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Abstract: Microgrid (MG) has extensive properties to overcome common problems of local
distribution system. Some of those problems are generation and demand difference, blackout and
brownout, environmental concerns due to burning of natural resources in power stations (indirectly),
and reliability issues. Research on microgrid is being conducted to enhance its features to mitigate
power quality (PQ) problems associated with distribution system. Voltage sag and swell have been
major power quality problems for decades, loads in distribution system are heavily affected due to
these power quality problems. In the distribution system, microgrid and power quality compensation
strategy should be existed in order to ensure reliability and voltage sag/swell mitigation. Dynamic
voltage restorer (DVR) is comprehensive power electronics based Flexible Alternating Current
Transmission System (FACTS) device, it is third-generation FACTS device as its control scheme
selection flexibility and power line coupling approach make it advance when compare to first and
second-generation FACTS devices. In this paper, an Enhanced Dynamic Voltage Restorer (EDVR) is
presented to efficiently mitigate voltage sag/swell in grid connected microgrid. On the one side, the
presence of microgrid structure ensures reliability of distribution system for local loads on the other
side, EDVR ensures voltage sag/swell free power supply for loads. The control strategy of EDVR is
based on enhanced synchronous reference frame (ESRF) approach and fuzzy technique system. ESRF
is specially design for fast and precise operation of EDVR whereas; fuzzy technique system is
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responsible for standardized voltage supply for local loads. DC link voltage of EDVR is effectively
regulated with the help of proposed control scheme at the time of voltage sag/swell compensation.
Stability analysis of ESRF control has been done using modeling of VSC and eigenvalue analysis
system. Simulation results on MATLAB/Simulink verified the performance of EDVR under presented
control approach hence the specific loads in distribution system are more secure under proposed
microgrid system with EDVR.

Keywords: micro grid; power quality; upgraded dynamic voltage restorer; upgraded synchronous
reference frame

1. Introduction

The electrical power distribution system is undergoing major power reliability issues in different
parts of the world. This is due to increasing demand of electricity versus less generation of electricity
in power stations, limited resources of natural fuels (like coal, and gas) that run power stations,
complete power failure (blackout) and partial power failure (brownout), infeasible nature of
distribution system to directly integrate renewable energy resources (RES) like solar photovoltaic (PV)
and wind generation [1,2]. Study about microgrid is being conducted as it is considered as reliable
structure to overcome the shortcomings of typical distribution system that are discussed above [3].
Microgrid structure is consists of distributed generation (DG) units that may have renewable energy
resources (including solar PV, wind generation, fuel cell, and electric vehicles EVs) or non-renewable
energy resources (including diesel generator, gas turbine) or combination of both. Energy storage
system (ESS) and necessary power electronics interface (PEI) are also basic elements of microgrid.
Microgrid works in two mode of operation in grid-connected mode (GCM) and islanded mode (IM), in
grid-connected mode of operation the microgrid works together with local grid to supply loads
whereas, in islanded mode of operation the microgrid works independently to provide power to
associated loads. The islanding mode operation of microgrid has more complex PEI mechanism when
compare to grid-connected mode operation as overall tasks strength are more in it to resolve on-line
working challenges [4,5].

