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An improved adaptive backstepping passive coordinated control strategy is proposed to deal with the uncertainty of damping
coefficient and mechanical power and external disturbance on the system stability. A nonlinear coordinated controller of
generator excitation and STATCOM (static synchronous compensator) is designed to improve its adaptability. The adaptive
estimation laws of damping coefficient and mechanical power are designed by using I&I (immersion and invariance) adaptive
control to improve the adaptive ability of the controller. Based on the backstepping recursive method, the control law of
STATCOM is designed and combines the passivity theory, thus acquiring the control law of generator excitation. In the
backstepping design, the derivative of the virtual control input and external disturbance are considered to be uncertain, and the
nonlinear damping algorithm is introduced to reduce the “calculation explosion.” Simulation results show that the designed

controller improves the stability of the power system and shows strong adaptability and robustness.

1. Introduction

At present, the scale and structure of power grid is more and
more large and complex, and the transmission system has
developed into a large capacity, long-distance, and ultra-
high voltage transmission form [1, 2]. The following problem
is the stability of the power system. Flexible AC Trans-
mission System (FACTS) can solve the stability problem of
the power system economically and effectively [3, 4]. The
static synchronous compensator (STATCOM) is a good
FACTS device to improve the voltage quality of the control
installation point, adjust the reactive power of the power
grid, increase the transmission capacity of the line, and
improve the transient stability of the power system [5, 6].
The generator excitation system has always played an im-
portant role in solving the stability problem of the power
system [7]. In the transmission system equipped with
STATCOM, the interaction of the different controllers is the
kernel that impacts the system dynamics. Therefore, it is
extremely valuable to research on how to design the coor-
dinated controller of generator excitation and STATCOM.

Many uncertain parameters in the power system are the
main factors affecting the stability of the transmission
system [8]. When establishing the mathematical model of
the transmission system equipped with STACOM, some
approximate processing is usually done or the parameters
are assumed to be known, leading to the existence of un-
certain parameters [9]. However, when the system suffers
from disturbances such as generator fault or fault load re-
moval during operation, the current network structure of the
system will be different from that of modeling. In the early
stage, the linear control method [10] ignores the uncertainty
in system modeling, and its design of parameters are not
robust, when system changes. To solve the shortcomings of
the linear control method, adopting nonlinear control
methods to design the system has become a popular research
subject in recent years, such as the target holographic
feedback method, fuzzy control theory [11], sliding mode
variable control method [12], passive control method [13],
Hamiltonian theory [14], and adaptive backstepping method
[15]. Among the above control methods, the adaptive
backstepping method, as a simple and effective nonlinear
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control method, has been widely used in designing the
coordinated controller of excitation and STACOM,
achieving good results [15]. The designed controller based
on the adaptive backstepping method [15] can only estimate
a single parameter, and this algorithm has poor estimation
ability for a single parameter. Inspired by [16], I&I adaptive
control algorithm can design parameter adaptive laws for
multiple uncertain parameters in the system model at the
same time, estimating multiple parameters and improving
the estimation ability of parameters.

In addition, there is a problem of “calculation explosion”
when using the backstepping method in higher-order sys-
tems. The existing literature mainly adopts dynamic surface
control [17] and nonlinear tracking differentiator algorithm
[18] to solve this problem. However, dynamic surface
control can make the tracking error of the system converge
exponentially to the bounded set, which is not globally
asymptotically stable; the design process of nonlinear
tracking differentiator algorithm is complex and difficult to
understand. Pan et al. [19] regard the derivative of the
backstepping virtual control as an uncertain term, introduce
a robust term to solve the problem of “calculation explo-
sion,” and the system satisfies the global asymptotic stability.
Therefore, this paper adopts the idea of [19] and introduces
the nonlinear damping algorithm to deal with uncertain
items. This algorithm has a simple design process, over-
comes the defects of the above two control methods, and has
strong robustness.

