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Abstract

Unified power flow controller (UPFC) has been the most versatile Flexible AC
Transmission System (FACTS) device due to its ability to control real and reactive power
flow on transmission lines while controliing the voltage of the bus to which it is
connected. UPFC being a multi-variable power system controller it is necessary to
analyze its effect on power system operation.

To study the performance of the UPFC in damping power oscillations using
PSCAD-EMTDC software, a de-coupled control system has been designed for the shunt
inverter to control the UPFC bus voltage and the DC link capacitor voltage. The series
inverter of a UPFC controls the real power flow in the transmission line. One problem
associated with using a high gain PI controller (used to achieve fast control of
transmission line real power flow) for the series inverter of a UPFC to control the real
power flow in a transmission line is the presence of low damping. This problem is solved
in this research by using a.fuzzy controller. A method to model a fuzzy controller in
PSCAD-EMTDC software has also been described. Further, in order to facilitate proper
operation between the series and the shunt inverter control system, a new real power
coordination controller has been developed and its performance was evaluated.

The other problem concerning the operation of a UPFC is with respect to
transmission line reactive power flow control. Step changes to transmission line reactive
power references have significant impact on the UPFC bus voltage. To reduce the
adverse effect of step changes in transmission line reactive power references on the

UPFC bus voltage, a new reactive power coordination controller has been designed.

iv



Transient response studies have been conducted using PSCAD-EMTDC software
to show the improvement in power oscillation damping with UPFC. These simulations
include the real and reactive power coordination controllers.

Finally, a new control strategy has been proposed for UPFC. In this proposed
control strategy, the shunt inverter controls the DC link capacitor voltage and the
transmission line reactive power flow. The series inverter controls the transmission line
real power flow and the UPFC bus voltage. PSCAD-EMTDC simulations have been

conducted to show the viability of the control strategy in damping power oscillations.
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Chapter 1

Power Flow Control

1.0 Introduction

Power systems in general are interconnected for economic, security and reliability
reasons. Exchange of contracted amounts of real power has been in vogue for a long time
for economic and security reasons. To control the power flow on tie lines connecting
controls areas, power flow control equipment such as phase shifters are installed. They
direct real power between control areas. The interchange of real power is usually done on
an hourly basis. On the other hand, reactive power flow control on tie lines is also very
important. Reactive power flow control on transmission lines connecting different areas
is necessary to regulate remote end voltages. Though local control actions within an area
are the most effective during éontingencies, occasions may arise when adjacent control
areas may be called upon to provide reactive power to avoid low voltages and improve

system security. Document B-3 of Northeast Power Coordinating Council (NPCC) on



Guidelines for Inter-Area Voltage Control provides the general principles and guidance
for effective inter-area voltage control. Section 3.1.2 of document B-3 states that
“Providing that it is feasible to regulate reactive power flows in its tie lines, each area
may establish a mutually agreed upon normal schedule of reactive power flow with
adjacent areas and with neighboring systems in other reliability councils. This schedule
should conform to the provisions of the relevant interconnection agreements and may
provide for:
a) the minimum and maximum voltage at stations at or near terminals of inter-
area tie lines
b) the receipt of reactive power flow at one tie point in exchange for delivery at
another
c) the sharing of reactive requirements of tie lines and series regulating
equipment (either equally or in proportion to line lengths)

d) the transfer of reactive power from one area to another”

Section 3.2.2 of document B-3 states that
“ When an area anticipates or is experiencing an abnormal, but stable, or gradually
changing bulk power system voltage condition, it shall implement steps to correct the
situation. Recognizing that voltage control problems are most effectively corrected by
control actions as close to the source as possible, the area shall use its own resources, but
may request assistance from adjacent areas.”

The above statements clearly calls upon the power flow regulating equipment to

not only be able to control real power but also simultaneously control reactive power
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flow rapidly. Further, the voltage at stations at or near terminals of inter-area tie lines
should be controlled within limits.

Power flow in a network is not easily controlled because line parameters that
determine the flow of power in the system are difficult to control. Fortunately. the ability
to control power flow at the transmission level has greatly been influenced by the
advances made in the field of high power switching devices. Solid state devices provide
transmission utilities the flexibility to control the system power flows. Today, with the
availability of high power gate turn-off thyristors (GTO) it has become possible to look
beyond the realm of conventional thyrsitors for power flow control. These devices are
broadly referred to as Flexible AC Transmission Systems (FACTS) [1].

Power flow in a transmission line is a function of the sending (Vs ) and receiving
(V) end voltages, the phase angle difference (J) between the voltages and the line
impedance (X). Control of any of the above parameters can help to control the power
flow and the process is known as compensation. FACTS devices could be placed either in
series or in shunt with the transmission line with the intention of controlling the power
flow in it. If the transmission line impedance is modified by the addition of FACTS, it is
termed as series compensation. If the phase angle difference is modified, it is termed as
phase angle compensation. Shunt compensation, in which the FACTS device is placed in
parallel, is mainly used to improve the system voltage characteristics. Static var

compensator (SVC) belongs to this family of FACTS devices.



1.1 General introduction to power flow controllers

Fixed series capacitors help in increasing stability limits in an interconnected power
system. With transmission open access, each transmission system owning utility will
increase their transmission capacity to attract more utilities to use its transmission
facilities. Many existing power systems have already made the use of series
compensation to increase their transmission capacity [56]. By series compensation, the
amount of reactive power consumed by the line is reduced thereby increasing the amount
of reactive power transferred to the receiving end and improving the voltage profile at the
receiving end. This is one of the secondary benefits of using series compensation. Under
system disturbance conditions like three phase faults or line tripping, controllable series
compensation helps in damping power system oscillations.

Control of power flow by series compensation means that by changing the amount of
impedance in the circuit, the current in individual transmission lines are varied thereby
varying the power flow in it. In essence, it controls only the magnitude of the current in a
transmission line. Hence the reactive power demand at the end points of the line is
determined by the transmitted real power in the same way as if the line was
uncompensated but had a lower line impedance [2]. The disadvantage associated with
this is that with increasing series compensation the losses in the system increase which
may be considerable. This is due to higher current flowing with reduced line impedance.
Further, series compensation cannot control the reactive power flow in a transmission
line. Economics dictates the use of fixed and variable compensation for increasing power
transfer. Increasing the amount of fixed compensation leads to possible occurrence of

sub-synchronous resonance (SSR). Thyristor- controlled series compensation (TCSC)



under certain modes of operation (constant reactance control) cannot damp all the sub-
synchronous resonance modes (SSR) [3]. From the impedance characteristics of a TCSC,
the change from the capacitive to the inductive mode is discontinuous, and further, there
is a region (resonant region) where the operation is restricted [4].

Phase angle compensation is a method of controlling power flow and has been used
in many existing systems. Phase shifters by themselves do not cause SSR. Phase shifters
have the advantage of mitigating SSR caused by series capacitors. A phase shifter can by
no means increase the maximum amount of real power transfer, but can improve transient
stability. The operation of a phase shifter is such that, it represents a small inductance in
series with the line which leads to increased reactive power consumption in the line as
compared with the uncompensated line [2]. Increase in reactive power consumption leads
to increased system losses. A phase shifter could be more effective in helping to load
circuits with poor loading (low angle across the line). Furthermore, phase shifters also
cannot control the reactive power flow in a transmission line. It is seen that series
compensation is more effective in some places and phase shifters in some other. But their
operation increases system losses.

Power systems do operate with series, phase angle compensation and voltage control
equipment. Co-ordination between them is an important aspect to be considered while
operating a complex integrated power system. Utilities have encountered unwanted
interactions between various FACTS devices which have lead them to reconsider their

control strategies for satisfactory operation of the power system [5-7].



Advances made in the field of solid state devices has made it possible to combine the
functionality of series, shunt and phase angle compensation into one device. Such a
device has been named the unified power fiow controller (UPFC). It has the ability to
contro! real and reactive power flow in a transmission line, while simultaneously
regulating the voltage of the bus to which it is connected. UPFC does not cause SSR. By
using a UPFC, many distributed FACTS devices could be eliminated, thereby reducing
capital costs. Also, the problem of unwanted interactions between the FACTS devices
could be reduced to a little lesser extent, if not completely. As seen from the industry
point of view, the unified approach of controlling power flow promises simplified design,

reduction in equipment size and installation labor, and improvements in system

performance [2].



1.2 Unified power flow controller concept

The UPFC concept was proposed by Gyugyi er.al [2]. To understand the unified
power flow concept, consider a power system with two machines connected by a

transmission line of reactance X, (purely inductive) along with two voltage sources V,
and V, representing the UPFC as shown in Fig.1.1. The voltage sources denoted by V,,
and V,_ in the Fig.1.1 are connected in shunt and series respectively at the mid- point of

the transmission line.
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Fig.1.1 A power system with two machines connected by a transmission line with voltage sources V, and
V. representing the UPFC.

Voltage source V, is connected to the transmission line through a transformer

represented as a reactance X,,. It is assumed that the voltage sources denoted by V,, and

V.., have the capabilities of varying their magnitude and their phase angle.



To understand the operation of the source V,, the sourceV_ is disconnected.
Reactive power flows from the voltage source V, to bus M if the magnitude of the
voltage source V,, is greater than the mid-point voltage V), and the phase of them are the
same. If the phase angle of the voltage source V, leads the phase angle of mid-point
voltage V,, and the magnitude of V,, is greater than V,,, then real and reactive power will
flow from the voltage source V,, to the bus M . Conversely, if the magnitude of the shunt
voltage V, is less than the mid point voltage V,,, but the phase angle difference between

i

them is zero, then only reactive power will flow from the bus M to the bus P. In this

process, the voltage source V,, is consuming reactive power. If the phase angle of V,,

s
leads the phase angle of V,, , then both real and reactive power will flow from bus M to
bus P and the voltage source is said to be consuming both real and reactive power. In
summary, by controlling the magnitude and phase angle of the shunt voltage source V,,,
the direction of real and reactive power flow to the bus M can be controlled.
Alternatively, the voltage source V, can be made to function as a load or as a generator
for the power system. In the above operation, if the phase angle difference between the
voltage at bus M and that of V, is maintained at zero, then by varying the magnitude of
V... reactive power can either be consumed or generated by V,, . This operation can be
compared with that of a thyristor controller reactor with fixed capacitor (shunt
compensator) that generates or absorbs reactive power by altering its shunt reactive
impedance. It should be noticed that the function of a shunt compensator is being

duplicated by the voltage source V.



Now consider only the operation of series voltage scurce V. in Fig. 1.1 with the
shunt voltage source V, inoperative. It is assumed that the magnitude and phase angle of
the series voltage source V, can be varied. The transmission line current /. interacts with
the series voltage source V,_ causing real and reactive power to be exchanged between
the series voltage source and the transmission line. If the voltage source V, and the

transmission line current /;,, have a phase angle difference of 90 degrees and that the

voltage phasor of V,_leads the line current, the voltage source V, then generates only

reactive power. The phasor diagram has been shown in Fig. 1.2.

Fig. 1.2 Phasor relationship between the voltage source Vm and the line current /,, for series compensation.

Conversely, if the voltage source V,, phasor lags the transmission line current /. phasor
by 90 degrees, then the voltage source V, will consume reactive power. The above

operation should be compared with that of a series capacitor/series inductor in the



transmission line. When capacitors are placed in series with the transmission line. it
generates reactive power. The amount of reactive power generated depends on the
amount of series compensation and the line current. When inductors are placed in series
with the transmission line, it consumes reactive power. In summary, the function of series

capacitor could be performed by the series voltage source V, by maintaining its phase to

lead the transmission line current /;. phasor by 90 degrees. Conversely, the function of a

series inductor could be performed by the series voltage source V., by adjusting its phase

angle to be lagging the line current 7 phasor by 90 degrees.

By properly adjusting the phase angle of the series voltage source V., the

operation of a phase shifter could be obtained. In the case of a phase shifter, the phase

angle of the series voltage source V,, leads or lags the voltage of the bus to which it is

attached, by 90 degrees. This causes the voltage phasor to shift by an amount depending

on the magnitude of the injected voltage. In this case, if the series voltage source V,_, has

a 90 degrees leading or lagging phase relationship with the bus voltage V,,, then a phase
shift o = tan"'(v%/ ) could be obtained. Fig. 1.3 shows the phasor relationship of the
M

series voltage source V. leading the bus voltage V,, for phase shifter operation. In
summary, by adjusting the phase angle of the series voltage source V,_ to be either

leading or lagging the bus voltage M by 90 degrees, a phase shifter operation could be
obtained. In order to vary the magnitude of phase shift, the magnitude of the series

voltage source V_ could be varied. The above illustration has shown all the possible

functions of shunt compensation, series compensation and phase angle compensation that
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could be obtained by manipulating the series and the shunt voltage sources magnitude

and phase angle of a UPFC.

Fig. 1.3 Phasor relationship between the mid point voltage V,, and the series voltage source vV,
for phase shifter operation.

1.3 Unified power flow controller: Construction and Operation

The voltage sources V, and V,_ mentioned in section 1.2 are obtained by

converting DC voltage to AC voltage. The conversion from DC voltage to AC voltage is
obtained by using standard bridge circuits. These bridge circuits use GTO as their
building blocks. Since these circuits convert DC voltage to AC voltage, they are termed
as voltage source converters (VSC). The control system associated with VSC allows it to
adjust its magnitude and phase angle. The term “inverter” has also been used to denote

the VSC.
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Consider now the connection of two VSC connected back to back with a common DC
link capacitor ‘C’ as shown in Fig. 1.4. Such an arrangement allows for all the three
functions namely series, shunt and phase angle compensation to be unified in one unit.
Inverter 1 is connected to a shunt transformer and the inverter 2 is connected to a series

transformer.

Line side bus of

Transmission line
LA_A.&J ‘ —

UPFC bus

Series

transformer
T, LJdouJ Shunt T,
th\q transformer 1 J_
P.\'( '
Psh = L
\"% VvV
S S
C C
C= cap
1 2
Shunt Inverter Series Inverter

Fig.1.4 UPFC construction.

It is readily seen that the VSC connected to the shunt transformer can perform the
function of a variable reactive power source similar to that of shunt compensator. In
addition, the inverter 1 can charge the DC link capacitor. Inverter 2 can provide series or
phase angle compensation by injecting a series voltage of proper phase relationship. In
the case of series compensation, inverter 2 can function independent of the inverter 1, as

inverter 2 supplies/consumes only reactive power and does not have any real power
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exchange with inverter 1. In such a case, the DC link capacitor voltage will ideally be

constant.

In the case of phase angle compensation, the series voltage source V,_ has an

arbitrary phase relationship with the transmission line current /., and does have real and
reactive power exchange with the transmission line. Under this mode of operation, the
real power generated or consumed by inverter 2 (P;) will lead to the discharging or
charging of the DC link capacitor respectively. In the case of real power generation by
inverter 2 (Ps), the DC link capacitor discharges, and the decrease in the voltage will
reflect as a load on inverter 1. Under this circumstance, inverter 1 will provide the
necessary real power (Ps;) and charge up the DC link capacitor. In the case when the
inverter 2 consumes real power (P,) leading to charging of the DC link capacitor and
subsequent increase in its voltage, inverter 1 will supply the excess real power (Pg;) back
to the line through the shunt transformer. In essence, the UPFC provides an alternate path
for the real power i.e. from the bus to which the shunt transformer is connected. through
inverter 1 to the capacitor, through inverter 2 and to the transmission line through the
series transformer. Inverter 1 and inverter 2 can gererate reactive power independently.
In summary, the above arrangement of two VSC connected back to back coupled by a

DC link capacitor can perform the job of all the three types of compensation.

1.4 Motivation for this thesis

a) Complexity in the design of a control system for UPFC
The control aspect of a UPFC is an important area of research. As seen from the
operation of a UPFC, it is a multi-variable controller. The control system design should

be such that the UPFC is able to function in a stable manner, provide power flow control
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and power oscillation damping. The series inverter of a UPFC controls the power flow in
a transmission line. The interaction between the series injected voltage and the
transmission line current causes the series inverter to exchange real and reactive power
with the transmission line. The real power exchange by the series inverter with the
transmission line is supplied/absorbed by the DC link capacitor. This causes a
decrease/increase in the DC capacitor voltage. For proper operation of the UPFC, the DC
capacitor voltage should be regulated. The decrease/increase in the DC link capacitor
voltage is sensed by the shunt inverter control system. The shunt inverter control system
operates to meet the demand in decrease/increase in DC capacitor voltage by
absorbing/supplying real power to the power system through the shunt inverter to
maintain the DC capacitor voltage at a specified level. If the control system of the shunt
and the series inverters is such that the shunt inverter is not able to meet the real power
demand of the series inverter, then the DC capacitor voltage might collapse resulting in
the removal of the UPFC from the power system. This is one problem that will be
considered in this work during the design of the UPFC control system. This calls for
coordination between the shunt and the series control system operation with respect to the
real power flow through the DC link of the UPFC.

The next problem with the control system design for a UPFC is when the shunt
inverter controls the voltage of the bus to which it is connected (UPFC bus), in addition
to the DC link capacitor voltage. This is because the voltage of the bus to which the shunt
inverter is connected (UPFC bus) does affect the real and reactive power flow through the
transmission line. Since the shunt inverter controls the UPFC bus voltage and the DC

capacitor voltage, it not only affects the real and reactive power flow through the
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transmission line but also affects the real and reactive power flow through the shunt
inverter. The real power flow through the shunt inverter affects the DC link capacitor
voltage. If the control system is not designed properly, it could lead to growing
oscillations in transmission line power flow and lead to system wide disturbances. This
calls for proper design of the control system for UPFC.

The problem gets even more complicated when the series inverter of a UPFC
controls the transmission line real and reactive power flow in the transmission line in
addition to the control of the UPFC bus voltage and DC link capacitor voltage. This is
because any change in the transmission line reactive power flow affects the UPFC bus
voltage and this in turn affects all the other variables.

b) Complexity in the operation of a UPFC in an integrated power system

One of the problems that exist in an integrated power system environment is the
presence of inter-area oscillations. These oscillations involve groups of generators in a
control area swinging against another group of generators in a different control area.
UPFC when placed on tie lines connecting two areas should be able to damp out these
inter-area oscillations. Since UPFC is a multi-variable controller, it should be able to
enhance power system stability under dynamic conditions.

Thus it is seen that though the concept of UPFC is elegant, the control system
design for a UPFC is a very complicated one as it involves simultaneous control of multi-
.variables. Inappropriate design of the control system with respect to the four variables
will definitely lead to instability. Thus extreme care has to be exercised during the design
process of the control system for UPFC to provide fast control of power flow and

effective power oscillation damping.
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1.5 Summary

In this chapter, the importance of reactive power flow control on transmission
lines has been briefly discussed. A brief review of various FACTS devices has also been
made with respect to real and reactive power flow control. It has been concluded that
none of the existing FACTS devices namely, static var compensator (SVC), TCSC or
phase shifters can provide reactive power control on transmission lines. In this respect,
UPFC has the advantage over SVC, TCSC and phase shifter that it can control not only
real power but also reactive power flow on transmission lines simultaneously. The
reactive power flow control capability of UPFC helps in reguiating transmission line
remote end voltages and improving system security.

This chapter has described the construction and operation of a UPFC. UPFC is the
most versatile FACTS device as it combines the functionality of all existing FACTS
devices. By combining the functionality of several devices, many distributed FACTS
devices could be eliminated thereby reducing capital costs. Further, the interaction
between various FACTS devices could be reduced to a little extent, if not completely.

The complexity of the control system design for UPFC has been discussed briefly.
It must be understood here that the UPFC is a multi-variable controller and all the control
variables interact with each other. This makes the control system design for UPFC very
difficult. The next chapter explains the merits and demerits of different control strategies

and their control systems used for power flow control and power oscillation damping.
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Chapter 2

Literature Review

2.0 Introduction

Although a considerable amount of research has been done in the field of FACTS,
very little literature exists with specific reference to UPFC. This is because UPFC is a
relatively new FACTS device and power system problems associated with it have not
been investigated thoroughly. The advantages of UPFC over other FACTS devices for
real and reactive power flow control have been briefly discussed in chapter 1. Further, the
need for reactive power flow control while simultaneously controlling real power flow on
tie lines has also been described in chapter 1.

UPFC has the flexibility to incorporate any operation functionality. For example,
as explained in chapter 1, UPFC can be made to operate as an Static synchronous series
compensator (SSSC) or a phase shifter based on the strategy used. Different control

strategies for UPFC and their control systems for power flow control have been discussed
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in the literature. This chapter discusses the merits and demerits of various control

strategies/control systems of UPFC for power flow control published in the literature.

2.1 Review

Given the integrated nature of the research, the relevant literature review has been
divided into two sections. Accordingly, a section on review of control strategy and
control systems for UPFC and a section on load flow and dynamic models for UPFC
have been presented here.

2.1.1 Review on control strategy and control systems for UPFC

Very little work has been published in the area of UPFC control strategy for
power flow control and control system design to achieve the control strategy. Three
different types of strategies for real and reactive power flow control have been found in
the literature and are described below.
2.1.1.1 Static Synchronous series compensator strategy (SSSC): This strategy is based
on injecting the series voltage in quadrature with the transmission line current allowing it
to function similar to that of a variable series capacitor. This fixes the phase angle of the
series injected voltage to be in quadrature with the transmission line current. By varying
the magnitude of the series injected voltage that is in quadrature with the transmission
line current, the real power flow can be controlled [13,17,19,21,23,24]. The reactive
power flow/transmission line side voltage is controlled by adjusting the phase angle of
the series injected voltage. This has been achieved by introducing a component of the

series injected voltage to be in-phase with the transmission line current [19,13,23].
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Combining the quadrature component and the in-phase component, the magnitude and
phase angle of the series injected voltage are obtained.

Concentrating on simultaneous control of real and reactive power flow/line side
voltage using the above described strategy, control systems based on linear control
techniques have been used [19,23]. The control system design based on this strategy
requires a supplementary controller to damp out the real power flow oscillations when
controlling the transmission line side voltage simultaneously using a high gain PI
controller [23]. The design of coordination feedback between the series and the shunt
inverter control systems has not been considered in the control system design [23]. The
need for coordination controller comes from the fact that the real power demand of the
series inverter has to be supplied by the shunt inverter. If there is no coordination
between the series and the shunt inverter operation, the DC link capacitor voltage could
collapse leading to the removal of the UPFC from the power system. The strategy also
has the problem that if the in-phase injected voltage is out of action, the line side voltage
could be very high causing reactive power flow problems. Further the problem of
deterioration of the control system performance at operating points other than the one at
which it is designed is a point to be considered.
2.1.1.2 Phase shifter strategy (PS): This strategy is based on injecting the series voltage
in quadrature with the UPFC bus (the bus voltage to which the shunt inverter is
connected) [15,18,20,25,26]. By doing so, the phase angle of the transmission line side
bus can be adjusted for a specified real power flow. The reactive power flow is controlled
by having a component of the series injected voltage to be in-phase with the UPFC bus

[26]. This is similar to that of a tap-changer strategy. This allows the phase angle of the
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series injected voltage to vary from its quadrature position, thereby changing the reactive
power flow/line side voltage. Complete control system design for real and reactive power
flow/line side voltage control that uses the above strategy has not been well documented.
Though the individual effect of quadrature series voltage injection, in-phase series
voltage injection and shunt compensation on transient stability have been studied, the
effect of combined operation has not been researched [15,18]. The effect of combined
operation on transient stability has been later studied by Limiycheron er.al [20]. Here,
three control inputs, namely the series quadrature injected voltage, in-phase series
injected voltage and shunt compensation has been coordinated to improve transient
stability. To achieve this coordination, fuzzy logic has been used. The model chosen for
UPFC to show the effect of coordination on transient stability is not an accurate one. The
shunt inverter has been modeled as a variable shunt capacitor in parallel with a current
source. The variable shunt capacitor represents the shunt inverter compensation
capability and the parallel current source representing the real power capability to
charge/discharge the DC link capacitor. By doing so, they have neglected the model of
the shunt inverter transformer and assumed that the real and reactive power flow through
the shunt transformer are separated. Further, their coordination strategy has only been
carried out on single machine infinite bus power system. Further, no coordination exists
between the shunt and series inverter control system in terms of real power exchange
between the series and shunt inverters thus casting serious doubts about the validity of
such a coordination scheme.
2.1.1.3 D-Q axis control strategy: In this strategy, the D-Q axis current in the

transmission line is individually controlled allowing for independent control of real and
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reactive power flow [27-30]. The D-Q axis could be with respect to UPFC bus voltage or
the remote end bus voltage. In this strategy, the series injected voltage is split into two
components. One is in-phase with the D-axis and the other in-phase with the Q-axis.
Similarly, the transmission line current is split into D and Q axis currents. The D-axis
voltage controls the transmission line real power by varying the D-axis current in the
transmission line and the Q-axis voltage controls the transmission line reactive power by
varying the Q-axis current in the transmission line. Thus the in-phase series injected
voltage component (D-axis) that controls the transmission line real power flow varies the
line side voltage and the Q-axis component of the series injected voltage that controls the
reactive power varies the phase angle of the UPFC bus. To achieve this type of strategy,
the control system employs cascaded linear controllers. Proportional-Integral (PI)
controllers have been used to implement the D-Q axis control strategy for the series
inverter [27]. The coordination between the series and the shunt inverter control system
has been considered [27]. The problem with this strategy for the series inverter is the
complexity of the control system. Two control loops are required to regulate the real and
reactive power flow. The outer loop to set the reference for the inner loop. The inner loop
tracks the reference thus providing the control inputs to the series inverter. Further the
problem of deterioration of the control system performance at operating points other than
the one at which it is designed is a point to be considered. The shunt inverter control
system is also based on the D-Q axis strategy and controls the shunt reactive power and
the shunt inverter real power. The control of DC link capacitor voltage which is very
essential for the proper operation of the UPFC, is done by another control loop that

adjusts the shunt inverter real power reference. This further complicates the control
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system. Further, they have neglected the dynamics of the DC link capacitor while
designing their control system. By doing so, the control system design may not provide
the best PI control gains.

A control system based on D-Q axis theory has been published in the literature by
Round et.al.[30]. The strategy that has been used is that the D-axis voltage component
controls the transmission line reactive power and the Q-axis voltage component of the
series injected voltage controls the transmission line real power. This is in contrast with
the strategy used by Papic er.al[27] where the transmission line real power flow was
controlled by the D-axis voltage and the transmission line reactive power flow was
controlled by the Q-axis voltage. In this case, the UPFC is assumed to be located at the
receiving end. Based on the receiving end real, reactive powers and receiving end D-Q
axis voltages, current references of the series inverter are generated. Two PI controllers
are used to generate the required D-Q axis control voltages for the series inverter to
obtain desired real and reactive power flow in the transmission line. For the shunt
inverter, based on the sending end real power, reactive power references and sending end
D-Q axis voltages, the sending end D-Q axis current references are then generated.
Knowledge of the sending and receiving end current references are used to generate the
current references for the shunt inverter. By doing so, the shunt reactive power and the
DC link capacitor voltage are controlled. Remote end signal measurement is required for
this type of control system to operate. This would necessitate remote sensing units to be
installed at the sending end. Further, coordination between the series and the shunt

inverter control system has not been considered by the authors {30].
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Other types of control systems have been designed based on the above control
strategies which have neglected the DC capacitor voltage control systems [33-35].
Control systems for the shunt inverter have been designed based on Linear-Quadratic (L-
Q) control, but have not shown as to how it can be applied to the series inverter control
system [32]. The problem with LQ control is that it requires the measurement of all states
used to design the controller [32].

In all the above strategies discussed for UPFC, the series inverter controls the real
power flow in a transmission line by an output feedback control system. The problem in
the design of an output feedback proportional-integral (PI) control system for UPFC is
the presence of low margin of stability associated with the series inductance of the
transmission line [23]. Intelligent controllers with specific reference to fuzzy controllers
have been investigated in this thesis to overcome the problem. Further, the above control
strategies suffer either in their complexity of the control system or non-inclusion of real
power coordination controller between the series and the shunt inverter control systems
or both.

A very fascinating capability of the UPFC has been reported in reference [42].
Any change in the transmission line reactive power flow is balanced by an equal and
opposite change in the reactive power output of the shunt inverter of the UPFC when the
shunt inverter is controlling the voltage of the bus to which it is connected. This means
that any request for change in transmission line reactive power by the series inverter of a
UPFC is actually supplied by the shunt inverter of the UPFC. Reference [42] states

“In essence, it can “manufacture” inductive and capacitive MVARS using the

shunt inverter and * export  this reactive power into a particular transmission line (i.e.,
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the one with the series insertion transformer) without changing the local bus voltage and
without changing the reactive power on any of the other lines leaving the substation”.

In light of this fascinating capability of a UPFC, there is a need to investigate the
mechanism by which changes in transmission line reactive power flow is related to the
shunt inverter reactive power flow. Further, the effect of step changes in transmission line
reactive power flow on UPFC bus voltage needs to be studied.

All the strategies published in literature have concentrated on the use of series
inverter of a UPFC to control the transmission line reactive power flow. In view of the
fascinating capability where the shunt inverter responds to a reactive power request from
the series inverter control system, there is need to look into the possibility of a reactive
power coordination controller in addition to a real power coordination controller.

The above fascinating capability leads to another point that is to be considered. As
mentioned earlier, all the strategies published in the literature focuses on the use of series
inverter for reactive power control. Changes in transmission line reactive power are
reflected as an equivalent change in the shunt inverter reactive power flow. Thus the
cause and the effect are on two portions of the UPFC. The cause being the series inverter
control system and the effect seen on the shunt inverter reactive power flow. Thus all
strategies discussed in the literature would fall under the category of indirect control with
respect to reactive power flow. Thus there is a need to look into other strategies that
provide direct control of transmission line reactive power flow / line side voltage and that
which includes all the necessary coordination between the series and the shunt inverter
for the proper operation of the UPFC. Further, the control system should utilize only local

measurements for its control system. A new contro] strategy needs to be proposed that
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utilizes the shunt inverter to directly control the transmission line reactive power flow.
An advantage with such a strategy would be that it one can replace a part of the shunt
inverter reactive power capability with switched shunt capacitors that are inexpensive. By
doing so, a lower MVA rating of the shunt inverter and its transformer could be used
thereby reducing the cost of the UPFC.
2.1.2 Review on Load flow and Dynamic models for UPFC

The purpose of reviewing the literature for load flow and dynamic models for
UPEFC are two fold. First, in all the above strategies discussed for UPFC in section 2.1.1,
the real power flow in the transmission line is controlled by the series inverter of a UPFC
by output feedback control system. The problem in the design of an output feedback
control system for UPFC is the presence of low margin of stability associated with the
series inductance of the transmission line [23]. Intelligent controllers with specific
reference to fuzzy controllers have been investigated to overcome this problem. In order
to obtain the necessary information to design the fuzzy controller, a suitable model for
UPFC needs to be used in computer simulations. This includes both load flow and
dynamic models. Load flow models are required as they form the backbone for any
power system dynamic simulations. Dynamic models are required to capture the
interaction between the series and the shunt inverter and provide information that would
facilitate the design of the fuzzy controller. Literature survey has been conducted in the
area of both load flow and dynamic modeling for UPFC.

Secondly, UPFC being a multi-variable controller, it is necessary to assess its
impact on power system stability. Stability analysis of interconnected power systems with

UPFC require proper load flow and dynamic models for UPFC. Frequency domain and



time domain analysis require model for UPFC that accurately model the interaction
between the series and the shunt inverter. With a proper load flow and dynamic model for

UPFC, one can thus analyze the impact of UPFC on power system stability.

2.1.2.1 UPFC Modeling

2.1.2.1.1 Load flow models: Different load flow models have been used to model the
UPFC in varying degree of complexity and have been discussed here briefly. As
mentioned in chapter-1, a UPFC consists of two inverters connected back to back with a
DC link capacitor. One inverter is connected in shunt and the other in series with the
transmission line as shown in Fig.2.1. The early modeling efforts for a UPFC were
focussed on the series inverter modeling. The reason being that commercial software did
not have series voltage source models. American Electric Power (AEP) and
Westinghouse came up with a load flow model [8]. The requirement for the inclusion of
the model was that the load flow should be a solved one. Basically, what was required
was that the voltages and the angles of the power system buses had to be known in
advance to include the UPFC model. The load flow model for UPFC consisted of two
generators, one representing the shunt inverter and the other the series inverter. Different
configurations of these generators were needed to model different operating conditions.
Fig.2.2 shows the model that was used to include the UPFC into load flow studies [8].

Here the process of solving starts with the opening of the series line, and the generator
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Fig.2.2 Coupled source model for UPFC.

G2 generates the scheduled real and reactive power. The scheduled power in the

transmission line is converted into an equivalent load at the terminal where the generator
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G1 is connected. The generator G1 generates the required reactive power to maintain
scheduled bus voltage. Generator G2 also supplies the real power demand of the series
inverter. The series injected voltage is the phasor difference between Vi, and V.. The
product of series injected voltage and the current /,, gives the amount of volt-ampere of
the series inverter. The real part of the volt-ampere (P,,,) of the series inverter is added as
a load at the shunt inverter bus. The algorithm to perform the addition of equivalent loads
at the shunt inverter bus, to open the appropriate lines, have been included in their
program. The problem is that it needs a solved load flow case. The idea of solving a load
flow with an UPFC is to obtain the shunt and the series inverters’ injected voltages for a
given operating condition. This procedure is crude for solving a load flow with UPFC.

