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ABSTRACT

ABSTRACT

For a satellite, the primary power source is the solar energy. The amount of harvested
solar energy will determine the depth of discharge of the battery in each orbit. This
will in term decides the lifespan of the satellite. Hence, the ability to extract the

maximum power from the Sun given any operating condition is important.

In this thesis, perturb and observe (P&O) and incremental conductance (InC)
maximum power point tracking (MPPT) methods have been studied for nano-satellites
applications. There are two main operating scenarios of a satellite in space, namely the
normal operation mode and safe-hold operation mode. The former is when the satellite
is stabilized with its photovoltaic (PV) array pointing to the Sun. The latter is when the

satellite experiences rotation and each PV array will face the Sun for a short period.

From the simulation study, it is observed that the P&O and InC have inconsistent
tracking performance with a reduced efficiency when the satellite is rotating. On the
other hand, they have similar performance with efficiency up to 99% for normal

operating scenario where the PV of satellite is facing towards the Sun.

To overcome the shortcoming of poor tracking efficiency when the satellite is rotating,
a new model based MPPT algorithm with solar insolation and maximum power point
estimation (SIMPPE) concept is proposed. The SIMPPE algorithm uses voltage,
current and temperature measurements incorporated into a single diode PV model to
estimate the PV solar insolation level. This is then used to reconstruct the I-V curve
and the estimate of maximum power point (MPP) voltage of the PV array. The
simulation results show that the SIMPPE algorithm has a tracking efficiency of above

97% for all satellite operating scenarios. The hardware-in-the-loop test system with

X
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solar array simulators and electronic loads is used for experimental validation. In the
experimental studies, the results show that the tracking efficiency for the SIMPPE

algorithm has consistent tracking efficiency of 91% when the satellite is rotating.

A temperature and MPP estimation (TMPPE) algorithm has been proposed to improve
the SIMPPE algorithm by eliminating the PV temperature measurement to reduce
number of sensor. The TMPPE algorithm uses four pairs of voltage and current
measurements incorporated into a single diode PV model to estimate PV temperature
and solar insolation simultaneously. The identified PV environmental conditions will
then be used to reconstruct I-V curve and estimate MPP voltage. The simulation result
shows that the TMPPE algorithm has improved tracking efficiency compared to
conventional MPPT methods when the satellite is rotating. The TMPPE algorithm has
been validated experimentally using hardware-in-the-loop test system. The
experimental results show that the tracking efficiency for the TMPPE algorithm under

normal operating and safe-hold operating scenarios are 94% and 87% respectively.

Xi



CHAPTER 1 INTRODUCTION

CHAPTER 1. INTRODUCTION
1.1. Background

Miniaturized satellites such as nanosatellites and pico-satellites have become an
attractive platform for educational institutions and commercial companies to carry out
space science research and applications [1-5]. The main reason is its reduced cost and
shorter development time as compared to larger satellites. With the advancement in
technologies, the size and mass of satellite components have been greatly reduced [1].
This allows the miniaturized satellites to incorporate more advanced payloads with

space and mass constraints.

A satellite consists of many subsystems such as power supply system (PSS),
attitude control and determination system (ADCS), on board data handling (OBDH)
system, communication system and payloads. Among the many subsystems, PSS is
one of the key systems for any satellite [6, 7]. The role of PSS is to generate, store,
regulate and distribute electrical power to other subsystems. There are several possible
power sources for satellites, which are nuclear, photovoltaic (PV), and chemical [8].
Nuclear power has large power density gives the advantage of limitless energy and is
more suitable for deep space application [9, 10]. For earth-orbiting satellites, in
particular low-earth-orbit (LEO) satellites, nuclear power is not suitable due to
environmental issue. During the atmospheric entry, the satellite will re-enter to the
Earth and cause radioactive particles spread over the Earth’s atmosphere [8]. For
chemical power source, the fuel mass limits its lifetime. As the satellite mission time

increases, the satellite mass will be totally dominated by the fuel mass alone. Thus,
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chemical power source such as fuel cells and rechargeable batteries are always used in

conjunction with solar panels for LEO satellites.

The PSS uses PV arrays, usually in the form of one or several solar panels,
carrying a number of PV cells to convert sunlight into electricity. The behaviour of
each PV array can be represented by a non-linear current-voltage (I-V) characteristic.
In every PV array, there is a unique operating point known as the maximum power
point (MPP) that is the optimal point to operate the PV array and produce maximum
power output. There are two factors, namely the cell temperature and the insolation
level, that vary the MPP [11]. Therefore, any variation in either one of these factors
change the location of the PV array’s MPP. Thus, it is necessary to constantly monitor
and adjust the PV array operating point accordingly to extract optimal power at a

given environmental condition.

The MPP of PV arrays can be tracked using maximum power point tracking
(MPPT) methods. Many MPPT methods [12-34] have been reported and they can be
classified into conventional and artificial intelligent methods. The conventional
methods include perturb and observe (P&O) algorithm [16-23], incremental
conductance (InC) algorithm [24-28], fractional open circuit voltage (FOCV) [29-31],
and fractional short circuit current (FSCI) [29, 32]. For the artificial intelligent
method, it includes fuzzy logic control (FLC) [33, 34] and artificial neural network
(ANN). The conventional MPPT methods are widely applied due to their simplicity
and ease of implementation. Most of the conventional MPPT methods exhibit high
performance under stable environment conditions only. On the other hand, the
artificial intelligent MPPT methods are more complex but they are more efficient and

response faster.
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For miniaturized satellites application, P&0O method is widely used due to its
simplicity and low computational cost [35-37]. For satellites without any stabilization
control, the PV arrays will encounter rapid changes in temperature and solar insolation
due to the rotation of the satellite. Therefore, conventional MPPT methods such as
P&O and InC that are used in steady-state condition might not be suitable for such
application. Other than P&O and InC methods, FOCV and FSCI are not recommended
for miniaturized satellite application because they operate the PV under open circuit or

short circuit condition, which may interrupt the operation of the satellite.

To overcome the environmental issues and better optimize the power from the PV
array, the aim of this thesis is to investigate and propose a suitable MPPT method for
satellite application. This will enable the satellite to harvest its maximum power under

varying conditions, which helps prolong satellite’s operating lifespan.

1.2. Objectives of the Research
The aims of this research are as follows:

e The environmental condition for PV array in satellite application is different
compared to ground based PV application. Therefore, the first objective of this
thesis will be to study the performance of conventional MPPT methods for satellite

application.

e Based on the simulation study, the performance of conventional MPPT methods is
investigated. Thus, the next objective is to propose a new MPPT method, which
exhibits no steady-state oscillation and perform better than conventional MPPT

methods under varying environmental conditions in space.
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The performance of the proposed MPPT method will be analyzed based on
software-based simulations. Therefore, the last objective of this thesis is to validate
the new proposed MPPT method experimentally using hardware-in-the-loop test

system.

1.3. Contributions of the Thesis

A simulation study of conventional MPPT of P&O and InC for satellite application
has been conducted. In the study, the performance of P&O and InC under different

satellite operation scenarios have been evaluated.

A new algorithm, solar insolation and MPP estimation (SIMPPE) algorithm is
proposed. The SIMPPE algorithm does not require special sensor such as
pyranometer. Instead, the solar insolation is estimated with the voltage, current and
temperature measurements. With the estimated solar insolation, the MPP voltage

of the PV can be determined using numerical method.

A new algorithm, temperature and MPP estimation (TMPPE) is proposed to
improve the SIMPPE algorithm by eliminating temperature measurement. With
four pairs of voltage and current measurements near MPP, the temperature and
solar insolation can be estimated. With the estimated environmental parameters,
the MPP voltage can be estimated by solving PV |-V equation using numerical

method.
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1.4. Outline of Thesis

This thesis is organized as follows:

Chapter 2 presents a review on photovoltaic (PV) array modelling and MPPT
techniques. The PV model and its characteristics under different temperatures and
solar insolation are discussed in details. The conventional and artificial intelligent

MPPT techniques and their limitations will be explained.

Chapter 3 presents a simulation study of conventional MPPT techniques for
satellite’s application. A Powersim (PSIM) based simulation has been conducted for

satellite operation scenarios to analyze the performance of P&O and InC.

Chapter 4 presents the proposed MPPT technique to address the problems
determined in Chapter 3. The performance of the proposed method has been analyzed
in various temperatures and solar insolation scenarios. Simulation study has been
conducted for satellite scenario to analyze the performance of proposed method and

the results are compared with the conventional MPPT methods.

Chapter 5 presents an improvement on proposed MPPT technique in Chapter 4.
The improved model based MPPT method is able to estimate PV temperature and
solar insolation at the same time. This chapter also analyzed the measurement noise
effect on the performance of the proposed method. The performance of the improved

method has been evaluated with simulation study for satellite scenario.

Chapter 6 concludes the thesis and presents the future works.
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CHAPTER 2. PHOTOVOLTAIC ARRAY MODELLING AND

MAXIMUM POWER POINT TRACKING

This chapter models the output characteristic of the single diode model and its
changes to temperature and solar insolation level is discussed. The advantages and
disadvantages of conventional maximum power point tracking (MPPT) methods are

also reviewed.

2.1. Photovoltaic Array Modelling

A PV array in the PSS of a satellite is used to convert sunlight into electrical
energy. It is formed by connecting a number of PV cells in series-parallel combination

to achieve the required system voltage and current.

Fig. 2.1 shows a single diode PV model of a PV cell. The single diode model is
widely used due to its simplicity with acceptable accuracy [38-42]. It consists of a
current source, a diode, a series and a parallel resistor. The series resistor represents

the ohmic loss and the parallel resistor represents the leakage of the PV cell.

Rs I
- ]
Ip N
+
o D Rp V
®

Fig. 2.1 Single diode PV model

Applying Kirchhoff’s current law to Fig. 2.1, the external load current I can be

written as;
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(2.1)

where
lon : generated photo current
Ip : diode current

V : external load voltage

The diode current, Ip is represented by the schlocky equation which is given by:

=1 {exp(va;; F:/St' j—l} (2.2)

S

where
Irs : cell reverse saturation current
a : the diode ideality factor
s - number of PV cells connected in series
Vi : thermal voltage, (kT/q), k is Boltzmann’s constant (1.3806503 x 102 J/K),
T is the junction temperature, q is electron charge (1.60217646 x 10°C)

By substituting (2.2) into (2.1), the PV cell I-V characteristic can be expressed as:

|:|ph—|,{exp{v+RS')—1}\”&' (2.3)

aN Vv, R

sVt p

For a given temperature and insolation level, the electrical characteristic of the PV

cell can be represented by current-voltage (I-V) curve and power-voltage (P-V) curve.

