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This paper presents H, excitation control design problem for power systems with input time delay and disturbances by using
nonlinear Hamiltonian system theory. The impact of time delays introduced by remote signal transmission and processing in
wide-area measurement system (WAMS) is well considered. Meanwhile, the systems under investigation are disturbed by random
fluctuation. First, under prefeedback technique, the power systems are described as a nonlinear Hamiltonian system. Then the
H_, excitation controller of generators connected to distant power systems with time delay and stochasticity is designed. Based
on Lyapunov functional method, some sufficient conditions are proposed to guarantee the rationality and validity of the proposed
control law. The closed-loop systems under the control law are asymptotically stable in mean square independent of the time delay.
And we through a simulation of a two-machine power system prove the effectiveness of the results proposed in this paper.

1. Introduction

Time delay always exists in power systems control area. It
is often ignored when controller is mainly applied in local
systems where the communication time delay is very small
compared to the system time constants (see, e.g., [1, 2] and
the references therein). Due to the further study of phase
measurement unit (PMU) and WAMS, coordinated stability
control has got a lot of attention. It uses remote measuring
information given by WAMS/PMU. Unlike the small delay
in local control, the time delay in wide-area power systems
can vary from tens to several hundred milliseconds or more.
Since that the large time delay will go against the stability of
the system and reduce the performance of the system, so it
is very necessary to consider the influence of it on the power
system stability analysis and controller design. Besides, the
generators are interfered with speed regulation, fluctuation of
load, mechanical torsional vibration, the changes of damp-
ing coeflicients, and so on in the transient process. These
random fluctuations can be regarded as a kind of random

process [3]. However, the application of the It6 differential
formula will lead to the appearance of gravitation and the
Hessian term. What is more, the stochastic disturbance
(Wiener process) will cause no definition of the system
states’ derivative [4]. Therefore, stochastic and delay factors
increase the difficulties of the analysis and synthesis [5].
Some results, which took signal transmission time delays
or stochasticity in power systems into account, have been
obtained. Reference [6] presented a free-weighting matrix
method based on linear control design approach for the
wide-area robust damping controller associated with flexible
alternating current transmission system device to improve
the dynamical performance of the large-scale power systems.
Reference [7] proposed a delay-independent decentralized
coordinated robust approach to design excitation controller
in terms of H_, optimization method incorporating linear
matrix inequality (LMI) technique. Considering the nonlin-
ear effects of randomized torsional oscillation on the exci-
tation regulation dynamic process of a generator rotor and
exploiting Monte-Carlo principle and numerical methods,



the algorithms and workflow of the proposed excitation
control system’s transient stability analysis approach were
presented in [3]. Reference [8] presented a stochastic cost
model and a solution technique for optimal scheduling of the
generators in a wind integrated power system considering the
demand and wind generation uncertainties.

Based on the linearization at steady state operating point,
lots of the techniques are by far achieved and applied to
controller design in power systems. These techniques have
some disadvantages, such as ignoring some nonlinearities
of the system and just expressing the partial structures
of the system. What is more, the designed controllers are
generally relatively complicated and not very easy to realize
online operation. Therefore, some nonlinear methods should
be worked out to achieve good control performance for
the power systems in consideration of time-delay, stochas-
tics, and disturbances. In recent years, energy-based Lya-
punov function method has obtained numerous attention,
and remarkable achievements have been reached with this
method in the analysis and synthesis of nonlinear systems,
as well as in the power systems (see, e.g., [9-13] and the
references therein). The method can thoroughly take advan-
tage of the internal structural properties of the systems and
make the control design relatively simple. An important step
in using energy-based control strategy is to transform the
system into a dissipative Hamiltonian system formulation.
This kind of system, proposed by [14], has great benefits
for that its Hamilton function can be used as the sum of
potential energy (excluding gravitational potential energy)
and kinetic energy in physical systems and also can be taken
as a Lyapunov function (see, e.g., [11, 15-18]). Using the
energy-based Hamilton function method, [11] investigated
the adaptive H, excitation control of multimachine power
systems with disturbances. Simulations show that the control
strategy proposed in [11] was more effective than some other
control schemes. Considering the impact of time delays in
acquisition and transmission of key signals in power systems,
[19] deals with the H,, excitation control problem of n-
machine power system with time-delay and disturbances.

