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1. INTRODUCTION

Recently, the term power quality (PQ) takes more consideration by the electrical engineers. The power
quality is a very important issue related to the voltage, current, and frequency of the power system. Many
circuits such as magnetic circuits, non-linear loads, converters, and flexible alternating current transmission
system (FACTS) devices represent source of harmonics and problems with adversely influence to the power
quality. In electrical engineering the term power quality may take several meanings such as (voltage quality),
(current quality), (service quality), (supply reliability), (quality of source). The power quality of the power
system may be faced with many problems like voltage sag, voltage swell, harmonics distortion, absence or lack
of VAR compensation units, voltage interruptions, and transient conditions. To improve the performance of a
microgrid, it is required to manage the fluctuation of reactive power efficiently and this is known as reactive
power compensation.

The FACTSs can mitigate electrical power problems in different conditions (steady-state, transient, and
post transient steady-state) [1-4]. It can be classified into four types, the first type is shunt controllers such as
static synchronous compensator (STATCOM), the second type is series controllers, for example, static
synchronous series compensator (SSSC), the third type is a combination between the series and shunt
controllers such as unified power flow controller (UPFC) and the final type is a combination between two
series controllers such as interline power controller (IPFC) [5-9].

The SSSC is used to control power flow and to improve transient stability [10-12], while the STATCOM
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is used to regulate line voltage by injecting or absorbing the reactive power to the system [13-17]. The UPFC is one
of the FACTS family members with very versatile uses [18-21], it has the ability to control the transmission line
parameters (voltage, impedance, and phase angle) at the same time. It consists of two converters: series converter
and a shunt converter are connected by a common DC link capacitor, which can simultaneously control the
transmission line active and reactive power flow as well as to UPFC bus voltage [22-24].

This paper presents a simulation study of UPFC, connected with four busses (B1, B2, Bs and Ba) system
of 100-MVA, 500 KV and two of three-level 48-pulse GTO based converters in order to eliminate the
harmonics and decrease the total harmonic distortion (THD). In order to increase the stability and to obtain
optimum power flow, an optimum value of DC capacitor has been selected between the converters.

2. UNIFIED POWER FLOW CONTROLLER (UPFC)

The UPFC was invented for realtime control and dynamic compensation of ac transmission systems.
It delivers multifunctional flexibility to solve many of the problems facing the power delivery industries. UPFC
is able to control simultaneously or individually all the parameters (i.e. voltage, phase angle, and impedance)
affecting power flow in the power system network. Thus, this unique capability is announced by the adjective
“unified”. The main reason behind the wide spreads of UPFC is its ability to power flow
bi-directionally maintaining well regulated AC transmission line voltage. The UPFC is a generally synchronous
voltage source (SVS), it is exchange both active and reactive power with the transmission system. The basic
configuration of a UPFC with its main components is shown in Figure 1 [25-27].
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Figure 1. The schematic diagram of UPFC

3. THE MATHEMATICAL ANALYSIS OF UPFC SYSTEM

The UPFC installation in the power grid necessitates complicated economical and technical investigations
concerning its influence on power system performance. Despite the fact that most of the recent studies are focus on
the application horizons of UPFC and its capabilities as a compensator in both of power system transient and
dynamic states to improve power quality, but the main goal of UPFC application is still existing in introducing it as
a FACT device to control both of active and reactive power. The UPFC circuit diagram can be simplified into Figure
2, it is composed of two machines with the UPFC, the synchronous voltage source (Vpq) representing the UPFC has
a controllable amplitude value [Vpq| with an angle p (0<p<2r) [28].
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Figure 2. Simplified model of UPFC
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Both active and reactive power flow can be controlled by injecting adjustable voltage via the series
convertor, and they can be expressed by (1).

P—jQ, = 1 (A @

JjX

where (*) represents the conjugate value of the complex value, and the (Vyq) represents the injected
compensating voltage. As shown in (1) can be rewritten as follows.

P—jQ, = [2] + Lt (2)

jx jx

Vs, Vrand Vpq can be calculated as below:

js
V= Ve]7 =V [cosg +jsin§] ©)]
js
V. = Ve_]7 =V cosg —jsing] 4
(S
Vog = I/pq.e’(Eer) =V, [cos (g + p) + jsin (g+ p)] (5)

By substituting (3), (4), (5) into (2), therefore P and Q; can be determined as follow.