In Fig. 2.2, the top figure shows the I-V curve while the bottom figure shows the P-V

curve. In the 1-V and P-V curves, there are four important parameters that are used to

describe the PV cell characteristics. They are the open circuit voltage (Voc), the short

7
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circuit current (lsc), the maximum power point voltage (Vmp) and the maximum power

point current (Imp).

Current (A)

Voltage (V)

Power (W)

oc

Voltage (V)

Fig. 2.2 1-V and P-V characteristics (at 25 °C and 1000 W/m?) of a PV cell

By substituting | = Isc and V = 0 into (2.3), the short circuit current, Isc can be

expressed as:

I :[RpFifRSJ{Iph—Irs {exp(:ﬁ—ij—l}} (2.4)

Under the short circuit condition, the diode current are negligible so the short-
circuit current is equivalent to the generated photocurrent, Ipn which is proportional to

the solar insolation level.
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Fig. 2.3 I-V (left) and P-V (right) curves under different solar insolation

Fig. 2.3 shows the generated I-V and P-V curves under different insolation levels

From Fig. 2.3, it can be observed that the short circuit current will be reduced

significantly when the solar insolation is reduced. Moreover, the maximum power Pmp
is also reduced as the solar insolation level is reduced.

When the PV cell isat | =0 and V = Vo, (2.3) becomes

e
o

Ve
Voc - Rp {I ph - Irs {exp(mJ—l}}

12—
.................. —10°C
i y
05 1 40°c T AR
= =55°C AR
7 Vi
0.4 0.8 5% S |
<y ) R
< g 'f,.;l ‘\ i
: T 5% : 1
§03 g 08 5 L2k
3 5 £ e
[5) o 4% 13 |‘
0.2 04 vES
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a0°c 52l
1z
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Voltage (V) Voltage (V)

Fig. 2.4 1-V (left) and P-V (right) curves under different temperature

Fig. 2.4 shows the generated I-V and P-V curves under different temperature.

Under open circuit condition, the open circuit voltage is proportional to the
9
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temperature as shown in (2.5). For variation of temperature in Fig. 2.4, it is observed

that open circuit voltage decreases as the temperature increases from 10 °C to 55 °C.

2.2. Maximum Power Point Tracking Methods

A PV array is used in the PSS to harvest solar energy and charging of the
batteries [43]. There are two general topologies available for satellite electrical power
subsystem, which are the direct energy transfer (DET) and maximum power point
tracking (MPPT). For DET approach, it operates the PV arrays at a fixed point to
transfer power from PV array to the satellite main bus. It is simple to implement and
practical if the satellite is experiencing small variation in illumination and long
sunlight period. The drawback of DET approach is its poor efficiency if the maximum
power point (MPP) of PV array is varying during sunlight period [35]. This is the case
for satellite that operates in low earth orbit (LEO). Therefore, a MPPT topology is
preferred in particular for miniacturized satellite that is under varying temperatures

and solar insolation level.

Many conventional and intelligent MPPT methods have been presented in
literature for ground-based PV applications. The most common method is the perturb
and observe (P&0O) method [16-23]. This method uses the PV array power
characteristic to track MPP. The PV array power curve can be expressed in the

following equations:

%P o, at the MPP (Vpy = Vi) (2.6)
3—5 >0, at left side of the MPP (Vpy < Vinp) 2.7)

10
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j_\F/’< 0, at right side of the MPP (Vpy > Vinp) (2.8)

P&O method uses voltage perturbation to determine the direction of tracking
using (2.6)-(2.8). Current perturbation is less preferred due to its slow response under
changes in solar insolation level and sensitivity to noise [16]. The method operates by
periodically perturbing the PV arrays output voltage and compares the output power of
the PV arrays in the current perturbation cycle with the previous cycle. If the PV
arrays output power increases, then the perturbation of PV arrays output voltage is in
the correct direction, otherwise it should be reversed. The major drawbacks of this
method are oscillation at MPP during steady state and poor performance under rapidly
environmental changes such as solar insolation level. To reduce the oscillation at
MPP, variable step-size P&O methods [17-19] have been proposed to increase power

drawn from PV arrays.

The other commonly used algorithm is the incremental conductance (InC) method

[24-28]. This method works on similar principle as the P&O method [44]. The

derivative of power with respect to the voltage (3—5) can be written in terms of arrays

current and voltage:

P _dv)_, +v(d_'j 2.9)
dv dv dv

11
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With (2.9), the PV array power curve can be rewritten in following equations:

a__ 1 atthe MPP (2.10)
dv V
AL~ 1 atleft side of the MPP (2.12)
dv \
A1 atright side of the MPP (2.12)
dv \Y

Hence, InC method can track the MPP by comparing instantaneous conductance

(\'7) to the incremental conductance (g—\'/). It has a better performance than P&O in

both fast changing environment and stable environment. Similar to P&O method, it
has the drawback of oscillation at MPP. Some improvements have been made to InC
method such as variable perturbation size InC method [26] and power-increment-aided

InC [27].

Other than P&O and InC, there are other simple approaches to estimate MPP
based on some measurement. Fractional open circuit voltage (FOCV) [29-31] and
fractional short circuit current (FSCI) [32] are single-sensor approaches that make use
of open circuit voltage or short circuit current of the PV array to estimate the MPP via

a near linear equation which are expressed as:

V., ~kV, (2.13)

oc

k.1 (2.14)

mp ~ 27 sc
where

Vmp: maximum power point voltage

12
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ki: voltage constants of proportionality
Voc: Open circuit voltage

Imp: Maximum power point current

ki: current constants of proportionality

Isc: short circuit current

In (2.13)-(2.14), the constants of proportionality ki and ko depend on the PV array
characteristic. They can be computed beforehand by analysing the PV arrays at
varying solar insolation and temperatures. The disadvantage of these two methods is
the requirement to operate the PV arrays at open circuit or short circuit condition to
measure Vo or Isc which will cause temporary loss of power. Since these two methods

are only estimation technique, the PV arrays is not operating at MPP.

’7' —l dik=1)
d(k) « (+

).,",__,___. | Detuzzification
) Adk)

dP

ar-1 Fuzzy Rule
dP ) Sl _('"“«.l e(k) N Fuzzification J Algorithm
dv J

" T C.H)
3 1
‘ )

e(k=1)~—

Fig. 2.5 Maximum power point tracking using fuzzy logic control [15]
A fuzzy logic control (FLC) is one of the intelligent techniques proposed to solve
MPPT problem [33, 34]. Fig. 2.5 shows one of the FLC solutions for MPPT. There are
three stages in this technique, namely fuzzification, inference and defuzzification.

During the fuzzification stage, the inputs of the FLC are the error E (i.e. change of :—\F;

13
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as shown in Fig. 2.5) and a change in error AE. The inference stage will express these
two input variables in terms of linguistic variables and the FLC output will be looked
up in a given rule-based table. The output of FLC will then be converted from
linguistic form to value in defuzzification stage. FLC has the advantages of fast
response with no overshoot and less fluctuation in steady state for rapidly changing
environment. However, the effectiveness of FLC depends on the formulation of error

E and rule-based table.

2.3. Summary

This chapter presented a review of photovoltaic array modelling and commonly
used MPPT methods. It was identified that the PV array has non-linear output
characteristic that is dependent on temperature and solar insolation level. Therefore,
maximum power point tracking method is required to exploit the full potential of the
PV array. A summary of maximum power point tracking methods discussed in this

chapter is shown in Table 2.1.

Table 2.1 Comparison of MPPT methods

MPPT .
Advan Disadvan
method dvantages sadvantages
T Trade-off between steady-state oscillations
Simplicity, good performance under .
P&O ) and tracking speed, poor performance under
stable environment . RN .
rapidly changing irradiance environment
InC Good performance under rapidly Trade-off between steady-state
changing environment oscillations and tracking speed
Require only one voltage . - .
FOCV q y . g Required periodic tuning, not true MPP
sensor, no steady-state oscillation
Require only one current . - .
FSCI d y . Required periodic tuning, not true MPP
sensor, no steady-state oscillation
Fast response with no . .
FLC P High complexity

overshoot
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As the space environment differs from the ground environment, there is a need to
investigate the performance of conventional MPPT methods for space application. A
simulation study of conventional MPPT methods will be presented in Chapter 3. A

new model based MPPT method with solar insolation estimation will be proposed in

Chapter 4.
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CHAPTER 3. CoNVENTIONAL MPPT METHODS FOR

SATELLITE APPLICATION

The amount of harvested energy for an orbiting satellite depends on the
performance of maximum power point tracking (MPPT). In this chapter, the
performance of conventional MPPT methods for space applications will be presented.
Among the conventional MPPT methods presented in Chapter 2, perturb and observe
(P&O) and incremental conductance (InC) have been selected for the study as they
have been extensively used in many industrial application. The study is conducted
using a Powersim (PSIM) based simulation to evaluate the performance of P&O and
InNC MPPT methods for space applications. The simulation study has been conducted
for two different satellite scenarios, namely the normal operation and the safe-hold
operation. A boost converter topology that is used in VELOX-I nano-satellite will be

used in this simulation study.

