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Abstract

When an MIMO plant has zeros at s = 0, it will be
shown that this imposes a constraint on the steady
state output of the plant. Therefore, reference track-
ing/disturbance rejection is possible only if certain
structural condition is satisfied. In the optimal servo
syntheses using unstable weight, such as the one us-
ing Unstably Weighted H,, Control, the structure of
unstable weight can not be selected freely in this case.
The required structure is exposed in this paper.
Further, the proposed method is applied to the
multi area frequency control of power plants which
has a zero at s = 0.
Keywords: Plant having zero at s = 0, steady state
constraint, structural constraint on unstable weight,
multi area frequency control, power plant, unstably
weighted Hoo Control.

1 Introduction

When an MIMO plant has zeros at s = 0, it is well
known that this imposes a constraint on the structure
of unstable dynamics of the controller. In this paper,
we revisit this issue from a new standpoint, i.e. to
expose the constraint on the steady state output of
the plant due to this unstable zero. This, in reference
tracking/disturbance rejection problems, implies that
the reference/disturbance is not free and is subject to
a structural constraint. This study is necessary in the
servo design using unstable weight. It will be shown
that the unstable weight must also satisfy a structural
constraint in this case.

Then Ustably Weighted Ho, Control[6, 5] can be
applied to design a controller for asymptotic rejection
of step disturbance or reference tracking.

On the other hand, the frequency control problem
of multi area power plants is an important age-old
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problem in power industry. The main issue of this
problem is to attenuate the frequency deviations due
to the change of load {modeled as step disturbance).
The control system must be robust to parameter un- .
certainties as well. This problem has been tackled by
using a variety of approaches|l, 3, 7].

The difficulty associated with this problem is that
the linearized model of a multi area electrical power
plant having frequency deviations as outputs is an
MIMO system that has a transmission zero at s = 0.
In this paper, we apply the proposed method to this
problem and design an H, controller such that the
steady state frequency deviations due to step load dis-
turbances are controlled to zero. Some comparisons
with other approaches are also made.

The notations used are standard. G denotes the
transfer matrix z — y.

2 Plant zero and steady state
output constraint

Let P(s) be an nth order plant of dimension m X p
and let )

P(S) = [APv BP» Cp, O] ' (1)

be a stabilizable and detectable realization. Suppose
the plant has n, zeros at s =0, m > n, > 1. Then
there exists a full row rank matrix V = [ i W ],
rank(V) = n,, that satisfies the equation below

4p Byl _
o o}*o

ImC,NKerVy=0.

(v %] )

Due to the stabilizability of (4,, By), Vo must have
full row rank.

It is also assumed that this plant is subject to a
disturbance d(t) in the following way:
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Y- { ap(t) = Apzy(t) + Bpu(t) + Bad(t) (3)
y(t) = Cpxp(t) + Dad(t).
Note if we take d(t) = r(t), Dg = —I and By = 0,
then y(t) = —(r — y,) and the tracking problem can
treated as a disturbance rejection problem.

Assumption 1 The disturbance d(t) is a vector of
step signals with arbitrary direction.

Theorem 1 For the system X given above, the fol-
lowing statements hold.

(i) the steady state output y(oo) must satisfy the con-
straint

Vay(oo) = Vi Vil | 2 Ja

when ¥ is stabilized by feedback control.
(%) The step disturbance d(t) can be rejected asymp-

¢ ] € Ker [V} V3].

(4)

B
Dy
(Proof) (i) Owing to Assumption 1, it can be proved
that @,(co) = 0 holds in steady state so that
0 = Apz,(00)+ Byuf{oo)+ Bad
y(oo) = Cpap(oo)+ Dyd.
Then by (2) we have

W Vil [ y(go) ] = [ ] [ f@; } d.

(i1) This follows from (i) since y(cc0) = 0. O

totically only if Im

3 Servo synthesis using unsta-
ble weight

Let us consider the asymptotic rejection of step dis-
turbance of system . A useful way of doing this in
the framework of optimal control is to use unstable
weight at output y, as Wg shown in Fig. 1. This
unstable weight represents the dynamics of the dis-
turbance d.

Ws of (5) is the general form for a transfer ma-
trix having integrator dynamics only. Ty is a design
parameter and is to be determined. If fine tuning
is required, extra stable weight can be added behind
W or parallel to Ws. The results of this paper are
not affected.

1
Wq:-;XTwzl: (5)

2

0n1 Tw
I, 10 |

Assumption 2 Ty has full rank.

Note at this stage, it is not clear whether Ty should
have full row rank or full column rank and how many
rows Ty should have. This is to be determined so
that a control system that rejects disturbance asymp-
totically can be synthesized by using the unstable
weight.
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Figure 1: Generalized plant structure

3.1 Determination of Ty

The key idea of using unstable weight in the de-
sign is to ensure asymptotic disturbance rejection by
comprehensive stability [4]. That is, to guarantee
y(co) = 0 by the stability of unstably weighted closed
loop transfer matrix G,,, (see Fig. 1). The following
theorem gives the requirement on the unstable weight
Ws(s) in order to realize this purpose.

