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Switching Power System Stabilizer and Its
Coordination for Enhancement of Multi-machine

Power System Stability
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Abstract—This paper proposes a coordinated switching power
system stabilizer (SPSS) to enhance the stability of multi-
machine power systems. The SPSS switches between a bang-bang
power system stabilizer (BPSS) and a conventional power system
stabilizer (CPSS) based on a state-dependent switching strategy.
The BPSS is designed as a bang-bang constant funnel controller
(BCFC). It is able to provide fast damping of rotor speed
oscillations in a bang-bang manner. The closed-loop stability
of the power system controlled by the SPSSs and the CPSSs
is analyzed. To verify the control performance of the SPSS,
simulation studies are carried out in a 4-generator 11-bus power
system and the IEEE 16-generator 68-bus power system. The
damping ability of the SPSS is evaluated in aspects of small-signal
oscillation damping and transient stability enhancement, respec-
tively. Meanwhile, the coordination between different SPSSs and
the coordination between the SPSS and the CPSS are investigated
therein.

Index Terms—Bang-bang PSS, coordinated switching PSS,
multi-machine power systems.

I. INTRODUCTION

POWER system oscillations caused by load changes, re-
newable energy penetration, and external disturbances can

lead to low-frequency and sub-synchronous oscillations of a
power system. A condition that can further lead to voltage
collapse, islanding, and blackouts. As such, the small-signal
stability has long been regarded as a key issue in the operation
of large scale multi-machine power systems, with scope for
improvements realized through the application of conventional
power system stabilizers (CPSSs).

The CPSS mechanism involves adding auxiliary damping
to rotor speed oscillations [1]. However, CPSS has inherent
defects that significantly diminish its control performance, as
follows: First, the CPSS is designed based on the linearized
model of a power system operating at a specific operation
point. The location selection and parameter tuning of a CPSS
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rely on the deterministic operation point of the system, in
which constant system parameters and particular load levels
are assumed [2]. However, the system parameters and load
levels are always changing during its normal operations and
the operation point of the power system can vary based on
external disturbances [3]. Second, the control performance of
the CPSS is largely determined by the accuracy of system
parameters based on which the CPSS is designed, whereas,
in practice, absolutely accurate system parameters are rarely
available [4]. Third, installed CPSSs in a large-scale power
system experience complex interactions with no decoupling
mechanism, which means that their coordinated control per-
formance can subsequently be severely undermined [5].

In addition to CPSSs, considerable study has been devoted
to the design of robust, probabilistic and adaptive power
system stabilizer (PSS). A robust PSS was proposed in [6],
in which the PSS was claimed to be robust to both the
transient and small-signal oscillations of the power system
based on the trajectory sensitivity of rotor speed. In fact,
a specific set of PSS parameters cannot be optimal to all
oscillation modes of the power system. The same problem
surfaces in the probabilistic PSS proposed in [7]. Here, the
expectation and variance sensitivity of the eigenvalues of
a power system operating under different operation modes
are evaluated to determine the PSS parameters. Moreover, a
decentralized adaptive PSS was designed based on a reduced-
order state observer as described in [8]. This study utilized the
information of the relative rotor speed between the generators
having strong interactions to generate the estimation of state
variables. Moreover, the accuracy of the estimated states relied
on the high gain parameters of the state observer. However, in
this case, the noise of the measured signal would be magnified
and seriously damage the control performance of the proposed
adaptive PSS.

