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Abstract

This paper presents simulated hybridized solar-wind
generation as an alternative for rural dwellers that
do not have access to a conventional grid connec-
tion. Solar and wind were used as the main sources
of energy with battery storage. Each power source
has a DC-DC converter to control the power flow.
An axial flux permanent magnet generator, which is
suitable for a location with a low wind speed, was
driven by the wind turbine. By using this generator,
the efficiency of the system increased since certain
losses were removed. The perturbation and obser-
vation method of MPPT is used to achieve maxi-
mum power extraction from the solar panel. The
hybrid system was modelled in Matlab/Simulink
software. A squirrel cage induction motor was used
as the electrical load to the system load. The results
obtained for the proposed hybrid system indicates
that it can be used as an isolated power supply. By
doing so, it improves the standard of living and
hence, increasing total number of citizens using
energy in the country.

Keywords: hybrid solar-wind, converter, solar max-
imum power point tracker, induction motor, perma-
nent magnet synchronous generator

1. Introduction

Energy is the bedrock of any nation’s economic
development. To meet the electrical needs, various
options have been proposed. Renewable energy
technology is now considered as a viable alternative

to the traditionally used fossil fuel plants. The rea-
sons being that fossil fuel is depleting and, at the
same time, has negative effects globally. Such
effects include air pollution, greenhouse effect,
depletion of the ozone layer etc. In Nigeria today, at
the rural level, where about 70% of the population
lives, the percentage access to grid electricity is
slightly above 18% (Sambo, 2006). This necessi-
tates this research.

This paper presents a design simulation of a
stand-alone hybrid solar-wind energy generation
system for remote areas of Nsukka in south-eastern
part of Nigeria located Lat. 6° 51’ N and Long. 7°
35/ E. Solar resources for the design of the system
were obtained from the National Aeronautics and
Space Administration (NASA) Surface Meteorology
and solar energy website at a location of 6° 51’ N
latitude and 7° 35’ E longitude, with annual aver-
age solar radiation of 4.92kWh/m?2/d (NASA, 2013).
Wind-solar hybrid system consists of an emulated
wind turbine generator, solar PV unit and battery
storage; since is anticipated that at one time or
another, there may be little or absence of both wind
and solar power. During these times, the battery
unit should be capable of supplying 100% of the
plant’s required energy. However, this will depend
on the state of charge (SOC) of the battery.

In remote locations, stand-alone systems can be
more cost-effective than extending a power line
from the national grid (the cost of which can range
from two to three million naira depending on the
distance of the location from the grid lines).
However, these systems are also used by people
who live near the grid and wish to obtain inde-
pendence from the power provider or demonstrate
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a commitment to non-polluting energy sources. The
choice of this hybrid system stems from the fact that
these two sources are complementary since sunny
days are usually calm and strong winds are often
accompanied by cloud and may occur at night. A
combined plant, therefore, has higher availability
than either individual source and so needs less stor-
age capacity. This concept may provide power sup-
ply to the end user; which may either be any of the
following: remote/rural village electrification, ideal
for cell phone recipient (base) stations, residential
colonies and apartments for general lighting/water
pumping and street lighting (Parita et al., 2012),
banking sectors, hotels and business areas.

A study on the wind energy potentials for a
number of Nigerian cities shows that the annual
wind speed ranges from 2.32 m/s for Port Harcourt
(south-south of Nigeria) to 3.89 m/s for Sokoto
(north-north part of Nigeria) (Ajao et al., 2011).
From the research work of Ojosu and Salawu,
(Adramola and Oyewola, 2011), the annual aver-
age wind speed for Enugu state in which Nsukka is
part of is 2.1 — 3.0m/s (isovents at 10 m height).
Similarly, solar energy (irradiance) availability in
Nigeria through the same span — that is, from south-
ern to northern part of Nigeria, throughout the year
with reserve estimate is 3.5 — 7.0 kW/m?day
(Sambo, 2009).

