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Abstract: - The advances in the field of power systems, distribution utilities ordinance the associated non-linear
advance loads compliance with the stern power quality (PQ) enhances the reliableness of the delivery system to
provide demands of censorious loads and subtle automation systems. Hurdles for sustaining quality power are
linked with the continuation of elemental VAR power necessities of loads; voltage dips and swells at the point
of common coupling (PCC) due to sudden switching of large industrial loads as well as VAR power
indemnifying capacitors and harmonic distortions due to voltage and/or current along with non-linear loads.
The harmonic distortions are pertained to be the major drawback the root cause of the PQ issues also the
fluctuating pattern by loads causes degradation of voltage waveform which has been presented with variable
loads. Hence, custom power device (CPD) materialized as Unified Power Quality Conditioner (UPQC) settles
the issue. Intention of the work is to bring spontaneity in both the voltage and current waveform with the
Sinusoidal current control strategy (SCCS), a time dominion strategy founded over instantaneous pg-theory
executed with MATLAB 2016a. The results are well analyzed with proper explanation for selection of the said
strategy for the UPQC. As an elementary and inherent strategy, it has titanic prospects further to be applied
under photo-voltaic environment associated with a proton exchange membrane fuel cell (FC) in a hybrid grid
integrated (HGI) system.
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1 Introduction electricity sector which highlights the issues
Increase in energy demand along with more affinity involving considerab'le concerns with power quality
for power electronics loads results in improvement (PQ) stands as a barrier for energy suppliers, and the
of performance and reliability in hand. From the authority handling such issues are constantly

monitored for good services [1]. The PQ sets norms

statistics of last couple of years, the energy _
for measurement affecting the system more

consumption of the developing world has increased

@5.2% per annum (p.a.) and especially for India, econqmically to make the si.tuation perfect. With the
the per capita depletion has increased @5% p.a. growing - use of dynamical P E loads, many
results with a concerning issue of malformations in mgmﬁcaqt problems have entered into the equation
the energy quality needs to overcome by a huge to mention weak _power  component, voltage
capitalization for efficient production. These days sags/swells, ~harmonics, etc. This contemplates
the existing grid is embedded with Distributed diversify ~the sinusoidal ~supplies preserving
Networks (DN) and power electronics controllers to uniformity n frequency aqd magmtyde of the RMS
generate clean and efficient electricity. An Indian parameters in a 3-¢ device. Again at load end,

Electricity Act in 2003 aims to renovate the nation's performance intensification is accomplished with
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implementation technologies for PQ amplification
including active filters (AF), Unified Power
Frequency Controller (UPFC) or UPQC, etc.,
configured to persuade boosts in supply quality [2].
In this context UPQC is one of the best options to
nullify transients effectively, decreasing the source
current harmonics with a rectification of supply
power factor. The presence of harmonics in system
voltage arises with serious PQ affairs [3-4].
Moreover steady developments in the process to tap
energy from Distributed Energy Resources (DER)
have detrimental impact on the environment thrives
for sustainability with the new buzzwords, i.e.,
Distributed Networks (DN), Micro Grid (MG),
Smart Hybrid Grid (SHG), etc has changed the
power market scenario with an urge to maintain the
supply quality and faults or interruption free which
shapes the power engineers to reconcile for high
quality of power with mitigation of system
harmonics mostly due to distorted nonlinear loads
biasing the supply at a greater extent. [5-7]

Several researches have been carried out in
different prospects, e.g., soft computing methods,
i.e., Adaptive TABU search [8-12] is implemented
for controllers’ enhancement, power loss
minimization through Particle Swarm Optimization
(PSO), Genetic Algorithm (GA), and Neural
Network (NN) technique used specifically for
optimization of Active Filters (AF). To ensure
customer satisfaction CPDs were introduced, i.e.,
Distributed Static Compensator (D-STACOM),
Dynamic Voltage Restorer (DVR), AFs, UPFAC,
UPQC, etc., at consumer end under the horde of
custom power, i.e., an end user is liable to secure a
pre-defined quality power for which CPDs need to
work in well coordinated manner [13]. Out of
several control strategies these CPDs, a novel and
effective Sinusoidal current control strategy (SCCS)
has been introduced for UPQC for harmonics
mitigation along with other PQ issues due to non-
linear loadings [5]. The efficacy of the methodology
has been canvassed with the simulation results
contributed on evaluating the Total Harmonic
Distortion (THD) of current and voltage in DN
environment for SHG.

Problem statement has been stated in Section 2.
Concept of CPD and an extensive literature survey
has been made in Section 3 and 4. UPQC
configuration and Fuel Cell has been provided in
Section 5 & 6 respectively. The methodology has
been illustrated in Section 6 and the results are
discussed in Section 7 as well.

2 Problem Formulation
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Several researches have been carried out in the field
of UPQC control which are successfully
implemented but are complex and tailor-made and
not only increases difficulty level but also not
universally implemented for mitigation of all PQ
issues in DG environments. This provides an insight
into finding a simple and cost effective solution with
applicability to distributed networks.

The aim of the investigation is to model and
study the application of UPQC based on pg-theory
for elimination of various characteristic and non-
characteristic harmonics from 3-phase-3-wire
(3P3W) system by the application of SCCS with
both linear and non-linear loads in DG environment.

3 Custom Power Devices
A fundamental classification of CPD can be found
in Figure 1.

CUSTOM POWER DEVICE

NETWORK COMPENSATING TYPE COMPENSATING TYPE

(Y]
©VR)
®)

(A) Solid State Circuit Breaker Dynamic Voltage Restorer

(SSCB)
®)

Fig.1. Classification of the CPD

Distribution Static Compensator

Solid State Cumrent Limiter (DSTATCOM)

The switchgear is considered as Network
compensating type and applied for breaking,
limiting and transferring of current, whereas the
load compensation is a kind of compensating type of
power factor correction, confining of unbalance etc.,
hence amending the quality of voltage. CPDs are
placed in parallel or in series or in combination of
both with the main circuit. Several CPDs are
available, e.g.,, DVR, DSTATCOM, UPQC, etc. The
interpretation of control technologies where CPDs
are involved with consumption of Watt and Var
power have been presented in [14].

