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Abstract

The generalized interline power-flow controller (GIPFC) is a voltage-source controller (VSC)-based flexible ac transmission
system (FACTS) controller that can independently regularize the power-flow over each transmission line of a multiline system.
This paper presents a modeling and performance analysis of GIPFC based on 48-pulsed voltage-source converters. This
paper deals with a cascaded multilevel converter model, which is a 48-pulse (three levels) source converter. The voltage
source converter described in this paper is a harmonic neutralized, 48-pulse GTO converter. The GIPFC controller is based
on d-q orthogonal coordinates. The algorithm is verified using simulations in MATLAB/Simulink environment. Comparisons
between Unified Power Flow Controller (UPFC) and GIPFC are also included.

Keywords: Flexible ac transmission system (FACTS); Generalized Interline Power-Flow Controller (GIPFC); Voltage Source

Converter (VCS); 48-pulse GTO converter

1. Introduction

Flexible alternating current transmission system (FACTS)
technology has opened up new opportunities in dynamic
control of voltage, impedance and phase-angle of high volt-
age transmission lines. FACTS devices, which are used
for power control, can be divided into two categories. The
first includes devices which utilize transformers with thyris-
tors and impedances to control the power (e.g. SVC, TCSC
and etc.). The second category includes devices which uti-
lize switching power supplies to build a controllable static
synchronous voltage source (e.g. STATCOM, SSSC and
UPFC). GIPFC is a new FACTS device which falls into the
second category. The main advantage of GIPFC is its capa-
bility in controlling power over different transmission lines at
the same time [1]. The general structure of GIPFC is shown
in Fig. 1. It includes a shunt part (STATCOM) and two parts
in series (SSSC). If all switches S1, S2 and S3 are closed
the result will be a GIPFC. Flexibility in configuration is an-
other advantage of GIPFC. Table 1 lists the different operat-
ing modes resulting from different switch settings.

It can be seen from Fig. 1 that three different Voltage
Source Converters (VSCs) are utilized. Voltage Source Con-
verters without additional AC filters can include higher order
harmonics which are not acceptable from the system and ro-
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Figure 1: GIPFC model

bustness point of view (even with 24-pulse levels). In [2] 48-
pulse converters are proposed which can be used without
any supplementary AC filter. In this paper, 48-pulse convert-
ers are used in modeling the GIPFC. Different configurations
and performance comparisons are included. The simulation
results are verified with analytic studies discussed in [3].

Convertible and multi-purpose controllers are introduced
by utilizing UPFC to increase transmission line perfor-
mance [4, 5]. This type of controller, employing volt-
age source converters, can be used for voltage control,
impedance compensation or angle compensation separately.
They can also connect to a common DC link to utilize exten-
sive capabilities of transmission power control (Fig. 1). It can
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Table 1: FACTS achieved by different configurations of switches in Fig. 1

Case State of Switches FACTS
Number S1 S2 S3
1 Close Close Close GIPFC
2 Close  Close Open UPFC + SSSC1
3 Open Close  Close IPFC+STATCOM
4 Close Open Close UPFC + SSSC2
5 Open Open Open  STATCOM+SSSC1+SSSC2
I
—_—
V1 VZ
Zin Vi Vie Vis Zi @
V.
ZLZI 2 \Y ZLZZ
1
| |
— —
I I,

Psh=Pse1 +Pse2

Figure 2: The model System

be seen from the figure that GIPFC is composed of two static
synchronous series compensators (SSSC) and one shunt
static synchronous compensator (STATCOM). When S1 is
open, STATCOM will be used for voltage or reactive power
control [6]. Two combined SSSC with a common DC link
lead to an Interline Power Flow Controller (IPFC). The out-
put voltage for one of the SSSCs has controllable magnitude
and phase. The other SSSC is used for active power con-
trol. This combination can be used to control active power
in multi-line systems, transferring load between high loaded
and low loaded lines [7].

The first multi-line controller was IPFC [7], which was an-
alyzed later in [8, 9, 10], investigates generalized UPFC in
which the major factor model of GUPFC was used for stabil-
ity analysis. In [3], an analytic method is proposed to study
power transfer control using GIPFC. This analytic method is
used to verify simulation results in this paper. GIPFC and
UPFC are compared from the performance and limitations
point of view using the proposed method.

