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Decentralized Control of Multimachine Power Systems

Karanjit Kalsi, Jianming Lian and Stanislaw H. Zak

Abstract— A novel decentralized dynamic output feedback
controller is presented to deal with the transient stability of
a class of multimachine power systems. The proposed decen-
tralized control strategy employs local sliding mode observers
to estimate the states of each machine, and the feedback gain
matrix of each local controller is obtained by solving two linear
matrix inequalities. In addition, local sliding mode observers are
capable of reconstructing unknown interconnections between
machines. The effectiveness of the proposed control strategy is
illustrated by simulation of a three-machine power system.

NOMENCLATURE
i rotor angle of the i-th machine, in degree
w; relative speed of the ¢-th machine, in rad/sec
Wo synchronous machine speed, in rad/sec
B;; the ¢-th row and j-th column element of the nodal

susceptance matrix at internal nodes after removing
physical buses, in per unit (p.u.) system

D; damping coefficient of the ¢-th machine, in p.u.

E{h internal transient voltage of the ¢-th machine, in p.u.,
which is assumed to be constant

E’ internal transient voltage of the j-th machine, in p.u.,

a5
which is assumed to be constant

Frp,  fraction of the turbine power generated by the inter-
mediate pressure (IP) section

H; inertia constant of the ¢-th machine, in sec

K., gain of the i-th machine’s speed governor

K,,, gain of the ¢-th machine’s turbine

power control input of the i-th machine

Dij constant indicating if the i-th machine has a connec-
tion with the j-th machine; either O or 1

P, mechanical power of the i-th machine, in p.u.

R; regulation constant of the i-th machine, in p.u.

T, time constant of the ¢-th machine’s speed governor

T time constant of the ¢-th machine’s turbine

steam valve opening of the i-th machine, in p.u.

I. INTRODUCTION

The recently proposed decentralized control strategies

linear matrix inequalities (LMIs) were employed to develop a
robust decentralized turbine/governor control strategy, while,
in [10], LMIs were used to develop a decentralized excitation
control strategy. In [7], the feedback gain matrix for the
decentralized turbine/governor controller was obtained by
solving an algebraic Ricatti equation based on the bounds
of the machine parameters. The main drawback of all the
above discussed strategies is that they require the availability
of the subsystem’s states for the controller implementation.
However, this cannot be guaranteed for the multimachine
power system. To relax this restriction, Jiang, Wu and
Wen [11] proposed high-gain observer based decentralized
output feedback controller for excitation control. For tur-
bine/governor control, Jain and Khorrami [12] proposed a
decentralized output feedback based nonlinear controller. To
the best of our knowledge, there has been no decentralized
output feedback based linear controller developed for tur-
bine/governor control.

In this paper, we propose a novel decentralized dynamic
output feedback linear controller for turbine/governor control
to stabilize the multimachine power system against faults
and disturbances. We obtain a feedback gain matrix for each
local controller by solving two LMIs. Local sliding mode
observers are used to estimate the subsystems’ states for the
controller implementation. The main advantage of the sliding
mode observer over the Luenberger observer and the high-
gain observer is its capability of reconstructing the unknown
interconnections between the subsystems.

II. MULTIMACHINE POWER SYSTEM MODELING

We consider a class of multimachine power systems con-
sisting of NV interconnected machines under turbine/governor
control. The dynamics of various components of this N-
machine power system can be found in [5], [7], [8], [13],
[14]. Let ®; = [0; w; P, X.,]" denote the state vector
of each machine. Then the dynamics of the ¢-th machine,

for multimachine power systems can be classified as de- ¢=1,..., N, can be represented as

centralized turbine/governor control strategy [1], [2] and A o .

decentralized excitation control strategy [3], [4]. In [3], ;= Aixi + Biui + Biguiz (), M

[5], [6], nonlinear control techniques were employed to y;, = Ciz;, )

improve the transient stability of power systems. However,

these nonlinear controllers are characterized by high design ~ Where

complexity, which make them harder to implement than their 0 1 0 0

linear counterparts proposed in [1], [2], [7]-[10]. In [8], 0 _2[;{2 2%7(1 — Fip) ;,?}{FIP’L
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It is easy to verify that |u;e(x)| < p; for some p; > 0. Con-
sider the following decentralized state feedback controller

—z), A3)

where ¢ = [0¢ wé P& X<]T is an operating point and k;
is the feedback gain matrix. Let ¢ = [6¢ wf P X&]T
denote the equilibrium state of (1) correspondmg to the
equilibrium input ug; . It follows from (3) that the equilibrium
state x; satisfies the following algebraic equation,

