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Abstract 
 

This paper suggests an isolated dc/dc converter using an unregulated LLC 
converter for fuel cell applications. The LLC converter operates as an isolated 
voltage amplifier with a constant voltage gain, and a nonisolated converter 
installed in the input stage regulates the output voltage under a wide variation 
of fuel cell stack voltage. By separating the functions, the unregulated LLC 
converter can be operated at an optimal switching condition, and the high-
frequency operation of 300 kHz can be accomplished without introducing an 
excessive switching loss. The prototype converter with a 1-kW design (Vin = 
24  48 V/Vo = 400 V) shows an efficiency of above 90.2% under a 24-V 
input and full load conditions. 
 
Index Terms: DC/DC converter, fuel cell, LLC converter. 

 
 
Introduction 
In the past century, global surface temperature has in- creased because global 
warming is taking place due to gas emission, such as CO2. Aside from the global 
warming problem, environmental problems of air pollution, ozone de- pletion, forest 
destruction, and acid precipitation become worse by the combustion of fossil fuels. To 
prevent these effects, many activities have been evolved to reduce the fossil fuel 
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consumption through an increase of environmentally friendly energy supplies. Among 
many kinds of clean energy sources, the fuel cell is one of the most efficient energy 
sources that are promising in the near future [1]. It can be an alternative energy source 
of electrically powered devices, such as transportation, communication, computing, 
and residential systems. However, the fuel cell shows a large variation in output 
voltage under variable load conditions, and the voltage produced by the fuel cell is 
low in magnitude, so the voltage and the current can easily have the same order of 
magnitude in the applications with the output power of kilowatt range. Moreover, the 
low fuel cell voltage should be raised to the peak of a utility line voltage for power 
conditioning system design. Thus, it is necessary to design a high step-up converter 
with a wide line regulation performance to interface the fuel cell to various loads [2]. 
To achieve a high voltage gain, converters based on a transformer or coupled inductor 
have been considered [3]–[8]. Compared with an isolation transformer, the coupled 
inductor has a simple and efficient structure, but its use is restricted to applications 
that do not require electrical isolation. To obtain not only a high voltage gain but also 
the electrical isolation, current-fed converters have been widely used. Fig. 1(a) shows 
a two-inductor current-fed half-bridge converter. The major drawbacks of this 
converter are hard-switching operation and turnoff voltage spikes. To alle- viate these 
problems, a zero voltage switching (ZVS) technique using an active-clamp circuit can 
be used, but this active-clamp circuit increases the circuit complexity due to 
additional switch blocks [9]–[11]. The number of magnetic elements that affect the 
circuit volume can be reduced by using the current-fed full- bridge converter with two 
magnetic devices, which is shown in Fig. 1(b), but the switch blocks are increased to 
five, including the active-clamp circuit [12], [13]. The circuit structure can be 
simplified using the current-fed push–pull converter, which is shown in Fig. 1(c), but 
it has several disadvantages, such as the high voltage stress of the switches and low 
voltage conversion ratio [14]. In general, the switching frequency of the current- fed 
converters may be limited under several tens of kilohertz due to the switching losses. 
It has been reported that they are not able to come over the efficiency of 89% at a 1 
kW design (Vin = 22 V  41 V/Vo = 350 V) with 100 kHz switching frequency [15]. 
Therefore, the additional circuitry to alleviate the voltage spikes by transformer 
leakage inductance and the efficiency degradation by the switching loss may be 
obstacles to reduce the size and cost of the current-fed converters. 
 In this paper, another concept of an isolated dc/dc converter is proposed for fuel 
cell applications. This converter is com- posed of two stages with the hard-switched 
boost converter for output voltage control and the unregulated LLC converter for 
electrical isolation and voltage amplification. By separating the functions, the 
unregulated LLC converter can be designed to have an optimal switching 
characteristic regardless of the load conditions so that the switching frequency can be 
increased to 300 kHz without an excessive power loss. The feasibility of the proposed 
converter has been verified with a 1-kW (Vin =24 V  48 V/Vo = 400 V) prototype 
converter. 
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Proposed Converter  
Conditions for Unregulated Converter 
Because the unregulated converter does not have any control loop, another 
controllable circuit is required at the input output sides, which inevitably increases the 
circuit complexity and volume. To avoid these problems, the unregulated converter 
should have the following several necessary conditions [16]. 

1. The switching frequency should be raised to reduce the volumes of the 
magnetic devices. 

2. The number of magnetic elements should be minimized. 
3. No snubber circuit should be used. 
4. The number of switching blocks should be minimized. 
5. The electrical isolation should be possible. 

