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Abstract
With the rapid developments of economy and technology in the past decades,

the Moon exploration activities are focused all over the world. As one of the most
convenient instruments for lunar investigations, the lunar rover has achieved great
developments in various areas, such as the lunar magnetic field distribution, water
existence and Moon origin as well as evolution. So far, almost all the launched lu-
nar rovers are powered by the PV panel, and the solar irradiance at lunar day can
be utilized to generate electricity to be stored to provide energy to the lunar rover
at lunar night. However, in the conventional lunar rover structure, the PV panel
is connected to the rover instruments via a wire connection through the multilayer
insulation (MLI) materials which is employed to block the heat exchange between
the rover inside instruments and outside circumstances. Because the wire connec-
tion brings about a slit on the MLI materials, there will be a heat leakage from the
internal instruments to the outside at lunar night. Because the rover internal temper-
ature is kept by the thermal management system which is powered by battery, the
heat leakage will need extra battery volume to cover the thermal dissipation. There-
fore, the extra battery volume will cause excess burden to the lunar rover launch
mission.

In this paper, a wireless power transfer (WPT) system is proposed for lunar rover
to replace the conventional wire connection in order to avoid the heat leakage at lu-
nar night. The main content can be summarized into three parts: a novel lunar rover
WPT system is proposed; a simulated annealing (SA) method to track the maximum
DC-to-DC efficiency of the WPT system with parameter variations is proposed; two
PV maximum power point tracking (MPPT) methods under partial shading condi-
tions are proposed. The paper is organized as follows.

Chapter 1 introduces the recent lunar rover developments and analyzes the cor-
responding unsolved problems. In recent years, various lunar rovers have been
launched to the Moon surface to conduct the lunar investigations, and currently,
there are more lunar rover projects planned for the future. However, there are two
issues which still need to be paid attention to, namely the heat leakage and PV MPPT
under partial shading conditions. With the theory and simulation analysis, it can be
concluded that for the lunar rover 1 W heat leakage power should be covered by
approximately 2 kg lithium battery. Based on the designed lunar rover parameters,
the expected heat leakage will be approximately 20 W, indicating there should be at
least 40 kg lithium battery required to balance the thermal dissipation and genera-
tion. Furthermore, when the lunar rover moves on the Moon surface, the PV panel
is highly probable to be partially shaded. In this case, in order to make the most of
solar energy, the PV global MPPT control should be conducted.

Chapter 2 presents the proposed lunar rover WPT system structure and the PV
output property with different solar irradiance cases. In the proposed lunar rover
structure, the conventional wire connection is replaced with a WPT system, and in
this way, there is no slit on the MLI materials, indicating the heat leakage is com-
pletely avoided at lunar night. Furthermore, the PV output property is analyzed
based on the 1-diode and 2-diode PV cell models, and it is concluded that when the
solar irradiance on the PV panel is not uniform, namely the PV panel works un-
der the partial shading conditions, the global MPPT control should be conducted to
make the full utilization of solar energy.

Chapter 3 presents the proposed lunar rover WPT systems. Based on the po-
sition of the converter used to conduct the PV MPPT control, the proposed WPT
systems can be divided into the transmitter side converter (TC) WPT system and
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receiver side converter (RC) WPT system, respectively. The feasibility of the TC and
RC topologies in the PV MPPT control aspect is analyzed respectively, and both of
them can meet the MPPT tracking accuracy and time requirements. Furthermore,
considering the Moon surface circumstances and the lunar rover structure, the TC
and RC topology WPT system feasibility for the lunar rover application is analyzed.
Mainly based on the circuit device limitations, the RC topology is more applicable
for the current lunar rover designs.

Chapter 4 presents the power management strategy for the TC and RC topology
lunar rover WPT systems. The WPT system is composed of 3 parts which are re-
lated to the energy supply/requirement, and they are the PV, battery and load. The
PV and load are the power supply and request respectively, and the battery is em-
ployed to achieve the system power balance. Considering the Moon surface solar
irradiance distribution and lunar rover mission design, 6 working modes are de-
signed for the lunar rover. Furthermore, based on the different topologies of TC and
RC WPT systems, different system control methods are employed. The proposed
power management strategy and control methods are verified by experiments.

Chapter 5 presents the maximum DC-to-DC efficiency tracking method of WPT
system with parameter variations. Due to the extreme temperature conditions of the
Moon surface, the WPT system transmitter side which is exposed to the lunar cir-
cumstances will encounter the circuit device parameter variations. With the param-
eter variations, the DC-to-DC efficiency of the whole WPT system will be sharply
reduced with the preset nominal system parameters. Considering this issue, in this
paper, a SA method is proposed to track the maximum value of the WPT system
DC-to-DC efficiency. The proposed SA method is verified with simulations.

