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Abstract

Many customers who require high reliable power, utilities provide dual feeds; i.e.
service to a facility comes from two independent transmission lines. Maintaining power
quality is an important issue in the transmission and sub transmission system. Unified
Power Quality Conditioner is the optimal solution to ameliorate the quality of power.
Many researchers analyzed the performance of UPQC with various control techniques.
Recent advanced UPQC is the Multi Converter Unified Power Quality Conditioner (MC-
UPQC). Conventionally the MC-UPQC is controlled using the PI controller for DC link
voltage control. This paper proposes Fuzzy Logic Controller (FLC) to enhance the
performance of the MC-UPQC to improve the power quality in a multi bus with sub
transmission system. In this article MC-UPQC is designed with two series and one shunt
voltage-source converters (VSC). It is nominated to follow out in adjacent transmission
lines to improve the quality of electric potential. In the proposed system, all converters
are connected back to back on the dc side and share a common DC-link capacitor. It
results in the transfer of power from one line to adjacent line to compensate for voltage
sag/swell. Performance of MC-UPQC using the conventional PI controller and proposed
FLC are compared. Harmonics produced by voltage distortion is also reduced within
IEEE standards. The whole system is simulated and analyzed using MATLAB7.7/
Simulink.

Keywords: Power Quality (PQ), Multi Converter Unified Power Quality
Conditioner (MC-UPQC), Voltage —Source Converter (VSC), Transmission Line,
Fuzzy logic controller, PI controller, Deregulation

1. Introduction

Increase in power electronics devices increases harmonics in the system and it requires
high quality power for its effective and efficient control. In case of three phase system
these devices produce unbalanced load in many cases. With the ever increasing
complexities in power systems across the globe and growing need to provide stable,
secure, controlled, economical, and high-quality power-especially in the deregulated
environment, it is envisaged that FACTS controllers will play a critical role in power
systems in the future. The increase in the use of Power Quality (PQ) sensitive equipment,
increased use of equipment that generates power quality problems, and deregulation of the
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power industry are the factors which influence the utilities and their customer’s
competitiveness. As the need for reliable and efficient electrical power system increases,
the utility transmission and distribution system increased in complexity and the voltage.
Therefore, the utilities and their customers need prompt and immediate information about
power quality at the transmission, distribution and end-user levels. Thus, power quality
systems become more complex.

Unified Power Quality Conditioner (UPQC) has become very popular in recent years,
both in low voltage and medium voltage applications. Most of the proposed and practiced
control strategies for power quality conditioners have been reviewed with regard to
performance and implementation. UPQC systems were studied by many researchers as an
eventual method to improve the PQ in electrical distribution systems [1].

Hideaki Fujita et al. [5] analyzed the Integration of Series and Shunt Active Filters for
a Unified Power Quality Conditioner. Vadirajacharya G et al. [17], studied the
performance of Neural Network Based Unified Power-Quality Conditioner using PI
controller. Mauricio Aredes et al. [3] proposed a Universal Active Power Line
Conditioner that incorporates not only the compensation functions at the fundamental
frequency like a Unified Power Flow Controller (UPFC), but also provides active
harmonic mitigation capabilities. Amit Kumar Jindal et al. [2] gave an idea about Interline
Unified Power Quality Conditioner using a voltage source converter, to improve the
power quality of two feeders in a distribution system. B. Han et al. [9] deliberated the
Operation of Unified Power-Quality Conditioner with Distributed Generation using
unified power-quality conditioner. Mehdi Forghani et al. [13] anticipated the control
strategy for UPQC Control System using online wavelet transform. Sudipta Chakra borty
et al. [16] explore the Experimental Evaluation of Active Filtering in a Single-Phase
High-Frequency AC Micro grid using unified power quality conditioner to control the
power flow and power quality, respectively. Vinod Khadkikar [18] analyzed the various
types of UPQC for enhancing the power quality.

