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Grid-tied Power Conditioning System for Fuel Cell Composed of 
Three-phase Current-fed DC-DC Converter and PWM Inverter 

 
 

Jong-Kyou Jeong*, Ji-Heon Lee*, Byung-Moon Han† and Han-Ju Cha** 
 

Abstract - This paper proposes a grid-tied power conditioning system for fuel cell, which consists of 
three-phase current-fed DC-DC converter and three-phase PWM inverter. The three-phase current-fed 
DC-DC converter boosts fuel cell voltage of 26-48 V up to 400 V with zero-voltage switching (ZVS) 
scheme, while the three-phase PWM(Pulse Width Modulation) inverter controls the active and reactive 
power supplied to the grid. The operation of the proposed power conditioning system with fuel cell 
model is verified through simulations with PSCAD/EMTDC software. The feasibility of hardware im-
plementation is verified through experimental works with a laboratory prototype with 1.2 kW proton 
exchange membrane (PEM) fuel cell stack. The proposed power conditioning system can be commer-
cialized to interconnect the fuel cell with the power grid. 
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1. Introduction 
 
Fuel cells, such as solar cell, are clean energy sources for 

electricity generation. Many types of fuel cell were devel-
oped for supplying electricity to cars or homes. Proton ex-
change membrane (PEM) fuel cell, which has a simple 
structure and high-power density, is considered as a DC 
power source for distributed power generation and passen-
ger cars [1], [2]. 

Fuel cells have non-linear characteristic in electrical op-
eration due to the polarization phenomena of electro-
chemical reaction. The terminal voltage at the rated load 
drops to the half value of the terminal voltage at no load. 
Thus, a highly efficient DC-DC converter is required to 
boost up the low terminal voltage to the high DC link volt-
age [3], [4]. 

Full-bridge, push-pull, and boost converters have been 
proposed as DC-DC converters for fuel cells. Full-bridge 
converter has a disadvantage of high switching loss due to 
the large number of switching units. Push-pull converter 
has lower switching loss due to lower number of switching 
units, but it has 88% efficiency because it still requires 
double-winding structure in the primary side. Boost con-
verter has lower switching loss due to the small number of 
switching units, but it has lower voltage-boosting ratio of 
three to four times. Multi-stage boost converter without 
transformer was developed to obtain high voltage-boosting 
ratio; however, its efficiency is at the range of 86-90%. 
Isolated boost converter was also developed to obtain high 

voltage-boosting ratio, with efficiency of between 86% and 
90%. In order to increase the efficiency and to reduce the 
number of components, various type of converters were 
proposed by many researchers [5], [6], [7], [8]. 

Recently, three-phase power transfer concept has been 
extended to the DC-DC converter for high-power and high-
efficiency applications. One coauthor of this paper pro-
posed a three-phase DC-DC converter with boost inductor, 
active clamp, three-phase delta-delta wound transformer, 
and three-phase diode rectifier. Its performance was veri-
fied through experimental work with variable DC source 
and resistive DC load [9], [10], [11], [12]. 

This paper describes the analysis results of the grid-tied 
power conditioning system for fuel cell, which is com-
posed of three-phase DC-DC converter and three-phase 
PWM inverter. The performance of the proposed power 
conditioning system was verified by computer simulations 
with PSCAD/EMTDC. Furthermore, the feasibility of the 
hardware implementation was confirmed by experimental 
works with a prototype connected to 1.2 kW PEM fuel cell. 

 
 

2. Proposed Power Conditioning System 
 

Fig. 1 shows the configuration of the proposed power 
conditioning system for fuel cell, including the whole sys-
tem controller. 

The power conditioning system requires high boost ratio 
DC-DC converter to compensate the severe output voltage 
variation of the fuel cell between the no-load and full-load 
conditions. The DC-DC converter introduced in this study 
operates in zero-voltage switching (ZVS) by using the ac-
tive clamp to improve efficiency. 

The whole system controller is divided into the control 
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part for the DC-DC converter and for the three-phase in-

verter. The control part for the DC-DC converter maintains 

the DC output voltage constant, while that for the inverter 

controls the active power P and the reactive power Q at the 

grid-tied point. 

The control part for the DC-DC converter compares the 

measured DC capacitor voltage with the reference value 

and generates an error signal, which is then sent to the PI 

controller to determine the duty ratio. The three-phase DC-

DC converter maintains the output voltage at 400 V by 

generating six main switch gate signals with the duty ratio 

and the single active clamp switch gate signal with a com-

plementary duty ratio. The control part for the inverter 

measures the three-phase voltage and current and performs 

the d-q transform with the phase-locked angle. It generates 

the reference values of the d-axis current and q-axis current, 

dividing the reference values of active power P and the 

reactive power Q by the rated voltage. These d and q refer-

ence currents are sent to the current control for generating 

the d and q reference voltage of the inverter. Meanwhile, 

the d and q reference voltage are used for generating the 

PWM pulses after performing inverse d-q transform. 

