0 0 0 0

where t, is time of control, t; is time of simulation, w(t) is setpoint, y(t) is controlled variable,

e(t) is control error (see Fig. 10).

y(t) 4
ya(t) }(t)=y(oo) 2:3-y(0)
(5=1-5%)
Y(o) AN "',"'IjﬁIIIIZIIIIIIZI:IIZIIIIIIZIIIIZ
yi(t)
’ b . C
o ts R

Figure 10: The possible courses of control process.

Optimal adjustment of control loop is considered here from the point of view of minimal
size of ISE criterion or ITAE criterion. 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.
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Table I: Quality of control for three-variable control loop.

o Jk1 Jk2 Jks
Method of synthesis *) ISE | ITAE | ISE | ITAE | ISE | ITAE
1 0.0860 | 3536 | 0.6418 | 933.7 | 0.3355 | 850.1
2 0.5666 | 290.8 | 0.7634 | 8011 | 0.8978 | 1473.0
3 0.6453 | 3435 | 0.1518 | 143.6 | 0.3373 | 522.0

*) Numbers in the table in the column "Method of synthesis" designate the used method of synthesis
at design of main (diagonal) controllers, i.e.:
1 - Ziegler Nichols step response method,
2 - method of desired model,
3 - polynomial method of synthesis (pole placement method).

It is obvious from the simulation of control loop shown above (see Figs. 7, 8 and 9) that the
condition of autonomy was fulfilled. Fulfilment of autonomy condition was ensured by means
of using binding members Rj; (aside-from-diagonal elements of transfer matrix of controller
Gr (s)). Binding members were determined from so called main controllers, which are main
diagonal elements of the transfer matrix of controller. The determination of main controllers
is carried out by any SISO synthesis method for modified diagonal elements of the transfer
matrix of controlled plant. From the simulation of control loop is also obvious 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. Correction members were determined from
transfer matrix of the controlled plant and disturbance variables.

4. CONCLUSION

The main goal of this paper was to describe and show one of the possible ways to control of
MIMO control loop. Advantage of proposed and used method of control is its simplicity.

In this case already known SISO synthesis method can be used to design of main
controllers. The designed method combines 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 proposed method of control was
presented on three-variable control loop of steam turbine.

The proposed control method is valid under the following conditions, i.e. this method can be
used only for MIMO controlled system with same number input and output signals and also the
method does not ensure absolute invariance of control loop. Designed parameters of matrix
controllers and correction members have good results of the control and fulfilled basic control
requirements such as the stability, the reference signal tracking and disturbance attenuation.

The future work will be focused on the elimination of limitations of proposed method and
also simulation verification of proposed method for other MIMO controlled systems.
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