2. GIPFC analysis

The system studied is shown in Fig. 2. The parameters
are assumed to be the same for both lines. Using a steady
state model based on d-q equations makes it easier to model
ideal voltage sources. Accordingly, d-q coordinate equations
are used in this paper. Current and voltage equations are as
follows [3]:

L=1+1, (1)

In the equation above 7(1’ represents the current for line 1
without compensation. Ti represents the current for line 1

that comes from V¢ compensator. Transmission lines re-
sistance is assumed negligible, for simplicity. Supposing
Xr1 = X1 + Xpp and Xpo = Xp01 + X100, We have:

-0 qu - V2q Via— Vo

I, = - 2
1 X, J X.1 ) ()

Similarly, we have:

—Cc V]C _ Vlcq

Vie
Il= _.lcd

iXu o Xu / X1
Substituting eq. (3) and eq. (2) at eq. (1), active and reactive
power can be derived as follows:

) 3)

Py = P+ (Vag g — Vag Rt @
01 =00+ (Vogx* + Vzd?—:f)
Q7 and Pfare reactive and active power when there is no
compensation. We can repeat the same calculations for the
second line. The only difference is the presence of I, which

comes from STATCOM:

Vae X
— JoO =cq 122
g =L, + 5 + 57 Lona

—_qg0 _ YVour | Xim
hig =1, = x5 + %, Isng (5)

VZc X2
_ Jo Vacqg _ Xio
Ing =Ly, + 57 = 55 Lsha

— Jo 2ed _ X121
Ing = I, + x0 = %5 Lshg

So, d-q voltages of STATCOM bus or V5, is:
Vora = Via + Xo1higs Vaig = Vig — Xi21ho1a (6)
The power for SSSC1 (series converter) is:
Pse1 = Vicalia + Vieglig (7)
Similarly, the power for SSSC2 is:
Py = Vacalog + Vacglaog (8)

Substituting eq. (5) in eq. (8) we have:
_ X
Pser = | Vacalong + Vacglong — X_(VZCdIshd + Vocglsng)|  (9)
2

For the parallel compensator we have:

Py, = Varalgna + VargLng (10)

Substituting eq. (5) and eq. (6) in eq. (9) we have:
Py, = Lya(Vig + Xp2118,, — 32 Vaug)

X2
+Ishq(V1q + XLZI 3211' - ﬁVZCq)

(11)

Neglecting inverter losses, it can be mentioned that the par-
allel converter supplies the power for both series converters:

Py, = Pye1 + Py (12)

Substituting eq. (1), eq. (7), eq. (9) and eq. (11) at eq. (12)
we have:

(Vlcdl?d + Vlcql?q) + (VZL'dIgzd + VZchgzq)

o ¢ o (13)
~Lspa Via + X211y, =Isng (Vig = X121135, = 0
—_— S e
b b

— 32—
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Figure 3: P-Q curve for SSSC1

In other words:
d—blshd—alshq:O (14)

The reactive power absorbed or supplied by STATCOM for
controlling Vy; is:

O = Varglsna — Varadsng) (15)
Substituting eq. (5) and eq. (6) at eq. (15) we have:

ki(Ina)* + (k2Vacg — @)sna + ki (Lng)?

—(kaVaoca = b))y +¢c =0 (16)

Inwhich: ki = X121 X122/ X2, ko = X121/X12 and ¢ = Qg.
Using eq. (14) and eq. (16), parameters I, and Iy, can be
obtained:

AL, + Bl +C=0 (17)

In which A, B and C are as follows:

A=k |1+
B = ky(Vaeg + 2Vaea) — (Mj#abz) (18)
C = %(klg —kyVoed + b + %L)

The currents can be obtained using eq. (14) and eq. (18).
Using the currents, active and reactive powers at the receiver
can be derived as follows:

V
Py = P+ 2 (Vaeg = Xpa1lsha) = 1 (Vaca = X121 5nq)

(19)
O =05+ Xii (Vaeqg — Xi21Lsna) + )‘(/_ZL;](V%d + Xi2145ng)

P5 and Q5 are active and reactive powers of the second
line when there is no compensation. In the next section
a GIPFC operational analysis for difference working states
is presented, based on P-Q curve analysis.

