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Adaptive sliding mode reliable
excitation control design for power

systems

Xueting Liu1, 3, Yanchao Yan2

Abstract. In this paper, the problem of adaptive sliding mode reliable excitation control
design procedure was considered for multi-machine power systems with possible actuator faults,
which the upper bound is not exactly known, using linear matrix inequality technique and Lyapunov
stability theory. The control objective is to investigate the reliable design on both passive and
adaptive sliding mode excitation controllers. Finally, the numerical simulation results based 2-area
4-machine power system validated the effectiveness of the proposed method in terms of improvement
of the system stability and reliability effectively.
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1. Introduction

With the development of science and technology, the power industry is an im-
portant pillar of the national economy in every country in the world. In recent
years, the continuous development of power system and safe and stable operation to
the world each country’s national economic and social development, the tremendous
power and efficiency. So how to ensure the stable and efficient operation of the power
system and the reliable quality of the power supply for the users is the basic problem
to be considered. However, historical experience shows that once the multi-machine
power system of natural and man-made fault, if not promptly and effectively control
and lose stability, and even the collapse of the power grid, will lead to blackouts,
will bring serious influence to the society and the consequences.

With the rapid growth of the power demand of each country in the world, the
scale of the power grid and the degree of interconnection are increasing. The safe
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and reliable operation of power system is becoming more and more serious. How to
evaluate the grid during operation, especially the reliability level in the fault state
and special operation mode of the power system has become an urgent problem in
the world, the majority of electricity workers concerned [1–6].

The so-called reliable control refers to the stability of the closed-loop system
and the other performance in the acceptable range of control when the actuator or
sensor failure occurs. Reliable control research has always been an active research
area [7–14] . In this paper, the problem of adaptive sliding mode reliable excitation
control design procedure was considered for multi-machine power systems which
allows the actuator failure using linear matrix inequality technique and Lyapunov
stability theory. The control objective is to investigate the reliable design on both
passive and adaptive sliding mode excitation controllers. Finally, the numerical
simulation results based 2-area 4-machine power system validated the effectiveness of
the proposed method in terms of improvement of the system stability and reliability
effectively.

2. Mathematical model

In this paper, a multi-machine power system with possible actuator faults, ex-
ternal disturbances and uncertain parameters, is considered, assuming that the in-
put mechanical power is constant. Neglecting the equivalent damping windings
(E′d = 0, Xq = X ′q) and transient salient pole effect of q axis (X ′d = X ′q). Then the
state equation of the N -machine power system i can be described as

δ̇i = ωi − ω0,

ω̇i = − ξi
Ti
ωi − ω0Iqi

Ti
E′qi + ω0

Ti
Pmi + ξi

Ti
ω0 + di1(t),

Ė′qi = − 1
T ′
d0i
E′qi +

Idi(xdi−x′
di)

T ′
d0i

− 1
T ′
d0i
Efi + di2(t),

(1)

where i = 1, 2, · · · , N , di1(t) and di2(t) represent the errors and external disturbances
existing in the model, but the upper bound is not exactly known; ξi represents the
damping coefficient and is an uncertain parameter, δi represents the power angle, ωi
represents the rotor angular velocity, ω0 represents the rated angular velocity where
ω0 = 2πf . Symbol Ti represents the inertia time constant, Pmi is the mechanical
power that is assumed constant, Efi represents the excitation voltage, that is, the
design of the control, Idi and Iqi represent the d-axis and the q-axis components of
the armature current, and can be regarded as the implicit functions of the system
state.

The COI signal is defined as follows

δCOI =

∑M
i=1 Tiδi∑M
i=1 Ti

, ωCOI =

∑M
i=1 Tiωi∑M
i=1 Ti

.
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Take the following coordinate transformation for (1):
xi1 = (δi − δ0)− (δCOI − δCOI0),

xi2 = ωi − ωCOI,

xi3 = ω0

Ti

(
Pmi − E′qiIqi

)
− ω̇COI.

