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a b s t r a c t

This paper analyzes the operation of a grid-assisted wind power system dedicated to hydrogen produc-
tion. Several operation modes are evaluated with the aim of establishing control strategies for different
requirements such as optimum wind power capture, maximum H2 production rate and maximum clean
H2 production. Each operation mode is achieved by specific control of the grid-side power electronic con-
verter. The operation of the wind turbine, the electrolyzer and the electronic converter connected to a
common DC-bus are represented on the same voltage–current plane. Basic schemes of controllers are
suggested to fulfill operation requirements. Curves of power and H2 production rate as function of wind
speed are displayed for each mode. Also, conclusions about contribution of wind energy to clean H2 are
drawn.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen produced from renewable energies is increasingly
promising as a sustainable fuel for the future. The H2 production
can take advantage of the abundance, falling cost and low environ-
mental impact of renewable energy resources [1–4]. On the other
hand, the renewable technologies can be benefited by using H2

as a seasonal storage and as a clean fuel. That is, H2 can be trans-
ported and/or be used to produce electrical as well as thermal
forms of energy [5–7]. The variety of studies that have been per-
formed on combined renewable energy and H2 systems is broadly
classified in [8] as renewable hydrogen generation systems (RHGS)
and renewable hydrogen generation and utilization systems
(RHGUS). A RHGS system produces H2 from renewable energy
sources to be stored. This can be accomplished using compressed
gas storage tanks, liquefied hydrogen storage, metal hydrides or
carbon-based materials [9]. A typical example of this group would
be a H2 refueling station [10]. A RHGUS system also includes a load
that consumes H2. Such load could be electrical or thermal in nat-
ure. Several systems within this group usually reconvert the H2

produced to electricity through a fuel cell during a time of input
energy deficit [11]. Each group can be sub-classified into grid-inde-
pendent and grid-assisted systems [12]. The latter category has the
advantage of eliminating problems of the former one related to
intermittent electrolyzer operation [13,14]. Further, the power
ll rights reserved.
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exchange with the grid allows mitigating the effects of time-vary-
ing input energy on the quality of electrolyzer power supply. More-
over, using appropriate controllers, the electrolyzer can be
operated all the time under desirable conditions.

Among the available options for renewable hydrogen genera-
tion, wind-powered water electrolysis is indeed one of the most
attractive in terms of technical and economical feasibility
[15–18]. The wind energy conversion system (WECS) involved is
classified by the type of generator and power converter employed.
Different topologies using synchronous generators (SG), permanent
magnet synchronous generators (PMSG), caged rotor induction
generators (IG) and doubly fed induction generators (DFIG) are
discussed in [19]. One of the simplest and most robust WECS con-
figurations comprises a PMSG connected to a diode bridge rectifier
[20]. Its main advantages are the low maintenance and operating
costs of the electronics, and that there is no need of gear box to
match turbine and generator speeds. Its main disadvantage is the
lack of controllability of the diode rectifier. In wind–H2 production
systems, this lack of rectifier control can be compensated for with
assistance of the grid. In this way, the grid connection would
replace other short-term electrical storage devices such as battery
banks [21] or ultracapacitors [22]. A control strategy for this config-
uration was developed in a previous work [23] to regulate the elec-
trolyzer current at its rated value, regardless of wind speed
variations. This objective was achieved by means of a variable
structure control of the grid-side power electronic converter. The
control strategy meets an operation mode that satisfies the contin-
uous demand of high-quality H2 production. Nevertheless, the sys-
tem can operate in many other modes to satisfy different criteria.

In this work three operation modes closely related with differ-
ent control strategies of a grid-assisted RHGS are evaluated. They
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correspond to maximum wind energy capture, minimum grid-
power consumption and maximum H2 production. The WECS con-
figuration comprising a PMSG and a diode rectifier will affect the
performance of overall system operating in each mode. The analy-
sis is performed using an equivalent circuit model representing the
permanent regime of the whole system. The operating loci of the
three model components – wind turbine, electrolyzer, grid-side
converter – are represented on the same voltage–current plane.
As a result of the connection of all devices to a common DC-bus,
a single variable can be chosen to characterize the operating points
of all three devices. Based on this characterization, capabilities of
the operation modes – specially the one related to clean H2 produc-
tion – can easily be compared.

