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This paper presents a fast synergetic control scheme for chaotic oscillation in a three-bus power system model. First, the coupling
dynamic model of a controlled power system with the current source converter-based STATCOM device and energy storage
device is established. Then, the input-output linearization process for the controlled power system is derived step by step, the
control problem for the complex nonlinear power system model is completely transformed into the control of linear systems, and
a fast synergetic control scheme is proposed for these linear systems. Since the designed control inputs contain complex system
functions which are very difficult to obtain and reduce the engineering practicability of the designed controllers, the assumption
that system functions are bounded is introduced into the controller design process, and the controllers are redesigned. The
remarkable advantages of the proposed control method are that it improves the rapidity of traditional synergetic control and
avoids complex system functions in control inputs. Finally, the effectiveness and the superiority of the control scheme are verified

by simulation results.

1. Introduction

Power system is a typical high-dimensional, complex, and
strong coupling dynamic system. Just as many other non-
linear systems exhibit bifurcation, chaos, and other complex
nonlinear dynamic behaviors, so do power systems [1-5]. In
recent years, scholars have studied how to effectively control
chaos in the power system and obtained rich research results
[6-8]. At present, the focus of research is to analyze and
control chaotic oscillation in a three-bus power system
[8-15]. Different from controlling chaos in some simple
chaotic systems, the chaos control problem of the power
system has obvious physical background. However, the
control methods in [12-14] often fail to consider the physical
background of the power system and control chaos by means
of full-state regulation, which makes the designed control
inputs not practical.

From the perspective of the power system, the problem
of chaos control in the power system does not belong to a
chaos control but a power system control problem, and

controlling the power system needs to introduce control
devices. Among numerous power system control devices,
flexible alternating current transmission system (FACTS)
devices have superior performance and can provide many
superior options [16, 17]. However, the existing chaos
control methods for the power system always ignore the use
of the FACTS device to control chaotic oscillation in the
power system [9-14]. Among the members of FACTS de-
vices, unified power flow controller (UPFC) device has rich
control functions and the most excellent performance, and it
can adjust active power and reactive power at the same time.
However, the structure of the device is complex, and the
control input variables are numerous [18-20]; then, it is not
conducive to design controllers. Since parallel devices in
FACTS devices are easier to implement than series devices,
static VAR compensator (SVC) device and static synchro-
nous compensator (STATCOM) device have been widely
used in power system control as two typical parallel devices
[21-25]. Compared with the SVC device, the STATCOM
device is superior in many technical performances [26, 27];
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then, the STATCOM device becomes the best choice among
these control devices. At present, STATCOM devices have
been widely used for reactive compensation and voltage
regulation in the power system [24, 25]. There are two types
of STATCOM devices: voltage source converter-based de-
vice and current source converter-based device. Although
the technology of the former is more mature and it is widely
used as pointed out in [28, 29], compared with voltage
source converter-based STATCOM, current source con-
verter-based STATCOM has more application potential due
to its advantages of less harmonic injection. STATCOM
device is mainly used for reactive power control of the power
system, and it is often necessary to control active power by
introducing the energy storage device [30]. Therefore, it has
practical value to design controllers for the chaotic power
system by combining the current source converter-based
STATCOM with the energy storage device.

To control complex dynamic systems in engineering, the
input-output feedback linearization method based on dif-
ferential geometry theory provides quite universal methods
for these high-dimensional complex systems [31-34]. In
order to make the designed controllers have strong ro-
bustness, the input-output feedback linearization method is
often combined with sliding mode variable structure con-
trol. However, the input-output feedback linearization-
based sliding mode control methods in [35-37] often use an
exponential reaching law with discontinuous terms; then,
the chattering problem still widely exists in these control
methods. As another variable structure control method,
synergetic control can achieve similar control effect with
sliding mode control on the basis of overcoming chattering
[38]. Therefore, it is of great significance to propose the
input-output feedback linearization-based synergetic con-
trol method for suppressing the chaotic oscillation in the
complex power system.

