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Abstract

Recent research and development of alternative energy sources have shown excellent potential as a form of contribution to conventional power
generation systems. In order to meet sustained load demands during varying natural conditions, different energy sources and converters need to be
integrated with each other for extended usage of alternative energy. The paper focuses on the combination of wind, fuel cell (FC) and ultra-capacitor
(UC) systems for sustained power generation. As the wind turbine output power varies with the wind speed: an FC system with a UC bank can be
integrated with the wind turbine to ensure that the system performs under all conditions. We propose herein a dynamic model, design and simulation
of a wind/FC/UC hybrid power generation system with power flow controllers. In the proposed system, when the wind speed is sufficient, the wind
turbine can meet the load demand while feeding the electrolyzer. If the available power from the wind turbine cannot satisfy the load demand, the
FC system can meet the excess power demand, while the UC can meet the load demand above the maximum power available from the FC system
for short durations. Furthermore, this system can tolerate the rapid changes in wind speed and suppress the effects of these fluctuations on the

equipment side voltage in a novel topology.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The dependence of economy on depleting fossil fuels and
the adverse environmental effects of conventional power gen-
eration systems created renewed interest in renewable energy
sources toward building a sustainable energy economy in the
next decade. Wind energy is the world’s fastest growing energy
source, expanding globally at a rate of 25-35% annually over the
last decade [1]. The main disadvantage of wind turbines is that
naturally variable wind speed causes voltage and power fluc-
tuation problems at the load side. This problem can be solved
by using appropriate power converters and control strategies.
Another significant problem is to store the energy generated
by wind turbines for future use when no wind is available but
the user demand exists [2]. As a solution for this energy stor-
age problem, wind energy after appropriate conversion can be
stored in the form of hydrogen which will be converted to elec-
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trical energy via fuel cells (FCs). This type of energy storage
provides significant advantages when compared to conventional
batteries in terms of energy density and long-term storage [2,3].
By using an electrolyzer, hydrogen conversion allows both stor-
age and transportation of large amounts of power at much higher
energy densities [3]. Thus, hydrogen generation can lead a path-
way for wind-based energy generation to contribute directly to
reducing the dependence on imported fossil fuel [4,5]. Accord-
ing to Ref. [6,7], wind electrolysis is an attractive candidate
for economically viable renewable-hydrogen production sys-
tem. Furthermore, coupling wind turbines with electrolyzers has
the potential to provide low-cost, environmentally friendly dis-
tributed generation of hydrogen in addition to electricity [4].
Thus, the stored hydrogen energy can be used by FC power
plants during the low wind speed conditions.

FC power plants use oxygen and hydrogen to convert chemi-
cal energy into electrical energy. Among the various types of FC
systems, proton exchange membrane (PEM) FC power plants
have been found to be especially suitable for hybrid energy
systems with higher power density and lower operating tem-
perature. However, assisting an FC power plant with a parallel
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ultra-capacitor (UC) bank makes economic sense when satisfy-
ing the peak power demands or transient events. Ultra-capacitors
are electrical energy storage devices with extremely high capac-
itance values (a few Farads to several thousand Farads per cell)
offering high energy densities when compared to conventional
capacitors [8]. Without the UC bank, the FC system must sup-
ply all power demand thus increasing the size and cost of the FC
power plant.

Some studies have been reported in the literature to model
hybrid renewable energy systems, FC power plants, and other
relevant areas. Among them, Khan et al. [2,9] presented the
model of a small wind-fuel cell hybrid energy system and ana-
lyzed life cycle of a wind-fuel cell integrated system. Delfino
and Fornari [10] investigated a grid integrated fuel cell-wind
turbine system. In Ref. [3], power conditioning for a wind-
hydrogen energy system has been reported. Bechrakis et al. [11]
investigated simulation and operational assessment for a small
autonomous wind-hydrogen energy system. Barbir [12] pro-
posed a system for the production of hydrogen from renewable
energy sources using PEM electrolysis. In Ref. [13], a dynamic
model of a PEM electrolyzer and a hydrogen storage model is
introduced. Mathematical modeling and simulation of dynamic
systems are important in order to develop the best hybrid system.

In this paper, a detailed dynamic model, design and simula-
tion of a wind/FC/UC-based hybrid power generation system is
developed using a novel topology to complement each other and
to alleviate the effects of wind speed variations. The dynamic

Power Factor
Correction —1 I—

PEMFC/UC hybrid power system model reported in Ref. [14]
is modified for this study, and integrated with the wind turbine,
generator, electrolyzer and storage models. Modeling and simu-
lations are performed using MATLAB, Simulink and SimPow-
erSystems [15—17] software packages to verify the effectiveness
of the proposed system.

2. System description

In this section, the dynamic simulation model is described
for the wind/FC/UC hybrid generation system. The developed
system consists of a wind turbine, an induction generator with
power factor correction capacitor bank, an ac/dc thyristor con-
trolled double-bridge rectifier with PI controlled firing angle, an
FC/UC system with a boost type dc/dc converter with PI con-
trolled duty cycle, two dc/ac IGBT inverters with 5 kHz carrier
signal, and a two-winding coupling transformer located at the
load side. The block diagram of the integrated overall system is
shown in Fig. 1.