This paper proposes a bang-bang PSS (BPSS) based on the
bang-bang funnel controller (BBFC) to achieve fast damping
of small-signal oscillations of power systems. The BBFC
was first proposed in [9] for nonlinear system with arbitrary
known relative degree. Under BBFC feasibility assumptions,
the system output tracking error and its derivatives can be
regulated within pre-specific error funnels. Taking advantage
of the BBFC, the BPSS is designed as a bang-bang constant
funnel controller. The constant funnel values of the BPSS
can significantly improve its applicability in practice, which
simplifies the funnel design process.
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The main contribution of this work can be summarized
as follows. First, a coordinated SPSS is designed to switch
between a BPSS and a CPSS based on an appropriately
designed switching strategy. Second, a two-stage, state-
dependent switching strategy is proposed. If external distur-
bances occur in the power system, the BPSS is switched on
first to regulate the rotor speed deviation and its derivatives
into the pre-specified error funnels. Referring to the switching
strategy of the SPSS and if specific switching condition is
satisfied, the CPSS is switched on to stabilize the power system
to its original operation point asymptotically. On one hand, this
switching strategy makes full use of the damping ability of the
CPSS near the equilibrium point. On the other hand, a faster
convergence rate can be achieved by the implementation of
the BPSS, which has intrinsic time-optimum characteristics
during the initial post-disturbance stage. Third, the closed-
loop stability of the entire power system implemented with the
SPSSs and the CPSSs is analyzed. Fourth, simulation studies
are undertaken in a 4-generator 11-bus power system and the
IEEE 16-generator 68-bus power system to evaluate the small-
signal oscillation damping performance and transient stability
improvement of the SPSS, respectively. The coordination
between different SPSSs and the coordination between the
SPSS and the CPSS are studied therein.

In contrast to the switching excitation controller studied in
[10], the SPSS is mainly dedicated to improving the small-
signal stability of power systems. Although the methodologies
of the SPSS and the switching excitation controller are similar,
the switching excitation controller is only designed for the
regulation of power systems confronting large disturbances.
In instances where that small disturbances occur in a power
system, the switching excitation controller will not work.
Moreover, the required inputs of the SPSS and the switching
excitation controller are different. The input variable of the
SPSS is the rotor speed deviation of a generator, while that of
the switching excitation controller is the rotor angle deviation
of a generator. Furthermore, the SPSS is merely a part of
the excitation system, and it only responds to the frequency
deviation of generators. The SPSS also has positive effects
on the transient stability of power systems, which will be
evaluated in this work as well.

The SPSS does not conflict with the switching excitation
controller proposed in [10]. The trigger value of the BPSS is
much smaller than that of the bang-bang excitation controller,
thus the switching excitation controller cannot be triggered
in the cases where small disturbance occurs in power sys-
tems. When large disturbances occur, the switching excitation
controller is triggered, while the SPSS installed on the same
generator is blocked. The SPSSs installed on other generators
are then triggered to provide damping to the oscillations
caused by large disturbances.

This paper is organized as follows. The model of a multi-
machine power system and its partial linearization are pre-
sented in Section II. Section III illustrates the design of the
SPSS. Then the closed-loop stability of the whole system is
analyzed in Section IV. Simulation studies are carried out in
Section V. Finally, conclusions are presented in Section VI
and appendices follow thereafter.

II. POWER SYSTEM MODELING

A fourth-order synchronous generator model with a first-
order excitation controller taken into consideration is em-
ployed here. A n machine power system, in which the nth
machine is chosen as the reference machine, can be denoted
as follows [11]

∆δ̇i = ωB∆ωi

∆ω̇i =
1

2Hi
(Pmi − Pei −Di∆ωi)

Ė′qi =
1

T ′d0i
[Efi − Eqi]

Ėfi =
1

TAi
[−Efi +KAi(∆Uti + ∆UPSSi)]

(1)

where i = 1, 2, . . . , n. The above parameters of the ith

generator are defined in [11]. With this model, the partial
linearization of the system model are presented as follows.

A. Partial Linearization of Multi-machine Power System
Model

The partial linearization of the multi-machine power sys-
tem model (1) is carried out here. The state variables
are defined as z = [z>1 , . . . ,z

>
i , . . . ,z

>
n ]>, where zi =

[zi1, zi2, zi3, zi4]> = [∆δi ∆ωi E
′
qi Efi]

>. The control vari-
able and output variable are defined as u = [u1, u2, . . . , un]>

and y = [y1, y2, . . . , yn]>, respectively, where yi = zi2 and
ui = ∆UPSSi. Then the model of ith synchronous generator
can be denoted as{

żi = Fi(z) +Gi(z)ui

yi = Hi(z)
i = 1, 2, . . . , n (2)

where

Fi(z) =


Fi1

Fi2

Fi3

Fi4

 =



ωBzi2
1

2Hi
[Pmi − Pei −Dizi2]

1

T ′d0i
[zi4 − zi3 − (xdi − x′di)Idi]

1

TAi
(−zi4 +KAi∆Uti)


Gi(z) =

[
0 0 0

KAi

TAi

]>
Hi(z) = zi2.