Contributions of this paper: considering the influence of
the uncertain two parameters on the stability of generator
excitation and STATCOM coordinated control system,
based on I&I adaptive control, the adaptive estimation laws
are designed, which breaks through the certainty equiva-
lence principle, solves the bottleneck problem of multipa-
rameters’ identification in the system, and enhances the
adaptive ability of the controller. Moreover, the virtual
control input and unknown disturbance in the system are
regarded as uncertain items, and the nonlinear damping
algorithm is used to compensate the uncertain items to solve
the inverse problem.

2. Passivity and Design Method

Definition 1. Nonlinear systems as follows:
x = f(x)+g(x)u
{ y = h(x),
where x € R", u € R, and f, g, and h are all fairly smooth
function vectors.

If there is a semipositive definite function V(x) (V:
x € R, V(0) = 0), such that the following inequality,

(1)

t
Vi(x (1) -V (x(0)) < IO y' (Du(r)dr, (2)

holds for Vt >0 and u € R”™, the nonlinear system (equation
(1)) is called a passive system, where V (x) is the energy
storage function and equation (2) is called dissipation
inequality.
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Definition 2. For the passive system (1) and the energy
storage function V' (x), there is a positive definite function
Q(x), such that

Vi(x(t) -V (x(0)) < .[0 yT (Du(r)dr - Jo Q(x)dr. (3)

If Vt >0, u € R", and equation (3) holds, then the re-
sultant system (equation (1)) is strictly passive.

According to equations (2) and (3), we can know that the
zero output of the system is Lyapunov stability. If the system
is strictly passive, then the zero output of the system is
Lyapunov asymptotic stability [20].

Theorem 1. For a two-input system, an input-output pair
(u, y) is selected for which the relative degree is one order, and
the system (equation (1)) can be converted into the following
form:

{Z' =4q(2,y) + p(z, y)uy, @
y=a(z,y)+ B (z, y)u; + B, (2, y)u,.
The control law of (4) is
ow _
u =By (2 y)[—ﬁz @y (@) —alz ) - =~p(y) +v|,
u, =y(2),
(5)

where p(z, ¥) = q(z,0) + p(z,0)y(2). Then, the Lyapunov
function W (z) such that

.0
W= % (@(2.0)+ p(z.0y(2) < ~a(lzl),  (6)

where « is a k-class function.
Take the energy storage function V (z) as

V=WI()+ %yz, (7)

which satisfy V>0 and V<0. Therefore, the system
(equation (4)) can be guaranteed to be asymptotically
stable.

It can be easily verified that the storage function satisfies
for system (4), which proves the passivity of the pair [20].

3. Power System Model

The research object of this paper is the single machine
infinite bus (SMIB) power system structure with STATCOM
considering generator excitation control, as shown in Fig-
ure 1. The generator excitation control equipment is con-
nected to the power transmission line with the circuit
breaker through the transformer, and STATCOM is in-
stalled at the midpoint of the line. Research shows that
STATCOM can effectively improve the transmission ca-
pacity of the system, extend the transmission distance, and
give full play to STATCOM’s role in power system stability
(14, 21].
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Ficure 1: Configuration of generator excitation and STATCOM coordinated control system.
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FIGURE 2: Topology structure of voltage-type STATCOM.

Assumption 1. Not considering the effects of the governor.

Assumption 2. Not considering the stator loop resistance
and the rotor damping winding.
In case of Assumptions 1 and 2, the generator excitation

system studied in this paper adopts the third-order math- 1

ematical model. The topology of STATCOM is voltage type
shown in Figure 2, and the first-order controllable current
source model is adopted. Therefore, the state equation of the
generator excitation and STATCOM coordination control
system shown in Figure 1 is as follows:

