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Abstract :

This paper, proposes an analysis and design of a high ef-
ficiency boost-inverter with battery storage in fuel cell. 
When low-voltage unregulated fuel cell (FC) output is 
conditioned to generate AC power, two stages are re-
quired. The boost-inverter topology that achieves both 
boosting and inversion functions in a single-stage is used 
to develop an FC-based energy system which offers high 
conversion efficiency, low-cost and compactness. The 
low-frequency current ripple is supplied by the battery 
which minimizes the effects of such ripple being drawn 
directly from the FC itself. Moreover, this system can 
operate either in a grid-connected or stand-alone mode. 
In the grid-connected mode, the boost-inverter is able to 
control the active (P) and reactive (Q) power using an al-
gorithm based on a Second Order Generalized Integra-
tor (SOGI) which provides a fast signal conditioning for 
single phase systems.

Index Terms:

Fuel cell (FC) power conditioning system, three-phase 
boost-inverter.

I. INTRODUCTION:

The shift from large centralized energy resources to small 
battery located at the point of consumption is one of the 
emerging trends in the electricity industry with having the 
multiple advantages over the traditional energy technolo-
gies, like improved asset utilization, better power quality, 
and enhanced power system reliability and capacity. The 
renewable energy sources, like solar cells and fuel cells, 
usually generate dc power. The application of the invert-
ers for the grid inter-connection has become much more 
popular because of increasing use of the renewable en-
ergy resources, mostly the solar PV cells and fuel cells as 
the battery. A two-stage fuel cell power conditioning
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system to deliver AC power has been commonly consid-
ered and studied in many technical papers [2], [3], [8]-
[14]. The system usually includes transformer type DC-
DC boost converter stage and DC to AC inverter stage 
with auxiliary energy unit in Fig. 1 [8], [13], [14]. This 
type of power conditioning system has inevitable draw-
backs such as being bulky, costly and inefficient because 
it actually has three power conversion stages (DC to high-
frequency AC, then DC and low frequency AC) [3]. In 
order to minimize the problems with a two-stage fuel cell 
power conditioning system, a topology with reduced pow-
er processing and conversion stages is required. A topol-
ogy that is suitable for AC loads and is powered from DC 
sources able to boost and invert the voltage at the same 
time has been proposed in [13]. The double loop control 
scheme of this topology has also been proposed for better 
performance even during transient conditions [14]. 

However, if such topology was to be used for an AC load 
to be powered by an FC, the FC would be exposed to 
a number of problems such as load variation, slow re-
spond and current ripple. In this case, an energy storage 
back-up unit would be required to address the previously 
mentioned problems.The objective of this paper is to pro-
pose and report full simulation results of a grid-connected 
single-phase FC system using a single energy conversion 
stage only. In particular, the proposed system, based on 
the boost inverter with a battery storage unit, solves the 
previously mentioned issues (e.g., the low and variable 
output voltage of the FC, its slow dynamics, and current 
harmonics on the FC side). The single energy conversion 
stage includes both boosting and inversion functions and 
provides high power conversion efficiency, reduced con-
verter size, and low cost. The proposed single phase grid-
connected FC system can operate either in grid connected 
or stand-alone mode. In the grid-connected mode, the 
boost inverter is able to control the active (P) and reactive 
(Q) powers through the grid by the proposed PQ control 
algorithm using fast signal conditioning for single-phase 
systems.
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II. PROPOSED FC ENERGY SYSTEM:

The proposed three-phase FC stand-alone power supply 
consists of two power converters: the three-phase boost-
inverter and the bidirectional back-up unit as shown in 
Fig.1 also show the laboratory setup for the proposed 
three-phase FC power supply. The boost-inverter is sup-
plied by the FC and the back-up unit, which are both con-
nected to the same unregulated dc bus while the output 
side of the converter is connected to a balanced three-
phase resistive load. The FC system incorporates a cur-
rent mode controlled bidirectional converter with battery-
based energy storage to support the FC power generation 
and three voltage-controlled boost converters making up 
the three-phase boost-inverter stage.

