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Control of PEM Fuel Cell Distributed
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Abstract—This paper presents modeling, controller design,
and simulation study of a proton exchange membrane fuel cell
(PEMFC) distributed generation (DG) system. The overall con-
figuration of the PEMFC DG system is given, dynamic models
for the PEMFC power plant and its power electronic interfacing
are briefly described, and controller design methodologies for the
power conditioning units to control the power flow from the fuel
cell power plant to the utility grid are presented.

A MATLAB/Simulink simulation model is developed for the
PEMFC DG system by combining the individual component mod-
els and the controllers designed for the power conditioning units.
Simulation results are given to show the overall system perfor-
mance including load-following and fault-handling capability of
the system.

Index Terms—Control, distributed generation (DG), interfacing,
modeling, PEM fuel cell (PEMFC).

I. INTRODUCTION

THE EVER-INCREASING energy consumption and the
rising public awareness for environmental protection have

created increased interest in green (i.e., renewable and fuel-
cell-based) power generation systems. Moreover, due to steady
progress in power deregulation and utility restructuring and be-
cause tight constraints are imposed on the construction of new
transmission lines for long-distance power transmission, inter-
est in distributed generation (DG) systems installed near load
centers is increasing.

Fuel cells are static energy conversion devices that convert
the chemical energy of fuel directly into electrical energy. They
show great promise to be an important DG source of the future
due to their many advantages, such as high efficiency, zero or
low emission (of pollutant gases), and flexible modular struc-
ture. Fuel cell DG systems can be strategically placed at any
site in a power system (normally at the distribution level) for
grid reinforcement, thereby deferring or eliminating the need
for system upgrades and improving system integrity, reliabil-
ity, and efficiency. When connected to a utility grid, important
operation and performance requirements are imposed on fuel
cell DG systems. For example, they should be able to deliver a
preset amount of real and reactive power to the grid or be able
to follow a time-varying load profile [2], [6], [27]. Therefore,
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proper controllers need to be designed for a fuel cell DG system
to make its performance characteristics as desired.

Among several types of fuel cells, proton exchange membrane
fuel cells (PEMFC), solid oxide fuel cells (SOFC), and molten
carbonate fuel cells (MCFC) are likely to be used in DG ap-
plications. To study the performance characteristics of fuel cell
DG systems, accurate models of fuel cells are needed [1]–[8].
Moreover, models for the interfacing power electronic circuits
in a fuel cell DG system are also needed to design controllers
for the overall system to improve its performance and to meet
certain operation requirements [7]–[9].

This paper presents the modeling and control of a PEMFC DG
system with real and reactive power control capability. The fuel
cell power plant is interfaced with the utility grid via boost dc/dc
converters and a three-phase pulsewidth modulation (PWM) in-
verter. A validated PEMFC dynamic model, reported in [1], is
used in this paper. The models for the boost dc/dc converter and
the three-phase inverter together with an LC filter and transmis-
sion lines are also addressed. The controller design methodolo-
gies for the dc/dc converters and the three-phase inverter are also
presented for the proposed fuel cell DG system. Based on the
individual component models developed and the controllers de-
signed, a simulation model of the PEMFC DG system has been
built in MATLAB/Simulink using SimPowerSystems block-set.
Simulation results show that the real and reactive power from
the fuel cell DG system to the utility grid can be controlled as
desired. The results also show that the fuel cell DG system is
capable of load-following and remaining stable under severe
electrical faults.

II. SYSTEM DESCRIPTION

To meet the system operational requirements, a fuel cell DG
system needs to be interfaced through a set of power electronic
devices. The interface is very important as it affects the operation
of the fuel cell system as well as the power grid.

Various power electronic circuits have been proposed in re-
cent work to interface different energy sources with the utility
grid [9]–[16]. Pulse-width modulated voltage source inverters
(VSI) are widely used to interconnect a fuel cell energy sys-
tem to a utility grid for real and reactive power control pur-
poses [9], [11], [15], [16]. In addition, fuel cell systems nor-
mally need boost dc/dc converters to adapt the fuel cell output
voltage to the desired inverter input voltage and smooth the fuel
cell output current [17], [18].