.
0=w- wy,

H

. X X —
Ej=—2 E/+~4

!
xg5T a0 xg5T 40

I, =Ti(—1q+1qo+us) + ws,

L q

D
©=-— (w—w0)+%(Pm—Pe)+w1,

!
X4 1
: Vi cos 8 +—us+w,,

do

(8)



where § is the generator rotor angle, w is the generator rotor
angular speed, H is the inertia constant, P,, is the me-
chanical power, D is the unit damping coeflicient;
P, = (E‘;Vs sin 8)/ (x)js) is the delivered electrical power, E,;
is the generator g-axis transient electromotive force, V ; is the
bus voltage of the infinite bus system, set to 1 p.u,
Xgp = x5+ X + Xp, and x5 = x)+ X + X7

x5 and x5 are the equivalent steady-state reactance
and transient reactance of transmission line, respec-
tively. Among, x,; and x, are the generator d-axis steady-
state reactance and transient reactance, respectively. X,
is the reactance of the transformer; X; = X;; + X;;, X,
and X;, are the equivalent transmission line reactance,
respectively; Ty, is the open-circuit transient time
constant of d-axis; T, is the inertial time constant of
STATCOM; I, is the output current of the equivalent
controllable power supply of STATCOM; u and u; are
the control input of the generator excitation and
STATCOM, respectively. w = [w, w, w,]" is the un-
certainty disturbance applied to the generator rotor,
admittance, and STATCOM controller, and |w; (t)|<h;
holds, and #; is a positive number.

In the coordinated control system, select the state
variables of the system as [x, X, x; x,] =
[5 ~8) w-wy I;=1I E;—Egy ]T, where the initial
values correspond to the variables of 8y, wy, .9, and E
Assume that the input is u, and u,, the output y = AE

0, =-D/H and 6, =P,,, and 0, and 0, is the uncertaln
parameter. The system model (8) can be manipulated as

X =Xy,
X5 =0,x,+a,0, —a,AP, + w,, 9)
X3 = ayX3 + A3U + Wa,
Y =ay +ascos(x; +8) +agus + w,,
where a; = wy/H, a,=-1/T, a; = UTgay = —xg5/

(Tdox:;lz) as = ((xgz = xgx)Vs )/(Tdoxdz) as = 1Ty, b=
(- deE )/(Tdox"ﬂ) AP, = (((y + Eg)Vsin (x; + &)/
(xls + Ax)) (E, oV ssin 8 /xdz) and Ax Xp XAl

To facilitate the design of the controller, (9) can be
written as follows:

. xz
X1
. sin(x; + J, sin 0§,
X [ =| 01, +a,0, +a,VsEy 7,( ! 0)——, 2w,
Xgs + Ax Xgs
X3
X3 + Ws
0
< 0
a,Vsin(x; + §,)
— |y +| 0 |y
Xgs + Ax
as
0

= f1(x) + fr(x)y + g(X)u,,

Y =a,y+ascos(x, +6) +agus +b+w,

(10)
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Control objective is as follows. An I&I adaptive robust
coordinated control strategy is designed for system (8) with
multiple parameter uncertainties and unknown disturbances.
Design the adaptive laws to recognize the uncertain parameters.
Design the coordinated control laws for the generator excitation
and the STATCOM so that the control system is robust for the
uncertain disturbances and the error system has a globally
asymptotical stability at the equilibrium point which indicates
that the state error variables converge to zero.

4. Controller Design

The design process of generator excitation and STATCOM-
coordinated controller is mainly as follows: under the condition
of no excitation control, aiming at the coordinated control
system (2) with uncertain parameters, damping coefficient, and
mechanical power. Firstly, the I&I control method is adopted to
design the uncertain parameter adaptive law; then, the STAT-
COM control law is designed by using the backstepping method
and nonlinear damping algorithm. Applying passivity theory,
the excitation control law is designed.

According to the idea of passivity (9), the state equation
without excitation control is

X, = Xy,

%, = 0,x, + a,0, — a; AP, + w,, (11)

X3 = A,X3 + azu, + w;,

where AP, = (((y + qu)V sin (x; + &)/ (xs + Ax))
—((E! 0V s sin 8)/xs).

4.1. Parameter Adaptive Law Design. According to the I&I
adaptive control method, an adaptive law is designed for two
uncertain parameters at the same time. The process is as
follows.

Firstly, the parameter estimation errors of two uncertain
parameters are defined as follows:

{ zZ; = @1 =0, + By (x1,x,),
Z; = éz =0, + B, (x1, x,),

where 51 and 52 are estimates of 8, and 0,, respectively, and
B1 (x1,x,) and B, (x,, x,) are the functions to be designed,
respectively.