Then the entire multi-machine system can be written as{
ż = F (z) + G(z)u

y = H(z)
(3)

where

F (z) = [F>1 (z),F>2 (z), . . . ,F>n (z)]>

G(z) = block diag [G1(z),G2(z), . . . ,Gn(z)]

H(z) = [H1(z), H2(z), . . . ,Hn(z)]>.

A nonlinear coordinate transformation is introduced as x =
[x11, x12, . . . , x1r, . . . , xi1, xi2, . . . , xir, . . . , xn1, xn2, . . . ,
xnr]> = T (z) = [H1(z),LFH1(z), . . . ,Lr−1

F H1(z), . . . ,
Hi(z),LFHi(z), . . . ,Lr−1

F Hi(z), . . . ,Hn(z),LFHn(z), . . . ,
Lr−1
F Hn(z)]>
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where r is the relative degree of ith generator model. Conse-
quently, the multi-machine power system model is decoupled
and the model of ith subsystem can be written as

ẋi1 = xi2

ẋi2 = xi3

ẋi3 = αi(x) +

n∑
j=1

βij(x)uj

yi = xi1

i = 1, 2, . . . , n (4)

where

αi(x) = (Lr
FHi(z))|z=T−1(x)

βij(x) = (LGj
Lr−1
F Hi(z))|z=T−1(x).

The derivatives of Hi(z) are presented in Appendix A.
Considering the derivatives of active power output Pei,

the system obtained from the previous nonlinear coordination
transformation can be further decoupled. On top of that, the
derivatives of Pei can be denoted as

dPei

dt
=

n∑
j=1

(
∂Pei

∂zj3
Fj3 +

∂Pei

∂zj1
Fj1

)
= Pd

d2Pei

dt2
=

n∑
j=1

(
∂Pd

∂zj1
Fj1 +

∂Pd

∂zj2
Fj2 +

∂Pd

∂zj3
Fj3 +

∂Pd

∂zj4
Fj4

)

+

n∑
j=1

KAj

TAj

∂Pd

∂zj4
uj = LFPd +

n∑
j=1

KAj

TAj

∂Pd

∂zj4
uj .

Meanwhile, the following can be obtained

L3
FHi(z) = − 1

2Hi
LFPd − LF

[
Di

2Hi
Fi2(z)

]

= − 1

2Hi

d2Pei

dt2
−

n∑
j=1

KAj

TAj

∂Pd

∂zj4
uj

− LF

[
DiFi2(z)

2Hi

]
LFFi2(z) =
n∑

j=1

[
∂Fi2(z)

∂zj1
Fj1(z) +

∂Fi2(z)

∂zj2
Fj2(z) +

∂Fi2(z)

∂zj3
Fj3(z)

]
∂Pd

∂zm4
=

∂Pei

∂zm3

1

T ′d0m
.

Therefore, we have

L3
FHi(z) =

− 1

2Hi
P̈ei −

Di

2Hi
LF [Fi2(z)]−

n∑
m=1

[LGm
L2
FHi(z)um].

(5)

Hence, according to (4), it can be obtained that

αi(z) = − 1

2Hi

d2Pei

dt2
− Di

2Hi
LF [Fi2(z)]−

n∑
m=1

βimum

then the system model can be written as

ẋi1 = xi2

ẋi2 = xi3

ẋi3 = − 1

2Hi

{
d2Pei

dt2
+DiLF [Fi2(z)]

}
yi = xi1.

(6)

Meanwhile, concerning the second-order derivative of Pei with
respect to time

d2Pei

dt2
= 2İqiĖ

′
qi + IqiË

′
qi +E′qiÏqi + (xqi− x′di)

d2

dt2
(IdiIqi)

xi3 can be rewritten as

ẋi3 = fi(x) + bi(x)ui (7)

where

fi(x) =

−1

2Hi

[
2İqiĖ

′
qi + IqiË

′
qi + E′qiÏqi + (xqi − x′di)

d2

dt2
(IdiIqi)

]
− Di

2Hi
LF [Fi2(z)]− Iqi

2HiT ′d0i
[Fi4(z)− Ėqi]

bi(x) = − IqiKAi

2HiT ′d0iTAi
.