Based on the above discussion, the dynamic models of
the current source converter-based STATCOM device and
energy storage device in [28-30] are introduced for the
three-bus power system, and a complex controlled power
system dynamic model is constructed. In order to control
chaotic oscillation in the system, the whole nonlinear system
is linearized step by step, and a fast synergetic control is
proposed for linear systems. Since the traditional synergetic
control method has the defect of slow convergence speed, we

Mathematical Problems in Engineering

improve the traditional method by adding an exponential
term to the dynamic equations satisfied by macrovariables,
thus effectively improving the speed of the system state
reaching the invariant manifold. The main contributions of
the paper are as follows: (1) a complex coupling dynamic
model composed of the power system model, energy storage
device model, and current source converter-based STAT-
COM model is established for chaos control in a three-bus
power system; (2) compared with the widely used input-
output feedback linearization-based sliding mode control,
the proposed input-output feedback linearization-based
synergetic control completely avoids the chattering problem;
(3) compared with traditional synergetic control, the pro-
posed fast synergetic control improves the rapidity of
control by adding an exponential term to the dynamic
equation satisfied by the macrovariables of traditional
synergetic control. As the system state is far away from the
invariant manifold, the exponential term grows exponen-
tially, which significantly accelerates the speed of the system
state reaching the invariant manifold and improves the
rapidity of traditional synergetic control.

The rest of the paper is organized as follows. In Section 2,
the coupled dynamic model including the power system
model, energy storage device model, and STATCOM device
model is constructed, and chaotic dynamic behavior in the
power system is analyzed. In Section 3, the design process of
the fast synergetic controller based on input-output feedback
linearization is presented. In Section 4, the effectiveness and
superiority of the proposed method are verified by nu-
merical simulation. Finally, the conclusion is given in
Section 5.

2. Power System Model and Dynamic Analysis

The power system studied is a three-bus power system. The
generator bus of the power system is connected to the energy
storage device, and the load bus is connected to the energy
storage device and the current source converter-based
STATCOM device. The circuit diagram of the controlled
power system formed after connecting these control devices
is shown in Figure 1.

The coupling dynamic model of the power system in
Figure 1 is established as follows:
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active power absorbed by two energy storage devices from

the generator bus and load bus; I; and I, denote the d-axis
and g-axis components of the AC side current of the
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FIGURE 1: Wiring diagram of the controlled power system.
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STATCOM; V; and V, represent the d-axis and g-axis
components of the AC side voltage; I3 is the square of its
DC side current; and Qgr = —(3E;1,)/2 represents the re-
active power injected into the load bus by the STATCOM.
The eleven variables mentioned above are state variables
of the controlled power system. u., and u,, represent
control inputs of the two energy storage devices; ugr, and
ugr, represent control inputs of the STATCOM. These
four variables are input variables of the controlled power
system.

Values of constant parameters in system (1) are listed as
follows: E,, = 1.05, Y,, = 5.0, 6,, = 0, Ey = 20, Y, = 0.1665,
0o =0, d, =005 M =001464, K,, =04, K, =21,
K, =-0.03, K, =-28 K, =03 T=85 P,=06
Q, =13, P,=0,Q =29, P, =1.102, E; =1, Ry =0.1,
Ly.=05n=1,R=0.01,L=0.1,C=15, and w = 1. The
physical meanings of parameters in the four-dimensional
power system model and STATCOM device model are
available in [15, 28]. Most values of power system parameters
are taken from [15] except for some important bifurcation
parameters P,, and Q,. The initial values of state variables of
system (1) are taken as follows: §,,(0) = 0.29, w(0) = 0.2,
P (0) =0, 8, (0) = 0.23, 1,(0) = 0, V,(0) = 0, I3 (0) = 0,
1,(0)=0,V,4(0)=0,V;(0)=0.8, and P, (0) = 0. All the
aforementioned values are in per unit except for angles,
which are in degrees. Then, system (1) becomes a deter-
ministic system with specific parameters and initial values.
The first, second, fourth, and tenth equations of system (1)
are considered, we let P, =0, P,, =0, and Qg = 0, and
then the dynamic system composed of these four equations
is the original four-dimensional power system model. Under
the given system parameters and initial values, chaotic os-
cillation occurs, and the strange attractor in the system is
shown in Figure 2.

