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Abstract—By combining backstepping techniques and small-
gain theorem, a nonlinear controller for generator system with
dynamic uncertainties is proposed to make rotor angle and
voltage stable. For the high-order model of generator system,
the excitation control is designed by the modified backstepping
techniques and dynamic uncertainties are controlled by the small-
gain method, which render the whole closed-loop system asymp-
totically stable. Since the controller design is based completely
on the nonlinear dynamic system without any linearization, the
nonlinear property of the system is used to design the nonlinear
robust controller. Simulations have shown the effectiveness of the
proposed design method.

Index Terms—dynamic uncertainty, small-gain, backstepping,
generator system

I. INTRODUCTION

The stability problem of power systems is always important,
and the development of the large-scale power systems requires
a high degree of reliability. Power systems are nonlinear
dynamic systems with complicated structures [2], [3], [4],
where possibly there exist various uncertain factors. The
obtained control laws are focused on the research of the
system with static uncertainties [5], [6], [7]. However, the
system with dynamic uncertainties is studied rarely. In the
generator system, the part of dynamic uncertainties comes from
modelling simplifications and modelling error, for which the
general robust controllers are often ineffective. Therefore, the
design approach to the dynamically uncertain system is needed.

The small-gain technique is an important design idea in
the field of nonlinear control. For the interconnected systems,
the nonlinear robust controller based on small-gain technique
can make closed-loop system stable. In 1963, Zames presented
the thesis about the small-gain principle [8], which becomes
one important basis of modern robust control theory. With the
improvement of small-gain theorem [1], [9], it becomes an
effective tool in the nonlinear control. Recently, the small-
gain techniques are joined with other design methods to design
nonlinear systems with dynamic uncertainties [10].

In this paper, for the high-order model of generator sys-
tem, we combine the Backstepping techniques and small-
gain method to design the excitation controller, which renders
the generator system stable. The design procedure is divided
into two steps. Firstly, the certain part of generator system
is designed by Backstepping techniques, which make power
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Fig. 1. Feedback system

angle and voltage stable. Secondly, according to the small-
gain theorem, we deal with the dynamic uncertainties, which
ensures that the whole system is stable. Finally, simulations
show that the design result is effective to the system.

II. PRELIMINARIES AND KEY LEMMAS

As shown in Fig. 1, there are two systems H; : Ly — Lge
and Hy : Lye — Lp.. Suppose both systems are finite-gain L
stable, that is

Ve, € Lpe,
Veg E Lqe,

vreRy (D)
V1 € R+ (2)

Hyh'”L < ’Yl”el‘rHL + ﬁla
HyQTHL < ')/2||627'||L + 62)

Suppose further that the feedback system is well defined in
the sense that for every pair of inputs uy € Ly, and ug € Lge,
there exist unique outputs ej,y2 € L. and ez, y1 € Lge.

Define
|:U1:|7 Y |:y1]7 ‘ |:61:|
U Y2 €9

The question of interest is whether the feedback connection,
when viewed as a mapping from the input u to the output e or a
mapping from input u to the output y, is finite-gain L stable.
The following theorem, known as the Small-Gain Theorem,
gives a sufficient condition for finite-gain L stability of the
feedback connection.

Theorem 1: (Small-Gain Theorem) [1] Under the pre-
ceding assumptions, if

Y1y2 <1
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then the feedback connection is finite-gain L stable, and for
all inputs u1 € Ly, and uz € L,

1
lleir |z < 17(||U17||L +y2lluzr|lL + B2 +7201)  (3)
— Y172
1
llear |z < 17(||U27||L +mlluirllz + B +7B2) @)
— Y172

forall T € Ry;if uy € Ly and up € Ly, then e, y2 € L, and
€2,Y1 € Lq.
Proof: See reference [1] |
On the basis of Small-Gain Theorem, a lot of research
work has done. Now, the small-gain technique has become
an effective tool in the field of nonlinear control. In this paper,
the Lyapunov formulation of nonlinear Small-Gain Theorem
is used to design the interconnected systems, which is given
as follows:

