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ABSTRACT

Currently, two maximum power point tracking (MPPT) units are used in hybrid photovoltaic (PV)/fuel
cell (FC) systems, one for the PV subsystem and the other one for the FC stack, which significantly
complicates the system implementation, and increases cost. This paper addresses this problem by pre-
senting a novel fast and highly accurate unified MPPT technique for extracting maximum output power
from hybrid PV/FC energy conversion systems. It is the only unified MPPT technique reported in the
literature that uses a single algorithm to concurrently track the maximum power points (MPPs) of both
PV module and FC stack used in a hybrid PV/FC system. A hybrid PV/FC energy conversion system has
been built to evaluate the performance of the method. It is experimentally verified that the proposed
MPPT method performs a very fast and highly accurate MPPT process, so that, the MPPT efficiency in the
PV and FC subsystems is more than 99.60% and 99.41%, respectively, along with a very short convergence
time of at most 12 ms and 33 s, respectively. Comparison between the MPPT method presented in this
work and the state-of-the-art MPPT methods has been also performed that explicitly demonstrates the
method has the highest MPPT efficiencies (99.60%, and 99.41%) along with the shortest convergence time
(12 ms) compared to the state-of-the-art MPPT methods, while it concurrently performs two tasks
(tracking two MPPs) but others perform only one task (tracking one MPP).

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, there has been a rapid increase in the use of renewable
energy resources, in particular, solar and wind energy [1,2], due to
the problems such as reduction in fossil fuels availability and
environmental issues. In practice, to increase rated power and
reliability, renewable power sources are often combined with other
power sources to arrange a hybrid energy conversion system such
as a hybrid photovoltaic (PV)/fuel cell (FC) system [3]. A hybrid PV/
FC system consists of a PV subsystem used as the main power
source and a FC stack which is usually used as a standby power
source. This configuration makes a hybrid PV/FC energy conversion
system more reliable and applicable to industrial applications [4].
Currently, two maximum power point tracking (MPPT) units are
used in a hybrid PV/FC system, one for the PV subsystem and the
other one for the FC stack that significantly complicates the system
implementation. In this study, a novel fast and highly accurate
unified MPPT technique applicable to hybrid PV/FC systems is
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presented to address this problem. The technique uses a single al-
gorithm to concurrently track the maximum power points (MPPs)
of both PV module and FC stack. A hybrid PV/FC energy conversion
system has been constructed, and it is experimentally verified that
the novelties and contributions of this work are to present the only
unified (PV/FC) MPPT technique reported in the literature having
the highest MPPT efficiencies (99.60%, and 99.41%) along with the
shortest convergence time (12 ms) compared to the state-of-the-art
MPPT methods as demonstrated in Table 1, while the proposed
unified MPPT method concurrently tracks two MPPs (PV module
and FC stack) but the others track only one MPP. The rest of the
paper is organized as follows. A concise survey about different
MPPT methods applicable to PV and FC systems is presented in
Section 2. Section 3 deals with the implementation of the proposed
MPPT method in a hybrid PV/FC system. The performance of the
MPPT method is evaluated in Section 4, and Section 5 concludes the

paper.

2. MPPT methods applicable to PV and FC systems

In this section different MPPT methods used in PV and FC
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Nomenclature Pyy PV module output power
Ppy(k) k™ sample of the PV output power

G Parasitic capacitance of N-MOSFET switch Ppy_max PV output power at MPP
G Converter’s secondary-side serial capacitor Py FC stack output power
Cin Converter’s input capacitor Pr(k) k™ sample of the FC stack output power
Cout Converter’s output capacitor Pre_max  FC stack output power at MPP
D; & D, Converter's diodes S Converter’s N-MOSFET switch
Dg Converter’s duty cycle ton Switch S; on-time.
Dp, Duty cycle of the DC/DC converter connected to the PV Ts Converter’s switching period

module T PV cell temperature
Dg Duty cycle of the DC/DC converter connected to the FC Vin Converter input voltage

stack Ve DC link voltage
fs Converter’s constant switching frequency Vpy PV module voltage
G Solar irradiance Ve FC stack voltage
Iy PV module current Vpu(k) k™ sample of the PV voltage
Ipv(k) k™ sample of the PV current Vidk) k™ sample of the FC stack voltage
I FC stack current Vpv—mpp PV voltage at MPP
Iz (k) k™ sample of the FC stack current Vie—mpp  FC stack voltage at MPP
Ly Transformer’s primary-side leakage inductor 0py PV power slope
Lo Transformer’s secondary-side leakage inductor Qe FC stack power slope
L Transformer’s equivalent magnetizing inductor A Dp, Step of duty cycle variation in the PV system
n = N/N; Transformer ratio A Dy Step of duty cycle variation in the FC system
Neenr Cells number of the FC stack

Table 1

Parameters of different MPPT methods and the proposed MPPT method in response to a solar irradiance step from 0 W m~2 to 1000 W m 2.

