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stability enhancement by the VSC excitation system. The reactive current injected to generator terminals
by the VSC excitation system can be controlled flexibly. Its capability of enhancing power system stability
is investigated in this paper. The simplified model of VSC excitation system suitable for use in system sta-
bility studies is developed. An extended Philips—Heffron model of a single-machine infinite bus (SMIB)
Power system stability systerr} v_vith VSC exgitation system is established and ap_plied to analyz_e the da_mping torql.}e contribution
Power system damping of the injected reactive current to the power system. This paper also gives a brief explanation on why the
Transient stability VSC excitation system can enhance the transient stability in light of equal area criterion. The results of
calculations and simulations show that the injected reactive current of VSC excitation system contributes
to system damping significantly and has a great effect on the transient stability. When compared with
conventional thyristor excitation systems, the VSC excitation system can not only improve the small-sig-
nal performance of the power system, but also can improve the system transient stability limit.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction Furthermore, the thyristor excitation systems have following
disadvantages:

The generator excitation system, which provides direct current
to the synchronous machine field winding, is the most important (1) Commutation failure is a very frequent malfunction in thy-
and effective means to maintain the stability of power systems. ristor converters, which is mainly caused by the ac side
Since the 1960s, the static excitation systems based thyristor con- faults resulting in severe voltage drops [3].
verters (thyristor excitation systems) have been extensively used, (2) Thyristor converters always absorb reactive power uncon-
for its ability of producing almost instantaneous response and high trollably in the amount of about 60% of the real power,
ceiling voltages. This system has a very small inherent time con- whether the output conduction is positive or negative.
stant and is easily maintainable [1]. However, the modern power (3) The system input voltage is dependent on the terminal volt-
systems are interconnected each other to give and take the electric age of the generator. During system-fault conditions causing
power and have become much more complicated than decades depressed generator terminal voltage, the available excita-
ago. The presence of system instability is becoming more promi- tion system ceiling voltage is reduced [1]. And with only
nent and thyristor excitation systems with conventional PSS are excitation control, the system stability may not be main-
not sufficient to suppress the wide range (0.1-3.0 Hz) power tained if a large fault occurs close to the generator terminal
oscillations any more. On the other hand, the long distance power [4].
transfer with heavy load seems to be more susceptive to poor
damping [2]. Studies show that the thyristor excitation system Over the past decades, most of the work on excitation system
cannot provide enough damping even if PSS is equipped. focuses on exploring new control algorithms of excitation control-

lers, such as nonlinear control and artificial intelligence [4-8]. Lit-
tle has changed about the excitation power part. With the recent
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Nomenclature

é power angle of the generator

w,wo  rotor speed and base speed

P prime mover output power

P, active electrical power delivered by the generator

D,H damping constant and inertia constant of the generator

E, Eq (transient) EMF in the quadrature axis

Ty d-axis transient short circuit time constant

Ep, Uy equivalent no-load EMF in the excitation coil and field
voltage

Ve generator terminal voltage

Vy Infinite bus voltage

Iy, i4a, ig  Stator current

X4, X} d-axis reactances

Xq,Xg g-axis reactances

X1, X reactance of the transformer and transmission line
L, Cyc interface inductor and dc-side capacitor of the rectifier
Ve dc-side bus voltage