The purpose of this paper is to present a suitable con-
troller structure for the stochastic power systems with input
delay and disturbances using the nonlinear Hamiltonian
system theory in order to weaken the impact of stochas-
ticity and delay on the control performance of the power
systems. Firstly, the prefeedback with delay method is to
be used to describe the system as a dissipative Hamiltonian
system formulation. Next, based on the obtained new system
formulation, we will deal with the H_ control problem by
using Newton-Leibniz formula, a few properties of norm
and matrices. The main results will be proposed for the
Hamiltonian system and the power system as well. Finally,
we will test and verify the obtained results in this paper
by an example of a two-machine power system with delay,
stochasticity, and disturbances.

The rest of the paper is organized as follows. Section 2
provides the problem formulation, nonlinear Hamilton real-
ization and some preliminaries. Section 3 gives the main
results. Analysis of the achieved results by a two-machine
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power system example and the conclusion are given in
Sections 4 and 5, respectively.

Notations. Throughout the paper the superscript “I” stands
for matrix transposition. % denotes the set of real numbers,
R, the set of all nonnegative real numbers, Z" the n-
dimensional Euclidean space, and %™ the real matrices
with dimension n x m. Diag{- - -} stands for diagonal matrix
in which the diagonal elements are the elements in {--- }; || - |
stands for either the Euclidean vector norm or the induced
matrix 2-norm. For any symmetric matrices X and Y, X >
Y (resp., X > Y) means that the matrix X-Y is positive
semidefinite (resp., positive definite). tr[X] denotes the trace
for square matrix X. A, (P) (A, (P)) denotes the maxi-
mum (minimum) of eigenvalue of a real symmetric matrix P.
€, = €([-7,0], Z") means the Banach space of continuous
functions from [-1,0] to &". Cf;o([—r, 0]; #") denotes the
family of all & ;-measurable bounded C([-7, 0]; #")-valued
random variables ¢ = {¢(t) : t € [-7,0]}. C' denotes the set
of all functions with continuous ith partial derivatives; C*" is
the family of all functions which are C? in the first argument
and C' in the second argument; C* (A" x [, 00); R,)
stands for the family of all nonnegative functions V(x,t) on
A" x [T, 00) which are C* in x and C' in . What is more,
for the sake of simplicity, throughout the paper, we denote
OH/0x by VH.

2. Problem Formulation and Nonlinear
Hamilton Realization

Consider the following n-machine power systems, each
generator of which is described by a third-order dynamic
model (see [1, 20]):

8i:wi_w0,

oW Dy W

wi_Mipmi Mi(wi wp) Mipei+€il’ a)
. 1 1

B =———E . +—ug(t)+ey

B Taor * Tag; 50+ e

where

! !
E, = Eqi + 1y (xdi - xdi) >

n

! !

Idi = BiiEqi — Z Bl]Eq] COS (61 - 81) 5
=L

)

n

12 ! ! .

Pei = Gllqu + qu Z Bleq] Sin (81 - 8]) N
j=Lji

i=12,...,n

d; is the power angle of the ith generator (radians), w; is the
rotor speed of the ith generator (rad/s), w, = 27nf,, E;i is
the g-axis internal transient voltage of the ith generator (per
unit), x,; is the d-axis transient reactance (per unit), x/; is
the d-axis transient reactance of the ith generator (per unit),
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uy; is the voltage of the field circuit of the ith generator, the
control input (per unit), M is the inertia coefficient of the ith
generator (s), D, is the damping constant (per unit), T, is the
field circuit time constant (s), P,,; is the mechanical power,
assumed to be constant (per unit), P,; is the active electrical
power (per unit), €;, and ¢;, are bounded disturbances, 1; is
the d-axis current (per unit), E; is the internal voltage (per
unit), Y;; = G;; + jBj; is the admittance of line i-j (per unit),
and Y; = G; + jB,; is the self-admittance of bus i (per unit).

There are signal transmission delays and random process
in the modern power systems. The delays in the measuring
data exist in such case that the exciter inputs are taken
from remote buses. And assume that all the feedback wide-
area signals have the time delay 7. Meanwhile, the gener-
ator torque can be regarded as a kind of random process
because of random fluctuation in transient process, such as
speed regulation, fluctuation of load, mechanical torsional
vibration, and the changes of damping coeflicients. Moreover,
considering the imaginary control input is u; which feeds
back both the local measurement information and the wide-
area measurement signals, so the power system (1) should be
modeled into differential-algebraic equations with time delay
and stochasticity as follows:

dé; = (w; — w,) dt,

W, D, W,
dw; = Moipmi_ Ml(wi‘wo)_ MOPei+ei1]dt

£ (3)
+ M, (w; — wy) dw (1),
1

1
dE,, = [——E t—1)+ ] dt,
qi TdOi qt Td U fi ( T) €i2

i i

where & is random disturbance intensity and w(t) is a
zero-mean Wiener process on a probability space (Q, &, )
relative to an increasing family (%,),,, of o algebras (#,),,, C
F; here Q) is the samples space, # is o algebra of subsets
of the sample space, and P is the probability measure on &.
Moreover, we assume E{dw(t)} = 0, E{[dw(t)]*} = dt, where
E is the expectation operator.

