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Abstract

This paper deals with hydrogen production via water electrolysis, which is considered the most attractive and promising solution
Specifically, the use of renewable energy sources, such as wind electric power generators, is hypothesized for supplying th
electrolyzer, aiming to strongly reduce the environmental impact. In particular, micro-wind energy conversion systems
(WECSS) are attractive for their low cost and easy installation. In order to interfag@/E@S and the electrolyzer, suitable

power conditioning systems such as step-down DC-DC converters are mandatory. However, due to the requested hig
conversion ratio between the DC bus grid, i.e. the output of a three-phase diode rectifier connected to the output of the electri
generator, and the rated supply voltage of the electrolyzer, the classic buck converter alone is not suitable. Therefore, a convert
is proposed and designed, consisting of a buck converter, a full-bridge IGBT converter, a single-phase transformer, and a dioc
bridge rectifier; LC filters are also included between buck and full-bridge converters, and at the output of the diode bridge
rectifier with the aim of reducing the ripple on currents and voltages. The components of the described physical system from th
output of the three-phase rectifier up to the electrolyzer are then modeled assuming the transformer as ideal, and the model
employed for designing a Pl-type controller. Experimental results are provided in order to demonstrate the effectiveness of the

developed converter and its control for these applications.

Keywords

Electrolyzer, DC/DC converter, Wind energy, High conversion ratio, Control technique, Modeling.

NOMENCLATURE

Acronyms

EL electrolyzer.

FBC full-bridge converter.
FC fuel cell.
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HBC
HFT
Mg
PEM
PMSG
SO

Ti

WECS

Roman symbols

Eelec

fSW

R1
fe1
fe2
fi
I}
2
IfV
TSW

Vs

Vit

half-bridge converter.

high-frequency transformer.

magnesium.

proton exchange membrane.

permanent magnet synchronous generator.
solid oxide.

titanium.

wind energy conversion system.

attenuation (db).

bandwidth (Hz).

duty cycle.

counter electromotive force of the electrolyz#f) (
switching frequency (Hz).

current flowing trough., (A).

current flowing trough 4.(A)

current flowing trough L(A)

tranformer input current (A).

tranformer output current (A).

input current of full-bridge converter (A)
current at the input of electrolyzer (A)
margin.

turns ratio of the transformer.
resistance of the electrolyzeR)

parasitic resistance of capacitar(Q)
parasitic resistance of capacitor(Q)
current ripple (A).

parasitic resistance of inductor (Q)
parasitic resistance of inductoy (Q)
voltage ripple (V).

switching period (s).

input voltage of full-bridge converter (V)
voltage across QV).

voltage across 4V).

voltage across £1V).

transformer input voltage (V).
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Vat transformer output voltage (V).
e crossover frequency (rad)s

r resonance frequency (rad)s
Greek symbols

[0) phase angle (°)

Subscripts and superscripts

g gain.
1. INTRODUCTION

Over the last decades, reserves of fossil fuets (@l, natural gas) have been depleting due & diowing
demand [1]. Indeed, fossil fuels are widely useddiverse applications, especially in transportatmd electricity
production [2]. Their increasing use all over therl leads up to the large release of greenhousesgaesponsible
for global warming and hazardous meteorologicalnphgena [1]. Based on the current reserves andl flosds
production [3], oil and natural gas should be diggleduring the 21 century (forecast exploitation time around 50
years). Hence, new energy solutions must be degdltpface the depletion of fossil fuels and glakatming.

Among the envisaged solutions, hydrogen is cons@iarpromising solution for a sustainable futurgimwiding
a clean and efficient energy carrier [4]. Hydrogan supply or store energy. Furthermore, it hesrg high energy
content (i.e. 120 MJ/kg) and can be used in full$ ¢ECs) to generate electricity or power and fesabyproducts.
Although hydrogen is not naturally present in natut can be found in fossil fuels, biomass, andewaAt the
present time, hydrogen can be produced in many wagh as by thermochemical, electrolytic, diredaisavater
splitting, and biological processes [5]. Among theferent hydrogen production processes, watstellysis is a
promising option. The operation of water electridyis mainly based on the use of electricity tatsgé-ionized,
pure or distilled water into hydrogen and oxygehe Themical reaction occurs in a system calledrelgzer (EL).
On one hand, given that electricity is needed &a $tydrogen production, different energy sourcas lee used. On
the other hand, in order to drastically minimizesimnmental impact, the use of renewable energycesu(e.qg.
wind, solar) is mandatory [6]. Besides, over tha kears, wind energy has gained a growing inteérelidrogen
production, as demonstrated in the literature A} In particular, micro-wind energy conversionstgms