Another model for the UPFC where the shunt inverter is modeled as a current
source and the series inverter is modeled as a voltage source in series with the
transmission line has been used to solve power flow [9]. The model ensures the real
power balance between the series and the shunt inverter. Though this model is good
enough for doing parametric studies, they are not good for solving load flow. This is
because, modeling of the shunt inverter by a current source does not reveal the voltage
and the phase angle of the shunt inverter. Also, the model neglects the shunt inverter
transformer in load flow studies.

A model where the shunt and the series inverters have been modeled as real and
reactive power injections have been used to solve load flows [10]. In this case, the series
voltage has been converted into real and reactive power injections at both ends of the
series inverter. The shunt inverter has also been converted into equivalent real and

reactive power injections. The basic assumption that has been utilized here is that the real
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power demand of the series inverter is provided by the DC capacitor. However, the real
power demand of the series inverter should actually be supplied by the shunt inverter in
steady state. This model neglects the interaction between the series and the shunt inverter.

A model where the bus to which the shunt inverter is connected is modeled as a
PQ bus and the series inverter is modeled as a PV bus has also been used for load flow

studies [11]. Fig.2.3 shows the model for power flow studies.
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Here the bus to which the shunt inverter is connected is modeled as a PQ bus (E-bus) and
the other end of the UPFC is converted into a PV bus. The generator connected to the B-
bus generates the scheduled real power and maintains a required voltage on the line side
of the UPFC i.e the B-bus voltage. The power flow is solved and the voltages at the E-
bus and the B-bus are used to solve another set of equations to derive the voltage and the
phase angle of the shunt inverter and series inverter. The model neglects the interaction
between the series and the shunt inverter during the first phase of load flow studies.
Further, how the real power demand of the series inverter that is supplied by the shunt
inverter is included during the load flow is unclear. The load flow solution process is
basically a two step process and hence not an integrated method. This process could be
used to perform load flow if all the variables are to be controlled, namely, the B-bus
voltage, real power flow in the line and the reactive power by the shunt inverter. Further,
if one wishes to control only the real power flow in the transmission line, it would be
difficult to achieve using this model.

Another load flow model that has been used for the UPFC is that of modeling the
shunt inverter as a separate voltage source and the series inverter as a set Qf complex
power injections[12]. The shunt voltage source is modeled as PQ bus in the load flow.
This model ensures that the real power demand of the series inverter is supplied by the
shunt inverter. Also this load flow model is suitable for unified solution using the
Newton-Raphson (N-R) method or a Gauss-Seidel (GS) method. The only problem using
this model for the solution of a load flow using N-R method is that it needs a good initial

estimate for the shunt and series voltage magnitude and angle. In this model, the shunt
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reactive power is available as an additional variable that can be set to provide a scheduled
voltage at the bus to which the shunt inverter is connected.

Of the load flow models described above, the last model [12] where the shunt
inverter is modeled as a PQ bus and the series inverter is modeled as a set of complex
power injections is the simplest and the most comprehensive of all the models available
till now. The model provides for detailed interaction between the series and the shunt
inverter. Also its unified solution process using the above model makes it attractive.

In this thesis, the above model [12] will be used to conduct power flow studies
and obtain a steady state operating condition. The shunt inverter is modeled as a separate
voltage source and the series inverter is modeled as a set of complex power injections.
The program basically controls the real power flow in the line. It also takes into account
the interaction between the shunt and the series voitage sources. In all the load flow
solution procedures discussed in this section, the controi strategy for real and reactive
power control has not been included. This means that the load flow solution is obtained
by defining the constraints on a UPFC bus or on the transmission line side bus voltage or
on real power flow in a transmission line. It should be noted that, there is a possibility of
multiple load flow solution with a UPFC [11,12]. It thus becomes imperative to include a
strategy for the UPFC while solving load flows to obtain a reasonable operating
condition. The program has been coded to include a phase shifter with a tap changer
strategy. To achieve this, the series injected voltage is split into two components. One of
the components is forced to be in quadrature with the UPFC bus voltage and the other
component is forced to be in phase with the UPFC bus voltage. In the load flow program,

the quadrature component that controls the real power flow is automatically adjusted
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within the program. The in-phase component that controls the line side/reactive power is
also adjusted automatically within the program. The advantage in doing so is that the real
power flow control does not effect the reactive power flow and vice versa significantly.
Thus the load flow solution procedure can be de-coupled. In this thesis, gauss-seidel

method has been used to solve the load flow.

2.1.2.1.2 Dynamic model: The dynamic model for a UPFC is centered round the
dynamics of the DC link capacitor. It is well known that the DC link capacitor dynamics
is a function of the series and the shunt inverter control variables. The need for including
the DC link capacitor dynamics while conducting dynamic studies arises from the fact
that it provides the link between the series and the shunt inverter operation in terms of
real power balance. Exchange of real power between the series injected voltage by the
series inverter and the transmission line current causes the DC link capacitor voltage to
either increase or decrease depending on the direction of real power exchange between
them. The decrease/increase of the DC link capacitor voltage is sensed by the shunt
inverter which absorbs/supplies the necessary real power through the shunt transformer to
regulate the DC link capacitor voltage. The models present in the literature vary on the
basis of the model used for the shunt and series inverter. The dynamic models for UPFC
available in the literature have been divided into shunt inverter and series inverter
modeling.

(1) Shunt inverter modeling: The modeling for the shunt inverter of a UPFC can be

broadly divided into 4 different models.
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a)

b)

Currem model [13,18,19,21,22] :- In this model the shunt inverter is assumed to be
made of two current sources. One for the D-axis current and the other for the Q-axis
current connected to the UPFC bus. The D-axis current in interaction with the bus
voltage models the real power injection. By varying the Q-axis current, the amount of
reactive power injected to the bus can be varied. This model neglects the interaction
between the D and Q-axis currents as the real power flow into the VSI is a function of
both currents. Further, the model neglects the DC link capacitor dynamics of the
UPFC. The model also neglects the shunt transformer modeling. The model does not
take into consideration the voltage generated by the shunt inverter in order to produce
the D-Q axis current. It simply assumes that the shunt inverter is capable of producing
a variable D-Q axis current and models it as two separate current sources.

Real and reactive power injections [10,17}:- In this model, the shunt inverter is
modeled as two separate power sources connected to the UPFC bus. One power
source models the real power that is injected to the bus and the other power source
models the reactive power injected to the UPFC bus. This model does not take into
consideration the voltage generated by the shunt inverter. Further how the DC
capacitor dynamics have been modeled is not clear.

Current source in parallel with shunt susceptance [15,16,20]:- In this model the shunt
inverter is modeled as variable shunt susceptance in parallel with a current source.
The shunt susceptance models the reactive power that can be varied by changing the
magnitude of the shunt susceptance. The real power flow through the shunt inverter is
modeled as a current source. This model neglects the shunt transformer modeling.

This model assumes that the reactive power is a function of the shunt susceptance and
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d)

thus dependant on the UPFC bus voltage magnitude. In reality, the shunt inverter can
produce reactive power irrespective of the UPFC bus voltage magnitude. The real
power flow through the shunt inverter should be a function of the D-Q axis currents.
Again, the interaction between the real and reactive currents is neglected. Though the
DC capacitor dynamics have been modeled, its dynamics is a function of only the
UPFC bus voltage and the current source. On the contrary it should be a function of

the real and reactive currents flowing through the shunt inverter.

Voltage source model (8,11,14,47,48]:- Here the shunt inverter is modeled as a
separate voltage source in shunt with the UPFC bus. The transformer reactance has
been included in this model. By modeling the shunt inverter as a separate voltage
source in series with shunt transformer reactance, the interaction between the shunt
real and reactive currents are modeled. This model for shunt inverter is appropriate

for conducting dynamic studies.

(ii) Series inverter modeling [8,13-22,47,48]:- The series inverter is modeled as voltage

source in series with the series inverter transformer impedance. This is the most

appropriate model as the series inverter in reality injects a voltage in series with the

transmission line and thus can be modeled as a voltage source in series with the line.

Further, the series voltage source model can been converted into equivalent current

injection for conducting dynamic studies [8].

Summarizing the review on modeling for UPFC, the model where the shunt inverter

is modeled as a voltage source in series with its transformer reactance [8,11,14,47 48]

and the series inverter modeled as a voltage source in series with its transformer
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reactance [8,13-22,47,48] is the most appropriate model for conducting dynamic studies.

This model includes the interaction between the series and shunt inverter operation.

Further, the model includes the DC link capacitor dynarmics.

2.2 Summary

A brief review on control strategy and control system design for UPFC has been

conducted and surnmarized here.

L.

The problem in the design of an output feedback control system for UPFC is the
presence of low margin of stability associated with the series inductance of the
transmission line. Intelligent controllers with specific reference to fuzzy
controllers have been investigated to overcome this problem. To obtain
information for the design of a fuzzy controller, review on various load flow and
dynamic models for UPFC have been conducted.

All control strategies/control systems for UPFC discussed in the literature suffer
either in their complexity of the control system or non-inclusion of real power
coordination controller between the series and the shunt inverter control systems
or both. Non-inclusion of real power coordination controller could lead to loss of
DC link capacitor voltage and subsequent removal of UPFC from operation. A
new real power coordination controller will be designed for the UPFC for
improved coordination between the series and the shunt inverter operation.

Any change in the transmission line reactive power flow is balanced by an equal
and opposite change in the reactive power output of the shunt inverter of the

UPFC when the shunt inverter is controlling the voltage of the bus to which it is
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connected. This means that any request for change in transmission line reactive
power by the series inverter of a UPFC is actually supplied by the shunt inverter
of the UPFC. This could lead to coordination problems with respect to
transmission line reactive power flow control. A new reactive power coordination
controller will be designed for this purpose.

4. All control strategies for UPFC discussed in the literature use the series inverter to
control the transmission line real and reactive power flow. As mentioned earlier,
it is the shunt inverter that actually supplies the reactive power that is requested
by the series inverter. Thus the cause and the effect are on two portions of the
UPFC. The cause being the series inverter and the effect seen on the shunt
inverter. This type of strategy is termed as indirect with respect to transmission
line reactive power flow control. A new control strategy for UPFC will be
proposed where the shunt inverter directly controls the transmission line reactive

power flow.

PSCAD-EMTDC software has been utilized to show the validity of the control system

design and the control strategy.
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Chapter 3

Present Study

This chapter provides an overall view of the thesis organization. The flow chart shown in
Fig.3.1 describes the over all process in designing a control system for UPFC. The study
has been bifurcated into two parts. One, using MATLAB simulations and the other using
PSCAD-EMTDC simulations.

UPFC being a multi-variable controller, it is necessary to look into its overall
effect on power system stability. Frequency domain (small-signal stability) and time
domain analysis (transient stability) has been conducted to look into the stability
improvement with UPFC. Small-signal stability analysis for power systems with UPFC
controlling the real power, reactive power flow in the transmission line/line side bus
voltage, DC link capacitor voltage and the UPFC bus voltage simultaneously has been
Aconducted to look into its effect on interconnected power systems. In order to do so, an
appropriate model for the UPFC has to be chosen. This includes both the load flow and
the dynamic model. Chapter-2 has looked into the various load flow and dynamic

models. An initial steady state operating condition is the basic requirement for

38



Control of a UPFC

Step response and power oscillation damping

Chaptet 9

Fig.3.1 Present Study.
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conducting frequency or time domain studies. The initial steady state operating condition
is obtained by conducting load flow studies. Chapter 4 looks into the load flow analysis
with UPFC. Chapter-5 provides the small-signal stability analysis with UPFC. As a
corollary, by conducting smaill-signal stability analysis, the set of system equations
needed for conducting time domain computer simulations are verified. Time domain
analysis results with UPFC have also been presented in this chapter. Computer simulation
has been carried out using the MATLAB software.

Computer simulation on power systems with UPFC included provides the
necessary foundation for the design of the knowiedge base for the series inverter of a
UPFC. Information regarding the fuzzy knowledge base is obtained by conducting fault
studies on power systems. The knowledge base designed in chapter-6 has been used in
chapter-9 while conducting studies using the PSCAD-EMTDC power system simulation
software. As a supplement, the improvement in power oscillation damping using the
fuzzy knowledge base designed for the fuzzy controller for the series inverter of a UPFC
has been brought in chapter-6.

The PSCAD-EMTDC software is a convenient tool to conduct real time power
system studies. This tool has been used to build the UPFC that includes information up to
the switching level of the gate-turn off switch (GTO). The shunt and the series inverter
transformers, their control systems have been designed and tested using this software.
The fuzzy knowledge base designed using the MATLAB software in chapter-6 has been
used to build the fuzzy controller in PSCAD-EMTDC software and test it. Further, the
coordination controller has been designed and included in the over all control system.

The performance of the complete control system has been conducted and the advantage
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of using a fuzzy controller for the series inverter has been brought out in this thesis.
Chapter-7 deals with the construction of a shunt inverter of a UPFC, its control design
and performance. The design of the DC link capacitor, series inverter transformer, fuzzy
logic controller and coordination controller has been described in chapter-8 and chapter-
9. The performance of the over all control system that includes the shunt, series and the
coordination controller has been presented in chapter-9. The effect of series inverter
voltage injection on shunt inverter operation has been described in chapter-9. Based on
the effect analyzed in chapter-9, a new reactive power coordination controller has been
designed. Its performance has been analyzed in chapter-10. Further, the improvement in
power system stability has been shown through PSCAD-EMTDC computer simulations.
Based on the effect of series inverter voltage injection on shunt inverter operation.
described in chapter-9, leads to another aspect of operation of UPFC. A new control
strategy for UPFC has been proposed in chapter-11. Step response studies with the new
control strategy for UPFC have been conducted to show the validity of the control
strategy. Further, power oscillation damping studies have also been conducted to show
the improvement in power system stability. Chapter-i1 provides the details of the new
control strategy and its performance. The conclusions and future work are presented in

chapter-12.
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Chapter 4

UPFC Model for Load Flow

4.0 Introduction

Steady state analysis of a power system in the presence of a unified power flow
controller (UPFC) would necessitate a model for the UPFC to be included in load flow
studies. It is well known that for solving load flows, real and reactive power at load
buses, real power and voltage at generator buses, voltage and angle at slack bus have to
be specified. An appropriate model for UPFC in terms of real and reactive power needs to
be developed to incorporate it in to the load flow. This chapter provides the details of the
load flow model used for UPFC. A flow chart depicting the procedure for conducting
load flow studies with UPFC model has been presented. The results of load flow studies
are important as it provides the initial conditions for conducting small-signal and
transient stability studies. Further, the design of the fuzzy logic knowledge base for the
series inverter of a UPFC is based on computer simulations which require accurate load

flow solutions.
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4.1 Model of UPFC

The construction and operation of a unified power controller have been discussed
in chapter-1 section 1.3. In brief, a unified power flow controller consists of two voltage
source inverters (VSI) connected back to back with a common DC coupling capacitor as
shown in Fig.4.1. Such an arrangement allows for all the three functions namely series,
shunt and phase angle compensation to be unified into one unit. Inverter-1 is connected to
the power system through a transformer T in shunt and the inverter-2 is connected to the
power system through another transformer T> such that the secondary of the transformer
T, is in series with the transmission line. The transformers T, and T> would be referred to
as shunt and series transformers respectively for the purpose of clarity.

Line side bus of

UPFC bus UPEC l Transmission line
_J\/\/\,_IYYY\.__
Series m
transformer
T, LJul Shunt T,

(Y\ ransformer 1 1
V V = e
S S
I |

Cx Rewp
1 2
Shunt Inverter Series Inverter

Fig.4.1 Unified power flow controller configuration.
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Of the load flow models described in chapter-2, the model given in reference[12]
where the shunt inverter and series inverter of a UPFC are modeled as a voltage source in
series with their transformer reactance is the simplest of all the models. The model
provides for detailed interaction between the series and the shunt inverter. Fig.4.2 shows
the UPFC model. X;;, and X,  represent the reactance of transformers T; and T»
respectively. V;;, and V., represent the voltage generated by the shunt and the series
inverter respectively. Bus-E and bus-F represent the UPFC bus and the transmission line

side bus of UPFC respectively.

UPFC Line side bus
UPFC bus internal of UPFC Transmission
bus line

f

7N Y YY)
E % ' Q l F J\/\ ’
Series Inverter
1,64(0 A /I\

Shunt
Inverter ACE’\’? Vsh £ esh

Fig.4.2 UPFC model.

For performing load flow studies with UPFC, the series and the shunt inverters
are assumed to produce balanced 60 Hz voltages of variable magnitude and phase angle.

The shunt and the series voltage sources phasors can be mathematically represented as

V= V., (cos@, + jsin@,,)

V se = V:rm (COS W.re + jSin '//SE )

4.1)



Where V,;, and V,, are the root mean squared magnitudes of the shunt and the series

voltage sources. &, and ¥, are the shunt and the series voltage source angles with

respect to a reference frame.

4.2 Norton’s equivalent circuit for UPFC

The series voltage source along with its associated series transformer reactance
X,e can be converted into equivalent current injections at bus-E and bus-F. Fig.4.3 shows
the Norton’s equivalent of the circuit shown in Fig.4.2.

UPFC bus Line side bus
of UPFC
v Vine Transmission

upfcbus .
X, P line

line

AT

‘{;/ = o~
JX,

%

—_ 5e,

Xm J X"

.-]
3
Current Source
——
—
Current Source
Q
(9]

I
dl
i

Shunt ¢ Khlas "

Inverter

Fig.4.3 Norton equivalent circuit for UPFC.
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4.3 Real and reactive power equations for UPFC

The current injections as shown in Fig.4.3 can be converted to appropriate real
and reactive power injections at their respective buses. The real and reactive power

injections at bus-E are

PE = _VWYEFVE COS(HE _W:e - ¢EF)

. (4.2)
Qr =V, YV, sin(l; ~y,, — @)
Similarly at the bus-F, the real and reactive power injections are
PF = VstYEFVF COS(GF - Wse - quF) (4.3)

Qr =V Y Ve sin(ﬁ,,. -y, - (/’EF)

Where Yer is the admittance between the bus-E and bus-F and ¢gr is its phase angle. In
this case Ygris the reciprocal of X,.. @gr is equal to —90 degrees as the series transformer

is modeled as a pure reactance.

For constancy of DC link capacitor voltage, the following relation should be satisfied.

P+P. +PB,, =0 (4.4)

loss
where Py, and P, are the real powers exchanged with the power system by the shunt and

the series voltage sources respectively. Py, represents the losses in the UPFC. Equation

4.4 means that the shunt voltage source compensates the real power demand of the series
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voltage source. The above relation provides an equation for the real power demand by the
shunt voltage source. The real power demand of the shunt voltage source would then be
the negative of the real power exchanged by the series voltage source with the power
system. The total real power demand of the shunt voltage source should include the loss

due to R.s. The real power demand Pg; by the shunt voltage source is given by

v 2
P, ==V, V¢ Vi, cos(W,. ~0 @) + V.V, Yo cOS(Y,, 6,0, ) — %ﬁ')' (4.5)

cap

The shunt voltage source also provides variable reactive power whose magnitude can be
independently adjusted to obtain a required voltage at bus-E. Equations 4.2, 4.3 and 4.5

are used to perform load flow studies for obtaining a steady state power flow conditions.

4.4 Load flow procedure

It is well known that load flow analysis is an iterative type of solution. UPFC has the
capability of controlling the real power and transmission line side bus voltage/reactive
power flow in a transmission line. Reference [9] provides a very simplistic method to
solve load flow that is only applicable to smaill power systems. The method requires
information regarding the short circuit impedance at the bus where the UPFC is to be
installed. The algorithm provided to perform load flow study is applicable only to assess
the impact of UPFC on power systems in a localized way. Niaki et.al [11] has provided a
simpler method of performing load flow with UPFC. Here the bus to which the shunt

inverter is connected is modeled as a PQ bus and the transmission line side bus is
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modeled as a PV bus. This method works only when the variables namely, the UPFC bus
voltage, real power flow in the transmission line, transmission line side bus voltage are
controlled simultaneously. This method will fail if one wishes to control a subset of them.
Further, the solution obtained is multi-valued, meaning that one could obtain a load flow
solution that could not be feasible or the UPFC parameters could be out of acceptable
limits. This requires that the variables be confined within acceptable limits to obtain
feasible solutions. Arabi er.al [10] have modeled the shunt inverter and series inverter as
a set of PQ injections at the appropriate buses. This m;)del however neglects the
interaction between the series and the shunt inverter. Esquivel et.al [12] have improved
upon the limitations on the model by Niaki et.al [11] and provides a solution to the
problem of UPFC parameters limitation by fixing the parameter that has violated the
limits and freeing the regulated variable. In this case, the need for good initial conditions
are emphasized.

To obtain a load flow solution with a specified real power flow in the transmission
line and transmission line side voltage with UPFC, the series voltage source V. is
decomposed into two phasors. Fig.4.4 shows the phasor diagram with the two
compoenents of the series voltage source. The UPFC bus voltage phasor is denoted by VE.
One phasor denoted by V., is in quadrature with the UPFC bus voltage phasor (V&) and
the other phasor denoted by Vi, is in-phase with the UPFC bus phasor (V). The function
~of the quadrature component of the series voltage source Vi, is to vary the phase angle of
bus Vg to achieve a specified real power flow in the transmission line. The function of the
in-phase component of the series voltage source V., is to achieve a specified transmission

line side voltage. The net voltage phasor V;, (the phasor sum of V., and V,.,) is denoted
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by phasor AD in Fig.4.4. The D and the Q axes refer to the network axis. Since the series
voltage phasor V., is added to the UPFC bus voltage phasor Vg, the quadrature component
of the series voltage that controls the real power has little effect on the reactive power.
This is because the quadrature component of the series voltage changes the phase angle
with little change in the magnitude of the bus voltage on the transmission line side (Viine).
The in-phase component controls the voltage of the bus on the transmission line side
(Viine) has greater effect on the reactive power than on the real power in the transmission
line. This is because the in-phase component has little effect on the phase angle. Thus the
interaction between the control of real and reactive power flow in a transmission line is to
a great extent reduced. This allows the load flow solution process of achieveing a

specified real power flow in the transmission line and a line side voltage to be seperated.
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Fig.4.4 Phasor diagram showing the two components of the series voltage source.
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4.5 Flowchart for load flow with UPFC

A flow chart for the load flow study is shown in Fig.4.5. As given in equations
4.2, 4.3 and 4.5, the two variables associated with the series voltage are V., and y,.. The
series voltage source magnitude and its phase angle are updated at the end of each
iteration to meet the specified real power flow in the transmission line (Py,.) and the
transmission line side bus voltage (Vi,.). The updates for the quadrature and the in-phase
component of the series voltage source are done as follows. Let P,rand Vijerer (bus-F) be
the references for the real power flow in the transmission line and transmission line side
bus voltage. From Fig.4.2 it is seen that the power flow through the series transformer

reactance X, is approximately given by the following equation.

V.V,

sin(0, +V._ —6,) (4.6)

P EF < seq

se

Let the difference between the P,.rand Py, be denoted APgr. Differentiating equation 4.6

with respect V.., and introducing the iteration k™ as subscript, we get

Ve Ve
APEF = ——(%-’—COS(BE(“ +Vseq(k) _GF(k))AVseq(k) (4.7)

Se

The update for V4 is given by
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APEF X se

AV =
seq(k)
Ve Ve COS(QE(“ FVeostr — 6F(k)) (4.8)
Vvszq(l:ﬂ) = Vseq(k) + AVseq(k)

The update of the in-phase component in the ‘I jteration that controls the transmission
line side bus voltage Vris given by

AV ., =V,

sep lineref VF ({}]

4.9
Veptsny = Veopuy +af(AVS p(l))

sep sep e

In equation 4.9, ‘af” represents the acceleration factor. The value chosen for ‘af’is 0.1. A
larger value for ‘af” would cause the load flow to diverge. The updated values of V., and
Viep are used to find the magnitude and phase angle of the series voltage source using the
following equation. For the real power flow control loop, the updates for the series

voltage source are

> T, .. ..
Vse =V“q(k+l{cos(9£ +7) + jsin(6, +-72£))+ Verr (cos(8,) + jsin(8;))
V, = abs(x},, ) (4.10)

Wse = angle(‘} se J

For the transmission line side voltage control loop, the updates for the series voltage

source are
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- - V1 . .
Ve= ijq(,()(cos(es +§) + jsin(f, +—2—) )-&- Veepeny (cos(8;) + jsin(8;))
V, = abs(&,, ) 4.11)

v, = angle({/se )

4.6 Summary

Load flow studies are very important as it provides the necessary initial conditions
for conducting small-signal and large-signal performance studies with UPFC. This
chapter has discussed a load flow model for UPFC. The corresponding equations relating
to integration of the UPFC model into load flow studies has been described. A flow chart
for conducting load flow with UPFC has been provided that includes real power flow
control in the transmission line and the transmission line side voltage control. The load
flow procedure based on gauss-seidel method takes into consideration the effect of
quadarture and in-phase component of series injected voltage on real and reactive power
flow in the transmission line. The real power flow is adjusted automatically by the
quadrature injected component of the series voltage and the transmission line side bus
voltage is controlled by the in-phase component of the series voltage. This allows for
least interaction between the control of real and reactive power in a transmission line.
The logic for updating the series injected voltage in a load flow to meet the specified real

power flow and line side voltage has been described.
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Chapter 5

Does UPFC improve power system stability?

5.0 Introduction

UPFC being a multi-variable controller, it becomes necessary to assess its impact
on power system stability. The steady state analysis with UPFC described in Chapter-4
provides the basic foundation for conducting dynamic stability studies with UPFC.
Dynamic stability studies include frequency domain (small-signal stability) and time
domain analysis that includes three-phase fault studies (Transient stability). The
frequency domain analysis requires the formation of a state matrix that includes all the
differential/algebraic = equations associated with the power system. The
differential/algebraic equations of the power system include that of generator, exciter,
power system stabilizers (PSS) and power system network. In this context, it is important
to include the DC link capacitor dynamics of the UPFC while analyzing power system
stability. This is because the DC link capacitor forms a common link between the series
and the shunt inverter. To accurately model the interaction between the series and the

shunt inverter operation, inclusion of the DC link capacitor dynamics is necessary.
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In order to conduct frequency and time domain analysis, an appropriate dynamic
model for UPFC should include the DC link capacitor dynamics. This chapter provides a
procedure leading to the formation of the state matrix that includes the UPFC DC link
capacitor dynamics for analyzing small-signal stability.

The purpose of this chapter is to develop the necessary set of equations that
includes the dynamics of the UPFC for conducting small-signal analysis and time domain
computer simulations with UPFC to show the improvement in power system stability.
Further, time domain simulations provide valuable information for the design of a fuzzy

controller for the UPFC.

5.1 Small-Signal Stability Analysis

5.1.1 State matrix Formulation

Small-signal  stability  analysis provides information regarding the
damping/frequency associated with the devices present in power system. For example,
the range of frequencies over which electromechanical oscillations occur for generators a
single machine infinite bus power system is between 0.7 and 2 Hz. In the case of multi-
machine power system involving many areas, the range over which the inter-area
oscillations between groups of generators occur is between 0.2 and 0.7 Hz.

Small-signal stability analysis with UPFC depends on the modeling of the UPFC.
Small-signal stability analysis without modeling the DC link capacitor dynamics could
lead to inaccurate result [13]. This is because any interaction between the series injected
voltage and the transmission line current leads to real power exchange between the series
inverter of the UPFC and the transmission line. The real power exchange leads to

decrease/increase in the DC link capacitor voltage. Thus by neglecting the DC link
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capacitor dynamics could lead to inaccurate results. DC link capacitor dynamics have
been considered, but not all the variables have been utilized while studying stability [11,
14]. Independent research work were carried out by Huang et.al [26] and Kannan er.al
[41] to model the interaction between the series and shunt inverter by including the DC
link capacitor dynamics into small signal stability analysis. Though the DC link capacitor
dynamics have been included into small-signal stability analysis, reference [26] has
neglected the combined effect of power system stabilizers and UPFC on power system
performance. The effect of combined operation of PSS and UPFC with the DC link
capacitor dynamics included will be studied using small-signal stability analysis. Further,
one needs to take note of the choice of input variables for conducting small-signal
stability studies. In reference [26], the modulation index and the phase angle of the shunt
and series inverters have been considered for conducting small-signal stability studies.
On the contrary, the output of the control systems for the shunt and series inverters are
the reference voltages that are to be generated by the shunt and series inverters. Based on
these reference voltages the corresponding modulation index is calculated. Thus it would
be appropriate to use the voltages and their phase angle as the input variables to correctly
assess the impact of UPFC on power system stability.

Small-signal stability involves the formulation of a linear state equation that takes
into consideration the dynamics of the power system components like generators, exciter,
and power system stabilizers. In the presence of a UPFC, the equations governing its
operation should be included in the linear state equation and the whole system should
then be analyzed. In this context it would be necessary to develop a dynamic model for

UPFC and include it with the models for generator, exciter and PSS in order to form the
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state equation and analyze small-signal stability.

5.1.1.1 UPFC Modeling: In this section, a step by step procedure leading to the
formulation of the dynamic equations associated with the UPFC for conducting small-
signal stability studies and time domain analysis will be presented. The dynamics
associated with the UPFC is that of the DC link capacitor. Fig.5.1 shows the UPFC with

its associated DC and AC side current flows.

Vupfcbus ] Vie  Transmission
Series line
Transformer L.
\AANA AN~ YYD
Shunt l
T \A_A_A_/ Transformer
I, Y Y YN
S
Idcl Idcl
- .
T Idc]v
Shunt Sertes
Inverter Idc;: g'r'ﬂ Inverter
C

Fig.5.1 UPFC with its associated DC and AC side currents.

Let the voltage generated by the shunt inverter be denoted by V<6: and the series
Ainverter voltage denoted by V..<£y%s.. Let I be the current flowing out of the shunt
inverter through the shunt transformer and I;, be the transmission line current. Let the
UPFEC bus voltage be denoted by V,prpus and the transmission line side bus voltage by

Viine- Let I be the dc current flowing out of the capacitor. Let fy; and lac2 be the dc
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currents flowing out of the shunt inverter and the series inverter respectively on the DC
side. Let I, represent the current through the shunt resistance connected in parallel

across the DC link capacitor.

By kirchoff current law, we have,

;dc:;d’cl'*';dcl'f';dc?» (5.1
‘A’ represents the actual value. These will be converted to per unit representation later.
Consider now the real power flow on the AC side through the shunt transformer. The
shunt transformer current I and the shunt inverter voltage V<6, are split into their
network D-Q axis components. Let Ip and I;up be the network D-Q axis currents flowing
through the shunt transformer and let Visp and Visp be the network D-Q axis voltage of

the shunt inverter. The three phase real power flowing out of the shunt inverter is given

by
issh =3Re al{(‘}mo+ j‘;shg I;sho-i- j;:hQ ) } 53.2)

Where ‘*’ denotes the conjugate. Representing the D-Q axis variables with their peak

values, we get

F 3 A A A A
P = ':)‘[Vsthk I shopr +V shgpie I snopr ] (5.3)

P

On the DC side the real power flowing out of the shunt inverter is given by

Pocsk =V ac Lua 54

Assuming a loss-less operation for the shunt inverter we have

;’Dc:h = I/'\)sh (5.5)
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Thus, equating the two terms we get,
A A 3 "~ A " A
Vi laat = 2 V sippk I shppk +V sngpr 1 shopk (5.6)

In order to put equation 5.6 into per unit representation, assume the peak of the AC phase
voltage as the base voltage and the peak of the AC current as the base current. The AC

power base is given by

3 ~ A
Pachse =5V pio Lo (5.7)

Al
Putting equation 5.6 in per unit we get,

3
Loy =—— (V,;,D I.th + V:kQImQ ) (5-8)
2V,

(

Assuming a loss-less operation for the series inverter, the power flow on the DC side

through the series inverter is given by

Poce =V Lac2 (5.9)
Let I,.p and I, be the network D-Q axis currents flowing through the series transformer
and Vi.p and Vo be the network D-Q axis voltage of the series inverter. The three phase
real power generated by the series inverter due to the interaction between the series

injected voltage V,, and the transmission line current /. is given by
ﬁse =3Re al[(V:eD+ jV.reQ I?seD'*‘ j IseQ ) } (5.10)

Where “*’ denotes the conjugate. Representing the D-Q axis variables by their peak
values, we get

ﬁse = %(‘/}:erk }xerlc'f' {}quk ;serk ) (5.1 1)
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Assuming a loss-less operation for the series inverter and equating 5.9 and 5.11, we get,
A A 3 A A A A
Vdc [dc.?. = —2' Vsszk I.rszk +VszQplc I:zka (5-12)

Representing equation 5.12 in per unit we get,

3

Idcl =
de

(VJCD IszD+VseQ IseQ ) (5»13)

The current through the resistance in parallel with the DC link capacitor is given by

Taer = 22 (5.14)
Rcap
Representing equation 5.14 in per unit, we get
Lis =L (5.15)
Rcap
The dc link dynamics is given by the following equation
dVdc __Idc (516)
dt C

where V. is the voltage on the DC link capacitor and ‘C’ is its capacitance in farads. The

time ‘t’ is in seconds. Putting equation 5.16 in per unit, we get

d Vdc .
o =—-w,C I, (5.17)
Where C’ is given by
_ 1
w,Z,..C

Expressing I, in terms of Iy, I42 and I3 using equation 5.8, 5.13 and 5.15 we get,
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Vdc

+
o)

P

dVdc — [ 3 [V:hD IshD + VshQ [.rf:Q + VveD IseD + VstQ Ich J
Sl — _g,C

= 5.18
dt V. ] ¢ )

cap

Equation 5.18 represents the dynamic model for the UPFC.

