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ABSTRACT Maintaining power system stability is becoming urgent due to the large-scale interconnection
of power grids and the high penetration of uncertain renewable energy sources. The excitation control and
governor control of synchronous generators have been considered as two crucial measures for enhancing
the power system stability. However, a major challenge is to simultaneously achieve global asymptotic
stability (GAS), voltage regulation (VR), and power regulation (PR) in the excitation and governor control.
In this paper, a Lyapunov-based decentralized control (LBC) is proposed to address this challenge. The
time-derivative of the Lyapunov function is designed by the feedback control of synchronous generators in
order to guarantee GAS. VR and PR are ensured by considering voltage and power deviations as the feedback
variables. The simulation results on the New-England ten-machine power system validate the effectiveness of
the proposed LBC in improving power system transient stability and simultaneously achieving VR and PR.
Although the proportional—-integral- and power system stabilizer-based control can also perform VR and PR,
the proposed control has much better dynamic performance and can more significantly improve the system
transient stability.

INDEX TERMS Excitation control, governor control, power regulation, power system stability, voltage

regulation.
NOMENCLATURE Yoi Time constant of excitation winding.
d; Rotor angle. ! . .. -
Tji Inertia coefficient of a generator unit.
w; Rotor speed. .
wp  Synchronous machine speed. Xdi d-ax%s reactfdnce.
E/.  Transient EMF in the g-axis Xl d-axis transient reactance.
qi : .
E;  EMF in the g-axis. Xqi q-axis reactance.
E;  Excitation voltage. Yij = G;j +jB;; The ith row and jth column element of
Pwmi Mechanical power input. nodal admittance matrix.
P,;  Active power of a generator unit. 1y d-axis current.
Po;  Expected value of the active power. I g-axis current.
Ui  Generator terminal voltage. Cyi Power coefficient of high pressure
Uopi  Expected value of terminal voltage. cylinder.
Q.i Reactive power of a generator unit. Cy; Power coefficient of intermediate
D;  Damping constant. pressure cylinder.
Pri  Active power load. CLi Power coefficient of low pressure
Qri Reactive power load. cylinder.
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Py Power output of high pressure cylinder.

Pri Power output of re-heater.
Py Power output of intermediate pressure cylinder.
Pri Power output of low pressure cylinder.

Twi;  Water starting time.
Twsi Time constant of the servomotor of HTG system.

Tui Time constant of high pressure cylinder.

Tus; Time constant of the servomotor of high pressure
cylinder.

Tri Time constant of the re-heater.

T Time constant of intermediate pressure cylinder.

Tisi  Time constant of the servomotor of intermediate
pressure cylinder.

T Time constant of low pressure cylinder.

Uwi  Opening control signal of the guide vane.

Uy  Opening control signal of high pressure cylinder.

Ui Opening control signal of intermediate pressure
cylinder.

uwi  Water gate opening.

um;  Steam valve opening of high pressure cylinder.

M1 Steam valve opening of intermediate pressure
cylinder.

I. INTRODUCTION

Modern electric power systems have complex dynamical
properties, uncertain characteristics, lower system inertia,
and smaller stability margins, mainly due to the expansion of
the power grids and the high penetration of intermittent and
uncertain renewable energy sources. The generator excitation
control and governor control have been considered as two
important measures to enhance the power system stability.
Extensive research has been devoted to these two topics.

In particular, when considering the classical third-order
model of the generator excitation systems, the power sys-
tem stability can be greatly enhanced by advanced nonlinear
methods such as Direct Feedback Linearization (DFL) [1]
and Differential Geometrical Control (DGC) [2]. This is
because the third-order excitation system model can be trans-
formed into an equivalent linear system by these approaches.
Due to the only equilibrium point of equivalent linear sys-
tems, Global Asymptotic Stability (GAS) can be ensured.
However, this equivalent transformation will result in a devia-
tion of the generator voltage from the expected value because
of the feedback of power angle. In order to ensure genera-
tor Voltage Regulation (VR), developing nonlinear voltage
controller becomes another important concern of the excita-
tion controller design [3]-[5]. For instance, in [6] and [7],
partial feedback linearization methods are proposed based
on DGC to design excitation controllers to enhance power
system stability. A detailed sub-transient model of machines
is used to develop the nonlinear excitation control law based
on DGC in [8]. Other approaches such as energy-based distur-
bance attenuation [9], Hamiltonian theory [10], and adaptive
approach [11], [12], are also used to develop excitation con-
trollers to improve the transient stability of power systems.
There are also some attempts in generator excitation control
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system to simultaneously address GAS and VR based on
Lyapunov function in multi-machine power system [13] and
single-machine infinite-bus power system [14], respectively.