III. DESIGN OF THE SPSS

A. Third-order BCFC

Since the relative degree of (1) is r = 3, a third-order BCFC
is adopted based on [9]. Its feasibility assumptions can be
described as follows.

F1: (1) can be transformed to its equivalent system written
in Byrnes-Isidori normal form{

y(r) = f(Y r−1, z) + g(Y r−1, z)u

ż = h(Y r−1, z)
(8)

where Y r−1 := (y, ẏ, . . . , y(r−1)), y is the system output, r is
the relative degree of y with respect to u, z is the zero state
vector of system, f, g, h are locally Lipschitz continuous, and
g is positive. It is assumed that the zero state of the system is
stable.

F2: yref ∈ Cr−1 and y
(r−1)
ref is absolutely continuous with

right-continuous derivative.
The switching logic of a third-order bang-bang constant

funnel controller can be given as

q1(t) = G(e(t), ϕ+
0 − ε

+
0 , ϕ

−
0 + ε−0 , q1(t−))

q1(0−) = q01 ∈ {true, false}

q2(t) =


G(ė(t),−λ−1 − ε

+
1 , ϕ

−
1 + ε−1 , q2(t−)),

if q1(t) = true

G(ė(t), ϕ+
1 − ε

+
1 , λ

+
1 + ε−1 , q2(t−)),

if q1(t) = false

q2(0−) = q02 ∈ {true, false}

q(t) =


G(ë(t),−λ−2 − ε

+
2 , ϕ

−
2 (t) + ε−2 , q(t−)),

if q2(t) = true

G(ë(t), ϕ+
2 − ε

+
2 , λ

+
2 + ε−2 , q(t−)),

if q2(t) = false

q(0−) = q0 ∈ {true, false}

(9)

where q(t), q1(t), q2(t) ∈ {true, false}, q(t) is the output of
the switching logic, G(e(t), e, e, q(t−)) := [e(t) ≥ e∨ (e(t) >
e ∧ qold)], e(t) is the tracking error of system output, e(·) is
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the upper trigger of a switch event, e(·) is the lower trigger of
a switch event, q(t−) := limε→0q(t− ε), ϕ±i , ε±i and λ±j are
constant values used to define funnel Fi(i = 0, 1, 2; j = 1, 2).
The control law of the BCFC can be simply given as

u(t) =

{
U−, if q(t) = true,

U+, if q(t) = false.

The working mechanism of the third-order BCFC is shown
in Fig. 1. The system output tracking error and its first-
and second-order derivative can be regulated within the pre-
specified error funnel Fi(i = 0, 1, 2) through the bang-bang
control signal u(t).

Fig. 1. Working mechanism of the third-order bang-bang constant funnel
controller.

B. Design of the Third-order BPSS

Based on (7) and the BCFC, a third-order BPSS is designed
here. The switching logic of the second-order BEC and BG has
been described in Section III-A. The funnel parameters of the
BEC and BG should be chosen satisfying ϕ+

0 −ε
+
0 > ϕ−0 +ε−0

and ϕ+
i − ε

+
i > ε−i + λ+i , ϕ−i + ε−i < −λ−i − ε

+
i (i = 1, 2).

With respect to F1, the multi-machine power system model
has been transformed into Byrnes-Isidori form in Section II-
A and its zero dynamics can be easily verified to be stable.
Concerning the positiveness of bi(x), since Pei = E′qiIqi and
E′qi > 0 and Pei > 0, we have Iqi > 0. Considering bi(x) =
−(IqiKAi)/(2HiT

′
d0iTAi), it can be obtained that bi(x) < 0.

In order to satisfy the positiveness of bi(x), (7) is rewritten
as ẋi3 = fi(x) + b′i(x)u′i, where u′i = −ui, b′i(x) = −bi(x).
Hence, we have b′i(x) > 0. Correspondingly, U+′ = U− > 0,
and U−′ = U+ < 0 hold. Therefore, the control law of the
BPSS is simply given by

ui(t) =

{
u+PSSi (if q(t) = true)

u−PSSi (if q(t) = false).
(10)

