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a b s t r a c t

The Renewable Distributed Generation (RDG), such as production of electricity in the

vicinity of the load, it is particularly beneficial when the distribution network is "weak"

facing specific demands, as in hydrogen production systems connected to rural electrifi-

cation networks. In these areas, the wind resource may be suitable for this type of

generation. This work proposes the topology and the operation and control strategy for

a hydrogen production station, "assisted" by a weak AC grid and "powered" by a variable

speed wind turbine based on a three-phase double stator induction machine. The wind

energy conversion is optimized through adequate control of the generator. The electrolyzer

current is regulated for the maximum utilization of the generated power. The high-speed

power fluctuations by turbulence are compensated through a controlled energy storage

system based on a flywheel. In addition, the system configuration, its operation mode and

control, and simulation results are presented.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction speed Wind Turbine. A three-phase double stator induction
One of the distinctive features of Distributed Generation in AC

is the production and supply of electrical energy in the vicinity

of consumption. This is particularly beneficial when the

distributionnetwork is "weak"against thedemandof punctual

loads, as commonly happens with the hydrogen production

systems connected to electrification networks in rural areas.

Given that in many of these regions the wind resource often

constitutes an important and competitive source of energy, its

use is an alternative for the implementation of Renewable

Distributed Generation in these areas [1,2].

For that purpose, in this paper is proposed the topology and

the operation and control strategies for a hydrogen production

station "assisted" by aweakAC grid, and "powered" by a variable
gineering, National Unive
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machine (BDFIG) [3,4] is employed, with the principal stator

winding directly connected to the grid, while the control stator

winding is connected through a Static Kramer Drive. This

scheme allows the system to maintain the wind generation

with maximum power transfer at slow wind speed variations.

This type ofmachine is an interesting alternative to thewound

rotor induction generator, because it doesnot require slip rings

and presents a greater number of poles reducing significantly

the gearbox [5]. It also represents a valid alternative to the

permanent magnet synchronous machine because it is

cheaperand theconverters, necessary for its control, onlyhave

to handle a fraction of the total power.

An additional equipment with Flywheel for Energy Storage

is operated and controlled in order to smooth out the fast
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power fluctuations coming from the wind turbine, allowing

a better operation and performance of the electrolyzer and

a lower level of disturbances in the network connection

point. This dynamic storage system is moved by an induc-

tion machine with an electronic drive connected to the AC

side of the wind turbine. The Flywheel system is highly

competitive for its durability, maintenance, power density

and cost [6e9].

An alkaline Electrolyzer is fed by a controlled rectifier which

regulates the power taken from the AC side. Its operation

strategy leads to the complete utilization of the wind power.

The whole system only requires from the network an

“assistance”, consisting of:

i) Provision of electrical parameters (V, f) for converters

and BDFIG.

ii) Provision of reactive power to the BDFIG.

iii) Supply of a reduced active power to ensure minimum

production of H2 when wind resource is insufficient.

In the article are presented: the system configuration, the

energy conversion and control strategy and the simulation

results with conclusions.
2. System configuration

The configuration of the proposed conversion system is

shown in Fig. 1. It is comprised of three functional modules

linked together via an AC bus, connected in turn to a weak

three-phase network of 380 V/50 Hz through a link. The

modules are: Wind Turbine, Storage System, and Hydrogen

Production System.

The Wind Turbine is a three-bladed horizontal axis turbine

with adjustable pitch, which operates at variable speed. It

drives through a gearbox a three-phase induction generator

with double stator (BDFIG), whose principal stator winding is

directly connected to the AC bus. A closed loop controls the

electromagnetic torque of the BDFIG, tracking a reference T*,

which determines the operating point of the turbine under

steady-state conditions. This control loop acts on the supply

voltage of the auxiliary stator winding of the BDFIG by using

a Static Kramer Drive [11]. A power control loop, acting on the

pitch angle of turbine blades (b), limits the maximum gener-

ated power (Pglimit).

Wind Turbine data: Rated wind speed ¼ 14 m/s; Ratio ¼ 6 m;

Cpmax ¼ 0.4; lopt ¼ 6.7.

BDFIG data: Rated Power ¼ 75 kW; Principal Stator: 440 V/

50 Hz/12 poles; Control Stator: 700 V/8 poles.

The Storage System is based on a flywheel, driven by a three-

phase induction motor (IM) with squirrel-cage rotor. A closed

loop controls the motor torque tracking the reference T�
fw,

which allows to vary the flywheel speed and its stored energy.