Chapter 6 presents the proposed PV MPPT algorithms under working condi-
tions. In order to make the most of solar energy on the Moon surface, the PV MPPT
control should be conducted. Based on the solar irradiance uniformity, the algorithm
can be divided into the local and global MPPT algorithms. When the solar irradi-
ance is uniform, the PV only possesses one peak at the power-voltage (P-V) curve,
and local MPPT algorithm can track the power peak. In this paper, the variant step
incremental conductance (InCon) method is proposed. In the proposed method, the
power peak height is employed to tune the variant step to improve the tracking
time sensitivity and accuracy. When the solar irradiance is not uniform, namely the
PV works in the partial shading conditions, the PV outputs multiple peaks with re-
spect to voltage. Therefore, the global MPPT method should be employed to track
the power maximum. In this paper, two global MPPT algorithms are proposed,
namely the simulated annealing assisted particle replaced Gaussian particle swarm
optimization (SA-PR-GPSO) method and the simulated annealing assisted particle
jump particle swarm optimization (SA-PJ-PSO) method. In the SA-PR-GPSO algo-
rithm, the tracking process is divided into two stages. In this first stage, the particles
at each iteration are replaced with Gaussian distribution to achieve the fast conver-
gence, and in the second stage, the accurate optimal position tracking is conduced
with GPSO method. Based on the two-stage algorithm structure, the tracking time
will be reduced while the tracking accuracy will be increased. On the other hand, in
the proposed SA-PJ-PSO algorithms, the two-stage algorithm structure is also em-
ployed, while in the first stage the fast particle convergence is achieved with particle
jump and in the second stage, the accurate particle positioning is conducted with
PSO algorithm. All of the 3 proposed algorithms are verified with experiments.

Chapter 7 summarizes the main research contents and also analyzes the future
research prospects of the proposed combined method of PV and WPT system.
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In this paper, a novel lunar rover WPT system is proposed to replace the wire
connection in the conventional structure. The PV power can be transferred via mag-
netic coupling in the WPT system, and then the heat leakage at lunar night can be
avoided. The PV MPPT control is achieved with a receiver side converter and in this
way the transmitter side facility can be effectively reduced. Furthermore, consider-
ing the potential parameter variations caused by harsh Lunar circumstances, a SA
method is proposed to track the maximum system DC-to-DC efficiency when the
parameter variations happen. Finally, in order to conduct the global MPPT control
when the lunar rover PV works under partial shading conditions, a SA-PR-GPSO
and SA-PJ-PSO methods are proposed to accelerate the tracking process with fast
particle position convergence.
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Chapter 1

Introduction

1.1 Lunar Rover Developments

Lunar rover is one kind of vehicles which are driven on the Moon surface to inves-
tigate the lunar information, such as the water existence evidence, lunar magnetic
field distribution and Moon evolution [1]. So far, various lunar rovers have been
launched to the Moon surface and they have played irreplaceable roles in the Moon
exploration of human beings [2].

FIGURE 1.1: Lunar rovers (a) Lunokhod 1 [4]. (b) Apollo [5].

As the first polycrystalline-panel-powered lunar rover, Lunokhod 1 was launched
to the Moon surface in 1969 [3]. It is the first remote-controlled robot to land on an-
other celestial body in Fig. 1.1. In 1971 and 1972, the Apollo rover was launched
for the Project Apollo to carry the astronauts and equipments [6]. Furthermore, it
also can be employed to communicate with the earth side for the information trans-
fer. In 1973, as a monocrystalline-panel-powered of two unmanned lunar rovers,
Lunkkhod 2 was launched to the Moon surface [7]. The main missions included the
Moon surface image analysis, ambient light level investigation, laser ranging exper-
iment conduction, lunar local magnetic field measurement and Moon surface soil
mechanics analysis. In 2018, as the second lunar rover of China, Yutu 2 rover was
launched to the far side of Moon surface [8]. In order to conduct the required inves-
tigations, there are various equipments carried in the rover, such as the panoramic
camera to obtain the Moon surface images, lunar penetrating radar to analyze the
Moon surface soil elements, visible and near-infrared imaging spectrometer for iden-
tification of surface materials and atmospheric trace gases and advanced small an-
alyzer for neutrals to investigate the interactions between the solar wind from the
Sun and the Moon surface soils [9].
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For the future Moon exploration carried out by lunar rovers, various researches
have been planned all over the world. In 2022, a volatiles investigating polar explo-
ration rover (VIPER) is planned to be launched by NASA to the Moon south polar
region to search for the water ice evidence [10]. The designed mission is expected
that the lunar rover will explore the Moon surface for several miles for more than
100 days and will drill into the Moon surface soils to obtain element samples. The
samples will be analyzed in the carried onboard instruments to search for the water
ice existence evidence. Furthermore, also planned by NASA, the All-Terrain Hex-
Legged Extra-Terrestrial Explorer (ATHLETE) is a six-legged robotic lunar rover
test-bed under development by the Jet Propulsion Laboratory (JPL) [11]. The de-
sign objective of ATHLETE is to be employed in a wide range of terrains with roll
and walk operations.

