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Dynamic Stability using the current injection method

Jungsoo Park, Gilsoo Jang*, and Kwang M. Son

Abstract: This paper describes modeling Voltage Sourced Inverter (VSI) type Flexible AC
Transmission System (FACTS) controllers and control methods for power system dynamic
stability studies. The considered FACTS controllers are the Static Compensator (STATCOM), the

Static Synchronous Series Compensator {SSSC), and the Unified Power Flow Controller (UPFC).

In this paper, these FACTS controllers are derived in the current injection model, and it is applied
to the linear and nonlinear analysis algorithm for power system dynamics studies. The parameters
of the FACTS controllers are set to damp the inter-area oscillations, and the supplementary
damping controllers and its control schemes are proposed to increase damping abilities of the
FACTS controllers. For these works, the linear analysis for each FACTS controller with or
without damping controller is executed, and the dynamic characteristics of each FACTS
controller are analyzed. The results are verified by the nonlinear analysis using the time-domain
simulation.

Keywords: FACTS, FACTS control, power system dynamic stability, SSSC, STATCOM, UPFC.

1. INTRODUCTION controllers have the nonlinear and
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Flexible AC transmission system (FACTS)
controllers are power electronics based devices.
Among these power electronics controllers, the most
advanced type is the controller that employs voltage
sourced inverters (VSI) as synchronous voltage
sources [1]. Representative VSI type FACTS
controllers are the static compensator (STATCOM),
which is a shunt type controller, the static
synchronous series compensator (SSSC), which is a
series type controller, and which is the unified power
flow controller (UPFC), a combined series-shunt type
controller [2].

The concepts and the performances of FACTS
controllers are described in {3-5]. Subsequently, the
studies for dynamic modeling and control methods
have been conducted [6-8]. However, since the
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characteristics, it is hard to model and analyze the
power system in which FACTS controllers are
installed. For that reason, most researches are focused
on the modeling and the simulation of switch
functions of FACTS controllers using EMTP, and
current researches are interested in the steady-state
analysis and the stability evaluation for FACTS
installations [9,10].

In order to solve the difficulties, a unified model of
series connected FACTS controllers is presented in [6].
The Jacobian of the power flow is modified to satisfy
the node power relations for the node where the
FACTS controllers are installed. Its modeling is based
on the power equivalence at the FACTS node. In [7]
and [8], a unified model of FACTS controllers, which
uses the linearized Phillips-Heffron model for a power
system, is proposed. The model is useful for control
system design for various FACTS controllers.
However, the methods are difficult to fit the
algorithms into a conventional power system program.

In [11], the voltage that is injected by inverters of
the UPFC and the energy exchange between the
inverters are converted into the equivalent currents
injected to the external nodes, and then they are
solved by Newton iteration method similar to
nonlinear loads in every time step. In this paper, the
current injection model is adopted for studying
dynamic stability of power system in which FACTS
controllers are installed. All of VSI type FACTS
controllers, which are STATCOM, SSSC, and UPFC,
are considered, and the supplementary controller is
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designed to damp low-frequency inter-area
oscillations. All parameters of FACTS controller and
damping controller are set to increase the damping of
inter-area oscillations using the linear analysis. The
results are verified by time-domain simulations.

2. FACTS MODELING

The VSI type FACTS controller can internally
generate both capacitive and inductive reactive power
for transmission line compensation. The inverter,
which is supported by a DC capacitor, can also
exchange active power with the AC system in addition
to the independently controllable reactive power [1].
The active power exchange can make the voltage
fluctuation on DC capacitor during transient. However,
the DC voltage perturbation is less than 1.5% of the
rated voltage [12], and compared with the transient
phenomena, the major frequency of power system
dynamics is very low. Additionally, the considered
oscillations in this paper have a low-frequency the
range, within 0.1~2Hz. So, it is assumed that the DC
capacitor voltage is stiff for the mentioned frequency
range [11].

2.1. STATCOM

As shown in Fig. 1(a), the STATCOM has one
inverter which is connected to the external node with
a shunt transformer. £, is the magnitude of voltage
generated by the shunt inverter, and x, is the
impedance of shunt transformer.

The STATCOM supplies the reactive power to the
external node for the voltage regulation. Thus, it is
assumed that the inverter is the ideal voltage source
having the same phase angle with the external node.
The reactive power can be derived in the equivalent
current source, I, having 90° phase angle difference
with the external voltage, as shown in Fig. 1(b). It can
be derived as follows,

Ig = [gexp j[@f -fzij (1)
E,-V/
Jy=-n"" 2
0 " @
vize' Vize'

| |
X, R\
E, 206 fo
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Fig. 1. (a) STATCOM model, (b) its equivalent
current model, (c) the voltage phase diagram.

where the / and the ¢ indicate the voltage magnitude
and the phase angle of the external node. The
compensation effect on the external node voltage is
illustrated in Fig. 1(c).

