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Pulse Width modulated based Series Compensator (PWMSC), a newly FACTS device, can modulate the
impedance of a transmission line through the variation of the duty cycle of a train of pulses with fixed frequency,
resulting in improvement of system performance. In this study, a current injection model of PWMSC is proposed
and incorporated in the transmission system model. The purpose of the work reported in this paper is to design an
oscillation damping controller for PWMSC to damp low frequency oscillations. We have used the residue method
to the linearized equations of the power system for multiple operating conditions and obtained a generalized form
which is suitable for different damping controller input-output channels and therefore suitable for different control
devices. The case study results show that the proposed controller is very effective to mitigate the power system
critical modes of oscillation.
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Dizajn PWMSC regulatora za prigusenje elektromehanickih oscilacija. Pulsno-Sirinski modulirani serijski
kompenzator (PWMSC), novi FACTS uredaj, modulira impendanciju prijenosne linije putem promjene popun-
jenosti niza signala s konstantnom frekvencijom, $to rezultira poboljSanim svojstvima. U ovome radu predloZen
je model ubrizgavanja struje u PWMSC-u koji je nadodan u model prijenosa. Cilj ovoga rada bio je dizajnirati
oscilatorni regulator prigusenja za PWMSC u svrhu prigusenja niskih frekvencija oscilatora. Koristena je metoda
reziduala na linearizirani model energetskog sustava za razliCite uvjete te je dobivena opcenita forma pogodna za
ulazno-izlazne kanale regulatora priguSenja pogodna za razlicite upravljacke ulaze. Analiza pokazuje da je regulator
ucinkovit kod ublaZavanja kriti¢nih oscilacija energetskog sustava.

Kljucne rije¢i: PWMSC, model ubrizgavanja struje, metoda reziduala, modalna analiza, regulator priguSenja

1 INTRODUCTION

As electric power demand grows rapidly and expansion
in transmission and generation is restricted with the lim-
ited availability of resources and the strict environmental
constraints, power systems are today much more loaded
than before. This causes the power systems to be oper-
ated near their stability limits. In addition, interconnec-
tion between remotely located power systems gives rise to
low frequency oscillations in the range of 0.2-2.0 Hz. If
not well damped, these oscillations may keep growing in
magnitude until loss of synchronism results [1-2]. The tra-
ditional solution to this problem is the use of power sys-
tem stabilizers (PSSs). Flexible AC transmission systems
(FACTS) devices are one of the recent propositions to alle-
viate such situations by controlling the power flow along
the transmission lines and improving power oscillations
damping [3-4]. The FACTS devices, through the modu-
lation of bus voltage, phase shift between buses, and trans-
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mission line reactance, can cause a substantial increase in
power transfer limits during steady state. Because of the
extremely fast control action associated with FACTS de-
vice operations, they have been very promising candidates
for utilization in power system damping enhancement [5].
It has been observed that FACTS based supplementary
controller can considerably improve system damping and
can also improve system voltage profile, which is advanta-
geous over PSSs.

More recently, new FACTS controllers based on PWM
based series compensator (PWMSC) with AC link con-
vertors have been proposed [6-11], demonstrating that it
is possible to attain similar control objectives in compar-
ison with conventional FACTS devices. For many years,
fixed and controlled series compensators have been used
in transmission lines for compensating the line reactance in
order to increasing power transfer capability and enhanc-
ing the transient stability in power networks. The conven-
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tional series FACTS devices proposed in the literature can
be classified in two major groups: thyristor controlled re-
actance [12] and synchronous controllable voltage sources
[5]. However, in recent years new devices based on AC
link converters have been proposed [6-9]. These do not
require a DC link, and it is possible to reach similar objec-
tives to those obtained by means of conventional FACTS
devices. The series compensator considered in this paper
is of the controlled reactance type which can be viewed as a
PWM controlled capacitor. One advantage of the proposed
compensator is the use of a control scheme that to vary of
the effective series reactance in power transmission lines.
Such compensators have the advantage of being simpler in
both power circuit structure and more importantly control
[13].