 
Fig.1.FC sourced stand-alone power supply based on 

the three-phase boost-inverter.

A. Description of the Three-Phase Boost-In-
verter:

The three-phase boost-inverter consists of three identical 
bidirectional boost converters and their outputs are con-
nected to a three-phase ac load, as shown in Fig.1 The dc-
biased three phase output voltages are described by

Where Ao is the peak amplitude of line-to-neutral voltage 
and Vdc is the dc offset voltage of each boost converter 
and has to be greater than Ao + Vin. Each boost converter 
generates a dc bias with deliberate ac output voltage (a 
dc-biased sinusoidal waveform as an output), so that the 
individual boost converters generate a unipolar voltage 
greater than the FC output voltage with a variable duty 
cycle.

The dc components are canceled in the three-phase three-
wire balanced output and the line-to-line voltages are de-
scribed by 

From (2), it can be noticed that the line-to-line voltages 
contain only the ac component. This concept was first dis-
cussed. When the three-phase outputs are balanced and 
node “n” is floating as shown, the line-to-neutral voltages 
in the load side do not include any dc component as de-
scribed by

A double-loop control scheme is chosen for the boost-in-
verter control being the most appropriate method to control 
the individual boost converters covering the wide range 
of operating points. Specifically, this control method pro-
vides stable operating condition using direct current con-
trol of the inductor even in special conditions such as non-
linear loads, load variations, and transient short circuits.
The boost-inverter is based on the voltage mode control, 
as shown in Fig.2. The voltages across Ca, Cb, and Cc 
and the currents through La,Lb, and Lc are controlled by 
proportional–integral (PI) controllers, which have been 
tuned to achieve good performance and stability margins.
The model equations based on the averaging concept for 
each boost converter are expressed by 

Where x represents each phase (a,b, and c), vLx and iLx 
are the inductor voltage and current, vx and iC x are the 
capacitor voltage and current, ix is the output phase cur-
rent, and dx is the duty cycle.When the internal resis-
tances of the inductors and capacitors are ignored, the dif-
ferential equations of the inductor voltage and capacitor 
current are expressed by
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where Lx and Cx are inductance and capacitance. In the 
double-loop control scheme, inductor voltages and capac-
itor currents are used as control variables for the current 
and voltage control loops. The duty cycles need to remain 
between 0.15 and 0.85 p.u. to generate sinusoidal output 
voltage. Based on the averaging concept and the continu-
ous conduction mode (CCM) for the boost converter, the 
duty cycles can be expressed by using (4)

Where vLx.ref is the inductor voltage reference as control 
variable for the current control loop. The Vx and Vin in (8) 
provide a compensation of the variable gain of the boost 
converters and cancelation of the input voltage variation. 

Fig.2. Control block diagram of the three-phase three-
line boost-inverter.

The control variable of the inductor voltage reference 
(vLx.ref) can be obtained by using a PI controller with a 
current error as follows:

where vx.ref is the output voltage references of the three-
phase boost-inverter as (1) and KP V x and KIV x are 
the proportional gain and integral gain for the outer out-
put voltage control loop respectively that should be se-
lected as lower bandwidth compared with the inner loop.
Fig. 2 shows the control block diagram of the three-phase 
three-line boost-inverter including the voltage and current 
control loops. The dc offset voltage (Vdc) is added to the 
three individual phase voltage references. The dc offset 
can be obtained by adding the input voltage (Vin) to the 
peak output amplitude (Ao). The Vdc can be minimized 
in order to reduce the output peak voltages of each boost 
converter and the switching losses in the case of a vari-
able input voltage. 

The voltage references (Va.ref,Vb.ref , and Vc.ref) are 
compared with the feedback voltages (Va,Vb, and Vc) of 
the individual boost converters to generate voltage errors. 
These voltage errors are processed by PIV x to generate 
capacitor current reference as shown in (11).When the 
capacitor current references and the output current are 
applied with the block (Vx/Vin) each reference current 
of the inductors are given by (10). These inductor cur-
rent references are compared with the feedback currents 
of the inductors (Lx) to produce the current errors. Then, 
the inductor voltage references expressed in (9) are pro-
vided using PIC x with the current errors. Finally, using 
(9) the duty cycles can be obtained for the three-phase 
boost-inverter.