5.2 Small-signal stability evaluation

5.2.1 Case-1: Single machine infinite bus power system (SMIB)

a) Improvement in rotor angle mode damping: Appendix-1 has detailed the
formulation of the state matrix for studying the small-signal stability of a power system.
In this section the procedure for the formulation of the state matrix as explained in the
Appendix-1 will be applied to a single machine infinite bus power system. The
improvement in the damping on the rotor angle mode in the case of SMIB will be shown
based on eigen value analysis. Fig.5.2 shows a single machine infinite bus power system.
The generator is rated at 900MVA and is connected to an infinite bus through a double
circuit 230 kV line and a step up transformer. The total line length is 220 km. The series
inverter of the UPFC is connected between bus-3 and bus-4. The shunt inverter is
connected between bus-3 and bus-5 (not shown in Fig.5.2). The UPFC is used to control
the transmission line real power flow (Pj,.) and provide power oscillation damping. Also
the transmission line side bus voltage (Vj:,.), i.e bus-4 voltage is controlled. The shunt
inverter controls the DC link capacitor voltage (V4.) and the UPFC bus voltage (Vippbus)-

In this case bus-3 represents the UPFC bus.
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Fig.5.2 Single machine infinite bus power system.

The transmission line real power flow (Pyy.) is controlled by injecting a series voltage in
quadrature (V,,,) and bus-4 voltage (Vi) is controlled by injecting a series voltage in-
phase (V). The phasor addition of the two voltages V., and V., provides the series
inverter with the appropriate magnitude and phase angle for controlling P, and Vipe.
The generator is equipped with a power system stabilizer (PSS) and a static exciter. The
parameters of the generator, PSS, exciter UPFC and the network are given in Appendix-
1. The matrices A, B, C and D of SMIB power system is formed as detailed in Appendix-
1. The initial conditions for the UPFC are that the series inverter injects a voltage of 0.08
pu (Vie,). The in-phase voltage phasor (Vi) is 0.01pu. The capacitor is rated at 1000uF.
The real power flow in the transmission line (Pn) having the UPFC is 269 MW. The
load at bus-3 is 200+j50 MVA. The shunt inverter is supplying 150 MVAR initially. The
eigen values without the UPFC is given in Table 5.1. From Table 5.1 it is seen that all the
eigen values are on the left half of the complex plane. Table 5.2 shows the eigen values
of the SMIB power system with a UPFC. Comparing Table 5.1 and Table 5.2, the rotor

angle mode damping has increased with the inclusion of UPFC. The damping factor of
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the rotor mode oscillation has increased from 0.0736 (Table 5.1) to 0.140 (Table 5.2)
with the addition of UPFC. The frequency of oscillations has increased from 0.97 Hz to
1.0 Hz. This study has shown that the UPFC helps in improving the damping of the

generator rotor angle/speed oscillations.

Table 5.1 Eigen values with PSS (SMIB)

Eigen Number Eigen Value
1 -54.6872
2 -50.0
3 -31.733
4 -14.854j16.41
5 -0.45054j6.1 (£=-0.073 rotor angle mode)
6 -3.5484
7 -0.10
8 -0.1832

Table 5.2 Eigen values with PSS and UPFC (SMIB)

Eigen Number Eigen Value
1 -54.4671
2 -50.0
3 -32.22
4 -15.455 +j 14.156
5 -0.8963 + j 6.33 (E=0.14 rotor angle mode)
6 -3.4316
7 -1.1316
8 -0.1011
9 -0.1827
10 -0.438
11 -104.28
12 -2.04
13 -0.7007



b) Effect of series inverter in-phase component (V) on rotor angle mode damping:
In this section, the effect of in-phase component (V,,,) of series voltage control on rotor
angle mode damping will be analyzed. The generator rotor angle mode eigen values of
the power system with UPFC were analyzed for different operating conditions of reactive
power flow in the transmission line. Table 5.3 shows the eigen values for different values
of in-phase component of series voltage (V). It is seen from Table 5.3 that the in-phase
component of series voltage (Vi) has insignificant effect on the rotor angle mode
damping. This is due to the fact that the in-phase component of series voltage (V) has
more effect on the transmission line reactive power flow (Qy,.) than on the transmission
line real power flow (Piine). More detailed analysis on the effect in-phase component of
series voltage (Vi) on the transmission line reactive power flow (Qun) and shunt

inverter reactive power will be studied in chapter 9.
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Table 5.3 Eigen values with UPFC for different values of in-phase component (V,,)

of series voltage (SMIB)
S.no Viea Vien Pline Qiine Eigen value associated with rotor mode
(MW) (MVAR)
1 0.08 -0.050 260 0 -0.8952 £} 6.3302
2 0.08 -0.025 264 15 -0.8958 +j 6.3315
3 0.08 -0.010 266 25 -0.8960 +j6.3322
4 0.08 0.010 270 38 -0.8963 =} 6.3331
5 0.08 0.025 272 48 -0.8964 £ 6.3337
6 0.08 0.050 275 65 -0.8964 +j 6.3346

c) Effect of shunt inverter controlling the transmission line side bus voltage on rotor
angle mode damping: The stability of the power system with the shunt inverter of a
UPFC controlling the transmission line side bus voltage has been evaluated. In this
analysis, the strategy used for UPFC is that the shunt inverter controls the DC link
capacitor voitage and the transmission line side bus voltage. The series inverter controls
the UPFC bus voltage and the transmission line real power flow. Table 5.4 shows the

effect of shunt inverter controlling the transmission line side bus voltage.

Table 5.4 Eigen values with shunt inverter of UPFC controlling the transmission
line side bus voltage (SMIB)

S.no Vieq Vien Pine Qline Eigen value associated with rotor mode
MW) (MVAR)
1 0.08 -0.050 260 0 -0.8995 £j6.34
2 0.08 -0.025 264 15 -0.8986 +j 6.34
3 0.08 -0.010 266 25 -0.8980 +j6.34
4 0.08 0.010 270 38 -0.8974 £j 6.333
5 0.08 0.025 272 48 -0.8963 +j6.33
6 0.08 0.050 275 65 -0.8949 +j 6.33
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Table 5.4 shows that controlling the transmission line side bus voltage by the shunt
inverter of a UPFC does not cause instability. In fact, it has improved the system stability
as compared to without UPFC. Thus the strategy of controlling the transmission line side

bus voltage by the shunt inverter of a UPFC is feasible and provides stable operation.

5.2.2 Case-2: Multi-machine power system (MMPS)

a) Improvement in inter-area oscillations: Low frequency oscillations are inherent to
an interconnected power system. These oscillations can be spontaneous or caused due to
sudden loss of transmission lines or due to load disturbances. Power system stabilizers
(PSS) have been used on generators to damp these low frequency oscillations. UPFC
placed in a network where power exchanges on tie lines take place, can be helpful in
improving the damping of these power oscillations. In this study a multi-machine power
system representing two arecas have been considered for analyzing the inter-area
oscillations. Fig.5.3 shows a multi-machine power system [36]. Generators 2 and 3
provide power to Area-l loads and generators 1 and 4 provide power to Area-2 loads.
The generation in Area-1 is 1400 MW and the load in Area-1 is 967+j100 MV A. Area-2
has deficiency in generation of about 400 MW and hence imports real power from Area-
1. Area-1 and Area-2 are connected by three transmission lines. The UPFC is located in
Area-1. Area-1 is exporting around 400MW (P, er-are) Of power to Area-2. Area-2 has a
load of 1767+j100 MVA. A shunt capacitor of 350 MVAR is installed at bus-8. The
UPFC is supplying 200 MVAR of shunt reactive power to support bus-5 voltage. The

series inverter is injecting a voltage of 0.03 p.u in quadrature (V,.,) and 0.01 p.u in-phase
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(Vsep). The real power flow in the UPFC line (Pjn.) is 229 MW. The generators,

exciter/PSS, network and the UPFC parameters are given in Appendix-2.
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Fig.5.3 Two area power system with UPFC.

Each generator has been represented by 10 state variables. The UPFC is represented with
one state variable. Generator-1 has been assumed as the reference generator. The rotor
angle variables have been referenced to generator-1 rotor angle (3;). The state matrix is a
square 41x41 matrix and is formed using the method described in Appendix-l. Since
generator-1 1s assumed as reference generator, the matrix is reduced by deleting the row
and column corresponding to Ad; and expressing the other generator rotor angles with
respect to generator-1. The matrix is modified by entering -a, in the column for A®, in
row corresponding to generators 2, 3 and 4 rotor angles. The loads have been modeled as

constant impedance. The state matrix is a square 40x40 matrix. For the above two-area
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power system, there are three swing modes. Two of them are local modes and one inter-
area mode. Table-5.5 shows the swing modes of the two- area power system with PSS
only. The complete list of eigen values with and without UPFC is given in Appendix-3. It
would be observed from Appendix-3 that eigen number 29 in Table A3-1 and eigen
number 32 in Table A3-2 are zero eigen value. This is due to the assumption that the
generator torques are independent of speed deviation meaning that the damping due to

governor action is zero.

Table 5.5 Eigen values with PSS (MMPS)

S.no Eigen Value Damping Frequeny Description
factor (C) Hz
1 -1.77 £j11.3 0.154 1.79 Area-1 Local
Mode
2 -1.7066 +j10.872 0.155 1.73 Area-2 Local
Mode
3 -0.5674 £ j 6.009 0.09 0.95 Inter-Area Mode

Table 5.6 shows the swing modes of the two-area power system with UPFC.
Comparing Table 5.5 and Table 5.6, it is seen that with the addition of the UPFC, the
local mode damping has remained almost the same but the inter area modes damping has
increased. The frequency of oscillation of the local and inter-area has remained almost
the same. This study has proved by small sigral stability analysis that UPFC helps in

damping the inter-area mode.
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Table 5.6 Eigen values with PSS and UPFC (MMPS)

S.no Eigen Value Damping Frequeny Description
factor (C) Hz
1 -1.808 £j11.4 0.1566 1.814 Area-1 Local
Mode
2 -1.645 +£j10.72 0.1516 1.706 Area-2 Local
Mode
3 -0.8586 +j 5.8963 0.144 0.938 Inter-Area Mode

b) Effect of series inverter in-phase component (V;.,) on inter-area mode damping:
The swing mode eigen values of the multi-machine power system with UPFC were
analyzed for different operating conditions of in-phase component (V) of series voltage.
Table 5.7 shows the inter-area eigen values for different values of in-phase component
(Vsep) of series voltage. It is seen from Table 5.7 that the in-phase component (V.,) of
series voltage has insignificant effect on the inter-area mode damping. This is due to the
fact that the in-phase component (V) of series voltage has more effect on the
transmission liné reactive power flow (Qji,.) than on the transmission line real power

flow (Pline)-
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Table 5.7 Eigen values with UPFC for different values of in-phase component (V)

of series voltage (MMPS)
S.no Viea Vi Phine Qe Eigen value associated with Inter-area
S MwW) (MVAR) mode
1 0.03 -0.050 222.10 -55.36 -0.8505 =3 5.816
2 0.03 -0.025 22530 -46.60 -0.8540 +j 5.850
3 0.03 -0.010 227.15 -41.20 -0.8560 +j 5.870
4 0.03 0.010 22950 -33.50 -0.8586 £ 5.8963
5 0.03 0.025 231.40 -27.65 -0.8605 £ 59158
6 0.03 0.050 234.35 -17.45 -0.8634 +j 5.9479

c) Effect of shunt inverter controlling the transmission line side bus voltage on inter-
area mode damping: The stability of the multi-machine power system with the shunt
inverter of a UPFC controlling the transmission line side bus voltage has been evaluated.
In this analysis, the strategy used for UPFC is that the shunt inverter controls the DC link
capacitor voltage and the transmission line side bus voltage. The series inverter controls
the UPFC bus voltage and the transmission line real power flow. Table 5.8 shows the
effect of shunt inverter controlling the transmission line side bus voltage.

Table 5.8 Eigen values with shunt inverter of UPFC controlling the transmission

line side bus voltage (MMPS)
S.no Veea Vo Piine Qine Eigen value associated with inter-area

MW) (MVAR) mode

I 0.03 -0.050 222 -55 -0.855 £ 5.81

2 1 0.03 -0.025 225 -46 -0.858 +£j5.85

3 0.03 -0.010 227 -41 -0.8606 *j5.87

4 0.03 0.010 229 -33 -0.8631 +j5.89

5 0.03 0.025 231 -27 -0.865 £ 5.91

6 0.03 0.050 234 -17 -0.8677 £j 5.95

Table 5.8 shows that controlling the transmission line side bus voltage via the shunt

inverter of a UPFC does not cause instability. Thus the strategy of controlling the
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transmission line side bus voltage by the shunt inverter of a UPFC is feasible and

provides stable operation.
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5.3 Transient stability evaluation

Section 5.2 has shown by frequency domain analysis that the UPFC helps in
damping local and inter-area mode oscillations. This section will confirm the
improvement in local and inter-area mode damping with UPFC by time domain analysis.
For the time domain analysis, the differential/algebraic equations associated with the
generator, exciter, PSS and the UPFC are soived simultaneously using Runge-Kutta 4™
order method.

DC link capacitor dynamics pilays an important role when considering the
simultaneous operation of the shunt and series inverter of a UPFC. The DC link capacitor
dynamics have been neglected by most researchers while conducting computer
simulations [16-19].

Since UPFC is a multi-variable controller, it is necessary that all the variables be
included while conducting computer simulations. In reference [14], not all the variables
have been included while conducting computer simulations.

In references [15,20], the model for UPFC used is not an accurate one. They
model shunt inverter reactive power capability as a variable shunt capacitor and the real
power capability as a parallel current source. They have excluded the shunt inverter
transformer modeling while conducting computer simulations. By neglecting the shunt
inverter transformer model, the interaction between the shunt real and reactive power is
absent.

In all the computer simulations carried out here, the DC link capacitor dynamics
have been included. Also variables namely Piine V4 and Viprpus have been controlled

simultaneously. As seen from Table 5.3 and Table 5.7, the effect of in-phase component
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(Vsep) of series voltage on rotor angle mode/ inter-area mode damping is insignificant and
hence disabling the line side voltage controller for all time domain simulations is
justified. Further, the shunt inverter of the UPFC is modeled as a variable voltage source
allowing for its magnitude and phase angle to be varied. The shunt inverter transformer

has been inciuded while conducting time domain computer simulations.

5.3.1 Single machine infinite bus power system (SMIB)
a) Improvement in generator rotor angle mode damping: The SMIB power system
shown in Fig.5.2 is simulated using MATLAB software. The generators are represented
by their differential/algebraic equations given in section 5.1.1.2. The exciter is modeled
as a constant gain. The PSS consists of a washout circuit and two lead-lag blocks. The
exciter/PSS block diagram is shown in Appendix-1. The UPFC dynamics is represented
by equation 5.18.

Three-phase fault is applied at the generator terminals (bus-2) for 80 msec and
removed without any change in the network configuration. Fig.5.4 shows the generator

rotor speed (4@ oscillations of the generator with and without UPFC. The addition of

UPFC has improved the damping of the generator rotor speed (4a,) oscillations.
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Fig.5.4 Generator rotor speed (Aw) oscillation damping with and without UPFC.

The generator rotor speed (A@) oscillations of the generator without UPFC takes

approximately 10 seconds to damp out, while with UPFC included, it takes around 5

seconds.

Fig.5.5 shows the generator electrical power (P,) oscillations with and without

UPFC.
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Fig.5.5 Generator electrical power (£,) oscillations with and without UPFC.

10

The generator electrical power (P,) oscillations show improved damping with UPFC. The

generator electrical power (P,) without UPFC takes about 10 seconds to damp out while

with UPFC included, it takes about 5 seconds. The peak of the generator electrical power

(P.) is about 1000MW soon after the fault is removed. Further, subsequent generator

electrical power oscillations (P,) with UPFC included in the power system damp out

quickly. Computer simulations on a SMIB power system have confirmed the results

obtained from small-signal stability analysis. It has shown that with UPFC included in the

power system, the damping of the generator rotor mode oscillation increases.
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Fig.5.6 shows the DC link capacitor voltage (Vy) oscillations due to three-phase
fault at the terrninals of the generator. The DC link capacitor voltage (Vy.) shows very
little oscillations. This is because the shunt inverter has very effectively controlled the
DC link capacitor voltage (Vy.). At the instant of fault occurrence, the DC link capacitor
voltage (Vy.) drops as it supplies some of its stored energy to the fault. Subsequent to
fault removal, the shunt inverter modulates its consumption of real power and controls

the DC link capacitor voltage (V) to its reference value.
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Fig.5.6 DC link capacitor voltage (V) oscillations for three phase fault at the generator terminals.
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5.3.2 Multi-machine power system (MMPS)
a) Improvement in inter-area damping : The power system shown in Fig.5.3 has been
simulated using the MATLAB software. The load flow as explained in chapter-4 has
been performed with the UPFC. The results of the load flow are used as initial conditions
for performing transient simulations. The generators are equipped with PSS and static
exciter. The generators are modeled in the d-q axis representation. Each of these
generators is modeled with one d-axis damper and two g-axis damper windings. The
differential/algebraic equations for the generator are in Appendix-1. For the multi-
machine power system, generator G1 is assumed as the reference generator. For the
UPFC, the shunt inverter controls the bus-5 voltage (Vipfesus) and the DC link capacitor
voltage (Vz.)- Bus-5 voltage will also referred to as UPFC bus voltage. The series inverter
controls the transmission line real power flow (Py;,.) by injecting adjustable magnitude of
voltage in quadrature (V) with the UPFC bus voltage (Vippsus)- The in-phase injection
(Vsp) has been disabled as it has very little effect on the swing modes (Table-5.7). Two
different fault location cases have been simulated to show the improvement of damping
oscillations with UPFC. The conditions are

1. When Area-1 supplies Area-2 with 400MW of power and a three-phase fault
occurs for 80msecs at the load bus in Area-1 (sending end) with no change in the network
structure.

2. When Area-1 supplies Area-2 with 400MW of power and a three-phase fault
occurs for 80msecs at the load bus in Area-2 (receiving end) with no change in the

network structure.
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i) Three-phase fault at bus-5 (Exporting area)

In this simulation a three-phase fault is assumed to occur in Area-1 for 80 msecs
at bus-5 with no change in the structure of the power system. The three-phase fault
condition was simulated by connecting an admittance of value -j20 in shunt with bus-5.
In this simulation, it is assumed that the protection as a whole has failed to operate and
hence no change in the power system structures. The real power flow in the double circuit
line (Pjin.) (bus-6 to bus-14) without the UPFC is 228MW. The shunt inverter of the
UPFC controls the bus-5 voltage (Vinsus) and the DC link capacitor voltage (Vy). So to
be able to compare the dynamic performance with the UPFC, the real power flow in the
UPFC line (Pyi.) is adjusted to 228MW. This is achieved by injecting a series voltage of
0.03 p.u in quadrature (V,,) with the UPFC bus voltage (bus-5). During and after the
fault the shunt capacitors at the load buses are not disconnected. Also the UPFC is not
disconnected during the fault period. The initial voltage on the DC link capacitor (V) of
the UPFC is 2.0 per unit. Fig.5.7 shows the rotor angle oscillations of generator G2 with
respect to generator G1. As seen from Fig.5.7, the initial operating point for generator G2
with respect to generator G1 (&) is around 10 degrees. With the three-phase fault at bus-
3, the generator electrical powers (G3 and G2) in Area-1 go to a very low value causing
the generators G3 and G2 rotor angle to increase in the first swing. For the assumed fauit
condition, in the first swing of the rotor angle oscillations of generator (G2) rotor angle
(02;) with respect to generator (G1) without the UPFC is nearly 30degrees. The reason for
the first swing to increase is that subsequent to fault occurrence and removal, the
generator rotor angle of G3 (d;) and G2 (&) increases much faster than that of G1 (&)).

Since G1 is assumed as the reference generator, the difference in rotor angle between G2
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and Gl (&) increases. The simulation with PSS (without UPFC) shows very low
damping of generator rotor angle (J,;) oscillations. Further, the generator rotor angle G2
(&21) oscillations damp out after nearly 9 seconds without UPFC. With UPFC in service,
the generator rotor angle oscillation (&2;) damp out much faster with the first swing of
nearly 25 degrees. Subsequent rotor angle oscillations are well damped with UPFC. It
takes approximately 5 s to damp out the generator G2 rotor angle (/) oscillations with

UPFC.

30 ] 1 L 14 1) i L L L

. -—- - Without UPFC
i —— WIth UPFC

—_~ e - ———— - -

&1 (degrees)

-5 I 1 1 2 1 1 1 ! !

0 1 2 3 4 5 6 7 8 9 10
Time in seconds

Fig.5.7 Rotor angle oscillations of generator G2 with respect to generator G1 (&,) (with and without

UPFC).
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Fig.5.8 shows the rotor angle oscillations of generator G3 with respect to
generator G1 (83;). The initial angle difference between generator G3 and Gl is around
20 degrees. The first swing of generator G3 with respect to generator Gl with UPFC
included is around 40degrees. As seen from the Fig.5.8, the damping of generator G3
rotor angle oscillations with respect to G1 (8)) is poor. It takes around nearly 9 seconds
to damp out the oscillations. With the UPFC in service, the first swing is reduced

significantly and it takes lesser time to damp out the oscillations.

40 1 i i 1] LN ] L i T

: . .~ - - Without UPFC
! —— WIth UPFC

& (degrees)

0 & 1 1 1 1 4
0 1 2 3 4 5 6 7 8 9 10
Time in seconds

Fig.5.8 Rotor angle oscillations of generator G3 with respect to generator G1 (with and without UPFC).

81



Fig.5.9 shows the total inter-area real power flow (Pincer-ares) Oscillations for a
three-phase fault at bus-5. The initial inter-area power flow (Piarer.area) is 400MW. This
amount of real power is exported to Area-2 from Area-1 through a double circuit line of
300 km long and one single circuit line of 200 km long. The application of a three-phase
fault causes the total generator electrical power of G3 and G2 (P,) to drop to near zero.
This causes the inter-area real power flow (Pinser-ares) to drop to almost zero. After the
fault removal with no change in the network structure, the inter-area real power flow
(Pinter-area) Shoots up to around 625MW without UPFC, while the over shoot with UPFC
installed is around 575MW. The damping of the inter-area real power (Pinrer-area)

oscillations are improved with UPFC.
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Fig.5.9 Inter-area real power flow oscillations (with and without UPFC).

Fig.5.10 shows the real power flow in the transmission line with UPFC (Pie).
The initial power flow in the UPFC line (Pjin) is around 228MW. The three phase fault
causes the real power flow in the UPFC line (Py.) to drop to around 50MW during the
fault period. Subsequent to fault removal the real power flow in the UPFC line (Pjine)
iﬁcreases to about 350MW without UPFC. With UPFC the real power flow (Pyin) in the
first swing increases only up to 325 MW. Subsequent power swings of P, are well

damped.
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Fig.5.10 Real power flow oscillations in the double circuit line (with and without UPFC).

ii) Three-phase fault at bus-10 (Importing area):

In this simulation case, a three-phase fault is assumed to occur in Area-2.
Subsequent to fault removal, no change is made in the structure of the power system.
Also the shunt capacitors are assumed to be in service before and after the fault removal.
The initial operating condition of the power system is such that Area-1 exports 400MW
of real power to Area-2. Under this condition, the real power flow in the transmission line

with UPFC (Py,.) is 228MW. The series inverter of the UPFC injects 0.03pu (Vi) in
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quadrature with the UPFC bus voltage (bus-5). The shunt inverter controls the bus-5
voltage (Vupreus) and the DC link capacitor voltage (Vi).

Fig.5.11 shows the rotor angle oscillations of generator G2 with respect to
generator G1 (&,;). The operating conditions are the same as that in the previous case.
The three-phase fault is simulated by connecting a large admittance of value —j20 p.u in

shunt at bus-10.
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Fig.5.11 Rotor angle oscillations of generator G2 with respect to generator G1 (&;) (with and without

UPEC).

A fault at bus-10 which is in the importing area causes the rotors of generators G1 and
G4 to accelerate quickly thereby increasing the rotor angle difference between generator
G2 and generator G1 (&)). It reaches a value of approximately —10 degrees in the first

swing without UPFC. But the first swing with UPFC reaches a value of approximately —
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15 degrees. The excursion of the rotor angle is nearly 25 degrees with UPFC. The reason
that could be attributed to this is that since the fault is in Area-2 the excursion of the rotor
angle of generator G2 is reduced due to the presence of UPFC (providing positive
damping to Area-1 generators) and hence the difference between the rotor angles of
generators G2 and Gl (&;) has increased. Subsequent oscillations of &, are well
damped.

Fig.5.12 shows the generator rotor angle oscillations between G3 and GI1 (d3)-
Here too, the excursion in the first swing is more with UPFC due to the reason mentioned

above. Subsequent swings are well damped with UPFC.
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Fig.5.12 Rotor angle oscillations of generator G3 with respect to generator Gl (J;;) (with and without

UPFC).
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Fig.5.13 shows the inter-area real power flow (Pinterarea) Oscillations for a fault in
Area-2. It is evident from Fig.5.13 that the damping of the inter-area power (Pinrer-area)
oscillations is improved with the UPFC. The first swing in the inter-area real power flow
(Pinter-ares) With and without UPFC is around 575SMW. Subsequent swings of the inter-
area real power flow (Piyer-area) Show increased damping with UPFC. The UPFC thus

provides increased damping to inter-area power flow as analyzed by small signal stability

analysis.
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Fig.5.13 Inter-area real power flow oscillations (Piyer.area) (With and without UPFC).

Fig.5.14 shows the real power flow in the transmission line with UPFC (Pjinc).

The initial real power flow (Py) in the UPFC line is around 228MW. During the fauls,
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Pline (MW)

the real power flow (Pj;e) in the UPFC line drops down to around SOMW. The maximum
excursion of the real power flow (Pjixc) is around 335MW without UPFC. The peak of the
first swing of real power flow (Pjin.) With UPFC is almost the same as without UPFC.
The improvement in damping of real power flow (Pjinc) with UPFC is evident in
subsequent power swings. The real power flow (Pgne) oscillations without UPFC shows

low damping compared to power oscillations with UPFC.
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Fig.5.14 Real power flow oscillations in the double circuit line (with and without UPFC).
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5.4 Summary

This chapter has presented a detailed procedure leading to the formulation of the
state matrix with UPFC where the real power flow in the transmission line (Pj.) is
controlled by injecting a voltage in quadrature (V) with the UPFC bus voltage and the
line side bus voltage is controlled by injecting a voltage in-phase (V) with the UPFC
bus voltage. The shunt inverter controls the UPFC bus voltage (V,pfsus) and the DC link
capacitor voltage (V). The DC link capacitor dynamics have been included while
performing small-signal and transient stability analysis. The inclusion of DC link
capacitor dynamics while performing small and transient stability accurately models the
interaction between the series and the shunt inverter operation.

Small-signal and transient stability analysis has been carried out on SMIB and
multi-machine power systems. The improvement in local mode and inter area mode
damping has been brought forth with UPFC. The effect of combined operation of PSS
and UPFC has been studied in this chapter through small-signal and transient stability
analysis. Small-signal and transient stability analysis has shown that the UPFC
contributes positively to local mode and inter-area mode damping. In the case of SMIB,
the local mode damping increased from 0.073 to 0.14. In the case of multi-machine
power system, the inter-area mode damping increased from 0.09 to 0.144.

The stability of the power system with the shunt inverter of UPFC controlling the
transmission line side bus voltage (equivalent to controlling the transmission line reactive
power flow), DC link capacitor voltage and the series inverter controlling the
transmission line real power flow, UPFC bus has been evaluated. It has been found that

this strategy is feasible and does not cause instability.
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Chapter 6

Improvement in power system stability using a
fuzzy logic controller for a UPFC — Single and

Multi-machine power system

6.0 Introduction

The previous chapter has shown by small-signal stability analysis and time
domain analysis that UPFC improves the over all stability of the power system. In doing
so, PI controllers were used to control the transmission line real power flow (Plize), the
UPFC bus voltage (Vipfeus) and the DC link capacitor voltage (Vi). Time domain
simulation with UPFC provides valuable information for the design of fuzzy controller
for a UPFC.

A vast amount of literature exists in the field of application of fuzzy logic to

power system problems. Fuzzy logic based controllers have provided better solutions

50



than conventional controllers. Recently, fuzzy logic has been used to coordinate the

control variables of a UPFC to achieve improvement in transient stability [20].

The purpose of this chapter is to two fold.

I.

N

The series inverter of a UPFC plays a major role in providing power flow control and
power oscillation damping. One purpose of this chapter is to design a fuzzy controller
for the series inverter to control the transmission line real power and provide damping
to them. The performance improvement by using a fuzzy controller over a PI
controller will be brought out by computer simulations on a single machine infinite
bus and multi-machine power systems. The complexity in the design of a fuzzy
controller for the series inverter lies in the fact that the fuzzy controller should not
only provide improvement in power oscillation damping but also see that it does not
create instability. Instability could arise due to non-coordination of series and shunt
inverter operation leading to possible collapse of the DC link capacitor voltage.

The analysis carried out by Padiyar et.al [23] show that the use of high gain PI
controller for controlling the transmission line real power flow could lead to low
damping. They state that

“ The main concern in the design of an output feedback controller is the stability of
the oscillatory mode (in the D-Q axis frame of reference: near about ayp rad/s)

associated with the series inductance™.

In this thesis, a fuzzy logic controller has been proposed to overcome the problem of low

damping experienced when using a high PI gain output feedback to control the

transmission line real power flow. The fuzzy knowledge base developed in this chapter

provides the necessary foundation for solving the problem of low damping experienced
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when using a high PI gain controller for controlling the transmission line real power flow.
The developed knowledge base will be used in chapter-9 to show the improvement in
step response with a fuzzy controller over PI controliers.

As a background, the basics of fuzzy logic and how it is implemented in a fuzzy

logic controller has been reviewed briefly.

6.1 Basics of fuzzy theory
Fuzzy set: A fuzzy set ‘F’ having a universe of discourse ‘U’ is described by a
membership value £, which can take values between 0 and L. The fuzzy set ‘F’ is a set

of pairs of elements ‘u’ in the set ‘F’ and its associated membership value i, .

Support of a fuzzy set: It is the fuzzy set of all elements ‘u’ in the universe of

discourse ‘U’ for which g, (u) > 0.

Linguistic variables: This is defined by the quintuple {x, T(x), U, G, S}, where
‘x’ is the name of the variable, T(x) is the term set of the variable i.e the set of names that
characterize the variable ‘x’, ‘U’ the universe of discourse, ‘G’ the syntactic rule for
generating the names of the values of ‘x’. S is the semantic rule for associating with each

value its meaning.

Union of two fuzzy sets: The membership function u,, of the union of two

fuzzy sets A and B defined for all elements “u’ is

Haop =max [ u,(u),ug(u) ]
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Intersection of two fuzzy sets: The membership function u,., of the
intersection of two fuzzy sets A and B defined for all elements “u’ is
ﬂAnB = mj-n [ ﬂA(u)vﬂg(ll) ]

Complement of a fuzzy set: The membership value i of the complement of the
A

fuzzy set A for any element ‘u’ is given by
p) =14 ()
Cartesian product: If A,A,,,..A, are fuzzy sets in the universe of discourse
U,.U,,,..U, respectively, then the Cartesian product of A, 4,,,..A, is a fuzzy set in the
product space U, xU,x....... xU, with a membership function

Hog xazx...ay (), tty,...te,) =min ( U, N/ (7729 RNt Uy, (u,) )

6.2 Fuzzy Logic Controller

A fuzzy logic controller has four main components. They are
1. Fuzzfication interface.
2. Knowledge base.
3. Decision making Logic
4. Defuzzification interface.
Each of the above will be explained with the help of an example.

Consider a fuzzy logic controller with inputs as error ‘ Ae ’ and the rate of change of error

‘Ae ’ toit. Let A be the variable to be controlled and A, be its reference value as shown
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in Fig. 6.1. Let the output of the controller be Au. The fuzzy logic controller input signals

are the error and the rate of change of error.

A, — AlK)

Ae =
AT

Ae = Ae(k)— Ae(k - 1)

AT
Ka. >
A Fuzzy
ref L . K
ogic = K, = Au
+ controller
— Kae

Fig. 6.1 A sample fuzzy logic controller.

Here the two input linguistic variables are the error and the rate of change of error. Each

of the two linguistic variables is defined over a universe of discourse namely U,, and
U o respectively. Ka. and K, are constants used to massage the input signals to fit in

within the universe of discourse. The output gain Ko, is used to fine-tune the output
signal. They have been chosen as unity for descriptive purpose. Let the universe of
discourse for each of the input linguistic variable be divided into 5 fuzzy sets namely,
Positive Big (PB), Positive Medium (PM), Zero (ZE), Negative Medium (NM), and

Negative Big (NB). Each of the fuzzy set has a definite support. Each fuzzy set can be
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triangular, or trapezoidal or sigmoidal. In this case, triangular fuzzy sets are used. Let the
universe of discourse for the error be {-0.2 to + 0.2}. Let the universe of discourse for the
rate of change of error be {-0.06 to +0.06}. Each of the universe of discourse is divided
among the five fuzzy sets with 50% overlap as shown in Fig.6.2. The five fuzzy sets

named NB, NM, ZE, PM, PB can have variable support within the universe of discourse.