Fig. 1 shows the schematic diagram of the fuel cell DG sys-
tem proposed in this paper. The system configuration ratings
and parameters are given in Table I. The PEMFC power plant
consists of ten fuel cell arrays connected in parallel. Each array
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Fig. 1. Block diagram of a fuel cell distributed generation system.

TABLE I
CONFIGURATION PARAMETERS OF THE PROPOSED SYSTEM

is rated at 48 kW, for a total of 480 kW. A boost converter is
used to adapt the output voltage of each fuel cell array to the dc
bus voltage. In this paper, the dc bus voltage (dc/dc converter
output) is chosen as VDC = 480 V, which is mainly determined
by the inverter ac output voltage and the voltage drop across the
LC filter. The following equation should be satisfied between
the dc side and ac side voltages of the inverter [15]:

√
3

2
√

2
maVDC ≥

√
(VAC,LL)2 + 3(ωLf Imax)2 (1)

where VDC is the dc bus voltage, VAC,LL is the ac side line-line
rms voltage, Lf is the filter inductance, Imax is the root mean
square (rms) value of maximum ac load current (IAC), and ma

is the modulation index of the inverter. Linear PWM is used for
the inverter, i.e., ma ≤ 1.0, in this paper.

For a boost converter, the higher the duty ratio (or the larger
the voltage difference between the input and the output), the
lower is the efficiency [16]. In this paper a duty ratio around
55% is used for the dc/dc converter at the fuel cell’s rated oper-

Fig. 2. PEMFC V –I characteristic: Comparison of model response with ex-
perimental data [1].

ating point. The approximate desired input voltage for the dc/dc
converter can be obtained to be [(1 − 0.55) × VDC = 216 V].
According to the output voltage versus load current (V –I)
characteristics of the PEMFC, given in Fig. 2, when its load
current is over 23 A the fuel cell is in concentration zone, which
should be avoided [19], [20]. To leave some safe margin, the fuel
cell is operated around the point where its current is 20 A (rated
operating point) and its output voltage (VFC,cell) is about 27 V.
Therefore, the number of fuel cell stacks we need to connect in
a series to get a voltage of 216 V is

Ns =
VFC

VFC,cell
=

216
27

= 8. (2)

The number of fuel cell series stacks needed to compose a
48-kW fuel cell array is

Np =
Parray

Ns × Pstack
=

48 kW
8 × 0.5 kW

= 12. (3)



588 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 21, NO. 2, JUNE 2006

Therefore, each fuel cell array is composed of 8× 12 stacks
with the power rating of 48 kW.

Supercapacitors or battery banks are connected to the dc bus
to provide storage capability and fast dynamic response to load
transients. A three-phase six-switch inverter interfaces the dc bus
with a 120 V/208 V ac power system. An LC filter is connected
to the output of the inverter to reduce the harmonics introduced
by the inverter. A 208-V/12.5-kV step-up transformer connects
the fuel cell power system to the utility grid through a coupling
inductor and a short transmission line. The coupling inductor is
needed to control the real and reactive power flow between the
fuel cell DG system and the utility grid and to limit disturbance
and fault currents.

The controllers for the boost dc/dc converters are designed to
keep the dc bus voltage within an acceptable band (±5% in this
paper). Therefore, the input to the three-phase inverter can be
considered a fairly good constant voltage source. The inverter
controller controls the real and reactive power flows to the utility
grid. P, Q power flows follow their respective reference values,
which can be set either as fixed values or to follow a certain load
demand.

III. DYNAMIC MODELS FOR PEMFC AND POWER

ELECTRONIC DEVICES

This section describes the dynamic models for the main
components of the system shown in Fig. 1, namely for the
PEMFC power plant, the dc/dc converters and the three-phase
inverter.

