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Abstract— This paper presents a new switching strategy for electrolyzer used in hydrogen generation which is
connected to the terminal of a wind farm. The output of wind generator, in general, fluctuates greatly due to the random
wind speed variations, which has a serious influence on the power system operation. In this study, the wind farm is
composed of variable speed wind turbines (VSWT) driving Permanent Magnet Synchronous Generators (PMSG). The
Hydrogen Generator (HG) is composed of rectifier and 10 electrolyzer units where each unit is controlled by the chopper
circuit. To smoothen the wind farm line power, at first, a reference for the line power is generated from the difference of
exponential moving average of wind farm output and its standard deviation. Then the switching strategy is developed in
such a way that the proposed cooperative system can smoothen the wind farm line power fluctuation as well as generating
hydrogen gas absorbing the fluctuating portion of wind farm output that lies above the reference line power. This novel
switching strategy helps each electrolyzer unit working in full load and shift operation conditions and hence increases its
lifespan and efficiency. The performance of the proposed system is investigated by simulation analyses, in which
simulations are performed by using PSCAD/EMTDC.

Index Terms—dc-chopper, electrolyzer, maximum power point tracking, variable speed wind turbine (VSWT), voltage

source converter (VSC), wind power smoothening.



I. Introduction

Hydrogen has received much attention nowadays from the viewpoint of exhaustion problem of fossil fuel as well as to
prevent global warming. Besides the large scale industrial uses, one of the recent trends is to use hydrogen in energy station
for fueling the vehicles. Hydrogen is the most abundant element in the universe, making up 75% of the mass of all visible
matter in stars and galaxies [1]. However, all the hydrogen is in combination with other elements such as natural gas
(where, methane, CHy, is the main component) and water (H,0O). Small-scale distributed hydrogen production from natural
gas is most economical. Advanced natural gas to hydrogen refueling stations are being field evaluated. Statistic says that
approximately 90% of the produced hydrogen is obtained from natural resources such as natural gas, coal, and oil through
the process called reformation.

On the other hand, the electrolyzer technology is available today, but using electricity produced from fossil fuels to
make hydrogen creates significant greenhouse gases. However, electrolyzers open the possibility of using electricity made
from renewable and nuclear sources to produce carbon-free hydrogen. Among the renewable energy sources wind energy is
playing the major role to fulfill the energy demand of this modern world. In 2007, 20,000 MW of wind power was installed
all over the world, bringing world-wide installed capacity to 94,112 MW [2]. Therefore, in this study, hydrogen production
from wind energy, rather than other renewable sources of energy, is focused using electrolysis process. The common issue
of output power fluctuation of wind farm is solved by developing the advanced switching strategy for hydrogen generator.

Variable speed wind turbine generator system (WTGS) is considered in this study, taking account its huge market share
at the present [3]. Though doubly fed induction generator (DFIG) is widely used as variable speed wind generator [4-8],
permanent magnet synchronous generator (PMSG) is considered for this study due to some inherent advantages of it.
Permanent magnet machines are characterized as having large air gaps, which reduce flux linkage even in machines with
multi magnetic poles [9-10]. As a result, low rotational speed generators can be manufactured with relatively small sizes
with respect to its power rating. Therefore, gearbox can be omitted when PMSG is used as variable speed wind generator.
In [11-19], various types of frequency converter topologies including the control strategy are presented for the operation of
VSWT-PMSG. In this paper, a simple type of frequency converter composed of rectifier, boost converter, and grid-side
DC/AC inverter is considered, where interpolated firing pulses are used as the switching signals for the insulated gate
bipolar transistors (IGBT) of both converter and inverter. The detailed control schemes of both converter/inverter are
presented.

Though hydrogen generation using wind energy is becoming popular these days, there are not so many reports available



in literature on this topic. In [20], the hydrogen generation topologies suitable for variable speed wind generator were
discussed, where electrolyzer is connected to the dc-link of the frequency converter. Nice study is presented in [21], where
hydrogen is generated from standalone VSWT-PMSG. Hydrogen production from hybrid system is presented in [22].
Different types of hydrogen storage methodologies are discussed in [23]. Details of hydrogen production using fixed speed
wind generators are presented in [24]. In general, hydrogen generator can be considered to be connected at DC link of each
unit or terminal of wind farm. It should be noted that connecting the hydrogen generator in the wind farm terminal using an
additional three-phase rectifier may result in the drawbacks of poor efficiency and extra harmonic current. Therefore, best
way might be to connect the hydrogen generator in the DC link of wind generator which operates in variable speed. In that
case, a coordinated control scheme among different variable speed wind generator units is essential to smooth the wind
farm line power as desired by transmission system operators (TSOs) and cost of the control unit for each hydrogen
generator should be taken into consideration as well.

