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Abstract—This paper proposes a switching structure excitation
controller (SSEC) to enhance the transient stability of multi-
machine power systems. The SSEC switches between a bang-
bang funnel excitation controller (BFEC) and a conventional
excitation controller (CEC), based on an appropriately designed
state-dependent switching strategy. Only the tracking error of
rotor angle is required to realize the BFEC in a bang-bang
manner with two control values. If the feasibility assumptions
of the BFEC are satisfied, the tracking error of rotor angle
can be regulated within the predefined error funnels. The power
system having the SSEC installed can achieve faster convergence
performance compared to that having the CEC implemented
only. Simulation studies are carried out in the New England
10-generator 39-bus power system. The control performance of
the SSEC is evaluated in the cases that three-phase-to-ground
fault and transmission line outage occur in the power system,
respectively.

Index Terms—Bang-bang control, multi-machine power sys-
tems, switching controller, transient stability.

I. INTRODUCTION

RANSIENT stability has always been the key issue of the

operation of modern power systems. Stability problems
caused by voltage collapse, islanding, faults, lightning strokes
and equipment failure, may lead to enormous loss of social
economy [1]. Thus high-performance stabilizing controllers
are needed to mitigate the consequences of such events.
Normally, the excitation control of synchronous generator is
considered as the most effective way to improve the transient
stability of multi-machine power systems [2].

In practice, the linearized model based controllers are
widely used to maintain the stability of power systems, such
as the PID excitation controller [3], linear optimal excitation
controller [4] and linear adaptive excitation controller [5].
They are capable of improving transient stability of power
systems. These methods are based on the linearized model
of the power system operating around a specific operation
point. However, as for severe external disturbances, faults,
changing of network topology, which may drive the system
operation point far from the pre-fault equilibrium point, the
linear controllers will lose the advantage of damping the
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severe oscillations [6]. They can hardly provide reliable control
performance. Therefore, more attention should be paid on the
design of nonlinear excitation controllers.

In recent years, the application of advanced nonlinear ex-
citation control methods proposed for improving the transient
stability have received much attention, such as feedback lin-
earization control (FLC) [7], adaptive control [8], and robust
control [9]. The FLC is widely used for excitation control
of power systems in [2], [7] and [10]. The basic idea of
the FLC is to transform a nonlinear system into its (fully or
partially) linear representation first. Then the output feedback
controller is designed based upon the linear control techniques
to enhance the stability of the whole system. Moreover, the
optimization of Hy and H, norm are used for robust excitation
controller design to ensure the robustness of the designed
controllers. Furthermore, the observer based control method
[11], fuzzy-logic damping control techniques [12], [13] and
Lyapunov theory [14] are applied to designing the adaptive
excitation controller of synchronous generators. Although the
above control techniques have been widely used in the exci-
tation control design of power systems, they still have some
drawbacks. On one hand, the design of these controllers more
or less relies on the accurate model of power systems and
thus it is difficult to cope with the parameter uncertainty or
external disturbances of power systems. On the other hand, the
nonlinear controllers always involve complex control laws, for
what they can not be implemented easily in practice.

In this paper, a novel nonlinear SSEC is designed to enhance
the transient stability of multi-machine power systems, which
switches between a BFEC and a CEC. The BFEC is designed
as a bang-bang funnel controller, which was proposed in [15],
[16]. The BFEC only requires the knowledge of the relative
degree and output variable of the system, and its control signal
is bang-bang with two control values. The key objective of the
SSEC is to damp out the oscillations of the power system in
the cases that severe disturbances occur. In the case that a
large disturbance occurs in the power system, the BFEC is
switched on first to drive the operation point of the power
system into predefined error funnels. Thereafter, a CEC is
switched on referring to the switching strategy of the SSEC.
Due to the fact that BFEC has damped out the disturbance,
the CEC may achieve a better performance around the original
operation point. The advantages of the proposed SSEC can be
summarized as follows. First of all, only two control values
are used by the BFEC to realize its control performance. This
characteristic makes the structure of the BFEC simple and it
can be easily applied in the real system digitally. Second, we
do not need much knowledge of system structure in the bang-
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bang controller design process on condition that the feasibility
assumptions are satisfied. Third, all the calculation of the bang-
bang controller is logical, which decreases the calculation time
and complexity of the BFEC in comparison to the continuous
controller involving complex differential equations. Fourth, the
usage of error funnels and the maximal possible control values
enables fast transient response and robust tracking ability of
the BFEC.