A. Dynamic Model for the PEMFC Power Plant

PEMFCs, one of the most developed fuel cells, show great
promise both in transportation and in stationary power genera-
tion applications. To investigate the dynamic characteristics of a
PEMFC power plant under load transients, it is necessary to use
a dynamic PEMFC model. The model of PEMFC power plant
used in this study is based on the dynamic PEMFC stack model
developed and validated in [1]. This physically based model
uses equivalent electrical circuits to represent the electrochem-
ical and thermodynamic phenomena inside the PEMFC. The
model was validated by experimental data measured from an
Avista Labs SR-12 500-W PEMFC stack. It is an autonomous
model operated under constant channel pressure with no con-
trol on the input fuel flow into the fuel cell. The fuel cell will
adjust the input fuel flow according to its load current to keep
the channel pressure constant.

Fig. 2 shows the (V –I) characteristic curve of the 500-W
PEMFC model compared with the experimental data [1]. This
characteristic curve can be divided into three regions. The volt-
age drop across the fuel cell associated with low currents is due
to the activation loss inside the fuel cell, the voltage drop in
the middle of the curve (which is approximately linear) is due
to the ohmic loss in the fuel cell stack, and as a result of the
concentration loss, the output voltage at the end of the curve
will drop sharply as the load current increases [19], [20].

The dynamic property of PEMFC depends mainly on the
following three aspects: double-layer charging effects, fuel and

Fig. 3. PEMFC dynamic response in short time range: Comparison of model
response with experimental data [1].

Fig. 4. Boost dc/dc converter.

oxidant flow delays, and thermodynamic characteristics inside
the fuel cell. The dynamic response of PEMFC is dominated
by the double-layer charging effects in the short-time range
(less than 1 s) and by the fuel and oxidant flow delays and
thermodynamic characteristics inside the fuel cell in the long-
time range (several minutes) [1], [20]. The dynamic response of
the model (fuel cell output voltage vs. time) to step load changes
in the short-time range is shown in Fig. 3. It is noted from
this figure that the response of the model agrees well with the
measured data. For further details about the model development,
the reader is referred to [1].

B. State Space Model of Boost dc/dc Converter

A boost dc/dc converter, shown in Fig. 4 [15], can be used to
convert the fuel cell output voltage to the desired dc bus voltage.
A state space averaging technique, proposed by Middlebrook
and Cúk [15], is widely used to develop linear state space models
for converters. The small signal state space model for the boost
dc/dc converter can then be obtained as follows:

˙̃x = Adx̃ + Bdd̃

ṽdd out = CT x̃ (4)



WANG et al.: CONTROL OF PEMFC DISTRIBUTED GENERATION SYSTEMS 589

Fig. 5. Three-phase dc/ac voltage source inverter.

where

x̃ =
[

ĩLdd

ṽcdd

]
, Ad =

[
0 −(1−D )

Ldd
1−D
Cdd

−1
RCdd

]
, Bd =

[ X2
Ldd
−X1
Cdd

]
.

Where CT = [0,1], X1, and X2 are the steady-state values of
x1 and x2 respectively, and D is the pulse duty ratio at the
rated operating point. The symbol “ ∼ ” is used to denote small
perturbation signals.

C. State Space Model of Three-Phase Inverter

A three-phase six-switch PWM VSI is used to convert the
power available at the dc bus to ac power. Fig. 5 shows the main
circuit of the three-phase voltage source inverter connected to
the utility grid through the LC filter (Lf and Cf ) and the cou-
pling inductor (Ls). Rf and Rs in the figure are the parasitic
resistances of the filter inductor and the coupling inductor, re-
spectively.

Using the classic electrical circuit theory and state-space aver-
aging technique, a detailed state-space description of the inverter
can be obtained [23], [24]. However, the detailed model of the
inverter is too complicated to be applied directly in controller
design. A simplified version of the inverter model, which is used
in this paper to design controllers, is given in the Appendix.

IV. CONTROLLER DESIGNS FOR POWER ELECTRONIC DEVICES

It was shown in Figs. 2 and 3 that the output voltage of a
fuel cell is a function of the load. The boost dc/dc converter
adapts the fuel cell output voltage to the dc bus voltage, and
the voltage controller helps regulate the output voltage within
a ±5% tolerance band under normal operation. In this section,
conventional PI controller is used for the boost dc/dc convert-
ers. In practice, a load sharing controller (not discussed in this
paper) can be applied on the converters, connected in parallel,
to achieve a uniform load distribution among them [28]. Also,
a dq transformed two-loop current control scheme is presented

TABLE II
PARAMETERS OF THE BOOST dc/dc CONVERTER

for the inverter to control the real and reactive power delivered
from the fuel cell power system to the grid.