 

 

3. Fuel Cell Modeling 

 

In the PEM fuel cell, the hydrogen gas is supplied to the 

anode through a platinum catalyst in order for it to be ion-

ized into a hydrogen proton and an electron. The hydrogen 

proton moves to the cathode through the solid polymer 

membrane and is combined with the oxygen supplied to the 

cathode. Through this electron chemical reaction, the fuel 

cell generates electricity and heat, as well as water as a by-

product.  

The ideal fuel cell voltage is the same as the equilibrium 

voltage represented by the Nernst model, which is based on 

Gip’s free energy. The actual fuel cell voltage is repre-

sented by the reduction characteristic of the equilibrium 

voltage due to the polarization phenomenon. 

The unit cell voltage of the fuel cell is represented by 

subtracting three polarization losses from the equilibrium 

voltage with respect to the exchange current density. The 

unit cell voltage shows non-linear characteristic and is ex-

pressed by eq. (1). 
 

cell rev act con ohmE E E E E= − − −           (1) 

 
Where Erev is the equilibrium voltage; Eact is the activated 

polarization loss; Econ is the concentration polarization 

loss; and Eohm is the ohmic polarization loss. 

The activated polarization loss, which is due to the dif-

ference of the reaction speed on the electrode, is repre-

sented by eq. (2). 

Where io is the exchange current density related to the 

normal and reverse reactions between the electrolyte and 

the electrode. 

The exchange current is dependent on the pressure, cata-

lyst, activated energy, and temperature. If this value is re-

duced, the activated polarization Eact is reduced and the 

output voltage of fuel cell Ecell is increased. Hence, the 

exchange current is a very important parameter in fuel cell. 

The concentration polarization loss Econ is due to the 

gradient difference of the reaction material concentration, 

which is represented by eq. (4). The ohmic polarization 

loss Eohm, which is composed of electrolyte resistance, 
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Fig. 1. Proposed power conditioning system for fuel cell. 
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electrode resistance, and lead wire resistance, is repre-
sented by eq. (5). 
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Therefore, the output voltage characteristic of the fuel 

cell is represented by the five equations shown above. If all 
the parameters described in these equations are known for 
a specific fuel cell, its output voltage with respect to output 
current is easily analyzed. 

Fig. 2 shows the output characteristic curves for a unit 
cell of a typical fuel cell. The actual cell output Ecell is re-

duced at a non-linear manner by three polarization compo-
nents from the equilibrium voltage. 

In actual fuel cells, many unit cells are connected in a se-
ries as a stack structure to build up the terminal voltage. 
Thus, the voltage and current characteristics of stack is 
determined by multiplying the unit cell voltage by the 
number of cells and multiplying the unit cell current den-
sity by the area of the cell. 

Fig. 3 shows the output voltage characteristic of fuel cell 
stack that is composed of 47 cells. The y axis shows the 
actual output voltage, while the x axis shows the fuel cell 
current. This curve is required to design the DC-DC con-
verter for fuel cell power conditioning system. 

 
 

4. Three-phase DC-DC Converter 
 
Fig. 4 shows the configuration of three-phase DC-DC 

converter with high boosting ratio and high efficiency, 
which is described in [9]. It consists of a three-phase cur-
rent-fed converter whose outputs are connected to a three-
phase full-bridge diode rectifier through a delta-delta 
wound three-phase transformer. The three-phase current-
fed converter is divided into a three-phase full-bridge con-
verter configured as six main IGBT switches (S1-S6) for 
three-phase DC/AC conversion, one auxiliary IGBT switch 
(SC) and clamp capacitor CC for the active clamp, and a DC 
boost inductor Ldc acting as a current source. The main 
switches and auxiliary clamp switch perform ZVS through 
the use of resonance between leakage inductances of the 
three-phase transformer, clamp capacitor, output capacitan-
ces at IGBT switches, and stray capacitances in the trans-
former. Therefore, it reduces switching losses and leads to 
a highly efficient, isolated voltage boost converter. The 
advantages of employing a current-fed type with an active 
clamp in the DC/AC stage are as follows: the voltage 
across the switches is well clamped (i.e., no voltage over-
shoot); all switches operate with ZVS; no ancillary snubber 
is required in either the primary or secondary sides; the 
requirements for the output rectifier’s speed are less strin-
gent due to zero-current switching; and the input current 
generated from the fuel cells or photovoltaic source is con-
tinuous, with small ripples. 

