


is being channelled for another purpose so as to avoid wastage, the efficiency obtained in

general was more than the regular arrangement.

Some years ago, an attempt was made in [11], to reduce the PV module temperature using an
installed water pumped. In this experiment, the pump water serves as the source of cooling
water to the module. The results show that the power output from the PV module and the
overall efficiency improved substantially. Furthermore, the performance of the PV module
when immersed in water was carried out in [12], an appreciable rise in the output power was
achieved. The surface cooling approach was adopted in [13], an effort was made here to lower
the temperature at the surface of the panel, a water arrangement was installed to provide water
drizzling on the PV module surface, the experiment yielded 15% rise in output at the height of
solar radiation. In [14], cooling of the PV module surface to reduce the temperature became
the primary focus, a water pump was used for spraying the PV module as well as enhancing
the operation of the pump framework. The experiment recorded a rise in the power of the cell,
which causes the efficiency of the system as well as the rate at which the pump flows to

increase.

A cooling medium, which employs the use of siphonage was carried out in [15], the cooling
medium was fastened to the solar module rear side of a number of PV modules connected
together, cooling was achieved with the help of a number of small openings in the cooling
medium at the rear of each panel through which water flows. The siphonage helped to channel
water into the PV module. Cooling of the PV module improves the efficiency of the PV
module, as well as the power output and, the experiment, helped to generate hot water for use.
In another research [16] effort made to help improve the PV module efficiency using water as
the cooling medium, with the spraying of the water facilitated by a fan. The results show that
out of the two PV modules used in this experiment, the PV module sprayed with water
facilitated with the help of a fan produced a higher power output. An observation worthy of
note is that using the fan for spraying was not effective as some part of the PV module that

cannot be reached were left out of the cooling process.

Furthermore, a researcher attempts to reduce the overheating of a concentrating PV module in
[17], the experiment involves a concentrated solar energy obtained from the PV module and a

heat pipe made of copper with water as the working fluid. Conversely, attached to the heat
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pipe are fins made of aluminium to aid cooling, the result shows that the heat pipe helped to
channel the heat away from the PV module.

In a recent research [18] an effort was made to reduce overheating of PV cell by applying free
running water at the surface of the panel. Asides cooling, the free running water washed away
the dirt deposit on the surface of the panel. The experiment recorded 8.4% rise in its power
output, but there was nothing to show the quantity of used pump water for cooling. Another
research carried out recently, [19] involves a wind collecting apparatus based cooling system
built to reduce PV cell temperature in a hybrid Wind/PV system. The cooling system performs
two functions: it reduces the PV cell temperature and generates power. The outcome of the

experiment shows that both the wind and PV module recorded a 36% rise in power.

A review of the possibility of using Nanofluids for cooling PV cells was carried out in [20],
the result indicates that the temperature of the Solar thermal system can be reduced with the
help of Nanofluids. A Recent research work, [21] employed the use of Peltier effect to reduce
the temperature of PV modules, at the rear of the single PV cell was attached a thermo-electric
unit with an assumption that the PV cell will provide the energy to operate the thermoelectric
unit. A MATLAB model was developed to ascertain the system temperature, the experiment
considered two techniques and the outcome shows that the temperature of a solar cell in a PV

module can be kept low with the help of a thermo-electric cooling unit.

Another research effort was made in [22] to cool the temperature of the PV module with water
or air using a micro-heat-pipe. The experimental setup is made of a PV module, which
embraced air-cooling, and another PV module, which embraced water-cooling. The heat-pipe,
which is attached to the rear of the module has two major parts namely the condenser part and
the evaporator part. The experiment achieved cooling of the condenser part using water or air
as the medium. The result of this setup attained a rise in the module efficiency by 2.6% with
air, as the medium for cooling while a 3% rise in the efficiency of the PV module was achieved

using water as the medium for cooling the module.

This research aims at using the multi-concept cooling technique to help reduce overheating of
the PV module. This is to increase the PV module efficiency and power output by cooling the
module surface with water and attaching an Aluminium heat sink to the rear of the module for

heat extraction. This research attempts to solve the following research questions:
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* PV module efficiency/Power output reduces as the surface temperature of the PV
module increases due to overheating; how do we solve the challenge of overheating?

* How can the PV module generate peak power continuously at the peak of sunlight?

4.2 PV module efficiency

Ambient temperature, as well as the temperature of the module, affects a PV module efficiency
and this is because the module voltage and current depend on temperature. The PV module
maximum power as expressed in [23][24] is

Prp =VupIm p =Voclse. FF (1)
Where Py, stands for the PV module maximum power, Vi stands for the maximum voltage,
Imp stands for maximum current, FF stands for fill factor while V. and I stand for open circuit
voltage and short circuit current respectively. As the module temperature increases, the I, rises

a little bit while the fill factor and V. reduce in magnitude.

The efficiency of a PV cell as in [25] is the ratio of energy output obtained from the PV cell
divided by the energy input provided by the sun as represented in equation (2).

/7 = Eout/Ein (2)
The PV module efficiency can also take the form of equation (3)

n= P/ E.A 3)

Where P max is the maximum power, E is the solar irradiance under STC (W/m?) and A is the
surface area of the module in m?.

The efficiency of a solar cell can also be expressed using the relation in [26] as

Nov =1{1 = BT —Tr1)] “4)
Where 77,» represents the efficiency of the PV cell, 77,7 is the PV module efficiency at the
reference temperature, which is usually 25°C, Tpv is the temperature of the PV module cell,
[ represents the temperature coefficient of power and Tr is the reference temperature of

the PV module or module cell.

4.2.1  Temperature effect of PV module
The temperature effect of a PV module can be expressed using the equation for PV array power

output as in [27] as
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Pov =Y. fol(Gr/ Gr, sto)[1+ ap(Tc —Tc, s1c) | (3)
Where

Y, is the rated capacity of the PV array, which implies that its output power under standard
test conditions (kW)

fpvis the PV derating factor (%),

Gris the solar radiation incident on the PV array in the current time step (kW/m?)

Gr. stcis the incident radiation at Standard Test Conditions (1Km/m?)

opis the temperature coefficient of power (%/°C)

T. is the PV cell temperature in the current time step (°C)

Tc, stc is the PV cell temperature under standard test conditions (25°C)

The PV module temperature coefficient of power is essential as it helps in the determination
of the deviation of power produced by the module from its values at STC [28], the temperature
coefficient of power for this PV module is -0.44%/°C. Furthermore, the experiment considered
the derating factor of PV module; this is because, PV modules, measurement in the field may
indicate that the module powers obtained are different from that of the nameplate reading.
Some environmental factors such as cloud, high dust concentration, shadow, etc. can reduce
the efficiencies of the PV module [29]. Performing a PV module experiment with a derating
factor of 0.95 implies that the test yielded power readings at STC, which are 5% lower than
the nameplate rating of the PV manufacturer. The power output equation of the PV array uses
this factor to account for factors like wiring losses, shading, soiling of the module, etc. This
experiment used a derating factor of 0.8 to account for the losses and a derating factor of 1.0
for an installation done in an ideal situation.

The efficiency of the PV module can be expressed as in [27] as

Np, s1¢ = Yo /(Apv.GT, sTC) (6)
Where

N . stc 1s the PV module’s efficiency under standard test condition (%).
Yov Represents the PV module’s rated power output at STC (kW)

Apv Ts the PV module’s surface area (m?)

Gr, sTcRepresents the radiation at STC (1kW/m?)

By substituting, for Apv/Jmp, stc = Ypv/(Gr, s7C) , in equation (5), the efficiency of the PV

module becomes

nmp= va/((Apvﬁ)vGT) [1 + afa(TC =T STC]) (7
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4.2.2  Photovoltaic module temperature coefficient of power.

For a PV module, this coefficient shows the extent to which the temperature of the PV cell
affects the power generated from the module. This temperature coefficient is assigned a
negative value and this is because as the temperature of the PV cell increases, the power output
reduces [30]. The temperature coefficient of the model of 250 Watt PV module used in this
experiment is -0.44%/°C [31], this implies that for every degree rise in temperature above
25°C, the module maximum power experiences -0.44% reduction. When the temperature
increases above 25°C, the power output reduces and when the temperature of the module

surface reduces below 25°C, power output increase above the module rated value is expected
[32].

4.2.3  Effect of heat on the PV module.

As the temperature of the PV module increases due to exposure to sunlight, heat generation
commences in the process. When this heat reaches a point where the output of the PV module
drops, overheating becomes evident. This overheating is one of the major challenges, which
confronts the Photovoltaic module’s smooth operation and it is because of exposure to more
than required solar radiation and high-level ambient temperatures. The overheating decreases
the efficiency as well as the power output of the module. The efficiency, as well as the output
power, reduces substantially as temperature rises, the extent of the reduction is a function of
the material used to fabricate the solar cell [33]

In order to find a solution to this challenge of overheating and loss of valuable energy as heat,

cooling of PV modules is required.

4.3 Proposed cooling of Photovoltaic module

A lot of research took place in the past and several others are ongoing on ways to tackle this
challenge of overheating. Heat energy can be lost from a Photovoltaic module through
conduction, radiation and convection, two major cooling techniques can be identified, namely
Passive cooling, which requires natural means for heat removal without energy consumption
and active cooling where energy consumption is needed for heat removal [33]. For the purpose
of energy conservation, this research work embraces the concept of passive cooling. Passive

cooling grouped into three major types is as shown in Figure 4-1.
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Figure 4-1. Types of passive cooling.

The method of cooling adopted by this research involves the different methods of passive

cooling, hence it is referred to as multi-concept cooling technique.

4.4 Multi-concept cooling technique

The multi-concept cooling technique was also used to help reduce the energy wasted as heat
energy when a PV module is placed under sunlight. The aim is to extract the excess energy,
which causes the temperature of the PV module surface to rise to a level, where the power
output reduces due to a reduction in the conversion efficiency of the module. The concept
involves:

*  Cooling the surface of the PV module to a temperature of 20°C using water

* Attaching aluminium heat sink at the rear of the PV module.

*  Mounting of the module at a height of 137cm above the ground to enhance air-cooling.
Cooling of the module surface with water helps to reduce the temperature of the module
surface considerably; this helps to increase the conversion efficiency of the PV module.
Conversely, the aluminium heat sink attached to the rear of the module serves two functions:
it helps to extract heat from the rear of the module and, it also helps the module to maintain a

uniform temperature.

4.4.1 New features and advantages of the proposed method.

The new features of the proposed method include the followings: cooling of the module is
achieved using the multi-concept cooling technique, ice blocks are added to the cooling water
to reduce its temperature and cooling is applied at the surface as well as the rear of the module.
Past research effort shows cooling is achieved with the single concept of cooling the PV

module surface or cooling the rear of the PV module. The concept of cooling adopted by this
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research employs both the concept of cooling the surface of the PV module and the concept of
cooling the rear of the PV module. Conversely, past researchers employ water passive cooling
alone, or air passive cooling alone or conductive cooling alone, but this research incorporates
the different types and the following experiments were carried out:

* PV module attached with Aluminium heat sink compared with the PV module without
an Aluminium heat sink.

* PV module attached with Al heat sink + water-cooling compared with PV module
without Al heat sink + water-cooling.

* PV module attached with Al heat sink with module temperature reduced to 20°C
compared with the PV module without Aluminium heat sink with module temperature
reduced to 20°C.

Water-cooling of the PV module was carried out at 12:45 pm, 13:45 pm, 14:45 pm, and 15:45
pm. Before the first water-cooling of the module surface was carried out, the effect of
Aluminium cooling can be felt from the readings obtained between 9: am and 12:30 pm as
shown in table 4.7. The readings show a reduction in the temperature of the PV module and it
also recorded an increase in power with the use of the Aluminium heat sink. Both evidence
shows the usefulness of the Aluminium heat sink.

With the different comparisons carried out, it is evident that more power was achieved with
the PV module + Aluminium heat sink and water-cooling of the PV surface to 20°C than PV
module + Aluminium heat sink + water-cooling, hence an increase in efficiency was achieved.
Also evident is that, there is an increase in power output when the result of the PV module +
Aluminium heat sink is compared with the PV module without Aluminium heat sink before

water-cooling started (at 12:45 pm).

Conversely, the main advantages of this method are as follows: maintaining the temperature
of the module surface at 20°C ensures the module yields a steady increase in power output. At
an irradiance of 1000w/m?, more power than the module rated capacity is achieved and in the

absence of water-cooling, a certain amount of cooling can be achieved.
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4.5 Materials and methods

A flowchart of the procedure used to conduct the experiment is as shown in figure 4-2.

Mount 2 PV modules at a distance
of 137cm above the ground

v

Label the PV module with attached Al heat sink as Test
PV and the PV without AL heat sink as reference PV

v

Mount the Pyranometer with its display placed
in a good position for proper viewing

v

Test PV
module

With both PV modules separated from
each other. Connect the Al 300 six-
channel data logger to source of power

Reference

Fasten channels 1,

2 & 3 to the rear of
the Test PV module

!

Connect 2 digital
Multimeters, and a
10Q Rheostat to the
Test PV module

v

PV module
v
Fasten channels 4, 5

& 6 to the rear of the
Reference PV module

v

Connect 2 digital
Multimeters, and a
10Q Rheostat to the
reference PV module

v

Starting from 9am, record the temperature readings at the rear
of the PV module with the attached channels 1,2 & 3 data
logger probes and take the temperature reading of the surface
of the PV module with an infrared thermometer, and also
record the irradiance, Voc, Isc, Vmp, Imp and calculate Pmp

Starting from 9am, record the temperature readings at the rear
of the PV module with the attached channels 4, 5 & 6 data
logger probes and take the temperature reading of the surface
of the PV module with an infrared thermometer, and also
record the irradiance, Voc, Isc, Vmp, Imp and calculate Pmp

!

Record temperature readings at the rear and surface of PV
modules at intervals of 15 minutes, and also record the iradiance,
Voc. Isc, Vmp. Imp and calculate Pmp at intervals of 15 minutes

v

Spray the surface of the PV module with water
at 12:45pm, 13:45pm, 14:45pm & 15:45pm and
take readings

v

Reduce PV module surface temperature with
water + blocks of ice to 20°C at 12:45pm,
13:45pm, 14:45pm & 15:45pm and take readings

Calculate efficiency
@ fpv =95%

Compare
results

Figure 4-2. Flowchart of the experiment

Calculate efficiency
@ fpv =80%

v

Record temperature readings at the rear and
surface of PV modules at intervals of 15 minutes,
and also record the iradiance, Voc, Isc, Vmp, Imp
and calculate Pmp at intervals of 15 minutes

Calculate efficiency
@ fpv = 80%

Compare
results

All necessary precautions observed during the conduct of this experiment, the method adopted

and the materials used in the process are as shown below.
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4.5.1 Materials

The materials used in this experiment consist of the following:

i. Two Suntech 250 watts solar PV module with the specifications shown in table
4.1
Table 4.1 Suntech 250watts PV module [31].
250 Watts Suntech PV module
Maximum Power at STC Pmax 250 W
Optimum operating voltage (Vmp) 30.7V
Optimum operating current (Imp) 8.15A
Operating circuit voltage (Voc) 374
Short circuit current (Isc) 8.63A
Operating module temperature -40°C to +85°C
Temperature coefficient of Pmax -0.44%/°C
Temperature coefficient of Voc -0.34%/°C
The temperature coefficient of Isc -0.060%/°C
Solar cell Monocrystalline silicon 156 x156mm (6 inches)
No of cells 60 (6x10)
Dimensions 1640x992 x35mm (64.6 x 39.1 x1.4 inches)

1i. The Aluminium heat sink used in this work is made of Aluminium sheet, which serves
as the base of the heat sink attached with 56 Aluminium sheets as fins. Aluminium material
became the choice for this design because it has lightweight and high thermal conductivity.
Thermal grease was applied to the base of the aluminium heat sink to help eliminate air gaps
and improve thermal conductivity. The fins have openings to aid the passage of pipes for future
heat extraction from the rear of the module and for generation of hot water. Furthermore, the
module mounted at a height of 137cm keeps the heat sink at a considerable height for proper
air-cooling. The Aluminium heat sink is fabricated using an Aluminium sheet with a
dimension of 154 cm x 93cm x 0.1cm on which several Aluminium fins with fin base of 2.4cm

each, were mounted. The dimension of the heat sink is as shown in table 4.2

Table 4.2 Aluminium, AL heatsink dimensions.