2.1. Design and dynamic model of a wind turbine

In the literature, several studies have been reported regarding
wind turbines and wind power driven generators [2,3,10,18]. The
model proposed in this paper is based on the wind speed versus
wind turbine output power characteristics. The parameters used
in the mathematical modeling of the wind turbine are as follows:
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Fig. 1. Block diagram of the proposed system.
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A turbine swept area [m?]

Cp performance coefficient of the turbine

Cppu  Pperunit (p.u.) value of the performance coefficient ¢,

kp power gain for ¢p_py =1 and Vyind—pu=1p.u., kp <1

P mechanical output power of the turbine [W]

Pmpu  power in p.u. of nominal power for particular values of
pand A

B blade pitch angle [°]

A tip speed ratio of the rotor blade tip speed to wind speed

0 air density [kg m3)~1

Uwind  Wind speed [m s71

Uwind-pu P-U. value of the base wind speed. The based wind
speed is the mean value of the expected wind speed in
(ms~h).

The output power of the wind turbine is given by [17,19,20]

_ PA 3
P = cp(h, B)—~Uyiing- 6]

Eq. (1), can be normalized and simplified for specific values
of p and A. The new equation in per unit (p.u.) system can be
expressed as

_ 3
Pm,pu - kPCP—PU Uwind,pu' @)

The modified Simulink model of the turbine is illustrated in
Fig. 2 [17,19,20]. In this model, whereas the inputs are the gen-
erator speed and wind speed, the output is mechanical torque
applied to the induction generator shaft.

2.2. Design and dynamic model of an asynchronous
induction generator

In this study, the built-in SimPowerSystems block model of
an asynchronous induction machine is used as a power generator
driven by the wind turbine [17]. In this model, the electrical
and mechanical parts of the machine are built following the
procedure described in Ref. [21].

The asynchronous induction generator model parameters
used in this model are as follows:

fa nominal frequency

H combined rotor and load inertia constant
I stator current

ng synchronous rotations per minute

p number of pole pairs

Pe electrical power output

P mechanical input power

R; combined rotor and stator resistance and inductance
L. referred to stator

Sh apparent power output

T. electromagnetic torque

Tm shaft mechanical torque

Vs stator terminal voltage per phase

) power angle

Om rotor angular position

Om angular velocity of the rotor

In an asynchronous machine, the synchronous speed and the
angular velocity of the rotor can be expressed as

60

ng = — fn, 3
p
2

om = o, 4)
60

The mechanical torque which drives the rotor shaft yields the
mechanical input power as

P = Tn@m. )

Then the derivative of angular velocity and the angular position
of the rotor becomes

%wm = ﬁ(Te — Fom — Tn), ©)
and
4 = om. )
dr

The relationship between the induced and terminal voltage of
the stator windings is given by

E stator induced voltage per phase , ,
F combined rotor and load viscous friction coefficient Vs = Es — (Rg + j2nfL)s. ®)
wind_speed_pu Pwind_pu
¥ u(1)"3 * | Pm_pu
wind speed h
/p 1/wmd_basel wind_speed”3
(m/s) o Product
Avoid division cp_pu
by zero a p.u->p.u

lambda_nom

Generator
speed(pu)

p.u->p.u Product

N lambdacp
@— X lambda_pu lambda

cp(lambda)!/cP_nom

l.l_Fl

il
Avoid division
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Fig. 2. Simulink model of the wind turbine.
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The apparent power output of the induction generator can be
defined as

Sp = 3VLI7. ©9)

The electrical active power output of the induction machine is
given by

E Vg

\V RE + @rfL))?

In this study, the rotor windings of the generator are short
circuited (squirrel cage induction machine) and the rotor shaft
is driven by the wind turbine which produces the mechanical
torque according to the wind and generator speed values. The
loads are connected to the electrical power output of the gener-
ator, i.e., stator windings.

P =3 sin 8. (10)

2.3. Design and dynamic modeling of a PEMFC

The PEMFC model described in Ref. [14] and Ref. [22] is
modified in MATLAB and Simulink for this study. This model
is built using the relationship between output voltage and par-
tial pressure of hydrogen, oxygen and water. Fig. 3 shows the
detailed model of the PEMFC, which is then embedded into the
SimPowerSystems of MATLAB as a controlled voltage source
and integrated into the overall system. The FC system model
parameters used in this model are as follows:

O.C. Onar et al. / Journal of Power Sources 161 (2006) 707-722

K; modeling constant [kmol (s A)~!]

My, molar mass of hydrogen [kg kmol~!]

No number of series fuel cells in the stack

Py, hydrogen partial pressure [atm]

Pu,o0  water partial pressure [atm]

Po, oxygen partial pressure [atm]

qo, input molar flow of hydrogen [kmol s~!]

q%_’llz hydrogen input flow [kmols™!]

q%u; hydrogen output flow [kmol s~!]

qm, hydrogen flow that reacts [kmol s~!]

qﬁg amount of hydrogen flow required to meet the load
change (kmols~1)

R universal gas constant [(1 atm) (kmol K1

RNt FC internal resistance [€2]

Ry_o  the hydrogen—oxygen flow ratio

T absolute temperature [K]

U utilization rate

Van volume of the anode [m?]