Assume that (850), wWy» E;(io)), i = 1,2,...,n, are the
preassigned operating points of system (3)
Setting x;; = §;, X, = W; — Wy, Xj3 = qv (wo/M;)P,,

D;/M; = b, (wo/M)Gj; = ¢ wo/M; = d;, 1/Tao; = €, (xdz
X/ Taoi = hj,and (1/Tgo)uf(t=7) = v(t-1),i = 1,2,...,m,
then system (3) can be rewritten as follows:

dx;; = xpdt,

2
dxy = | a—bx, — x5 + €,

n
dix;s Z Bjjx ;3 sin (xil - le) dt + %
L i

xpdw (t),

3
dx;; = | —(e; + W;By;) x;3 +v; (t —T) + €
n
+ h; Z X3 cos( le) dt,
j=1,j#i
i=12,...,n
(4)
Inspired by [11], we introduce a prefeedback control law:
2¢h;
vi(t—-1) = —C—xll t-1)x50—-7)—kixz (t—1)
d.
i (5)
+u;+ut-1), i=12,...,n

where the first term is to make system (4) have a Hamilton
structure, the second and third terms are to guarantee the
operating point of the system unchanged, u;(t — 7) is the new
reference input, and u; and k; are undetermined constants.
To make the operating point of the system invariant, 7; and
k; have to satisfy

2¢h;
:o (0) =1(0) 1(0)
(e +h1Bll) () ‘; 16 Eq(l klEq(l 1
1
+ h; Z B,] ” cos((si(o)—éﬁ.o)) =0, (6)
] 1]#1
i=12,...,n

and k; = k;, which is spelled out in [11]; what is more, this
reference provides a kind of choice of 4; and k;.
Furthermore, (5) can be rewritten as

v (t-1)

2¢h;
= _d_xll (t) Xi3 (t) k; iXi3 (t) + Ll

h,
ch [, (=) (-1 =y D x5 O] )

1

ki [x;(t—1) -

1

x5 ()] +u (t-1),
i=1,2,...,n.

Letx; = [X;), X, X;3) 7> € = [€;1,€;,] 7, then system (4) can
be expressed as a dissipative Hamiltonian system as follows:

dx; = {(]i - R) VH; (x;) + gyu; (t = 7) + —— 26h;
91 [ % (8) 9y x5 (1)
— 3 Xy (t—7) gy ;5 (t — T)] +kigy [ngxis (t) (8)

- g1Txi3 (t- T)] + gzei]’ dat + gz(;i) () dw (1),

i=12,...,n,



4
where
a; G » e +hB;+k ,
H,(x;) = ——2x;, + =x; ST P T 2
i i di i di 173 Zhi i3
1 5, u
+ — X — —X;
Zdi i2 hi i3
- X3 Z B,J ]3cos( le),
j= 1]:#1
0 d; 0
Ji=| -d; 0 0],
0 00
0 0 O
R =[00bd 0],
0 0 h
0 )
g1=10],
1
00
g=110/,
01
1
gs=( 0],
0
0 0 O
(1)(36) 0 i 0 | X
M;
0 0 O

VH;(x;) is the gradient of the Hamilton function H;(x;),
which satisfies H;(0) = 0,i=1,2,...,n

Owing to each individual subsystem having the cross-
variables, this structure does not provide the overall system
a Hamilton structure. Thus, we need to find out a common
Hamilton function for the n generators, which is regarded as
the total energy of the whole system.