A. Controller Design for the Boost dc/dc Converter

The main components of the dc/dc converter can be de-
termined by the prescribed technical specifications, such as
the rated and peak voltage and current, input current ripple,
and output voltage ripple, etc., using the classic boost dc/dc
converter design procedure [15], [16]. The component values
for the 48-kW dc/dc converter used in this paper are listed
in Table II.

Based on the converter model in (5), a PI current controller
(kdp + kdi/s) can be designed using the classic Bode-plot and
root-locus method [21]. The parameters of the PI voltage con-
troller are also listed in Table II.

B. Controller Design for the Three-Phase VSI

To meet the requirements for interconnecting a fuel cell sys-
tem to a utility grid and control the real and reactive power flow
between them, it is necessary to shape and control the inverter
output voltage in amplitude, angle, and frequency [22]. In this
section, a PWM controller is designed for the inverter to satisfy
voltage regulation as well as to achieve real and reactive power
control.

The dq transformation transfers a stationary (abc) system to a
rotating (dq0) system. The transformation decreases the number
of control variables from 3 to 2 (component 0 will be zero) if
the system is balanced. Moreover, the dq signals can be used to
achieve zero tracking error control [24]. Due to these merits, dq
transformation has been widely used in PWM converter/inverter
control and is also applied for the inverter control in this paper.

For a fuel cell DG system, there is no flexibility for the mod-
ulation frequency of the sinusoidal PWM (SPWM) generator
for the inverter—it must follow the frequency of the grid to
which it is connected. The magnitude of the inverter output
voltage can have a tolerance of ±5% with a nominal value of
1.0 p.u. [22], [25]. Therefore, the angle of the output voltage
will be controlled, together with a ±5% magnitude adjustment,
to achieve real and reactive power control.

Consider a voltage source Vs � δ connected to a utility grid
E � 0◦ through a coupling impedance R + jX , as shown in
Fig. 6. The real and reactive powers delivered to the utility
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Fig. 6. Power flow between a voltage source and utility grid.

grid are [25]

P =
EVs

Z
cos(θz − δ) − E2

Z
cos(θz ) (5)

Q =
EVs

Z
sin(θz − δ) − E2

Z
sin(θz ) (6)

where Z =
√

R2 + X2 and θz = tan−1(X/R).
From (5) and (6), it is clear that the real and reactive powers

delivered to the utility grid are completely determined by the
amplitude and angle of the sending voltage source, i.e., the
output voltage of the inverter. However, if the desired values of
real and reactive power are given, the values of Vs and δ can be
determined from (5) and (6):

Vs =
[

Z2

E2
(P 2 + Q2) + E2 + 2PZ cos(θz ) + 2QZ sin(θz )

] 1
2

(7)

δ = θz − cos−1

(
ZP

EVs
+

E

Vs
cos(θz )

)
. (8)

The corresponding dq0 component values of Vs in (7) can be
obtained through abc/dq transformation as follows:

 Vd

Vq

V0


 = Tabc/dq


Va

Vb

Vc


 = Tabc/dq


 Vs � δ

Vs � (δ − 120◦)
Vs � (δ + 120◦)


 (9)

where Tabc/dq is the abc/dq transformation matrix. The method-
ology for developing the abc/dq transformation is explained
in [29].

A control scheme consisting of an outer voltage regulator
with an inner current control loop, reported in [23], [24], was
adopted for the three-phase voltage source inverter control. The
overall control system block diagram for the inverter is given
in Fig. 7. The inner current control loop is designed to respond
faster than the outer voltage control loop so that the two control
loops can be designed independently. As a result, when dealing
with the inner loop, we take the outer loop as a constant input
(i.e., Id,q(ref) is constant in Fig. 7). The inner current control
loop (containing the current controller block in Fig. 7) can be
approximated as a simple lag block when we proceed with the
outer loop. The current and voltage controllers are chosen as PI
compensators. Classic Bode-plot and root-locus PI controller
design procedures [21] are used to obtain the parameters for the
current and voltage controllers. These parameters are listed in
the Appendix as well.