Overall, this paper is organized as follows. In the first place,
the model of the multi-machine power system is presented
in Section II, in which the decoupled subsystems are ob-
tained through fully linearization of the multi-machine model.
Moreover, the SSEC is designed in Section III. The BFEC
and switching strategy are introduced therein. Furthermore,
simulation studies are carried out in the IEEE 10-generator
39-bus power system in Section IV. Then the conclusion is
illustrated in Section V.

II. POWER SYSTEM MODELING

The third-order simplified model of synchronous generators
is used in this paper. The i*"" generator of the multi-machine
power system with n synchronous generators is described as
follows [4]:

0; = w; — wo;

. D; i
wi = =5 (Wi —woi) + 5% (Pni — Pes) (1)
A
Eqi = 77— (Eri = Eqi)
where i = 1,2,...,n, §; is the relative rotor angle, w; is the

rotor speed, H; is the inertia constant, P,,; is the mechanical
power input, D; is the damping constant, and F,; is the
active power, E;li is the quadrature-axis transient voltage, Ey;
is the quadrature-axis voltage, T),, denotes the direct-axis
open-circuit transient time constant, Fy; denotes the excitation
voltage [9], [11].

Eqgi, Peiy Qcis 1ai, 1q; and Vg, of i*? synchronous generator
are shown as follows:

Eqi = By — (vai — wg;)Tai
Py = Eé%Gu‘ + Eéli Z E;jBijSin(sij

j=LiAi
Qei = —E(;%G“ - E;Z Z E(;jBijCOS&Lj

J=Lj#i 2)
Iy = fE(']iGi,; — z E:ljBijcosdij
j=1,j#i
n
1y = Einii + Z quBijSiIl(sij
j=1,3#

where x4; is the direct-axis reactance, :E:ji is the direct-axis
transient reactance, G;; and B;; are the self-conductance and
self-susceptance of i*" bus respectively, G;; and B;; are the
conductance and susceptance of the line between 7' and j*"
bus respectively, d;; = J; — 0; is the rotor angle deviation
between ¢*" and 5" bus, I4; and I, qi are direct- and quadrature-
axis currents respectively, (o; is the reactive power [9], [11].

Substituting (2) into (1) and we have:
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The exact linearization of the multi-machine model method
[1] is employed in the following subsection to transform (3)
into Byrnes-Isidori normal form [17], which is the basic
assumption for the design of the BFEC.

A. Exact Linearization of Multi-machine Power System

First of all, the multi-machine power system model will be
written in the MIMO general form. The rotor angle deviation
Ad; = 6; — 0;0 is chosen as the output, and the excitation
voltage Ey; is chosen as the input. The state variables are de-
finedas @ = [x],...,z,..., 2} ]T, x; = [1i1, Tiz, vi3] | =
0; w; E]T, the output of i*h subsystem is defined as
Y; = x;1, after that, u; = E¥; is defined as the input [9], [11].
Then the model of i*" synchronous generator can be denoted

as
& = filz;) + gi(mi)u;
—1,2.....n, (4
{ yi = hi(z;) @
where
T2 — Woi
fi(z:) = | a5 (T2 — woi) + 55 (Pmi — Pei) |,
*ﬁ[xw — (Tai — wg;)Lai]
11 T
gl(mz) = [ 00 Thos } )

hi(zi) = w1 — dio.
Then the general form of a multi-machine power system
model can be written as

&= f(z)+g(z)u
Ly e ®
where
f@)=[f =), £ (@),....f (@),
g1(z)
g(z) = 9:(%)
gn(“—"’)

h(zx) = [hi(x), ha(x),. .., h,(x)]".

A nonlinear coordinate transformation [17] is introduced as:
z = [2117212,. ey Rlpys o3 Rl R4y ey Ry e - .,ann]—r
d(x) = [h(x),Lihi(), ..., L3 ha(), ... hi(x), Lsh
(x),... 7£;"_1hi(:v), o hy (@), Lyhp (), .. ., E;”_lhn(:c)]—r,
where 7; is the relative degree of i*" generator model, and
the approach to calculate the r; is presented in [18]. Thus we
have
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Therefore, the relative degree r; of i*" subsystem is 3.
That is to say, the system is fully linearizable. The obtained
linearized system model can be written as
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From the above, the following equation can be given:
Z Bijuj-