NB NM ZE PM PB

'<__ Universe of discourse J——
X nin X

Fig.6.2 Five fuzzy sets.

Fuzzification Interface maps the crisp data input to a fuzzy set with a
membership value. For example, the universe of discourse for the error is {-0.2 to +0.2}.
For convenience, they are equally divided between the five fuzzy sets as shown in Fig.6.3
Assume now that the error input is +0.03. So the error now appears in the fuzzy set ZE

and the fuzzy set PM as shown in Fig.6.3.
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Membership [

NB NM i PM PB

Fig.6.3 Fuzzy sets with their respective support.

The membership of the error in the fuzzy set ZE is
U5:(0.03)=(0.1-0.03)/0.1 = 0.7
and in fuzzy set PM is
M p,(0.03) =(0.03/0.1)=0.3

Thus the function of the Fuzzification interface is to identify the fuzzy sets and their
membership to which the input crisp value belongs.

Knowledge base comprises of the knowledge of the application domain and its
control objectives. The expert knowledge is generally given in the following format.

“IF (a set of conditions) THEN (a set of consequent can be inferred)”.
These statements contain a set of conditions and a set of decisions to be inferred. The set
of decisions could be fuzzy sets. For example:

IF (error is PM) and (rate of change of error is NM) THEN (change in output is

PM)
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The above statement means that IF the error is in the fuzzy set PM and the rate of change
of error is in the fuzzy set NM, THEN the change in output value is PM. The knowledge
base consists of many rules depending on the expert domain experience. For example, if
there are 5 fuzzy sets, each for the error and the rate of change of error, then there are 25
rules. But in most cases not all the rules are used. An expert domain knowledge base can

be put in a tabular form as shown in Table 6.1.

Table 6.1 A Fuzzy knowledge base

ZE. |NM [NB
PM |NM
PM NB |[NM |ZE |PM |PB
ZE NM
NM PB
NB NB [NS |[NB |PS |PB

The decision-making logic is the process of simulating human like decision
making based on fuzzy concepts. The idea behind this is to relate the input signals to the
output signals. They are accomplished by the various operators available [38]. To

explain the decision making process, consider the rules in Table 6.1.

97



“{IF (error is PB) AND (the rate of change of error is PB) THEN (change in

output Au is NB)} OR {IF (error is PM) AND (the rate of change of error is PM) THEN

(change in output Au is NM)}”

Consider the following statements.

Let the error be in the fuzzy sets PB and PM and have a membership value of 0.5
and 0.5 in their respective fuzzy sets. Let the change of error be in fuzzy sets PB and PM
and have the membership values of 0.666 and 0.33 in their respective fuzzy sets. To
relate the input signals to the output signal, consider the ‘min’ operator. This ‘min’
operator mimics the ‘AND’ function in the above rule. Using the min operator, the extent
to which the fuzzy set NB is fired is min (0.5,0.666) i.e 0.5. Similarly, using the min
operator, the extent to which the fuzzy set NM is fired is min (0.5,0.333) i.e 0.333. The
above procedure has illustrated the process of decision making using the min operator.
Other operators like product could also be used.

After having obtained the membership values of the consequent fuzzy sets, it is
then required to defuzzify the control actions. This is done by the Defuzzification
interface. The crisp control value is obtained by defuzzifying the information obtained
from the decision making interface. This is generally done by the center of gravity
method. To continue the example, the information obtained from the decision making
interface is that, the membership value of the consequent fuzzy set NB is 0.5 and the
-rnernbership value of the consequent fuzzy set NM is 0.333. Fig.6.4 shows the output or
consequent fuzzy sets. Using the above information the crisp value for the control action
is obtained by taking the center of gravity of the two inferred consequent sets namely NB

and NM. The crisp control value is given by
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Fig.6.4 Consequent fuzzy sets.

_ (0.5*centroidof setNB) + (0.33 * centroidof set NM )

A
“ (0.5+0.333)

_ (0.5*-0.08) +(0.333*-0.04)
0.8333

Au =-0.064.

Therefore the change of control output is -0.064.

6.3 Knowledge base design for the Series Inverter

In this section, a fuzzy knowledge base for a fuzzy logic controller has been
developed for the series inverter of a UPFC that controls the real power flow in the
transmission line. The most important part of a fuzzy controller is its knowledge base.

These are basically linguistic rules that show the relation between the input quantities and
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the output quantities. The input quantities chosen are the error in the transmission line
real power flow (Pjine) and the rate of change of real power flow in the transmission line
where the UPFC is installed. The output variable of the knowledge base is the change in
series injected voltage (AVi.,).

Seven fuzzy sets were used for error in real power flow, change of error in real
power flow and the change in series injected voltage, namely Positive Big (PB), Positive
Medium (PM), Positive Small (PS), Zero (ZE), Negative Small (NS), Negative Medium
(NM) and Negative Big (NB). All membership functions have been assumed triangular in
shape for the sake of simplicity. The product operator has been used for the decision
making process. The center of gravity method has been used for Defuzzification.

While conducting computer simulations on a single machine infinite bus power
system, the error in transmission line real power, change of error in transmission line real
power and the change in control input (quadrature injected voltage AV,.,) were monitored
and the range over which they varied were noted. Based on those findings the universe of
discourse for the error, change in error and the change in control input are defined. Fig
6.5 shows the error in real power flow obtained from the simulations conducted in
chapter S on a SMIB. As seen from Fig.6.5, the range over which they oscillate is £0.15
Thus for the error in transmission line real power flow, the universe of discourse was
chosen to be £0.2. The input gain for error K,. was chosen to be 1.0. The centroid of the
fuzzy sets for error in real power flow are 0.2 (PB), 0.1(PM), 0.03(PS), 0.0 (ZE), -0.03

(NS), -0.1 (NM), -0.2 (NB).
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Fig.6.5 Error in transmission line real power flow for a SMIB case.

Fig.6.6 shows the change of error in transmission line real power flow for a SMIB
case. It is seen that the change in error range from 1.0 to —0.6. The universe of discourse
for change of error in real power flow was chosen to be smaller than +1.0 and ~0.6. The
universe of discourse was chosen to be £0.02 with an input gain Ka. of 0.1. By doing so,
the rules in the knowledge base on the outer periphery will be fired during the initial
periods after the disturbance. This helps in providing more control effort (change in
quadrature injected voltage AV,,) during the initial periods to damp the power

oscillations. The centroid of the fuzzy sets for change of error in transmission line real
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power flow are 0.02 (PB), 0.01(PM), 0.003(PS), 0.0 (ZE), -0.003 (NS). -0.01 (NM), -0.02

(NB).

1-2 1 4 ' I T T t T ¥
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Fig.6.6 Change in error in transmission line real power flow for SMIB case.

Fig.6.7 shows the change in control input (AV,,,). Th range over which they vary
is about £0.00025. The centroid of the fuzzy sets for change in series quadrature injected
voltage are 0.00025 (PB), 0.0002(PM), 0.0001(PS), 0.0 (ZE), -0.0001 (NS), -0.0002

(NM), -0.00025 (NB). An output gain (K,,) of 4.0 was used for the SMIB case.
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Fig.6.7. Change in control input V,,, for SMIB case.

Table.6.2 shows the knowledge base developed for control of real power flow.
The rules in Table 6.2 have been generated by looking at the instances of the error,
change of error in transmission line real power flow (Py,.) and the change of control
input (AV,,,) and relating them by fuzzy sets. For example, at approximately 1.0 sec, the
error in transmission line real power flow is almost zero and the change of error in
transmission line real power flow is very near to its negative maximum. At this instant

the change in control input (AV,,,) is near zero and going to its negative maximum. From
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this observation, the rule when error in transmission line real power flow is zero and
change of error in transmission line real power flow is at its negative maximum, the
change in output (AV,,,) is negative maximum has been developed. Based on such an
analysis, the rest of rules have been developed. In Table-6.2, CE represents the change in
error in transmission line real power flow and £ represents the error in transmission line

real power flow.

Table 6.2 Fuzzy knowledge base for series inverter of UPFC

CEW":NB | NM | NS | . ZE- | ~PS* |:-PM | PB:
PB ZE PS PM PB PB PB PB
PM NS ZE PS PM PM PM PB
PS NM NS ZE PS PS PM PB
ZE NB NM NS ZE PS PM PB
NS NB NM NS NS ZE PS PM
NM NB NB NM NM NS ZE PS
NB NB NB NB NB NM NS ZE

The knowledge base developed in Table 6.2 comes from the fact that when the
error in transmission line real power is positive, meaning that the transmission line real
power flow is less than its reference value, the series quadrature injected voltage (Vi) is
increased to reduce the error. By doing so, the phase angle difference between the
sending and receiving end increases causing the transmission line real power flow to
increase and thereby reducing the error in it. Conversely and when the error in
transmission line real power flow is negative, the series quadrature injected voltage
(Vseq)is decreased to reduce the error.

Looking more carefully at the knowledge base, it is seen that the rules are

separated into two regions along one of the diagonals. On one side of the diagonal are
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positive changes to control input (V,,) and on the other side negative changes to control
input (V,,). The rules that are closer to the diagonal are of smaller changes in control
input (V,.,) and as one moves away from the diagonal, larger changes in control input are
encountered. Thus there are not abrupt changes in rules. For example, a change from PM
to NM between adjacent cells is not present. This helps in allowing for smooth transition
of the control input (V) from one region to the other. One of the outcomes is that the
real power absorbed/generated by the series inverter due to interaction between the series
injected voltage and the transmission line current makes a smooth transition from
generating to absorbing and vice a versa and helps in allowing the shunt inverter to
provide the necessary real power demand of the series inverter. By doing so, the voltage

across the DC link capacitor is prevented from changing abruptly.

6.4 Simulation results

6.4.1 SMIB case: The single machine infinite bus power system shown in Fig.6.8
has been considered to show the improvement in damping of the generator rotor angle,
generator rotor speed and transmission line real power flow oscillations using a fuzzy
controller that uées the knowledge base developed in Table 6.2. The generator, exciter,
PSS, UPFC and network data are given in Appendix-1. The generator is modeled in the
d-q axis representation and is equipped with an exciter and a PSS. The generator
differential/algebraic equations are given in section 5.1.1.2. The UPFC is represented
with differential equation describing the DC link capacitor dynamics (equation 5.18). The
exciter and PSS model are given in Appendix-1. The disturbance is a 80msec fault at the

terminal of the generator with no change in the structure of the power system.Fig.6.9
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shows the generator rotor angle oscillations with UPFC (PI controller) and with UPFC

(Fuzzy controller).
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Fig.6.9 Generator rotor angle (8) Oscillations.
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The initial generator rotor angle (J)is around 78 degrees. The three-phase fault is applied
as a very high admittance at the generator terminals for 80msec and then removed. It is
seen from Fig.6.6 that the first swing with the UPFC after the fault removal is the same
with PI controller and with fuzzy controller. Subsequent oscillations with the fuzzy
controller shows greater damping compared to the case when the UPFC is equipped with
a PI controller. The simulation with UPFC equipped with a fuzzy controller for the series
inverter has actually shown that the knowledge base used for the fuzzy controller is
appropriate and does provide improved damping to generator rotor angle oscillations.
Fig.6.10 shows the generator rotor speed (Aa) oscillations for a three-phase fault
at the terminals of the generator. The generator rotor speed (4w.) oscillations with UPFC
equipped with a fuzzy controiler shows increased damping as compared to when the
UPFC is equipped with a PI controller. The difference in the damping is only evident in

the subsequent oscillations.
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Fig.6.10 Generator rotor speed (da3) oscillation damping.

Fig. 6.11 shows the generator electrical power (P,) output for the three-phase fault
at the generator terminals for 80 msec. The first swing of the generator electrical power
reaches a peak of 1000 MW from the initial value of 700 MW. The damping of the
generator electrical power is much more with the fuzzy controller than with PI controller.
It takes approximately 4 seconds to damp the generator electrical power with the fuzzy

controller for a UPFC compared to 5 seconds with PI controller.
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Fig.6.11 Generator electrical power (P,) output.

Fig.6.12 shows the real power flow in the transmission line comainin_g the UPFC
(Piive)- The initial power flow in the UPFC line (Py,) is about 250 MW. The first swing
in real power in the UPFC line (Py..) reaches a value of 375 MW when the UPFC
controls the real power flow with a PI controller. The first swing in transmission lir-e real
power flow is reduced to 360 MW when the UPFC is equipped with a fuzzy controller.
Subsequent transmission line real power flow oscillations are better damped with fuzzy

controller.
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6.4.2 Multi-machine power system (MMPS) case: Fig.6.13 shows a multi-machine
power system. Generators 2 and 3 provide power to Area-1 loads and generators 1 and 4
provide power to Area-2 loads. The generation in Area-1 is 1400 MW and the load in
Area-1 is 967+j100 MVA. Area-2 has deficiency in generation of about 400 MW and
hence imports real power from Area-1. Area-l is exporting around 400MW of power to
Area-2. Area-2 has a load of 1767+j100 MVA. A shunt capacitor of 350 MVAR is
installed at bus-8. The UPFC is supplying 200 MVAR of shunt reactive power to support

bus-5 voltage. The series inverter is injecting a voltage of 0.03 p.u in quadrature with
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bus-5 voltage. The real power flow in the UPFC line is 229 MW. The generators,

exciter/PSS, network and the UPFC parameters are given in Appendix-2.
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Fig.6.13 Two area power system with UPFC.

In this simulation a three-phase fault is assumed to occur in Area-1 for 80 msecs
at bus-5 with no change in the structure of the power system. It is assumed that the
protection as a whole has failed tc operate and hence no change in the power system
structures. The power flow in the double circuit transmission line (bus-6 to bus-i4 in
Fig.6.13) without the UPFC is 228MW. So to be able to compare the dynamic
performance with the UPFC, the power flow in the UPFC line is adjusted to 228MW.
This is achieved by injecting a voltage of 0.03 p.u in quadrature with the UPFC bus
voltage (Bus-5). During and after the fault the shunt capacitors at the load buses are not
disconnected. Also the UPFC is not disconnected during the fault period. The initial

voltage on the DC link capacitor of the UPFC is 2.0 p.u.

111



For the MMPS case, seven fuzzy sets were used for the error in real power flow,
change of error of real power flow and change in series quadrature injected voltage.
Table 6.2 shows the fuzzy knowledge base used for the MMPS case. A universe of
discourse of 0.2 was used for error in real power flow. The input gain that was used for
the error was 2.0. For the change in real power flow, a universe of discourse of 0.2 was
used. The input gain used for the change in real power flow was 0.01. The universe of
discourse for the change in quadrature injected voltage was + 0.0005.

Fig.6.14 shows the rotor angle oscillations of generator G2 with respect to

generator G1 for a 80 msecs fault at bus-5. Generator G1 is assumed as the reference for

all simulations.
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Fig.6.14 Rotor angle difference (&) between generators G2 and G1. Fault at bus-3.

The initial operating point for generator G2 with respect to generator G1 (&) is around
10 degrees as seen from Fig.6.14. With the three-phase fault at bus-5, the electrical power
in Area-1 goes to a very low value causing the generators G3 and G2 rotor angle to
increase in the first swing with respect to Gl. The three-phase fault condition was
simulated by connecting an admittance of value -j20 in shunt at location A. With the
UPFC in service equipped with a PI controller, the generator G2 rotor angle oscillation

(&2:) damp out with the first swing of nearly 25 degrees. But with the UPFC in service
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equipped with a fuzzy controller, the generator oscillations damp out very quickly within
3 seconds.

Fig.6.15 shows the rotor angle oscillations of generator G3 with respect to
generator G1 (&;). The initial rotor angle difference between generator G3and Gl is
around 20 degrees. With the UPFC in service equipped with PI controller, the first swing
reaches a value of 35 degrees and takes about 5 secs to damp out the oscillations. But
with the UPFC equipped with a fuzzy controller, the generator G3 rotor angle (J;)
oscillations damp out much faster within 3 seconds.
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Fig.6.15 Rotor angle oscillations of generators G3 with respect to G1 ().
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Fig.6.16 shows the total inter-area power flow (Pinrer-ared) Oscillations for a three-
phase fault at bus-5. The initial inter-area power flow (Piurer-areq) is 400MW. 400 MW of
real power is exported to Area-2 from Area-1 through the three transmission lines. The
application of a three-phase fault causes the total inter-area real power (Piurer-ares) t0 drop
to near zero. After the fault removal and with no change in the network structure, the over
shoot in inter-area real power flow (Piuer-area) With UPFC installed is around 575MW.
UPFC when equipped with a fuzzy controller controlling the power flow in the double
circuit line (bus-6 to bus-14 in Fig.6.13)provides increased damping to inter-area real

power flow (Piuser.ares) Oscillations as compared to when equipped with PI controller.
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Fig.6.16 Inter-area real power flow (Pinerurea) Oscillations.
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Fig.6.17 shows the real power flow in the transmission line with UPFC (Pi.).
The initial power flow in the UPFC transmission line (Pn.) is around 228MW. The three
phase fault causes the real power flow in the UPFC transmission line (Pyi..) to drop to
around SOMW during the fault period. With UPFC equipped with a PI controller, the real
power flow in the UPFC transmission line (Pu,.) is damped in about 5 secs. But with
UPFC is operated with a fuzzy controller, the UPFC effectively damps out the

transmission line real power (Piin.) Oscillations within 2.5 seconds.
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Fig.6.17 Real power flow in the UPFC transmission line (P,..,).
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6.5 Summary

A knowledge base for a fuzzy controller has been developed for the series inverter
of a UPFC to improve on the damping of local and inter-area mode damping. The
knowledge base developed includes information about the universe of discourse for the
error in real power flow, change of error in real power flow and the change in quadrature
injected voltage that has been obtained from simulations conducted in chapter-5.

Two important conclusions can be drawn from the simulations done on a SMIB
and MMPS with UPFC equipped with a fuzzy controller.

1. UPFC equipped with a fuzzy controller for the series inverter can provide
better performance compared to PI controlled UPFC.

2. These simulations have shown that the knowledge base developed for the
fuzzy controller to be applied to the series inverter of a UPFC is justified.

The knowledge base developed together with the information regarding the
universe of discourse for the error in real power flow and change of error in real power
flow will be used in chapter 9 while designing the fuzzy controller for UPFC using the
PSCAD-EMTDC software. Further, the same knowledge base will be used for the UPFC

control system while operating it using the new control strategy.
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Chapter 7

Shunt inverter construction, operation and
control system design using PSCAD-EMTDC
software

7.0 Introduction

UPFC as described in chapter 1 consists of two inverters connected back-to-back via
a DC link capacitor with one inverter connected in shunt with the transmission line and
the other inverter in series with the transmission line. The shunt inverter of a UPFC
plays an importa.nt role by providing reactive power to support the voltage of the bus to
which it is connected and maintaining a credible DC link capacitor voltage that is
required for the proper operation of both the shunt and series inverters. Also, it supplies
the necessary real power demand of the series inverter of a UPFC.

This chapter focuses on the construction, operation and control of a shunt inverter

using PSCAD-EMTDC software. A control system design procedure for the shunt
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inverter has also been explained. The performance studies will be carried out to validate

the control system design.

7.1 Shunt inverter transformer rating

Fig.7.1 shows a UPFC connected to a transmission line. The shunt inverter is

connected to the UPFC bus through a transformer T;.

Li .
UPFC bus ine side bus of

I Transmission line
/\/\/\/_/WY\__
Lot ]| :
Series m I
transformer *
T, LJuJ Shunt T,

transformer

M P!i

Yl
Al
Y.
71

PS’X _ = —_
Ll v v
S i S
C C
C;:: RC“P
1 2
Shunt Inverter Series Inverter

Fig.7.1 UPFC connected to a transmission line.

The design of the shunt transformer T, is a planning stage development. The
rating of the shunt transformer would normally depend on the amount of reactive power

needed to support the bus voltage. In the planning stage, the peak load conditions could
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be used to come up with the ratings of the shunt transformer. In this thesis, a rating of
160 MVA has been assumed for the shunt transformer. A voltage rating of 345/66 kV

and a per unit leakage reactance of 0.1 has been assumed for the shunt transformer.

7.2 Shunt inverter: Construction and Operation

7.2.1 Basic three-phase voltage source inverter (VSC): A basic three-phase VSC
module consists of 6 GTOs (gl-g6) connected in a bridge fashion. To provide for the
reverse current flow, diodes (d1-d6) are connected in anti-parallel to the GTO switch.
Fig.7.2 shows a basic three-phase voltage source inverter module. The GTO block
available in PSCAD-EMTDC software is modeled as a switch. In order to make it
unidirectional, a diode is added in series with each GTO. The snubber circuit connected
across each GTO is a series combination of a resistor and a capacitor. The values of the
resistor is 5000 Q and the capacitor is 0.05 yuF. The on-state resistance of the GTO is
0.01 Q and the off-state resistance of the GTO is 1.0E+06 €. The forward voltage drop

is 1V. The parameters for the diode are the same as that of the GTO.
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Fig.7.2 A basic three-phase voltage source converter module.

7.2.2 Construction of a 4-module voltage source inverter: In order to build a high
power VSC module, a number of these basic three-phase voltage source converter
modules have to be combined together. In this thesis, a 4-module voltage source
inverter has been constructed. A 4-module VSC consists of 4 basic VSC inverter
configuration connected in parallel across a common DC capacitor. Each of the basic
VSC derives its DC voltage from the capacitor. Considering a sinusoidal pulse-width
modulation (SPWM) for the operation of a VSC, each of these basic VSC modules
generates a balanced three-phase voltage. Transformers are used to combine the voltage
. generated by each of these basic VSC. The primary of each of these transformers is
connected either in Y or A configuration. The secondary of each of the transformer is

connected in series. The arrangement is shown in Fig.7.3.
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Fig.7.3 4-Module voltage source converter.
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7.2.3 Operation of a 4-module voltage source converter: Each of the four VSC
modules as shown in Fig.7.3 generate three-phase balanced voltages based on SPWM.
In this type of modulation, a three-phase balanced sinusoidal signal is compared with a
high frequency triangular waveform to produce the switching instants for the GTOs of
the VSC. There is an inherent limitation on the maximum allowable switching
frequency for the GTO device available so far. The maximum GTO switching
frequency that can be allowed is about 1000 Hz. In this thesis, the switching frequency
of the triangular waveform used is 9 times the fundamental so as to make the operation
of the inverter as close as possible to reality. Further, the use of an odd multiple of the
fundamental frequency allows for elimination of all even harmonics and the harmonic at
the switching frequency (540 Hz) in the line-to-line voltages. Since a low switching
frequency is being used, to eliminate the even harmonics in the line-to-line voltages a
synchronized SPWM is used. In synchronized SPWM, the zero crossing of the three
phase balanced sinusoidal signal is locked on to the zero crossing of the triangular
waveform.

The three-phase voltage generated by each basic VSC module is added to obtain
a high power, high voltage source inverter using the arrangement shown in Fig.7.3. In
order to understand how the voltage generated by each of the 4 VSC modules are
combined, consider the phasor diagram as shown in Fig.7.4. The letters A, B, and C
represent the three phases and the numerals 1, 2, 3 and 4 represent the four basic VSC
modules. The phasors of different phases with same numeral as their subscripts are
phase shifted by 120 degrees. For example, the phasor 1A, 1B and 1C are phase shifted

by 120 degrees. The phasors 2A, 2B and 2C are phase shifted from 1A, 1B and 1C by -

123



30 degrees. It should be observed that VSC-2 is connected to a delta connected
transformer winding. Thus the secondary phase voltage is phase shifted by +30 degrees

A

2C(+97.5 deg) 4C(+82.5 deg)
3C(+112.5 deg) ;

1C(+127.5 deg) :

\! 1A(+7.5 deg)

Reference
Phasor

3A(-7.5 deg)

2A(-22.5 deg)
4B(-157.5 deg) ;

4A(-37.5 deg)
2B(-142.5 deg)

3B(-127.5 deg)
1B(-112.5 deg)

Fig.7.4 Phasor diagram for operation of a 4-module VSC.

and hence is in phase with the phasor 1A. Similarly, the phasor 3A is at an angle of -7.5

degrees. The phasor 4A is at an angle of -37.5 degrees. Since VSC-4 is connected to a
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delta winding, the secondary phase voltage of 4A is in phase with 3A. This results in
two phasors that are at +7.5 degrees and -7.5 degrees. The addition of the phasor at +7.5
degrees and -7.5 degrees results in a phasor that is in phase with the reference phasor.
Further, in order for the voltage generated by each of the VSC to be the same on the
secondary side, the transformer ratio of the delta winding is made V3 (primary :
secondary) times that of the Y windings. Thus if the winding ratio of the transformer
connected to VSC-1 is 9.5:9.5 kV for each phase, then the winding ratio for the VSC-2
delta transformer would be 16.5:9.5 kV for each phase. Thus when added by the series
connection of the 4 transformers on the secondary side would result in each phase
voltage to be approximately 38.1 kV (9.5*4 = 38.1kV). So the line to line voltage at the
output of the 4 module VSC would be approximately 66kV.

The 4-module VSC described in this section will be operated as shunt inverter

when considering the complete operation of a UPFC.

7.3 Shunt inverter: Control system

The objective of the shunt inverter is to provide fast control of reactive power (Qs)
and maintain a constant DC link capacitor voltage (V4). The reactive power
supplied/absorbed by the shunt inverter of a UPFC is controlled by adjusting the
magnitude of its generated voltage. The DC link capacitor voltage (V) is controlled by
adjusting the phase angle of the generated voltage. By adjusting the phase angle of the
shunt inverter generated voltage, real power is either consumed or generated thereby

making it possible to control the DC link capacitor voltage (V). The objective behind
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maintaining a constant DC link capacitor voltage (V) is to provide the series inverter
of a UPFC with the necessary DC voltage for its operation and to supply its real power
demand. In order to control both variables, namely the DC link capacitor voltage (Vy)
and reactive power output (Qs), the shunt inverter is operated using the de-coupled

control system.

7.3.1 Basics of de-coupled control system design: The objective of the de-coupled
control system is to control the real (P,;) and the reactive power (Q;,) simultaneously
with the least interaction between them. By controlling the real power flow (Pg;)
to/from the shunt inverter, the DC link capacitor voltage (V) can be controlled.

To understand the de-coupled control system basics, consider a 4-module 160
MVA VSC as shown in Fig.7.3, connected to a constant 345 kV voltage source through

a 66/345 kV step-up transformer. Fig.7.5 shows the equivalent circuit of the setup.

4 /\/\>\/_KWY\ @
Module — Py, —» 1,1, N

Ve 7= C7 \S/ — /\/\/\/__hNV\_@_
1 /\/\/\/_NVY\_@___
Y

Fig.7.5 Equivalent circuit of a 4-module VSC connected to a constant voltage source.
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Let V;, be the per unit voltage generated by the 4-module VSC. Let 6,; be the phase
angle of the inverter voltage. Let V denote the per unit voltage of the constant voltage
source. Let Ly, Ry, represent the combined per unit reactance and resistance of the Y-A
and the step-up transformers (Fig.7.3). Let C " represent the per unit capacitance of the
DC link capacitor. The constant voltage source is assumed to be the reference.

Fig.7.6 shows the phasor diagram associated with the 4-module VSC. The D-
axis coincides with the phase of the constant voltage source (V). The Q-axis leads the
D-axis by 90 degrees. Let Inp, Isnp be the per unit D-Q axis currents with respect to the
constant voltage source. Viup and Vo represent the D-Q axis voltage of the 4-module

VSC.

o

R e e Ry ==

Fig.7.6 Phasor diagram for 4-module VSC connected to a constant voltage source.
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Assuming the base voltage to be the peak of the phase voltage and the base current to be
the peak of the phase current on the 345 kV side (Fig.7.3), the three-phase real and the

reactive power in per unit is given by the equation 7.1.

3
Q.= —-2-V I.0 7.1

It is very evident from equation 7.1 that the real power (Py,) is a function of Ip and
reactive power {Q;;) is a function of Iy,g. Thus by regulating I;,p and Ig, real (Pyy) and
reactive power (Qg;) to/from the shunt inverter can be controlled independently. This
forms the basis for designing the de-coupled control system [39].

The de-coupled control system allows for independent control of the D-Q axis
currents. In order to achieve de-coupled control of real (Py;) and reactive power (Osi),
consider the equivalent circuit of the 4-module VSC connected to a constant voltage
source as shown in Fig.7.5. Writing the system equations for the equivalent circuit

shown in Fig.7.5 in terms of D-Q axis, we obtain equation 7.2.

dl ,p R, @01 ,p Wy
22 == ==+ oyl 0 +—V,p -V
dr L, o! sno L, ( shD )
dl #0 R, w1 #Q )
e =22 —wap ], +—V, 7.2
dr LS;, 0% shD Lsh ( shQ) ( )
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ap represents the system frequency of 377 rads/sec. @ represents the system frequency
of 1.0 in per unit. To achieve de-coupling of the D-Q axis currents, the control variable

Vap and Vg in equation 7.2 are modified as given in equation 7.3.
L
Vo =V +'l(“l — @ W, IshQ)
a)O

L
Vig = a;h (w, + @ @, 1) (7.3)
o

where u; and u, are auxiliary control variables. Combining equation 7.2 and 7.3

together we get equation 7.4.

dl R, w,I
shD _ __ _“sh 70" _shD +“|
dt L,
dl R, w,f
shQ —__ sh0* shQ +u, (7.4)
dr L, ?

Thus it is seen from equation 7.4 that by controlling «; and u> one can independently
regulate I;,p and ;o thereby controlling the real (Pg;) and the reactive power flow (Qs)
from the 4-module VSC. By controlling u«, the real power flow (P;) and hence the DC
link capacitor voltage (Vy4.) can be regulated. By controlling u» the reactive power flow

(Qs») can be regulated. To close the feedback loop, the auxiliary variables «, and u; are
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controlled by proportional-integral (PI) controllers as given below in equation 7.5. The

D-axis current Ip is controlled by «, and the Q-axis current [y, is controlled by u>.

K,
u, =(Kpl +-;-L}IshDrcf _I:hD)

K;
Uy =(Kp2 +T}Ishgrrf _Imq) (7.5)

The variable s’ in equation 7.5 is the Laplace operator. Equation 7.5 forms the inner
loop control system. The variable /;,p,rcan be controlled by an outer loop that controls
the DC link capacitor voltage (V). Similarly, if the 4-module VSC is used as a bus
voltage controller, the variable I;;o.rcan be controlled by an outer loop that controls the
voltage of the bus to which it is connected. PI controllers are used for the outer loop

control. The outer loop control system is given by equation 7.6.

K,
IshDref = {Kp.‘ + T'3 }Vdcr( - Vdc )

K,
I.!'hQref = (KFJ +T'4}Vref —V) (7.6)

Fig.7.7 shows the de-coupled control system for the 4-module VSC. The control system

shown in Fig.7.7 will be used for the shunt inverter when considering the complete

operation of a UPFC.
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Fig.7.7 De-coupled control system.

7.3.2 De-coupled control system design for a 4-module VSC: The de-coupled control
system design requires quantifying the PI controller gains. The de-coupled control

system design is based on linear control techniques. For the 4-module VSC connected
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to a constant voltage source (Fig.7.5), the differential equations associated with it are as

given in equation 7.2 and have been reproduced here for convenience.

dal ., R, @ ,p @y
D — . Zsh 0D 4 pey T, +—2 (V.. ~V)
a L, | oeel T
dal,, R, w1 10 @
= 2L —wa,l,, +—\V 7.12
o L, od snp L, ( .sle) ( )

One of the important elements that effect the design of the de-coupled controller is the
DC link capacitor (C). References [23,25,27] neglect the effect of DC link capacitor
while designing the shunt inverter control system. This could lead to inaccurate PI
controller gains and thereby an ineffective control system.

The DC link capacitor dynamics is given in chapter-5 equation 5.18 and has

been reproduced as equation 7.13 for convenience.

dV,/c -:—CI)OC[; (V.shDI:hD +V\'hQIshQ +VseD1:eD +Ver[szQ ]_{_ Vdc :] (7.13)

dt 2 Vdc cap
Since the focus of the control design here is on 4-module VSC operated as a shunt

inverter, the two other control variables V,.p and Vs associated with the series inverter

of 2 UPFC have been neglected. Equation 7.13 can now be written as equation 7.14.

D =-moc'[3[v”"’1”"’; VaoTue J+ Ve ] (7.14)
dc

cap
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Thus the complete set of system equations corresponding to the 4-module VSC control
design are equations 7.12 and 7.14.