Besides generator excitation control, governor control is
also viewed as one of the most effective measures to improve
the power system stability, because the response of gover-
nor can be improved by the electro-hydraulic governor [15].
In [16], a DGC-based governor control is proposed for the
steam-turbine governor system of the multi-machine power
system to enhance system stability. In [17], an exact feedback
linearization technique is applied to design the governor con-
trol for the hydraulic turbine governor system considering its
inherent non-minimum phase property to ensure the stability
of a single-machine infinite-bus system. However, the global
stability cannot be guaranteed due to the local nature of the
proposed control strategy. In [15], a nonlinear synergetic gov-
ernor controller is proposed for turbine generators to enhance
power system stability based on DGC. Although the steam
turbine generator model can be exactly linearized, the rotor
angle has to be introduced as the feedback, the reference value
of which is hard to calculate due to dynamic power flow.
Besides DGC, Lyapunov-based approaches have also been
developed to design governor controllers and to improve the
system stability with parametric uncertainties and exogenous
disturbances [18], [19]. However, GAS is not addressed in
theory.

Traditionally, the excitation control and governor control
are usually considered as two independent loops due to the
difficulty in jointly designing controllers [16], [20], [21].
In order to design excitation control or governor control
independently, assumptions that neglect the mutual influ-
ence of the excitation system and governor system must be
introduced. In [16], a DGC-based method is proposed only
for the steam turbine governor system to enhance transient
stability, where the transient EMF in g-axis has to be assumed
constant. In [20] and [21], a decentralized excitation control
and steam valve control are discussed by DFL to improve
system stability based on the assumption that the mechanical
power and the transient EMF in g-axis are constant.

When the mutual interactions between excitation and gov-
ernor control loops are considered, better transient stability
can be achieved [22]. Taking into account this mutual inter-
action, DGC is applied to design the excitation control and
governor control in [23]. The GAS can be achieved because
the equivalent linear system only has one equilibrium point.
However, since neither voltage deviation

nor power deviation is considered as feedback variables,
VR and power regulation (PR) cannot be ensured. A nonlin-
ear decentralized control of the excitation and steam-valve
system is proposed to enhance power system stability based
on DGC in [24], but PR cannot be achieved due to the lack
of power deviation feedback. In [25], a high-order sliding
mode technique is used to coordinate the excitation control
and steam-valve control for multi-machine power systems
without considering VR and PR. In [26], an adaptive back-
stepping approach is developed to coordinate the nonlinear
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excitation control and steam-valve control. However, without
a voltage deviation feedback, VR cannot be achieved. There-
fore, for the joint excitation control and governor control,
achieving GAS, VR, and PR at the same time is still an open
question.

In this paper, the work in [13] is extended to coordinate
excitation control and governor control of multi-machine
power systems to simultaneously fulfill GAS, VR, and PR
by a Lyapunov-based control (LBC). The contributions can
be summarized as follows.

o The GAS of a system is guaranteed by satisfying the
condition of GAS in Lyapunov theorem based on the
design of the eigenvalues of a symmetric real matrix;

« Voltage and power deviations are introduced as the feed-
back variables to determine the negative definiteness
of the time-derivative of the Lyapunov function and to
further ensure VR and PR;

o The proposed LBC method can simultaneously achieve
VR, PR, and GAS based on local measurements.

The remainder of this paper is organized as follows.
In Section II, the models of the generator excitation and gov-
ernor control systems are introduced. In Section III, the con-
trol objectives on excitation and governor control systems
are presented for different types of generators. In Section IV,
Lyapunov-based decentralized excitation and governor con-
trol is proposed for multi-machine power systems. Simula-
tions on the New-England ten-machine power system are
provided to validate the effectiveness of the proposed control
approach in Section V, which is followed by the conclusions
in Section VI.