Theorem 2 Assume Im [ gj ] € Ker [Vi V3. Let

Tw be an ny X m constant matriz and suppose there
exists @ controller K (s) stabilizing T internally. Fur-
ther, let y(t) be the response of T to the step distur-
bance d. Then G,,(s) € RHe = y(o0) =0 off

|

v=| g 6)

s nonsingular.

(Proof) Only if : First of all, we investigate the con-
dition for Gy(s) € RHee. As the closed loop system
(X, K) is internally stable, the generalized plant of &
with respect to exogernous input w and controlled out-
put z (Fig. 1) must be comprehensively stabilizable
[4]. One of the comprehensive stabilizability condi-
tion requires that the unstable poles of Wg, which
are not observable from ¢, be controllable from u.
The transfer matrix u — z has a realization as below

4, 0B,
WsP(s)= | TwCp On, | 0 |. (7)
0 In]|0

We need only to find the controllability condition of
this realization at s = 0. This requires

rank J(0) =n +ny (8)
where
— 4 0 By
J(0) := TwC, 0 0 (9)

Suppose 3 n = [n 172] # 0 such that n V, = 0, i.e.

mVe = —nTw.
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Obviously 72 # 0 since otherwise n; = 0 would follow

from 71 V2 = 0 and the fact that V5 is row full rank, seif Reguletor 1y = APy
which contradicts the assumption 7 # 0. il yi=Af
So we have i
[mVi —n2 ]J(0) corerners e [Py
Ap 0 Bp B 1 1 - 1/Dq
__[ 771‘/1 771‘/2 ] [ Cvp 0 0 } UIZAPI Tgv1$+1 Tt23+1 ))_—'%yll—sﬁtl
=0. 10
0 (10) y3 = APjete—o] Th2
This means that if V,, does not have full row rank, . L e s e ?_
at least a pole of Ws at s = 0 is not controllable. e Generator 2 19
N ¢ . : Y uy = APy 1 1 = 1/Dy
Therefore, G, € RHoo is possible only if V, has full T
row rank. ) - Tyues + 1 |Ti,s+1 | FeDp 7t
Now, suppose Gy, € RHoo. Since Gyq = Gy and IPdO‘
1 1 1
G:w(f’) = ETVVG@w = TVVGyd X gfy Ry
, . Self Regulator 2 y2=Af
the response y(t) to any step disturbance d(t) satisfies dy = APp
Tw -y(co) =0 (11
in steady state. According to Theorem 1, under the Figure 2: Block diagram of the plant
given assumption on the disturbance matrix we have
Vs y(oo) = 0. So The plant has 3 measured outputs y1, yz2, ys (fre-
’ quency deviations in area 1, 2 and tie-line power).
V2 y(c0) =0 (12) For all analysis in this paper, we use the typical
Tw numerical data shown below, which is the same as
holds. Then, it is obvious that G, € RHoo = in [1].
y(00) = 0 only if V, has full column rank. H =H, = 5sec

Therefore, we conclude that G, € RHo =

Di=D; = 833x1073 MW/H
y(0o) = 0 only if V, is nonsingular. ! ? % /Hz

if : Suppose G, € RHoo- Then, it has already been Tu=Ts = 03sec

shown that (12) holds. y(co) = 0 follows immediately Ty =Tge = 0.08sec

since V} is nonsingular. O Ri =Ry, = 24Hz/pu MW

Remark 1 AsV, is nonsingular, it follows that the Tip = 0.545pu MW

number of rows of Tyy must be ng = m —n,. aly = =11

Remark 2 In the controller design, a good starting fs = 50Hz

point to tune Ty s to choose it satisfying the relation Py = 0.01pu MW (13)
Tw 1L V5.

By using a state space realization of this plant, it
can be easily verified that this plant has a zero at

4 Multi area frequency control s = 0[7] and the condition for disturbance rejection

(see Theorem 1(ii)) is satisfied.
of power plants

Performance Specification:
The frequency control problem of multi area power

systems is an important age-old problem in power 1. }he st]?tic frequency deviation due to a step-load
industry[l, 3]. The main issue of this problem is to Alstur ance mus‘t be zero,
attenuate the frequency deviations due to the change fifeo) =0 (i=1, 2).

of load (modeled as step disturbance). And the con-
trol system must be robust to parameter uncertainties

3

. The static change in the tie-line power due to a
step load disturbance must be zero,

as well. APje(c0) =0.
The plant under consideration is a two area elec-
tric plant, with two generators, two loads and a tie- 3. The transient frequency deviation should not ex-
line connecting them. Its block diagram is shown in ceed = 0.02 Hz for an unit step load disturbance,
Fig. 2. See [1] for a detailed description of this model. m?X(]Afi(t)l) <0.02 (i=1,2).
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4.1 (Generalized Plant

According to Theorem 2, we select Ty as
110

0 0 1}

The corresponding block diagram of the generalized

plant is depicted in Fig. 3, in which the control input
w is also penalized.