Veell dc output voltage of FC system [V]

TH, hydrogen time constant [s]

70, oxygen time constant [s]

TH,0 water time constant [s]

Nact activation over voltage [V]

Nohmic Ohmic over voltage [V]

InMATLAB, “log 10” and “log” are used as logarithmic com-
mands within the Simulink blocks as shown in Fig. 3. We used

B,C  constants to simulate the activation over voltage in  base-10 logarithm in the Nernst equation and base-e logarithm

PEMFC system [ A 1 and [V] in the activation voltage equation. Also, in the Simulink model
E Nernst instantaneous voltage [V] of the FC system, the input variables of the function blocks must
Ey standard no load voltage [V] be denoted with lowercase ‘u’ as shown in Fcnl, Fen2 and Fen3
F Faraday’s constant [C kmol™!] blocks.
Irc FC system current [A] The FC system consumes hydrogen according to the power
Kon anode valve constant [K mol kg (atm $)™ ] demand, where hydrogen is obtained from the storage tank. To
Kn, hydrogen valve molar constant [kmol (atm s)*l] control the hydrogen flow rate according to the FC power out-
Km,o  water valve molar constant [kmol (atm 91 put, a feedback control strategy is utilized by taking output FC
Ko, oxygen valve molar constant [kmol (atms)~!] current back to the input.

. b Y ¥
Scope1 Gain1 RS Gai Rint
gH2 Gain3 ain4’ Fcn1|B*log(C*u)
No*u/(2*F*U) ]l: ¥
Fcn3 Saturation | Gain2  [F_ -] Nohmic Nact
qO2
1/rH_O *
&5
L) ¥ Fuel Cell
Feedback
Tr| 1/KH2 Tr|1/KH20 [  Tr| 1/KO2 current
FeniToH2s+1| Fen2| den(s) | Fen3[roo2s+1
PH2 PH20 PO2
¥ ¥ ¥ f-
¥ *
Fen2| No*(Eo+((R*T)/(2°F))*log10((u(1)*u(3)(0.5))/(u(2)))) EL

diode

Fig. 3. Dynamic model of the FC system.
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2.4. Design and dynamic modeling of ultra-capacitor bank

The parameters used in the mathematical modeling of the UC
bank are as follows:

C capacitance [F]

Cuc-wotal  the total UC system capacitance [F]

EPR  equivalent parallel resistance [£2]

ESR, R equivalent series internal resistance[$2]

Euc the amount of energy released or captured by the UC

bank [W s]
ng the number of capacitors connected in series
np the number of series strings in parallel
Ruc.total  the total UC system resistance [€2]
Vi the initial voltage before discharging starts [V]
Vi the final voltage after discharging ends [V]

Fig. 4 shows the classical equivalent circuit of the UC unit.
The model consists of a capacitance (C), an equivalent series
resistance (ESR, R) representing the charging and discharging
resistance, and an equivalent parallel resistance (EPR) repre-
senting the self-discharging losses [23,24]. The EPR models
leakage effects and affects only the long-term energy storage
performance of the UC [25,26].

The amount of energy drawn from the UC bank is directly
proportional to the capacitance and the change in the terminal
voltage [8,25], given by

1
Euc = EC(ViZ ) (11)

When the ultra-capacitor bank is subject to supply a pre-
scribed amount of energy, the UC terminal voltage decreases.
Eq. (11) represents the voltage variation versus energy released
or captured by the ultra-capacitor bank. If the UC bank releases
energy to the load side, Eyc is positive. If energy is captured by
the UC bank, Eyc is negative.

The effective specific energy for a prescribed load can be
supplied by various UC bank configurations. In practical appli-
cations, the required amount of terminal voltage and energy or
the capacitance of UC storage system can be built using multi-
ple UCs in series and parallel. The terminal voltage determines
the number of capacitors which must be connected in series to
form a bank and the total capacitance determines the number of
capacitors which must be connected in parallel in the bank. The
total resistance and the total capacitance of the UC bank may be

ESR

EPR

o |

Fig. 4. Classical equivalent model for the UC unit.

calculated as [24,25]

ESR
Ryc-total = ns—, (12)
np
C
Cuc-total = np—. (13)
ng

The UC units can be arranged to build a UC bank, which is capa-
ble of providing the short-term peak load demand [24]. The UC
bank model has been implemented in MATLAB and SimPow-
erSystems for this study.

2.5. Electrolyzer model
Water can be decomposed into its elementary components by
passing electric current between two electrodes separated by an

aqueous electrolyte [2,27,28]. The electrochemical reaction of
water electrolysis is given by

1
H>O(1) + electrical energy = Ha(g) + EOZ(g)' (14)

The Electrolyzer model involves the following parameters:

F Faraday constant [C kmol 1]

ie electrolyzer current [A]

ne the number of electrolyzer cells in series

NE Faraday efficiency

IH, produced hydrogen moles per second [mol s~!]