This paper is organized as follows. In Section 2 equations
describing the subsystems of the grid-assisted wind–H2 system
are presented. In Section 3, interconnection effects and feasible
operation loci of each subsystem are studied. On this basis, opera-
tion modes related to suitable control objectives are proposed and
assessed in Section 4. In Section 5, the corresponding curves of H2

production as function of wind speed are obtained and compared.
Finally, conclusions are drawn in Section 6.
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2. System devices description

Fig. 1 shows a scheme of the system configuration. Three main
subsystems connected to a common DC-bus can be distinguished
there; firstly, the WECS composed by a wind turbine, a PMSG
and a diode rectifier; secondly, an alkaline electrolyzer as H2 pro-
duction system; and lastly, the grid assistance handled by the elec-
tronic converter. Fundamental equations separately describing
such devices are explained next.

Notice that the system considered in this work is not aimed at
providing wind electricity to the grid but to meet local needs for
H2 production with the assistance of the grid. In the case study pre-
sented in this paper a small installation of 100 kW is considered.
For simplicity, the rated power of the electrolyzer is matched to
that of the turbine. Anyway, the present analysis is applicable to
different sizings of the devices.

2.1. Wind turbine

In this work, a horizontal-axis three-bladed fixed-pitch wind
turbine is considered. The incoming airflow of speed v produces
a torque TT at the shaft of the wind turbine. In turn, TT induces
the shaft rotation at speed X. The product of both variables gives
the captured power PT:
Fig. 1. Block diagram of the grid-assisted wind–H2 energy system.
TTX � PT ¼
1
2
qpR2cP kð Þv3; ð1Þ

where q is the air density, R is the wind rotor radius, cP is the power
coefficient and k is the tip-speed-ratio:

k ¼ RX=v : ð2Þ

Fig. 2 shows the power coefficient, which describes the turbine
aerodynamics. It exhibits a maximum at k = k0.

2.2. Generator – diode rectifier

The wind rotor directly drives a multi-pole PMSG. Therefore the
rotor speed X times the reaction torque at the shaft TG defines its
mechanical power. Moreover, the electrical power PG can be ob-
tained from the model outlined in Fig. 3. Seen from the stator ter-
minals, the PMSG can be modeled as a star-connected three-phase
sinusoidal voltage source in series with synchronous inductance LG

[24]. The peak phase voltage is bUG ¼ pUX, where p is the number
of magnetic pole pairs and U is the concatenated magnetic flux.
The stator currents ia, ib and ic are rectified by the three-legged
diode bridge, and then injected through the inductor Ldc to the
DC-bus. This inductor is aimed at smoothing the ripple at the rec-
tifier output. It also allows modeling the rectifier load as a current
source. Under these conditions the DC-component of the output
voltage uR is obtained as [25]:

�uR ¼
3
p

ffiffiffi
3
p bUG �

3
p

pLGX�iR; ð3Þ

where �iR is the DC-component of the output current iR. Neglecting
losses in the electromechanical conversion, these output voltage
and current satisfy:

TGX � PG ¼ iRuR: ð4Þ
2.3. Alkaline electrolyzer

H2 is produced by an alkaline electrolyzer made up of (n) elec-
trolytic cells in series connection. The theoretical voltage between
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0
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Fig. 2. Power coefficient of the wind turbine.

Fig. 3. Electric model of the PMSG and the diode rectifier.



Fig. 4. Electric equivalent model.