Thus the decoupled model of linearized system (6) can be
obtained as:

From (1), we can obtain

dPei
dt
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Moreover, the active power and its derivative can be denoted
as [9], [11]

P, = Eq qu —|— (‘Tqi — xdi)-[qi]di )
dP.; dE.;, ., dl, ATy ®
T __ =71 i — E qe qt z.
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Substituting (8) and the third equation of system (1) into
(7), we can obtain:

Zi1 = Zi2

Zio = %3 )

. 1=1,2,...,n. 9
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Yi = Zi1-
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where
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do:

III. DESIGN OF THE SSEC

The bang-bang funnel controller proposed in [19] is em-
ployed here for the design of BFEC. According to a state-
dependent switching strategy, the SSEC switches between the
BFEC and the conventional excitation controller.

A. Third-Order Bang-Bang Funnel Controller

Since the multi-machine power system modeled in Section
II can be decoupled into n subsystems, and each of them has
relative degree of = 3. Thus the third-order bang-bang funnel
controller is used to realize the excitation control of a syn-
chronous generator. In order to simplify the switching logic,
we consider constant funnels, which can also provide reliable
performance. According to the results of [19], the bang-bang
funnel controller is able to regulate the output tracking error
within pre-specified error funnels if the feasibility assumptions
presented in [19] are satisfied.

The switching logic S of the third-order bang-bang funnel
controller can be described as

ql(t) = g(e(t)vgog - 53750(; + 56,611(15—))»
q1(0—) = ¢} € {true, false},
a(t) =
{ G(e(t), =Ay — 51 »Spf +e1,q2(t—)), if g (t) = true,
G(é(t), 4,01" er A e, qe(t-)), if qi(t) = false,
q2(0—) = ¢3 € {true, false},
q(t) =
{ G(E®t), —Ay — E2 7%02 +e5,q(t—)), if ga(t) = true,
g(e t)v@;_ 52 7)‘ +€2 7Q( ))a lf Q2( ) fa‘lsev
q(0—) = ¢° € {true, false}.
(10)
where G(e,€,e,q01a) := [e > €V (e > e A qoa)]s €(*) is

the upper switch trigger [19], e(+) is the lower switch trigger
[19], e(-) is the system output tracking error, which drives
the system [19], and goq € {true, false}, @f are the funnel
boundaries used to define funnel F; := {(t,e()(t)) € Rs¢ x
Rlp; < e®(t) < ¢}, AT, A\, € R represent the desired
minimal or maximal value of e(¥) (), which aim to increase or
decrease the previous order derivative of output tracking error
e(=1 () by a certain rate, £}, £, € Rx is designed to trigger
a switch in the internal or external signals when the errors get
close to the funnel boundaries [19], ¢(t—) := lim.\ oq(t — ¢)
[19]. g(t) is the output of the switching logic. Moreover, the
control law of the bang-bang funnel controller can be simply
given by [19]

up(t) = {

u-,
Ut,

if ¢(t) = true,

if ¢(t) = false. (I
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The working mechanism of the third-order bang-bang fun-
nel controller is illustrated in Fig. 1. It can be noticed that
the control of the dynamics of ¢(¥)(¢) is realized through the
control of eV (t)(i = 0,1). And e(®(t) can be directly
controlled by the switching of ¢(¢).

[ — @5 — &
() i RS ARSI~ t
0 o t&0
n( <p+\ false o7 —¢&f
T
é(t) e t
: — _— o i o ik
b1 true
false
+ =
ot _E;\:: V’{\ A 7:7:7“//1}' + 6]

E(t)—

L > el

q(t)

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

B. Design of BFEC

The BFEC is designed as a bang-bang funnel controller.
In term of the feasibility assumptions of BFEC, F; has been
shown satisfied in (9). As yrof = 0, F2 can be shown fulfilled.
The control law of BFEC can be given as

- if q(t) = true,
us(t) = { if ¢(t) = false.

Ef_miru
Ef_maxa ( 12)

C. Introduction of the CEC

The simplified IEEE DC-1A excitation model [20] is de-
scribed by Fig. 2, in which Vpgg is the output of PSS, V;
denotes the terminal voltage, and Vrgr is the reference value
of terminal voltage, AFs = FEf — E¥y is the output of the
exciter.

/‘VRMAX
K, AU, 1

A N >
1+5T, 1+ 5T,

SKF
1+ T,

Fig. 2. Simplified type DC-1A exciter.