2.2.SSSC

The schematic representation of SSSC is shown in
Fig. 2(a). The SSSC is composed of one inverter and a
series transformer. Unlike the STATCOM, the
transformer is connected in series with transmission
line. It is assumed that the SSSC is an ideal reactive
power source that generates voltage having the same
phase with the voltage on the series transformer, x;.

As shown in Fig. 2(c), the SSSC can control the
voltage difference between the nodes 1 and 2.
Consequently, it can regulate the phase angle
difference between the voltages on the nodes 1 and 2,

0{;, in order to control the active power flow in

transmission line. The phase angle, 8, of the series
injected voltage, V,, is the same as the phase angle of

voltage vector, Vlfz (= Vlf -sz ). It can be derived as

follows,
Vq =V, expjb,, 3)
Vf o/ v/ gf
0 —tan ' cos &; 5 cos Oy @

9 Vlf sin Hlf —V2f sin92f ,
where the subscripts 1 and 2 correspond to the nodes 1
and 2 in Fig. 2(a).

As described in equation (4), the injected voltage
by SSSC depends on the external node voltages. The
relation is implicit and nonlinear. To solve the
complexities, the injected voltage, V,, is converted to
a pair of the equivalent current sources, %I, using

1] e |2
| Xs l
1 _Vqéﬁi Xs |9 _Iq<> <>Iq
(a) (b)

Fig. 2. (a) SSSC model, (b) its equivalent current
model, (c) the voltage phase diagram.
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Thevnin equivalent method as shown in Fig. 2(b}. It
can be derived as follows,

Vo V. . Fis
I ='—q—=——q—exp1(9q ——). %)
JXs X 2
2.3. UPFC

The UPFC is the series-shunt combined type
FACTS controller. As shown in the Fig. 3, it is
composed of the series and the shunt inverters and the
series and the shunt connected transformers.
Therefore, it can be controlled the external node
voltage and the active and reactive power flows in the
transmission line. Unlike the other FACTS controllers,
the series inverter of UPFC can inject the active
power into the transmission line. The active power
injected by series inverter is drawn, via DC capacitor,
from the external node on the shunt inverter side.

The injected voltage, Vs, by the series inverter is
superimposed on the voltage of the shunt inverter side
node, which is the node 1 in Fig. 3. Therefore, the
resulting voltage can be derived as follows,

VSI = VS expjﬁlf = VS expj(@s +91f) (6)

where 6/ indicates the phase angle of the voltage on
the shunt inverter side node, and the subscript Sl
implies that the series injected voltage, Vg, is
superimposed on the shunt inverter side voltage, Vlf .

In [11], the series injected voltage by the UPFC is
converted into a pair of Thevnin equivalent current
sources, xlg. It can be derived as follows,

1= Yo P j[eS ol -ﬁ}. ™)
JXs Xg 2
V, 28,
1{ s X2 1% Xs %2
ole OOD O
(a) (b)

V!
()

Fig. 3. (a) UPFC model, (b) its equivalent current
model, {c) the voltage phase diagram.

Another current, I, on the shunt inverter side node
is the injected current by the shunt inverter. It is the
same current source as STATCOM in (1), with the
exception of the subscript, sh.

Iy =1 expj[é’f —g) (8)

The other current source, Ip, is the equivalent
current of the active power injected by the series
inverter to the transmission line. The active power
supplied by the series inverter can be calculated as
follows,

P/ =Re[ V§ 15 - V{ x1§ |, ©)
vy ViV
pl=_1 Ssin95+ 2 SsinHScos(ﬂf—Gé’()
Xg Xg
vivs P
+—2cos b sin(é’lf -0, ) (10)
xs

As mentioned above, the active power is drawn by
the shunt inverter from the external circuit. Therefore,
it can be derived as follows,

Vixg, =-pP/, (1)
S

Ip = —f—expjﬁlf. (12)
v/

1

3. POWER SYSTEM MODELING

The power system dynamic model can be written as
a set of differential equations and a set of algebraic
equations as follows,

x=f(xV), (13)
I(x, V)= YV, (14)

where X is a m dimensional state variable vector, and 1
and V are n dimensional complex injection currents
and voltage vectors, respectively. The number m
depends on the number and the type of the dynamic
models, and the number # is equal to the number of
buses in power system. The differential and the
algebraic equations of each FACTS controller may be
derived as follows.

