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Abstract- This paper presents the modeling, simulation, and 
performance evaluation of a hybrid proton exchange 
membrane fuel cell (PEMFC) with an energy storage system 
utilized in a grid-connected distributed generation (DG) 
system. To control the fuel cell/battery grid-side voltage source 
inverter (VSI), the conventional voltage-mode and current-
mode control schemes with improved proportional-integral 
(PI)-fuzzy controller for both inner current and outer voltage 
control loops have been developed. The proposed PI-fuzzy 
controller has the advantage of fuzzy control while 
maintaining the simplicity and robustness of the PI controller. 
The space-vector pulse width modulation technique has been 
applied to the VSI control to generate a sinusoidal waveform. 
A comparison has been made between the PI-fuzzy controller 
and the PI controller in the VSI in terms of the generated total 
harmonic distortion (THD). The results showed that by 
applying PI-Fuzzy controller, the voltage and current THD  
are reduced to 0.40 % and 3.77 %, respectively compared to 
0.43 % voltage THD and 14.08 % current THD using the 
conventional PI controller. 
 
Index Terms- DG, PI-Fuzzy, SVPWM, VSI 
 

I. INTRODUCTION 
     In recent years, pollution due to fossil fuel use as well as 
growing concern about global warming have fast become 
the primary problems in electricity generation around the 
world. Integration of renewable energy technology into the 
utility grid through distributed generation (DG) is widely 
promoted to meet the increasing electric power demand. 
Renewable energy or micro sources are clean and 
abundantly available in nature through sources such as solar, 
wind, gas micro-turbine, and fuel cell (FC) [1]–[2]. Among 
the many types of renewable energy, fuel cell is a popular 
candidate for DG applications because of its advantages, 
which include high efficiency, high power density, silent 
technology, clean operation, and immunity to weather 
conditions. To achieve a good performance when increasing 
the electrical load, the ESS needs to be combined with the 
FC system as a hybrid configuration [3]. The hybrid FC and 
energy storage system (ESS), as a DG system, maximizes 
the benefits of each device in extending battery life and 

decreasing stress on the FC unit, which improves the 
system’s reliability, integrity, and efficiency, as well as 
reduces the cost of the system [4]. Once a hybrid DG is 
connected to the utility grid, operation and performance 
requirements are imposed on the DG system [5], a crucial 
part of which is the inverter of the grid interfacing system 
and the control of power electronics equipment.  
     In a DG system, the PI controller is widely used to 
control the firing angle (δ) and the modulation index (m) of 
the inverter [6]-[7]. Nehrir et al. presented the modeling and 
the control of the PEMFC-based DG system on the AC grid 
with real and reactive power control capabilities through a 
conventional PI controller for DC/DC converters, as well as 
a direct quadrature transformed two-loop current control 
scheme for the inverter [6]. PI controllers are also used in 
[7] to control the real and reactive power in DC/DC boost 
converters and sinusoidal pulse width modulation two-level 
inverters in PEMFC-based DG models. However, the 
tuning process for the PI controller is crucial in obtaining a 
decreased total harmonic distortion (THD), and this 
controller type is limited by efficiency loss in non-linear 
system management. 

Intelligent controllers based on fuzzy logic improved the 
performance of the hybrid FC battery system in [8], in 
which the fuzzy logic algorithm determined the FC output 
power relative to the battery state of charge and the external 
power requirement for improved system efficiency. In [9], 
fuzzy controller was also employed to handle power flow 
between the FC and super capacitor (SC) in the DC bus. 
However, the fuzzy controller fails to respond to a system 
with rapid dynamic response in the DG application. In 
addition, an intelligent controller normally requires a 
complex control algorithm and many parameters require 
tuning. Such requirements present major difficulties in 
designing the entire system.  

This paper presents modeling and simulation of a FC 
hybrid DG system with a lead-acid battery for grid-
connected operation. The VSI employed a PI-Fuzzy 
controller in the outer and inner loop controls, and the 
control gains of the proposed PI-Fuzzy are self-tuned based 
on the PI controller guideline, which combines the 
advantages of the fuzzy and PI controllers. These 
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controllers are used with the application of a space vector 
pulse width modulation (SVPWM) to generate the 
sinusoidal output waveform. Comparisons are made 
between the PI-Fuzzy and PI controllers, and between the 
use of sinusoidal pulse width modulation (SPWM) and 
SVPWM in the VSI system in terms of the system THD 
values. 
. 