MPPT method Measured parameter(s) Drawbacks & limitations Convergence time MPPT efficiency Data type

(ms) (%)
ocCVv [7] Voltage Offline, low accuracy 82 86 Simulation
Temperature method [8] Voltage & Temperature  Offline, low accuracy 80 83 Simulation
SCC [9,10] 2 Currents Offline, low accuracy, long convergence time 300 89 Simulation
Fuzzy logic [11,12] Voltage & Current Accuracy depends on selected roles 60 96 Simulation
Adaptive fuzzy [13] Voltage & Current Long convergence time 120 No report Simulation
ANN [14] Voltage & Current Long convergence time & requiring training data 820 No report Simulation
P&O fixed step-size [15] Voltage & Current Occurring oscillation, low accuracy 76 88 Simulation
P&O variable step-size [15] Voltage & Current Low accuracy 15 96 Simulation
Three-point weighted [16] Voltage & Current Low accuracy 47 96 Simulation
Dynamic P&O [17] Voltage & Current Long convergence time 1600 99.2 Simulation
Adaptive P&O [17] Voltage & Current Convergence time varies >30 98.76 Simulation
PSO-ANFIS [18] Voltage & Current Long convergence time 10000—17000 97-98 Simulation
P&O-ANFIS [18] Voltage & Current Long convergence time, low accuracy 12000—-19000 85-97 Simulation
IC[19] Voltage & Current Occurring oscillation, low accuracy 81 95 Simulation
Variable step-size INR [20] Voltage & Current Long convergence time > 150 99.5 Simulation

> 500 No report Experimental
Modified IC [21] Voltage & Current Long convergence time > 200 No report Simulation
ESC [22—24] Voltage & Current Low accuracy 33 97 Simulation
Ripple-based ESC [25] Voltage Only applicable to grid-connected PV, long 520 99.69-99.85 Simulation

convergence time
PM-MPPT [26] Voltage & Current Complicated structure Not reported 99.2 Simulation
Scanning technique [27] Voltage & Current Long convergence time 2000 No report Experimental
MPPT with irradiance sensor  Voltage & Current & Long convergence time & requiring irradiance Not reported 98.62 Simulation
[28] irradiance sensors
Hybrid prediction-P&O [29] Voltage & Current Long convergence time >3000 No report Experimental
Cuckoo Search (CS) [30] Voltage & Current — 100—-250 No report Simulation
FPGA [31] Voltage & Current - >25 No report Simulation
Auto-scaling variable step-size Voltage & Current Large number of calculations, long convergence >520 No report Simulation
IC [32] time
GA [33] Voltage & Current MPPT efficiency varies, long convergence time >600 96—-99 Simulation
Predictive [34] Voltage & Current Low accuracy, long convergence time 245 95.8 Simulation
This work Voltage & Current — 12 >99.60 Experimental
results

systems are introduced in two distinct sub-sections, and advan-
tages and drawbacks of each method are explained in detail.

