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Abstract

In current days, the power quality issues in the interconnected power system are mainly happens due to the demand of electricity and
utilization of large non-linear loads as well as inductive/capacitive loads. The power quality cries are voltage sag and swell in multi-bus
power system (MBPS). In this article studies on a two bus, three bus and five bus power systems using DPFC. In order to eliminate the
voltage sag and swell in the MBPS, a distributed power flow controller (DPFC) is designed. The structure of the DPFC consists of three-
phase shunt converter and three single series phase converters. Both these converters are arranged in back-back voltage source inverters
(VSls). These converters are controlled with help of the pulse width modulation (PWM) scheme. The feedback controllers and reference
signals are derived the PWM for DPFC to magnify the power quality problems in MBPS. The performance of the model is investigated
at different loads by making of MATLAB/Simulink model. The simulation results are presented.

Keywords: DPFC; Powergquality, Custompower Device; Feedback Controllers and MATLAB/Simulink.

1. Introduction

In current scenario, most of the researchers are finding the solu-
tion of power quality troubles in the power system and also its
plays a major role in industrial, commercial and household appli-
cations. The major power quality troubles are considered here,
voltage sag and voltage swell in the power system because of the
faults and short circuits [1]. As per the customer view, the power
problems are happen that will lead to the deviation in the voltage,
current and frequency. In order to solve these power quality prob-
lems, flexible ac-transmission system (FACTS) is introduced and
reported in [2-5]. The IEEE is defined by FACTS as power elec-
tronics based system and further static equipment that offer con-
trol of single or multi transmission system specifications to in-
crease the controllability as well as power transfer ability. Many
FACTS devices are shunt active filter and series active filter, thy-
ristor controlled reactor, thyristor switched capacitor/inductor,
static variable compensator and unified power flow controller
(UPFC) etc.,. Among these FACTS devices the UPFC is fast con-
trolling device. Also, the main problem in the UPFC is D.C link
capacitor. The size of this D.C link capacitor is large that will lead
to more cost and need of large space. Suppose the D.C link capaci-
tor is failure in UPFC which will lead to demolish the function of
both the shunt and the series active filters. Owing to rectify these
problems, a distributed power flow controller (DPFC) is designed
[6-8]. DPFC is derived from the UPFC.

The performance of DPFC is same as function of UPFC to regu-
late all the power system parameters except elimination of D.C
link capacitor between the shunt and series converters. The main
benefits of the DPFC has small cost due to low voltage

isolation and the small components rating of the series converter,
good reliability owing to redundancy of series converter and real

power exchange between the both converters of DPFC via trans-
mission line at the third harmonic frequency. The feedback con-
trollers and reference signals generation method for FACTS de-
vices has been reported in [9-12]. The classical linear controller
design for shunt and series converter of DPFC has been reported
[13-14]. However, the results of this designed controller have
produced medium performance in term of power quality in two
bus power system. Design of power oscillation damping (POD)
controller for DPFC applied in eight bus power system has been
well presented [15-20]. Yet, the active power response of this
controller has produced more start-up overshoot and more sus-
tained oscillation in steady state region. Design fuzzy logic con-
troller (FLC) and sliding mode controller for FACTS devices and
DC-DC converters has been reported [21-28]. The FLC is one of
the intelligent controllers and its design completely depends on the
human decision making. The fuzzy rules base is derived with help
of the system characteristics. The above pointed out problems in
MBPS are rectify by designed DPFC with its controls.

Therefore, in this article presents the design and implementation
of DPFC for MBPS. Here, two bus, three bus and five bus systems
are considered as a MBPS.

DPFC is a new FACTS device and it is used to mitigate the volt-
age and the current deviation wave shapes and also, to enhance the
power quality in short span of time. DPFC is derived from UPFC
and it consists of one three phase shunt converter and many small
autonomous series converters. It has ability to control the trans-
mission line parameters such as line impedance, transmission
angle and bus voltage magnitude. FLC is applied for both convert-
ers of DPFC. The performance of designed set-up is investigated
at different load using FLC.

The organization of article as follows; Section 2 presents the prin-
ciple and modeling of DPFC. The meticulous design of feedback
controllers/reference signal generation for DPFC is explained in
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section 3. Section 4 addresses the simulation results and discus-
sions of DPFC in MBPS with controllers. The conclusions are
listed in section 5.

2. Principle and analysis of DPFC

a) Principle
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Fig. 1: Distributed Power Flow Controller.