(WECSSs), involving power levels under 10 kW, areaative for their low cost and easy installation.
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Different types of ELs can be distinguished by itledéctrolyte and the charge carrier: (1) alkakhes; (2) proton
exchange membrane (PEM) ELs; and (3) solid oxid®) (SLs [15],[16]. Table I indicates the main feasiof each
technology; whereas Table Il presents the advastagd disadvantages of each technology. From Téalaled I,
alkaline and PEM ELs are currently the two mairhtextogies, which are commercially available. AlkaliELs are
the most mature and widespread compared to PEM(tider development). As highlighted in Table Ikadine
ELs have a longer lifespan than PEM ELs. HowevEiVIFELs have several advantages over alkaline Hich as
compactness, fast system response, wide partilrioaye and high flexibility in terms of operatidxs a result, this
technology is an attractive option for integratiato the grid including renewable power generatygtems [16].
For this reason, a PEM EL has been consideredafoying on this work.

Like for FCs, DC/DC converters are mandatory terifsice the DC voltage grid and the EL. Generahg, EL
required a very low DC voltage in order to genetgtdrogen. Indeed, at nominal power, the cell wataf an EL is
equal around to 2.5 V [17]. With the aim to optimithe reliability of the EL, the number of cellssha be limited.
As emphasized in a previous work [17], DC/DC coteser for EL applications must meet several requinais from
voltage ratio, energy efficiency, and low outputreat ripple point of view. Among these issues, st important
requirement expected from the DC/DC converter ligh conversion ratio. Indeed, for hydrogen proaurctvia
water electrolysis from WECSSs, the DC bus voltageery high (i.e. between a hundred and a thousalts)) [17].
Given that the voltage of the electrolyzer is quae (i.e. around ten volts) [17], DC/DC convertds EL
applications must have a high conversion ratiatgbil

Based on the current literature survey carriedimw@t previous work [17], three types of DC/DC comees are
mainly used for these applications: (1) buck cotere(2) half-bridge converter (HBC); and (3) fbliidge converter
(FBC). On one hand, classic buck converters arelwidsed within hydrogen production systems baseV&CS
[7]-[24]. In [7], Sahin et al. have proposed a synchronous buck ctamgy replacing the diode with a power switch.
Therefore, the diode reverse recovery issue caretmved. In the other related papers [8-14], a Eintquck
converter is used since the study is mainly focusednergy management and cost analysis. By cosqgmaiin [18],
Monroy-Morales proposes a system composed of #iee@nd a classic buck converter to supply arctebdyzer.
The rectifier is used to convert an AC grid to a B@k- whereas the buck converter is used to adpesrequired

voltage to supply the electrolyzer. On the othendhaclassic buck converters present several disaages,
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particularly from voltage ratio and output currempples reduction point of view. These topologiesisinbe
particularly used for applications requiring a lealtage ratio as reported in the literature (ia. yery small, low
voltage wind turbines) [7]-[14]. On the other sidgglated DC/DC converter topologies (e.g. HBC, FBR@vide
more perspective, especially in terms of voltagaveosion ratio due to the use of a transformer[18],[20],
Andrijanovit$ et al. have developed a zero-voltagéching half-bridge DC-DC converter to interfaite DC grid
and the electrolyzer within a stand-alone powempbupased on renewable energy sources. By compaiisg21],
Blinov and Andrijanovit§ have developed a half-gedphase-shifted active rectifier for electrolyagplications.
Finally, full-bridge DC-DC converters have beenpgmsed in [22-28]. The advantages and disadvantaigeach
topology have been provided in a previous reviewkw/d7]. If the transformer is well designed forgaven
application, these topologies are particularly ahlé for hydrogen production via water electrolysisluding
WECS. However, so far, they have not been condgiderthe literature for these applications [17].

Accordingly, the main purpose of this paper is tesgnt a suitable high voltage ratio DC/DC conveide EL
applications within a hydrogen production systerselsbon a WECS. In this application, the DC busagmtis quite
high (i.e. around a hundred volts) and is very espentative of the usual DC bus grid voltage mewimd power
systems; consequently, a DC/DC converter with fughversion ratio is required. Another importantexspreated
in the paper is the control of the DC/DC convertarthis paper, model-based control techniquesuaesl. To this
end, a mathematical model is obtained, assumind&mavior of the transformer as ideal. Using theded, two
controllers are designed, one consisting of irtiegction, and the other consisting of an integadion together with
a proportional action. Experimental tests have besmied out in order to validate the concept @& tieveloped
converter and its control for applications requjranhigh conversion ratio.