Parameter Value
Length of Aluminium sheet 154cm
Length/height of Aluminium Fin 84cm
The depth of Aluminium Fin 10cm
The thickness of Aluminium Fin Imm
The width of the Fin base 2.4cm
Spacing between fins 3.12cm
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The fabrication of the aluminium heat sink took place in the mechanical workshop of the
University of Strathclyde, Glasgow. A snapshot of the fabrication process is as shown in

Figure 4-3.

: = “f‘“
| o d

“ | Opening for the
~| passage of water pipe

| Aluminium fins

Figure 4-3. Aluminium heat sink fabrication at the mechanical workshop University of

Strathclyde in Glasgow UK.

iii. Other equipment used include:
10 litres watering can, Infrared thermometer, Al 300 data logger (6 channels), a set of
Spanners, measuring tape, combination plier, long nose plier, four multimeters, two for each
of the PV modules, Meteon Irradiance meter with Pyranometer, PV module stand, flexible

cable, ice blocks and 2 variable resistors, one for each module.

4.5.2  Experimental setup
Each of the PV modules used in the experiment was initially mounted without an Al heat sink
connected to any one of them. This was done to compare the state and rating of both PV

modules. The result of the measurements is as shown in table 4.3.

Table 4.3 Parameters of the PV modules without Al heat sink attachment
PV parameters PV1 PV 2
Open circuit voltage, Voc (V) 36.67 36.67
Short circuit current, Isc (A) 8.03 8.02
Optimum operating voltage, Vmp (V) 29.60 29.63
Optimum operating current, Imp (A) 7.03 7.02
Maximum power, Pmp (W) 208.09 | 208.00

The measurement obtained for the Voc, Isc, Vmp and Imp for both PV modules were found

to be approximately the same. Mounting of both 250 W, PV modules carried out as shown in
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Figure 4-4 with one module mounted without any form of cooling, referred to as the reference
PV module while the other with an attached aluminium heat sink served as the efficiency test

PV module.

Rear of module
with Al heat sink

Reference PV module 3

Figure 4-4. Test PV module and Reference PV module.

With the Pyranometer properly mounted, and the Al 300 six-channel data logger connected to
the PV module, channels, four, five and six temperature probes were connected and fastened
to the rear of the PV module without Al heat sink with the help of a tape. Conversely, with
channels, one, two and three temperature probes connected to the rear of the PV module
attached with aluminium heat sink; completes the first stage of the setup. With the modules,
data logger and Pyranometer in place, two out of the four multimeters and a rheostat connected
to the PV module without Al heat sink while the remaining two multimeters and the second
rheostat connected to the PV module with attached Al heat sink makes up the second stage as

shown in Figure 4-5.
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Figure 4-5. Experimental setup.

4.5.3  Site selection

This experiment took place in Sokoto State, Nigeria located within Latitude 13.1274 and
longitude 5.2046 with the PV module tilted properly to ensure maximum reception of radiation
from the sun. The PV modules and Pyranometer did not experience any form of shading each
day from the rising of the sun to the setting of the sun. The sunshine hours data for Sokoto,

Sokoto State, Nigeria is as shown in Figure 4-6.
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Figure 4-6 Sunshine hours in Sokoto in 2016.

4.5.4 PV module Orientation and tilting
The PV modules were initially mounted without Aluminium heat sink attached to any at two

different tilt angles, one module was tilted at an angle of 13° facing due south while the other
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was tilted at an angle of 15° facing due south so as to determine the best tilt angle for the PV
module at the research location. After comparison, the result of the module tilted at an angle
of 15° was better, which is the recommended tilt angle for a fixed system in site latitude
between 0° and 15°.

Mounting of the PV module with attached Aluminium heat sink and that without Aluminium
heat sink carried out facing due south and tilted at an angle of 15°. With the help of the
Pyranometer, recording of the solar irradiance data in W/m? took place successfully and all

the readings taken at an interval of 15 minutes.

4.5.5 PV module temperature

In this experiment, several temperature readings were taken, the temperatures in the rear of
both PV modules were taken with the help of Al 300 six channels data logger while the
temperatures at the surface of both PV modules were taken with the help of an infrared
thermometer. I had the temperature probes of the data logger attached to the rear of the panel
with the help of a tape, to aid accurate determination of the rear temperature of the PV module.
On the other hand, an infrared thermometer was used to take the surface temperature of the
PV module. This is because, attaching a data logger temperature probe at points on the surface
of the PV modules, as I did with the rear of the module, will cast a shade on some part of the
module surface and in the process, lead to energy loss due to shading. Another step taken was
the spraying of water on the PV module surface carried out at intervals, to help reduce the

temperature of the panel to enhance its energy conversion efficiency as shown in Figure 4-7.

Figure 4-7 Manual water spraying of the module.
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Temperature readings during the experiment were taken at intervals of 15 minutes, it was
observed after spraying the module with water, because of the high ambient temperature in the
location, the surface temperature of the module rises almost immediately. Ice blocks became
useful in this work when added to the cooling water as it helps to reduce the temperature of
the cooling water and the quantity of water used for cooling. Ice blocks are cheap and
affordable in this community, and as such, a number of blocks of ice added to the cooling
water helped to reduce the temperature as using cold water-cooling would go a long way to

enhance the energy conversion efficiency of the PV module. Samples of Ice blocks and ice

blocks in the watering can are as shown in Figure 4-8 (a) and (b) respectively.

Figure 4-8. (a) Ice blocks and watering can. (b) Ice blocks in a watering can.

4.5.6  Output current and voltage

The voltage and current of each of the modules were obtained with the help of the multimeters,
which were used as voltmeters and ammeters respectively, two variable resistors of 10 Q each
was used in this experiment. With the output terminal of each of the PV modules short-
circuited with a wire, the short circuit voltage and the module output voltage measured with
ease. Conversely, a variable resistor of 10 Q was connected to each of the modules, and
readings for the current and voltage were taken starting from the lowest resistance to the
highest. Other readings taken include current and voltage when the module is in open circuit,
voltage and current for the following values of resistance, 1.43Q, 2.86€2, 4.29Q, 5.27Q, 7.15Q,
8.58Q and 10.0Q.

4.5.7 PV module power output
The setup achieved electricity production via the ability of the PV modules to generate a

current through the 10.0Q variable resistor and voltage across the same variable resistor
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simultaneously at constant Irradiance. The expression for the module output power is as given

in equation 1.

4.6 Results and discussion
4.6.1 Solar radiation
Recording of the Pyranometer readings took place between 9: am and 4: pm on a daily basis

at an interval of 15 minutes as shown in Figure 4-9.
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Figure 4-9. A graph of solar radiation Vs time.

During the rising of the sun in the morning, the radiation from the sun is low and it increases
as the intensity of the sunlight increases, but with little drops until 13.00pm when the solar
radiation reaches its peak, after which there are some fluctuations in the radiation, but as the

setting of the sun approaches, the radiation reduces progressively.

4.6.2  Temperature readings
The temperature readings such as ambient temperature, the temperature at different sections
of the two modules alongside the solar radiation taken at intervals of 15 minutes are as shown

in Figure 4-10, 4-11, 4-12, and 4-13.
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Figure 4-10. A plot of ambient temperature, module + Al heat sink & water cooling

surface and rear temperature (°C) Vs time.

The ambient temperature increases with an increase in the intensity of the sun and as a result,
there is an increase in both the surface and rear temperature of the PV. The surface of the PV
module experiences the effect of sun intensity mainly; as a result, the temperature on the
module surface is higher. Heat usually flows from the hotter object or surface to the cooler
object or surface, there was heat transfer from the module surface to the rear of the module
attached with Aluminium heat sink, this makes the temperature of the rear of the PV module,
higher than the ambient temperature. At the start of the experiment, the module surface
temperature was 40.3°C, after which, it rises with few fluctuations. The module surface
temperature remains higher than that of the rear and the ambient temperature, but at 12:45 pm,
13:45 pm, 14:45 pm and 15:45 pm, the module surface temperature was lower than the ambient
temperature and its rear temperature, and this is because the module surface was sprayed with
water during those periods. The module surface reached a peak temperature of 57.2°C at 12:15

pm as shown in Figure 4-11.
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Figure 4-11. A plot of ambient temperature, module without Al heat sink’s surface and

rear temperature (°C) Vs time.

Unlike Figure 4-10, the peak temperature of the module surface was 66°C while the peak
temperature of the rear of the module was 60°C, and this module is not fitted with aluminium
heat sink, and not sprayed with water. The graph shows that the module surface temperature
is highest, followed by the module rear temperature, the rear temperature is higher than the

ambient temperature because of the heat transfer from the module surface to the rear.
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Figure 4-12. A plot of module + Al heat sink & water-cooling and the module without Al

heat sink’s surface temperatures (°C) versus time.
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The temperature of both modules was the same at the start of the experiment, but as time
progresses, there was a progressive difference in temperature between the two modules. The
temperature reading obtained from the module without attaching aluminium heat sink, at each
interval appears higher than the values obtained from the module attached with the heat sink.
The difference in temperature progresses gradually, the difference becomes more at 12:45 pm,

13:45 pm, 14:45 pm and 15:45 pm after spraying the module with water to reduce the module

temper ature.
Temperature Vs time
70
60
¥ 50
o
5 40
ot
]
5 30
=N
§ 20
e
10
0
oOoMNoMoOoONOLNLONONONONONONONOLWNOWOoO WO
eodnsodadyedandednsedayedndedns
DA DANOOOO0OdAddAdNNNNMNOOOONSTE S DN WNWLM O
O 000 o v v+ v+ v v+ v v+ v v o v o o e
Time
——o— Module + Al heat sink & water-cooling rear temp (°C)
—— Module without Al heat sink's, rear temp (°C)
Figure 4-13. A plot of module + Al heat sink & water-cooling and the module without

Al heat sink’s rear temperatures (°C).

Temperature readings from the module without attaching aluminium heat sink, appear higher
than the readings obtained from the module with attached aluminium heat sink & water-
cooling, this is because heat energy is extracted from the rear of the module with the help of

the attached aluminium heat sink.

4.6.3  Maximum voltage, maximum current and maximum power output.
Cooling of the PV module with well water at a temperature of 35°C and cooling of the PV

module surface temperature to 20°C by introducing blocks of ice into the cooling water
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performed with readings taken. A plot of resistance against maximum Voltage, maximum

current and maximum power is as shown in Figure 4-14 (a), (b) and (c) respectively.

Maximum Voltage Vmp (V) Vs Resistance ()

86 4.29 15 8.58 10

1.43 2. 5.27 7.

Resistance
m Module without Al heat sink Voltage, Vmp(V)

RPN N W W
U O U O U1 O un

Maximum Voltage Vmp (V)
o

m Module + Al heat sink & water-cooling Voltage, Vmp (V)
Module + Al heat sink & water-cooling to 20°C voltage, Vmp (V)

(a) The maximum voltage measured.

Maximum current, Imp Vs Resistance ()
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2 rm

. N | °R | | i i
2.86 8.58 10

1.43 4.29 5.27 7.15
Resistance

=
o

oo

Maximum current, Imp (A)

M Module with Al heat sink current, Imp (A)
 Module + Al heat sink & water-cooling current Imp (A)
i Module + Al heat sink + Water-cooling to 20°C current Imp (A)

(b) Maximum current measured.

120



Maximum power, Pmp (W) Vs Resistance (2)
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(¢) Maximum power measured.

Figure 4-14. (a) maximum voltage Vs load (b) maximum current Vs load (c) maximum

power Vs load.

From Figure 4-14, in (a) the maximum voltage increases progressively as the load increases,
in any of the three cases, it can be seen that the maximum voltage obtained increases with an
increase in the load. Conversely, the maximum voltage obtained cooling the module with
water to a temperature of 20°C is more, and that obtained from the module + heat sink &
water-cooling is more than that obtained from the module without a heat sink & water-cooling.
In (b) the value of the current obtained in each case, reduces as the load increases, but with the
highest values for current obtained with water cooling of the module to a temperature of 20°C,
this is followed by the values of the current obtained from module + Al heat sink & water
cooling.

Conversely, the maximum power measured as shown in (c), increases with the peak power
obtained at a load of 4.29 Q, the power shows that the power output obtained with the module
+ Al heat sink & water-cooling is more than the power output achieved with module without
Al heat sink and also. The highest power output was achieved with module + Al heat sink &

water-cooling of module surface to a temperature of 20°C.
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In order to consider the temperature coefficient of power, the calculation of the power output
considered a derating factor of 0.8 and 1 using equation 5, the results are as shown in Figure
4-15 and 4-16.

In Figure 4-15, the temperature of the module increases as the intensity of the sun increases,
but with a reduction at 12:45 pm, 13:45 pm, 14:45 pm and 15:45 pm during which cooling of
the module with water took place. Conversely, as shown in figure 4-15, the experiment
recorded an increase in power output at each stage of cooling except at 13:45 pm where it
recorded a decrease in the power output even with water-cooling and this was because of a
reduction in solar radiation experienced at that time. The reduction in solar radiation

experienced at 13:45 pm is as shown in Figure 4-16.

Temperature and Power Versus Time, at derating factor of 0.8 & 1
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Figure 4-15. A plot of temperature and power versus time at derating factor of 0.8 & 1.
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Solar radiation and Power Versus time at derating factor of 0.8 & 1
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Figure 4-16. A plot of solar radiation and power versus time at derating factor of 0.8 & 1.

The power output at a derating factor of 0.8 and 1 as shown in Figure 4-15 and 4-16 indicate
that the experiment considers losses for the setup at a derating factor of 0.8 and no losses at a
derating factor of 1. The graphs show that power output increases with time, but with
fluctuations due to changes in the intensity of the sun or ambient temperature. The setup
achieved peak power both at a derating factor of 0.8 and 1 at 12:45 noon, this is because the
solar irradiation was high at the time and the temperature of the module was 39°C. This
experiment considers the values of power output obtained with a derating factor of 0.8 to

account for losses.
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Power versus time at derating factor of 0.8 & 1

250

200

150

100

50

0
ONOMNMOMOWmMOoOwmOoOwoInNOIOnOoOwmOowmOowmOoImOoLwmao
edangdgedngedaoseoedntedanadeodasQdase
A OO OO OO OO0 OO0 d A A A N N N AN OO OO YD < < < < inin in in O
O O O O i 1 o o =+ = = oA A A A A A

Module without Al heat sink power output (w) at fpv = 0.8

e Module + Al heat sink & water-cooling power output at a derating factor of 0.8 (w)

Figure 4-17. A plot of power versus time at a derating factor of 0.8 for module with cooling

and module without cooling.