1.1.1 Lunar Circumstances Limitation Factors

Compared with the earth environment, the Moon surface is an unique circumstance
in which various factors will be hazardous for the earth creatures.

FIGURE 1.2: The solar irradiance and temperature distribution on the
Moon surface [12].

The first factor which should be focused is the lunar day and night. The rotation
period of the Moon on the axis is approximately 27 earth days, 7 hours, 43 min-
utes, and 12 seconds [13]. On the near side of the Moon surface, the daytime lasts
approximately for 13 and a half earth days, and the darkness will also last for the
same time in the following in Fig. 1.2. As we know, almost all the launched lunar
rovers are powered by the PV panel and then it can be concluded that the lunar
rover should work at lunar day and sleep at lunar night [14]. The generated power
by the PV panel at lunar day should be stored in the lunar rover for the lunar night
preparation.

Secondly, the Moon surface temperature should be analyzed. At lunar day, for
the area with solar irradiance, the Moon surface temperature will go up to 150◦C,
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and on the contrary, at lunar night, the surface temperature is as low as -100◦C [15],
[16]. Furthermore, the Moon surface temperature varies with different positions
all across the Moon surface. Therefore, the lunar rover internal thermal manage-
ment system should be the key factor which can determine the lunar rover working
life [17]. No matter it is the lunar day or night, in order to protect the rover in-
struments, the rover internal temperature should be kept at the room temperature,
namely 25◦C.

Thirdly, the solar irradiance distribution on the Moon surface should be focused.
The Moon tilts on the axis approximately 1.54 degrees, which is far less than that
of the earth (23.44 degrees) [18]. Therefore, it can be concluded that on the Moon
surface there is no season changing while the Moon revolutes around the Sun [19].
In this way, there are some places on the Moon surface in which there is no solar
irradiance all the time.

FIGURE 1.3: (a) Lunar rover prototype [25]. (b) Lunar rover structure.

Fourthly, there is no air on the Moon surface and then there is no wind to blow
the lunar dust up [20]. However, because the lunar dust diameter is extremely short
it can be lifted up to float around the lunar rover by the tire rotation while it moves
on the Moon surface [21].

Fifthly, there are various radioactive rays on the Moon surface from the universe,
and they are hazardous to the semiconductor devices because the 1 and 0 states can
be changed [22], [23].

1.1.2 Lunar Rover General Structure

So far, almost all of the landed lunar rovers are powered by the PV panel and the
battery banks are employed to store the generated power for lunar night [24].

In general, the lunar rover structure can be expressed in Fig. 1.3(b). The con-
ventional lunar rover structure consists of two parts, namely the external part and
internal part. The external part is mainly composed of the PV panel. The internal
part is mainly the rover body which is protected by the MLI materials to block the
thermal exchange between the rover body and outside circumstances [26]. The in-
struments in the rover body mainly include the load and battery. The connection to
transfer the power from the external part and to the internal part is conducted with a
wire. However, because the rover body is covered by the MLI materials to approach
thermal insulation, due to the wire connection, inevitably there will be a slit on the
MLI materials [27], [28].

Based on the lunar rover structure, it can be concluded that at lunar day, the
generated power can be transferred from the PV panel to the rover body with the
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FIGURE 1.4: (a) Power generation at lunar day. (b) Heat leakage at
lunar night.

wire connection. Because the outside temperature is too high, the thermal assistance
system will keep the internal temperature as the room temperature. At lunar night,
because there is no solar irradiance which can be utilized by the PV panel, the lunar
rover should sleep to save the power [29]. In this time, the thermal assistance system
will also generate heat to maintain the preset internal room temperature to protect
the instruments [30].

1.1.3 Lunar Rover Current Development Limit

1.1.3.1 Lunar Rover Heat Leakage at Lunar Night

However, because in the conventional structure, the PV panel is connected to the
rover side with a wire connection, unavoidably, there will be a slit on the MLI ther-
mal insulation materials. At lunar night, because the outside temperature is ex-
tremely low (-100◦C), there will be a heat leakage from the rover body internal part
to the outside circumstances as shown in Fig. 1.4. Based on the lunar rover struc-
ture, there will be two kinds of heat leakages: the heat radiation through the slit to
the outside and heat conduction along the wire to the outside.

The radiation heat leakage is caused by the gap between the wire and MLI ma-
terials. However, even though in theory the gap can not be completely avoided,
with a certain designs, the heat leakage amount caused by the radiation can be omit-
ted under working conditions. However, compared with the radiation heat leak-
age, the conduction heat leakage is relatively tremendous at lunar night. Due to the
Wiedemann-Franz Law, the thermal and electrical conductivities possess a positive
correlation, indicating the wire connection will also possess high thermal conductiv-
ity in expectation.