Fig. 5. Subsystems operating loci on a voltage–current plane.
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cell electrodes required to initiate the dissociation of water is
called reversible cell voltage (Urev). The deviation from this voltage,
called polarization, is mainly due to losses by electrical resistance
and over-voltages related to electrochemical kinetics. Such polari-
zation defines the current–voltage (iE–uE) electrical characteristic.
Its empirical law expressed as a function h of the variable iE is:

uE ¼ hðiEÞ ¼ n Urev þ
r
A

iE þ s ln
t
A

iE þ 1
� �� �

; ð5Þ

where A is the electrode area and {r, s, t} are coefficients that depend
on the electrolyte temperature. The empirical model (5) is similar to
the one proposed in [26] except that it uses the ln function instead
of the log function. However, this difference affects only the param-
eter s which is scaled by the factor ln(10) in the other model. Since
electrolyzers have an internal temperature control, all the parame-
ters can be considered constant for this analysis.

For the purpose of matching the rated values of the electrolyzer
with those of the WECS, n and A are set to 154 cells and 0.14 m2,
respectively. However, it should be noted that these parameters
as well as the others of (5) are subjected to restrictions imposed
by conventional water electrolysis technology that may produce
size mismatching in commercial alkaline electrolyzers. Although
the extension of our analysis to this case is straightforward, the
size matching may be achieved if required by supplying the elec-
trolyzer through a DC–DC converter.

Electrolyzer current and hydrogen production rate fH2 follow
the proportional law [13]:

fH2 ¼ gF
nVm

zF
iE; ð6Þ

where gF is the Faraday efficiency, also known as current efficiency,
z = 2 is the number of electrons transferred per H2 molecule, F =
96,485 C mol�1 is the Faraday constant and Vm = 22.414 m3 kmol�1

is the molar volume of an ideal gas at STP. By the last constant fH2

is expressed in units of volumetric flow, Nm3 h�1.

2.4. Grid-side electronic converter

The electronic device used to exchange electrical power with
the grid is a three-phase voltage-source converter. It consists of
three legs of bidirectional switches. At any time one and only
one switch of each leg is on. The state of conduction of each pair
is commanded by a switching signal wk, k 2 {1,2,3}. The value
wk = 1 means that the upper switch of leg k is on, whereas
wk = �1 means that the lower one is on. In addition, the grid is
modeled as three-phase sinusoidal voltages ek. From a control
viewpoint, it is more convenient to represent the three-phase vari-
ables in a quadrature reference frame rotating at grid frequency.
This is the so-called d–q reference frame (ed,eq), (id, iq) and (wd,wq).
This coordinate change transforms sinusoidal signals into constant
values. Furthermore, the d-axis is typically aligned with voltage e1,
so that the voltage ed = E (peak phase voltage) and eq = 0. This
makes the active and reactive powers through the grid lines depen-
dent on id and iq, respectively. Additionally, the dependence of the
DC-side converter current iC on d–q variables is:

iC ¼
3
4
ðwdid þwqiqÞ: ð7Þ

The converter also includes a capacitor to smooth DC-bus voltage
fluctuations caused by power imbalance.

3. Subsystems operating loci

The electrical behavior of all subsystems can be characterized
by their currents as function of their terminal voltages. When rep-
resented on a voltage–current plane, they determine the operating
loci of the subsystems. Since the three subsystems are connected
to a common DC-bus, their voltages at the connection point are
fixed to the bus voltage, i.e.

udc ¼ uR ¼ uE ¼ uC : ð8Þ

This allows modeling the subsystems as electric branches in parallel
like in Fig. 4. The connection to a common DC voltage imposes
constraints to the currents and power flow of the subsystems.
Hereafter, variables written in capital letters will indicate their
steady-state.

3.1. WECS operating locus

The subcircuit of Fig. 4 that models the WECS consists of a
constant current source:

I0 ¼
ffiffiffi
3
p

U=LG; ð9Þ

in parallel with a resistance which is proportional to the rotor speed
X with the proportionality constant:

KR ¼
3
p

pLG: ð10Þ

Derivation and calculation of (9) and (10) arise from (3). The outgo-
ing current of this subcircuit as function of bus voltage and rotor
speed is:

IRðUdc;XÞ ¼ I0 � Udc=KRX: ð11Þ

Taking X as parameter, the expression (11) generates a family of
straight lines with negative slope on the voltage–current plane.
The dotted straight line labeled with IXN