3.1. Dynamic model

Fig. 4(a) shows the structure of the control system
of the STATCOM and the shunt inverter of UPFC.
The integral type regulator controls the internal
voltage magnitude, E;, in (2). The differential
equation of E;, can be derived as follows,

Droop

E,=-Kg Ey, —KgSyp (15)

Xt
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+ KV — K (1 - Droap]xflf.
X
Fig. 4(b) shows the structure of the control system
of the SSSC. The amplifier type controller regulates
the voltage magnitude, V,, in (3). The differential
equation can be derived as follows,

gLy +KF(PREF+SUP)_K_F

q q
TF VIfTF F

(16)

I{; in (16) can be derived from the current through

the series impedance, xs, in Fig. 2(a). It indicates the
real component of the current measured from the
reference located at the phase angle of the voltage on
the node 1 in Fig. 2(a). Thus, the measured current has
the same phase angle with the complex power flow,

and I{; implies the current component which

contributes to the active and the reactive power flows,
respectively. It can be derived as follows,

1 =%sin(9q —91f)+%sin(61f -¢f).  an

Fig. 4(c) is the structure of the control system of the
series inverter of UPFC. It is assumed that the series
injected voltage, Vg, is composed of the component,
Vp, which controls the active power flow and

SUP Vlf Ilf’
(b)
=
+ I + K
P PREF roley
REF + - t+s1, F
7
Soer Vlf If, —
+ Toper + Km
¥,
Quer + - 1+s1, e
i
Sur V) I
(c)

Fig. 4. The control system of (a) STATCOM, (b)
SSSC, and (c) the series part of UPFC.

quadrature-phase component, ¥y, which control the
reactive power flow in transmission line. Their
differential equations can be derived as follows,

. Kpp{ Popp — S
VPZ_—I_VP+ p (Prer —Sum)  Kpp 11, (8)

TF Vl T TF

. K -5 K

2 :—LVQ+ ro (Qrer —Sur2) Krp 15.019)
TF VlfTF TF

I{, and Ig in (18) and (19) can be derived from

the current through the series impedance, xs, in Fig.
3(a). They indicate the real and the imaginary
components of the current measured from the
reference located at the phase angle of the voltage on
the shunt inverter side node, which is the node 1 in
Fig. 3(a). Thus, the measured current has the same

phase angle with the complex power flow, and I{,

and Ig imply the current components which

contribute to the active and the reactive power flows,
respectively. They can be derived as follows,

2
315 :V—SsinHS +—=2—Sin(t91f —9{), (20)
xS xS

v/ v
jé :—]--i-—VicosBS ——2~cos(61f —9{)- (21)
Xg Xg Xs

In (20) and (21), Vssinfs and Vcosfs are the
components of the series injected voltage, V. Since
Vssinfg and ¥Vscosfs contribute to the active and the
reactive power flow components, they imply ¥p and
Vo in Fig 4(c), respectively. Therefore, the series
injected voltage, Vs, is derived as foliows,

VS ZVs(COSGS +jsin{7’S)=VQ +jVP, (22)
b5 = tan~ L. 23)
Yo

According to (22), the equations (20), (21), and the
active power supplied by the series inverter in (10)
can be re-written as follows,

%
i =V—P+—2—sin(91f—6’2f), (24)
Xs X
vl v, v/
}é =1—+——Q——Lcos(€1f —Hzf), (25)

XS Xg XS

viv, v,
Pt
Xs Xs
; 26)
287
+_2-£sin(9;‘—92f).
Xg
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As mentioned in (8), it is assumed that the shunt
inverter of UPFC is the same as STATCOM. Thus, the
control system of STATCOM is used for the shunt
inverter of UPFC, except that the subscript sh is being
used instead of Q in Fig. 4(a).

3.2. Damping controller modeling

A lead-lag type compensator is considered as a
damping controller. As a supplementary input signal,
the active power flow on the external node of FACTS
is considered as in [12].

sty 148t

SUP = KW PﬂDW' (27)

l“i“STW 1+Sf2

The differential equations of the state variables in
(27) can be derived as follows,

. 1 K
*sup == —Xsupt ¥ T—WP Hows (28)
w W

. I T i
Xsypy =——| 1 =— |Xsup1 = — Xsup2
%] 5] (%)

(29)
K.y T
+ _H’( - _]—}Pﬂow’
(%)

3]
where xsyp; and xsypr are the state variables of the
wash-out and the lead-lag in (27), respectively.
Equation (27) can be re-written using the state
variables, xgp; and xsyp,, as follows,
4 Ky 1
Syp ==—Xsyp1 + Xsyp2 + = Ppoy- (30)
3 2]

Substituting (33) into (15), (16), {(18), and (19)
gives the differential equation of FACTS controllers
equipped with the damping controller.

3.3. Algebraic equations
By the installation of FACTS controller, (13) and
(14} can be re-written as follows,

xp =15 (x45Va), (31)

v ] [y y|[v
IWV"‘)J yr ooyt Ve (32)

FA:

where the subscript A implies the augmented
quantities due to the FACTS controller and superscript
f indicates the variables related to FACTS controller.
Y™ Y” and Y are the admittance matrices augmented
by FACTS installation. The detail expressions are
described in [11].