Let
H (x) = ZH + = Zx,3 z Bxj; cos( xJ)
z 1 j=Lj#i
n
g G 2
= — T+ + —
Zl R zd
(10)
+e1+hiBii+k1 2 U
2hi i3 hi i3
1 n
—Ex,g Z Bjixjs cos(xil—le) ,
j=Lj#i
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where x = [x],... ,xZ]T. By using relation B;; = Bj;, we can
verify that
OH OH; (x;
() _ OH( ’), i=1,2...,m j=123, (1)
8xij ax,-j

which imply that H(x) is the common Hamilton function for
the n generators. Furthermore, H(x) € C? holds obviously.
Setting

T
u=[u,....u, ,
T
e:[ef,...,eﬂ , (12)
_r.r 71T
=il

then system (8) can be rewritten as follows:

dx (t) = {(J - R)VH (x) + Gyu (t - 7)

+2G,C[Gix (1) G x (1) - Gyx (t - 1) G| (t - 7)] )
+GKG [x(t) - x (t = 7)] + Gye} dt + G, (x) dw (£),
x()=¢@), tel-1,0],
where J = Diag{/,,...,J,}, R = Diag{R,,...,R,}, C =
Diag{c h,/d;,...,c,h,/d,}, K = D1ag{k1, .okt
g1 0 0
G =0 " 0 ,
0 0 g 3nxn
g, 0 0
G,=[0 " 0 ,
0 0 9/ 300
g; 0 0 (4)
G=[0" 0 ,
00 95/ 5

gz(;l) (%) © 0
0 0

0 (”) (X ) 3nxn

Obviously, J is a skew-symmetric matrix, and R is a
positive semidefinite matrix. In addition, we can choose y =
G, VH(x) and z = PG| VH(x) as the output and the penalty
signal, respectively, where P is a full column rank weighting
matrix.

Gy (x)

Definition 1. The stochastic time delay Hamiltonian system
(13) is said to be robustly asymptotically stable in mean
square, if there exists a controller u(t — 7) such that

Jlim E {|lx(0) = x|} = 0, (15)

where x, is the preassigned equilibrium and x(¢) is the
solution of system (13) at time ¢ under initial condition.
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Consider the following cost function:

C(T,) =E UOTO 2Tz @) dt}

Ty
—yZE“ eT(t)e(t)dt}, VT, > 0.
0

(16)

Then H,, control objective of system (13) is to find a feedback
controller:
ut-17)=a(t-1) 17)
such that
C(0)<0 (Ty — ), (18)

for given y > 0 and at the same time the closed-loop system
is asymptotically stable when € = 0.

We conclude this section by recalling some auxiliary
results to be used in this paper.

Lemma 2 (see [21]). For system

= fx@®),x(t-1)dt
+g((x(t),x(t-71))dw(t),

dx (t)
(19)
vVt >0,

assume that f(x, y) and g(x, y) are locally Lipschitz in (x, y).
If there exists a function V(x,t) € C*Y(A" x [-1, 00); R.,)
such that for some constant K > 0 and any t > 0,

FPV<KA+V(x@®),0)+V (x(t-1),t—1)),

lim infV (x,t) = oo, (20)
|x| = co t=0
where the differential operator £ is defined as
<V = EE))‘t/ + a—Vf(x(t) x(t—T))+—
(21)

-tr{gT(x(t),x(t 7)) Vg(x(t) x(t—r))}

then there exists a unique solution on [—T,00) for any initial
data {x(t) = ¢(t) : t € [-7,0]} € C%, ([-7,01; R").

Lemma 3. For any given matrices A € R and B € ™,
there holds

T 1 T T
tr(A'B) < 5 [tr (ATA) +tr (B'B)]. (22)
Proof. This proof can be achieved by using the properties of
matrix’s trace. O
3. Main Results

3.1. Hamiltonian System. The H, controller is given below
for the stochastic Hamiltonian system (13) with input delay.

Theorem 4. Consider system (13) and the following assump-
tions are satisfied:

5
(A1) VH(x,) = 0;
(A2) Hess(H(x,)) > 0;
(A3) H(x) - H(xo) = (0, /2)llx = x,/1%;
(A4) VIH(x) - VH(x) = B llx — x,1%.
If
1 r 1 T
+ _2G1G1 — —2G2G2 >0 (23)

holds, then the H , control problem of system (13) can be solved
by the feedback control law:

ut-1)= —% <y—1ZGT + PTPG1T> VH (x (t - 7))

1 -
- (616) GG, VH (x (e - 7) o1

+2CX (t-1) +KG,x (t —7) - M - 2N

1 1 T -1 T
- ShAT = LT, (GIG)) G,Gs,

where x, is the preassigned equilibrium of system (13), G5 =

Diag{g'", ..., g™},

0 0 0

d>+1)é

95=1 o # 0 >
M;
0 0 0/ 55
(25)
xq1 (8) %15 (8)
Xpp (F) %95 (F
X () = 21(?23() ’

X, () x5 (£) il

M,N,T are all positive constant matrices which satisfy
IMI > IKGIx@®l, INI = ICX®I, ITI = 1(1/y)G] +
PTPGY|, and A, and A, are constants which satisfy A, >
sup,.._ |Hess(H(x(t))), A, = sup,._ [l%(®)]l.