0 = Az + Bj;ju, + B‘2Ui2(we)a

un = ki (;

where u¢, = k;(x$—x¢). To study the stability of the power
system (1) and (2) drlven by the controller (3), we consider
the perturbed system about the equilibrium state. Let Ax =
[Aw? . Ailtj—l\—[]—r with Ax; = [Al‘ll Az Axis A,TZA]T
denoting the deviations of d;, w;, Pp,, and X,, respectively,
from their equilibrium values, that is,

Ax; = [6; — 6] wi P, — Py, Xei—Xeei]T

my

where w{ = 0. Then the dynamics of the i-th perturbed
system can be represented as

Ax; = A;Azx; + B Aui + zi(Ax), “4)
Ay, = CiAz;, (5)
where Au;; = wu; — ufy = kijAx; and z;(Azx) =

B (uia(x) — uia(x€)). In the following, we show that
z;(Ax) satisfies the following quadratic constraint

z} (Ax)zi(Az) < v?Ax' Z] Z;Ax, (6)

where v; is a known positive constant and Z; is a known
interconnection matrix. In our derivation of (6), we use some
ideas from [8]. Let a;; = w, Ey, E(’Zj B;;/2H; and p;; = 1 for
interconnected machines. Applying standard trigonometric
identities, we can represent z;(Ax) as

N
B, Z 0 Yij SN W5, @)
=15

where v;; = 2 cos((0; — d; + 6f — 65)/2) and

z;(Ax) =

5] ®)

Recall that AIU = 51 — 55 and A.Ijl = 6j — 5Je
therefore represent (8) as

1 €
wij = 5 [(8: = 07) = (3 =

We can

1 . .
Wi = §(A$i1 — Azjy), J# i

To proceed, let v; = [vi1 -+ Yii—1) Yigi+1) - Vin)
U; = diaglag -+ a4-1) @41y -+ ain] and h; =
[sinwg --- sinwg_1) sinw;iy1y - sinw;y] . Then we

rewrite (7) as z;(Az) = B;»7, U;h;. Thus, we obtain

z! (Az)z;(Az) = h] ¥;h;, )

where ¥; = U,;~,~, U;. It follows from [5] that E;i E;j B;;
is bounded. Thus, we have |a;;| < ;.. for some ayj, .. >
0. Then it can be easily verified that each element of ¥, 1y,
satisfies that [tk < 4k, Qijmax - APplying the inequality

2 2
wy; + Wiy,

| sin w; || sinwg| < 5 ,

we rewrite (9) as

z] (Ax)zi(Az) < w] Dyw;, (10)
where w; = [wil cr Wii—1) Wigi41) C e wiN]T and Di =
diag [di1 -+ dii—1) dii41) -+ din] with

dikk = 40ikpey D Qi > 0. (11)
j=1,5#i
Let ©,; ¢ RV-DX(N=1) and @;5, € RV*N be defined as
o --- 0 0 1
1 -+ 0 0
0, = 0 1 o --- 0
0 0 1 0
and
0 1 0 0
Oi=|¢g ... o 1 0
o 0 --- 0 1
1 0 0 -0
Then we can express w; as w; = %T Aw(l), where
Ay = [Azy -+ Azyg]" and T € ROV s
determined by T'(;) = @ T ;1)@ for ¢ = 2,--- | N with
1/ -1 0 0 -+ 0
117 0 -1 0 -+ 0
Ty = | e e e 3
17 0 -~ 0 =1 0
1] 0 -~ 0 0 -1
Therefore, we can represent (10) as
z] (Ax)zi(Ax) < A:c(l)T 2 DiT Az (). (13)
Let Z;) = %DfT(i), where
Z’ill ZilN
Zi = : : : (14)
Zi(zv71)1 Zi(N—l)N
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and let

Z;= 15)

T
03 e Zi(N—l)N

7

YN-1)1 0;
Thus, we have 2| (Az)z;(Az) < Az Z] Z;Ax following
from (13)—(15), Wthh satisfies (6) with v; = 1.

In this paper, the control objective is to develop a decen-
tralized dynamic output feedback controller of the form

U1 = ki (ii‘z — iL‘;i)

instead of the decentralized state feedback controller (3) to
stabilize the multimachine power system against faults and
disturbances, where &; is the estimate of the state vector x;.