At lunar night, due to the huge temperature difference between the internal rover
body and outside circumstances, it can be expected that there will be a heat leakage
along the wire connection from the inside to the outside as shown in Fig. 1.4. The
heat conducted from the internal circumstances will dissipate into the surrounding
space. However, because the wire is connected to the PV panel, the heat dissipa-
tion from the wire will be accelerated because the PV panel can be seen as a radi-
ator. Considering the PV panel area, the acceleration effect will cause more severe
heat leakage from the rover body. Based on the rover internal thermal management
system capability and battery property, when the heat leakage power is equal to 1
W, it needs nearly extra 2 kg lithium battery to power the system to generate equal
amount heat. With theory analysis, the power of lunar rover heat leakage is expected
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to be 20 W indicating there will be extra 40 kg lithium battery required, which is ex-
tremely uneconomical for the lunar rover launch and developments. Therefore, it is
urgent for the lunar rover to find a method to remove the wire connection which can
cause heat leakage at lunar night and still effectively transfer generated power from
PV panel to the rover body at lunar day.

1.1.3.2 Lunar Rover PV Partial Shading Conditions

Another issue which has influenced the lunar rover developments is the PV partial
shading conditions while lunar rover drives on the Moon surface.

PV is device based on the photovoltaic effect which can transform the light into
electricity under working conditions. When the solar irradiance on the PV panel
is uniform, the PV output power will only possess 1 peak with respect to voltage
shown in Fig. 1.5. Therefore, the local MPPT control algorithm can achieve the
tracking mission.

FIGURE 1.5: PV output property with uniform solar irradiance.

When the solar irradiance on the PV panel is not uniform, in other words, the
PV panel works under partial shading conditions, the PV output power monotonic-
ity will be influenced by the solar irradiance distribution. In general, there will be
multiple peaks with respect to voltage as shown in Fig. 1.6. Because there are mul-
tiple power peaks with the voltage variations, the global MPPT control should be
conducted.

FIGURE 1.6: PV output property under partial shading conditions.

However, when the lunar rover runs on the Moon surface, the probability that
the PV works under partial shading conditions is extremely high. The shadow on
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the PV can be divided into three types based on the origin: (1) Moon surface terrain;
(2) lunar rover other instruments; (3) lunar dust.

The shadow caused by the Moon surface terrain is very huge and while the lunar
rover moves on the Moon surface, the shadow can be seen to be constant. The partial
shading conditions caused by the terrain shadow can be ignored. On the other hand,
the shadow caused by other instruments can be reduced and even avoided by the
lunar rover structure optimization. Finally, the shadow of lunar dust is the key factor
which leads to the partial shading conditions for the lunar rover under working
conditions. When the lunar rover lands on the Moon surface, the lunar dust will be
blown up and then float on the top of the lunar rover PV panel. On one hand, the
floating dust will block the solar irradiance, and then the partial shading conditions
happen. Furthermore, on the other hand, the dust will gradually drop on the PV
panel and then will cause the permanent partial shading issues for the lunar rover.
Apart from the lunar dust caused by the landing process, the dust also can be caused
by the tire rotation while the lunar rover drives. Therefore, in the working life of
lunar rover, more and more lunar dust will accumulate on the PV panel causing
increasingly severe partial shading issues. Therefore, the global MPPT control is
required for the lunar rover.

Therefore, this paper is organized centering two main topics, namely the lunar
rover WPT system design and PV MPPT control under partial shading conditions.

1.2 Wireless Power Transfer System Developments

Due to the increasingly serious energy crisis and environment issue, the electrifica-
tion has been promoted in various areas, such as the electric vehicle (EV), high-speed
railway and electric aircraft (EA) [31], [32], [33]. In the conventional methods, the
electricity is transferred with wire, which is extremely simple to be implemented.
However, the drawbacks are also obvious. For example, the broken wire will lead
to security risks and inconvenience issues. Furthermore, the conventional wire elec-
tricity transfer method can not meet the requirements of special cases, such as the
underwater and oilfield areas [34], [35].

FIGURE 1.7: Wireless power transfer system structure [36].

Considering these issues, the WPT system has been proposed as shown in Fig.
1.7, and the initial attempt can be traced in the late 19th century by Nikola Tesla in
Fig. 1.8 [37]. However, due to the technology limits at that time, the WPT explo-
ration didn’t achieve the designed aims. In 2007, due to the enlightening research of
MIT research team [39], the WPT has been focused all over the world, and the WPT
system has achieved great developments in recent years. So far, the WPT system
has been employed in various areas, such as the static and dynamic EV charging,
electrified railway, medical implants and Internet-of-Things (IoT) [40], [41].