It is observed that many PQ issues have originated in transmission and distribution
network and also important that the utilities recognize the need to overcome PQ issues by
upgrading the network with available technology interventions and practices. Many
researchers were analyzed the performance of UPQC in a secondary power distribution
system. Apparently there are no analyses of UPQC in a sub transmission system to
improve the quality of power in primary power distribution substations. The role of sub
transmission system is mainly the same as that of the primary power distribution system,
except that it serves a larger geographical area and distributes larger block of energy at
higher voltage levels. It may be noted that there is no clear demarcation line between
transmission and sub-transmission voltage levels. The sub transmission lines distribute
the transmitted energy to a number of primary power distribution substations in a certain
geographical location.

A new configuration of a UPQC called the Multi Converter Unified Power Quality
Conditioner (MC-UPQC) using the PI controller in sub transmission system with primary
power distribution substations at the end of the line is analyzed by Mohankumar. G. B
and S. Manoharan [14]. The system is extended by adding a series-VSC in an adjacent
bus. The proposed topology can be used for simultaneous compensation of voltage and
current imperfections in both buses by sharing power compensation capabilities between
two adjacent buses which are not connected. The system is also capable of compensating
for interruptions without the need for a battery storage system and consequently without
storage capacity limitations. Since it has a Pl controller for DC link voltage regulation, it
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has to be enhanced in the case of transient states. Therefore, in this paper PI controller and
Fuzzy Logic Controller are proposed for enhancing the performance of MC UPQC.

2. Proposed MC-UPQC System

2.1 Circuit Configuration

For many customers or loads that require highly reliable power, then the utilities
provide dual feeds; i.e. service to a load comes from two independent transmission lines.
Two transmission lines are connected to two different generating stations that supplies
lumped primary power distribution substation L1 and L2 are considered in the analysis of
MC-UPQC. The primary power distribution substation is considered as a load for sub
transmission line. The single-line diagram of a sub transmission system with an MC-
UPQC is shown in Figure 1.
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Figure 1. Single-line Diagram of a Sub Transmission System with an MC-
UPQC

The MC-UPQC is connected with two buses BUS1 and BUS2 with voltages of ugyand
Uy, respectively. Ug and ug, are supplied voltages and uj; and up, are load voltages. Finally,
sub transmission line currents are denoted by iy and is, load currents are iy, and i, .The
shunt part of the MC-UPQC is also connected to L1 with a current of ij;.

Various types of Loads such as sensitive, critical, linear and nonlinear are supplied by
the power system. Bus voltages uy and uy, are distorted and may be subject to sag/swell.
Loads may produce harmonics in system current. Sensitive [19] and critical loads need
pure sinusoidal and distortion free voltage. It necessitates the MC-UPQC in a sub
transmission system.

2.2 MC-UPQC Structure

The internal structure of the MC-UPQC is shown in Figure. 2. It consists of three
VSCs (VSC1, VSC2, and VSC3) which are connected back to back through a common
DC-link Capacitor (Cq). In the proposed configuration, VSCL1 is connected in series with
BUS1 and VSC2 is connected in parallel with the primary power distribution substation
L1 at the end of sub transmission linel. VSC3 is connected in series with BUS2 at the sub
transmission line2 end.
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Figure 2. Typical MC-UPQC used in a Primary Power Distribution System

Common DC-link capacitor supplies all converters and connects the sub transmission
system through a transformer. The series-connected transformers secondary sides are
directly [7] connected in series with BUS1 and BUS2, and the shunt-connected
transformer secondary side is connected in parallel with primary distribution substation
L1. The MC-UPQC is intended:

1) To regulate the load voltage (V);) against sag/swell in the system to protect the
nonlinear/sensitive load of primary power distribution substation L1;

2) To regulate the load voltage (V),) against sag/swelling the system to protect the
sensitive/ critical load of primary power distribution substation L2;

3) To compensate for the reactive and harmonic components of nonlinear load
current i

In order to achieve these goals, series VSCs (i.e., VSC1 and VSC3) operate as voltage
controllers while the shunt VSC (i.e., VSC2) operates as a current controller.