Proof. Take a Lyapunov candidate function as follows:

V (x) = 2H (x) — 2H (x,) . (26)

According to It6 differential formula, it follows that

AV (x) = PV (x)dt + VV (x) G, (x) dw (t). (27)



According to (21) in Lemma 2, one has

PV (x)

2
_ %tr{gT (x(t),x(t-1)) %g(x(t),x(t—‘r))}

v v
toy TS @®,x(t-1)

ot

= tr[G; (x) Hess (H (x)) G, (x)]
+2V'H (x) (J - R) VH (x)
+2V'H (x) G,KG] [x (t) - x (t - 7)]
+4V'H (x) G,C[X (t) - X (t - 7)]

28
+2V'H (x) G,e 29

1
-V'H (x) G, (—ZGIT + PTPGI> VH(t-1)
Y

- %VTH )G, (GTG,) GTG,VH (t - 1)
+4V'H (x) G,CX (t - 1)

+2V'H (x) G,KG, x (t - 7)

—2V'H (x) G, (M +2N) — A, A,V H (x) G, T

. %TAIAZVTH G, (G1G,) " GG,

Based on the facts of Lemma 3 and Condition (22), we can
achieve

tr [Gy (x) Hess (H (x)) G, (x)]

< —tr [GZ (x) Hess (H(x))HessT (H (x)) Gy (x)] (29)

N | —

, % tr[GL (%) G, ()] = V" H (x) GsVH (x).

According to Newton-Leibniz formula, it follows that

t

VH(xT):VH(x)—J' Hess (H (x (s))) x (s)ds.  (30)

-7
Therefore, the following equalities hold:
-V'H (%) G, (ich . PTPGT) VH (x (t - 7))
14

1
= -V'H(x)G, <FG? + PTPGIT>

. [VH (x) - Jt Hess (H (x (s))) x (s) ds] ,

t—1
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~V'H ()G, (GTG,)” GIGVH (x (t - 1))

- VIH®)G, [6IG,]”

t

-G, G [VH(x)—J- Hess (H (x () % (s) ds | .

-7

(31)

According to the Mean Value Theorem of Integrals, there
exists 0 € [t — 7, t] that satisfies

Jt Hess (H (x (s))) x (s) ds
t—T (32)

= 7Hess (H (x (0))) x (0) .

Consequently, we have
V'H (x) G, <i2Gf + PTPGT>
Y
t
. J Hess (H (x (s))) % (s) ds = 7V H (x)
t-1 (33)

ye) (%GT + PTPG?> Hess (H (x (0))) x (9)

<\ A,V H (x) G, T.

Similarly, we further obtain

%VTH ® G, (67G,)"

-G, G; Jt Hess (H (x (s))) % (s) ds = %TVTH (x)

(34)
- 1
.G, (GTG,) " GTGsHess (H (x (0))) % (6) < 5
T LVTH (%) G, (GT6) T GGs,
Combining the above inequalities, we can conclude that

PV (x)

< —2V'H (x) RVH (x) + 2V"H (x) G,¢
-V'H (x)G, <i2G1T + PTPG1T> VH (x)
Y

2
= -2V"H (x) RVH (x) —

ye — %GEVH (x)

(35)

1
_ FVTH (x) GIGTVH (x) + (yzeTe - sz)

+ lszH (x) G,G, VH (x)
Y
<-V'H (x) <2R + izGlGlT - %G2G§> VH (x)
Y Y

+ (yzeTe - sz) .
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Taking (23) into account, it yields
ZV (x) < yzeTe ~z'z. (36)
Integrating (36) from 0 to T, leads to (18) which holds as
T, — ©o.
Next step we prove the closed-loop system where system
(13) under the control law (24) is asymptotically stable in

mean square when € = 0.
When € = 0, from (35), we can easily get that

PV (x)

< -2V H (x) RVH (x)

1
-V'H (x)G, (—ZGIT + PTPG1T> VH (x)
Y

1 1
=-V'H (x) [ZR + FGIGIT - FGZGI] VH (x)