This loop varies the IM supply frequency beyond the rated

value by a frequency converter. Meanwhile, the supply voltage

is maintained at its rated value, to operate the IM in the field

weakening region. In this way, it is possible to obtain a greater

storage capacity by working with higher speeds.

The value of T�
fw results from the compensation strategy of

wind power fluctuations, which is presented in Section 3.
InductionMachine data: Rated Power¼ 15 kW; Stator: 380 V/

50 Hz/4 poles.

TheH2 Production System consists of an alkaline electrolyzer

powered by a controlled rectifier. A closed loop imposes the

electrolyzer current by acting on the firing angle of the recti-

fier. A control loop determines the power that electrolyzer

takes from the AC bus and the grid.

Electrolyzer data: Rated Power 60 kW; Minimum Power:

10 kW; Capacity: 12 m3N/h. Pressure: 30 bar.
3. Operation and control of the system

An operation and control strategy is proposed for eachmodule

of the system.

3.1. Wind turbine

The torque Tt developed by the turbine is:

Tt ¼ 0:5rArv2Cpðl;bÞ=l; (1)

with r the air density, A ¼ p r2 the swept area, r the blade

radius, v thewind speed, Cp(l,b) the power coefficient, l¼ rut/v:

the tip speed ratio, b the pitch angle and ut the turbine shaft

speed.

The turbine operating points for maximum power describe

a parabolic curve in the (Tt, ut) plane [2]:

TtoptðutÞ ¼ Ktu
2
t ; (2)

with Ttopt the Tt for maximum power and Kt a constructive

constant.

The operating point of the wind turbine under steady-state

conditions (u ¼ constant) is:

T0
t ¼ Tg (3)

with T0
t the Tt referred to the generator shaft side and Tg the

generator torque.

The BDFIG, with the principal stator winding connected to

the grid and the auxiliary stator winding fed by a Static

Kramer Drive, has a torque-speed curve equivalent to that of

the DFIG machine with Static Kramer Drive on the rotor [11].

This characteristic curve can be approximated by means

a straight line (Fig. 2), such as:

Tg ¼ Kg

�
ug � u0ðVCÞ

�
; (4)

with uo(VC) the u for Tg ¼ 0, VC the DC link voltage and Kg

a constructive constant.

The speed uo coincides with the synchronous speed when

VC is zero. If VC increases, uo increases proportionally.

According to Eq. (3), to keep the turbine working at optimal

torque points, the T0
topt value for each value of ug must be

imposed on Tg. This is achieved through the control structure

presented in Fig. 1, which acts on the amplitude of the auxil-

iary stator voltage through the Static Kramer Drive. The tor-

que Tg is measured indirectly, dividing the total generated AC

power by the generator shaft speed.

Fig. 2 shows the characteristic curves of the turbine (Eq. (1)

with b ¼ 0), and the characteristic curves of the BDFIG (Eq. (4)

referred to the turbine shaft), for DC link voltages (VC) that

http://dx.doi.org/10.1016/j.ijhydene.2011.12.085
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Fig. 1 e Modular System Structure.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 7 ( 2 0 1 2 ) 1 4 9 3 1e1 4 9 3 6 14933
make the subsystem to operate on the optimal torque points

for different wind speeds (Eq. (2)). When the wind speed is

very high, the generated power can exceed the rated value of

the generator. To avoid this, limits on the rotation speed and

the power output are set. The maximum speed is determined

by the VCmax value in the torque control loop. The maximum

power is regulated by a control loop acting on the blade angle

pitch (b) [12]. For powers lower than the rated power, the b ¼ 0

condition is maintained and the power will be the maximum
attainable according to the parabola described by Eq. (1). The

Fig. 3-(a) shows the action of the pitch control loop and the

Fig. 3-(b) shows the operating regions of the wind turbine

resulting from the action of the two control loops.

3.2. Storage system

Is proposed a control strategy for the Storage System that

allows the Flywheel to store energy during increasing wind

http://dx.doi.org/10.1016/j.ijhydene.2011.12.085
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Fig. 2 e Wind turbine operating points.

Fig. 3 e (a) Pitch Control, (b) Operating Regions of the Wind

Turbine.
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power variations and provide energy for decreasing varia-

tions. The instantaneous power that must flow through the

Storage System module, Pfw, is:

Pfw ¼ ~Pg ¼ Pg � Pg; (5)

where Pg is the total electrical power of the wind turbine, ~Pg is

the fast variation, and Pg is the mean value.