This paper is divided into five sections. After sthintroduction presenting the current state-ofahteand
motivations to carry out this work, Section 2 déses the investigated hydrogen production systeen fiom the
wind turbine to the EL), and particular attentiangiven to the proposed DC/DC converter. Then, éntiSn 3,
details about the design and control laws for ti&'IC converter are provided. Finally, Section 4sprés the
experimental test bench used to validate the pegp@®@C/DC converter and its control, as well as ¢b&ained

results.
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2.THE INVESTIGATED SYSTEM AND THE CHOSEN CONVERTER TRDLOGY

Within the framework of this work, a hydrogen protian system based on®VECS is investigated and is shown
in Fig. 1. This system is composed of the followamnponents: a horizontal axis wind turbine, adkpbase bridge
rectifier, the proposed DC/DC converter, and finalPEM electrolyzer and metal-hydride hydrogemagte. In the
following, further details are provided for eachmgmnent being part of the studied hydrogen prodoctystem.

Three-phase diode rectifier
Windturbine T TTTTTTT T 77 B

DC/DC
Converter

/Oi [ Vdc;

Under study

H2 tanks
Figure 1: Synopsis of the investigated hydrogempetion system.
2.1. Wind turbine
In this work, the features of a horizontal axieethtphase wind turbine manufactured by FORTIS compeere
used. The wind turbine consists of the followingtpaframe/generator/mast adapter; rotor bladesémabfinally a
tail with the tail vane. The technical data of wed turbine are provided in Table Ill. The windlne is located on
the campus of the IUT (i.e. University of Technolpin Longwy (France), a section of the UnivergifyLorraine.

The trend of turbine power with wind speed is pded in Fig. 2.
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125 Figure 2: Power curve of the wind turbine accordimthe wind speed.

126  2.2. PMSG and Three-phase diode rectifier

i% The FORTIS wind turbine is connected to a brushjgsrmanent magnet synchronous generator (PMS&), th
129  outputs a three-phase AC voltage, whose frequendyamplitude depend on wind speed. The PMSG ougput
130 connected to a three-phase diode rectifier andpacttave filter to obtain a DC voltage. The varmatiof the DC
131  voltage with wind speed is provided in Fig. 3. Aatiog to this figure, the DC bus voltage rangedsrf 75 V (cut in
132  wind speed) to 500 V (rated wind speed).

133 Based on the wind speed measurements carried dimeorampus, the considered wind speed rangens $r¢o 7

134 m.s’. As a result, the DC bus voltage at the outpuhefrectifier is comprised between 150 V and 220 V.
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136 Figure 3: Variation of DC bus voltage at the outpiuthe rectifier according to wind speed.



137  2.3. Electrolyzer and hydrogen storage

igg A PEM EL (NMH2 1000) from the HELIOCENTRIS compaisyconnected to the developed DC/DC converter. The
140 features of the PEM EL are provided in Table IV.eToperating principle of this EL is shown in Fig. Bhe
141  generated hydrogen gas is accumulated in the hgdfegter separator and is dried by passing thrtlug/lautomatic
142  dryer. The internal pressure (11 bar) is controlbgdthe amount of generated hydrogen by the célé dutput

143  pressure is controlled by a proportional valve.

Drying tube

Auto dryer
T NM system

Pressure Shut-off valve

Water
reservoir ;7 gauge /
7
[
\P _
T H, outlet
%&% XN

\L Pressure
liE transducer

Over-
l pressure
> relief port

/]
theck r
valve

—>

Water drain port

Salid Polymer Electrolyte (SPE) cell

144

145 Figure 4: Operating principle of the PEM EL.
146  In order to store hydrogen produced by the PEMtEitee metal hydride storage systems (MHS 800 shiowig. 1)
147  from the HELIOCENTRIS company are used. These tamksequipped with a low-temperature metal alloyaon

148 titanium (Ti) and magnesium (Mg) base. They presewueral benefits for storage as defined below:

149 » Absorption of the hydrogen in the alloy latticeesifthe adsorption at the surface;
150 e can store hydrogen at high volume and low weighsite (fit for stationary applications);
151 * low thermal conductivity.

152  The technical data of the MHS 800 metal hydridesgte are provided in Table V.

153

154  2.4. Proposed and developed DC/DC converter

igg In the proposed application, the electrolyzer igpsied by a wind turbine connected to a PMSG anduin, to a