R in Fig. 5 represents the
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operation at rated speed XN. So, the feasible operating points are to
the left of this line. Current IR can also be plotted taking the gener-
ator torque TG as parameter. From (4), (8) and (11) the following
expression yields:

TG ¼ KRIRðI0 � IRÞ: ð12Þ

The quadratic expression (12) has two solutions in IR. One of them
can be discarded because it exceeds the rated current of the gener-
ator. Therefore the only valid solution is:

IRðTGÞ ¼
1
2

I0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2
0 � 4TG=KR

q� �
: ð13Þ

Since IR does not depend on the bus voltage in expression (13), tak-
ing TG as parameter generates a family of horizontal lines on the
voltage–current plane. The dotted horizontal line labeled with ITN

R

in Fig. 5 represents operation at rated torque TN
G , being the upper

limit of the generator operating region. Since the equality TG = TT

holds in steady-state conditions, (1) and (2) can be replaced in
(13) giving IR as function of v and k:

IRðv ; kÞ ¼
1
2

I0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2

0 �
4RPT v; kð Þ

KRvk

s !
: ð14Þ

For each pair (v,k) the operating point on the voltage–current plane
is (Udc, IR), where the first coordinate resulting from (2), (11) and
(14) is:

Udcðv ; kÞ ¼
KRvk

2R
I0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2
0 �

4RPT v ; kð Þ
KRvk

s !
: ð15Þ

Wind speed v can be thought of as a parameter that generates a
family of curves IvRðU

v
dcÞ as function of k. In Fig. 5 a series of

curves for discrete values of v within the operating range of the
turbine is plotted in thin line. It is important to note that these
characteristic curves are not the conventional representation of
the wind turbine aerodynamics usually plotted on the speed–
torque plane.

Three operating points A, C and D corresponding to different
values of k are indicated in Fig. 5 for the same wind speed
v = 7 m s�1. Particularly, A corresponds to k = k0. Therefore this
point – obtained by evaluating (14) and (15) at k0 – achieves the
maximum wind power capture. Maximum wind power capture
for any other wind speed can be obtained in the same way. The
maximum wind power locus in Fig. 5 is the dashed curve
IPm
R ðUdcÞ, which can be described by the inverse of the following

expression:

Udc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K3

RIPm
R I0 � IPm

R

� �3
	

K0

s
; ð16Þ

where

K0 ¼ qpR5cPðk0Þ=2k3
0: ð17Þ
3.2. Electrolyzer operating locus

The branch of Fig. 4 that models the electrolyzer subsystem is a
current source that depends on the bus voltage according to the in-
verse of law (5). The mathematical expression called h�1(Udc) is:

IE ¼ A
s
r

W
r
st

exp
1
s

Udc

n
� Urev þ

r
t

� �� �� �
� 1

t

� �
ð18Þ

where W(z) is the Lambert W function (see [27]), which satisfies
z = Wexp(W). This fact can be verified by evaluating (18) at its in-
verse (5), which yields the following identity:

W zðIEÞ expðzðIEÞÞð Þ ¼ z IEð Þ; ð19Þ
where

zðIEÞ ¼
r
s

IE

A
þ 1

t

� �
: ð20Þ

One of the advantages of using the Lambert W function is that it
avoids the application of approximation techniques, such as the lin-
ear interpolation suggested in [28]. The electrolyzer operating locus
is plotted with thick trace in Fig. 5, where operating points B, C and
E correspond to three different bus voltages. Particularly, E corre-
sponds to the rated electrolyzer voltage UN

E . In our case study, the
rated operating points of the electrolyzer and the WECS coincide
as pointed out in Section 2.3.

