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= ABSTRACT - The unified power flow controller (UPFC) approach maximizes active power transfer with the least amount
of losses by independently controlling both reactive and active power flow. This makes it possible to use individual transmission
lines more effectively. The interline power flow controller (IPFC) utilizes the concept of UPFC for economic operation and control,
management of multiline transmission systems. In its most basic form, the IPFC consists of many DC to AC converters such as
voltage source inverters (VSCs), each of which performs the same purpose as the UPFC: providing series compensation for every
line in multiline transmission system. A novel idea for the efficient power flow control management and compensation in multiline
transmission system is the IPFC. This research proposed a backup controller for an effective modelling of IPFC in order to reduce
low-frequency oscillations using four different damping controller options. The choice of an efficient damping control signal is
discussed in this work in order to create a durable IPFC damping controller that can withstand changes in system loads and power
supply problems. Using the proposed control approach, it is feasible to acquire both oscillation damping and independent interline
power flow regulation. The results obtained in this research was improved the dynamic stability of the system using VSC based
IPFC and proposed control strategy.

Keywords: UPFC, IPFC, System Stability, Damping of Oscillations, Reactive Power Compensation.

ARTICLE INFORMATION of power system transient and steady-state stability [2]. FACTS
Author(s): Alladi Sathish Kumar and G T Sundar Rajan.; devices are the ideal solution to these problems.
E‘:g‘g‘,ﬁ%&?&ggi?“? Pl U2 P”b"fhef‘j U The interconnection of substantial power networks is subject to
Paper Id: 1JEER 0901-06; 1 bros¥eS m low-frequency oscillations in the frequency range of 0.2 to 3.0
Citation: 10.37391/IJEER.120214 Bty — Hz. A power system stabilizer (PSS) is used to improve power
xVebF;/?‘_ge'“f”k: il co.infarchive/volume-12/i eer-126214 i system oscillation stability. It is inexpensive, efficient, and
tps:/fijeer.forexjournal.co.infarchive/volume-12/ijeer- ntm straightforward [3]. For consumers to obtain high-quality
Publisher’s Note: FOREX Publication stays neutral with regard to electricity, the power system's performance must be improved.
Jurisdictional claims in Published maps and institutional affiliations. The primary tool for minimizing system losses and maintaining

power system stability is reactive power compensation. Devices
known as FACTS have proven to be incredibly successful
1. INTRODUCTION controllers for improving system performance. Power system

P " h b ‘ Flexible AC T . stabilizers may not be as effective as FACTS controllers in
ower systems have begun fo use Flexible ransmission suppressing oscillations brought on by severe disturbances,

Systems (FACTS)_devices agaresu_lt of the quick development including 3-phase failures [4]. FACTS controllers such as
of power electronics [1]. It is possible to regulate power flow ; igieq ~ power Flow Controllers (UPFC), Static VAR
and improve system stability by using FACTS devices. The use compensators (SVC), and Static Synchronous compensators

of FACTS. devices in _the operation and coptrol of power (STATCOM) can also be used to improve the steady state,
Zystem_s with new Iciadlng an_d”powgtL ILOV\(’j cwculmts:tancisthls transient stability of the system and minimizes the damping
ecoming mlgrte p|0p$ ﬁr’ ESF::G’K@T)éV\g e er.Tlgq ationo the oscillations through a backup signal in the primary control loop
energy market. insta |'ng : evices will 1mprove the [5]. A novel FACTS controller idea for series compensation, the
current power systems' capacity and controllab_lllty, making IPFC [6] has the special capacity to govern power flow among
better use of them essential. Given the current circumstances, many lines. IPFC uses a shared DC connection between two or
two primary factors should be taken into account when utilizing more voltége source converters (VSCs). Every VSC can
FACTS devices: First, the power system may operate in a exchange reactive power with its gearbox system and offer a

