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This paper deals with the control of a H, production system supplied by wind power and
assisted by the grid. The system architecture consists of a pitch-controlled wind turbine
coupled through a diode rectifier to an alkaline electrolyzer, which in turn is connected to
the electric grid through a fully-controlled bidirectional electronic converter. A control
strategy for the electronic converter is proposed to regulate the electrolyzer current at its
rated value. Thus, H, production efficiency is optimized despite wind power and temper-
ature variability. Control design is based on sliding mode techniques, which are particu-
larly appropriate to control fast switching devices and exhibit strong robustness properties.
Additionally, in high wind speeds, a pitch control loop is activated to limit the wind power
capture below admissible values.

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen production from renewable energies is a highly
topical subject. Indeed, several studies in the field have been
reported in the literature during the last years [1-5]. Among
the current options for clean H, production, wind-powered
water electrolysis ranks high in terms of technical and
economical feasibility, having a great potential to be the route
towards the H, economy [6-12]. The wind resource is char-
acterized by short-term and seasonal variability whereas
water electrolyzers have not been conceived to operate under
variable input conditions. Then, special care must be taken
when coupling electrolyzers to wind turbines. In particular,
the following requirements must be considered for their
proper operation [13-19]:

1. H, production efficiency and purity of produced gases
increase with current. Therefore, electrolyzers should be
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E-mail address: jose.garciaclua@ing.unlp.edu.ar (J.G. Garcia Clda).

operated above a minimum current Iz min, which is typi-
cally around 25-40% of rated.

2. H, production rate is proportional to charge transfer flow,
i.e. to electric current. Then, electrolyzers should be oper-
ated at rated current I¥ when maximum H, production is
desired.

3. Electrolyzer operation should not be interrupted in order to
protect the electrodes from corrosion and to avoid
dangerous diffusion of gases.

4. Fast current gradients should be avoided since they
increase internal wear, impurities and energy losses.

In this work, a wind-H, system with grid assistance is
considered. The advantage of this concept is that the grid can
serve to smooth wind power fluctuations and to guarantee the
safe and proper operation of the electrolyzer. Several opera-
tion policies can be followed. Here, the priority is to produce
H, at maximum rate and quality. With this aim, a control
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system is designed to regulate the electrolyzer current at rated
value despite wind turbulence. In low winds, the electrolyzer
is complementarily supplied by the wind turbine and the grid,
whereas in high winds the grid filters the wind power fluctu-
ations that cannot be smoothed by the pitch control mecha-
nism. The main contribution of the paper lies in the control
design. A sliding mode (SM) controller is developed that
provides excellent regulation features over the operating
region despite wind power variations. The controller perfor-
mance is validated by simulation using realistic wind speed
profiles and equipments data.

2. System architecture

Fig. 1 sketches the system configuration. A pitch-controller
wind turbine drives a permanent magnet synchronous
generator (PMSG) connected to the electrolyzer by means of
a diode rectifier. On the other side, a bidirectional power
converter couples the wind-H, system to the grid. Mathe-
matical models of the subsystems are presented in successive
paragraphs, which can then be integrated into a dynamical
model of the whole system.

2.1.  Alkaline electrolyzer

The electrical behavior of an electrolyzer is usually described
by the aggregated model of individual electrolytic cells. The
theoretical voltage between electrodes necessary to initiate
the reaction that dissociates water is called reversible cell
voltage Uyey. The output voltage of the cell Uep is always
higher than Use,. The difference between them, called polar-
ization, is primarily due to electrical resistance losses and to
kinetic over-voltages known as activation and concentration
potentials [20]. The characteristic curve of an alkaline elec-
trolyzer comprising n cells can be approximated by the
empiric formula [21]:

where ur and ir are the electrolyzer voltage and current,
respectively, A is the electrode area, and 1., s, and t. are
coefficients that change with the electrolyte temperature Tg.
Coefficient r, models the ohmic losses, whereas s, and t, are
kinetic over-voltage coefficients.

Fig. 2 shows the current-voltage characteristic of a 60 kW
alkaline electrolyzer at two different operating temperatures.
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Fig. 2 - Typical current-voltage curves of an electrolyzer.

It can be observed that there is an almost linear behavior in
the high current region where ohmic losses predominate over
kinetic over-voltage potentials [19]. Therefore, a circuital
representation consisting in a voltage source (Ug) with output
resistance (Rg) is valid in this region [22]. Both Ug and Rg vary
with Tg.

