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Abstract: This paper develops a circuit model and con-
trollers of fuel cell based distributed generation systems
(DGS) in a standalone AC power supply. Dynamic
model of the fuel cell is considered. To boost low out-
put DC voltage of the fuel cell to high DC voltage and
compensate for its slow response during the transient,
two full-bridge DC to DC converters are adopted and
their controllers are designed: a unidirectional full-
bridge DC to DC boost converter for the fuel cell and a
bidirectional full-bridge DC to DC buck/boost convert-
er for the battery. For a three-phase DC to AC inverter,
a discrete-time state space model in the stationary dq
reference frame is derived and two discrete-time sliding
mode controllers are designed: voltage controller in the
outer loop and current controller in the inner loop. To
demonstrate the proposed circuit model and control
strategies, a simulation test-bed using Matlab/Simulink
is developed and various results are given.

Keywords: Distributed generation systems, standalone,
fuel cells, dynamic modeling, isolated full-bridge DC to
DC power converter, three-phase PWM inverter, slid-
ing-mode control.

1.  INTRODUCTION
Environmental-friendly distributed generation systems
(DGS) such as fuel cells, wind turbines, hydro turbines
or photovoltaic arrays are rapidly increasing around the
world because they can meet both the increasing demand
of electric power and environmental regulations due to
green house gas emission [1]-[8]. Outstanding advances
in Power Electronics and energy storage devices for
transient backup have accelerated penetration of the
DGS into electric power generation plants.
These DGS technologies can be used for various appli-

cations to a standalone, a grid-interconnection, a cogen-
eration, a standby, peak shavings, etc. and have many
benefits such as environmental-friendly, modular elec-
tric generation, increased reliability, high power quality,
uninterruptible power service, cost savings, on-site gen-
eration, and expandability, etc. 
The fuel cells are electrochemical devices which con-
vert chemical energy directly into electric energy by
reaction of hydrogen from the fuel and oxygen from the
air without regard to climate conditions unlike hydro or
wind turbines and photovoltaic arrays [7]-[18], [25]-
[26]. Thus, the fuel cells are one of the most attractive
DGS resources for power delivery. However, batteries
need to be placed in parallel or series with the fuel cell
as a temporary energy storage element to support start-
up or sudden load changes because the fuel cells can not
immediately respond to such abrupt load changes. 
For practical analysis of the fuel cell systems, a physi-
cal/chemical model [7]-[12] or a first/second order
model [13], [14] is used to realize the slow dynamics of
the fuel cells. However, most of the papers have not
addressed in detail power converter design and control.
For single-phase residential applications, the fuel cell is
modeled by a DC voltage source to design low-cost and
small-sized power converters [15]-[18]. A unidirection-
al isolated full-bridge DC to DC power converter can be
used to boost low fuel cell voltage [19]-[24]. In addi-
tion, a bidirectional full-bridge DC to DC power con-
verter can be used for stepping up low battery voltage or
stepping down high-voltage-side DC link according to
battery discharge or recharge mode [25], [26].
Sedghisigarchi and Feliachi [7], [8] have addressed the
fuel-cell dynamic model, and control and stability of the
grid-connected DGS, but their two-part paper deals with
only PI controllers and does not have energy storage
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devices for transient backup. Also, a three-phase PWM
inverter is not considered in these papers.
Also, techniques to produce a sinusoidal AC output
voltage with low total harmonic distortion (THD) in a
three-phase PWM inverter have been reported [27]-
[30]. Particularly, even if real-time deadbeat controllers
[27]-[29] have low THD for linear load and a fast tran-
sient response for load disturbances, it is known that
they are sensitive to parametric variations and model
uncertainties as well as these techniques have a high
THD under nonlinear load. On the other hand, discrete-
time optimal voltage/current controllers in a rotating
reference frame have been proposed for UPS applica-
tions of a three-phase PWM inverter [30]. However, it
does not consider a nonlinear load.
The papers stated previously are oriented toward only
one part of either dynamic modeling of the fuel cell or
design of power converters with a constant DC voltage
source such as a forward/push-pull DC to DC boost
converter, a single unidirectional full-bridge DC to DC
power converter or a single bidirectional full-bridge DC
to DC power converter as well as a three-phase DC to
AC inverter.
In this paper, simulation studies which cover all the slow
dynamics of the fuel cell, a voltage-current polarization
curve of the stack, a unidirectional full-bridge boost con-
verter for the fuel cell, a bidirectional full-bridge
buck/boost DC to DC power converter for the battery,
and a three-phase DC to AC inverter are performed for
the fuel-cell-powered DGS to put the battery in parallel
to the fuel cell in a standalone AC power supply.
Especially, to boost low output DC voltage of the fuel
cell to high DC voltage and compensate for its slow
response during the transient, two full-bridge DC to DC
converters are adopted and an adaptive proportional
controller is designed. For a three-phase DC to AC
inverter, two discrete-time sliding mode controllers are
designed to guarantee the good performance such as
nearly zero steady state inverter output voltage error,
low THD, good voltage regulation, robustness, fast
transient response, and protection of the inverter against
overload under linear/nonlinear loads. To demonstrate
the proposed circuit model and control strategies, a
simulation test-bed using Matlab/Simulink is developed
for the standalone AC power generation with a three-
phase AC 120 V/60 Hz/50 kVA.
The paper is organized as follows. Section II illustrates
fuel cell based distributed generation systems in a stand-
alone AC power plant. Dynamic model of the fuel cell
is shown in Section III. Section IV explains unidirec-
tional/bidirectional full-bridge DC to DC power con-
verters for the fuel cell and battery. Circuit model of DC