(37)
- iZVTH (x) G,GLVH (x)
14
- V'H (x) G,P'PG, VH (x)
<-V'H (x) (izGZGg + GIPTPGI> VH ().
Y
Set
G = Ain {%GZGI + GlPTPGlT} > 0; (38)
then we have
PV (x) < —¢,V'H (x) VH (x). (39)
Furthermore, owing to (A4) holding, there is
PV (x) <~y |x = x| (40)
which implies
E{ZV (x)} < ~6B,E {|x - x|’} - (41)
In addition, because of E{dw(t)} = 0, we further get
E{dV (x)} = E{ZV (x)}. (42)
It is true that, for all T > ¢, t, € [-7,0],
T
BV (D} -E{V (0)} = | EL2V©)ds
° (43)

T 2
< J E{—CO/)’1 [l (s) = x| }ds.

ty
Hence, one has

d

TE (e - xl} < B[l =} @9

7
From condition (A3), one has
o [ = x| <V (0 = 2(H (0 - H (X)),
E{ay || (1) - x|’} < E{v (1)},
d 2y d (45)
EE{OCI [ (T) = x|} < S EV (D)
< QBLE {]lx (1) - x|}
Set ¢, = —¢yf3; /ey it follows that
d
EE{”x(T) —x0||2} < CIE{".X(T) —x0||2}. (46)
Multiplying e ™" to the two sides of inequality (44) yields
—T d 2 —, T 2
e V" —E{|x(T)-x —e VqEi|x(T)-x
e =) -l s}
<0
which implies that
d -T 2
o (e E {”x (T) = x| }) <0. (48)

Integrating inequality (48) from ¢, to T, we have
e TE {"x (T) - x0||2} —e AME {”x (t,) - x0||2} <0; (49)
that is,

E{|lx(T) - x|’} < T E {|lx (1) - x|} .

(50)
VT > t,.
Due to ¢ < 0, there is
dim E {|lx(T) — x|} = 0. (51)

According to Definition 1, we can conclude that system
(13) under the control law (24) is robustly asymptotically
stable in mean square with respect to x. This completes the
proof. O

Remark 5. VH(x,) = 0 and Hess(H(x,)) > 0 guarantee that
the equilibrium x,, is the minimal point of H(x). Moreover,
in view of conditions (Al)-(A4), there hold VV(x,) = 0
and Hess(V(x,)) > 0, which together with V(x,) = 0 lead
to the fact that V(x) is a positive definite function in some
neighborhood of equilibrium x;,.

Remark 6. Owing to the fact of H(x) € C?, the solution of the
closed-loop system (13) under the control law (24) is existent
and unique on [-7,00) for any initial data {x(t) = ¢(t) :
t € [-1,0]} € Cbgo([—r, 0]; #") in some neighborhood of
equilibrium x,,.



3.2. N-Machine Power System. In this subsection, we con-
sider the n-machine power system (3).
First, we can verify that

n

M,
B o, M _ 2
H(x)—; ~Bi®; + Gy B + - o (w; — wp)
! —
I+ (xdi - xdi) Bij + kiTaoi ), UiTaoi
+ - Ey - E,;  (52)
2 (x4 = x0};) Xdi — Xg;

—2 g Z B,]qucos((s 6) o
] 1]:#1

Choose the preassigned equilibrium

xo= (8% wp ), i=1,2,...,n (53)
satisfying
n
Hess (H (x,)) = Hess Z P, 0

I
—

+G; 6(0)( )

i

1+ (xdi - x(lii) By + kT ( :(o))
- o) 6

- —E’(O) Z B..E'? cos (6(0) 8(.0))

qi ij=qi j
2 J=Lj#
_ u; TdOz E’(O) >0
Xgi = Xy
and VT H(x) = 0; that is
10)
P,;+G,;E o
+ E’(0 Z B,] ql ) sin (6;0) - 85-0)) =0,
jeLj
! —
L+ (xdi - xdi) Bj; + ki Ty Jod u; Tgy; (55)
— qi (0) - W
Xgi — Xy Xai — Xy

Z B,E,, . (0) cos (8, (0) - 8, (0))

j=1j#i
+2G;;6; (0) Ey, (0) =

Meanwhile, we assume that there exist positive constants
a,, B, such that H(x)—H/(x,) = (oc1/2)||x—x0||2 and VTH(x)-
VH(x) = B lIx - x0||2 hold.