C. State-dependent Switching Strategy of the SPSS

The SPSS is designed to switch between the BPSS and the
CPSS to damp the oscillations of rotor angle based on a state-
dependent switching strategy T . The overall schematic of the
SPSS is illustrated in Fig. 2. Assume that the maxima sequence
of the absolute output tracking error |ei(t)| = |yi(t)−yiref(t)|
is Γi(t) = {Γi1,Γi2, . . . ,Γij} in the case that ei(t) is oscil-
lating after disturbances occur in the power system, and Γis

(s ∈ {1, 2, . . . , j}) is the maximum of the sequence Γi(t).
The switching strategy is that the SPSS switches from CPSS
to BPSS if T1 is satisfied and switches from BPSS to CPSS
if T2 is satisfied, where T1 and T2 are illustrated as follows,
T1: {|ei(t)| ≥ $},
T2: {The switching frequency of BPSS reaches its max-

imum} ∨ {{(Γis−Γij)/Γis ≥ τ}∧{ei(t) converges
within [(ϕ−0 + ε−0 ), (ϕ+

0 − ε
+
0 )]}},

where $, τ are design parameters of the SPSS installed on ith
generator. $ is the value of output tracking error that triggers
the BPSS, and it can be determined according to the desired
oscillation magnitude to be damped. τ is selected referring
to the desired damping rate of the magnitude of the system
output tracking error.

Synchronous 
generator

Switching 

strategy T
Switching 

logic S

BPSS

CPSS

Fig. 2. Schematic of the SPSS.

IV. CLOSED-LOOP STABILITY

The primary objective of the PSS is to generate an auxiliary
signal to provide additional damping to the oscillations of
rotor speed. Therefore, the kinetic energy of a synchronous
generator is considered as its energy function for the closed-
loop stability analysis of the multi-machine power system.
Then the energy function of the multi-machine power system
can be denoted as

V =
1

2

n∑
i=1

(2Hi∆ω
2
i ) =

1

2

n∑
i=1

(2Hix
2
i1). (11)

Assume that SPSSs are installed on the first m synchronous
generators. For the last n −m generators only installed with
CPSSs, their energy function can be written as

Vm−n =
1

2

n∑
i=m+1

(2Hix
2
i1). (12)

Then its difference can be written as

dVm−n =

n∑
i=m+1

(2Hixi1dxi1) (13)

where dΘ = [Θ(i + 1) − Θ(i)], Θ(i) is the value of Θ(t) at
t = ti and 2Hidxi1 = −dPei which is obtained based on the
assumption of Di = 0. Due to that Pei = ωiTei and ωi ≈ 1
if the operation point of the power system is around the equi-
librium point, we have dPei = dTei. Specifically, the CPSS is
usually designed to produce an additional electromechanical
torque that is in the same phase with that of ∆ωi [12]; in
other words, dTei = Dei∆ωi = Deixi1 holds, where Dei is
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determined by the parameters of the CPSS, which ensures that
Dei > 0. Hence, (12) can be rewritten as

dVm−n = −
n∑

i=m+1

Deix
2
i1. (14)

On condition that the operation point of the power system
leaves the normal stable point and |xi1| > 0, then dVm−n < 0
holds. Therefore, Vm−n serves as a stable energy function of
the synchronous generators installed with CPSS.

With respect to generators implemented with the SPSS, we
assume that a negative disturbance occurs at t = t0. The BPSS
is switched on first to regulate the tracking error of rotor speed
and its derivatives back into the pre-specified error funnels.
Fig. 3 is presented to support the following discussion, in
which e(0)(t) = xi1 = ∆ωi(i = 1, 2, . . . ,m). Assume that
there exists a minimal t4 such that e(1)(t4) ≥ 0 and minimal
t3 such that e(0)(t3) = ϕ+

0 − ε
+
0 . In the following, we will

show that e(0)(t) is monotonically increasing on the interval
[t4, t3).

Fig. 3. Illustration showing e(0)(t) is monotonically increasing on interval
[t4, t3).