to AC inverter is given in Section V. Section VI presents
control system design. Simulation results of full-bridge
DC to DC power converters with dynamics of the fuel
cell and three-phase DC to AC inverter are shown in
Section VII. 

2. FUEL CELL BASED DISTRIBUTED GENERA-
TION SYSTEMS IN A STANDALONE AC POWER
SUPPLY
The fuel cell can not immediately respond to power
demand during start-up or sudden load changes due to
its slow dynamics. As a result, energy storage elements
such as batteries or flywheels deliver the remaining
power to the load for the transient. 
Fuel cell stack voltage, battery position and topology of
DC to DC boost converters can be selected variously
according to the designers [15]-[18]. In this paper, a low
voltage DC output of the fuel cell is used along with the
unidirectional boost converter to avoid reliability dete-
rioration by stacking a number of series cells. A low
voltage battery for backup is connected in parallel to the
high-voltage-side DC bus through a bidirectional
buck/boost converter because difficulties in battery
management can be significantly reduced. In addition,
an isolated full-bridge DC to DC power converter is
chosen to boost low output DC voltage of the fuel cell
because its topology is suitable for high power applica-
tions.
Based on the DGS unit with the battery in parallel to the
fuel cell, two applications are promising in industry as
illustrated in Fig. 1: a standalone AC power supply and
a grid-interconnection.

Fig. 1: Configuration for two applications.

In this paper, a standalone operation of two applications
above is investigated. Fig. 2 depicts a configuration of
the DGS with parallelly connected fuel cell and battery
for the standalone AC power plant. It consists of a fuel
cell, a battery, unidirectional and bidirectional isolated
full-bridge DC to DC power converters, a three-phase
DC to AC inverter, an L-C output filter, and a three-
phase local load. 

11



ìœéú …ðœíò ìùñ~¶ýò ‹±Ý ô …èß}±ôðýà …ü±…ó-||¶†ë ¬ôï-|ºí†°û …ôë-|‹ù†° ô {†‹·}†ó 4831

Journal of Iranian A
ssociation of E

lectrical and E
lectronics E

ngineers - V
ol.2 - N

o.1 - Spring and Sum
m

er 2005

Fig. 2: Configuration of fuel cell based DGS in a stand-
alone AC power supply.

Fig. 3 shows a real system diagram of the DGS that con-
sists of a reformer, stack, a fuel processor controller, a
unidirectional boost converter, a bidirectional
buck/boost converter, a 3-phase DC to AC inverter, a
supervisory controller, two DSP controllers, and a 3-
phase load in the standalone AC power generation.