The objective of Custom Power Park (CPP)
dwells with the availability of quality power for
them. As vital components of CPD, the
DSTATCOM assists in expulsion of unbalance or
harmonics, whereas DVR deals with voltage dips or
waveform deformities. Subsequently few more
CPDs, e.g., Static Compensator (SSSC), Thyristor
Control Phase Angle Regulator (TCPAR), Thyristor
Controlled Series Compensator (TCSC), Unified
Power Flow Controller (UPFC) can be implemented
according to their relevancies. FACTS devices, e.g.,
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TCPAR, Thyristor Controlled Braking Resistor
(TCBR), and Interline Power Flow Controller
(IPFC) are casted for flexible power flow in power
system. [15]

4 An Extensive Literature Review

4.1 PQ Improvement through CPD

The PQ has been evolved as the most fruitful phrase
for the utilities and power consumers. Therefore
power quality has become today's most sensitized
area for restructuring of power market. Facets on PQ
may be cataloged into different classes of voltage
stability, continuity in supply and voltage
waveform. There are numerous work have been
carried out till date and still continuing by
researchers in different prospects.

The notion of CP was first brought into by N. G.
Hingorani [16] indicating the use of power
electronics controllers in DN enhancing the quality
and reliability of the power delivery to consumers
who are progressively ambitious of getting a better
quality power. Xiaoqing Han et al. [17] have
proposed DVR for revision of voltage quality in a
microgrid incorporated with photovoltaic (PV)
generation/battery units to handle voltage sag or
surge improving PQ in microgrid supplying the
needed power to the load during voltage sags,
swells, and occurrence of interruptions. R. G.
Wandhare et al. [18] has proposed hierarchal control
technology for hybrid microgrid consisting
Photovoltaic (PV), wind turbine, micro-hydro, and
fuel cell (FC) based DERs. The most distinguishing
characteristic of the suggested control design is the
transferability of control between the resource
manager and the global microgrid control layer
during emergency. Further research was expected
with the integration of PQ improvement techniques.
M. U. Tomal et al. [19] have investigated the
dynamic performance of FC-based DG (FCDG)
system. According to them, PQ indicators found for
the FCDG meet the standard as per THDv (Total
Harmonic Distortion for voltage), but cannot be
taken as the sole PQ indicator. Other parameters
such as THD; (Total Harmonic Distortion for
current) may also be considered but no justification
has been mentioned. P. Nayak et al. [20] have
suggested an authentic model of Kalman Filter (KF)
in association with Weighted Kalman Filter (WKF)
for absolute tracing of the time-varying harmonics
with numerous outputs from the suggested
algorithms in microgrid model, but have not
addressed the relevance of this technique in grid-
connected mode. S. Rafiei et al. [21] proposed an
improved minimized order digital adaptive notch
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filter (DANF) for extraction of the harmonic content
with permitting compensation of either a specific
frequency or a range of frequencies in the spectral
content of the injected current having a demerit of
discrimination of harmonic elimination. A. Shahid
et al. [22] have used Droop control type modular
approach for power-sharing and tried to minimize
the system level harmonic content with poor
harmonic sharing property to be a bit unsuitable
technique for much consideration about harmonic
elimination.

S. Dhar et al. [23] have proposed islanding
detection technique established on the variation of
negative sequence Watt and VAR power at coupling
bus as a combo of active and passive islanding
detection technique. To accomplish faster tracking
along with negligible non-detection Zone (NDZ), a
local Voltage Source Converter (VSC) control with
negative sequence power injected through high
overshoot. The author has designed the threshold
filter to avoid false detection by Binary Tree (BT)
and claimed as one of the auspicious islanding
detection strategy respecting the fast run on time
and negligible NDZ, but failed to address the effect
of islanding on PQ which has been discussed by S.
K. Khadem et al [24]. R. Effatnejad has investigated
the complementary theory-based control
algorithm for the design of the shunt active filter
(ShAF) for PQ improvement and frequency control
with more focus on inverter control rather on PQ
aspects [25]. R. R. Shankar et al. [26] have
emphasized over the series implementation of VSC
tied with the grid mitigating voltage sags and swells
with the dual vector current controller. With the
space vector pulse width modulation (SVPWM),
switching pulses for the VSC were generated to
mitigate sag and swell, but have not addressed the
other PQ issues like power factor improvement,
harmonic elimination, etc. R. W. Mosobi et al. [27]
have presented design and analysis of PQ for an
integrated DER for power supplies to communities
at remote locations. Their proposed integrated DG
model has a PV, a wind energy system (WES) and a
micro-hydro system (MHS) to meet load demand.
For reactive power compensation, STATCOM has
been proposed to improve PQ of the system through
a 3-¢ IGBT built on current controlled voltage
source inverter (CC-VSI) by self-supported DC bus,
but lacks with proper explanation for selection of
CC-VSIL Again, use of STATCOM is suited for
voltage related PQ issues of DN on the load end but
fails to perform at source end.

Now it is clear about unworthiness in using
passive filters for harmonic elimination and
resolving PQ issues due to its demerits of harmonic
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resonance and amplification but relies absolutely on
the source and line impedance as well as unsettled
load parameters. To alleviate these issues, the AFs
with power electronic devices and employment of
FACTS concepts as a whole result a unique
compensating device, i.e., UPQC.