In addition to power supply reliability issues in the local distribution system the most concerning
problem is the quality of power which is being delivered to loads simply it is called power quality of
electrical supply [6]. Power quality is explanation of the term that how much standardized waveforms
of voltage and current are being delivered to electrical loads, bad power quality leads to number of
problems in local distribution system. These are heating of power lines, heating of power transformers,
bad efficiency of electrical loads, less life of electrical equipment, loss of data and loss of production,
etc. There are number of power quality problems that disrupt electrical loads those common power
quality problems are voltage sag and voltage swell, voltage transients, voltage unbalance, current
harmonics, and current unbalance [7,8]. Among these power quality issues voltage sag and voltage
swell are those that affect electrical equipment and electrical loads in extreme manner. Voltage sag can
be explained as sudden decrease in amplitude of line voltages in comparison with nominal voltage
level whereas; voltage swell can be explained as sudden increase in amplitude of line voltages in
comparison with nominal voltage level. The distribution system facing the problem of voltage sag due
to number of factors like single line-to-ground faults, switching of heavy loads, large motors starting,
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and partial power failure [9]. On the other side, the main reasons of voltage swell are abrupt reduction
in large loads, malfunctioning of transformers and power electronics interfaces, and common faults in
power lines. The impact of voltage sag/swell problem in practical distribution system is adverse,
sensitive loads are majorly affected due to these problems [10]. The main effects are damage of
essential electrical equipment and loads, malfunctioning of electrical equipment, loss of production
data and corruption of data, underperformance of electrical systems [11].

Nowadays, microgrid is a need of distribution system as the microgrid structure provides
necessary medium to integrate renewable energy resources with distribution system. Power electronics
interface of microgrid acts as power transferring midway between microgrid’s DGs/ESS and
distribution system. Reliability pattern of local distribution system will be increased if it links with
microgrid, microgrid structure will not only acts as backup supply but also stores its surplus power in
its energy storage unit. Typically, microgrid structure is lack of any additional strategy with the help of
which the power quality concern can be addressed. For satisfactory performance of electrical
distribution system in terms of loads’ requirement the electrical distribution system at a same time
needs microgrid facility and power quality compensation technique. In this case, microgrid will be
responsible for power supply reliability enhancement and power quality compensation technique will
oversee standardization of power supply. The literature survey has discussed different approaches in
which microgrid and power quality compensation technique worked together to enhance distribution
system performance. Multiple distributed generation (DG) units working together with distributed
control mechanism in power park microgrid in [12], each DG unit produces standardized power
quality and controlled by superior central control unit as a result the power quality of whole system is
good in terms of loads. Hybrid AC/DC microgrid concept is now widely use to combine the features of
both AC and DC microgrid as the resulting system is big and more complicated therefore, inertia
control technique is introduced in [13] to efficiently regulate the power quality of individual DG.
Two-level control is proposed for interfacing converter (IC) to mitigate DG level and system level
power quality problems in which, primary level is responsible for compensation of DG based power
quality problems whereas, secondary level is responsible for compensation of hybrid microgrid system
level power quality problems in [14]. Distributed generation units are deployed in a manner to enhance
microgrid system power quality including voltage fluctuation and voltage imbalance in [15]. Instead of
typical microgrid design an enhanced battery energy storage system is introduced and successfully
linked with distribution system to reduce the power quality issues that would produce in microgrid [16].
Grid connected microgrid structure produces many complex challenges in terms of power quality
concerns, for analyzing these complex variables a scheme based on advanced mathematics is proposed
and practically apply in [17]. To compensate power quality problems in islanded microgrid a unique
control mechanism is introduced for power quality compensator in [18]. Power quality compensation
in microgrid with two separate compensation devices in [19], both are installed to mitigate source side
and load side power quality problems. Solar PV (photovoltaic) based power quality compensator is
presented to enhance the overall capacity of compensator to mitigate power quality problems in grid
connected microgrid in [20]. Severe power quality problems associated with microgrid structure are
mitigated using different FACTS devices in [21,22].