Fig. 3: Detailed system diagram of the DGS with fuel
cell and battery.

As described in Fig. 3, the fuel processor controller con-
trols the reformer to produce hydrogen for the power
requested from the supervisory controller, and monitors
the stack current and voltage. The supervisory con-
troller communicates with the fuel cell processor con-
troller to equalize the power available from the stack to
the power requested by the load, and to coordinate pro-
tections of the fuel cell. Also, it controls the DSP con-
troller 1 and 2 for the DC and AC power regulation with
sensed output voltages/currents. The DSP controller 1
supervises the gating signals of unidirectional and bidi-
rectional DC to DC power converters, and the DSP con-
troller 2 regulates the gating signals of the three-phase
DC to AC inverter.

3. MODELING OF FUEL CELL
Among several types of the fuel cells categorized by the
electrolyte used, four types are promising for distributed

generation systems: Phosphoric Acid fuel cell (PAFC),
Solid Oxide fuel cell (SOFC), Molten Carbonate fuel
cell (MCFC), Proton-Exchange-Membrane fuel cell
(PEMFC).  
All types of the fuel cells produce electricity by electro-
chemical reaction of hydrogen and oxygen, and the oxy-
gen can be easily obtained from compressing air. On the
contrary, hydrogen gas required to produce DC power is
indirectly gained from the reformer using fuels such as
natural gas, propane, methanol, gasoline or from the
electrolysis of water. 
A typical configuration of an autonomous fuel cell sys-
tem is described in Fig. 4. As shown in this figure, the
fuel cell plants consist of three main parts: a reformer,
stack, and power conditioning unit (PCU). First, the
reformer produces hydrogen gas from fuels and then
provides it for the stack. Second, the stack has many
unit cells in series to generate a higher voltage needed
for their applications because a single cell that consists
of electrolyte, separators, and plates, produces approxi-
mately 0.7 V DC. Last, the PCU including power con-
verters convert a low voltage DC from the fuel cell to a
high voltage DC and/or a sinusoidal AC.  

Fig. 4: Configuration of the fuel cell system.

A.  Dynamics of Reformer
For dynamic modeling of the fuel cells, the reformer
and stack, which determine the dynamic response of the
fuel cell system, are further described. Fig. 5 shows a
detailed block diagram of the fuel cell system to illus-
trate its operation. 

Fig. 5: Detailed block diagram of the fuel cell system. 

12
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As depicted in Fig. 5, the fuel cell system consists of
fuel cell stack and auxiliary systems such as a fuel cell
processor to request the hydrogen gas, a reformer, an air
compressor to provide pressurized oxygen flow through
the cathode, a valve to control the hydrogen flow
through the anode, a humidifier to add moisture to the
hydrogen and oxygen gases, and a water-cooling system
to remove heat from the stack. 
Among the auxiliary systems stated above, the reformer
significantly affects the dynamic behavior of the fuel
cell system because it takes several minutes to tens of
seconds to convert the fuel into the hydrogen depending
on the demand of the load current as illustrated in Fig.
6. Thus, to investigate an overall operation of fuel cell
powered systems, the dynamics of the reformer need to
be considered, and it may be represented by a second
order transfer function model [13] or a first order time
delay model [14]. In this paper, a first order transfer
function is used for the dynamic model of the reformer.

Fig. 6: Dynamic model of the reformer. 

B. Voltage-Current Polarization Curve of Fuel Cell
Stack
The response of the stack that produces electric DC
power from hydrogen and oxygen is much faster than
that of the reformer. A voltage-current polarization
curve of a fuel cell stack represented in Fig. 7 also needs
to be considered for the practical model of the fuel cell.
That is, cell voltage decreases as the stack current
increases.  
Fig. 7 shows a static voltage-current characteristic curve
of a single fuel cell. As illustrated in the figure, there
exist three regions: region of activation polarization,
region of ohmic polarization, and region of concentra-
tion polarization. First, in region of activation polariza-
tion, the cell voltage drops rapidly with even small cur-
rent increase. Second, in region of ohmic polarization,
the cell voltage linearly decreases as current increases,
and the fuel cell normally operates in this region. Last,
in region of concentration polarization, the voltage col-
lapses sharply when current exceed the upper limit of
safe operation, and as a consequence, operation in this
region should be avoided because the fuel cell may be
damaged due to primarily starvation of the hydrogen. 