This PWM switched capacitor for series compensation
is the dual of the shunt reactor switched by a PWM AC
controller that has been presented in [14]. A static phase-
shifter based on the four-switch PWM AC controller has
also been discussed in the literature [15]. In ref. [6], the
authors proposed the use of the PWM controlled capacitor
to control active power on a transmission line with a sim-
ple structure that provides a means for controlling contin-
uously the degree of series compensation through the vari-
ation of the duty cycle control. A brief comparison of this
PWMSC with thyristor controlled series capacitor (TCSC)
in small power system with three buses is presented in [7]
where it is shown that the PWMSC present a smoother
control alternative than the TCSC. A comparative eval-
uation between the PWMSC and the static synchronous
series compensator (SSSC) based on detailed switching
models presented in [10] and show that the DC link con-
verter requires about twice as much capacitive energy stor-
age and about 66% additional semiconductor MVA rating
rather than the AC link for the same application. It is also
mentioned that the PWMSC can operate at higher temper-
atures due to the use of AC capacitors as opposed to DC
capacitors in the SSSC which are quite vulnerable to high
temperature applications. In references [16, 17], it is pre-
sented that the AC link converter topology is more com-
pact size compared to DC link voltage source converter.
The three-phase vector switching converter is proposed to
develop FACTS controllers which can control the power
flow in transmission system [9]. Authors have introduced a
new FACTS device based on pulse width modulate AC link
unified power flow controller (UPFC) named Gamma con-
troller. In [11, 18], some studies of the effect of the AC link
compensator on power system stability are presented. The
formulation of power flow of the AC link compensators is
analyzed at steady state performance in [11]. Some tran-
sient stability studies with fixed duty cycle are discussed in
[10, 18]. In these papers, it is shown that the compensator
does not provide enough damping for certain contingen-
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cies. The contribution of this work is that a novel current
injection model and dynamic simulation of the PWMSC
for studying the low frequency oscillations and incorpo-
rated in the transmission system model.

2 PWMSC

Fixed series capacitors have been used since a long
time for increasing power transfer in long lines and allow a
higher utilization level of limited transmission systems. A
newly developed AC link converter based series compen-
sation, as FACTS controller, is presented here. The PWM
controlled series compensator offers a method of variable
series compensation. It is known that transmission lines
loading may be restricted by system dynamics stability.
The PWMSC is a powerful new tool to help relieve these
constraints. Furthermore, its controller can be designed to
modify the line reactance and provide enough damping to
system oscillation modes. Figure 1 displays a realization of
schematic diagram of the PWM series compensator which
it is embedded into a transmission line [19].

L)
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b
|

L)
Sa
| S'y

Fig. 1. PWMSC controller:

The PWM controlled series compensator consists of:
(a) series injection transformers (b) compensation capaci-
tors and (¢) PWM controlled switches S,, Sy, S¢, S, Sy
and S’.. In Fig. 1, the three switches S,, Sy, S; with the
same switching function in a complementary way to those
inS’,, S’y and S’ switches. The switching period divides
the circuit in two switching states. When Sa, Sb and Sc are
on, the capacitors are connected to the system through a
series injection transformer. When S’a, S’b and S’c are on
the series injection transformer is shorted, thereby isolating
the capacitors from the line. In this structure, the bank of
capacitors is connected in Y to the PWM AC converter and
secondary of coupling transformer is connected in A [6, 7].
The compensator operates as a means for controlling con-
tinuously the degree of series compensation through the
variation of the duty cycle of a single asynchronous train
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of pulses with fixed frequency. The duty cycle (D) of the
AC link converter is defined as the ratio of the on-period of
switches S’,, S’y and S’ with respect to the total switch-
ing period.