III. LOoCAL SLIDING MODE OBSERVER DESIGN

In this section, we consider the design of local observers
for the following generalized versions of the systems mod-
eled by (1) and (2),

z; = A;x; + Biius + Biugo(x), (16)
Y, = CiiL‘i. (17)

where x; € R, y, € RPi, u;; € R™1 and u;; = K, (&; —
x?). The unknown input u;2 € R™ satisfies ||ui2(z)|| < p;
for some p; > 0, where ||+|| is the standard Euclidean norm.
It follows from [15] that local sliding mode observers can
be constructed for the system described by (16) and (17), if

rank By = rank(C;B;2) = 7, (18)

where 7; < m;2 < p;, and the system zeros of the system
model given by the triple (A;, B;2,C;) are located in the
open left-hand complex plane, that is,

sl,,—A; Bj
C; (0]

for all s such that $(s) > 0. It is easy to verify that the
multimachine power system modeled by (1) and (2) satisfies
the above two conditions.

The constructed local sliding mode observer for the i-th
subsystem has the form,

x; =(A; - L,C;)x; + Ly, + Biiun

rank (19)

=Mn; + T

- BiZEi(yiu @i? 771)7

(20)
with
Fi(y,-y,) . N
A T it Fy (9 — y;) £ 0
By gin) = TTFw, oy TE @iy 7
0 it Py (5, — i) = 0,

where 7; is a positive design parameter, and L; € R"™i*Pi
and F'; € R™2XPi are matrices satisfying

(Az — chl)—r Pf + Pf (Az - LzCz) = _Q? (21)

and

F,C; =B} P° (22)

for some symmetric positive definite P; € R™*™ and
Q¢ € R™>*™i Tt follows from [16] that the &; converges

asymptotically to x; for n; > p;. Moreover, it is shown
in [15] that if B;s is of full rank, then we can obtain
wiz(x) = —E7*(y;,;,m:) as t — oo, where E7*(y;, 9;,7:)
is the so-called “equivalent injection term” [17]. Thus, we
can reconstruct the unknown interconnections using local
sliding mode observers.

The design procedures for the matrices L;, F'; and Py,
which satisfy (21) and (22), is given in [15]. For the
subsequent stability analysis of the closed-loop system, we
need the following lemma, whose proof is given in [15].

Lemma: Let Qz = (BllKl)T(Blle) Then we have
)\min(Q?) > /\max(Qi)'

IV. DECENTRALIZED DYNAMIC OUTPUT FEEDBACK
CONTROLLER CONSTRUCTION

In this section, we design a decentralized dynamic output
feedback controller in the form of u;1y = K, (&; —w?) for the
generalized system (16) and (17). The feedback gain matrix
K; is derived by solving Linear Matrix Inequalities (LMIs).
The stability of the closed-loop system driven by the decen-
tralized dynamic output feedback controller is then analyzed.
To proceed, consider the following generalized version of the
perturbed system modeled by (4) and (5),

Ax; = A;Ax; + BrAu; + Zi(A:B),

(23)
(24)

Then we can represent the overall system consisting of (23)
and (24), for i =1,..., N, in the compact form

Ax = ApAzx + BipAu, +Z(A:B), (25)
Ay = CpAx, (26)
where Ap, Bip, and Cp are block-diagonal matrices,
Auy = [Auj; --- Au}l]T, Ay = [Ay] - Ay},]T and
z(Az) = [z] (Az) -+ 2z} (Az)]T satisfies the following

quadratic constraint

2T (Ax)z(Ax) < AzT (ZUQZT i) Ax. (27)

Let& = [&] --- &5]  and Kp = diag|K; --- Ky]. The
controller Au; has the form
Auy = Kp(x — x°). (28)

Let P}, = diag[P{ --- P%]and P}, = diag[P] --- PY],
where P75 is symmetric positive definite and Py is defined
in Section III. Consider the Lyapunov function candidate

V =Az'PLAx + e Phe
where e = [e] --- e]T\,]T with e; = &; — x;. Evaluating the
time derivative of V' on the solutions to (25), we obtain

V =2Az" P$ Az + 2e PYé
=2Ax"P% (Ap + BipKp) Az +2e' P)é
+ 2Ax" P$, (BipKp) e+ 2Az" P z(Ax).
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Using the inequality, 2a'b < a'a + b'b, where a and b
are arbitrary vectors, we obtain

2Az" PS, (BipKp)e < Az PS,
where Qp = (BlDKD)—r

Az +eQpe,
(B1ipKp). It follows that

V<V.+V,, (29)
where
V. = QA.’I:TP% (Ap + BlDKD) Ax
+ Az PLPLAT + 28z PhHz(Az), (30)

and V, = 2e' P%é+ e Qpe. If V. and V, are both nega-
tive, we have V < 0, which implies the asymptotic stability
of the closed-loop system. In the following subsections, we
first derive the matrices P}, and K p using LMIs similar
o [8], [18] such that VC < 0. Then we analyze the stability
of the closed-loop system.

