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ABSTRACT

Voltage related Power Quality (PQ) problems are attracting the eyes of researchers, as these cause huge loss in
productivity and profitability for both utilities and consumers. Dynamic Voltage Restorer (DVR) is a well-known
custom power device that provides an economical solution for the alleviation of power quality problems. Generally,
battery energy storage is used as an input for DVR, but batteries are still bulky and costly and must be disposed
once their chemicals are used, which limits the compensation capability of DVR. Nowadays, Fuel Cell (FC)
technologies have attracted much attention owing to their high efficiencies and low emissions. This project aims to
model and simulate Proton Exchange Membrane Fuel Cell (PEMFC) and is used as a DC input source for DVR.
The suitable boost converter is designed and modelled to lift up the fuel cell output voltage suitable as DC link
voltage for DVR. Adaptive Neuro Fuzzy Inference System (ANFIS) controller uses Synchronous Reference Frame
Theory (SRF) algorithm to generate d and q axis components of reference signal for Voltage Source Converter
(VSC) of DVR. This PEMFC DVR is verified for balanced and unbalanced voltage sag, swell, and harmonics
using MATLAB/SIMULINK. A simulation result proves that this PEMFC DVR is capable of providing a
technically advanced and economic solution for balanced and unbalanced voltage sag and swell. During
compensation, the DVR DC input voltage is also preserved as constant, which enhances the compensation
capability of DVR.

Keywords: Power quality (PQ); Voltage Sag; Voltage swell; Dynamic voltage restorer (DVR); PEM Fuel
cell; ANFIS controller; Synchronous reference frame theory (SRF) algorithm.

INTRODUCTION

The development of power electronic based devices in the area of electrical power system has initiated an
abundant awareness about PQ in distribution networks. Upgradation and automation of industry involve increasing
usage of nonlinear devices, which can enhance Power Quality (PQ) issues, voltage sag, voltage swell, power
interruptions, and harmonics. A recent survey suggests that voltage related PQ related events such as sag and swell
(Khoshkbar Sadigh et al., 2016) have been attracting the eyes of researchers for decades, because they cause huge
loss in productivity and profitability for both utilities and customers. This will increase the need for improving PQ
in distribution systems (Ghosh A et al., 2002). Earlier, PQ problems have been addressed using traditional filters
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like active power filter; static synchronous compensator provides several issues such as tuning, resonance problem,
and selection of frequency. Nowadays, many researchers focus on the usage of Custom Power Devices (CPD)
(Hingorani NG, 1995) like STATCOM (Shadmand M B, 2017 & Wesam Rohouma A, 2020) and DVR, because
these devices are constructed using advanced power electronic technology, well suited for power quality
improvement in a distribution system. STATCOM is proven as a suitable device (Bindeshwar Singh et al., 2018 &
Marcelo G , 2011) for harmonic and reactive power compensation in a distribution network. Dynamic Voltage
Restorer (DVR) (Chinmay Deshpande et al., 2015, Himadri Ghosh et al., 2012 & Ghosh A et al., 2014) is a CPD
used for compensating voltage based PQ issues, particularly voltage sag and swell. The alleviation capacity of DVR
is based on the magnitude of voltage injected from DVR and also its real power support to grid. Generally, battery
energy storage (Jayaprakash P et al., 2014 & Shi J et al., 2010) is used as an input for DVR to provide active power,
but batteries are still bulky and costly and must be disposed once their chemicals are used, which limits the
compensation capability of DVR. In recent years, the increase in consumption of energy has forced the researchers
to focus more on Renewable Energy Sources (RES) (Ramasamy M et al., 2013 & Dursun E et al., 2012). Though
there are different RES available such as photovoltaic and wind energy, the potential techniques that can provide
renewable energy are Fuel Cell (FC) technology [Biyikoglu Atilla , 2005], which is better than other renewable
sources of energy. From the enormous renewable energy sources, Proton Exchange Membrane Fuel Cell (PEMFC)
technology is considered by its greatly efficient energy storage, which has the potential to carry real power storage
characteristic and also high power and energy density for short-term response. It provides noiseless operation and is
also used as an input for DVR. Many researchers suggested different types of controllers (Srinivasa Rao N et al.,
2018, Mehrdad Tarafdar Haghet al., 2018 & P. Piramanathan et al., 2013) to enhance the performance of DVR.
ANFIS controller has reduced fuzzy rules, which increases its speed of operation that can be identified, as well as
suited (M. Nabipour et al., 2018), for making suitable reference value of voltage for DVR. The paper Bhavani R et
al. (2018) uses ANFIS controller to enhance the performance of battery supported DVR. The main problem is the
use of batteries as DC input, which limits its compensation capability, and the DVR input is not also maintained as
constant. So, it is not suitable for deep PQ problems happening at very short duration of time.