3.1. Simulation and Scenarios

Fig. 3.1 shows the block diagram of the system used to study the MPPT methods.
It consists of a PV array, a DC/DC boost converter, and a battery. Two conventional
MPPT algorithms namely the P&O and InC methods have been implemented for the
MPPT controller. The system components used in the simulation are show in Table
3.1. These parameters are derived from VELOX-I nano-satellite and is used as an
illustrative example for this thesis. For simplification of the simulation, the PV
parameters in Table 3.1 are the PV configuration for two series and one parallel

instead of two series and four parallel.
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Boost Converter

\ |
| |
| |
! |
| |
| |
1 - _ [
PV module 7V_F’V —_ J— i —— Battery
| PWM signal [~ !
| |
i |
\ \
| |
| |
\ |

A
ADC [[ADC]

MPPT algorithm
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Fig. 3.1 Block diagram of system used to evaluate MPPT methods

Table 3.1 Parameters of components used in PV system

N 5.338V
Open circuit voltage
(atT=28°C)
N 0.525 A
PV array Short circuit current
(atT=28°C)
. 2.4W
Maximum power
(atT=28°C)
Inductor 330 uH
Boost converter MOSFET switching frequency 30 kHz
Capacitor 470 uF
Maximum voltage 84V
Battery )
Capacity 5.4 Ah
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Fig. 3.2 PSIM simulation model of PV system with conventional MPPT

The system is simulated using PSIM software as shown in Fig. 3.2. In the
simulation, the orbit profile with PV temperature and solar insolation is updated every
second in the simulation. The sampling time of MPPT controller is chosen to be 0.5
seconds. Under the same scenario, different MPPT techniques with different step
change of duty cycle (AD) ranging from 1% to 5% have been simulated. Two
conventional MPPT methods namely the P&O and InC methods have been

implemented for the MPPT controller in the simulation.

The performance of MPPT methods under two satellite scenario, normal operating
mode and safe-hold operating mode are studied and evaluated. During the normal
operating mode, all the subsystems in the satellite are in operation. On the other hand,
in the event of a subsystem malfunction, the satellite will enter the safe-hold operating
mode. In normal operating mode, the satellite will constantly track the Sun with
attitude determination and control system (ADCS). If there is a sudden failure of

ADCS, the satellite will lost its stabilization and start to tumble in safe-hold operating
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mode. Thus, the satellite will experience certain degree of rotations. The four scenarios

used in this study are shown in Fig. 3.3.
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Fig. 3.3 Temperature and solar insolation level profile for satellite under different scenarios (a) normal
operating mode with sun-tracking (b) safe-hold operating mode with 2 degrees/s rotation (c) safe-hold
operating mode with 4 degree/s rotation (d) safe-hold operating mode with 6 degree/s rotation

Fig. 3.3 shows the temperature and solar insolation level profile for different
satellite scenarios. The profile is generated based on a series of simulations [45]. The
first step is to conduct the satellite attitude simulation based on various rotation rates.
For the simulation, the sun model and the actual satellite’s two-line element (TLE) are
used. Moreover, the sun incident angle towards each PV panel under different rotation
rates of the satellite are calculated and used later to obtain the temperature of the PV
panels. This is done by using the finite element model of the satellite in SolidWorks.
The solar absorptivity and infrared emissivity of actual PV panels are used in the

thermal simulation.

19



CHAPTER 3 CONVENTIONAL MPPT METHODS FOR SATELLITE APPLICATION

For a satellite flying in the normal operating mode, the PV array of the satellite is
constantly facing the Sun. Thus, it is observed that the solar insolation level is staying
at constant value as the satellite is performing sun pointing. Meanwhile, the PV
temperature tends to be higher as compare to the safe-hold operating scenarios. For
satellite safe-hold operating scenarios, it is assumed that the satellite will experience 2
degree, 4 degree and 6 degree per second of rotations. During the safe-hold scenarios,
it is clearly seen that the PV temperature is fluctuating within 1°C every second and
the solar insolation level changes rapidly as the satellite rotates faster. The rate of

change of temperature and solar insolation level in second are plotted in Fig. 3.4.
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Fig. 3.4 Rate of change of temperature and solar insolation level for satellite under different scenarios
(a) normal operating mode with sun-tracking (b) safe-hold operating mode with 2 degrees/s rotation (c)

safe-hold operating mode with 4 degree/s rotation (d) safe-hold operating mode with 6 degree/s rotation
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3.2. Analysis and Evaluation of Simulation Study

The performance of MPPT techniques are compared in terms of tracking

efficiency and tracking error. The tracking efficiency () is defined as below:

T

[Vay (£) 15y (t)dt

n=  X100% (3.1)

where

Vpy (t) : sampled PV array voltage in orbit period
Ipv (t) : sampled PV array current in orbit period

Pmax (t) : maximum power provided by PV array
T : total orbit period

dt : sampling time

The tracking efficiency in (3.1) indicates how well the MPPT algorithm tracks the

environmental changes [21].
3.2.1. Normal operating mode

During the normal operating mode, the solar insolation level and temperature in
Fig. 3.3(a) is used in the PSIM-based simulation program in Fig. 3.2. With the
temperature and solar insolation level scenario in Fig. 3.3(a), the theoretical maximum
power, Pmax is solved using I-V equation in (2.3). The solar array output tracked power

is produced by PSIM-based simulation and the result is plotted in Fig. 3.5.
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Fig. 3.5 Simulated PV output power during the normal operating mode with conventional MPPT

algorithm with 1% perturbation size (AD) (a) P&O (b) InC

Fig. 3.5 shows the maximum power and the solar array output power tracking
with conventional MPPT methods in the simulation. From Fig. 3.5, the mean error of
tracking power for P&O and InC method with 1% perturbation size are 10.4 mW and
10.1 mW respectively. This shows that the performance of both conventional methods
are similar. The simulation has been conducted for different perturbation size from 1%
to 5% and its tracking efficiency is calculated using (3.1). The tracking efficiency of
both MPPT methods with different perturbation size under satellite normal operating

scenario is plotted in Fig. 3.6.
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Fig. 3.6 Tracking efficiency of P&O and InC during the normal operating mode

From Fig. 3.6, it is observed that the tracking efficiency is affected by the change
of perturbation size. In varying the perturbation size, the smaller size give better
tracking performance under normal operation scenario. Both the conventional MPPT
methods give above 90% tracking performance for different perturbation size. InC
method has a slightly better performance than P&O method in all cases. From Fig. 3.6,
it is observed that as the perturbation size increases from 1% to 5%, the tracking
efficiency of both MPPT methods decreases from 99% to 91%. As seen in Fig. 3.7 and
Fig. 3.8, this is due to the oscillation at the steady state where the tracking is close to

maximum power point (MPP).
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Fig. 3.7 PV operating point oscillation at steady state with P&O (left) and InC (right) with AD (a) 1%

(b) 2% (c) 3% (d) 4% (e) 5% during the normal operating mode

Fig. 3.7 shows the PV operating voltage (Vpy) is oscillating around the maximum

power point voltage (Vmp). During the normal operating mode, the Vmp will remain

almost constant. However, the conventional MPPT methods have drawback of steady-

state oscillation. As the perturbation size increases, the oscillation tends to be larger.

The oscillation effect in Fig. 3.7 will incur the power loss as shown in Fig. 3.8.
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Fig. 3.8 Tracking power loss at steady-state oscillation, P&O (left) and InC (right) with AD (a) 1% (b)

2% (c) 3% (d) 4% (e) 5% under normal operation scenario

Fig. 3.8 shows the tracked power of the PV in the steady state. It can be clearly
seen that larger perturbation size leads to larger power loss and thus reduces the
tracking efficiency. During normal operating scenarios, the satellite will experience
stable environmental condition. Thus, it will experience steady-state oscillation at
most of the time. Therefore, it is recommended to use a smaller perturbation size for

the normal operating mode.
3.2.2. Safe-hold operating mode

From previous section, it is concluded that the conventional MPPT methods could
perform well in Sun tracking conditions. The tracking performance is limited by its
steady-state oscillation effect. Next, their performance will be evaluated using the
solar insolation and temperature presented in Fig. 3.3(b)-(d) under safe-hold operating

mode.

25



CHAPTER 3 CONVENTIONAL MPPT METHODS FOR SATELLITE APPLICATION

"MMM H ..... _____ ......... ]

et 111/
)

TNLCICILT

2000 3000 4000
Time(s)

HMMMMJ _____ ..... ......... ]

Max Powver
j|-= ===l

1000 2000 3000 4000
Time(s)

(@) 2 degree rotation scenarios

+

3 0 “']“ l“|”| 000 3000 ' 4000
* ol
.mHnm

(b) 4 degree rotation scenarios

1000 20 3000 4000
Time(s)

1000 200 3000 - 4000
Time(s)

(c) 6 degree/s rotation scenarios

Fig. 3.9 Simulated PV output power under safe-hold operation scenarios with tracking MPPT algorithm

with 1% perturbation size (AD)
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Fig. 3.9 shows the theoretical maximum power and the tracked PV power with
conventional MPPT methods in the simulation for safe-hold operation scenarios.
When the satellite is in safe-hold operation, the satellite is experiencing rotation. The
rotation causes the satellite PV to face the Sun at different angles which constantly
change solar insolation level. The simulation has been further conducted with different
perturbation size from 1% to 5% and different initial duty cycle from 30% to 70%.

The tracking efficiency is calculated and plotted in Fig. 3.10.
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Fig. 3.10 Tracking efficiency of P&O and InC under safe-hold operation scenarios

Fig. 3.10 shows the tracking efficiency along with the step size of duty cycle (AD)
for the two MPPT techniques under satellite rotation scenarios. Each point represents
the statistical mean of nine sets of different initial duty cycle ranging from 30% to
70% in step of 5%. These curve shows that the performance of P&O and InC are
similar as the difference of their tracking efficiency is less than 1% in all scenarios
with the same step size of duty cycle (AD). The results show that the conventional
MPPT methods having inconsistent performance with efficiency ranging from 62% to

93% if the satellite is rotating regardless of the perturbation size. Table 3.2
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summarizes the tracking efficiency of the conventional MPPT methods for all satellite

scenarios.