Nigeria receives 5.08 x 1012 kWh of energy per
day from the sun and if solar energy appliances
with just 5% efficiency are used to cover only 1% of
the country’s surface area, then 2.54 x 106 MWh of
electrical energy can be obtained from solar energy
(Chiemeka and Chineke, 2009). With this informa-
tion, hybrid solar-wind generation should work out
very well in the south-eastern part of Nigeria.

2. System components

2.1 Photovoltaic systems

A photovoltaic system is commonly modelled using
the Shockley diode principles, which can be found
in the literature. The model of the solar cell can be
realized by an equivalent circuit that consists of a

current source in parallel with diode as shown in
Figure 1.
Figure 1: Equivalent circuit of solar cell

From Figure 1, the P-N junction has a certain
depletion layer capacitance, which is typically neg-
lected for modelling solar cells, therefore I, is zero.
Hence, these equations:

qV
I, = 1,,[{.)“' - 1} (1)
R,

Ly = ((V +IR)/R,) (2)
=L L (3)
qV
I=1, —1{){6»“‘ —11 - (4)
J
I-1
V= EIr{l == ”"J (5)
q o
Pyina = 3PAV3Cy(A,60) (6)

where [ : Solar cell current (A); I, :Light generated
current (A) ; Ip :Diode saturation current (A); q :
Electron charge (1.6x10-19 C); K : Boltzman con-
stant (1.38x10-23 J/K); T : Cell temperature in
Kelvin(K); V : Solar cell output voltage (V); Rg :
Solar cell series resistance (£1); Rgy: Solar cell shunt
resistance (), Ip: diode current(A) and Ig,: short cir-
cuit current.

Equations (1) to (5) were modelled in MATLAB-
SIMULINK software. The hybrid Polycrystalline PV
panel with these ratings were used. Maximum
power P .,= 150W, Maximum current [, = 4.5A,
short-circuit current I, = 4.75A and open-circuit
voltage V.. = 43.5V. Four of such panels were con-
nected in series. The choice for this PV panel is due
to its high efficiency while compared with mono-
crystalline or Polycrystalline alone

Figures 2 (a & b) denote the P-V and I-V char-
acteristics of a photovoltaic system at different tem-
peratures of 25°C and 50°C at varying solar irradi-
ance respectively. At 50°C, there was decrease in
power output due to the voltage decrease at that
temperature. Similarly, current change was small
whereas, the powers as well as the current increas-
es with increase in solar irradiance.

Figure 3 shows P-V and I-V characteristics at
constant temperature of 25°C with varying solar
irradiance.

2.2 Wind turbine unit

This unit consists of a wind turbine model from a
power system sub-library, 5kW permanent magnet
sychronous generator, wind turbine driven control
(which controls the generator speed via the
mechanical torque of the generator), and pitch-
angle controller (the pitch angle controller is active
only in high wind speeds). In such circumstances,
the rotor speed can no longer be controlled by
increasing the generated power, as this would lead
to overloading the generator and also the over
speed of the turbine. Therefore, the blade pitch
angle is changed in order to limit the aerodynamic
efficiency of the rotor. This prevents the rotor speed
from becoming too high, which would result in
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Figure 2: (a) P-V and (b) I-V characteristics at different irradiation and temperature
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Figure 3: P-V & I-V characteristics at constant
temperature of 25°C

mechanical damage. The optimal pitch angle is
approximately zero below the nominal wind speed.
A variable-speed pitch-regulated wind turbine is
considered in this paper, where the pitch angle con-
troller plays an important role.

Figure 4 shows the groups of C,— curves of the
wind turbine used in this study at different pitch
angles (Chinchilla et al., 2006). It is observed that
from Figure 4 the value of C, can be changed by
changing the pitch angle (). In other words, the
output power of the wind turbine can be regulated
by pitch angle control.

