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ABSTRACT: This paper presented a power estimation model in a wind/hydrogen/fuel-cell/inverter system for green
energy generation. An abundant amount of energy is in motion in the form of wind caused by differential heating of the
earth’s surface and its rotation. This energy source can be tapped in a pollutant-free generation process through a wind
turbine, and then used to produce hydrogen from the electrolysis of water in an electrolyzer. Hydrogen produced and
stored is re-convertible to electrical power through a fuel-cell/inverter arrangement. A mathematical estimation model
of power produced as a function of wind speed and system’s components efficiency is presented. A simulation of the
system in MATLAB/SIMULINK show that not all energy contained in the wind can be extracted due to turbine
components characteristics leading to a performance coefficient (efficiency) less than 100%. The characteristic
behavior of the turbine efficiency results in a non-linear output of proportional deviation with wind speed variations.
Furthermore, power output at the inverter end shows that more than half of power extracted from the wind could be lost
to hydrogen production and power conversion processes in the fuel-cell and inverter section given today’s conventional
technologies. These losses are due to low efficiencies that must be improved upon or carefully selected for particular
applications. A power distribution and control algorithm for load connection to the wind—hydrogen—fuel-cell—
inverter hybrid power generation system is also presented.
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I. INTRODUCTION

Green energy in recent times has become the most interesting focus of power provision by several nations of the
world, and will continue to be so especially for the non-depleting renewable energy sources such as solar, wind, and
tidal. The spread of this development is increasing daily and gradually influencing the demand and choice of energy
usage in most developing countries. Apart from hydropower systems being used in most African countries, solar power
development is more visible among other renewable sources due to the abundant energy from the sun. However, the
heating effect of the sun has also created wind in some areas which can be tapped if maximum energy is to be derived.
Alhough wind is an erratic source of energys; it is a very feasible source of energy if supplemented with other sources to
form a hybrid system or with storage to cater for low wind periods. As the provision of power is tending towards
micro-grid and personal supply systems, several options on how to store excess power produced and further retrieve it
back in the time of need are being considered and more emerging.

To further support the green energy philosophy, efficient storage systems that are environment-friendly must be
used. Batteries have been used over the years for this purpose but are not green enough due to acid fumes pollution, and
cost. Recently, greater focus has been placed on the use of new technologies such as fuel cell and the potential power of
water pumped to a height. Excess power produced from a solar or wind system can be used to pump water to a height
which in turn can be used to generate electricity from hydro-turbines. On the other hand, fuel cell employs a technology
that produces a direct current (DC) voltage from the combination of hydrogen and oxygen. This combination is very
efficient as a source of energy and only produces pure water as a byproduct. Of course, oxygen is naturally available
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but hydrogen can be produced through a process known as electrolysis. Hence, excess power generated from solar or
wind sources can be used to produce hydrogen which can be stored for power generation at down times.

To derive the required alternating current (AC) power from the fuel cell however, a power converting unit most be
used. This converter is generally referred to as an inverter. An inverter is an electronic device that converts DC power
to AC power and comes in different power ratings. The rating of an inverter selected for use basically depends on the
amount of load it is to carry. In this paper we present an estimation model for maximum output power derivation from a
wind—hydrogen—fuel-cell—inverter system given the system’s efficiency and wind speed.

II. RELATED WORKS

Wind is energy in motion caused basically by differential heating of the earth’s surface and partially by earth’s
rotation [1]. This moving energy is very unstable in a fixed location with respect to time and exists variably within a
day, season, year, etc. This notwithstanding, various wind power extraction technologies have been developed to meet
with the wind’s erratic behavior leading to wind prediction for economic improvement [2][3]. This is done specifically
in two ways which are hybrid system development and/or the use of storage technology to support down times.

Wen-Jei and Orhan [4] presented a wind-energy—hydrogen storage hybrid power generation system and analyzed
how useful energy can be derived from the theoretically available wind energy. Their work evaluates wind mill models
in terms of components efficiency to determine losses and useful energy from a wind mill. They further discussed the
process of hydrogen production through electrolysis and explained the effect of temperature and pressure on the
efficiency of electrolyzers. In conclusion they proposed the storage of hydrogen in its compressed gaseous form to
reduce loss of energy in the wind—hydrogen system. Xiangjun Li et al [5] presented several models for power quality
control in a wind—fuel-cell—battery—hydrogen electrolyzer hybrid system for micro-grid power generation. In their
work they considered the production of hydrogen mainly from a wind power source, stored in hydrogen tanks and to be
reconverted to electricity in a proton exchange membrane fuel cell. They then proposed that energy storage technology
would resolve random variations in renewable power sources. Results from simulations carried out shows that the use
of proportional integral (PI) and fuzzy controllers can well compensate the power fluctuations in micro-grid power
systems. They also show that power quality improvement can be achieved with the use of load-controllable electrolyzer
system. Pyle et al [6] described how hydrogen can be produced from a solar source and stored for home power usage.
The work demonstrated how hydrogen will serve as a resource that complements solar energy for home needs and as a
utility grid backup. Colt and Gilbert [7] presented an economic analysis of an integrated wind-hydrogen energy system
for small Alaska community where they proposed that an integrated wind-hydrogen supply of electricity, heat, and
transportation fuel could serve the power need of isolated communities at lower cost compared to a collection of
separate systems. Sarkar et al [8] presented an improved wind turbine blade efficiency and power calculation by
identifying critical components, their failure mode, and determination of the root cause of failure in order to design a
wind power generation system.

