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Abstract. Hydrogen is a sustainable fuel option and one of the potential solutions for current energy 
and environmental problems. Its eco-friendly production is really crucial for better environment and 
sustainable development. Renewables are an emissions-free way to produce hydrogen, and, 
conversely, hydrogen offers a way for renewables to generate transportation fuel and reliable power. 
Solar energy is potentially the most abundant renewable energy resource available to us and hydrogen 
production from solar energy is considered to be the ultimate solution for sustainable energy. In this 
paper resonant DC-DC converters are analysed based on their load current characteristics. They act as 
interface between PV module and electrolysis cell for hydrogen production, and they ensure that 
electrolysis cell is gained by constant current. Resonant DC-DC converters are attractive because they 
can carry limited amount of energy during switching cycle thus acting as current source and also they 
have inherent short circuit protection. With proper topology and design of DC-DC converter better 
efficiency of PV- hydrogen production system can be achieved. 

Key words: water electrolysis, solar hydrogen, resonant DC-DC converters, load current 
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1. Introduction

With decreasing oil reserves in the world, the potential for fossil fuels as a future resource of 
energy is decreasing. Due to limited reserves of fossil fuels, their changeable prices and 
irreparable harmful effects, the interest in renewable energy sources has significantly 
increased. Many renewable energy sources are characterised by their volatile performance, 
meaning that the amount of energy yielded can vary significantly within a very short period of 
time. For instance, the intensity of solar radiation reaching the ground can change within a 
day, during a week or a month, depending on the time of the day, the solar elevation angle and 
the meteorological conditions. The wind and other renewable sources unfortunately share the 
same volatility. Therefore, an economy intended to relay on this type of sources should tackle 
this daily and seasonal unevenness and smooth the fluctuations of the energy supply in order 
to provide a more reliable and programmable energy production structure. The solution lies in 
efficiently storing the energy produced and managing its distribution to the grid and to the 
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final user. There are many different methods of energy storage available and hydrogen is a 
highly-advantageous and competitive option [1]. 

Hydrogen is an ideal energy carrier because: it can be produced from and converted into 
electricity at relatively high efficiencies; its raw materials for production is water; it is a 
renewable fuel; it can be stored in gaseous, liquid or metal hydride form; it can be transported 
over large distances through pipelines or via tankers; it can be converted into other forms of 
energy in more ways and more efficiently than any other fuel; it is environmentally 
compatible since its production, storage, transportation and end use do not produce pollutants, 
green house gases or any other harmful effects on the environment (except in some cases the 
production of nitrous oxides).  

There are three types of energy sources applicable to hydrogen production: fossil fuels, 
nuclear energy, renewable energies, i.e. hydroelectric and geothermal energies, biomass, wind 
energy, photovoltaic and solar thermal energies. Renewables are an emissions-free way to 
produce hydrogen, and, conversely, hydrogen offers a way for renewables to generate 
transportation fuel and reliable power. Hydrogen provides the connecting point between 
renewable electricity production and transportation, stationary and portable energy needs [2]. 

Hydrogen is a widespread element and commonly found in water in its oxidised form. By 
inputting an external energy source, water can be decomposed into its two main components, 
oxygen and hydrogen. By spontaneous recombination of hydrogen and oxygen, energy and 
water are obtained and the latter is ready to be re-used to start the cycle again. Separation of 
water into hydrogen and oxygen by means of electricity is called electrolysis; the electrolyser 
is the device to perform such task. Combustion of hydrogen and oxygen to obtain water and 
energy is performed in the reverse direction of the reaction of electrolysis, in a device named 
fuel cell. While energy needs to be supplied in order to perform electrolysis, the 
recombination of hydrogen and oxygen can provide energy instead. 

One of the most promising options of obtaining hydrogen from a clean renewable energy 
source is via electrolysis using electricity from a photovoltaic generator [3]. 

Both photovoltaic and water electrolysis are well known technologies. However, coupling 
both technologies still presents some challenges. Barbir [4] pointed out specific issues related 
to the operation of a PEM electrolyser in conjunction with renewable energy sources, and 
particularly with a PV panel or array. The intermittent operation and the highly variable 
output power due to the nature of PV energy are the principal handicaps. At very low loads 
the rate at which hydrogen and oxygen are produced (which is proportional to current density) 
may be lower than the rate at which these gases permeate through electrolyte, and mix with 
each other, this may create hazardous conditions inside the electrolyser [4]. In the next 
chapters, basic concepts of solar generator, water electrolysis and power converter will be 
shown, from aspect of standalone photovoltaic hydrogen production (without power grid 
assistant). 