The equation (32) can be decomposed into two
parts as follows,

F=I(V)-YV-Y"V =g, (33)
Fr=1f(vl)-Y"v-Y'Vf =0. (34)
The equivalent currents injected by FACTS

controllers, I{(Vf) in equations (34), can be expressed
in 1- or 2-dimensional complex matrices as follows,

Iiratcom V) = [Iqj, (33)
_I ’
Igssc(Xan) =[ I q} (36)
q
I, +1p -1
I%m(x,vf){s" I" S}, (37)
s

where the Ist and 2nd rows in (36) and (37)
correspond to the node 1 and 2 in Fig 2(b) and 3(b),
respectively. The detailed expressions of the current
elements in (35), (36), and (37) are described in

(1)~(12).
4. LINEAR ANALYSIS

The linear analysis for small-signal stability studies
is the most general method to estimate the dynamic
stability of power system quantitatively. In this paper,
the method is considered to get the parameters of
FACTS controllers and damping controllers for
dynamic stability enhancement.

Taking partial derivatives of (31) and (32) gives the
linearized dynamic system equations as follows,

Ak, :%AxA +%AVA, (38)
aXA 8VA

Fa ax A +§FAAVA =0. (39)

Xy A

Substituting (39) into (38), the state space matrix
for eigen-value analysis can be derived as follows,

1

f of 13

Ak = aaA v, E:AJ o ks
XA AL9VA

(40)

A set of linearized differential equations for each
FACTS controller in equation (38) can be derived
from the equations (15)-(19), and (24)-(25). Since
STATCOM has one state variable, £, taking partial
derivatives of equation (15) gives the 1-dimensional
linearied differential equation. SSSC has one state
variable, V,. Substituting equation (17) into equation
(16) and then taking partial derivatives of equation
(16), the I-dimensional linearized differential
equation is derived. UPFC has three state variables,
Ve, Vo, and E;,. Substituting equations (24) and (25)
into (18) and (19) and taking partial derivatives of
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(16), (18), and (19), the 3-dimensional linearized
differential equation is derived. If the damping
controller in (27) is equipped on FACTS controller,
the 2 differential equations of damping controller are
added to the linearized differential equations of each
FACTS controller.

In order to get the linearized algebraic equations for
each FACTS controller, (32) may be decomposed into
the real and the imaginary parts. In the case of
STATCOM, it becomes a 2-dimensional algebraic
equation as follow,

FRf Y7V, cos( 4 +9)
F1f

el
l,

—YI{Vf cos(¢“ +67

¢,"+9)

i

(41)

—I/I{Vf51n(¢, +6’f) )

In the case of SSSC and UPFC, it becomes 4-
dimensional algebraic equations as follows,

FRfl ~I4r
Fl . n 2
M=) e D B =0, 42)
F]{z Ip | 3 =
F1f2_ o
A
Fro | Thyg+1Ipr—1Is
Fj _| Lo +1pr = I Y, +22:Bk -0
Ff, I par
1
L
v, cos(¢{} +9,-)
Vs1n(¢|’,? +6’,~)
a; = " ’
L cos(¢2,- + 9,')
Y2,V s1n(¢2, "‘91)

s ;o (43)
- Vi cos(¢1 +0k

)
—Y]f:V s1n(¢1k +0; )
—YszV cos(¢2k 9,{)

)|

¥ sinf g, +0f

where R and [/ indicate real and imaginary parts,
respectively, and Ys and &s correspond to the
magnitudes and the phase angles of the elements of
admittance matrices having the same super- and sub-
scripts in (32).

Then, taking partial derivatives of (41), (42), and
(43) gives sets of linearized algebraic equations for
each FACTS controller in (39).

5. NONLINEAR ANALYSIS

The partial derivatives with respects to the voltage
magnitudes and the phase angles, dF,/0V 4, can be
used as Jacobian matrix, J4, for the Newton iteration
method in time-domain simulations as described in

[11].

AFg AV

AR, | [y gm ae

ARR |~ [ o g ] AV' 4
AF! Adf

In the time-domain simulation algorithm, (31) is
used to update the state variable, x, and then the
algebraic variables in (32) are solved by the Newton
formula at every time step. The detail expressions are
described in [11].

6. CASE STUDIES

6.1. A sample power system model

A sample system used in the case study is a two-
area power system model shown in Fig. 5 [13]. It is
assumed that all generators are the 4th order 2-axis
models equipped with the 1st order fast exciters. The
equations of 2-axis model and the fast exciters are
described in [14] and [13], respectively. All loads are
assumed to be the constant impedance type. All
machine and system parameters are listed in Appendix.
It is assumed that the FACTS controllers which have
the rating of 100MVA are installed in the middle of
the tie lines.