All VSCs consist of a three-phase converter with a commutation reactor and high-pass
output filter [6, 8] to avert the flow of switching harmonics into the power supply the
commutation reactor and high pass output filter is connected.

2.3 Control Strategy

All VSCs are controlled independently using sinusoidal pulse width-modulation

(SPWM) voltage control and hysteresis current control [8].
Shunt-VSC: The functions of the shunt-VSC are:

1) To compensate for the reactive component of primary power distribution
substation load current i},

2) To compensate for the harmonic components of primary power distribution
substation load current i,

3) To regulate the voltage of the common DC-link capacitor.
The measured load current (ijac) IS transformed [8, 10] into the synchronous dqo
reference frame by using

254 Copyright © 2015 SERSC



International Journal of Control and Automation
Vol.8, No.3 (2015)

l1—g = 2/3 [i;5 cos® + iy, cos(8 — 21/3) + iy, cos(B + 2n/3)] (1)
iy_q = 2/3 [ij, 5in 8 + iy, sin(8 — 2n/3) + iy, sinf@ + 2n/3)] (2)
iy_g = 1/3 [iya + i +isc] (3)

By this transform all harmonic components are transformed into a quantity with a
fundamental frequency shift. Low-pass filters (LPFs) extracts the DC quantities in the d
and q axes from the fundamental positive-sequence component.

f—q = ij-g + T-4 (4)
fj—g = ij—q+l1_q (5)
Where, i;_g, ij_are d-g components of load current,i;_4,i;_,are DC components, and

ij-g, ;- are the AC components of i;_zandi; .
Let us assumei, = i;., , Where i_the feeder is current and i, is the shunt VSC current.
Then d—g components of the shunt VSC reference current are defined as follows:
ipf-g = l1-q (6)
raf =
fpi-q = li-q
Consequently, the d — q components of the base current are
Iemg = 1j-g (8)
i g=10 (9)
Equation (8) and (9) specify that harmonic and reactive components free sub
transmission line current. In this paper a Proportional—Integral (PI) controller [15] is
proposed to regulate DC link voltage disturbed by switching losses and sudden changes in
load. The control block diagram of shunt VSC is shown in Figure 3. The error between
the actual capacitor voltage (Vq) and its reference value V=" is processed by PI controller
and producesi; 5. The output of the PI controller is added to the component of the shunt-
VSC reference current to form a new reference current as follows
]':'E'E_ = il—d + "i"'d
pf=d e (10)

raf s
]pf—q - ]l—q
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Figure 3. Control Block Diagram of the Shunt VSC

Then Inverse park transformation [12] is applied to the reference current. By using
PWM hysteresis current control, the output-compensating currents in each phase are
obtained

i;‘ifa=1pr g €058 + 1] Erdsmﬂ (11)
';Ff = ]pr_q cosl8 — 2m/3) + iy d sin{@ — 2nt/3) (12)
i;‘%r_c = ipr o cos(8 + 2m/3) +i3; dsm (8+ 2n/3) (13)

Series-VSC: The functions of the series VSCs in each sub transmission lines are:
1) To lessen voltage sag and swell,
2) To compensate voltage distortions, such as harmonics;
3) To compensate for interruptions (in Bus2 only).
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Figure 4. Control Block Diagram of the Series VSC

The control block diagram of each series VSC is shown in Figure 4. The bus voltage is
detected and then transformed into the synchronous reference frame using

vl:-dqn =T dqnvt_ aho = 1"'F|:1p + Vin + Ve + Vi :14:'

abe

Where
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Verp = [Virp-aVetp—q0|T (15)
Vitn = [Vern-aVern—qo]T (16)
Vg =1[0 0V, IT (17)
Vin = [Vin—aVin—gqVen—o |T (18)

Viap: Vern And V4 are the fundamental frequency positive, negative and zero sequence
components, respectively and 14, is the harmonic component of the bus voltage.

Therefore, the load voltage in the synchronous dqo reference frame G-Flf{gqc_) has to
follow (19) to keep the load voltage be sinusoidal with constant amplitude even if the bus
voltage is disturbed.