B. Battery Storage Back-Up Unit:

The battery storage back-up unit is designed to support the 
slow dynamics of the FC [1], [3], [6], [7] and is shown in 
Fig.1. The back-up unit comprises of a current-controlled 
1 kW IGBT-based bidirectional boost converter operat-
ing at 20 kHz and the energy storage component. For 
instance, when a load is connected or disconnected the 
back-up unit immediately discharge or charge the battery 
through the bidirectional converter with a limitation of 4 
A/s current slew rate. Two generic 12 V–24 Ah lead acid 
batteries are used for energy storage to deal with the need 
to provide fast response and a relatively low cost solution. 
The back-up unit performs not only the support function 
for the FC module during transients but also recovers any 
surplus power delivered by the FC. Other energy storage 
technologies such as lithium-ion batteries or super capaci-
tors can also be used instead of lead-acid but it is beyond 
the scope of this paper to deal with the type of the storage 
of the back-up unit.
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Additionally, in order to protect the FC system, the back-
up unit provides low-frequency ac current harmonics and 
high frequency switching ripple that is required from the 
dc–ac boost inverter operation. More detailed analysis of 
the backup unit based on equivalent circuit of the PEMFC 
has been presented. The paper illustrates the compensa-
tion characteristics for the low-frequency ac ripple using 
current control and the high frequency ripple performed 
by LC passive filter. Specifically, C2 and Lb2 are tuned at 
switching frequency to suppress on the FC side. The duty 
cycle for the back-up unit based on the averaging concept 
can be expressed by using 

filter (HPF) and the demanded current(Idemand) that is 
related to the load change. In order to detect the ac com-
ponents higher than the fundamental frequency, a rela-
tively low cut-off frequency has been used as 5 Hz. The ac 
component of the current reference deals with the elimi-
nation of the ac ripple current from the FC power module 
while the dc component deals with the slow dynamics of 
the FC.

C.  Design Guidelines:

The design parameters are given in Table I. The following 
equations have been used in order to calculate the induc-
tor and capacitor values

III. MATLAB/SIMULINK RESULTS:

 
Fig.3.Matlab/Simulink model of FC sourced stand-
alone power supply based on the three-phase boost-

inverter.

 
Fig.4. Simulation results of the proposed FC stand-
alone power supply Output voltages of each boost con-

verter.
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Fig.5.FFT result for the output voltages.

 
Fig.6.Line-to-line output voltages of the 

boost-inverter.

 
Fig.7.FFT result for the line-to-line outputs.

Fig.8.Three-phase load currents.
 

Fig.9.Inductor currents through La , Lb , and Lc .

Fig.10. FFT results for the inductor currents.
 

Fig.11.Duty cycles of the boost-inverter, da , db , and 
dc . 

Fig.12. Simulation results of the proposed FC stand-
alone power supply Input current of the boost-invert-

er, IDC.

Fig.13.Output current of the back-up unit, ILb2.
 

Fig.14.FC output current during transient, IFC.
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Fig.15.matlab/simulink model of FC sourced stand-
alone power supply based on the three-phase boost-

inverter with grid connected system.

 

Fig.16.grid voltage.

 
Fig.17.grid current.

IV.CONCLUSION:

A stand-alone three-phase FC sourced power supply 
based on the boost-inverter topology with a back-up bat-
tery-based energy storage unit has been proposed in this 
paper. The presented simulation results have verified the 
operation characteristics of the power supply. 

The results of the proposed three-phase FC supply have 
confirmed its satisfactory performance in delivering 
boosting and inversion functions in one conversion stage 
to generate 210 Vac from 43 Vdc at rated power. 

The back-up unit key function is to support the slow dy-
namics of the FC. The presented simulation results have 
verified the operation characteristics of the power supply 
with grid connected simulated to the grid voltage and cur-
rent. 
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