Voltage sag and swell have been identified as the major power quality problems not only in power
distribution system but also in microgrid arrangement, both problems are relatively alike in opposite
manner and have severe consequences on the electrical power system. Microgrid design is non-stiff
and its inertia is less than that of distribution power system this is due to the intermittent nature DGs
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that are present in microgrid design. For this reason, voltage sag and swell problems are frequent in
microgrid than in distribution system. Dynamic voltage restorer (DVR) is a prominent FACTS device
and it is considered as an excellent compensator to resolve voltage sag and swell related problems.
Conducted literature covers different scenarios in which DVR resolves voltage sag and swell in
distribution system and microgrid, different orientations of DVR are applied. A new scheme of DVR
named dual-dc-port dynamic voltage restorer (DDP-DVR) is presented to mitigate different level of
voltage sag in distribution system moreover special technique has been introduced to reduce the power
rating of (DDP-DVR) [23]. For optimal performance of DVR and related FACTS devices new
alignment approaches have been used to compensate voltage related problems [24,25]. A new design
model of DVR is proposed and used as custom power device in secondary distribution system to
reshape distorted voltage profile according to distribution-level voltage standards [26-28]. Many
advanced operating mechanisms with general DVR components are being used to enhance the
performance of DVR in presence of DGs within distribution system [29,30]. Photovoltaic based
microgrid secured with in-phase voltage injection scheme of DVR in [31], controlling voltage
variabilities of medium scale microgrid in [32,33] where specific DGs are more of intermittent nature
than other. Due to the success in the field of power electronics more and more electrical equipment are
being made to cope the challenge of fast processing in the electrical industry, one major disadvantage
of this competition is the power quality problems that arises due to these efficient power electronics
equipment especially voltage related problems meanwhile, it is important to make custom power
devices CPDs (one like DVR) more effective to balance the development [34,35].

Topology or scheme of DVR and related FACTS devices are one of many factors that play
important role in success of their operation, out of these factors the most important one is control
strategy which is being associated with the power quality compensation device. This is the control
strategy which differentiates the performance of one device unit to others as control strategy gives
logical and rational power to device. A comprehensive survey is also conducted on different updated
control mechanisms that run these devices. A controller consists of hysteresis design and SRF
philosophy is presented and used against repetitive power quality problems in [36]. New control
algorithm based on catastrophe theory and particle swarm optimization theory is proposed in [37] the
robustness of presented control is worthy under variating conditions whereas, online tuning method for
PI controller gains is presented in [38] this method is automatic in terms of response. Modified
synchronous reference frame (MSRF) introduced and used in high power rating power quality
compensation devices in [39]. A unique control link is developed to track two power quality
compensation devices simultaneously in [40] the power rating of both devices is decreased with
proposed control scheme. An optimal control method with selective compensation characteristics is
presented for fast response, optimal performance, and less cost in [41] whereas, dual vector control (DVC)
based power quality compensation equipment is proposed for grid side voltage related problems in [42].
Comparison of different real time control procedures has been conducted in terms of advanced FACTS
devices and the major factors of concern are processing time and accuracy [43,44]. An ordinary
direct-quadrature axis algorithm centered power quality compensation device has less capacity to deal
with power quality problems that arise in microgrid system therefore, some modifications have been
introduced in device’s control to efficiently mitigate those problems [45]. Sliding mode control (SMC)
for power quality compensation device in [46] resolved specific order power quality distortion issues.
Maximum Loading margins can be effectively calculated and use as input in SRF based control
algorithm to mitigate voltage distortions [47]. Different approaches have been used to redesign
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direct-quadrature axis control for power quality compensation equipment to resolve power system

voltage quality problems [48-50].

Although, DVR is considered as most versatile FACTS device to resolve voltage sag/swell
problems however, efficacy of DVR is depending on its coupling topology with power line and control
unit. Literature survey, mainly [23,26,27,29,30,33,35,55,56] have designed complex filter
combination for DVR and used overall measured design therefore, power quality problems are not
optimally compensated and DVRs injected unwanted signals at the time of compensation, and
performance of DVRs in [29,30] is marginally affected due to compound structure of microgrid.
Moreover, the control algorithms in [38,40,42,46,48-50,54,57] are especially shape for those DVR
structures that working in tough conditions and however, there are giving slow response and imprecise
compensation voltage injection in sudden variation conditions of voltage waveform. In this paper,

1.  Anenhanced dynamic voltage restorer (EDVR) is presented for efficient compensation of voltage
sag and swell in grid connected microgrid scheme. New control strategy is developed for fast and
precise working of EDVR, the proposed control strategy involves two sub control units an
enhanced synchronous reference frame (ESRF) control unit and fuzzy technique control system.