To achieve de-coupling of the D-Q axis currents, the D-Q axis voltage of the
shunt inverter Vyp and Vo given in equation 7.12 are substituted by equation 7.3.
Equation 7.15 shows the system equations in terms of the auxiliary control varables u;

and u,.

dl,p =_ R, @, I

+u
dt L_‘h shD 1
dl, R. o
hQ —___5h 70 I;},Q +u2
dt L,
NN IR TELA) SR SN S VA
dVdc —_30)06‘ 14 shD a)O shD 24 5hQ a)o —w C' Vd“
dt 2 V. " R,

(7.15)

Linearizing equation 7.15 around an operating point we get,

dA[JhD - Rshab N + m ‘]
dt L, ™
dN',rllQ = R;[,a{) N +&L,

dt L‘h shQ

dAV,, - 3066. {Vdd]{ lau Al ptal, M HIVIAL L +Hauo N o +a ] oM =il g HV g i ]y }AV-lc}
dr 2 Vio

cap

(7.16)

where a;=L, /ay .
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Putting equation 7.16 into state variable form we get,

Alwo| |~ Iiwo 0 0
shD sk AIJhD 1 0
7 Ra, Au,
Algp |= 0 - 0 Al o1 + 0 1
. L, AV b b Au,
AV 4 a., a, a, de 31 In
L J
(7.17)
where
a.. =— 3aJ0C'(alu,o + IVI)
* 2V,
— 30)0C'(a,u20)
Ay == ————
2Vdc0
Qo = 3@,C (101100 +[Vl{:hoo + o004, ) _a,C '
” 2V R..,
b, =— 3woc-(a|[xh00)
51 =
2Vdc0
- 3woc.(anl,mgo)
2V,

It is observed from equation 7.17 that the D-Q axis currents are de-coupled and hence it
is possible to design PI controllers separately for regulating the D-Q axis currents. The
design procedure starts with the design of the de-coupled controllers that uses only the
D-Q axis equations (the first two in equation 7.16). Once the inner PI controllers (K,
Kii, Kpz, Ki2) are designed, the DC capacitor equation is used to design the DC capacitor
voltage PI controller (K,3,Kj; ) that forms the outer loop for the D-axis voltage control.

For the Q-axis, since the 4-module VSC is connected to a constant voltage source
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during design process, the outer loop controller (K,;.Kis ) that is generally used to
control the voltage of the bus to which the VSC is connected has not been considered
here for design. Nevertheless, it will be used in chapter 9 when operating the 4-module
VSC as a shunt inverter.

To begin with the de-coupled control system design, consider the D-axis
differential equation representation given in equation 7.16. Converting it into the
Laplace domain and introducing the PI controller transfer function given in equation

7.5 into the D-axis equation, we get

R )
SAI:I!D (S) = _:Tha)p_MshD (S) + I:Kpl + %}[A(Ishlﬁt[ - IshD )]

'sh

Solving the above equation we get,

(sz + [R—Z'G—oi-i- Kp,jIS +K, ]AI,,,D (s)=0
'sh

Hence the characteristic equation for the D-axis is given by

[sl +{M+K‘,!}S+Kﬂ]=o
L:h

This is a second order equation. Placing the roots of the characteristic equation at

specified locations, one can find the design values of the PI controller. Similar
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procedure has been applied to the Q-axis. The operating conditions for the design are as

given below. The operating conditions have been obtained from PSCAD-EMTDC

simulations.

R=0.0014
L,=02

C =0.0324
1,00 =—0.042
{400 =0.18
u,, =-—0.004
t,, =0.05

w, =377

Vio =222

The poles for the D-axis PI controller (K,;, Ki;) have been placed at 3.9 + j2.5. The
corresponding PI controller gains are K,; = 5.0 and Ki; = 21.4. The poles for the Q-axis
PI controller (Kj,2, Ki2) have been placed at —1.5 £ j 1.7. The corresponding PI controller
gains are K> = 0.2 and K> = 5.0. Having designed the inner loop controller for the D
and Q axis current controllers, the DC link capacitor voltage PI controller (K3, Ki3) has
to be designed. In order to design the DC link capacitor voltage PI controller (K3, Kis),
information regarding the inner loop PI controllers (K,; , Ki;, K2 . Ki2) have to be
included into the complete system equations. Representing equation 7.17 in the state

variable form, we get
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X = AX + BU

(7.18)
Y=CX+DU

Where the matrices A and B are as given in equation 7.17. The matrices C and D are

given below.

01 0
0 0
D=

Equation 7.18 forms the input-output representation of the 4-module VSC connected to
a constant voltage source. Using the procedure described in chapter 5 section 5.1.1.7,
the PI controllers (Kj;, Kis, Kp2, Kiz) can be included into the state matrix A to obtain a

new set of input-output equation as given in equation 7.19.

X, =AX, +BU,

(7.19)
Y,=CX, + DU,

Where

X, = lN:hD’NshQ’AV:Ic’Ax

cl?

Ach J
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4 (A BKAC - BK,
' Mc - DK,
BK
-M
C = (MC - DK;:)
D, =DK,,
-1
M=(I+DK,)

K, =(1+Kk,D]'K,

k,=(I+K,DJ'K,
Ul — I shDref
[ shQref

x.; and x., are the state variables associated with the D-Q axis current controllers. Since
the inverter is connected to a constant voltage source, the Q-axis current reference is not
regulated and hence Alsgrris 0. Thus the U, matrix contains only Alypre. We can now
design the outer loop for DC link capacitor voltage (Vy.) controller by using the above
approach. Inclu&ing the PI controller (K3, Kj3) for the DC link capacitor voltage (Va)

in the state matrix we get the closed loop equation,

X2 =AX, (7.20)
Where

X,= lAIshD’ AI:hQ'AVdc' Ax, ., Ax,,, Axcsj
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X3 is the PI controller state variable for the DC link capacitor voltage controller (V).
Using a PI controller with values for the outer DC link capacitor voltage (V) controller

of K, = -1.0 and K3 = -2.0, the eigen values of the system with all the controllers

included are

-1.10+j 6.46
2.83+j042

146 +j 1.7

The PI controller design values obtained above have been arrived at by iterating
between design procedure and PSCAD-EMTDC simulation until satisfactory step
response performance have been obtained. The de-coupled control system designed for

a 4-module VSC will be used when operating it as a shunt inverter for the UPFC.

7.4 Implementation of 4-Module VSC and its control system

using PSCAD-EMTDC software

The circuit of a 4-Module VSC shown in Fig.7.3 is set up using the PSCAD-
EMTDC software. The 345 kV side is connected to a constant 345 k'V constant voltage
source. The main step-up transformer is rated at 160 MVA 66 kV/345 kV and is
connected in Y-Y. The total inter-phase magnetics (the arrangement of the Y-A
transformers) is also rated at 160 MVA. Each of the 4 transformers corresponding to

each basic VSC module is rated at 40 MVA. The de-coupled control system designed in
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section 7.3 is used to control the reactive power supplied by the 4-module VSC and its
DC capacitor voltage. The DC link capacitor is rated at 3000pF. PI control blocks are
available in the PSCAD-EMTDC software. They have been used to build the control
system as shown in Fig.7.7. The D-Q axis control voltage signals namely Vyp and Vg
generated by the control system shown in Fig.7.7 have to be converted into signals
amenable to the operation of a 4-module VSC. The two variables associated with any
VSC are its modulation index (mi) and phase angle (&;). In the case of SPWM, a
sinusoidal reference signal is compared with a triangular waveform to generate the
proper instant of firing for the VSC. The ratio of the peak of the sinusoidal signal to the
peak of the triangular waveform is called the modulation index mi. The phase angle 8,
is the phase angle difference between the shunt inverter generated voltage and the
reference voltage. With reference to Fig.7.5, the reference angle will be that of the
constant voltage source. The value of the modulation index mi and the phase angle &
depends on the number of modules of a VSC and the DC voltage magnitude. The line-
to-line voltage generated by a SPWM based single VSC module as shown in Fig.7.2, is

related to the DC capacitor voltage by the equation 7.21 [40].

A

V shtromotuiey =0.612 mi Ve (7.21)

The ‘A’ represents the actual value. The shunt inverter in this case has been built up of

4 modules. Multiplying equation 7.21 by 4 gives the voltage generated by the 4-module
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VSC. Equation 7.21 is modified to include the 4-module operation to obtain equation

7.22.

A

Vsh(-l-—modul:) = 2.448 mi {}dc (7.22)

Rearranging equation 7.22 to obtain the modulation index, we get

A

i = Vxh(-t-moiule) (7.23)
2448V 4

The D-Q axis control voltage signals namely Vy,p and Vg generated by the control
system shown in Fig.7.7 are in per unit. The magnitude of the voltage to be generated

by the 4-module VSC in per unit is given by equation 7.24.

Vxh = V VsiD + VsIZIQ (7-24)

Since the 4-module is connected on the 66kV side of the step up transformer as shown
in Fig.7.3, the per unit value of the voltage generated by 4-module VSC (V) is

multiplied by 66 to obtain its actual value in kV. Multiplying equation 7.24 by 66, the

actual voltage that has to be generated by the 4-module VSC (‘I}sh(-t—module)) is obtained.

Substituting for V sui-moedute) in equation 7.23 in terms of its per unit value we get,
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mi =00V (7.25)

2.448V 4

The phase angle of the generated voltage is obtained from the ratio of the control signals

as given in equation 7.26.

V,
6, = tan"( e ) (7.26)

7.5 Performance studies on a 4-Module VSC

A 4-module VSC with its associated control system was set up in PSCAD-
EMTDC software to study the performance of the control system design to step input
changes. The 4-module VSC was connected to a constant voltage source as shown in
Fig.7.5. Fig.7.8 shows the response of the shunt inverter to step changes in reactive
power reference. Since the Q-axis controller input is /uorr , the change in reactive
power reference is translated into an equivalent Q-axis current reference Iggrr by
dividing the reactive power reference (Qsurs) by the constant voltage source magnitude

(avDn. Thus

_ Q:hrrf

I shQref — T (7~27)
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7.5.1 Initialization: To start the simulation, the DC link capacitor voltage (V) is
initially uncharged. At around 0.75 sec, the VSC is switched to the constant 345 kV
source and the DC link capacitor voltage (V) controller is switched into service. The
sudden switching of the 4-module VSC to the constant AC voltage source at 0.75 sec
causes the DC link capacitor voltage (V) to rise to 60 kV quickly as shown in plot-7 of
Fig.7.8. The activation of the DC link capacitor voltage (V) controller at 0.75 sec
allows the 4-Module VSC to charge the DC capacitor to 60 kV by consuming real
power (Ps;) from the constant AC voltage source to which the 4-Module VSC is
connected. This is shown in plot-2 of Fig.7.8. The sudden switching of the VSC to the
constant AC voltage source causes the real power (P,;) consumed to dip to -8§0 MW
allowing it to charge almost instantaneously. At around 1.0 sec, the 4-Module VSC
starts to consume around SMW of power to supply its losses and maintains the DC link

capacitor voltage at 60 kV.

7.5.2 Step change of reactive power from 0 to -130 MVAR: At 3.0 sec, a step change
in the reactive power reference (Quurer) is made from 0.0 to -130 MVAR (4-Module
VSC consurning'reactive power). This step change in reactive power reference (Qspres)
causes the variable u; that controls ;g to change rapidly. This in turn causes the
variable Vo to become positive as shown in Plot-6 of Fig.7.8 making 6, to become
positive with respect to the constant voltage source reference. The positive phase angle
of 6, causes the 4-Module VSC to release some of its real power causing the DC link

capacitor voltage (Vy) to drop. This is shown in plot-7 of Fig.7.8 at around 3.0 sec. This
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drop is DC link capacitor voltage (Vy) is sensed by the DC capacitor voltage controller
and causes the variable Vp to reduce as shown in plot-5 of Fig.7.8. This allows the
VSC to consume more real power (Py;) to maintain the DC link capacitor voltage at 60
kV and supply its switching losses. The real power (Py;) consumed is about 25 MW.
Plot-1 of Fig.7.8 shows the fast response in reactive power (Q;;) to the change in
reactive power reference (Qsnrer) from O to -130 MVAR. Plot-3 is the expanded version
of plot-1 around 3.0 sec. It is seen from plot-3 that the VSC provides fast response times

in the order of couple of cycles.

7.5.3 Step change of reactive power from -130 to +130 MVAR: At 6.5 sec, a step
change in reactive power reference (Qgurs) is conducted from -130 MVAR to +130
MVAR. This step change in reactive power reference (Qurs) causes the auxiliary
variable u, that controls I;;p to change rapidly and become negative causing Vo to
become negative as shown in piot-6 at 6.5secs. The negative value of V0 means that
the angle 6,, between the constant voltage source and the VSC is negative causing the
real power (Py;) to flow from the constant AC voltage source to the VSC. This leads to
an increase in the DC link capacitor voltage (V). The increase in DC link capacitor
voltage (V) is sensed by the DC capacitor voltage controller making Viup to be greater
in magnitude than the constant AC voltage source as shown in Plot-5 of Fig.7.8 at
around 6.5 sec. This causes the VSC to generate real power (£) and brings back the
DC link capacitor voltage (Vg) to 60 kV. This is shown in plot-7 of Fig.7.8. Plot-4

shows the expanded version of plot-1 at around 6.5 sec. The VSC responds to the
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sudden changes in reactive power reference (Qu,y) in a couple of cycles. It is observed
from plot-2 that the real power flow (Ps;) from the constant voltage source to the VSC
1s a constant of magnitude 25MW. This due to the fact that irrespective of the direction
of the current flow, the magnitude of the current remains the same when the VSC is

either consuming -130MVAR of reactive power or generating +130 MVAR of reactive

power.
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Fig.7.8 4-Module VSC performance (cont.).
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Fig.7.8 4-Module VSC performance.

7.6 Summary
The shunt inverter plays an important role in the operation of a UPFC. It
maintains a required level of DC link capacitor voltage for the operation of the series

and shunt inverter. It also supplies the necessary real power demand of the series
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inverter. It can also provide necessary reactive power to the bus to which it is
connected.

This chapter has described the construction and operation of a 4-module VSC
using the PSCAD-EMTDC software. Three-phase voltages generated by each module
of a VSC using SPWM are combined by Y-A transformers to obtain a high power VSC.
The manner in which these transformers are connected have also been described.

The basics of de-coupled control system for regulating real and reactive power
independently have been described in this chapter. The de-coupled contro‘l system has
been designed based on linear control techniques that includes the DC capacitor
dynamics. A step by step procedure has been presented to quantify the PI controller
gains. The de-coupled control system consists of two loops. The inner loop tracks the
D-Q axis currents and the outer loop sets the reference for the inner loop. The design
procedure is loop based, in the sense that first the inner loop is designed and then the
outer loop. The information regarding the inner loop PI gains are used while designing
the outer loop PI controller.

The performance of the de-coupled control system design has been tested using
the PSCAD—EMTDC software. Step response tests have been conducted to not only
show the validity of the control system design, but also to bring out the ability of this
scheme for fast response of the 4-module to reactive power demands while

simultaneously regulating the DC link capacitor voltage.
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Chapter 8

Series inverter construction, operation and
control design using PSCAD-EMTDC software

8.0 Introduction

UPFC as described in chapter | consists of two inverters connected back-to-back via a
DC link capacitor with one inverter connected in shunt with the transmission line through
a shunt transformer and the other inverter in series with the transmission line through a
series transformer. The series inverter of a UPFC plays an important role of controlling
the power flow in the transmission line by injecting a voltage of adjustable magnitude
and phase angle in series with the transmission line.

This chapter focuses on the construction, operation and control of a series inverter
using PSCAD-EMTDC software. The DC link capacitor forms an integral part in the
construction, operation and control of both the shunt and the series inverter of a UPFC.
Under steady state conditions, the DC link capacitor provides the shunt and series

inverter the necessary DC voltage for their operation. Under transient conditions, the DC
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link capacitor supplies the real power demand of the series inverter. In this context, the
rating of the DC link capacitor plays an important role in the proper operation of a UPFC.
A design procedure for calculating the ratings of the DC link capacitor has also been
described in this chapter. Further, a PI controller design for the series inverter for

controlling the real power flow in a transmission line has been investigated.

8.1 Series inverter transformer rating

Fig.8.1 shows a UPFC connected to a transmission line. The series inverter is
connected to the transmission line through a transformer T». The design of the series
transformer T is a planning stage development. In this thesis, the series inverter is placed
in series with a 34S kV transmission line. The rating for the series inverter and series
transformer T, would depend on the product of maximum series voltage that could be
injected on to the transmission line and the transmission line current. The maximum
voltage that can be injected by the series inverter has been limited to 0.3 p.u. Exceeding
this value would cause the line side voltage to be very high. For a 345kV system, the
maximum allowable injected voltage would then be about 60kV per phase. Assuming a
surge impedance loading (SIL) of 420 MW for a 345 kV system as reference, the ratings
of the series inverter and series transformer T» works out to be 126 MVA. Since a 345 kV
line can transfer more than its SIL power depending on the length of the transmission
line, the series inverter and series transformer T has been rated at 160 MVA to be on the

conservative side.
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Fig.8.1 UPFC connected to a transmission line.
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8.2 Series Inverter: Construction and Operation

8.2.1 Series inverter construction: In order to build a high power VSC module, a
number of basic three-phase voltage source module shown in chapter 7 Fig.7.2 have to be
combined together. In this thesis, a 4-module voltage source inverter has been
constructed for the series inverter using PSCAD-EMTDC software. A 4-module VSC
consists of 4 basic VSC inverter configuration connected in parallel across a common DC
capacitor. Each of the basic VSC derives its DC voltage from the capacitor. Considering
a sinusoidal pulse-width modulation (SPWM) for the operation of a VSC, each of these
basic VSC modules generates a balanced three-phase voltage. Transformers are used to
combine the voitage generated by each of these basic VSC. The primary of each of these
transformers is connected either in Y or A configuration. The secondary of each of these
transformers is connected in series. Fig.8.2 shows the 4-module voltage source series

inverter.
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Fig.8.2 4-Module voltage source series inverter.
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8.2.2 Operation of a series inverter: Each of the four VSC modules as shown in Fig.8.2
generate three-phase balanced voltages based on SPWM. In this thesis, the switching
frequency of the triangular waveform of a SPWM is 9 times the fundamental. The use of
an odd multiple of the fundamental frequency allows for elimination of all even
harmonics and the harmonic at the switching frequency (540 Hz) in the line-to-line
voltages. Since a low switching frequency is being used, to eliminate the even harmonics
in the line-to-line voltages a synchronized SPWM is used.

The three-phase voltage generated by each basic VSC module is added to obtain a
high power, high voltage source inverter using the arrangement shown in Fig.8.2. At this
moment it should be emphasized that the series inverter has the ability to adjust the series
injected voltage and phase angle. In order to be able to control both the series injected
voltage magnitude and its phase angle, the series injected voltage is split into orthogonal
components (Vsp, Viep). In order to understand how the voltage generated by each of the
4 VSC modules are combined for the series inverter to be able to control the series
injected voltage magnitude and phase angle, consider the phasor diagram as shown in
Fig.8.3 and Fig.8.4. Fig.8.3 shows the phasor diagram associated with the operation of
VSC-1 and VSC-2 and Fig.8.4 shows the phasor diagram associated with the operation of
VSC-3 and VSC-4. The letters A, B, and C represent the three phases and the numerals 1,
2, 3 and 4 represent the four basic VSC modules. The phasors of different phases with
same numeral as their subscripts are phase shifted by 120 degrees. Consider the phasor
diagram associated with the operation of VSC-1 and VSC-2 as shown in Fig.8.3. The
phasor 1A, 1B and 1C are phase shifted by 120 degrees. The phasors 2A, 2B and 2C are

phase shifted from 1A, 1B and 1C by -30 degrees. It should be observed that VSC-2 is

154



connected to a delta connected transformer winding. Thus the secondary phase voltage is
phase shifted by +30 degrees and hence is in phase with phasor 1A. By doing so, the
voltage generated by VSC-1 and VSC-2 are added together to obtain a component of the

series injected voltage (Vi) that is 90 degrees leading the reference phasor.

1A(+90 deg)

4 2A(+60 deg)

2C(-180 deg) Reference
- *  Phasor

1B(-30 deg)
1C(-150 deg)

2B(-60 deg)

Fig.8.3 Phasor diagram for operation VSC-1 and VSC-2 of series inverter (Vie0)-
To understand the operation of VSC-3 and VSC-4, consider the phasor diagram

associated with its operation as shown in Fig.8.4. The phasors 4A, 4B and 4C are phase
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shifted from 3A, 3B and 3C by -30 degrees. It should be observed that VSC+4 is
connected to a delta connected transformer winding. Thus the secondary phase voltage of
VSC-4 is in phase with VSC-3. Thus one obtains a component of the series voltage that is
in-phase (V,.p) with the reference phasor. The reference phasor is the same for inverters
VSC-1 through VSC-4.

By splitting the injection of the series voltage into two components, one in-phase
(Vsep) with and the other in quadrature (V) with the reference phasor, one can
independently vary the magnitude of the orthogonal components and thereby control the

magnitude and phase angle of the series injected voltage.
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Fig.8.4 Phasor diagram for operation VSC-3 and VSC-4 of series inverter (V,p).
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8.3 UPFC DC link capacitor rating

The DC link capacitor plays an important role in providing the necessary DC voltage
for the operation of the shunt and the series inverters. It also provides a path for the real
power exchange between the series and the shunt inverters. Under steady state conditions,
the real power demand of the series inverter is supplied by the shunt inverter. But during
transient conditions, the shunt inverter does not respond very quickly and hence causes
the DC capacitor to charge/discharge to meet the real power demand of the series
inverter. This leads to an increase/decrease of DC capacitor voltage. Based on the amount
of increase/decrease in DC capacitor voltage that could be permitted, the DC capacitor
has been designed.

Under the assumption that the shunt inverter controls the voltage of the bus to which
it is connected (Vippsus) at 1.0 per unit and that the voltage on the line side (Vi) is
restricted to 1.05 p.u, the maximum value of the series injected voltage that would be in
phase with the line current is about 0.05 p.u . At SIL (420 MW for 345 kV) level the line
current is always in phase with voltage. The value of the current at SIL at 345 kV is 702
A. The three phase real power that the series inverter will supply under this condition is

2097 MW (P, =3x0.05x 343(%00 x702 = 20.97MW ). Based on the assumption that a

maximum of 20.97 MW will be exchanged between the series inverter and the
transmission line within % cycle of the AC voltage, the DC capacitor has been designed.
A Y cycle time period has been chosen to quantify the fast operation of the series
inverter. The following equations have been used in designing the DC capacitor. The

energy stored in a capacitor W is given by equation 8.1.
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W, = —;CV‘,CI (8.1)

where ‘C’ is the capacitance of the DC capacitor and V. is the DC voltage across the
capacitor. Assuming 20.97 MW of power is released by the series inverter in % cycle of

the AC voltage, the associated energy is given by equation 8.2.
W, =P, xt, (8.2)

Where W, is the energy released by the series inverter, P, is the real power generated by
the series inverter and ¢, is the time duration over which the P;, is released. The energy

released by the series inverter is given by equation 8.3

W, =20.97x0.004166 x 10° =87374.65 W sec (8.3)

The amount of energy released by the DC capacitor would cause the DC capacitor
voltage to reduce. Assuming that the maximum value of decrease that could be allowed is
8 kV from its steady state value, the energy released by the capacitor is then given by

equation 8.4.
W, = %C(Vm ~V,)? =0.5xCx8000 (8.4)

Equating 8.3 and 8.4, we get C = 2730 uF. A value of 3000uF has been chosen to be on

the conservative side.
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8.4 Controller design for series inverter

The series inverter of a UPFC has the ability to control real and reactive power flow
in a transmission line. In this section, a PI controller will be designed for the control of
real power flow in a transmission line (Pyine)-

The analysis carried out by Padiyar et al [23] and Papic er al [27] neglect the
operation of shunt inverter and DC link capacitor dynamics while designing controllers
for the series inverter. In this section, the design process for the series inverter controller
takes into consideration the shunt inverter controllers and the DC link capacitor
dynamics. The shunt inverter controls the shunt inverter reactive power (Qy) and the DC
link capacitor voltage (V). The series inverter controls the transmission line real power
flow (Pjize)- The design of the PI controller for the series inverter is done by eigen value
analysis. To design the PI controller for the series inverter, consider the power system as

shown in Fig.8.5.
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Fig. 8.5 Power system for designing series inverter controller.

The power system consists of two voltage sources Vs and V; and connected through a
transmission line. The line resistance is represented by R, and line inductance by L;. The
shunt inverter modeled as a voltage source Vy, is connected to the transmission line by a
resistance Ry, and an inductance Ly, representing the shunt transformer resistance and
inductance. The series inverter is modeled as a series voltage source and is represented as
Vse-'

The power system shown in Fig.8.5 can be represented by two sets of equations. One
set for the shunt inverter and the other for the series inverter. The equations for the shunt

inverter in D-Q axis representation are
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dI_\'hD — R.rh a)OI

4D +m01.th '*'%“(Vsho —V)
'sh

dt L,
dl 20 R,,a)ol hO @,
O =22 _ww,l,,, +—=V.
d[ Lsh 0~ shD L_‘h ( shQ)

Vdc

dVdc __woC'[E(VShDI:hD +VshQ[shQ +VseDI:zD +szQ[seQ ]_*_ Vdc :l (8.5)
Rcup

where w= 1.0 and ap = 377.0 rads/s.

To achieve de-coupling of the D-Q axis currents, the control variable Vgp and Vi in

equation 8.5 are modified as given in chapter 7 equation 7.3 and reproduced here as

equation 8.6.

Vap =V + Lo (“1 —W a0, I.th)
0
L:h

0

Vo = (w, + @ @, I:hD) (8.6)

where u; and u> are auxiliary control variables. Combining equation 8.5 and 8.6 together
we get equation 8.7.

dl .p - R, @y I

dt L_,h shD + ul
dl, R o
hg _ ™o I:hQ+u2
dr L,
e d o B yewvorr,, vud B Y+ L VT ,]
dVdc _--30)06' 14 shD a)O S shD 2% shQ a)O seQ * 5eQ seD” seD —w C Vdc
dt 2 vV, °" R,
(8.7)

The equations for the series inverter are as given in equation 8.8.



dl ., R, @I, @,
ed = — 22 +ww,l ,, +—\Vs +V_, -V,
dr LL 07 seQ L[_( S D RD)

dl R, w1
@ =— 20 (owo[seD + 92‘ (l,:eQ -
dt L, L,

Vi) (8.8)

Linearizing equations 8.7 and 8.8 we get equation 8.9.

dAI:hD — R.rha)o Al + Au
d ' L,;, shD 1
dAI-\'hQ —_— R.rh

Wy
Al +Au,
dt L, ™ ?

Vo llau AL, + a1 Au ]+ IVS INmD +auxAl,, +al,p0du, 1+
VxeDOAI.\'eD + I:eDOAVuD + VseQOAIseQ + I:eQOAV:eQ } -

dAV, _ 3a,C {101 poay + IVS II s#00 + #2081 00 +Vopol sepo T Viegol rego 1AV

5

dt 2 V2,
AV
@,C = de
cap
dAl.p =— R, @, Al + Al 0,0+ @, =1
dt L, L,
dAl - AV
=2 = Ru, Al , — Al 0,0+ @, =L
dr L, L,

(8.9)
where q, —Ls

@,

Equation 8.9 can be put in the standard input-output format as given in equation 8.10.
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X =AX + BU (8.10)
Where

X = [.AIshD 4 AI:IIQ * AVdc k4 AI::D ’ NS:Q .I
U = [AI shDref * A'[JhQref ’ AVseQ ]
AV, =00 V,,=00

The output variables are

Y ={AIJhD,AIshQ’A‘F)lineJ

The expression for the real power flow in the transmission line is given by equation 8.11

Pﬁnz = qul +VxeD )I:eD + V:eQ I:(Q (81 1)

Linearizing equation 8.11, we get equation 8.12

APIl'ne = {IVS| + VIeDO }AlxeD + IxeDOAVJeD + ‘/erOAI.reQ + IuQOAVreQ (8- 12)

The output matrix Y can be put in the following form

Y=CX+DU (8.13)

The PI controller for the series inverter that controls the real power flow in the

transmission line is as shown in Fig.8.6.
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Fig.8.6 Series inverter real power flow controller.

Including the shunt inner loop PI controllers (refer chapter-7 Fig.7.7) and the series real

power flow PI controller, the state equation is modified as given in equation 8.14.

X, =AX +BU, (8.14)
Where
Xl = l.NShD’ AIS’IQ k4 AV:IC’N.\':D ’ AIS(Q * A’tcl ? Axcl’ Axc3J

x.; and x., are the state variables associated with the D-Q axis PI current controllers. x;
is the state variable associated with the series inverter PI controller. The state matrix is as

given below.
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A-BK,C  —BK,
4= e —DK,.,]
5 BK,,,}
—M
50 00 00 21367 0 00
K,={00 02 00| kK=|0 50 00
00 00 02 00 00 40.0

K, =[I+K,DI'K,
K, =[r+k,DI'K,
M ={1+DK,['

The PI gains of the D and Q axis shunt inner loop current controllers are K,; =5.0, Ki; =
21.367 and K,>=0.2 and K;> = 5.0 respectively. The gains of the series real power flow PI
controller have been selected as K, =0.2 and K}, = 40.0 to provide for fast tracking to step
changes in transmission line real power reference. To check the stability of system with
the above PI control gains, it is necessary to evaluate the matrix A; which is a function of
the operating condition. PSCAD-EMTDC simulations have been conducted to find the
operating conditions. A voltage base of 345 kV and a power base of 160 MVA has been

chosen to obtain the operating conditions in per unit. They are as given below.
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R, =0.0014
L,=02

C =0.0324
4o ==0.11

I 400 =0.1875
u,, =—0.02
, =0.044
w, =377

Vio =222

Vipo =0-144
I,,,=0.198
I po=2.5
R, =0.01

L, =0.15

Incorporating the values for the variables given above with the PI controller gains in

matrix A;, the eigen values obtained are as given below

~0.3

~3.86+ j2.54
—~1.46% j1.69
—8.09 + j583.97
—112.08

Introducing the outer DC link voltage PI controller with gains of K,;=-1.0 and K;3=-2.0

and forming the state matrix, the eigen values are
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—1.18 + j6.48
—2.83+ j0.32
~1.46+ j1.69
~8.09 + j583.97
~112.08

As evident from the list of eigen values, the PI controller values used for the shunt and
series inverters provide for stable operation as all the eigen values have negative real
parts. But it is clear from the eigen value (-8.09 £ j 583.97) that the response will be
oscillatory to step changes in real power reference inputs as the damping factor
associated with it is 0.013. This is one problem of using a high gain PI controller. A fuzzy
controller has been designed to overcome the problem of low damping associated with

high gain PI controller and is described in chapter 9.

8.5 Summary

This chapter has provided the background for the construction, operation and control
of a series inverter of a UPFC using PSCAD-EMTDC software. The series inverter has
been split into @o pairs of inverters. One for generating a voltage in quadrature (V.g)
and the other for generating a voltage in-phase (V.p) with the UPFC bus voltage
(Vuprebus)- This allows for independent control of the quadrature (V;.p) and in-phase (Vs.p)

injected component of the series voltage.

The ratings of the series inverter and series transformer have been calculated based on

the SIL ratings of a 345 kV transmission line.
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The DC capacitor which forms a common link between the series and the shunt
inverter has been designed based on the maximum allowable voltage drop across it
during transient operation of the UPFC.

Eigen value analysis have shown that use of high gain PI controller for the series
inverter of a UPFC to control the real power flow in a transmission line (Pyn.) provides
low damping. The analysis takes into consideration the shunt inverter operation, DC link
capacitor dynamics and the transmission line dynamics. A fuzzy controller has been
designed to overcome the problem of low damping associated with high gain PI

controller and is described in chapter 9.
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Chapter 9

Performance of UPFC control system

9.0 Introduction

Reliable operation of a UPFC involves coordinated operation of the shunt and series
inverter control systems. This chapter focuses on the combined operation of the shunt
and series inverter control system to control the real power flow in the transmission line
(Piine), UPFC bus voltage (Viprees) and the DC link capacitor voltage (Vg)
simultaneously.

Since UPFC is a multi-variable controller, simultaneous operation of the shunt and
series inverter control system requires that they do not interact with each other in a
destructive manner leading to instability. In order to provide for proper operation
between the shunt and series inverter control system, a coordination controller has been
designed. The performance of combined operation of the shunt, series and coordination

controller will be studied in this chapter using the PSCAD-EMTDC software.
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Combined operation of the UPFC control system requires that the controllers
provide stable operation. Eigen value analysis conducted in chapter 8 has shown that the
use of high gain PI controller for the series inverter for controlling the real power flow
in a transmission line (Pp.) by injecting a quadrature voltage (V..g) leads to low
damping. A solution to the problem of low damping experienced when high gain PI
controllers are used for series inverter of a UPFC to control the transmission line real
power flow (P;i,.) has been proposed.

The in-phase component of the series inverter injected voltage has significant effect
on transmission line reactive power flow and shunt inverter reactive power. The effect
of in-phase component (V,p) injection by the series inverter of a UPFC on transmission
line reactive power flow (Qyne) and shunt inverter reactive power (Qy;) has also been
discussed. Further, the mechanism by which the shunt inverter reacts to changes in in-

phase component has also been discussed.

9.1 Shunt inverter control system with coordination controller

To understand the design of a coordination controller for a UPFC, consider a UPFC

connected to a transmission line as shown in Fig.9.1.

171



ine side bus of .o
L Transmission line

l LAA}J Shunt

transformer

A\l

Al
\1
"

UPFC bus UPEC
| AN /\/\/_Mv\__
Lo |
Series m I,
transformer
T
A

_—Jr _
A" A"
S S
I I
C= R==P
1 2
Shunt Inverter Series Inverter

Fig.9.1 UPFC connected to a transmission line.

