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Abstract:- This paper, proposes an analysis and design of a high efficiency boost-inverter with 

bidirectional back-up battery storage in fuel cell. When low-voltage unregulated fuel cell (FC) output is 

conditioned to generate AC power, two stages are required: a boost stage and an inversion one. In this 

paper, 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 proposed system incorporates additional battery-based energy storage and a DC-DC 

bi-directional converter to support instantaneous load changes. The output voltage of the boost-inverter is 

voltage-mode controlled and the DC-DC bidirectional converter is current-mode controlled. The load 

low frequency current ripple is supplied by the battery which minimizes the effects of such 

ripple being drawn directly from the FC itself. Analysis, simulation results are presented to confirm the 

operational performance of the proposed system. 
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I. INTRODUCTION 
 In general, renewable energy systems based on Photo voltaic (PV) and fuel cell (FC) generation 

sources need to be regulated and in many applications must be supported through 

additional energy storage unit to achieve high quality supply of power [1] - [3]. When such systems 

are used to power AC loads or be connected with the electricity grid, an inversion stage is also required. 

 

 The typical output of any FC is low and variable DC voltage with respect to the load 

current. For instance, based on the current-voltage characteristics of a Proton Exchange Membrane 

FC (PEMFC) power module, the voltage varies between 26 to 43 VDC depending upon the level of the 

output current [5], [6]. Moreover, the slow response due to the natural electrochemical reactions 

required for the balance of enthalpy must be taken into account when designing the FC converter system 

[6], [7]. This is especially crucial, when the power drawn from the FC exceeds the maximum permissible 

power, as in this case, the FC module may not only fail to supply the demanded power to the load but also 

shut down or be damaged [6], [8]-[11]. For instance, when a load is added specific problems were founded 

such as fuel starvation phenomenon and slow increased oxygen flow for about 0.8s [10]. Therefore, 

the power converter needs to ensure that the demanded power remains within the limit of the maximum 

availability [10], [11]. 

 

 A two-stage fuel cell power conditioning system to deliver AC power has been commonly 

considered 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 drawbacks 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 power processing and conversion stages is required. A topology 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]-[15]. The double loop control scheme of this topology has also been proposed for better 

performance even during transient conditions [14]-[15]. 

 

 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 respond and current ripple. In this case, 

an energy storage back-up unit would be required to address the previously mentioned problems. The 
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paper is organized in the following way. In Section II, the proposed FC energy system is introduced 

including the converter topology and the control algorithm of the boost inverter as well as the back-up unit 

and its power converter design. In Section III,   analysis and simulation results are presented to 

validate the performance of the system. 

 

II. PROPOSED FUEL CELL ENERGY SYSTEM 

1. Description of the FC energy system 

 The objective of this paper is to propose an FC energy system with the lowest possible 

energy conversion stages. In particular, the proposed system, based on the boost-inverter with a 

back-up energy storage unit, solves the previously mentioned problems, i.e., the low and variable output 

voltage of the FC and its slow response. The boost-inverter utilizes two identical bi-directional boost 

converters and delivers in a single-stage boosting and inversion functions. This result in a high power 

conversion efficiency, reduced converter size and low cost. Additionally, the back-up unit supplies the low 

frequency current harmonics hence minimizing the stresses on the FC should it was to supply such 

currents. The control of the boost-inverter is moderately complex to handle and sliding- mode control 

[15] or double-loop voltage and current control schemes [11]-[12] may be adopted in this system. 

 

 

 Fig. 1 shows a popular FC energy system which includes two main power conversion stages 

between the FC and the load: a DC/DC boost converter and a DC/AC inverter. Due to stability 

considerations, high power applications and low input voltage have considered the two power stage 

approach. The proposed single main power stage should provide several advantages such as reduced number 

of components, high power conversion efficiency, and low cost if it is used in low power applications. 

 

 
Fig.1 Block diagram for the proposed fuel cell energy system 

 

The proposed FC energy system consists of two power converters: the boost-inverter and the back-up bi-

directional unit as shown in Fig.1. 

 

 The output of the boost-inverter is connected to the load while the input side is supplied by the FC 

and the back-up unit, and both connected to the same unregulated dc bus. The back-up unit incorporates a 

current-mode controlled bi-directional boost converter with battery-based energy storage to support 

the FC power generation and two voltage-controlled boost converters making up the boost-inverter 

stage. 

 

 
Fig 2. DC gain graph of the boost converter with reference voltages and duty cycles 
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 The FC energy system must dynamically adjust to varying input voltage while maintaining 

constant power operation. Voltage and current limits need to be imposed at the input of the converter 

to protect the FC from damage due to excessive loading and transients. The power has to be ramped up 

and down so that the FC can react appropriately, avoiding transients and extending its life. The 

converter also has to meet the maximum ripple current requirements of the FC [6]. 

 

 
Fig 3.  Proposed fuel cell energy system consisting of the boost-inverter and a back-up unit. 