1.2. Wireless Power Transfer System Developments 7

FIGURE 1.8: (a) Nikola Tesla. (b) The WPT system employed in
Nikola Tesla’s experiment [38].

1.2.1 Current Main WPT methods

Based on the implementation mechanism, the WPT can be divided into the following
categories.

1.2.1.1 Laser and Microwave Long-distance WPT System

Compared with the near field power transfer area, the far field transfer has not
achieved great enough progress and developments in recent years. However, it still
holds tremendous potential capability to transform and revolutionize the current so-
ciety power utilization and transfer system [42]. So far, the far field power transfer
is almost conducted based on the microwave and laser [43], [44].

Generally speaking, microwave is a form of electromagnetic radiation whose fre-
quency is always defined in the range of 300 MHz-300 GHz of a wavelength range of
1 mm-1 m. Since the far field power transfer is proposed, various research has been
carried out to verify the feasibility. In 1975, a microwave power transfer verification
experiment was conducted in the JPL Goldstone Facility and the whole system effi-
ciency has approached approximately 84% at the power of 450 kW. The power was
transferred from Klystron at 2.388 GHz and the distance until the receiver side is 1.6
km [45]. In Europe, a ground-to-ground microwave power transfer experiment was
carried out in Reunion island with the power of 10 kW and the distance of 700 m.
The employed microwave frequency was set as 2.45 GHz. Based on the established
prototype, the power transfer efficiency has approached about 57% [46].

Apart from the microwave, laser is another candidate which is always employed
in the far field power transfer area. Compared with the microwave form, laser has
possessed a great advantage that the receiver side can be implemented with PV pan-
els. The simplicity of the laser power transfer is the main merit over other wireless
power transfer systems. However, because the transform between the electricity
and laser is based on the low-efficiency photovoltaic effect, the laser power trans-
fer is less researhed compared with the microwave method [47]. A distributed laser
power transfer experiment has been conducted to verify the laser application feasi-
bility [48]. With the waveform of 1550 nm, the laser experiment has approached the
efficiency of 13.5% when the distance is set as 50 m. Even though the laser facility is
smaller than the microwave form, the low efficiency will unavoidably influence the
power transfer efficiency.
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1.2.1.2 Magnetic Coupling Induction WPT

One of the most important power transfer method in the near field area is the mag-
netic coupling induction (MCI) WPT method [49]. In general, the MCI WPT system
can be divided into two sides, namely the transmitter and receiver sides. At each
side, there is a coil established in the circuit and the two sides are coupled via mag-
netic field under working conditions [50]. In the MCI WPT system, the power can
be transferred from the transmitter side to the receiver side based on the magnetic
coupling. The magnetic coupling is generated by an AC power source, and the cou-
pling factor between the transmitter and receiver coils is the key factor which can
determine the transferred power and efficiency.

FIGURE 1.9: MCI wireless charger for smartphone.

So far the MCI WPT system is mainly employed in the low power cases, such as
the wireless charge toothbrush, smartphone in Fig. 1.9 and razer. Furthermore, the
coil distance between the coils should be set to be close enough to approach the high
power transfer efficiency. When the system power increases, the MCI WPT system
efficiency will be reduced sharply and it can not meet the system requirements [51].

1.2.1.3 Magnetic Coupling Resonance WPT

Considering the disadvantages of the conventional MCI WPT system, the magnetic
coupling resonance (MCR) WPT system has been developed in recent years. The
MCR WPT system was first proposed in the AIP Industrial Physics Forum in 2006,
and then the enlightening research was published in 2007 [39]. In the paper, with a
distance of 2 m, a 40 % efficiency 60 W power transfer has been achieved.

FIGURE 1.10: MCR electric vehicle wireless charger.

In the MCR WPT system, in order to cancel the inductor impedance, capacitors
are employed in the circuit [52]. With the assistance of capacitors, the circuit will
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express purely resistive property under working conditions and there will be no re-
active power generated, indicating the whole system efficiency can achieve the max-
imum value [53]. Compared with the MCI WPT system, the MCR WPT system can
be employed in higher power cases, such as the electric vehicle charging as shown
in Fig. 1.10, and furthermore, the system ability of misalignment tolerance is also
higher [54]. In this paper, the MCR WPT is employed in the lunar rover and will
be analyzed in this research. To be simple, the MCR WPT is called as WPT in the
following parts in this paper.

1.2.2 Main WPT Topologies

Based on the connection methods of the capacitor and inductor, the main WPT sys-
tem can be divided into the topologies in Fig. 1.11 [55], [56], [57].

Based on Fig 1.11, when there is only one compensate device employed at each
side of the WPT circuit, the main topologies include the series-series (SS), series-
parallel (SP), parallel-series (PS) and parallel-parallel (PP) structures. Furthermore,
when there are two compensate devices, the main topologies are the LCL and LCC
structures.