According to Faraday’s law, hydrogen production rate of an
electrolyzer cell is directly proportional to the electrical current
in the equivalent electrolyzer circuit [2].

NEncle

= —. 15
'H, F (15)

The ratio between the actual and the theoretical maximum
amount of hydrogen produced in the electrolyzer is known as
Faraday efficiency. Assuming that the working temperature of
the electrolyzer is 40 °C, Faraday efficiency is expressed by
[2,27]

- 96.5e(0'09/ie_75'5/i§) (16)

According to the Egs. (15) and (16), a simple electrolyzer model
is developed using Simulink, which is illustrated in Fig. 5.

The inputresistance of the electrolyzer is used to represent the
voltage—current characteristics of the Von Hoerner electrolyzer
[3,29] for two limit temperatures between 39 and 52 °C. In this
model, the electrolyzer works on the operating point 45 A—50 V.
Therefore, the dc bus of the electrolyzer is fixed at 400 V by using
a two-level thyristor controlled bridge, and eight electrolyzer
units are used in series (45 A—400 V) to produce the hydrogen.

2.6. Hydrogen storage system
The amount of hydrogen required by the PEMFC is sent

directly from the electrolyzer system according to the relation-
ship between the output power and the hydrogen requirement
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Fig. 5. The Simulink diagram of the electrolyzer model.

of the PEMFC system. The remaining amount of hydrogen (the
difference between the produced and consumed hydrogen) is
sent to the storage tank.

One of the hydrogen storage techniques is physical hydrogen
storage, which involves using tanks to store either compressed
hydrogen gas or liquid hydrogen. The hydrogen storage model
is based on Eq. (17) and it directly calculates the tank pres-
sure using the ratio of hydrogen flow to the tank. The produced
hydrogen is stored in the tank, whose system dynamics can be
expressed as follows [13]

Nu, RTy

Pyt Py = g2 0
b bi Z MHZVb

(a7

The parameters used in the hydrogen storage system are listed
below:

| -C- P
Rydberg Ideal o
Gas Constant L

313 »

1 g

Electrolyzer Temperature

NH2

Product

Divide1

H2 Moleculer Mass

Compression
Factor

Tank Volume

g/Mole

My, molar mass of hydrogen [kg kmol~!]

Ny, hydrogen moles per second delivered to the storage
tank [kmol s~!]

Py pressure of tank [Pa]

Pui initial pressure of the storage tank [Pa]

R universal (Rydberg) gas constant [J (kmol °K)~ 1

Ty operating temperature [°K]

\ %5 volume of the tank [m3]

Z compressibility factor as a function of pressure

Neither the compression dynamics nor the compression
energy requirements are accounted for in our calculations. All
auxiliary power requirements such as pumps, valves, fan and
compression motors were ignored in the dynamic model. The
Simulink version of the hydrogen storage model is depicted in
Fig. 6.

X KTs
: OO
i - TP
Dvide pigcrete-Time
Integrator

Initial Tank
Pressure

Prcmcﬂ

Fig. 6. The Simulink model of the hydrogen storage system.
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Fig. 7. The power controllers of the system buses.

2.7. Power conditioning units of the system buses

In the power control strategy used for the proposed technique,
if the wind speed is sufficient to provide power to satisfy load
demands and electrolyzer power requirements, then the wind
turbine feeds the loads and the electrolyzer unit. The hydro-
gen produced by the electrolyzer is used in the FC system
when wind power becomes lower than that required for the load
demands. During normal operation, when the power demand
exceeds the maximum power supplied by the FC, the excess
power is supplied by the UC. To implement the aforementioned
power management strategy, appropriate power control systems
are used at relevant points and the total system components are
integrated. In the proposed model, the power control systems
are based on two fixed dc buses, and the power controllers used
at the related system buses are depicted in Fig. 7.

2.7.1. Power conditioning of the wind turbine output

Due to the variations in wind speed, the output voltage of
the generator coupled to the wind turbine experiences variations
in frequency and amplitude. The generator voltage is rectified
using a double-bridge converter instead of using a voltage and
frequency regulator on the ac bus. The rectified voltage is fixed,
which is then converted to ac voltage to overcome the fluctu-
ations in the amplitude and frequency of the generator output
voltage. In addition, this fixed dc bus is also used for the elec-
trolyzer simultaneously. The schematic of the double-bridge
rectifier is shown in Fig. 8.

An attractive feature of the double-bridge rectifier is that it
causes less harmonic distortion effects on the source side thanks
to the narrowed commutation periods. Another feature is the
controllable dc output voltage with a 12-pulse synchronized
PWM generator by tuning the firing angle «. The control-
lable ac/dc converter is used to smooth the wind turbine output
power before being supplied to the electrolyzer. As reported in

Ref. [3], fluctuations of the electrolyzer voltage may increase
energy losses and generate impure hydrogen. Furthermore, effi-
cient production and storage of hydrogen are major challenges
that need further investigation [9]. Because the output of wind
turbines varies with wind speed, and commercially available
electrolyzers require a stable dc voltage [9].