Then, by substituting (11) into (12), therefore, (12) is
obtained as

(12)

a£ ﬁl [91x2 +a;0, —a;AP,; +w,],

z'2=62+za X X

5]
+ %, [6,x, +a,6, — a, AP, +w,].
0x,
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The adaptive laws for designing two uncertain param-
eters are as follows:

e 15 5]
6, = aﬁl ﬁl [(9 +By)x, +a (0, +B,) —a,AP, — hy],
1
L 9p, op
0, = axj 2 ax2 [(6,+B,)x, + a,(6, + B,) —a, AP, — hy].
(14)
Substituting (14) into (13), we can obtain
) 0
z = _a_x; (z1%3 + 250, = (hy —wy)),
(15)
. ﬂl l’l _
Z; = a (z1% + 250, = (hy —wy)).
Take the adjustable functions as follows:
{ By (x15%,) = ng’ (16)
B> (xp X;) = pa; x,,

where p > 0.
Construct the parameter estimation error system (15)
with the alternative Lyapunov function (CLF) as

1
2. (17)

1
V(z1,2,) = EZ% +2

The derivative of V (z,,z,) is

V(Zl’zl) =221 + 2,2,

- (e, +220) - (- )y
2 (18)
- a_iz [(z1%; + za1) = (hy - wy )]z,
2
< —p|(z1x, + 2,k;) —@ <0.

According to (18), V (z,,2,) is negative under the pa-
rameter adaptive law (14). Therefore, according to LaSalle’s
theorem, the designed parameter adaptive law can ensure
the asymptotic stability of the dynamics of the parameter
estimation error.

4.2. Design Control Law of STATCOM u,

Step 1 : the state error function of the system is defined
as

e, =Xy,
. (19)
ey =Xy = X5,

where x} is “virtual control quantity” and its control law will
be designed in the following backstepping method.

Step 2 : firstly, the derivation of e, is given by

. (x3 + qu) .
€, = 0x, +k,P,, - sz sin(x; + 8y) + wy + ¢;x,.
ds
(20)

According to the idea of document [19], e, is regarded as
an uncertain term and Assumption 1: |e,| < x;, where y; is
the normal number to be designed.

Applying the nonlinear damping algorithm, xJ is
designed as follows:

2
X161
Lo (21)
(2A,)

.
x, = —ke; -

where k; >0, 1, >0, and y2e,/(21,) is the nonlinear damping
term to compensate for uncertainties [19].
Take the Lyapunov function of (11) as

Vl = Eel. (22)

Then, the derivation of V| can be described as

XZeZ
2 171
— klel AL DS

Vl eé; =e (e, +x;) =ee, (21,)
1

2 Xzez
_ _ 1*1
9o

+ e e, (23)

Xl 1
(2L)

I/\

— ke +X1|ell -
When |e;| > 2A,/y, is satisfied, we have

V,< kel <o. (24)

Step 3 : the derivation of e, is given by

. . .k .k
€, =X, — %X, =0,x, +a,0, —a;AP, + w, — X,

(25)
=0,x, + a,0, — a,AP, ; + a,e; + w; — X5.

Similarly, according to the idea of [19], a,e; — X} is
regarded as an wuncertain term and Assumption 2:
la,es + w, — X3| <x,, where y, is the normal number to be
designed.

Applying the nonlinear damping algorithm, AP, ; is
designed as follows:

1)1/~ 1 —~ 2
AP, ;= . [(01 + Exé)xz +(02 + alxz) + k,e, +X2—2;2 ,
1 2

(26)
where k, >0, 1, >0, and y2e,/ (21,) is the nonlinear damping

term to compensate for uncertainties [19].
The extended Lyapunov function is



1
V,=V, + Ee; (27)
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Then, the derivation of V, can be described as

) . ) 5 .
V, =V, +e,é, = —kie] +e,(0,x, + a;0, —a,; AP, ; +ae; + w; — x,)

= —klef - kzei —e,(z,x, +2,a,) +|ez||ale3 +w; — X,

< - klef - kze§ —e,(z,x, +z,a,) +X2|e2| -

According to the abovementioned I&I parameter esti-
mation error, derivative dynamics is asymptotically stable;
then, lim,_ e, (2,x; +2z,a,) = 0 holds.