An H_, controller for system (3) is given in the following
theorem.
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Theorem 7. Consider power system (3). If

0 0 0
2D;w, 1
" 0 >0
i Y =0,
2 (xdl xdl) 1 (56)
0 0 —T’ -
doi 14

hold, then the H_, control problem of system (3) can be solved
by the feedback control law

ug (t=1) = -2G; (xdi - x{'ﬁ) 6, (t—-1) E;i (t-71)

l
- kdeOiE;i (t = 7) + Tyoith; Tdo: +
2 2\ .2
+ (w + M) 2G,, (t—1)E. (t — 1)
M4 (1} T qi T
1+ (x4 — x)) By
Xdi ~ Xaj
(57)
Z B,E ql —T)cos (51' (t—T)—(Sj (t—T))
j=1,j#i
iLgi b (= 7) =) Ty
+ ( 1 ) 0 +2G;; (xd,» —x;i)éi (t
Xai = X

— 1) E (t = 1) + TyoikiE; (£ = 7) = (m; + 2nm;)

(wé + Mlz) &2

1
- —TA At —
2T121 Ml4

1
ZT)LI)LZ

where Ay, A,, m;,n;, and t;, are constants, which satisfy

!
1+ (xdi - xdi) By + kiTyo;
A, = sup |Hess - o
t>-1 2 (xdi - xdi)

+G, 6E’2—ME _p

1 qi mi

i0;
Xai —

—qu Z B,]qucos 8 8 ‘l
Jj=Lj#i

wp (8,0 @) £y @)



Mathematical Problems in Engineering

2G;; (xdi - x"ﬁ) 6, (t—-1) E;i (t-1)

n;, > ,
T 4oi

1

t, >

1 2 .
W‘f'pi , 1i=1,2,...,n.
(58)

(8;(t), w;(t), E;i(t)), i=1,2,...,n, is the solution of the closed-
loop system at time t under initial condition.

Proof. Taking

fui (0, (6) - @p)

Y = 1+ xdi_x;i Bii
2G;6; (1) E;i () + ( 1 ) E;i (®)
di — Xg;
0
L !
> ByE. (t)cos (8 (1)~ 8, (1))
L
0
, _
+ (kiEq,- (t) - Mi) Taoi > (59)
Xgi = Xl

2 = p; | 2G;6; (t) Ey; (1)

11

~ ) ByEL; (t) cos (8; (1) - 8, (1))

jeLjti

1+ (s — %) By KiEj (6) = ;) T
+ ( i ’d:) uE;i (t) + ( iqi ,l) 0i
i~ Xai Xdi ~ Xaj

Xq

into consideration, then we can prove the result using the
similar method in the proof of Theorem 4, where p; > 0,
i =1,2,...,nare the weighting constants. O

4, Ilustrative Examples

To show the effectiveness of the proposed control strategy,
we give a two-machine power system as shown in Figure 1.
The generators G,, G, are assumed to be connected to distant
power systems and disturbed by random fluctuation. In
simulating, a temporary short-circuit fault occurs at point
K (see Figurel) during the time 0.5sec~Isec. The system
parameters used in this simulation are given in Table 1.
Choose w, = 1,& = 1.

Taking the above parameters, system (3) can be expressed
as

dd, = (w, - 1)dt,
6 5 1
dwl = (g - gwl - gpel +€11>dt

+0.125 (w; - 1) dw (t),

TABLE 1: Generators’ data (all per unit except M;, Ty;,i = 1,2,...,n
in seconds).

M, Py D, Xa1 x;n Ty
8 1 5 1 0.5 5
M, P D, ?) x;z Ta2
9 1 6 1 0.4 6
Bll BlZ BZI BZZ G11 G22
4 1 1 10 1 1
| A 2
G, G,

5

T

FIGURE 1: Two-machine power system.

!

1 1
dE;, = [_Equ *sin t-17)+ 612] dt,
ds, = (w, - 1) dt,

7 6 1
dw2 = (5 - 50)2 - ;Pez+€21>df

+é(w2— 1)dw (1),

dE!, = [—équ N éuﬂ (t-1)+ 622] dt,
(60)
Ey = Ejy +0.51,,
2
P, =Ej+E, Y E,sin(6-9;),
j=Lj#i
2
I; = 4E;1 - Z E;j cos (6,» - Sj),
j=1,j# (6D

!
E,, = Ejy +0.61,

2
12 ! ! .
P,=E, +E‘12,IZ¢_EW'SIH(8" —6]-),
=L j#

2
I, = 10E),— Y E,;cos(5;-9;).
j=1,j#i

Choosing the following preassigned operating point
(0)
(81 , W

thenu; = 0.5, u, = 16/15, and k; = k, = —0.1.
It is easy to verify that system (60) with the above values
satisfies conditions (A1)-(A4) of Theorem 4.