2.1. MPPT methods applicable to PV systems

A MPPT controller tracks the MPP of a PV module/panel, and so
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enhances the energy efficiency [5,6]. Different MPPT techniques
have been reported in the literature that are explained in detail.
Open-circuit voltage (OCV) method first measures the open-circuit
voltage of the PV module disconnected from the system, and then
estimates the voltage associated with the MPP [7]. When envi-
ronmental conditions such as ambient temperature vary over time,
the PV module should be regularly disconnected from the system
(offline operation) to measure the open-circuit voltage, so the
technique is a low-accuracy offline method as reported in Table 1.
Temperature method is a modified version of the OCV method that
estimates the open-circuit voltage from the PV cell temperature
based on the consumption that the open-circuit voltage is pro-
portional to the cell temperature [8], and so the same drawbacks
exist. Similar to the OCV method, short-circuit current (SCC) tech-
nique is a low-accuracy offline method which uses the short-circuit
current of a PV module instead of the open-circuit voltage to esti-
mate its MPP [9,10]. Fuzzy methods convert the voltage and current
of a PV module into fuzzy variables, and then, some selected fuzzy
roles are used to track MPP, because of the uncertainty available in
fuzzy roles, the accuracy level is low, and significantly varies with
change in the selected roles [11,12]. Adaptive fuzzy MPPT method
[13] is a modified version in which a fuzzy controller with an
adaptive gain is used to improve the accuracy, although the
convergence time becomes longer. An artificial neural network
(ANN) MPPT method uses a neural network trained by real data
comprising the voltage and current associated with MPP under
different condition [14]. Long convergence time and requiring
training data that explicitly complicates the system implementa-
tion are the main disadvantages as reported in Table 1. Perturb and
observe (P&O) technique uses the voltage and current perturba-
tions to find MPP. Fixed step-size P&O [15], variable step-size P&O
[15] and three-point weighted P&O [16] are the three classic ver-
sions of this technique. There are also three modified versions
called “adaptive P&O”, “dynamic P&0”, and “P&O0 adaptive neuro-
fuzzy inference system (P&O-ANFIS)”. Comparing the dynamic
P&0O method, which applies a dynamic perturbation step-size to
reduce oscillations, to the adaptive P&0O method demonstrated
higher MPPT efficiency of the dynamic type [17]. Comparing the
P&O-ANFIS MPPT algorithm to a particle swarm optimization ANFIS
(PSO-ANFIS) algorithm showed that PSO-ANFIS MPPT method ex-
ceeds in performance [18]. The drawbacks of each version of the
P&O method are summarized in Table 1, occurring oscillations, long
convergence time and low accuracy are the main drawbacks. The P-
V curve slope is used to track MPP in incremental conductance (IC)
method [19], two improved versions of the IC technique called
“variable step-size incremental resistance (INR)” [20] and “modi-
fied IC” [21] are also available in which oscillations around MPP
have been reduced. Similar to the previous method the disadvan-
tages are occurring oscillation (in the main version), long conver-
gence time, and low accuracy. Extremum seeking control (ESC)
MPPT method applies a nonlinear feedback to adapt the operating
point of a system with that of the PV module used in the system,
and then estimates MPP [22—24]. Ripple-based ESC method is a
modified version only applicable to grid-connected PV systems that
utilizes DC-link voltage ripple as a merging signal to find MPP [25].
In practice, the harmonics resulted from harmonically distorted
and unbalanced grid voltages make it impossible to high accurately
extract voltage ripple, and hence, the MPPT efficiency significantly
decreases. A cell-level distributed MPPT structure is used in power
management (PM) MPPT method, so that, an independent MPPT
circuit is dedicated to each PV cell, and so each cell produces its
own maximum power. The method has a complicated and expen-
sive architecture, and is more suitable for shaded situations [26].
Scanning method finds MPP by scanning and comparing output
powers obtained during MPPT process [27], the convergence speed

is low, and so the convergence time is long as reported in Table 1. A
sensor based MPPT method first measures solar irradiance using
some photodiodes, and then, based on the irradiance level, de-
termines which algorithm should be executed [28]. The method
needs irradiance sensors, and moreover, MPPT process is per-
formed in several steps that makes longer the convergence time.
Prediction-P&0O method is a hybrid method that combines the
direct-prediction technique with the P&O method [29], many cal-
culations should be performed, and so the convergence time is
long. Cuckoo search (CS) MPPT method uses the CS algorithm
which provides several advantages such as fast convergence, higher
efficiency, and utilizing fewer tuning parameters [30]. Field pro-
gram gate array (FPGA) MPPT method finds MPP by comparing
instant output power with maximum power obtained theoretically
to estimate maximum power and related voltage level [31]. Auto-
scaling variable step-size IC MPPT method uses a judgment crite-
rion and auto-scaling variable step-size to enable the PV system to
achieve a fast dynamic response and stable output power [32],
although the convergence time is not short because a large number
of calculations should be performed. Genetic algorithm (GA) MPPT
method applies the GA, the convergence speed is low, and more-
over, the MPPT efficiency varies with reiterating the experiment
[33]. Predictive MPPT method utilizes a model predictive controller
to track MPP, the method exhibits a good performance under
partially shaded conditions, although the accuracy and conver-
gence speed are low [34]. Some of the above-mentioned methods
such as P&O technique are also applicable to other systems such as
wind energy conversion systems [35]. In a PV system, in addition to
maximum power extraction, the MPPT controller can be also used
to control other devices such as a solar tracker [36,37].