The system has one inter-area mode with very poor
damping. The parameters of each FACTS controller in
Fig. 4 and the damping controller in (27) are estimated
to increase the damping ratio of inter-area oscillations
using the linear analysis and its effect is then verified
by the time-domain simulation. The linear analysis
and time-domain simulations algorithms are
programmed by MATLAB m-file code in 60Hz
frequency base. Since the inverters have very fast
operating speed in several tens of milliseconds, the
time constant, 7z, is considered within 0.01 << 0.05

25km 110km | 110km 25km |
I 10km ! 10km |
o1 1 O 63
L L

G2 G4

Fig. 5. A sample 2-area power system.
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seconds. It is assumed that all of the voltage and
currents injected by FACTS controllers are zero in
initial condition.

6.2. Linear analysis
6.2.1 Without damping controller

Fig. 6 show the eigen-value locus of the inter-area
oscillations in the case of SSSC installed within 0.0 <
Kr< 1.0. As K¢ is increased, the frequency of the
mode is decreased. The damping ratios are reached to
the maximum values, and then decreased for a higher
value. In Fig. 6, the denoted point on each curve
indicates the point having the maximum damping
ratio for each time constant. They are listed in Table 1.

Since STATCOM is the reactive power
compensator for voltage regulation, it has little effect
on the inter-area oscillation. Therefore, the linear
analysis for STATCOM without damping controller is
omitted. Its integrated parameter, Ky in Fig. 4(a), is
assumed to be 20.0 which is enough high to regulate
the voltage. The value is also applied to the shunt
inverter of UPFC.

In the case of UPFC being installed, the eigen-value
locus of inter-area oscillations is shown in Fig. 7. The
gains, Krp and Krp, have the range, 0.0 < Kpp, Krp<
1.0. As Krp and Ko are increased, the damping ratios

Inter-Area Oscillations between G3 and G1 contralied by S88C
45 T T T T T T

No Contrat

KF=0.13

‘ [ KF=0.21

:‘ | KF=026 |
KF=031 " KF=029 3 g \

Imag

AN

2H e TF=0.01 :
- — —TF=002
15l —— - TF=003
- TF=0.04
——TF=0.05
1 1 1 i 1 .. 1
o 012 91 0ge 006 0B 0m g

Real

Fig. 6. Eigen-value locus of the inter-area oscillation
mode controlled by SSSC.

Table 1. The linear analysis results for SSSC.

o | o [ o e
* |ratio (§)| (Hz)
(©) | (0

Kr=0.0 -0.0203| 4.2177 | 0.0048 | 0.6713

0.13 | 0.01 |-0.0305]3.1281 | 0.0097 | 0.4979
0.21 0.02 1-0.0483|2.7587 | 0.0175 | 0.4391
0.26 | 0.03 |-0.0667|2.5815 | 0.0258 | 0.4109
0.29 | 0.04 |-0.0855}|2.4893 {0.0343 | 0.3962
0.31 0.05 |-0.10442.4327 | 0.0429 | 0.3872

inter-Area Oscillations controlled by UPFC
45 T T T r

Real

Fig. 7. Eigen-value locus of the inter-area oscillation
mode controlled by UPFC.

Table 2. The linear analysis results for UPFC.

i, Eigen-Values (A) Damp.
Kro Ua Real | Imag. | ..o © Freq. (Hz)
(9) (o)

K Krg=0.0 | -0.0160 | 4.2640 | 0.0037 | 0.6786
0.64 | 0.01 | -0.1469 | 1.9545 | 0.0750 | 0.3111
0.39 | 0.02 | -0.1633 | 2.3243 | 0.0701 | 0.3699
0.31 1 0.03 | -0.1826 | 2.5061 } 0.0727 | 0.3989
0.27 | 0.04 | -0.2032 | 2.6174 | 0.0774 | 0.4166
0.25 | 0.05 | -0.2247 | 2.6804 | 0.0836 | 0.4266

of inter-area oscillations are increased. However, since
the incremental ratio of damping is decreased and the
frequency is excessively low in the high values of
gains, they are set on the point having the minimum
real part of eigen-values, The denoted point on each
curve has the minimum real part of eigen-values.
They are summarized in Table 2.

6.2.2 With damping controller

As described above, the STATCOM has little effect
on the inter-area oscillation. The SSSC and UPFC
have a limit to increase the damping ratio. Therefore,
the supplementary controller in (35) is considered to
enhance the performance of FACTS controllers. Since
the FACTS controller is assumed to be installed in the
middle of tie lines in Fig. 5, the input, Pgqy, is set to
the active power flow in the tie lines. The time
constants in (27) are computed from the phase lead-
lag angle based on the formula described in [13]. The
phase lead angle is considered in every 15° within
+30°. The wash-out time constant is set to 5.0 second.