The series inverter of the UPFC injects a voltage in series with the transmission line
thereby changing the power flow in it. The interaction between the series injected
voltage and the transmission line current leads to exchange of real power between the
series inverter and the transmission line. The real power demand of the series inverter
(Ps.) causes the DC link capacitor voltage (V) to either increase or decrease depending
on the direction of the real power flow from the series inverter. This decrease/increase
in DC link capacitor voltage (V,.) is sensed by the shunt inverter controller that controls
the DC link capacitor voltage (V) and acts to increase/decrease the shunt inverter real
power flow to bring the DC link capacitor voltage (V) back to its scheduled value.

Stating it in another way, the real power demand of the series inverter is recognized by
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the shunt inverter controller only by the decrease/increase of the DC link capacitor
voltage (V). Thus the shunt and the series inverter operation are in a way separated
from each other. To provide for proper coordination between the shunt and the series
inverter control system, a feedback from the series inverter is fed to the shunt inverter
control system. This helps in faster response of the shunt inverter control system to real
power demand of the series inverter. The feedback signal used is the real power demand
of the series inverter (Pse).

References [10,11,13,14,16-18,23-26,30,42] have neglected the design of a
coordination controller in the over all operation of a UPFC. In [19], Padiyar et. al have
modeled the real power exchanged by the series inverter and the transmission line as an
equivalent current flowing through the shunt inverter. Simulation results have neglected
the effect of DC link capacitor dynamics under this method of modeling [19]. In [27],
Papic er. al have modeled the feedback of the real power exchanged by the series
inverter and transmission line as an additional real power that is to be
absorbed/generated by the shunt inverter. The real power demand by the series inverter
(P.) is converted to an equivalent D - axis current reference for the shunt inverter. The
D-axis current r;:ference is fed through a predictive loop that includes additional PI
controllers and thus reduces the effectiveness of the coordination controller.

An effective coordination controller for UPFC has been designed to coordinate the
operation of the series and the shunt inverter and provide fast supply of the series
inverter real power demand (Ps.). In the coordination controller designed, the real power
demand of the series inverter (Ps.) is converted into an equivalent D-axis current for the

shunt inverter (ip;.). By doing so, the shunt inverter would immediately respond to such
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a change in its D-axis current and provide the necessary real power to the series
inverter. The equivalent D-axis current is an additional input to the D-axis shunt
inverter control system as shown in Fig.9.2. Equation 9.1 shows the relationship
between the series inverter real power demand (P,) and the shunt inverter D-axis

current (ips.).

Rre (9_1)

upfchus

IDse =

In equation 9.1, P;, represents the real power demand of the series inverter. The real
power demand of the series inverter P, is the real part of product of the series inverter
injected voltage V., and the transmission line current l.. Vippsus, ipse represent the
voltage of the bus to which the shunt inverter is connected and the equivalent additional
D-axis current that should flow through the shunt inverter to supply the real power
demand of the series inverter. Fig.9.2 shows the UPFC shunt inverter control system
including the coordination feedback between the series and the shunt inverters. In this
case, the series inverter real power demand (P,) is fed to the inner control system
(Fig.9.2) thus increasing the effectiveness of the coordination controller. Further, the
inner control system loop are fast acting PI controllers and ensures the fast supply of the
series inverter real power demand (P,.) by the shunt inverter. The effectiveness of the

coordination controller will be discussed in section 9.4.
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Fig.9.2 UPFC shunt inverter control system with coordination controller.
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9.2 Performance of UPFC control system with series inverter

controlling the real power flow in a transmission line with a

PI controller

9.2.1 Power system description: A two machine power system with a UPFC located at
the center of a 200 km 345 kV transmission line, shown in Fig.9.3, has been considered
to study the performance of the UPFC to step input changes in real power reference.
The power system along with the UPFC was constructed using the PSCAD-EMTDC
software. The two machines have been modeled as constant voltage sources. The shunt
inverter controls the UPFC bus voltage (Vipsesus) at 1.0 p.u and the DC link capacitor
voltage (V) at 60 kV. The series inverter of the UPFC controls the real power flow in
the transmission line (Py,.) by injecting a voltage of adjustable magnitude in quadrature
(Vseg) with the UPFC bus voltage (V,,psus)- The coordination controller has been
included while studying the performance of the UPFC control system to step input
changes. The initial power flow in the transmission line is 450 MW. The sending end
voltage (Vs) is fixed at 1.03 p.u and the receiving end voltage (V) is fixed at 0.925 p.u.

The phase angle difference between the two machines is 20 degrees.
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Fig.9.3 Two machine power system with UPFC.

The shunt inverter of the UPFC is a 4-module VSC connected to the 345 kV
transmission line through a 160 MVA 66/345 kV transformer. The details of the 4-
module VSC are given in section 7.2.2. The operation of the 4-module VSC is
explained in section 7.2.3. The shunt inverter is operated using the de-coupled control
system. The design of the de-coupled control system is given in section 7.3.2. In the
design of the de-coupled control system carried out in chapter 7, the Q-axis outer
control system loop denoted by the PI controller (K., Ki;) had not been designed. This
is because the de-coupled control system design was carried out on a 4-module inverter
connected to a constant voltage source. The Q-axis outer control system loop has been

included here while conducting performance studies on a UPFC. The PI controller gains
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for the Q-axis outer control system loop has been chosen to be K,y = -1.0 and Ky = -
133.0 to provide fast tracking of the UPFC bus voltage reference (Vupsebusref)-

The construction and operation of a series inverter in PSCAD-EMTDC has been
explained in section 8.2. The series inverter of the UPFC controls the real power flow in
the transmission line (Pjr.) by injecting a voltage in quadrature (Vi) with the UPFC
bus voltage (Vipssus). The in-phase component (Viep) Of the series injected voltage has
been neglected to study the effect of PI controlled series inverter on real power flow
control. The effect of in-phase component (Vp) of the series injected voltage will be

discussed in section 9.5.

9.2.2 Step input response: The analysis carried out in section 8.4 has shown that high
gain PI controller for series inverter provides low damping to real power flow
oscillations. The analysis neglects the effect of coordination controller on the damping
of transmission line real power flow oscillations. In this section, the combined effect of
all the controllers, namely, the shunt inverter controller, coordination controller and
series inverter controller on the low damping in transmission line real power oscillations
will be studied. 'I;he power system shown in Fig.9.3 has been considered for this study.
The PI controller block for the series inverter shown in chapter 8 Fig.8.6 has been
shown here as Fig.9.4 for convenience. The PI controller gains for the series inverter are

K,,=0.2 and K, = 40.0.
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Fig.9.4 Series inverter real power flow controiler (PI).

Plot-1 through plot-5 of Fig.9.5 shows the response of the power system to step changes
in real power reference (Py) with high gain PI controllers for the series inverter. Step
change in real power flow reference (P,,) has been conducted at 10 s and 12s. At 10°s,
the real power flow reference (P.s) was changed from 450 MW to 290 MW. Plot-1
shows the transmission line real power flow (Pyi.). It is observed from Plot-2 of Fig.9.5
that the transmission line real power flow (Pj,.) oscillates around 290 MW with low
damping and finally reaches steady state after 11 s. At 12 s, the real power flow
reference was changed from 290 MW to 450 MW. The enlarged version of Plot-1 of
Fig.9.5 at around 12 s is shown in Plot-3. The real power flow in the transmission line
(Piine) oscillates around 450 MW with low damping and reaches a steady state at around
13 s. Plot-4 of Fig.9.5 shows the UPFC bus voltage (V,psus) profile. The shunt inverter
controls the UPFC bus voltage (Vupsebus) at 1.0 p.u. At 10 s and 12 s, the step change in
real power reference (Pry) has shown very little change in the UPFC bus voltage
(Vupsesus) as shunt inverter of the UPFC has very effectively controlled it by varying its

reactive power output. Plot-5 of Fig.9.5 shows the DC link capacitor voltage (Vi)
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variations due to step change in real power reference. The spikes seen in the DC link
capacitor voltage (Vy) plot at 10 s and 12 s is due to sudden change in the series
inverter real power demand (P.) due to the interaction between the series inverter
injected voltage (V) and the transmission line current (/). The real power demand of
the series inverter (P,.) is quickly conveyed to the shunt inverter control system through
the coordination controller. The DC link capacitor voltage is rapidly regulated to 60 kV
by the shunt inverter.

This simulation has validated the eigen analysis conducted in chapter 8 section 8.4
where it was shown that the use of high gain PI controller leads to low damping of the
network mode. Linear supplementary controllers have been proposed to overcome the
problem of low damping of the network mode [23]. But the response of the system may

deteriorate at other operating conditions even with linear supplementary controllers.
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Fig.9.5 Response of the power system to step changes in real power reference of the UPFC (PI

controller for series inverter) (contd.).
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controller for series inverter).

9.3 Fuzzy Logic Controller Design in PSCAD-EMTDC

Software

Knowledge based controllers (fuzzy logic controllers) for UPFC have been
investigated for the control of real power flow in a transmission line to overcome the
problem of low damping experienced by high gain PI controllers. The necessary
background for the design of a fuzzy controller for the series inverter of a UPFC for
controlling the real power flow in a transmission line (P;;,.) are given in chapters 4, 5
and 6. The fuzzy logic knowledge base designed in chapter 6 has been used for the

control of real power flow in a transmission line (Pji.).
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The knowledge base for the fuzzy logic controller presented in chapter 6 has been
implemented in PSCAD-EMTDC software. The software block developed in PSCAD-
EMTDC software has two inputs and one output. The two inputs to the fuzzy logic
software block are the error and the change of error in real power flow in the
transmission line (Pjne) - The output of the fuzzy controller is the change in series
quadrature injected voltage (AVip). Fig.9.6 shows the fuzzy logic controller
implementation in PSCAD-EMTDC software. Triangular membership functions have
been used for both the error and the change of error inputs. The universe of discourse
for the error was chosen to be +0.2. The centroid of the fuzzy sets for error in real
power flow are 0.2 (PB), 0.1(PM), 0.03(PS), 0.0 (ZE), -0.03 (NS), -0.1 (NM), -0.2
(NB). The universe of discourse for the change in error in real power flow was chosen
to be +£0.02 The centroid of the fuzzy sets for change of error in real power flow are
0.02 (PB), 0.01(PM), 0.003(PS), 0.0 (ZE), -0.003 (NS), -0.01 (NM), -0.02 (NB). The
universe of discourse for the error and change of error in real power are the same as that
used in chapter 6. The universe of discourse for the change in series quadrature injected
voltage is + 0.1._The centroid for the output fuzzy sets are PB (+0.1), PM (+0.066), PS

(+0.033), ZE (0), NS (-0.033), NM (-0.066) and NB (-0.1).
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Fig.9.6 Fuzzy logic controller impilementation in PSCAD-EMTDC software.

The error between the reference and the actual value is fed to one of the inputs of the
fuzzy logic controller block through a gain block (K.). The gain block (K.) represents
the input gain that can be tuned and is a flexible parameter. To obtain the change of
error signal the following methodology has been implemented. The error is
simultaneously fed to a delay block (Delay). The delay block shifts the error signal by a
delay period as specified in the delay block. The delay that has been used is 0.01 s. The
change of error signal is the difference between the present value of the signal and the
value of the signal 0.01s earlier. The value of 10 ms is reasonable for a digital computer
to acquire signal and process it. Thus a very conservative value of 10 ms has been
chosen for the delay time. The present value of the error and the delayed error signal are
subtracted to obtain the change in error signal. The change of error signal is fed to the
second input of the fuzzy logic controller block through a gain block (K,-). The gain
(K.-) for the change of error can also be tuned. The output of the fuzzy controller is a

crisp value that represents the change in the quadrature injected voltage (AVs.q«,)) at the
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k'™ instant. In order to obtain the output at the k' instant, the signal AV..ou has to be
integrated with the output at the (k-D™ instant . To obtain the present value of the
output, the signal AV, on,) is passed through a first order lag with a small time constant
to remove the high frequency components. The output of the first order lag represents
the output V.o, at the instant k™ instant. The output Vi.qu, is fed back through a delay
block of delay 0.01 secs to obtain Vi.gws). The signal Vi.gur.r)is added to Vgt 1o

Obtain VseQ(k).

9.3.1 Performance of UPFC control system with series inverter controlling the real
power flow in a transmission line with a fuzzy controller

9.3.1.1 Step input response with fuzzy controller: The power system with UPFC
shown in Fig.9.3 has been considered to study the performance of the UPFC control
system to step changes in transmission line real power reference (Pry). The shunt
inverter control system, coordination controller and the series inverter controller have
been included in this simulation. The PI controller gains for the shunt inverter control
system shown in Fig.9.2 are K,; =5.0, K;; = 21.367, K,2=0.2, K= 5.0, Kj3=-1.0, Ki3= -
2.0, Koy = -1.0 and Ky = -133.0. The input gains for the error (K.) and the change of
error (K,-) of the fuzzy controller are 0.25 and 0.025 respectively. The output gain (K,)
has been selected as 0.5. These gains have been selected after obtaining a satisfactory

response from a number of simulations.
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The initial real power flow in the transmission line (Ppn.) is 450 MW. Step changes to
real power flow reference (P..s) have been conducted at 10 s and 12 s. Plot-1 of Fig.9.7
shows the real power flow in the transmission line (Pj,.) with a fuzzy controller. At 10
s, the real power reference (P,.y) is changed from 450 MW to 290 MW. Plot-2 of Fig.8.7
shows the transmission line real power flow (Pj,.) around 10 s. The real power flow in
the transmission line (Pii) tracks the reference change within 100 ms. At 12 s the real
power reference is changed from 290 MW to 450 MW. Plot-3 of Fig.9.7 shows the
transmission line real power flow (Pj,.) around 12 s. The real power flow in the
transmission line (Pj,e) tracks the step change in real power flow reference (P,.) within
100ms.

The shunt inverter controls the DC link capacitor voltage (V) and the UPFC bus
voltage (Vipfeous)- Plot-4 and plot-5 of Fig.9.7 shows the UPFC bus voltage (V.prsus)
variations and the DC link capacitor voltage (V) variations due to step change in real
power reference (P,.) respectively. It is observed that the UPFC bus voltage (Vupfeous) 1s
controlled at 1.0 p.u by the shunt inverter. Also the DC link capacitor voltage (V) has
been controlled at 60 kV.

It is readily seen from plots-1 through plot-5 that the problem of low damping
experienced by high gain PI controller has been overcome by using a fuzzy controller.
This simulation has also validated the knowledge base designed for the fuzzy controller

' developed in chapter 6.
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controller for series inverter).

9.3.1.2 Power oscillation damping with fuzzy controller: A two-machine power
system has been modeled to study the improvement in power oscillation damping using
a UPFC. Fig.9.8 shows a two-machine power system with UPFC. The two-machine (G1
and G2) power system with UPFC shown in Fig.9.8 has been modeled in PSCAD-
EMTDC software. The machines are equipped with static exciters and PSS. The
generator, exciter, PSS, synchronous motor load and UPFC parameters are given in

Appendix-4 [36].
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Fig 9.8 Two-machine power system with UPFC.

The total load in the power system is 700 MW. The load has been modeled as a
synchronous motor. Generator G2 supplies 500 MW of power and the rest of the power
is generated by Gl. Generator Gl also supplies the system losses. Generator G2
transmits 500 MW of power through a 345 kV and 230 kV transmission line. The
steady state power flow in the 345 kV transmission line is 400 MW. The 230 kV
transmission line carries 100 MW of power. The UPFC is located at the center of the
160 km 345 kV transmission line. The shunt inverter and the series inverter of the
UPFC are rated at 160 MVA. The shunt inverter of the UPFC controls the DC link
capacitor voltage (V) and the UPFC bus voltage (Viuppsus)- The series inverter of the
UPFC controls the real power flow in the transmission line (Pji.) at 400 MW. A three-
phase fault is applied at the high voltage bus of generator Gl at 10 s for 110 ms and
removed without any change in the network configuration. The response of the system
was studied with and without the UPFC. Fig.9.9 shows the response of the system to

three-phase fault without UPFC. Plot-1 of Fig.9.9 shows the electrical power (Pg)
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oscillations of the generator G2 for a three-phase fault for 110 ms applied at the high
voltage bus of generator G1. Plot-2 of Fig.9.9 shows the transmission line real power
flow (Ppi.) oscillations in the 345 kV line without the UPFC for the three-phase fault.
Following the three-phase fault on the high voltage bus of generator G1 for 110 ms, the
real power generated by generator G1 drops to zero. The imbalance in generation and
load causes generator G2 to vary its electrical power output. The peak of the electrical
power of generator G2 (Pg;) is about 700 MW. The electrical power oscillations of
generator G2 damp out in about 3 s. The peak of the real power flow in the 345 kV line
(Piine) is about 550 MW. The real power oscillations in the 345 kV line (Pj;,.) also damp

out within 3 s.

Plot-1

750

A
S A .
T sso : : : :
= as0 -\ VY
250 T T T T — T T
7 8 9 ic 11 12 13 14 15

Time in seconds

Plot-2

600 - -
: ANA -
S : \/ IO\
£
& 300

200 T N—— T

7 8 9 10 11 12 13 14 15

Time in seconds

Fig.9.9 Response of the power system to three-phase fault without UPFC.
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To study the improvement in the power oscillation damping with UPFC and also to
validate its control system design under dynamic conditions, a UPFC was located in the
middle of the 345 kV transmission line as shown in Fig.9.8. The real power flow in the
345 kV line (Pyi.) is controlled at 400 MW. The UPFC bus voltage (V,ssus) 1s regulated
at 1.0 p.u. The DC link capacitor voltage (V) is controlled at 60 kV. A three-phase
fault is conducted at the high voitage side of generator G1 for 110 ms. Fig.9.10 shows
the response of the power system to a three-phase fault on the high voltage side of
generator bus G1. Plot-1 of Fig.9.10 shows the electrical power output of generator G2
(Pg3). Plot-2 of Fig.9.10 shows the real power flow in the 345 kV transmission line
(Pline)-

Comparing plot-1 of Fig.9.9 with plot-1 of Fig.9.10, it is seen that the UPFC has
reduced the peak of the electrical power oscillation of generator G2 (P,,). Without the
UPFC, the peak of the electrical power (P,2) generated by G2 was about 700 MW. With
UPFC, the peak of generator G2 electrical power (Pg2) is about 600 MW. This
simulation has shown that the UPFC has contributed to the damping of generator G2
electrical power oscillations.

Comparing plot-2 of Fig.9.9 with that of plot-2 of Fig.9.10, it is seen that the real
power flow in the 345 kV line (Piin.) has been controlled at 400 MW. The real power
flow oscillations in the 345 kV line (P} without UPFC is about 550 MW. The real

' power flow in the 345 kV line (Piin.) does not show any oscillations with UPFC. UPFC
has thus effectively controlled the power flow oscillations in the 345 kV transmission

line and improved generator G2 electrical power oscillation damping.
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Plot-3 of Fig.9.10 shows the UPEC bus voltage (Vipesus) 0scillation due to three-
phase fault disturbance. The application of three-phase fault causes the UPFC bus
voltage (Vippsus) to dip to about 0.84 p.u. This leads to the shunt inverter to provide
reactive power to the UPFC bus and boost its voltage to 1.0 p.u. The shunt inverter
control system regulates the UPFC bus voltage to 1.0 p.u.

Plot-4 of Fig.9.10 shows the DC link capacitor voltage (V) oscillations for the
three-phase fault disturbance. The application of a three-phase fault causes the UPFC to
release some of its stored energy leading to decrease in the DC link capacitor voltage
(Vac). The decrease in DC link capacitor voltage (V) is about 5 kV following the three-
phase fault. This is seen from ploi4 of Fig.9.10 at around 10 s. The shunt inverter
recognizes the drop in DC link capacitor voltage (V) and regulates it to 60 kV.

This simulation has validated the fuzzy control system design and the UPFC control
system as a whole. It has also shown that UPFC can provide effective power oscillation
damping. Further, the ability to provide simultaneous and coordinated control of the
variables namely (Pjine), (Viupresus) and (V) under dynamic conditions has been brought

out through this simulation.
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Fig.9.10 Response of the power system to three-phase fault with UPFC.

9.4 Performance of coordination controller

In order to study the performance of the coordination controller, the power system
shown in Fig.9.8 was modeled in PSCAD-EMTDC software. A three-phase fault on the
high voltage side bus of the generater G1 was considered to show the improvement in
the damping of DC link capacitor voltage (V) oscillations with coordination controller.
Fig.9.11 shows the DC link capacitor voltage (Vi) oscillations with and without the
coordination controller for the UPFC. Plot-1 of Fig.9.11 shows the DC link capacitor
voltage (V) oscillations without the coordination controller. Plot-2 of Fig.9.11 shows

the DC link capacitor voltage (V) oscillations with the coordination controller.
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Fig.9.11 DC link capacitor voltage oscillations with and without coordination controller.
a). Without coordination controller.
b). With coordination controller.

It is observed from plot-1 of Fig.9.11 that, without the coordination controller, the DC
link capacitor voltage (V) drops to about 40 kV immediately after the application of a
three-phase fault on the high voltage side bus of generator Gl. Further, the DC link
capacitor voltage (V,.) oscillations damp out in 3 s. In contrast, with the coordination
controller in service, the DC link capacitor voltage (V) drops to only 55 kV. Further,
the DC link capacitor voltage (V) oscillations damp out in less than 2 s. It is thus
concluded that the coordination controller provides proper coordination between the

series inverter and shunt inverter control system. With the coordination controller
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included, the shunt inverter supplies the real power demand of the series inverter (Py.)

very quickly allowing for smooth operation of the UPFC under transient conditions.

9.5 Effect of in-phase series voltage injection on reactive
power flow in the transmission line and shunt inverter

reactive power

PSCAD-EMTDC simulations carried out in section 9.2 and 9.3 have concentrated
on the quadrature voltage component (V) of the series injected voltage for
transmission line real power flow control (Pj..) and neglected the in-phase component
(Vs.p) of the series injected voltage. In this section the effect of the in-phase component
(Viep) of the series injected voltage on transmission line reactive power flow (Qine) and
shunt inverter reactive power injection (Qs;) at the UPFC bus will be studied.

Before studying the effect of the in-phase component on transmission line reactive
power flow and shunt inverter reactive power, a few variables needs to be defined.

Consider the equivalent circuit of UPFC as shown in Fig.9.12.
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The transmision line side bus voltage is denoted by Vi,.. The UPFC bus voltage is
denoted by V,pmus. Let I.p and I.g be the D and the Q axis components of the

transmission line current. Writing the voltage equations for the series inverter we get,

‘/l' eD + jVﬁneQ = upﬁ:bu.\‘éo'*-I:eQ X.\'e - jI:zD X.re +‘/S¢D + ereQ (9~2)

an
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where Viinep , Viinep are the D and the Q axis components of the transmission line side
voltage Vj,.. X;. represents the series transformer impedance. V;.p, V.o are the D and
the Q axis components of the series injected voltage. Seperating equation 9.2 into real
and imaginary parts we get

V,

lineD

=V

upfcbus

L0+ [:eQ Xse + V:tD

v'l' = —[:eD X.\'e +V_er (9-3)

{4l 4

Let us.p and u,.o be two auxiliary inputs. The auxiliary variables u.p and us.g are related
to V,.p and V.o respectively by equation 9.4.

Vo =—1,5 X, +u,p
V, o= I, X, tu,o 9.4)

se

Subtituting for Vi.p and V¢ in equation 9.3 from equation 9.4 we get

‘/IineD = Vupfcbus + kep
V[ineQ = useQ (9.5)

The power system with a UPFC shown in Fig.9.3 has been set up in PSCAD-EMTDC
software to study the effect of in-phase component (Vip) on the transmission line
reactive power tQ,,-,,e) and shunt inverter reactive power (Q.) flow. It is seen from
equation 9.4 that u,.p is directly related to V,p. Thus step changes to u,.p have been
conducted to study the effect of V,.p on transmission line reactive power flow (Qjine)
and shunt inverter reactive power (Qs;)- The initial conditions are that the shunt inverter
controls the UPFC bus voltage (Vyprbus) at 1.0 p.u and the DC link capacitor voltage

(V4o) at 60 kV. The quadrature component of the series injected voltage (V;.p) controls
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the real power flow in the transmission line (Pj,.) at 290 MW. Fig.9.13 shows the effect
of u,.p on transmission line reactive power (Qn) and shunt inverter reactive power
(Qsn)- Plots-1 through plot-6 of Fig.9.13 shows the series inverter auxiliary input (is.p)
voitage profile, transmission line side bus voltage (Vi) profile, UPFC bus voltage
(Vupgesus) profile, transmission line reactive power flow (Qiine), shunt inverter reactive

power (Q;;) and the series inverter reactive power ((J,.) respectively.
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Fig.9.13. Effect of in-phase voltage injection on transmission line reactive power, shunt inverter reactive

power and series inverter reactive power (contd.).
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At10s,a steﬁ increase in u,.p was conducted from —0.025 p.u to 0.025 p.u. At [2s, u.p
was reduced from 0.025 p.u to —0.025 p.u. Plot-1 of Fig.9.13 shows the step changes to
usp at 10 s and 12 s. The transmission line side bus voltage (Vi) changes from 0.93
p-u to 0.98 p.u for a change in u,.p from —0.025 to 0.025 p.u. It is observed from plot-3
that when u,.p increases from —0.025 to 0.025 p.u, the UPFC bus voltage (Vi,fsus) dips
to 0.975 p.u momentarily. This decrease in UPFC bus voltage (V,,psus) causes the shunt
inverter to increase its reactive power input to bring the UPFC bus voltage to 1.0 p.u.
The initial shunt inverter reactive power (Q;;) injection at the UPFC bus before the step
change in u,p was about -80 MVAR. The increase in shunt inverter reactive power
(Qsn) due to a step change in usp from —0.025 to 0.025 p.u is about 130 MVAR.
Correspondingly, the increase in transmission line reactive power (Qi.) is also about
130 MVAR (plot-4 Fig.9.13). Thus the change in u,p has increased the transmission
line side voltage (Viize) from 0.93 to 0.98 p.u and has increased the transmission line
reactive power (Qrine), shunt inverter reactive power (Qg,) by 130 MVAR. Thus the
increase in transmission line reactive power flow (Qyn) is supplied by the shunt
inverter. The series inverter reactive power ((,.) changes as shown in plot-6 of Fig.9.13
are insignificant compared to that of the shunt inverter reactive power (Qy;) changes. At
12 s, wsep is reduced from 0.025 to —0.025. This leads to reduction in transmission line
side bus voltage (Vi) and a corresponding decrease in transmission line reactive power
‘ﬂow (Qiine)- The transmission line side bus voltage (V) drops from 0.98 to 0.93 p.u.
The transmission line reactive power (Qjin.) reduces from +90 MVAR to 40 MVAR.
The UPFC bus voltage (Viums.s) momentarily changes from 1.0 p.u to 1.01 p.u due to

the change in w,p from 0.025 to -0.025. Since the shunt inverter is controlling the
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UPFC bus voltage, an equivalent amount of reactive power change takes place in the
shunt inverter. The shunt inverter reactive power (Qs) reduces from +50 MVAR to -80
MVAR to bring the UPFC bus voltage back to 1.0 p.u.

This simulation has shown that u,p has significant effect on the shunt inverter
reactive power (Qg), transmission line reactive power (Qix.) and transmission line side
bus voltage (Vii,)- Step changes in u,.p has shown that u,.p has indirect effect on shunt
inverter reactive power (Q;;) and hence on the transmission line reactive power flow
(Qiine)- This is because any change in u,p directly effects the transmission line side bus
voltage (Vjie) and UPFC bus voltage (Vipsus). An increase in uep from —0.025 p.u to
0.025 p.u changes the transmission line side bus voltage (V) from 0.93 p.u to 0.98
p-u. The UPFC bus voltage (Vppbes) instantaneously dips from 1.0 p.u to 0.975 p.u for a
step increase in u,.p from —0.025 p.u to 0.025 p.u. Since the shunt inverter is controlling
the UPFC bus voltage (Vupresus), the decrease in UPFC bus voltage (Virs.s) causes the
shunt inverter to increase its reactive power output (Q;) from —80 MVAR to S0 MVAR
to bring the UPFC bus voltage to 1.0 p.u. This increase in shunt inverter reactive power
{(Qs) by 130 MV AR is transferred to the transmission line and is seen as an increase in
transmission line reactive power flow (Qjine). It is seen that the cause and the effect are
on two different parts of UPFC. The cause being the change in u,.p in the series inverter
and the effect being the change in shunt inverter reactive power (Qs;). One point more
to be noted here is that the shunt inverter recognizes the need to increase/decrease its
reactive power output only through the change observed due to decrease/increase in the
UPFC bus voltage which ultimately gets transferred as an equal increase/decrease in

transmission line reactive power flow. Thus controlling the transmission line reactive
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power flow (Qrine) using in-phase voltage injection of the series inverter reduces the
effectiveness of the control strategy. It suggests the need for reactive power
coordination between the series and the shunt inverter control system for better overall
performance. This also suggests that the transmission line reactive power (Qiire) could

directly be controlled through the shunt inverter instead of by the series inverter.

9.6 Summary

The interaction between the series injected voltage (V,.) and the transmission
line current (/) leads to real power exchange between the series inverter and the
transmission line. The real power demand of the series inverter (Ps.) is supplied by the
shunt inverter. In order to coordinate between the operation of the shunt and the series
inverter, a coordination controller has been designed. The coordination controller
provides a D-axis current (ips) feedback to the shunt inverter control system equivalent
to the real power demand of the series inverter (P.). It provides the link between the
series and the shunt inverter control system allowing for proper operation of the
combined UPFC control system. The effectiveness of the coordination controller has
been brought out through PSCAD-EMTDC simulations. The DC link capacitor voltage
excursion was reduced from 20 kV to less than S kV with coordination controller. The
implementation of coordination controller could also help in using reduced ratings of
the DC link capacitor and hence reduction in the overall cost of UPFC.

PSCAD-EMTDC simulations have shown that using a PI controller for the series

inverter to control the real power flow in the transmission line (Pyn.) provides
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oscillatory response to step input changes in real power flow references (P,,). The
problem of low damping has been overcome by using a fuzzy controller for the series
inverter to control the real power flow in a transmission line (Pj,.). The improvement in
the response to step input changes in real power references (P,.;) with fuzzy controllers
as compared to PI controller for series inverter has been brought out in this chapter.

The improvement in power oscillation damping using UPFC with fuzzy controller
has been brought out through PSCAD-EMTDC simulations. These simulations also
validate the design of the shunt and series inverter control system. Further, power
oscillation damping simulation has shown that the UPFC control system designed
operates in a unified and stable manner. Under transient conditions, the UPFC control
system has been able to control the transmission line real power flow (Py,.), UPFC bus
voltage (Viursus) and DC link capacitor voltage (Vy4.) simultaneously.

The effect of in-phase series voltage injection on transmission line reactive power
(Qiine), series inverter reactive power (Q,.) and shunt inverter reactive power () has
been discussed. Computer simulations using PSCAD-EMTDC software on a simple
power system has shown that the in-phase series voltage injection which changes the
transmission line side bus voltage(Vi.) / reactive power flow (Qun.) has a significant
effect on the shunt inverter reactive power (Qy,). Any increase in transmission line side
bus voltage (Vjie) by injecting a positive in-phase component of series voltage causes
the transmission line reactive power (Qyi,) to increase by an amount equivalent to the
increase in shunt inverter reactive power (Q,s). Conversely, any decrease in
transmission line side bus voltage (Vy,.) by injecting a negative in-phase component of

series voltage causes the transmission line reactive power (Qy.) to decrease by an
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amount equal to the decrease in shunt inverter reactive power (Qs;). Thus the cause and
the effect are on two portions of the UPFC. The cause being the in-phase injection
component of the series inverter and the effect seen as an increase/decrease in shunt
inverter reactive power. Thus controlling the transmission line reactive power flow
(Qiine) using in-phase voltage injection of the series inverter reduces the effectiveness of
the control strategy. Hence there is a need to provide for reactive power coordination
between the series and the shunt inverter control systems for better overall performance.
This also suggests the need to look at other control strategies whereby the transmission

line reactive power could directly be controlled through the shunt inverter.
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Chapter 10

Reactive power coordination

10.0 Introduction

The effect of in-phase component (V,.p) of the series injected voltage on shunt
inverter reactive power (Qs). UPFC bus voltage (Vipimis), transmission line real
(Piine)/reactive power flow (Quine) have been discussed in chapter 9. It has been shown that
the in-phase component (Vi.p) of the series injected voltage has considerable effect on the
transmission line reactive power (Q,.) and the shunt inverter reactive power (Qs). In
contrast, the in-phase component (V,p) has insignificant effect on the series inverter
reactive power (Q;.). Any increase/decrease in the transmission line reactive power (Qjine)
due to in-phase component (Vip) of the series injected voltage causes an equal
_increase/decrease in the shunt inverter reactive power (Qg) [42]. This suggests that the
transmission line reactive power (Q.) control system should be coordinated with the
shunt inverter control system for better over all performance. Further the effect of

controlling the transmission line reactive power (Qine) through the series inverter on
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UPFC bus voltage profile has been brought out in this chapter. A new reactive power
coordination controller has been designed to overcome the problem arising from
controlling the transmission line reactive power through the series inverter control
system. Step response and power oscillation damping results with reactive power

coordination controller have also been presented in this chapter.