3. Chaos Controller Design

In order to control chaotic oscillation in the power system, it
is necessary to design a chaos controller for controlled power
system (1). The control objective of system (1) is to restore
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the power system to the synchronous operation state,
control its bus voltage to the rated value, and maintain the
DC side current of the STATCOM device to its reference
value. The specific control objectives of system (1) are set as
follows: 8, (rery = 05 Op (ref) = 05 Tic(rery = L and Vo) = 1.
The system output functions y,, z,, w;, and m, (i.e., output
variables) are expressed as follows:

y1=L0,,
z, = L,6;,
w = Ly(T3. - 1),
my =L, (V.- 1),

(2)

where L, >0, L, >0, L; >0, and L, >0.

For convenience of expression, system (1) is written as a
standard form of the multi-input multioutput nonlinear
system as follows:

X = f(X) + gesl (X)uesl + 9gst1 (X)uSTl

+ gst2 (X)uSTZ + YGes2 (X)ueSZ’

y1 = hy (x) = L6, (3)
zy = hy (x) = L,6,,

w = hy (x) = Ly(I3. - 1),

[ my = hy(x) = L4(VL - 1)’

where

. ) T
X= [5m"’-” Pets 01,105 Vg Tas Ias Vs Vi PesZ] >

fG =f1fofofufsfofnfofofiofnl'

KesZ !
gesl (X)= 0)0) T— >0’0)0)0:0)0)0)0 >

es

1 T
Gor) (%) = [0, 0,0,0,0, (E)’O’ 0,0, 0,0] :

1 T
Gy (%) = [0, 0,0,0,0,0,0,0, <6)’°’°] :

K T
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3.1. Input-Output Feedback Linearization Process. The core
idea of input-output feedback linearization is to transform
the control problem of a complex nonlinear system into the
control of linear systems through nonlinear coordinate
transformation. The core step is to derive the output
function step by step until at least one control input appears
in the linear system in the form of explicit function [39]. The
following are the derivations of the output functions:
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FIGURE 2: Strange attractor in the power system.

(1) The derivatives of the first output function y, in (2)
are obtained step by step. The first derivative of y, is

. 0h(x)

Y1 = é—x [f (X) * Ges1 (x)uesl + 9st1 (X)uSTl
+9sm2 (X)uSTZ * Ges2 (x)ueSZ]’

= Lphy (%) + Ly_hy (%) - gy + Ly Iy (x) - gy

+ Ly (X) - ugpy + Ly hy (X) - tegy.

gst2
(5)
Since
Lgeslhl (X) = O)
Lgmh1 (x) =0, ©)
Lgs'rzhl () =0,
Ly ()=
system (5) becomes
)'/1=th1(x)=L1~f1=L1-w. (7)

There is no control input in system (7); then, con-
tinue to calculate the second derivative of y, as
follows:

. a[th1 (X)]
yl = ax
+ oo (Xgry + Gesp (Dthess |5

= Lihy (%) + Ly Lehy (%) - thegy + Ly Ly (X) - gp,

[f (X) + Ges1 (X)uesl + 9sTt1 (x)uSTl

+L

9st2

L¢hy (%) -ugry + L, Lhy (x)-u

es2*

(8)

In (8), since

5
0.92
0.88
0.84
0.8
0.76
(b)
Lgelefhl (x) =0,
LgSTlthl (X) =0, (9)
Lgmthl (x) =0,
Lgcsszhl (x) = 0’
system (8) becomes
Vi :L}hl(x):Ll'fZ' (10)

There is still no control input in system (10) in the
form of the explicit function; we continue to cal-
culate the third derivative of y, as follows:

o a[szh1 (X)]

" ox [f(X) + Gest (Xheqy + g1 (Xts)

+9st2 (x)uSTZ t Ges2 (X)ueSZ]’