Table 3.2 Tracking efficiency under satellite scenario with P&O and InC for different AD

Sun tracking 2 degreel/s rotation 4 degree/s rotation 6 degree/s rotation
Average Tracking Average Tracking Average Tracking Average Tracking
Tracking Efficiency | Tracking Efficiency Tracking Efficiency Tracking Efficiency
Error (W) (%) Error (W) (%) Error (W) (%) Error (W) (%)
P&O
AD = 1% 0.0104 99.64 0.2667 79.76 0.2484 81.26 0.0942 93.01
AD = 2% 0.0483 97.84 0.1125 91.61 0.4344 67.40 0.3415 74.72
AD = 3% 0.0706 96.71 0.1032 92.28 0.2064 84.65 0.5054 62.85
AD = 4% 0.1172 94.48 0.1296 90.83 0.1987 85.64 0.3898 71.27
AD =5% 0.1795 91.49 0.1842 86.50 0.2167 83.28 0.3082 77.40
InC
AD = 1% 0.0101 99.64 0.2660 79.81 0.2466 81.32 0.0944 93.00
AD =2% 0.0438 98.05 0.1086 91.93 0.4367 67.20 0.3327 75.39
AD =3% 0.0686 96.81 0.1031 92.34 0.2035 84.86 0.5094 62.57
AD = 4% 0.1135 94.67 0.1262 91.03 0.2007 85.56 0.3884 71.45
AD =5% 0.1751 91.72 0.1670 86.74 0.2038 84.00 0.2984 77.98

From Table 3.2, it is observed that the smaller perturbation size give the best
tracking performance in the satellite normal operation scenarios but not in the satellite
safe-hold operation scenarios. Besides that, both the conventional MPPT methods
have poorer tracking performance in the satellite safe-hold operation scenarios as
compared to the satellite normal operation scenarios. The main reason for the poor
MPPT performance in the satellite safe-hold operation scenarios is that the PV will
experience rapid change of environment while the satellite is rotating in space. For
conventional MPPT methods, it requires two pairs of voltage and current
measurements. During satellite safe-hold operation scenarios, the measurements may
occur at different temperature and solar insolation level. Thus, this leads the P&O and
InC methods to perturb in wrong direction resulting PV operating point drift away

from MPP.
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3.3. Summary

In this chapter, a simulation study for a satellite using P&O and InC methods to
achieve peak power tracking has been conducted. From the results, it is observed that
both P&O and InC methods perform well when the satellite is performing Sun tracking
scenario with small perturbation size. Although smaller perturbation size gives slower
respond, it leads to lesser oscillation in the steady state and better tracking
performance. When the satellite is experiencing rotation, the performance of the
conventional MPPT methods is inconsistent as the tracking efficiency can decrease up

to 35%.

To overcome the shortcomings of P&O and InC methods in satellite application, a
new tracking method will be proposed in the next chapter that attempts to achieve

better performance in both normal operation and safe-hold operation.
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CHAPTER 4. SOLAR INSOLATION AND MAXIMUM
POWER POINT ESTIMATION (SIMPPE)

The simulation results presented in Chapter 3 demonstrated that the conventional
maximum power point tracking (MPPT) methods do not perform well when the
satellite is operating under safe-hold operation. The main reason is due to the change
of solar insolation level of the photovoltaic (PV) array causes the maximum power
point (MPP) change when the satellite undergoes rotation. To address this
shortcoming, a new model based MPPT algorithm with solar insolation level

estimation is proposed and presented in this chapter.

Every PV array has a unique MPP for a given temperature and solar insolation
level. A PV model can be used to estimate the actual 1-V characteristic if the values of
the equivalent circuit parameters are known. Usually, the parameters such as short
circuit current (Isc,n), open circuit voltage (Vocn), voltage at MPP (Vimpn), Current at
MPP (Imp,n), Open circuit voltage thermal coefficient (Kyv) and short circuit current
thermal coefficient (K;) at standard test conditions (STC) are given in the data sheet.
With these parameters, it is possible to identify the equivalent circuit parameters,
namely the diode ideality factor (a), series resistance (Rs) and parallel resistance (Rp)
using the particle swarm optimization (PSO) algorithm in [38]. With the PV model

known, the next step is to develop a model based MPPT.

To implement a model based MPPT, the information of environmental conditions
such as temperature and solar insolation level are required. The measurement of PV

cell temperature can be implemented using the thermocouples that are capable of
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measuring a wide range of temperature. To measure solar insolation level, the

pyranometer is the typical sensor used.

Model based MPPT [46, 47] has shown the advantage of dynamic response in
rapidly changing conditions. In addition, it solves the steady-state oscillation issue
faced by the P&O and InC methods. Moreover, it does not require training data such

as the artificial neural network (ANN) which is not feasible for space application.

The model based MPPT method in [46] is able to eliminate the needs of
pyranometer by estimate the solar insolation with an adequate accuracy. This reduces
the cost while maintaining a good accuracy in tracking of the MPP. The main
drawback in [46] is its requirement of the PV parameters to compute through
experimental data. In space, the PV suffers high degradation as compared to PV on
Earth. Thus, the parameters obtained through experiment may not be accurate after the

satellite is orbiting in space.

The proposed method in [47] solves for I-V curve instead of estimating
temperature and solar insolation using a single-diode and four-parameter model. In
[47], it introduced some conditions to ensure that the estimated I-V curve is valid.
However, this method only works when the PV’s operating point is near the MPP.
Thus, it required the P&O to find the first MPP which will be used in the proposed

method in [47].

In the next section, a model based MPPT method with solar insolation and MPP
estimation (SIMPPE) procedure will be introduced. Different from the reported
approaches, the information of solar insolation level can be predicted using an offline

PV model and real time PV measurements. Using the single diode PV model, the
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estimation of solar insolation level is formulated with the knowledge of voltage,
current and temperature measured from the PV array. The SIMPPE algorithm tracks
the MPP with the estimated solar insolation level and measured temperature. The
SIMPPE has been validated using simulation and experimental studies. The simulation
studies are conducted under various environmental conditions and different levels of
sensing errors to analyse its feasibility. The performance of the SIMPPE algorithm
will be verified using the same PSIM-based simulation and operation scenarios from

Chapter 3. Finally, the SIMPPE algorithm has been validated experimentally.

4.1. SIMPPE Algorithm

For the SIMPPE algorithm, a single diode model is considered due to its accuracy
and simplicity [48]. In order to track the MPP of the PV, it is first necessary to identify
the PV model parameters, namely the diode ideality factor (a), series resistance (Rs)
and parallel resistance (Rp). From the single diode model in Fig. 2.1, the PV array

output current is expressed as

aN,V, R

p

|:|ph—|,{exp{v+RS')—1}\”&' 4.1)

In (4.1), the unknown parameters to be solved are Iph, Irs, @, Rs and Rp. In [39], the

solution of Ipn and Irs are given as

G
L = (1onn +KiAT)G— 4.2)
- I, +KAT 43)
V. +K,AT
exp| ———— |-1
( aN,V, J
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where
Ioh,n - NoMinal generated photo current
Ki : short circuit current temperature coefficient
AT : different between actual temperature and nominal temperature, (T — Tn)
G : solar insolation on the solar panel
Gn : nominal solar insolation
Ise,n : Short circuit current at nominal condition
Vocn : Open circuit voltage at nominal condition

Ky : open circuit voltage temperature coefficient

The solution of nominal generated photo current Iynn can be obtained by rewriting

(4.1) under the condition of short circuit (I = Iscn, V = 0) at nominal STC condition as

. =1 I | ex Rl 1 Rl (4.49)
sc,n — " ph,n rs p aNSVt R .

p

Under short circuit condition, the reverse saturation current can be neglected in

(4.4) [39, 48]. Thus, (4.4) can be simplified as

R, +R,
Iph,n = Rp Isc,n (45)
Substituting (4.5) into (4.2) yields
Rp +R, G
Iph _( Rp Isc,n + KnATJG_n (46)

By substituting (4.3) and (4.6) into (4.1), the equation can be rewritten as
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R +R | K.AT
| = p+ s Iscn+KiAT E_ sen TK exp V+RS| _1 _V+RS| (47)
R : ) V. +KAT aNV, R
P ex = -1 p
aN,V,

Most of the PV array manufacturers provide the PV array information with
reference to nominal condition of temperature and solar insolation level. Therefore, the

information of lscn, Vocn, Ki, Ky and Gn are available in PV array datasheets.

The unknown parameters a, Rs and Ry are temperature dependent variables. They
can be obtained using the PSO algorithm [38]. To implement real-time PSO algorithm,
the code size is large and time consuming. Thus, an alternative solution is to solve the

parameters a, Rs and R, offline and stored them in a lookup table.

With a, Rs and Ry known, the only unknown parameter is the solar insolation
which can be estimated together with the three measurement readings (V,i,7). Thus,

(4.7) can be rewritten as follow to estimate the solar insolation.

With Gest, T, @, Rs, and Ry, the I-V curve can be estimated by solving | = f(V, I).
Once the I-V curve is estimated, the MPP can be calculated. The transcendental
equation, | = f(V, 1) can be solved by numerical methods such as Newton-Raphson

method. An overview of the SIMPPE algorithm is shown in Algorithm 4.1.
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Step 1: Measure PV voltage, current and temperature

VI, T
Step 2: Initialize a, Rs and R, from lookup table based on PV measured temperature

Step 3: Solve Gest Using (4.8)

P, I+ K AT exp V+RI 4 +\7+Rsf
Voc nt KvAf aNSV‘ ('|:) Rp
exp| ———— -1
aN,V,(T)
T R, +R,
R

p

I+ KAT
Step 4: Recursively solve the following equation I = f(V, 1), for 0 <V <V

V+RI V +RI
=1, -1,/ exp — |-1|- s
aN,V, R

p

Step 5: Find Vip by calculate P for 0 <V <V

Algorithm 4.1 Proposed SIMPPE algorithm

As illustrated in Algorithm 4.1, the PV voltage, current and temperature are first
measured. With the PV temperature measurement, the PV temperature dependent
parameters (a, Rs, Rp) can be extracted using a lookup table where the values have
been obtained offline using the PSO algorithm. The solar insolation can be estimated
using the PV model along with PV measurements and other parameters using (4.8).
Using the PV model, the I-V curve can next be generated using the PV temperature
measurement and estimated solar insolation. The generated I-V curve can then be used

to identify the MPP of the PV array.

4.2. Feasibility Studies of SIMPPE Algorithm

Based on the SIMPPE algorithm, the feasibility of the algorithm is first
investigated. A simulation study has been conducted using MATLAB to evaluate the

feasibility of the SIMPPE algorithm for PV operating at different PV operating points.
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For the simulation study, the PV parameters is configured based on Azur Space solar

cell and its specification is given in Table 4.1.