In analysing the wind power P4 (in watts)
extracted from wind, the following equations were
obtained:

Puina = 7PAV3C,(4,6) (6)
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Figure 4: Cp — A characteristics of the WECS
at different pitch angles (0)
(Ahmed et al., 2011)

where p is the air density (1.22kg/m?), A is the
area swept by the rotor blades in m?, and V is the
wind velocity in m/s. C, is called the power
coefficient or the rotor efficiency; where the
theoretical maximum value is 0.593 (Anandavel et
al., 2005) and is a function of tip speed ratio (TSR
or /) and pitch angle (0).

C, is represented as a function of the tip speed
ratio 4 given by Monica et al. (2006) as:

r=2o, (7)

where w, is the turbine speed.

It is important to note that the aerodynamic
efficiency is maximized at the optimum tip speed
ratio. The torque value obtained by dividing the
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turbine power‘ by turbine speed i; obtaineucl as
follows:

T,(V,w,) = ;mpR2C,()V? 8)
Where C, (1) is the torque co-efficient of the
turbine given by (9) and area swept by the blades
is given by this; A = mR?

c() =22 9)

The power co-efficient C,, is given by Anandavel et
al. (2005) as shown in equation (10):

116 =16.5

G = (57~ (04%0)=5)=03e 4 (10)

1

Where A, = ———

l+u.0399)—%:_'3_—‘;

1

e (11)

T (A+0.0898)+0.035

The turbine is connected to the rotor of the
generator via a shaft. The turbine, shaft and
generator are modelled as a single rotating mass:

dw, 1
= (T + Bg) (12)

dt total

T, is the electromechanical torque developed by
the electrical machine in N.m (when the electrical
machine is operated as a generator T, will be
negative), T, is the mechanical torque delivered
by the wind turbine in N.m and Jtotal is the
moment of inertia of the entire mechanical system
in kg-m?.

[n per unit (p.u.) values equation (12) becomes:

dn
Ezé‘(Te+Tm) (13)

Where 1, is the time constant in sec.

Figure 5 is a pitch angle controller, which is a
proportional (P) controller. Using this controller
type implies that the rotor speed is allowed to
exceed its nominal value by an amount that

Rotor

depends on the value chosen for the constant K,,.
The choice of direct driven PMSG is due to the
fact that it has no gearbox which produces losses
due to friction; and hence, the frictional torque in a
gearbox which leads to starting problems of such
generator is avoided. Similarly, the gearbox needs
oil and regular maintenance results to reduced over-
all system reliability. Hence, due to the higher effi-
ciency of PMSG and the wide range of speed con-
trol in the PMSG, it stands the best option for this

research work.

Almost all drive systems use the dynamic dqo
(direct-quadrature-zero axis) model of a machine.
This converts the 3 phase alternating current quan-
tities to direct current quantities, which can be eas-
ily controlled by a simple proportional integral (PI)
controller. The transformation from 3 phase vari-
ables with time varying (abc) frame to stationary
dgo-frame is as defined in Figure 6 (Heier, 1998).

phase a
stator winding

phase &
stator winding

W f axis

phese &
1S

o axis

Figure 6: Synchronization for the rotor
position for the park transformation
(Heier,1998)

Machine equations based on the rotor reference
position are described in Equations (14) and (15)
and they are marked with the subscript .

speed

dry
Vi = —Rslq — Lqg—! — wrLalg + 0rppm  (14)
- dif .

Vi = =Rl} — Ly =2 + w, Lol (15)

Pitch angle Pitch

Set point Angle

£ &= Limiter
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Figure 5: Pitch angle controller model; where K is a constant; f, is the sample frequency
of the pitch angle controller
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The variables R,, Ly and L, are the stator resis-
tance, direct and quadrature inductance respect-
ively of a permanent magnet synchronous
generator, where Ly =L, = L.

Figure 7 shows the equivalent circuit of the PMSG
in d-q axis. The electrical torque is shown in
equation (16). It should be noted that to control
the electrical torque, the g-axis current can be
controlled, hence the essence of (16).