The sequence of topological states is shown in Fig. 5 and 
is described below. 

 
Fig. 2. Output voltage characteristic of fuel cell. 

 

①
②

③
④

 
Fig. 3. Output characteristics modeling of fuel cell stack.

Fig. 4. Circuit diagram for three-phase DC-DC converter.
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4.1 Operation Model (t0-t1) 
 
At t0, the four switches S2-S5 are turned off, and ISc is -Id. 

The bridge voltage VPN reaches and is clamped on the 
clamp capacitor voltage VC. The current, through the leak-
age inductance Llk, increases as a slope determined by the 
voltage difference between the clamp voltage VC and the 
reflected output voltage VO. 

4.2 Operation Model (t1-t2) 
 
The clamp current ISc reverses its polarity and flows 

through MOSFET SC. ISc provides the difference between 
the increasing IA and the constant boost inductor current Id. 
ISc increases to Id, and IA becomes two Id at t2. 

 
4.3 Operation Model (t2-t3) 

 
At t2, the active clamp switch SC is turned off and the en-

ergy stored in Llk discharges the output capacitances of S3 
and S4. Then, VPN decreases to zero voltage and the body 
diodes of S3 and S4 begin to conduct. Therefore, all main 
switches including S3 and S4 can be turned on under a zero-
voltage condition. 

 
4.4 Operation Model (t3-t4) 

 
At t3, IA decreases to zero. All switches, S1-S6, are on and 

the boost inductor Ldc charges energy. The same PWM 
scheme sequence in Fig. 5 is repeated. 

Fig. 6 shows the ideal current waveforms of phase A cur-
rent IA and clamp current ISc; the gating signals for the main 
switches S1-S6 clamp the switch SC together with the corre-
sponding working switch pairs. Duty ratio D is defined as 
an interval when all main switches are turned on and boost 
inductor Ldc charges energy from input source Vd. 

 
 

5. Computer Simulation 
 
The operation of the proposed fuel cell power condition-

ing system was analyzed with the fuel cell model repre-
sented by the mathematical model described in [1]. The 
fuel cell current is determined by multiplying the cell cur-

(a) Mode 1 

 

(b) Mode 2 

 

(c) Mode 3 

 

(d) Mode 4 

Fig. 5. Operating modes of DC-DC converter. 

Fig. 6. Three-phase PWM generation. 
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rent density by the cell area. The fuel cell stack voltage is 
determined by multiplying the cell voltage by the number 
of stack. The simulation model consists of a fuel cell model, 

three-phase current-fed active clamp DC-DC converter, 
grid-tied inverter, and digital controller. The fuel cell model 
and the digital controller were represented by the user-
defined models programmed with C-codes, while the three            
-phase current-fed active clamp DC-DC converter, grid-
tied inverter, and the three-phase voltage source were rep-
resented by built-in models in the PSCAD/EMTDC soft-
ware. 

In order to confirm the voltage and current variations of 
fuel cell according to the variation of active power, a simu-
lation scenario was selected, as shown in Table 1. The ac-
tive power varies with the step manner from 100 to 700 W, 
and then down to 100 W, while the reactive power varies 
from 0 to 300 Var, and then down to 0 Var during zero to 
seven seconds. 

Fig. 7 shows the simulation results to verify the opera-
tion of the proposed system. The operation point at each 
output power is shown in Fig. 3. Fig. 7(a) shows the opera-
tion voltage of fuel cell, which changes according to the 
variation of the active power delivered to the grid. 

Fig. 7(b) shows the operation current of fuel cell, which 
changes according to the variation of active power deliv-
ered to the grid similar to the case of the voltage variation. 

Fig. 7(c) shows the tracking performance of active 
power, wherein the transient phenomena can be stabilized 
within one second and the steady-state tracking perform-
ance seems to be accurate. Fig. 7(d) shows the tracking 
performance of the reactive power, wherein the measured 
value of the reactive power tracks the reference value accu-
rately and the transient phenomena is not so severe. Fig. 
7(e) shows the tracking performance of the DC output 
voltage, which was maintained at 400 V without significant 
transients. 

Fig. 7(c) shows the tracking performance of the active 
power, wherein the transient phenomena can be stabilized 
within one second and the steady-state tracking perform-
ance seems to be accurate. Fig. 7(d) shows the tracking 
performance of the reactive power, wherein the measured 
value of the reactive power tracks the reference value accu-
rately and the transient phenomena is not so severe. Fig. 
7(e) shows the tracking performance of the DC output 
voltage, which was maintained at 400 V without significant 
transients. 