isabe isaq input currents of the rectifier

Ira field current

Is injected active current

mg, mg  control variables of the rectifier

d duty ratio of the chopper

Kg ratio of the excitation transformer

Kc gain of the excitation amplifier

excitation system for short) has been proposed to improve the
power system stability performance. The PWM converters have
lots of attractive features when compared with tranditional thyris-
tor converters, such as low harmonic distortion, bidirectional
power flow, nearly sinusoidal input current, and controllable
power factor [9]. Fig. 1 illustrates a typical topology of VSC excita-
tion system, which consists of a front-end rectifier, a back-end
chopper and an excitation transformer. The primary function of
the rectifier is to maintain the dc capacitance voltage constant.
Thus, the field voltage is regulated by the chopper only. In addition,
the reactive power exchanged between the rectifier and the gener-
ator terminal can be controlled flexibly. That is to say, the VSC exci-
tation system can not only provide field voltage like tranditional
thyristor excitation systems, but also has a supplementary reactive
power injector (RPI) connected in shunt with the generator termi-
nals. The operation of the RPI is inherently fast, and with appropri-
ate control, it can have a great effect on the alternator performance
within fractions of a cycle of the normal rotor oscillation. So VSC
excitation system has capacity to better maintain power system
stability than tranditional thyristor excitation systems. It is worth
mentioning that the performance of VSC excitation system is supe-
rior to the combination of thyristor excitation system and SVC/
STATCOM. For example, the front-end rectifier is a boost converter,
so the field voltage is still adequate even if the terminal voltage
drops sharply. At this point, the performance of VSC excitation sys-
tem is equivalent to separately excited systems. Although the VSC
excitation system is expensive than tranditional thyristor excita-
tion systems at present, it will be widely used in the near future
as the cost of power electronic devices go down.

v,
Coordinated Controller I,
. Gate 4 h
iSabe Signals | Vde I
Generator

S

N

i EME& Tk
E&:_‘ vVh V. y CI:__I’% Vi '%_}3@
T |

Rectifier ' ™ Chopper

(0 )

Excitation transformer

Fig. 1. Schematic of VSC excitation system.

Considerable efforts have been done to improve power system
stability through regulating the field voltage in literatures
[5-11]; therefore this paper concentrates on investigating the
capability of the RPI to enhance power system stability. Most of
the previous works on power system stability enhancement by
VSC excitation system are based solely on the time-domain simu-
lation [12-14]. This paper attempts to provide theoretic verifica-
tion for the previous studies. By use of extended Philips—Heffron
model, the damping torque contribution of the RPI to the power
system is analyzed, so as to present an analytical explanation on
why the VSC excitation system can improve system damping and
small-signal stability. This paper also gives a brief investigation
of the RPI effect on transient stability in light of the equal area
criterion. The rest of this paper is organized as follows: Section 2
describes the simplified model of the VSC excitation system and
the overall model of a single machine infinite-bus (SMIB) system
installed with the VSC excitation system. The extended Philips—
Heffron model and damping torque contribution of the RPI are
presented in Section 3. The nonlinear simulation results of the
small-signal stability improvement by VSC excitation system are
also shown. In Section 4, the capability of the RPI to transient
stability enhancement is evaluated. Finally, some conclusions are
presented in Section 5.

2. Power system model
2.1. Simplified model of VSC excitation system

The dynamic model of the three phase rectifier corresponds to a
non-linear and coupled system. Various control strategies have
been proposed to get the performance of VSC improved. Fig. 2
shows the control strategy of the rectifier and chopper. The current
state feedback control method [9] is employed to control the active

L
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Fig. 2. The control strategy of rectifier and chopper.
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and reactive current independently. For simplicity, the final rela-
tion between the controlled variables and the reference values un-
der this strategy are linear and decoupled, as shown in (1) and (2)
[15]

1., 1,
A L M
1. 1.
b= gl gl @

The time constant T is equal to three times PWM switching period
by selecting proper parameters of rectifier current controller. It is
shown that a first order dynamic response is achieved for both ac-
tive and reactive currents. The active reference value ig, is derived
from the dc-link loop (usually a PI controller), and increases with
the excitation power. The active reference value ig, determines
the reactive power injected to the generator terminals. The excita-
tion power is only 0.25%~0.5% of generator’s total power [16], so
the dynamics of isy can also be omitted. Based on that, the dynamic
model of the VSC excitation system can be written as

1., 1

I=7l=7ls 3)
where

Is = isq/Kg 4)

As shown by Fig. 1, when the power switches V;7 and Vo turn on,
the field voltage Uy is equal to the DC voltage V. So the synchro-
nous generator gets positive field current. When Vy7 and Vo turn
off, the direction of the field current cannot change suddenly. The
diodes Dg and Dg allow the freewheeling current to flow. Therefore
the field voltage Uy is equal to —Vj.. If the duty cycle of the PWM
signal for V7 and Vrio and is d, the mean value of the field voltage
could be expressed as

Uy = (2d — 1)V (5)

2.2. System model

The power system studied in this paper is a single machine infi-
nite-bus (SMIB) system, as shown by Fig. 3, which typically repre-
sents a generation station connected radially to a much larger
power system. The VSC excitation system is represented by the
simplified model developed above.