3.3. Converter operating locus

The current source of Fig. 4 that models the grid-side converter
subsystem depends on the converter switching control according
to (7). However, since the node of the circuit must always satisfy
the first Kirchhoff’s law regardless of the switching control, the fol-
lowing condition follows:

IC ¼ IE � IR: ð21Þ

Therefore the current IC can be viewed on the voltage–current plane
of Fig. 5 as the difference between electrolyzer and rectifier current
curves. For example, at v = 7 m s�1 difference between E and D gives
IC > 0, i.e. IC is supplied by the grid. Conversely, difference between B
and A gives IC < 0, meaning that IC is injected to the grid at the cor-
responding bus voltage. Finally, the point C being common to both
curves implies IC = 0.
4. Operation modes and control strategies

The results obtained in the previous section show the existence
of a one-to-one correspondence between the pair (v, k) and the
operating points established in each subsystem. Indeed, to each
fixed pair (v⁄, k⁄) corresponds only one WECS operating point
ðU�dc; I

�
RÞ by (14) and (15). To the bus voltage U�dc corresponds only

one electrolyzer current I�E according to (18), and to the difference
between the latter and I�R corresponds only one converter current I�C
according to (21). So this one-to-one correspondence guarantees
the existence of a reference I�C for the converter current controller
which drives the system to operate at k = k⁄ when v = v⁄. By this
means the operation modes of the system can be characterized
by the desired value of k for a given value of v.

In this section characteristic values of k are determined and ba-
sic control schemes are outlined for three specific operation
modes. They are closely related to control strategies that fulfill dif-
ferent requirements such as optimum wind power capture, mini-
mum grid power exchange and maximum H2 production rate.

4.1. Mode I: operation at optimum wind power capture

In this mode the operating locus of the WECS is the maximum
power curve IPm

R plotted in dashed line on the plane of Fig. 5. As
example for a wind speed v = 7 m s�1, the corresponding operating
point of the WECS is A. Because of the common DC-bus, the corre-
sponding operating point of the electrolyzer is B.

For all v the corresponding WECS operating points can be deter-
mined as in Section 3.1 with:

k ¼ k0; ð22Þ

so this is the value of k that characterizes this operation mode. It is
plotted as function of v in Fig. 6 with the dashed horizontal line kI.

The fulfillment of (22) implies:
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Fig. 8. Turbine, electrolyzer and converter powers for operation mode: (a) I, (b) II
and (c) III.
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PT � Pm
T ðvÞ ¼

1
2
qpR2cPðk0Þv3; ð23Þ

i.e., the optimum wind power capture. Therefore this mode meets
the control objective of extracting as much power as possible from
the wind. Then the mode I controller must drive the turbine power
PT to the value Pm

T . A simple control scheme that avoids the mea-
surement of PT and v is shown in Fig. 7 (see [29]), where CI repre-
sents a generic controller. Its input variable eI measures the error
between a reference (which depends on the generator speed as
P⁄ = K0X

3) and the generator power (which is the product of iR with
udc). The matching of P⁄ to Pm

T and PG to PT in steady-state ensures
fulfillment of (23) when eI = 0. Thus, a requirement for the control-
ler design is to cancel out the error in steady-state without destabi-
lizing the system. The current converter reference I�C to operate in
mode I is delivered by the controller output.

If the bus voltage Udc(v, kI) is multiplied by the currents IR(v, kI)
and IE(Udc), wind speed-dependent turbine power PT and electro-
lyzer power PE are obtained, respectively. Both are shown in
Fig. 8a for a given range of v. Note that PT, represented in dashed
line, is the optimum wind power capture given in (23). However,
PE in solid line is lower than PT for all given v. Therefore power con-
verter PC, that can be obtained as the difference between PE and PT,
is negative. This fact can be verified also in Fig. 5 (see the negative
result yielded from the ordinate difference between points B and
A). Consequently, only a fraction of the generated wind power is
harnessed by the electrolyzer and the rest is injected to the grid
in this operation mode.

4.2. Mode II: operation at autonomous steady-state

The operation locus of the WECS that corresponds to this mode
coincides with the electrolyzer curve IE on the plane of Fig. 5. That
is, both WECS and electrolyzer operate at the same point. For in-
stance the operating point at v = 7 m s�1 is C, defined by the inter-
section of curves IvR and IE. At a generic wind speed v, this
intersection implies that (14) and (15) satisfy (5), so the following
condition yields in terms of v and k:
Fig. 7. Block-scheme for a generic controller of mode I.
Udcðv; kÞ � hðIRðv ; kÞÞ ¼ 0: ð24Þ

The explicit dependence of k on v, which will be called the charac-
teristic function of the operation mode II, is calculated numerically
and represented by the solid curve kII in Fig. 6.