Fig. 8 shows the locus of inter-area oscillations
mode controlled by STATCOM and SSSC with
damping controller. The gain, Ky, has the range, 0.0 <
Kw <1.0. In the case of the damping controller
equipped in SSSC, the higher Ky makes the higher
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damping ratio. However, the damping controller
equipped in STATCOM has a limit to increase
damping ratio. Each eigen-value having the maximum
damping ratio is listed in Tables 3 and 4, and the time
constants, 7 and T,, for each compensation angle are
listed in Table 5.

As described in Tables 3 and 4, the most effective
compensation angles for STATCOM and SSSC are
30° lag and 15° lead, respectively. Those show the
difference of dynamic characteristics between
STATCOM and SSSC. Comparing STATCOM and
SSSC, it can be confirmed that SSSC is more effective
than STATCOM. The result indicates that the series
type FACTS controller is more profitable to damp
inter-area low frequency oscillations.

Different from STATCOM and SSSC, UPFC is
composed of the series and the shunt inverters.
Additionally, since the series inverter control system
is modeled with the real and the reactive parts, as
shown in Fig. 4, the three supplementary controllers
can be equipped in UPFC. Fig. 9 shows the locus of
inter-area modes controlled by UPFC with damping
controllers on each inverter control system. In Table 8,
the results are described in detail.

STATCOM & SSSC with Damping Controller
45 T T T v T

——30 Deg. Lead

""""" 15 Deg. Lead
4H ———0Deg
— —-15 Deg. Lag
—30 Des. Lag
351

STATCOM  Kw=0.13

08 07 o6 05 04 03 02 01 0 01
Real

Fig. 8. Eigen-value locus controlled by STATCOM
and SSSC with damping controller.

Table 3. The linear analysis results for STATCOM
with damping controller.

Lead K Bigen-Value (1) Damp. | Freq.
angle| 7 | Real | Imag. | raiio () | (Hz)
(o) (@)

Ky=00 |-0.0160 | 4.2640 | 0.0037 | 0.6786
30° | 0.0 |-0.0160 | 4.2640 | 0.0037 | 0.6786
15° | 0.13 [ -0.0372 | 3.9624 | 0.0094 | 0.6306
0° | 033 |-0.1071 | 3.7781 | 0.0283 | 0.6013
-15° | 0.50 | -0.1921 | 3.7150 | 0.0516 | 0.5913
-30° | 0.68 | -0.2937 | 3.6867 | 0.0794 | 0.5868

As shown in Fig. 9 and Table 6, the positive gain
with 15° lead-angle of the damping controller is the
most effective for the active power flow control
system in the series inverter of UPFC. On the other
hand, the negative grain in 30" lead-angle is the most
effective in the reactive power flow control system
and the shunt inverter control systems. The time
constants for each compensation angle and each
controlled part are listed in Table 7.

Comparing the UPFC with the SSSC, the effect of
damping controller equipped in the active power
control system of the series inverter of UPFC is much
more effective than the controller equipped in the
SSSC. It is because the SSSC can control the active

Table 4. The linear analysis results for SSSC with
damping controller.

Lead % Eigen-Value () Damp. | Freq.
angle| ©# | Real | Imag. |pagio ()| (Hz)
() (w)

Ky=0.0 |-0.1044 | 2.4327 | 0.0429 | 0.3872
30° | 1.0 [-0.6029 | 1.9855 | 0.2906 | 0.3160
15° | 1.0 [-0.7249 | 2.1594 | 03183 | 0.3437
0 | 1.0 [-0.7997 | 2.4710 | 0.3079 | 0.3933
-15° | 1.0 |-0.5441 | 2.7774 | 0.1922 | 0.4420
30° | 1.0 |-0.2752 | 2.7643 | 0.0991 | 0.4400

Table 5. The time constants for lead-lag blocks.

Lead STATCOM SSSC
angle T 5 T) 72
30° 0.4062 | 0.1354 | 6.7120 | 0.2373
15° 0.3056 | 0.1800 | 0.5357 | 0.3154
0 0.2345 | 0.2345 | 04111 | 04111
-15° 0.1800 | 0.3056 | 0.3154 | 0.5357
-30° 0.1354 | 0.4062 | 0.2373 | 0.7120
Inter-Area Cscillation Mode contrelled by UPFC with Damping Controllars
33 T T T T T T T
32 15 Deg. Lead )
31
3t
29
£ 28
27r 30 Dey. Lag
26} o
25 — VP control
24 —+—VQ control
— — —Shunt control
2'-3; 8 18 -1 .Id -1 72 1‘ -U.‘B —GTE -Ufi 0.2