Figure 4-17 shows the effect of using the Aluminium heat sink at the rear of the module. The
first attempt to cool the module using water took place at exactly 12:45 pm; before this time,
the power output obtained from the module + Al heat sink & water-cooling gradually increases
above that of the module without a heat sink and water-cooling. This implies there is a slight
improvement in the module efficiency.

Water flow on the module surface may act as a reflecting mirror and reflect the solar radiation
away from the module during water spraying on the surface of the module, in order to
minimize this, spraying of water on the module surface was not done continuously, instead, it
was done intermittently. Furthermore, in order to improve the efficiency of the PV module
during water flow on the module surface, I used a semi-transparent PV module for the
experiment [34]. The PV modules stand the risk of experiencing increased leakage current,
which will result in potential induced degradation of the PV modules as [35]. The measures to

help minimize potential induced degradation of the PV modules include:

*  The use of certified PID resistant PV modules
* The use of strings with negative terminal grounded
* The use of isolation transformers between the strings and inverters

* Early installation of anti-PID equipment.
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* Ensuring reduced accumulation of water on the module to avoid leakage of charges

Water-cooling of the PV module and the cooling of the PV module surface to 20°C performed
at 12:45 pm, 13:45 pm, 14:45 pm and 15:45 pm generated the result shown in table 4.4

Table 4.4 Module power output at a derating factor, f,v = 80%

Time Module without Al Module + Al heat sink & Module + Al heat sink &

heat sink power water-cooling, power water-cooling of module
output (w) @ a fpv= output (w) @ a fpv=80% | surface to 20 °C, power output
80% (w) @ afpv=80%

12:45 179 202.9 220.96

13:45 173.5 183.4 200.72

14:45 173.1 193.5 215.85

15:45 138.48 149 165.56

A 250W PV module considered with a derating factor of 80% implies that the power output
expected from the module in an ideal situation is 200 W. Since the maximum power expected
from the PV module is 200W, power output in excess of 200W is an addition. In table 4.4,
module + Al heat sink & water-cooling generated more power than the module without Al
heat sink and the higher power output generated by the PV module was achieved with module
+ Al heat sink & water-cooling of module surface to 20°C. At 12:45 pm, 13:45 pm and 14:45
pm, power output exceeded 200W by 20.96W, 0.72W and 15.85W respectively.

Equation (7) for PV module efficiency was used with the following values Ppv=250 watt,
fpv=1, Tc =25°C and Tc, stc = 25°C and an efficiency of 15.4% were achieved. This 15.4% is
the value of the SUNTECH 250 watt module efficiency as stated in the manufacturer’s
specification sheet. Using a module surface temperature, Tc = 20°C, with an irradiation of
1081 at a derating factor of 0.8 yields an efficiency of 18.8%. Conversely, using equation 4 at

a temperature of 20°C gives an efficiency of 18.48%.

4.6.4  Cost of cooling the PV module

The application of ice blocks to the cooling water, used for the reduction of the module
temperature to 20°C was performed at 12:45 pm, 13:45 pm, 14:45 pm and 15:45 pm each day.
Each of the cooling processes used a small bag of ice blocks made of 20 blocks of ice at a cost
of N100 per bag. A total of 4 bags of ice was used for cooling each day. The cost of using ice

blocks for cooling is as shown in table 4.5
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Table 4.5 Cost of cooling the PV module

Bags of Ice blocks Days Cost/bag Total cost Total cost
used/day (Naira) (Naira) (GBP)
4 21 100 8400 17.99

Conversely, the Aluminium heat sink used for this research work was fabricated at the
electrical workshop and the cost of the materials used in fabricating the Aluminium heat sink

1s as shown in table 4.6

Table 4.6 Cost of materials for Al heat sink fabrication.
Materials Cost/material (£) | Total cost (£)

Two sheets of Aluminium 42 84

Speed frame 32 32

Sundries 18 18

Wood 8 8

Copper tube 39 39

Total cost of materials £181

The total cost of providing cooling for the PV module = £17.99 +£181=£198.99

From figure 4.10, measurements were taken at an interval of 15 minutes, there are four periods
of cooling at a maximum of 15 minutes over the day, i.e. 1 hour. From table 4.4, the increase
in power with ice cooling compared to without ice cooling when approximated to the nearest
tenth is 20W. The extra energy is lhour x 0.02kW = 0.02kWh. The cost of cooling with Ice
blocks is 17.99/0.02kWh = £899.5/kWh.

Considering the high cost involved in cooling the PV with the use of Ice blocks, the excess

energy is channelled towards producing the Ice blocks required for cooling.

The simulation of the hybrid energy system using the HOMER software simulator in chapter
three shows that an excess amount of energy was produced by the selected hybrid architecture.
In [36] the excess electricity obtained is that surplus amount of electrical energy, which has to
be dumped as it cannot be used to charge the batteries or serve a load. Excess electricity
becomes available when either one of the renewable sources or the diesel generator produces
more power such that its minimum power output exceeds the load and the batteries are unable

to absorb it all. This excess energy can be used to run an ice machine in order to make ice
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available for cooling the surface of the PV module, for sale, and also for cooling the house.

This can be achieved with the use of the Ice bear energy storage technology.

4.6.5 Summary of experiments conducted at a derating factor of 80%
This experiment, conducted at the Sokoto Energy Research Centre, Sokoto State achieved the
following results:
* An appreciable increase in the module output power with module + Al hint sink &
water-cooling of the module surface temperature to 20°C.
*  An output power increase of 20.96W at 12:45 pm at 80% derating factor used in order
to account for losses. This increase in output exceeds 250Watts with 0% losses.
* Anincrease in efficiency above 3%, hence the PV module and the power output were

enhanced using the multi-concept cooling technique.

4.7 Details of experiments performed at a derating factor of 95%

The experiment was set up as shown in Figure 4-18 and readings were taken.

e,

Data logger
Temperature probes

Figure 4-18  Project setup

The function of the Al heat sink attached to the rear of one the module is to extract heat from
the module and keep the temperature uniform while cooling of the surface of the PV module
was carried out by spraying the surface of the PV module with water as done in the previous
experiment. Ice blocks were introduced into the cooling water to reduce the temperature of the

cooling water, spraying of the module was done with the cold water and a module surface
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temperature of about 20°C was achieved. Spraying of the module was carried out as shown in

Figure 4-19.

Figure 4-19  Spraying of PV module with cold water.

The results of the experiment are as shown in Table 4-7; the power output of the PV module
at a derating factor of 95% was calculated using equation (5). The calculation was carried out
for the module without an aluminium heat sink and cooling, the module with Aluminium heat
sink + water-cooling, and finally it was used to compute the power output of the module when
the module surface temperature was reduced to 20°C.

Using a derating factor of 95% to comply with the PV manufacturer’s data sheet, which has a

power tolerance of + 5% gives Table 4.7.
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Table 4.7 Module power output at a derating factor of 95%.

Time | Ambient | Panel Module + Al Module Module + Al | Module + Al heat
temp (°C) | without | heat sink & without Al | heatsink & | sink & water-

Al heat water- heat sink water-cooling, | cooling of module
sink, cooling Solar | power output | power output | surface to 20°C
surface surface | radiation | (w)at fv= | (w)at fy= power output (W)
temp (°C) | temp (°C) | (Wm-2) |95% 95% at fpy=95%

09:00 36 403 403 407 90.16 90.16

09:15 36.9 46.7 463 558 1199 120.1

09:30 36.8 45 44 736 1594 160.2

09:45 38 50.1 495 719 164.6 165.1

10:00 40 35 534 789 162.7 164

10:15 409 3.3 51 826 1717 1737

1030 | 433 54.1 52 897 185.8 187.7

10:45 439 56.8 54.5 932 1904 1926

11:00 4 586 53 955 1933 1989

11:15 46 394 54.2 960 1935 1987

11:30 | 476 61 54 1017 2033 2107

11:45 419 61.2 543 1019 2035 2108

12:00 49 63 559 1021 2019 209.5

12:15 417 60 5712 1072 2154 2185

1230 | 436 56.6 55 1097 243 26.1

12:45 49.5 64.1 39 1081 2126 2409 2624

13:00 | 453 4 50 1126 2333 238

13:15 46.7 55.2 51 1085 234 2082

1330 | 4Ll 514 48 1073 205 209

13:45 41.1 51.5 40 932 206 278 2384

1400 | 435 58 495 1087 207 2303

14:15 46 9.7 50 1065 2143 25.1

14:30 48 62 53 1054 209.6 2195

14:45 52.5 06 44 1056 205.6 298 25.3

15:00 | 412 5.7 528 658 1359 1372

15:15 427 4 53 879 182.1 183

15:30 476 58 56 831 168.7 1704

15:45 45 38 43 810 164.4 177.1 196.6

16:00 44 56 51 705 144.6 1483

A section of table 4.7, which shows the difference in the power output from the PV module
without Al heat sink and the PV module + Al heat sink & water-cooling of the module surface,

is as shown in figure 4-20.
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Power versus time at a derating factor of 95%
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Figure 4-20 A plot of power versus time at a derating factor of 95% for PV module

without Al heat sink and PV module + Al heat sink & water-cooling of module surface.

4.7.1  Summary of experiments conducted at a derating factor of 95%

The plot shows that more power is generated with the application of a heat sink to the rear of
the module and water-cooling on the module surface than using the PV module without
cooling. Conversely, another section through table 4.7, which indicates the difference in the

power output produced by the module when subjected to different conditions, is as shown in

Table 4.8.
Table 4.8 Power outputs obtained from the experiment
Time Module without Al Module + Al heat sink | Module + Al heat sink &
heat sink power & water-cooling, power | water-cooling of module
output (W) at f,,= output (W) at f,,=95% | surface to 20°C power
95% output (W) at f,, = 95%
12:45 212.6 240.9 262.4
13:45 206 217.8 238.4
14:45 205.6 229.8 256.3
15:45 164.4 177.1 196.6
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From table 4.8 above, more power is obtained with the module + Al heat sink & water cooling,

but maximum power output of 262.4 w was achieved by cooling the PV module + Al heat sink

& water-cooling of module surface to 20°C. In order to implement the effect of the increase

in power output using MATLAB, the module operating temperature set to 20°C, is used as an

input to the PV array MATLAB Simulink block.
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Chapter 5:
Increasing hybrid PV/wind/diesel generator power

output with increased PV module efficiency

he growth of any developing nation depends largely on the accessibility of adequate

Power, as the availability of adequate power is a necessity, for an appreciable

economic and technological development to be achieved. Sources of energy supply
from natural resources such as wind and sunlight provide a clean alternative source of power
in locations which experience high sunshine and high wind speed and as a result, energy from
renewable sources can compete favourably with energy generation from fossil fuel, which
usually introduce pollution to the environment [1]. The PV module is a good source of energy
in Nigeria and other parts of the world, which experiences long periods of sunshine. In
locations where a long period of sunshine hours is experienced during the day, the excess
sunlight is not fully utilized due to the effect of temperature on the PV module.
As the intensity of the sun increases, the temperature of the module surface also increases.

Temperatures above 25°C causes the power output from the solar panel to reduce.

This chapter deals with the application of the enhanced PV module to the hybrid
PV/wind/diesel generator power system, the model composition of the hybrid micro-grid, the
design of the PV battery, boost converter, modelling of diesel generator, wind energy
conversion system, as well as the control of the hybrid energy system, are illustrated. In order
to implement the effect of the increase, in power output using MATLAB, the module operating

temperature set to 20°C, is used as an input to the PV array MATLAB Simulink block.

5.1 The model composition of hybrid PV/wind/diesel generator

The research project comprises of 60kW PV array, SOkW diesel generator, S0kW PMSG
driven wind turbine, 480 Vision 6FM200D batteries made up of a string size of 30 with 16
strings in parallel, each battery have a nominal voltage of 12volts and a nominal capacity of
200AH (2.4kWh). The configuration of the hybrid energy system and the complete MATLAB

model of the hybrid energy system are as shown in figure 5-1 and 5-2 respectively.
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5.1.1 Design of 60kW PV array

The maximum power delivered by a photovoltaic array as in [5] is given by the expression
PWP :(NPxImP)'(Nxxvmp)‘ (4)

Where the N, and N; stand for the number PV modules connected in parallel and in series
respectively. Imp and Vi, stand for the maximum current and voltage at MPPT respectively.
This is because adding PV modules in series increases the voltage while adding PV modules
in parallel increases the current.

In order to achieve a PV array with a capacity of 60kW, a PV array voltage of 614V was
considered by connecting 20 PV modules in series, conversely, 12 PV modules are connected
in parallel and each module has a maximum voltage, Vi, of 30.7v and a maximum current,

Imp of 8.15A at maximum power.

5.1.1.1 Sizing of the battery bank

The size of the battery bank can be calculated as in [6] using equation (5).
R

Where DoD, 1, Vs, Bep, Dg, and Da stand for depth of discharge, efficiency, Battery capacity,

daily load demand and battery days of autonomy respectively. Battery round-trip efficiency of

85% was selected for this project.

Sizing of battery bank for this project does not require any further design as the sizing was

achieved with the help of HOMER software simulator. A total of 480 batteries, each with a

nominal voltage of 12V and a nominal capacity of 200Ah (2.4kWh) is required for this project

and it comprises of a string size of 30 with 16 battery strings in parallel.

Batteries add up in series to increase the voltage while the amperage remains the same,

conversely, they add up in parallel to increase current while the voltage remains the same. A

string size of 30 implies connecting 30 batteries in series.

This generates 30 (12V), at an amperage of 200Ah and hence, the bus voltage is 360V, hence

a battery string size of 30 generates 360V, 200Ah. Sixteen, 16 parallel strings of the battery

connected in parallel yields 360V, 16 (200Ah). Therefore, the 480 batteries required for this

research work generate a bus voltage of 360V and an amperage of 3200Ah.

5.1.1.2 Boost converter design
In this case, the boost converter is used to give the PV voltage, Vpv a boost from 614V to

700V, which is the selected Vg of the VSC DC bus.
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The boost converter duty cycle (D) is expressed as in [7] as

V.-V -
D=~ =(700 614j=0.12 (6)
Vi 614

The capacity of the boost converter inductor is given as

L, = VD | _ 614x0.12 | =1.508mH o
fonnl,, L0x10° x> [ 60x10°
100 614

Where al,, is considered as the input current ripples (5%) of 7, and f., represents the

switching frequency in hertz, the value of the inductance, L. is selected as 1.6mH.

5.1.1.3 DC link capacitor design

The size of the DC link capacitor can be calculated as in [7] using the expression

C,=C, = Ly = P/Vi = 4875uF (8)
22xwxaV,,, | | 22xwxaV,

crip )

Where Verip is the ripple voltage, its value is 2% of the Vg, s represents the VSC DC link
current, the angular frequency is represented by @, the value of the selected DC link
capacitors is C1=C2=500uF

Interfacing Inductor design and selection

The value of the interfacing inductor is achieved using the expression in [7] as

L _{ 3 xmxV,, J_( J3%0.90x700

12x0, x f, %I, | | 12x1.2x900%0.25%86.60

j =3.89mH )

Where Ot represents the overloading factor, m represents the modulation index, fsw represents
the switching frequency, Vdc represents the DC link voltage, Ir: represents the ripple in the

grid current, its value is 25% of the grid current, IR.