A. Feedback Gain Matrix Selection

It follows from (30) that V, < 0 implies the existence of
P¢, and K p such that P, > 0 and

2A.’1}TP% (AD + BlDKD) Az
+ Az P, PSAx + 2Ax " PG z(Az) < 0. (31)

On the other hand, it follows from (27) that

N
T <Z U?ZZTZi) Az — z" (Ax)z(Ax) >0
i=1

Thus, we can guarantee that (31) holds if there exists some
7 > 0 so that

A:BT <(14D—|—B1DI{D)T %)—FP% (AD+B1DKD)

N
+PLPL 4T <ZU12ZIZ1>> Az
i=1
+ 2Azx" P z(Ax) — 72 (Az)z(Ax) < 0 (32)

Let A}, = Ap + BipKp. It follows from (32) that, in
order to have V. < 0, it is equivalent to find P, and K p
such that

AS] PS + PSAS, + PSP, pe
+T Z’L 1 12ZT P <0
P —71
PHL >0

for some 7 > 0. Pre- and post-multiplying the above matrix

by diag[TP‘jj_l I] and defining Y p = TP‘jD_l, we obtain
YpAS + ASY p 411
+Yp (Zl V2] ;) Y b T,
I -1
Yp>o0.

Applying the Schur complement to the above, we obtain
Y DA%)T + A(i) Yp

N
+YD <Z ’U?Z;r

ZZ-) Yp+1I+1<0
i=1

Yp >0,
which is equivalent to
Wp I YZ| YZy
I -I O e o
21YD O —")/1I O <0 (33)
ZNYD O O —’}/NI
Yp>0

with v, = 1/U1-2 and Wp = YVD14—Dr + ApYp +
B.pKpYp + (.BlDI{[)lfp)T + 7I. Note that (33) is
a bilinear matrix inequality. To proceed, we introduce the
transformation, KpY p = M p, as in [8], [18]. Applying
the above transformation in (33), we obtain

Wp I YZ| YZy
I —I o e o
21YD O —"le O <0 (34)
ZNYD O O —’}/NI
Yp>0 (35

where
Wp=YpA,+ApYp+BipMp+(BipMp)' +7I.

Therefore, if the LMIs given by (34) and (35) are feasible for
some 7 > 0, we can obtain P}, and Kp as P}, = 1Y !
and KD = MDYD .

B. Stability Analysis

We now proceed with the stability analysis of the closed-
loop system.

Theorem: If the LMIs given by (34) and (35) are feasible
for some 7 > 0, then the closed-loop system (25) and (26)
driven by the dynamic output feedback controller (28)
with (20) is asymptotically stable.

Proof: Recall from (29) that V < V.+V,. It is clear
from the above that if the LMIs given by (34) and (35) are
feasible for some 7 > 0, then VC < 0. Thus, it remains to
show that VO < 0. It follows from (16) and (20) that

B Ei(y;,Y;:mi)-
(36)

e, =(A; — L;,C;)e; — Bpoujpa(x) —

Then it follows from (36) that
V, = 2eTP° é+e'Qpe
Z 2€TPO A L C; ) — QEIP? (Big’uig)
=1

- 261- PiBiQEi(yiu:gi777i) + ez—'rQiei) ; (37)
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Fig. 1. Three-machine power system

where Qz = (BllKZ)T(leKl) If Fz(:gz - yz) =0, it
follows from (22) that B;;P‘Z?ei = 0 and therefore

—2e/ PBiE;(y;, 9;,m:) — 2e; P2 (Bipup) =0. (38)

If, on the other hand, F;(y; —y;) # 0, it follows from (22)
and 7; > p; that

—2e; P{BisE(y;,9;,m:) — 2€; P} (Bizu2)