Il. MODELS OF GENERATOR EXCITATION AND
GOVERNOR CONTROL SYSTEMS

Generator control systems consist of the excitation control
system and the governor control system.

A. EXCITATION CONTROL SYSTEM

Extensive research has been devoted to design decentral-
ized excitation controllers to enhance power system stabil-
ity [1]-[6]. The classical third-order model of the excitation
control system is considered with fast excitation, i.e., the
exciter time constant almost equals to zero, for which the
mathematical models can be expressed as follows.

Mechanical equations:

S,‘ = w; — W (1)
Tjiw; = (Pmiwo — Peiwy — Di(w; — wp)) )

Generator electrical dynamic:

Tg/zolE:;i = (Efi — Eqi) 3
Electrical equations:
Ey = Eéi + (xgi — X)) lai @
n
Li = Z E};(Gysin §; — By cos 8) 5)
j=1
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n
I =Y Ej(Bysin&; + Gjj cos 8;) (©6)
j=1
Terminal voltage equations:
Usgi = Xyilgi @)
thi = EL/]l — )Céildl’ (8)
2 2
Ui =Uqg + thi €))
Power equations:
P, = E(;ilqi (10)
Qei = Ejl4i — x)I} (11)

B. GOVERNOR CONTROL SYSTEM
The Hydraulic Turbine Governor (HTG) system and Steam
Turbine Governor (STG) system are introduced here.

1) HTG CONTROL SYSTEM

The HTG control system is used to drive hydro-generator
units, which exhibits high-order nonlinear behavior. If not
considering the elasticity effect of the water column,
the hydraulic turbine can be described as [23]:

. 2 .
Pyi = —(—Pwmi + wi — Twiltwi). (12)

Twi

The water-gate servomotor regulating the water gate open-
ing is represented by a first-order inertial system as:

fiowi = ——(—puws + Uwi. (13)
Twsi
2) STG CONTROL SYSTEM
The STG control system is used to drive the turbo-generator
units. The Reheat-type Governor (RG) control system
used for large steam-turbine generators can be described
by (14)-(20) [27]:
High Pressure (HP) cylinder dynamic:

. 1
Pui = —(Cuipni — Pui). (14
Ty;

The servomotor of the HP cylinder used to regulate the
steam flow can be represented by

) 1
pui = —— Uni — pmi)- (15)
Tysi
Re-heater dynamic:
. 1 Py
Pri = —(— — Prj)- 16
Ri TRi( o Ri) (16)

Intermediate Pressure (IP) cylinder dynamic:

. 1
Py = —(CyPRripii — Pri). a7
Ty

The servomotor of the IP cylinder is used to regulate the
steam valve opening and can be described by
1

Ui — ui). 18
TISi(I H1i) (18)

i =
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Low Pressure (LP) cylinder dynamic:

. 1 CLiPy
Pi=—(—— —Py)). 19
Li Tu( Iy Li) (19)
For the reheat type of generation system, the mechanical
power input can be calculated as:

Pmi = Pui + Pii + PLi (20
where

Py; = CuiPmi,  Pu = CiiPwmi, PLi = CLiPwmi,
Cui+ Cii+ CLi = 1.

IIl. CONTROL OBJECTIVES ON EXCITATION AND
GOVERNOR CONTROL SYSTEMS

For the controller design of the excitation and governor
systems, VR, PR, and GAS are here considered as control
objectives, as mentioned in the introduction section. There-
fore, the generator variables such as terminal voltage have
to be introduced into the feedback to achieve such control
objectives. For instance, the feedbacks of voltage and power
can be used to perform VR and PR [4], whereas the rotor
speed feedback can improve the transient stability of power
systems [3]. For clarity, we respectively discuss these control
objectives for the excitation control system and different
types of governor control system, as follows.