In this paper, minimization of wind farm line power fluctuation is proposed without considering any additional energy
storage system using a hydrogen generator where multiple electrolyzer units are used instead of a large unit considering the
issues of lifespan and efficiency. The switching scheme of multiple electrolyzer units are the main objective of this study.
Therefore, hydrogen generator consist of multiple electrolyzer units is considered to be connected to the wind farm terminal
in a simple way using a three phase rectifier scheme for the sake of avoiding intricacy of the coordinated control scheme
among all wind generators in a wind farm and hence overall efficiency is not taken into consideration, in this study. The
same switching scheme definitely can be adopted to the system where the hydrogen generator is connected to the DC-link
of the frequency converter, just considering the coordinated control scheme among different units.

In this study, variable load operation of electrolyzer may have some adverse effect on its lifespan and efficiency.
Therefore, in this study, 10 small electrolyzer units are considered instead of a large one, in which each unit operates only
at rated load. Moreover, operation shift of the electrolyzer units are also considered to distribute the loading equally among
all units. To smoothen the wind farm line power, it is very important to generate a line power reference. In our earlier work,
we used energy capacitor system to smoothen the wind farm output power [25]. However, in the present study, as no
energy storage device is considered, the reference is chosen in such a way that most of the fluctuated output will be
absorbed by the hydrogen generator and as a result smoothened line power can be obtained. Considering this strategy, the

line power reference is generated from the difference of exponential moving average of wind farm output and its standard



deviation. Then a novel algorithm is developed for the switching of multi-electrolyzer units keeping in mind the following
points.

a. Number of active electrolyzer units depends on how much fluctuating power needs to be absorbed.

b. The electrolyzer will be switched off according to the FIFO (First-In-First-Out) algorithm, which is implemented

based on electrolyzer loading concept. Therefore, the operation time of each electrolyzer can be averaged.

c. During electrolyzer switch on, operation shifting is maintained.

d. Excessive electrolyzer switching should be avoided.

e. Soft start of electrolyzer switching is adopted in the chopper duty cycle control.

Extensive simulation analyses have been performed by using PSCAD/EMTDC, which shows the validity of the proposed
control system. It is needed to mention here that the incorporation of hydrogen electrolyzer with a partial capacity of a wind
farm can even respond to grid operator requests to ramp up the power instantly by switching off the electrolyzer units.
Finally, it is concluded that the proposed cooperative control is very effective for smoothing the wind farm line power

without integrating any costly energy storage system.

I1.Wind Turbine Modeling

The mathematical relation for the mechanical power extraction from the wind can be expressed as follows [26]:

P, =052V, Co (1) 0

where P,, is the extracted power from the wind, p is the air density [kg/m’], R is the blade radius [m], V., is the wind speed
[m/s] and C, is the power coefficient which is a function of both tip speed ratio, A, and blade pitch angle, 3 [deg].

In variable speed WTGS, generated active power depends on the power coefficient, C,, which is related to the proportion
of power extracted from the wind. For each instantaneous wind speed, there is a specific turbine rotational speed, which
corresponds to the maximum active power extraction from the wind. In this way, the maximum power point tracking
(MPPT) in variable speed WTGS increases the energy generation at all types of wind conditions. The wind turbine
characteristic with maximum power point trajectory used in this study is depicted in Fig. 1 [26-27].

Since the measurement of the precise wind speed is difficult, in this study, the maximum power, P, (which is used as

the reference power of the frequency converter) is calculated without the measurement of wind speed as shown below.
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where, o, denotes the rotor speed of wind turbine, Aoy and C, oy are optimum values of tip speed ratio and power
coefficient respectively.

If the rotational speed exceeds the rated speed of wind turbine, then pitch controller is activated and thus reference power

is controlled. In this study, the pitch controller presented in [17] is used in the simulations.

I11. Modeling of Frequency Converter

IV. Modeling of Hydrogen Generator

The Faraday’s law for electrolysis can be expressed briefly with the following equation.
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where | is the current in Ampere, t is the time in sec, z is the valence number of ions of the substance (electrons transferred

per ion), F is the Faraday Constant, and n is the amount of substance (“number of moles™) produced.