Fig. 7: V-I polarization curve of a single fuel cell.

1. Theoretical EMF or ideal voltage (1.16 V)
2. Region of Activation Polarization (Reaction Rate

Loss)
3. Region of Ohmic Polarization

4. Region of Concentration Polarization (Gas
Transport Loss)

In this paper, the Proton Exchange Membrane (PEM)
Fuel Cells of four promising fuel cells are investigated.
Based on an electrochemical process in [10], a Simulink
model is developed for the V-I polarization curve of the
fuel cell stack as illustrated in Fig. 8. 

Fig. 8: Simulink model for V-I polarization curve.

In this figure, the polarization curve of the fuel cell is
generated using regression models with current, fuel
cell temperature, vapor saturation pressure, and oxygen
and hydrogen partial pressures. In particular, the oxygen
and hydrogen pressures can be estimated from cathode
pressure, cathode relative humidity and vapor saturation
pressure.
To obtain the voltage-current polarization curve of the
fuel cell stack, the following assumptions are made:

Fuel cell temperature is 80 C at all times.
Gas distribution is uniform.
Anode relative humidity is equal to cathode relative

humidity and the value is 75%.
The ratio of pressures between the interior and exterior

of the channel is large enough for orifice to be choked.

13
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The Nernst's equation is applied.
The cell utilization is 85%.

Based on the above assumptions, the polarization curves
of the stack of 250 cells in series for various cathode
pressures [1, 1.2, 1.4, 1.6, 1.8, 2 bar] are shown in Fig.
9. As represented in this figure, the linearized polariza-
tion curve corresponding to cathode pressure (pca) of 1.2
bar is selected for a 50 kW PEM fuel cell and it will be
used for Simulink model of the fuel cell stack.

Fig. 9: V-I polarization curves at different cathode pres-
sures (pca).

Note that the fuel cell has the slow dynamic response
during transient. At initial startup, it takes 90 seconds
for the fuel cell to reach steady state. Whenever there is
a change in power demand, the fuel cell takes 60 sec-
onds to reach a new steady state because the hydrogen
flow rates can be slowly adjusted to meet the power
demand [15]-[18]. To compensate for such a sluggish
response of the fuel cell, an energy storage device such
as a battery may be required to achieve the end-use
needs. For a 50 kW PEM fuel cell, this implies that dur-
ing startup (90 sec), the energy storage requirement is
4500 kJ or 1.25 kWh. Furthermore, dynamic load
changes should be supported by the batteries for 60 sec-
onds. For lead-acid batteries, about 20 % change of
nominal charge state may be reasonable to avoid deep
discharge and guarantee long service life as well as
reserve capacity in the case of an extended fault with the
fuel cell. Fig. 10 shows a discharge curve of fuel cell
and battery to determine the battery capacity.
Considering only 20 % discharge of the nominal battery
charge state for 90 seconds (startup), the minimum stor-
age requirement of the batteries to support the fuel cell
during all transients is about 22,500 kJ or 6.25 kWh.

Fig. 10: Discharge curve of fuel cell and battery.

5. UNIDIRECTIONAL/BIDIRECTIONAL FULL-
BRIDGE DC TO DC POWER CONVERTERS
To boost low output DC voltage of the fuel cell to high
DC voltage, a forward DC to DC boost converter, a
push-pull DC to DC boost converter or an isolated full-
bridge DC to DC power converter can be selected.
Among these power converters, two phase-shifted full-
bridge DC to DC converters, which are one of the most
attractive topologies for high power generation [19]-
[26], are adopted as described in Fig. 11: a unidirec-
tional full-bridge DC to DC boost converter for the fuel
cell and a bidirectional full-bridge DC to DC boost/buck
converter for battery. 