The dynamical equations of a synchronous generator can be ex-
pressed as follows [17]

Mechanical equations:

5 = woAw (6)
. 1 D
Ao = 5 (P~ Pe) = 5 A® 7)

Generator electrical dynamics:

v, Y
L
v T Z
Y'Y Y IS X T X L
i E, - Tllsqi VSC excitation system

Fig. 3. The studied power system with VSC excitation system installed.

E, = (Ert — Eq)/Tio ®)
Electrical equations:

PE = E;i[q + (Xq - X:j)itditq (9)
Eq = Ej + (Xq — Xy)ig (10)
Ve = (B, = Xyiea)” + (Xyicg)? (11)

Although the third-order generator model is a simplification of
the real generator, it retains the main characteristics of the power
system dynamics and is widely used in designing the excitation
controllers. Take account of the influence caused by the injected
reactive current Is, we can obtain that

Vi =V, +ixs(I + I5) (12)

where xs = X7 + X|.
3. Small-signal stability improvement
3.1. Extended Philips—Heffron Model

The Phillips—-Heffron model of a power system has been suc-
cessfully used for the analysis and design of PSS and FACTS
[18-21] Although there has been considerable interest in designing
excitation controller and analyzing power system stability with
nonlinear models in recent years, the Phillips-Heffron model is still
one of the most commonly used tools for its clear physical and
engineering significance. In this section we will establish the Phil-
lips—Heffron model of the studied power system for analysis of the
damping improvement by the VSC excitation system.

Linearizing state (8)-(12) and assuming that the governor ac-
tion is slow enough not to have any significant impact on the ma-
chine dynamics, we can obtain [17]

AS = woA® (13)

A® = (~AP, — DA®)/M (14)

AE, = (AEjy — AEq)/Th (15)

Al=—tastar 16
{=—paltgal (18

where

AP, = K1 A6 + K2 AE, + K1oAls (17)

AE = — K5 (AB, — Kuns 4 KyiAl) (18)
T F TKas 0 nes

AV, = K5A + K6 AE, + K12l (19)

By substituting (17)-(19) into (13)-(15) and neglecting the inherent
time constant of the RPI and field voltage, the full-state linearized
model of the studied power system can be obtained as:

AS 0 o 0 AS 0 0

. Ky D K, wokyo | [ AEg
Ao |=|—"w —vm ~Wm Aw | + |0 -5

: —K 0 — || AE L K Als
AE, Tgo TaoKs q Tao Tao

(20)

It is obvious that the presence of the RPI results in a new control
variable Is while conventional thyristor excitation systems have
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Fig. 4. The extended Philips-Heffron model of the power system.
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Fig. 5. Static excitation system with AVR.

only one control variable Eg. From Eq. (20) we can have the ex-
tended Phillips-Heffron model of the power system installed with
the VSC excitation system as shown by Fig. 4. From the block dia-
gram, it can be found that the RPI has a component directly affect-
ing the electromechanical oscillation loop, which is denoted by Kj.
In addition, the RPI also contains two components indirectly affect-
ing the electric torque, which influence the deviations in flux volt-
age AE; (denoted by Kj;) and terminal voltage AV, (denoted by
K2) respectively. In this paper, the capability of the RPI to improve
power system stability will be investigated, beginning with this sec-
tion on small-signal stability.

3.2. Damping torque contribution by the RPI

Damping torque analysis was first introduced for the SMIB sys-
tems by Demello and Concordia [22], and later extended to multi-
machine power systems for the analysis and design of the PSS or
FACTS-based stabilizer in improving system oscillation stability
[23-25]. For the purpose of illustration and examination of the
influence on small-signal stability, the exciter model shown in
Fig. 5 is considered in this paper [26]. It is representative of static
excitation systems with necessary elements for a specific system.
This simplifies the analysis without loss of accuracy.