II. SYSTEM CONFIGURATION AND 
MODELING 

 
A. Overview 
     The configuration of the grid-connected hybrid FC with 
battery energy storage is shown in Figure 1. The 
configuration consists of an FC dynamic model, a DC/DC 
boost converter with a MPPT controller; a VSI which 
interfaces the FC to the utility grid; and a lead-acid battery 
with a bidirectional buck/boost converter for DC bus 
interfacing. With this configuration, the battery functions as 
backup power to stabilize the system’s power flow for load 
voltage regulation. An ideal three-phase voltage source is 
applied to the system that represents the external utility grid, 
which is assumed as an infinitely stiff AC system. In this 
paper, focused will be the VSI controller design and the 
model of a hybrid FC/battery system can be seen in [3].  

 
Figure 1. System configuration of a grid-connected FC with battery 

energy storage 

B. Grid-Side Inverter Model 
For grid-connected operation, the VSI and its controller are 
the main important features in designing a power electronic 
component for DG and grid coupling. The controller is 
normally realized in the dq platform. Considering the 
simplicity in designing the controller and VSI modeling in 
[10], a new PI-Fuzzy controller is adopted in this study. The 
active (P) and reactive (Q) power flow is controlled with the 
principle of transferring all available power at the constant 
DC bus to the grid. The control system ensures that a 
smooth power flow is injected into the utility grid and 
maintains it at unity power factor. An important aspect that 
should be considered in grid connection is synchronization 
of the DG and the utility grid. To achieve an operation with 
unity power factor, the grid current reference signal must be 
in phase with the grid voltage, and the synchronization can 
be conducted by using a phase-locked loop (PLL) topology.  

The control method employs the PLL at the point of 
common coupling to extract the voltage, vg_d=|vg_d| and 

vg_q=0. When any large transient current during faults and 
sudden load changes occur, applying this technique ensures 
that the controller will force a direct regulation on the VSI 
current that will directly avoid the vulnerability of VSI 
valves. When the system is operating in grid-connected 
mode, the PLL tracks the grid voltage to ensure 
synchronization. However, when the hybrid system enters 
the islanding condition, the PLL for the VSI will change the 
frequency that is sent to the integrator for angle calculation 
by another fixed external reference, (ωset), as shown in 
Figure 2. The proposed VSI with its controller configuration 
is shown in Figure 3. 

 

 
Figure 2. VSI dq-PLL configuration 

 

Figure 3. Grid-side VSI control scheme 

 

Figure 4. Grid-side VSI control scheme 

A. PI-Fuzzy Controller 
Three PI-Fuzzy controllers are utilized for the VSI 

control strategy. Two of the PI-Fuzzy controllers are 
employed for the inner current control loop to compensate 
for the error signal of ed= Id_ref-Id and the q-reference frame 
of eq= Iq_ref- Iq, shown in Figure 4, and the configuration of 
the PI-Fuzzy control for the inner current controller is 
illustrated in Figure 5. In the outer voltage control loop 
shown in Figure 6, one PI-Fuzzy controller is utilized to 



 
 

compensate for the voltage error in generating the reference 
current in the d-coordinate, as shown in Figure 7. 

 

 
Figure 5. Structure of PI-Fuzzy controller for inner current control 

 
Figure 6. Inverter outer voltage control loop 

 
Figure 7. Structure of PI-Fuzzy controller for outer voltage control 

The proposed PI-Fuzzy controller for the inner and 
outer loop controls in the VSI employed the same 
configuration. The operation of the proposed PI-Fuzzy 
controller can be written as: 

)()1-()( tututu    (1) 
where t is the sampling instance and  ∆u is the additional 
changes in the controller output. From Figure 5 and Figure 
7, the delay ratio error [e(t)] is multiplied by βKi and the 
error rate inputs [ev(t)] by αKp, where Kp and Ki refer to the 
proportional and integral gains, respectively while α and β 
are the gain updating factor for any changes of e(t) dan 
ev(t)which will be directly calculated using fuzzy logic rules 
at every sampling times. With the existence of α and β, the 
value of αKp and βKi will be directly self-tuned depends on 
the changes of the desired input and output. The proposed 
controller consists of three main design steps, namely, 
fuzzification, inference, and defuzzification.  