2. ESRF control unit is responsible for smartly regulation of voltage sag/swell and fuzzy technique
control unit is responsible for fast perception of voltage sag/swell in line voltage. DC link voltage
of EDVR is perfectly controlled at the time of sag/swell compensation, the stability analysis of
ESRF control is also presented with the help of modeling of VSC of DVR.

3. The associated loads are secure in terms of complete/partial power failure and severe voltage
sag/swell under presented overall scheme. The performance of EDVR is good in presence of
microgrid structure.

The remaining paper is structured as following, section 2 will discuss EDVR based microgrid
system description, section 3 will explain overall control philosophy of EDVR, section 4 will discuss
results verification, and section 5 contains final conclusion.

2. EDVR based microgrid system dcescription

Power distribution system is a last part of power supply system and it is considered as least secure
part of power supply system, generally it gets supply by central supplier. However, the local
distribution system faces reliability issues in terms of power supply. Figure 1 shows a typical power
distribution supply system in which loads are being fed by local voltage supply. Associated loads are
consisting of sensitive and normal operating loads like medical supply loads, household loads, etc.
Supply system in Figure 1 is non-secure as there is no other source of power exists if the local voltage
supply system fails due to faults and natural disasters. Figure 2 shows another power supply system in
which microgrid is also exists in addition to local voltage supply overall, this supply system is more
secure in terms of power reliability and loads’ expectation of power availability. In this system, if the
local voltage supply fails to provide power to loads then there is a reliable backup power supply in
form of microgrid exists to fulfill power demand of loads.

Figure 3 shows a typical design structure of microgrid [51], different possible components of
microgrid are shown in the figure. Microgrid can be powered by renewable and non-renewable energy
resources, different categories of loads can be a part of microgrid, and microgrid can work together
with local utility grid to supply power to loads. As already discussed, the typical microgrid is not
capable to deal with power quality problems that disturb loads as it works only to provide necessary

AIMS Energy Volume 9, Issue 1, 150-177.



155

reliability to loads. Therefore, special approach will be needed for power supply system represented in
Figure 2 to make it protected from adverse effects of voltage sag/swell as without this approach the
system will only deal with power availability challenge and will be exposed to power quality problems.
Figure 4 shows the modified design of power supply system in which a power quality compensation
technique exists together with microgrid and local utility grid, shown technique is positioned at
appropriate place in power supply system for effective mitigation of voltage sag/swell.

Voltage Supply Terminal point  Load Point

Line Impedance

RNl | | Associated Load
\—l | §s50C1ate 0ads

Figure 1. Local supply system with associated load.
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Figure 2. Micro grid supported power supply system.
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Figure 3. Structure of microgrid.
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Figure 4. Modified design of power supply system.

Dynamic voltage restorer (DVR) is the preeminent choice to mitigate the voltage sag/swell issues
in the load bus or power line. The typical design structure of (DVR) is shown in Figure 5, it consists of
a control unit, power electronics-based voltage source converter (VSC), necessary filter design, and
series coupling transformer or injection transformer. The DVR connects with power line in series and
injects the anti-sag/swell voltage to mitigate the effects of voltage sag/swell. The control unit of DVR
has principle authority and it drives VSC to produce anti-sag/swell, later the anti-sag/swell passes
through filter combination of DVR to filter out unwanted noise signals in injection voltage. The
coupling transformer injects anti-sag/swell in power line smoothly. The performance of DVR in power
supply system is mostly depends on the selection of its control method and design of its filter
combination.

YMtagﬁ;%ggﬂh‘ Line Impedance 1erminal point Load Point
[ -} J*'.Uﬂul'"un'-v; — 00 b }—‘l—v t——  Sensitive Loads
S L aaa SN,

|W|C0uplmg Tl'ansferi
Filter
Design
|
‘l.u]rage Control
Source Unit
Converter
Typical DVR Strucmre:

Figure 5. Design structure of (EDVR).