W,
ve.‘{p _qunve:{p _ ':Ih
t—dgo = “abec "l-abc T

0

Where the load voltage in the abc reference frame (V.27 ) is
Vi cos (wt)
exp Frar 2 -
Vi pe = VmCOS ._:m-t— 1207) (20}
Vcos (wt+ 1207

rref

The compensating reference voltage in the synchronous dqo reference frame Vi_ s, is
defined as

5 ref _r _ yreEp B
Vg o = Vicdgo = VT, .

]
[y
[

This means Vyy,,_gin (15) should be maintained at V,, while all other unwanted
components must be eliminated. The compensating reference voltage in (20) is then
transformed back into the abc reference frame. By using a PWM voltage control
technique, the output compensation voltage of the series VSC can be obtained.

3. DC Link Voltage Controller

DC link voltage controller is an important controller to produce id reference current. In
this paper, PID controller and Fuzzy Logic Controller are proposed to control DC link
voltage. The performance of the FLC is compared with the conventional Pl and PID
controller. The PI controller is the widely recognized for controlling converters due to its
relatively simple structure. The traditional PI controller, however, is based on an accurate
model of linear control, where the preprogrammed sets are unable to automatically adapt
to the nonlinearity by a sudden change in load. It necessitates a controller to produce
reference current with respect to changes in voltage.

3.1 PI1 controller
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The Proportional Integral controller is the widely recognized for controlling converters
due to its relatively simple structure. Still, it is the most common form of controller
among various converters and motor servo systems. In this paper error between actual
capacitor voltage and reference capacitor voltage is given as input to Pl controller and
output is taken into the system. The mathematical expression of PI controller is

. L K )
sl = KPE:__S) + —Eis)
s

[ ]
[S]
L

The proportional and the integral gain are represented as Kpand K;. Whereas input and
output of the controller are E(s) and U(s). The lack of derivative action may make the
system steadier in the steady state in the case of noisy data. This is because derivative
action is more sensitive to higher-frequency terms in the inputs. Figure 5 shows the block
diagram of PI controller.

Kp —[
+ _ﬂIdc*

Ki

AV—

Figure 5. PI Controller

Ziegler Nichols’ method of tuning is adopted to find the optimum value of Kp& K;
values. It reduces steady state error and settling time. The traditional PID controller,
however, is based on an accurate model of linear control, where the preprogrammed sets
are unable to automatically adapt to the nonlinearity by a sudden change in load. It
necessitates a controller to produce reference current with respect to changes in voltage.

3.2 PID Controller

A Proportional-Integral-Derivative controller (PID controller) is a feedback controller,
widely used in industrial control systems. A PID controller calculates an error value as the
difference between a measured process variable and a desired set point. The PID
controller calculation involves three separate constant parameters, and is sometimes called
three-term controller: proportional, integral and derivative values, denoted P, I, and D.
By tuning the three parameters in the PID controller, the controller can provide control
action designed for specific process requirements. The transfer function of a standard PID
controller in an ideal form is (Kuldeep Kumar Singh& J. K Dwivedi, 2012)

G(S) = K, + K, (1/8) + K4S (23)

Where Kyis the derivative gain. In the PID controller, the three parameters K, Ki and
K4 have different effect on the quality of power.
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Typical steps for designing a PID controller have determined the characteristics of the
system which needs to be improved, Use Kp to decrease the rise time, Use K, to reduce
the overshoot and settling time and Use K; to eliminate the steady-state error.

3.3 Fuzzy Logic Controller

To produce id reference in a non-linearity Fuzzy logic controller is proposed in this
paper. Fuzzy logic is the mathematical technique for dealing with imprecise data and
problems have multiple solutions rather than one. Linguistic, non-numerical,
variables are used, making it similar to the way humans think. Fuzzy control
methodology is considered as an effective method to deal with disturbances and
uncertainties in terms of ambiguity. In this paper Fuzzy Logic Controller (FLC) is
implemented to reduce overshoot and settling time. Figure 6 shows the basic block
diagram of fuzzy logic controller [16].