III. WIND-HY GROGEN-FUEL CELL- INVERTER HYBRID MODEL

Here, we present a wind—hydrogen—fuel-cell—inverter model as shown in Figure 1 to enable us investigate the
flow of power to a connected load. A wind energy generation system may be composed of one or more wind turbines
coupled together to produce the require amount of power. The power produced is used in this model to either power
any connected load, produce hydrogen, or do both at the same time. Hydrogen produced is stored and converted to
electrical energy for running the load through a fuel-cell—inverter system. Several factors determine the amount of
power available to the load and how long the system can run without winds. These factors which include wind speed,
air density, size of turbine blades, turbine transmission and generator efficiency, rate of hydrogen production,
electrolyzer efficiency, hydrogen storage capacity, fuel cell size and fuel cell efficiency, inverter rating and its
efficiency, and the system’s autonomy.
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Figure 1: Wind—Hydrogen Power Flow Block Diagram
A. Mathematical Model for Power Estimation Analysis

With the forgoing, we estimate the total derivable power from a wind power generation system using the
wind—hydrogen—fuel-cell—inverter model as a function of wind power given system’s component efficiencies.
Hence, we analyze the model as follows using the representation shown in Figure 2.
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Figure 2: Wind—Hydrogen Model Power Flow Analysis

Lp = Load power, Tp, = Turbine n power, Gp = Total generated power from farm, Ggp = Excess power generated, Hy =
Hydrogen volume produced, Hp;, = Power loss in hydrogen production, Ejy; = Power loss in inverter, Fcp = Fuel Cell
losses, Fcg = Energy produced by fuel cell, Piyy = Inverter output power

From Figure 2, for the load to be directly powered from the farm then,

Gp>Lp- - : : : : : : : : : : (1)
And

Gp = Tp1+ Tpp+ Tp3+ — — — — — — = + Tep-1+ Tpy

Gp = X1 Tpn- - - - - - - - - - - - )
Therefore,

Lp < XiTpn- - - - - - - - - - - - 3)

Now, power produced in a single wind turbine is given by

P = %pAV3 - ; ; ; ; ; ; - - - - )

Where,

P = power (watt), p = air density (kg/m3), A = swept area of turbine blades (m), V = wind velocity (m/s)

If we assume 7 turbine of equal blade sizes and swept area with air flowing in the same direction such that all turbines
rotate at the same speed. Then the total generated power will be given as:

Gp =n(Tp — Tp) - - - - - - - - - - - 5)
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Where,

Tp» = P = single turbine output power

Tp; = power loss in a single turbine due to efficiency

Assuming x% efficiency for a single turbine, percentage power loss will be (I — x)%. Therefore,

Tp- : : : : : : : : : : ©)

Hence, putting (6) into (5)

(100-x)

Gp = n[Tp - 100

Tp]
(100—x)

Gp =nTp[1— 100 ]

: : : : : : : : : ™

Substituting (4) into (7) therefore,

(100-x) ]
100

Gp = %npAVZ‘[l - _ _ . . . ; ; ; - (8)

Note that: x = CpI]1.I]g

Where Cp = coefficient of performance or turbine efficiency
I]r = turbine transmission efficiency
I]g = turbine generator efficiency

Again, hydrogen production will only take place when excess power output is produced by the generators. That is
Gp > Lp - - - - - - - - - - - 9)

Therefore,
GEP = Gp - Lp - - - - - - - - - - - (10)

Assuming total excess power generated is used to produce hydrogen, then:
Ggp = Hy + Hp, - - - - - - - - - - an

If the electrolyzer has an efficiency of h%, percentage power loss during hydrogen production is (/- 7)%. Hence,

(100-h)
Hp, = Hy — o0 WV

(100-h)
Hp, = Hy[1 - T] - - - - - - - - - - (12)
Substituting (12) into (11) therefore,

_ _ (100-h)
Ggp = Hy + Hy[1 T00 ]

Gep = Hy(L+ [1-522) - - - - oo oo . @D

100
Putting (8) and (13) into (10) we have that,

(100 x)