2.1. GIPFC operational analysis

To analyze GIPFC capability in controlling active and re-
active power, a P-Q curve is used. The curve represents
active and reactive power at the receiving end for different
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Figure 4: P-Q curve for SSSC2
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Figure 5: SSSC2 P-Q curve for different load angles

values of output voltage degrees, varying from 0 to 360 de-
grees. Fig. 3 shows the P-Q curve for different values of V.
considering V. = 0.15. Inside the circles shown with P{ and
QY as the centers are controllable regions of series converter
SSSC1. The radius is proportional to the voltage injected by
SSSC1. Fig. 4 shows the second line controllable region by
SSSC2. Vi, = 0.2, angle = 15 degrees and 6 = 30°. It can
be seen from the figure that the curves are not circles in this
case. This is due to STATCOM, which is expected referring
to eq. (19). P¢ and Qf are not at the center either for this
case. Changing system load angle will change Py and Qo
values and as a result the SSSC1 controllable area centered
at Py and Qy will shift as well. It can be deduced from eq. (4)
that line-1 is independent of line 2. The P-Q area remains
the same for all load angle values. However, the P-Q region
for line-2 will no longer be elliptical for higher values of load
angle. Fig. 5 shows the SSSC2 P-Q curve for different values
of load angle (V. = 0.2, angle = 15 degrees and V,. = 0.15).
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Figure 6: P-Q curve comparison between UPFC and GIPFC
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Figure 7: P-Q curve comparison between IPFC and GIPFC

2.2. Comparing GIPFC with UPFC and IPFC

Series converter SSSC1 is not utilized for UPFC. Fig. 6
shows UPFC and GIPFC P-Q comparison with V|, = 0.2,
Vo = 0.15 and angle = 15 degrees in the case of GIPFC. It
can be seen that the area remains the same and it only shifts
in the P-Q plane.

IPFC usually contains multiple series compensators which
are connected to each other in their DC terminals. Two
SSSCs are considered for IPFC in our study. In this configu-
ration, besides series reactive compensation, each converter
can be used to supply active power from the transmission
line into its common DC link [5]. For IPFC, the shunt part of
GIPFC (STATCOM) is not in use, which means Qg = 0 and
Iy, = 0. ltis also supposed that SSSC1 independently con-
trols its output voltage magnitude and phase values. SSSC2
supplies the real power for SSSC1; as a result Vo, is con-

trolled independently and V.., depends on V,; which is de-
fined in eq. (13). Fig. 7 shows the results obtained. The con-
trollable region of line-1 is similar to the case where GIPFC
is in the loop. However, the controllable region of line-2 is
much more limited than in the case where GIPFC is in the
loop. In fact this is one of the most important advantages of
GIPFC over IPFC.

3. GIPFC Controller

GIPFC’s superior operational performance is mainly due
to its unique ability to inject a series compensation AC volt-
age factor with an arbitrary amount of amplitude and phase
while sending commands for both systems even with a dif-
ferent voltage level. A shunt converter works in a way that
tries to absorb a controlled current Iy, and inject it into the
line. Iy, factor will be provided automatically by forcing real
power at the series converter. Since the other current fac-
tor, I, is reactive, it can be adjusted to any reference value
within the converter’s controllable limits [1, 2]. The series and
shunt converter controller is shown in Fig. 8. Qg.r and Pg.s
are selected by an external controller (i.e. operator). Having
these two values and V,; and V,, factors of V»,, appropriate
values will be obtained for Iz, and I4z.r. The obtained pa-
rameters are compared with the measured values from the
line (/; and 1,) and after proper amplification it is used to cal-
culate the angle and amplitude of the series converter output
voltage. The controller for SSSC2 is exactly the same as the
one for SSSC1.