When |e,| > 2¢,/y, is satisfied, we have

V,< —kiel —kyes — e, (2,x, + 2,a,) <0. (29)

Step 4 : define e; = AP, ; — AP,, 4, and set AP,, ; as the
virtual control quantity.

The derivation of e, is given by
é5=AP,— AP,
= ¢, cos(x; + 8y)x, — ¢, sin(x; + 8y) (ay%5 + azu, + ws)
= ¢, cos(x; + 8y)x, — ¢, sin(x; + &) (a,x5 + azuy)
- [APel 4 tcysin(x; + 80)w3],
(30)
where ¢, = (E;OV§)/x('jZ and ¢, = (EqéstleLz)/x/dzz.
Similarly, —-AP,, ; — ¢, sin(x; + §,)ws is regarded as an
uncertain  term, and according to idea of [19],
| = AP, 4 — ¢, sin(x; + 6y)ws| < x5, where y; is the normal
number to be designed.
Applying the nonlinear damping algorithm, when
sin (x; + 0y) #0, u, is designed as follows:
o [ cos(x, +,)
U, =——————[c,x, cos(x -
ST aye,sin(xg +8y) e

i (31)

X3€3 .
(243)

Take the global Lyapunov function of (11) as follows:

a,¢, sin(xq + 8y) + kyes +

1
Vy=V,+ Eeﬁ. (32)

Then, the derivation of V5 can be described as

22
X8
(21,) (28)
22
X262 _
(21,)

Vy=V, +esé,
=V, +e;[c; cos(x; +8)x,
—cysin(x; + 8) (ayx; + azu, + w;) — AP, d]

2 2
= —kie] — kye; — e, (2%, +2,a,)

- k3e§ + |e3||—A}"e1 4 —Cysin(x; + 80)w3| - m
3
22
X363 ‘
(243)
(33)

< - klef - kzeg —e,(z1%, + z,a;) — k3e§ +X3|@2| -

When |e;] > 2A;/y; is satisfied, we have

Vi< —kiel —kyeh —kyel — e, (2., + 2,ay). (34)

4.3. Design the Control Law of Generator Excitation u,.
Let W (e) = V5, and take the storage function of the whole
system as

V=Wf(e)+ %yz. (35)

According to equation (5), u, is designed as

1 [ew,Vy .
=—| == 0) — 6,)—-b .
uy o | sin(x; + 0y) —ascos(x; +8y) —b+v
(36)
Then, the derivation of V' can be described as
. oW(e) . .
V= Te|y:0 +yy
oW (e) . 37
==, ely:0+a4y2+vy (37)

<ay’ +vy<vy.
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Due to V <vy , the passivity condition is satisfied. In
addition, take v = —k, y, where k, > 0. According to Theorem
1, system (8) can be guaranteed to be asymptotically stable at
the equilibrium.

1

Me T asc, sin (x; + d;)

1 [eszVs

I/lf = — H
as Xds

Therefore, the closed-loop error system of the system
(equation (8)) is

2
) e
€, =¢e,— ke —%,
1
e
€, = —p(z:%, + 2,a)) — ke, — (22/12),
2
1 (39)
Xe
s _ X363
S=he Gy

_ea,Vsin(x, +6)) i

)} =y [
Xds

According to formula (37), the state error variables of the
closed-loop system (39) converge to zero. Therefore, the
state variables of system (8) are stable at the equilibrium
point.

Compared with the adaptive backstepping coordinated
control method adopted in [15], the advantages are as fol-
lows. (1) Based on the I&I adaptive control method, the
adaptive laws of two uncertain parameters in the system are
designed, and two tunable functions are added to the
adaptive laws, which improves the flexibility and control
ability of parameter estimation. (2) The design of adaptive
laws is separated from the design of control laws, and the
nonlinear damping term is introduced in the backstepping
method to compensate the uncertain term, which solves the
problem of “calculation expansion” to a certain extent.