(100—-h)
Hy(1+ [1- D = 3npavip - ©27 - 4,

100
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From this expression,

1 3 (100-x)
_ AVl - Lp
Hy = (100-h) - - - - - - - - (14)

1+ [1_ 100

Assuming hydrogen production is run for a time 7, energy Ej stored and derivable from hydrogen volume Hy is,

Ey = Hyt

Therefore,

T e a3
1+[1—%

This stored energy is converted into useful electrical power at the fuel cell unit. If the fuel cell has an efficiency of y%,
then percentage energy loss at the fuel cell is (100 — y)%. From figure 2,

Feg = Ey— Fey - - - - - - - - - - (16)
But,

100—
For = o5 En - - - - - - - - - - - an

Substituting (15) into (17) produce,

(100—x)]_LP
G

100

1
100-y, ZnPAV3[1~

100 )[

Fep =¢(

1+[1-

Substituting (15) and (18) into (16) therefore,

F _ [%npAV3[1— (101?);95) 1- LP]t _ (100—3/) [%nPAVG[l_ (lizEX)] _ LP]t
c =D 100 7 - UEER
1 3 (100-x) 1 3 (100—-x)
o [EnpAV -0 11— LP] _ (100—31) [E”pAV M- I~ LP] t (19)
CE 1+ 1 (uit(l);h) 100 1+ [1- %

If this energy is used to produce required load power from the inverter with an efficiency of z%, energy loss will be,

Ene = 100 Feg (20)
Putting (19) into (20) yields,
po = (100-2) [%nPAV3[1-—(123;X)] -LP] _ @Ay [%nPAV3[1-—(13?)EX)] -LP] A i i i @1
me = oo ([P mem oo e
From figure 2, we have that,
Py = FceZ EinL - - - _ _ _ _ _ _ _ (22)
v

T

Where T is the hydrogen—fuel cell—inverter system autonomy.
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Therefore,
Py =
1 100— 1 100— 1 100— 1 100—
rinPAV3[1-%] ~Lp, (100—y E”PAV3[1—%] - LP]] (100—2)/ rinpAV3[1—%] ~Lp, (100—y rinpAVg‘[l—%] - LP]
(100-h) 17 100 (100-h) ~ T100 L (100-h) 17100 /L (100-h)
1+[1— 160 ] 1+ [1——100 ] \ 1+ [1——100 ] 1+ [1——100

T

- - - - - - - - - - - (3

Equation (23) gives the maximum power that can be derived from the Wind—Hydrogen—Fuel-cell—Inverter system
when run for a period of time T (autonomy) on a specified load power Lp.

At moments where, L, < Gp it is desirable to produce hydrogen with Gp and it is therefore assumed that Lp is zero in
equation (23) for this condition thus, derivable power from the system will be

1 3, _ (100—x) 1 3. (100-x) /
ZMPAVI[1I- 551, 100—y, FMPAVC[1-"4p ]] ¢ - (00=2)
100

[1_(122311) 1= oo ot 1_'_[1_(100—h)] 100 \
T

gupaviin- S5 00y, greaviin- Gt
—(@oo-h) Il 1+ [1_ Goo-n] |t
-(24)

1+[1 100

100

B. Power Distribution and Control

As presented in section IV, certain conditions must be met in order to power the applied load directly from the
generated power as well as produced hydrogen at any given time. This power distribution process must utilize some
control measures to ensure power stability in the system since wind power is randomly erratic. Using Figure 3
therefore, we present an algorithm for system power control both for hydrogen production and load activation.
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Figure 3: Power Distribution and Control Signal Flow
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PT = Power transducer, HVT = Hydrogen volume transducer, DCS = Distribution control Signal
ICS = Inverter control signal

For the system to effectively control and distribute power in the model, the control unit must determine the
fOHOWing conditions: (1) is GP < LP?, (2) is EH < FCL + EINL or HV < (FCL + EINL)/t ?

To find these conditions, Gp is sensed with PT and Hy is sensed with HVT and fed to the control unit. Using these
signals, power distribution and inverter output control could be affected in the following algorithm.

START
Initialize
DO FOREVER
IF (Gp > Lp) or (Gp=Lp)
Power load directly from generator (DCS = ON)
WHILE (Gp > Lp)
Supply power for hydrogen production
END WHILE
ELSE IF (Gp < Lp)
Do not power load from generator (DCS = OFF)
Supply generated power for hydrogen production
IF (Hy > (FcL + Enu)/)
Power load from Inverter (ICS = ON)
ELSE IF (Hy < (Fcp + Enp)/t) or (Hy = (Fep + Elnp)/t)
Do not power load from Inverter (ICS = OFF)
END IF
END IF
END DO
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Figure 4: Power Distribution and Control Flowchart
This algorithm is further represented with a flowchart of Figure 4.