10.1 Need for reactive power coordination

The first reason for requiring a reactive power coordination controller between the
series and the shunt inverter has been discussed in chapter-9. In brief, it has been shown
in chapter-9 that any request for change in transmission line reactive power flow (Qjine)
which is achieved by increasing/decreasing the in-phase component (Vi.p) of the series
injected voltage is actually supplied by the shunt inverter. Thus the cause and the effect
are on two portions of the UPFC. This calls for proper reactive power coordination
between the series and the shunt inverter control system with respect to transmission line
reactive power for better over all performance of the control system.

The secend reason for including a reactive power coordination controller will be
described in this section. PSCAD-EMTDC simulations have been conducted to show the
need for reactive power coordination between the series and the shunt inverter control
system. To do so, consider a UPFC connected to a transmission line as shown in Fig.10.1.
In this case, the series inverter of a UPFC controls the real power (Pyz) and reactive
power (Qjine) flow in the transmission line. The shunt inverter controls the UPFC bus
voltage (Vipreus) and the DC link capacitor voltage (V). This mode of operation of a

UPFC has been used widely in literature.
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Fig.10.1 UPFC connected to a transmission line.

In this mode of control, the series inverter injected voltage is split into two components,

one in-phase (Vi.p) and the other in quadrature (Vo) with the UPFC bus voltage. The
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quadrature component of the series injected voltage (V,.g) controls the real power flow in
the transmission line (Pj.) and the in-phase component of the series injected voltage

(Vs.p) controls the transmission line reactive power flow (Qjine)

10.2 Shunt and series inverter control system

10.2.1 Shunt inverter control system: The shunt inverter is controlled using the de-
coupled control system. Fig.10.2 shows the shunt inverter control system with the real
power coordination controller. The shunt inverter controls the UPFC bus voltage (V,,cpus)

and the DC link capacitor voltage (V).
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It is seen from Fig.10.2 that the UPFC bus voltage (V.pmsus) is controlled by the Q-axis
shunt inverter voltage (V). The DC link capacitor voltage (Vy.) is controlled by the D-
axis shunt inverter voltage (Vyp). The design of the shunt inverter control system has
been carried out in Chapter-7. The PI controller gains used for the shunt inverter
controller are K,; = 5.0, Ky = 21.367, K, =0.2, K2 = 5.0, Kp3 =-1.0, Ki3=-2.0, Kpy = -

1.0., K,‘.{ = -133.0.

10.2.2 Series inverter control system: The series inverter injected voltage is split into
two components, one in-phase (Vi.p) and the other in quadrature (Vo) with the UPFC
bus voltage. The series inverter controls the real power flow in the transmission line
(Piine) by injecting a voltage in quadrature (Vi) with the UPFC bus voltage (Viupfeus)-
The in-phase component (Vi.p) of the series injected voltage controls the transmission
line side bus voltage (Vj;,.}). By regulating the transmission line side bus voltage reference
(Viinerer), transmission line reactive power flow (Qin.) can be controlled. The series

inverter control system is as shown in Fig.10.3.
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Fig.10.3 Series inverter control system.
a) Transmission line real power flow controller.
b) Transmission line reactive power controller.
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10.3 Performance of the control system

10.3.1 Response to step change in transmission line reactive power reference
A two machine power system with UPFC shown in Fig.10.4 has been considered to

study the response of the power system to step input changes in reactive power reference.

Ti
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Fig.10.4 Two machine power system with UPFC.

The shunt inverter of UPFC controls the UPFC bus voltage (Vippsus) and the DC link
capacitor voltage (Vy). The series inverter of the UPFC controls the real and reactive
power flow in the transmission line (Pyie , Qline)-

Plot-1 through plot-8 of Fig.10.5 shows the response of the system to step change
in transmission line reactive power reference from 125 MVAR to —35 MVAR and back
to 125 MVAR. This is a step change of 160 MVAR in the transmission line reactive

power flow. Plot-1 through plot-8 of Fig.10.5 shows the real power flow in the



transmission line (Prine), reactive power flow in the transmission line (Qy..), reactive

power flow in the transmission line (Qn.) around 10 s, reactive power flow in the

transmission line (Qrine) around 12 s, UPFC bus voltage profile (Vyercpus). DC link

capacitor voltage profile (Vy), shunt inverter reactive power (Qs) around 10 s and shunt

inverter reactive power around 12 s respectively.
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At 10 s, a step change is conducted in the transmission line reactive power
reference from 125 MVAR to -35 MV AR. It is seen that the transmission line real power
flow (Prn.) (plot-1 of Fig.10.5) is not affected significantly during the step change in
transmission line reactive power reference. The transmission line reactive power (Qrine)
(plot-2 of Fig.10.5) changes from 125 MVAR to —35 MVAR in about 100 to 150 ms.
Simultaneously the shunt inverter reactive power (Q;,) reduces from about 80 MV AR to
—80 MV AR (plot-7 of Fig.10.5). A step decrease in the transmission line reactive power
reference from 125 MVAR to -35 MVAR causes a sudden increase in the UPFC bus
voltage (Vipesus) (plot-5 of Fig.10.5) by about 0.05 p.u from 1.0 p.u momentarily. After

about 200 ms the UPFC bus voltage (Vippsus) is brought back to 1.0 p.u by the shunt
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inverter control system. At about 12 s, the transmission line reactive power (Qjine) is
changed from —35 MVAR to 125 MVAR (plot-4 of Fig.10.5) by changing its reference
value. Simultaneously, the shunt inverter reactive power changes (Qs)from about -80
MVAR to +80 MVAR (plot-8 of Fig 10.5). This time the UPFC bus voltage (Viprbus)
changes from 1.0 p.u to 0.95 p.u momentarily. In this simulation the real power
coordination controller has been included which helps in reducing the change in the DC
link capacitor voltage (V). This is seen from plot-6 of Fig.10.5. It is also observed that
though the transmission line reactive (Qyine) reaches 90 % of its steady state value in
about 100 to 120 ms, the shunt inverter reactive power (Q;;) takes almost 300 to 400 ms
to reach its steady state.

This simulation has shown that step changes in transmission line reactive power
has a significant effect on the UPFC bus voltage (V. sus) and shunt inverter reactive
power (Qs;). It is observed that the shunt inverter reactive power (Qsx) takes about 300 to
400 ms to reach its steady state. This is because, the shunt inverter reacts only to the
change in the UPFC bus voltage (Viprsus)- A step decrease in transmission line reactive
power reference at 10 s causes the UPFC bus voltage (Vippuus) to rise to 1.05 p.u. This
increase is sensed by the shunt inverter control system which reduces its reactive power
output bring the UPFC bus voltage (V,prcsus) to 1.0 p.u. One reason that can be attributed
to the sluggish response of the shunt inverter reactive power (Qs;) is that the UPFC bus
voltage controller forms the outer loop control thereby reducing the speed of response of
the shunt inverter to rapid changes in UPFC bus voltage (Vipfesus)-

Another problem that is to be noted is that, if there are transmission lines

emanating from the UPFC bus and connected to a load center, sudden changes in the
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UPFC bus voltage (Vipfesus) due to step changes in transmission line reactive power flow
reference would cause power quality problems. The above two reasons amply

demonstrate the need for a reactive power coordination controller to improve the over all

performance of the UPFC control system.

10.4 Reactive power coordination control design

To design a reactive power coordination controller, one needs to look at the
response of the shunt inverter reactive power () to step changes in transmission line
reactive power reference. As seen from plot-7 and plot-8 of Fig.10.5, it is observed that
for a change in transmission line reactive power of 160 MVAR (from 125 MVAR to -35
MYVAR), the shunt inverter reactive power (Qs;) changes from 80 MVAR to -80 MVAR.
This change takes place in about 400 ms. The response seen in plot-7 and plot-8 of
Fig.10.5 are very similar to that of the response of a first order system to step changes.
The time constant of the response is in the range of 80 ms. This information is considered
during the design of the reactive power coordination controller. Further, notice should
also be taken that the change in shunt inverter reactive power (Q,) is equal to the change
in transmission line reactive power (Qj:..)- Based on these two observations, the reactive
power coordination controller is designed. Fig.10.6 shows the shunt inverter control
system with reactive power coordination controller. The input signal to the reactive
.power coordination controller is the transmission line reactive power reference. The
output of the reactive power coordination controller modulates the shunt inverter reactive
current reference ([ingre)- Thus any change in the transmission line reactive power

reference is directly transferred to the shunt inverter inner control system. It should be
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Fig.10.6. Shunt inverter control system with real and reactive power coordination controller.

noted that the output signal is fed to the inner loop control system. By doing so, the speed
of response of the shunt inverter to changes in transmission line reactive power reference

is increased. The gain (G) of the reactive power coordination block is chosen to be 1.0 as
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the change in transmission line reactive power is to be transmitted in its entirety to the
shunt inverter control system. The time constant 7w has been chosen to be greater than 80
ms. The time constant Tw is chosen to be 0.5 s. By doing so, the change in shunt inverter
reactive current reference (Isngrer) would take a longer time to decay to zero allowing for

sufficient time for the outer loop UPFC bus voltage controller to react.

10.5 Step response with reactive power coordination controller

The power system shown in Fig.10.4 has been considered to show the effect of
the including the reactive power coordination controller on the transmission line reactive
power flow (Qjin.) and the UPFC bus voltage profile (Vipsesus). The shunt inverter control
system shown in Fig.10.6 includes the real and reactive power coordination controller.
The series inverter control system is as shown in Fig.10.3.

A step change in transmission line reactive power reference is conducted at 10 s
and 12 s. Plot-1 through plot-9 of Fig.10.7 shows the response of the system to step
change in transmission line reactive power reference. At 10 s, the transmission line
reactive power reference (Qlineres) is changed from 125 MVAR to —35 MVAR. At 12 s,

the transmission line reactive power reference (Qlinerep) 1s changed from -35 MVAR to
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125 MVAR. It is seen from plot-1 of Fig.10.7 that the real power flow is not affected
much due to step changes in transmission line reactive power flow reference. It is seen
from plot-3 and plot-4 of Fig.10.7 that the transmission line reactive power response has
been slightly affected though not significantly due to the inclusion of the reactive power
coordination controller. Comparing plot-3 and plot-4 of Fig.10.5 and plot-3 and plot-4 of
Fig.10.7 between the time 10 s, 10.1 sand 12 s, 12.1 s, it is seen that the transmission line
reactive power rises much faster with reactive power coordination controller than without
it. It should also be observed that the transmission line reactive power reaches 90% of its
steady state value within 100 ms (-20 MV AR for step change from 125 MVAR to -35
MVAR and 110 MVAR for step change from -35 MVAR to 125 MVAR) with reactive
power coordination controller as compared to 150 ms without reactive power
coordination controller. Plot-5 of Fig.10.7 shows the UPFC bus voltage profile (Vipfpus)-
Tt is seen that at 10 s, the UPFC bus voltage (Vi,ssus) changes by only 0.01 p.u. from 1.0
p.u. for a change in transmission line reactive power change of 160 MVAR as compared
to 0.05 p.u. without reactive power coordination controller (see plot-5 of Fig.10.5). Thus

the reactive power coordination controller has reduced the peak of the UPFC bus voitage
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profile (Vipesus) and made it to gradually reach its steady state. It should be observed
from plot-8 and plot-9 of Fig.10.7 that the shunt inverter reactive power (Qs;) responds
much faster as compared to without the coordination controller. The response of the shunt
inverter reactive power {Q,;) with coordination controller is about 100 ms (plot-8 and
plot-9 of Fig.10.7) as compared to about 400 ms (plot-7 and plot-8 of Fig.10.5) without
reactive power coordination controller.

At 12 s, the transmission line reactive power reference is changed from -35
MVAR to +125 MVAR. The UPFC bus voltage profile (V,ppsus) is shown in plot-5 of
Fig.10.7. At 12 s UPFC bus voltage drops to about 0.98 p.u. for a change in transmission
line reactive power of 160 MVAR as compared to 0.95 p.u (plot-5 of Fig.10.5) without
the reactive power coordination controller.

This simulation has shown that the inclusion of reactive power coordination
controller helps in improving the UPFC bus voltage profile and reduce power quality
problems (voltage sag / voltage rise). Further it helps in improving the response time of
the shunt inverter to changes in transmission line reactive power reference, thereby

improving the over all performance of the UPFC control system.

10.6 Power oscillation damping

A two-machine power system with UPFC shown in Fig.10.4 has been considered
to study the performance of the UPFC control strategy and its control system under
dynamic conditions. This power system was chosen over that in Fig.9.8 for the following
reason. Inclusion of the reactive power controller for the UPFC for the power system in

Fig.9.8 caused switching problems for the GTO’s.
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The voltage sources shown in Fig.10.4 have been converted into a second order
system to model them as generators. This power system model has been chosen to depict
a two-area power system. The sending and receiving end voltage source has been

modeled as a second order transfer function as given below.

Output _ w; _ (10.1)
Input  1+2{w, s+w,

The sending end voltage source parameters are @), =1.5 Hz and { = 0.1. For the receiving
end voltage source, the parameters area, =1.3 Hz and { = 0.05. The input and output are
phase angle of the sending end voltage source. This is because the second order function
only tracks the input signal. For example, a step change of 1.0 p.u causes the output to
reach 1.0 p.u based on the parameters @) and {. As seen the second order function with
the above parameters represents an under damped system.

Fig.10.8 shows the response of the power system to a pulse change in the
receiving end voltage source phase angle without UPFC. Plot-1 of Fig.10.8 shows the
real power flow oscillations (Pjn.) in the transmission line without UPFC. The reactive
power oscillations (Qjin.) Without UPFC is shown in plot-2 of Fig.10.8. The real power
flow in the transmission line (Py,.) before the disturbance is 400 MW. The peak of the
real power flow in the transmission line (Py,.) after the disturbance is about 550 MW.
The initial reactive power flow in the transmission line (Qy;..) is 80 MVAR. The positive
peak of the reactive power flow (Qj..) in the transmission line after the disturbance is
about 95 MVAR. The transmission line real and reactive power flows (Piine,Qrine) €xhibit

low damping.
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Fig.10.8 Real and reactive power oscillations without UPFC.

To study the performance of the UPFC control system under dynamic conditions,

a pulse change in the phase angle of the receiving end voltage source is conducted to

simulate a power oscillation arising from a control area. The control strategy used for

UPFC is such that the shunt inverter of the UPFC controls the UPFC bus voltage

(Vipsebus), DC link capacitor voltage (V) and the series inverter of the UPFC controls the

real power flow in the transmission line (P,.), transmission line reactive power flow

(Qtine)- It should be noticed that the reactive power coordination controller does not take

part in the damping of real and reactive power oscillations. This is because the input to

the reactive power coordination controller is the transmission line reactive power

reference. As long as the transmission line reactive power reference is fixed, the output of
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the reactive power coordination controller is zero. The coordination controller is only
active during transient changes in transmission line reactive power reference. Thus the
reactive power coordination controller plays no role in damping reactive power
oscillations in the transmission line.

Plot-1 through plot-4 of Fig.10.9 shows the real power (Pji,), reactive power flow
in the transmission line (Qne), UPFC bus voltage (Viprsus) and the DC link capacitor
voltage profile (Vi) for the simulated disturbance. The disturbance is a pulse change in
the receiving end voltage phase angle conducted at 10 s. The initial power flow in the 345
kV transmission line where the UPFC is installed is 450 MW. The shunt inverter of the
UPFC controls the transmission line side bus voltage (V.pzsus) at 1.0 p.u and the DC link
capacitor voltage (Va) at 60 kV. The series inverter controls the real power flow in the
transmission line (Prin.) at 450 MW and the transmission line reactive power flow (Qjine)
at 125 MVAR. Comparing plot-1 and plot-2 of Fig.10.8, and plot-1 and plot-2 of
Fig.10.9, it is readily seen that the real and reactive power oscillations are well damped
with UPFC. The real power and reactive flow in the transmission line takes about 2 s to
damp as compared to more than 4 s without UPFC. Further, the UPFC bus voltage
(Vupsebus) as shown in plot-3 of Fig.10.9 is controlled to 1.0 p.u. The DC link capacitor
voltage (V) oscillations shown in plot-4 of Fig.10.9 are also well damped as the real
power coordination controller has been included during this simulation. The DC link

capacitor voltage oscillations also damp out in 2 s.
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The improvement in power oscillation damping obtained in chapter-9 excluded the
reactive power flow controller. This simulation has brought out the improvement in
power oscillation damping when the UPFC is controlling the transmission line real power
flow, reactive power flow, UPFC bus voltage and the DC link capacitor voltage
simultaneously. Further, it should be noted that the real power coordination controller has

been included in this simulation.

10.7 Summary

The need for reactive power coordination controller has been discussed. The first
reason being that any request for transmission line reactive power change in actually
supplied by the shunt inverter. The mechanism by which it works is that any change in
transmission line reactive power reference is seen by the shunt inverter as a change in the
UPFC bus voltage profile. Since the shunt inverter controls the UPFC bus voltage, an
equal amount of reactive power change in observed in the shunt inverter reactive power
to bring the UPFC bus voltage back to reference value. Thus the cause and the effect are
on two portions of the UPFC. Hence there is a need to coordinate between the series and
the shunt inverter controller with respect to transmission reactive power flow for better
overall performance of the UPFC control system.

The second reason for requiring a reactive power coordination controller for a
UPFC is related to power quality problems (voltage sag/voltage rise). Any change in
transmission line reactive power reference causes the UPFC bus voltage to change
significantly. If there are customers located close to or connected to the UPFC bus, they

could experience voltage related problems.
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A reactive power coordination controller has been proposed to reduce power
quality problem and improve the over all performance of the UPFC control system. The
input to the reactive power coordination controller is the transmission line reactive power
reference. Any change in transmission line reactive power reference is translated into an
equivalent reactive power reference for the shunt inverter thereby improving the response
of the shunt inverter to transmission line reactive power requests. The reactive power
coordination controllier has been designed and tested on a two-machine power system.
For a change in transmission line reactive power flow from 125 MVAR to -35 MVAR,
the UPFC bus voltage excursion has been reduced from 0.05 p.u without the reactive
power coordination controller to 0.01 p.u with reactive power coordination controller.
Similarly, when the transmission line reactive power reactive is changed form -35
MVAR to 125 MVAR, the UPFC bus voltage excursion is reduced from 0.05 p.u to 0.02
p-u.

Power oscillations damping simulation have been conducted to show the
improvement in damping while controiling the transmission line real power, transmission
line reactive power, UPFC bus voltage and DC link capacitor voltage simultaneously. It
should be noted that the reactive power coordination controller does not take part in

power oscillation damping.
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Chapter 11

A new control strategy for UPFC

11.0 Introduction

Chapter 9 has shown that the control system designed for the UPFC is able to
control the transmission line real power flow (Pj;,.), the UPFC bus voltage (Viprepus), and
the DC capacitor voltage (V) simultaneously. Further, the effect of in-phase component
(Veep) of the series injected voltage on shunt inverter reactive power (Qs) and
transmission line real (Pu,,e)/x.'eactive power flow (Qine) have also been discussed in
chapter 9. It has been shown that the in-phase component (V.p) of the series injected
voltage has considerable effect on the transmission line reactive power (Qiine) and the
shunt inverter reactive power (Qs). In contrast, the in-phase component (Vip) has
insignificant effect on the series inverter reactive power (Q;.). Any increase/decrease in
the transmission line reactive power (Qie) due to in-phase component (V,.p) of the series
injected voltage causes an equivalent increase/decrease in the shunt inverter reactive

power (Q;n)- This suggests that the transmission line reactive power (Qiin.) could directly
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be controlled by the shunt inverter and eliminating the need for reactive power
coordination controller.

A new control strategy has been proposed to achieve simultaneous control of four
variables namely, transmission line real power flow (Pj,), transmission line reactive
power (Qjine), UPFC bus voltage (Vipfesus) and the DC link capacitor voltage (V). The
associated control systems have been described. The performance of the new control
strategy for UPFC will be studied based on its ability to track step input changes and

provide power oscillation damping.

11.1 Proposed control strategy

To understand the proposed control strategy, consider a UPFC connected to a
transmission line as shown in Fig.11.1. In the proposed strategy, the series inverter of a
UPFC controls the real power flow in the transmission line (Py».) and the UPFC bus
voltage (Vippeus). The shunt inverter of the UPFC controls the transmission line reactive

power (Qyin.) and the DC link capacitor voltage (Vc)-
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To achieve this type of control strategy for UPFC, the series inverter injected voltage is
split into two components, one in-phase and the other in quadrature with the UPFC bus
voltage. The quadrature component of the series injected voltage (Vo) controls the real
power flow in the transmission line (Pj,) and the in-phase component of the series
injected voltage (V;.p) controls the UPFC bus voltage (Vipfebus)-

The advantage with this strategy is that by controlling the transmission line reactive
power flow directly by the shunt inverter, the need for reactive power coordination
controller as designed in chapter-10 is eliminated. Looking from a different perspective,
the burden of controlling the real and reactive power flow in a transmission line is split
between the series and the shunt inverter respectively. By doing so, the shunt inverter can
be used to manufacture and export required quantity of reactive power to the transmission
line. The second advantage is that one could replace part of the shunt inverter reactive

power capability by inexpensive shunt capacitors and help in reducing the cost of UPFC.
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11.2 Control system for the new control strategy

11.2.1 Shunt inverter control system: The shunt inverter is controlled using the de-
coupled control system. Fig.11.2 shows the shunt inverter control system with the real
power coordination controller. In the proposed strategy, the shunt inverter controls the

transmission line reactive power flow (Qiir.) and the DC link voltage (V).

P_=Real(V i)

y N
v upfcbus —E— v uplcbus
D
Vdcr:f
VAR [K3+L<£] (K,,. +ﬁ)
+ P S s
Lo ~—®
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v ’ shD
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Fig.11.2. Shunt inverter control system with real power coordination controller.
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It is seen from Fig.11.2 that the transmission line reactive power (Qiin.) is controlled by
the Q-axis shunt inverter voltage (Vs;p)- The DC link capacitor voltage (Vy.) is controlled
by the D-axis shunt inverter voltage (Vixp). The PI controller gains used for the shunt

inverter controller are K,; = 5.0, K;; =21.367, K, = 0.2, K; =5.0, K3 =-1.0, K;3=-2.0.

11.2.2 Series inverter control system: The series inverter injected voltage is split into
two components, one in-phase (Vsep) and the other in quadrature (Vse@) with the UPFC
bus voltage. The series inverter controls the real power flow in the transmission line
(Ptiine) by injecting a voltage in quadrature (Vi) with the UPFC bus voltage (Vupfcbus).
The in-phase component (Vsep) of the series injected voltage controls the UPFC bus
voltage (Vupfebus). Two fuzzy controllers have been implemented to control the real power
flow in the transmission line (Prine) and the UPFC bus voltage (Vupfebus). The knowledge
base used for controlling the UPFC bus voltage is the same as that used for the real power
flow control. Thus two variables have been controlled using the same knowledge base.
On the other hand, a conventional PI controller could be used for controlling the UPFC
bus voltage. But, conventional PI controller performance could deteriorate at operating
conditions other than that at which it is designed. Fig.11.3 shows the two fuzzy
controllers used for the series inverter The gains for Kv., Kv.- and Kv, are 1.0, 0.1 and -

0.5 respectively. The gains for the real power flow control are given in section 8.5.
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11.3 Performance of the new control strategy

11.3.1 Step input response: To study the step input response of the power system with

the proposed control strategy for UPFC, a power system shown in Fig.11.4 is considered.

With the new control strategy, the UPFC controls the UPFC bus voltage ( Vupfebus), DC

link capacitor voltage (Vdc), real power flow in the transmission line (Pure) and the

transmission line reactive power flow (Qline) simultaneously.
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Fig.11.4 Two machine power system with UPFC.
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a) Response to step change in transmission line real power flow reference:

The initial operating conditions for this simulation is that the series inverter
controls the UPFC bus voltage (Vupsebus) at 1.0 p.u and the transmission line real power
flow (Piine) at 450 MW. The shunt inverter controls the transmission line reactive power
flow (Quine) at 125 MVAR and the DC link capacitor voltage (Va) at 60 kV. Fig.11.5
shows the response to step changes in the transmission line real power flow reference
from 450 MW to 290 MW at 10 s and back to 450 MW at 12 s. Plot- 1 through plot-6 of
Fig.11.5 shows the transmission line real power flow (Plire), transmission line real power
flow (Piine) around 10 s, transmission line real power flow (Pline) around 12 s,
transmission line reactive power flow (Qline), UPFC bus voltage (Vupfebus) and the DC link

capacitor voltage (Vi) respectively.
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Fig.11.5 Response of the power system to step changes in transmission line real power flow
reference.(contd)
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Step changes were conducted at 10 s and 12 s to the transmission line real power flow
reference. At 10 s, the real power flow reference was changed from 450 MW to 290 MW,
a drop of 160 MW. Plot-2 of Fig.11.5 shows the transmission line real power flow around
10 s. It is seen that the transmission line real power flow changes from 450 MW to 290
MW in about 100 ms. At 10 s, the transmission line reactive power flow (plot-4 of
Fig.11.5) does not deviate significantly from its reference value of 125 MVAR. The
change in transmission line reactive power flow is less than 15 MVAR. Also the UPFC
bus voltage (plot-5 of Fig.11.5) which is controlled by the series inverter does not deviate
significantly from its reference value of 1.0 p.u. In addition, the DC link capacitor voltage
(plot-6 of Fig.11.5) is controlled at 60 kV by the shunt inverter. At 12 s, the transmission
line real power flow reference is changed from 290 MW to 450 MW, a change in 160
MW. Plot-3 of Fig.11.5 shows the real power flow around 12 s. It is seen that the
transmission line real power flow changes from 290 MW to 450 MW in about 100 ms.
The reactive power flow profile due to this step change are insignificant. The reactive
power flow in the transmission line changes only by 20 MVAR for a step change in 160
MW of real power. Further, the UPFC bus voltage and the DC link capacitor voltage
(plot-5 and plot-6) do not vary significantly from their reference values.

This simulation has brought out the decoupled nature of the control strategy.
Further, it has also shown that it is possible to control the transmission line reactive
power flow through the shunt inverter. In addition, it has also shown that the UPFC bus
voltage profile and the DC link capacitor voltage do not significantly deviate much from

their reference value.

241



b) Response to step change in receiving end voltage:

Fig.11.6 shows the response to a step change in receiving end voltage from 0.925
p.u (18.5 kV) to 1.03 p.u (20.6 kV) without UPFC. Plots-1 and plot-2 of Fig.11.6 shows
the transmission line real power flow (Piine) and the transmission line reactive power flow
(Qline) without UPFC. The initial power flow in the transmission line is about 400 MW

and 80 MV AR. The step change in receiving end voltage was conducted at 14 s.
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Fig.11.6 Response to step change in transmission line receiving end voltage from 0.925 p.uto 1.03 p.u.

It is observed from plot-1 of Fig.11.6 that the real power changes from 400 MW to 440
MW for a step change in receiving end voltage from 18.5 kV to 20.6 kV. The reactive
power flow changes significantly from 80 MVAR to 45 MVAR (a change of 125

MVAR) for a step change in receiving end voltage from 18.5 kV to 20.6 kV. Thus the
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above step change in receiving end voltage has significant effect on the transmission line
reactive power.

Plot-1 through plot-9 of Fig.11.7 shows the transmission line real power flow (Pline),
transmission line reactive power flow (Qiine), UPFC bus voltage profile (Vipfebus),
transmission line side bus voltage (Viine), DC link capacitor voltage (Vidc), shunt inverter
reactive power (Qsa), series inverter reactive power ((Qse), in-phase voltage component of
the series voltage (Vsep) and series inverter real power (Pse) respectively with UPFC. The
initial operating conditions for this simulation is that the series inverter controls the
UPFC bus voltage (Vupfebus) at 1.0 p.u and the transmission line real power flow (Pline) at
400 MW. The shunt inverter controls the transmission line reactive power flow (Qline) at

80 MVAR and the DC link capacitor voltage (V4c) at 60 kV.
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Fig.11.7 Response of the power system to step change in transmission line receiving end voltage from

0.925 p.u to 1.03 p.u. (Contd.)
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At 14 s, a step change in receiving end voltage was conducted from 10.8 kV to 20.6 kV
(from 0.925 p.u to 1.03 p.u). It is observed from Plot-1 of Fig.11.7 that the transmission
line real power flow does not change significantly. On the other hand. the transmission
line reactive power flow (plot-2 of Fig.11.7) shows a instantaneous change in
transmission line reactive power flow from 80 MVAR to 40 MVAR. With this sudden
change in transmission line reactive power, the shunt inverter increases its reactive power
(plot-6 of Fig.11.7) instantaneously by about 60 MVAR. This is because the shunt
inverter is controlling the transmission line reactive power flow. Subsequently, the
transmission line reactive power flow is controlled to 80 MVAR. It should be observed
from plot-4 of Fig.11.7 that the transmission line side bus voltage has increased form
0.98 p.u to 1.08 p.u. to keep the transmission line reactive power flow at 80 MVAR.
Simultaneously, the in-phase component of the series injected voltage (plot-8 of Fig.11.7)
has increased from about 0.06 p.u to 0.16 p.u.. This increase in in-phase series injected
voltage has increased the series inverter real power generation from — 6 MW to about 35
MW (plot-9 of Fig.11.7). This is because of the interaction between the in-phase
component of the series voltage and the transmission line current. It should also be
observed that the series inverter reactive power (plot-7) does not show any significant
change. With respect to the UPFC bus voltage ( plot-3 of Fig.11.7) it should be seen that
a step increase in receiving end voltage of about 0.1 p.u causes the UPFC bus voltage to
instantaneously increase to 1.025 p.u from its reference value of 1.0 p.u. Subsequently,
the UPFC bus voltage is brought back to 1.0 p.u. With this kind of disturbance, the DC
link voltage (plot-5 of Fig.11.7) changes by only 2 kV which is controlled back to 60 kV

by the shunt inverter.
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This simulation has shown that the real and reactive power flow control has been
decoupled. Further, it has also shown that the UPFC can be operated using this new

control strategy.

11.4 Power oscillation damping

A two-machine power system with UPFC shown in Fig.11.4 has been considered
to study the performance of the UPFC control strategy and its control system under
dynamic conditions. This power system was chosen over that in Fig.9.8 for the following
reason. Inclusion of the reactive power controlier for the UPFC for the power system in
Fig.9.8 caused switching problems for the GTO’s. The voltage sources shown in Fig.11.4
have been converted into a second order system to model them as generators. This power
system model has been chosen to depict a two-area power system. The sending and
receiving end voltage source has been modeled as a second order transfer function as

given below

2

Output _ a;

= . 11.1)
Input 1+20w,s + @; (

The sending end voltage source parameters are @, =1.5 Hz and { = 0.1. For the receiving
end voltage source, the parameters area, =1.3 Hz and { = 0.05. The input and output are
phase angle of the sending end voltage source. This is because the second order function
only tracks the input signal. For example, a step change of 1.0 p.u causes the output to
reach 1.0 p.u based on the parameters @, and {. As seen the second order function with

the above parameters represents an under damped system.
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Fig.11.8 shows the response of the power system to a pulse change in the receiving end
voltage source phase angle without UPFC. Plot-1 and plot-2 of Fig.11.8 shows the
transmission line real and reactive power flow respectively without UPFC. Plot-1 of
Fig.11.8 shows the real power flow oscillations (Pj.) in the transmission line without
UPFC. The reactive power oscillations (Qyn.) without UPFC is shown in plot-2 of
Fig.11.8. The real power flow in the transmission line (Py,.) before the disturbance is 400
MW. The peak of the real power flow in the transmission line (Py;,.) after the disturbance
is about 550 MW. The initial reactive power flow in the transmission line (Qjir.) is 80
MVAR. The positive peak of the reactive power flow (Qin) in the transmission line after
the disturbance is about 95 MVAR. The transmission line real and reactive power flows

(Pline-Qiine) €xhibit low damping.
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Fig.11.8 Response of the power system to pulse change in receiving end phase angle without UPFC.
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Plot-1 through plot4 of Fig.11.9 shows the response of the power system with UPFC for
the above disturbance (pulse change in receiving end phase angle). Plot-1 through plot-4
shows the transmission line real power flow (Pjin.), transmission line reactive power flow
(Qiine), UPFC bus voltage (V,pspus) and the DC link capacitor voltage (Vy.) respectively. It
is seen that the UPFC has completely damped the real power oscillations (plot-1 of
Fig.11.9) as compared to plot-1 of Fig.11.8. Further, the transmission line reactive power
flow (plot-2 of Fig.11.9) shows oscillations which are about 20 MVAR. Eventually, the
reactive power oscillations damp out. Plot-3 of Fig.11.9 shows no significant oscillations
in the UPFC bus voltage. The DC link capacitor voltage (plot-4 of Fig.11.9) does show
oscillations. But these are of small magnitude of less than 2 kV. These are also damped
subsequently. This simulation has shown that the new control strategy for UPFC has

improved the damping of power oscillations.
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Fig.11.9 Response of the power system to pulse change in receiving end phase angle with UPFC. (Contd.)
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11.5 Summary

A new control strategy has been proposed to achieve the simultaneous control of
four variables namely, transmission line real power flow (Piine), transmission line reactive
power (Quire}, UPFC bus voltage (Vupfcbus) and the DC capacitor voltage (Va). The
performance of the UPFC with the new control strategy has be studied based on its ability
to track step input changes and provide power oscillation damping.