Fig. 11: Unidirectional/bidirectional DC to DC power
converters.

In Fig. 11, the unidirectional power converter system
for the fuel cell consists of a fuel cell, an input filter (L1,
C1), a full-bridge power converter "1" (F1 to F4), a high
frequency transformer (N1:N2), a bridge-diode (DF1 to
DF4), and an output filter (L2, C2), while the bidirec-
tional power converter system for the battery consists of
a battery, a static switch (SB), two full-bridge power
converter "2" (B1 to B4) and "3" (B11 to B44), and a high

14
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frequency transformer (n1:n2). 
Fig. 12 shows power flows of DC to DC power con-
verters for battery discharge and battery recharge. As
shown in Fig. 12, the unidirectional full-bridge DC to
DC boost converter permits only one directional power
flow from the fuel cell to the load because a reverse cur-
rent can damage the fuel cell, and a response speed of
the power converter should be slow enough to meet
slow dynamic response of the fuel cell. On the other
hand, the bidirectional full-bridge DC to DC power con-
verter allows both directional power flows for battery
discharge and recharge, and its response also should be
fast to compensate for the slow dynamics of the fuel cell
during start-up or sudden load changes. 
For battery discharge mode illustrated in Fig. 12 (a),
which occurs when a startup or a sudden load increase,
the fuel cell starts delivering electric power to the load
and the battery instantly provides power until the fuel
cell reaches a full operation state. After transient opera-
tion, only the fuel cell feeds electric power to the load.
For battery recharge mode shown in Fig. 12 (b), the bat-
tery absorbs the energy overflowed from the fuel cell to
prevent DC-link voltage VDC from being overcharged
during a sudden load decrease, and then the battery is
recharged by the fuel cell in a steady-state until it reach-
es a nominal voltage.

Fig. 12: Power flows of DC to DC power converters.
(a) Battery discharge. (b) Battery recharge.

6. THREE-PHASE DC TO AC INVERTER
A circuit model of a three-phase DC to AC inverter with
L/C output filter is further described in Fig. 13. As
shown in the figure, the system consists of a DC voltage
source (Vdc), a three-phase PWM inverter (S1 to S6), an
output filter (Lf and Cf), and a three-phase load (RL).
Note that the first stage of DGS that consists of a fuel
cell, a battery, and two full-bridge DC to DC power con-
verters is replaced with the DC voltage source (Vdc)
because during transient the battery fully supports the
fuel cell with a slow dynamic response to keep the DC-
link voltage (Vdc) constant and as a result, the first stage
can be considered as a stiff DC energy source.

Fig. 13: Three-phase DC to AC inverter with L-C out-
put filter.

The circuit model described in Fig. 13 uses the follow-
ing quantities. The inverter output line-to-line voltages
and output currents are represented by the vectors Vi =
[ViAB ViBC ViCA]T and Ii = [iiA iiB iiC]T. Also, the load line
to neutral voltage and phase current vectors can be rep-
resented by VL = [VLAn VLBn VLCn]T and IL = [iLA iLB iLC]T

, respectively. 
The L-C output filter yields the following state equa-
tions by KCL and KVL:

(1)

where, 

To implement the space vector PWM, the above state
equations can be transformed from the abc reference
frame into stationary dq reference frame that consists of
the horizontal (d) and vertical (q) axes. The relation
between these two reference frames is below

,                                   (2)
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where, , fdq0=[fd fq f0]T,

fabc=[fa fb fc]T, and f denotes either a voltage or a current
variable.

Using (2), the (1) can be transformed below

,                                                                (3)

where, .

The given plant model (3) can be expressed as the fol-
lowing continuous-time state space equation
, (4)

where, , ,

, , , .

Note that the load line to neutral voltage VLdq and
inverter output phase current Iidq are the state variables,
the inverter output line-to-line voltage Vidq is the control
input (u), and the load phase current ILdq is defined as
the disturbance (d).