2.2. MPPT methods applicable to FC systems

FC stacks are efficient electrochemical power sources with low
pollution in which electrical power is produced by way of the
chemical reaction between oxygen and hydrogen [38]. The MPPT
methods used in FC based power generation systems are some of
the same MPPT methods used in PV systems that were explained in
detail. The MPPT method reported in Ref. [39] regulates load
resistance to track the MPP of a microbial fuel cell, while the MPPT
technique proposed in Ref. [40] continually detects the MPP of a FC,
and then, varies the load to match it with the MPP. Similar to what
explained in detail for PV systems, the fuzzy, P&0O, ANN, and ESC
MPPT methods are applicable to FC systems [41—44]. Varying
output impedance to track MPP is another technique [45]. Utilizing
potentiometers to maximize output power, and adjusting the
voltage of a microbial FC to one third of the open-circuit voltage are
the two other methods having very low accuracy [46,47].

3. Implementation of the proposed MPPT method in a hybrid
PV/FC system

In this section, the implementation of the proposed unified
MPPT technique is analyzed in detail. The configuration of the
hybrid PV/FC energy conversion system in which the proposed
MPPT technique has been implemented as a MPPT unit is shown in
Fig. 1. In fact, it is an energy conversion system comprising two
subsystems (PV and FC) combined to each other to produce electric
power [48]. As shown in Fig. 1, each subsystem is connected to the
DC bus through a dedicated DC/DC boost converter, and the MPPT
unit simultaneously tracks the maximum power points of the two
subsystems using the DC link voltage as a reference voltage. The
circuit of the DC/DC converter used in the PV and FC subsystems is
shown in Fig. 2 [49]. It is a high-efficient DC/DC boost converter
including only one N-MOSFET switch S;. The switch S; operates
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Fig. 1. Configuration of the hybrid PV/FC energy conversion system including the
proposed unified MPPT unit.

with a constant switching frequency (f;) and variable duty cycle
(Ds). The gain of the converter is given as [49]:

Vae . _n (1)
Vin 1-Ds

As shown in Fig. 1, Vg is the converter output voltage which is
the DC link voltage occurring on the DC bus.

3.1. PV subsystem

In this sub-section, the PV subsection of the hybrid PV/FC energy
conversion system is analyzed in detail. The output power of the PV
module shown in Fig. 1 is obtained as:

va = va Ipv (2)

The P-V characteristic of a typical PV module is shown in Fig. 3,
where the P-V curve has been divided into three parts: the MPP, the
left side of the MPP, and the right side of the MPP. At the MPP, the
PV power derivative is zero, so:

deV _
dvpv - O (3)

At the left side of the MPP, the derivative is positive, so:

dPp,
dey

>0 (4)
Similarly, at the right side, it is negative, so:

dPp,

de,,<0 (5)

The PV power derivative is approximated by defining power
slope aypy as:

dPp, APy,  Ppy(k) — Ppy(k—1) 6)
Vo, AVp, ~ Vpy(k) — Vpp(k— 1) P

Ppy(k) is computed as:
Ppy (k) = Vpy (k) Iy (k) (7)

The relationship between the DC link voltage of the hybrid PV/
FC system and the PV voltage can be expressed using Eq. (1) as:

Vo = {1 Do) Vae ®)
n

Since the DC link voltage is constant, the PV voltage V), can be
regulated to the PV voltage at the MPP (Vpy_ppp) by varying the
duty cycle Dy, so that, V), is increased by deceasing Dpy, and is
decreased by increasing Dpy,. Thus, MPPT can be performed by
varying the duty cycle Dp,. The flowchart of the proposed MPPT
algorithm implemented in the PV subsystem is shown in Fig. 4. The
PV voltage Vp,(k) and current I, (k) are continually measured, and
the PV output power Py,(k) is computed using Eq. (7) by the MPPT
unit, then the power slope ay, is calculated using Eq. (6). If apy = 0
(at the MPP), there is no need to change Dp,. If a,, > 0 (the left side
of the MPP), Vj, is continually increased by decreasing D, i.e.,
Dpy (k+1) = Dpy (k)—A Dpy, where 4 Dy, is a positive amount that
will be explained next. If apy < O (the right side of the MPP), Vjy is
continually decreased by increasingDpy, i.e., Dpy (k+1) = Dpy (k)+
A Dpy, until the operating point of the PV module reaches the MPP.
When A Vp, = 0, the MPPT unit waits for the next sample of the PV
module voltage as shown in the flowchart. As mentioned, the in-
crease/decrease in Dy, is performed by adding/subtracting the
positive amount A Dy, to/from Dp,. In this study, more than 50
experiments were performed for the constructed PV subsystem
under different conditions (different solar irradiances and tem-
peratures) that demonstrated choosing A Dy, according to the
following equation provides not only a minimal tracking conver-
gence time but also a maximal MPPT efficiency:



236 H. Fathabadi / Renewable Energy 106 (2017) 232—242

Transformer

| : . C; D,
l . [ N
! . 1l % T
o a

+ S

¢ TV, | glsz k2 i Cout = Ve

___ _ _ D'

0,7, S Iy

= Toff r_@9 ::C_’l v

T T

Fig. 2. DC/DC boost converter used in the PV and FC subsystems.

Pl PP

150

100

Right side

50

S pee el WA

«— deV/d V,,>0 —» +dppv/d |‘W<O->

Fig. 3. P-V characteristic of a typical PV module.
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ADy, =

(9)

Noting Eq. (9) shows that, when the MPP is far from the PV
operating point, |ap,| is high, so to significantly decrease the
tracking convergence time, A D, is selected larger. This selection
significantly decreases the amount of time it takes to move the
operating point to around the MPP, and so minimizes the tracking
convergence time. By reduction in the distance between the
operating point and the MPP, |aj, | becomes lower and lower, and so
A Dyy is chosen smaller and smaller to maximize the MPPT effi-
ciency (accuracy of the MPPT process).

3.2. FC subsystem

In this sub-section, the FC subsection of the hybrid PV/FC energy
conversion system is explained and analyzed in detail. The output
power of the FC stack shown in Fig. 1 is obtained as:

P = Vi I (10)

The P-V characteristic of a typical FC stack is shown in Fig. 5. The
P-V curve has been divided into the three parts: the MPP where
d";f = 0, the left side of the MPP where S\IZC >0, and the right side of
the MPP where gsfz <0. Similar to the PV §ubsystem, the derivative
of the FC stack power is approximated by defining power slope af

das:

dP AP _ Pr(k) —Pr(k—1) an
AV, AVi  Vi(k) = Vp(k—1) °F°

Pg(k) is computed as:
Pfc(k) = Vfc(k)lfc(k) (12)

The relationship between the DC link voltage, which is a con-
stant voltage, and the FC stack voltage is obtained using Eq. (1) as:

(1-Dp) Vac

o (13)

Vi =
where Dy is the duty cycle of the DC/DC boost converter dedicated
to the FC stack. Comparing Egs. (11)—(13) to Egs. (6)—(8) shows that
the MPPT technique used for the PV subsystem can be also utilized
to track the MPP of the FC stack. Thus, similar to the PV subsystem,
the proposed MPPT method varies the duty cycle Dy to regulate the
stack voltage to the stack voltage at the MPP (Vf_pmpp) as shown in
Fig. 4. The increase/decrease in Dy is performed by adding/sub-
tracting a positive amount A Dg to/from Dg. Similar to the PV
subsystem, more than 50 experiments were performed for the
constructed FC subsystem under different conditions (different
ambient pressures and temperatures) that demonstrated choosing
A Dy according to the following equation provides a minimal
tracking convergence along with a maximal MPPT efficiency:
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200 \ 4. Experimental results and performance evaluation
150 ™
100 \ In this section, experimental verifications obtained from
\\ different experiments performed by using the constructed hybrid
50 PV/FC system are presented. Based on the hybrid PV/FC system the
0 y |4 [v] configuration of which is shown in Fig. 1, a hybrid PV/FC power
14 16 18 20| 22 24 26 28 30 32 34 36 '° generation system has been built to evaluate the performance of
<« i D — d%/ d Vfc<0 > the proposed MPPT technique. The electric circuit of the con-

d%/dvfc>0

Fig. 5. P-V characteristic of a typical

structed hybrid PV/FC power system is shown in Fig. 6. A micro-
controller MC68HC11E9 has been used to implement the MPPT
FC stack. unit. The flowchart shown in Fig. 4 has been utilized to program the
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Fig. 6. Electric circuit of the constructed hybrid PV/FC power generation system including the proposed unified MPPT controller.