T, = 15P@ymly (16)

The back emf (E,,) produced by the magnets
depends on the mechanical rotational speed @y,

(rad/sec).
Therefore,
Eom = @e * Opm (17)

Where @, is the electrical rotational speed (rad/sec)
and @, is the flux linkage established by the
magnets in weber. Hence,

w, = P * o, (18)
Where P is the number of pole pairs of the gen-

erator.
SL,

R,
v Try
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Vs w.'La'lg Va

D-Axis Q-Axis

Figure 7: Equivalent circuit of PMSG in d-q
reference frame

The prime mover for PMSG is a wind turbine
with optimum power control and pitch angle con-
trol. The external inputs to the turbine are wind
speed and rotor speed. Optimum power is obtained
from the Power-Speed characteristics, which
depend upon the speed of the turbine. A rotor side
converter is controlled by vector control. The main
objectives are for active and reactive power flow
control and maximum power point tracking. The
arid side converter’s main objective is to regulate
the DC link capacitor voltage and this converter
controls the power flow between the DC bus and
the AC side.

2.3 Energy storage device model

The energy storage devices are used for three pur-
poses: energy stabilization, ride through capability
and dispatchability. The energy stabilization permits
the hybrid system to run at a constant stable output
level with the help of the energy storage devices,
even if the load fluctuates rapidly. The ride through
capability is the capability of the energy storage

device that provides the proper amounts of energy
to the loads, when the hybrid system generation
units are unavailable be it in the night or in a peri-
od of faults. There is a controller that charges or dis-
charges the battery to fix DC link voltage.

In the analysis, the structure of the battery con-
sists of a constant dc source, and internal capaci-
tances and resistances shown in Figure 8.

I Rz
A
"
& B
| A ————
v : I
i +
L
+ WVey
WV + Ve

Figure 8: Battery model
Hossein (2012)

Considering Figure 8, from analysis one was
able to get the following formulae
Rily -V, =V, =0
Ryl =V, = 0 (19)
Vc“l + ch == (R3 + R4)l’b + Vb = O

d

L=1,—C—Ve
p (20)
L=1,—C—Ve
Ri(ly = Ci Ve ) = Vi =V = 0 (21)
Ry (Ip = G Ver) = Ve = 0 (22)
Vo = =Ver = Vea = (R3 + Ryl (23)
d
RiG EVCI =Rydy = V1 = Vg
g (24)
RyCo Ve = Ryl —Vip
dt
Vo = —Ver = Vo — (R3 + Ry)Iy (25)

The model of the battery suitable for this project
is as shown and the battery should be a deep cycle
battery. This type of battery can withstand fluctua-
tions as well as discharge slowly.

3. Proposed hybrid energy system

Wind and solar energy are converted into electrici-
ty and then sent to loads or stored in a battery bank.
The topology of the hybrid energy system consists
of a PV array and variable speed wind turbine, cou-
pled to a permanent magnet synchronous genera-
tor (PMSG) with a deep cycle battery as a back-up.
The two energy sources are connected in parallel to
a common dc bus line through their individual DC-
DC converters. The load may be dc connected to
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the dc bus line or may include a PWM voltage
source inverter to convert the dc power into 50Hz
AC supply.

The two generating sources were controlled indi-
vidually, of which their output goes to the dc bus
line to feed the isolating dc load or to the inverter
section of the system for ac load. The use of a bat-
tery charger and its accessories were to keep the
battery fully charged at a constant dc bus line volt-
age and also for monitoring/protection of the bat-
tery in case of over charge or over discharge. The
voltage from both the wind turbine and solar panel
were connected to the battery via a battery charger.
This device has a regulator that allows only the
required voltage that will charge the battery in to
the charger. When the output of the system is not
available, the battery powers the dc load or dis-
charges to the inverter to power ac loads, through a
discharge diode Dy, A battery discharge diode Dy, is
to prevent the battery from being charged when the
charger is opened after a full charge. As depicted in
the system configuration represented in Figure. 8,
the V. is set to a fixed dc bus line voltage and the
output dc voltage from each source is controlled
independently for both generation systems (Yerra et
al., 2012).

