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a b s t r a c t

In this paper, by taking into account the stochastic perturbations, the power system with time-varying
delay under Gaussian random perturbations is formulated into the stochastic differential equation, then
the robust stochastic stability is discussed in detail. Based on Lyapunov stability theory, some improved
robust stability and robust stochastic stability criteria are developed, where the restrictions on the
derivative of time-varying delay are removed so as to reduce the conservatism. The obtained results
formulated in the form of linear matrix inequalities (LMIs) can be effectively solved by the LMI toolbox.
Finally, one machine and infinite system under random perturbations is provided to demonstrate the
effectiveness and usefulness of the developed results.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Since the origin of the electrical power industry, system stability
is assumed to be the most important thing in the planning,
operation and control of power system [1]. Nowadays, with the
development of power grid interconnection, power systems are
becoming larger and more complex, therefore stability problem for
power system has attracted an increasing interest in the past
several decades, a variety of results have been developed for this
problem.

It should be noted that time delays caused by transmission of
remote signals are one of the key factors influencing the whole
system stability and damping performance [2,3]. As time delays
are mainly derived from the local measurement device, for tradit-
ional power system, time delays are too small to be usually
ignored [3]. However, with the development of the wide-area
measurement system (WAMS), remote signals have become avail-
able as the feedback signals to design wide-area damping con-
trollers (WADCs) for FACTS devices [4]. Time delays are becoming
more and more ubiquitous in modern power systems, which
become a source of instability and performance deterioration in
system. Therefore, the last decade has shown an increasing rese-
arch activity on stability analysis and control for power system

with time delays [5,6]. In [7], the authors considered the robust
stability of power system with constant time delay, several delay-
dependent stability conditions were derived. In [8], the authors
considered the impact of time delay on power system by numer-
ical simulation. Recently, wide measurement areas and applica-
tions of phasor measurement unit (PMU) devices make necessary
remote measures, which has gained some considerations on the
effect of measurement delays. In [3], the authors presented a
robust control approach for wide-area power system with time
delays. In [9], by using the characteristic roots method, the authors
discussed time delay issues of power systems. In [10], the power
system stabilizers for small-signal stability using phasor measure-
ments were designed based on optimal control with structural
constraints, where time delays were included.

For the other related results considering load frequency control
(LFC) of power system, by incorporating communication delay, the
authors presented a load frequency control method based on linear
matrix inequalities (LMIs) in [11]. In [12], the authors investigated the
delay-dependent stability of the load frequency control scheme based
on Lyapunov theory, and a delay-dependent criterion has been deve-
loped in the form of LMIs. The authors in [13] improved the results
reported in [12], where a less conservative delay-dependent stability
criterion of LFC emphasizing on multi-area environment has been
proposed. In [14], the authors considered H1 robust control for
analysis/synthesis of a PID-type LFC scheme with time delays. In
[15], by using the model reduction technique, the delay-dependent
stability of a power system equipped with a wide-area damping
controller (WADC) has been investigated. However, all the aforemen-
tioned results are dependent on the differentiability of time-varying
delay and the derivatives of it to be less than a constant.
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On the other hand, any physical systems, power system cannot
be exempted, contain randomness and uncertainties, such as
stochastic loads, the inherent randomness in wind power genera-
tion, the random vibration of original motivation, random harmo-
nics and fault in interconnected power grid, and the random small
oscillation of power angle [16,17]. In addition, with the integration
of more and more renewable energy generations, such as wind
power generation, photovoltaic power and electric vehicles into
the power system, much more random components are operating
with the power system, so the potential stability of power system
will become more and more important. Due to the rapid process of
stochastic system [18–24], in recent years, there have been some
results considering modeling and control of power systems in the
framework of stochastic system. In [25], both load and wind power
production were modeled with stochastic differential equations to
address the problem of power system balance management in an
hourly time frame. In [26], the authors considered the stability of
power system under small Gauss random excitations. In [27], the
authors considered the simulation of stochastic transition stability.
In [28], the authors proposed a systematic stochastic modeling
approach for power system and considered the stability by num-
erical simulation. However, to the best of the authors’ knowledge,
there are few results considering stability and control of delayed
power system with stochastic perturbations. Based on the above
discussions, the motivation of this paper is to study the robust
stochastic stability of power system with stochastic perturbations,
and some less conservative stability results will be developed.