 

2.  Boost-inverter 

  The boost-inverter consists of two bi-directional boost converters and their outputs are 

connected in series as shown in Fig. 3 Each boost converter generates a dc bias with deliberate 

ac output voltage (a dc-biased sinusoidal waveform as an output), so that each converter generates a 

unipolar voltage greater than the FC dc voltage with a variable duty cycle condition. Each converter 

output and the combined outputs are described by 

 

𝑉 = 𝑉𝑐 + 
2 
∙ 𝐴1 ∙ 𝑠𝑖𝑛𝜃                                 𝑉 = 𝑉𝑐                                                                                                                                                                                                     (1)  

V 
2 
∙ 𝐴2 ∙ sin 𝜃 − 180                                                                                                             (2)  

                                                V0 = 𝑉1 – 𝑉2 = 𝐴 ∙ 𝑠𝑖𝑛𝜃, when A = A1 = A2                                                               (3) 

 

where V1 and V2 are the output voltages of each boost converters and A is the peak amplitude of 

the boost-inverter output voltage, Vo. To increase the efficiency of the converter with variable input voltage 

the minimum dc-bias (Vdc) for the converters can be determined by 

 
𝑣𝑑𝑐 > 𝐴 + 𝑉𝑖𝑛                                                                                                (4) 

where Vin is the input voltage as variable of the FC output voltage. From (3) & (4), it is observed that the 

required output is as desired, i.e. AC only. This concept and several control methods have been 

discussed in numerous technical papers Fig. 2 illustrates the relationship between the individual duty 

cycle and each output voltage reference signals. Based on the averaging concept for the boost converter, 

the voltage      relationship for      the continuous conduction mode (CCM) is given by 

 

𝑣1 =
𝜃1

1−𝑑1
  , 𝑣2 =

𝜃2

1−𝑑2
                                                                                                        (5) 

 
𝑣
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𝑣
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=

1

1−𝑑2
                                                                                                         (6) 

 

where d1 and d2 are the duty cycles of the boost converters respectively. Fig.2 also 

Illustrates that the zero output voltage of the boost-inverter is achieved at approximately d1 =d2 = 0.72. 

The reference signals are generated by the DSP unit itself as (1) and (2). After compensation, the duty 

cycles are calculated in every sampling time, Ts. 

 

3.  Control technique 

 The control algorithm for the two boost converters is presented in detail in Fig. 6. In this paper, 

a double-loop control scheme is chosen for the boost-inverter control being the most appropriate to 

control the individual boost converters covering the wide range of operating points. This control method 

is based on the averaged c o n t i n u o u s -time model of the boost topology and has several 

advantages with special conditions that may not be provided by the sliding mode control, such as 

nonlinear loads, abrupt load variations and transient short circuit situations. Using the control method the 

inverter maintains a stable operating condition by means of limiting the inductor current. Because of 

this ability to keep the system under control even in these situations, the inverter  achieves a very reliable 
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operation [18]-[20]. 

 

The boost-inverter (Fig. 3) is based on a voltage-mode control. The voltages of the C1 and C2 are 

controlled by two PI regulators and the currents of the L1 and L2 are controlled to achieve a stable 

operation in special conditions such as sudden load change and unexpected short circuit. 

 

 
Fig 4. Block diagram for the boost inverter controller 

 

 The control block diagram for the boost-inverter is shown in Fig. 4. The output voltage 

reference is divided to generate the two individual output voltage references of the two boost 

converters with the dc-bias (Vdc). The dc- bias can be obtained by adding input voltage (Vin) to the half 

of the peak output amplitude. Vdc is also used to minimize the output voltages of the converters and the 

switching losses in the variable input voltage condition. The PI controller on the right side of the 

diagram is for inner current control loop that should be designed to allow at least 50°-phase margin 

and a high bandwidth. The left side PI controller is for controlling the outer output voltage control loop 

that should be designed with the same phase margin and lower bandwidth compared with the inner 

loop. The anti-wind-up is used for saturation and to limit the inductor current. The control block diagram in 

Fig. 4 including the digital PI controller with the anti-wind-up (Fig. 4) has been implemented in the DSP unit. 

 

The output voltage reference is determined by   

 

V o.𝑟𝑒𝑓 = 𝐴 ∙ sin 2𝜋𝑓𝑡 , = 50𝐻𝑧, = 100𝐻𝑧                                                                                                                                                                                                                                                                                                                      (7) 

 

 

𝑉 
where VO.ref is the reference voltage and f is the fundamental frequency for the boost-inverter. Then V1.ref and 

V2.ref are calculated by (1) and (2). The digital PI controller in Fig. 7 has been implemented in the DSP unit 

and the equations are as follows: 

 

 
 

Where  εI(k) represents the current error at instant kTs and m(k) is the output. KP and KI are the 

proportional and integral gains respectively. The PI controller is adapted by the anti-wind-up technique 

removing significant reduction of performance because  of  the well-known phenomenon of the 

integrator windup with saturation of the actuators. 

 

3. Back-up unit 

 The back-up unit is designed to support the slow response of the FC and is shown in Fig. 3.The 

back-up unit comprises of a current-mode controlled bi-directional boost converter and a battery as the 

energy storage medium. F o r instance, when a 1kW load is added from a no-load condition, the back-
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up unit immediately provides the 1kW power from the battery to the load as shown in Table I. 