3.1 Maximum power point tracker for the
PV systems

The output of the PV was fed in to a boost convert-
er before connecting it in to DC link. The essence of
this is to boost PV output. The MOSFET switch of
the boost converter for the PV system will be trig-
gered by the P&O algorithm of the MPPT of the PV
panel, which will be modulated by a triangular
wave to get a pulse width modulated signal. This is
to ensure that the maximum power of the PV sys-
tem will be transferred to the load via an inverter.
The P&O method of MPPT measurement senses
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= ' "
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Turbine . ¥
X ]

e

E

Bun
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DC-DC Convvartar 2

both the voltage and current inputs from the PV
panels arbitrarily, and computes the power and
then increments or decrements the voltage and
power. The new data is compared to the previous
readings. If the power increases, the voltage is
moved in the same direction as the last adjustment.
This continues until the new value shows less power
than the previous one. The direction is then
changed to try and reach the peak power output.
The algorithm is shown in Figure 10.

Similarly, the output of the PMSG was also fed
into a three phase rectifier through a buck convert-
er in that the voltage input- output ratio is con-
trolled by a PWM to get a dc signal, which was
linked up with the dc link.

(smr )
CTER
Delay PIKI & VIK)

by k-1,
+

Calculate
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AP = Pik) = Prk-1)

¥
~{ To SWITCH )

Figure 10: P&O algorithm for PV panel MPPT

However, the controller in the charger switches
the battery on and off if neither the PV nor the wind
turbine produces enough voltage and if both pro-
duce voltage respectively. The voltages from both
sources were connected to the dc link form which it
was connected through a three phase inverter.

DC- AL Convorler

Sola
Prarl

MPPT Circuitry

Battary
Charger

Battery

Figure 9: Diagram of the proposed hybrid solar-wind stand-alone generation
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4. Results of the simulations
The results of the simulations were presented
asshown in Figures 11-16.

4.1 Evaluation of the results

When the wind turbine output, which is three-phase
is connected via a three-phase rectifier, the output
of the rectifier is connected to a dc-link together
with the PV system output, the result is shown in
Figure 11 and this dc-link capacitor voltage is
0.64kV. However, these dc-link capacitor voltages
of the hybrid source were connected through a
three-phase PWM inverter. Figure 12 shows the
two-level pulse width modulated (PWM) line volt-
ages which were used to operate a 4kW squirrel
caged induction motor. Similarly, two level PWM

Figure 14: Line currents from inverter

phase voltages of 230V each of the inverter output
was also generated and shown in Figure 13.

When connected via a balanced three-phase
resistive load, the line current values generated are
shown in Figure 14. Figure 15 indicates both the
rotor and stator current of the induction motor,
which after 0.012sec, the transients die down to
state steady current of about 33 A. Figure 16 indi-
cate the electromagnetic torque of the squirrel cage
induction motor that the hybrid source was used to
supply.

5. Conclusion

With the high demand of energy in this part of the
world, this paper is presenting an alternative to be
used by the remote areas in Nsukka, south-eastern
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Figure 16: Electromagnetic torque of the IM

part of Nigeria. As indicated, the availability of solar
irradiance and wind speed in this part of the coun-
try is good enough to make the hybrid give high
vield. Similarly, from the simulation result, the
paper suggests that even mobile base stations, hos-
pitals and hotels can start to make use of hybrid
solar-wind generations.

This kind of energy generation can work effec-
tively either as a single-phase supply or three-phase
supply, in which case appliances of either single or
three-phase can be used effectively. From the result
of the simulation, it is observed that with little
increase in the capacity of the wind turbine as well
as number of PV panels, many homes can be cov-
ered. Since the power obtained from wind genera-
tion adds to the power from the PV system thereby
improving the quantity of power available for the
masses to use; the hybridized system if implement-

ed will boost availability of power in the area. This
paper therefore appeals to government and private
investors to explore this means of power generation
to help ameliorate the suffering of the poor masses
in this part of the country as regards to inadequate
power supply.
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