Table 4.1 PV parameters for simulation study (Azur Space TJ Solar Cell 3G30C)

Nominal open circuit voltage, Vocn 5.338V (at T = 28 °C)
Nominal short circuit current, lscn 0.525A (at T = 28 °C)
Nominal maximum power, Pmpn 2.4W (at T =28 °C)

Open circuit voltage temperature coefficient, Ky -6mv/°C
Short circuit current temperature coefficient, K; 0.32mA/°C

In [38], the PSO algorithm is used to solve the PV temperature dependent
parameters (a, Rs, Rp) at different temperatures with the PV parameters given in Table
4.1. Thus, the simulation is able to generate the 1-V curves at different temperatures
and solar insolation using (4.7). Each 1-V curve has 200 points of voltage and current
readings that will be used in the SIMPPE algorithm to estimate solar insolation level
and MPP voltage. The solar insolation level estimation and MPP voltage estimation

results are shown in Fig. 4.1 and Fig. 4.2 respectively.
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Fig. 4.1 PV I-V curve (left) and error of solar insolation level estimation (right) under different

temperatures and solar insolation level conditions

Fig. 4.1 shows the I-V curves that obtained from [38] under different temperature
conditions (T = -22°C, 28°C, 78°C) and solar insolation level conditions (G =
400W/m?, 800W/m?, 1353W/m?) which are within the range based on LEO satellite
operation. This is to study the influence of the location of the measured voltage and
current pair in performing accurate solar insolation level estimation. The markers in
left of Fig. 4.1 denote the 200 points of voltage and current readings that are used to
estimate the solar insolation level with PV temperature using (4.8). The solar

insolation estimation errors are the markers in the right of Fig. 4.1. Generally, when
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the solar insolation is low, the SIMPPE algorithm gives a higher estimation error as
compared to higher solar insolation level. Under low solar insolation level (400W/m?)
scenario, the maximum solar insolation level estimation relative error is less than 1%,
which is below 4W/m?. Due to the limitation of single diode model [49], the accuracy

of the single diode PV model deteriorates when approaching open circuit voltage.
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[

estimation error (V)

vV

PV voltage (V)

Fig. 4.2 Error of Vi, estimation and solar insolation level estimation under different temperature and

solar insolation level conditions

Fig. 4.2 shows the relationship of solar insolation level estimation and Vmp
estimation errors under different temperature conditions (T = -22°C, 28°C, 78°C) and
solar insolation level conditions (G = 400W/m?, 800W/m?, 1353W/m?). From Fig. 4.2,
with the small solar insolation estimation relative error of less than 1%, the single
diode PV model can give an accurate estimation of Vmp which leads to good tracking
efficiency. This shows that the location of measured pair will not affect the tracking

efficiency. Table 4.2 summarizes the results of Fig. 4.1 and Fig. 4.2.
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Table 4.2 Summary of solar insolation estimation and MPP estimation

Scenarios

Mean G estimation
absolute error (W/m?)

Maximum G estimation
absolute error (W/m?)

Mean Vmp estimation
absolute error (V)

T =-22°C, G = 400W/m?

T =-22°C, G = 800W/m?

T =-22°C, G = 1353W/m?

T =28°C, G = 400W/m?

T =28°C, G = 800W/m?

T =28°C, G = 1353W/m?

T =78°C, G = 400W/m?

T =78°C, G = 800W/m?

T=78°C, G = 1353W/m?

1.332 x 10*

0.0122

9.4078 x 104

0.0097

3.198 x 107

5.2947 x 106

0.0671

0.0217

6.3604 x 106

0.0043

0.8187

7.3577 x 10

0.2795

2.5844 x 10°°

1.6091 x 104

2.2478

1.4511

4.586 x 10

The simulation study have been extended for different temperature ranging

between —30°C and 150°C in step of 1°C. For each temperature, the solar insolation

level, G will be set to different solar insolation level (G = 400W/m?, 800W/m?,

1353W/m?). Each generated I-V curve has 200 points of voltage and current

measurement pairs that are used to estimate the solar insolation level. This

demonstrates the feasibility of SIMPPE algorithm regardless of PV cell temperature.
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Fig. 4.3 Solar insolation level estimation error under different voltage and temperature

Fig. 4.3 shows the solar insolation level estimation error under varying voltage
and temperature at different solar insolation levels, i.e. G = 400W/m?, 800W/m? and
1353W/m?. From Fig. 4.3, it is observed that solar insolation level estimation errors
are larger when the location of voltage and current measurement pair approaching the
open circuit voltage at different solar insolation levels. The maximum solar insolation
level estimation error remains below 2.5W/m? at three different solar insolation level

scenarios.

To study the feasibility of the proposed approach in space scenario further, the
simulation is run for I-V curve generated under different temperature, T and solar
insolation level, G. The range of temperature is set between — 30°C and 150°C in step
of 1°C while the range of solar insolation level is set between 1W/m? and 1353W/m?

in step of 1W/m?2,
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Fig. 4.4 Maximum solar insolation level estimation error under different temperature and solar

insolation level
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Fig. 4.5 Mean solar insolation level estimation error under different temperature and solar insolation

level
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Fig. 4.4 shows the absolute maximum of solar insolation level estimation error
and Fig. 4.5 shows the mean of solar insolation level estimation error for every 1-V
curve generated under different temperature and solar insolation level scenarios. Each
I-V curve has 200 pairs of voltage and current measurements that are used to evaluate
the performance of the SIMPPE algorithm. The maximum absolute errors and mean

absolute errors are calculated as follows:
Maximum = Max|G,, (k) — G, (K)| (4.9

n

Mean = %z

k=1

Gest ( k ) - Gactual (k )| (4 10)

The result in Fig. 4.4 shows that under the worst-case scenario, the absolute
maximum solar insolation level estimation errors are less than 3W/m? under all
temperature and solar insolation level scenarios. From Fig. 4.5, it shows that in any
measurement point of 1-V curve, the solar insolation level estimation is accurate and its
error is close to OW/m? As the solar insolation level is reduced, the SIMPPE

algorithm loses its accuracy and the solar insolation level estimation error rises.

43



CHAPTER 4 SOLAR INSOLATION AND MAXIMUM POWER POINT ESTIMATION
(SIMPPE)

25
3.
<
E ol
= 1.5
(7]
L
oF 14
>
(1]
=
0.

Fig. 4.6 Maximum Vp, estimation error under different temperature and solar insolation level

0.8
e L 0.7
% 0.8 10.6
]

5 e {05
1]

>g- 0-4" 0.4
S 0.2

[}

z 5l

5 0
G (W/m?) T (°C)

Fig. 4.7 Mean Vi, estimation error under different temperature and solar insolation level

Fig. 4.6 shows the maximum of Vmp estimation error and Fig. 4.7 shows the mean
of Vmp estimation error under different temperature and solar insolation level scenarios.

The maximum absolute errors and mean absolute errors are calculated as follows:
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Maximum = Max |V, o (k) ~Vi, s (K)| (4.11)
1 n
Mean = H Z|Vmp,est (k) _Vmp,actual (k)| (4 12)
k=1

The results in Fig. 4.4-Fig. 4.7 demonstrate that the small solar insolation level
estimation error does not affect the Vimp estimation. At 95% of temperature and solar
insolation level scenarios, the SIMPPE algorithm is able to give accurate Vmp
estimation where the estimation error is less than 0.05V. The maximum Vmp estimation
absolute error increases progressively when the solar insolation level is below
40W/m?. With the Vmp estimation, the tracking efficiency is calculated and the worst

case of the tracking efficiency is plotted in Fig. 4.8.
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Fig. 4.8 Worst case of tracking efficiency under different temperature and solar insolation level

Fig. 4.8 shows the worst possible case of tracking efficiency under varying
temperatures and solar insolation level. From Fig. 4.8, it is observed that temperature

condition does not affect the capability of the SIMPPE algorithm in tracking the MPP.
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Moreover, the poor tracking performance is only happen during low solar insolation

level, where the PV maximum power is low and negligible.

The results in Fig. 4.4-Fig. 4.8 are obtained under ideal scenario without error. In
practice, non-ideal case such as measurement noise and quantization error due to ADC
have to be taken into consideration For example, a 10-bit ADC is able to give 0.1% of
resolution while a 12-bit ADC can give 0.024% of resolution. The quantization error
for ADC Simulation study under different resolution of ADC is investigated next of
the SIMPPE algorithm. In this simulation study, the measurement range of voltage and
current are set to 6V and 1A respectively to cover all the PV voltage and current
measurements. The specifications of 10-bit ADC and 12-bit ADC are summarized in

Table 4.3.

Table 4.3 ADC specification for microcontroller C8051F12x-13x (P/N: C8051F12x-13x)

10-bit ADC 12-bit ADC
Measurement 0_6V:0_1A 0-6V:0-1A
Range
Resolution 6 mV/LSB; 1 mA/LSB (0.1%) 1.44 mV/LSB; 0.24 mA/LSB (0.024%)
Integral +1LSB +1LSB
Nonlinearity
Differential +1 LSB +1LSB
Nonlinearity
Offset Error +0.5LSB +1 LSB
Full-Scale Error +0.5LSB +3 LSB

The accuracy of ADC is defined by the total error of ADC. The total error of
ADC is equal to the summation of integral nonlinearity error, differential nonlinearity

error, offset error and full-scale error from Table 4.3. In the simulation study, the
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measurement error is set to randomly + 18mV / £ 3mA and £ 8.64mV / £ 1.44mA

which are equivalent to the total error of 10-bit ADC and 12-bit ADC respectively.

Max G Est. Err. (W/n?)
Max G Est. Err. (W/n?)

o .
G (W/m?) T¢C) G (Wim?) ° 1eo

Fig. 4.9 Comparison of maximum solar insolation level estimation absolute error between ideal scenario

and non-ideal scenario (left: 10-bit ADC, right: 12-bit ADC)

Mean G Est. Err. (W/m?)

2 — » 0
G (Wim?) T(C)

Fig. 4.10 Comparison of mean solar insolation level estimation absolute error between ideal scenario

and non-ideal scenario (left: 10-bit ADC, right: 12-bit ADC)

Fig. 4.9 and Fig. 4.10 compare the maximum absolute error and mean absolute
error for solar insolation level estimation between non-ideal and ideal scenario. From
Fig. 4.9 and Fig. 4.10, it is observed that the measurement error has an influence on
the solar insolation estimation. The maximum absolute solar insolation estimation

error increases linearly as the PV solar insolation level increases. On average, the
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estimation error in non-ideal scenario is higher and it varies from 4W/m? to 10W/m?

and 2W/m? to 5W/m? for 10-bit ADC and 12-bit ADC respectively.
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Fig. 4.11 Comparison of maximum Vp, estimation absolute error between non-ideal and ideal scenario

at nominal temperature (left: full view; right: closer view, G < 200 W/m?)
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Fig. 4.12 Comparison of mean Vpp estimation absolute error between non-ideal and ideal scenario at

nominal temperature (left: full view; right: closer view, G < 200 W/m?)