Ty = { (14)

€1 €3 dy do ds dy ds
Wpa| W H] \
csllellele
é1] & . 3
u “n
s Plant gz
3

Figure 3: Block diagram of generalized plant Ga

4.2 Treatment of parameter uncer-
tainty

By analyzing the Bode plots of the plant for both
the nominal model and for the model with parameter
uncertainty, it can be checked that the parameters
that affect the frequency characteristics of the plant
strongly are Hy, Hy and T75. These parameters arise
from physical plant model and are subject to uncer-
tainty, so it is desirable that the controller keep sta-
bility and performance robustly with respect to these
parameters.
The parameter variations are modeled as follow

H, Hyp+61AHy
Hy = Hy +6AH,;
Tis = Mg + 63AT12 (15)

where Hyg, Hyg and T9g are the nominal values given
in (13) and —1 < §; < 1. We consider a variation of
20% in these parameters, that is,

(AHy, AHy, AT1p) = 0.2 x (Hig, Hag, Tyz0)- (16)

Now, by using the formulae given in [2], we can pull
out ¢; and convert the generalized plant G of Fig. 3
with uncertain parameters to the LFT form Ga =
Fu(Gp.A), with known system G'p and uncertainty
A = diag(6;.62,83), as shown in Fig. 4. The robust
disturbance attenuation is achieved if the M., norm
of the closed loop transfer matrix (w,d) — (z,e) is
less than 1.
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Figure 4: Ga and Gp

4.3 Simulation

The weights are chosen, via trial and error, as

Wei = Wy = (0.55 +1)/s
Wri=Wpe =1
e=1x10"5.

(17)

The H,, controller derived is of order 9, which is
reduced to order 7 in simulation.

The plant is perturbed by 3 scalar parameters 6;.
So P = P(61,62,63). The nominal model corresponds
to P(0,0,0). The controller robustness should be
tested for the A that produces the worst performance.
Testing in simulation, by varying §;, it is found that
the combination Ay = diag(l,-1,-1) is the case
where the closed loop performance with respect to
step disturbance d; decreases mostly. We will call
P{A1) the “worst case plant”.

In Fig. 5 simulations are shown with the H,, con-
troller applied. The left side is the result with respect
to the nominal plant P(0,0,0). The right side is the
result for the worst case plant P(A1). The upper part
is the output y and the lower part is the input u.

x10°  Hinfp(0,0,0 x16°  Hinfp(1,-1,1)

g op

N

-5

=

E._10}-

b

©.-15;

) 5 10 0 5 10
tfsl s

ut, u2
ul, u2

Y T S

5 5
tls] tle!
Figure 5: Unit step dy response for H,, controller. y;
(solid) and yy (dashed) in Hz, y3 (dash-dot) in MW,
u; (solid) and wus (dashed) in control units, time in
seconds
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In Fig. 6 the LQG state feedback controller of [1]
is applied to the nominal plant P(0,0,0) (left) and to
the worst case plant P(Ay) (right).

K100 LOGP(0.00) x10°  LOGp(1-1-1)

g ok
= .
2 -5
=
L-1oft
*
<-15H

2

] 5 10 5 10
t[s} t[s]

LOG p(1,~1,-1)

ut, u2
ul, u2

5 5
18] t[s]

Figure 6: Unit step d; response for LQG state feed-
back controller. y; (solid) and ys (dashed) in Hz,
y3 (dash-dot) in MW, uy (solid) and uy (dashed) in
control units, time in seconds

To have a numerical base for comparison we use

the ITAE performance index. ITAE is defined below

final time
ITAE = / t- (gl + lyal + lys ). (18)
t=0

The performance of the H, controller for nominal
plant model (ITAE;) has the best performance, so
we calculate the relative performance decrease for the
remaining simulated responses as below.

ITAE — ITAE,
AITAE = — ——— 1
A ITAE, (19)
P(0,0,0) P(Ay)
Heoo ITAE (AITAE) 1.96 (0) 2.31 (18%)
LQG ITAE (aITAE) | 3.94 (101%) 5.54 (182%)

As is shown in both the time response and the
ITAE table, the H ., controller performs better than
LQG for nominal model, but the LQG has also ac-
ceptable response in this case. For the perturbed
plant, for both controllers there is a deterioration of
performance. The performance of H, controller de-
creases much less than that of LQG controller. The
performance of H, controller for perturbed plant is
even better than LQG for nominal plant.

5 Conclusion

We have shown that the zeros at s = 0 impose a
constraint on the steady state output of plant and
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that reference tracking/disturbance rejection is pos-
sible only if certain structural condition is satisfied.
Due to the existence of this zero, the output unstable
weight used in the servo synthesis must also be sub-
ject to a structural constraint. This constraint has
also been exposed.

If the constraint on the output weighting function is
satisfied, one can use Ustably Weighted Ho, Control
theory[6, 5] to design a controller achieving asymp-
totic tracking/disturbance rejection.

This method has been applied to the H, design of
a frequency controller for a two-area power plant to
reject step load disturbances asymptotically.

It has been shown in simulation that Ho, controller
performs much better than LQG state feedback con-
troller of [1].
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