A. CONTROL OBIJECTIVE OF EXCITATION

CONTROL SYSTEM

The excitation control system is the only way to ensure gen-
erator terminal voltage, and thus the terminal voltage should
be used as the feedback of the excitation controller. Besides,
in real power systems, the rotor speed is always used as the
feedback input of power system stabilizer for excitation con-
trol to damp system oscillations [29]. Therefore, the control
objectives of the excitation system should include

AU;i = Ui — Up; 21
Aa)i = wj — 1.
B. CONTROL OBJECTIVE OF GOVERNOR
CONTROL SYSTEM
1) HTG CONTROL SYSTEM
The HTG control system is used to regulate the power output
of hydro-generators by controlling the water flow. The key
to controlling the water flow is to regulate the water-gate
opening according to a regulation signal. Therefore, both the
power output and the water gate opening are considered as
the control objectives of the nonlinear control as:

APgi = P, — Py;

(22)
Apwi = wi — Pei.

2) STG CONTROL SYSTEM
For the reheat-type governor control system, PR is con-
trolled by the steam-value opening of HP and IP cylinders.
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From (14), (15), and (20), the objective of the steam-valve
opening of HP cylinder can be developed. Similarly, we can
deduce the objective of the steam-valve opening of IP cylin-
der from (17) and (20). Accordingly, we consider the follow-
ing objectives:

AP, = Pei — Po;
Apyi = pHi — Pei (23)
Apyi = (1 — Pei/Pr;.

IV. DECENTRALIZED VOLTAGE AND POWER CONTROL
WITH GAS

We here design decentralized excitation and governor con-
trollers to achieve GAS, VR, and PR based on the Lyapunov
theorem.

A. LYAPUNOV FUNCTION

We consider a power system with n' hydro-generators
denoted by a set G! and n® reheat-type turbo-generators
denoted by a set G. The jth element in G' and G are
respectively denoted by 8 jl and gj?. With the control objectives
shown in (21)-(23), a Lyapunov function can be constructed
as:

1

Aw? +AU? | +AP? +Ap2
/L A AL

1
v=> >

jeG!

Ao’ +AU? +AP?  +Au? +Au?
( e e g T

n % > @4

jeG?
The time-derivative of V can be expressed as
vV = AyT Ay (25)
where
Ay =[(ayD" Ay DT (ayDTL a1
and

T
1 . 1
Ay) = [Ang;, AU, AP, A,uwg}] . j=1,--.n

T
2
ij = I:Aa)gjz, AUthg, APeg]_z, AMngZ, AlLIng] s

j=1,---,n%

As in (25), the negative definiteness of V is determined by
the differential trajectory Ay. Therefore, we need to design
the differential trajectory Ay through control inputs in order
to ensure the negative definiteness of V.

B. DESIGN OF DIFFERENTIAL TRAJECTORY Ay

In order to design the differential trajectory Ay through con-
trol inputs, we must build the relationship between Ay and
control inputs.
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For the excitation control system, the time-derivative of the
terminal voltage in Ay of (25) can be deduced from (3)-(4),
(7)-(9), and (21) for each generating unit as [13]:

AU, = cF + dFE; (26)

where cF and dlE describe the relationship between AUI,- and
the excitation voltage Ej; as

1 . 1
i U_ﬁ[xgilqilqi R Ui — (xgilqi)?

¢ = -
Thoi
(W UZ = Wil g)? + xailai + T o il ai)]
dE _ \/ Ul% - ('xqilqi)2 _ Ulqi

t U tiTéoz‘ B UtiTéoz' '
For the HTG control system, the time-derivative of Auw;
in Ay can be obtained from (13) and (22) as

Ajwi = ¢¥ +dY Uwi, 27)
where
Hwi 1
Clyv == _l — e, dl\V = .
Twsi Twsi

Likewise, Azty; and Ay can be derived from (15), (18),
and (23) for a reheat-type governor system as:

A = B+ dHuy; (28)
Apu; = ¢l +dUy,
where
. 1 P . 1
?Z_&_Pelv dll{__s c}z_ﬂ_ is I=_
Tysi Tysi Tisi Tisi
and
Pg;

While applying the approach in [13], (21)-(23) can be used
to actively construct a completely controllable linear system
with (26)-(28), as follows:

Ay = AAy + B(c + du), (29)
where
A = diag (A}, - Al.AL - AD)
B = diag (B}, . B}, B} . B%)
T
c= [(C%)T,m NCH N CHLNERE ,(Ciz)T]
T
w= @)@l @ @]

d = diag (d}. - d}y.d}. - d2).