3
I, 2(&j=86.60A (10)

J3 %400

5.1.2  Modelling of diesel generator
The diesel generator is made up a diesel engine and an alternator for electricity generation; it
consists of a diesel engine, a synchronous generator, an excitation system, and speed

controller. The diesel engine and governor system exert control on the speed of the governor
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to supply mechanical power. Its diesel engine comprises of the governor and an internal
combustion (IC) engine.
The diesel generator ensures the conversion of energy from a fuel such as diesel or bio-diesel
into mechanical energy with the help of its internal combustion engine, after which, this
mechanical energy is converted into electrical energy with the help of its electric machine
operating as a generator. The governor is made up of actuator and speed controller, the
maintenance of a constant speed during the period of operation of a diesel generator is
maintained by the governor [8] [9]
The transfer function of the actuator, as well as that of the regulator as in [8], is as shown in
equation 11 and 12 respectively
— (1+T,s)
s+ T,,s)+ (1+T,,9)
_ Y.(4T,5)
T+ T,

(1n

12)

Where, Tai, Ta, and Ta3 represent the time constants of the actuator, Y, represents the gain of

the regulator while, the time constants of the regulator is represented by Tri, Tr, and Tis.
Conversely, the speed regulation and diesel engine of the diesel generator can be described

using differential equations as in [8] as equation (13) and equation (14).

dm 1 K

B =—(K,P.-——2-Aw-m,) (13)
dt T2 ref
dPC=_K1Aa) (14)
dt w

ref
Where the rate of fuel consumption of the diesel engine is denoted mp, ®r is the engine
reference speed in rad/sec, R is the permanent speed drop of the diesel engine, K; is the
summing loop amplification factor of the governor, the gain and dead time of the engine is
represented by K» and T2 respectively.
The dead time, T2 can be represented as in [8] as equation (15).
_ 608§, 60
2 T oot
2Nn 4N

N refers to the speed in rev/min, n is the number of cylinders, S represents the number of

15)

stroke engine, in this case, S=4 and due to combustion, the generated mechanical power is

expressed as equation (16)

P =E mgn (16)
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n represents the efficiency and E; represents the proportionality constant.

5.1.3  Modelling of wind energy conversion system
With the help of the wind turbine, wind energy is converted into mechanical power and hence.
The mechanical power is transformed into electrical power. The value of the mechanical power

can be computed using the equation (17) [10]
P,=05pAC (A,B)V, . (17)

Where o represents the density of air, its value is within the range of 1.22-1.3Kg/ms, Vi
refers to the speed of the wind in m/s. A represents the swept area of the turbine blades (m?),
the coefficient of power is denoted by C, (A,p), it’s influenced by two factors, the pitch angle
of the blade, f and the speed slip ratio, mathematically, the tip speed ratio is defined as

A=QRIV, (18)

R is the radius of the blade (m) and Q refers to the angular speed (m/s)

The coefficient of power is defined as in [10] as

C,(A.B)=¢ (%—Qﬂ—@]exp( /]CS]"'C6A

1 1 (19)
Where
I _ 1 0.035

ﬂ_(ﬂl +0.08,8_,83+1j 20
The rotational torque can be expressed as

T =P, /Q (21)
And the optimal angular speed is represented by the relation

Qopt=24,,V,a!R (22)
In order to achieve the maximum mechanical power, the following relation is used

Py n T05PAC, V", (23)

5.1.3.1 PMSG driven wind turbine
The PMSG driven wind turbine was chosen for this project as a result of certain advantages in
[11] as follows:

* There is the absence of brush/slip ring.

*  The mechanical stress is low

* The rotor does not experience any form of copper loss
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* Reactive/active power controllability is higher
The sign of the torque input of the PMSG is what determines its mode of operation if its sign
is negative, the PMSG operates as a generator and if its sign is positive, the PMSG operates as
a motor [12].
The implementation of PMSG model is done in the dgq-coordinates, which implies AC states
does not exist in the model. Its mathematical equation is developed from the synchronously
rotating reference frame by ensuring that the d-axis aligns with the rotor flux direction [10]

[13].

: di :
Vq = Rslq+Lq d; _weLdld+we¢m (24)
v, =R +1, % w,L,i, 25)
4

Where V4 and Vqrepresent the q and d components of the voltages in the stator, iq and ig

represent the q and d components of the currents in the stator, Ly and Lq represent the
inductances (H) of the machine, @, represents the magnetic flux (wb), @), represents the

electrical speed (rad/s).

In order to obtain the electrical torque, the following expression is used.
3 . .
Te:?P{¢mzq+(Ld—Lq)Ldzq} (26)

P in the expression above represents the poles pair and the machine rotor dynamics can be
represented by the following expression
dw,

T,-T,=Bw, +J
dt

27)

Where J represents the inertia of the rotor (kgm?), @, is the speed of the rotor (rad/s), B
represents the friction in the rotor Kgm?/s, the mechanical torque that was produced by the
wind is represented by 7,

Assuming L4=L4=0, and the d-reference current, id"=0, then the (Lq4-Lq)idiq becomes negligible.

5.2 Control of the hybrid energy system

The battery bank performs two roles in this project as it serves a sink, and also as a source,
hence it charges or discharges when the network experiences surplus or lack of power from
the sources of energy due to the situation of the weather. When the amount of electricity

supplied by the sources of power is greater the load on the network, the battery controller
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charges the battery and when the load on the network is more than the electricity supply from
the sources, the controller causes the battery bank to discharge [14]. The control of the battery
storage is done in such a way as to ensure the DC voltage is stabilized and this is achieved
through the control of the DC/DC bidirectional converter in the network.

When there is a shortage of power from the sources, the bidirectional converter serves as a
boost converter to provide power by discharging the battery and when the power supplied from

the sources is in excess, it operates as a buck converter to charge the battery [15].

The hybrid system is also, incorporated with a dump load, the dump load is made up of a bank
of resistors and a power converter, the capacity of the dump load power is such that it exceeds
the amount of power produced by the wind, PV and diesel generator by 30%. It is to ensure
the control of the network should, a condition arises when there is no load and the battery
storage fails or is fully charged.

The flow of power in the network can be represented as

Povore = va +P,t+P, ~ P (28)

iesel
Where the net power generated is represented by Prewwork, Ppv 1S the amount of power supplied
by the PV, Py, represents the power supplied by the wind turbine and Pio.q is the power to the
load.

When Prework < 0, it means the power supplied by the energy sources is not enough and the
battery provides power to make up for the shortage of power. When Pyeworc™> 0, it implies the
amount of power produced by the energy sources is in excess, the excess power is stored in
the battery, but the moment it becomes more than the rated power of the batteries in the battery

bank, a fraction of the excess power is transferred to the system dump load.

5.3 Results
The results obtained from the simulations carried out from the project implementation using

MATLAB Simulink are as shown in figure 5-3.
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Figure 5-3 I-V and P-V curve of 60kW PV array.
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The I-V and P-V curve below shows the usual characteristic of a PV module, which generates less power as the temperature of the module increases.

The research location for this project usually experiences low wind speed unlike some part of Europe where the wind speed is high and as a result, the

simulation was carried out at a wind speed of 6.1m/s. The input radiation is as shown, between 0 and Sminutes, the radiation is 1000W/m?, between 5

and 10 minutes, the radiation is 800W/m? while 10 and 15 minutes, the radiation is 1000W/m?. The result is as shown in figure 5-4 and figure 5-5.
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Figure 5-4. 60kW PV array power output at 45°C
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Irradi

Figure 5-5. 60kW PV array power output at 20°C
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From figure 5-4 and 5-5, it can be observed that the power output produced by the PV array at a temperature of 20°C is more, this is because the PV
module works better when the module surface temperature is low. The measured Vdc and the reference Vdc of the network were compared and the

values obtained are very close as shown in figure 5-6. This shows the system is working well.

Figure 5-6 Vdc reference and Vdc measured
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The diesel generator, rotor speed in pu and the stator currents are as shown in figure 5-7 and 5-8 respectively

Figure 5-7 Diesel generator rotor speed.
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Diesel generator stator current

Figure 5-8
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The PMSG driven wind turbine variables showing the voltages and currents expressed in dq values, the electrical torque, mechanical torque etc are as

shown in figure 5-9.



Figure 5-9 PMSG Wind turbine variables
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The graph shows that the turbine controller is working properly, adjusting the electrical torque
to match the mechanical torque for a steady control of the turbine speed. The speed of the
turbine is set by the maximum power point tracking controller for a maximum extraction of
wind power at the given speed. The accurate control of the electrical torque of the PMSG
implies that the current control loops of the back-to-back converter are also working in a stable

manner

54 Summary

The reduction in the surface temperature of the PV module increases the efficiency of the PV
module, this results in an increase in the power output obtained from the experiment. The
experiment shows that an increase in power output from 250watts to 262.4 watts is achievable.
The result of the simulation also shows that at a temperature of 20°C, the PV module
contributes more power to the hybrid energy system than at a temperature of 45°C. Hence,
there is an increase in the hybrid PV/Wind/Diesel generator power output with increased
module efficiency. Future works in this project involve the provision of voltage control of the

hybrid energy system.
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Chapter 6:
Voltage control ancillary services for low-voltage

distributed generation

his chapter of the thesis makes recommendations to support the creation of microgrid

ancillary services market, and the provision of voltage control ancillary services to

low voltage distributed generation since it is currently applicable to large power
networks. It sheds light on the provision of voltage control ancillary services for low-voltage
distributed generation (DG) and the need for the creation of a microgrid ancillary services
market since the ancillary service network operations do not include small-size energy
generation. The limitations facing the participation of DG in the provision of ancillary
services, the basis of the creation of microgrid ancillary services market, the gap between large
power plants and small power networks, and the useful recommendations to help suggest a
solution to the problem have been considered herein. This work also embraces the types of
ancillary services, microgrids, DG units, voltage control ancillary services, and various types
of voltage control services and their usefulness to power system networks. Various techniques
for voltage control, the relationship between reactive power and voltage control, the power
factor (PF) and PF corrections, and their effects on power systems have been illustrated.
This chapter covers the different types of ancillary services in the power system, including
their basis of classification, provision of ancillary services to the microgrid, distributed
generation (DG) and the different types of DG classifications. Other areas covered are
microgrid ancillary services, market prospects for microgrid voltage control ancillary services,

types and techniques of voltage control, reactive power, and power factor.
6.1 Introduction

Ancillary services are the specialty services and functions provided by electric grids that
facilitate and support the continuous flow of electricity to ensure that the supply will
continually meet the demand. Ancillary services refer to a variety of operations beyond
generation and transmission that are required to maintain grid stability and security. These
services refer to those mandatory services that are required to provide support to grid
operations. A number of ancillary services exist; they are supplied by different authorities and

may not certainly be the same; however, some ancillary services, e.g. black start, voltage
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control, and frequency control are accepted by virtually all the authorities [1]. According to
previous research [2], ancillary services refer to all essential services that are usually provided
by the grid and which the DSO or TSO also need so as to sustain the stability, integrity, and

power quality of the distribution or transmission system.

Conversely, another research study [3] showed that customers usually demand for energy and
capacity, for the power system to work effectively, in addition to these factors, a number of
grid support services are essential because they equip the system operators with the resources
required to sustain the immediate and continual balance between load and generation. This is
to ensure that the transmission line flows are appropriately coordinated and the control
schemes implemented. Under normal conditions and during emergencies, these ancillary
services are in demand as they also make provisions for the necessary amenities required for
the power system to restart when a situation wherein the balance between generation and load
could not be maintained arises, resulting in a system breakdown. Figure 6-1 shows the types

of ancillary services used in power systems based on the mode of delivery.

— Black start
— Frequency control
— Grid forming —

— Voltage control

— Island mode - __ Power/frequency
control

Congestion
management

Improvement of

— Grid-tied operation —— power quality

Power/frequency | 1 Power/voltage
mode control

Power/voltage |  Reduction of power
control losses

‘ Types of an

Grid-connected _ ]|  Improvement of
mode power quality

Congestion

management

| Reduction in power
losses

Figure 6-1 Types of ancillary services used in power systems.

On the other hand, based on types of services rendered, ancillary services are classified as

shown in figure 6-2
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Figure 6-2 types of ancillary services.

In a past research [4], Transmission operators, load serving entities, and generators, usually
provide ancillary services and a number of technologies used for the provision of ancillary

services are as shown in table 6.1.

Ancillary services | Technologies used
NCAS Capacitors, Generators, Distributed energy resources (DERs),
FACTS controllers, inductors, Synchronous condensers
FCAS Distributed energy resources (DERs), Demand-side management,
Rapid unit loading, Rapid unit unloading, AGC, Governor
SRAS Generators and Distributed energy resources
Table 6.1 Ancillary services provision technologies

6.2 Provision of ancillary services to the microgrid

A microgrid is a small-scale electricity grid that can function separately or simultaneously with
the major electricity grid in its location; it usually requires different sources of energy. The
distribution system of a microgrid is usually composed of the sources of energy, often referred
to as micro-sources, a storage system alongside loads that are controllable [5]. Different types

of microgrids exist, and these are shown in figure 6-3.

156



DC microgrid
&
AC microgrid

Island microgrid Bottom-up microgrid

& &
Grid connected : .
microgrid Top-bottommicrogrid

Figure 6-3 Types of microgrids.

In a previous study [6], the microgrid is made up of electrical power generators, some of whose
power was sourced from renewable resources, e.g., sunlight and wind, and these power
generators are referred to as distributed generation (DG). Depending on the size and capacity,

a microgrid as in [7] has some basic functionalities, as shown in Figure 6-4.

Upstream edecision for island/interconnected mode
Network *market participation
Interface supstream coordination
/
=voltage/frequency control
-active/reactive power control
«load consumption/shedding
-black start
/
=protection
Local Control & -primary voltage/frequency control
Protection sprimary active/reactive power control
<battery management )

Figure 6-4. Microgrid functionalities [7].

Ancillary services can be provided by microgrids, as shown in Figure 6.3, and this is possible
when the technical requirements to provide the ancillary services are satisfied by the microgrid
[1]. We anticipate that in the future, the supply of electricity will depend more on DG,
especially from renewable energy sources, but now, the power contribution to distribution
from DG, such as wind and PV, is limited and does not participate in network operations. DG
units are excluded from network operations because of their unstable nature, operational cost,

and size [8].
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6.3 Distributed generation (DG)

DG refers to a system or mechanism that produces electricity near the users with the use of
small-scale power systems. In a previous research [9], the energy sources of the DG
technology comprised non-renewable and renewable energy sources as well as battery storage.
Using renewable DG, the stability of the power supply cannot be predicted since the resources
are usually unstable, as reported in previous research [10]. The energy sources are as shown

in Figure 6-5.

Coal
Storage
Diesel
Non - Furnance
renewable oil
Natural gas
DG Fuel cells
Wind
Solar
Renewable
Geothermal
Biomass
Figure 6-5. Distributed generation (DG) energy sources.