flexible manner based on the FACTS dgvmes capacity to range of compensation for the chosen line (slave or master line)
manage power flow. The other component is the enhancement in the transmission system. The damping controller of low
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power frequency oscillations in the power system must be
designed for a nonlinear dynamic model of the power system in
order to achieve accuracy and desired performance at damping
of oscillations. A system with one machine and two lines out
can also employ an SSSC or STATCOM for budgetary reasons,
however the linear system model with more than two installed
IPFCs were very effective in stabilizing the system [7]. The
reactive and active capacities of the transmission lines do not
independently control. A linearized Phillips-Heffron model is
used to construct an IPFC damping controller for the power
system that is connected to a single machine with infinite bus
by 3-IPFCs each for one line. Four different damping
controllers are to be created in this [8-9]. Because IPFC
compromises fewer converters than conventional active power
filters like. UPFC and UPQC, the system arrangement in Figure
1 emphasizes IPFC's advantage over these filters. In 2010, R.
Strzelecki and G. Benysek addressed this benefit [10]. The
author of a 2011 study comparing the use of IPFC and UPFC in
power transmission systems concluded that IPFC is a very
effective FACTS device in the contemporary power system
network [11]. As seen in figure 2, the DC-to-AC converters may
be viewed as synchronous voltage sources injecting an
essentially sinusoidal controlled voltage (magnitude and phase
angle) in the steady-state analysis of power systems [12].
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Figure 1. An Interline Power flow controller with VSCs
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Figure 2. Single-line diagram of IPFC

This architecture allows each voltage source converter (VSC)
to remove the reactive power from its line to the common DC
link, in addition to offering individual series compensation.
Because of this, the underutilized lines might supply an overall
surplus of power that other lines can use to reduce the reactive
power flow by using reactive power compensation through
IPFC. For some converters, this implies that high-priority lines
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or lines with a high reactive power flow demand can have
complete two-dimensional reactive and active power control
capacities embedded in them, similar to what the UPFC
performs [13]. To properly coordinate the control mechanisms
of the converters and accomplish the aim of zero total active
power exchange between the IPFC and all of the lines, it appears
that this design demands rigorous control of the overall power
balance at the common DC terminal.

i 2. MATHEMATICAL MODELLING
OF A SINGLE MACHINE POWER
SYSTEM WITH VSC-BASED IPFC

The operational characteristics of the IPFC provided in [14].
The conventional Interline power flow controller arrangement
uses several DC to AC inverters, each of which offers series
compensation for a different connection. The IPFC may provide
a very effective power transmission regulation scheme for
multiline substations. Nonetheless, the compensating inverters
adhere to the basic IPFC by being connected at their DC
terminals [15], as figure 3 illustrates. With this, any inverter
may be made to transmit actual power from its transmission line
to a common DC connection, in addition to offering series
reactive compensation. As a result, the underutilized lines might
provide an overall surplus of power that other lines can use to
make up for lost power. Similar to what UPFC offers, certain
inverters that compensate for overloaded or heavily reactive
power- laden lines can also be outfitted with complete two-
dimensional, reactive, and real power flows and control
capabilities [16]. The under loaded lines provide the overloaded
lines with sufficient actual power transmission, which is the
essential idea behind this configuration. To maintain the overall
power balance between the two terminals at the common DC
terminal, accurate monitoring control is therefore required.
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Figure 3. Line diagram of a single machine power system with VVSC-
based IPFC
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The components of this IPFC are a common DC link capacitor
(Cuo), as Slave Voltage Source Converter (VSC-S) and a Master
Voltage Source Converter (VSC-M). The voltages of the
transformers on lines 1 and 2,respectively, are Vipi and Vinj2
[17]. It is requiring to install Static Synchronous Series
Compensator (SSSC) and Static Compensator (STACOM) for
providing the control capacities while the system is using only
two lines. The voltages of infinite bus and the terminals voltages
are supplied by Slave VSC and Master VSC respectively
denoted by Vg, Vs, Vinj1, and Vine. The IPFC inputsignals in
figure 3 are the control inputs for each VSC, represented by my,
ma, 81, and &, which represent the amplitude modulation ratio
and phase angle, respectively [18].

For the IGBT-based VSC, pulse width modulation, or PWM,
is essential to produce the gating pulsed for the IGBT switches
to control/regulate the voltage. By neglecting the resistance of
the IPFC transformers the per unit values of three phase
dynamic differential equations of UPFC and IPFC can be
modelled using Park’s Transformation as mentioned below.