= Lyhy (%) + Ly Lihy (%) - thegy + Ly Lyhy (%) - gp,

Ist1

+ Ly Lihy (%) gy + Ly L7y (X) - thegy.
(11)
Since
( 2 K.
Lgelefhl (x) = _Llﬁ)
LgSTlL;hl (X) =0,
) (12)
LﬁstLihl (X) =0,
LgeszLi‘hl (x) =0,
system (11) becomes
j)l = L‘}]’ll (X) + Lgele;hl (X) . uesl. (13)



Since L, L?h (x)#0, the control input u.; will
exist 1n system (13) in the form of an explicit
function, and system (13) is equivalent to a linear
system as follows:

Y1 =)
V2= Y3 (14)
V3=V,

where v) = L3y (x) + Ly L3hy (X) - ey, Tepresent-
ing the Vlrtual control 1nput of system (14).

In this way, the linear relationship between the
virtual control input v, and the output function y, is
established, and the controller design problem of the
control input u,, in nonlinear system (1) is trans-
formed into the design process of the control input
v, in linear system (14). The transformation rela-
tionship between u.; and v, is

—Lhy (x) + v
Uoy = — L, (15)
L, Lih (x)

(2) The derivatives of the second output function z, in (2)
are obtained step by step until at least one control input
appears in the system in the form of the explicit function.
First, the first derivative of z, is obtained as follows:

. Oh
zZ, = s}ix) [f(x) + Gest (Xtheq + gs11 (Xthgry

+ gora (Xgry + Gesp (Nthess )5

= thz (x) + Lgmh2 (%) - Uegy + Lgmh2 (x) - ugry

+ Lﬂs‘rzh2 (x) - Ugry + Lgesth (x) - Uesn

(16)
In (16), since
ngeslh2 (X) = O,
Ly h, (x) =0,
ST1 (17)
Lﬂs‘r h (x) =0,
Lgesth (x) =0,

' Lgele?(hz (x) = 0
Ly L7y (x) =0,

gst2

L_qeszLj,h2 (x) =0

gst1

2
| Ly, Lihy (%) = v

a[L?hz (X)] . 1

Mathematical Problems in Engineering

system (16) becomes
231=th2(x)=L2-f4. (18)

Since there is no control input in system (18) in the
form of an explicit function, we continue to calculate
the second derivative of z, as follows:

d|Lch
é.1 = % [f(X) + YGes1 (X)uesl + 9st1 (X)MSTI

+gsra (Xhgry + Gesy (N thess ]

= Lyhy (%) + Ly Lehy (%) - tegy + Ly Lehy (%) - ugry

+ LgstthZ (x) - ugr, + L_%sszhZ (X) * Upgp-
(19)
In (19), since
Ly, Lihy () =0,
LgSTlthz (X) = 0, (20)
L!is'rszh2 (X) =0
L Ly (9 =0,
system (19) becomes
£, = Lihy (x). (21)

Since there is no control input in (21) in the form of
an explicit function, the third derivative of z; is
obtained as follows:

. O[Lih(x)
zl = % [f (X) + gesl (x)uesl
+ gst1 (Otgr) + Gora (Xksrsy + Jesr (X thess ],
= Lyhy (%) + Ly Lyhy (%) - thegy + Ly Lihy (%) - gy
+ LgSTszfh2 (x) - ugp, + LgeszLich2 (X) * Upgp-
(22)
In (22),
(23)

o (1) (5 )

qw
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In this way, system (21) is transformed into
2y = Ljhy (%) + Ly Lihy (%) - ugp. (24)
Similarly, since LgSTlLifh2 (x) #0, the control input

ugr; in (24) appears in the form of an explicit
function, while system (24) is equivalent to a linear

system:
Zy =2y,
2, = 25, (25)
Zy =V,

where vy = L3hy (x) + L, L7hy (%) - ugry,  repre-
senting the virtual control input of system (25).