DG mainly comprises of energy sources that are modular in nature and usually comprises
renewable energy sources. Because DG is usually constituted by energy from renewable
sources, it has the following advantages: It is friendly to the environment, it can be made
available at a much lower cost than the conventional power generators and is more reliable
and secured [11]. Each of the DG sources has the capabilities of providing ancillary services.
The capabilities of renewable and non-renewable DG sources to provide ancillary services are

as shown in table 6.2 and 6.3 respectively.
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Table 6.2. The capabilities of renewable DG sources to provide ancillary services.

Ancillary  Wind Wind Biomass Land fill Solar PV
services Non-DFIG DFIG Gas
Size <50MW >50MW 1-100MW 1-10MW  <100kw >1IMW
Frequency HF only v HF only HF only X v
Reserve X Vv v Vv v v
Reactive X v v \ v '
power
Network ' v v v Limited v
Support
Black start X X Future Future X Future
Islanding? Islanding? Islanding?
Table 6.3. The capabilities of non-renewable DG sources to provide ancillary services.
Ancillary CCGT Large CHP Micro CHP DIESEL & OCGT
services (STANDBY)
Size >100MW 1-100MW 1-5kwW <50MW
Frequency vV Limited X Limited
Reserve A% Possible Possible: High Vv
penetration
Reactive AY Vv X Vv
power
Network Vv Vv Possible: High Vv
Support penetration
Black start Possible Future X Future Islanding
Islanding opportunity?
opportunity
?

The major stakeholders in the business of ancillary services as in [12] are academics, Ofgem,
Micro-CHP developers, distribution network operators, transmission system operators,
renewable and non-renewable plant developers and operators. The summary of the ancillary

services provided by the national grid company in Wales and England is as shown in figure 6-
6.
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Ancillary Servi Product Service Loading & Contract Payment Market Value
ey anice Types Providers Control Types Arrangement (per annum)
) Mandatory:
Mandatory » Partloaded Mandatory: » Holding B
) *Large generators . Payments » £19 million
= Primary generators = Firm (£} .
Frequancy = Secondar - Demand side | Dynarmic Commercial o real
Response ¥ controlled ¢ * Response + £26 million
= High * BM & non- : = Firm & Energy
BM * Automatic ) payments Total:
Commercial initiation = Optional (VIV}
» £45 million
) o Regulating Standing Res: | Regulating: Standing
“Keuksny -Partloaded | BM *BOAs » £41 millon
. = Standing = Non-BM Others « Committed . Others Fast
eserve i . e
Fast Large Ssamall | . Non-BM »Availabity | . £249 milion
£ generators £}
= Warming & ) . « Carimied Warmi
Hot Standby | = Demand side | = Single point . Utilisation farming
of contact « Flexible (EMWVh) » £ 21 million
Defaul Defaut Defaut
Default Generators —
- Gri - Utilisation . il
.BMor Generators Grid Code EMVA) £16 million
Reactive Power | Commercial » Non-BM (non oo " Commercial a
e participate} » Partly loaded | commercial » £17 million
» Obligate » Utilisation
L * Fully lbaded | . ijlateral Total
» Enhanced NGCSVCs » Availabil ity
» Firm (EMIVAN} » £33 million
Fast Start Fast Start 0CGT ONf Load Bilateral Avaiabilty: £h | - £3 million
Remote
Black Start Black Start OCGT Off load Bilateral Availability *£10 million

Figure 6-6
[12]

The summary of the major ancillary services provided by Wales and England
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Generally, DG classification done on several bases is as shown in Figure 6-7.
Large DG
(50-500MW)

Medium DG
(5-50MW)
Small DG
(5KW-5MW)

Micro DG
(1-5KW)

— Size -

—  Utility owned

—  Ownership = Independent owned

— Customer owned

BRasis for DG classification

. _ Distribution
Point of - petork — Voltage regulation
interconnection . ge regu
Transmission
fetwork Distribution  _| Power quality
network Jra ity
Active power supply
— Alm Of. — System security
interconnection > >
Ancillary services =
—Reserve requirement
Renewable
Transmission ~_{ | Reactive power
network P
— Sources Non renewable
Frequency
regulation
Battery

Figure 6-7 Classification of DG.

DG operates as a utility-connected system or a standalone system and usually installed in an
isolated location, such as rural areas, where used to provide power supply to small buildings,
large buildings, industrial sites, and estates. Generally, individuals operate it. DG units
generate DC power or AC power, and these two forms of power do not connect together
directly. As such, the required frequency, voltage magnitude, and phase angle are derived by

means of power electronics interfaces. With the aid of a suitable power electronics interface,
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each of the various DG units can be linked to the main grid. In some designs, a number of
power electronic units are employed, whereas some designs make use of a single power
electronics unit to reap some benefits, such as minimized losses, simpler design than those

with a number of power electronics, and reduced cost, in terms of system control.

It has been observed that DG units comprising renewable energy sources are better than those
comprising of non-renewable energy sources because, In the former type of DG units, energy
sources will not be exhausted in the long run. They are environmentally friendly, and energy
from the individual sources can be combined to produce a DC voltage as an input to a DC/AC
inverter, which is required for grid connection or connection to a low-voltage distribution
network [13]. DG has the potential to provide active power as well as ancillary services to the
electrical network. In a low-voltage network, DG can operate at a power factor (PF) of unity.
As such, it can be used to proffer solution to the challenges of voltage regulation, as reported

in previous research [14].

Other numerous benefits of DG identified by the proponents of DG as reported by past research
[15], includes the following:

* DG system technologies have the potential to provide a more dependable power
supply to organisations in demand for uninterrupted power supply.

* Since DG produce power to users locally, it reduces the demand for power during peak
demand and by reducing power congestion on the electrical network, power
transmission is enhanced

* DG as a decentralized source of power is less, exposed to terrorist targets than large
power stations.

* The widespread use of DG technologies has the potential to reduce emissions
considerably

* Because, DG technologies do not depend on the grid, they serve as a source of
emergency power to hospitals, military bases, airports etc.

e It helps a nation to increase the diversity of its sources of energy.
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The Distributed generation services and benefits matrix are as shown in figure 6-8

Energy | Savingsin Deferred Deferred System Power Land Reduced
Cost T&D Losses | Generation T&D Reliability | Quality Use Vulnerability
Savings and Capacity Capacity Benefits Benefits Effects | to Terrorism
Congestion
Costs
Reduction in Peak \/ \/ \/ \/ \/ \/ \/ \/
Power Requirements
¢ | Provision of Ancillary
8 Services
s -QOperating
Al e el o Ll | Fellvz vz || v |b e
$ - Regulation
- Blackstart
Q -Reactive Power
(@)
Emergency Power ‘/ \/ \/ \/
Supply

T&D= transmission and distribution.

Figure 6-8 The matrix of DG services and benefits [15]

This research focuses on the application of a voltage control ancillary service to a low-voltage
distribution network in a hybrid microgrid and the creation of a microgrid ancillary services

market.

6.4 Microgrid ancillary services market

To support efficiency and encourage improvement in electrical power services, there is a need

for competition among the stakeholders. The participation of distributed energy resources in

power generation and the provision of ancillary services need to be supported. Currently,

distributed energy resources have several limitations. Some factors responsible for the

limitations, as reported in previous research [16], include the following:

* The requirements and naming of the voltage control services within European countries is
not homogenous as the voltage control layers are not differentiated.

» The existing market structure for ancillary services supports the supply of ancillary
services via programmable generation units, i.e., non-renewable energy sources.

* There is a technological limitation to the participation of renewable energy sources due to
the existing regulations.

* The access to participation is limited to the size of the plant because access is only

restricted to plants with a capacity above 10 MVA.
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6.4.1  The need for the creation of a microgrid ancillary services market

Some of the reasons why it is important for us to create a market for microgrid ancillary
services include the followings:

* A market for microgrid ancillary services can create room for competition among the
players, and this will result in an increase in the quality of service

* Network operations are required for both low- and high-voltage distribution systems.

* Power quality and stability is a necessity for every electrical power network.

* To create more Job and investment opportunities.

* To create a basis for DG and microgrid structures.

* To increase flexibility

6.4.2  The basis for the creation of a microgrid ancillary services market.

A microgrid ancillary services market is grouped based on the connectivity, offering, vertical,

region, and grid type. The different groups also have divisions, as shown in Figure 6-9.

\
Connectivity Offering Vertical Region Grid type

American

[ Health care

connected '

4 C microgrid
Grid

APAC

C microgrid

Europe

emote/Island

Services

\. y € y § y € y €

Figure 6-9 The basis for the classification of the ancillary services market.

6.4.3  Recommendations

Some of the recommendations made to proffer solutions to the inability of distributed energy
resources to participate in the provision of ancillary services are shown below:

* The procurement process should be enhanced and additional power sources activated.
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* Renewable energy sources should be allowed to participate in the provision of ancillary
services whenever technically possible.

* The combination of smaller energy units should be engaged and not only large-scale
power units

* The gradient should be expressed based on the percentage of the maximum power output
and not in absolute values, e.g., 10 MW.

* Harmonization of the rules for balancing and using ancillary services across countries in a

geographical region, e.g., Europe, should be conducted.

For a reliable microgrid ancillary services market to function effectively, there must be an
audience, usually referred to as the business target audience. The targets, in this case, are
government agencies, transmission system operators, raw materials and equipment suppliers,
investors, utilities, photovoltaic companies, smart grid software vendors, energy storage

vendors, and microgrid system integrators and suppliers.

6.5 Market prospects for microgrid voltage control ancillary services

In the ancillary services market, volt-ampere reactive (var) utilization is the major product for
voltage control. To satisfy the needs of the reactive power, the distribution system operator
operates a voltage control ancillary services market so that the var needs are distributed
between the numerous players whose var bids are accommodated by the distribution system.
In this case, the DSO performs the role of the buyer and ensures that the market is settled. The
major sources of var include the microgrids, MV-connected DG units, and HV network (if

available) [8].

6.6 Voltage control ancillary services

Voltage control as an ancillary service involves maintaining the set points of the reactive
power or the voltage in a network. To this end, the conditions required for obtaining a balance
between the reactive power demand of the customers and that of the network have to be
reached [16]. Voltage control is achieved through the management of reactive power in an AC
electrical network. In an electrical network, the transmission and distribution equipment
absorb and produce reactive power. For power systems to operate reliably and effectively, the
voltage and reactive power must be controlled to meet the following objectives, as reported in

the literature [17] [18]:
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* The movement of reactive power in an electrical system from one point to another is
reduced in order to reasonably minimize the XI? and RI? losses.

* The system stability is improved to ensure that the transmission system utilization is
maximized.

* The voltages are within an allowable limit at the terminals of each equipment in the system.

The function of voltage control is related to the fluctuating load conditions and the

corresponding reactive power compensation requirements. The voltage control ancillary

services include a fault ride-through (FRT) capability, congestion management, primary

voltage control, secondary voltage control, and tertiary voltage control. This can be grouped

into two categories, as reported in the literature [19]:

* Distribution system voltage control.

* Transmission system voltage control.

6.6.1  Distribution voltage control

Distribution voltage control, also known as volt/var, refers to voltage control at the distribution
level, and its main aim is to ensure the energy losses and peak power are reduced while
maintaining the voltage within the allowable limits for a number of different nominal load
systems. The variables of interest include the sizes and locations of the tap changer voltage
regulator and capacitor control dead bands. The voltage on the secondary side of a transformer
is measured or regulated with the help of tap changers, and the tap changers are usually

controlled with the help of relay controllers.

6.6.2  Transmission voltage control
On the contrary, transmission system voltage control can be categorized with respect to

activation time, as shown in Figure 6-10.
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Primary
voltage
control

Transmission
system

Voltage control

Figure 6-10 The categories of transmission voltage control.

6.6.2.1 Primary voltage control

This involves the use of automatic voltage regulators (AVRs) to ensure the voltage of the
electrical devices is maintained with respect to their reference value at the point of common
coupling. The values involved are normally fixed based on several factors, e.g., the maximum
amount of reactive power to be supplied from any of the devices, voltage drops, and security

requirements. This type of voltage control can be in operation for 1 min.

6.6.2.2 Secondary voltage control

Unlike primary voltage control, this type of voltage control can progress for 1 min and
continue for several minutes. The voltage is maintained at specific pilot nodes by coordinating
the reactive power resources from different segments of the network. Once the voltage at the
buses becomes out of scope, the voltage regulator set points are adjusted by the system

operator to ensure a voltage profile is recovered.

6.6.2.3 Tertiary voltage control

This type of voltage control has the longest duration of operation (10-30 min). It operates in
the entire system. Its primary purpose is to ensure that the losses are minimized, the required
voltage is maintained, reactive reserves are replaced. The secondary voltage control setpoint
values are provided for the operation of the network to be optimized [16]. In a distribution
system, the variation in voltage across the line is given by equation (1) as follows:

av =Lt Q0) (1)
v

B

167



Where P and Q represent the active power and reactive power generated by a power source,
respectively, while the resistance and reactance of the electrical line linking the power source
are represented by R and X, respectively. V represents the nominal voltage at the power source
terminal [20]. With respect to equation (1), any meaningful amount of electrical power
introduced by a power source, e.g., a DG unit, will result in an increase/decrease in the voltage
of the power distribution system, especially if the distribution feeder is weak and its impedance
is high. The variation in the voltage is also influenced by the size of the DG unit, the voltage

regulation method adopted, and the location.

6.7 Techniques for voltage control

Some of the numerous techniques used for voltage control applied in several applications are

shown in Figure 6-11.

Generator

power factor
\ control (PEC)

Voltage
control
techniques

~ Static \ '
‘£ synchronous ( Network
I

conpensators

econfiguration
(STATCOM)

Figure 6-11 Techniques used for voltage control.

Over time, ancillary services have been provided by conventional generators because of the
need for power generation from distributed energy resources; however, there is a need for the

creation of microgrid ancillary services.

6.8 Reactive power and voltage control

In a power system network, when the voltage and current are not in phase, the reactive power
is said to be present. It is evident that reactive power exists in a power network when (a) one

waveform leads the other waveform, (b) PF of the network is less than unity, and (c) the phase
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angle between the current and voltage is not equal to 0°. Reactive power is produced when the
waveform of the current leads that of the voltage (often referred to as the leading PF) and consumed
when the waveform of the current lags that of the voltage (usually referred to as the lagging PF) [21].
A device that consumes power in a manner such that the waveform of the voltage and that of
the current are in phase with each other is said to have consumed real power and zero reactive
power, but if the current waveform lags that of the voltage, reactive power is said to be
consumed. The quantity of the reactive power consumed by the device is determined based on

the phase shift between the current and the voltage.

The relationship between the real power P and the reactive power Q is given in equation (2)
as follows:

S=P+JQ =V.I*=Vicos¢ + jVIsing (2)

Where S represents the apparent power, P is measured in watts, and Q is measured in var [22].

Reactive power exists as a result of a phase shift between the current and voltage curves in a

power system [23]. The operation of a power system network is affected by reactive power in

numerous ways, as reported in previous research [24]:

* Loads absorb reactive power, which has to be supplied from some source.

* Transformers and transmission lines absorb reactive power, which has to be supplied from
some source, but note that every transmission line does generate a certain amount of
reactive power from the charging of their shunt line, which affects their ability to consume
reactive power.

* The movement of reactive power from its source to sink creates extra heating in the lines
and drops the voltage of the network.