This paper presents the simulation modeling of PEMFC-DVR, which includes a PEM fuel cell module as a
DC source for DVR to suggest an advanced controller (SRF Theory along with ANFIS Controller) and improve the
compensation ability of DVR. An appropriate DC-DC boost converter is modelled to provide the essential DC link
voltage for DVR. A SRF control algorithm is well suited for unbalanced voltage sag and voltage swell issues. The
proposed PEMFC DVR is demonstrated with various % of balanced and unbalanced sag and swell events, and the
Total Harmonic Distortion (THD) of the load side voltage is also greatly reduced as compared with conventional
DVR.

NOVELTY OF THE PROPOSED WORK

Industries demand systems confirming uninterrupted transmission and distribution of power to quash their
losses in terms of capital, income, and production. In conventional DVR, maintaining DC input voltage during
compensation is a huge challenge, which improves its compensation capability. The technical innovation is to
suggest a new topology for DVR by integrating PEM Fuel Cell as a DC input through DC-DC converter. An
improved SRF control algorithm with ANFIS controller is modeled for PEMFC DVR for the mitigation of both
balanced and unbalanced sag and swells PQ problems. The success of the PEMFC DVR using ANFIS controller
was verified for different magnitudes of sag and swell problems. This will offer an improved controllability along
with industrial electronics providing enormous growth opportunities for the world DVR markets. It also injects
active power to the grid thus driving DVR markets.
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PEMFC-DVR INTEGRATED SYSTEM

The block diagram of PEMFC-DVR connected with distribution system is shown in Figure 1. Voltage related
PQ issues of sag and swell are created by simulating fault in all three phases and addition of capacitive load,
respectively, in a distribution system. DVR consists of Voltage Source Inverter (VSI), which injects an essential
voltage to distribution grid in series to maintain the magnitude of load side voltage undisturbed. PEMFC stack is
used as energy storage device and is connected as DC input for DVR.
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Figure 1. PEMFC integrated DVR System.

PEMFC-DVR is capable of mitigating very deep sag and swell, which occurs in a very short duration of time
by adding appropriate voltage to the grid using injection transformer. The output voltage from PEMFC fuel cell is
boosted using DC-DC converter to produce the suitable DC input voltage for DVR. PEMFC DVR is controlled
using SRF algorithm with ANFIS controller.

SIMULATION OF PEMFC STACK

The diagrammatic representation of PEM Fuel Cell stack is shown in Figure 2. It consists of solid polymer
electrolyte consisting of anode and cathode electrode separated by platinum catalyst membrane. The hydrogen
atoms in anode electrode are immobilized into negative and positive ions. The positive ions are drifted through the
membrane and absorbed by electrode (Cathode). It produces voltage when the electrons are moving towards the
connected load, and voltage is produced. Inside the substance, the ions of both positive and negative charges are
recombined, and the chemical reaction inside PEMFC is given by Equations 1-3.

H,=2H"+2¢ Q)
% 0,+2H"+2¢ =H,0 )

Hz + Y 02 = HQO (3)
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Figure 2. PEM Fuel Cell stack.

In fuel cell Stack, individual fuel cell is stacked to obtain the required voltage and power. Because of the
chemical reaction inside fuel cell stack, layers are charged with opposite polarity around the boundary of the
membrane and cathode. This forms double layers because of the electrochemical reaction, which stores electrical
energy. Moreover, PEMFC stack is having long life and is suitable for short duration high power applications.
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Figure 3. Simulink model of 6 KW 45 V PEMFC Stack.

The simulated PEM fuel cell model is shown in Figure 3. In this paper, 65 fuel cells are connected in series to
get an output power of 6 kW with an output voltage of 45V. The core ingredients used inside fuel cell are oxygen
and hydrogen. The fuel flow rate for the ingredients oxygen and hydrogen is chosen from the characteristics of
PEM fuel cell for the output voltage of 45V. The output voltage obtained from PEM fuel cell is shown in Figure 4.
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Figure 4. PEMFC output voltage.

For this 45v, an appropriate DC-DC boost converter is modeled and simulated to produce the output voltage of
300V, suited to be used as DC link voltage for DVR.
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Figure 5. Boost Converter output voltage.