FIGURE 1.11: Main WPT system topologies.

With more compensate devices, the circuit can express more complicated func-
tions [58]. For example, there is only one capacitor at both sides in the SS topology,
and the capacitors can cancel the circuit impedance with accurate designs to make
the circuit be purely resistive [59]. However, the transmitter side power is related to
the coupling factor. The source output power increases with the coupling factor de-
creasing, generating extremely high transmitter side current which is not safe for the
whole system [60]. For the LCL topology, when the coupling factor decreases, the
transmitter side current can be kept at a steady level while the source output power
is still changed. When there are 3 compensate devices in the circuit for the topol-
ogy, the output power is stable against the coupling factor but too many devices
seriously not only degrade the circuit simplicity but also reduce the whole system
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efficiency [61]. Therefore, even though the topology with multiple compensate de-
vices possesses more excellent properties, it only can be employed in the low power
situations.

1.2.3 WPT Research and Applications

So far, the WPT system has been employed in various areas, such as the electric vehi-
cle (EV), Internet-of-Things and medical instrument. A 4 kW SS WPT system is pro-
posed to charge the EV at the efficiency of 98% and 96.6% when the coil air gap is set
as 4 cm and 8 cm, respectively [62]. Furthermore, the CC and CV working modes can
be effectively switched based on the battery charged capacity under working con-
ditions. A novel uniform voltage gain frequency control is proposed to maintain a
stable power transfer when there is some misalignment between the transmitter and
receiver side coils. In this paper, the proposed method is valid to the horizontal and
vertical misalignments [63]. An EV WPT charge system design method is proposed
to consider the the influence of vehicle modules to the WPT property, such as the
efficiency, EMF radiation, air gap and position misalignments. The proposed design
method is verified with the Kangoo Renault experiment [64]. A SS design method
for EVs is proposed, and the WPT coil magnetic analysis method is improved in this
paper. Compared with the conventional magnetic analysis method, the proposed
coil magnetic model can reduce the calculation cost [65]. A 60 kHz WPT system is
proposed for a tram, and the system has the characteristics of low flux density and
high efficiency with a large air gap. Furthermore, the system power is set as 180
kW and the efficiency is approximately 85% under working conditions [66]. A WPT
equivalent model is proposed to further explore the WPT system property, such as
the air gap, magnetic flux density and transfer efficiency. Based on the finite element
analysis and experiments, the proposed model is verified of the power loss caused
by the skin and proximity effects [67]. A 5 kW EV WPT system is proposed and
the efficiency from the grid to the EV battery with various coupling conditions is
approximately higher than 90%. The efficiency is improved with a vocel dual side
control scheme of the whole system, and the efficiency approaches 7% increase and
the loss achieves a 25% decrease [68]. A novel WPT system is proposed for a online
EV, and the transmitter side rail is narrow, indicating a small pickup receiver coil will
cover the effective magnetic coupling zone when the EV drives. When the air gap
and misalignment are 20 cm and 24 cm respectively, the system efficiency achieves
74% with the power of 27 kW [69]. A novel omnidirectional WPT system is proposed
for 3D applications, and the WPT mathematical model is focused. Because there are
3 coils employed at the transmitter side, the receiver side coil can be placed at the
arbitrary positions with effective power transfer under working conditions [70]. A
novel WPT model is proposed to focuse the system properties such as the frequency
splitting when the coupling factor is too high, maximum misalignment tolerance
with the precondition of effective power transfer and system behaviours when it is
uncoupled [71]. A concrete WPT system is proposed and in order to effectively trans-
fer power in the concrete circumstances, a novel coil design method is proposed. The
employed 4-coil WPT system can effectively enhance the magnetic coupling under
working conditions [72]. A WPT magnetic field distribution analysis method is pro-
posed, and in this method, a detailed field-circuit coupling model is employed to
investigate the coupling intensity with the consideration of near field strength and
circuit constraints [73]. A design method for a millimeter size implantable biomed-
ical device is proposed and the optimal operation frequency and coil structure are
focused. The proposed design method is verified with a full-wave electromagnetic
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field simulations and experiments. The prototype with 1 mm diameter achieves PTE
of 0.56% and the transferred power is 0.244 mW at 200 MHz with a distance of 12
mm [74]. A wireless transcutaneous power transfer system is proposed, and the heat
caused by the coil skin and proximity effect is emphasized in this paper. With the
proposed method, the designed system can achieve a power transfer of 30 W with
a efficiency of 95% when the coil distance is higher than 20 mm or 70 mm under
working conditions [75].

1.3 PV MPPT Control Analysis

PV is one of the most important modules for lunar rovers, and it can provide the
required power to accomplish the preset missions. PV is a device based on the pho-
tovoltaic effect that can transform light into electricity [76], [77]. So far, PV has been
widely employed in various areas, such as the solar plant, household independent
grid, and space exploration [78].