A voltage limiter is used at the series compensator output
to deal with practical constraints which can arise either from
system properties or limitations imposed by the devices.
Using up to 24-pulse converters with high power FACTS de-
vices without an AC filter can introduce higher level harmon-
ics, which are not acceptable most of the time. Usually, for
24-pulse converters a high pass filter set to 23" and 25
harmonics at the transformer side is used. Another option
is to use 48-pulse converters (four 12-pulse converters). A
system of transformers is used for 24-pulse converters which
have 7.5 degrees difference in phase angle. A 48-pulse con-
verter can be used without any AC filter with high power high
voltage applications. In this type of converter the output volt-
age includes harmonics from 48n + 1 (47, 49, 95, 97 and
...) order with amplitude of 1/48n + 1 times of the base har-
monic. The configuration of the 48-pulse converter imple-
mented in MATLAB/Simulink environment is shown in Fig. 9.
It is shown in Fig. 10 how the half-cycle output of a 48-pulse
converter is created from sum of the outputs of four 12-pulse
converters. The output for 48 and 24 pulse converters (Vay)
and their FFT analysis are shown in Fig. 11. It can be seen
from Fig. 11 that the THD value for 48-pulse is one half of
the THD value for 24-pulse.

4. Simulation results

Fig. 2 shows the modeled system. The modeled STATCOM
has 200 MVA nominal power, to enable to provide the power

— 34—
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Figure 10: Output of 48 pulse converter

requested by each series converter (100 MVA). 48-pulse
VSCs are used to simulate series and parallel converters.
The angle difference between the two system is § = 30°.
Simulation results for different working states are presented
below.

4.1. GIPFC simulation results

In this operating mode all three converters are used and
the GIPFC is in its full operating state. Simulation results are
presented in Figures 12—18. Active power at the receiving
end of lines 1 and 2 are shown in Figures 12 and 14 respec-
tively. Pres1, Prerr @and measured active power by the GIPFC
are shown in Figures 13 and 15.

It can be seen that the outputs closely follow the refer-
enced inputs. It can be concluded that the transferred power
can be controlled across a wide range for both lines. The
measured voltage at STATCOM installation point (V,,) is
shown in Fig. 16. STATCOM independently regulates V;,
by injecting reactive power. STATCOM should also be able
to supply the active power for both series converters, as is
shown in Fig. 17. 48-pulse shunt converter (STATCOM) out-
put and V»,, 1,4, are shown in Fig.18. The greater the phase
difference is between I,y and converter voltage the greater
the greater the active power injected by STATCOM will be.
It should also be noted that STATCOM is injecting reactive
power to the system because the converter output voltage is
greater than V»,.

4.2. UPFC

In this state, SSSC1 is not utilized. Power control is similar
to GIPFC state with the difference being that in this case
the first line remains uncompensated. Simulation results are
shown in Figures 19 and 20 for this case. It can be seen from
Fig. 20 that the transferred power at the first line has been
decreased while it is regulated to a fixed value in the GIPFC
case. It should be noted that we have already showed that
even the transferred power of the first line can be increased
using GIPFC.

4.3. Comparing analytic and simulation results

In this section analytic results are compared to the simula-
tion results. Figures 21 and 22 show P-Q curves for UPFC
and SSSC1 containing both analytic and simulated results,
respectively. It can be seen that the analytic results are
very similar to the simulated results. For example, the in-
jected reactive and active power in GIPFC mode are shown
for SSSCH1 in Figures 23(a) and 23(b). Combining these two
Figures and converting them to P-Q representation will result
in the same curve as shown in Fig. 21.

5. Conclusions

GIPFC performance in various operational modes is stud-
ied in this paper. It has been shown that GIPFC is capable
of controlling transferred power over transmission lines in-
dependently for each line. GIPFC is tolerant with regard to
faults occurring in a specific part of the controller, i.e., the
GIPFC will still continue operating irrespective of a fault in
one of its components. It is also shown that there is no
need to install additional AC filters if 48-pulse converters are
used in GIPFC design. Flexibility and wide range of opera-
tion make GIPFC ideal for future works. Future works should
investigate how the use of GIPFC impacts transient stability
and voltage stability among others.
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Figure 22: Analytic P-Q curve for different values of injected voltage by
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Figure 23: Reactive (a) and active (b) power control at the receiving end

using UPFC part of GIPFC