The several individual converters are combined together to form
the structure of DPFC is depicting in Fig. 1 [6]. The converters
linked in series to transmission line are known as series convert-
ers. The function of it has injected the controllable voltage at the
fundamental frequency that can lead the power flow control in the
transmission line. The converter arranged between the transmis-
sion line and ground is called as shunt converter. The main func-
tion of shunt converter is to supply the real power needed by the
series converter and also, to compensate the reactive power to the
grid. While there is no D.C link capacitor linking the shunt and the
series converter, the real power is replaced by harmonics and
through the ac network. The principle is depended on term of real
power, which is product of the average values of the voltage and
the current. At the same time, these voltage and current contains
fundamental and harmonics. As the integrals of entire cross prod-
uct of terms with various frequencies are null, the real power can
be written as equation (1) [6]

Pzgvnlncosmn 1)

Where,
®n — phase angle between the voltage and the current of the nt"
harmonics.
From equation (1) explains that real powers at various frequencies
are separated from each other and its voltage and current in one
frequency has no influence on other frequency components. The
3 order harmonic is select here to exchange the real power in the
DPFC, because it can be easily filtered with help of star (Y)-delta
(D) transformers.

b) Steady State Analysis of DPFC

Fig. 2: Simplified Equivalent Circuit of DPFC in Two Bus Power System.

Every converter is replaced with regulate the voltage sources in
series with impedance, and produces the voltage at two various
frequencies. From the Fig.2, the DPFC is located in a two bus
power system with the sending end and receiving end voltages Vs
and Vy, correspondingly.

The transmission line is represented with inductance ‘L’ and line
current ‘I’. The injected voltage of series converters are Vser and
Vses at fundamental and 3 order harmonic frequency compo-
nents, correspondingly. The shunt converter is connected to the
sending end bus via. inductor Lsh and makes the voltages of Vsm
and Vsn3 and also, the injected current of the shunt converter is
represented by Ish. The Pr and Qr are receiving end real and reac-
tive power flow and it can be engraved as equation (2).

P+Q2V 4=V, (7\4—}4 Vj )
X,

Where,

X1 = o1L — indicates the line impedance at the fundamental fre-

quency.

The power flow without DPFC compensation Pro and Qro can be
written as

P.+iQ,=V, [u] @3)
jX

1

The power flow control range of the designed FACTS device can
be written as equation (4)

i \/S';l

P.+iQ,.=V. ix 4)
Where,

Prc and Qrc — indicates the real and reactive power limit range of
designed DPFC.

At fixed voltage at the receiving end and the transmission line
impedance, the DPFC power flow control range is directly propor-
tional to the peak voltage of the series converter, at the same time
Vser* shall be rotated over 360°, so regulating the real and the
complex power transfer via. the transmission line. Using the equa-
tions (2) and (3), the control ability of the DPFC is expressed as

®)

V|V,
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1
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Fig. 3: DPFC Real and Reactive Power Control Range Using Transmis-
sion Angel.

The DPFC with its control range is represented the complex PQ
plane in the form of circle as shown in Fig. 3. From this figure, it
is clearly focused the locus of the power flow control without
presence of the DPFC compensation f (Pro, Qro) is a circle with
radius of [V2 |/|X1 | about its mid point (descried with coordinates
P=0 and Q=|V? |/|X1 |. Every point of this round circle offers Pro
and Qro ranges of the un-compensated system at the related 6. The
possible boundary region for Pr and Qr is arrived from a entire
rotation of Vse1 with their peak amplitude as mentioned in the Fig.
3. The Vs at fundamental frequency is expressed by

v, =580 ©)

r

Where,

Sr and Sro — indicates the real power in compensated network and
reactive power in non-compensated network.

In the direction of inject a 360° rotatable voltage, a real and com-
plex power by the fundamental frequency has to be supplied to the
series converter, even though the complex power is nearby offered
to the series converter and the necessity of real power is supplied
by the shunt converter at the 3 harmonic frequency component
via. the transmission line, and it is expressed as (7)

Xl
\Y

r

PsEi =

2 ‘Sr

SrD

sin(e,-¢,) @

Where,

¢ro — indicates the power angle at the receiving end of the non-
compensated system.

¢r — indicates the power angle at the receiving end of the system
with DPFC.

3. Control methodology for DPFC
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Fig. 4: Control block diagram of DPFC.

This section presents the controllers methodology for DPFC.
Generally, the controllers for DPFC has three namely central
control, shunt control and series control, rspectively. It is
illustrated in Fig.4 [5-6].

a) Central Control
The central control unit (CCU) is produced reference signals and
its generated reference signals are applied to both DPFC convert-
ers tenuously with help of the PLC communication technique.
As per the system needs, the CCU makes the reference signal
of Vserer for series control block and reference signal of g-
component of Isnmgref for shunt control block at fundamental fre-
quency.

b) Series Control
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Fig. 5: Control Block Diagram of Series Converter.