 
 Fig. 2 shows the voltage-fed half-bridge and full-bridge converters. They have 
good characteristics, such as the ZVS of primary switches, low switch voltage stress, 
and small circulat- ing current. However, the voltage spikes of the secondary side of 
the transformer due to the resonance between the transformer leakage inductance and 
the diode junction capacitances are so severe that a high-voltage-rating diode and an 
auxiliary snubber circuit are required. It is one of the reasons of the efficiency 
degradation and electromagnetic interference [17]–[20]. More- over, the heavy turnoff 
switching loss of the primary switches may be an obstacle to increase their switching 
frequencies in high-current applications. Thus, they are not suitable for the use of a 
high-frequency unregulated converter. Fig. 3(a) shows the basic diagram of an LLC 
resonant converter. The LLC converter features soft switching for all load conditions, 
and the turnoff voltage spikes of the switches and diodes can be ab- sorbed by the 
input and output capacitors. This circuit structure eliminates the necessity of a 
snubber circuit. Fig. 3(b) shows the conventional gain characteristic of the LLC 
converter. The operational region 2 is generally used for the LLC converter operation 
because both the ZVS and zero current switching can be achieved. To use the fuel cell 
as an input voltage source, the LLC converter should be so designed that its dc gain 
Gdc is increased over two because the fuel cell output voltage is changed more than 
twice according to the output currents. This design produces undesirable problems, 
such as a large switching frequency variation, the increase of transformer size, and the 
heavy current stress of the switches. In addition, since the gain characteristic is 
affected by the quality factor Q, that is proportional to the inverse of load, it is 
difficult to design the converter to be operated in the region 2 in high power 
converters. Therefore, the LLC converter itself is not suitable as a dc/dc converter for 
fuel cell applications [21]–[23] However, the LLC converter is very attractive because 
the switching frequency can be increased without an excessive switching loss if the 
switching frequency is fixed to the resonant frequency and it has very simple structure 
with only single magnetic component. Therefore, the LLC converter is adequate for 
the unregulated converter of the proposed method 
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μH from (13), and 5 μH is used in this design. The inductor uses 20 μH, and it is 
implemented with a PQ4040 ferrite core. Fig. 12 shows the operational waveforms of 
the boost converter and LLC converter under Vin = 24 and 48 V at a full load 
condition. This figure shows that the LLC converter is operated with a fixed frequency 
of 300 kHz and that the output regulation can be accomplished only by the duty 
control of the boost converter switch. Fig. 13 is the measured resonant waveforms of 
the unregulated LLC converter under load changes. The resonant currents maintain the 
same wave shape except for their magnitudes according to load conditions, which 
maintains the soft-switching condition of the LLC switches under all load changes. 
This characteristic gives a good efficiency at a light load where the efficiency is de- 
graded by the switching loss. Fig. 14 is the experimental setup with a Nexa fuel cell 
stack. This fuel cell stack provides 1.2 kW of net output power, and the output voltage 
varies with power, ranging from about 43 V when the system is idle to about 26 V at a 
full load. To test the dynamic performance, a grid-tied inverter, which delivers the 
power generated by a fuel cell stack to a grid, is connected at the output of the 
proposed converter. Fig. 15 shows the test results with the Nexa fuel cell stack, and 
Fig. 16 shows the transient responses under load changes. They show that the 
converter regulates the output voltage well under wide fuel cell stack voltage and load 
changes. The measured efficiency is depicted in Fig. 17. As predicted through loss 
analysis, the efficiency becomes degraded as the link voltage becomes increased. As 
shown in this figure, the efficiency of Vb = 85 V is better than that of Vb = 73 V 
which is selected for the prototype design, but there is no voltage margin in the 
semiconductor devices located at the low voltage side due to voltage spikes. At a 24-
V input and at the maximum load conditions, the efficiency of the boost converter is 
95.5%, and that of the LLC converter is 94.5%. The resulting efficiency becomes 
90.2%. Despite the high-frequency operation of the LLC converter, the efficiency has 
been recorded to be around 94% at light and/or medium load ranges 
 
 
Conclusion  
A high-frequency isolated dc/dc converter for fuel cell applications has been proposed 
in this paper. It is composed of the boost converter for output voltage regulation and 
the isolated voltage amplifier using the unregulated LLC converter. To select an 
optimal link voltage for efficiency improvement, design equations have been derived 
through performing a de- vice loss analysis. From the experimental results from the 1-
kW prototype converter that has been designed with switch- ing frequencies of 50 
kHz in the boost stage and 300 kHz in the LLC stage, an efficiency of more than 
90.2% has been obtained at a 24-V input. Another advantage of the proposed 
converter is that the efficiency is high at light and medium load ranges because the 
switching loss is small. Therefore, it is suitable for fuel cell applications requiring a 
high voltage gain and stable regulation performance under wide fuel cell voltage 
changes. Moreover, this converter can be easily applied to bidirectional converters 
because the unregulated LLC resonant converter has a bidirectional power flow 
according to the input and output conditions. 
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