2.1 Operation of PWMSC

The PWMSC is assumed to be connected between
buses i and j in a transmission line as shown in Fig. 2,
where the PWMSC is operated like a continuously capac-
itive controllable reactance. However, for the purpose of
developing a control strategy, it is useful to have a proper
model representation for the PWMSC.

The main switches (S, Sy and S..) of the AC link con-
verter are controlled with the train of pulses with fixed
frequency and variable duty cycle (D). When the main
switches are on, the capacitors are connected to transmis-
sion line.

+JX 1 Xs
I—»— n VS

. Q
X,

Fig. 2. Single line diagram of PWMSC.

Vi

+ |

Therefore, the instantaneous voltage that appears at the
primary of the inserting transformer V; is given by the
voltage drop across the transformer leakage reactance plus
a voltage proportional of voltage across the bank of ca-
pacitors, according to the turns ratio of the transformers.
Switches S’a, S’b and S’c are controlled with the comple-
mentary signal so as to provide a freewheeling path for
the currents at the secondary of the coupling transformer
when the main switches are off. During this operation, the
secondary of the coupling transformers are short-circuited
and the voltage that appears at the primaries V is only the
voltage drop across the transformer leakage reactance. In-
serting reactance can vary from slightly inductive to capac-
itive, depending on the duty cycle (D) of the PWM AC link
converter. The actual transformer is modeled by a leakage
reactance (X7) in series with an ideal transformer, i.e. the
ideal transformer do not has leakage losses. The XC is
the reactance of the capacitors in the secondary side. The
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equivalent and injected impedances at transmission line
may be calculated with state space averaging techniques
as follows:

Xeg = X5+ X7+ X5 (1)

Xg =-n?*(1-D)*X¢ (2)

Where n is the turns ratio of the transformer and Xij is
the reactance of the transmission line. Egs. (1) and (2)
show that the effective impedance depends on the duty cy-
cle of the AC link switches; hence, this duty cycle provides
a means of realizing the desired controllable reactance,
power flow at line and power oscillations control. For more
understanding, the variation of the PWMSC based injected
reactance with duty cycle of the AC link is shown in Figure
3. In this Figure, suppose that designed PWMSC to pro-
vide a series capacitive reactance of 0.35 pu, for a line with
1 pu reactance. The leakage reactance of the series trans-
former is taken as 0.03 pu on the system base. From Eqgs.
(1) and (2) and Figure 3, it can be seen that the injected
reactance can be varied continuously between two extreme
values.
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3
X s
/

025 s

) //

0355/

0 01 02 03 02 05 06 o7 08 0% 1

Duty cycle (D)

Fig. 3. Variation of the PWMSC based injected reactance
with duty cycle.

2.2 PWMSC Current Injection Model

In order to investigate the impact of series compen-
sators on power systems effectively, appropriate models
of these devices are very important. In this paper, we
proposed current injection model to study the effects of
PWMSC on power network low frequency oscillations.
The installation of PWMSC changes the system bus admit-
tance matrix Ybus to an unsymmetrical matrix [20]. When
the PWMSC is used for time domain simulations of multi-
machine power systems, the modification of Y, is re-
quired at each process iteration. This method has the dis-
advantage that a constant factorized Y3, s cannot be repeat-
edly used when the PWMSC variable reactance is change-
able in the process of transient stability calculation. For
this reason, a current injection model of PWMSC is de-
veloped to avoid using the modification of Y3, at each
stage. The current injection model, which can be used for
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small signal stability and transient stability studies, is ob-
tained by replacing the voltage across the PWMSC with
the current source. By using equivalent injected currents
at terminal buses to simulate the PWMSC no modifica-
tion of Y, is required at each stage. This method has the
advantages of fast computational speed and low computer
storage compared with that of modifying Y3, technique.
Also, this model is helpful for understanding the effect and
performance of the PWMSC on system damping enhance-
ment [21].