According to the Faraday’s Law of Electrolysis, it is possible to generate hydrogen gas by using electrolyzer (ELL).
From eq.(3), it is clear that the amount of produced hydrogen depends on only the electrolyzer current. Therefore, the
hydrogen generator can be simulated with the electrolyzer and the power electronic devices that will provide constant
current to the electrolyzer [24].

In this paper hydrogen generator composed of rectifier, dc chopper, and electrolyzer is considered. For smoothening the
wind farm line output power, it is not a good method to use only one electrolyzer of a large capacity because operation in
partial loading condition is needed in this case. It is needed to mention here that electrical load on electrolyzer should be
maintained constant because varying load operation of electrolyzer might not be a good choice from practical viewpoints.
The adverse effect of fluctuating input power to the electrolyzer on its lifespan is reported in [31]. The degradation of
electrolyzer performance due to lower efficiency is clearly stated in [30-32]. Moreover, lower temperature even decreases
the hydrogen generation rate from electrolyzer, which is @I§@ stated in [32]. This important constrain pave the way to
combine multiple small capacity electrolyzer units (10 units are considered in this study) instead of one large unit as
depicted in Figi4! Simple rectifier circuit is used to convert the ac voltage to dc voltage as shown in Figi4. To simulate the
electrolyzer, it is necessary to know the electrolyzer characteristic precisely. The electrolyzer characteristic used in this
study is available in [24]. The parameters of single electrolyzer unit is shown in Table 1. The details of the electrolyzer

switching scheme are demonstrated in the following section.

V. Smoothing Operation using Proposed Switching Scheme



A) Determination of Wind Farm Line Power Reference

, it is required to determine the reference line power, P, ger, to smoothen the wind farm output
fluctuation, so that when wind farm output exceeds the reference power will be absorbed by the hydrogen generator.
Therefore, special attention is required to set this reference power because too many fluctuation above and below this
reference would deteriorate the overall smoothing performance. The reference generation scheme is explained as follows.
At first, exponential moving average (EMA), Pwr ema, Of the wind farm output, Pwe, is calculated from the following
equation.

EMA(C)=[(C-P)xK]+P @)

Where,

C=The current value

P=The previous period’s EMA

K=Weighting factor

For a period-based EMA, "K" is equal to 2 / (1 + N), where N is the specified number of periods. For example, a 10-
period EMA's “weighting factor” is calculated like this: 2/(1+10)=0.1818. Number of period can be chosen randomly and in
this study 60 period (180 sec) EMA value is used in the simulation. Detailed of the EMA can be found in [24].

Then P, ger is determined as the difference between Pwe ema and the standard deviation o. Finally, the amount of
fluctuating wind power required to be consumed by the hydrogen generator, Pyg rer, Can be determined from the difference
between Pwr and Py ger, Which is demonstrated in Fig:5:]According to the normal distribution theory, it is expected that

most of the output fluctuation of wind farm can be suppressed if the reference is calculated in this way.
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It should be noted that any small fluctuation of wind farm output may cause to switch on another small electrolyzer unit,
which is not desirable from the viewpoint of lifetime and efficiency of each unit. This random switching can be avoided by
adopting standard binary delay in the input of hydrogen generator control block as shown in Fig. 6, while determining total
number of required electrolyzer units. The binery delay block means that when the input increases, the output will increase
after any specified time, provided the input is still high, which eventually reduces the random switching of electrolyzer

units.

V1. Model System

In this study, aggregated wind farm model is considered, where several WTGSs are lumped together to obtain a large
WTGS. The reason is that the detailed switching models are used instead of the time average model for frequency converter
of VSWT-PMSG and 10 electrolyzer units of HG in the simulation analyses, which makes the simulation considerably
slow. The model system used in the simulation study is shown in Figi#0, where hydrogen generator is connected to the

wind farm connection point K. The parameters of the PMSG are shown in Table. Il. The system base is 5SMVA.



VI11.Simulation Results

Real wind speed data obtained in Hokkaido Island, JAPAN, is used in the simulation to verify the effectiveness of the
proposed system which is shown in Fig. 11. Time step and simulation time have been chosen 0.00002 sec and 600 sec
respectively. The simulations have been performed by using PSCAD/EMTDC [28].