D. The Switching Strategy

The SSEC switches between the BFEC and the CEC based
upon the state-dependent switching strategy. As the rotor angle
0 is chosen as the system output, its tracking error can be
written as e = y—yref = AJ. A boundary B :={(¢,e) € R>(Xx
R|b~(t) < e < bT(t)} is designed as the switching surface of
the SSEC. In the “steady state,” it has Ad = 0. If tracking error
e hits the boundary, the bang-bang controller is switched on

to damp the oscillations. Under the control of BFEC, e returns
back into the . Then the CEC is switched on operation. To
eliminate the chattering of SSEC on the switching boundary,
a time delay A, is introduced in the switching strategy. Then

the switching strategy can be given as
u(t) = pus(t) + (1 — p)uc(t) (13)

where
1, i) ¢B
| 0, ifVEe€E [to,to+ Ap]d(t) € B.

If w(t) = ugp(t), the BFEC is switched on. If u(t) = uc(t),
the CEC is switched on.

3

E. Parameters of SSEC

Parameters of the BFEC designed for the power system (1)
are given as follows:

of=—py =4, ¢ef =¢5 =39,
go'l" =—p] =3, ET =g =29,
oF = —p; =6, ey = &5, =0.5,
A =)\ =0,

A=), =45  Ut=-U =1
A = )\; =25,

and the switching surface is given as B := {(t,e) € R>¢ x
R|—1.5<e< 15}

IV. CONTROL PERFORMANCE EVALUATION AND
COMPARISON
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Fig. 3. New England 10-generater 39-bus power system.

The New England 10-generator 39-bus power system shown
in Fig. 3 is used as the test system to evaluate the performance
of the proposed controller, and the parameters of the system
are given in [21]. Synchronous generators are simulated with
their third-order models. Generator 1 is installed with the
SSEC. Other synchronous generators of the power system are
controlled by the simplified IEEE DC-1A exciter and a PSS.
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Two cases, three-phase-to-ground fault and transmission line
outage occurs in the power system respectively, are studied
in this section. The two accidents both lead to severe distur-
bances of the power system. The performance of generator
1 having SSEC installed is evaluated by its comparing with
the generator 1 having CEC installed. The rotor angle, rotor
speed, active power, and terminal voltage of generator 1 and
generator 6 are illustrated respectively for comparison. With
respect to the CEC, its parameters are chosen as: K = 400,
Ta =0.05, Kr = 0.025, Ty = 1, T = 0.095.

A. A Three-Phase-to-Ground Fault on the Transmission Line
Between Bus-1 and Bus-2

In this case, a three-phase-to-ground fault occurs on the
transmission line between buses 1 and 2 from ¢=0.5 s to ¢=0.6
s. Then the transmission line is cut off by the protection system
at t=0.6 s. The fault line is switch on operation at t=1.3 s. With
respect to the operation of the SSEC, the BFEC is switched on
between t=0.5 s and ¢=6 s. The CEC is switched on operation
during the remaining simulation time.

Fig. 4 presents the rotor angle, rotor speed, active power
output and terminal voltage of generator 1. Then the excitation
voltage of generator 1 is depicted in Fig. 5. In each figure, the
solid line represents the response of the system having the
SSEC installed. And the dashed line represents the response
of the system having the CEC implemented only. From the
presented results, it can be seen that the SSEC responses faster
than the CEC. Due to the switching strategy of the SSEC,
the BFEC is switched on first to stabilize the system during
the initial post-fault stage with two big enough control values
within a few oscillation cycles. Then the CEC is switched on
to stabilize the power system to its original operation point
asymptotically. According to Fig. 4, the rotor angle, rotor
speed deviation, active power output and terminal voltage of
generator 1 having SSEC installed present less oscillations.
Moreover, the excitation voltage of generator 1 illustrated
in Fig. 5 reveals that the BFEC is able to respond faster
to the fluctuation of rotor angle in comparison to the CEC.
Meanwhile, the terminal voltage of generator 1 is stable, and
it can be reset to the pre-fault value. The designed controller is
logic-based without involving complex calculation. With the
bang-bang mechanism applied, the SSEC is able to provide
better transient stability control performance than the CEC.