For modeling of series compensator, it has been sup-
pose that a PWMSC connected between nodes i and j in a
transmission line as shown in Fig. 4, where the PWMSC is
simplified like a continuously capacitive controllable reac-
tance and its equivalent circuit is represented in Fig. 5. In
Figs. 4 and 5, V;£60; and V;Z0; are the complex voltages

at nodes i and j, and Vg = —jXglsrepresents a voltage
across the PWMSC.
Vi Vi

Fig. 5. PWMSC equivalent circuit.

From Fig. 4 we have:

V-V,
Ise = .1 1 (3)
Rij + (X5 + Xs)
Lo = Vi Vi @

Rij +](X” + X1 — n2(1 — D)ZXC)

The current injection model of the PWMSC is obtained
by replacing the voltage across the PWMSC by an equiva-
lent current source, Is, in Fig. 6. Then, we have:

I. = Vs _ .]XSIse
Ry +jXi;  Rij+3Xi

&)

The current source model of the PWMSC is shown in
Fig. 7. Current injections into nodes i and j are calculated
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Rit X Vi

S
I

Fig. 6. Replace of a voltage across the PWMSC by a cur-
rent source.

as follows:
I j(Xr —n*(1 - D)*X.) Vi—V;
s RZ‘J‘ + j(Xij + X7 — 712(1 - D)2Xc)'Rij +inj
(6)
Isj =1 (7N

2.3 PWMSC Damping Controller

A damping controller is provided to improve the damp-
ing of power system oscillations. It comprises gain block,
signal-washout block and lead-lag compensator. The struc-
ture of PWMSC based damping controller with dynamic
control model for typical oscillatory stability studies is
shown in Figure 8.

Vi I R X Vi

Fig. 7. Proposed current injection model for PWMSC.

It can be notice that following a similar modeling ap-
proach as in the case of the other series compensator, the
line reactance is assumed to be controlled through the duty
cycle D. The model includes an input signal and a refer-
ence signal X,y which is the initial value of the series
compensator. The output of the lag block X g has windup
limits associated with it. The ultimate reactance value is
used to modify the line impedance of the series compen-
sated branch during the calculation of the network solution
[22-24].

3 MODAL ANALYSIS FOR POWER SYSTEM

The modal analysis is a very powerful tool for the study
of the dynamic performance of linear systems. The lin-
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Fig. 8. PWMSC Damping Controller.

earized system can be represented by the following equa-
tion:

Az = AAz + BAu ®)

Ay = CAz + DAu 9)

Where A is an n-order state matrix, B and C are n-
order vectors. Analysis of the eigenproperties of A pro-
vides valuable information regarding the stability charac-
teristics of the system. Using the state transformationX =
V' Z, the state space of the system becomes [25]:

7=V 'AVZ+V'BAu=A.Z + B.Au  (10)

y=CTvz=0C.Z (11)

where Az = diag(\;),\i(i =1, 2,
the matrix A, while we get:

..., n) is the eigenvalue of

V=W, Va, ..., Vi (12)
V71 = [Wl, WQ, . Wn]T =W
For any eigenvalue \;,
AV =NV
WIA=\WT (13)
WIV; =1, ifi=j, 0 otherwise

That is, V; and W/l are the n-order right and left
eigenvectors of the state matrix A with respect to the
eigenvalue)\;. According to the conclusions from modal
analysis, we know that:

bzi=W{'B,  czi=C"V (14)

The bz;is referred to as the modal controllability ma-
trix, and the cz; as modal observability matrix [25]. A
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mode must be both controllable by the chosen input and
observable in the chosen output for a feedback control to
have any effect on the mode. Therefore, the determina-
tion of suitable feedback variables is an important objec-
tive in FACTS damping controller design procedure. The
bz;and cz; measure the controllability and observability of
the mode \; by the FACTS based controller, respectively.
Their product is the residue:

R; =bzicz; (15)

The residue R; of a particular mode i give the measure
of that mode’s sensitivity to a feedback between the output
y and the inputu. Hence, the effectiveness of the FACTS
based controller to be installed in the power system can be
predicted by modal analysis.