P(8,p) =P,(8) + By(p) = V;Zsints — %cos (g + p) (6)
0, (6,9) = Qor(8) + Qpg(p) =% (1 — cos8) = “2sin (2 + p) (7)

d is the system transfer angle.
Po(3), Qor(0) are active and reactive power of the system respectively.
V; is the synchronous voltage.

4. THE VECTOR DIAGRAM OF OF THE CONTROLLER REGION

The vector diagram and controlling region of the UPFC have been drawing for both active power and
reactive power flow controller mode. The active power (P) and reactive power (Q) are controlled and increased
about (80%) of the UPFC rated value. The active power is changed from (870 MW) to (950 MW) and the
reactive power is changed from (-60MVAR) to (+20 MVAR), so the control region is changed from the initial
point (870-j60) MVA to (950+j20) MVA as shown in Figure 3.
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Figure 3. Vector diagram of the UPFC controller
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5. THE FLOW CHART OF THE CONTROLLER CIRCUIT OF THE UPFC

The controller circuit of both series and shunt converters of the proposed controller circuit of the
UPFC are designed separately as clear in the flow chart that shown in Figure 4. The series converter depends
on the series voltage (Vsr) and series current (lser), and by transferring these values into their corresponding
(dg-axis) components, Vs transferred to (Vgser and Vger) and lser transferred to (lgser and lgser). The active
power of the transmission line is a function of Vyser and lgser, While the reactive power is a function of Vg ser
and lgser. The shunt converter depends on the shunt voltage (Vs) and shunt current (lsn), also this values will
be transferred into (Vg-sh and Vg-sn) and (la-sh and lq-sn) respectively, depending on lg.sn the reactive power of the
transmission line has been compensated, while I4.sn controls the active power between the two converters.
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Figure 4. The flow chart of the proposed controller circuit of the UPFC

6. THE SIMULATION RESULTS

The proposed system (500kV and 100MVA) consists of four buses (Bi, B, Bs, and By), three
transmission lines and two GTO-based converters of (100 MVA), each converter is 48-pulse four H-Bridge
three-level cascaded connected converter. The circuit diagram with all system parameters is shown in
Figure 5. The shunt converter is connected in shunt with the system at the left side of the (L,=75 Km) through
four shunt transformer, while the series converter is connected in series with the system at the same side of L,
through four series transformers, this converter can inject a maximum voltage of 10% of nominal line voltage
(50 kV) in series with the second line (L>).
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Figure 5. The simulink model of the proposed system

6.1. The simulation study of the fuzzy logic controller (FLC) circuits

The main controller circuit consists of two parts, shunt controller circuit and series controller circuit.
The fuzzy logic controller of the shunt controller circuit has been constructed depending on two variables, the
quadrature component of the shunt controller current (Ig) and the reference value of the shunt current (lgrer).
The quadrature component of the shunt controller current (l5), while the reference value of the shunt current
(Igref) is based on the measured value of first bus voltage (Vmeas) and the value of the reference value of same
bus voltage (Vrer). So the input signal of the shunt fuzzy controller circuit is either the error signal or the
difference between Iq and lqrer (Error = lq-lqgrer), While the output signal is the delay angle of the shunt converter
(ash) @s shown in Figure 6. The fuzzy logic controller of the series controller circuit has been constructed
depending on two variables which are the line active power (P) and reactive power (Q), while the output signal
is the conduction angle of the series converter (cser) as Shown in Figure 7.
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6.2. The pulses pattern of the converters

The shunt converter of UPFC controller operates as STATCOM used to regulate B; voltage by
absorbing or injecting the reactive power with the line by varying the DC bus voltage, and also it provides
needed active power to the series converter through the DC bus. The conduction angle of the shunt converter
switches is constant value (osn =180-7.5=172°). To regulate the reactive power of the system at the common
point, the delay angle of the shunt converter (asn) is varied as clear from the pulse waveform of the first switch
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(Sa1) in Figure 8. The main purpose of the series converter is injecting a controlled series voltage in order to
control the active and reactive power flow of the transmission line. The injected voltage is adjusted by varying
oser SO this angle will be a different values as shown in Figure 9. It should be noticed that both angles as, and
oser are calculated instantaneously using the fuzzy logic controller.
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Figure 8. The pulses pattern of the first switch of the shunt converter
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Figure 9. The pulses pattern of the first switch of the series converter

6.3. Power flow controlling
The initial values of the real and reactive powers are (P mitia= +870 MW) and (Q initia =-60 MVAR).