Vinj1a Xl [ Vi
[Vin] 1q] [—th ] [Ilq] * [Vilq] (1)
m,Vy.cos §;
Vg = TS0 @
myVy.Sin 6,
Vig = ——— 3
Vinj2a Xe2] [12d Vi2a
[Vin] Zq] [—th ] [IZq] * [ViZq] (4)
m,Vy.cos &,
Vipg = 25— ®)
my,Vy.Sin 8,
Vi = A2 ©
dvdc _ 11d 12d
It ZCdc L [Cosé, Sm(Sl][ 2Cdc —2 [Cos8, Sind,] [12 ] @)
Here,

Vg = DC link Voltage (Volts), X = Reactance of the master
injection transformer, X = Reactance of the Slave injection
transformer

L= La+t jlhg, L= L+ jly ®

The above equations are utilized to construct the dynamic
model of a single-machine infinite bus power system with an
IPFC.

8 = woyw (9)

P,—P, —Dw

w= 2H

(10)
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, _ —Eq+Epq

E, =——— 11
T, b

- 1 K

Epq = _aEfd + ﬁ(vso =) (12)
Here, V; refers the actual terminal voltage and Vs, refers the
reference value of the terminal voltage

T,=P, = Vigly + Veala,  Eq = Ej + (Xg

,Vszd + V2 Veq = Xqlq

Viq = Eq

_thi)ldr VS =
- Xé, Id = Ild + IZd + I3d'1q = 11q + Izq + ng (13)
Figure 1 allows us to have,

Vsa + JVoq = Xq + (Lig + Log + I3q) + J[Eq — X (lhia + Laa + I3a)]

i3 (Isa +jlsq) = j X1 + X)) (lha +ihg) = Viza = jViaq (14)
From the equations (10) to (14),

Lig = Vina Xq11 + Viza Xq21 + VpXgp1 sinéd (15)
Lig = Ving Xa11 + Viza Xaz1 + Vp Xap1 €05 6 + Eq Xger  (16)
Lyq = Vira Xq12 + Viza Xqa2 + Vp Xgp2 sin 17)
La = Viig Xa12 + Viza Xazz2 + Vp Xapz c0s 8 + Eq Xgep  (18)
I3 = Viza Xq13 + Viza Xg23 + Vp Xgp3 Sin & (19)
Iig = Viig Xa13 + Viza Xazs + Vi Xap3 c0s 8 + Eg Xges  (20)

Where,

APe = k1A6 + KZAEIIZ + KpdAVdC + KplAml + Kp61A61 +
szAmz + Kp52A52 (11)

AE) = k4AS + K3AE) + KgqAVie + Kgydmy + Kos1A8; +
Kg2Bmy, + Ko5,A8, (12)

AV, = ksAS + KAE] + K,qAVye + Ky Amy + K51 A8, +

AVye = kyA8 + KgAE,

— KoV + Koy Amy + K51 A8, +
(14)

Make a metrics form arrangement of the aforementioned
equations as _
X=AX+BU

=[Am,; Am, A, AS,]T
Where, the parameters Ami, Amy, Ad1, and Ad; indicate the
linearization of the IPFC's input control signals. Figure 4
displays the dynamic model that has been linearized.

Both the multi-converter IPFC configuration and the basic
IPFC depicted in figure 3 may be understood by using this
logic. Ps; and Qs are typically exchanged between converter
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VSC1 and the line upon Vi1 injection on system 1. Typically,
the injection voltage Vinj12 is divided into d-q components
using Park’s transformation, making it easier to examine whole
system. The Vinjiq is the quadrature component that has more
effect on the real power the Viniq is the direct/in-phase
component has more effect on the reactive power. Reactive
power exchange (Qs1) is provided by the converter itself. The
DC terminals must, however, satisfy a demand imposed by the
active power (Ps1). By using the Ps;+Ps; = 0 constraint,
Converter VSC-2 is responsiblefor meeting this requirement.