4 PWMSC DAMPING CONTROLLER DESIGN

To damp electromechanical oscillations in power sys-
tems, supplementary control action can be applied to some
FACTS devices to increase the system damping. Because
PWMSC are located in transmission lines, local signals as
input are always preferable. The residue method is an ap-
propriate approach in finding the most proper local feed-
back signal in the controller design procedure. Moreover,
it is also a simple and practical approach for designing of
damping controller. Therefore, in this paper, the residue
method is applied to design of the PWMSC damping con-
troller. Figure 9 shows a system G (s)equipped with a feed-
back control H(s). Assuming the PWMSC location is de-
termined, therefore the input signal u(s) is available. The
output signal y(s)can be chosen based on the maximum
residue provided by the selected outputs [23].

As illustrated in Figure 8, the transfer function of the
PWMSC damping controller is:

2
)—KH1(5> (16)

H(s) = K—Tv <1 +shh

1+sT, \14sTh

us) y(s)
G(s)

v

Hi(s)

Fig. 9. Closed-loop system with damping controller.

Where K is a positive constant gain and H;(s)is the
transfer function for the wash-out and lead-lag blocks. It
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can be proven, that when the feedback control is applied,
the shift of an eigenvalues can be calculated by:

AN = RAKH; (\;) (17)

Where \;denotes the mode that should be influenced
by the PWMSC damping controller. The objective of the
series compensator is to improve the damping ratio of the
selected oscillation mode ith. Therefore, A\; must be a
real negative value to move the real part of the eigenvalue
A;direct to the negative region without changing its fre-
quency [21, 26]. After the selection of the feedback signal,
in order to control the direction of the eigenvalue displace-
ment, the lead-lag stabilizer parameters can be determined
using the following equations [21]:

Yeom = 180° — arg(R;)

_ Ty _ 1—sin(pcom/2)
a=7 = e (18)
T = ri/@ T =aly

Where, arg(R;)denotes phase angle of the residue R;,
wi is the frequency of the researched mode of oscillation in
rad/sec. The controller gain K is computed as a function
of the desired eigenvalue location \; 4.5 according to Eq.
a7:

(19)

5 TEST SYSTEM

To investigate the proposed model of the PWMSC on
the small signal and transient stability of a power system,
as well as to assess its performance for power flow con-
trol in tie line and for oscillation damping, the test system
with PWMSC, between nodes 2 and 3, depicted in Fig.
10 is considered for analysis. This system [27] comprises
a thermal generation station consisting of four 555 MVA,
24 kV, 60 Hz units connected to an in?nite bus through a
step-up transformer followed by two transmission circuits.
The four generators are represented by an equivalent syn-
chronous generator which has a 6th order model equipped
with an automatic voltage regulator Type III of Simulink
library. The full data of the system and the control param-
eters are presented in the Appendix. Three cases, described
in Table 1, are considered. Case a is the nominal condition
with a 120 MW real power flow from node 2 to node 3.

Under nominal conditions, P=0.75 and Q=0.24 pu, and
there is no PWMSC damping controller, this system has
the dominant eigenvalue A = 0.198 £ i3.182. There is one
oscillation mode, which is unstable with a damping ratio
& = —0.019. In the literature, signals which carry invalu-
able information about the oscillation mode can be consid-
ered as input signals for example, line active power, line
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Tr. Line

Tr. Line

|
S

Fig. 10. Test system with PWMSC.

Table 1. Three operating conditions.

Case P Q | Real power flow
a 0.75 | 0.24 120 MW
b 0.85 | 0.2 190 MW
c 0.55 | 0.15 50 MW

current, bus voltage magnitude and machine speed devia-
tion. For this reason, here, the active power of the trans-
mission line and machine speed deviation is selected as the
input signal.