The formula (1) can be transformed to

ẋi (t) = Axi (t) + ξifi (xi (t)) +B1u
F
i (t) +B2di1 +B3di3 , (2)

where

A =

 0 1 0
0 0 1
0 0 0

 , B1 =

 0
0
1

 , B2 =

 0
1
0

 , fi (xi (t)) =

 0
ωi − ω0

0

 .

Suppose that system (2) may be actuator failure, and failure modes satisfy

uFi (t) = (I − Λi(t))ui (t) , (3)

where

Λi(t) = diag( δi1(t), δi2(t), δi3 (t)), 0≤δij≤δij(t)≤δij< 1 , j= 1, 2, 3 ,

and I is three-order unit matrix.
If the failure (3) occurs, the system (2) can be changed as

ẋi (t) = Axi (t) + ξifi (xi (t)) +B1u
F
i (t) +B2di1 +B1di3. (4)

For system (3) the objective of this paper is to design the adaptive sliding mode
reliable excitation control law, which makes the state trajectory tend to the specified
sliding surface, and the sliding mode motion along the specified sliding surface is
asymptotically stable even if the actuator failure occurs.

The sliding surface of the sliding mode is

si (t) = Gixi (t) = 0 , (5)

where Gi = BT
1 P
−1
i and Pi > 0. It is easy to see that GiB1 is nonsingular.

The aim of this paper is that the sliding mode control law can make the state
trajectory tend to the specified sliding surface, and asymptotically tends to zero
along the sliding surface. Because of the possible failure of the system, this paper
studies the adaptive sliding mode control
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3. Controller design

In order to achieve the purpose of this paper, the adaptive sliding mode reliable
excitation controller is designed as follows

ui (t) = −(I − Λ̂i (t))−1(Ki +GiA)xi (t)− ρi (t) sgn (si (t)) , (6)

ρi (t) =
1

1− δmax
·
[
µ+BT2 ξ̂i +

∥∥∥(GiB1)
−1
Gi

∥∥∥ ‖Axi (t)‖+ ‖(Ki +GiA)xi (t)‖
]
.

(7)
The update rates are defined as follows

˙̂
θ = li1x

T
i P
−1
i B1f i (xi (t)) , ˙̂ε1 = li2x

T
i P
−1
i B2di1,

˙̂ε2 = li3x
T
i P
−1
i B1di2 , (8)

˙̂
δij (t) = Pr

[δij ,δij ]
{Uij} =


0, δ̂ij (t) = δij and Uij ≤ 0, or δ̂ij (t) = δij and

Uij ≥ 0 ,

Uij , other cases,

where
Uij = ηijx

T
i (P−1B1)j

(
1− δ̂ij (t)

)−1
(Ki +GiA)

j
xi (t) ,

and li1, li2, li3, ηij are adaptive gain coefficients. Symbol

Λ̂i (t) = diag
{
δ̂i1 (t) , δ̂i2 (t) , · · · , δ̂im (t)

}
,

M j and Mj are row j and column j of the matrix M respectively. Pr{•} represents
the projection operator, whose function is to project the estimate value δ̂ij (t) onto
the interval [δij , δij ].

Theorem 3.1: For system (4), the adaptive sliding mode controller is designed
as (6), (7), (8). If there exist matrices Li ∈ Rm×n, Pi > 0, such that the following
linear matrix inequality is established ℵi B1B

T
1 PiA

T

∗ −Pi 0
∗ ∗ −Pi

 < 0 , (9)

where ℵi = APi + PiA
T − B1KiPi − PiK

T
i B

T
i = APi + PiA

T − B1Li − PiL
T
i ,

Ki = LiP
−1
i , then even if the actuator (3) shows the fault, the closed-loop system

is asymptotically stable.
Proof: Substituting (6) into (4)

ẋi (t) = Axi (t) + ξifi (xi (t))−B1 (I − Λi) [(I − Λ̂i (t))−1 (Ki +GiA)xi (t)