Seeking a contradiction, assume that there exists an interval
[t11, t12] ∈ [t4, t3) on which e(0)(t) is decreasing. Concerning
the switching logic of q2, there exists a minimal t9 ∈ (t4, t11)
such that e(1)(t9) = ϕ+

1 − ε+1 . Hence, q2(t9) = true and
q2(t) = true hold on the interval [t9, t10) and we assume
e(1)(t) hits ϕ−1 + ε−1 at t = t10. However, considering the
switching logic of q1, q1 = false holds on interval [t4, t3).
Concerning q2(t) = G(e(1)(t), ϕ+

1 − ε
+
1 , λ

+
1 + ε−1 , q2(t−)) (if

q1(t) = false), q2(t) will turn false when e(1)(t) hits λ+1 +
ε−1 . Hence, q2(t) = false holds on the interval t ∈ [t13, t10),
whence the contradiction is obtained.

From the above analysis and the illustration of Fig. 3, it
shows that xi1 will converge into the error funnels mono-
tonically from t4 after the impulsive disturbance occurs in
the system. Therefore, the energy function of the generators
installed with SPSS is monotonically decreasing and the rotor
speed of these generators converges into the invariant region
defined by the error funnels on the interval [t4, t15]. Hence,

V1−m = 1
2

m∑
i=1

(2Hix
2
i1) will decrease into the invariant region

defined by the error funnels eventually. In other words,

dV1−m =

m∑
i=1

(2Hixi1dxi1) < 0 (15)

holds on the interval [t4, t15]. Within the error funnel F0,
the CPSS will be switched on if the switching condition
of switching the BPSS to the CPSS is satisfied. Then the
difference of the energy function of the generators installed
with the SPSS can be denoted as

dV1−m = −
m∑
i=1

Deix
2
i1 ≤ 0. (16)

Therefore, we have shown that the energy function of n
generators will converge to zero after an external disturbance
occurs in the power system. The trajectories of the energy
functions of the generators installed with the CPSS and SPSS
respectively are illustrated in Fig. 4.

( 1, , )
i
V i m n= + , ),, ( 1, , )

i
V i m= , ),

i
wD

i
wD

0j
+

0j
-

Fig. 4. Illustration of the trajectories of the energy functions of generators
installed with the CPSSs and the SPSSs, respectively.

V. SIMULATION STUDIES

To verify the oscillation damping performance of the SPSS,
simulation studies are carried out in a 4-generator 11-bus
power system and the IEEE 16-generator 68-bus power sys-
tem, respectively. The CPSSs studied in this section are
designed based on [13], [14]. These techniques account for
multiple operation points and operation regimes in order to
ensure PSS robustness in terms of damping. They are so
effective that, with minor variations, they remain the state of
the art currently employed in industry to date.

A. Mechanical Power Change Occurs in a 4-generator 11-bus
Power System

A 4-generator 11-bus power system is used here for case
studies, whose structure is presented in Fig. 5. Parameters of
synchronous generators, transmission lines and loads are pre-
sented in [15]. The simplified first-order excitation controller
presented in Section II is installed in every generator, and the
parameters of the excitation controller are given in Table I.
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Fig. 5. Structure of the 4-generator 11-bus power system.

TABLE I
PARAMETERS OF CPSS AND EXCITATION CONTROLLER OF THE

4-GENERATOR 11-BUS POWER SYSTEM

Parm.a Value Parm. Value Parm. Value
Tsi 7.5 T1i 0.08 T2i 0.015
T3i 0.08 T4i 0.015 KPSSi 20
u+PSSi 0.1 u−PSSi −0.1 TAi 0.01
KAi 20 E+

fj 3 E−
fj −3

a. Parm. represents parameter.
i = 3, 4, j = 1, 2, 3, 4
+ denotes the upper limit of the variable.
− denotes its lower limit.

In order to evaluate the damping performance of the SPSS,
generator 3 and generator 4 are installed with the SPSS, and
the parameters of the SPSS are given in Appendix B. The
other generators of the system do not have a PSS installed. The
parameters of the CPSS of the SPSS implemented on generator
3 and generator 4 are presented in Table I. The simulation step
length is set as h = 0.01 s.