4.2 UPQC
V. Khadkikar et al. [28] have analyzed the working
of UPQC in zero real power exhaustion,

assimilation and distribution. The Series Active
Filter (SeAF) as a part of UPQC performs in active
power distribution and assimilation during
subsequent voltage dip and swells conditions
whereas the Shunt Active Filter (ShAPF) as a part of
UPQC assists SeAF through DC link voltage at a
fixed value. V. Khadkikar et al. [29] have conferred
a 1-¢ UPQC to sort out PQ issues in 1-¢ systems. It
has been observed that distorted supply results a
THD of 14.1% accompanying a non-linear load
processed with a disfigured current (THD of
30.98%). The UPQC as a whole repay these
harmonics ensuing sinusoidal supply current (THD
of 3.77%) and load voltage (THD of 2.54%). The
THD attained by them was satisfactory and could
have been further improved. Besides, the
applicability of this technique fails for 3-¢ system.
V. Khadkikar et al. [30] have suggested the steady-
state investigation of UPQC where the mathematical
investigation has been established with Watt and
Var power circulation through ShAPF and SeAF;
however, the SeAF can engross or distribute the true
power and hence the need of Var power is solely
controlled by ShAPF in every condition. RVD Ram
Rao et al. [31] have discussed the various factors
affecting the PQ, e.g., harmonic defilement for non-
linear loads, rectifiers, voltage and current fluttering
because of arc in furnaces, dip and swell with
switching of loads, etc. According to him the
authors, UPQC is a blend of shunt and series active
filter connected back-to-back, compensating the
supply voltage and the load current concurrently or
mitigating all sorts of voltage and current variation
power factor correction in the DN. D. O. Kisck et al.
[32] have proposed an optimized UPQC, which
aims at minimum VA loading of the UPQC. H.
Fujita et al. [33] has made comparison among the
three types of control methods (current detection
method, voltage detection method and combined
method). M. Vilathgamuwa et al. [34] have
designed UPQC by state-space-averaging technique
to evaluate its performance of the ShPF by moving
time window method. Y. Chen et al. [35] have
discussed the theory and modeling of UPQC as a
FACTS device. M. Hu et al. [36] have proposed the

E-ISSN: 2224-350X

319

Vamsi Ram llla, Rudranarayan Senapati,
Sarat Chandra Swain

mathematical model based on switching function
and analyzes the control techniques of such UPQC
and validated the results through simulation, but
have not mentioned the applicability and challenges
of implementation of UPQC in Distributed
Generation (DG)-environment. A. Elnady et al. [37]
have proposed new functionalities (i.e., different
voltage sags mitigation) for UPQC specifically
voltage sag mitigation by UPQC, whereas other
functions have not been highlighted. Again it is
silent about harmonic issues just highlighting on
fault conditions. M. Basu et al. [38] have come up
with a new technique of UPQC-Q, which is based
on quadrature injection of voltage prior to the
supply current, to restrict the real power
consumption by the series compensator at steady
state highlighting voltage profile improvement, but
does not allow mitigation of unbalancing conditions.
M. T Haque et al. [39] have suggested a control
technique, where the combined concept of extended
pg-theory and instantaneous symmetrical
components theory for shunt and series inverter. R.
Faranda et al. [40] have proposed a compensation
strategy to limit the switching losses in UPQC. G.
Jianjun et al. [41] have integrated the SAF and
ShAPF to regulate any voltage imbalance at the
PCC. L. H. Tey et al. [42] have proposed ANN-
based control technique for UPQC for alleviation of
PQ issues including harmonics in the DN. Time-
domain based derivation method is used to evaluate
the harmonic content in the load current and source
voltage. The proposed topology establishes two 3-¢
PWM-VSIs controlled by Levenberg-Marquardt
Back Propagation (LMBP) ANN techniques filters
out the harmonics from the utility without
compromising the system stability. J. M. Corréa et
al. [43] have proposed a controller based on the
instantaneous pg-theory to 1-¢ UPQC for high
frequency AC-based microgrid systems A. Ghosh et
al. [44] have proposed control technique for inverter
using output feedback control which moves the
poles of the open loop system radially towards the
centre producing a variable switching frequency
control action. L. Monteiro et al. [45] have proposed
Sinusoidal Fryze Current Control Strategy for
UPQC which uses synchronizing circuit (PLL
control circuit), used in 3-9-3-Wire systems to
promote a dual control strategy for SAF through an
additional PLL circuit which is not the case in the
SCCS. A. Nasiri et al. [46] have discussed three
topologies of 1-¢ UPQC introducing two reduced
parts consisting of 2 or 3 legs instead of four legs.
G. Chen et al. [47] have proposed a UPQC with One
Cycle Control (OCC) with an advantage of vector
operation for minimizing losses. Tey et al. [48] have
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suggested a Linear Quadratic Regulator control
technique for UPQC control.