To address the aforementioned factors, we used a thyristor
controlled double-bridge rectifier to supply electrolyzer voltage
using a novel topology. Since the dc bus voltage is controllable,
the electrolyzer voltage can be controlled to track the reference
voltage of 400 V. The firing angle « is controlled by a discrete
PI controller. It is more efficient to use a fast controller for such
a voltage tracker, when compared to using a mechanical blade
degree control at the turbine tower. A mechanical blade con-
troller is very slow and cannot tolerate the rapid changes of
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T e N
K T —
C _

Universal Bridge

@@ o
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Fig. 8. The double-bridge thyristor controlled ac/dc converter.
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wind speed because of the mechanical constraints like inertia
and friction. The double-bridge rectifier requires a three-phase
two-winding transformer to obtain six input ports with appro-
priate phase angles. The power conditioning units of the wind
turbine output is depicted in Fig. 9.

2.7.2. UC bank charge—discharge control system

In this subsection, we present the charge/discharge control of
the UC bank to perform load sharing with the FC system when
they simultaneously operate with the wind turbine. Although
FC systems exhibit good power supply capability during steady-
state operation, the response of fuel cells during instantaneous
and short-term peak power demand periods is relatively poor. In
these periods, the UC bank can assist the FC system to achieve
good performance [30] whereas reducing the cost and size of
the FC system.

Various topologies may be used for integrating the UC with
the FC power systems [24,25,30-32]. For example, the UC sys-
tem integration can be done with or without power electronic
converter via series and parallel connection. Because of the high
specific power and power density of UC bank, it may be possible
to eliminate the dc/dc converter for voltage regulation so that it
can deliver higher output [24,30,31]. In this study, it is assumed
that the UC bank may assist in power delivery only when the
FC system is in operation. We integrated a UC bank with the FC
system using two power diodes and two semiconductor power
switches as shown in Fig. 10.

The power sharing between the FC system and UC bank is
determined by the control switches (S1 and S2) according to the
load demand. The main control algorithm for the FC and UC
system can be summarized as follows:

e During low power demand (<32 kW), the FC system generates
up to its load limit, and the excess power is used to charge

the UC. In this case, FC system power is transported to dc
bus over the D1 diode and the UC is charged over the D1
diode and closing the S1 switch. The UC does not provide
any power since the S2 switch is open.

e During high power demand (=32 kW) periods, the FC system
generates the rated power. Also, the UC is discharged to meet
the extra power requirements that cannot be supplied by the
FC system. In this case, FC system power is transported to
the dc bus over the D1 diode, and the UC is discharged over
the S2 switch and D2 diode to satisfy the excess load demand.
In this situation, no reverse current can flow to the FC system
from the UC bank due to the blocking D1 diode. Also, the UC
bank cannot draw power from FC system during discharging
to avoid overloading the FC system, which is achieved by
keeping S1 switch open.

FC/UC System
dc Bus
i} E—
D1 D2 Load Side
S
S2
FC
System
uc
System
- !

Fig. 10. The FC/UC hybrid system.
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Fig. 11. Boost type dc/dc converter for the FC/UC dc bus.

To realize the control system for the aforementioned FC and
UC models, control algorithm, ideal switching elements, and
current and voltage sensors are used in the simulation model.

2.7.3. FC/UC system output power control

The increase in load power decreases the FC output voltage
according to the model dynamics. Therefore, a boost type dc/dc
converter is used at the FC/UC system bus to maintain 400 V
output voltage. The topology of the boost type dc/dc converter
is given in Fig. 11.

In the converter, the gate signal of the MOSFET is obtained
using a discrete PI controller-based system which determines the
duty cycle according to the load side voltage. The PI controlled
voltage tracking system is shown in Fig. 12.

2.7.4. dc/ac inverters for load side

The above mentioned two fixed dc voltages are converted
to ac voltages with IGBT PWM inverters as shown in Fig. 7.
Since these inverters have the same fixed dc inputs, both are
controlled to produce three-phase ac output voltage with the
same specifications (such as amplitude and frequency) using an
appropriate PWM generator, which provides gate signals for the
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Fig. 12. dc/dc converter controller.

double

—(1)

AC
Output

9]
os}
=
L2
—
——
9]
©
=
LR
c
—
o]
@
o
e )
S ole—
- Lo

B>

;

Fig. 13. dc/ac inverter model.

inverter elements. The three-phase IGBT inverter is shown in
Fig. 13.