a) Outer Voltage Control 
The first step is the fuzzification process in which the 
membership functions for the input and output variables are 
designed. For the outer voltage control membership 
functions, the linguistic variables for two fuzzy inputs and 
one output are indicated by E, EC, and U, which refer to e(t), 
ev(t), and output, respectively. The membership functions 
for two inputs and one output for the outer voltage control 
loop for the VSI are shown in Figures 8 and 9. The 
controller output equation is stated as follows: 

)(+))1-(-)((=)(Δ teKteteKtu ip      (2) 

 
Figure 8 Membership functions for E and EC 

 
Figure 9 Membership functions for U 

From Figure 8, given that E is the delay ratio error and EC 
is the error rate input, L1 and L2 are both interpreted as the 
maximum value of Kie(t) and Kpev(t), respectively. In the 
proposed control, the range of [−10, 10] is utilized in the 
controller, where the value is selected through 
experimentation to find the optimum output of the 
controller. Therefore, L1 and L2 are expressed as L1=10Ki 
and L2=10Kp, and the value of M in the membership output 
function is set as 7.5 and this value is determined from 
simulation which only utilize PI controller. The result 
verifies that the selected values are acceptable referred to 
the lower harmonic component.  
         For updating α and β values, the similar membership 
function of E and EC are used with the value of L1 and L2 
are set to 5. However, membership function for the output, 
U is shown in Figure 10 in which the range of [-0.5, 1.5] is 
applied using two fuzzy logic sets which are big (B) and 
small (S) for α. To determine updating factor of β, range 
between [0.5, 2.5] is used with three fuzzy logic sets which 
are big (B), medium (M) and small (S). 

The second step is choosing the inference of the 
controller, and the action of the fuzzy controller is set by 
employing if–then rules. The rules developed for the outer 
voltage control are illustrated in Table 1. Rules for α and β 
are determined using step response effect from the initial 
simulation. If the system response is slow, the value of e(t) 



 
 

need to be increased and ev(t)decreased. Therefore, when E 
positive (P) and EC negative (N, Z), α will be S and β is B. 
So, αKp will decrease to reduce ev(t) and βKi  will rise to 
increase e(t)and vice versa. The last step is the 
defuzzification process, which involves converting the 
fuzzy output. The following formula is employed to 
defuzzify the incremental control of fuzzy control law: 

i

iib
U

.

         (3)

 

where bi is the output for Rule i and μi refers to the 
corresponding membership value for Rule i. μi is computed 
by employing the intersection of the fuzzy sets E and EC 
denoted by E˄EC and can be defined by the following: 

μi(E)˄ μi(EC) =min(μi (E)˄ μi (EC))     (4) 

 
Figure 10. Membership function for U (a) to determine α (b) to determine 

β 

TABLE I. FUZZY RULES FOR OUTER VOLTAGE CONTROL 

                                      EC 
 

 
Rules for 

Id_ref  
N Z P 

E 
N N N Z 
Z N Z P 
P N P P 

 
b) Inner Current Control 
The similar step applied for the outer voltage control is used 
for the inner current control in constructing PI-fuzzy 
controller. Membership function for two inputs are similar 
to the outer voltage control and one output for inner current 
control are shown in Figure 11.  
 

 
Figure 11. Membership functions for U in inner current control 

There are two coordinates that need to be controlled which 
are d and q. Range of [-10, 10] is used for both coordinates 
and the value of N2 and N1 in Figure 11 are set as N2=10 and 
N1=5, respectively for dq-coordinates. Fuzzy logic rules for 
both coordinates are shown in Table 2 in which N, Z, P, NS 
and PS are negative, zero, positive, negative small and 

positive small, respectively. For updating α and β values, 
membership functions used are similar to the outer voltage 
control. However, different fuzzy rules are used in 
determining α and β for dq-coordinates and shown in tables 
3 and 4. 

