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In recent years, there is an immensely huge demand to power due to
industrialization and modernization, butcorrespondingly the amplification of
generation and transmission has not been done due to constrained resources
and environmental limitations. The huge growth in demand lead to various
problems in power systems. Heavy growth in semiconductor technology
made power electronics play a key role in solving these problems. Flexible
AC transmission system (FACTS) devices are used for fixing various
problems in power system. They are used for enhancing the existing
transmission capabilities and improving the system dynamic performance so
that to make transmission system flexible and efficient in operation. Inter line
power flow controller (IPFC) is a latest generation series connected FACTS
device, having capability of controlling power flow among multi line in a
transmission network. In this paper cascaded 5 level inverter is used as the
inverter module for IPFC. Control techniques play a vital role in power flow
control in the system, with the main objective of minimization of harmonics

and obtaining a variable output with maximum fundamental component. This
paper discusses various comparative case studies on IPFC with cascaded 5
level inverter using SPWM and SVM control techniques.
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1. INTRODUCTION

Modern bulk power systems, industries and technology are increasing rapidly day by day, so there is
a huge demand to electricity. To meet the load and increasing market demand either the generation capacity
should be increased or new transmission lines are to be installed or use the existing transmission system
efficiently. But installation of new system deals with huge investment and takes time. Hence the utilities are
forced to depend onalready existing system. In order to improve the efficiency of the system they are made to
work at their maximum limit, this results in outages of lines or other equipment or could result in failure of
entire system. Flexible AC Transmission Systems (FACTS) devices become an important and effective
option for such increasing demand and stress on the system. FACTS devices are used in solving many issues
related to transmission systems. The main function is to control power flow in transmission lines, and the
other functions are voltage control, transient stability improvement and oscillation damping [1]. FACTS
technologies offer better solutions in today’s power systems like increasingpower transfer capability,
maintaining continuous control over voltage profile, improve system damping, minimizingsystem losses, etc.

IPFC is one of the latest generation FACTS controller used to control power flows among multiple
transmission lines. This device uses controllers in order to control power among the lines. Any type of
converter can be used here cascaded H bridge inverter was implemented. These controllers are controlled by
using control techniques, there are several control techniques, among them sinusoidal pulse width modulation
(SPWM) and space vector modulation (SVM) are chosen. Details and implementation of controller and
control techniques are discussed in following sections.
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2. TIPFC

The latest generation FACTS devices perform multiple operations which made them powerful in
controlling transmission systems. UPFC is one of the versatile tool, but UPFC controls only single line at a
time. The latest generation FACTS device IPFC, has the advantage of UPFC and alsoit can simultaneously
manage and control power flow of multiple lines. IPFC helps in increasing the power transfer capability,
regulating and managing the power flow, compensation of reactive power, preventing the loop current, and
avoid the overloading of the network. In addition to these capabilities it improves voltage stability, dynamic
and transient stability all these capabilities have made this tool as a multifunction device [4-6].In other words,
IPFC provides highly effective scheme for power transmission management through multiline [7]-[8]

2.1. Mathematical modelling of IPFC

Rating of IPFC is specified mainly by two quantities: primarily on the amount of maximum injected
voltage and secondly on the volt-ampere rating. IPFC reaches its rated power only when both the injected
voltage and line current are at rated values. Power injection into lines depends on the actual power flow in the
line (without any injection). Which will be seen clearly in the analysis of IPFC design.

2.2. Power injection model of IPFC

Power injection model is the Mathematical model for IPFC (Figure 1). Which helps in
understanding the impact of IPFC on power system. Furthermore by mathematical modelling, IPFC can
easily be incorporated in the system.

IPFC provide reactive compensation of each line independently, for effective operation of IPFC,
Mathematical modeling of important components of IPFC is very essential.
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Figure 1. IPFC Power injection model
Simple design of IPFC base on our system
Vin,m = Vs _Vm M

The amount of active power and reactive power injected into the system is calculated by the
following;

Pinim = \/EVin I, cos¢g @)
Qin,, =V3Vinly sin ¢ 3)

3. CASCADE 5 LEVEL INVERTER

This topology of inverter uses less number of switches when compared to other and soft switching is
possible by new switching methods. In a cascaded H bridge inverter when L number of bridges are cascaded
in a phase then the number of output voltage levels is given by 2L+1 and voltage step of each level is given
by Vs/2L. The following table represents the switching mechanism for cascaded 5 level inverter (Figure 2).
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Figure 2. Cascade H bridge

Each inverter level can generate five different voltage outputs, +2Vs,+Vs, 0 and —Vs, -2Vs by
connecting the DC source to the AC output by different combinations of the four switches as a shown in
Table 1. Switches S1, S2, S3, S4, S5, S6, S7, and S8 are switched in different modes of switching sequences
to generate output voltages across output terminals of the H bridge module. Table 1 shows the possible

switching state to produce a 5-level output voltage.