Assume that the control of the RPI is of the simplest form of
pure gain control. That is

Als = K5Ad + K,(pAw (21)

From the block diagram of Fig. 4, the electric torque contributed by
the RPI can be expressed as

K7K3 (K11 — K12Ka)

Tely. = KioAl
elat; = KioAls + ThoK3s + K3KeKy + 1

Als (22)

Usually, we have that K3KsK4 > 1. Then Eq. (22) can be simplified as

K7 (K11 — K12Ka)

Te|y. = K10Al
elay = Kol Kaka

Als (23)
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Fig. 8. Mpp and My, contribution by the RPI.

Hence, the damping torque coefficient due to the RPI is

MD‘AIS = K10K o A + C] CZ (KU)KGKA — K@‘Tldo)w() Aw (24)
Mpp Mp;
where

Ko (K11 — Ki2Ky)
1 =5
(KeKy)? + (0T})°
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(b) 015 — — — - Thyristor excitation system with AVR
VSC excitation systemwith AVR+RPI
0.1 1
0.05 1
=
R O\
g v
-0.05 1
-0.1 1
1(s)
0 2 4 6 8 10

Fig. 9. System responses for a 5% step change in P,.

Cy = Ky1 — Kq2K, (26)
The first component of Eq. (24) is termed as the “direct damping
torque” [22], which directly applies to the electromechanical
oscillation loop of the generator and is mainly measured by coef-
ficient K;o. The second component is termed as the “indirect
damping torque”, which applies through the field channel of
the generator and is related to the deviation of field voltage
caused by the RPI. The parameters K>, K3, K4, Ks and C; are usu-
ally positive [1]. Therefore whether the RPI deteriorates or aids
the system damping is primarily influenced by Ko, K;1, Ki2 and
the exciter gain Kj.

Variations of parameters K;o and G, are plotted by varying gen-
erator power P, from 0.1 p.u. to 0.7 p.u. (the power limit of the
transmission lines is 0.76 p.u.) for various values of K4 by keeping
the terminal voltage V; and infinite bus voltage V,, at 1.0 p.u. The
SMIB system is a weak system with long distance transmission
lines [16] and the parameters are given in Appendix C. Figs. 6
and 7 show the variation of K;oq and G, respectively, with P.. For
all foreseeable operating conditions, Ko is always positive while
G, is always negative. Thus, the effect of the RPI on damping torque
component is determined by the RPI control parameter K; and K.
Eq. (24) indicates that if K, > 0 and K,KsK4 < K;sT 9o, the direct
damping torque coefficient Mpp and the indirect damping torque
coefficient Mp, are both positive. That is, the RPI provides the
power system with a positive damping.

Fig. 8 shows the variation the direct and indirect damping tor-
que coefficient contributed from the RPI with the control parame-
ters Ks = 9.0, K, = 0.1 at typical machine oscillating frequencies of
about 1.0 Hz. Observe that for given control parameters, the direct
damping torque coefficient Mpp and the indirect damping torque
coefficient Mp, are both positive over the whole range of operating
and system conditions and they increase with the increasement of
P.. And it can be observed that the indirect damping torque coeffi-
cient Mp, is much greater than the direct damping torque coeffi-
cient Mpp. This is because the effect of Als is amplified as much
as K, times by the exciter before it forms the indirect damping tor-
que, as can be seen from Fig. 4.

In order to demonstrate these results more accurately, the
nonlinear simulations of the example SMIB system in terms of
the rotor angle 6 for a 0.05 p.u. step change in prime mover out-
put power P, are shown by Fig. 9. The system is operated with
(a) thyristor excitation system with AVR (K4 =50.0) and (b) VSC
excitation system with AVR+RPI (K4=50.0, Ks=0.9, K, =0.1).
The system is unstable with AVR alone. The system becomes sta-
ble with additional RPI and the system oscillation is damped
quickly. From the simulation results and the above analyses, it
is readily apparent that the RPI can improve power system damp-
ing significantly.