The remainder of the paper is organized as follows. Section 2
gives the dynamic model of power system with time-varying delay
under Gaussian random perturbations. Section 3 presents the robust
stochastic stability and robust stability results for stochastic power
systems. In Section 4, simulation results based on one machine and
infinity system are provided, where the random excitation amplify-
ing coefficient is considered and the influences of stochastic noise are
also discussed. At last, this paper is completed with a conclusion.

2. Preliminaries

2.1. One machine and infinite bus system

In this subsection, one machine and infinite bus (OMIB) system
is introduced in advance [1], under the deterministic circum-
stance, that is in the noise-free conditions, the dynamic motion
of the OMIB system can be formulated as

M
d2δ

dt2
þD

dδ
dt

¼ Pm�Pe; ð1Þ

where δ is the rotor angle,ω is the rotating speed, Pm is themechanical
power and is assumed to be a constant, Pe ¼ ðE0U=XΣ Þ sin δ is the
electrical power, E0 is the internal voltage, XΣ is the total reactance, and
U is the infinite bus voltage. The OMIB model can be found from Fig. 1.

It is worth pointing out that with the penetration of renewable
energy power, such as wind power and photovoltaic power, these
inherit randomness and uncertainties would affect the stability of
power system, such as the direct influence of wind power is the
fluctuations of the frequency. Following the same way [26], taking
into account the random loads, adding a random excitation term

to the right of (1), then the noise-perturbed model can be given by

M
d2δ

dt2
þD

dδ
dt

¼ Pm�PeþσWðtÞ; ð2Þ

where W(t) is the Gauss process, and σ is the intensity of random
excitation.

For simplicity, the linearization of the nonlinear system (2)
could be derived:

dΔδ
dt

¼Δω;

dΔω
dt

¼ �E0U cos δ0
MXΣ

Δδ� D
M
Δωþ σ

M
WðtÞ;

8>>><
>>>:

ð3Þ

then rewrite (3) into the following compact form:

dxðtÞ ¼ AxðtÞ dðtÞþHdBðtÞ; ð4Þ
where

xðtÞ ¼ Δδ
Δω

" #
; A¼ 0 1

a b

� �
; H ¼

0
σ
M

" #
; a¼ �E0U cos δ0

MXΣ
;

b¼ � D
M
;

M is the inertia constant, and B(t) is the n-dimensional Wiener
process.

2.2. Stochastic power system with time-varying delay

Based on the above discussion, considering the time delay
caused by transmission of remote signals [2,3], without loss of
generality, one has the following general stochastic power system
with time-varying delay:

dxðtÞ ¼ AxðtÞþBxðt�τðtÞÞ½ �dðtÞþHðxðtÞ; xðt�τðtÞÞÞ dωðtÞ; ð5Þ
where xðtÞ ¼ ½x1ðtÞ; x2ðtÞ;…; xnðtÞ�T ARn is the state vector, τðtÞ is the
time-varying delay satisfying 0rτðtÞrτ, ωðtÞ is a Gauss process.
HðxðtÞ; xðt�τðtÞÞÞ is the noise intensity, without loss of generality,
assume HðxðtÞ; xðt�τðtÞÞÞ satisfying
HðxðtÞ; xðt�τðtÞÞÞ ¼ CxðtÞþDxðt�τðtÞÞ: ð6Þ

Considering the power system continuously experiencing dif-
ferent perturbations and changes of operating conditions [29], the
uncertain stochastic power system can be formulated as

dxðtÞ ¼ ðAþΔAÞxðtÞþðBþΔBÞxðt�τðtÞÞ� �
dðtÞþHðxðtÞ; xðt�τðtÞÞÞ dωðtÞ; ð7Þ

where ΔA and ΔB are taken as the unknown constant systemic
parameter uncertainties, which are assumed to be of the following
form:

½ΔA;ΔB� ¼WF0½Ea; Eb�: ð8Þ
Here, W ; Ea and Eb are the known real constant matrices with
appropriate dimensions and F0 satisfy

FT0F0r I: ð9Þ

The following lemma will be used in the proof of the main
results.

Lemma 1 (Xie [30]). Given matrices Q ¼ QT ;H; E and 0oR¼ RT of
appropriate dimensions,

QþHFEþETFTHT o0; ð10Þ
for all F satisfying FT0F0rR, if and only if there exists some λ40 such
that

QþλHHT þλ�1ETREo0: ð11ÞFig. 1. One machine and infinite bus system.
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