In general, the PV output capability is related to the solar irradiance intensity and
distribution on the panel [79]. Furthermore, the PV output power is a function to the
output voltage, indicating that with output voltage variation, the PV output power
also changes [80]. Therefore, in this case, in order to make the most of the solar
energy, the MPPT control should be conducted. Because the PV output power is
closely related to the solar irradiance distribution on the PV panel and considering
different solar irradiance cases, the local and global MPPT algorithms should be
conducted [81].

FIGURE 1.12: (a) PV power generation plant. (b) Household PV ap-
plication. (c) Satellite PV application. (d) Lunar rover PV application.

1.3.1 Local MPPT Algorithm Analysis

When the solar irradiance on the PV panel is uniform, there is only one peak at the
P-V curve and the local MPPT algorithm can be employed. A novel three-point per-
turb&observe (P&O) method is proposed to reduce the PV output power oscillation
when the maximum power point is tracked. Compared with the conventional P&O
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method, the proposed method can determine the working point with higher accu-
racy based on the previous two steps in the tracking process [82]. A variant step
InCon method is proposed to eliminate the division calculations in the conventional
InCon method. Furthermore, when the solar irradiance change is detected, the pro-
posed InCon method sampling time will be improved to speed the tracking stage
[83]. A combined method of ripple correlation control and xtemum seeking control
is proposed to reduce the power oscillation in the stable state and the tracking time.
Based on the experiment verification, the convergence time is low and the tracking
accuracy is at least approximately 97.4% [84]. A novel extremum seeking control
method is proposed to deal with the rapidly varying solar irradiance cases. the
natural inverter ripples are employed in the proposed algorithm and the tracking
performance has achieved the accuracy higher than 99% [85].

1.3.2 Global MPPT Algorithm Analysis

When the PV panel works under the partial shading conditions, the PV will output
multiple-peak power with respect to voltage. In this case, in order to make the most
of solar irradiance, the global MPPT control should be conducted under working
conditions.

In order to track the maixmum power, there are mainly two kinds of global MPPT
methods employed under working conditions, namely the sweep method and the
stochastic metaheuristic method. In the sweep method, all the PV working points
will be evaluated and the corrpesponding powers will be recorded. After the sweep
process, the maximum power and the working point will be employed to control the
PV working state and then the global MPPT can be achieved. Therefore, based on
the working process, the sweep method can achieve the most accurate MPPT control
because the all the PV working points can be exhaustively searched if the working
point variation step can be set to be low enough. However, even though the sweep
method can achieve the most accurate MPPT control in theory, there are two draw-
backs of this method, namely the potential long tracking time and high computation
cost. For example, in the sweep process, if the solar irradiance can keep constant,
1-time sweep will be enough to locate the optimal PV working point to achieve the
global MPPT control under working conditions. However, under PV working con-
ditions, the solar irradiance always varies and then in this case, the multiple-time
sweep process will be required until the solar irradiance stabilizes. Therefore, in
this case, the whole tracking time of the sweep process will be prolonged. On the
other hand, in the sweep process, because all the PV working points will be tested
and furthermore, if multiple times of sweep process are needed, the computation
cost will be greatly increased. Therefore, in fact, even though the sweep method can
achieve the most accurate global MPPT control, it is not widely employed in the PV
applications.

Considering the drawbacks of the sweep method, the stochastic metaheuristic
algorithms have been widely employed to excecute the PV global MPPT control.
A stochastic metaheuristic algorithm is a heuristic procedure or process in which
the optimal solution can be determined based on a series of search solutions un-
der working conditions. Compared with the sweep method, all the system working
points will not be evaluated exhaustively and the optimal solution is determined
based on intelligient compuations and searches. Based on the different working
principles, the stochastic metaheuristic algorithms mainly include the grey wolf op-
timization, firefly optimization, ant colony optimization, artificial bee colony opti-
mization and so on. So far, the stochastic metaheuristic algorithms have been widely
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employed in the PV global MPPT control. A novel fuzzy method is proposed to ac-
celerate the tracking MPPT process and reduce the power oscillation in the steady
state. The coarse and fine modes are employed in the proposed method and the
PV maximum power and output power fluctuation are considered in the proposed
fuzzy rules under working conditions [86]. A combined method of fuzzy algorithm
and extreme learning machine is proposed. In the paper, the weather conditions
are classified based on machine learning with the support vector machine and ex-
treme learning machine methods. The simulation results show the proposed method
can speed the tracking process when the weather abruptly changes [87]. A novel
artificial neural network method is proposed to conduct the MPPT control with
rapid weather variation. The artificial neural network is trained based on the par-
ticle swarm optimization and gravitational search algorithms based on fuzzy logic
method [88]. A novel particle swarm optimization (PSO) algorithm is proposed for
the PV MPPT control under partial shading conditions. The Lagrange Interpolation
Formula is employed to guide the particle movements under working conditions.
Based on the experiment results, the tracking accuracy is 97.09% and 97.97%, respec-
tively [89]. A novel PSO algorithm with the particle overall distribution analysis is
proposed to reduce the MPPT time. The particles are replaced based on the Cauchy
distribution to achieve the fast convergence under working conditions. Compared
with the conventional PSO algorithm, the MPPT time is sharply reduced and the
tracking accuracy is also improved [90]. A combined method of ant colony opti-
mization (ACO) and PSO algorithms is proposed to enhance the global maximum
search ability. In details, the ACO and PSO algorithms conduct the global and local
search under working conditions. The proposed method can reduce the tracking
time and enhance the particle convergence ability [91]. A novel genetic algorithm
(GA) is proposed and in this method, the employed GA algorithm can estimate the
current voltage at the PV output power peak point based on the PV open circuit
voltage and short circuit current data without the solar irradiance and panel tem-
perature information [92]. A novel differential evolution algorithm is proposed to
conduct the PV global MPPT control. The proposed method can possess strong ro-
bustness when the load changes and the search range for the global MPPT is wider,
indicating the particle convergence ability is better [93].