157 three-phase bridge rectifier (Fig. 1). On the oaad) in the operating range, the voltage at thputuif the three-
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phase diode rectifier (DC bus voltage) varies frob0 V to 220 V. On the other hand, the electrolyzgires a
rated power of 400 W with a voltage of 8 V. Therefoca step-down DC/DC converter is required. Uniuately,

such a strong voltage reduction cannot be obtawitda traditional single-stage buck converter siacvery low

duty cycle (ranging between 0.036 and 0.053) wdiddnecessary; in such case, the low conduction ¢ifrtbe

power switch would require a very fast on and wifet of the device, and the current supplied bysingérce would
have a high di/dt. Moreover, at constant input-atifgower, a strong voltage reduction implies a dgh value of

the output current; thus, the inductor, the poweitch, and the free-wheeling diode would be sulgeédp high

current levels degrading the efficiency due to ddasses. The second disadvantage could be padd@ited by an
interleaved step-down converter in which the currershared among more inductors [7]. As a mattdad, this

circuit operates as more parallel connected coessednd the total current is divided. Hence, theeo ratings of
power electronies devices could be reduced. Anywagssure that all currents are equally dividedragrinductors,
and to properly control and improve the reliabildy interleaved topologies, several current sensarst be used
[29],[30]. However, the more current sensors aredughe more the control is complex. Anyway,-thassic

interleaved step-down converter does not help liegbe first disadvantage (i.e., the need for Viast devices and
the related high di/dt) because it still has atieaivoltage ratio.

For the above-mentioned reasons, a different tmyohas been chosen for the proposed DC/DC comyvéite
synopsis of the chosen topology is shown in Figt 8Bncompasses a buck converter stage connectad EBC,
operating at a constant duty cycle, a transforewith a suitable reduction ratio, a bridge réeti{3), an LC filter
(4). Further details regarding the design of theveoter are provided in Section 3. In the followitige reasons that
led to choosing this topology will be explained.s#ong voltage reduction can be obtained easily bglusing a
transformer with a suitable voltage ratio. The vilogkfrequency of such a component is chosen asrprmise: a
value lower than 100 Hz implies a heavy and butlyps$former; on the other hand, significant switghliosses are
exhibited when the frequency exceeds 50 kHz. Thezefa working frequency of 25 kHz has been chdsethe
transformer. Being the transformer an AC device,FBC is required to convert the rectified DC windhine
voltage into a 25 kHz square wave that is fed thi high side of the transformer (high voltage, lowrent). In
addition, a classic buck converter is placed betwtbe three-phase rectifier and the input of th&€R8 have one

degree of freedom (i.e., the control variable) be voltage/current combination at each power levVaé higher
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current appearing at the low side of the transforimeaimply rectified using a diode bridge. Finaléylow-pass LC
filter reduces the current and voltage ripple tteed the life of the EL. The present study fociseeifically on ELs
supplied byuWECS, i.e., with power levels lower than 10 kW. fas the high-side section of the circuit, in the
chosen case study a maximum current of 1.8 A iainbt at the considered power and voltage levél8 @ and
220V); in the worst case (i.e., for a typical 10 k¥@0 V three-phase wind turbine), the currenbigdr than 15 A.
Hence, the choice of the classic buck convertereuldbetween the three-phase rectifier and the ioptite FBC is
adequate, and no current sharing is required. fqaty, the buck converter is used to obtain a erate voltage
reduction ratio, which is then further increasedty transformer. As for the low-side section af tircuit, in the
chosen case study a maximum current of 50 A isirddaat the considered power and voltage level® #0and 8
V); in the worst case (i.e., for a 10 kW wind tund), the current is 1250 A. However, these higlerent levels are
not a problem since the related circuit is competeassive (i.e., diodes are used instead of adiviching
devices). Even if several parallel-connected diattesused, being the circuit passive no currentrgip@ssues arise.
Therefore, all the electric components requiredheyproposed topology are readily available omtlaeket (diodes)
or can be simply designed and built (high-frequettapsformers with high secondary current). It srtw noting
that, for power levels higher than 10 kW, altewmatDC/DC converter topologies may be more suitabig, the
analysis of this scenario falls outside the scdpbhapresent paper.

Full-bridge DC/DC converter

2 3 4
i - - || Filter |||, %
DEREREER

Figure 5: Synopsis of the proposed DC/DC converter.

Buck 1

3.CONVERTERDESIGN AND DEVELOPMENT OF THE CONTROL LAWS

3.1. Design and sizing of the proposed converter
In general, it is possible to size the output filtéthe FBC ((4) in Fig. 4) considering that themut waveforms of

an FBC with unity turn ratio, controlled with dutgtio D at a switching frequency,f- are the same as those of a
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buck converter operating at 2D and231]. In the case under study, the FBC is operatea constant duty ratio
equal to 0.5. As a result, the output waveformsighbave no ripples at all. However, the leakagkiatance of the
high-frequency transformer (HFT) and the inductanéethe output filter of the FBC significantly dglahe
commutation between the diode paths corresponding positive and negative current, and the voltag¢he
secondary side of the HFT is zero during the comatiari. Hence, the actual duty ratio of the equinaleuck
converter is lower than unity and not constant. T®EMISTACK-IGBT from SEMIKRON company will be used
for implementing the proposed converter, as dismiss Section 4; hence, no sizing is required BBTs and
diodes. On the other hand, the different passivepoments to design for our system are shown in@zidctually,
there are 6 passive components to design (3 indycBocapacitors): one LC couple at the outputhef buck

converter, and two LC couples both at the inputthedutput of the full-bridge DC-DC converter.