i:3. DESIGN OF IPFC CONTROLLER
The synchronous machine Phillips-Heffron model is frequently
used for off-line PSS design and tiny signal stability analysis.
By dampening the oscillations of the generator rotor, oscillatory
instability may be solved satisfactorily and economically. PSS
design aims to offer supplementary damping torque at crucial
oscillation  frequencies  without ~ compromising  the
synchronising torque.

s+K,

Figure 4. IPFC based Phillips Heffron Model
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“lav,  Exciter Field
Circuit

B

Ke Ky

+

1 AE, +
1+sTg z K5
Voltage
Transducer

Figure 5. Power system stabilizer control diagram

A block diagram can be used to demonstrate the theoretical
underpinnings of a power system stabiliser, as seen in figure 5,
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where the PSS's function is to add a damping torque component.
The speed variation Aer is a functional output that should be
utilized to regulate generator excitation. To account for the
phase lag between the exciter input and electrical torque, the
PSS transfer function, Gpss(s), needs suitable phase correction
circuits.

“4. DAMPING CONTROLLER DESIGN

In order to generate an electric torque in step with the speed
variation, the damping controllers are built. To generate the
damping torque, one can modify the four IPFC control
parameters (mi, My, 81, 82). The damping controllers use the
speed deviation, Aw, as an input. In this paper, the four
different IPFC-based damping controllers are analysed.
Moving forward, a damping controller that utilises IPFC
control parameter m; will be referred to as a damping
controller (my). Likewise, damping controllers are determined
by moy, 81, and 9J,.

The process of finding the parameters of the damping
controller with phase compensation is given in below steps:

1. The natural frequency of oscillation w, can be calculated
by using the expression below

/Kﬂvo
Wp= [—
M

2. The Phase angle (Y) can be computed by S= jwn, Where on
is natural frequency of oscillations found in step-1.

3. The transfer function (G) of the lead-lag compensator is
then determined with the following block diagram.

1+s.Ty
1+s.T;

Kac 5.Ty
1+s.T,

4, The necessary level of phase adjustment is provided
by the phase lead/lag compensator Gc. for a complete
phase shift.

£Gc (jon) + £GEPA (jo,) =0

5. The transfer function of the phase compensator Ge(s)
is found by assuming on lead-lag compensator (T1 =
a Tz).
1+S.aT2
Ge (S) =
1+s.T,
6. Given that vy is the phase angle that the lead-lag

network adjusts for, Toand the parameters can be
found as follows

— Lsin()
1-sin (y)

T,—

Wn
7. Computation of optimum gain Kgc.
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To get the required quantity of damping torque, the IPFC
damping controller can supply the value K is setting. The high
pass filter known as signal washout keeps the IPFC input
parameter from changing when there are consistent variations
in speed. In order for signals related to the speed oscillations in
rotor is unaltered, the settling time constant value needs to be
large enough. The value may be anything between 1 and 20
seconds, and from the perspective of the washout function, it is
not significant. Ty, equal to 10s is used as the Reference in this
work.

5. RESULTS & DISCUSSIONS

When loads fluctuate and impact the transmission system, the
power system is typically not in a stable state. Power system
torque angle and speed deviations result from various load
variations; as a result, power system power fluctuations may
occur.

Angle Deviation (rad)

M x M x M x M x M
0.5 1 15 2 25 3 3.5 4 4.5 5
Time (sec)

Figure 6. Angle deviation without using PSS and IPFC

Speed deviation

1 L L L L L L L L
0 0.5 1 15 2 2.5 3 35 4 45 5
Time (sec)

Figure 7. Speed change with time when PSS is in
operating condition

Figure 6 illustrates how, in the absence of controllers, low-
frequency oscillations and angle deviation rise with respect to
time. As a result, the system becomes unstable. Consider the
power system stabiliser, which was previously presented and is
in working order, the waveforms in figure 7, and the speed
deviation that can be controlled on the generator side in order to
reduce these low frequency oscillations. Likewise, the low-
frequency oscillations can be regulated in the transmission
system and the angle deviations seen in figure 8, above by
installing a power system stabilizer. We want to manage these
low frequency oscillations to stabilize power system. An
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interline power flow controller fitted in series with the gearbox
system regulates the phase angle and subsequently the speed
deviations in the system, as illustrated in figure 9. In figure 6,
the low-frequency oscillations are enhanced with varied loads
in the power system.
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Figure 8. Angle deviation with PSS
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Figure 9. Phase angle speed deviation when IPFC in operating
condition
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Speed deviation
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Figure 10. Variations in speed while operating the IPFC