TABLE II. FUZZY RULES FOR INNER CURRENT CONTROL IN dq-
COORDINATE 

                     EC            EC 
 Rules 

for Id* N Z P  Rules 
for Iq* N Z P 

E 
N N NS NS 

E 
N N Z NS 

Z NS Z PS Z NS Z PS 
P Z PS P P PS PS P 

TABLE III. FUZZY RULES FOR DETERMINING α and β FOR 
INNER CURRENT CONTROL IN d-COORDINATE 

                      EC             EC 
 

 
Rules 
for α N Z P  Rules 

for β N Z P 

E 
N S S S 

E 
N B B M 

Z S S B Z B B S 
P S B B P M S S 

TABLE IV. FUZZY RULES FOR DETERMINING α and β FOR 
INNER CURRENT CONTROL IN q-COORDINATE 

                EC              EC 
 

 
Rules 
for α N Z P  Rules 

for β N Z P 

E 
N B B B 

E 
N S S M 

Z B B S Z S B B 
P B S S P M B B 

 
B. SVPWM 

The SVPWM is the best method among all the PWM 
techniques for generating the sinusoidal wave for power 
electronic converter. The SVPWM has been proven to 
decrease harmonic content, minimize bus utilization, 
achieve precise control, and lower switching losses [11]–
[13]. The SVPWM model is based on the instantaneous 
values of the reference voltages of a, b, and c only, and the 
orthogonal coordinates are utilized to represent the three-
phase voltage vector in the phasor diagram, as illustrated in 
the following equations: 

)5.0-5.0-(
3
2

coboao vvvU
      (5)

 

)
2
3-

2
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3
2

cobo vvU
           (6) 

In the SVPWM configuration, the reference vector (Uref), 
which rotates at an angular speed of 2πf, represents the 
three-phase output voltage. The rotating reference vector 
will be switching between the adjacent six active vectors 
and two zero vectors, and the equations below will 



 
 

determine the sector (N) in which the reference voltage 
vector is in. 

βref UU =1         (7) 

UUU ref 5.0
2
3

2
       (8) 

UUU ref 5.0-
2
3

3
        (9)

 

Redefining, 

If 0>1refU , A=1, or else A=0    (10) 

If 0>2refU , B=1, or else B=0     (11) 

If 0>3refU , C=1, or else C=0    (12) 

The sector mapping (S) for the neutral voltage of phases A, 
B, and C is described as follows: 

CBAS 4+2+=       (13) 
S can be the six-integer value from sectors 1 to 6. Figure 12 
shows the sector correspondence diagram with the six non-
zero vectors (V1–V6) and two-zero vectors (V0 and V7). The 
figure shows that the angle between two active vectors or 
non-zero vectors is 60 degrees and will feed electrical 
power to the load. Meanwhile, the two zero vectors are at 
the origin and will feed zero voltage to the electrical load. 
Normally, the main objective in SVPWM is to approximate 
the reference voltage vector that employs the eight 
switching patterns. The next step in developing SVPWM is 
to determine the three time durations (T1, T2, and T0). The 
switching time duration at any sector in the diagram is 
shown in the following equations: 

)sin
3

-
3
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3

=1 απ
n

kosαkosπ
n

V

UT
T
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ref

  (14) 
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V
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T
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 (15) 

210 TTTT Z      (16) 
The last step is to determine the three-phase 

correspondence switching times (Tcm1, Tcm2, and Tcm3) by 
employing the asymmetric SVPWM switching pattern, for 
the six transistors in the three-phase inverter. From the 
asymmetric SVPWM switching pattern [12], the following 
equations are obtained: 

2/)( 21 TTTT oa     (17) 

1TTT ab      (18) 

2TTT bc      (19) 
Referring to the switching pattern at each sector can 

derive the three-phase switching time for phases A, B, and 
C, which are defined as Tcm1, Tcm2, and Tcm3, respectively, 
according to Table 4.With the application of a step-by-step 
technique and the use of Equations (5) to (19), the SVPWM 
for generating the sinusoidal wave for the three-phase 
inverter is simulated by using the MATLAB/Simulink 
software to minimize the harmonic component in the grid 
voltage and current. 

 
III. SIMULATION MODEL  

A complete system model composed of a grid-connected 
hybrid PEMFC model coupled with a lead-acid battery 
model for DG applications was developed, and the overall 
performance of the developed system is simulated by using 
MATLAB/Simulink, which offers a graphical interface as 
block diagrams. This software allows the user to view the 
system at different levels, such that the models are easily 
joined together. During simulation, the parameters can be 
changed, and the results generated from different 
simulations are eventually analyzed. With the application of 
the PEMFC, lead-acid battery, battery converter models, 
grid inverter, and entire power electronic controller 
described earlier, the complete hybrid system is 
implemented in the MATLAB/Simulink environment. 