(a) 95

85t
80|

75t

5()

70

1) K,K K, < KT,

60 12 K, KK, = K; 7:10
(3) K, K Ky > K5 T,

55 . . . .
0 2

(b) 0.15 -

N
[
©
-
o

3

Iy (pw)

Fig. 10. System responses under different RPI control parameters.

3.3. Influence of the RPI control parameters

Equation (24) also implies a criterion on whether the RPI con-
trol provides power systems with positive or negative damping
torque. Higher value of K, is beneficial in increasing direct damp-
ing torque coefficient Mpp. However, in so doing it may result in
negative indirect damping torque coefficient Mp,. For Mpp is usu-
ally much smaller than Mp,, the condition of damping torque con-
tribution by the RPI can be expressed as

positive damping 27)
negative damping

KuKsKa < KTy,
I((”KGKA > I<15T£107
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Fig. 11. System responses for a 5% step increase in the terminal reference voltage.
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Fig. 12. The effect of the RPI on transient stability.

Fig. 10 shows the simulation results for a 0.05 p.u. step change in
prime mover output power P, under three sets of RPI control
parameters:

(1) K, =0.1,K5 =6.6 (K,KsKs < KsTypo)

(2) Ky =0.1,K; =0.6  (KoKsKa = K;T)g)

(3) Ko, =0.1,K5 =0.1 (K,KeKa > K;Tq)

The gain K, of the AVR is fixed at 50.0 so that the influences of
the exciter are almost the same. It is observed from Fig. 10 that
K, KeKa = K;T,, can be interpreted as a critical condition of the ef-
fect of the RPI on damping torque. When K, KsKx < K;T,, the sys-
tem oscillation is damped, while when K,KsK4 > KsT},, the
oscillation becomes more intensely and the generator loses syn-
chronism at last. These results are consistent with the analyses
above and give design basis for the RPI control parameters.

3.4. Small-signal stability improvement

A small disturbance in the terminal reference voltage is consid-
ered to investigate the effectiveness of the VSC excitation system.
The terminal reference voltage is increased by a step of 5% at
t=0.5s. The performance of the VSC excitation system is compared
with the results of a thyristor excitation system controlled by con-
ventional AVR + PSS. The parameters of the PSS which are shown to
give the best performance in [16] are given as follows:

T, =4s,Ks =1.0,T; =Ty = 25,T, = 0.638s, T4 = 0.824s

A coordinated controller based on linear optimal control (LOC) the-
ory is developed in this paper. Although many nonlinear controllers
for coordinating excitation and FACTS devices are proposed in liter-
atures, they have strict requirements of system parameters. LOC is a
simple and effective method to design coordinated controllers, and
has been widely used for generator excitation in China. The design
procedure is shown in Appendix B. The control law of VSC excitation
system in the simulations is

AP,
{Aﬁfd} [ 50 -8 40
- A® (28)
Al 065 -01 25
s AV,

Fig. 11 illustrates the simulation results of conventional thyristor
excitation system and proposed VSC excitation system, where the
generator angle, terminal voltage, field voltage and injected active
power of VSC are respectively demonstrated. With tranditional thy-
ristor excitation system, the number of generator active power
oscillation is more than three, which means the corresponding
damping coefficient is less than 0.159 [17]. However, through
injecting a capacitive reactive current to generator terminal, the
VSC excitation system makes the power system restore stabilization
quickly. It is clear the first rotor angle swing is significantly reduced
and the number of power oscillation is close to one. That is to say
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Fig. 13. System responses for a three-phase fault.

the damping coefficient is marked up to 0.477. Therefore there is no
doubt that the proposed VSC excitation system is much better than
the tranditional thyristor excitation system in improving power
system small-signal stability.

4. Transient stability improvement

Since there is no inertia in power electronics conversion pro-
cess, the injected reactive current of VSC excitation system can
be changed very rapidly within the limits set. This feature can be
used to dynamically modulate the system reactive power to in-
crease the stability margins in the system.