In the proposed control strategy, the shunt inverter controls the transmission line
reactive power flow (Qiine) and the DC link capacitor voltage (Vdc). The series inverter
controls the transmission line real power flow (Piine) and the UPFC bus voltage (Vupseous).
Simulations conducted have validated the proposed control strategy for UPFC operating

under step input disturbances and dynamic conditions by being able to control the UPFC
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bus voltage (Vyprcous), real power flow in the transmission line (Piin.), transmission line
reactive power flow (Quine) and DC link capacitor voltage (V,.) simultaneously.

The advantage with this strategy is that by controlling the transmission line
reactive power flow directly by the shunt inverter, the need for reactive power
coordination controller as designed in chapter-10 is eliminated. Looking from a different
perspective, the burden of controlling the real and reactive power flow in a transmission
line is split between the series and the shunt inverter respectively. By doing so, the shunt
inverter can be used to manufacture and export required quantity of reactive power to the
transmission line. The second advantage is that one could replace part of the shunt
inverter reactive power capability by inexpensive shunt capacitors and help in reducing

the cost of UPFC.
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Chapter 12

Conclusions and Future Work

12.0 Conclusions

A control system/control strategy for UPFC has been designed in this thesis.
PSCAD-EMTDC computer simulations have been conducted to show the improvement
in power system damping with UPFC using the designed control system/control strategy.

A UPFC was constructed using the PSCAD-EMTDC software. The three major
components of the UPFC are the shunt inverter and its transformers, series inverter and
its associated transformers, and the DC link capacitor. A number of issues and problems
have been encountered during the UPFC contrcl system design process. The issues are
concerning the ratings of the shunt/series inverters, their transformers and the DC link
capacitor. These issues are discussed in this thesis. The operational problems involve the
control system design for the integrated control of the real and the reactive power flow on
transmission lines while simultaneously controlling the UPFC bus voltage and the DC

link capacitor voltage.
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The shunt inverter of a UPFC consists of four modules. Each module is a bridge
circuit consisting of 6 GTOs. The series inverter consists of a set of two modules. These
two modules are for the quadrature series injected voltage and the in-phase series injected
voltage. Appropriate switching signals to the shunt inverter and series inverter modules
have been implemented. The design process of the UPFC includes quantifying the ratings
of the shunt, series inverter/transformers and the DC capacitor. The ratings of the shunt
and series transformers/inverters ratings have been based on the SIL rating of the
transmission line. A rating of 160 MVA for both series and shunt inverter were used. The
design of the DC link capacitor has been based on the amount of energy that can be
expended due to the interaction between the series inverter injected voltage and the
transmission line current at SIL level. The DC link capacitor was rated at 60 kV, 3000uF
for the system studied in this thesis.

To operate the UPFC, proper control strategy needs to be defined to control the
transmission line real and reactive power flow while controlling the UPFC bus voltage
and the DC link voltage simultaneously. Subsequently, to achieve the control strategy,
proper control systems for the series and shunt inverters need to be designed.

In the case of shunt inverter, to control the UPFC bus voltage and the DC link
capacitor voltage simultaneously, a de-coupled control system was designed. The de-
coupled control system for the shunt inverter provides independent control loops to
;egulatc the UPFC bus voltage and the DC link capacitor voltage. The design process for
the de-coupled control system has been presented in this thesis. Proportional-integral
controllers were used to control the UPFC bus voltage and the DC link capacitor voltage.

The control system design was performed on a system where an inverter was connected

253



to a constant voltage source. This involved the linearization of the shunt inverter constant
voltage system. Subsequently, linear control techniques were used to quantity the control
gains. Step response tests were conducted to show the validity of the control system
design.

With respect to the series inverter, the problem of low damping associated with
the series inverter of a UPFC in controlling the real power flow in a transmission line is
solved using a fuzzy controller. The knowledge base for the fuzzy controller has been
developed based on a logical process. The logical process includes modeling the UPFC,
conducting small-signal studies and subsequently performing time domain simulations.
Time domain computer simulations provide a great deal of information on which the
rules for the fuzzy controller has been developed. A method has been developed to
implement a fuzzy controller in PSCAD-EMTDC software. The complexity in the fuzzy
logic controller design for the series inverter of a UPFC is two-fold. The complexity in
the design of a fuzzy controller for the series inverter of a UPFC lies in the fact that the
fuzzy controller should not only improve the performance of the UPFC but also it should
not cause instability. The instability could arise from the non-coordination of the series
inverter with the shunt inverter operation. This two-fold problem has been kept in mind
while designing the fuzzy logic controller (FLC) for the series inverter of the UPFC.
Performance analysis that involves the step response and three-phase fault studies has
been conducted to show the validity of the fuzzy control system designed.

DC link capacitor of a UPFC forms a very crucial component of a UPFC. This is
because it supplies the necessary DC voltage for the operation of both the shunt and the

series inverter. Loss of DC voltage during disturbances could lead to instability and



subsequent removal of UPFC from operation. Further, the real power demand of the
series inverter is supplied by the shunt inverter. The real power demand of the series
inverter arises due to the interaction between the series inverter injected voltage and the
transmission line current. If the operation of the shunt inverter and that of the series
inverter are not coordinated with respect to real power demand of the series inverter, it
could lead to loss of DC voltage and subsequent removal of UPFC from operation. In
order to facilitate proper operation between the series and the shunt inverter control
system, a new real power coordination controller has been developed. The coordination
controller provides a proper feedback between the series and shunt inverter control
system. PSCAD-EMTDC computer simulations for the system under study in this thesis
have shown that without the coordination controller, the DC link capacitor voltage drops
to 40 kV as compared to 55 kV only with coordination controller for a three-phase fault
disturbance. This proves the efficacy of the real power coordination controller designed.
One other problem associated with the operation of a UPFC that has been
analyzed in this thesis is associated with transmission line reactive power flow control.
All the control strategies found in literature have used the series inverter to control the
transmission line reactive power flow. It has been found that the in-phase component of
the series injected voltage used for controlling the transmission line reactive power flow
in a transmission line, has a significant effect on the shunt inverter operation. Any change
in reactive power flow in a transmission line, achieved by injecting an in-phase
component of the series inverter voltage, is actually supplied by the shunt inverter. For
example, a request for increase in transmission line reactive power flow by 50 MVAR,

which is achieved by increasing the in-phase component of the series inverter voltage, is
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actually supplied by the shunt inverter. The in-phase component of the series inverter
injected voltage actually causes the UPFC bus voltage to decrease instantaneously. Since
the shunt inverter is generally used to control the UPFC bus voltage, any decrease in
UPFC bus voltage is converted into an equivalent increase in shunt inverter reactive
power. The change in shunt inverter reactive power is reflected as a change in
transmission line reactive power flow. This means that the cause and the effect are on two
different parts of the UPFC. Further, any increase/decrease in transmission line reactive
power flow has significant effect on the UPFC bus voltage. PSCAD-EMTDC simulations
of the system under study in this research have shown that for an increase in transmission
line reactive power of 160 MVAR, the UPFC bus voltage dips to about 0.95 p.u from 1.0
p.u. This could cause power quality problems for customers connected close to the
location of UPFC. Based on the two reasons, one being that any increase/decrease in
transmission line reactive power flow is actually supplied by the shunt inverter and the
other related to power quality problem, a new reactive power coordination controller has
been proposed and designed. PSCAD-EMTDC computer simulations have shown that
without the reactive power coordination controller, the UPFC bus voltage varies between
1.05 and 0.95 p.u for a step decrease/increase of 160 MVAR in transmission line reactive
power flow. With the reactive power coordination controller, the UPFC bus voltage
variation has been reduced to 1.01 and 0.98 p.u respectively for a step change in
transmission line reactive power of 160 MVAR.

PSCAD-EMTDC computer simulations have been conducted with the shunt
inverter controlling the UPFC bus voltage and the DC link capacitor voltage and the

series inverter controlling the transmission line real and reactive power flow to show the
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improvement in power oscillation damping with and without the UPFC. PSCAD-
EMTDC simulations have inciuded the real and the reactive power coordination
controller while conducting power oscillation damping studies. It has been found that
UPFC enhances power oscillation damping.

Improvement in power oscillation damping has involved the series inverter
controlling the real and reactive power flow in the transmission line with the shunt
inverter controlling the UPFC bus voltage and the DC link capacitor voltage. With this
strategy, it has been mentioned earlier that increase/decrease in the transmission line
reactive power achieved by injecting an in-phase voltage by the series inverter is actually
supplied by the shunt inverter. Thus the cause and the effect are on two portions of the
UPFC. The cause being the injection of in-phase series voltage by the series inverter and
the effect is seen as a change in shunt inverter reactive power. This represents an indirect
control with respect to transmission line reactive power flow. A new direct control of
reactive power flow in a transmission line using the shunt inverter has been proposed in
this thesis. In the proposed strategy, the series inverter controls the real power flow in the
transmission line and the UPFC bus voltage. On the other hand, the shunt inverter
controls the transmission line reactive power flow and the DC link capacitor voltage. By
doing so, the burden of controlling the transmission line real power flow and transmission
line reactive power flow is split between the series and the shunt inverter of the UPFC
respectively. The advantage with this strategy is that one could replace the shunt inverter
reactive power capability with inexpensive switched shunt capacitors and reduce the cost
of UPFC. Further, with the proposed control strategy, the need for reactive power

coordination controller is eliminated. PSCAD-EMTDC computer simulations have been
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performed to show the validity of the proposed control strategy and to show the

improvement in power oscillation damping.
12.1 Future work

The work completed in this thesis includes a complete control system design for
UPFC and studying its performance. All the work done till now assumed that the system
is balanced. Power systems in general are never balanced in the sense that the currents
and the voltages do have negative and zero sequence components. Very little research has
been done in the area of designing a control system and operating a UPFC under
unbalanced condition. The future work will include the design of a control system that

allows the UPFC to operate reliably under unbalanced power system conditions.
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Appendix-1

Table A1-1. Network Data for SMIB

From Bus To Bus R X B./2
2 6 0.0 0.1 0.0
6 3 0.04675 04566 0.02178
3 4 0.0 0.1 0.0
4 7 0.0935 0.9132 0.01089
3 5 0.0 0.1 0.0
3 7 0.0935 0.9132 0.01089
7 1 0.0 0.1 0.0
Table A1-2. Bus Data for SMIB
Bus Num/Type Bus Voltage Pgen+j Qgen Pload + j Qload
1 (Infinite Bus) 1.0 0.0+j0.0 0.0 +j 0.0
2(P-VBus) 1.03 700 +3;0.0 0.0+ 00
3 (Load Bus) 1.0 0.0+j0.0 0.0 +j 0.0
4 (Load Bus) 1.0 0.0+j0.0 0.0+j0.0
5 (Load Bus) 1.0 0.0 +j 156G 0.0+j0.0
6 (Load Bus) 1.0 0.0+j0.0 200 +j50
;I (Load Bus) 1 0.0+j0.0 0.0+;300

259



A 1-3. Generator Parameters

Ladu = 1‘6
L, =15
=02

L,=0835L,
L, =0835L,,

L, =0.10667
ru = 0.0005658
L, =0.1

ry =0.01768
L,, =0.45652
r, =0.01297
L,, =0.05833

r, =0.021662

A 1-4. Power system stabilizer / Exciter model and parameters

Aw —

v
Filter
v, —| —
1+sT,
Ay
K sTy, 1+sT; 1+sT, /—
stab 1+sT; " I+s7, ¥ I+sT: _/
W )
! 0.1

ref

K

stab

Power system stabilizer
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A 1-5S. UPFC parameters
DC link capacitor = 1000pF
Shunt inverter transformer is rated at 200 MV A, 230/66 kV, X, = 0.0222 per unit.
Series inverter transformer is rated at 44 MVA, 40/69 kV, X, = 0.005 per unit.

Reap = 48400 Q.

A 1-6. Small-signal stability analysis
a) Generator modeling: The synchronous machine has been modeled in the d-q axis
frame on its rotor with two damper windings on the q axis and one dampers on the d-axis.
The state variables of the machine along with its algebraic equations are as given in

reference [36]. The mechanical equations of the machine are

_@. = a)OAa)r

dt

B, o (1, -T.)
dt 2H

The rotor voltage equations are given by
ey =P¥utRyly
0=py, + Ry iy
0=py, + R,
0= py,, + Ry b,
The stator terminal voltage equations are related to the stator fluxes by
e, =Y, 0. —R,i,
e, =y,0, — R,

The stator flux linkage equations are related to the currents by
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v, =—(L, +Iiy + Ll +L,,i,

w,=—(L,+Ii, + L i, +L,i,
The rotor flux linkages and the electromagnetic torque of the generator are

W =Lgiuy+ Loty — Lyl

W =Lgly + Loty — Lty

Wiy = Lighiy + Lighy — L,

Wag = Logliy + Losgla, — Lol

T, = Wi, ~ Vi, (A 16.1)
The above set of differential and algebraic equations are linearized to obtain the machine
state matrix in the form

*
AXc =A;AX; + B;Ae,,, (A 1.6.2)

where

AX; =(A8,A0,, Ay 4. Ay Ay, AY,)

Aeyy, = (Ae,y,Ae )

and Ag and Bg are constant matrices.
b) Power system stabilizer model: The power system stabilizer is represented with two
lead-lag blocks. The block diagram with the transfer function of the PSS is given in

Appendix-1. The linearized equations for the PSS can be put in the form

AXpss =AAX, +B, Aey, (A 1.6.3)

The corresponding state variables for the PSS are

A X pss =(AV,,AV,,AV;,AV;)
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Linearizing equation 5.18 and combining it with equation (A 1.6.2) and (A 1.6.3) we get

AXw = A AX,, + B, Aey,, (A 1.6.4)

Where
AXM =(AXG,AXpss,AVdc)

Apm and By are constant matrices.

c) Network modeling: The frequency range of interest in this study is between 0.1 Hz
and 2.0 Hz. Further, to reduce the complexity of the problem formulation, the network
dynamics have been neglected. The loads have been represented as constant shunt
admittance and combined into the network admittance matrix. The network is then
reduced to include only the machine nodes and the UPFC nodes. At this moment, a
simplification regarding the notation of the UPFC bus voltage (Vips) and the
transmission line side bus voltage (Vi) have been made for building the complete state
matrix. The UPFC bus voltage (Vipfesus) has been represented as Ve and the transmission
line side bus voltage (Vize) as V. Linearizing the network equations we get

Al ypo = KAV, po + LAV, + MAV 10
Al gepp = OAVypo + PAV iepp + QAV 00 (A 1.6.9)
Al ,p, = RAV,p, + SAVgrpp +UAV 00

Subscripts D and Q represent the network real and the imaginary axes. The network
equations have been put in the following format where subscripts ‘M’, ‘EF’, and ‘sh’

refer to the machine nodes, the nodes between which the series inverter is placed, and the
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shunt inverter nodes respectively. Matrices K, L, M, O, P, Q, R, S and U are the
corresponding elements of the network admittance matrix.

The connection matrices between the machine d, q axes and the network D, Q
axes are given by the following equations.

e, =V,sind -V, cosd
. (A 1.6.6)
e, =V,sind +V,cosd

Where Vj and V) are the network voltages. The transformation matrix can be written as

Tzl:sm6 —c?sf] (A 1.6.7)
cos o sin o

Hence equation (A 1.6.6) can be written as

eusy = TVung (A 1.6.8)
Linearizing equation (A 1.6.8) we can write,

Ay, = ThAVpo +T.AX (A 1.6.9)
The subscript O refers to the operating point at which it is linearised. 7 is a constant
matrix.
The machine currents in the d, q axes are related to the network frame of reference by the
transformation 7.

irg = Lyyp sind —1I,,, cos &
Iy =Ly sind +1,,,cosd (A 1.6.10)

Linearizing equation (A 1.6.10) we get
Alyy, =ToAlp, + TAX (A1.6.11)

The subscript O refers to the operating point at which it is linearized. 7T; is a constant

matrix.
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Combining equations (A 1.6.4) and (A 1.6.9) relating the machine nodes with the

network nodes we can write

AXw = Ay AX,y + ByrAVyno (A 1.6.12)

The shunt inverter voltage (V) of the UPFC is also split into two components. One in-
phase (Vy,) and the other in quadrature (Vi) with the UPFC bus voltage phasor (V).
The shunt inverter voltage (V;)can then be expressed in the form

V:IxD =V,

shp

cos5p +V

<hg COS O,

V_th = V

shp

sind, +V,

shq

sin g, (A 1.6.13)

8, and &, are the angles made by the ‘p’ and the ‘q’ axis with the network D axis. (Refer
Chapter-4, Fig.4.4)
Linearizing equation (A 1.6.13) we get

AV,po = SHAS, + SH,Au (A 1.6.14)

The series inverter voltage can be expressed in the form

Vip =V,,c088,+V,_ cosd,

sep seq

V., =V,,sind, +V, sind, (A 1.6.15)

sep seq
Linearizing equation (A 1.6.15) we get

AV, 0 = SEAS,, + SE,Au (A 1.6.16)

where SH;,SH> and SE,,SE: are constant matrices and

Au=(AV,, AV, AV, AV, )

shp ? shg? seq ? sep
The expression for the variable &, and §, can be put in the form of

S, =angle(V,)

p

265



T
o, = angle(V, )+ >

where Vg is the voltage of the UPFC bus.
Linearizing equation (A 1.6.17) we get

AS,, = KPCAV gp,

where KPC is a constant matrix.

(A 1.6.17)

(A 1.6.18)

It should be remembered that the variable Izrpp are the current injections at the

buses between which the UPFC is connected. Referring to the Norton equivalent of the

UPFC model as given in Chapter-4 Fig.4.3, the current injections at the bus E is given by

JVsemYer and the current injection at the bus F is given by -jV.Ygr, where Ygr is the

admittance between the bus E and F in the Norton equivalent circuit. Ygr is basically the

admittance of the series transformer. Thus the expression for the current injection at bus

‘E and F’ are given by
Iep+ileg =Vip + iVig )i¥er
Similarly, the current injection at the bus ‘F’ is given by
Iep + jleg = —(‘/nD + Voo )jYEF
Linearizing equations (A.1.6.19) and 9A.1.6.20) we get
Al EFDQ = ! EFDQIAVmDQ
Where Igrpg; is a constant matrix.
Substituting for AV, pp from equation (A 1.6.16) into (A 1.6.21) we get
Al gepg = erpgsA0,, + 1 gppg Au

Where Igrpg; and Igrpgp; are constant matrices.
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From equation (A.1.6.5) we have

Al grp, =OAV, 0 + PAVgep + QAV ;00 (A 1.6.23)
Equation (A.1.6.23) can be expressed as

AViepo =P My — PT'OAV,, — PT'QAV,, 0 (A 1.6.24)
Combining equations (A.1.6.14), (A.1.6.22) and (A.1.6.24) we get

AVirpo = VerppiA0,, + VerpprAit +Virp3AV i, (A 1.6.25)
where Verpor, Verpg2 and Verpg; are constant matrices.
From equations (A.1.6.1) we can express the machine d-q axis currents as

Alpy, = INJAX , + IN ,Ae,,, (A 1.6.26)
where Iy, and Iy, are matrices.
Equating equation (A.1.6.11) with (A.1.6.26) and substituting for Adepq, from equation
(A.1.6.9) we can write

Al po = INAX, + INAV,,,, (A 1.6.27)
where Iys and Iys are matrices.
Equating equation Alypp of (A.1.6.5) with (A.1.6.27) and substituting for 4Vgrpeo and
AVgpo from equation (A.1.6.14) and (A.1.6.25) we can write

AVipo = Vipoi&X y + VipgaAd,, +VipgsAu (A 1.6.28)
where Viupor » Vipgz and Viypg; are matrices.
Substituting for 4Vyspp from equation (A.1.6.28) in (A.1.6.25) we can write

AVerpp = Vierppsl0,, + VirposAit +ViepoeAX (A 1.6.29)
where Verpo+, Verpgs and Verpgs are constant matrices.

Substituting for AVgrpg in (A.1.6.18) we can write
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AS,, = DQ,Au+DQ,AX (A 1.6.30)
where DQ; and DQ- are matrices.
Substituting for AJ,, into equation (A.1.6.14) we can write
AV,pp = SH;Au+SH ,AX (A 1.6.31)
where SH; and SH, are matrices.
Substituting for Ad,, into equation (A.1.6.16) we can write
AV, ,po = SE;Au+SEAX , (A 1.6.32)
where SE; and SE,; are matrices.
Substituting for Ad,, from equation (A.1.6.30) into equation (A.1.6.29) we can write
AVieepg = VerpgrAX iy + VirpgsAu (A 1.6.33)
where Verpg7 and Vgrpgs are constant matrices.
Substituting for 44,, from equation (A.1.6.30) into equation (A.1.6.28) we can write
AVipg = VapesAX y +V,posut (A 1.6.34)

where Viypgs and Vypgs are matrices.

Linearizing equation 5.18 expressing the DC link dynamics we can write

AV =WAX , +W,AI ,,, +WAT, 0 + WAV, 0 + WAV, 5, (A 1.6.35)

where W, to Ws are constant matrices. /,.pg is the network axis transmission line current.

To find an expression for the transmission line current /;.pg we have,
IseDQ = l(VED + jVEQ )+ (V:eD + jVseQ )— (VFD + jVFQ )J (_ JYer ) (A 1.6.36)

Linearizing (A.1.6.36) we get

NseDQ = ISEDQIAVEFDQ + ISEDQZAVgeDQ (A 1.6.37)
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Combining equations (A.1.6.32), (A.1.6.33) and (A.1.6.37) we get

Al po = TseppsDX gy + Lgepo At (A 1.6.38)
where Isgpps and Isepos are matrices.
To find an expression for I;;pg We have from equation (A.1.6.5)

Al ,pp = RAV,po + SAV ppy +UAV 1, (A 1.6.39)
Combining equations (A.1.6.31), (A.1.6.33), (A.1.6.34) and (A.1.6.39) we get
Al o = Loppoi DXy + Tgypg,Aut (A 1.6.40)

where Isupos and Isypg2 are matrices.

Combining equations (A.1.6.31), (A.1.6.32), (A.1.6.35), (A.1.6.38), (A.1.6.40) we get

AV =W,AX,, +W,Au (A 1.6.41)

where W5 and W7 are matrices.

Combining equations (A.1.6.12), (A.1.6.34) and (A.1.6.41) we can write

AXw = AAX,, + BAu (A 1.6.42)
where A and B are matrices.
d) Output variables: The output variables of interest are the UPFC bus voltage (Vg), the
DC link capacitor voltage (Vy), real power flow in the transmission line(Pyn.) and the
transmission line side bus voltage (VF).

AY =[AV,,AV, AP, ,AV,] (A 1.6.43)

line ¥
The expressions for the above variables are as given below. Since AV, is a state variable,
there is no need for any expression for it. The expression for the UPFC bus voltage Vg is

given by

Ve = 'J(VED)Z + (VEQ)2 (A 1.6.44)
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Linearizing equation (A.1.6.44) we can write

N V pA V 2
AV, =( VED" J AV, +[—I-,501J AV,

EQ EQ

The equation (A.1.6.45) can be put in the form

AVy =OP AV,
where OP; is a matrix.
Combining equations (A.1.6.33) and (A.1.6.46) we can write
AV, =0P,AX,, + OP,Au
where OP; and OP; are matrices.
The expression for the real power flow in the line is as given below.

P,

ine = Veplop + VFQI seQ
Linearizing equation (A.1.6.48) we can write

AP,

ine = VepoAl p + AViep pg + VoAl o + AVio ! 00
Equation (A.1.6.49) can be expressed as

AP,

e = OPy AL po + OFP AV ep
where OP; and OPs are matrices.
Combining equations (A.1.6.33), (A.1.6.38) and (A.1.6.50) we can write

AP,

line

=0PAX,, + OP,Au
where OPs and OPj7 are matrices.

The expression for the line side voltage Vg is given by

Ve =/ (Vep)? + (Vip)’?

Linearizing equation (A.1.6.52) we can write
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AV, = (VFM J-AVFD + (Y@-].AVFQ
Veo Vo
The above equation can be put in the form
AV =OF AV,
where OP;g is a matrix.
Combining equations (A.1.6.33) and (A.1.6.54) we can write
AV, =OFAX, +OP,Au
where OPgy and OP o are matrices.
The output equations can be put in the standard form

AY =CAX,, + DAu

where C and D are matrices.

(A 1.6.53)

(A 1.6.54)

(A 1.6.55)

(A 1.6.56)

e) Controller structure and description: In this control structure, the series inverter

controls the real power flow by injecting a controllable magnitude of series voltage (Vi.q)

in quadrature with the UPFC bus voltage i.e Vg The line side bus voltage (V§) is

controlled by injecting a component of the series voltage (Vi) in phase with the UPFC

bus voltage. The shunt inverter controls the DC link capacitor voltage by the variable

Ving- The UPFC bus voltage is controlled by adjusting Vi,. Four PI controllers have been

used to control the UPFC bus voltage, DC link capacitor voltage, real power flow in the

transmission line and the transmission line side voltage. The PI controllers have been

included while forming the complete state matrix. The PI controller is given by the

following equations [37].

AX.=AY —Av

Au=-K,(AY —Av) - KAX,
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Where A4v is the change in the reference which is zero in our case. K, and K; are

respectively the proportional and integral constants and are diagonal constant matrices.

f) Closed loop state equation: Combining the following set of equations (A.1.6.42)

(A.1.6.56) and (A.1.6.57) we can write

A% = (A -BK,C -BK, JAXM N [BKP, J“"

MC - DK, -M

AY =(MC - DK,)AX , + DK, Av (A 1.6.58)
where

AXr=(AX, ,AX,)

M=(+DK,'

K, =(+k,DJ'K,

k,=(I+k,DJ 'K, (A 1.6.59)

and [ is the identity matrix.

Closed loop stability requires that the eigen values of the matrix have negative real parts.

MC - DK,

[14

- A-BK C -BK,
AXr= g o (A 1.6.60)
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Appendix-2

Table A2-1. Network Data for MMPS

From Bus To Bus R X B./2
3 12 0.0 0.15 0.0
12 13 0.0225 0.225 0.0
13 2 0.0 0.15 0.0
13 5 0.009 0.09 0.0
5 6 0.0 0.15 0.0
5 7 0.0 0.15 0.0
5 11 0.09 0.9 0.00972
1 8 0.09 0.9 0.00972
6 14(1) 0.135 1.35 0.01458
6 14 (2) 0.135 1.35 0.01458
14 8 (1) 0.135 1.35 0.01458
14 8 (2) 0.135 1.35 0.01458
8 10 0.009 0.09 0.0
10 9 0.0225 0.225 0.0
9 1 0.0 0.15 0.0

4 10 0.0 0.15 0.0



Bus Num/Type Bus Voltage

1 (P-VBus)
2 (P-V Bus)
3 (P-VBus)
4 (P-V Bus)
5 (Load Bus)
6 (Load Bus)
7 (Load Bus)
8 (Load Bus)
9 (Load Bus)
10 (Load Bus)
11 (Load Bus)
12 (Load Bus)
13 (Load Bus)

14 {Load Bus)

Table A2-2. Bus Data for MMPS

1.03

1.01

1.03

1.01

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

Pgen+j Qgen
0.0+j0.0
700.0+j0.0
700.0+j 0.0
700.0+3 0.0
0.0 +j 0.0
00+j0.0
0.0 +j 200.0
0.0 +j 350.0
00+j0.0
0.0+30.0
0.0+ 0.0
0.0+;0.0
0.0+j0.0

0.0+ 0.0
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Pload + j Qload

0.0+j0.0
0.0+ 0.0
0.0+j0.0

0.0 +j 0.0

967.0 + j 100.0

0.0+j00

0.0+;00

1767.0 +j 100.0

0.0+j0.0
0.0+30.0
0.0+j0.0
0.0+j0.0
0.0+ 0.0

0.0+ 0.0



A 2-3. Generator Parameters

Each generator has the following parameters :

Ladu = l‘6
L, =L5
1=0.2

L,=0835L,,
L, =0835L,,
L, =0.10667

ru =0.0005658

L, =0.1
r, =0.01768

L,, =0.45652
r, =0.01297
L,, =0.05833
r,, =0.021662

HM)=3.175 H2)=35 H@3)=35 H@4)=3.175
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A 2-4. Power system stabilizer / Exciter model and parameters

K. =95 T, =100 T,=005 7,=002 T,=30 T,=54

Aw, —»

+

ref

Filter
1
1+s7,
Kst:nb SI;V 1+ST; - 1+SI;
1+5T, 1+sT, 1+sT, | /
0.1

Power system stabilizer

Each of the generators is equipped with an exciter and a PSS.

DC link capacitor = 1500uF

A 2-5. UPFC parameters

0.1

— £,

Exciter

Shunt inverter transformer is rated at 200 MV A, 230/66 kV, X, = 0.0333 per unit.

Series inverter transformer is rated at 100 MV A, 40/69 kV, X, = 0.01666 per unit.
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Appendix-3

Complete List of Eigen Values without UPFC for MMPS

Table A3-1
Eigen Number Real Part Imaginary Part
1 -55.001541 0.000000
2 -54.689795 0.000000
3 -53.951804 0.000000
4 -53.802533 0.000000
5 -13.200828 20.105156
6 -13.200828 -20.105156
7 -14.582910 16.710678
8 -14.582910 -16.710678
9 -36.409321 0.004691
10 -36.409321 -0.004691
11 -32.010030 0.000000
12 -31.047178 0.000000
13 ~16.501603 6.261937
12 -16.501603 -6.261937
15 -16.677649 4.478219
16 -16.677649 -4.478219
17 -1.766684 11.308897
18 -1.766684 -11.308897
19 -1.706468 10.873114
20 -1.706468 -10.873114
21 -0.566010 6.011237
22 ~-0.566010 -6.011237
23 -3.778084 0.000000
24 -3.601547 0.000000
25 -3.077977 0.000000
26 -3.226662 0.000000
27 -1.048338 0.000000
28 -0.380414 0.000000
29 -0.000003 0.000000
30 -G.182976 0.000000
31 -0.101026 0.000000
32 -0.182533 0.000000
33 -0.101220 0.000000
34 -0.101315 - 0.000000
35 -0.182309 0.000000
36 -50.000000. . 0.000000
37 -50.000000 0.000000
38.. 50000000 0.000000
39 -50.000000 0.000000
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Complete List of Eigen Values with UPFC for MMPS

Eigen NUmber
1

W O 0 WU bWl

R W W W W W WW W W WO RN NNDND R R
.—l
NHFOUVLOUVUAUAWNROWVW®OITAUEWNREOWO® ol i ol O R

Table A3-2

Real Part
-54.887022
-54.645614
~53.881961
-53.844345
~-36.491042
-36.319191
~32.111936
-30.926111
-13.656558
-13.656558
-15.426986
-15.426986
-16.551671
-16.551671
-16.811923
-16.811923
-1.807984
-1.807984
-3.383374
-3.383374
-1.643468
-1.643468
-0.858612
-0.858612
-3.688253
-3.475911
-3.110412
-3.130289
-0.913055
-0.372795
-0.372795
0.000000

-0.193056
-0.193056
-0.182315
-0.182315
-0.097051
-0.101334
-0.101334

:-0.100052

-50.000000
-50.000000
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Imaginary Part

0.000000
0.000000
0.000000
0.000000
0.000000
¢.000000
0.000000
0.000000
18.831364
~18.831364
15.771713
~15.771713
5.277632
-5.277632
4.505802
-4.505802
11.401098
-11.401098
11.095405
-11.095405
10.724337
-10.724337
5.886302
-5.896302
0.0000G00
0.000000
0.000000
0.000000
0.000000
0.033815
-0.033815
0.000000
0.011402
-0.011402
0.000072
-0.000072
0.000000
0.000061
-0.000061
0.000000
0.000000C
0.000000



43
44

-50.000000
-50.000000

279

0.0000Q0
0.000000



Appendix-4 PSCAD-EMTDC parameters

A 4-1. Generator parameters

Ladu = 1‘6
L, =15
i1=0.2

L,=0835L,

u

L, =085L,,
L, =0.10667
ru =0.0005658

L, =0.1
r,y, =0.01768

L,, =0.45652
r, =0.01297
L,, =0.05833
r,, =0.021662

H(1)=3.15 H(2)=35
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A4-2. Power system stabilizer / Exciter model and parameters

Each of the generators is equipped with an exciter and a PSS.

iref
Filter ;
v — | Ky |—»E,

1+sT, .

A
T /-—— %' Exciter
Aw, —» Kb > > 1+sT, - LT,
1+5T,, 1+sT, 1+5T, _/

0.1

Power system stabilizer

K

stab

=95 T, =100 7,=005 T,=002 T,=30 T,=54 T,=0.02

A 4-3. UPFC parameters
DC link capacitor = 3000uF
Shunt inverter transformer is rated at 160 MVA, 345/66 kV, X;= 0.2 per unit.

Series inverter transformer is rated at 160 MV A, 38.1/66 kV, X, = 0.04 per unit.
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A 4-4. Synchronous motor parameters
900 MVA, 20 kV Synchronous motor

X, =0.14

X upo =1.445
X, =00
X;p =0.0437
X,, =0.2004
X =091
X, =0.106
R;, =0.0025
R,, =0.00043
R;, =0.0051
R,, =0.00842

H=10

[
o]
~
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