The major applications of this inverter involve motor drives, electric vehicle drives, active filters,

power factor compensators, interfacing with renewable energy sources

Table 1. Switching sequence of cascade 5 level inverter

output

Switching states

S1 Sa S3 S4 Ss Se S7 Ss

+Vs 1 0 0 1 1 1 0 0
-V 0 1 1 0 0 0 1 1
0 0 0 0 0 0 0 0 0
+2V; 1 0 0 1 1 0 0 1
-2V 0 1 1 0 0 1 1 0

4. PVMODULE

Solar electric power generation system generates electricity when solar radiation is penetrated
through solar module. A number of solar cells connected in series based on required standard output voltage
and power. The rating of PV modules is done with their output open circuit voltageVq , short circuit current

Isc, peak powerWp, . In this paper we are using PV module as a DC link, to maintain the voltage on DC side.

The line diagram of PV module is shown in figure.

Figure 3. PV module line diagram
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5. CONTROL TECHNIQUES

Control system plays a vital role in controlling the injected voltage or power from IPFC. Control
techniques are important because converters output consists of fundamental frequency component along with
different frequency components, such frequency components are undesirable to the system and they are
responsible for operational imperfections at various levels.

Hence employing of suitable control techniques for multi-level inverter to operate over wide range
of loading conditions with less THD percentage and obtaining of higher converter efficiency has been a topic
of intensive research.

The main objectives of modulation strategies are:

a.  Capable of operating over wide ranges of modulation index, Less THD output voltage, less switching
losses, Easy for implementation, time and computational burden should be less.

b. Various methods have been developed, a survey of modulation methods is given in [9]. Various
algorithms and approaches of triangular comparision (TC) and space vector (SV) were discussed in
[10], [13].

6. SPWM

SPWM stands for Sinusoidal pulse width modulation. It is adapted for reductioninharmonic content
in output voltage and obtainingsinusoidal output. Implementation of this is easy and several studies were
done [24]. The gate pulses are generated when sinusoidal reference signal is compared with rectangular
carrier wave.

The output frequency of the inverter can be calculated when frequency of the reference wave is
known. In order to calculate the output voltage of the invertermodulation index is used and this modulation
index is controlled by peak amplitude.

Some of the advantages of SPWM are;
a.  The output voltage is near sinusoidal.
b.  Reduction in harmonic content in the output voltage.
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Figure 4. Generation of pulses by SPWM

7. SVW

The development in digital signal processors lead to the implementation of various PWM methods
have become popular, of these methods SVPWM have become one of the most popular PWM methods [11]-
[12]. Duty cycles are important in obtaining required output, it uses space vector (SV) approach in order to
compute duty cycles for switches. A simplified approach of SVPWM was proposed in [14]-[16].

A three phase inverter generates 8 switching states of these 6 are active states and 2 are zero states.
Six sectors spanning 600 each form a hexagon. A combination of switching states and by maintaining volt-
second balance generates reference voltage space vector Vief *
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Figure 5. SVM sectors

It is produced in average sense as there is no direct way to generate this.In order to obtain sampled
reference vector in terms of magnitude and angle, the produced voltage vectors are applied at different
durations within a sampling time period such that average vector produced over a sub cycle is equal to
sampled reference vector.

7.1. Calculation of reference vector V,
1 1

Vg =Vean _Evbn _Evcn 4)
A3
Va == Ven ~Ven (%)
-1 -1
1 — —
AVel_2| 2 2 ©
A e
2 2
Vg = VgV (7)
And
V,
a= tan{—q] ®)
Vd

7.2. Determination of switching time duration

3T, Myt
T = \/_Z—lvm[sin(g - aD 9

Vdc

3T, N
- V3T, Ivref (Sin(a ~ nT—l ”D (10)

Vdc

Ty=T,-T,-T, Where T, :fL 11
z
A circular trajectory is formed inside hexagon in sinusoidal reference space vector form. In SVM,
the radius of largest circle that can be inscribed within hexagon is the highest possible voltage that can be
achieved. The maximum obtainable fundamental output voltage is.
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lvref

When compared to SPWM, SVM is having maximum DC bus utilization. There are a number of
publications describing the various aspects of SVM for high level inverters [19]-[23].