In this way, the controller design of ug; for non-
linear system (1) is transformed into the design
process of the control input v, for linear system (25).
The transformation relationship between ugr, and v,
is as follows:

—Lihy (%) + v,

. (26)
Ly Lihs (x)

Ugt) =

(3) The derivatives of the third output function w, in (2)
are obtained step by step until at least one control
input appears in the system in the form of an explicit
function, and the first derivative of w, is obtained as
follows:

. Oh
w, = (’;)EX) [f(x) + Gesg (X + gor1 (Xthgr

+ stz (X)uSTZ 1 Ges2 (X)ueSZ]'

=Lshy(x) + Ly h3(X) - they + Ly 3 (X) - tgry

+ Lgmh3 (x) - ugp, + Lyeszh3 (X) - Upgy-

(27)

In (27), since

o3[k (x)
i, = [fa;"]

+ gor1 (Xugr) + sz (Dthsry + Ger (Nhegr ]

= L}h3 (x) + Lgele;h3 (x) - u

+ Ly Lyhs (%) - gy + L

9s11

[f (X) + Ges1 (X)uesl

9s12

7

L, hi(x)=0,
Lo 30 = 8 (28)

L, hy(x) =0,

L, h3(x)=0,

the system can be changed into
Wy =Lshy(x) =Ly - f5. (29)

Since there is no control input in system (27) in the
form of an explicit function, we continue to calculate
the second derivative of w, as follows:

_0[Lihy ]

W T ox [f (%) + Ges1 (Wthegy + Gsr1 (Xthsy

+ Gora (Xhgry + Gesa (Nthegs |5

=L2fh3(x)+Lgelefh3(x)-u + L, Lihsy(x)

esl 9gst1

“ugry + Ly Lihy(X) - ugry + L th3 (X) * Upgy-

9s12 Ges2
(30)

Since

L, Lshy(x) =0,

Ly Lehy(x) =0, (31)

L, Lehy(x)=0,

L, Lshs(x) =0,
system (30) becomes

W, = L}h3 (x). (32)

Since there is no control input in (32) that appears in
the form of an explicit function, we continue to
calculate the third derivative of w, as follows:

(33)

Lihs (%) - gpy + Ly Lihs (%) - they.



In (33), since
(L, Lih(x)=0,
Ly Lihs(x) =0,

9st1

LgML}h3 (x) =0,

2
L Lzhs(X)=7a[th3(X)] lor <_3Ed>~(1>,

g5t f an . 6 Bch de n E
(34)
the system becomes
W, = Lyhy (%) + Ly Lihy (X) - g, (35)

In (35), since LgmLffh3 (x) #0, ugy, appears in sys-
tem (33) in the form of an explicit function, and
system (35) is equivalent to a linear system as follows:

W, = Ww,,
u)z = U)3, (36)
Wy = Vs,

where vy = Lihy (x) + Ly L7hy (X) - ugry,  repre-
senting the virtual control input of system (36).

In this way, the controller design of ugy, for system
(1) is transformed into the design process of control
input v; for linear system (36). That is, as long as ugr,
is designed for system (36) to make the whole linear
system stable to the origin, the third output of system
(1) will be controlled to the target. The transfor-
mation relationship between wugp, and v, is as
follows:

~Lihs (%) + v,

: (37)
LHSTzLth3 (X)

Ugy =

(4) The derivatives of the fourth output function m, in
(2) are obtained step by step until at least one control
input appears in the system in the form of an explicit
function, and the first derivative of m, is obtained as
follows:

oh
m, = S,EX) [f(x) + Gegg (Xheg + gsr1 (X)thsTy

+ gora (Xsry + Gess (Dthess 5 (38)

=Lshy(x)+ L, hy(X)-teg + Ly hy(X) - tigry

+ L95T2h4 (x) - Ugy + L9g52h4 (x) - Uesp-

In (36), since
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L, hy(x) =0,
L, h,(x)=0,
gst1' 4 (39)
Lgmh4 (x) =0,
Ly, 10 =0
system (38) can be changed into
m, = th4 (x) =Ly~ fro- (40)

Since there is no control input in system (40) in the form
of an explicit function, we continue to calculate the second
derivative of m, as follows:

. 3L shy ()]

1 ox [f () + Ges1 (Dot + gs1 (X)thg7)