7.  CONTROL SYSTEM DESIGN
A.   Full-Bridge DC to DC Power Converters
Based on the circuit model in Fig. 11, two full-bridge
DC to DC power converters have to boost low DC volt-
age of the fuel cell and battery, and regulate tightly the
DC-link voltage (Vdc) to a required voltage in spite of
fuel cell output voltage fluctuating according to load.
Moreover, a bidirectional DC to DC power converter
for the battery should backup the fuel cell with a slow
dynamic response during transient behavior.
To realize the factors above, a new topology with a stat-

ic switch SB on the side of battery which can control
both directional power flows is proposed in Fig. 11. Fig.
14 (a) and (b) show waveforms of power transistors for
battery discharge and recharge, respectively. As depict-

ed in the figures, a phase-shifted angle ( ) is controlled
to meet the power demand and regulate DC-link voltage
(Vdc) to a desired value.

Fig. 14: Waveforms of power switches for unidirection-
al/bidirectional DC to DC converters.  (a) Battery dis-
charge. (b) Battery recharge.

During start-up or rapid load increase as shown in Fig.
14 (a), the power converters (F1 to F4, B1 to B4) run as
a phase-shifted full-bridge converter and all power
switches of the power converter (B11 to B44) on the sec-
ondary side of battery's transformer are turned off.
Additionally, the static switch SB is turned on for the
battery to backup the fuel cell during transient.
For rapid load decrease or steady-state as illustrated in
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Fig. 14 (b), the power converters (F1 to F4, B11 to B44)
operate as a phase-shifted full-bridge converter, where-
as the power converter (B1 to B4) on the primary side of
battery's transformer acts as a regular PWM full-bridge
converter. Also, the static switch SB is turned off for
absorption of overcharged power or battery recharge in
steady-state time.
Fig. 15 shows a control block diagram of unidirectional
and bidirectional full-bridge DC to DC converters. In
Fig. 15, load current IL, fuel cell current IF2 on the high
voltage side, battery voltage VB and DC-link voltage
Vdc are measured to perform closed-loop control. Note
that high frequency components of all measured cur-
rents are filtered out by low-pass filter for accurate volt-
age and current control.

Fig. 15: Control block diagram of DC to DC power con-
verters.

As represented by Fig. 15, control variables of two DC

to DC power converters are phase-shifted angels ( f ,

b), where f is a phase-shifted angle for the fuel cell

and b is a phase-shifted angle for the battery, and there

exist three main loops: start-up, |ei| > , and |ei| < ,
where ei = IL IF2 and   is a small positive value.

During start-up, phase-shifted angles ( f , b) of two
power converters are given by "Profile A" predeter-

mined for soft starting. For |ei| > , a difference between
a filtered load current (IL) and a filtered fuel cell current
(IF2) is used to determine either "load increase" or "load
decrease". The angles are determined by "Profile B" and
"Profile C" which meet dynamic characteristics of the
fuel cell and battery, depending on load increase or load

decrease. If the difference is positive, "Profile B" is
selected for the battery to backup the fuel cell. On the
other hand, if the difference is negative, "Profile C" is
chosen so that the battery can absorb electric energy
overflow from the fuel cell due to abrupt load decrease. 

After |ei| goes within , an adaptive proportional con-
troller is used to regulate the DC-link voltage Vdc and a
discrete-time PI controller is used to recharge the bat-
tery from the fuel cell until the battery voltage VB reach-
es a nominal value. The adaptive controller is designed
to prevent abrupt switching action which can cause a
large amount of current ripple by properly adjusting the
gain according to the error between reference DC-link

voltage V*
dc and measured voltage Vdc. Also, if fuel cell

stack current IF and battery current IB are above the
limit which can damage cells, two power converters
will shut down.

B.  Three-Phase DC to AC Inverter
To supply a qualified AC power to the local load con-
nected to the distributed generation systems (DGS),
good performance such as a low THD, a fast transient
response, and over-current protection should be guaran-
teed under linear/nonlinear loads. 
Fig. 16 shows a control block diagram of a three-phase
DC to AC inverter. As represented by Fig. 16, two dis-
crete-time sliding mode controllers (DSMC) are pro-
posed to perform zero steady state tracking error, THD
reduction, and fast and no-overshoot response: current
controller in the inner loop and voltage controller in the
outer loop. First of all, the DSMC is suitable for digital
implementation since it does not exhibit the chattering
phenomena due to direct digital implementation of con-
tinuous time sliding mode control [31].