2. Solar Generator

The PV-generators consist of PV cells and optionally by-pass and string diodes. The 
photovoltaic panel is a power source whose parameters depend on some external factors like 
incident light angle, shading, ambient temperature etc. Some of these factors are unpredictable 
and, for this reason, so is the evolution of cell parameters. The most known parameters of the 
photovoltaic panel are the open circuit voltage (Voc) and short circuit current (Isc). These 
values define the points where the I(V) graph curve of the panel intersects the two axes (I and 
V), like in Figure 1 and Figure 2. Electric generators are generally classified as current or 
voltage sources. The practical PV device presents a hybrid behaviour, which may be of 
current or voltage source depending on the operating point, as shown in Figure 2. The 
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practical PV device has a series resistance Rs whose influence is stronger when the device 
operates in the voltage source region and a parallel resistance Rp with stronger influence in the 
current source region of operation (Figure 5). 

Figure 1 Some I(V) characteristics of a photovoltaic 
panel under different work conditions

Figure 2 Characteristic I V curve of a practical PV 
device and the three remarkable points: short circuit (0,

Isc ), MPP (Vmp, Imp), and open circuit (Voc , 0)

Every point on the I(V) curve has specific values of Vi and Ii, defining the power as Pi= Vi i.
For a specific I(V) curve there is only one point corresponding to the maximum power. This is 
named maximum power point or MPP (Maximum Power Point). For any power source it is 
always good to supply electrical consumers at this value or close to it. For a specific resistive 
load, RL, the IRL(V) load characteristic is a line given by the equation IRL=-I =V/RL. This line 
intersects the panel characteristic in a point which is near or far from MPP (Figure 1). 
According to this position, the power transferred to the load can be only a fraction of the 
power that panel can supply at MPP. To correct this unbalance and prevent the associated lose 
of usefully power, some methods, generically named MPPT (Maximum Power Point 
Tracking) are used. From Figure 3 and Figure 4 it can be seen that MPP depends on solar 
irradiation and cell temperature (sharp peak on the curve), too [5].  

Figure 3 P-V Curves for the typical  Figure 4 P-V Curves for the typical module 
module under different temperatures under different effective  irradiance levels 

For a specific P(V) curve there is only one point corresponding to the maximum power. 
Maximum power point tracking is an algorithm that finds the optimum output voltage of the 
PV array that produces maximum available electrical power. It is essential for increasing the 
cell efficiency. Figure 5 shows the equivalent circuit of the ideal PV cell. The basic equation 
from the theory of semiconductors that mathematically describes the I V characteristic of the 
ideal PV cell is: 
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where Ipv,cell is the current generated by the incident light (it is directly proportional to the Sun 
irradiation), Id is the Shockley diode equation, and a is the diode ideality constant. 

Figure 5 Single-diode model of the theoretical PV cell and equivalent circuit of a practical PV device including 
the series and parallel resistances. 

The basic equation (1) of the elementary PV cell does not represent the I V characteristic of a 
practical PV array. Practical arrays are composed of several connected PV cells and the 
observation of the characteristics at the terminals of the PV array requires the inclusion of 
additional parameters to the basic equation [6]: 
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where Ipv and I0 are the photovoltaic (PV) and saturation currents, respectively, of the array 
and Vt = NskT/q is the thermal voltage of the array with Ns cells connected in series. Cells 
connected in parallel increase the current and cells connected in series provide greater output 
voltages. Equation (2) describes the single-diode model presented in Figure 5, and it 
originates the I V curve in Figure 2, where three remarkable points are highlighted: short 
circuit (0, Isc), PP (Vmp, Imp), and open circuit (Voc, 0). Some authors have proposed more 
sophisticated models that present better accuracy and serve for different purposes. 
Manufacturers of PV arrays, instead of the I V equation, provide only a few experimental 
data about electrical and thermal characteristics. For that reason many researchers develop 
models for PV I-V characteristics based on the manufactures data [6], [5].  

Resonant converter is used for load interfacing to PV module. With proper converter 
operating point PV module can operate as voltage source, current source or in MPP.  