* The production of real power can be restricted by the production of reactive power.

6.8.1  Usefulness of reactive power in a power system

In an electrical power network, voltage control is very useful as it ensures that power system
devices operate properly to (a) help stops problems, such as excessive heating of motors and
generators, in order to minimize losses from transmission and (b) sustain the capacity of the
electrical system to prevent as well as withstand voltage collapse. Electrical power often
witness under-voltage and over-voltage during operation; this challenge can be checked with
the help of voltage/var control. Voltage/var control ensures that the movement of reactive
power and its absorption and production at different levels in the power system are controlled.

It also ensures that the voltage profile is maintained within the allowable range and that the
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transmission losses are minimized. A reduction in reactive power leads to a reduction in the
voltage. Conversely, increasing the reactive power increases the voltage. When a power
system experiences a situation wherein the load exceeds that which the voltage can support, a

voltage collapse takes place.

In the event of a reduction in the supply of reactive power, the supply voltage also reduces;
there has to be an increase in the current in order to maintain the power supply. This results in
the absorption of more reactive power by the system, leading to a further reduction in the
voltage. If the increase in current is in excess, the transmission line will go off and overload
other lines in this process, thereby cascading failure results. Conversely, if the reduction in
voltage is very low, it will give rise to a situation wherein a number of generators will have to
be disconnected from the network automatically to avoid being damaged. When a power
system experiences a reduction in voltage of this nature that is progressive and uncontrollable,
it implies that the power system network cannot supply appropriate reactive power that is

needed by the power system [19].

Other uses of reactive power, as reported in the literature [21], are as follows:

» For the movement of electrons to be converted to useful work, reactive power is required
by motor loads and other loads.

* For active power to perform useful work, the necessary voltage level required is provided
by reactive power.

* It helps to regulate voltage.

* For active power to move to a consumer through the distribution and transmission system,

reactive power is required.

6.8.2  Limitations of reactive power

e It cannot travel far.

* Production of reactive power closest to the area of need is a necessity.

» Its supply is tied closely to its capacity to provide active power.

* A source of reactive power at a close proximity to the area of need is in better condition to

deliver reactive power than a source at a far distance from the area of need.

The consumption and generation of reactive power are attainable with several devices, as

shown in Figure 6-12.
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Figure 6-12 The absorption and generation of reactive power.

6.9 Power factor (PF)

For an electrical appliance, which operates using an AC supply, e.g., a fan or a refrigerator, its
specification is usually given in wattage, voltage, and PF. The voltage rating of an appliance
represents its nominal operating voltage, the wattage rating shows the amount of power
required for the appliance when it is switched on, and PF is usually a value between 0.6 and
1. Electrical appliances usually consume power while they in operation. A large portion of the
used power is converted to useful energy for its intended activity, while the remaining portion
is wasted as heat. As reported in a previous study [25], PF is defined as the true power (kW)
divided by the apparent power (KV A) consumed by an AC electrical appliance. A PF value of
unity is the ideal PF, but in most cases, PF is less than unity. Once it is less than 1, the
implication is that more power will be required to accomplish the task. When PF is less than

1, the remaining fraction accounts for the reactive power.

PF measures the fraction of electrical power that is actually useful in performing tasks.
Mathematically, there are two ways of achieving PF:

* PF can be calculated using the following expression:
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PF = cos @ = the cosine of the angle between real power and apparent power.

¢ PF can also be calculated as follows:

PF = Real _ power (KW )
Apparent _ Power(KVA)

Recalling equation (2),

S = P+JQ, to find the magnitude of apparent power, equation (2) becomes

‘S‘Z:P2+Q2 where \S\z«/P2+Q2. 3)

P(KW) |- “4)
[S|(KVA)

PF =cos@ = [
A network with a PF value of unity is an efficient network. This means there is no reactive
power and that the power is ideal for transmission, but it is practically unattainable. There are
multiple variations in PF because the several types of electrical devices that supply or absorb
reactive power are connected to a microgrid [26]. Poor PF in a network indicates a high
presence of inductive loads e.g., air-conditioning units and AC motors on the network, hence,

requires a high demand for reactive power. The PF in an AC system can be unity, lagging or

leading depending on the electrical devices in the network.

Unity PF: This implies that the current and voltage are in phase, which means the angle
between the current and voltage, in this case, is zero. As a result, the cosine of the angle or PF
is unity. A load with a unity PF means that the load is purely resistive.

Lagging PF: This is the case with an inductive load in which, the current vector lags the
voltage vector and the PF varies with the angle of the lead. Because PF is inductive, its sign is
positive.

Leading PF: A network PF is referred to as a leading PF when the current leads the voltage,
and this is the case with capacitive loads in which PF varies with the angle of lead. Because

PF is capacitive, its sign is negative.
6.9.1  PF correction

This refers to a technology that helps to bring the PF of an AC power system close to unity by
providing the reactive power of the opposite sign. This involves introducing capacitors and
inductors that can help to neutralize the capacitive and inductive effects on the system load,
respectively. For instance, a motor-load inductive effect may be canceled by connecting a

capacitor locally. Similarly, the effect of a capacitive load may be offset by connecting an
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inductor (reactor) for PF correction [25] [26].

6.9.2  Usefulness of PF correction

As reported in previous research [26], PF correction has several benefits as shown in figure 6-

13.

It helps to cut down electricity bills

It helps to reduce carbon emissions

It reduces I?R losses in transformers and electrical devices used in
distribution

It helps to reduce the heat generated in cables

It helps to reduce voltage drop

Removal of Utility penalities resulting from poor power factor

It ensures security of supply

Figure 6-13 Benefits of power factor (PF) correction.

6.9.3  Summary

Voltage control ancillary services for low-voltage distributed DG should be allowed and the
possibility of creating a microgrid ancillary services market should be explored. The
limitations concerning the participation of low voltage DG in the ancillary services were
explored and useful recommendations to suggest a solution for addressing these challenges
were provided. Future work will involve the design of market models for microgrid ancillary

services.
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Chapter 7:

Conclusions and future works

his thesis carried out a research on how to develop a new strategy to eradicate

inadequate power supply in areas faced with such challenges and to make the PV

module more efficient in terms of energy yield. The PV module efficiency was
enhanced, a hybrid PV/wind/diesel generator system also designed to provide power to 120
residential apartments. Finally, recommendations were made to support the participation of
distributed generation in the provision of ancillary services. The idea is to provide adequate
power to a location, which faces the challenge of the inadequate power supply with the
renewable energy resources from sunlight and wind present in the location. The location
experiences long periods of intense sunlight, which makes the energy generation from the sun
very promising hence, it is a necessity to improve the efficiency of the PV module in order to

increase the amount of power generated from the sun with the help of the PV module.

71 General conclusions

Power shortage appears to be the bane of industrial, social and economic development in
Nigeria and countries faced with similar challenges. The use of renewable energy solely to
provide power in those areas, faced with shortage power supply, is the way out of this
challenge. The thesis intends to revolutionize the electricity sector in Nigeria, entire Africa
and other nations faced with a lack of adequate power by embracing the use of renewable

energy to provide electricity in every location.

The first part of this thesis (chapter 2) concentrated on reviewing the state of the art of solar
energy technologies, cooling techniques and hybrid energy systems. It talks about the different
classifications of hybrid energy systems and their features, energy storage systems and their
classifications, PV module efficiency and the various factors that affect the efficiency of a PV
module. Conversely, it describes the wind energy system and the permanent magnet
synchronous generator driven wind turbines. The general conclusion of this review is that the

efficiency of the PV module is affected by several factors and that temperature appears to be
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the major factor, which affects the efficiency of PV module in this part of Nigeria and other

countries with similar weather conditions.

Chapter 3 of this thesis presented energy generation form different energy sources in order to
provide electricity to the research location, which consists of 120 residential apartments. The
wind energy and solar energy resources for the location were gathered from the Nigerian
Meteorological Agency, NIMET; this data, as well as the load design, were used as input to
the HOMER simulator software. The electrical load design of 120 residential apartments
carried out, shows the result of the total energy capacity of the hybrid energy system, the total
amount of load on demand by the system. The sizing of the hybrid energy system carried out
using HOMER software simulation shows that the renewable energy in the research location
has the potential to provide adequate power to the 120 residential apartments with room for
expansion. The chapter helps to create more awareness that energy can be generated from the
renewable energy resources in the location to provide adequate power to the location. The
excess energy generated from the hybrid energy system in this research work, which is
channelled to the dump load can be used to generate ice blocks in order to provide cooling to

the PV module, however.

In chapter 4 of this thesis, experiments to improve the efficiency and power output of the PV
module were carried out. A novel approach to provide cooling to the PV module when
mounted in a location, which experiences a long period of intense sunlight is presented. The
thesis provides a new knowledge in increasing the power output obtained from the PV module
via cooling. The investigation of the cooling of PV module with an Aluminium heat sink
attached to the rear of the PV module carried out alongside water-cooling with the PV module
mounted at a height of 137cm above the ground to aid air-cooling showed that the efficiency
of the PV module, as well as the power output, recorded an increase. This increase in efficiency
and the power output form the basis for the use of the multi-concept cooling technique for heat
extraction from the PV module in order to make energy generation via the PV module a more
useful and reliable means of energy generation.
The results of the experiments show that:

* The multi-concept cooling technique increased the power output of the PV module by

20.96W at a derating factor of 80%

* The technique also recorded above 3% increase in the efficiency of the PV module.
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Furthermore, another investigation was carried out to ascertain the amount of power output
that can be generated from the PV module by reducing the temperature of the module surface
to 20°C at a derating factor of 95% unlike that done at a derating factor of 80%. The 250W
PV module generated an output power of 262.4W at a derating factor of 95% after reducing

the temperature of the module surface to 20°C. More effort was made on the PV since the

research location experiences more sunlight that wind energy resources.

The concept of cooling has new features and advantages; the new features are
* Cooling is achieved via air-cooling, water-cooling and the attachment of Aluminium
heat sink at the rear of the module, unlike the single concept of cooling embraced by
past researchers.
e Ice blocks are added to the cooling water to reduce its temperature and cooling is
applied at the surface of the module as well as the rear of the module.
Conversely, the advantages are as follows:
*  Maintaining the temperature of the module surface at 20°C ensures the module yields
a steady increase in power output.
e At an irradiance of 1000w/m?, more power than the module rated capacity is
achieved.

* In the absence of water-cooling, a certain amount of cooling can be achieved.

Chapter 5 deals with the modelling and simulation of the hybrid energy system. The wind
speed at the location is low as such, the simulation of the MATLAB model of the Hybrid
PV/wind/diesel energy was done with the wind speed set at 6.1m/s and the module temperature
set at a temperature of 20°C. This made the PV system to contribute more power to the hybrid
energy system, thereby given a boost to the generated power. The hybrid system architecture
selected from the result of the HOMER software simulator was discussed in this chapter. The
result shows that with enhanced PV module efficiency as demonstrated by this research, the
PV can serve as an efficient source of energy generation, as even in the peak of intense
sunlight, it will generate high amount power.

Chapter 6 of this thesis throws light on the importance of the creation of a market for microgrid
ancillary services and offered useful recommendations. The emerging trend indicates the need
for the provision of ancillary services from renewable energy sources and the current ancillary
services market is favoured by large power plants alone. The factors limiting the participation

of renewable energy resources or distributed energy resources in the provision of ancillary
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services were considered. The need and basis for the creation of a market for microgrid

ancillary services were explored, recommendations were made to support distributed energy

resources to participate in the market for ancillary services and these are:

7.2

The procurement process should be enhanced and additional power sources activated.
Renewable energy sources should be allowed to participate in the provision of
ancillary services whenever technically possible.

The combination of smaller energy units should be engaged and not only large-scale
power units

The gradient should be expressed based on the percentage of the maximum power
output and not in absolute values, e.g., 10 MW.

Harmonization of the rules for balancing and using ancillary services across countries

in a geographical region, e.g., Europe, should be conducted.

Contributions of the thesis

The major contributions of this thesis are:

7.3

Development of a new concept for cooling the PV module as the multi-concept
cooling technique ensures that the module experiences cooling at all times. This is so
because cooling of the module still takes place even in the absence of water-cooling.
The system allows the module to continue to provide increased power output even at
the peak of sunlight

Creation of the awareness that individuals who live in regions that experience a long
period of sunshine has an opportunity to utilize energy from PV module, as their major
source of power, provided there is an efficient PV module cooling system in place.
Recommendations for the participation of distributed generation in the provision of
ancillary services

Application of Voltage control ancillary services to low voltage distributed
generation.

Future works

The research work in this thesis contributes to the impact of energy efficiency in power

generation, with improved efficiency of the PV module, power generation from PV

module as a single source of energy or as a part of a hybrid energy system as in this

case is made more reliable, efficient and useful. This thesis has fulfilled all its initially

defined research aims. Nevertheless, there are several drawbacks to energy generation
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from Photovoltaic module used alone or in a hybrid energy system, hence, further

research is required to develop the established methods and ideas.

The pipe extension in the designed Aluminium heat sink was fashioned to
extract heat from the rear of the panel by allowing the passage of water through
it, but it was not utilized in the experiment. Further research can be done on
how to extract more heat from the PV module via the pipe extension in the
Aluminium heat sink.

A multi-concept cooling technique, which embraces forced air convection at
the rear of the PV module using a fan, should be considered in future, to remove
the distributed heat energy and further improve the efficiency of the PV module
for better performance.

Water spraying of the PV module was done manually, future research can
include a design of an automatic water spraying system, to ensure the timely
spraying of the PV module, conversely the water sprayed on the panel can be
connected to a reservoir as a source of hot water

The role of the Aluminium heat sink is to extract heat from the rear of the PV
module, a further investigation could include the use of a more efficient
thermal grease at the point of contact between the Aluminium heat sink and the
rear of the PV module. This is important to increase the amount of heat
extracted from the rear of the PV module.

The Al 300 six-channel data logger used for temperature reading was
monotonous as it was not connected to a computer system with readings
recorded simultaneously. Further investigation could include the use of a better
temperature sensing equipment connected to a computer with the ability to
record the temperature readings simultaneously for an instant and more
accurate results

Further research work is required for the creation of business models for
microgrid ancillary services market as in the energy market presently, those
who are able to negotiate the prices of energy and related conditions in the

supply of electricity are large consumers. Hence, consumers occupy a passive
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position and are unable to take advantage of the current liberalization of the

energy market.
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Appendix A:

Modelling of hybrid PV/wind/diesel generator system

his chapter consists of the model composition of the hybrid PV/wind/diesel energy
system and the modelling of the individual units that make up the model, such as the

modelling of the solar energy system, battery storage, wind energy system, diesel

generator energy system, etc.

From the system architecture in table 3.6 of chapter three shown below:

60kW PV, 50kW Wind turbine, SOkW Diesel Gen, 480 Vision 6FM200D battery, 44kW Inverter &
Rectifier

Production kWh/yr % Consumption kWh/yr %

PV array 90,638 54 AC Primary load 67160 100

Wind turbine 77,907 46 Total 67160 100

Generator 0 0

Total 168545 100 Excess Electricity 88581 52.6
Unmet electrical load 0.00000226 0.0
Capacity shortage 0.00 0.0

Quantity Value

Renewable fraction 1.00

The model configuration of the hybrid energy system requires the followings:

Al

60kW PV array, which is made up of a collection of 250W PV modules.