+ gsra (Xgry + Gesn (Dthess |5

= Lihy (%) + Ly Lphy (%) - thggy + Ly Lhy (%) - gy

gst1

+ Lgstth4 (X) “Ugry t Lyesszh4 (X) *Ues

(41)
In (41), since
( Lgelefh4 (X) = 0,
Ly Lhy(x) =0,
] (42)
Lgstth4 (x) =0,
-L,K
L. L, (x)= _ ATres2
_ Ges2 " f'4 (T . va . Tes)
the system becomes
ity = Lihy (%) + Ly Lehy (X) - thegy. (43)

In (43), since L, L¢h,y(x)#0, u., appears in system
(43) in the form of an explicit function, and system (43) is
equivalent to a linear system:

m, = m,,
(44)
{ "y = vy,

where v, = Lihy(x) + L, L¢hy(X) - te;, representing the
virtual control input of system (44).

In this way, the design of controller u,, for nonlinear
system (1) is transformed into the controller design problem
for linear system (44). The transformation relationship
between u,,, and v, is as follows:

~Lihy (%) + v,

=1l (45)
2 L, Lshy(x)

u

By wusing the input-output feedback linearization
method, the controller design problems of four control
inputs u, Ugt, UgTy> and U, in system (1) are transformed
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into the stabilization of linear systems (14), (25), (36), and
(44). If the linear systems are controlled to the origin by
designing control inputs u., Ugr;> Usry, and U, then the
four outputs in (2) can be restored to the origin, and the
control objective of system (1) can be realized. After the
above derivation, the linearization process of controlled
power system (1) is completed.

3.2. Fast Synergetic Controller Design. Synergetic control
inputs can be designed for linear systems (14), (25), (36), and
(44) to control them to the origin. Since four control inputs
need to be designed, four macrovariables are defined as
follows:

Yi=Ys+tamy, +a1),
vy =23+ Bz, + Pizns
Y3 = wWs + YW, + YWy,

Yy =my +1ymy,

(46)

where values of parameters «,, «;, S5, B> V2> V1> and 14
should make the roots of characteristic equations
Stasta =0,5+p,s+p, =0, +y,s+y, =0,ands +
#; = 0 located in the left half plane of the complex plane.
To make the system state reach the invariant manifolds
v, =0, ¥, =0, y; =0, and y, =0, respectively, let the
dynamic equations satisfied by macrovariables be

Ty, + el‘yll% =0,
T, +el2ly, =0
2V (2] (47)
T3ys + ellhl% =0,
Ty + e|‘l’4|w4 =0,

where T, >0, T, >0, T3>0, and T, > 0.

Remark 1. According to the traditional synergetic control
[40-45], equations in (47) should be expressed as follows:

Ty, +y, =0,
T,v, +v, =0,
21{’2 23 (48)
Tyys +y; =0,
TyYy+y, =0

However, since el¥l >1(i = 1,2,3,4) in (47), the larger
ly;| is, the larger the coefficient e!¥il is, and it will grow
exponentially. That is to say, with the same values of
T;(i=1,2,3,4), the farther the system state is from the
invariant manifold, the faster the coefficient e!¥! increases
exponentially, and it significantly improves the speed of the
system state reaching the invariant manifold.

Combining (46) and (47) with the last equation of (14),
(25), (36), and (44), the control inputs are obtained as
follows:

1 s el .y,
Uy =————|L7h, (X) + 0,3 + & Yy + ———— |,
ST At A
L L+ oz +e'%"%]
Ugr) = — 75+ 2 (X 223 tPizyt——— |
LgSTlLi[hz (X) L ! T2
1 (49)
1 [ 3 el¥:l Vs
Usy = ————— | Lihs (0 + pws + pyw, +———— |,
L!istL.th3 (X) L ! T3
! L2h, (x) + +e|"’4|-1//4
Uy = ——— X) +1ymy + ——— .
T T Lk [

However, due to the limitation of relative degree, control
inputs (49) contain complex system functions with deriv-
ative terms Lj(h1 (x), L}h2 (x), chh3 (x), and L?h4 (x). In

particular, L}h, (x) and Lih, (x) are more complex and

extremely difficult to obtain, and they also reduce the en-
gineering practicability of controllers (49). Therefore, we
assume that L}h1 (x), L}h2 (x), L}h3 (x), and L§h4 (x) satisfy
assumptions (50) and redesign the controllers.
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|L3hy (x)] <k, |tanh

(50)

(%)
5 0] b ann (42|
(=)

|L3hs (x)| < ks |tanh

|20, (0| <k, tanh(%> ,

where ky, k,, k3, k,, €, €, &, and ¢, are all positive constants,
and the values of constants ¢, ¢,, &, and ¢, are far less than 1.