Fig. 16: Control block diagram of a three-phase DC to
AC inverter.

1) Current Controller in the Inner Loop
For design of a discrete-time current controller, the con-
tinuous-time state space equation (4) of the plant can be
transformed to a discrete form:

,                      (5)
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where, , , ,

, , , .

In order to control the output y1(k) to follow the refer-
ence y1_ref(k), a sliding mode manifold can be selected
below 

.  (6)

Therefore, discrete-time sliding mode can be reached if
the control input u(k) is designed as the solution of:

.                              (7)

The control law that satisfies (7) and yields motion in
the manifold s(k) = 0 is called 'equivalent control' and is
given:

.      (8)

If the control is limited by , then the following
modified control input can be applied:

.              (9)

With control law (9), the discrete-time sliding mode can
be reached after a finite number of steps and the control
voltage limit u0 is also determined by the SVPWM
inverter.

2) Voltage Controller in the Outer Loop
For the dynamics of the DSMC to be included in the
outer loop, its model has to be combined with the orig-
inal plant.
After the dynamics (8) of the DSMC is included in (5),
the overall plant can be expressed:

,          (10)

where , , ,

, , , .

To be similar to the current controller, a sliding mode
manifold may be chosen in the form of: 

.                          (11)

Thus, if the control input u1(k) is designed to be the
solution of s(k+1)=0, the discrete-time sliding mode can

be reached after a finite number of steps and the equiv-
alent control (u1eq) is given by:

.    (12)

If the control is limited by  , then the following modi-
fied control input can be applied:

.             (13) 

Note that the control law u1eq(k) is limited by 300% of
the rated current.

8.  SIMULATION RESULTS
To validate the effectiveness of the fuel cell model and
control strategies of full-bridge DC to DC and three-
phase DC to AC power converters that are proposed for
the fuel cell based distributed generation systems in the
standalone AC power plant, a simulation test bed using
Matlab/Simulink is constructed for an AC 120 V (L-
n)/60 Hz/50 kVA. 
In this paper, to overcome an excessive computation
time due to three power converters and high PWM fre-
quencies, it is assumed that the dynamic response time
of the fuel cell is significantly reduced compared to its
normal response time. Also, the simulation test bed is
divided into two parts: two full-bridge DC to DC power
converters with the dynamic model of the fuel cell and
a three-phase DC to AC inverter. It is reasonable if the
DC to DC power converters tightly regulate the DC-link
bus voltage (Vdc) that is used as an input of the three-
phase DC to AC inverter within a desired value.

A. Full-Bridge DC to DC Power Converters
To demonstrate the fuel cell model and control scheme
presented for two full-bridge DC to DC power convert-
ers, a simulation test bed using Matlab/Simulink is
developed. 
Fig. 17 shows a Simulink model of the fuel cell, and it
consists of a power request, a power to current conver-
sion, a first-order transfer function for the transient
response of the reformer, a controlled current source, a
linearized polarization curve for the modeling of the
stack, and a controlled voltage source. 

Fig. 17: Simulink model of the fuel cell.
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Fig. 18 shows a Simulink model of two full-bridge DC
to DC power converters with the fuel cell and the bat-
tery, and it consists of a fuel cell, an input filter (L1 and
C1), a unidirectional isolated full-bridge DC to DC
power converter, an output filter (L2 and C2), a battery,
a static switch (SB), a bidirectional isolated full-bridge
DC to DC power converter, two PWM controllers, and
a load. The system parameters are given in Table I.

Fig. 18: Simulink model of full-bridge DC to DC power
converters with the fuel cell and battery.