Buck Filter Hul Bri'dge Full Bridge
_______ Input Filter Output Filter.  Electrolyzer
: Lpuck : : ) : : o : e
Y Y. =/

_L L _]'_| Full |
Buck I Chuck 1| C I Brid |
: T | : | riage 1
______ | R

Figure 6: Overview of passive components to design.

The HFT aims at reducing the voltage from abouv80 about 8 V (EL rated voltage) and increasing ¢hrrent
from 5 A to 50 A. Therefore, a turn ratio equaN®10 is required. The HFT has been built on pur@osgexhibits
a magnetizing inductance of 0.4 mH, a leakage itashee of 24 uH, and parasitic resistance of XX frhe inductor
of the output filter is sized imposing an outputreat ripple of 1% in the worst case (i.e. when ¢eivalent buck
converter is controlled with a duty cycle equalxe0.5). Taking the turn ratio of the HFT into acoguwe obtain

the minimum value for such an inductor [31]:

Vin/K
8'2st'10ut,max'ri/100

Lrpe = =50 uH 1)

The chosen commercial inductor has an inductan&@ pfH and parasitic resistance of 4@.m
As for the output capacitor, it is designed to obtavoltage ripple (J of 1% in the worst case (i.e. with a low duty
ratio). Considering D=0.165 for the HFB (i.e. D=Bfr the buck converter), the maximum corner fexgry { nax

of the low pass filter can be determined as foll{8d:

Mzzﬁ:%zg—zm(f”)z (2)

Vour 100 2Fsy
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234 fc,max = ZFSW ’%ﬂ?—zﬁ =3112 Hz (3)

235
236  Therefore, the required minimum capacitance veue i
237
2
1 1
238 Cesemin = - (57— =53 uF (4)
239

240 The chosen commercial capacitor has a capacitdrig® joF and parasitic resistance of 28.m
241
242 The input current of the FBC has a large and spiyle superimposed on the DC component. If thiplg is

243 handled only by a capacitor, the required capaoitaralue is 10 mF. However, this choice would lapdo very
244  slow dynamics of the converter. Hence, an LC filierpreferred as the input filter of the FBC. Thedated
245 components will be chosen after sizing the passoraponents of the input buck converter. This cotleveaims at
246  reducing the rectified output of the wind genergsdrout 200 V, 400 W) to the voltage and curreméle required at
247  the input of the FBC. Due to the non-ideal commataand reduced equivalent duty ratio, the inputage must be
248  slightly higher than 80 V; actually, 92.5 V and 2.8 are required at the input of the FBC (i.e.lett butput of the
249  buck converter). Using the usual formulas for gjzihe output inductor of the buck converter [31¢l amposing a

250 current ripple of 25% in the worst case, we obtain:

Vin

8'st'10ut,max'ri/100

251 Lbuck,‘min =

252

253  The chosen commercial inductor has an inductande2aiH and parasitic resistance of 33.33.m

254

255 As for the output capacitor, it is designed to ob& voltage ripple of 1%. Considering D=92.5/20@t25, the

= 1.16 mH (5)

256  maximum corner frequency f.xOf the low pass filter can be determined as foii¢84]:

257 fc,max = Fu %%ﬁ: 1737 Hz (6)
258
259  Therefore, the required minimum capacitance vaue i
260
2
261 Cbuck,min = i(znfcl,max) =7 ”F (7)
262
263 The chosen commercial capacitor has a capacitah@® @F and parasitic resistance of 1&nirhe corner

264  frequency of the obtained LC low-pass filter is Z#2z. The subsequent LC low-pass filter (i.e. timui filter of the
265 FBC) is designed to have a slightly lower cornegirency (735 Hz) and a sufficiently large input @dance

266 compared to the output impedance of the precedi@gfilter (0.4 Q). Consequently, the chosen commercial
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inductance and capacitance values are 100 pH ahqiB/respectively. The related parasitic resigarare 9 12

and 110 n, respectively. In Fig. 6, these two passive coreptsmare named L and C.

3.2. Control laws for the proposed DC/DC converter

a) Mathematical model

The electrical scheme of the overall system is shiomFig. 7, where the buck converter drives alwitige whose
output is connected to the primary of a transforntlee secondary of the transformer supplies thetliEbugh a
rectifier and an LC filter. The electrolyzer is gigally modeled by means of resistancgs.;Rand a DC generator,
E.eo Series connected.

Buck { LPfilter1 full bridge
s 1

LP filter 2. PEM EL |

Figure 7: Physical model of the set controlled hdok-bridge, transformer, rectifier, and elecyoér.