Theorem 2: [9] Consider the interconnected systems

{ 9%:1 = fi(z1,z2,u1) (5)

&2 = fom1, T2, u2)

where, for ¢ = 1,2, x; € R™, u; € RPi and f; : R™ x
R™ xRP? — R™ is locally Lipschitz. Assume that there exists
an input-to-state practically stable (ISpS) Lyapunov function
Vi(+), for the z;-subsystem such that the following hold:

« there exist functions ;1 (+), vi2(-) € Koo such that

pir([|zil]) < Vi(zi) < giz([|2ill), Vi € R™  (6)

o there exist functions a;(-) € Koo, Xi(+),7i(")
and some constant ¢; > 0 such that Vi(z;
max{x1(V2(z2)), 71 ([[ur]]) + 1} implies

€ K
) >

VVi(z1) fr(z1, 22, u1) < —a1 (V1) @)
and Vz(z2) > max{x2(Vi(z1)),72(||luz|]) + c2} implies
VVa(z2) fa(z1, 2, u2) < —aa(V2) (8)

if there exists some c¢g > 0 such that

x10oxz2(r)<r, Vr>co ©

then the interconnected system (5) is ISpS. Furthermore, if
cop = c1 = co = 0, the system is input-to-state stable (ISS).
Proof: See reference [9] |
In addition, Young’s inequality is given as follows:
Lemma 3: (Young’s inequality) For any two vectors x
and y, the following holds:

eP 1
oty < —|lzlP + — |yl (10)
p qe

where ¢ > 0 and the constants p > 1 and ¢ > 1 satisfy

(p—1)(¢—-1)=1

III. NONLINEAR CONTROLLER DESIGN
A. Single Machine Model

The model of single machine infinite-bus system is pre-
sented by the following dynamic functions:

5 =w — Wy
w=—Fw- wo)+%(Pm ) (11)
El = - 1 E’ + Tdo X,X"V cosd + T 7 Vr
where
B,V V2 (X} — X5
P, = si 5+—(M) sin 26 (12)
‘ X(,iz 2 XélZXqE

List of symbols is as follows:

4 is the power angle, w the relative speed, wy the synchronous
machine speed (wo = 27 fy), P, the mechanical input power,
P, the electric power, E the g-axis internal transient voltage,
D the per-unit damping constant, H the inertia constant, Vj
the infinite bus voltage, X & the d-axis transient reactance, X
the d-axis reactance, X, the g-axis transient reactance, Vy the
excitation control varlable T o the d-axis open circuit transient
time constant, V; the end voltage, 7)) = Tqo Xdz Xis =X+
X+ X1, Xgo = Xg+ X+ X1, Xgs = Xd+XT+XL,
where X, the reactance of transmission line, X the reactance
of transformer.

B. Control Model

Firstly, the generator system with dynamic uncertainties is
presented by the following model:

po= Qu,9) (13)
0 = w—uwp

) D w

w = —E(w—wo)—l-ﬁo(Pm—Pe)

. 1 X,
Bo— g L XXy s —Vf (14)

a T, Tgo X
where ;1 € R™, the integer np > 1. The system structure
consists of two parts: the equations (14) is main part of the
system, which is certain; p-subsystem (13) is the uncertain
part, which has the influence on the machine power P,,. These
two parts are interconnected to one complex system.

The equations (13)-(14) are rewritten into the incremental
form. Setting the work point (1, do,wo, Eyg), the system is
changed into

Ai = AQ(Ap,AY) (15)
AS = Aw
) Vs
Aw = _EA i [X&z E(sin(do + Ad) — sindp)
Vs V2 ([ Xis — Xz
Xéz AE sin(dp + AJ) + 7 (m
(sin2(0g + Ad) — sin 28g) — APm(A,u)}
) 1 X;—-X!
AE! = AE’ =Ty, A
A T’ + — TdO X7 Vs(cos(dp + A)
—cosdg) + —Vf (16)
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where sin(dg + Ad) # 0, the machine input power satisfies the
following assumption:

Assumption 1: There exists a known smooth function
P(-), P(0) =0, which satisfies

|AP(Ap)| < P(|Au]) (17)
The dynamic uncertainties satisfy the following assumption:

Assumption 2: The p-subsystem (15) has the ISS-
Lyapunov function Vj(-), which satisfy

Wy
OAu
where, o, (-) and v, () € K

AQ(Ap, Ad) < —a(Vo(Ap)) +v=(JAd]) — (18)

C. Controller Design

Set the states 1 = A6, T2 = Aw, 13 = AE , the state of

uncertain part z = Ay, the input u = Vj; Let a; = }“I’gg s
a3
v/ 2 r_ .
ay = T‘;o X;(éjd, as = wgg (%) the following
equations are obtained
2 = AQ(z,11) (19)
j?l = X2
. D / . .
Ty = —El‘g — alEqO(sm(éo + x1) —sindp)
—ajzssin(dp + 1) — as(sin 2(dg + x1) — sin2dp)
w
+ﬁOAPm(z)
. 1 1
&3 = ——=u3+ az(cos(dp + x1) —cosdp) + —u (20)

T Tao

Based on small-gain method, the design produre is divided
into two steps. Firstly, x-subsystem with the lower-triangular
structure is designed by the Backstepping technique. Secondly,
according to Small-Gain Theorem, we deal with the dynamic
uncertainties.

D. Design x-Subsystem by Using Backstepping Technique
Set by (1) = a1 By (sin(do + 1) — sin dg) + az(sin 2(do +
x1) — sin 20p), bg(xl) = ag(cos(dg + x1) — cos dp).
2
Firstly, let & = x1, the Lyapunov function V; = % and
the derivative of it is
=&iT2

The virtual controller is taken as ay = —C1&; , we have

= —C1&] + &1(z2 — o)

Secondly, let & = x3 — ao, then fg = &9 + Cixo. The

Lyapunov function is Vo = V; + =2. Its derivative is

. D
Vo = —Ci€f +&| —arassin(do + 1) — T

+%AP,,,,(z) —bi(z1) + &1 + Crag @

Based on Assumption 1 and Young’s inequality (10), it is
obtained

2 1
7 AP (2) < el P < 758 + P @)

Substituting (22) into (21) yields

Vo < —Cié8+& [ —aysin(do + 1)z — bi(w1) + &1

D 2 1
+(Cl — E)xz + %52} + ZP(|Z|)2 (23)

From sin(dy + 1) # 0, take the virtual controller as

(02 + 1“}—@)52 + (01 - %)f@ ~hi@)+&

a1 sin(dg + 1)

a3 =

which renders
2

. 1
Va <= Citf — arsin(0o +31)éa(ws — a3) + 7 P(|2])?

i=1
(24)

Thirdly, let {3 = 23 — ag, V3 = Vo + ﬁ’ we have

. 1
Vs < —ch + P(|z|) +£3[$u 7
80(3
+bo(z1) — a1 sin(do + x1)&2 — D B2
T
Oa D .
_5‘—:52 ( — Exg —bi(x1) — arxz sin(dg + x1)

wo
+ﬁAPm(z)>} (25)

Similar to (22), from Assumption 1 and Young’s inequality
(10), we have

8043 wo

80[3 2 1 2
Therefore, (25) is rewritten into
2 1 1
. < 2 4 = 2 o
N LA G P’

—ay sin(dp + x1)&2 — =3 + ba(z1)

T/

JOay Qe D ()
81‘1 2 8])2 H 2 e
. wo Jas
—ayw3sin(dy + x1) — 72 92 53)] (27)
With the choice of the state feedback controller
1
u=Vy = Tdo[ Cs8s + ay sin(do + 71)€2 + = T’
80&3 80(3 D
—b il — — =29 -0
Q(xl) + 911 To + 81,‘2 ( HQCQ 1(1'1)
. wg Oa
—ayzgsin(dp + x1) — H02 8;53 §3>} (28)

we have

3
1 1
=D G + 5P(2)? < ~CiVa + 5 P2 (29)

i=1



where C,, = min{2C;;i = 1,2, 3}.

Therefore, z-subsystem is ISS under the nonlinear con-
troller and all the states are asymptotically stable. Next, the
dynamic uncertainties are handled by using the small-gain
technique.