B. Transmission Line Outage Between Bus-1 and Bus-2

Transmission line outage increases line impedance, which
will limit the power transfer capability of the power system.
And the time used for restoring the transmission line needs
to be limited in case of drastic consequences. In this sub-
section, the transmission line between bus-1 and bus-2 is cut
off incorectly by the protection system at ¢=0.5 s, and the
transmission line is switched on operation at t=1.3 s. With
respect to the SSEC, the BFEC works from ¢=0.5 s to t=4 s.
The CEC works during the remaining simulation time.

In Fig. 6 and Fig. 7, dynamics of generator 1 having the
SSEC implemented and having the CEC installed only is
illustrated, respectively. In each figure, the solid line represents
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Fig. 4. Dynamics of generator 1 obtained in the case that a three-phase fault
occurs in the power system. (a) Rotor angle deviation. (b) Rotor speed. (c)
Active power output. (d) Terminal voltage.

the system state response controlled by the SSEC, and the
dashed line represents the system state response controlled
by the CEC only. According to the simulation results, both
the rotor angle and the rotor speed deviations of generator 1
controlled by the SSEC show less oscillation than those of
the generator 1 implemented with the CEC only. Due to the
improvement of rotor angle and rotor speed dynamics, the
active power output and terminal voltage of the generator 1
controlled by the SSEC present less fluctuation. Moreover,
less steady-state tracking error can be found in the generator
1 having SSEC installed in comparison with the generator 1
having the CEC implemented. From these simulation results,
it can be noticed that the SSEC works much better than the
CEC in the case that transmission line outage occurs in the
power system.

The dynamics of generator 6 are presented in Fig. 8. It can
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Fig. 6. Dynamics of generator 1 obtained in the case that a transmission
line outage occurs in the power system. (a) Rotor angle deviation. (b) Rotor
speed. (c) Active power output. (d) Terminal voltage.

be observed that the generator 6 of the power system having
the SSEC installed presents less oscillations in rotor angle,
rotor speed, active power and terminal voltage than the one of
the power system having the CEC equipped. This is due to that
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Fig. 7. Excitation voltage of generator 1 obtained in the case that a
transmission line outage occurs in the power system.

o
U\}E
2g
a0

=)

£

0.

S

% 0.

o

o

20.

=

<

50.

I=}

m L L

03 ] 10 15

Time (s)
()

Rotor speed (p.u.)

2 5 ] 10 15
Time (s)
(b)
---CEC
- 4 —SSEC
SOy
&
5
E3
i=}
{="
o
K=
b3t
<
33 5 ] 10 15
Time (s)
(©
_ -CEC
ER T S —SSEC
& H
o
g
£ |
g
=
-8 =
£l ! ]
o ki
[
1 . .
0 10 15
Time (s)
(d)

Fig. 8. Dynamics of generator 6 obtained in the case that a transmission
line outage occurs in the power system. (a) Rotor angle deviation. (b) Rotor
speed. (c) Active power output. (d) Terminal voltage.

the BFEC is capable of damping out the oscillations during
the initial post-fault stage. The unbalanced swing energy of
the entire power system is reduced and thus other generators
of the power system is able to present better transient stability
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performance as well.

V. CONCLUSION

This paper has proposed a SSEC to investigate the feasibility
of the bang-bang control for improving the transient stability
of multi-machine power systems. The SSEC switches between
a BFEC and a CEC. The design of the BFEC does not require
the accurate system model and only the knowledge of relative
degree of the system is needed.

Simulation studies are undertaken in the cases that three-
phase-to-ground fault and transmission line outage occur in the
system, respectively. The SSEC is capable of enhancing both
the rotor angle stability and the voltage stability of the power
system. The generator controlled by the SSEC presents faster
convergence performance and smaller steady-state tracking
errors than the generator controlled by the CEC does. This can
be attributed to that the BFEC involves logic operation only
and it can provide faster responding speed to the rotor angle
oscillations during the initial post-fault stage. The switching
action of the BFEC, which offers a maximum control energy,
has fully explored the potential of the excitation system of
synchronous generators. Thus the BFEC is able to damp out
more unbalanced swing energy of the entire power system than
the CEC.

Less interactions can be found between the generators of
the power system having SSECs installed. The design of the
BFEC does not rely on the system parameters. And the local
state variable information, rotor speed deviation of a generator,
is used in the control loop. Therefore, the SSEC is able to
achieve better decoupling of the dynamics between different
generators. The coordination between SSECs installed in dif-
ferent generators will be reported in near future.
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