+ρi (t) sgn (si (t))] +B2di1 +B1di3
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= Axi (t) + ξifi (xi (t))−B1Λ̃i[(I − Λ̂i (t))−1 (Ki +GiA)xi (t)

−B1 (Ki +GiA)xi (t)−B1 (I − Λi) ρi (t) sgn (si (t))] +B2di1 +B1di3, (10)

where Λ̃i (t) = diag
{
δ̃i1 (t) , δ̃i2 (t) , · · · , δ̃im (t)

}
, δ̃ij (t) = δ̂ij (t)− δij (t) being

the estimation error.
Construct now the Lyapunov function

Vi1 = xTi P
−1
i xi +

m∑
j=1

1

ηij

(
δ̂ij − δij

)2
+

+
1

li1

(
θ̂ − θ

)2
+

1

li2
(ε̂1 − ε1)

2
+

1

li3
(ε̂2 − ε2)

2
. (11)

Taking the derivative on both sides of (11),

V̇i1 = 2xTi P
−1
i (Axi + ξifi (xi)−B1 (I − Λi) [(I − Λ̂i)

−1 (Ki +GiA)xi

+ρi (t) sgn (si (t))] +B2di1 +B1di3) +

m∑
j=1

2

ηij

˙̂
δij

(
δ̂ij − δij

)
+

2

li1

˙̂
θ
(
θ̂ − θ

)
+

2

li2
˙̂ε1(ε̂1 − ε1) +

2

li3
˙̂ε2(ε̂2 − ε2)

2

= 2xTi P
−1
i (Axi −B1 (Ki +GiA)xi)− 2xTi P

−1
i B1Λ̃i[(I − Λ̂i)

−1 (Ki +GiA)xi)

−2xTi P
−1
i B1(I − Λi)ρi (ρi (t) sgn (si (t))− ξifi (xi))

+

m∑
j=1

2

ηij

˙̂
δij

(
δ̂ij − δij

)
+

2

li1

˙̂
θ
(
θ̂ − θ

)
+

2

li2
˙̂ε1 (ε̂1 − ε1) +

2

li3
˙̂ε2(ε̂2 − ε2)

2
, (12)

where Gi = BT1 P
−1
i .

It is easy to deduce that

2xTi P
−1
i B1GiAxi ≤ xTi (P

−1
i B1B

T
1 )P−1i (B1B

T
1 P
−1
i )xi + xTi A

TP−1i Axi , (13)

−2xTi P
−1
i B1 (I − Λi) ρi (t) sgn (si (t)) = −2ρi (t)

m∑
j=1

(1− δij) |sij (t)|

≤ −2ρi (t)
(
1− δi,max

)
‖si (t)‖1 ≤ −2ρi (t)

(
1− δi,max

)
‖si (t)‖ ≤ 0 , (14)

2xTi P
−1
i (ξifi (xi)− 2xTi P

−1
i B1Λ̃(I − Λ̂i)

−1 (Ki +GiA)xi +B2di1 +B1di3)



598 XUETING LIU, YANCHAO YAN

+

m∑
j=1

2

ηij

˙̂
δij

(
δ̂ij − δij

)
+

2

li1

˙̂
θ
(
θ̂ − θ

)
+

2

li2
˙̂ε1 (ε̂1 − ε1) +

2

li3
˙̂ε2(ε̂2 − ε2)

2 ≤ 0 . (15)

By means of Schur’s Lemma and (9),

Ψi = P−1i A+ATP−1i − P−1i B1Ki −KT
i B

T
1 P
−1
i +

+ (P
−1
i B1B

T
1 )P−1i (B1B

T
1 P
−1
i ) +ATP−1i A < 0 . (16)

Substituting (13), (14), (15) and (16) into (12), we have

V̇i1 < 0 . (17)

Thus system (10) is asymptotically stable, the estimation errors are bounded.
The following conclusion proves that the controller is able to make the system

(3) the state trajectory tend to be specified by the sliding surface
Theorem 3.2 For system (2), the adaptive sliding mode controller is designed

as (6),(7),(8). If there exist matrices Li ∈ Rm×n, Pi > 0, such that the linear
matrix inequality (9) is established, then even if the actuator (3) shows the fault,
the designed adaptive sliding mode controller is still able to guarantee the sliding
mode surface si (t) = 0.