A. Ghosh et al. [49] have studied UPQC
operation for bus voltage regulation of critical loads
under unbalance, harmonics, voltage dip/swell and
other interferences in power delivery system. V.
Khadkikar et al. [50] have suggested a control
technique for UPQC based on unit vector template
generation to mitigate the voltage harmonics exist in
the utility voltage. C. A. Sepulveda et al. [51] have
proposed Lyapnuov Linearization Method (LLM)
based control strategy for UPQC. M. Aredes et al.
[52] introduced a prototype model of UPQC, with a
digital control technique based on the instantaneous
power theory (pg-theory). However many control
theory based on instantaneous pg-theory have been
proposed in [53-55]. J. R. Reyes et al. [56] have
worked on 1-¢ UPQC which is commonly used in
DG-environment, with an issue of limited scope at
the time of need for 3-¢ supply. A. Kazemi et al.
[57] have introduced the application of Adaptive
Noise Canceling (ANC) theory in 1-¢ UPQC.
Several other notable works are given in [58-63]. V.
Khadkikar et al. [58] have measured the execution
of UPQC in a complex DN with genuine variables.
A. J. Laxmi et al. [59] have developed an
appropriate design of different controllers based on
Fuzzy inference system, ANN and the conventional
PI controller for the UPQC. I. Axente et al. [62]
have proposed a control strategy to avoid stability
issues due to the use of hysteresis control technique
in the ShAPF by using an LCL filter in the shunt
component of UPQC. M. Vilathgamuwa et al. [34]
have presented the PQ improvement of a sensitive
load by a UPQC acting as a power conditioner uses
state-space-averaging technique for its performance
analysis. Y. Chen et al. [35] have proposed a UPQC
consisting of a thyristor controlled capacitor banks,
SAF and ShAPF. G. Jianjun et al. [64] have
proposed a novel control strategy which not only
compensates VAR power, negative sequence
current, and harmonics generated by a non-linear
load, but also any voltage imbalance appearing at
PCC through a laboratory prototype of 20 KVA to
confirm the practicality and efficacy of the
suggested UPQC. J. N. Ganesh et al. [65] have
proposed a discrete-time feedback inverter control
strategy of pole shifting that moves the open-loop
system poles towards the origin. In the time domain,
control is simpler and continuous, as in case of the
SCCS.

Several researches have been made on pQr-
instantaneous power theory. According to F. Ng et
al. [66] the pqgr- theory transforms a 3-® voltage
space vector into a two mutually perpendicular
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quantities corresponding real power and imaginary
power. A corresponding r-axis component is added
to force the reference current over the af-plane. M.
T. Haque et al. [67] have proposed Fourier
Transform based control strategy for ShAPF and
SAF which uses positive sequence detection.
According to M. Hojo et al. [68], dynamic voltage
restoration can be achieved by the utilization of the
UPQC-L, which helps to limit the fault current.

From the comprehensive literature review over
UPQC by various authors, it can be inferred that
mitigation of PQ issues is a budding challenge and
UPQC possesses enough capability to mitigate
them. A simple technique with better performance is
the need of the hour. This gives engineers scope to
implement a cheaper control for UPQC which will
address the issues of the DG environment.

5 UPQC Configuration

Figure 2 is the proposed block diagram of UPQC
comprising of shunt and series converters, low and
high pass filters, DC link capacitor, coupling
transformer and a pulse generator.

AC »l SERIES
SOURCE TRANSFORMER LOAD

- E

4
LOW PASS FILTER | ‘ HIGH PASS FILTER
DC LINK
CAPACITOR

SERIES Bi-DIRECTIONAL Q_L SHUNT Bi-DIRECTIONAL
CONWVERTER —r CONVERTER

I I

‘ PULSE GEMERATOR ‘

Fig.2. Block diagram of UPQC

In the schematic diagram (Fig.3) of VSI based
UPQC topology, the shunt inverter is responsible for
the necessary harmonic currents for the load
whereas the Var power is responsible for power
factor and voltage profile improvement.

HON-LINEAR LOAD
SENSITIVE LOAD

Supply Vollage mm ‘

f 1=

.

SHUNT INVERT

Fig.3. Schematic Diagram of UPQC
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Additionally, shunt coupling inductor marked by
Lsn, acts as a link between the shunt inverter and the
load circuit. A coupling transformer of proper turns
ratio is used in the series inverter circuit to minimize
the kV A rating abdicating the current. [69-71]

5 Fuel Cell

Fuel cells (FC) can be termed as a typical
electrochemical instrument which directly converts
chemical power into electric power. The various
types of FC are classified by electrolyte because
they classify main features such as the temperature
of operation, power-up time, size of the stack,
migratory ion and the collision resistance. The
general utilization of FC is for the alternative
generation of power. The reaction of oxygen,
electron and ion near anti-anode by other catalyst
produces water and other products. The
classification of FC is made by the electrolyte used
and by the various range of starting-up time ranges
from 1 sec to 10 min. The overall efficiency of FC
ranges between 40%-60%. [72]

jonse - Electrolyte gns-

O 4

H:O O
Fig.4 Basic block diagram of FC

6 Methodology

There has been multiple control strategies suggested
that necessarily require precise design and analytical
integration ~ with  hardware uncertainties.  In
accordance with different renewable alliances, any
ambiguity from the failure of control devices will
lead to the islanding state and other cascading
effects. Furthermore, SCCS has been ratified to
lessen ambiguity in design and budget constraints
[73-74]. This technique results in regulation of the
line current harmonic in pg-frame. It transforms line
currents of the 3-®-3-W network into 2-¢ mutually
independent components for a proper hold over the
network comprising of ShAF and SeAF control
retaining DC-link capacitor voltage. The ShAF
compensates the non-sinusoidal load current and
SeAF compensates the load voltage [75-76]. For
effective compensation, zero sequential power is
carried into af0-reference frame.
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Mathematically:
Po| Vo O 0 1l
PI1=[0 Vvy4 V 8 ig [-—————————— )
TI10 vy v |'s
Instantaneous 3-¢ Watt power is:
F):v’_¢ =Vaia +Vﬂiﬂ ________ (2)
Whereas
—
p=ptp-——----- &)

From (3), the Watt power has two components of
desire power and instantaneous actual power. The
desire power is the mean of instantaneous real
power as referred in a balanced way in per unit time
through a-b-c frame. The theoretical power
measured of an instant will be:

. . 1 . . .
q=V,i, —V,ig :E(vablc FVpely Vgl )————— (4)
[i,.i,,i,andV,,V,,V are current and voltage of an

instant in abc frame whereas i,,i,,i, and v,,v,,V,

are current and voltage of an instant in «p0-frame

respectively].
The active and reactive current components are:

i, 1 v p 1 [y v o
L8] Vg +V/i’ B a v, +Vﬁ B o |0

Hence by Inverse Clarke Transformation:

ia(p) 5 ! 0 Vi, +V i, [V

R a'a (04

o 04 ]
_ a+vy LB

'e(p) A

a(q . : Y

i ) B Vablc +VbCIa "‘Vca'b VbC 5
by T2 v g, e
. ab " 'bc ' 'Ca Vab

lc)

For line voltage free from zero sequence
components,

. . i i
I Iy &(p) &)

L|=[1, [+]1 +, |————- 8
b 0 Bip) biay (®)
i i i i
c 0 | |

Cpy G

6.1 SCCS for ShAF
Figure 5 is the control mechanism for the 3-®-3-W
system shunt inverter.
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Non-linear Load

)

Power System

3- Phase 3-Phase
Converter

c
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DC c
voltage [+ Transformer —|
Regulator Vae 1 —— "

Instantaneous
Iy Power
Calculation

R | B

Current 1 PWM 1
Reference hd Current o
Calculation Control

Q. Tee I

Fig.5. Shunt Inverter Control of 3-®-3-W System

The ShAF draws specific power from the input at
an instant and offsets the oscillating real power ( p ).
The active filter capacitor (AFC) aligned in parallel
to the circuit compensates the zero sequence and
real power [77]. The 3-¢ to 2-¢ voltage conversion
is accomplished with Clarke transformation.
Equation (9) estimates Watt and Var power with 2-¢

in the power estimation module.
v/ )5

I

The outline of the AFC for SCCS is shown in Fig. 6.

current i, i 5
{ } Jr VE Y
v, |= g 1

Vs

Va

Positive Vo
Vs ——] Sequence - [
Voltage Vi -% \ Instantaneous
Vp—] Detector E Power
v, —| Ve | & I Calculations
c
I q ——] "_! 1
Iy ——— % P q
I ——| ©

apf To abc
Transformation

icg

Fig.6. Control block of SCCS with 3-¢ ShAF

Similarly, Clarke Transformation converts 3-¢
line current to 2-¢ and estimates true and complex

power and 2-¢ voltage (V,, ﬂ)

SR VA A A
ARGk
Iﬂ 0 \/_4 ‘\/_4 |C

The phase voltage and line current of an instant

are obtained from zero-sequence component, Watt
(p) and Var (g) power components:
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Po Vo o o lo
PI=]0 Vo Vv ||i|=————~ an
q 0 v, —v,|lig,
Hence the Watt and Var power will be:
P=V, i, +V,li, —————————— a2)
q=V,i, +V, i, —————————— (13)
The nonhnear load leads to mandatory

measurement of true power and is classified into
average ( P ) as per shunt current compensation and
the oscillating component (p) of an instant related
as:

Po=P=p-P-————- (14)

In a real practice, the division can be achieved by
choosing low pass filter (LPF) to cover the power
block with the help of cutoff frequency resulting in

the compensation of transient error.
Hence the balanced imaginary power is:

6.2 SCCS for CAF

The suggested procedure applied to a 3-®-3-W
device, is performed by the SCCS on SeAF's instant
theory. A 3P3W SeAF block diagram for voltage
compensation has been shown in Fig. 7.

_____________ 1
a | Vea |
b TR e >
ea | ver L[ -
(\j ) ‘ v o | [T v, : ‘:Iﬂ g
ELECTRICAL POWER /< — 0000, —1 o
GRID ?v“ ic : AT | T"‘
1
I |
I |
R |
Lo, ) ma—
| s« -4 Vea ==
1 Vsp. = . !
1 Ve = Vb I
: 1 8 [ .]INVERTER| |
: fgq ———f E Veo :
| [/ 8 :
I e i |
: e ___al ¥« | |
v I
: SERIES ACTIVE FILTER :

Fig.7. Series Inverter Control of 3-®-3-W System

SeAF boosts energy waveforms with consideration
of zero-sequence, the correlation among the source,
load and AF voltages shall be as follows:

Vsa Va Vca
Veo |=| Vo |—|Veb |————————— ae)
Vsc Ve Vee

Three separate 1-® converters with customary dc
capacitor mingle with the critical SeAF voltages.
The reference voltage is assessed with the supply to
AFC and input signals, i.e., load voltages and source
currents. The pg-theory calculates the voltages
implying known variables like voltage, currents, and
true and complex powers elements defined during
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involvement of series voltage compensation as dual
of shunt current compensation. [78]

Po o 0 0 || Vo
p |=|0 i, ig||Vy |——————— a7
q 0 —ig 1, ||Vg

The above condition causes true power (p) and
complex power (§ ) with zero sequence component

to oscillate and perceived as zero. The sinusoidal
voltages to be incorporated with the SeAF, together
with the oscillating powers, for load harmonic

~
~

Ve, R i, —ig
véﬁ i§+i§ g gy

A specific calculation of Ap is applied to P
with an aim for loss compensation. The reference

reference by:

V ¢ 1

voltages V. and V*cb need to be converted to abc —
0
1 3
v

Ve,

. VN3 [V*CJ

Ve, — A _ %

For harmonic load voltage stabilization, the
SeAF generates the voltage as per (19). The strategy
confirms maximum sinusoid for source voltage [79].
The network under evaluation comprises of SCCS-
based UPQC accustomed to eliminate the PQ issues
in the hybrid grid integrated (HGI) system. The
belief behind using of SCCS is its uniqueness in
simplicity and cost effectiveness among all control
techniques for PQ mitigation [80-83]. The suggested
approach for the HGI system based on PQ
progression by UPQC with an output provided to
boost converter.