The matching of WECS and electrolyzer operating points gives
the following steady-state condition for the electronic converter
(see (21)):

IC � 0: ð25Þ

That is, there is no power exchange with the grid in the mean. Thus,
the permanent regime of the system will show an autonomous
behavior, with the advantage that the grid-side converter is still
available to control the transient response. Here the grid-side con-
verter is controlled to behave as an active filter for wind turbulence.
This avoids fast gradients in the electrolyzer current, which would
increase internal wear, impurities and energy losses [30]. Then
the control objectives of minimizing the mean power exchange
with the grid and filtering wind fluctuations can be simultaneously
satisfied in this mode.

An scheme of mode II controller is shown in Fig. 9. The input
variable eII measures the error between iR and iE. To avoid tracking
fast wind power variations, eII is passed through a low-pass filter.
The objective of zeroing the mean power exchange is achieved
with any stable controller CII capable of canceling out �eII in stea-
dy-state.
Fig. 9. Block-scheme for a generic controller of mode II.
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Powers PT and PE of this mode can be obtained by following the
procedure explained in mode I. Both are represented with the same
solid curve in Fig. 8b. As it was expected, this matching fulfills the
control objective of minimizing power PC in steady-state. Note that
the turbine power PT here is lower than in mode I for all given v.

4.3. Mode III: operation at rated electrolyzer power

In this mode, the operating locus of the WECS is the dash dotted
vertical line Udc ¼ UN

E on the plane of Fig. 5. For instance, at
v = 7 m s�1 the corresponding operating point is D. This forces
the electrolyzer subsystem to operate at point E, i.e. at its rated
power. This condition holds for all v since the bus voltage is fixed
at the rated electrolyzer voltage. That is, (15) equals UN

E . Then,
the following condition in terms of v and k holds:

Udcðv ; kÞ � UN
E ¼ 0: ð26Þ

From this equality the characteristic function of mode III, that is the
explicit dependence of k on v, can be obtained numerically. It is rep-
resented in Fig. 6 by the dash dotted curve kIII.

A straightforward consequence of operating at rated electro-
lyzer power is:

IE � IN
E ; ð27Þ

where IN
E is the rated electrolyzer current. Since H2 production rate

is proportional to IE – as shown in (6) – condition (27) optimizes it.
Hence operation mode III meets the control objective of maximizing
the H2 production. A controller that fulfills this objective has been
developed in [23]. Its main characteristics are represented here
with the generic block–scheme of Fig. 10 where CIII represents a
controller that makes eIII = 0 in steady-state. The input variable eIII

measures the error between IN
E and iE.

Fig. 8c shows powers PE and PT obtained from (26) as function of
wind speed. The electrolyzer power, in solid line, is held constant
at the rated electrolyzer power satisfying the control objective of
this mode. The wind turbine power, in dashed line, is lower than
PE for all v. Hence the difference between them (PC) is always posi-
tive (see also the ordinate difference of points E and D in Fig. 5).
Consequently this operation mode draws from the grid the power
required by the wind–H2 system. Note that PT is also quite lower
than the turbine powers of modes I and II. This means that the
wind turbine potential is wasted in this mode.

As a result of comparing the powers obtained above by means
of different control strategies, the following remarks can be made,
among others:

– the maximum turbine power in mode I can only be achieved by
injecting a fraction of it to the grid, whereas the remainder
delivered to the electrolyzer is considerably lower than in
modes II and III;

– the fraction of the turbine power delivered to the electrolyzer is
higher in mode II, the role of the grid in this mode being limited
to filter wind power disturbances;

– the electrolyzer power in mode III, although maximum with
respect to modes I and II, comes mainly from the grid in a pro-
portion which increases as wind speed decreases;
Fig. 10. Block-scheme for a generic controller of mode III.
5. Clean hydrogen production