1) Deal with Dynamic Uncertainties by Small-Gain Tech-
nique: Form the above design, we have (29), and there exists
vz(+) € Koo such that

SP()? < val2P)

then
Vs < —C,Vs + v.(|2]%) (30)

From Assumption 2, it is known that the dynamic uncer-
tainties are ISS, that is, there exist ©,1(-) and @.2(-) € K,
which satisfy

ex1(]2]) < Vo(2) < wa(lz])
Given any 0 < Dy < C, (30) ensure
Vs < —DiV, (31)

as long as V3 > { z=2 57 vl (Vo(2) 1)}
On the other hand, from Assumption 2 we have

PONQE m) < —anW) Huser])  BD)

In addition, V5 = § S22 €2 implies that

|z1] < +/2V3
Hence

%AQ(Z, x1) < —a, (Vo) + v, (1/2V3) (33)

Similarly, taking any 0 < D2 < 1, from (33) we obtain
Vo < —Dsa (Vo) (34)

as long as Vo > {a; ! o =25-v,(vV2V0)}.
According to Theorem 2, it is known that

Gl = el (A)P)
x2(s) = O‘z_l o 1 _2D1U:v(\/ 2V,)

From the condition (9), we have

2
2 1 1 2
CI_DIVI((QPZI ow, O ]_—DQVZ(@)) ) < s,

Vs >0 (35)

Via the appropriate choice of the design parameters, we are
able to make the inequality (35) hold. Then the interconnected
systems are ISS.

Fig. 2. Responses of § to three-phase short circuit fault with dynamic
uncertainties
Fig. 3. Responses of Vi to three-phase short circuit fault with dynamic

uncertainties

2) Design Result.: The main theorem of this paper is
presented as follows:
Theorem 4: Consider the generator system with dy-
namic uncertainties (13)-(14), under Assumption 1 and As-
sumption 2, the excitation control is designed as

woVs . 1
— Tl — st 5 ey
Vi do{ Cs&3 + X", sin(do + x1)& + Téxg
Jda Ve Xq— X}
Dol Ty, o) e
das D W% Oas
— | T 5583
8,1’,‘2 H H2 8152
woVs . :
_ Hgf’ o0 (sin(do + x1) — sindo)
ds

THXG
(sin2(dp + x1) — sin 250)>]

V2 /X, — X
xgsin(dp + x1) — “0 s ( dx qz)

20 \ X/ Xyn

(36)

where &1 = x1, & = T2 — a9, £&3 = x3 — a3, and choosing
the appropriate parameters makes (35) hold. Then the whole
system is ISS and all the states are asymptotically stable.

IV. SIMULATION RESULTS

The simulation of single machine infinite-bus system is
performed for the following parameters: X; = 2.534, X, =
2,534, X = 0.318, Xp = 0.1, X = 146, T4 = 10,
Tys = 0.1, C = 1.0, D = 5, H = 8. The dynamically



uncertain part of system is Ag = —2Ap + 2A4, which is a
ISS subsystem.

Simulation process: three-phase short circuit fault is as-
sumed to occur during ¢ = 0.5—0.6s. In the simulation figures,
the responses of system under the small-gain controller are
shown by real lines, and the responses of system without the
control are shown by broken lines.

Figure 2 and Figure 3 show the performance of power angle
¢ and end voltage V;. From the above figures, we can see that,
the generator system with dynamic uncertainties is unstable
without the control, while the closed-loop system holds stable
under the small-gain controller. Therefore, the design method
guarantees the stability of the power system and enhances the
ability of disturbance attenuation.

V. CONCLUSIONS

In this paper, the nonlinear controller is designed by using
Small-Gain Theorem for the generator system with dynamic
uncertainties, which renders the states of closed-loop system
asymptotically stable. For the high-order model of generator
system, the Backstepping techniques are joined with small-
gain technique. The obtained controller not only makes power
angle and output voltage stable, but also controls the dynamic
uncertainties. In the end, the simulations are provided to
illustrate the effectiveness of the design.
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