Here we have
1 2

Gt Yyl 0 0
o o o o 1o
4 0 a, ad | Bi=1o0 ol

8j 8j 0 1

0 0 0 0
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1 E WqT 1 T 4! di .
o =gl =y Ungledj= g |
B j
and
ro1 2 -
agjz g]z O O 0 0 0 0
j 0 0 T2 g 0 ’ 010
0O 0 0 0 0 001
(0 0 0 o0 0 .
2 _E H 14T 2 _ r
cj = [Cg]z, Cg]g, Cc jz] s uj - [Efgj27 Ungz’ Ulg/Z] ’
8j H
2 _
d;=| 0 dg} 0
0 0 dlz
L j
Letv = ¢ + du, (29) can be rewritten as
Ay =AAy+ By (30

Remark 1: Equation (30) is designed to regulate the dif-
ferential trajectory Ay through control inputs. According to
linear control theory, by properly selecting the constants a; .
and ai’?(i = 1,2,3,4) we can make sure that the systeh]1
in( 30)Jis a completely controllable linear system.

Remark 2: With complete controllability, the poles of (30)
can be arbitrarily arranged through virtual inputs v, which
means that the trajectory of time-derivative Ay can be con-
trolled by virtual inputs based on pole arrangements. There-
fore, we can use (30) to regulate the negative definiteness
of (25).

Remark 3: Noted that (30) is constructed with the vari-
ables such as voltage and power deviations to determine the
negative definiteness of the time-derivative of the Lyapunov
function. Therefore, GAS is closely related to VR and PR, and
thus GAS, PR, and VR are considered simultaneously.

For (30), the virtual control can be designed as

y = —KAy, GD
where
K = diag(kl, e ,k,lll’k%’ T ’kEZ)
and
1 [ kz;' kf?l 00
k; 0 0 Kk K4
L 8j 8j
kp k> 00 0
) 0 0 & 4 0
ki = 8 8
0O 0 0 0 &
i 8

The decentralized excitation and governor control can be
obtained from v = ¢ + du and (31) as

u=d '(—KAy — o), (32)
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which is actually

[ Epy (—k;!AaM k (AU —c 1)/d§
=y = (—k3]AP k | Aty —¢ )/dW ’
L ng! 1 gl ngl | 5!
M B (— k sz k AUtgz—cz)/dE
8j J
u} = Upg |= (— k:/AP 2 k A,quz—cz)/dP]I
| Ui T gjg/d;j

C. JUSTIFICATION ON GAS
Substituting (29) and (32) into (25), the time-derivative of the
Lyapunov function can be rewritten as:

V = Ay ® Ay, (33)
where
®=A—-BK. (34)

In (34), it is difficult to decide the negative definiteness
of ®. We define a symmetric real matrix ¥ = & + &7,
According to matrix theory, the negative definiteness of ®
and V¥ is equivalent. For the generator excitation and governor
models, we can ensure that all of the eigenvalues of ¥ are
negative real numbers by properly choosing the coefficient K.
Therefore, ® can be negative definite, i.e., we have:

V = Ay ®Ay < 0 for any Ay # 0. (35)

Let Ax be the state deviation vector of dynamic equations
of a power system. If we have

V = Ay’ ®Ay < 0 for any Ax # 0. (36)

then GAS can be accomplished according to the Lyapunov
theorem. Therefore, we need to prove that for any Ax # 0,
there is Ay # 0.

For convenience, we arrange Ax and Ay as:

Ax = [A81, AE);, Awi, -+, Ady, AEy,, Awn, Axg]”
Ay = [AUs1, APer, Awy, -+, AUp, APy, Awy, Ay, 1"
37)

where n = n! + n%; Ax, and Ayg are the state vector and
feedback vector of the governor systems.

We need to show that for any nonzero element of Ax(AS§;,
AE{;Z., Aw;, or Axg), there is Ay # 0. Specifically, 1) When
AS; or AE(/II. is not equal to zero, AU; and AP,; cannot
be equal to zero at the same time because in that case the
generators will not be controllable; 2) When Aw; # 0, there
is Ay # 0, because Aw; is an element of Ay; 3) Considering
the models and the physical characteristics of the governor
systems, we can deduce Ax, # 0 = Ay, # 0. For example,
when Apc; in Axg is not equal to zero, AP,; in Ayg will not
be equal to zero, that is because the change of the steam valve
opening will surely result in the change of power output.