Figure 6 shows the block diagram of the proposed microgrid system design with DVR to enhance
electrical power reliability for loads and mitigate voltage sag/swell in power line. The proposed design
consists of microgrid’s distributed generation (DG) (solar PV) & ESS coupled with local utility grid
through point of common coupling (PCC) whereas, PCC is supplying power to associated loads. The
associated loads are secured with DVR to mitigate voltage sag/swell related problems. Figure 7(a)
shows the three-line diagram of whole system, it is comprehensive representation of the system in
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which utility grid and microgrid is coupled at PCC, loads are attached with load bus which is being fed
from PCC. A detailed depiction of proposed DVR is also shown in which Cr is coupling/injection
transformer, the combination of (R, C; & Ly) is proposed filter design for DVR. Ryis filter’s resistance,
Cyis filter’s capacitor, and Lis filter’s inductor. VSC of DVR is power electronics based voltage source
converter, and Cp¢;, is DC link capacitor of VSC of DVR. Eqgs 1 and 2 show the calculation to find the
values of Lyand Cy, fs is switching frequency of VSC of DVR, and f is fundamental frequency.

€ = ()
2ﬂ(szf
2
1

b aw e, .

Figure 7(b) shows the single line diagram of proposed power supply system, microgrid and
enhanced dynamic voltage restorer (EDVR) is also shown in this diagram. Figure 8 displays the basic
components of DG unit that used for the operation of DG in microgrid for this, first the output voltage
of PV array regulated through DC boost converter then this regulated DC voltage converted into
standardized AC voltage using grid-tied inverter. The performance of DG unit in the microgrid
depends on internal design of DG especially, design of inverter. Figure 9 shows the comprehensive
diagram of proposed power supply system with control block, the working of this system is as follows:

Associated loads get power from utility grid in the normal working condition the power supply
mode changes from utility grid to microgrid if the utility grid faces black out or partial power failure
due to any reason. The DVR structure comes in operation if the voltage across the loads faces dip or
increase in line voltage.

Figure 6. Block diagram of proposed system.
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Figure 9. Design control structure of proposed system.
3. Control philosophy of EDVR

The performance of DVR is completely depending on the control strategy which is built in its
control unit, the control unit differentiates the power quality problem mitigation approach of two
DVRs that have same VSC design. The main purpose of using any power quality compensation device
is to first perceive power quality problems in power line secondly, mitigate that problem in a minimum
interval of time. To achieve this purpose, an efficient control methodology is designed for DVR to first
perceive and then mitigate voltage sag/swell in the line voltage, Figure 10 shows this methodology.
The proposed control approach consists of two-stage control a fuzzy logic-based technique system and
enhances synchronous reference frame ESRF based control, fuzzy logic-based technique system
capably detects voltage sag/swell related issues in a power line or across load whereas, ESRF based
control efficiently mitigate that voltage sag/swell and secure loads from their adverse effects.

3.1. Fuzzy technique system

Fuzzy inference system (FIS) is an exceptional logic control mechanism which gives us fast and
precise results when compare to typical logic controllers. Major components of fuzzy inference
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system are fuzzification unit, defuzzification unit, knowledge base and decision-making unit.
Knowledge base unit is further divided into rule base and database. Database depends on
membership functions that we make according to our data whereas, rule base depends on if-then
rules that we define according to our database [52]. Decision making unit is one which performs
operation on rules. Fuzzification unit converts the normal input values/quantities into fuzzy
quantities to perform operation. On the other side, defuzzification unit converts fuzzy quantities into
normal values/quantities that can be used as output of fuzzy inference system. Figure 11 shows the
block diagram of fuzzy logic system. Figure 12(a,b) shows the surface viewer in two-axis system
whereas, Figure 13(a—c) shows the surface viewer in FIS control in three-axis system. Figure 13(d)
shows the quiver view of FIS control. Table 1 shows the defined rules in FIS control.