 
Figure 12. Basic switching vector and sector diagram 

TABLE V. THREE-PHASE SWITCHING TIME OF THE SVPWM  

 

Time 

Sector 

I II III IV V VI 

Tcm1 Ta Tb Tc Tc Tb Ta 

Tcm2 Tb Ta Ta Tb Tc Tc 

Tcm3 Tc Tc Tb Ta Ta Tb 

 
IV. SIMULATION RESULTS 

This section provides a simulation results on the overall 
performance of the studied system with the proposed 
control strategy occurred on a complete hybrid PEMFC and 
a lead-acid battery system for a grid-connected analysis of 



 
 

a DG system. In this simulation, the comparison of the 
overall system using conventional PI controller and 
proposed PI-fuzzy controller has been made and two main 
conditions are considered. The first result is the THD 
comparison of the complete system using conventional 
PWM system and the second result is the THD comparison 
using SVPWM. 

A comparison is conducted for THD value on the hybrid 
system between the PI-Fuzzy controller and the PI 
controller and between the sinusoidal PWM and the 
SVPWM in the VSI system. The results of the harmonic 
components using sinusoidal PWM and SVPWM are 
tabulated in Table 6. The worst THD value for current 
(THDi) occurs by applying the classical PI controller with 
sinusoidal PWM of 14.08%, whereas the THD value for 
voltage (THDv) is quite satisfactory at 0.43%.  

TABLE VI. PERFORMANCE COMPARISON OF THD FOR PI AND 
PI-FUZZY CONTROLLER  

Controller PI PI-Fuzzy 
THD V 

(%) 
I (%) Fund. 

For I 
(p.u) 

V 
(%) 

I 
(%) 

Fund. 
For I 
(p.u) 

SPWM 0.43 14.08 0.7622 0.42 6.14 0.8724 
SVPWM 0.42 8.36 0.7932 0.40 3.77 0.9423 

 
When the sinusoidal PWM is substituted with the SVPWM, 
the current THD decreases to 8.36% and the THD for 
voltage decreases to 0.42%. Subsequently as PI-Fuzzy 
replaces the conventional PI controller, the parameters are 
improved with reduction of THDi at 6.14% while the 
SPWM technique is applied to generate the sinusoidal 
waveform. It shows here that by applying PI-Fuzzy 
approach, the harmonic component is reduced and this 
controller is suitable for the VSI application. When the PI-
Fuzzy controller is used with SVPWM, the value further 
decreased to 3.77% for current and 0.40% for voltage. The 
fundamental value for current increase from 0.7622 p.u by 
applying PI controller with SPWM to 0.9423 p.u by 
applying PI-Fuzzy controller with SVPWM and 
consequently higher output current can be achieved by 
applying SVPWM compared to SPWM. According to IEEE 
Standard 519-1992, the limits for THDv and THDi are both 
set at 5% and 20%, respectively and from the results 
obtained all are acceptable and satisfactory. In addition, the 
harmonics component have to be lower enough because 
higher harmonics value will perform malfunction to other 
equipment and also increase heat losses in transformers and 
wires. The control technique for VSI application plays an 
important role in minimizing the harmonic component 
being injected to the utility grid. The proposed PI-Fuzzy 
control technique was successful with fewer harmonics 
current being injected into the grid. 
 

CONCLUSION 
The challenge for renewable energy technology integration 
relies on the manner of managing and developing the 
control strategy for the whole system and power electronic 

equipment. For a grid connected hybrid FC and battery 
system, the control goals are regulation of the DC bus and 
lowering the harmonic component injected to the utility grid. 
In this paper, a hybrid PEMFC and battery energy storage 
system for a grid-connected DG configuration are 
developed and simulated by employing the 
MATLAB/Simulink software. An improved PI-Fuzzy 
controller has been proposed with the existence of SVPWM 
for generating the sinusoidal form to reduce total harmonic 
distortion of the system. The proposed PI-Fuzzy control is 
simpler and can be easily tuned during any uncertainties. 
The harmonic study on the hybrid system shows that using 
the proposed control results in lower harmonic current and 
voltage injected to the grid compared with those of the 
conventional control. 
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