The inductors kL and L, are physically modeled as inductances,and L, connected in series to parasitic
resistances. f and ,, respectively. The capacitors, &hd G are modeled as capacitancesa@id G, connected to
parasitic resistances;;rand &, respectively, connected in series to them.

The voltage ¥c is the DC bus voltage at the output of the threase rectifier (see Fig. 1), assumed equal to 200
V, which represents the input of the buck conveifée output of the latter supplies the full-bridgleich operates at
a duty cycle of 50% and produces an alternate gelt&uch a waveform is applied to the transformvbgse output
is, firstly, rectified and then applied to the dietyzer through the filter 4-Cs. The parasitic resistances of this filter

are neglected. The transformer will be assumed fdeahe development of the mathematical modelerehs for
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simulation its leakage inductance and resistandensagnetization inductance and resistance willnbkuded in the
physical model.

In these hypotheses, since the full-bridge inputage, vz, and the corresponding input curréptare positive
whatever the operative conditions, the followingfu$ considerations for modeling the system of Figcan be
made:

1. When the switch Sis in the ON state and IGBT1 and IGBT4 are in@i¢ state, the voltage,; = vy at
the primary of the transformer is positive; thetagkv,; = Nv,; at the secondary is positive too, and
consequently the diodess@nd b are ON and then the curragt = i;;/N, whereN is the inverse of the
turns ratio 01/ v¢).

2. When the switch Ss in the ON state and IGBT2 and IGBT3 are in th¢ $Date, the voltage,; = —vj;
the voltagev,, = Nv;, at the secondary is negative, and consequentlgitaes D and 3 are ON and
then the current,; = i;;/N.

3. When the switch Ss in the OFF state and IGBT1 and IGBT4 are in(GiN state, the same considerations
in 1 hold. It follows that the model is the samelt relative to the operating conditions as iaslsuming
Ve = 0.

4. When the switch Ss in the OFF state and IGBT2 and IGBT3 are in(GiN state, the same considerations
in 2 hold. It follows that the model is the samdlwdt relative to the operating conditions as in 2.

The above considerations clearly show that the hmmteesponding to the operation detailed in labdvalso in the
operations discussed in 2, and in those discuss@dtiassuming ¥=0.

Regarding the development of the model descrildnegaperation in 1, it is worth noting that the asption of
ideal transformer allows obtaining a linear andetimvariant model in which all the variables aratomious-type, in
the sense that the set full-bridge, transformed eactifier is crucial for obtaining the desiredeogtions in
alternating current (AC), but this set does nottgbate to the construction of the model itself.

In order to develop the model of the system degiatd-ig. 7, relative to the condition whergisin the ON state,
note that the input variables dfg. andE,;.., the state variables are the currents flowingughothe inductancds,

L, andLs, namelyi, i, andi,, respectively, and the voltages on the capacitaficeL, andCs, namelyv,,, v, and

v.3. It is assumed that the curréptflowing through the inductande, is the output variable. This current coincides
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practically with the input current of the electrody i,; and, consequently, current control of the elegmel is
performed. The use of the curréptas output simplifies the model of the system togetvith the control problem,
because it is a state variable, maintaining theesaloiective of controlling the input current of thlectrolyzer.
For the operation case detailed in 1, the staaieespnodel of the physical model shown in Fig. @nfthe DC bus
voltageV/,;. at the output of the three-phase rectifier toeleetrolyzer, is provided below:
X = AgnX + Boyu (8
Y = conx )

wherex =[i iy Ve V2 o Ves]l",u=[Vac Eetec]” y = ves,

[ TLitT I -1
L L L 0 0 O
T _Titrptrs 1 1 Nrs 1 E
Ly Ly Ly Ly Ly 0 L 0
1 _1 0 0 0 0 0 0
C1 c 0 0
Aoy = ) 0 - 0 Bon = 0 0
0 C_ 0 Cy 0 0
N7%3 N NPy 1 0 1
. 0 Ls Ls L3 L~ RyCs
3 1 1
0 0 o Rl
ccv=I[0 0 0 0 1 o]
The model corresponding 8 in the OFF state, is given by:
x = AoprX + Borru (10)
Y = CoprX (11)

wheredgrr = Aon, crr = ¢Sy, and:

Borr =

o
SO OO O
RPOO OO O

R1Cs
Starting from the developed models (8)-(9) and {(1Q), and assuming that the buck operates in wootis
conduction mode, the average state space modekis Qy:
x = Ax + Bu (12)
y=cTx (13)

where:



335

336

337

338

339

340

341

342
343
344
345
346
347
348
349
350
351

352

353

354
355
356

357
358
359
360

361

362

363

364

365

16
A = Aopr + (Aon — Aorr)d = Aorr
¢ = copr + (con — Copr)d = Chpr
In which d is the duty cycle (i.e. the control input of thbale system). With these definitions, equation &) be
put under this form:
X = Ax + Bopru + (Boy — Borrp)ud (14)
In order to bring back again the model (14) in skendard form, we define the equilibrium statehef inodel (14),
corresponding to the constant inpuand a duty-cycld”, as the state* which satisfies the equation:
0 = Ax™ + Boprpu + (Boy — Bopp)ud®
This state surely exists since the mattiis invertible and it is given by:
x* = A" [Boppu + (Bon — Borr)ud’] (15)
Denoting by ¥ = x — x* the state variable relative to the equilibriuntestéhe model of the system can be put under

the standard form:

X

A% + bd (16)

cTx (17)

<
Il

in whichd is the control variableh = (Byy — Borr)u andj is the output relative to the equilibrium outptitc*.
b) Controller design

The electrolyzer current to duty cycle transferchion of model (16)-(17) is given by:

G. = IL-I — CT sI—A —1b =K (s—21)(s—23)(s—23) 18
L ( ) P (s—p1)(s—p2)(s—P3)(5—P4) (5—P5)(5—Ps) (18)

where:
K, = 4.85x10% z; = —3.125 x 10, z, = —1.193 x 10*, z3 = —2.857 x 10%,
py = —2.845 x 10°, p, = —640 — j23680, p; = —640 + j23680, p, = —1147,
ps = —104 —j1311, pg = —104 + j1311
As it can be observed; = p; and, consequently, there is a pole-zero canaatilati the transfer functiod,,. It
follows that the model is not controllable and akable at the same time. Instead, it can be essilified that it is
controllable, but not observable from the chosetpuu However, it is known that the canceled pslen the left
half plane of the Laplace domain.

The bode diagrams of @) are given in Fig. 8. An analysis of these diagsashows that the closed-loop system,

realized with the transfer function, @) as an open-loop transfer function and uniteegiback, is unstable.
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Bode Diagram
Gm = -52.6 dB (at 1.43e+03 rad/s) , Pm = -48.3 deg (at 7.6e+03 rad/s)
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Figure 8: Bode diagram of Gpuj.
Then, a controller has to be designed so that ldsed loop system is stable and satisfies theviatig additional

design requirements:

1. Bandwidth:B > 20 Hz,
2. Type of the system: 1,
3. Phase margimm, = 60°,
4. Attenuation at 1310 rad/s (first resonance frequent;,, > 10 dB,
5. Gain marginm, = 6 dB.
With the aim to design the above controller, cdrttieory is applied [31],[32]. First of all, an egral control
G (s)=Kiys is added to the plant,@), obtaining the following open-loop transfenétion:
Gi(s) = Ki1 Gy(s)/s (29)
where a gairk;; = 0.62 is chosen in order to obtain a crossover frequehdO0 rad/s. The Bode diagrams of the
open-loop transfer function (19) are given in BigThe closed-loop system is stable and the remeints of gain

and phase margins are satisfied.
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Bode Diagram
Gm = 10.7 dB (at 1.23e+03 rad/s) , Pm = 84.7 deg (at 102 rad/s)
- : e o : -

Magnitude (dB})

Phase (deg)
|
|

10 10° 10° 10* 10°
Frequency (rad/s)

Figure 9: Bode diagrams of functiép(jw).

4.EXPERIMENTAL TEST BENCH AND VALIDATION

4.1. Developed experimental test bench

In order to validate the high voltage ratio congednd its control, experimental tests have beefoeed. The
experimental test bench set up for this work iswghdn Fig. 10. It is composed of an auto-transfarmich
substitutes the wind generator, a 3-phase dioddieecombined with a buck converter and LC fiker full-bridge
converter followed by a transformer, a diode bridgetifier including an LC filter, a PEM EL, a métaydride
hydrogen storage system, de-ionized water tankBS&104 dSPACE board, an interface board, and yirall
computer. The 3-phase rectifier, buck, and fuldge DC/DC converters have been realized by meansvof
SEMISTACK-IGBT from SEMIKRON company (as shown imgF10). The control of the buck converter, and
consequently of the whole DC/DC converter, is able®p (as reported in Section 3), whereas thatefull bridge
converter is open-loop (based on a duty cycle ébtand both have been first carried out in Magaiulink
environment, and then implemented into a DS1104AdFPboard. The control of the buck converter isdolasn the
measurement of the EL current, which is acquire@ BAC10 current clamp from Chauvin Arnoux compartye
PWM gate control signals to control the buck arldldtidge DC/DC converters are generated by theASP board.
However, the voltage levels of the generated PWiviads from the dSPACE board, 0-5 V, are not suitabldrive

the SEMIKRON driver boards SKHI 22, 0-15 V. Forshieason, an interface board is used between tARACHE
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board and the driver boards to convert the cordigitals (0-5V) to (0-15V). Unlike the first SEMISTX-IGBT,
used as a diode rectifier and buck converter, ntexface board is implemented on the second SEMIAGBT,

used as full bridge converter. The system spetifica are summarized in Table VI.