2.2. Wind turbine
The power Pr captured by a wind rotor of radius R facing an
airflow of speed v and density p is

2

where ¢, describes the turbine aerodynamics as function of
the pitch angle g and the tip-speed-ratio A=RQr/v, with Qr
being the rotational speed at the hub. The dynamics of the
wind turbine is mainly governed by

Pr = %prch(A, g3

dQr

}QTW = Pr(Qr,B,v) — TcQc ®3)

where Qg and T¢ are the speed and reaction torque of the
PMSG, and ] is the inertia of the drive-train referred to the left-
side of the gearbox, which is aimed at matching turbine and
generator speeds (Qg =kg,Q27). Variable-pitch wind turbines
give the opportunity to control the aerodynamic torque and
limit the power capture by rotating their blades. The pitch
actuator, together with its control mechanism, will be
addressed at the end of Section 3.
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Fig. 1 - Block diagram of the grid-assisted wind-H, system.
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2.3. Generator — diode rectifier

From stator terminals, the PMSG can be modeled as a star-
connected 3-phase sinusoidal voltage source ug in series
with synchronous inductance L. The peak voltage value is
U = p®Q; where p is the number of magnetic pole pairs
and ¢ is the concatenated magnetic flux. The stator
currents are rectified by the 3-phase diode rectifier, and
then smoothed by inductor Lg. and DC-bus capacitor Cqc.
Assuming that the rectifier is loaded by a current source,
the DC-component U of voltage at rectifier terminals can be
modeled as a voltage source of open-circuit voltage Ur with
series resistance Rg:

_ = 3v3- 3 <
Ugr = UR — RRIR = <[UG> — (lLGQG> 1R (4)

™

where iy is the DC-component of the output current iz, and Ug
and Rg can be derived with little effort. The voltage drop Rrir
puts in evidence the diode currents overlapping that can be
attributed to Lg [23].

Since electrical dynamics is much faster than the
mechanical one (3), a static model of the electrical behavior
suffices. Neglecting losses in electromechanical conversion,
mechanical (input) and electrical (output) powers are equal:

Tg.QG = MRiR. (5)

2.4. Bidirectional electronic converter — grid

The electronic circuit used to handle the electrical power
exchanged with the grid is a 3-phase voltage-source power
converter [23]. Each leg k of the converter comprises two
bidirectional switches. At each time, only one of these
switches is in conduction. The state of conduction of each
converter leg can therefore be represented by a switching
signal wy, which takes the value 1 when the upper switch is on
and —1 when the lower switch is on.

The grid is modeled as a perfect 3-phase sinusoidal system
eq), with peak phase voltages E and angular frequency w, in
series with a phase inductance L. The 3-phase grid currents
are called iy Usually, it is much convenient to represent
signals in a rotating quadrature reference frame d-q, rather
than on a static one k=1, 2, 3. In the d-q representation,
sinusoidal signals take constant values. The transformation
between both representation frames is

Ak _2[cos() cos(d %)
dq

cos(f+ 2%
3| —sin(d) —sin(9-%) YA, (©)

—sin(0 +%)
where 0 = wt. That is €{dq} = Asqe{k}, i{dq} = qul‘{k}, Wydq} = AquJ(k}.
The d-axis is aligned so that e;=E and e;=0. Then, the
instantaneous active and reactive power flowing through the
grid lines are

3

P = ZEis,

>Eis, Q= i, o)

2

The dynamic behavior of grid currents is described by

dt 2
di, e ®)

{Lﬂ =eq + a)LI'q — Ewd
dt — 2

eq — wL1lg — Wq

where ugq. is the DC-side voltage source. The DC-side converter
current ic is

. 3 . .
ic = Z(wdld + Wqlq). 9)

In Fig. 1, the wind-driven generator, electrolyzer and power
converter are connected to a common DC-bus, i.e.
Ug = Ug = Ugc. SO, the DC-bus dynamics is

du L
Cdcd—;ic =1g +1c — I (10)

3. Control design

The overall system dynamics present three separate time
scales. On the one hand, the system exhibits very fast grid
current dynamics, which is due to the low inductance value of
grid inductors L. On the other hand, the dynamics of the
mechanical subsystem is very low because of the large inertia.
Finally, the DC-bus dynamics is designed much faster than
the mechanical one, but much slower than the grid current
dynamics. This motivates the control scheme shown in Fig. 3
that consists of three feedback loops having different band-
width. One control loop is aimed at controlling the rectifier
current ir in order to limit wind power capture. The other
control loops are cascaded, the inner control loop is intended
to regulate the grid currents by a suitable converter switching
pattern, whereas the outer loop regulates the electrolyzer
current by using grid currents as control inputs. These control
schemes are described below in more detail.