Remark 2. The forms of output functions y,, z;, w,, and m,
can also be set as follows:

Mathematical Problems in Engineering

Thatis to say,ifwelet L, =1,L, =1,L; =1,and L, = 1
in outputs (2), we can get outputs (51). However, from the
above input-output feedback linearization derivation pro-
cess, it can be obtained that |L3h, (x)| o< L, |L3 h, (x)| o< L,,
|L3 hy (x)| o< Ly, and |L2 hy(®X)[ox L. Con51der1ng assump-
t10n (50) the reason why the outputs are set to (2) instead of
(51) is that the constant parameters L,, L,, L;, and L, can be
used to limit the amplitude of four system functions
|L§[h1 ()|, |L§,h2 (x)], |Lj,h3 (x)|, and |L§;h4 (x)| so that the
values of parameters k,, k,, k5, and k, are not too large. Since
parameters L,, L,, L5, and L, play the role of limiting system
function amplitudes, the values of these four parameters
should be far less than 1.

Theorem 1. Let the system functions L3h (x), L3h (x),
L3 hy (x), and L2 h, (x) satisfy assumptions (50) If the control
mputs for system (1) are designed as in (52), the four mac-
rovariables y,, v,, y5, and y, will asymptotically reach the
invariant manifolds y, =0, y, =0, y; =0, and y, = 0.

yl = 6m’
z, =90,
o (51)
wy =1 -1,
m; =V, -1
! k-t h(w ) + + el y,
U, =—-—— an o o —,
esl Lgelei’hl x) 1 e 23 V2t T,
1 [ w |V’2| Il/2
ugr; = ————— |k, - tanh +By25 + 12, + T ,
LgSTlthz (X) L & 2
4 (52)
| Vs el .y,
Uepy = —— |k, - tanh + VoW + YW, + ——2|,
ST2 Lgm Lf[ () | 3° ( 83) Y23 + Y 1w, + T,
! ~tanh( ¥4 + el € Vil
=— n
Uesa LgeSZ Lf 1y (%) ky-ta £ fym, + T,

Proof. We first prove that macrovariable ¥, can reach the
invariant manifold y, = 0 under the control of u , in (52).
Construct a Lyapunov function V; = y3/2, combine (14) and

(46) with the control input u,, in (52), and consider as-
sumption (50); the derivative of V; with respect to time can
be obtained as follows:
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Vi=y ¥ =y, [L}hl (%) + Lgele_thl (X) e + a2 y3 + 0‘1J’z]»

=Y Lj‘hl (x) +y;- [Lgelei’hl (%) - Uegy + Ay y3 + “1)’2]>

tanh<h>
&

=y - [kﬁanh(?) + Lgcle§h1 (X) - Uegy + Y3+ A1 Y5 |,
1

< |‘//1| <k v [Lgcleﬁfhl (%) - Uegy + 33 + 0‘1)’2]»

:M<o
— =0
(53)

It shows from (53) that macrovariable vy, reaches the
invariant manifold y, = 0 under the control input u,, in
(52). When the macrovariable reaches the invariant mani-
fold, the first output of system (1) is controlled.