Fig. 4.11 and Fig. 4.12 compare the maximum Vmp estimation absolute error and
mean Vmp estimation absolute error between non-ideal scenario and ideal case at
nominal temperature (T = 28°C). The Vmp estimation performance starts to deteriorate
when the PV solar insolation is lesser than 100W/m? in the scenario when there is
random measurement error. When the solar insolation is above 100W/m?, the
algorithm gives less than 0.05V Vnp estimation error. With the estimated MPP voltage,

the tracking efficiency is calculated and its worst case is plotted in Fig. 4.13.
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Fig. 4.13 Comparison of worst case tracking efficiency between non-ideal and ideal scenario at nominal

temperature (left: full view; right: closer view, G < 100W/m?)

Fig. 4.13 shows the worst case tracking efficiency between non-ideal and ideal

scenario. From the comparison, the tracking performance of the SIMPPE algorithm is

able to maintain above 99 % when the PV solar insolation is above 50 W/m? given the

measurement error is within £ 3 LSB for 10-bit ADC. Therefore, it is concluded that

the tracking performance of the SIMPPE algorithm is less sensitive towards

measurement error.
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4.3. Simulation Study of SIMPPE Algorithm
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Fig. 4.14 PSIM-based simulation model of PV system with the SIMPPE algorithm

The SIMPPE algorithm has been implemented using PSIM-based simulation as
shown in Fig. 4.14. The simulation study is to verify the SIMPPE algorithm in satellite
operating scenarios and compare its performance with the conventional MPPT
methods. To have fair comparison, the PV and boost converter parameters used are the
same as in Chapter 3. Similarly, four different satellite scenarios in Fig. 3.3 are used.
The proposed algorithm in Algorithm 4.1 have been implemented for the MPPT
controller in the simulation. The simulation results for the satellite under normal

operating mode and safe-hold operating mode are presented in Fig. 4.15 and Fig. 4.16.
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Fig. 4.15 Solar insolation estimation absolute error (left) and relative error (right) under different

scenarios

The simulation results in Fig. 4.15 show that the SIMPPE algorithm is able to give
a good estimation of solar insolation level. Its maximum error is less than 30W/m?.
For normal operating scenario, the solar insolation relative estimation error maintains
below 5% at all time. For safe-hold operating scenario, there is a sudden spike in the
relative estimation error and it goes to 100%. This is due to the PV experiencing low
solar insolation level which is below 200W/m?. Table 4.4 summarizes the error of the

solar insolation level estimation, Gest.

Table 4.4 Solar insolation level estimation error under different satellite operating scenarios

2 degree/s 4 degree/s 6 degree/s

Sun trackin . . .
g rotation rotation rotation

Maximum absolute error ~ 25.9527 W/m?  4.0594 W/m?  4.1904 W/m?  4.3586 W/m?
Mean absolute error 2.6997 W/m?  1.7086 W/m?  1.6806 W/m?2  1.7422 W/m?

From Table 4.4, it is observed that the SIMPPE algorithm provides an accurate

estimation of solar insolation level during normal and safe-hold operating mode. With
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the estimated solar insolation level, Vmp under different satellite scenarios is estimated

by solving I-V equation using the Newton-Raphson method and plotted in Fig. 4.16.
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Fig. 4.16 Vip estimation absolute error (left) and relative error (right) under different scenarios

Fig. 4.16 shows the Vmp estimation error under different satellite operating
scenarios. From Fig. 4.16, it is noticed that the Vmp estimation error is less than 0.1V in
all satellite operating scenarios. Moreover, the Vmp estimation relative error maintain
below 2% at most of the time. This shows that the SIMPPE algorithm is able to track
the MPP of the PV under different satellite operating scenarios. From the simulation

result, the tracking efficiency is calculated using (3.1) and illustrated in Table 4.5.

Table 4.5 Comparison of tracking efficiency under different satellite operation scenarios

Sun tracking 2 degree/s rotation 4 degree/s rotation 6 degree/s rotation

SIMPPE 99.80% 98.29 % 98.17 % 98.07 %
99.64% 92.28% 85.64% 93.11%
P&O (best case)
(AD = 1%) (AD = 3%) (AD = 4%) (AD = 1%)
99.64% 92.34% 85.56% 93.15%
InC (best case)
(AD = 1%) (AD = 3%) (AD = 4%) (AD = 1%)

Table 4.5 summarizes the tracking efficiency of the SIMPPE algorithm under four
different satellite scenarios. From the table, it is noted that the tracking efficiency of

the SIMPPE algorithm reduces when the satellite is rotating faster. This is due to the
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limitation of the SIMPPE algorithm in the low solar insolation level situation. As the
satellite rotates faster, the frequent the satellite experiences low solar insolation level.
Nevertheless, the SIMPPE algorithm gives a better tracking efficiency than the

conventional MPPT methods in all satellite operating scenarios.

4.4. Experimental Validation of SIMPPE Algorithm

In previous section, it is observed that the measurement errors will affect the
tracking performance of the SIMPPE algorithm in software simulation. Thus, a
hardware-in-the-loop test system is setup to validate the SIMPPE algorithm using real

sensing circuit instead of software simulation.

This section presents the experimental results to validate the SIMPPE algorithm.
A hardware-in-the-loop test system using solar array simulators and electronic loads
has been setup to achieve space scenarios in laboratory environment. The overall test
setup is developed based on a virtual instrumentation concept. By using LabVIEW, the
solar array simulator and electronic load are controlled using General Purpose

Interface Bus (GPIB) commands as shown in Fig. 4.17.
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Fig. 4.17 Hardware-in-the-loop experimental test setup

The solar array simulator is used to emulate the actual PV arrays output based on
temperature and solar insolation. The SIMPPE algorithm has been programmed in
LabVIEW and the voltage and current measurements will be provided by electronic
load via GPIB commands. Each time the algorithm takes a measurement, the MPP
voltage is computed using the Newton-Raphson method and used to set the load

voltage of the electronic load.

To validate the SIMPPE algorithm experimentally, the simulation results in
Section 4.3 were compared with results obtained through experiments conducted using
hardware-in-the-loop setup in Fig. 4.17. Four sets of PV array temperature and solar
insolation profile in Fig. 3.3 are programmed into solar array simulator to simulate
different satellite operating scenarios. The comparison between simulation and

experimental results are presented in Fig. 4.18.
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Fig. 4.18 Experimental tracked power vs simulation tracked power for SIMPPE algorithms under

different scenarios

From Fig. 4.18, it is observed that the experimental results match with the

simulation results. In all satellite operating scenarios, the difference of simulation and

experimental results is less than 0.2W at most of the time. The tracking efficiency of

experimental are calculated and compared with simulation result in Table 4.6.
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Table 4.6 Tracking efficiency comparison for the SIMPPE algorithm

suntracking ~ 2dedree/s 4 degreels 6 degreels

rotation rotation rotation
Simulation 99.80% 98.29 % 98.17 % 98.07 %
Experimental 96.56% 91.27% 91.43% 91.58%

Thus, the tracking performance of the SIMPPE algorithm have been validated.

4.5. Summary

The feasibility of the SIMPPE algorithm has been investigated under different
temperature and solar insolation level scenarios that range from -30°C to 150°C and
1W/m? to 1353W/m2. From the result, it shows that the maximum solar insolation
estimation error is less than 3W/m? for varying PV operating point under different
temperatures and solar insolation level scenarios. With the estimated solar insolation
level, the SIMPPE algorithm is able to give an accurate estimation of Vmp with its
maximum absolute estimation error is less than 0.05V at 95% of temperature and solar
insolation level scenarios. The drawback of the SIMPPE algorithm is its poorer
performance in low solar insolation level scenarios. However, the PV maximum power
is low and negligible during low solar insolation level. Under the condition of
measurement affected by ADC resolution, the solar insolation level estimation
performance will be affected while the tracking performance is still able to give 95%

tracking efficiency for solar insolation level above 50W/m?.

The SIMPPE algorithm has been implemented in PSIM-based simulation with
different satellite operating scenarios. The simulation results show that the tracking

efficiency of the SIMPPE algorithm has improved between 0.16% and 8.42%
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comparing to best case of P&O and InC. Moreover, the SIMPPE algorithm also has
the advantage of zero steady-state oscillation at MPP while the conventional MPPT
methods encountered steady-state oscillation. The solar array simulator and electronic
load are integrated with LabVIEW software to form the hardware-in-the-loop test
system. The test system is used to validate the SIMPPE algorithm experimentally.
Experimental results show that the tracking efficiency for the SIMPPE algorithm
under normal operating and safe-hold operating scenarios are 96% and 91%

respectively.
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CHAPTER 5. TEMPERATURE AND MAXIMUM POWER
POINT ESTIMATION (TMPPE)

The SIMPPE algorithm presented in Chapter 4 required temperature sensor to
estimate maximum power point (MPP) as compare to the conventional maximum
power point tracking (MPPT) method. In this chapter, an improvement has been made
such that the model based MPPT is able to estimate both photovoltaic (PV)

temperature and solar insolation level.

Using multiple pairs of PV measurement and single diode PV model, the
estimation of temperature is formulated with the knowledge of voltage and current
measured from the PV array. The temperature and MPP estimation (TMPPE)
algorithm estimates the MPP with the estimated temperature and solar insolation level.
The feasibility of TMPPE algorithm has been studied through simulation study. The
simulation study has been conducted under different environmental conditions and
different levels of random noise to analyse its feasibility. The performance of the
TMPPE algorithm will be verified using the same PSIM-based simulation and
operation scenarios from Chapter 3. Finally, the TMPPE algorithm is validated

experimentally using the hardware-in-the-loop test system in Chapter 4.
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5.1. TMPPE Algorithm
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Fig. 5.1 Points used by the TMPPE algorithm

The TMPPE algorithm solves the single diode model with the measurements of
four pairs of voltage and current point ((V1, 11), (V2, I2), (V3, 13) & (V4, 14)) as shown in
Fig. 5.1. The required condition for these points is that they must be taken in same
environmental condition and they are close to MPP. This is because when the

operating point is close to MPP, the g\'/i is significant to estimate PV temperature.