3.1. Grid currents control loop

The objective of this feedback loop is to regulate grid currents
ij4q) at given values 1{ dq)- These controlled variables exhibit the
relative-degree-one condition, that is the control inputs wygq
explicitly appear in the time derivative of ijzq). Then, according
to variable structure system theory, the controlled variables
can be forced to reach their desired values in finite time by
means of a suitable switching action. That is, the so-called
sliding surface defined by

Sg = [1i—1a 1;—1q]"=0 (17)

can be reached in finite time. Once the surface is reached, the
current dynamics can be constrained to this surface by a fast
switching action. This mode of operation of variable structure
systems is called sliding regime. The necessary and sufficient
condition for SM existence on surface Sigq = 0 is that, locally,
S(limosqu}s{dq} < 0. (12)

This condition can be interpreted geometrically as the
necessity that the state trajectory points towards the surface
from its both sides. From (12) and (8), conditions on wyg from
both sides of the surface can be derived. However, since the
switching signal was originally defined in the stationary refer-
ence frame, with admissible values wy = £1, it is convenient to
transform the surface coordinate function Sy to the stationary
reference frame and then command the converter switches with
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Fig. 3 - Control scheme.
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Wiy = 751gn((Adq) S{dq}), k= 1,2,3. (13)

From the grid current dynamics (8) and the switching
control signal (13), the SM existence condition (12) can be
rewritten as follows:

(%)g (L) (E+ L@;)Z (14)
which means that DC-bus voltage must be kept above a given
value for proper operation of the power converter.

From (7), itis clear that i, is responsible for the active power
transmission whereas i, is associated to reactive power. Here,
we set iy = 0 so that the power converter does not exchange
reactive power with the grid. On the other hand, when current
iy is regulated at i}, the active power equals the DC-side
converter power, that is ug.ic = (3/2)Eij. This power balance
condition will be exploited in the next subsection to control
the electrolyzer current using i} as control input.

3.2 Electrolyzer current control loop

This outer control loop is aimed at regulating the electrolyzer
current at its rated value despite wind power fluctuations as
well as variations in electrolyte temperature. A nonlinear
proportional-integral controller is proposed, which guaran-
tees stability of the controlled system at every feasible oper-
ating point. It takes advantage that the inner control loop
previously described effectively regulates i4 at ijj so that, from
the DC-bus side, the electronic converter can be seen as
a current source of value ic = 3Ei}/(2ugc).

The dynamic response of the control loop can be derived
from the DC-bus circuital scheme depicted in Fig. 4. The left-
most arm of the circuit represents the electrical behavior of
the wind-driven generator (see Eq. (4)). Recall that both U and
Rr change with rotational speed. Diode D means that current
can flow only from generator to DC-bus. That is, when wind
speed is very low, more precisely is not high enough to sustain
a generator voltage Ur >uq., then the generator does not
supply current. The electrolyzer is also modeled as a voltage
source Ug in series with an output resistance Rg (see Fig. 2).

From this equivalent circuit, the DC-bus dynamics (10) can
be rewritten as follows

dudc UR — Ude Ude — Ug 3Ela

Cdc dt - RR - RE +2Mdc (15)

where the first term in the right-hand side becomes zero if
Ug < Ugc. This DC-bus dynamics is expanded with an integral
state x4 to eliminate steady state errors:

. + 3By
R 'E 2uq
B Cdc ¢

RR T

UR UE
generator - lectrol converter -
rectifier electrolyzer grid

Fig. 4 - Circuital scheme of the DC-bus.

Xg =1 —ip. (16)

Now, the following nonlinear proportional-integral feed-
back is proposed:

12 = Udc (kludc + kzXq + kg) (17)

such that the expanded DC-bus dynamics becomes linear,
taking the form dx/dt = Ax +b with x = [Ugc  Xq]

E 1 g Us , U, 3kiE
A= |2C. RCa chc} b= |Re R 2ch} (18)
_1 N 4 Ue
0 IE +E

where R =Rg||Rg if Ug > uqc, otherwise R=Rg. Also, the term
Ur/Rr should be removed from the first entry in b when
Ug < Uge.

To guarantee stability of the equilibrium point xo = —A"b,
the eigenvalues 1, , of matrix A must have negative real part.
This occurs whenever k; < 2/(3ER), k, > 0. Besides, to avoid
interaction with the inner control loop, the outer loop
dynamics should be designed much slower than the inner
one, i.e. [A12] < 7™ =R/L. A conservative gain tuning that
guarantees stability for any feasible equilibrium point is

1 1 1 jmax
# _ Cdc =
{ ki = S (o Rmax) Cee 2 ] . (19)

kj = RInC,4. (A™%)? /(48E)

On the other hand, gain k3 does not affect stability but the
steady state value of the integral state. So, it must be designed
to avoid integrator saturation.