FLC :
|
Rule = :
Base =]

2 | e y

" ——» System

] I
p{ Inference |5 £ |
|
I
|

Figure 6. Fuzzy Logic Controller

Fuzzy inference system is the overall name for a system that uses fuzzy reasoning to
map an input space to an output space. There are several ways to define the result of a
rule; this paper implies max-min method of inference. Here, Mamdani type of fuzzy has
been implemented. It has two inputs such as DC link voltage error (e) as (23), change in
error (ce) and one output Aige.

E =V~ Vi

Both inputs and output have five membership functions such as NB-negative big, NS-
negative small, Z —zero, PS-Positive Small and PB-Positive Big. IF THEN based rules
are formed using membership functions such as

1. If error is Negative Big and change in error is Negative Big then change in iqis
Negative Big.

2. Iferror is Negative Big and change in error is Negative Small then change in i4is
Negative Small.

3. If error is Negative Big and change in error is Zero then change in i4 is Negative
Small.

Defuzzification is the mathematical procedure to convert fuzzy values into crisp
values. Many methods of defuzzification are available. In this study we have selected
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centroid method of defuzzification. Table 1 shows the fuzzy rules. Figure 7 shows the
membership functions of inputs and output.

0.5 .
03 \ = \ \ |
-30 -20 -10 0 10 20 30
Figure 7. Membership Functions of e, ec and Aig.
Table 1. Fuzzy Rules
eec NB NS z PS PB
NB NB NS NS Z PS
NS NB NS NS PS PB
Z NB NS Z PS PB
PS NB NS PS PS PB
PB NS Z PS PS PB

FLC produces reference id current optimally in case of steady state as well as in
dynamic state that is in a linear and nonlinear system it controls well.

4. Power Rating Analysis of the MC-UPQC

The cost of the MC-UPQC mainly depends on the power rating [8]. To find the
minimum power rating of each VSC in the MC UPQC structure, two models for UPQC
guadrature compensation (UPQC-Q) and in phase compensation (UPQC-P) are analyzed
and the best model which requires the minimum power rating is considered. In the
UPQC-Q compensation scheme, the injected voltage by the series VSC maintains a
guadrature advance relationship with the supply current so that no real power is consumed
by the series VSC at steady state. This is a significant advantage when UPQC mitigates
sag conditions. The series VSC also shares the volt ampere reactive (VAR) of the load
along with the shunt-VSC, reducing the power rating of the shunt-VSC.

The comparison between in phase (UPQC-P) and quadrature (UPQC-Q) models is
made for different sag conditions and load power factors [4]. If quadrature compensation
in sub transmission linel and in phase compensation in sub transmission line 2 is selected,
then the power rating of the shunt VSC and the series VSC (in sub transmission line 2)
will be reduced. This is an important criterion for practical applications.
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5. Simulation Results and Discussion

The whole system is simulated and analyzed using MALAB7.7/Simulink. The sudden
changes in load causes voltage sag or swell. The MC-UPQC system parameters used in
this study are given in Table 2.

Table 2. MC-UPQC Experimental and Simulation Parameters

Source Parameters Value
Sub Transmission | Voltage 110kV
Line
Primary Power | Voltage 110kV/11kV
Distribution Sub
Station
Secondary Power | Voltage 11kV/400V/230V
Distribution Sub
Station
Frequency 50 Hz
Filter Resistor 1Q
Shunt Active Power |"Filter capacitor 10uF
Filter Line inductor 0.15mH
Filter Resistor 1Q
Series Active POWer | Fijter capacitor 100uF
Filter Line inductor 0.1mH
Voltage 11kv
DC Link Capacitor 1000 uF

The simulation model of MC-UPQC is shown in Figure 8.