The mechanical power input of generator 1 has a 0.1 p.u.
increase at t = 1 s. The dynamics of the power system is
presented in Fig. 6. According to Fig. 6(a) and Fig. 6(b), less
inter-machine oscillations can be found in the power system
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Fig. 6. Mechanical power change occurs in generator 1 in the 4-generator
11-bus power system. (a) Rotor angle deviation between generator 1 and
generator 3. (b) Rotor angle deviation between generator 2 and generator 3.
(c) Rotor speed of generator 3. (d) Rotor speed of generator 4. (e) Control
input of the PSS of generator 3. (f) Control input of the PSS of generator 4.

having the SPSS installed. The power system only having the
CPSS implemented even goes unstable. From Fig. 6(c) and
Fig. 6(d), generator 3 and generator 4 controlled by the SPSS
respectively show less fluctuation in their rotor speed. This
is due to the control input generated by the SPSS, which
is presented in Fig. 6(e) and Fig. 6(f). It can be observed
that the SPSS utilizes the maximum and the minimum of the
output of the PSS and is able to provide proper switching
of the control inputs. Consequently, the SPSS makes use of
the utmost control energy of the PSS and enhances the small-
signal stability of the 4-generator 11-bus power system.

Moreover, it should be mentioned that the inputs of the
SPSS is generated by magnifying the rotor speed deviation of
generators in rad/s, i.e., 200∆ω. In this way, the same set of
control parameters of the SPSS are adopted in this paper, and
this does not influence the performance of the SPSS.

B. Load Change Occurs in the IEEE 16-generator 68-bus
Power System

In order to verify the small-signal oscillation damping
performance of the SPSS in a large-scale power system, the
IEEE 16-generator 68-bus power system is used here, whose
layout is illustrated in Fig. 7. The parameters of synchronous
generators, transmission lines, and loads are given in [16].
A simplified first-order excitation controller, which has been
given in Section II, is applied in all synchronous generators.
Generators 1, 10, 11, 12, 13 and 16 are implemented with
a PSS, respectively, and the SPSS is installed on generator
1, 10, and 11, respectively. The parameters of the SPSS are
presented in Appendix B. Then the parameters of the CPSS
and excitation controller are illustrated in Appendix C. The
simulation step length is set as h = 0.01 s.
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Fig. 7. The layout of the IEEE 16-generator 68-bus power system.

In this case, a 0.5 p.u. load decrease occurs on bus 20 at
t = 1 s in the IEEE 16-generator 68-bus power system, and
the load is recovered at t = 1.2 s. The load decrease results
in a 0.03 Hz frequency increase in the power system only
having the CPSS installed, while it only leads to a 0.01 Hz
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frequency increase in the system having the SPSS installed as
depicted in Fig. 8(j). The rotor angle deviation and the rotor
speed of generator 1, 10, and 11 are illustrated in Fig. 8(a)–(f),
respectively. It can be seen that the rotor angle deviation and
the rotor speed of the generators having the SPSS installed
present less oscillations than those of the generators having
only the CPSS installed. Although the BPSS of generator 11
is not switched on during this process as depicted in Fig. 8(i),
the control effort of the SPSS of generator 1 and generator 10
is able to stabilize the power system to its original operation
point. Just as presented in Fig. 8(g) and 8(h), the SPSSs
of generator 1 and generator 10 are able to provide proper
switching of control inputs and they utilize the maximum
control energy to damp the oscillations of rotor speed. Owning
to the above, the frequency of the power system having the
SPSS installed shows less deviation and less fluctuation than
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Fig. 8. Load change occurs in the IEEE 16-generator 68-bus power system.
(a) Rotor angle of generator 1. (b) Rotor speed of generator 1. (c) Rotor angle
of generator 10. (d) Rotor speed of generator 10. (e) Rotor angle of generator
11. (f) Rotor speed of generator 11. (g) Control input of the PSS of generator
1. (h) Control input of the PSS of generator 10. (i) Control input of the PSS
of generator 11. (j) Frequency response of the power system.

that of the power system only having the CPSS implemented
as illustrated in Fig. 8(j).