This issue can be further clarified in light of the equal area cri-
terion. For the system shown in Fig. 3, the P-é relationship can be
obtained from (13)-(15)

EV, . L — X )VE
Py BV gy 14— XVb o (29)
Xis 2 XysXgr
where
Xy = Xy + X5 — Xxsls/V, (30)
Xgz = Xg + Xs — XgXsls /V; (31)

It is clear that the change of the injected reactive current Is will alter
the P-6 curve of a power system. When the reactive current is
capacitive (Is>0), system P-§ curve is raised; when the reactive
current is inductive (Is < 0), system P-¢§ curve is lowered. Let us con-
sider the effect of the RPI to a three-phase to ground fault at the out-
let of the step-up transformer, as shown in Fig. 3. The fault in
cleared after 100 ms. Fig. 12 shows P-¢ plots for the three network
conditions: (i) pre-fault (steady state), (ii) during fault (with a
three-phase fault), and (iii) post-fault (fault is cleared). It is well-
know that if the decelerating area A, is less than the accelerating

area A, the kinetic energy gain during the accelerating period can-
not be completely expended, and the stability will be lost.

As shown by Fig. 12, if the VSC excitation system injects a capac-
itive reactive current after the fault has been cleared, the system P-
6 curve is raised. Thus, the decelerating area is expanded to
A, + AA,. Thereby the first swing instability can be avoided. It is
very meaningful when the generator is loaded heavily. Fig. 13
shows the simulation results when the system subjected to the
three-phase fault that we discussed. The active power of the gener-
ator is close to the power limitation. It is obvious that the system
with thyristor excitation system is first-swing unstable. The addi-
tion of the RPI contributes to maintain first-swing stability and
the oscillation of the system with proposed VSC excitation system
is damped quickly. It is evident from these results and above discus-
sions that the VSC excitation system can maintain transient stabil-
ity more effectively than tranditional thyristor excitation system.

5. Conclusion

The VSC excitation system is proposed as alternatives to the
conventional thyristor excitation systems, which enhances oscilla-
tion damping and improves transient dynamics of power systems.
It has two approaches to maintain power system stability: the field
voltage and the reactive power injector (RPI). The dynamic re-
sponse of RPI is extremely quickly, in milliseconds, while the re-
sponse time of field voltage is usually seconds. The results of
damping torque calculations and simulations show that the RPI
contributes to system damping significantly, thus the small-signal
performance of the power system is improved. What's more, the
RPI also enhances the transient stability limit pronouncedly. There-
fore the generator can transmit more active power to power sys-
tems. For power systems which have the need of improving
damping and the transmission capacity, the use of VSC excitation
system will be an advantageous solution.
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Appendix A. The parameters of the extended Philips-Heffron
model of the SMIB system with VSC excitation system

(Xq — X)igoVp SN 3o N Eqo Vb cos do

K = A-1
! Xgs Xz (A1)
Ky = igo 2= (A-2)
Xis
K; =& (A-3)
Xdz
K, — (Xq — xd)/Vb sin dy (A-4)
Xis
Ks — VtdoXqVp COS Op 3 vrqoxfjvb sin gy (A-5)
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ViqoXs
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Ky = B = X%V (A-8)
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3 n
Vio \ Xg= Xas

Appendix B. Linear optimal excitation controller (LOEC) design

Since E;, and ¢ are difficult to be measured in practice, E, is re-
placed by V; and ¢ is replaced by P, in (20). Then we get the state
equations expressed as

X = AX + Bu (B-1)
where

X=[AP, Aw AV,

u=[AE; AL’ (-2

Based on linear optimal control theory, under the performance
index

J= % /0 " (AXTQAX + AuTRAW)dt (B-3)

where Q and R are weight matrices.
The optimal control law is

u=—Kx (B-4)
and
K=R'B'P (B-5)

where P is the solution of the Riccati equation

AP+P-PBR'B'P+Q=0 (B-6)

Appendix C. Parameters of the example power system

Generator:

Xa=1.03, X, =06, X, =039, T,, = 65,H =765, D =0.05

Transmission Line:

xr =0.16, x, =1.15
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