The responses related to the maximum power extraction from wind are shown in Figs. 11-14. The responses of wind
farm output power (i.e., real power output from the grid side inverter of VSWT-PMSG), and rotor speed of PMSG are
shown in Figs. 12 and 13, respectively. The real power reference of PMSG side boost converter calculated using MPPT is
shown in Fig. 14 as explained in Sect. Il and I1l. The DC-link voltage of the frequency converter is shown in Fig. 15, which
is maintained constant by the grid side inverter. The grid side inverter also controls the reactive power of the grid and hence
the terminal voltage of wind farm (i.e., terminal voltage at the high voltage side of the transformer located after the grid
side inverter) can be maintained constant at the desired level which, in general, is set by the transmission system operators
(TSOs) once or few times in a day as can be seen from Fig. 16. In this study, the wind farm output fluctuation is minimized
using variable number of electrolyzer units by absorbing the real power above the reference line power, as explained
earlier. This means that the fluctuating part of the wind farm output is absorbed by the hydrogen generator multiple
electrolyzer units through the proposed switching scheme in a controlled and efficient way. The responses of line power
reference and wind farm line power are shown together in Fig. 17. As a smoothing index, the frequency spectrum of the
wind farm line power is also shown in Fig. 18. From Figs. 17 and 18 the smoothening of wind farm output fluctuation is
noticeable. It can be noticed from Fig. 17 that the hydrogen generator cannot participate in the line power smoothing
operation when wind farm output is below the reference power. However, the smoothing performance can be improved
further by incorporating a very small energy storage system along with hydrogen generator. As switching scheme for the
multiple electrolyzer units is focused in this study, we have not considered the energy storage system. The responses of
total consumed power by 10 electrolyzer units and total hydrogen gas generation from hydrogen generator are shown in
Fig. 19 and Fig. 20 respectively. From Fig. 19, it can be understood clearly that the multiple electrolyzer units are
participated in the smoothing operation when required based on the reference set point explained in Sect. V.A by
abosorbing the fluctuating part of wind farm output power.

Finally, real power responses of 10 individual electrolyzer units are shown in Fig. 21. It can be seen that the electrolyzer
unit which comes into operation first is switched off also earlier when a unit requires to shutdown. The operation shifting

worked well throughout the run time according to the proposed switching scheme. It should be noted that electrolyzer



switching for a very short period might not be logical from the practical point of view as electrolysis is a chemical process.
This issue can be solved by adopting sophisticated control strategy considering the electrolyzer switching time.
Incorporation of a small size energy storage system (ESS) might be a good solution to resolve the problem without
degrading the smoothing performance of wind farm line power for that particular short period. Moreover, smoothing
performance can be improved when wind farm output goes below the reference power, which is not possible by considering

only hydrogen generator as discussed earlier. These issues would be reported in future work.

VI1II. Conclusions

Though wind power is considered as a prospective energy source, wind power fluctuation due to randomly varying wind
speed is still a serious problem for power grid companies or transmission system owners (TSO). On the other hand,
hydrogen generation using wind energy is drawing much attraction these days. Considering these, in this paper, a
cooperative control system is developed between variable speed wind farm composed of VSWT-PMSGs and hydrogen
generator with multiple electrolyzer units, which can smoothen the line power and generate hydrogen gas without
incorporating costly energy storage system (ESS). The multiple electrolyzer units help the hydrogen generator to avoid
operation in partial loading condition which reduces the chance in degrading the electrolyzer performance. The novel
switching strategy based on FIFO algorithm for the operation of multiple electrolyzer units help individual unit working in
full load condition and hence increases their service life as well as improves the overall performance of the hydrogen
generator. It is noted that the multiple electrolyzer switching scheme proposed in this paper can also be effective when
hydrogen generator is connected to the DC-bus of the wind generator by improving the coordinated control scheme, which
can also improve the overall efficiency of the system. Finally, it is concluded that the proposed cooperative control system
can be applied to a wind farm successfully; obtaining increased overall performance from hydrogen generator and

decreasing the cost of energy storage unit.
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TABLE |

PARAMETER OF SINGLE ELECTROLYZER UNIT

Rated capacity of one block 0.18 [MW]
Rated voltage V4 0.43 k[V]
Internal resistance Ry 0.124 [Q]
Internal voltage Ey 0.379 [kV]
Reactor Ly 1.0 [mH]
Capacitor Cy 200 [uF]
Reactor L, 0.5 [mH]
Capacitor C, 3.0 [uF]
TABLE Il

GENERATOR PARAMETERS

Rated Power | 5[MW] Stator Resistance | 0.01[pu]
Rated
1.0 [kV] d-axis Reactance 1.0[pu]
Voltage
Frequency 20 [Hz] g-axis Reactance | 0.7[pu]
Number of Poles | 150 Field Flux 1.55[pu]
H 3.0 [sec]
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Fig. 21. Real powers of 10 individual electrolyzer units