Real

Fig. 9. Eigen-value locus controlled by UPFC with
damping controller.
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Table 6. The linear analysis results for UPFC with

damping controller.

g Lead Eigen-Value (3) Damp. | Freq.
UP | angle Real Imag. © (Hz)
(o) (w)
Ky=00 |-0.2247 | 2.6804 | 0.0836 | 0.4266
Vp | 157 | -1.5850 | 2.3236 | 0.5635 | 0.3698
Vo | 30° [-0.3013 ] 2.6696 | 0.1122 | 0.4249
Ey | 30° | -0.4424 ) 2.6079 | 0.1672 | 0.4151

Table 7. The parameters for the damping controller in

UPFC.

SUP Lead angle K W 71 T2
Ve 15° 1.0 | 0.4862 | 0.2863
Vo 30° -1.0 | 0.6462 | 0.2154
E; 30° -1.0 | 0.6462 | 0.2154

power flow indirectly, by compensating the reactive
power, but the series inverter of UPFC can supply the
active power and control the active power flow
directly. Contrarily, the damping controller equipped
in the reactive power control system of the series part
of UPFC is less effective than the SSSC. It is because
the SSSC is designed to control the active power flow,
but the reactive power flow control system is modeled
to control the reactive power.

Comparing with the STATCOM, the effect of
damping controller equipped in the shunt inverter
control system is more effective than the controller
equipped in the STATCOM. Additionally, the phase
angles for compensation and the gain are also
different. It shows that the dynamic characteristic
difference between the STATCOM and UPFC.

6.3. Time~-domain simulations

To verify the results described above, the time-
domain simulations are performed for each system
having different FACTS controllers with or without
damping controllers. The 3 phase fault is applied to
the load bus in area 1 shown in Fig. 5 at 0.5 second,
and then it is cleared after 6 cycles. The simulations
are continued for 10 seconds. The modified Euler
method is used for numerical integration, and the
integration time step is 0.5 cycle.

6.3.1 STATCOM

Fig. 10 shows the time domain simulation results
for the STATCOM. The limits in Fig. 4(a) are 0.8 <
En<1.2,-1.25 <1p< 1.25 in p.u. on 100MVA base.
The parameters of STATCOM and damping controller
correspond to the row for 30° lag compensation in
Tables 3 and 5. The dotted, the dashed, and the solid
lines indicate no FACTS, the without-, and the with-
damping controller cases, respectively. As mentioned
above, the STATCOM without damping controller has
little effect on the inter-area oscillations. However, the

Inter-Area Oscillations  Active Power Flows in Tie-Lines
0N

U

rad

°°Nh®m

5 10
{b)
External Node Voltage

Fig. 10. (a) Inter-area oscillations, (b} active power

flows on tie-lines, (c) internal voltage of
S}“ATCOM, E,, (d) external node voltage,
V.

STATCOM with damping controller can damp the
inter-area oscillations and regulate the active power
flow on tie-lines. They are evident in Fig. 10(a) and
10(b). However, since the inverter with damping
controller disturbs the terminal voltage in order to
control the active power flow in the tie lines, the
STATCOM with damping controller has a negative
effect on the external voltage, V. They are well shown
in Figs. 10(c) and 10(d).

6.3.2 SSSC

Fig. 11 shows the time domain simulation results
for SSSC. The limit in Fig. 4(a) is -0.05 < V,<0.05 in
p-.u. on 100MVA base. The parameters of SSSC are
listed in the row for 7= 0.05 in Table 1, and the
parameters of damping controller are employed from
the row for 15° lead compensation in Tables 4 and 5.
The dotted, the dashed, and the solid lines indicate no
FACTS, the without-, and the with-damping controller
cases, respectively. As shown in Table 1, the SSSC

Inter-Area Oscillations  Active Power Flows in Tie-Lines
-]

Vv

0.1
0.2 8
T03 3 4
0.4 2
0.5 0
0 5 10 0 5 10
{a) {b)
Series Injected Voltages Supplementary Signals
0.05 T 0.05
3 H
2 0 2 0
0.0% 5 0 0% 5 10
{c} {d)

Fig. 11. (a) Inter-area oscillations, (b) Active power
flows on tie-lines, (c) series injected voltage
magnitudes, V,, (d) damping controller
output, SUp.
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without damping controller can increase the damping
ratio from 0.0048 to 0.0429, and the damping
controller can additionally increase the damping ratio
up to 0.3183. The effects are shown on the inter-area
oscillations and the active power flows in Fig. 11(a)
and 11(b). The injected voltage magnitudes, V,, by
SSSC are shown in Fig. 11(c), and the supplementary
signal of damping controller is shown in Fig. 11(d). It
is confirmed that the damping controller prevents the
SSSC oscillate excessively and help the compensation
actions of SSSC.