Table 1. Rules in FIS control.

Rule No. Sag Disturbance Swell Disturbance EDVR Output
1 no no off
2 yes no on
3 no yes on

Processing on
Line Voltage

Line Voltage
Input

Fuzzy
Technique
System

Operation on
Controller

Line Injection
Voltage

Figure 10. Signal flow of fuzzy logic control.
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Figure 11. Working methodology in FIS system.
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3.2. Enhanced SRF based control

Synchronous reference frame SRF is one of the flexible & adaptable control techniques; there are
many factors that make this control technique superior than others. Other related control techniques
like instantaneous reactive power (IRP) theory and Adaline-based control have basic problems like
complexity, computational speed limitation, and flexibility [53,54]. In this paper, an enhanced SRF
based control is designed for effectual mitigation of voltage sag/swell. Multiple loops of error
reduction and speed increment have been added in the SRF based control to firstly, reduce the error
between the nominal voltage & line voltage during voltage sag/swell and secondly, increase the speed
of overall control during controlling operation. Figure 14 shows the fundamental flow of the SRF
based control, which is adopted for DVR to make it distinctive, first the line voltage which is affected
due to voltage sag/swell converts into park transformation. The park transformation also called dq0
transformation as it converts three-phase abc signals into dq0 reference frame, the proposed enhanced
control methodology then applied on dq0 reference frame components. After applying control
approach the resultant components again converts into abc signals by using inverse park
transformation also called inverse dq0 transformation.

Y e
[ T
Line Voltage Park . Enhanced C ont_rol Inverse Pal‘_k Compensating Voltage
— Transformation Methodology Transformation |
= —_—

% N - =

S

|

Figure 14. Fundamental flow of the SRF based control.
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Figure 15. Proposed ESRF control.

Figure 15 shows the detailed diagram of enhanced SRF based control which is proposed for DVR
to mitigate voltage sag/swell, first the three-phase line voltage V.. converts into dg0 reference frame
through park transformation, e,.* is reference angle. The resulted V4 and V7, pass through low pass
filter (LPF) to filter out higher order components that present in line voltage. The output of LPFs then
compared to respected reference signals (reference voltage) in d and q components. Error signals V;/
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and V,I then added to DC link capacitor voltage feedback signal VDCL,,,. To further enhance the
accuracy of this control an additional accuracy loop (VLa;ref2 + Vd2?) added in g-axis of the control, V2
and V,2 passes through PI controller for necessary control action. Error of output of PI controllers in d
& q axis is taken out and passes through PI to regulate zero axis of dq0 control. At end, V450 1 again
converted into abc signal using inverse park transformation. The resulted signal then converted into
sine pulse width modulation (SPWM) to apply to VSC of DVR as switching signal. Eqs 3 and 4 show
the calculation for park and inverse park transformation respectively.

cos(6) 005(9—27”) cos(9+2%j
v Va
VZ =| —sin(0) —sin(@—%{j —sin(9+2%j v, @)
Yo 1 1 1 Ve

2 2 2|

v cos(0) —sin(0) 1 v
V,|= cos(ﬁ—%) —sin(@—z?ﬂ) L7, 4)
V. Vo

cos(6'+2—”j —sin(0+2—”j 1

L 3 3 .

3.2.1. Model of VSC of DVR

The model of VSC of DVR is presented in this section of paper; development of efficient linear
control will be result of this section [58]. The average ac side voltages, voltages (terminal), and line
current is shown using £, V;, and I, respectively. The DVR’s power electronics components linked
with load side are represented using Ry, Cy, and L. However, Vpc and [ DC* are voltage and current at dc
side of VSC. The abc and Park transformation coordinates are represented in Eqs 5 and 6 respectively.
Eqgs 7 and 8 show the important relation between dc and ac side of VSC. While, m=m, my mi &M’
=My M, show the modulation signals for VSC of DVR in abc and Park transformation coordinates.