The parameters used in the voltage equations of the inverter
are as follows:

m modulation index
Ve dc input voltage of the inverter [V]
\ %] Line-to-line output voltage of the inverter [V]

In PWM inverters, the amplitude of the output ac voltage is
a function of the dc input voltage and modulation index. The
line-to-line output voltage of such an inverter can be expressed
as

NE]
Vii = —=mVqc. (18)

22
3. Simulation results and discussion

The block diagram of the integrated wind/FC/UC system and
the power controllers are shown in Figs. 1 and 7, respectively. At
first, the wind turbine, induction generator, FC system, UC bank
and the power controller system are described in this section. For
the wind turbine dynamics, a generic equation is used to model
¢p (A, B), which is based on the turbine model characteristics of
Ref. [19], given by

e, B) = ci (;2 — 3B — C4> e(es/) 4 o (19)
1
where
1 1 0.035 20)

MA+0088 B+

The coefficients values used are: ¢;=0.5176, c; =116,
c3=04, c4=5, c5=21 and cg=0.0068. The maximum value
of ¢p, (cp=0.48) is achieved for B=0° and A =8.1. This par-
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c,- ) Characteristics

Fig. 14. ¢p—A characteristics of the wind turbine.

ticular value of A is defined as the nominal value. The A—c,
characteristic of the turbine is illustrated in Fig. 14 for 8=0°.

The generator speed (rpm) and the generator power (p.u.)
characteristics are shown in Fig. 15 corresponding to various
wind speed values.

The parameters of the induction generator are given in
Table 1. The base values are the rated power and the voltage
values of the generator for the parameters given in per unit (p.u.).

The PEMFC system operates with the UC bank connected
in parallel using the configuration given in Fig. 10. The voltage
drops on the D1 and D2 diodes are assumed to be 0.8V, and
the internal resistance of switches S1 and S2 are assumed be
0.001 €2. For the simulated model, the parameters of the Maxwell
Boostcap® PC2500 UC unit are used and the characteristics of
UC unit are shown in Table 2.

Each UC unit has a nominal voltage of 2.5V corresponding
to 2700 F. Assuming a 400V dc output from the FC system,
a string of 160 UCs in series (16.875F per string) is used to
represent 400 V and the initial voltage of the UC bank is set to

Wind turbine characteristics

Rangeoftubine G
operating speeds — ==

Gl e dsglsmagassvedllferse e

0.6

Power

0.4

(173 IORSRES. N TSN W | G, R USRS

0
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Turbine speed referred to generator side (rpm)

Fig. 15. Wind turbine characteristics.

Table 1

Induction generator parameters

Nominal power (Pmechanic) 200 [HP]
Nominal voltage (line-to-line) 460 [V]
Nominal frequency 60 [Hz]
Nominal revolutions per minute 1785 [rpm]

Rotor type

Stator resistance
Stator inductance
Rotor resistance
Rotor inductance

Squirrel cage
0.01282 [p.u.]
0.05051 [p.u.]
0.00702 [p.u.]
0.05051 [p.u.]

Inertia constant 0.3096 [s]
Friction factor 0.0114 [p.u.]
Pairs of poles 2

Table 2
Maxwell Boostcap® PC2500 UC characteristics [33]

UC Parameters Value

2700+20% [F]
0.001 £25% [£2]
0.006 [A], 72h, 25°C

Capacitance
Internal resistance (dc)
Leakage current

Operating temperature —40°Cto 65°C
Rated current 100 [A]

Voltage 2.5[V]

Volume 0.6 [1]

Weight 0.725 [kg]

be 363.5V. The energy is stored in a 16.875F capacitance at
400 V. This size of the UC can be changed to suit various power
capacities for different applications.

The PEMFC system parameters are given in Table 3 [22] and
the initial active output power of the FC system is assumed to
be 2 kW.

The parameters of the double-bridge rectifier are given in
Table 4.

The parameters of the boost type dc/dc converter located at
the output of the FC/UC system are given in Table 5.

Table 3
FC system model parameters

Activation voltage constant (B) 0.04777 [A™1]

Activation voltage constant (C) 0.0136 [V]

Conversion factor (CV) 2

Faraday’s constant (F) 96484600 [C kmol~!]
Hydrogen time constant (ty, ) 3.37 [s]

Hydrogen valve constant (Ky, ) 4.22 x 1073 [kmol (s atm)~!]
Hydrogen—oxygen flow ratio (rg_o) 1.168

K; constant = No/4F 1.8449 x 1075 [kmol (s A)~']
Methane reference signal (Qmethref) 0.000015 [k mols™!]

No load voltage (Ep) 0.6 [V]
Number of cells (No) 712
Oxygen time constant (7o, ) 6.74 [s]

Oxygen valve constant, (ko,)
FC internal resistance (Rjn)
FC absolute temperature (7)
Universal gas constant (R)
Utilization factor (U)

Water time constant (tH,0)
Water valve constant (Ky,0)

2.11 x 1073 [kmol (s atm) 1]
0.00303 [€2]

343 [K]

8314.47 [J (kmol K)~1]

0.8

18.418 [s]

7.716 x 10~ [kmol (s atm)~!]
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Table 4

Double-bridge rectifier model parameters

Snubber resistance of one thyristor 2 [k2]
Snubber capacitance of one thyristor 0.1 [uF]
Internal resistance of one thyristor 1 [m2]

Pulse width of synchronized 12-pulse generator 80 [°]

Filter inductance 66 [mH]
Filter capacitance 3300 [wF]
Proportional gain of PI voltage control system 2

Integral gain of PI voltage control system 20
Reference voltage 400 [V]
Table 5

dc/dc converter model parameters

Converter inductance 66 [mH]
Converter capacitance 2200 [wF]
Semiconductor type MOSFET
Rated switching frequency 1000 [Hz]
Proportional gain of PI voltage control system 0.0001

Integral gain of PI voltage control system 0.01

Reference voltage 400 [V]
Table 6

dc/ac inverter model parameters

Semiconductor type IGBT-DIODE
Snubber resistance 2 [k2]
Snubber capacitance 0.1 [wF]
Internal resistance 1 [mR2]
Carrier frequency 5 [kHz]

Modulation index 0.98
Frequency of output voltage 60 [Hz]

The dc/ac inverters have the parameter values as shown in
Table 6.