PV

The TMPPE algorithm is able to solve for the temperature information by
estimate solar insolation level (Gest1, Gest2, Gest3, Gests). The solar insolation level

estimation equation in (4.8) can be rewritten for different temperature, T as follows:

|~k + Isc,n + KIAT J |:eX (VK +R5(T)rk ]_1:|+\7k +R5(T)rk

( V. .+ K,AT P a(M)NV, (T) R,(T)

~ a(T)N,V,(T)

Gest,k G-) - Rp (T) + Rs (T) I .\ K AT Gn (51)
Rp(-l—) sc,n i
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Given that the environmental condition is constant for these points taken, the
estimated solar insolation level should be close to each other therefore their difference

are close to zero.

AGest (T) =

Gest,l(T) - Gest,Z (T)| +

Gest,z (T) - Gest,3 (T)| +

Gest,3 (T) - Gest,4 (T)| (52)

With Gest, Test, , Rs, and Rp, the I-V curve can be reconstructed and the MPP can
be estimated by solving | = f(V, I). The transcendental equation, I = f(V, 1) can be

solved by numerical methods such as Newton-Raphson method.

An overview of the TMPPE algorithm is shown in Algorithm 5.1.

Step 1: Measure PV voltage and current at different operating point
Vi 1V, 1V, 1 Vg

Step 2: Initialize a, Rs and R, from lookup table for different temperature, -30 °C < T < 150 °C

Step 3: Recursively solve Ges for different set of a, Rs and R, for different temperature, -30 °C <
T<150°C

G 1,6 216 20 G

est,1? “est,2? “est,3? “est,4
Step 4: Obtain absolute difference of Gest to determine the correct temperature by finding

minimum of AGest
AGest(T) =

Gest,l(T) _Gest,z (T)| +

Gest,z (T) _Gest,3 (T)| +

Gest,S (T) _Gest,4 (T)|
Step 5: With Test and Gest, recursively solve the following equation | = f(V, 1), for 0 <V <V

V4R V4R
=1y — 1| exp| e | |-
aN.y, R

p

Step 6: Find Vi, by calculate P for 0 <V < V.
Algorithm 5.1 Proposed TMPPE algorithm
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5.2. Feasibility Studies of TMPPE Algorithm

Based on the proposed approach, the feasibility of the TMPPE algorithm is first
investigated. A simulation study has been conducted using MATLAB. For the
simulation study, the PV parameters is configured based on Azur Space solar cell and
its specification is shown in Table 4.1. Considering boost topology used in Fig. 3.1
and the battery parameters in Table 3.1, the voltage step is set to 100mV for the four
pairs of measurements to meet the allowed input voltage range in practical boost
converter. The simulation has been conducted on different temperatures (T = -22°C,
28°C, 78°C) and solar insolation levels (G = 400W/m?, 800W/m?, 1353W/m?). With
the four pairs of measurements, the temperature is estimated using the TMPPE

algorithm in Algorithm 5.1 and the results are shown in Fig. 5.2.
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Fig. 5.2 Temperature estimation under different temperature and solar insolation level
Fig. 5.2 shows that the correct temperature will give lowest AGest. The solar
insolation level can be estimated using (5.1) with the accurate estimated temperature.
With the estimated temperature and solar insolation level, the I-V curve can be

reconstructed and the MPP can be solved using the Newton-Raphson method.

As shown in Fig. 5.2, the TMPPE algorithm is able to find the correct temperature
using (5.1) and (5.2) in ideal scenario. As mentioned in Chapter 4, the drawback of the

model based MPPT algorithm is the sensing errors. Simulation has been extended to
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study the effect of measurement error towards temperature and solar insolation level

estimation.

In this simulation study, different range of measurement error has been set to
investigate the feasibility of the TMPPE algorithm. The temperature and solar
insolation level of PV are set at nominal condition (T = 28°C, G = 1353W/m?). The
range of measurement error is set between 0.1% and 1% in step of 0.1% of the voltage
and current measurement range. The voltage and current measurement range is set to
6V and 1A respectively to cover all the PV measurements under any environmental
condition. In the Monte Carlo simulation test, 1000 simulations have been conducted
for each range of measurement error. The statistical mean of the temperature and solar

insolation level estimation results are calculated and plotted in Fig. 5.3 and Fig. 5.4.
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Fig. 5.3 Absolute mean error of temperature estimation under different measurement noise levels
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Fig. 5.4 Absolute mean error of solar insolation level estimation under different measurement noise

levels

From Fig. 5.3 and Fig. 5.4, it is observed that the temperature and solar insolation
level estimations are linearly affected by the measurement noise level. As the
measurement noise increases from 0.1% to 1.0%, the mean of temperature estimation
error increases from 0.622°C to 6.06°C while the mean of solar insolation level

estimation error increases from 0.925W/m? to 9.1537W/m?.

With the estimated temperature and solar insolation level, the 1-V curve can be
reconstructed by solving (4.1) using the Newton-Raphson method. Thus, Vmp can be

estimated through the reconstructed I-V curve and its power loss will be evaluated.
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Fig. 5.6 Mean power loss under different measurement noise levels

Fig. 5.5 and Fig. 5.6 show the effect of different measurement noise levels on
MPP voltage estimation and power loss. In all measurement noise scenarios, the
proposed method gives less than 1% Vmp estimation error and its tracking efficiency is
above 98%. This show that the tracking performance of the TMPPE algorithm is not

sensitive to measurement noise.

The mean (n) and standard deviation (o) for simulation are calculated to evaluate

the performance of SIMPPE algorithm at 3-sigma (u + 3c). The absolute error for
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temperature, solar insolation level and maximum power point voltage estimation at 3-

sigma are summarized in Table 5.1.

Table 5.1 Summary of estimation error at 3-sigma (T = 28°C, G = 1353W/m?)

T estimation absolute G estimation absolute Vp estimation Average power
Measurement error . ’ . absolute error (V) at 3- loss (%) at 3-
error (°C) at 3-sigma error (W/m?) at 3-sigma . :

sigma sigma
0.1% (£ 6mV /£ 1mA) 2.2020 3.0292 0.0120 0.0018
0.2% (£ 12mV / £ 2mA) 4.0109 6.3530 0.0212 0.0257
0.3% (+ 18mV /£ 3mA) 5.4687 8.7878 0.0291 0.0520
0.4% (£ 24mV / £ 4mA) 7.1931 11.4405 0.0385 0.0935
0.5% (+30mV / +5mA) 8.7500 14.0491 0.0469 0.1402
0.6% (+ 36mV / + 6mA) 10.4125 18.2224 0.0558 0.1968
0.7% (£ 42mV / £ 7TmA) 12.2139 21.4428 0.0654 0.2823
0.8% (+ 48mV / + 8mA) 14.0138 23.3487 0.0749 0.3743
0.9% (£ 54mV / £ 9mA) 15.7473 26.7091 0.0842 0.4997
1.0% (+ 60mV / = 10mA) 17.5391 29.8485 0.0950 0.6501

Next, we evaluate the feasibility of the TMPPE algorithm under different
temperature and solar insolation level conditions. In the simulation, 0.5% random
measurement noise is selected to cover the accuracy of 10-bit and 12-bit ADC in Table
4.3. The simulation studies have been conducted with temperature ranging from -20°C
to 140°C in step of 10°C and solar insolation level ranging from 200W/m? to
1200W/m? in step of 100W/m?. In the Monte Carlo simulation, the simulation has
been conducted 1000 times for each combination of temperature and solar insolation

level. The mean () and standard deviation (o) are calculated to evaluate the feasibility
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of the TMPPE algorithm at 3-sigma (1 + 3c). The estimation results and power loss

are plotted in Fig. 5.7-Fig. 5.10.
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From Fig. 5.7, it is observed that the mean absolute error of temperature
estimation is less than 10°C in all cases. Fig. 5.7 shows that absolute error of
temperature estimation is affected by solar insolation level. The temperature
estimation absolute error at 3-sigma is less than 15°C when solar insolation level is
above 600W/m? and it shoots up to 35°C when solar insolation level is 200W/m?. On
the other hand, the solar insolation level estimation error is less sensitive to
environmental condition. As shown in Fig. 5.8, the mean absolute error is below
6W/m? in all cases and the error at 3-sigma is between 10W/m? to 18W/m?. A closer
examination at Fig. 5.8 reveals that solar insolation level estimation error increases

slightly with an increase in solar insolation level.

P e 0.2
025
< 10.15
E 0.15. :
B 041
>E 005_‘. '01
0l
150 0.05
100020

G (W/m?)

Fig. 5.9 Vinp estimation performance under different environmental conditions
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Fig. 5.10 Power loss under different environmental conditions

Fig. 5.9 and Fig. 5.10 show the performance of the TMPPE algorithm in
estimating MPP voltage and its power loss. Similar to the temperature estimation, the
MPP voltage estimation deteriorates when the solar insolation level is below
600W/m?. Nevertheless, the power loss at 3-sigma increases from 0.61% to 20.67%
when solar insolation level decreases from 400W/m? to 200W/m? Thus, it is

recommended to execute the algorithm when solar insolation level is above 400W/m?,
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5.3. Simulation Study of TMPPE Algorithm
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Fig. 5.11 PSIM-based simulation model of PV system with the TMPPE algorithm

The TMPPE algorithm has been implemented using PSIM-based simulation as
shown in Fig. 5.11. The simulation study is to verify the TMPPE algorithm in satellite
scenarios and compare its performance with the conventional MPPT methods and the
SIMPPE algorithm. The PV and boost converter parameters in Chapter 3 are used in
this study. Four sets of PV array temperature and solar insolation level profile in Fig.
3.3 are used to simulate different satellite operating scenarios. The TMPPE algorithm

in Algorithm 5.1 have been implemented for the MPPT controller in the simulation.