SRF CONTROL ALGORITHM

The control algorithm proposed for DVR can be used for compensating both balanced and unbalanced voltage
related PQ problems. A suitable SRF algorithm is used to get the reference voltages for DVR. In this algorithm, the
three phase load voltages are sensed continuously and then transformed to rotating frame using abc - dq0
transformation using Equation 4 to get the direct axis (Vq4) and quadrature axis (Vy) components of load side
voltages.

Vg : cos® cos(B— 23—") cos(6 + 2—") Vi,
Vra|= 3|sin6 sin(6 — '3—":) sin(6 + _3_") Vb “)
Vo 1/2 1/2 1/2 Vre
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Both terminal and load side voltages are synchronized using Phase Locked Loop (PLL). Low pass filter is
used to generate DC components of voltages V4* and V *. The reference bus voltage Vq4.* is compared with real
voltage (Vq), and the error voltage obtained is given as input to PI controller to generate the voltage loss
component (V). Further, it is added with V4* to produce V4’. The reference d-axis load voltage is obtained using
the following equation:

Vc:I = Vsd de Vloss )

The magnitude of load voltage is controlled by another PI controller, which produces var component of
voltage (V) and is summed with V, to produce V, using

Vi = Vigge + Vor (6)

The magnitude of the load voltage is computed using

ro— If2) 2 r2 2
VL= \ (;) (Via T Vip T Vi) )

The resultant three phase voltages are obtained using dq0-abc transformation using Equation 8 to produce the
PWM switching pulses for VSC.

- g — ™ g4 2™ ‘
A cosB cos(B ) cos(6 4 ) Viq
Vib[= [sin® sin(6 — =) sin(8+ =) || Via (®)
v 3 - 3 |y

Lc Lo

1/2 1/2 1/2

ANFIS CONTROLLER

ANFIS is a combination of neurofuzzy system that gets the learning capability of neural networks to Fuzzy
Inference Systems (FIS) to give enhanced Fuzzy Inference System (FIS). It uses input-output training data along
with learning algorithm to modify the membership functions of FIS. ANFIS makes use of combined learning rule
and handles complicated nonlinear systems. ANFIS has been recognized as an efficient tool for the modification of
the membership functions of FIS. The ANFIS controller architecture is shown in Figure 6.
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Figure 6. ANFIS controller architecture.

Layer 1 shows the relation between input variables (X, Y) and fuzzy membership functions (A1, A2, A3, A4).
Layer 2 represents the product of incoming signals, which shows the strength of fuzzy rule to be fired. Layer 3 is
used to calculate controlled strength of each rule to be fired by using weights (W1, W2). Layer 4 represents Fuzzy
Inference System, which uses input variable to form fuzzy rules. Layer 5 shows defuzzification process, producing
the output of ANFIS controller. Table 1 shows the rule base representation used in ANFIS controller. The FIS
makes use of these rules to produce the essential output.

Table 1. Rule Base Representation.

e
Ae

NB NB NB NB |NM |NM [ NS Z
NM [ NB NB (NM | NM NS zZ PS
NS NB (NM | NM NS zZ PS PM
Z NM [ NM NS Z PS PM ([ PM
PS NM NS zZ PS PM | PM PB
PM NS Z PS PM PM PB PB
PB Z PS PM PM PB PB PB

NB | NM NS zZ PS PM PB

In this paper, PEMFC DVR is interconnected with the distribution system using SRF-ANFIS controller. The
training data of error voltage and change in error voltage were acquired using SRF-FUZZY Logic controller. These
data are defined using 7 linguistic variables (NB, NM, NS, Z, PS, PM, and PB), where N = Negative Big, NM
=Negative Medium, NS-Negative Small, Z- Zero, PS = Positive Small, PM-Positive Medium, and PB-Positive Big
are shown in Table I. From these variables, 49 rules are constructed using triangular membership functions to
model Sugeno type FIS. The parameters of the membership functions are controlled using the hybrid back
propagation learning algorithm. The inputs to ANFIS Controller are modeled using
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e (k) = Veer— Vi )]
Ae(k)=e (k) -e(k-1) (10)

where V. is the reference Voltage, and V, is the terminal voltage. e(k) and Ae(k) are the error and change in
error, respectively. The input and output membership functions are shown in Figure 7(a-c).
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Figure 7. Membership functions for (a) error, (b) change in error, and (c) output.
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A total of 100 epochs are chosen with a training error of 0.01. Figure 8 shows the MATLAB simulated output
structure for ANFIS controller, and Figure 9 shows the output of ANFIS controller for training.
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Figure 8. Simulated ANFIS Structure.
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Figure 9. Error Vs Epochs.