Therefore, for any Ax # O, there is indeed Ay # 0. This
means that (36) holds, and thus GAS is guaranteed.
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D. DISCUSSION ON PERFORMING GAS, VR, AND PR

The Lyapunov function in (24) is constructed by a quadratic
form of the feedback in (21)-(23). The time-derivative of the
Lyapunov function is also designed as a quadratic form of
the feedback through control inputs based on the design of
a differential trajectory. Therefore, GAS is closely related
to the tracking errors of the system variables such as the
terminal voltage and the active power. While achieving the
stability of a system, the voltage and power deviations are
also decreasing. When the system finally stabilizes in a steady
state due to the feedback control, the tracking errors of the
voltage and power will also be eliminated. Therefore, GAS,
VR, and PR are achieved simultaneously.

V. SIMULATION AND DISCUSSIONS
A. POWER SYSTEM MODEL
In order to validate the effectiveness of the proposed nonlin-
ear controller, we consider the New England ten-

machine power system as illustrated in Fig. 1. Generators
1-5, 8, and 9 are large reheat-type generators, generators
6 and 7 are hydro- generators, and generator 10 represents the
infinite bus. More details about the parameters of this system
can be found in [31].

The physical limits of the excitation voltages for the exci-
tation control systems are set as

5= Efg_,’ <5 5= Efgjg <5
The physical limits of the governor control systems are:

0=y <7 0= jiyge <10, 0=y < L1,

B. PARAMETER CALCULATION
For generators 1-9, the models in (30) have a total

of 43 orders. By using the parameters in Table I, we have
rank((B AB A’B --- A¥B]) = 43,

and thus the linear system in (30) is completely controllable.

TABLE 1. Parameters of matrix A in (29).

a,a a,a,

1 1
a,.da,
g; g g; g g; g g g;

-300 -300 -10 10

When one considers the feedback gains in Table II, all of
the eigenvalues of the matrix W in Section IV.C are negative
real number and thus ¥ is negative definite. Consequently,
the matrix @ is also negative definite. In this context, GAS
can be guaranteed because the condition in (35) and (36) is
satisfied.

As in Table II, we use the same gains for each generator.
The system performance may be improved by choosing
different feedback gains for different generators, which, how-
ever, is out of the scope of this paper.
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Reheat-type

Reheat-type 37Generator

Generator

30

Infinite Bus

39

Reheat-type
Generator

wé%
£

27
38
Reheat-type
Generator

Reheat-type Reheat-type
Generator

Hydro-generator
35

g

I

M.’@

\/

23

D

33 36
Reheat-type
Generator

Hydro-generator
Generator

FIGURE 1. The ten-machine New-England power system.

TABLE 2. Gains of nonlinear feedbacks in (31).

TABLE 3. Simulation scenarios for performing VR.

kK Kk KLk, Kk K
g g RS g I
-500 40 15 15 15

C. SIMULATION ANALYSIS

In order to demonstrate the effectiveness of the proposed
LBC, we compare it with the case that the Proportional
Integral (PI) controllers and Power System Stabilizers (PSSs)
are considered, which is called PI/PSS for simplicity. PI and
PSS1A [28] are used for the generator excitation systems
with the feedback of generator terminal voltages and rotor
speeds, while the governor systems are equipped with PI
controllers [15], [30], where active powers and rotor speeds
are considered as the feedback variables.

Here, we only choose Generator 1 (reheat-type generator)
and Generator 6 (hydro-generator) for demonstration. The
results for the other generators are similar and thus are not
given.

1) PERFORMING VR

We add step changes for the references of the generator ter-
minal voltages, as shown in Table III. As illustrated in Fig. 2,
both LBC and PI/PSS control can achieve voltage regula-
tion for Generators 1 and 6 due to the voltage feedback
and maintain the power outputs of the generators at initial
values because of the power feedback. However, comparing
with PI/PSS control, the LBC has much better performance
in tracking the regulation target and suppressing system
oscillations.

VOLUME 7, 2019

Terminal Voltage (p.u.)