For the correct operation of the flywheel, its speed (ufw)

should be within a given range. Therefore a minimum speed

is established; below this value the stored energy is small

and not useful. On the other hand, mechanical limitations

determine the maximum speed. The relationship between

ufwmax and ufwmin is usually set in 2:1 or 3:1, giving a useful

variation of kinetic energy DE of 75% or 89% of Emax,

because:

DE ¼ Emax � Emin ¼ 1

2
Jfw

�
u2

fwmax � u2
fwmin

�
; (6)

with Jfw the inertia moment and Emin and Emax the energy for

ufwmin and ufwmax.

In order to smooth out Pg, the flywheelmust be able to store

or deliver energy at any time. It is therefore necessary that

when the flywheel is in repose mode it operates at an inter-

mediate speed value, given by:

E ¼ Emin þ Emax

2
/u�

fw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

fwmin þ u2
fwmax

2

s
; (7)

To fulfill the objectives defined by the Eq. (5) and Eq. (7)

a torque control loop is used on the flywheel. The reference

for this loop, T�
fw, consists of two components:

T�
fw ¼ ~Tfw þ DT ¼ ~Pg=uefw þ DT (8)

The first one, ~Tfw, corresponds to the smoothing of Pg, and is

obtained from ~Pg, calculated by Eq. (5). This in turn requires

knowing the value of Pg, which is obtained through a low-pass

filter since its variation is slow.

The second component, DT, obtained from the reference

u�
fw, corresponds to the correction introduced by a slow
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response speed regulation loop of the flywheel. Due to its

response time, this loop does not interfere with the power

smoothing loop.
3.3. H2 production system

It is desired that the electrical power to supply the electrolyzer

(PH) comes predominantly from theWind Generator-Flywheel

assembly (Pbus). For this purpose a control loop determines PH
by regulating the current of the electrolyzer (IH), through

a current control loop acting on the firing angle of the

controlled rectifier. The reference of the current loop (I�H) is
derived from the desired value ofP�H, calculated as:

P�
H ¼ PHmin þ Pbus; (9)

with PHmin the electrolyzer power for minimumH2 production.

The controller of the power control loop has saturations

that define a range of safe operation for the electrolyzer, IHmin

and IHmax. In this way, the power taken from the grid (Plink) is:
Fig. 4 e Power of: a) turbine-BDFIG assemb
Plink ¼
PHmin if P�

H < PHmax

PHmin � �
P�
H � PHmax

�
if P�

H � PHmax

(
(10)

To avoid quick changes in IH, which can impair the opera-

tion of the electrolyzer [10], a low-pass filter is used in the

measurement of Pbus.
4. Simulation results

The system was simulated in the MATLAB�/Simulink envi-

ronment. A system model was developed using available

elements in the library of the SimpowerSystems toolbox and the

model of the BDFIG presented in [13] and [14].

Fig. 4-(a) shows the temporal evolution of the power

generated by the Turbine-BDFIG assembly (Pg), while (b) shows

the power flow in the Flywheel (PH). In Fig. 4-(c) can be seen the

power consumed by the electrolyzer (PH), and finally in (d) the

power taken from the grid (Plink). The wind profile employed is
ly, b) flywheel, c) electrolyzer, d) grid.
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Fig. 5 e Trajectories in the Torque-Speed plane: Tt (solid

red) and Tg (blue). (For interpretation of the references to

colour in this figure legend, the reader is referred to the

web version of this article.)
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a constant wind (11 m/s) to which is superimposed, from

t ¼ 20 s, a sinusoidal variation of amplitude 1 m/s and

frequency 0.5 Hz. The Flywheel is initially enabled, and

disabled at t > 70 s Fig. 5 shows the trajectories of the Turbine

and the BDFIG variables in the torque-speed plane; point A

corresponds to the steady-state operation achieved during the

firsts 20 s of simulation. The difference between red and blue

trajectories is due to the mechanical inertia of the Turbine-

BDFIG assembly.
5. Conclusions

- The modularity of the proposed system makes it highly

flexible and reconfigurable, both in topology and in its

control.

- The constituent parts have a low cost of investment and

maintenance.

- The simulation results have validated the operation and the

control strategy of the proposed system for an efficient use

of the wind resource and a good operation of the

electrolyzer.

- The use of BDFIG in wind energy conversion systems and

the flywheel in energy storage systems to compensate the
power fluctuations constitute a very promising option for

RDG with good power quality.
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