6.3.3 UPFC

Figs. 12 and 13 show the time-domain simulation
results for UPFC. The limits in Figs. 4(a) and 4(c) are
0.8<E;,<12,-125<13<125,-0.05<Vp, Vp<0.05
in p.u. in 100MVA base. The parameters of the row
for 7= 0.05 in Table 2 are used for the simulation,
and the parameters of damping controller are listed on
the row for Vp control in Table 7. In Figs. 12 and 13,
the dotted, the dashed, and the solid lines indicate the
no FACTS controller, the without-, and the with-
damping controller cases, respectively.

As shown in Fig. 12(a}, the UPFC has a positive
effect on the inter-area oscillation, and then the
damping is increased by the damping controller and
the oscillation is damped out. The active power flows
in Fig. 12(b) shows the active power flow control
effect of UPFC.

Active Power Flow in Tie-Lines

Inter-Area Oscillations

10
5 5
o
RTINS 0
[ 5 10 0 5 10
{a} {b)

Fig. 12. (a) Inter-area oscillations, (b) active power
flows on tie-lines.

vQ
0.05
= 1l - .
| [\
¥ 4
-0.05 5 10
{b)
Ein External Node Voltages
12 L1 DR
3 1.1 5 0.8
a £.0.6
1 0.4
Q
0% 5 10 0% 5 10
(c) {d)

Fig. 13. The series injected voltages, (a) Vp and (b)
Vo, (c) internal voltage, Ej, and (d) shunt

inverter side voltage, Vlf .

Figs. 13(a) and 13(b) show the injected voltages by
the series inverter of UPFC. The damping controller
helps the series inverter to control the active power
flow. Fig. 13(c) shows the voltage magnitude, £

172
generated by the shunt inverter of UPFC. It shows the
voltage regulation actions of the shunt inverter in Fig.
13(d). The series injected voltage can make the
voltage oscillations on the external nodes. However,
as shown in Fig. 13(d), the external node voltage,

I’}f , in the shunt inverter side node is regulated by

the shunt inverter. Figs. 13(b) and 13(d) show the
simultaneous controllability.

Comparing the simulation results for each FACTS
controller in linear analysis and time-domain
simulation, the most effective controller for damping
of inter-area oscillations is UPFC. The effect of SSSC
is less than UPFC, and STATCOM has the least
effects on the inter-area oscillations.

Among these FACTS controllers, the popular
controllers are STATCOM and UPFC. Because
STATCOM has the advantage of reactive power
compensation, and UPFC has controllability for active
and reactive power flow and voltage regulation.
Consequently, many research results have been
presented for STATCOM and UPFC. SSSC is
relatively unnoticed, and there are not many research
reports for SSSC. However, since it is more effective
than Thyristor Controlled Series Compensator
(TCSC) which is widely used, it may be able to
substitute TCSC where the series compensation is
needed without the voltage regulation.

7. CONCLUSIONS

This paper proposed a current injection model of
FACTS controllers for power system dynamic
stability studies. The method can be easily applied to
the linear and the nonlinear analysis, and adopt any
kind of FACTS controllers regardless of model types.

As described above, it can be applied to the linear
and nonlinear analysis algorithm for power system
dynamics studies. Using the linear analysis, the
parameters of each FACTS controller are estimated in
order to have a positive effect on the inter-area
oscillation mode. And, the supplementary controller
for damping control is designed to increase the
damping ratio of power system. The results are
verified by nonlinear analysis using time-domain
simulations.

The results accomplished by the proposed methods
show the differences among FACTS controllers and
their control schemes for the inter-area oscillations in
power system. According to the results, UPFC is the
most effective FACTS controller for damping inter-
area oscillations. And, SSSC is more effective than
STATCOM. The analysis results show the
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characteristics of each FACTS controller. It shows the
effectiveness and actuality of the proposed model.

APPENDIX

Each step-up transformer has an impedance of j0.15
pu. on 900MVA and a 20/230kV base. The nominal
transmission system voltage was 230kV. The line
length is as shown in Fig. 5. The parameters of the
lines in p.u. on 100MVA and a 230kV bases are r =
0.000% p.u/km, x;, = 0.001 p.u/km, and bo = 0.00175
p.u/km.

Each generator has a rating of 100MVA and 20kV
and the parameters in p.u. is as follows, # = 58.5(G1,
G2),55.58(G3,G4), D=0.0,72=8.0,750=04,x,=
0.2,x’;=10.033, x,=0.18, and x°, = 0.033.

The FACTS controllers have a rating of 100MVA
and the parameters in p.u. are as follows, xg = 0.05, x;
={.1, and Droop = 0.0.
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