microcontroller to find the maximum power points of the PV and microcontroller through an analog/digital (A/D) pin. The converter
FC subsystems. In each subsystem, the converter input current is input voltage is first scaled by a potentiometer (RV1 and RV2), and
continually measured by INA 168, and is supplied to the then, is supplied to an A/D pin of the microcontroller. The
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microcontroller continually samples the currents and voltages of
the PV module and FC stack with a sampling period of 100 pus, and
the suitable duty ratios Dp, and Dy are produced by the micro-
controller according to the flowchart of the MPPT process shown in
Fig. 4. Then, the duty ratios Dpy and Dy are supplied to the MOSFET
switches S,y and Sy through the two opto-diacs S-PV and S-FC as
two periodic switching pulses with the duty cycles of Dy, and Dg.
Switching Sy and Sy with the duty cycles of respectively Dy, and Dy
regulates the input powers of the two DC/DC boost converters (Ppy
and Pr) to their maximum values (Ppy_max and Pg_max) by varying
the input voltages of the two converters (Vp, and V). All parts of
the constructed hybrid PV/FC power generation system are original
(unified MPPT controller, FC subsystem, PV subsystem, couplers, DC
bus, etc) except the DC/DC converter that has been taken from
Ref. [49]. It is clear that the MPPT method is also applicable to an
only PV or FC system. When the method is applied to a PV system,
the voltage and current of the FC stack are disconnected from the
MPPT controller, and similarly, when it is applied to a FC system, the
voltage and current of the PV module are disconnected. It is also
reminded that when the constructed hybrid system is connected to
the local power distribution network [50], an extra protection cir-
cuit is also needed against the different faults that occur in the grid
such as ground, phase to phase and short-circuit faults [51,52]. The
parameters and specifications of the components used in the
constructed hybrid PV/FC power generation system are summa-
rized in Tables 2—4. To evaluate the performance of the method, the
MPPT process in each subsystem has been evaluated separately by
performing different experiments that are explained in detail in
two sub-sections as follows.

4.1. Experimental results related to the PV subsystem

As reported in Table 3, a PV module KC200GT has been used in
the constructed hybrid power system that its experimental P-V
characteristics obtained under nominal condition (solar irradiance
G = 1000 W m~2, cell temperature T = 25 C-) and nominal con-
dition with different shading effects (different solar irradiance
levels) are shown in Fig. 7. To obtain the static-dynamic response of
the proposed MPPT technique which is the key parameter repre-
senting not only the accuracy of the MPPT process but also the
MPPT efficiency, four 20% filmy glasses have been utilized to pro-
vide uniform irradiance and non-uniform irradiance (partially
shaded) situations. The four 20% filmy glasses were first put on the
PV module, each 20% filmy glass causes a 20% shading effect, so a
shadow with 80% shading effect occurred, and the solar irradiance
on the PV module became 200 W m~2. After 60 s, the first filmy
glass was uniformly taken out from the left side of the module
during 5 s. This process was repeated for the other three filmy

Table 2
Parameters s of the two DC/DC boost converters used in the hybrid PV/FC energy
conversion system.

Table 3
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Parameters of the PV module KC200GT used in the hybrid PV/FC energy

conversion system.

Current at MPP: Iy_mpp (A)
Voltage at MPP: Vy,,_ppp (V)
Output power at MPP: Pyy_ppp (W)
Short-circuit current: Isc (A)
Open-circuit voltage: Voc (V)

7.61
26.3
200.1430
8.21
329

Table 4

Parameters and specifications of the FC stack used in the hybrid PV/FC energy

conversion system.

