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Abstract;

This paper deals with the design and evaluation of a generalised o controller 1o improve the steady state and
transient stubiity for a generator system. The design is based on the polvnomial approach rather than state space

fo I
onecrlan e
pevturbations acting on the electrical power system

wre

taken nto uccount m a fixed and robust control law 10 allow for parameter variations and

Phe proposed controller ox evaluated i a simulation environment and 1ts is demonsirated under different operating

revimes of the generalor system

keywaords: Robust control, power sysiem stabiliser. Ho

I. Introduction
An clecinic power  generator ts a complex system with
Inghly non-lincar dynamics lts stability depends on the
operatimg condittons and the power system configuration
1 ow  hequency oscillations are a common problem in
farge  power systems Excitation control or Aulomalic
Vonage Regutator (AVR) 1s well known as an effective
_means (o improve  the overall stability of the power
systan Power System Stabilisers (PSS) are introduced in
otder o provide additional  damping o enhance the
stabiliy and the performance ol the clecinic gencrating
system  I'he output  of the PSS as supplementary control
signal s applicd W0 the machime  vollage regulator
ternunal
Conventional PSS have been widely used i power
svstems. Such PSS ensurcs optimal performance only at a
nominal operating point and docs not guaranice good
performance over a entire range ol the sysicm opcrating
conditions
Severial teclinques have been proposed lor the design ol
more robust PSS structures. These include optimal control
{1]. vanuble structure control |2|. adaptive conirol {3.4]
and robust control 5.6} theorics. Recently. fuzzy logic
and ncural nctworks concepts have been applicd to power
systems |74 8]
s paper mvestigates lh}c application of robust control
tcchniques o the desigh of robust power system
excitation controi. Robustness can be interpreted as the
abitity ot the controller 10 maintain  stability and
performance under system  parameter  vanations and
perturbations
Ho: design polynomial design method Icads to a fixed-
structure and fixed-parameter robust controller.
An cssential prerequisite in the synthesis of Ho isto
obtaim a nonmnal hincar svsiem model. Uncertaintics in the

modcl arc taken into account in the specification of the
cost-lunction weights.

The designed robust controller is evaluated in simulations
and the ability of the proposed PSS to enhance the
performance of the clectric power system under a variety
of operating conditions is demonstrated

2. System description

The power system considered in this study is modelled as
a synchronous gencrator connccted (o a constant voltage
bus through a double transmission line is illustrated by
¥ig |

Fig. | Power system model

A simplified modcl describing the system dynamics used
in this study is given by the following state space
equations |5, 6, 9].

X(1) = Ax(1) + Bu(t) + nd(1)

y(t) = Cx(t)+ Au(t) (1)
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Where u represents the svstem input and d is an external
disturbance.
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Fig.2 illustrates the control system bloc diagram
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Fig 2 Control sysicm structure

2.1 Nominal polynomial models

The transfer function form of the model is given by
G(s) =Co( sl -Ax) "By~ D,

Where

Y(s) = G(s).U(s)

B([')

NV

The discrete-time system model with a sampling period
T.=0.01 sec is given by

The generator operating point is defined by

G(/.—l)z

E_=[P Qxe] 2)

And m Table 1 of the appendix A3 is resumed the
opcrating points data considered in the simulations.

2.2 Nominal polynomial models with uncertaintics

Let the nominal polynomial model of the system be

G =4".B hence the structure of the uncertain system
model is represented by Fig.3.

With reference to Fig.3, P (z') and F @) are high gain
filters for the low and high frequency ranges respectively.
The output ¥, (z ) provides additional flexibility for
adjusting the unstructured uncentainties frequency of the
transfer function 4z ~J.

Let the filter Yoz ') be of the form Yo(z") = A7(z"). DY),
the transfer function matrix G, (')  belween u(t) and y(t)
when x(1)=0 is obtaincd as

G, =(A+DAP) ' (B+DAF) ®

The additional terms in the numerator and denominator will
be included for each one of the nominal polynomial models.
It may be noticed that the low and high frequency

Gy =A'(B+DAF
Al (B+ ) @
Ga =(A+DAP)'B )

approximation of the system model are given by

[

Co

L

Comteoller Plant vit)

Fig.3 Bloc diagram of the system model with
uncertainties

3. Controller formulation

The GH controller is obtained through the minimisation
of the following cost function [10, 11. 12}