This section addresses the H2 production of the system operat-
ing in the modes proposed in the previous section. By replacing in
(6) the electrolyzer currents determined for each operation mode,
the corresponding H2 production rates can be obtained. These re-
sults are shown in Fig. 11 as function of wind speed v. It is verified
that the maximum rate corresponds to mode III for all v, since that
is its related control objective. The following rate corresponds to
mode II while the rate of mode I is the lowest. The reason why
the H2 production rate is the lowest in mode I, although it draws
maximum power from the turbine, is that most of such power is
derived to the grid. As the wind speed approaches to its rated va-
lue, the three modes converge to the rated value f N

H2
.

It is interesting to identify the fraction of generated H2 that
comes from the renewable energy source (hereafter referred to
as ‘clean H02Þ. In the system under study it can be determined by
identifying the electrolyzer current delivered by the turbine.
Fig. 5 shows that the whole IE comes from the turbine in mode I,
being always lower than IR. In mode II they coincide, while in mode
III IE is higher. In the latter case the excess provided by the grid is
added to the whole IR coming from the renewable source. Thus, a
valid expression of the renewable energy current IRe for every oper-
ation mode is:

IRe ¼minðIR; IEÞ; ð28Þ

Replacing (28) in (6) gives the clean H2 production rate f c
H2

for each
mode. Fig. 12 shows these results in terms of a percentage of f N

H2
as

function of v.
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Fig. 12. Clean H2 production rate of modes I–III as a percentage of the rated value.
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It is noted that while original rates of modes I and II are not af-
fected here, as they are 100% clean, the one of mode III drops due to
the subtraction of the current supplied by the grid. It can be con-
cluded, by direct comparison, that mode II gives the maximum
clean H2 production rate for the given range of v. It is interesting
to note that f c

H2
of mode III exceeds the one of mode I. That is, even

though grid electricity is consumed, operation at nominal electro-
lyzer conditions produces larger amounts of clean H2 than when
renewable energy is maximized.

6. Conclusions and further work

Increasingly, much research efforts are being made to integrate
renewable energy to H2 systems. Various methods reported up to
now broadly belong to two types of systems namely the RHGS
and the RHGUS. This work has been focus on the RHGS based on
one of the most promising renewable sources: wind energy. A
PMSG and a diode rectifier have been used in the WECS configura-
tion because of maintenance and cost considerations. The grid-as-
sisted version of the RHGS has been deployed to deal with the lack
of controllability of the rectifier. This strongly coupled configura-
tion allows the elimination of redundant controls and power elec-
tronics and so constitutes an advantage over the others, in
particular with regard to the cost of H2 production [15,31–33].
However, it may impose restrictions on the admissible operation
that deserve a special analysis.

In this way, an equivalent circuit for modeling the three in-
volved subsystems (WECS, electrolyzer and grid-side converter)
has been proposed. As they are all connected to a common DC-
bus, the operating points have been determined by plotting the
subsystems currents on a common voltage–current plane. It was
found that, for any given wind speed v, the operating points of
the three subsystems can be determined by the turbine tip-
speed-ratio k, which in turn depends on the control variable. Thus,
different control strategies (for instance, optimizing the turbine
efficiency, minimizing the grid power exchange in the mean and
maximizing the electrolyzer H2 production) are characterized by
a given k as function of v. These control strategies have been eval-
uated and compared in terms of total and clean H2 production
rates. Further, schemes of controllers to implement these strategies
have been proposed.

It is common practice in renewable energy conversion systems
designed for different applications to optimize the power extrac-
tion for maximum load consumption [34,35]. This work has shown
that for this particular application oriented to clean H2 production,
such strategy does not satisfy the objective. That is, the maximum
clean H2 production is not achieved by maximizing the renewable
power capture but by keeping the power balance between the
renewable resource and the electrolyzer.

The proposed methodology can be extended to RGHUS where
the power injected by a fuel cell also has to be evaluated. Optimi-
zation of the conversion efficiency and design criteria for this more
complex system will be the object of future works.
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