Figure 6 illustrates how, in the absence of controllers, low-
frequency oscillations and angle deviation rise with respect to
time. As a result, the system becomes unstable. Consider the
power system stabiliser, which was previously presented and is
in working order, the waveforms in figure 7, and the speed
deviation that can be controlled on the generator side in order to
reduce these low frequency oscillations. Likewise, the low-
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frequency oscillations can be regulated in the transmission
system and the angle deviations seen in figure 8, above by
installing a power system stabilizer. We want to manage these
low frequency oscillations to stabilize power system. An
interline power flow controller fitted in series with the gearbox
system regulates the phase angle and subsequently the speed
deviations in the system, as illustrated in figure 9. In figure 6,
the low-frequency oscillations are enhanced with varied loads
in the power system.

The IPFC, as shown in figure 10, will maintain system stability
and rectify speed deviations faster than the power system
stabilizer.

x 10°

Angle devistion (rad)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (sec)

Figure 11. Angle deviation with IPFC in operation
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Figure 12. Mechanical & electrical power flow response

Specifically, as seen in figure 11, by controlling the interline
power flow controller's angle deviation with respect to time, a
parameter that has to be controlled in the shortest period of time
relative to PSS. The transmission system would be more stable
if IPFC was used to regulate both speed variation and angle
variation in the power system. In addition, as figure 12 shows,
the power flow needs to be controlled. The waveform in the
transmission system will control the power system's mechanical
and electrical power. The comparative analysis for validation of
this study with the published article is seen in table.1
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“iTable 1. Comparative analysis of the results

Angle.of Speed Deviation
Details Deviation Change
Without | With - With .
of the Without in power
PSS & PSS PSS
Study PSS & (p.u)
IPFC & IPEC &
IPFC IPFC
A.V.N.
Baglu et 65 5.2 009 | 0032 | 0021
(2010)
A.
Mgtr wen 72 45 045 | 0021 | 0.024
(2013)
Mircea
Eremia
et al. 8.2 5.8 0.13 0.019 0.019
(2016)
T. Kiran
etal. 7.6 49 0.24 0.017 0.021
(2020)
Muluneh
Lemma 71 5.2 015 | 0021 | 0.016
et al.
(2022)
Proposed 8.7 49 0.11 0.015 0.013
i 6., CONCLUSIONS

This study examines the effects of low-frequency oscillations
on rapid variations in loads, torque angle, and speed in a single-
machine infinite bus power system operating in a steady
situation. As a result, the system becomes less stable and has a
reduced capacity for electricity transmission. The power
system, which is described in the simulation findings, uses
controls for interline power flow and power system stabilisers
to prevent these low-frequency oscillations. The resulting
waveforms demonstrate how these controllers provide higher
performance and stability with less time lapse. A power system
stabiliser has a longer stabilisation time for low-frequency
oscillations and speed deviations than an IPFC, which is
lowered in the proposed work. By controlling the power flow in
transmission line, the IPFC was able to provide system stability
more quickly.

Future research on the topic of mitigating low-frequency
oscillations in power systems could focus on several avenues to
enhance the stability and efficiency of electricity transmission
network, such as Integration of Renewable Energy Sources,
Wide-Area Monitoring and Control, Optimal Allocation of
Distributed Generation, Real-Time Simulation and Testing and
Resilience to Extreme Events etc.

While the study demonstrates promising results in mitigating
low-frequency oscillations and improving system stability
using interline power flow controllers (IPFCs) and power
system stabilizers (PSS), there are several limitations that
should be considered such as, Limited Operating Conditions,
Controller Tuning and Parameter Sensitivity, Validation and
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Real-world Implementation, Reliability Concerns and Dynamic
stability.
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