SIMULATION RESULTS

Consider a 415 V,50 Hz three-phase distribution system connected to linear load of 15 MVA,0.8 PF with
line impedance L= 3mH, R&= 0.01Q. Voltage sag and swell are simulated by creating fault at all three phases to
ground, with the addition of capacitive load for three phases within the time duration of 0.2s to 0.4s, respectively.
The PEMFC DVR consists of 45V PEMFC stack, DC-DC boost converter, Voltage source inverter (VSI), and
injection transformer modeled and integrated with distribution system. The reference voltages for PEMFC DVR are
calculated using SRF ANFIS controller to enhance its compensation capability against voltage sag and voltage
swell issues. The PEMFC DVR is modeled and interconnected with distribution system using SRF ANFIS
controller in MATLAB as shown in Figure 10.
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Figure 10. PEMFC DVR connected with distribution system using SRF ANFIS Controller.

Figure 11 shows the Simulink model of SRF-ANFIS controller. In this algorithm, the sensed load voltages are
converted to rotating reference frame (d-q) using parks transformation with unit vectors derived from Phase Locked
Loop (PLL). The dqo transformation gives the sag depth and phase shift information with start and end times. It
also eliminates zero phase sequence components. The error between the reference and actual DVR voltages in the
rotating reference frame is regulated using one ANFIS controller. The input to another ANFIS controller is the error
between reference DC voltage and the sensed DC voltage used to regulate the DC bus voltage of DVR.



108  Simulation of PEM fuel cell integrated DVR using SRF-ANFIS controller for power quality enhancement

¥ simout

Ltin m?ut
Unit L L =
Delay ANFIS .
ivati Controller ni » simout2
Derivative Delay
To Workspace2

abc

$in_cos

abc_to_dq0
Transformation

dqOF—» dq0

abe—(D)

5in_cos

Selector

I

dq0_to_abc
Transformation

Sin_Cos

Freq _[—E
| 3

wt

Discrete !

Virtual PLL ¢« —in jm?ut L

du nit Delay2 -
cl ANFIS . simout3
erivativel Controller1 ~ Unit

Delay3 To Workspace3

Figure 11. Simulink Model of SRF Control Algorithm.

The resultant output is given as PWM controller to generate gating pulses to a VSI so as to produce three-
phase 50Hz sinusoidal voltage at the load terminal. The switching frequency of PWM controller is 10 kHz.DVR
de-link voltages 340V. The compensation capability of PEMFC DVR is verified for various % of sag and swells
events using SRF- PI and SRF-ANFIS controller. Both unbalanced and balanced sag voltages are simulated by
creating Single Line to Ground (SLG) Fault, Double Line to Ground (DLG) Fault, and balanced 3-phase Fault in a
three-phase distribution system. The transient performance of DVR for the problem of voltage sag is shown in
Figure 12(a-d). Three-phase 90% balanced voltage sag is created for the duration of 0.2 to 0.4 sec by simulating
three phases to ground fault in the distribution system. Simultaneously, DVR gets activated at 0.2 sec and also
injects required 290 V, which is in phase with load voltage shown in Figure 12(c), thus restoring the magnitude of
load voltage. Thus, the load voltage magnitude is retained constant.
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Figure 12. Performance of DVR for voltage sag. a) Sag. b) DVR injected Voltage.
(c) DVR injected Voltage (R-phase). (d) Compensated output voltage.

During swell event, the DVR injected voltage for all three phases (Vinja, Vinjb, Vinjc) is shown in Figure
13(a-d).
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Figure 13. Performance of DVR for voltage swell: a) swell. b) DVR absorbed Voltage.
(c) DVR absorbed Voltage (R phase). (d) Compensated output voltage.
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For this, 85% of swell event is created by the addition of capacitive load in the distribution system for the
duration of 0.2 sec to 0.4 sec, and results increase in load voltage from 340V to 630V. Simultaneously, DVR gets
activated at 0.2 sec and also injects required 290 V, which is in opposite phase with load voltage, thus restoring the
magnitude of load voltage. Thus, the load voltage magnitude is retained constant.