3. Water Electrolysers

High-quality hydrogen ( 100% hydrogen) can be produced by the electrochemical conversion 
of water to hydrogen and oxygen through a process known as water electrolysis. The reaction 
with the thermodynamic energy values is described in Equation (3):  

22
11

2 2/16,482,237 OHkJmolkJmolOH
heatyelectricit

l (3) 

Today, we have two available commercial electrolysers: alkaline electrolyser and PEM 
(proton exchange membrane or polymer electrolyte membrane) electrolyser. Since the 
electrolysis phenomenon was discovered by Troostwijk and Diemann in 1789, alkaline 
electrolysis has become a well matured technology for hydrogen production up to the 
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megawatt range, and constitutes the most extended electrolytic technology at a commercial 
level worldwide. Three major issues are normally associated with alkaline electrolysers, low 
partial load range, limited current density and low operating pressure. PEM electrolysers can 
operate at much higher current densities, capable of achieving values above 2 A cm-2, this
reduces the operational costs and potentially the overall cost of electrolysis. Table 1 shows 
main differences between these two technologies [7]. 

Table 1 Advantages and disadvantages of alkaline and PEM electrolysis

Alkaline electrolysis PEM electrolysis

A
dv

an
ta

ge
s

Well established technology High current densities
Non noble catalysts High voltage efficiency
Long-term stability Good partial load range
Relative low cost Rapid system response
Stacks in the MW range Compact system design
Cost effective High gas purity

Dynamic operation

D
is

ad
va

nt
ag

es

Low current densities High cost of components
Crossover of gases (degree of purity) Acidic corrosive environment
Low partial load range Possibly low durability
Low dynamics Commercialization
Low operational pressures Stacks below MW range
Corrosive liquid electrolyte

Importance of proper selection of electrolyser operating voltage and current is shown in [8].  
Figure 6 shows that with higher current and power higher hydrogen production rate (vH) can 
be achieved, but electrolyser efficiency falls as power rise.  

a) I -vH characteristics b) P -vH curves c) P - e curves

Figure 6 Characteristics of single PEM electrolyser cell 

There are possible several ways of combining a PV system and a water electrolyser: direct 
coupling and coupling through a DC DC converter. No matter what way of combining is in 
use, it is essential to achieve optimization by matching the voltage at the maximum power 
point of the PV array (Vmpp) and the operating voltage (Voper) of the electrolyser. Direct 
coupling advantage is in simplifying circuit and increase efficiency by eliminating power 
converter, which adds to circuit resistance and system cost. Disadvantage is in low voltage for 
electrolyser during cloudy days, sunset or down. Low voltage results with no production of 
hydrogen. Also, direct coupling is not suitable because it lacks the ability to control the power 
flow between a PVs and electrolyser. Use of power electronic helps to overcome this problem 
[9]. By using DC DC converters, PVs and electrolysers can operate at different voltage. 
Therefore both PVs and electrolysers can be designed to operate at their most efficient 
voltage. High-frequency (HF) transformer isolated, HF switching DC-DC converters are 
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suitable for this application due to their small size, light weight and reduced cost [10]. MPP 
tracking is also possible; the operating voltage of PVs is selected that the maximum power 
can be derived from the solar radiation. In general, the voltage of an electrolytic cell can be 
expressed by equation [11]:

diffohmactrevcell VVVVV (4) 

The reversible cell voltage Vrev is the minimum voltage that is required for the water 
Vrev can be 

calculated as follow [8]: 

zF

G
Vrev (5) 

where G

12731632,0840,285 kJmolTSTHG (6) 

F is Faraday constant (96,485 kCmol-1), z is the number of electrons transferred per hydrogen
molecule (z=2), H is enthalpy change; T is the electrolysis temperature and S the change of 
entropy. 

Vact is the activation overvoltage, which is related to the electrochemical kinetics. It is caused 
by the activated nature of the chemical transformations taking place on the surface of the 
electrodes; as a result, Vact is highly dependent on the electro catalytic properties of the 
electrode materials.  

Vohm is the overvoltage caused by the so-called ohmic losses. These losses are mainly caused 
by the straightforward resistance that the electrodes, bipolar plates, current collectors and their 
corresponding interconnections offer to the flow of electrons, as well as by the resistance to 
the flow of ions of both the electrolyte and the membrane that separates anode and cathode. 
This ohmic overvoltage is basically proportional to the electric current flowing through the 
electrolytic cell [12]. In [13] authors show that Relectrolyser=1,44  at  and Vstack=1.288V
(for alkaline electrolyser). Relectrolyser and Vstack, are two parameters which are dependent on the 
electrolyser elements, and the electrolyte temperature.  

The diffusion over potential Vdiff takes into consideration the mass transport limitations that 
can occur especially at high current densities. In fact, in the case of water electrolysis, the 
electrochemical reaction needs water to be supplied to the reaction site, and hydrogen and 
oxygen to be removed. Since the reaction is taking place at the membrane electrode interface, 
all the mass flows must be transported through the porous electrode: water from the channels 
to the catalyst layer, hydrogen and oxygen from the reaction sites to the channels. In fact, if 
H2 and O2 are not removed as fast as they are produced, their concentration in the reaction site 
increases, slowing the reaction kinetics. The mass flow through the porous electrodes is a 

[12].   