Gl G2 G3 G4 G5
Initialization ~ 1.0475 0.9820 0.9831 0.9972 1.0123
Regulation 1.0225 1.0070  1.0081 1.0222  1.0373
G6 G7 G38 G9
Initialization ~ 1.0493  1.0635 1.0278  1.0265
Regulation 1.0743  1.0385 1.0028 1.0015

1.06 1.09

— — PI/PSS

— — PL/PSS
LBC

3
b
3
2

s 2
s F
s =
& 3

3
5
3
b

Terminal Voltage (p.u.)
Terminal Voltage (p.u.)

0 2 4 6
Reheat-type generator 1
(a

Time) o 2 4 6
Hydro-generator 6

Time(s)

=

— —PL/PSS
LBC

— — PI/PSS
LBC

[
4

Active Power (p.u.)
Active Power (p.u.)

0 2 4
Reheat-type generator 1
(b)

6 Time(s) “0 2 4 6

Hydro-generator 6

Time(s)

FIGURE 2. Dynamic responses for performing VR.

2) PERFORMING PR

In order to test the controller performance in PR, we add
step changes for the references of the generator active power,
as shown in Table IV. The dynamic responses are shown
in Fig. 3.
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TABLE 4. Simulation scenarios for performing PR.

Active Power (p.u.)
Gl G2 G3 G4 G5
Initialization 2.500 5.160 6.500 6.320 5.080
Regulation 2.745 4.644 5.850 6.952 5.588
G6 G7 G8 G9
Initialization 6.500 5.600 5.450 8.300
Regulation 5.850 6.160 5.995 7.470
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FIGURE 4. Dynamic responses for a three phase fault.

It is seen that PR can be achieved by both LBC and PI/PSS
control, while maintaining the initial voltages. This is because
voltage and power deviations are considered as the feedback
for LBC and PI/PSS control. However, similar to VR, LBC
shows better dynamic performance than the PI/PSS does.

3) THREE-PHASE SHORT CIRCUIT FAULT

The power system is subjected to a three-phase short circuit
fault at the beginning of line 21-22 at 1 second, as shown
in Fig. 1, and the fault line is removed after 0.2 second.
As shown in Fig. 4, with LBC, the stability of power systems
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can be maintained. However, for this case that PI/PSS control
is considered, the power system loses the stability. Therefore,
compared with the case by PI/PSS control, the power system
stability can be improved by LBC.

In order to further show the advantages of the proposed
LBC over PI/PSS in enhancing system stability, Critical
Clearing Time (CCT) is calculated by trial and error for
different line faults, as shown in Table V. Comparing with the
PI/PSS control, the CCTs of LBC are significantly increased
under all test cases. This is because the LBC can ensure the
GAS of a system in theory.

TABLE 5. CCT comparisons for excitation control and governor control
methods.

Critical Clearing Time (CCT)

Fault Location Line Removed

LBC (s) PI/PSS (s)
Bus 3 Line 3-4 0.347 0.173
Bus 6 Line 6-7 0.400 0.203
Bus 8 Line 8-9 0.614 0.283
Bus 13 Line 13-14 0.404 0.204
Bus 16 Line 16-17 0.138 0.103
Bus 17 Line 17-27 0.272 0.148
Bus 21 Line 21-22 0.202 0.148
Bus 28 Line 28-29 0.219 0.089

VI. CONCLUSION

VR, PR, and GAS are of great importance for power system
security and thus need to be considered in the excitation and
governor control design. However, simultaneously fulfilling
GAS, VR, and PR in the excitation and governor control
design is very challenging.

In this paper, we propose a decentralized excitation and
governor controller to address this challenge. The GAS of
the power system can be guaranteed in theory by the proposed
Lyapunov-based controller. VR and PR are achieved by intro-
ducing both voltage and power deviations into the feedback
control. With the feedback of voltage and power deviations,
the proposed controllers are used to determine the negative
definiteness of the time-derivative of the Lyapunov function
to guarantee GAS. Simulation results on the New-England
ten-machine power system demonstrate the effectiveness of
the proposed control method. Compared with the PI/PSS-
based control, the proposed control has much better dynamic
performance and significantly increased CCT.
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