Fig. 7. Block diagram of the overall control system of the inverter.

In Fig. 7, the dq reference signal computation block, which
is based on equations (7) and (8), calculates the magnitude and
angle of the filtered output voltages of the inverter and then con-
verts them into dq voltage reference signals according to (10).
The abc/dq transformation block takes the current and voltage
values (in abc coordinate) from the voltage and current meters
and converts them into dq values. The outer voltage controller
takes the error signals between the actual output voltage in dq
frame (Vd,q ) and the reference voltage (Vd,q(ref)) and generates
the current reference signals (Id,q(ref)) for the current control
loop. The inner current controller produces the dq control sig-
nals, which are converted back into the control signals in abc
coordinates through the dq/abc transformation block. These
control signals are used to modulate the SPWM pulse generator
to produce the proper pulses for the inverter switches (Fig. 5),
which control the inverter output voltage.

The controllers given in this section for power electronic
converters are designed on the basis of small-signal linearized
models. Conceptually, there is no guarantee that the designed
controllers will work well over a large operating range because
of the nonlinearity of power electronic devices. Nevertheless, the
majority of controllers for power electronic devices are linear
time-invariant (LTI) that are designed on the basis of linearized
models. The effectiveness of LTI controllers can be checked
through simulations on more detailed (nonlinear) models than
the linearized ones used for the initial controller design [30]. We
have verified the validity of the proposed control schemes over
a large operating range through simulations on nonlinear con-
verter/inverter models. The simulation results will be discussed
in the following section.

V. SIMULATION RESULTS

The following components were used to develop a simula-
tion model for the proposed PEMFC DG system: the dynamic
model developed for PEMFC reported in [1], nonlinear mod-
els for power electronic devices from the SimPowerSystems
block-set in MATLAB/Simulink, and the controllers designed
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Fig. 8. P and Q delivered to the grid: Heavy loading.

in Section IV. The system was tested under several different
operating conditions to investigate its power management and
load-following capabilities as well as its stability during electri-
cal faults. Sample simulation results from the scenarios studied
are given below.

A. Desired P and Q Delivered to the Grid: Heavy Loading

Normally, when a utility is under heavy load, it needs the
connected DG systems (the PEMFC DG system in this case) to
deliver more real power to the grid. The DG systems may also
be required to deliver reactive power to the grid to help boost
the grid voltage. Simulation results for such a scenario are given
in this subsection.

The reference values of P and Q are set as 360 kW and 32.3
kVar with a ramp startup in 2 s for this case study. The voltage
of the utility grid was set to E = 0.98� 0◦ p.u. Using (7) and
(8), the desired magnitude and angle of the filtered output volt-
age of the inverter turn out to be Vs = 1.05p.u., δ = 8.2678◦.
Converting the values from the abc reference frame into dq
coordinates yields Vd(ref) = 1.0391 p.u. and Vq(ref) = 0.151
p.u. A three-phase ac circuit breaker connects the inverter to
the utility grid at t = 0.08 s. Fig. 8 shows the real and re-
active power delivered from the PEMFC DG system to the
grid when the DG system reaches its steady-state operation
from the initial startup. Note that the output steady-state val-
ues of P and Q agree with their reference values very well.
The corresponding dq components of the inverter output volt-
age are given in Fig. 9. It is noted that the dq components
of the output voltage also reach their prescribed reference
values.

The output voltage and current curves of each fuel cell array
for this case are shown in Fig. 10. Note that when the system
reaches steady state, the fuel cell output current ripple is about
10% and the fuel cell output voltage ripple is less than 3.3%.
These relatively small variations of the current and voltage are
indicative of the healthy operation of fuel cells [26]. The dc
bus voltage (output voltage of the boost dc/dc converter) for

Fig. 9. dq values of the inverter output voltage under heavy load.

Fig. 10. Output voltage and current of each fuel cell array under heavy load.