4. Power converter

In switch-mode power supplies, the transformation of DC voltage from one level to another is 
accomplished by using DC to DC switch mode power converters. These converters use power 
semiconductor devices as a switch. In the switch mode operation, the transistor is operated in 
saturation (switch on) and cut-off (switch off) regions.  High voltage and current do not co-
exist in the device, except during switching transitions. Therefore, the switch-mode operation 
results in lower power dissipation. Further, due to high-frequency operation, the size of 
isolation transformer and passive components in the filter are drastically reduced. However, 
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switching power supplies have of higher complexity, more switching losses, higher switching 
stresses and electromagnetic interference (EMI). These problems are exacerbated with 
increasing switching frequency. If the switch is made to change its state (from off to on and 
vice versa) at an instant when either voltage across it or current through it is zero, then
aforementioned shortcomings are minimized. Such switching action is named as the soft 
switching. In zero-voltage-switching (ZVS), the switch changes its state when the voltage 
across it is zero, whereas in zero-current-switching (ZCS), the switch changes its state when 
current through it is zero. The ZVS or ZCS, collectively termed as soft switching, can be 
achieved by different ways, which are broadly classified as follows: adding passive auxiliary 
reactive components (e.g. quasi-resonant converters [14]), adding active auxiliary circuit (e.g. 
resonant transition converters [15]), modifying the switching strategy (e.g. full-bridge ZVS 
converter [16] and zero voltage, zero-current-switching (ZV-ZCS) converter [17]), changing 
the converter topology (e.g. resonant converters [18]). Merits and limitations of various soft 
switching methods [18], [19]. 

Figure 7 Block diagram of a DC-DC RC

Figure 7 shows the block diagram of a DC-DC resonant converter (RC). The input can either 
be a DC voltage source or a DC current source. An inverter (full-bridge, half-bridge or push-
pull) excites the resonant network (RN) with high frequency square-wave waveform. A 
transformer at the output of RN is used to step up or down the voltage according to the 
requirement and provides galvanic isolation. Rectifier and filter is used to get the DC output. 
The nature of the filter, inductive or capacitive, decides the nature of load to be current sink or 
voltage sink, respectively. Therefore, based on the type of source, type of load and the RN, it 
is possible to group RCs as follows [20]: voltage source-RN-voltage sink, or VNV topologies, 
voltage source-RN-current sink, or VNI topologies, current source-RN-voltage sink, or INV 
topologies, current source-RN-current sink, or INI topologies. The RCs are defined [20] as the 
ones in which, 

The power transfer from input to output is primarily via the fundamental component
of switching frequency. The harmonics of source and load contribute little to the 
power transfer. What this implies is that the RN acts either as a low pass or a band 
pass filter, isolating the input and output at harmonics of switching frequency. 

The waveforms of the voltage or current response of RN to the excitation of source
and load is piecewise sinusoidal. 

This definition decides which topologies are resonant. For practical usability of RCs, there are 
also restrictions [20] on the input and output impedances of a RN for different types of 
sources and loads.  

4.1 RC Topologies 

Three element VNI topologies, presented in [21], are analysed based on their normalized load 
current characteristics, for use in electrolyser application of the solar hydrogen production 
system. High order converters exhibit DC conversion characteristic with stepper slope. It can 
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be expected that such converters have higher output resistance at constant frequency. For that 
purpose Matlab Simulink model was build, and verified through results presented in [22]. For 
all RCs the Lr=Cr=1. To provide connecting more electrolyser cells to one converter, and 
satisfy need for high power, full-bridge inverter topology is used. Suitable topologies must 
meet condition of normalized power between 0.1 and 1.6 as requested by design. Also, 
change 5% InO at selected operating point must not have impact on ZVS region. By selecting 
proper transformation ratio, M and InO can be further adjusted to meet simulated operating 
point values. 

a) Tank M; Cr=4Cdr/N
2 b) Tank S; Ls/Lp=1

c) Tank H; Cs/Cp=1 d) Tank Z; Ls/Lp=1

Figure 8 Full-bridge multiresonant converters

Load current characteristics of three element VNI resonant networks presented in [21] were 
obtained by simulation. Three of them, shown on Figures 8b, 8c, 8d, are selected for further 
analysis based on high slope characteristics, including RC used for model build, shown on 
Figure 8a. High slope property is selected since it provides large voltage change caused by 
small frequencies changes, and thus constant current at small changes of load resistance due 
to thermal effects in electrolyser. To achieve negative feedback control, only negative slopes 
are considered. This condition define left boundary of operating range (LB). There are two 
main losses generation processes in RC. Switching losses are generated by forced charging 
and discharging of the capacitors across the switches. Those losses are associated with 
equation: 