Figure 10: Developed experimental test bench ioratory: 1) autotransformer (input), 2) dSPACEtcoidesk,
3) dSPACE board, 4) de-ionized water tank, 5) SEMISK-IGBT (three-phase diode rectifier and buck venter),
6) SEMISTACK-IGBT (full-bridge converter), 7) higihequency transformer, 8) proton exchange membrane

electrolyzer (output), 9) hydrogen flow rate metéd) PAC10 current clamp, 11) 4-channel oscilloscop

4.2. Experimental validation of the developed DC/@@verter and its control

Based on the developed experimental test benche thlosed-loop dynamic tests have been perfornyed b
implementing the designed an integral type cordrolin Matlab/Simulink environment and, subsequently
transferring it into the DS1104 dSPACE board.
The first dynamic test consists in modifying the &lrrent control (from open-loop to closed loop) ¥=200V;
for the second test, the DC bus voltage is modfiiedh 150 V to 200 V while the converter operatedliosed-loop.
The obtained results are shown in Fig. 11. Asntloa observed in Fig. 11a, the designed DC/DC atevelthough

controlled by an integral type controller basedtb@ EL current, is able to supply the electrolyméth a good



419

420

421

422

423

424

425

426

427

428

429

430

431
432

433

20

dynamic performance. Obviously, the static behagiaf type 1. By comparison, in Fig. 11b, the smidariation of
the DC bus voltage leads up to an overshoot obtlek current converter around 6 A. This overshast to be as
low as possible in order to protect the power dwigainst high current stress. Besides, the curigples are higher
due to the DC bus voltage increase. Regarding theurent, a low overshoot can be noticed (arourd) Before

reaching its steady-state operation (around 10uigkty.

The steady-state operation of the buck convertdredectrolyzer is shown in Fig. 12, in both the waBmentioned
experiments, is in the range of continuous conductnode, with the duty-cycle greater than 0.3. @=si the EL
current ripple is close to zero due to the usernt.@ filter between the full-bridge and the EL, wias the EL
voltage is perfectly continuous. Therefore, by miizing this ripple, the performance of the wholsteyn DC/DC

converter-electrolyzer has been enhanced.

L DL L HLE L L L L L L LI IR LR

L e A
Lo TR A A R -
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Ch1 S0.0m'Y Chz S00rmY Ml 40.0mz 12.5kSs  80.0past
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Figure 11: (a) first dynamic test, channel 1: bagkeent (5 A.div—1), channel 2: EL voltage (10 VWll). (b)
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second dynamic test channel 1: buck current (10/Ald, channel 2: EL current (10 A.div—1), chanBeEL voltage



445

446
447

448

449

450

451
452

453

454

455

456

457

458

459

460

461

462

22

1 lhuck

lel

el

% o L

2 |
Y L l | i V| [T I | |
S | T 1 I L L iy v ik ey
Chl 100 Ch2 100FnY Ml 100ps 5.0MSS 200t
Ch3 SO0y & Ch2  106mY

Figure 12: Steady-state operation, channel 1: budient (10 A.div—1), channel 2: EL current (10 if€),

channel 3: EL voltage (10 V.div-1).

5.CONCLUSION

The main objectives of the work were to design dexklop a high-voltage ratio DC/DC converter basedhuck and full-bridge
DC/DC converters. Indeed, based on the curremntitee, it was demonstrated that current hybriceweable energy systems
with a hydrogen buffer storage are limited to lowmwgr applications. This can be explained by the afselassical DC/DC
converters (buck converters for electrolyzer appians) which present several drawbacks from veltagio and output current
ripple points of view. Therefore, in order to mdesvards medium and high-power applications, DC/@@verters must feature
high conversion ratio ability.

The design of the whole system including the d#ferfilters has been carried out with the aim taimize the output current
ripple Besides, the control has been developednsure good dynamic performances in case of suddeiations of the
operating conditions. Experimental tests have albwalidating the proposed high-voltage ratio cot@reand the control as
well. The obtained experimental results demonstitadegood performanees from steady-state errorstatallity points of view.

Furthermore, the current ripple at the input of #ectrolyzer is close to zero, as expected, atmval optimizing the
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electrolyzer performance from efficiency and hydmgroduction points of view. Future works will barried out in order to

develop other robust controls with the aim to ecleaihe performance of the proton exchange memlwaiactolyzer.
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