The series converter injects a controllable voltage (10%) of the rated voltage so this controller can control
system power flow of (10%) of the rated value (80MW). Both active and reactive power have been controlled
and changed in four steps. The active power is controlled and changed from the initial value to (950 MW) as
shown in Figure 10, while reactive power is controlled and changed from rated value to 20 MVAR as shown

in Figure 11.
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Figure 10. Active power (P) vs time of B,
where: (a) Per unit values, (b) Actual values

Figure 11. Reactive power (Q) vs time of B,
where: (a) Per unit values, (b) Actual values
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6.4. Power factor

The power factor is one of the most important power quality issues. Since the UPFC is connected on
the second bus (B), the power factor of its voltage is checked and shown in Figure 12. From this figure it can
concluded that the system is operating at unity power factor.

PF of B2
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Figure 12. Power factor of the voltage across the second bus (B>)

6.5. The fast fourier transform (FFT) of the grid

The main purpose of using multilevel inverter is to obtain voltage and current waveforms nearly
sinusoidal shape and to decreasing the Total Harmonic Distortion factor (THD) to a minimum value as possible.
From the fast fourier transform (FFT) analysis of the voltage of second bus (B2) that shown in Figure 13, it can
concluded that the system voltage is nearly sinusoidal waveform with low THD of (1.56%).
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Figure 13. FFT and THD of the voltage across the second bus (B2)

6.6. A comparison between FLC controller and PID controller results

A comparison between controlled active power based FLC and PID controller is shown in
Figure 14, from this comparison it can conclude that the system based FLC is faster response and more stable
than the response of PID controller.
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Figure 14. Comparison between response of FLC and PID controller

6.7. The influence of DC link capacitor on the system performance

The main functions of the shunt converter are regulating line voltage by compensating sufficient
reactive power to the transmission line as well as this converter used to provide (or absorb) the series converter
by the needed active power through the DC link capacitor (Cqc). The Cqc plays a significant role for balancing
the transmitted energy between the converters and its volume should withstand the high amount of this energy,
thus it is very important to select a proper value of Cgqc to improve the stability of the system.

The influence of Cq for controlling active power from (870 MW) to (950 MW) and reactive power
from (-60 MVAR) to (20 MVAR) has been studied clearly by analyzing the voltage across it (Vqc). The
capacitance values are limited between (Cdcmin<Cgc<Cac-sar), Where (Cde-min) represents the minimum value of
Cuqc required to operate in normal condition and (Cuc-sat) represents the maximum value of the capacitance
required to operate in normal condition before it reaches the saturation region. For this work, the minimum
value of Cgc is (Cae-min =1 mF), while the saturated value is (Cac-sae = 4 MF). One of the main functions of this
work is improve system stability and one of the most important issues that realize this function is selecting
optimum value of DC capacitor (Cqc-opt). By selecting the value of Cgc.opt the transmitted DC power between
the converters has been controlled in an efficient way. From the simulation study of the system it is observed
that at (Cdc-opt = 2.5 mF), the steady-state value of Vg is stable to 20 kV, which means the transmitted DC
power between the converters has been controlled efficiently.

7.  CONCLUSION

This work exploits UPFC incorporated with a four buses system of 100 MVA, 500 kV. The UPFC is
constructed by two of three-level 48-pulse GTO multilevel inverter in order to reduce the harmonics contents
of the injected voltage. Four important issues have been tested for both B; and B because the controller circuit
located in mid of them, the first issue is the active and reactive power flow of the system, the second issue is
checking the harmonic contents and measure the total harmonic distortion (THD) of the controlling buses
(Ve1 and Vpgy), the third issue is checking and measuring the buses power factor (PF) and the last issue is to
compare the response of the fuzzy logic controller (FLC) with the conventional PID controller. The two FLC
played a very important role to generate adequate pulses for both converters that leads to control active power
and reactive power flow, regulating voltage and decreasing voltage flicker, mitigating voltage unbalance
problem, correcting power factor, eliminating harmonics, increasing power quality and improving the
performance. To increase the stability and to obtain optimum power flow, an optimum value of DC capacitor
of (2.5 mF) has been selected between the two converters.
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