50kW diesel generator

50kW wind turbine

480 Vision 6FM200D battery, which is made up of a string size of 30 with 16 strings

in parallel as shown in fig 12.

44kW Inverter & Rectifier.

Modeling of PV module

The Photovoltaic module is a collection of solar cells, and the solar cell can be represented by

a simple equivalent circuit as shown in figure A-1.
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Figure A-1. Equivalent circuit of a solar cell [1]

The equivalent circuit shows that a solar cell is made up of a current source such that a diode
and a shunt resistance, Ry, is both connected in parallel to the current source while the other
resistance, Rs is connected in series with it.

In order to make the analysis simple, the value of R, which usually is very small and the value
of Rq, which usually is very large are both neglected.

A collection of Photovoltaic cells makes up a PV module and a number of Photovoltaic
modules can be connected together in series and also in parallel to provide the desired amount
of current or voltage.

For PV module modeling, some basic equations are required, and these are:

The photo-current equation of the Photovoltaic module as represented in equation (1)

1, ={ls, +K,(T=298)}*1 /1000 (1)

p

Where I, is the photocurrent of the module, Iscir is the short-circuit current of the module at
the reference temperature (Rfiemp) of 25°C, K; = 0.0017A, and it represents the short-circuit
current temperature coefficient. T is the operating temperature (Opemp) 0of the module, and
A=1000W/m?, and refers to the illumination of the module [2]

A temperature conversion from Celsius scale to Kelvin is required, both for the reference
temperature and the operating temperature.

Rfiempk = 273 + 25 (2)
Opeempx =273 + T 3)
Where Rfempk is the reference temperature in Kelvin, Rfemp is the reference temperature in
degree Celsius, Opwempk is the operating temperature in Kelvin while Opemp is the operating

temperature in degree Celsius.
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The MATLAB model of the temperature conversion equation is as shown in figure A-2

)}
> - D)
+
Op temp '\lll o
273 >, )} > 2
v Rf tempK
Temp (K)

Rf temp
)

Figure A-2 Temperature conversion from degree Celsius to Kelvin.

The subsystem of the temperature conversion, equation model is as represented in figure A-3

Op tempk
> Op temp

RT tempiK

Figure A-3 Temperature conversion subsystem

The Matlab model of the module Photocurrent in equation 1 is as shown in figure A-4

Rad P ’ .

Product 2 Iph
.—l—'e
Op tempK +

»
P -

Subtract

RftempK

X |

vY

0.0017

coeff of temp, Ki Product1

)

ISCrf

Figure A-4 MATLAB model of the Photocurrent I, equation

This model uses the following inputs:
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Operating temperature of the PV module, Opiempx = 30°C to 75°C

Reference temperature of the PV module, Rfiempk = 25°C
Irradiation/insolation = % =1kW /m* =1 and at the reference temperature, the short-

circuit current, Isc;r = 8.63A

The subsystem of figure A-4 is as shown in figure A-5

S Rad
) Op tempK
Iph
3 Rf tempkK
Jiscre
Figure A.5 Subsystem for Photocurrent equation model

The reverse saturation current of the PV module is given as

I — Iscrf

rvs V (4)
[e(—T oc y )
N AKT

Where ¢ =1.6x107° C, stands for the electron charge, Ve is the open-circuit voltage of the

module, the ideality factor = B = A = 1.6, the Boltzmann constant, K = 1.3805 x 102 J/K, Ns

refers to the number of cells in series, V. is the open circuit voltage of the module [2][3].

The model and subsystem of equation (4) are represented in figure A-6 and A-7 respectively.

(=] :

Ns 1.3805e-23
=
K

ISCrf
1.6e-19 X

d [—P X
37.9
Voc 16 +

=i (u(1)(exp(u(2))- u(3))

Irvs
Fen

A Constant
1) > -
Rf temp L]
Divide
Figure A-6 MATLAB model of reverse saturation current, Iys.
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Figure A-7 Subsystem for reverse saturation current equation model

The relationship between the temperature of the solar cell and the saturation current of the

module is given in equation (5).

T q*Ego |1 1
I =1 [—Texp[t—2-{——— 5
o = Il T expl B, {Tr T}] (5)

Where Iy is the saturation current of the module, T and Tr are the operating temperatures and
the reference temperature (25°C) of the module respectively, Eg is the value of the band gap
of silicon. Equation (5) can be modeled as shown in figure A-8. Conversely, its subsystem is

represented in figure A-9.

1.38056-23 } e

>
kil
©
v
x

1 } Lp{x exp(u(1)) ’—
Eq

Fen2

Constant

H —>
Z
Op tempK

Divide Fon &
Rf tempK 1) >
Ivs
Product
Figure A-8 Model of the saturation current equation.
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Irvs

Op tempK Is P
Rf tempK
Figure A-9 Subsystem of the saturation current equation model.

The Photovoltaic module output current, Ipy is given as

(6)

_ qOV,, +1,R,
1,,=N,00,-N, DIO[exp{ £t -1

N AKT

Since this is for a single Photovoltaic module, the number of cells in parallel, Np= 1 and also
since the Photovoltaic module is made of 60 cells in series Ns = 60, the open circuit voltage,

Voc= Vpv.

Equation (6) is modeled as figure A-10, and its subsystem is represented as figure A-11.

Vpv-u(1)

US4 expl(UMu(T+U(B)U(S)H > 1)

Fen

Figure A-10.  Photovoltaic module output current equation model

This model implements the function in equation (6) and the function equation used is

represented as

Ipv = u(3)-u(4)*(exp((u(2)*(u(1)+u(8)))/u(5)))-1 (7
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Figure A-11.  The subsystem of figure A-10.

NsAKT, which appears in equation (6) as the exponential function denominator utilizes the
number of cells in series, operating temperature of the module in Kelvin, and other parameters

to produce the model of figure A-12

D,
Op tempK L’
1.3805e-23
K x »( 1)
1.6 P> NSAKT
A
60 l_>
Ns Product1

Figure A-12. Model of NsAKT

The subsystem of figure A-12 is represented as figure A-13.

D Op tempK NSAKT

Figure A-13.  Subsystem of NsAKT

The connection of the different models and its final subsystem is as shown figure A-14 and A-

15 respectively.
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Figure A-14.  The connections of all the models

M Vin

Vout >

M Rad

Ipv >

) Op temp

Figure A-15. PV module final subsystem.
The complete model is as shown in figure A-16 where the workspace was included to aid the

measurement of Ppy, Vpy, and Ipy.
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Figure A-16. A complete model of the Photovoltaic module.

The complete Photovoltaic module model above takes the module voltage, operating
temperature (in Celsius) and irradiation as input in order to give out the output voltage, Vpy

and output current Ipy.

Suntech 250W solar PV Module with the specifications as shown in table 4.1 of chapter 4 was

used for the purpose of this project.

Maximum Power at STC Pmax 250 W

Optimum operating voltage (Vmp) 30.7V

Optimum operating current (Imp) 8.15A

Operating circuit voltage (Voc) 374

Short circuit current (Isc) 8.63A

Operating module temperature -40°C to +85°C

Temperature coefficient of Pmax -0.44%/°C

Temperature coefficient of Voc -0.34%/°C

Temperature coefficient of Isc -0.060%/°C

Solar cell Monocrystalline silicon 156x156mm(6 inches)
No of cells 60 (6x10)

Dimensions 1640 x992 x35mm (64.6 x 39.1 x1.4 inches)
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Figure A-17.  I-V curve of the PV module
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Figure A-18.  The P-V curve of the PV module
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Figure A-19. I-V curve of the PV module at a constant temperature of 25°C and different

irradiation
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Figure A-20. The P-V curve of the PV module at a constant temperature of 25°C and

different irradiation

Figure A-19 and A-20 show the I-V and P-V curve, respectively at a constant temperature of
25°C, but at different irradiation. As the sun begins to rise in the morning, the solar irradiation

also begins to rise and as a result, the output voltage rises, the output current also rises
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consequently, the output power rises. The two curves also show clearly that the short circuit
current, Isc = 8.63A, and the actual capacity of the PV module, which is 250W, can only be
obtained at an Irradiance of 1000W.

For a Photovoltaic module, the peak value of the operating power, usually referred to as its

maximum power can be represented as:

P =1V, ff (8)

Where ff represents the fill factor, for a single- crystal silicon cell, the value of ff is 0.7 [4].
The temperature of the PV module has an effect on the voltage, and current generated by the
module, the rise, and fall of the module temperature is a function of the operating temperature
of the location, and this temperature of the location also has an effect on the module efficiency
and can be related by equation 9 [5]

pP,=V,, 1., = 1.V, . .ff C)]
The PV array Voc can also be expressed as shown below.

PV Voc = Rated Voc X {1 + [(Min. Temp. °C - 25°C) X Module Coefficient %/°C]} x No of
modules per Series String [6]

This capacity of the PV array for this PV system is 60kW and it is made of 250 W modules,
modules are usually connected in series to increase the voltage and they can are also connected
in parallel in order to increase the current [7]

The sizing of this hybrid system was carried out using the HOMER software simulator; the
HOMER software simulator expresses the power output from the PV module/array using the

expression in equation 10

G
P,=Y,.f, { L }[1 +a, (T, -T, gl (10)

GT,S TC
Where
Ypy is the rated capacity of the PV array, which implies its output power under standard test
conditions (kW)
fpvis the PV derating factor (%),
Gris the solar radiation incident on the PV array in the current time step (kW/m?)
Gr,stc is the incident radiation at Standard Test Conditions (1Km/m?)
ocpis the temperature coefficient of power (%/°C)
Tc is the PV cell temperature in the current time step (°C)

Tcstcis the PV cell temperature under standard test conditions (25°C)
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Equation 10 can be modeled in MATLAB as shown in figure A-21

Display!
B ’
Congtant '
T X
’ > Scope

Produst .
@ y Ppv
10.87C To Warkspace

-0.0044
MP

fov

Product2  Product!

Ypv

Figure A-21. MATLAB model of equation 10
The efficiency of the PV module can also be calculated using the HOMER software expression

for efficiency as given in equation 11

o stc = va / (Apv‘GT,STC) (11)
Where:

Nmp, stc represents is the efficiency of the PV module under standard test conditions [%]

Ypy is the rated power output of the PV module under standard test conditions [kW]

Apy is the surface area of the PV module [m2]

Gr, stc is the radiation at standard test conditions [1 kW/m2]

From equation 11,

Apy X 1, s57¢ = (YPV ) / ( Gy, STC)
By substituting for (Ypv)/( Gr,stc) in equation 10, the PV module efficiency is represented as

P
Doy = Py 12)
(Apv'fpv'GT )1+ a, (T. =T, 570)]

The MATLAB model of equation 12 is represented as shown in figure A-22.
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Figure A-22.  MATLAB model of equation 13.

A.l.1  Maximum power point, MPPT charge controller

This a charge controller, which uses the principles of maximum power point tracking to extract
maximum power from the system. This is because the PV system experiences a lot of loss in
power, which may be in the form of heat energy, etc. and as a result, it is important to extract
the maximum amount of power possible from the system. The basic functions of the MPPT

charge controller are as shown in figure A-23

Maximum
power point
tracking
Automatic
battery Pé'events
charging aﬁery .
e overcharging
MPPT CHARGE
CONTROLLER
Overcomes Blocks
weather reverse
conditions current
Provides
constant
voltage

Figure A-23.  Functions of the MPPT charge controller.

195



The maximum power point refers to the point on the PV power curve where maximum power
is achieved at varying operating conditions. The relationship between the maximum power
voltage, Vmp and the open circuit voltage, V. of the module is as given in equation (13)

Vv =0.80V,, (13)

mp

Conversely, the relationship between the maximum power current, Imp and the short circuit
current, Isc of the PV is given by equation (14) [8].

I,,=080I, (14)

The importance of the MPPT charge controller is as shown in figure A-24.
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Figure A-24.  Importance of MPPT charge controller

The maximum power point tracking device helps to increase the amount of energy conveyed
to the system from the PV module, it ensures the output voltage from the panel is adjusted in
order that the load is supplied with the maximum energy from the PV module. It comprises of
three main components namely, control system, tracking component and the switch-mode dc-
dc converter. The entire supply is managed by the switch-mode converter as it ensures that the
energy acquired, and stored in the form of magnetic energy are given out at different potential
levels. By ensuring that the MMPT switch-mode is set to serve either as a boost or buck
converter, voltage converters are able to provide fixed input current or voltage that correspond
to the system maximum power point, thereby matching the output resistance with the battery.
In order to achieve, the mechanism above, a controller is required to monitor the Photovoltaic
device to ensure it operates at its maximum power point, this is achieved via tracking of the

MPPT [9].
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The controller ensures the current and voltage from the PV module are measured continuously
and compared with certain threshold values so as to implement either power feedback control
or voltage controlled method.

The maximum power point of a PV module can be assessed using any of the several techniques

of maximum power techniques as in [10] is as shown in figure A-25.

Peturbation and observation (P&0)
Fractional Short circuit
Fraction open circuit
Fuzzy logic control
Incremental conductance
Neural network
Ripple correlation control
current sweep

DC-link capacitor droop

Load current or load voltage maximization

dP/dV or dP/dI feedback control

Figure A-25. PV module’s maximum power point techniques

Among the numerous methods mentioned above, this research work adopted the perturbation

and observation method also referred to as the hill climbing method.

A.1.2  Perturbation and observation (P& Q) method.

The principle adopted by this method is to adjust the PV module operating voltage or current
until maximum power is obtained. The tracker operates by decrementing or incrementing the
PV module voltage and only voltage sensor is used to sense the PV voltage. The principle
involves shifting the operating point of the solar module in the direction that power increase.
A perturbation on the power converter’s duty cycle means perturbing the DC link voltage
between the converter and the PV module. The sign of the last power increase and that of the
perturbation carried out last is very important as they help to determine the nature of the next
perturbation. If a shift in the operating point results in an increase in power, the perturbation
is maintained in that direction and if it results in a decrease in power, then the direction of

perturbation changes in the opposite direction [11].
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An algorithm for the perturbation and observe method is as shown in figure A-26.

P(k) = V(k)*I(k)
AP = P(K)- P(k-1)

Yes

\4

Reduce PV Increase PV Reduce PV Increase PV
module voltage module voltage module voltage module voltage

Update history
V(k-1)=V(k)
P(k-1)=P(k)

Figure A-26.  Algorithm for Perturbation and observation method

A.2 Modelling of the battery
The battery is very important in this project and this is because the solar energy system requires
the battery for energy storage. The basic use of the battery energy storage in the PV system as
in [10], involves:

e Current and voltage stabilization

* System autonomy and energy storage

e Supply of surge current
Among the several types of batteries, the lead-acid batteries, which are typically used for solar

energy systems, is selected for this design, and this is because, they are available in a variety
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of sizes, they are low in cost and have good performance characteristics. Some of the basic
parameters of the battery system include the followings:

Battery voltage: this is the battery terminal voltage under no load condition

Battery capacity: it refers to the battery’s maximum charge storage capacity, and is usually
expressed in Ah.

Battery depth of discharge (DoD): it accounts for the quantity of energy that has been
removed from the battery compared to the total fully charged capacity.