 
 

6. Experimental Works 
 
Based on the simulation results, a prototype of the pro-

posed system was built and tested to confirm the feasibility 
of hardware implementation. The fuel cell power genera-
tion unit used in the experiment is the 1.2 kW Ballard Nexa 
PEM Module. The controller for the three-phase DC-DC 
converter adjusts the duty ratio of the converter to maintain 
the output voltage. The voltage boosting is carried out by 
the duty ratio of the current-fed converter and the winding 
ratio of the high-frequency transformer. The three-phase 
DC-DC converter was designed with 10 kHz of switching 
frequency and generates three-phase PWM patterns by 

Table 1. Operation scenario for computer simulation 

Time[s] 1(1) 2(2) 3(3) 4(4) 5 6 7 

P[W] 100 300 500 700 500 300 100 

Q[Var] 100 300 100 0 100 300 100 

 

(a) Fuel cell operation voltage 

(b) Fuel cell operation current 

(c) Active power control 

(d) Reactive power control 

(e) DC output voltage control 

Fig. 7. Simulation results of the proposed system. 
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using field programmable gate array. 
The controller was designed and built with a floating-

point digital signal processor (DSP), TMS320vc33-150 by 
TI, and erasable programmable logic device (EPLD), 
EP1K100QC208 by Altera. The control board has 24 chan-
nels of ADC, 4 channels of DAC, 4 channels of digital in-
put, 4 channels of digital output, 1 module of encoder pulse 
input, 1 port of RS232, and 2 ports of RS485. The actual 
fuel cell stack cannot track the fast variation of the active 
power in the grid because the chemical reaction in the fuel 

cell stack is relatively much slower. In order to confirm a 
safe and reliable operation, the duration of the active power 
variation was determined to be 100 seconds in the experi-
mental work. 

Fig. 8 shows the experimental results for verifying the 
operation of the proposed system. Fig. 8(a) shows the op-
eration voltage and current of fuel cell module with 10 
V(A)/div. The time div was selected as 100 seconds, which 
is the same as the duration period of the active or reactive 
power. As the active power increases, the fuel cell voltage 
decreases while the fuel cell current increases. Fig. 8(b) 
shows that the measured active power tracks the reference 
value accurately without severe transient. Fig. 8(c) shows 
the output voltage and the current variation of fuel cell. 
The output current has the same variations as the active 
power when the capacitor voltage is maintained at 400 V. 
This confirms that the DC-DC converter can accurately 
control the output voltage without the variation of active 
power. Fig. 8(d) shows that the measured reactive power 
tracks the reference value accurately without severe tran-
sient. 

Fig. 9 shows the voltage-current characteristic curve of 
the fuel cell module used in the experiment. The no-load 
voltage of the fuel cell is about 50 V; the terminal voltage 
decreases while the output current increases as the active 
power increases. At the active power of 700 W, the fuel cell 
voltage is 30.02 V and current is 23.56 A. 

Table 2. Operation scenario for the hardware experiment 

Time[s] 50 100 150 200 250 300 350 400 450 500

P[W] 100 100 300 500 700 700 500 300 100 100

Q[Var] 0 100 300 100 0 0 100 300 100 100

 

(a) Fuel cell operation voltage and current 

(b) Active power Control 

(c) DC output voltage and current 

(d) Reactive power Control 

Fig. 8. Experimental results of hardware prototype. 

Fig. 9. Measured fuel cell voltage and current. 

 

Fig. 10. Measured efficiency of converter. 
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Fig. 10 shows the efficiency of the three-phase DC-DC 
converter, which was measured through experimental 
works. As active power increases, fuel cell current also 
increases, thus conduction losses in the DC-DC converter 
increase by a square and efficiency drops significantly. The 
efficiency can be improved by sizing magnetic components 
suitable for 1 kW power level.  

 
 

7. Conclusion 
 
This paper described the performance analysis results of 

the grid-tied power conditioning system for fuel cells, 
which is composed of three-phase DC-DC converter and 
three-phase PWM inverter. 

The three-phase DC-DC converter boosts fuel cell volt-
age of 26-48 V up to 400 V using the ZVS switching 
scheme, while the three-phase PWM controls the active 
and reactive power independently. 

The feasibility of the hardware implementation was veri-
fied through experimental works with a laboratory proto-
type, which was built with 1.2 kW PEM fuel cell stack. 
The proposed power conditioning system can be commer-
cialized to interconnect the fuel cell with the power grid. 
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