5.1 PWMSC damping controller design

Using the method presented above, damping controller
parameters are calculated in order to shift the real part of
the oscillatory mode, to the left half complex plane. The
PWMSC damping controller is designed using the value
of the speed deviation. It will be compared with a design
performed in [24] using the active power flow signal. The
residues of the inter-area mode are shown in Table 2.

Based on Table 2, the desired compensation phase is se-
lected to be 90°. Two stages of lead-lag controller are used
with each providing 45° phase compensation. With these
a dynamic compensator, the oscillation mode will move in
the left half plane, thus the control will damp the mode.
The designed parameters for PWMSC controller are given
in Table 3.

5.2 Nonlinear Simulation

To investigate the performance of the designed con-
troller using proposed model under transient conditions, a
6-cycle three phase fault at ¢ = 0.1sec is simulated at the
middle of one of the line connecting Bus-2 and Bus-3. The
simulation results at case a, b and ¢ loading conditions due

Table 2. Residues magnitudes and angles of the oscillation
mode.

Case Input w Input P

Magnitude | Angle | Magnitude | Angle
a 0.0655 95.31 | 0.0176 95.28
b 0.0388 88.05 | 0.0084 84.85
c 0.0298 87.72 | 0.0443 93.42
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Fig. 11. Dynamic responses in case a for a) active power
flow b) machine speed; Solid (PWMSC with input Aw) and
Dashed (PWMSC with input P).
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Active power fiow in line 2-3 (MW)
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5
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Machine speed (pu)
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©)

Fig. 12. Dynamic responses in case b for a) active power
Sflow b) machine speed; Solid (PWMSC with input Aw) and
Dashed (PWMSC with input P).
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Fig. 13. Dynamic responses in case c for a) active power
flow b) machine speed; Solid (PWMSC with input Aw) and
Dashed (PWMSC with input P).

Table 3. The parameters of PWMSC damping controller

Damping Input speed | Input active
controller | deviation power flow
parame-

ters

K 60 25

T1 0.72 0.069

T2 0.95 0.87

to PWMSC based designed damping controller are shown
in Figs. 11-13 respectively, when machine speed deviation
and active power flow are used as control signal. It can be
seen that the PWMSC with proposed damping controller
achieves good performance and enhance greatly the dy-
namic stability of the power system. Therefore, the newly
proposed controller is more flexible to change in operating
condition of the system.

6 CONCLUSIONS

Improvement of power system damping using PWMSC
has been investigated in a single-machine infinite-bus
power system by linear analysis and nonlinear time domain
simulations. The basic module, steady state operation,
mathematical analysis and current injection modeling of
the PWMSC were also presented. The PWMSC damping
controller using proposed model is explained mathemati-
cally and it can be implemented in MATLAB/SIMULINK
environment. The residue approach for tuning of damping
controller with the active power of the transmission line

and machine speed deV1 l%':lﬁ:[ 1
Hence, it may be conclu ed @(tl W?s chse?tg?n
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competitive, considering that the direct AC link converter
principle of the PWMSC leads to an overall more compact,
simpler and durable controller, with no large DC link en-
ergy storage components and a simpler PWM based con-
troller. Nonlinear simulation demonstrates the effective-
ness of the proposed methodology.

APPENDIX A

Generator:

R, =0.003 X;,=015 X,=181 X}=0.30
X} =023 T) =80s Tj =003s X,=176
X/ =065 X!'=025 T, =10s

T/ =0.07s H=35 D =00

Automatic voltage regulator:

K,=200 T,=10s T5,=1.0s
TT =0.015s V;nmax =70 Vr min — 6.4

Transformer and transmission lines:

Xrr =015  Xi5=0.015 X3 =0.3
PWMSC:
X, =116 X.=100 Xymax =01 Xemin=—0.1
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