Fig. 11. DC bus voltage waveform under heavy load.

this case is shown in Fig. 11. Note that the dc bus voltage
comes up to its reference value (480 V) though the fuel cell
terminal voltage is much lower than its no-load value under
this heavy loading condition (see Fig. 10). The voltage ripple
at the dc bus is about 1.25%, which is within the acceptable
range.
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Fig. 12. P and Q delivered to the grid: Light loading.

B. Desired P Delivered to the Grid, Q Consumed from the Grid:
Light Loading

Under light utility loading, the power required from the fuel
cell DG system is normally low, and the DG system may be set to
consume the excessive reactive power from the grid, i.e., Q < 0.
This scenario is examined in this subsection. The reference
values of P and Q were set at Pref = 100 kW and Qref = −31.8
kVar with an initial step-change startup. The voltage of the
utility grid is set to E = 1.0� 0◦ p.u. for this case study. Using
equations (7) and (8), the desired amplitude and angle of the
filtered output voltage of the inverter turn out to be Vs = 1.0p.u.,
δ = 2.648◦. Converting the values into dq coordinates, we get
Vd(ref) = 0.99893 p.u. and Vq(ref) = 0.0463 p.u.

Fig. 12 shows the real and reactive power responses of the
fuel cell DG system. Note that at steady state, the fuel cell power
system delivers 100 kW of real power to the grid and consumes
31.8 kVar of reactive power from the grid (Q = −31.8 kVar),
which match the reference values set for P and Q.

Fig. 13 shows the dc output voltage and current of each fuel
cell array under light loading. In this case the fuel cell output
current percentage ripple is bigger than that of case A due to
lighter loading. However, the fuel cell output voltage ripple is
only about 2%, which is even less than that of case A due to a
higher steady-state fuel cell output voltage under light loading.

C. Load-Following Analysis

In a fuel cell DG system, a certain amount of power may be
scheduled to be delivered to a load center from the utility grid
with the rest to be supplied by the fuel cell system. Therefore,
a proper load-following controller must be designed to ensure
that only scheduled power is delivered from the grid and that
the fuel cell system follows the remainder of load demand.
In the deregulated power market, the ancillary service costs
due to load-following operations can be as high as 20% of the
total ancillary service costs [27]. Fig. 14 shows the system for
which the load-following study for the PEMFC DG system was
carried out. Bus 1 in the figure can be considered as a micro-

Fig. 13. Output voltage and current of each fuel cell array under light loading.

Fig. 14. System for the PEMFC load-following study.

grid, to which the PEMFC DG system and the power grid are
connected to supply power to the load. The power delivered
from the grid (PGrid) is kept constant (PGrid,sched), and the
PEMFC DG system is required to follow load as it changes.

The load-following control diagram is also shown in Fig. 14.
PGrid is measured and compared with the grid scheduled power.
The error (∆PGrid) is then fed through the load-following
controller to generate the adjustment power reference value
(∆PFC,ref), which is added to the initial power reference value
(P 0

FC,ref) to give the new power reference value (PFC,ref) for
the PEMFC system. Therefore, as load varies, PFC,ref is ad-
justed to ensure that the fuel cell DG system will compensate
the changes of PLoad. It should be noted that fuel cell power
adjustment is assumed to be within the safe operating range of
the fuel cell DG system.

In this case study PGrid is set to 100 kW (1 p.u.). As shown
in Fig. 15, at the beginning the load is 2 p.u., and therefore the
fuel cell system delivers the remaining 1 p.u. power to the load.
At t = 0.3 s, the load demand steps up to 3 p.u. and drops back
to its original value (2 p.u.) at t = 4.1 s. It is noted from Fig. 15
that the power grid responds to the initial load changes, and then
the PEMFC DG system picks up the load changes to keep the
grid power at its scheduled value. The simulation results show
that the PEMFC DG system can follow the load power changes
in less than 2 s.
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Fig. 15. Power curves of the load-following study.

Fig. 16. Faulted fuel cell DG system.