Proof: Constructing Lyapunov function

Vi2 = sTi (GiB1)
−1
si+

m∑
j=1

1

ηij

(
δ̂ij − δij

)2
+

1

li1

(
θ̂ − θ

)2
+

1

li2
(ε̂1 − ε1)

2
+

1

li3
(ε̂2 − ε2)

2
.

(18)
Taking the derivative on both sides of (18),

V̇i2 = 2sTi (GiB1)
−1
Gi(Axi + ξifi (xi)−B1 (I − Λi) [(I − Λ̂i)

−1 (Ki +GiA)xi

+ρi (t) sgn (si (t))] +B2di1 +B1di3) +

m∑
j=1

2

ηij

˙̂
δij

(
δ̂ij − δij

)
+

2

li1

˙̂
θ
(
θ̂ − θ

)
+

2

li2
˙̂ε1(ε̂1 − ε1) +

2

li3
˙̂ε2(ε̂2 − ε2)

2

= 2sTi (GiB1)
−1
Gi·

· (Axi −B1 (Ki +GiA)xi)− 2xTi P
−1
i B1Λ̃i[(I − Λ̂i)

−1 (Ki +GiA)xi)

−2sTi (GiB1)
−1
GiB1(I − Λi) (ρi (t) T (si (t))− ξifi (xi))
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+

m∑
j=1

2

ηij

˙̂
δij

(
δ̂ij − δij

)
+

2

li1

˙̂
θ
(
θ̂ − θ

)
+

2

li2
˙̂ε1 (ε̂1 − ε1) +

2

li3
˙̂ε2(ε̂2 − ε2)

2
, (19)

where Gi = BT1 P
−1
i .

It is easy to deduce that

−2sTi (GiB1)
−1
GiB1 (I − Λi) ρi (t) sgn (si (t)) = −2ρi (t)

m∑
j=1

(1− δij) |sij (t)|

≤ −2ρi (t)
(
1− δi,max

)
‖si (t)‖1 ≤ −2ρi (t)

(
1− δi,max

)
‖si (t)‖ ≤ 0, (20)

2sTi P
−1
i B1Λ̃(I − Λ̂i)

−1(ξifi (xi) +B2di1 +B1di3) +

m∑
j=1

2

ηij

˙̂
δij

(
δ̂ij − δij

)
+

2

li1

˙̂
θ
(
θ̂ − θ

)
+

2

li2
˙̂ε1 (ε̂1 − ε1) +

2

li3
˙̂ε2(ε̂2 − ε2)

2 ≤ 0 . (21)

Substituting (20), (21) into (19), and by means of Schur’s Lemma and inequality
(9),

V̇i2 ≤ 2
∥∥sTi ∥∥ ∥∥∥(GiB1)

−1
Gi

∥∥∥ ‖Axi (t)‖+ ‖(Ki +GiA)xi (t)‖

−2ρi (t)
(
1− δi,max

)
‖si (t)‖ ≤ −2µ ‖si (t)‖ ≤ 0 .

4. Simulation results

In this section, the numerical simulation results based 2-area 4-machine power
system validated the effectiveness of the proposed method in terms of improvement
of the system stability and reliability effectively. Figure 1 shows that the tracking
error is acceptable and tends to 0. Obviously, the simulation results verify the
theoretical analysis.

5. Conclusion

This paper studies the problem of adaptive sliding mode reliable excitation con-
trol design procedure for multi-machine power systems which allows the actuator
failure using linear matrix inequality technique and Lyapunov stability theory. The
control objective is to investigate the reliable design on both passive and adaptive
sliding mode excitation controllers, and the reachability of the specified sliding sur-
face was analyzed.



600 XUETING LIU, YANCHAO YAN

Fig. 1. Tracking error
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