IV.SIMULATIONS AND RESULTS

In order to simulate the estimation model presented, we used the MATLAB/SIMULINK wind variation model
presented in [5] as shown in Figure 5 to generate a wind pattern as an input to the model.
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White Noise
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300
300s+1

hd

Figure 5: Wind Model
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Next, the model to represent equation (4) is built in MATLAB/SIMULINK as shown in Figure 6 to determine

power extracted from the wind by a single turbine (n = 1) with a given swept area (A = 5Sm), air density (=1.293) and
turbine efficiency (x = Cp.I]1.Ilg = 59.26%) given by the Betz coefficient [8].

1.293

Air dengity1
v |
I e * AD{{I.& |_’
Swept areal ha Gain
Turbine ¥
Ot
Outl ——m 0"} —
Fent
Wind Speed Model
0.592533
Turbine Efficiency

Figure 6: Turbine Power Model

Finally, a MATLAB/SIMULINK representation was built as shown in Figure 7 for the estimation model in a unit
time of hydrogen production and autonomy (i.e. t =T =1) with & = 85%, y = 90% and z = 65% to determine how much
power can be stored and derived from the Wind—Hydrogen—Fuel-cell—Inverter system at any given wind speed.
Table 1 shows the simulated results output data. The results show that an increased non-linear amount of power could
be generated from the turbine at increased wind speed. The non-linearity results from the properties of the turbine
components leading to the general cut-in and cut-out speed behaviour of turbines. At wind speed values less than 1m/s,
no significant output power is generated. A wind speed shift of 0.76m/s between the two lowest values from 0.33m/s to
1.09m/s (columns 12 and 27) produced an output difference of 2.4W from 0.07W (at 0.33m/s) to 2.47W (at 1.09m/s).

h y 1

@ Electrolyzer Fuel Cell Inverter efficiency
Air density! eficiency efficiency

X
: > X
Sweptareat Gain X M ¢ I
Turbine Assembly % » u Product) Product)
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Figure 7: Wind—Hydrogen—Fuel-cell—Inverter Power Model Scope
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Figure 8: Wind speed and Output power plot

Table 1: Simulation Results

S/N Wind Speed (m/s) Power Extracted by | Energy Stored in Power Derivable by
Turbine Hydrogen @85% Inverter @65%
@59.2593% in (W) | in (WH) from Fuel cell
@90% in (W)

1 5.47 314.13 267.01 156.20
2 421 142.82 121.40 71.02
3 3.67 94.56 80.37 47.02
4 4.43 166.39 141.43 82.74
5 5.06 248.77 211.45 123.70
6 2.88 45.93 39.04 22.84
7 1.97 14.55 12.37 7.23
8 2.60 33.84 28.76 16.82
9 3.63 91.84 78.06 45.67
10 4.55 180.78 153.67 89.89
11 4.09 131.50 111.77 65.39
12 0.33 0.07 0.06 0.03
13 4.12 133.72 113.66 66.49
14 5.77 368.43 313.16 183.20
15 2.23 21.20 18.02 10.54
16 2.80 42.02 35.72 20.90
17 5.54 324.91 276.17 161.56
18 5.24 275.03 233.78 136.76
19 4.16 137.84 117.17 68.54
20 4.24 145.81 123.94 72.51
21 2.87 45.18 38.40 22.46
22 2.58 32.72 27.81 16.27
23 3.46 79.03 67.18 39.30
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24 4.25 147.56 125.42 73.37
25 4.49 173.77 147.70 86.41
26 4.44 167.20 142.12 83.14
27 1.09 2.47 2.10 1.23
28 4.23 145.36 123.55 72.28
29 2.61 33.97 28.88 16.89
30 4.23 145.04 123.29 72.12
31 3.13 58.85 50.03 29.27
32 1.95 14.13 12.01 7.03
33 4.13 135.11 114.85 67.19
34 3.88 111.83 95.06 55.61

V. CONCLUSION

The result of our simulations show that the output proportional deviation kept increasing until the cut-in speed (the

speed at which the least expected power output is produced) was reached and up to the rated output. The output then
remained constant as stated in [9] till the cut-out speed is reached where the turbine must be shutdown to avoid possible
breakdown.

As shown in the plot of Figure 8, the power available at the inverter output at an assumed inverter efficiency of

65%, fuel-cell efficiency of 90% and electrolyzer efficiency of 85% is approximately half of total turbine output.
Present day electrolyzers and fuel-cells are still at low efficiencies [10][11][12] which are being improved upon. Hence,
more than half of power derived from the wind could be lost to hydrogen production and electrical power conversion.
However, when run for a long period of time, more energy can be derived and stored in large hydrogen volume that
could sustain load at down times.
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