Model Horizon H-1000 PEM
Cells number (Nceyr) 48
Stack efficiency 40% @ 28.8 V
Rated power (W) 1000
Operating point 288V@35A
Maximum stack temperature (°C) 65
Over current shut down (A) 42
Low voltage shut down (V) 24
P[W]
220 1
180 / m -
160 | 600 W/m
140 400 W/m b shading
120 | effect
100 i o e
60
40 |-
20 |-
0 _V[V]

0 5 10 1520253035

Fig. 7. Experimental P-V curves of PV module KC200GT, T = 25 °C.

glasses, so the solar irradiance absorbed by the PV module
increased 200 W m~2 by 200 W m~? after each one minute, and

1000
900 |--
800
700 |-t
600
500
400
300

-2

v € Bnngmg out

40%

E shading effect

| € Brmgmg out

Cin (1 F)-Aluminum electrolytic capacitor/100 V 680
Converter switching frequency: f; (kHz) 100

Cout (0 F)-Aluminum electrolytic capacitor/250 V 220
DC-link voltage: Vg (V) 310

C; (p F)-Premium metallized polypropylene capacitor/400 V 18

C; (n F)-Parasitic capacitance of MOSFET IRF1407 1.2

Type of transformer Pulse
10/4 n = Na/N;
L (L H) 19.14

Ly (nwH) 0.031

Ligr (0 H) 0.011
MOSFET switch S IRF1407
Equivalent series resistance of Coye at 10 kHz: (mQ) 478
Diodes D; and D, 15ETHO6S
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Fig. 8. Pattern of the solar irradiance variation (T = 25°C).
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uniform and non-uniform irradiance conditions occurred as shown
in Fig. 8. The experimental waveform of the PV output power (Ppy)
extracted by the MPPT controller showing the static-dynamic
response of the proposed MPPT technique obtained under the
mentioned uniform irradiance and partially shaded conditions is
shown in Fig. 9. Noting the static-dynamic response, and consid-
ering the solar irradiance pattern shown in Fig. 8 and the maximum
available powers associated with the different levels of solar irra-
diance shown in Fig. 7 explicitly verifies that the MPPT controller
performs a highly accurate and fast MPPT in the PV subsystem. For
instance, on the one hand, the static-dynamic response indicates
that the PV output powers extracted by the MPPT controller under
nominal condition (G, = 1000 W m~2), and under nominal con-
dition with 20% shading effect (G = 800 W m~2) are 199.28 W and
160.11 W, respectively. On the other hand, the maximum available
powers of the PV module associated with the irradiances of
1000 W m~2 and 800 W m~2 are respectively 200.08 W and
160.69 W as shown in Fig. 7. Thus, the MPPT efficiency of the pro-
posed MPPT method under nominal condition is obtained as:

199.28
200.08

Similarly, the MPPT efficiency under nominal condition with
20% shading effect is found as:

MPPT efficiency = x 100 = 99.60% (15)

160.11
160.69

Noting Eqgs. (15) and (16) shows that the MPPT efficiency of the
tracker is more than 99.60%, and this experimentally verifies that
the MPPT performed by the MPPT method is a highly accurate
tracking process. The experimental waveform indicating the
response of the MPPT controller to a positive solar irradiance step
from 0 W m~2 to 1000 W m~2 obtained under nominal condition is
also shown Fig. 10. The time response not only explicitly demon-
strates the very fast response of the MPPT controller to the sudden
variation in solar irradiance, so that, the tracking convergence time
is only 12 ms but also again verifies that the proposed MPPT
technique has a very high MPPT efficiency of more than 99.60%
under nominal condition. To highlight the excellent performance of
the proposed method, a comparison between its parameters and
the state-of-the-art MPPT methods is performed in Table 1. The
comparison explicitly verifies that the MPPT method presented in
this work has the shortest convergence time (12 ms) along with the
highest MPPT efficiency (99.6%) compared to the state-of-the-art

MPPT efficiency =

x 100 = 99.64% (16)

\ 2
= G=1000 W/ni
=
E ~
n G=800 W/n?
N
Rd
]

3 : -
o : . 2
o / : : G=600 W/m

W] i ; :
G=200 W/n? \ 2Tlme [30 s/div.]
G=400 W/ni

Fig. 9. Experimental waveform of the PV output power extracted by the MPPT
controller.

{Convergence time

- - . . . E

Power [100 W/div.]
>

™

"~ Time [10 ms/div.]