C. Load Trip Occurs in the IEEE 16-generator 68-bus Power
System

In order to evaluate the influence of the SPSS with respect
to the transient stability of power systems, a new case, in
which load trip of bus 20 occurs in the IEEE 16-generator
68-bus power system, is studied here. The configuration of
the power system is the same as that studied in Section V-B.
Specifically, the load of bus 20 trips at t = 1 s and it recovers
at t = 1.05 s. This leads to a frequency deviation of 0.14 Hz in
the power system having only the CPSS installed. By contrast,
the frequency deviation of the power system having the SPSS
installed is only 0.04 Hz as depicted in Fig. 9(j).
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Fig. 9. Load trip occurs in the IEEE 16-generator 68-bus power system. (a)
Rotor angle of generator 1. (b) Rotor speed of generator 1. (c) Rotor angle of
generator 10. (d) Rotor speed of generator 10. (e) Rotor angle of generator
11. (f) Rotor speed of generator 11. (g) Control input of the PSS of generator
1. (h) Control input of the PSS of generator 10. (i) Control input of the PSS
of generator 11. (j) Frequency response of the power system.
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The rotor angle deviation and rotor speed of generator 1,
generator 10 and generator 11 are presented in Fig. 9(a)–
(f). It can be observed that the generators having the SPSS
installed present stronger damping of the oscillations than the
ones having only the CPSS installed. Moreover, the control
inputs generated by the PSSs are illustrated in Fig. 9(g)–(i).
The BPSS of generator 1 is not switched on in this case,
and the damping performance of the power system having the
SPSS installed is mainly achieved by the effort of the SPSS
installed on generator 10 and generator 11, respectively. Then
less frequency deviation can be found in the power system
having the SPSS implemented as depicted in Fig. 9(j).

VI. CONCLUSION

This paper has proposed a coordinated SPSS to enhance the
stability of multi-machine power systems.

The design of the BPSS does not rely on an accurate system
model and only the knowledge of relative degree of the system
is required. The presented switching strategy of the SPSS has
twofold merits. It utilizes the time-optimum characteristic of
the BPSS and, at the same time, makes full use of the damping
ability of the CPSS.

According to the simulation results, the rotor angle devia-
tion and the rotor speed of the generators having the SPSS
installed present less oscillations than those of the generators
having only the CPSS implemented in the cases where small
disturbances occur in the multi-machine power system studied
in Section V-A and Section V-B. It reveals that the SPSS is
able to provide stronger damping ability to the small-signal
oscillations than the CPSS. This is because the SPSS has
fully utilized its switching function and provided accurate
switching time of the PSSs. Moreover, the BPSS can utilize the
largest control energy of the PSS to offer the utmost damping
with respect to the oscillations of rotor speed. In the case
that mechanical power change occurs in a 4-generator 11-bus
power system, the SPSS has prevented the power system from
going unstable.

The SPSS helps to improve the transient stability of multi-
machine power systems as well. Referring to the case that load
trip occurs in the IEEE 16-generator 68-bus power system, the
system having the SPSS installed has presented less frequency
deviation and less oscillations in the rotor angle deviation and
the rotor speed of generators. With the combined effort of
the SPSS and the exciters, the power system having the SPSS
installed has shown stronger transient stability than that having
only the CPSS implemented.

Although the SPSSs are installed locally, they can coor-
dinate with the SPSSs installed on different generators. This
can be observed from the simulated results of the relative rotor
angle between different generators studied in Section V-A. The
interacted dynamics of generators can be cancelled with the
switching of control inputs.

Moreover, the same set of SPSS parameters are used in the
three cases presented in Section V. Thus the robustness of the
SPSS, with respect to the change of power system operation
conditions, is verified.

APPENDIX A
DERIVATIVES OF OUTPUT VARIABLE
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APPENDIX B
PARAMETERS OF THE SPSS

Parm.a Value Parm. Value Parm. Value
ϕ+
0 3 ϕ−

0 −3 ϕ+
1 8

ϕ−
1 −8 ϕ+

2 100 ϕ−
2 −100

ε+0 2.95 ε−0 2.95 ε+1 0.5
ε−1 0.5 ε+2 5 ε−2 5
λ+1 6.95 λ−1 6.95 λ+2 16.95
λ−2 16.95 $ 2 τ 0.8
U+ 0.1 U− −0.1
a. Parm. represents parameter.

APPENDIX C
PARAMETERS OF CPSS AND EXCITERS

Parm.a Value Parm. Value Parm. Value
Tsi 7.5 T1i 0.08 T2i 0.015
T3i 0.08 T4i 0.015 KPSSi 50
u+PSSi 0.1 u−PSSi −0.1 TAi 0.01
KAi 30 E+

fi 3 E−
fi −3

a. Parm. represents parameter.
+ denotes the upper limit.
− denotes the lower limit of the variable.
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