D. Fault Analysis

It is important to know whether the fuel cell DG system will
remain stable under fault. The fuel cell system delivers 2 p.u.
to the utility grid before the fault. A severe three-phase fault
is simulated to occur at t = 0.7 s at the low voltage side of
the step-up transformer connecting the fuel cell power system
to the grid, as shown in Fig. 16. The fault lasts for five cycles
(0.0833 s) and is cleared at t = 0.7833 s.

The power flow through the transmission line is shown in
Fig. 17. During the fault the transmission line power changes
direction since the utility grid also supplies power to the faulted
point. As shown in the figure, the fuel cell system remains
stable after the disturbance. Though the system is stable, there
is a rush of power delivered from the fuel cell power plant to
the utility grid when the fault is cleared. This is due to the large
phase difference between the utility grid and the inverter output
voltage when the fault is cleared. One of our future tasks is
to add a soft-starting control to limit the peak power when the
system recovers from a fault.

One advantage of the two-loop (voltage and current) inverter
control is its capability to limit fault currents. To show this
advantage, the simulation with the same fault on the system

Fig. 17. Faulted PEMFC DG system: Power flow of the transmission line.

Fig. 18. Faulted PEMFC DG system: Fuel cell output powers for the fault
studies.

with only voltage control on the inverter was also conducted for
comparison. The fuel cell output power under these two different
inverter control strategies is shown in Fig. 18. It is noted that
the system cannot remain stable when only the voltage control
is applied for inverter control. Because there is no current limit
control for this case, the fuel cell output current steps up sharply
due to the fault and exceeds the current corresponding to the
fuel cell maximum power point. As a result, the fuel cell output
power drops sharply. It can be observed from Fig. 18 that the
system with two-loop inverter control comes back to the prefault
state while the system with only voltage control on the inverter
cannot recover to its original state.

VI. CONCLUSION

Modeling, control, and simulation study of a PEMFC DG
system is investigated in this paper. A validated 500-W PEMFC
dynamic model, reported in [1], is used to model the fuel cell
power plant. The state space models for the boost dc/dc con-
verter and the three-phase inverter are also discussed. Controller
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Fig. 19. Block diagram of the current control loop for the inverter.

Fig. 20. Block diagram of the voltage control loop for the inverter.

designs for the dc/dc converter and the three-phase inverter are
given using linearized small-signal converter/inverter models.
Conventional PI voltage feedback controllers are used for the
dc/dc converters to regulate the dc bus voltage, and a dq trans-
formed two-loop current control scheme is used on the inverter
to control the real and reactive power delivered from the fuel
cell system to the utility grid.

A MATLAB/Simulink model of the proposed PEMFC DG
system was implemented using the SimPowerSystems block-
set. The validity of the proposed control schemes over a large
operating range was verified through simulations on nonlinear
converter/inverter models. Simulation results of the case studies
show that the real and reactive power delivered from the fuel cell
system to the utility grid can be controlled as desired while the
dc bus voltage is maintained well within the prescribed range.
The results also show that the fuel cell system is capable of
load-following and can remain stable under the occurrence of
severe faults. It is noted that a two-loop inverter control scheme
has an advantage over a voltage-only control scheme for the
inverter on fault protection and system stability.

APPENDIX

The block diagrams of the simplified current and voltage
control loops for the inverter are given in Figs. 19 and 20,
respectively. Only d-axis component values are shown in the
figures. Controllers for q-axis component values can be designed
similarly.

In Fig. 19, GCR(s) = kcp + kci/s is the current regulator,
KPWM is the overall gain of the PWM pulse generator for the
inverter; 1

Rs +Ls s is the equivalent admittance of the combi-
nation of LC filter, power transformer, coupling inductor, and
transmission line; and 1/kc is the current transducer ratio.

In Fig. 20, GVR(s) = kvp + kvi/s is the voltage regulator;
kc

1+τi s
is the lag approximation for the inner current loop; R′

s +
L′

ss is the equivalent impedance of the combination of the power

TABLE III
PARAMETERS OF THE CONTROLLERS FOR THE THREE-PHASE VSI

transformer, coupling inductor, and transmission line; and 1/kv

is the voltage transducer ratio.
The parameters of the current and voltage controllers are

given in Table III.
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