Figure 8. Simulation Model of MC-UPQC
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Figure 9.c. Compensated Loadl Voltage using Pl Controller
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Figure 9.e. Compensated Load1l Voltage using Fuzzy Logic Controller
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Figure 9.f. Compensated Load?2 Voltage using Fuzzy Logic controller
Figure 9. Various Voltages during Sag
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Figure 9 shows the source voltage, uncompensated load voltage with sag, compensated
load 1 voltageVand Load 2 voltage in single phase using PI, PID and Fuzzy logic

controller

Figure 9.a. shows the source voltage. The sag in the load voltage is caused by a sudden
rise in the load and it is shown in Figure 9.b. This is reduced by the DC link voltage
controller in MC-UPQC. Compensated load 1 voltage by PI, PID and FLC are shown in
Figure 9.c, Figure 9.d and Figure 9.e. Figure 9.f shows the compensated load 2 voltage V|,
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Figure 10.e. Compensated Loadl Voltage using Fuzzy Logic Controller
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Figure 10. Various Voltages during Swell

Figure 10 The source voltage, uncompensated load voltage with sag, compensated load
1 voltageV;and Load 2 voltage in three phase using Pl, PID and Fuzzy logic controller

Figure 10.a shows the source voltage. The swell in a load voltage caused by a sudden
drop in the load is shown Figure 10.b. This is reduced by the DC link voltage controller in
MC-UPQC. Compensated load 1 voltage by PI, PID and FLC are shown in Figure 10. c.
Figure 10. d and Figure 10. e. Figure 10.f shows the compensated load 2 voltage V, by
FLC.

The series compensators of MC-UPQC compensates voltage oscillations during all
voltage related problems such as voltage sag/swell, voltage harmonics etc. The
effectiveness of Pl based MC-UPQC is evident from the above simulations. The THD of
load voltage before compensation is observed at 27.19%. After compensation the THD in
a load voltage observed is 3.45% which satisfies the standard of IEEE .Thus a significant
improvement in the frequency spectrum and THD after compensation is clearly
demonstrated by PI,PID based MC-UPQC is shown in Figurell and Figure 12.Voltage
guality is yet to be improved which is enhanced using FLC. Figure 13 Shows the Total
Harmonic Distortion in a load voltage compensated by FLC based MC-UPQC is 1.21%.
Application of FLC in MC-UPQC reduces the THD than PI controller.

THD=345%
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Figure 11. THD in Compensated Voltage using Pl Controller
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Figure 13. THD in Compensated Voltage using Fuzzy Logic Controller

The Table 3 shows the performance comparison of MC-UPQC based on PI, PID and
Fuzzy Logic Controllers used as DC link voltage controllers.

Table 3. Performance Comparison of DC Link Voltage Controllers

THD in compensated

Lag in Compensated

Lag in Compensated

Controller voltage in % Voltage Sagin % | Voltage Swell in %
Pl 3.45 2.31 6.57
PID 1.39 0.99 2.71
FLC 1.21 0.67 0.77
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6. Conclusions

The MC-UPQC is used in the secondary power distribution side of the electrical
network. In the existing system the MC-UPQC are placed only in the individual feeder of
secondary power distribution side. In the proposed method a new approach is made by
placing the MC-UPQC in sub transmission line of the electrical network with primary
power distribution substations at the end with dual feeds. The primary power distribution
substations are considered as load in the proposed system which is connected with many
secondary power distribution substations. Several connected different feeders from the
primary power distribution substation are benefited by this method. In this paper MC-
UPQC is proposed with a fuzzy logic controller in the sub transmission lines because of
its increased speed of response. The entire system is analyzed with PI, PID and FLC
based MC-UPQC using MATLAB7.7/Simulink under various load conditions. The
proposed system improves the quality of power in two buses with sub transmission lines
by avoiding the voltage sag and swell. In addition to the above the Total Harmonic
Distortion is also minimized to 3.45% by using a PI controller based MC-UPQC which is
within the level mentioned by IEEE standards. The proposed FLC based MC- UPQC
reduces THD at 1.21 less than PI controller. The FLC based system reduces sag and swell
on the load voltage than PI and PID based MC-UPQC. Therefore FLC based MC-UPQC
system maintains THD in IEEE standard with good quality power by providing constant
voltage.
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