3.3. Generator current control

A third control loop is designed to limit the wind power
production. The controlled variable is the wind-driven
generator current whereas the control input is the pitch
angle. By pitching the blades, the wind turbine power coeffi-
cient ¢, and therefore the wind power capture can be
controlled. The pitch servo can be modeled as a slow first-
order dynamical system with time constant 15 with

generator current controller

iRER R%I* /3*
I* Bm,in_I ir <I*

Fig. 5 — Diagram of pitch actuator and generator current
controller.

pitch actuator
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Fig. 6 - Controlled system response to a wind speed step from 6 to 8 m/s for two different Tg: 80° (black) and 55° (gray).

amplitude and rate saturation [24]. A block diagram of the
pitch servo dynamics and generator current controller can be
observed in Fig. 5.

The controller becomes active when the generator current
tries to exceed a prescribed value I*. For instance, I may be the
rated current of the generator I when it is desired to inject as
much wind power as possible to the grid, or the rated current
of the electrolyzer I¥ when injecting wind power to the grid is
not desired. On the other hand, when generator current
is below I*, the controller remains inactive and the pitch angle
is maintained at its minimum value g = g ™,

As can be seen in the figure, a proportional controller is
used in this paper. Gain kp is designed to limit over-current to
an admissible value Al max, i.e. kp = (g ™3 — g ™in)/A] ™ax,

The dynamics of the control loop can be derived from
(3)—(5) and Fig. 5:

{}QT‘% = Pr(Qr, 8,V) — ir(Qr, Udc)Ude 20)

6% = ko (ir (Qr, Uac) — I') — B

where uq4c is regulated by the electrolyzer current controller.
Stability of the pitch control loop can be verified by linearizing
(20) and checking eigenvalues position.

4, Numerical results

In this section, the theoretical results are corroborated using
numerical simulation. The overall system is modeled in Mat-
lab environment using the Sim Power Systems toolbox. The
system consists of a variable-pitch 100 kW wind turbine,

a synchronous generator of the same power and rated speed
O =350 rpm, a 60 kW alkaline electrolyzer (I =200 A) and
a 60 kW power converter.

The first simulation run is aimed at showing the regulation
features of the two-loop electrolyzer current controller. As itis
common practice in control engineering, we have analyzed
the step response of the controlled system. In fact, a sudden
step in the wind speed from 6 to 8 m/s was simulated for two
values of electrolyte temperature, and the response is plotted
in Fig. 6. The increasing wind power accelerates the generator
until a higher operating speed is reached. The current
supplied by the generator increases three times. The in-phase
converter current iz is adjusted accordingly by the SM
controller so that the electrolyzer current rapidly converges to
its rated value. The quadrature current i; remains at zero.
Despite the wind speed perturbation (20% of its rated value
vN=10.5m/s) and different electrolyte temperature, the
electrolyzer current deviates only 0.5% from its rated value. In
real world, such an abrupt wind speed change will not occur,
and electrolyzer current will be even less perturbed.

The second simulation run shows the response to a realistic
wind speed profile ranging from low to high wind speeds. The
results are displayed in Fig. 7. Two cases were considered. In the
first one, the wind turbine captures as much power as possible to
supply the electrolyzer and inject power to the grid. The pitch
angle is adjusted above rated wind speed in order to limit the
wind turbine power to its rated value (I = I). In the second case
it is supposed that it is not desired to inject wind power to the
grid, so the reference for the pitch controller is I* = IV. It is
observed that the electrolyzer current is much smoother than
the generator one thanks to the grid assistance and the two-loop
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Fig. 7 - Controlled system response to realistic wind speed profile with generator current regulation at I (black) and IY (gray).

current controller. It can be interpreted as that the grid filters the
wind power fluctuations. In both cases, the electrolyzer current
isregulated atits rated value with an error lower than 0.5%. Thus,
hydrogen is produced at the maximum rate of 12.5 Nm*h ™,

5. Conclusions

This paper addresses the control of a grid-assisted wind-H,
energy system. The primary control objective is to operate the
electrolyzer under nominal conditions. This objective is ful-
filled by means of a cascaded controller of the power converter
that couples the system to the grid. The proposed SM
approach provides stability and robustness against wind
power fluctuations and electrolyte temperature uncertainties.
Additionally, a pitch controller was developed to actively
control the wind power injected to the grid under high wind
speed conditions. Simulation results using a realistic wind
speed profile corroborate the attractive features of the system
architecture and control scheme. Grid assistance together
with the proposed control method allows improving H,
production efficiency and quality. Storage devices and other
renewable resources can be easily incorporated thanks to the
modularity of system architecture and control.
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