The proof process of macrovariables v,, y;, and v,
reaching the invariant manifold y, =0, y3; =0, and y, =0
under control inputs ugy, Ugy,, and U, in (52), respectively,
is similar to the derivation process in (53), and there is no
further proof here. Obviously, compared with inputs in (49),
control inputs in (52) do not contain complex system
functions L>h, (x), L}h2 (x), L;h3 (x), and L§J14 (x); then,
controllers in (52) are more practical. O

4. Simulation Results

The effectiveness of the proposed control scheme is verified
by numerical simulation using MATLAB software. Values of
control parameters are selected as follows: T, = 1, K ; = 1,
Key=1 a, =16, &, =8, B, =16, f, =8, y, = 16, y, = 8,
m =5 L =02 L,=02 Ly=02 L, =02 k =500,
k, = 500, ks =500, k, =500, & =02, & =02, & =0.2,
£,=02, T, =05, T,=05, T,=05, and T, =0.5. All
values of the aforementioned parameters are in per unit
except for angles, which are in degrees. After the four
controllers (52) are put into operation, time responses of
state variables of the whole controlled power system (1) are
given as in Figures 3 and 4. It can be seen from Figure 3 that
chaotic oscillation in the four-dimensional power system is
effectively controlled, and it can be seen from Figure 4 that
the state variables of the STATCOM device and energy
storage device are also restored to the equilibrium state, and
then the whole controlled power system can be restored to
the stable operation state.

Figure 5 displays the state evolution process of the
uncontrolled power system and the controlled power system
in the phase plane. As shown in Figure 5, the uncontrolled
power system gradually forms strange attractors in the J,, —
w phase plane and §; — V| phase plane. While the controlled
system is different, the state of the whole controlled power
system gradually evolves into fixed point B through initial
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FIGURE 3: Time responses of the four-dimensional power system.
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FIGURE 4: Time responses of the two control devices.

point A in the §,, — w phase plane, and the system state
gradually evolves into fixed point D through initial point C
in the §; — V phase plane. All the above simulation results
verify the effectiveness of the proposed controllers.

In order to highlight the superiority of the proposed fast
synergetic control method (47) over the traditional syner-
getic control method (48), the time responses of macro-
variable (46) under the controllers given by the two methods
are shown in Figure 6. In Figure 6, v, v,, ¥;, and v,,
respectively, represent the macrovariables under the fast
synergetic controllers (52), while .|, Wya» Ves» and ¥y,
respectively, represent the macrovariables under the tradi-
tional synergetic controller (the expression of the traditional
synergetic controller can be obtained by letting el = 1(i =
1,2,3,4) in (52)). It can be seen from Figure 6 that the
evolution speed of each macrovariable under the proposed
fast synergetic controller is obviously faster than that under
the traditional synergetic controller.
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FIGURE 6: Time responses of macrovariables under the proposed fast synergetic controller and the traditional synergetic controller.

5. Conclusions

(1) Aiming at chaos control of a three-bus power system,

a nonlinear dynamic system model of the complex
controlled power system is constructed. The non-
linear system is linearized step by step, the control
problem of the nonlinear power system is trans-
formed into controlling linear systems, and a fast
synergetic control scheme is proposed to suppress
the chaotic oscillation in the power system.

(2) Although the power system dynamic model with the

current source converter-based STATCOM device
and energy storage device is only for the four-di-
mensional power system, the coupling method of the
dynamic system can be extended to other three-bus
power systems to build other controlled power
system dynamic models and put forward similar
control methods. Although only the current source
converter-based STATCOM device is studied and its
chaos control inputs are designed, the voltage source
converter-based STATCOM device can also be used
to build a similar dynamic model for controlling

©)

chaos in the three-bus power system and propose a
similar control method.

Different from the widely used input-output feed-
back linearization-based sliding mode control, the
proposed input-output feedback linearization-
based fast synergetic control scheme can provide
continuous control laws for the controlled power
system, and then the proposed control method has
advantages in overcoming the chattering problem.
Compared with the traditional synergetic control
method, exponential terms are added to the co-
efficient terms of dynamic equations satisfied by
the macrovariables, and the coefficient terms grow
exponentially when the system state is far away
from the invariant manifolds; then, the proposed
fast synergetic control scheme significantly im-
proves the rapidity of traditional synergetic
control.

The results of the paper show that chaos control in the
power system is ultimately attributed to the control of its
active power and reactive power, and the unified power flow



Mathematical Problems in Engineering

controller (UPFC) has the ability to regulate active and
reactive power at the same time. Therefore, UPFC can be
considered to control chaos in the power system in our
tuture work.
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