N
Lol ©)
V,=V,. Vi V.

ir

A ©)
VL :VLd VLq
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I =ml,. (7)
Ve =mV,
LL=MI,. (8)
Ve =MV,

Equations 9 and 10 show the association for VSC in Park transformation components when
Kirchhoff’s laws (KCL/KVL) applied, where o is used as ac side’s angular frequency. For this case,
the P, (active power) is given in Eq 11. Equation 12 shows the modified form of input and state
variables for calculation of state space equations (linear). Equations 13 and 14 will be used as reference
to calculate transfer function for VSC of DVR. Equation 15 shows the transfer function of ESRF based
closed-loop system in which v,, is output voltage of EDVR and d is VSC’s duty cycle. This is
calculated using stability criteria of linear closed-loop system (A4-Bk). The stability analysis of
enhanced SRF based controller has been done using eigenvalues stability analysis, according to
eigenvalues stability analysis any given closed-loop system is stable if its eigenvalues are map on the
left half of s-plane. Table 2 displays the eigenvalues of proposed controller in closed-loop system, it is
verified both the eigenvalues are in left half of s-plane therefore, DVR’s closed-loop system with
proposed controller is asymptotically stable. K, and k; are the values of gains of PI controller that used
in the control system, these gains are proportional and integral respectively.

iILd :——LILd'f'C()ILq_LVLd +LEd
dt L/' Lf f (9)
d * * R X * 1 1 *
—ILq = _C()ILd_—'LILq_—VLq +_Eq
dt f L./' L.f

1 * 1 * *
iVL =—l+tadV, —Mul,
a " C e ¢
f / (10)
d_tVLq =—Iw—-aV,, - M1,
f f
3+ + 3
Pac :EEd ILd+EEq I, (11)
Ua=E,-V,,
o (12)
U, =Eq—VLq
d * _L * * *
JIL‘J =— ILd+a)ILq+L_Ud
f / (13)
d 1 a)I* ELI* + ! (}
L Ld L q
dr ™’ L L,
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;iUd =——1I,,+oU,;+—1,,

t

L (14)
—U, = I,,—oUi+—1,,

dt C, y

Voo @S +as’+as+a,

d  bs’+b,s’ +bs+b, (13)

where,

& =, Gk, o0 =L, Gl +R G e, )y =R Gk +k, D)y =,

b3=L,C, b, =R C, +h =1h, =0

Table 2. System control parameters.
Parameters Value
Eigen values of Control System —0.0011 + 1.0127i
—0.0011 - 1.0127i

K, 15
k; 25

4. Results and verification

To assess the performance of whole system the simulation analysis is carried out, and whole
system with microgrid and EDVR is simulated in MATLAB/Simulink environment. The parameters
of system are given in Table 3, the main purpose of microgrid design is to maintain electrical power
during utility grid problems whereas, EDVR should ensure the voltage sag/swell free power supply
across loads. To validate this, three distinct cases have been made. The simulation results verified the
performance of microgrid design and EDVR under proposed control methodology.

Table 3. System parameters.

Parameters Values

Nominal per phase voltage 190 V

Line Frequency 50 Hz

Line Impedance R=023Q,L=2.75mH
Load 2.1k +j1.45k

DC link Capacitor of EDVR 6980 uF

Ry 0.07 Q

Cr 3uF

Ly 3.25mH

Turn ration of Cr 1:1
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4.1. Black out case

In this case, the performance of microgrid design under utility grid is assessed. The nominal
voltage across the loads is 190 V and fundamental frequency is 50 Hz, Figure 16(a) shows the case
when the utility grid experiences complete black out at 0.1 s due to fault in the grid side in this case,
if no back up supply present then loads will suffer power outage. Figure 16(b) displays the RMS
value of this case. Figure 16(c) shows the recovery of load voltage at 0.1 s when the utility grid
supported with microgrid structure the load voltage immediately restores and power delivery to loads
continue, Figure 16(d) shows the RMS value in this case. Figure 16(e,f) shows the output voltage of
PV array (microgrid’s DG) and its VI characteristic curve respectively.
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Figure 16(a). Utility grid voltages without MG support.
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Figure 16(b). RMS value in black out case.