7 SIMULATION RESULT

7.1 UPQC with Grid Integrated Non-linear
Load

The system embraces with UPQC for PQ
improvisation of a HGI system feeding non-linear
load. The UPQC considered here is based on SCC
circuitry feeding a converter-fed resistive load. The
execution of UPQC for the 3-¢ 3-Wire system
simulated through MATLAB Simulink 2016a
software with simulation variables of Table-1.

Table-1: SIMULATION PARAMETER

Load Variables Values
Non-Linear Load
Resistance (R) 100Q
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Inductance (L) 150pH
Linear Load

Phase-to-Phase Voltage (V) 1kV
Watt Power (P) 0.01IMW
Var Power (Q) 0.1kVAR
DC Link Capacitance (C) 0.001F

The source voltage is 25 kV peak value. In the
first 0.1 second, before the circuit breaker (CB) is
open, due to the inception of the load there is a
sudden fall in voltage. After closing of the CB,
ShAPF starts with the operation injecting with the
required reactive power bringing the voltage to the
desired level.

4 x10

Source Voltage Waveform

~

Vs_abe(Volt)

Is_abe
-
o & 8
LD )
—
&Az_??
&5-
4

0.4 05

Time (seconds)

(b)

Fig.8. Utility end: (a) Voltage (b) Current

0.6 0.7 08 09 1

There is a switching delay of 0.1 second provided
for the series converter. Till the series converter is
not in operation, there is a voltage dip. The ShAPF
improves the current profile supplying the harmonic
power indicating the compensation of the
disturbances at source side by the UPQC.

The THD in the source current has been obtained
from the FFT analysis and is found as 0.3% (Figure
9).

Fundamental (S0Hz) = 208.7 , THD=10.03%
T ¥ T T T

Mag (% of Fundamental}
2 = H s
=2 ; &

E

100 200 300

400 500
Frequency (Hz)

Fig.9.THD level in Source Current

Use of the UPQC based on SCCS balances the
end voltage and source current, and makes them
smooth (Figure 10 (a) and (b)).

During the switching of load there is a voltage
dip. Due to the intervention of shunt converter
control, the voltage is brought back to the desired
level after 0.1 second, as observed in Figure 10.
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Fig.10. Load-end results: (a) Load voltage (b) Load
current

Here UPQC operated in grid integrated PV
system, PV-battery-FC system; PV-battery isolated
conditions are simulated for a 3-¢ 3-Wire system by
MATLAB\SIMULINK 2016a. The control circuitry
for 3-¢ 3-Wire is designed for grid-tied PV systems
both in stand-alone and integrated mode for the
given parameters in Table-2.

Table-2: SIMULATION PARAMETERS

Variables Value
Boost Converter Operating | 5 kHz
Frequency

DC-Link Capacitance 0.001F
Phase-to-Phase Voltage 0.415kV
Linear Watt Power 0.01MW
Linear VAR Power 100 VAR
Resistance of Rectifier Load 60Q
Inductance of Rectifier Load 150puH

7.2 Integrated Hybrid System without UPQC
The performance UPQC excluded grid-integrated
PV-Battery-FC system has been exemplified.

Phase wise grid injected voltages and behaviour of
grid injected current for 3-¢ 3-Wire HGI system are
demonstrated in figure 11(a) and (b) respectively.

Time Series Plot:

R

(L] 091 092

cted Voltage(V)

Grid Inje
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Fig.11. Grid injected source: (a) voltage, (b) current

The UPQC excluded voltage and current
waveforms are non-sinusoidal owing to non-linear
load. The FFT analysis of grid injected current has
an RMS value of 3.154 A with a THD of 0.1466 or
14.66% of the fundamental (Fig. 12).

Fundamental (50Hz) = 3.154 , THD= 14.66%
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0

Fig.12. THD in Grid injected Current
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Figure 13 illustrates the THD level of load voltage.
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Fundamental (50Hz) = 287.7, THD= 6.24%
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Fig.13. THD in Load Voltage

=

Mag (% of Fundamental)
L
=

1000

The RMS value of load voltage is 287.7 V with
THD value 6.24 percent. Use of SCCS ensures the
voltage and current waveforms as balanced and
smoother. The PV output voltage and current are
represented in figure 14 (a) and (b) respectively with
a peak of 230 V load voltage and 2.341 A load peak
current.

A

) 091

VpiY)

092 093 094 095 0.96 097 098 099 1

Time (seconds)

(a)
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Fig.14. PV Inverter Output: (a) Voltage (b) Current

The figure 15(a) and 14(b) illustrates load
voltage with a peak of 230 V and load current peak
at 2 3A.

ORCONIN
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VLoad(V)

Time

(b)
Fig.15. Load: (a) voltage (b) current

The harmonics observed in the voltage and
current waveforms are to be mitigated by UPQC.
The figure 16 illustrates the battery current showing

negative indicates the charging of the battery.

urrent(A)

Battery C

i L I L L i L L
09 091 092 093 094 095 096 097 095 099 1
Time(Sec|

Fig.16 Battery Current

The figure 17 shows the supply of consistent current
by the fuel cell (SOFC).

Fuel Cell Current
T T T

w
=

Fuel Cell Current(A)
= =

=
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Time(Sec)

Fig.17 Fuel Cell Current
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7.3 Integrated PV with UPQC
Numerous simulations were executed with the
51mulat10n pararneters as mentloned in Table II

L

Ti me(Sec]

(a)

R

Grid Injected Voltage(V)
3 =

o =
2 2
=

oL

v

Yo

Grid Injected Current(A)
: % s
1 L

2N

165 L7 175 L8 185 19 195 2
Time(Sec)

(b)
Fig.18. UPQC inserted signals (Supply end): (a)
Voltage (b) Current

The figure 18 illustrates the UPQC shunt filter
injected signals. Supplied phase voltage and
behaviour of line current of the 3-¢ 3W system are
illustrated in figure 18(a) and (b) respectively. It
unveils the indemnity by the UPQC at source end
ensuing grid insertions as sinusoidal. Figure 19
represents the VSC inverter output as fed by the
Boost converter.