TABLE I SYSTEM PARAMETERS

To show a general dynamic response of the fuel cell,
assume that it takes 12 msec for fuel cell to reach from
no-load to full load and takes 4 msec (1/3 of the increas-
ing time) and vice versa [14]. Fig. 19 to 21 show simu-
lation results under startup, a sudden load increase, and
a sudden load decrease, respectively. 
Each figure indicates: (1) Power request (P), (2) Fuel
cell voltage (VC1), (3) Fuel cell current (IF), (4) Filtered
output current (IF2) of fuel cell on DC-link side, (5)
Filtered output current (IB2) of battery on DC-link side,
and (6) High-side DC-link voltage (Vdc).
In Fig. 20, a power request signal is changed from 0 to
20 kW at 42 msec, and then 20 kW to 40 kW at 62 msec.
In Fig. 21, the power request signal is changed from 0
to 40 kW at 42 msec, and dropped to 20 kW at 62 msec.

Fig. 19: Simulation waveforms during start-up.

Fig. 20: Simulation waveforms under a sudden load
increase.

Fig. 21: Simulation waveforms under a sudden load
decrease.



As depicted in Fig. 19 to 21, the fuel cell current (IF)
has some delay because it takes some time for the fuel
to be converted to the hydrogen, which is demanded for
the request power, and the fuel cell voltage and current
depend on each other as voltage-current polarization
curve of the stack. 
Also, the DC-link bus (Vdc) is nearly constant during
the transients because the battery appropriately backs up
the fuel cell. The battery is discharged during startup
and abrupt load increase, while it slowly recharged by
the fuel cell to reach a nominal value during rapid load
decrease or in steady-state time.

B.  Three-Phase DC to AC Inverter
To validate the control strategy proposed for three-
phase DC to AC inverter, a simulation test bed using
Matlab/Simulink is constructed as illustrated in Fig. 22,
and the system parameters are given in Table II. 

Fig. 22: Simulink model for a 3-phase PWM inverter.

TABLE II SYSTEM PARAMETERS

Fig. 23 and 24 show the results under a linear load (p.f.
= 0.8) and a nonlinear load with a three-phase diode
bridge, respectively. In Fig. 25 and 26, the simulation
results show a resistive load step change at 50 msec
from 0 to 40 kW, and vice versa. Fig. 27 shows simula-
tion results under a resistive unbalanced load, i.e., the
phase A and B are normal, while the phase C is open at
50 msec.

Fig. 23: Results under a linear load (p.f. =0.8).

Fig. 24: Results under a nonlinear load.
In Fig. 23 through 27, each figure indicates: (1) Inverter
output line to line voltage (ViAB), (2) Load phase volt-
ages (VLAn, VLBn, VLCn), (3) Inverter output phase cur-
rents (iiA, iiB, iiC), (4) Load phase currents (iLA, iLB, iLC),
and (5) Load active power (PL) and reactive power (QL).

Fig. 25: Results under a resistive balanced load step
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change (0 to 40 kW).

Fig. 26: Results under a resistive balanced load step
change (40 kW to 0).

Fig. 27: Results under a resistive unbalanced load
(Phase A & B: normal and Phase C: open at 50 msec.).

From Fig. 23 to 27, the proposed control method
demonstrates the good performance such as a low THD,
a fast transient response, and over-current protection
under the linear load, nonlinear load, and even resistive
load step changes. Note that it takes 1/60 seconds for the
PL and QL to be accurately calculated using Simulink
model in the figures.

9. CONCLUSIONS
This paper has described the circuit model and con-
troller design of the fuel-cell-powered DGS to put the
battery in parallel to the fuel cell in a standalone AC
power supply. 
A simulation test-bed using Matlab/Simulink is present-

ed, which includes the dynamic model of the fuel cell,
the unidirectional full-bridge DC to DC boost converter
(fuel cell), the bidirectional full-bridge DC to DC
buck/boost converter (battery), and the three-phase DC
to AC inverter.
Especially, a new topology with a static switch on the
side of battery which can control both directional power
flows is proposed for the bidirectional full-bridge DC to
DC buck/boost converter. For three power converters,
the controllers are designed: an adaptive proportional
controller for two DC to DC power converters and two
discrete-time sliding mode controllers for the three-
phase DC to AC inverter. From Fig. 19 to 27, the effec-
tiveness of the proposed circuit model and control meth-
ods is validated.
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