Where Xomay be defined in terms of the power spectrum.
Jo =" Xo(z")" =sup{X0(z‘1)} forlz| =1 6)
a0

Note that the uncertainty can be assumed to be finite at any
frequency ensuring | | V.P ||, < co. The closed loop system,
under the given assumption, is therefore 1, stable. The
condition for stability may be expressed in the following
form

HV(PS+FM)Y0 YJ(PS+FM)‘V'H <1 @

Lat 2. 1"Pand I - 1"F than cquation (7) becomes
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where S, A/ and T represent the sensitivity function. control
scnsitivity function and complementary sensitivity function
expressed as follows( sce appendix Ad)

“ Y(‘,(I‘CS+FCM)(PS+FM)'YJI < ®)

S=GCU(I +GCU)
M=C,S
' MS

The design objective is to determine one controller, which
can stabilise the generator for all operating points. Let the
midway model (G;. Then the uncertainty arises due to the
differcnce between this model and the two other models G,
and G; corresponding to the other operating points which
arc also known

Let the uncertainty model structure introduced previousty
represent the system all over the operaling points. That is,
the following model is assumed
G=(A+DA,P) '(B+A, F) )
The terms D 4 -P and D4 ;F can be found for each of the
alternative models G, and G-

G.:E‘_:Bz*ﬁ = {FI:BI_BZ

A, A, +PR P=A, -4,
. B _Bi+F _ [F=Bi-B,
T OA; A +P P,=A;-A,

Where F). P, and F-. P denote the scaled uncertainties of
the numerator (D. A | F) and denominitor (D. A -.P )
respectively

To compute the controller parameters. the following
feedback cquation named diophantine equation must be
solved under the condition that the unknown polynomial
G-. H: and F- provide a unique particular solution Gy, Hy
and F., of the smallest degree of the following equation

F- AP, + L>G> = L».P..D¢ (10)

F.B.P; -L:H> = L> F,.Dy an
With

sz Dp +Dp .z o

The (wo-diophantine equations introduced earlier have a
unique solution. A third diophantine equation. which
involves the robustness weighting equation and computes
Youla gain is given by

L:N1+F|}..L:;=F13—F3 (12)
The resulting controf faw is given by
C.=(H:+KB) (G- -K.A) (13)

Where K referred to as Youla gain is asymptotically
stable and is given by

K=F'PyN;

4. Controller synthesis and performance
evaluztion

The characteristics of turbo-generator studied in the
simulations are given in the appendix A2. The nominal
polynomial modcl is given by G

num2
den2

2=

With
num2 = 1073(~0.0159z27% - 0.1357z7* +0.155z - 0.1422
-0.1311z'-0.0139)
den2=2"°-5.772" +13.9z* -17.88523 +12.95222 -5.27
+0.807

In Fig.4 and Fig.5 are shown the frequency responses of
the numerator and denominator uncertainties P1, P, and
F\, F> respectively.
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Fig.4: Numerator uncertainty

It can be seen from these figures that at higher frequencies
F; is the numerator uncertainty upper limit while at lower
frequencies P, represents the denominator uncertainty
upper limit
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Fig.5: Denominator uncertainty
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Let D=0, and assume that the perturbations A have a
unity gain. Therefore

D="1-0.99z "
P=22-3642" +031z~
Py=1-13z"+04z~
F,=044 407" +324z 7"
The closed loop transfer
determined (rom

function poles may be

L¢= Ll.Lg

With
L, =36-1692"'+31.69272-29.7327°-262z7*

L,=-0124+124777' - 211277 +1

Using Toeplitz matrix form the GHeo control algorithm

with uncertainties is defined by the following parameters

F, =-37.605(1- 12068 2" +0.0561z7)

G, =12.318.(1-8.4997z" -30.578 272 - 60.344 2
4832827 +17.9972 -28152

H,=2.10"%1+7.138z"' - 31486627 +15.01z°
1924 419332 -34452° +1.7277)

Equation (14) may be written in the standard eigenvalue /
cigenvector form

(T, -2.T,)X =0

with  X'=[n, n, n, £, [ ]

The minimum value of |7 | Icads to the optimal solution
with

X" =[-009 080 -058 072 -072 007]

Hence
F, =0.723*107(1-0.91982™" -~ 0.098927%)

Finally the control law for the developed PSS covering
the operating regimes defined by £, L. and &, is given
by

Co(z™") = C54 Con
With

Cp, =10°(=0.014+0.1127" 043272 +40.9227 -1.2727*

1152 5 0692 ¢ +0.262 7 —0.0592 % +0.005827%)

Coa =(—63+15542 ' 307527 +72.9527° +-75.282*
14167 -4 - 12827 +543270 +270)

In Fig 6 are shown the open-loop system speed response
together with the closed-loop responses under the
proposed PSS and for the three operating points
considered in this study.