Inverter Output Voltage(V)

188 19 192 194 196 198 2
Time(Sec)

Fig.19. Inverter Output Waveform

I I I I L L L L L
0 008 i 0s 02 028 03 035 04 045 0.s|
time{sec)

Fig.20. Total Harmonic Distortion Level
The VSC output of PV- Battery- Inverter system

shows a 5 step voltage waveform with a peak of
300V. The load voltage is distorted and unbalanced
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prior to any indemnity, but SCCS based UPQC
ensures substantial improved in load voltage. The
THD for individual supply phase current (figure 20)
is found to be about 0.6%.

7.4 Standalone PV System
The stand-alone PV has been considered to study
and observe its performance for every operating
condition of UPQC with resistance 1€ and
Inductance 0.3H and operating frequency of the
boost converter as SkHz. The figure 20 illustrates
the UPQC shunt filter insertions of source voltage
(Fig. 21(a)) and line current (Fig. 21(b)).

RO

Time(Sec)

(a)

Grid Injected Voltage(V)

Grid Injected Current(A)

L L L '
175 L8 185 1.9 195 2

Time(Sec)

(b)
Fig.21. Source End: (a) Voltage (b) Current

L6 1.65 L7

These waveforms confess about the compensation
of UPQC at the supply end. The THD level is
illustrated in figure 22.

TSURz) = 1,405, THO= TAT%
T T T

o w
in  w i
T T T
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Fig.22. Total Harmonic Distortion (THD)
Standalone PV System
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Time(Sec)

Fig. 23. Inverter Output Waveform
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Inverter output(V)

E-ISSN: 2224-350X

326

Vamsi Ram llla, Rudranarayan Senapati,
Sarat Chandra Swain

The figure 21(b) reveals that the current drawn
from source is sinusoidal with a peak 1.405A
indicating the current through UPQC is small, and is
able to reduce the harmonic content of source
current. The figure 23 presents the VSC inverter
output from the Boost converter.

The inverter output voltage of the hybrid system
has a peak value of 230 V. The UPQC separates the
harmonics present in the inverter output from the
load end as presented in figure 21 and 22.

7.5 Grid-Connected PV - FC p-grid System
Here, the operation of the UPQC in grid integrated
PV-FC p-grid is simulated for a 3P3W system. The
control circuitry is modeled for PV-FC systems in
stand-alone and grid-integrated mode with the same
circuitry conditions under constant and variable
irradiance conditions. The four different cases
discussed here are as follows:

Constant irradiance condition at 250W/m?.

B. Variable irradiance condition in which the
variation in irradiance is simulated using
signal builder.

C. The load is varied in which the irradiance is

kept fixed.

Both the irradiance as well as the load is

varied simultaneously.

All the above cases have been discussed with grid

integration.

The figure 24 illustrates the block diagram.

Lo |
MODULE
& mepT

SHUNT INVERTER
CONTROL CIRCUIT

NON LINEAR LOAD

Fig.24. System Block Diagram

The boost converter steps up the DC voltage as
produced by the PV source. A Proton exchange
membrane FC (an energy system) has been attached
to the point of common coupling (PCC) through the
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same boost converter. It has the capacity of high-
power density with an advantage of low weight and
volume. A Lead acid battery (storage system) due to
its low cost and high energy density is connected to
the PCC via a bidirectional buck-boost converter so
that it can charge and discharge as per the necessity.
The output of these sources is fed to a VSI inverter
as discussed earlier. The output of the system is fed
to a non-linear load and to grid. UPQC performance
is studied with the variable PV output and load.

7.5.1 Constant Irradiance Condition
Under constant irradiance of 550W/m? the grid

injected voltage from PV-FC end is given in the
figure 25.

Grid Injected
Voltage(V)

09 091 [ 093 034 095 096 097 098 [£3]

Time(Sec)

Grid Inccted
Current{A)
:

3 I I | |

09 091 092 093 094 095 098 097 098 0%
TimeSec)

Fig.25. Grid Injected Voltage and Current

The grid inserted voltage has a peak value 230V and
current 1.149A provides a balanced AC voltage to
the grid.

The figure 26 presents the balanced injected voltage
and current of the UPQC shunt inverter in the load

circuit.
”
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Time (Sec)
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Fig.26. UPQC Injected Voltage and Current

The load voltage and current waveform of the 3-O
nonlinear load is given in figure 27.
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Load Voltage (V)
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Fig.27. Load Voltage and Current

The load voltage has a peak of 234.1 V which is
nearly 230 V, due to shunt converter compensation
of UPQC.

The load voltage THD is 5.92 percent with the
linear load (Fig.28).

Fundamental (50Hz) =287.7, THD=5.92%
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Fig.28. THD in Load Voltage
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THD in source current is presented in figure 29.
Fundamental (50Hz) = 1.404 , THD= 1.61%
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Fig.29. THD in Source Current
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The source current fundamental has an RMS value
of 287.7A with a THD of 1.61 quite low as desired.
The source current is near to fundamental as desired
by SCCS. The presence of dominant harmonics (5th
and 7th) is less than 5% of the fundamental which
validates the satisfactory performance of UPQC
under SCCS.