2 1
= ngC cos % = Ve

6 3

8. CASE STUDIES

The system is designed byconsidering a source point (sending end) at 33kv. R1, R2 and XL1, XL2
are the transmission line parameters. Since most of the industries take 11kv, T1 and T2, step down
transformers are used which steps down 33kv to 11kv. As IPFC is a back to back connection of voltage
source converters. VSC 1 and VSC 2 are the two voltage source converters. The DC sides of these converters
are connected with a common DC link. Here PV module is used as a DC link. Load 1, 2, 3, 4 are considered
as industrial loads. In order to test the efficiency of control techniques incorporated, in IPFC, there are two
case studies considered.
a.  Voltage drop at the receiving end of transmission line
b.  Sudden load on both the transmission lines

In both the cases, IPFC is connected to the testsystem with two control techniques individually. The
pulses are given to cascaded h bridge inverter through two control techniques. Finally a comparative analysis
is drawn between the control techniques incorporated in IPFC with cascaded inverter. The above case studies
are performed and the best possible control technique is investigated.
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Figure 6. Line diagram of IPFC

8.1. Voltage drop at the receiving end voltage of transmission line

When 11kv is being transmitted through line, due to heavy inductive nature of load in the receiving
end we have absorbed a huge drop in the receiving end voltage. The voltage has been dropped from 11kv to
Skv in both the transmission lines. This drop affects the generation side and in turn the generation capacity
should be increased in order to compensate the drop. In order to improve this scenario we have implemented
IPFC in the system. We have incorporated IPFC as shown in Figure 6.

Figure 8 represents voltage at receivingend of linel with IPFC-SPWM, when IPFC-SPWM is
incorporated it is observed that the voltage has been improved to 11kv. The same is observed in line 2. Figure
9 represents voltage at receivingend of linel with IPFC-SVM. On comparison of both these figures, it is seen
that initially the voltage with SPWM is being accumulated with harmonics. The THD with IPFC-SPWM is
6.20% where the THD with IPFC-SVM is 0.15%.

Figure 10(a) represents RMScurrent at the end of transmission linel with [IPFC-SPWM and figure
10(b) represents current with IPFC-SVM. In comparison the RMS current with IPFC SPWM is 5A whereas
with SVM it is 9A. With SPWM initially till 0.04s harmonics are seen but in case of SVM they are absent.
THD with SPWM is 8.68% and with SVM it is 0.14%.
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Figure 7. Voltage at transmission line 1 in the absence of IPFC
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Figure 10. (a) RMS current of line lin presence of IPFC-SPWM (b) RMS current in presence of IPFC-SVM

8.2. Sudden increase in load on both transmission lines

In this case both the lines at the receiving end has undergone with a sudden addition of load at
0.1sec at same instance of time. Figure 11 represents receiving end voltage of both transmission line. In both
the lines it is observed that voltage has dropped from 5500V to almost 2800V when the load is added
suddenly the voltage is completely distorted.

From Figure 12 it is observed that voltage with both control techniques is very well compensated by
IPFC. Similar to case 1 the major difference in the control techniques is observed in terms of receiving end
current and THD values. THD of IPFC-SPWM is 6.19% and that of IPFC-SVM is 0.15%.

Figure 13 (a) represents RMS current of linel in presence of SPWM and (b) represents in presence
of SVM. In this case since there is a sudden increase in load at 0.1s there is a small disturbance seen. And in
SPWM RMS current has harmonics in the beginning.

In IPFC-SPWM THD is 8.66% and with SVM it is seen as 0.14%. Hence observing these two cases
SVM is proven as optimum solution in terms of voltage compensation. Therefore for an IPFC with cascaded
H bridge inverter SVM control technique is the optimal solution for transmission line problems.
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Figure 12. (a) Voltage at the of line 1 in presence of IPFC-SPWM, (b) in presence of IPFC-SVM
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Figure 13. (a) RMS current of line 1 in presence of IPFC-SPWM (b) RMS current in presence of IPFC-SVM

Table 2. THD values of all case studies

cases Voltage THD with Voltage THD with Current THD with Current THD with
IPFC-SPWM IPFC-SVM IPFC-SPWM IPFC-SVM
Dropping of the receiving end
voltage of Tr.linel 6.20% 0.15% 8.68% 0.14%
Sudden increase in load on two
Tr.lines 6.19% 0.15% 8.66% 0.14%

9. CONCLUSION

In this paper a comparative analysis is performed on the control techniques of IPFC with different
case studies. Control technique is the basic building block of IPFC, so choosing a proper control technique is
a challenging task. From the results obtained in the above case studies it is evident that the best solution for
power flow control if IPFC, in case where more than two lines are emerging. From the case studies
performed above it is observed that though IPFC with SPWM is maintaining good voltage profile, IPFC-
SVM is maintaining good fundamental component along with good voltage profile and less THD, which is
satisfying the objective of a control techniques.
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