In Fig. 6 are shown the transient response following a 5%
change in reference voltage.

The closed loop ftransient responses confirm the
robustness of the controller with respect to modelling
crror and opcrating point changes.

x10°

1

Fig.6 closed-loop time responses using the robust
controller at each plant operating condition

The sensitivity functions S and M together with the
weighted sensitivity (PcSCd/A, F.MCy/A) are represented
in Fig 7.

These figures give a uscful information about the choice
of weighting functions that achieves good performance
and robustness in the same time.

R

1

'.| ‘[ L ,-".I-:' | II |I fl‘l H|
/ \ vy e

7N

Magniude oB
Q
u;

10° F— WFCCuA)

SNFCCAA)

1’ 10' 10!
Frequency {rad/sec.)

Fig.7 Sensitivity functions and inverse weighting
magnitudes.

5.Conclusion

The design and evaluation of GHeo based PSS has been
considered in this paper. The simulation results presented
demonstrate the good performance achieved by the
proposed control approach. The robustness of the
controller has been evaluated with respect to model
uncertainties of the power generator. A comparative study




"ELECO'99 INTERNATIONAL CONFERENCE ON ELECTRICAL AND ELECTRONICS ENGINEERING"

of the proposed PSS with a conventional Pl. LQG
controllers has been conducted. These results and others
illustrating the performance of this GHoo PSS under
diffegent operating conditions will be presented in other

paper.
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7. Appendix
Al Nomenclare

o Machine speed
Pc  Electrical power .

272

Vt Terminal voltage
Pm Mechanical power
D damping coefTicient

P machine active power loading

Q  machine reactive power loading

X. (ransmission line reactance

A denote deviation from operating point

A2 Paramcters of the gencrator

The characteristics of turbo-generator are given as

follows[9 ]:

Xa = L7, xqg = 1.64, X3 =0.245, V, =1.172, r =0.001096,

o = 5.9, Ka = 400, Ta= 0.05, Kr =0.0250, T; = 1,

M=4.7, R, =0.02,D =0, K¢ =0.17, Tg =0.95.
xe=.4;Pe=.99,Qe=0.6

A3 Table 1 Operating points and corresponding nominal

models
.' ] | R
| Openating | P | Q | x | G@h
|  point | |
_ | | |
] ]
S ‘0.10 0.61| 0.1 Hl G
| l
, & ‘099 0.6 ‘0.4 G,
| |
| | |
& | .10 [0.61 ||o.5o Gs |
| ]
L . J
with
_ num2
27 den2
With

num2 =107%(-0.0159z7% - 0.135727* + 0.1552°% - 0.1422
-0.1311z1-0.0139)
den2=7"%-5772° +13.92* -17.8852% +12.95222 -5.27)
+0.807

A4 Lemma [10]:

Consider the uncertain system model shown in Fig2
where the perturbation transfer function A is norm
bounded,| |A.V"' ||, < 1. The weighting V"' is assumed
to be non-zero, stable and known. Then the closed-loop
system will remain 1, stable, for all perturbations A, if:

| 1SP.Y#+F.SY,! |, < 1 (8a)
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The cost function weighting clements can be represented
in a polynomial transfer function form

P« =R'":. FE")=PR'F, (93)

P, is a monic . strictly Shur polynomial
With

Pi= Pt Pt +pae? . P put push
Fo= o+ rnl-l_l:

Their choiccs arc based on a compromisc between
scnsitivily minimisation requircment and  disturbance
modcl requirement. Hence a choice of P, as filter which
has high gain at low frequency F. as a filter with high
gain at high frequency would be very appreciated.

The optimal controller 10 minimisc the cost function is
computed from the following spectral factor and lincar
cquation:

L~=P.B-F, A (10a)

Where
LC:L|/L3

L, Is stricdy minimum phase and L, is non-minimum
phasc

Let L, he the Schur polynomial with satisfics Lo=L .z
where nz = deg(L,).
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