These inverters are both controlled to produce three-phase ac
output voltage with a frequency of 60 Hz, and modulation index
of 0.98. Thus, the line-to-line voltage of the inverter output is
240V, which is calculated using Eq. (18). Finally, Table 7 shows
the parameters of the input transformer used in the two bridge
rectifier.

In this work, the load demand of the user is satisfied using
the wind/FC/UC hybrid topology described earlier. If the power
demand is greater than the power available from the wind tur-
bine, the FC system satisfies the excess power needed. The UC
bank serves as a short duration power source to meet the excess
power that cannot be satisfied by the FC system. A wind turbine,

Table 7

Transformer parameters

Nominal power 120 [kW]
Nominal frequency 60 [Hz]

Input winding parameters
(Yg) [VIRI L1]

Output winding parameters
(Y)[V2R2L2]

Output winding parameters
(Delta) [V3 R3 L3]

Magnetization resistance

Magnetization reactance

460 [V], 0.00025 [p.u.], O [p.u.]
230 [V], 0.00025 [p.u.], 0.0024 [p.u.]
230 [V], 0.00025 [p.u.], 0.0024 [p.u.]

650 [©2]
650 [2]

x 10*
12 T T T T T

[o] SR

Total Load Demand [W]
[}
.

Time [s]

Fig. 16. Total load demand of the user.

a FC system and a UC bank are used in above mentioned hybrid
topology to meet the user load profile as shown in Fig. 16.

To observe the dynamic behavior of the system, the wind
profile shown in Fig. 17 is used. The dynamic model used for
simulations is highly nonlinear and has a stiff structure, and it
takes over half an hour to complete the simulation witha 1.6 GHz
microprocessor-based computer (1 GB RAM). Consequently, a
30-s duration is used for the simulations with a fall in wind speed
at about the 10th second in wind speed profile. This sudden
fall in wind speed affects the power produced by the induction
generator coupled to the wind turbine as well as the electrolyzer
voltage as observed in Figs. 18 and 19, respectively.

From Figs. 18 and 19, we observe that although the available
power from the wind generator decreases because of the wind
speed, the PI controlled firing angle of the double-bridge rectifier
maintains the electrolyzer voltage at 400 V. If the PI controller
is not used to control the firing angle of the rectifier and in the

10.5 ! : ; ! !

Wind Speed [m/s]
03]
&

i ! i i
6'50 5 10 15 20 25 30

Time [s]

Fig. 17. Wind profile used for system simulation.
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Fig. 18. Power of the generator coupled to the wind turbine.

absence of the load management strategy, the dc bus voltage and
the wind power would collapse as illustrated in Figs. 20 and 21,
respectively.

The amount of hydrogen moles produced per second corre-
sponding to the electrolyzer voltage given in Fig. 19, is shown
in Fig. 22.

The wind turbine output including power delivered to the load
side and power delivered to the electrolyzer is shown in Fig. 18.
Although the turbine output power decreases, the nominal power
of 18 kW can be supplied to the electrolyzer. Since wind turbine
output power does not decrease below 18 kW in the simulation,
the hydrogen production rate of the electrolyzer stays the same
as shown in Fig. 22.

In this study, the minimum power drawn from the FC system
is set to be of 2kW in order to keep the FC system ready to pro-
vide larger amounts of power. After the wind power decreases,
the difference between the load demand and the wind power is

IS

3

—
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Electrolyzer Voltage [V]

1070 RSN, EERRIERREIN. | NRE RSP, J, R — i
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Time [s]

Fig. 19. Electrolyzer voltage (dc bus voltage of wind turbine output).
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Fig. 22. Produced amount of hydrogen.
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Fig. 23. Load power satisfied by FC system.

satisfied by FC system. The load power satisfied by FC system
measured from ac side is depicted in Fig. 23.

Corresponding to the load profile shown in Fig. 16, we
observe that the increment of load demand after the 15th sec-
ond is met by FC system, and the FC power increases up to
its maximum value as shown in Fig. 23. It may be mentioned
that the power satisfied by FC system depicted in Fig. 23 inher-
ently changes the internal voltage of the FC system as shown in
Fig. 24. The internal voltage of FC system decreases when the
FC output power increases. This relation between power and the
voltage of the FC system authenticates the reliability of the FC
model.