The proposed DVR was also tested for unbalanced sag event. This event is simulated in a three-phase
distribution system by two phases to ground fault for the duration of 0.2 to 0.4 sec. The DVR performance for this
unbalanced sag event for the problem of two phases to ground fault is shown in Figure 14(a-c).
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Unsymmetrical swell event is simulated in a three-phase distribution system by adding capacitive load at one
phase and two phases for the duration of 0.2 to 0.2 sec. The output results are obtained for unsymmetrical swell
event for the addition of capacitive load at two phases, and the corresponding DVR output voltage and the
compensated load voltage are shown in Figures 15(a-c).
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Figure 15. Performance of DVR for a) unbalanced swell. b) DVR output voltage. ¢c) Compensated load voltage.

For different % of sag events, the % of compensated output load voltage obtained is also observed using SRF-
PI, and the SRF-ANFIS controllers are shown in Table 2. Table 3 shows the performance comparison of SRF-PI
and SRF-ANFIS controller DVR compensation for 40% voltage swell event. It proves that the proposed DVR
injects appropriate voltage magnitude for the problem of voltage sag and absorbs the required voltage magnitude
for the problem of voltage swell, thus maintaining reference voltage by giving superior compensation.
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Table 2. DVR output for voltage sag.

% of % of Load _Vol_tage % of Load Voltage After %Ircl)jfelc;t(i)sg gﬁgzg;}?{;ﬂ
Sag Before Injection Injection SRF-PI Controller Controller
Pvent 70T | A B C A B C
SLG Fault
30 106.5 70.0 106.4 103.3 101.4 103.5 100.2 100.1 100.3
60 106.3 40.6 106.5 104.2 101.2 104.3 100.2 100 100.1
90 106.4 10.6 106.7 104.5 101.7 104.2 100 100.1 100
DLG Fault
30 105.5 70.9 70.6 104.4 103.8 101.5 100.2 100 100.1
60 105.3 40.6 40.5 104.3 104.8 101.7 99.9 100 100
90 105.7 10.7 10.8 103.4 103.8 101.9 100.2 100 99.8
3 Phase to Ground fault
30 70.7 70.7 70.5 102.3 101.9 102.6 100 100.1 100.3
60 40.6 40.5 40.8 103.2 102.9 102.8 100.2 100 100.1
90 10.7 10.6 10.8 101.7 102.3 102.6 100 100.1 100
Table 3. DVR Output for voltage swell.
Yof | %ofLoad Voliage " Mot njceion " At njction
Swell Before Injection SRF-PI Controller SRF-ANFIS Controller
Event
A B C A B C A B C

Balanced Voltage swell
40% 140.8 140.3 140.8 99.3 102.3 99.2 100.2 99.9 100.1

The Total Harmonic Distortion (THD) obtained under various levels of sag voltage with 40% of sag and swell
event for before and after compensation using different controllers is also tabulated in Table 4.

Table 4. Controllers Performance Comparison —Sag & Swell.

% of THD
Types of Fault Uncompensated SRF-PI Controller | SRF-ANFIS Controller
System
SLG 15.7 1.65 1.23
DLG 16.9 2.53 1.45
3 Phase to Ground 27.6 2.79 1.36

swell 334 3.54 1.42
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From this, it is observed that the proposed PEMFC DVR compensates very deep sag and swell problems. In
addition, the integration of Fuel Cell as DC input for DVR eliminates the drawback of battery supported DVR, and
the controller suggested enhances its compensation capability. Thus, the proposed DVR gives a very good
economical resolution for voltage related PQ problems. The Total Harmonics Distortions (THDs) spectrum of the
load voltage obtained for both sag and swell event is shown in Figure 15, greatly reduced to the acceptable value.
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Fig. 15. Harmonic Spectrum of load voltage after compensation. a) sag; b) swell.

CONCLUSION

In this paper, the proposed PEM Fuel Cell Stack is successfully modeled and interconnected as a DC input for
conventional DVR using DC-DC boost converter for the compensation of voltage related PQ problems in a
distribution system. The PEM Fuel cell is proven as a valuable substitute for DC input of DVR. It has a capability
of providing high power within a short period of time, which can overcome the energy storage limitations of
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conventional DVR. The DVR reference voltages were calculated using Synchronous Reference Frame (SRF)
theory, which reduces the error of magnitude of DVR injected voltage. The effectual performances of PEMFC-
DVR are verified under different percentages of sag and swell issues. It can be observed that the SRF-ANFIS
controlled PEMFC DVR effectively decreases the THD of the load voltage as compared to SRF-PI controlled
DVR. The result obtained from simulation demonstrates that the SRF-ANFIS controller compensates balance and
unbalanced voltages sags and swell problems. From the performance analysis, it is proven that the proposed
PEMFC-DVR is capable of mitigating temporary voltage sag and swell problems and also offers active power
support to grid.
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