Table 1: Fuzzy Rule Base Table of Shunt Converter/Series Converter
Controllers

(5

NB NM NS 4 PS PM PB
ce
NB 4 PB NB PB NM NS Z
NM PS PS z NB NS Z PS
NS PM Z PM PB 4 PS PM
4 NB NM NS z PS Z Z
PS NM NS PM NS NS NM NB
PM NS Z PS PM PM NM NB
PB Z PS NM NB PB PB PB

Output (0): NB=-1; NM= -0.6546; NS= -0.3344; Z=0; PB= 1; PM 0.6546;
PS= 0.3344.
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Fig. 6: Membership’s Functions of FLC For DC Controller/Current Con-
troller for Series and Shunt Converters of DPFC, (A) Error (E), (B)
Change in Error (Ce), Aand (C) Output (O).
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Fig. 7: Graphical Three-Dimensional (E, Ce and O) Surface View of
Mmembership’s Functions of FLC for DC Controller/Current Controller
for Series and Shunt Converters of DPFC.

The function of the series converters has produce a magnified
voltage magnitude with their phase angel under the fundamental
frequency and also, 3™ order harmonic frequency component is
apply to absorb real power to keep its DC capacitor voltage mag-
nitude at a fixed value. The main functional block diagram of

DPFC series converter control has central control, single phase
PLL, DC controller, 3" pass filter, 1-phase inverse d-g and PWM
generator (see Fig. 5). The vector control principle is utilized as
control for series converter of DPFC. The principle is to transform
the voltages and the current into a rotating reference frame like d-
g frame and convert ac quantities to DC with help of park trans-
formation. In this case, single phase park transformation is used
for single phase series converters. The 3™ order harmonic current
in the transmission line is chosen as the rotation reference frame
for parks transformation for the reason that it can be measured
simple by the series converter nearby with no additional cost.
Since the transmission line contains two frequency components, a
39 order high pass filter is essential to separate the 3 harmonic
current. Single-phase phase lock loop (PLL) track the line current
magnitude with its angle and feed it to the single phase inverse
parks transformation. The measured DC series voltage is com-
pared with their reference signal and its error signal is processed
through proportional integral (PI) controller and FLC to generate
the control signal. The parameter of the Pl is derived with help of
the Ziegler Nicholas tuning method and its values are proportional
gain Kp = 0.1 and integral time Ti = 0.001s. Also, the FLC rules
are arrived by series converter characteristics with no modeling of
the converter. The main aim of designing the FLC is to control the
parameters of DPFC and also it is placed inside/outside of the
control loop of both series and shunt converter. Here, FLC has two
inputs consists of voltage error (€) and change in voltage error (ce)
and one output (0). Then, defuzzifiztion method (centroid method)
is applied to complete the design procedure (see Fig. 6 and Fig. 7.
The membership function of e, ce and o are illustrated in Fig.6 and
its rules are listed in Table I.

For feasibility, the numerical ranges of the e, ce and o of the FLC
can be identical and expressed in the Fig. 6 and its corresponding
fuzzy sets are [NB, NM, NS, Z, PS, PM, PB] where, PS (positive
small), PM (positive medium), PB (positive big), NB (negative
big), NS (negative small), Z (zero), likewise. The triangular mem-
bership functions are opted as e and ce (see Fig.6). The ¢-
component of the reference signal of the series converter at 3™
order harmonic frequency component is maintained at zero in the
operation. The DC quantities with phase angle are transformed
back into ac with help of the inverse park’s transformation. The
reference signals of the both frequency components are combined
to offers reference signal for series converters. It is applied to
PWM block to generate the PWM gating pulses for series convert-
ers switches. Fig.7 indicates that the three-dimensional surface
view of FLC in terms of e, ce and o.

c) Shunt Control
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Fig. 8: Control Block Diagram of Shunt Converter.

The main function of this controller and its location were already
discussed in the precious sections. The main control block of
shunt converter of DPFC (see Fig. 8) has two namely fundamental
frequency control loop (FFCL) and 3" order frequency control
loop (3FCL). Again, the FFCL consists of DC voltage control
and current control. In FFCL, the bus voltage is chosen as rotation
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reference frame. The CCU and DC control is generated by the g
component current and the d component reference signal. The
current control is produces the desired control to the single-phase
inverse parks transformation using Pl controller and FLC. The
3FCL is generated the 3" order harmonic component of shunt
converter of DPFC, which is synchronized with bus voltage at
fundamental frequency. A PLL is applied to follow the bus volt-
age frequency and the output signal which are multiplied with
constant “3” to produce the decoupled double synchronous rota-
tion reference frame for the 3 harmonic current. The similar cur-
rent control (P1 control and FLC) is applied for 3™ harmonic fre-
quency components. Both the frequency control loops are com-
bined to offer the reference signal for shunt converter of DPFC to
maintain the DC link voltage constant and constant 3 harmonic
current injected into the grid. Series converter rules and member-
ship functions were applied for shunt converter also.