For practical implementation, certain conditions must be met to guarantee
consistent temperature and solar insolation level estimation so that the MPP
computation will be accurate. Due to the I-V characteristic of a PV array, the

measurements must always fulfil the following conditions:

V, <V, <V, <V, (5.3)
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>0, >1,>1, (5.4)
VeV, _VamVy (5.5)
=1 1,—1

If any above conditions (5.3)-(5.5) not fulfilled, the TMPPE algorithm will not

execute estimation and acquiring process is repeated until valid points is obtained. The

estimation only valid if the following conditions are fulfilled:

400> G, >1353 (5.6)

est

AG,, (T) <100 (5.7)

As previous study has shown, the TMPPE algorithm has poor performance when

solar insolation level is below 400W/m?. Thus, condition (5.6) filter any low solar

insolation level scenario. Condition (5.7) is used to filter sudden solar insolation level

change during acquisition.

The simulation results for the satellite under normal operating mode and safe-hold

operating mode are presented in Fig. 5.12 and Fig. 5.13.
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Fig. 5.12 Temperature and solar insolation level estimation absolute error under different scenarios
Fig. 5.12 shows the temperature and solar insolation level estimation error under
different satellite operating scenarios. From Fig. 5.12, the TMPPE algorithm maintains

both temperature and solar insolation level estimation error in term of less than 10°C
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and 10W/m? respectively at most of the time. However, a closer examination reveals
that sudden spike of the estimation error is happened when the PV solar insolation

level is between 400W/m? to 600W/m?.

With the estimated PV temperature and solar insolation level, Vimp under different
satellite operation scenarios is estimated using Newton-Raphson method and its

estimation error is plotted in Fig. 5.13.
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Fig. 5.13 MPP voltage estimation absolute error under different scenarios

Fig. 5.13 shows the Vmp estimation error for satellite normal operating mode and
safe-hold operating mode. It is observed that Vmp estimation error is less than 0.1V at
most of the time. Table 5.2 summarizes the mean absolute error for temperature
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estimation, solar insolation level estimation and MPP voltage estimation under

different satellite operating scenarios.

Table 5.2 Comparison of mean absolute error under different satellite operating scenarios

2 degree/s 4 degree/s 6 degree/s

sun trackin . . .
g rotation rotation rotation

Mean absolute error of

e 1.5780°C 2.1690°C 2.1961°C 2.5513°C
T estimation

Mean absolute error of

L 2.9027W/m?  1.8924W/m?  2.1000W/m? 2.9027W/m?
G estimation

Mean absolute error of

S 0.2054V 0.2564V 0.2512Vv 0.2770V
Vmp estimation

To compare with the SIMPPE algorithm and the conventional MPPT methods, the
tracking efficiency of the TMPPE algorithm is calculated using (3.1) and illustrated in

Table 5.3.

Table 5.3 Comparison of tracking efficiencies under different satellite operating scenarios

sun 2 degree/s 4 degree/s 6 degree/s
tracking rotation rotation rotation
TMPPE 96.80% 95.13 % 95.05% 94.96%
SIMPPE 99.80% 98.29 % 98.17 % 98.07 %
99.64% 92.28% 85.64% 93.11%

P
&O(bestcase)  \p_ o) (AD=3%) (AD=4%) (AD=1%)
99.64%  92.34%  8556%  93.15%

InC (best case) (AD=1%) (AD=3%) (AD=4%) (AD=1%)

As was expected, the TMPPE algorithm has slightly lower tracking performance
compared to the SIMPPE algorithm. This is due to the fact there are some power
losses associated with the acquisition process. However, the TMPPE algorithm is able

to estimate the MPP without temperature sensor as compared to the SIMPPE
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algorithm. Compared to the conventional MPPT methods, the TMPPE algorithm has
slight improvement of 1% to 10% of tracking efficiency in satellite safe-hold operating

scenarios.
5.4. Experimental Validation of TMPPE Algorithm

To validate the TMPPE algorithm experimentally, the hardware-in-the-loop test
system in Fig. 4.17 is used. Four experiments have been conducted to validate the
TMPPE algorithm in Algorithm 5.1 with four different satellite scenarios in Fig. 3.3

are used. The comparison between simulation and experimental results are presented

in Fig. 5.14.
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Fig. 5.14 Experimental tracked power vs simulation tracked power for TMPPE algorithms under

different scenarios

From Fig. 5.14, it is observed that the experimental results match with the
simulation results. Similar to the SIMPPE algorithm, the difference of simulation and
experimental results is less than 0.2W at most of the time in all satellite operating

scenarios. The tracking efficiency of both simulation and experimental are calculated

and compared in Table 5.4.

Table 5.4 Tracking efficiency comparison for the TMPPE algorithm

. 2 degree/s 4 degree/s 6 degree/s
sun tracking . . .
rotation rotation rotation
Simulation 96.80% 95.13 % 95.05% 94.96%
Experimental 92.94% 87.62% 87.78% 87.90%

Thus, the tracking performance of the TMPPE algorithm have been validated.
Comparing Table 5.4 with Table 4.6, the TMPPE algorithm has poorer tracking
efficiency when compared with SIMPPE algorithm. This is because of the four point

measurements used by the TMPPE algorithm, which resulted in power losses during

78



CHAPTER 5 TEMPERATURE AND MAXIMUM POWER POINT ESTIMATION (TMPPE)

acquisition process. However, the TMPPE algorithm has the advantage of removing

the use of a temperature sensor as compared to the SIMPPE algorithm.

5.5. Summary

The feasibility of the TMPPE algorithm has been investigated under different
measurement noise that range from 0.1% to 1.0% of the measurement. The simulation
result shows that the TMPPE algorithm gives less than 1% Vmp estimation error and its
tracking efficiency is above 98%. This show that the tracking performance of the
proposed method is not sensitive to measurement noise. To further study the feasibility
of TMPPE algorithm under different environmental conditions with temperature and
solar insolation level that range from -20°C to 140°C and 200W/m? to 1200W/m?, the
simulation have been conducted using Monte Carlo approach. The TMPPE algorithm

gives tracking efficiency of 99% at 3-sigma for 0.5% measurement noise.

The performance of the TMPPE algorithm has been further validated using PSIM-
based simulation. The simulation results show that the tracking efficiency of TMPPE
algorithm has improved between 1% and 10% comparing to the best case of P&O and
InC in satellite safe-hold operating scenarios. Finally, the TMPPE algorithm has been
validated experimentally using hardware-in-the-loop test system. The experimental
results show that the tracking efficiency are 92% and 87% respectively for normal and

safe-hold operating scenarios.
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CHAPTER 6. CONCLUSION AND FUTURE WORKS
6.1. Conclusion

In this thesis, a PSIM-based simulation study has been conducted using the
conventional MPPT methods (P&O and InC) for space application. The results show
that the tracking performance of the conventional MPPT methods has above 90%
tracking efficiency in normal operation scenario. However, for satellite operating in
safe-hold scenarios, the tracking efficiency of P&O and InC deteriorate by 37.52% and

37.13% respectively when the satellite is rotating at 6 degree/s.

To overcome these shortcomings, a SIMPPE algorithm based on a single diode
PV model has been developed. The SIMPPE algorithm estimates the solar insolation
of PV using voltage, current and temperature measurement. With the estimated solar
insolation, the SIMPPE algorithm is able to perform MPPT by generating I-V curve
using Newton-Raphson method. Comparing to the conventional MPPT methods, it
required an additional of temperature sensor while P&O and InC needs only voltage

and current readings to perform MPPT.

The feasibility of the SIMPPE algorithm has been investigated under different
temperatures (-30°C to 150°C) and solar insolation level (IW/m? to 1353W/m?). The
simulation results show that the SIMPPE algorithm has a low solar insolation
estimation error of less than 3W/m? in all cases and a low Vpp estimation error of less
than 0.05V in 95% of cases. The performance of the SIMPPE algorithm has been
further validated using PSIM-based simulation. The simulation results show that the
SIMPPE algorithm is able to maintain the tracking performance above 97% in all
satellite scenarios. In normal operation scenario, the SIMPPE algorithm has an
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improved 0.4% of tracking efficiency comparing to the best case of the conventional
MPPT methods. However, in safe-hold operation scenario, the tracking efficiency of
SIMPPE algorithm has improved between 0.47% and 12.36% comparing to the best
case of the conventional MPPT methods for different rotation rates. Finally,
experiments has conducted using a hardware-in-the-loop test system to validate the

SIMPPE algorithms.

A TMPPE algorithm has been proposed to solve for PV MPP with only voltage
and current measurements. The TMPPE estimates the temperature and solar insolation
of PV using four pairs of PV voltage and current measurements. Similar to SIMPPE
algorithm, the TMPPE estimate the MPP voltage by solving I-V equation using

Newton-Raphson method.

The performances of the TMPPE algorithm has been validated through simulation
and experiments. The feasibility of the TMPPE algorithm has been investigated in
simulation under different measurement noise environment. The simulation results
show that the TMPPE algorithm has achieved less than 1% power loss at 3-sigma for
case when solar insolation level is above 600W/m?. The performance of the TMPPE
algorithm has been further validated using PSIM-based simulation. The simulation
results show that the TMPPE has improved tracking efficiency of between 0.21% and
9.49% compared to the conventional MPPT methods. Finally, the experimental results

have validated the TMPPE algorithm.
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6.2. Future Works

The following suggestions should be explored further for the future works.

In this thesis, the performance of the SIMPPE algorithm and the TMPPE
algorithm is limited by single diode PV model. It deteriorates when the PV operating
points is approaching open circuit voltage at low solar insolation level. The PV
modelling accuracy can be improved further using double diode PV model [49, 50].
For future research, the MPP estimation algorithm based on double diode PV model

can be considered.

Besides that, it was identified that the temperature and solar insolation level
estimation of TMPPE algorithm is affected by the measurement noise. Thus,
developing a filtering algorithm to the measurement noise is an advantage. The PV
environmental condition estimation can be achieved by implementing a Kalman filter

to reduce measurement noise to have better estimation accuracy.

In this research, the solar insolation level and temperature estimation algorithm is
developed based on four measurement points. It is known that P&O and InC methods
have steady-state oscillation issue. Thus, the estimation algorithm can be integrated
with the P&O and InC methods to estimate the temperature and solar insolation level

while performing the MPPT.
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