The transient response of the FC system voltage to the load
changes varies according to the amount of power supplied by
the FC system as shown in Fig. 24.

The amount of hydrogen moles consumed by the FC system
is proportional to the power drawn from the FC system. The
hydrogen flow to the FC system per second is depicted in Fig. 25.

400} S R S

380

sao ks e e e T P SR P

FC Internal Voltage [V]

I 1 i ] 1
0 5 10 15 20 25 30
Times [s]

Fig. 24. Internal voltage of the FC system.
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Fig. 25. Hydrogen moles per second consumed by FC system.

The hydrogen flow to the storage tank is shown in Fig. 26.
The amount of hydrogen to be stored in the storage tank corre-
sponds to the difference between the hydrogen produced by the
electrolyzer and the hydrogen consumed by the FC system.

The hydrogen storage tank pressure variation corresponding
to the amount of hydrogen delivered to the storage tank is shown
in Fig. 27. From Fig. 27, it is evident that the hydrogen storage
tank pressure increases with time as more and more hydrogen
moles delivered to the tank. Fig. 27 also demonstrates that the
slope of the pressure is proportional to the amount of hydrogen
delivered to the storage tank.

According to the power profile depicted in Fig. 16, peak load
demands would be observed between 17 and 21 s and from 25 to
27 s. During these time intervals, the FC power is at its maximum
value and also no increment is observed for the wind speed. In
this situation, UC discharges to the dc bus. The peak load demand
is satisfied by UC bank and measured from ac side as shown in
Fig. 28.

Hydrogen Delivered to the Storage Tank [kmol/s]

30

Time [s]

Fig. 26. Hydrogen moles per second delivered for storage in the tank.
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The power met by the UC introduces a current change at the
UC bank terminals as depicted in Fig. 29.

According to Fig. 29, the UC current before the 17th second
is of zero. When the UC current is positive (time intervals 17-21
and 25-27), energy is transferred to the dc bus by the UC bank.
When the UC current is negative (time intervals 27-30), the UC
bank is recharged. The UC bank cannot be recharged after the
first discharging period because during this period the FC oper-
ates at the maximum power output. The UC bank is recharged
only after the 27th second when the load demand decreases and
the remaining power is provided to the UC bank for recharging.
Fig. 30 shows the UC bank voltage variation during charge and
discharge states. It is obvious from Fig. 30 that the UC bank volt-
age decreases while the energy transfer to the load side increases
during recharging.

At the beginning of the simulation, the initial voltage of the
UC bank is 363.5 V. A voltage decrease occurs in the UC bank
terminal voltage when supplying a prescribed amount of energy.
For instance, in the time interval from 17 to 21 s, the UC bank is

x 10

Power Met by UC Bank [W]
n

0 5 10 15 20 25 30
Time [s]

Fig. 28. Power satisfied by UC bank.
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Fig. 29. UC current change with respect to power demand.

required to supply 30000 W x 4 s =120,000 W s, and the voltage
drops from 363.5 to 343.38 V. When the fuel cell output power
is not exceeded, the UC recovers the released energy until the
UC terminal voltage reaches the FC system output voltage (refer
to Eq. (11)).

Although the UC and FC system voltages fluctuate due to load
variations, the de/dc converter of the FC/UC system successfully
keeps the load voltage stable. The output voltage of the dc/dc
converter is depicted in Fig. 31 where the high voltage in the
first few moments corresponds to transients and damps out very
fast.

The PI controlled double-bridge ac/dc converter at the output
of the wind turbine and the PI controlled dc/dc converter at the
output of the FC/UC system keep these dc buses fixed at 400 V
as shown in Figs. 19 and 31, respectively. Since the voltage of
the two dc buses is kept at 400V, dc/ac inverters are used to
deliver the required power to the load side at 60 Hz frequency
and 240V line-to-line voltage.

The power delivered to the load side by the wind/FC/UC
hybrid topology is illustrated in Fig. 32.
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Fig. 30. UC bank voltage variation as a function of time.
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Fig. 32. Power delivered to load side by the hybrid topology.
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Fig. 33. Power tracking performance of the hybrid topology.

Finally, the user power requirement and the power delivered
to the load side by the wind/FC/UC hybrid system are illus-
trated in Fig. 33. In Fig. 16, the total load demand is shown,
which should be supplied by the wind/FC/UC system. Due to
the physical constraints such as time constants, control delays
and measurement errors, there is a little difference between
the load demand and the power supplied as shown in Fig. 33.
Under these constraints, the system can successfully accommo-
date wind speed changes and the control system can efficiently
track the load demand.

4. Conclusions

In this paper, a novel wind/FC/UC hybrid power system is
designed and modeled for a grid-independent user with appropri-
ate power flow controllers. The available power from the renew-
able energy sources is highly dependent on environmental con-
ditions such as wind speed. To overcome this deficiency of the
wind system, we integrated wind turbine with the FC/UC system
using a novel topology. This hybrid topology exhibits excellent
performance under variable wind speed and load power require-
ments. The proposed system can be used for non-interconnected
remote areas or isolated cogeneration power systems with non-
ideal wind speed characteristics.
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