AIMS Energy Volume 9, Issue 1, 150-177.



168

300

200

=

AV
AAMANAA AR AR AAALAA
W LY \/V\JW\/V\/VV\/\/W
WWWWWWW MWW

-200 v

—_
=
(=}

——
——
—

<
-<

Terminal Voltage
=

=

-300
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Time Axis

Figure 16(c). Utility grid voltages with MG support.
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Figure 16(e). Output voltage of PV array (microgrid’s DG).
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4.2. Voltage sag case

Figure 16(f). VI characteristic curve.

This is the case in which the performance of EDVR has been assessed under voltage sag
condition. The nominal voltage across the loads is 190 V and fundamental frequency is 50 Hz,
Figure 17(a) shows the case when the line voltage experiences voltage sag at 0.1 s due to sudden
load change, if no protection device present then this sag pass through load bus and damage
electrical loads and power equipment. Figure 17(b) shows RMS value of this condition. Figure 17(c)
shows the recovery from voltage sag when EDVR detects sag at 0.1 s and mitigate it in minimum
time interval (approx. 5 ms) the RMS value in this case is shown in Figure 17(d). Figure 17(e) shows
the regulated DC link voltage during voltage sag compensation. The proposed control approach
enables EDVR to detect and resolve this voltage sag.
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Figure 17(a). Sag in line voltage.
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Figure 17(b). RMS value of sag.
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Figure 17(d). RMS value of sag compensation.
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Figure 17(e). Regulated DC link voltage.

4.3. Voltage swell case

The nominal voltage across the loads is 190 V and fundamental frequency is 50 Hz, Figure 18(a)
shows the case when the line voltage experiences voltage swell at 0.1 s due to single line to ground
fault if no protection device present then this swell will pass through load bus and damage electrical
loads and power equipment. Figure 18(b) shows RMS value of this condition. This is the case in
which the performance of EDVR has been assessed under voltage swell condition. Figure 18(c)
shows the recovery from voltage swell when EDVR detects sag at 0.1 s and mitigate it in minimum
time interval (approx. 5 ms) the RMS value in this case is shown in Figure 18(d). Figure 18(e) shows
the regulated DC link voltage during voltage swell compensation. The proposed control approach
enables EDVR to detect and resolve this voltage swell.
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Figure 18(a). Swell in line voltage.
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Figure 18(b). RMS value swell in line voltage.
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Figure 18(d). RMS value of swell compensation.
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S. Conclusions and future work

In this paper, a microgrid and EDVR based power supply system is presented to increase utility
grid reliability in terms of availability of power supply and voltage sag/swell free load supply, a
comprehensive design approach is used to complete both tasks successfully. An efficient and stable
control technique is proposed for DVR, presented control of DVR is composed of two separate
control stages a fuzzy technique system-based control and enhanced synchronous reference frame
EDVR based control. Fuzzy technique system-based control ensures detecting skills of DVR to
detect voltage sag/swell whereas; EDVR ensures effectual mitigation of voltage sag/swell. Both
sub-controls made DVR an enhanced DVR as it resolves voltage sag/swell with accuracy and speed.
Presented results verified the performance of microgrid and EDVR based power supply system,
modeling of VSC of DVR is conducted to perform its stability analysis. In the presence of this
combined system the loads are completely secure from utility grid related faults as well as voltage
sag/swell related power quality problems.

In future, different techniques can be used on the controller such as Sliding mode control,
Fractional order sliding mode control and limitation of proposed control on the capacitor size will be
removed in future work. Moreover, implementation of hardware and present EDVR as a market
product. Other power quality problems can be resolved such as Harmonics, Frequency deviation,
transients with the same control of EDVR.
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