Battery life cycles: this refers to the number of the complete charge-discharge cycle that a
battery can carry out before its nominal capacity drops below 80% of its initial capacity.
Autonomy: this is a measure of the time; the battery can provide energy to a load when there
is a power failure or energy input from the PV array.

Battery state of charge (SOC): this is defined in [12] as the ratio of the battery’s present
capacity to nominal capacity provided by its manufacturer. The nominal capacity of the battery

refers to the maximum quantity of charge that can be stored inside the battery.

The disparity, which exists between the amount of power required by the load on the network
and the power produced by the sources, determines if the battery discharges or charges. The

state of charge of the battery for hourly time, t is expressed as

SOC(1) = SOC(t—l).(l—é'bm(t))+[Pb—(t)]/7bm.At (14)

bus

Where the O,

. (1), which represents the hourly self-discharge rate, takes the value of zero
since it is negligible, the round trip efficiency of the battery is chosen to be 0.8 and 1 during
the battery bank’s process of charging and discharging. For the design of the battery bank, one

particular constraint that was considered is that the state of charge of a battery is confined

within the SOC

min

and SOC, . such that

<SOC(t)< SOC (15)

max

SocC

In order for the battery bank to last long, the upper limit is considered as the maximum state
of charge, SOC, ., and it assumes the value of the entire battery bank’s nominal capacity, Cn.
The relationship between the nominal capacity of each of the batteries Cnpa, the amount of

batteries connected in series, Nsbat, and the sum of the entire batteries is given by equation

16.

soc, =c, =-Nbat . (16)
Nbat,s
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The amount of batteries required for parallel connection helps in the determination of the
battery bank capacity. The battery minimum state of charge when it is discharging is expressed
as

SsOC,,=(1-DOD).SOC A7)

min max

Where DOD represents the maximum depth of charge [13] [14]

The relationship between the battery terminal voltage, open circuit and, the voltage drop across

the battery internal resistance as in [15] is shown in equation 18

V,=E,+IR, (18)
Where Ry, is the battery internal resistance, Eq. is the open circuit voltage, I, is the current of
the battery while Vyis the terminal voltage of the battery. The relationship between the battery
state of charge, SOC and the full charge voltage of the battery is expressed in equation 19 [15]
Eoc =VF +blog(SOC) (19)
Where the full charge rest voltage, is denoted by VF

A.3 Modelling of diesel generator
The diesel generator is made up a diesel engine and an alternator for electricity generation; the
diesel generator is made up of a diesel engine, a synchronous generator, an excitation system
and speed controller. The diesel engine and governor system exert control on the speed of the
governor so as to supply mechanical power. The diesel engine comprises of the governor and
an internal combustion (IC) engine. The diesel generator ensures the conversion of energy
from a fuel such as diesel or bio-diesel into mechanical energy with the help of its internal
combustion engine, after which, this mechanical energy is converted into electrical energy
with the help of its electric machine operating as a generator. The governor is made up of
actuator and speed controller, the maintenance of a constant speed during the period of
operation of a diesel generator is maintained by the governor [15] [17]

The transfer function of the actuator, as well as that of the regulator as in [14], is as shown in
equation 20 and 21 respectively

(1+7,5)
T S(HT,5) +(1+T,s)

(20)

_ Y.(+T,s)
(T4 T,80)

2
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Where, Tai, Ta, and T3 represent the time constants of the actuator, Y, represents the gain of

the regulator while, the time constants of the regulator is represented by Tri, Tro, and Tis.
Conversely, the speed regulation and diesel engine of the diesel generator can be described

using differential equations as in [15] as equation (22) and equation (23).

dmy :i(KzPC _ & Aw—-my) (22)
dt Z-2 ref

dPc -Kl1

_C = Aw (23)
dt a)ref

Where the rate of fuel consumption of the diesel engine is denoted mg, ®r iS the engine
reference speed in rad/sec, R is the permanent speed drop of the diesel engine, K; is the
summing loop amplification factor of the governor, the gain and dead time of the engine is
represented by K, and T respectively.
The dead time, T2 can be represented as in [15] as equation (24).
60S, . 60
T, = +—
2Nn 4N

N refers to the speed in rev/min, n is the number of cylinders, S represents the number of

(24)

stroke engine, in this case, S=4 and due to combustion, the generated mechanical power output

can be expressed as equation (25)
P=Emymn (25)

n represents the efficiency and E, represents the proportionality constant.

A.4 Modelling of wind energy conversion system

With the help of the wind turbine, wind energy is converted into mechanical power, and hence,
the mechanical power is transformed into electrical power. The value of the mechanical power
can be computed using equation 26 [18]

P, =0.50AC (A, BV, 4 (26)
Where O represents the density of air and its value is within the range of 1.22-1.3Kg/ms, V wind

refers to the speed of the wind in m/s, A represents the swept area of the turbine blades (m?).
The coefficient of power is denoted by C, (A,p), its influenced by two factors, the pitch angle

of the blade, f and the speed slip ratio, mathematically, the tip speed ratio is defined as
A=QR/V

wind

27

R is the radius of the blade (m) and € refers to the angular speed (m/s)
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The coefficient of power is defined as in [18] as

C -C.
Cﬂ(/]ug) =G (A—Z—C3,8—C4jexp{ F > j+C6A
1 | (28)
1 1 0.035
Where — = - 29)
Al \A+0.088 [ +1
The rotational torque can be expressedas T, = P,/ Q (30)
The optimal angular speed is represented by the relation
Qopt =A,,V,ina ! R (€29
In order to achieve the maximum mechanical power, the following relation is used
Rnfmax = O'SpACpmaxVSwind (32)

AA4.l PMSG wind turbine
The PMSG driven wind turbine was chosen for this project as a result of certain advantages in
[19] as follows:

* There is the absence of brush/slip ring.

e  The mechanical stress is low

* The rotor does not experience any form of copper loss

» Reactive/active power controllability is higher
The sign of the torque input of the PMSG is what determines its mode of operation if its sign
is negative, the PMSG operates as a generator and if its sign is positive, the PMSG operates
as a motor [20].
The bulk of wind turbines has a gearbox, but as a result, of the high rate of failure associated
with the gearbox, the direct driven wind turbine is now becoming the preferred choice due to
its advantages over wind turbines, which contains a gearbox. The advantages of direct driven
wind turbines include; its maintenance is lower, especially with offshore, reduced losses in the

drive drain, reduced noise, besides, it has a simpler structure [21].

In the transformation of mechanical power to electrical power in the direct-drive wind energy
system, the permanent magnet synchronous machines/ generator is very useful, in this work,
the mathematical model in abc three-phase stationary reference frame, as well as the dq

rotating reference frame, are considered.
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A4.2 Mathematical model of the Permanent magnet synchronous generator in the abc
reference frame

The PMSG comprises of a stator referred to as the stationary armature and is linked to the grid
and a rotor, the rotor is a permanent magnet. The voltages at the terminals of the PMS machine

stator is represented as in [22] [23] as

V,..=Rsl,_, + % (33)
dt
ay ,_,
V,_, = Rsl,_, + T (34)
V.., = Rsl, _ + % (35)
dt

Where V., Vs, Ve represent the instantaneous a, b, and c stator voltages and the
instantaneous stator currents, R, represents the winding resistance of the stator per phase.
Conversely, the instantaneous flux linkages that are induced in the system by the PMs and the

three-phase AC currents are represented by {/ ., Yo, (¥ cs.

In the PMSG exist balanced phase currents, and these are represented as:

l,_, =1, cos(w,t) (36)
l,_, =1 cos(wt—120) (37)
[._, =1 cos(wt+120) (38)

Where o,=2xf represents the stator currents angular frequency while Im represents the
sinusoidal varying current maximum value.

A4.3 Mathematical model of the Permanent magnet synchronous generator in the dqo
reference frame.
The equivalent circuit of the permanent magnet synchronous generator in the dqo reference

frame is as shown in figure A-27
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Figure A-27. PMSG equivalent circuit in the dqo reference frame
Based on the dqo synchronous rotating frame, the mathematical model of the permanent

magnet synchronous generator as in [24] [25] is represented as

di_, _ 1 ‘
dtd - E (_Rsls—d + a)els—qls—q + Vs_d) >
di
o 1 RI_ —w(_ji_,+Ap)+V,_) (40)
a I,

Where the inductances of the generators are represented by ld and lq, the stator resistance is

represented by R, and the flux induced in the system is represented by A, the speed of the rotor

is represented by w.. The currents and voltages are represented by
is_d , is_q and Vs_d , Vs_q respectively.

The electrical torque is given as

T, =15pW i+, =1 )i, =i,) @1
Since the g-axis and d-axis inductances are equal

(y=1-)=0

Hence, the electrical torque equation becomes

L,=15py;i_, (42)

A.5 Control of Permanent magnet synchronous generator
There are several ways of controlling the power converters of the PMSG driven wind turbine,

the network-side or grid-side converter is usually controlled by adopting load angle control
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techniques, while the generator-side or machine-side converter control is achieved by adopting

vector control or load angle control techniques [21].

Conversely, it was reported in another research work [26], that the control of the amount of
reactive power injected into the grid is done by the network-side or grid-side converter,
according to the report, the DC voltage, which exists between the converters is also maintained
by the network-side or grid-side converter. While the machine-side or generator-side converter
controls the reactive power on the machine side and the maximum power generated at varying

wind speed.

A.5.1 The methodology of the network-side or grid-side converter controller

The Primary function of the network-side or grid-side converter is to ensure that the DC link
voltage is regulated, this is achieved by transporting active power to the grid or network.
Besides, the controller is built in such a manner that facilitates the exchange of reactive

between the network and the converter [21] [27].

A.5.1.1 Load angle control technique

In this control technique, the network or the grid serves as the receiving source, Vn/ 2 0

while the network-side or grid-side converter serves as the sending source, VVSCD 0. Since
the voltage in the network is known, it is chosen as the reference voltage; therefore, the phase

angle 0 is positive. These two sources are coupled by an inductor referred to as the network

or grid reactance, X nig -

In order for the load angle control method to be implemented, the reference value of the

network reactive power Qn /¢-rf May perhaps be put at zero for the system to operate at unity

power factor. Therefore, the VVSC magnitude, and the phase angle, O at the network-side or
grid-side converter terminal can be achieved as in [21] as follows:

6 — Pn/g-rf Xn/g 43
(43)
VVSCVn/g
Qn/g—;f Xn/g
Vise =V * vV gy =0 (44)
VsC

The magnitude of the phase angle, O and the voltage, Vs of the network-side or grid-side

converter, can be computed from equations (43) and (44) as
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P X
o=f(P,, .V, )=sin (L _1E
S(Boerrs Vi) W,V ) (45)

nlg

VVSC = g(Q;/g—rf > Vn/g d é) :VVSC cos 5+\/(Vn/g cos 5)2 +4(Ql/g—rf /3)X"/g (46)

A.5.2  The methodology of the generator-side or machine-side converter controller
The wind turbine operation is done with the vector control or the load angle technique by the

generator-side or machine-side converter.

A.5.2.1 Vector control technique

The implementation of this technique is done on the basis of the dynamic model of the
synchronous generator, which is expressed in the dq frame, this dq frame refers to the rotor
(field) magnetic axis alignment with the d axis.

The electrical torque of the generator is defined as the cross product of the stator current and

the stator flux, this is represented by the equation (47)

Tel = l// ds .iqs - w gs .ids 47
From the stator flux equation

wds = _idsiqs +lmdif (48)
In the vector control technique,

Las rf is adjusted to zero and I q s is obtained from equation (47)

rf
By setting adjusting l d s 1o zero, equations (47) and (48) become

T, =W, i (49)
lzds = Zmd ;f (50)
Assuming Zmd ; f= 47/ fa and we substitute for lz 4s from equation (50) into equation (49)

T, =Y s (51)

From equation (51), for a given torgue reference, T
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P = Lo
qsrf
¥

(52)

We have that the moment the reference currents, ! qs . and ! ds,, are obtained

by the controller, the corresponding magnitudes of the voltage is computed from equation (53)

and (54) as equation (55) and (56)

\_/ds = —Fslgs +Z)s qu;.ds = —Fslds +qu Z'qs (53)
‘_/qs = _;s;qs —de ;.ds +E fd (54)
Vs =—Fsias + X gslgs (55)
\_/qs = _;s ;'qs _Yds ;ds +E fd (56)

The error, which exist between the actual and reference values of the current is regulated with

a P controller. ¢ 4 g is adjusted to zero when the generator operation is below the base

rf

speed, but when it operates above the based speed, Ly is adjusted to negative in order

rf

to neutralize some part of the flux linkage [21].

A.5.2.2 Load angle control technique
In this technique, in order for the transfer of reactive and active power between the DC link

and the generator to be determined, steady-state power flow equations are employed [25].

E X
iXg -
g Wt G T G:
Vt‘
Eg ag
Xgl
g

vVt

Figure A-28  PMSG driven load angle control technique.
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From the figure A-28,
Under steady state condition, the reactive and active power flows in the system are expressed

below

0= E’-EJ\V, cosa,
X

8

(57)

P = ; “sina, (58)

8
Where Xg is the generator synchronous reactance, Vt is the magnitude of the voltage at the
terminals of the converter, Eg is the magnitude of the internal voltage of the generator while
the phase difference between the Vt and Eg is represented by ag. It can be deduced from
equations (57) and (58) that the transfer of reactive power depends majorly on the magnitude
of the voltage, its transfer is usually from the where there is higher voltage magnitude to where
there is lower voltage magnitude. On the other hand, the transfer of active power depends
majorly on the system’s phase angle. Through the process of adjusting the angle and
magnitude of the voltage at the generator-side converter AC terminals, the generator operation
and the transfer of power to DC link from the generator can be controlled. The phase angle is

given by the expression:

P X
a, = —L—= (59)
E . vV,
Conversely, the voltage magnitude is given by
X
V,= E, - Qéf—g (60)
¢ E

8

P 8. Represents the reference value of the amount of active power that should be passed from

the generator to the DC link while the reactive power reference value is represented by Qg ”

A.5.3 DC link modelling

P

In order to determine the reference value of the active power, * ¢ . required for

transmission, let us consider the diagram of figure A-29
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Figure A-29  DC link power flow analysis

The diagram shows the DC link power balance, and it is expressed as given below
Pye = P, — PTrf (61)

Where P refers to the transferred to the network or grid from the DC link, Pgen is the
generator power output transferred to the DC link, Ppc refers to the power, which passes via
the DC link.

The active power that passes via the DC link capacitor is expressed as

PDC :VDCIDC

V
-y ClLc (62)
bt

Ve is expressed as

dVv C dv
P,. =V,.C —25~=—x2xV Lo
DC DC d[ 2 DC d[
2
= g_dVDC (63)
2 dt
By adjusting equation (63) and applying integration on both sides, we have that
2

V2= - [ Ppcdt (64)

/ 2
Therefore, Vj)r = EIPDCdI (65)
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In order to express V. with respect to the power transferred to the network or grid and the

power output of the generator, we have that

2
VDC :\/;J‘(PGEVL _PTrf)dt (66)

The value of the V), is achieved using equation (66), by comparing the desired voltage of the
DC link, V Crf with the actual voltage at the DC link, VDC the reference value of the power,

PT,f_,f that has to be transferred to the network or grid can be computed.

Note: to implement this in the field physically, measurement via the Transducer is required in

order to get the DC link actual voltage, V).
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