Wf
UC

P swloss 2

2
0 (7) 

where C0 is capacitance across switch, U is voltage on C0, fsw is switching frequency.  
Conductive losses are produced on the switch and wire resistance by resonant current. Those 
losses are associated with equation: 

WRIPloss
2 (8) 

here I is effective current, R is total circuit resistance consisting of wire resistance and switch 
resistance. Losses in electromagnetic components are not considered here. Right boundary is 
limited by value YC, ratio of capacitance C0 and resonant capacitance Cr. Value C0 is selected 
to achieve voltage transition on full bridge switches in resonant manner. Resonant transition 
or ZVS cannot be obtained for whole operating range thus reduced operating range has to be 
calculated and analyzed. Smaller capacitance C0 provides larger operating range, but higher 
switching losses. 
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Load current characteristics of selected resonant tanks are shown on Figures 9a, 9c, 9e, 9g. 
Selected operating ranges are shown in Figure 9b, 9d, 9f, 9h. Operating range boundaries are 
marked with blue dashed lines. Table 2 summarize selected operating range conditions, and 
Table 3 operating point conditions. Ratio M / I nO, output resistance, calculated at constant 
operating frequency and at defined normalized power, is shown in Table 3. This value is 
obtained by observing change in InO for small change of M at operating point ( M = 5-
10%M). Figure 10 shows voltage, current and power in resonant tank for P=0.8. All values 
are normalized, transformer winding ratio is taken to be N=1. 

a) Tank M b) Tank M; M=0.75, fn=0.061

c) Tank S d) Tank S; M=3.756, fn=0.1181

e) Tank H f) Tank H; M=0.835, fn=0.0481
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g) Tank Z h) Tank Z; M=0.776, fn=0.0213

Figure 9 Load current characteristics with operating range

Table 2 Normalized operating range parameters (Pn=0.1  Pn=1.6)

Parameter Tank M Tank S Tank H Tank Z
InO 2 0.4 1.8 2
C0 0.2 0.1 0.35 0.5

fn 0.061 0.1181 0.0481 0.0213

Table 3 Normalized operating point parameters (Pn=0.8)

Parameter Tank M Tank S Tank H Tank Z

fn 0.61035 1.049 1.0267 0.6533
M 0.16 0.19 0.043 0.04
I nO 0.002 0.012 0.0035 0.0075

M / I nO 80 15.83 12.28 5.33
output power (OP)/

circulating power (CP) 1.053 2.398 0.863 0.409

a) Tank M; InO=2 , fn=0.6104, M=0.4, OP/CP=1.053
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b) Tank S; InO=0.4 , fn=1.049, M=2, OP/CP=2.398

c) Tank H; InO=1.8 , fn=1.0267, M=0.4444, OP/CP=0.863

d) Tank Z; InO=2 , fn=0.6533, M=0.4, OP/CP=0.409

Figure 10 Resonant tank voltage, current and power at P=0.8

Analysing obtained results it can be seen that all four RC satisfy initial design conditions for 
power range and InO change. RC with tank Z and tank H are not suitable because their output 
power is smaller than circulating power compared to other converters, as can be seen on
Figure 10. This property results in RCs lower efficiency. Comparing tank M and tank S it can 
be seen that tank M has higher output resistance at operating frequency. Higher output 
resistance provides smaller current change due to changes in load resistance at constant 
switching frequency, thus RC can be considered as constant current source.

5. Conclusion

PV modules represent energy source with variable power, current and voltage.  Due to the 
wide variation in input voltage and load current, no analyzed converter can maintain zero-
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voltage switching for the complete operating range. For the reduced operating range of 
interest all converters can maintain ZVS, even at highest value of C0.

The output resistance at same operating point is calculated for all four RCs. The selected 
operating point is at half of rated converter power.  At selected operating point the tank M has 
highest output resistance and is best candidate for realizing constant current DC source 
powered by PV module. Since the electrolyser resistance is low compared to the converter 
output resistance the output current can easily be held constant irrespective of load variations 
by small switching frequency variation. It can be expected that constant current source 
realized by tank M can be used for whole PV voltage and current range.  

Based on a comparison of all the selected converters, resonant converter with tank M will be 
studied in the future. 
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