4. Simulation results and discussions

Table 2: Specifications of DPFC

as well as swell. Also, the real power has improved and reactive
has falls down with DPFC using controllers.

(A

Receiving End “oltage (v in p.u)

\.f‘;oltage $we|l

08 I I I I I I I I I
0 002 004 006 008 01 012

Time (s)

Parameters Symbol Value
SHUNT CONVERTER

Three Phase Shunt Transformer Details

Winding 1 (delta) RMS Voltage 5kV
Winding 2 (star) RMS Voltage 1kV
D.C link capacitors C 1200 uF
D.C link voltage 380V
SERIES CONVERTER

Single Phase Series Transformer Details

Winding 1 (delta) RMS Voltage 1kV
Winding 2 (star) RMS Voltage 100kV
Switching frequency fs 6kHz

®)

as

o4

A main aim of this section is to simulation study of DPFC with
designed controllers are performed in MATLAB/Simulink soft-
ware platform. The specification applied for the study is cata-
logued in Table I1. The validation of DPFC with PI controller/FLC
performance is made for different operating loads (loads specifica-
tions are presented in the MATLAB/Simulink diagrams of
MBPS). The results are discussed in p.u values.

a) Two-Bus System
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Fig. 9: MATLAB/Simulink Model of Two-Bus System without DPFC.

Fig. 9 shows the MATLAB/Simulink model of the two-bus sys-
tem without DPFC. Fig. 10 show the simulation results of two-bus
system without DPFC when load increased/decreased at bus-2
from the time of 0.08s to 0.12s. It is clearly focused that the bus-2
voltage and current has swell and sag occurs without DPFC. Fig.
11 shows the MATLAB/Simulink model of two-bus system with
DPFC. Figs. 12, 13 and 14 shows the simulation results of the
two-bus system with DPFC at different loads change using Pl
controller and FLC. From these results, it is found that the de-
signed DPFC with controllers has removed the voltage/current sag
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Fig. 10: Simulation Results of Two-Bus System without DPFC, (A) Bus-2
Voltage in Swell, (B) Bus-2 Voltage in Sag And (C) Bus-2 Current in Sag.
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b) Three-Bus System
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Fig. 15 shows the performance of the three-bus system with no
DPFC. From these results, it is clearly found that the
MATLAB/Simulink model, bus-2 voltage and current and bus-3
voltage and current of three bus system has produced sag and
swell during the load variation at starts from 0.04s to 0.12s with
no DPFC. Fig. 16 and Fig. 17 show the simulation results of three-
bus system with DPFC is connected between bus-2 and bus-3. It is
clearly evident that designed model with controllers has mitigated
the voltage and the current sag/swell and also produced enhanced
real power and decreased reactive power.
c) Five-Bus System

Fig. 18 shows the performance of the five-bus system with no
DPFC. From these results, it is clearly found that the
MATLAB/Simulink model, bus-1 voltage and current and bus-4
voltage and current of five bus system has produced sag and swell
during the load variation at starts from 0.08s to 0.12s without
DPFC. Fig. 19 and Fig. 20 show the simulation results of five-bus
system with DPFC is connected between bus-1 and bus-4. It is
clearly identified that designed model with controllers has mitigat-
ed the voltage and the current sag/swell and also generated good
real power and decreased reactive power.

Fig. 21 shows the D.C link capacitor voltage of shunt converter
with FLC. It is clearly identified that the capacitor voltage of shunt
converter has quick settling time and no peak overshoots. Finally,
the designed DPFC for MBPS with both the PI controller and FLC
were performed at different load conditions. Among these results,
the FLC has excellent performance over the PI controller.

Table 3: Domain Specifications of Shunt Converter D.C Link Voltage of
DPFC with FLC

Parameters Value
Settling time 0.0001s
Peak overshoots nill
Steady state error nill
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5. Conclusions
0.01
In this article, a design and implementation of DPFC for MBPS
0.005 has been successfully simulated through computer simulation
) using MATLAB/Simulink. The many of the simulation results are
2 presented to observe the proficient of the designed DPFC using
g FLC for the MBPS at various loads in comparison with PI control-
3 0,005 ler. The designed model completely mitigated the voltage/current
‘é e sag and the swell in different buses connection at different loads
@ operating conditions. The quality of real and reactive of MBPS
.01 with DPFC has improved extraordinary. The D.C link capacitor
voltage of the shunt converter using FLC has good time domain
0015 specifications.
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