
jndiall [nrl. Sci , Sept -0ct.  1987. 67, pp. 369-376 . ["dm lnstltute ol Sclencc. 

N. P. SIN(~N AND Y. P. SINGI-I 
Elcclncdl Eng~neering Department, Indian institute o l  Technology, New Delhi 110 016, India 

dbrtract 
I h c  paper presents a new two-step des~gn of proportional integral feedback controllen ior singularly perturbed 
cpterns with constant disturbances. The control law is derived using a slow subsystem oblained through the 
lteratme approach. Ti is shown that thc integral g a r  computation can be separated from proportional control 
deslgn The proposcd design procedure is demonstrated in controller design for a synchronous machine 
connected to an infinite-hus 
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The deslgn of control system 1s often confronted with high dimensionality of the 
dynamical system. The problem is further aggravated by the presence of 'parasitic' 
parameters I-esulting in stiff numerical problems'. To alie~iate these difficulties, 
modcl-order reduction and time-scale decomposition of such systeins are generally 
carried out using aggregation methods. singular perturbation theory and feedback 
controllers are designed using the reduced-order models'.! Besides the above 
difficulties. system disturbances are quite camnion and the proportional control alone 
can not take care of any external disturbances andlor parameter uncertaintiec. Thus, 
Proportional inlegral-feedback controllers are designed lo deal with such situationsJ. 
flowever, the task of determining optimal-feedback gains for proportional integral 
control becomes complicated for high-order systems. The difficulties are further 
increased duc to numerical ill-conditioning associated with the singularly perturbed 
syslcms. 

This paper presents a new two-step design of proportional-integraI-feedback control- 
lers for singularly perturbed systems. The control law is designed using the slow 
subsystem obtained via the iterative approach5. It is shown that the proportional and 
liltegral-feedback gains can be derived separately using parameter perturbation 
techniqueh. The theory is demonstrated in controller design for a single machine 
infinite-bus power system. ~ h c  of two-step design are compared with those 
obtained via the single-step design procedure. 

'First presented a t  the piatinurn jubilee conference on System? and Signal Processingheld at the Indian InStl- 
"Ite of Science, Bangalorc, India, during December 11-13. 1986. 
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,tl = A r l , i ,  -1.14 12.t2 + B ,  11 + F:! ti (4 
~j:: = i l l l v 1  + A 2 1 , < l i  U I I f + j ? - d  ( lb )  

3' = C,  Xl -i- C'x7 ( I d  
where P > 0 ib R small singular pcrtul-haticin p:lranrcler, .i, F I?"', x2 r R"2 ,  u R', 
v E RP- and d reprcscnts a constnnt uirrr~c;w~rahlc tlistul-liancc. 

It IS required to design a control of [he  forria 

if = K I x . - K 2 1 y  dt 

w h x e  1' = [x ( x i ! for ihc sysrm (1) ~ i c l r  th;it tlrc eflect of constant disV6rbances is 
nullified and y -i g,, ah r -> m. 

The eitcct ot distur-haiiccs on o u ~ p t ~ t  is cirmrn:~tcd hy introducing integral state of the 
cciitrolled output variable 

w = y  = c'1xl+:'7*1. (3 
-1'hus the problcm hcre is to drs~gir 11 to mlnimizc thc pcrfol-nnxlce index 

J ( r '  Q. t+r ,? t t~r f iv - i f , ' I i ! , )d i  (4 
I ,  

subject to the dynamicai constrairrts (1) and (3). wherc p > 0 i s  a small parameter. 

3. Iterathe separation of Lime scales 
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ii here 

and j and k are the iteration counts on the slow and fast states, respectively 

Neglecting the stahle-fast m o d e  and assuming A,,, nonsingulas. equation ( I  lh) )ii.Id\ 
the slow part of qA due  to  slowinput 14, as 

v k r  = - A ~ I  B2k U,, . 11-21 

From (7c). ( l l a )  and (12). the slow subsystem is obtained as 

51 = Ai ,Ci+Bl , l c ,+E~, i  (1.h) 

Y ,  = C I ~ , ~ , + D ~ L ( ,  (13b)  

where 

D,, = - C2, A ;: BZI 

Since Y ;= y ,  , we can write 

= Cii, t, + D, r r ,  . 

4 Two-step design of proportional integral controllers 
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The solution to the above problem is given in Kwakernaak and SivanX as 

h 

Partitioning S as 

Since p i s  small. the solution of (19) can be obtained through parameter perturbation 
technique" in the following form 

3, = S ; - + p S I + . . .  (20a) 

3 2 = p s ; t  ... (20'3) 

$ = p s i +  . . . .  (204 

Introducing (20) into (19) and equating the coefficients of like powers of p. we obtain 
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where equation (21) represents the reduced-order regulator problem with no integral 
terms. Equations (22) and (23) are set of coupled nonlinear equations and can be solved 
for S; and S: from the known value of Sr. We can express (24) as the following 
Liapunov equation for S f 

Once S: is known, equation (25) can be solved for S t .  

Using (15). (18) and (20) the closed-loop system can be represented as 

and 



Table 1 
Feedhack gains and eigenvahes of the system 

Thus the proportional mtegral control design can be carried out in two steps: (i) LQR 
design for the slow subsystem withoul integral control, (ii) computation of integral gains 
via peiturhation methods. 

5. Simulation results 

We consider a synchronous machine connected to an infinite-buss."o illustrate the 
two-step design procedure. Thc system matrix, A, the input matrix, 8,  and the output 
matrix, C ,  for an operating point (P,, . O,,) are as follows: 

The slow subsystem model is ohtained using the iterative approach with j = k = 3. The 
state and control weighting matrices are selccted as Q = diag [ I ,  1,1,41] and = 1 and 
the small perturbation parameter is chosen as p = 0.1. 

The Proportional-integral-feedback controller IS designed as outlined m the previous 
sections. T h e  feedhack gains and eigenvalues of the open- and closed-loop systems are 
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with those obtained using single-step design procedure in Table I. It is 
that the proposed design approach yields quite satisfactory results. From 
it is found that two-step design method reduces the computational burden by 

designing proportional and integral gains separately as compared to single-shot design. 

The application of iterative time-scale separation to multimachine power systems for 
in two time scale has been demonstrated in various research publications'O~'l 

The proposed two-step design technique can be applied to multimachine power systems 
and the proportional and integral control design can be carried out separately using the 
slow subsystem models as derived in Winkelman et aIIO. 

6. Conclusions 

Two-step design of proportional-integral-feedback controllers for singularly perturbed 
systems is proposed to deal with unknown constant disturbances present in the system. It 
is shown that the integral control design can be separated from the design of proportional 
control law. The proposed method is illustrated in controller design for a synchronous 
machine connected to an infinite-bus. 
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