 

Table I. Back-Up Unit Operations 

 
 

 On the other hand, when the load is disconnected suddenly, the surplus power from the 

FC could be recovered and stored into the battery to increase the overall efficiency of the energy system. 

Two generic 12 V lead-acid batteries are introduced in this unit for energy storage to deal with the 

need to provide fast response and a relatively low cost solution. The proposed back-up unit performs 

properly not only the support function for the FC module during transients but also is used as 

storage when any surplus power delivered by the FC is recovered. 

  

 In order to control the output current of the back-up unit, the inner current control loop of the 

boost-inverter is used. The reference of ILb1 is taken from Idc through a high-pass filtering and the 

demanded current Idemand relating the load change in Fig.5. Detecting only the ac component from the dc 

input current Idc for the current reference is used to eliminate ac ripple current into the FC power module 

while the dc component is used to determine the amount of demanded current. The elliptic 3rd order digital 

low pass filter (LPF) has been chosen and designed because of its narrow transition band and for 

being the most efficient of the IIR filters. The implementation has been integrated into the DSP. 

 

 
Fig 5. Block diagram for the controller of the back-up unit 

 

Table II. Design Specifications 

 
 

4. Power component design  

 The power components of the proposed system where designed with the parameters given in 

Table II. To calculate the inductance of L1 and L2 the following equations are used [15] current, as 

calculated from (10) when the V1 is maximum and V2 is minimum. From (10) the minimum inductance is 

calculated as 177μH and 200μH which are the chosen values for L1 and L2. The ripple voltage of the C1 

and C2 is given by [15] . 
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Table III. Specifications for the Simulated System 

 
 

 During transient conditions, the back-up unit should provide all the power required by the load. 

In this case, the maximum inductor current of the boost-inverter should appear in the inductor

 Lb2.Therefore, the maximum inductance of Lb2 can be calculated by (11) and ΔiL(t)max need to be 

larger than the maximum inductor current of the boost-inverter in order to track the maximum slope of the 

current. The maximum inductance is obtained from (11) as 51μH and the values of Lb1 and Lb2 are chosen to 

be 20μH. The values of the capacitors C3 and C4 of the back-up unit are chosen to be 30μF. 

 

III. ANALYSIS AND SIMULATION RESULTS 
 The proposed FC energy system (Fig. 2), has been designed, simulated, to validate its overall 

performance. The simulations have been performed with the PSIM software to validate the 

analytical results. The simulation results show the operation of the boost-inverter and the back- up unit. 

 In particular, Fig. 6(a) illustrates the output voltages of each of the two boost converters (V1 and V2), 

the input voltage Vin same as the FC output voltage and the final output voltage of the boost-inverter 

Vo.  

 The input currents of each boost converter flowing through the inductors L1 and L2 are shown in 

Fig. 6(c). shows the duty cycles (d1 and d2) of each boost converter that are varying between 

approximately 0.15 and 0.85.  

 Figs. 6(b), (d) and illustrate the waveforms of the dc total output current Idc (which is equal to the 

inverter input current), the FC output current Ifc, and the output current ILb2 of the backup 

unit respectively. 

 Fig. 6(d) also illustrate how the back-up unit supports the FC power in transients when the load is 

increased.  

 When full-load is required from the no-load operating point, the entire power is provided by the 

back-up unit to the load as shown in Fig. 6(e). Then, the power drawn from the battery starts 

decreasing moderately allowing gentle step-up to deliver power which should increase up to meet the 

demanded load power.  

 Moreover, the back-up unit protects the FC from potential damage by eliminating the ripple 

current due to the boost operation. If there was no back-up unit, the FC output current waveform should be 

the same as Fig. 6(e). 

 The high frequency output ripple current of the FC can be canceled by a passive filter placed 

between the FC and the boost- inverter. 

 
Fig.6.a, Simulation results of boost-inverter output voltage 

 

 

 

 

 

 

 

Fig.6.b. Simulation results of boost-inverter input current 
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Fig6.c. Switching pulses of the boost-inverter current and voltages 

  

 
Fig.6.d Simulation results of back-up unit charging and discharging 

 

 
Fig.6.e. Simulation results of back-up unit charging

 

 

IV.  CONCLUSION 
 Analysis and design of a high efficiency boost-inverter with back-up battery storage in fuel 

cell is proposed in this paper. In this paper, the boost-inverter topology that achieves both boosting and 

inversion functions in a single stage is used to develop an FC based energy system. The system 

incorporates additional battery based energy storage and a DC-DC bi-directional converter to support 

instantaneous load changes. The load low frequency current ripple is supplied by the battery 

which minimizes the effects of such ripple being drawn directly from the FC itself. The analysis and 

simulated results are presented in the paper have verified the operation characteristics of the proposed 

energy system. In summary, the proposed FC energy system has a number of attractive features, 

such as single main power stage with high conversion efficiency, simplified topology, low cost and stand 

alone operation. 
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