2771 T T
= — ei P?Big (cmlez) — 261- Pf (Big'uig)
| FiCie| ( )
< =2(ni - pi) ||e] P{Bia|| <O0. (39)
It follows from (37)—(39) that
. N
Vo < Z (2¢] P? (A; — L;C;) e; + €] Q;e;)
1=1
N
< Z = (Amin(QF) — Amax(Q;)) ”eiH2' (40)

i=1

It follows from the lemma and (40) that A\pin(Q7) >
Amax(Q;) and then V,, < 0. Thus, we have

V<V.+V, <0,

which implies that the closed-loop system is asymptotically
stable. The proof of the theorem is complete. [ ]
Remark: When solving the LMIs (34) and (35), we could
obtain the feedback gain matrix K p of big size, which
may not be practical in real applications. Effective methods
of restricting the size of the feedback gain matrix Kp
deserves further investigation, which definitely increases the
applicability of the proposed decentralized output feedback
controller. This problem is left open for future research.

V. CASE STUDY

In this section, we apply the proposed decentralized
dynamic output feedback controller to stabilize a three-
machine power system shown in Fig. 1, where Generator 3
is assumed to be an infinite bus with the same dynamics as
Generator 2 [9]. The parameter values for each machine are
the same as given in [7] and are listed in Table I.

TABLE I
MACHINE PARAMETERS

Parameter = Machine 1 ~ Machine 2
H 4 5.1

D 5 3

ke 1 1

Frp 0.3 0.3

T 0.35 0.35

Te 0.1 0.1

R 0.05 0.05
Knm 1 1

Ke 1 1

Wo 314.159 314.159

The complete set of plant dynamics used for simulations
are give in [5]. It is given in [7] that ava,,,, = Q13,.. =
27.49 and a91,,,, = o923, = 23.10. However, with these
conservative bounds, the corresponding feedback gain matrix
K p turns out to be of very big size. Therefore, in order to
better illustrate the performance of our decentralized output
feedback controller, we use ai2,,, = oi3,. = 1.6494
and agi,,, = o923, = 1.3860 in our simulations. We
choose the operating points, ¢ = [49 0 0.57 0.57]"
and zd = [53 0 0.56 0.56]". Applying the definitions
given in (11) and (12), we calculate T'(y), Dy, T3 and
D5. Then we use (14) and (15) to calculate Z; and Z5.
Solving the LMIs given by (34) and (35) with 7 = 1, we
obtain k1 = [—65.0516 —6.1643 —7.6241 —3.2470] and
ko = [-63.0106 —6.6794 —6.9836 —2.9745]. The initial
conditions for the first and second sliding-mode observers are
chosen to be zero. We also choose 17; = 114 and 72 = 136.
Using the design procedures given in Section III, we obtain

0 25 0 25
434284 0 407531 0

Ll - O O 9 L2 - O O 9
0 0 0 0

andF1 :FQZ [—1 O]

We consider a symmetrical three phase short circuit fault
as in [5], [7], which is assumed to be on the transmission
line between the first and the second machine. Let \ denote
the fraction of the transmission line to the left of the fault.
The fault sequence is as follows:

1) The system is in the pre-fault steady state;

2) At t = 3.1 sec, the fault occurs;

3) Att = 3.25 sec, the fault is removed by opening the
breakers of the line at which the fault occurs;

4) At t = 4.0 sec, the transmission line is restored;

5) The system is in the post-fault steady state.

Simulation results for the first and second subsystems with
A = 0.5 are shown in Fig. 2, where we only show the plots
of §; due to lack of space. The unknown interconnection
reconstruction for each subsystem is shown in Fig. 3. It
can be seen that the dynamic output feedback controller
performs as expected and the unknown interconnections are
reconstructed perfectly.
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Fig. 2. Controller performance for Generator 1.
0 T T
Y12
0.1 —u12festimatei
-0.2
-0.3
-0.4
-0.5 . ; :
0 2 4 6
time (sec)
0.12
!
22
0.1 _uzz—estlmate
0.08
0.06
0.04
0.02
O i i
0 2 4 6
time (sec)
Fig. 3. Unknown interconnection reconstruction.

VI. SUMMARY

In this paper, we have proposed a novel decentralized
dynamic output feedback controller to stabilize a class of
multimachine power systems against faults and disturbances.
The developed control strategy incorporates local sliding
mode observers to estimate the subsystem’s states for the
controller implementation, where a feedback gain matrix
is obtained by solving two LMIs. The local sliding mode
observers are also able to effectively reconstruct unknown
interconnections between machines. This, in fact, can be
used to detect faults in multi-machine power systems. The
transient stability of the closed-loop system driven by the
decentralized observer-based controller is guaranteed.
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