E (0) 5(0)

0 B0, o, Ery’) = [0.5 11 05 1 1], (62)
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0.5

Power angle (p.u.)

1.5

) / d, of generator 2 -

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Power angle (p.u.)

0.5
FIGURE 2: Power angle dynamic behavior while 7 = 0.05s.

The fault indicates a unit step function; thatis, €;; = €;, =
€ = €, = —1(t —0.5) + 1(t — 1). For given y' = 4, we can
find p, = p, = 1 such that inequality (56) is satisfied.

We will test the effectiveness of the proposed
control configuration at two different time delays
T = 05s and 7 = 0.05s. The initial condition
is  (8,(0),w,(0), Ey, (0),8,(0), ,(0), E},,(0)) =
1212121 2]

Take u = 1/8*, 1 = 40, m}, = m}, = 100, m}, = m}, =
100, and m} = 40. According to Theorem 7 proposed in this
paper, system (60) is asymptotically stable in mean square for
all 7 > 0 and € = 0 under the feedback control law

up (t—1) = (4096) "' [-29858.58, (t - 7) E, (t-7)
- 62358.25E;1 (t-1)+ 12881.25E;2 (t-1)
-cos (8, (t — 1) = 8, (t — 1)) — 32020007
-sgn (5w, — 5) + 74646.25) — 44807 sgn [5Ey, (1)
+28, (t) L, () = EL, () cos (8, (t) = 8, (1)) = 5],
-1 !
up, (t- 1) = (4096) " [-350118, (t - 7) E, (t-1) 63)
- 162422.415;2 (t-1)+ 17915.113;1 (t-1)
-cos (8, (t — 1) — 8, (t — 1)) — 38424007

+sgn (6w, — 6) + 191094.4] - 53767
2
sgn [(5 + 10) EL, (6)+28, () E, (1)

— B, (t)cos (8, (1) = 8, (1) - %] .

Simulations with the above initial condition and the
delay * = 05s and 7 = 0.05s are given in
Figures 2-4 and Figures 5-7, separately. Through Figures
2-7, we can see that the states of the system converge to
the equilibrium (8, (0), @, (0), E;, (0), 8,(0), w,(0), E,(0)) =
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1.5 T T T T T T T T T

0.5

Rotor speed (rad/s)

Time (s)

1.5 T T T T T T T T T

w, of gen‘erator‘ 2

0.5

Rotor speed (rad/s)

Time (s)

FIGURE 3: Rotor speed dynamic behavior while 7 = 0.05s.
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Time (s)
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9 2L . Lol ) X . i
>~ E_, of generator 2
=g q2

=1 . . . . .
52, 7 /’
f=}
s 0 . . . . . .
= 0 1 2 3 4 5 6 7 8 9 10

Time (s)

FIGURE 4: Transient voltage dynamic behavior while 7 = 0.05s.

2 L ——————

o § of generator 1
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1Y)

S : : : : : :
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~ 0 1 2 3 4 5 6 7 8 9 10

Time (s)

FIGURE 5: Power angle dynamic behavior while 7 = 0.55.

[1.2 1 2 1.2 1 2]eventually. Obviously, under the delayed
feedback controller by using the proposed method, the
robustness of the closed-loop system is guaranteed. It is also
seen that the controller possesses insensitivity in regard to the
types of time delay and stochastic disturbances.

5. Conclusion

This paper studied the H excitation controller design prob-
lem of a class of stochastic power systems with time-delay and
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FIGURE 6: Rotor speed dynamic behavior while 7 = 0.5s.
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FIGURE 7: Transient voltage dynamic behavior while 7 = 0.5s.

disturbances. In the design process, we used the prefeedback
technique, Newton-Leibniz formula, and a few properties of
norm. Besides, we obtain these results by nonlinear Hamilton
function approach due to the special structural properties of
the Hamiltonian systems. We also give a two-machine power
system simulation and it shows that the results achieved in
this paper are practicable in analyzing the H, excitation
control problem of stochastic power system in consideration
of time-delay and disturbances.
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