7.5.2 Variable Irradiance Condition

Figure 29 presents the grid injected voltage and
current under variable irradiance condition. A
switching delay of 0.1 second is provided for the
series converter so that there will be a voltage dip
till the series converter is in action. After 0.1
second, breaker is closed with a voltage injection at
the series transformer terminal for improvement of
the voltage sketch which indicates the desired
performance of the UPQC series converter.
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Fig.30. Grid Injected voltage and current with
constant Load and Variable Irradiance

The grid injected voltage has a peak of 230V with
current has an RMS value of 1.134A. The figure 31
shows the UPQC compensated voltage and current.
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Fig.31. UPQC Injected Voltage and Current with
constant Load and Variable Irradiance

The UPQC injects current at a phase voltage of
230V peak. The per-phase value of the waveforms
of the injected voltage and current are found to be
sinusoidal and balanced.
Figure 32 presents the load voltage and current for
the nonlinear load circuit
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Fig.32. Load Voltage with constant Load and
Variable Irradiance

A drop in the load voltage at non-linear load
terminal is due to sudden switching of the load at
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0.1 second. Due to the intervention of shunt
converter control, the voltage is restored after 0.1
second. Under the mentioned operating condition,
the source current is near to sinusoidal as desired in
the SCCS. Figure 33 presents the THD of grid
inserted current, ie., 1.4% of the fundamental
whereas figure 34 presents the THD of grid inserted
voltage which is 6.24% of the fundamental.

Fundamental (S0Hz) = 1.405 , THD~ 1.40%
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Fig.33. THD of Grid inserted Current
Fundamental (50Hz) = 287.7 , THD= 6.24%
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Fig.34. THD of Grid inserted Voltage

Similar to the grid injected current, the voltage have
the traces of 5™ harmonic, but is insignificant.

7.5.3 Constant Irradiance and Variable Load

Under constant irradiance of 550W/m?, the load is
varied after every 0.5 seconds. In these conditions
irrespective of load variation, the grid injected
voltage is observed as constant. Figure 35 presents

grid injected voltage and current under this
condition.
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Fig.35. Grid Injected Voltage with variable Load

and constant Irradiance

The grid injected voltage has a peak of 230V. The
initial fluctuation is due to the switching of the
breaker at 0.1 second. Figure 36 presents shunt
inverter injected current and voltage of UPQC
which are found to be sinusoidal and balanced.
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Fig.36. UPQC Injected Voltage with variable Load
and constant Irradiance

Figure 37 presents load voltage and current for the
nonlinear load circuit.
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Fig.37. Load voltage and current with Variable Load
and Constant Irradiance

Under the condition of constant irradiance and
variable load, the source current is near to sinusoidal
satisfying the SCCS. With the load variation, current
drawn varies but from the above results, there is
zero fluctuation in grid injected voltage and the
UPQC supplied current implies as an extra amount

of current drawn from the battery.
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Fig.38. THD in Grid injected Current
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The figure 38 presents the THD of grid inserted
current as 1.03% of fundamental with the RMS
value 1.406 A of fundamental whereas figure 39
presents THD of grid inserted voltage as 6.19%of
fundamental with the RMS value of 287.7 V.

7.5.4 Variable Irradiance and Variable Load
Here after every 0.5 seconds, the irradiance and the
load varies. The irradiance is 500W/m? and reduced
to 250W/m? with the load is doubled. Under this
condition, the sinusoidal and balanced grid injected
voltage and current are illustrated in the figure 40.
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Fig.40. Grid injected Voltage and Current with
Variable Load Variable Irradiance

The initial distortion for the first 0.1 second is
due to the interpreted from CB operation as
discussed earlier. Figure 41 represents the UPQC
shunt inverter injected current and voltage.

5W| T T T
£ | I
g nﬂ'v |
i e S
5 {f] IRNRn WA ...m|
SCIU| 1 I I 1 I
0 [¥] 04 13 08 1 12 14 16 13 b
Time{Sec)
4| T T T T T T T T I
~ T T ST O pT——
<1 l' AR R ALK A AR R (A 1 S A A I (IR Y i A
EU[HV” 0 e R R
% I H
([T AR RN VR (AT AR AT
=3 31t o e VU VL i
- ULLLLEUL PRV ELER L ERGELECLLERREEELLERE LR L GO LLUEELLL R LR L LUGULLEEA L) il
_|| | | | | | 1 | 1 1
0 02 04 06 08 1 12 14 16 18 b
Time(Sec)

Fig.41. UPQC injected Voltage and Current with
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With the variation of load and irradiance, the grid
voltage is constant. Besides the load voltage is
maintained at 300V peak which signifies the
performance of the ShAF in maintaining the grid
injected current and voltage with a satisfactory load
voltage (Fig. 42).

The THD of grid injected current 1.05% of the
fundamental with RMS value 1.406 A (Fig. 43)
whereas THD of load voltage is 6.27% of the
fundamental with RMS value 287.7 V (Fig.44).
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8 Conclusion

The conceptual study of the UPQC execution for a
3-¢ 3-Wire system has been carried out under
simultaneous of non-linear and linear loading
conditions along with several variable conditions
like the irradiance and load. The UPQC is driven by
the proposed SCCS allowing the source to draw
constant sinusoids under steady state condition so
that the grid injected current and the supply voltage
approaches to be sinusoidal.

Additionally, four cases of PV-FC u-grid system
have been studied. The UPQC control strategy
performs well in all the conditions to mitigate the
PQ disturbance owing to variation in irradiance or
load. In case of load variations at an interval of 0.5
sec, have no impact on the load voltage or the
voltage in the connected circuit, but a sudden rise in
load leads to sag, and is mitigated by the UPQC.
Similarly, load change has zero impact on grid
injected voltage and the current inferring that with
increase in load, an extra amount of power is fed by
the battery. Meanwhile UPQC maintains the voltage
profile by injecting voltage at the series transformer
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terminal of the series inverter significantly leaving
behind an impression over satisfactory performance
of UPQC in all conditions.

Future Scope

The proposed research work may further be
extended in employing the similar techniques in the
DG environment with 1-® system. The p-grid
system so implemented can further be studied with
different islanding conditions in coordination with
CPDs to give reliable supply with islanding.
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