5. Simulation Results and Analysis

MATLAB is adopted for simulation analysis. We construct
the simulation system model represented by formula (8)
with § function. And, the system simulation parameters are
as follows [14, 17]: H = 5.9, E, = 1.0, w, = 314.15, §;, = 50°,
T,=0.02, Tu;=059, x;=15 x;=05 X;,=02
X; =2.2X;,=0.1, and X; = 0.7. The virtual control vari-
able parameters are as follows: k; = 200, k, = 10, k; = 20,
k, =450, x, =6, x, =20, x; =0.1, A, =0.55, A, = 20, and

[clx2 cos(x; + 8,) — a,c, sin(xy + §y) + kyes + 22—

To sum up, the control law of the generator and
STATCOM coordination controller is as followed:

X§e3
(243)
(38)

—=sin(x, + 8y) —ascos(x; + ) —b+v|.

A3 = 0.02. Under the same conditions, the design in this
paper and the adaptive backstepping method in [15] are
divided into two cases for simulation analysis. Among them,
the simulation diagrams of STATCOM control input u, and
excitation control input u,within the physical change range
are shown in Figures 3 and 4.

5.1. Simulation Analysis under Small Interference. When
t =0, the power angle of the generator deviates from the
equilibrium point, which indicates that the system has
suffered small interference. Figures 5-8 show the simulation
results of generator power angle, generator angular velocity,
generator potential, and equivalent current of STATCOM.
In the figure, the solid line is the simulation result under the
control of the improved adaptive backstepping passive co-
ordinated control (IABPC) proposed in this paper, and the
dashed line is the adaptive backstepping coordinated control
(ABCC) used in the literature’s [15] simulation result.

It can be seen from Figures 5-8 that when the system
suffers from small interference, compared with the ABCC
control method, the IABPC control method can quickly
quell the power oscillation, and the time for restoring sta-
bility is shortened, which proves that IABPC controller has
better static performance.

5.2. Simulation Analysis under the Condition of Large
Interference. When t = 0.1, three-phase short circuit occurs
at the outlet of the bus at the high voltage side of the
transformer, and the fault is removed in 0.15s. The simu-
lation results are shown in Figures 9-12. It can be seen from
Figures 9-12 that when the system is greatly disturbed, the
IABPC control method can quickly stabilize the disturbed
system and make it return to a stable state with fast con-
vergence speed and small oscillation range and amplitude,
which improves the transient stability of the system. Its effect
is better than that of the ABCC control method.

To verify the strong adaptive ability of the controller
designed in this paper, the IABPC method and the ABCC
method are compared and analyzed, and the simulation
results are shown in Figures 13-14. In the simulation, if the
damping coefficient D=1, the parameter=-0.143; if the
damping coeflicient Pm=1, the parameter=1. From
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Figures 13 and 14, it can be seen that compared with the
ABCC method, the adaptive estimation law designed by the
IABPC method is closer to the set value and has stronger
adaptive ability.

6. Conclusion and Future Work

In this paper, an improved adaptive backstepping passive
coordinated control strategy for generator excitation and
STATCOM is designed by adopting I&I adaptive control,
backstepping method, and passivity theory. The uncer-
tainties of parameters and disturbances are taken into ac-
count in the coordinated control system. The derivative of
the virtual control input is treated as an uncertainty and
nonlinear damping algorithm is applied to solve the “cal-
culation explosion” problem inherent in the backstepping
method. The proposed coordinated control strategy in this
paper only considers the influence of two uncertain pa-
rameters on system stability, while the system model also
contains other uncertain parameters, such as line reactance,
transformer reactance, and electromagnetic power. In the
later research, the influences of multiple uncertain param-
eters in the system will be considered to ensure the stability
of the control system. In addition, the situation in practical
engineering application is often complicated, and the
multimachine power system is usually more likely to work
for real. Therefore, this method will be extended in the
multimachine power system.
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