Fig. 10. Response of the MPPT technique presented in this study to a positive solar

irradiance step from 0 W m~2 to 1000 W m~2.

MPPT methods, while the proposed MPPT method concurrently
tracks two maximum power points (PV module and FC stack) but
the others track only one MPP.

4.2. Experimental results related to the FC subsystem

As reported in Table 4, one H-1000 proton exchange membrane
(PEM) FC stack has been used in the constructed hybrid power
generation system. The stack itself has a control unit that regulates
the flow rate of the hydrogen consumed by the stack. The experi-
mental P-V characteristic of the H-1000 PEM FC stack obtained at
ambient pressure and temperature of respectively 0.996 atm and
27 °Cis shown in Fig. 11 that is compatible with the experimental
results provided in the user manual of the H-1000 PEM FC stack
[53] and the technical specifications reported in Table 4. As shown
in Fig. 11, and reported in Table 4 and the user manual, the
maximum output power of the stack is 1000 W associated with the
MPP (28.8 V, 1000 W).

AL
1100
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9200
800 -
700 {
600 |
500 |
400
300
200
100 -

0
20 22 24 26 28 28.830 31 32 33 35 36 37.539 46

|0 Measured data
| MPP

e

+Low voltage shut down region

Y

v

[V

Fig. 11. Experimental P-V characteristic of the H-1000 PEM FC stack obtained at
ambient pressure and temperature of respectively 0.996 atm and 27 °C.



H. Fathabadi / Renewable Energy 106 (2017) 232—242 241

LI e e o

SRR R s S {-i-i-i-i-1 sttt Rt isi=tei

" 'Tracking time

Power [200 W/div.]

1. Time [10 s/div.]
MPPT process starts

Fig. 12. Experimental waveform of the output power of the H-1000 PEM FC stack
extracted by the MPPT controller.

To evaluate the performance of the MPPT technique to track the
MPP of the FC stack, the FC stack was turned on, while the MPPT
controller was not active, the output power of the stack (Pg)
reached about 620 W, and then, the MPPT controller was suddenly

Fig. 13. Experimental set-up: (a) Constructed system. (b) PV module. (c) FC stack.

turned on at t = 0 as shown in Fig. 12. The experimental waveform
of the stack output power extracted by the MPPT controller is
shown in Fig. 12 that demonstrates the tracking convergence time
is about 33 s which is a very short time for a PEM FC stack with the
rated power of 1000 W in which very slow chemical reactions cause
a considerable time delay in the MPPT process. Moreover, the po-
wer waveform shows that the average output power of the H-1000
PEM FC stack extracted by the MPPT controller is 994.12 W. Now, by
comparing this amount with the available maximum output power
of the stack reported in the user manual [53], Table 4, and shown in
Fig. 11, the MPPT efficiency of the MPPT method can be computed
as:

994.12
1000

Thus, similar to the PV subsystem, the proposed MPPT method
performs a very fast and highly accurate MPPT process with the
MPPT efficiency of more than 99.41% and a very short convergence
time of at most 33 s in the FC subsystem. The photos of the
experimental set-up consisting of the constructed system, PV
module, and FC stack are shown in Fig. 13 (a)-(c).

MPPT efficiency = x 100 = 99.41% (17)

5. Conclusion

Two MPPT units are currently used in hybrid PV/FC systems, one
for the PV subsystem and the other one for the FC stack, which
significantly increases the system cost and complication. This study
addressed this problem by presenting a novel fast and highly ac-
curate unified MPPT technique that is the only unified MPPT
technique reported in the literature. It was shown that the method
only uses the output voltages and currents of the PV module and FC
stack used in a hybrid PV/FC system to concurrently track the MPPs
of both PV module and FC stack. A hybrid PV/FC power generation
system was constructed, and the excellent performance of the
unified MPPT method was experimentally verified, so that, the
MPPT efficiency in the PV and FC subsystems was measured as
99.60% and 99.41%, respectively, along with the convergence time
of respectively 12 ms and 33 s. The method was compared to the
state-of-the-art MPPT methods that demonstrated it provides the
highest MPPT efficiencies along with the shortest convergence
time. Furthermore, the MPPT technique presented in this study is
applicable to both standalone and grid-connected versions of PV, FC
and hybrid PV/FC systems.
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