Based on the published papers, it can be concluded that various algorithms have
been developed to conduct the global MPPT control for PV panel under partial shad-
ings. The advantages and disadvantages are summarized in Tab 1.1 and 1.2.

The algorithms in Tab 1.1 and 1.2 can conduct the PV MPPT control under partial
shading conditions.

1.3.3 Advantages and Disadvantages of Current Algorithms

Based on the summary in Tab 1.1 and 1.2, various algorithms can achieve the global
MPPT control. However, due to each algorithm property, these algorithms also pos-
sess different advantages as well as disadvantages. For example, the Grey Wolf Op-
timiation (GWO) algorithm can achieve the global MPPT control with high tracking
accuracy and robustness. Furthermore, when the global maximum is tracked, there
is no stable state oscillation with further iterations and only few parameters need to
be pretuned before the algorithm initialization. However, on the other hand, because
the GWO algorithm traversal step is limited, there will be a great deal of iterations
required to reach the stable state, indicating the long tracking time and high com-
putation cost. Furthermore, the Artificial Bee Colony (ABC) algorithm possesses the
advantages of high implementation simplicity, fewparameters to be pretuned and
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high tolerance of initial parameters. However, due to the initialization parameters
are not that important to drive ABC algorithm, it will take more iterations to evolute
for appropriate parameters and this will lead to high computation cost as well as
long tracking time.

Compared with other algorithms, the main advantages of PSO algorithm include
the high implementation simplicity, few parameters to be pretuned, high robustness,
high global max search capability, fast convergence capability, low computation cost
and no required mathematical models. In particular the low computation cost and
high implementation simplicity are the key merits. For example, in the PSO algo-
rithm, the particle movements are achieved based on the particle velocity and posi-
tion updates at each iteration. In the particle velocity and position update equations,
the coefficients which should be pretuned are only the inertia weight, personal best
acceleration coefficient and global best coefficient. In the PSO iteration process, with
the guidance of the particle velocity and position updates, the employed PSO parti-
cles will move to the optimal position after enough iterations. Therefore, in this way,
the PV MPPT control can be achieved. In the whole PSO iteration process, both the
velocity and position updates are conducted with simple calculations and then the
computation cost is low.

On the other hand, the PSO algorithm also possesses several disadvantages, such
as the parameters which should be pretuned before the algorithm iteration and the
intense fitness variation with the step-by-step particle movements. As analyzed
above, there are 3 parameter should be tuned before the PSO algorithm starts. How-
ever, due to the wide applications of PSO algorithm in recent years, there have been
various methods which can reduce the parameters which should be pretuned. For
example, in the deterministic PSO algorithm[94], the unknown parameters are set as
1 and in this way, the fast particle convergence can be achieved in some cases. Fur-
thermore, in the Gaussian PSO algorithm[95], the inertia weight is set as 1 and both
the personal best acceleration coefficient and the global best acceleration coefficient
are defined to follow the Gaussian distributions. In this case, the stochatisic process
of particle movements will be guided with higher convergence capability. Another
disadvantge of PSO algorithm is the intense fitness variation with the step-by-step
particle movement. In order to solve this problem, some novel PSO algorithms have
also been proposed. For example, a novel PSO algorithm is proposed and the InCon
method is employed to assist the PSO algorithm to approach fast convergence[96].
In the algorithm, the InCon method is used to search the local PV output peaks and
the PSO is employed to determine the global peak. In this way, the particle step-by-
step position update can be conducted in a narrow range and then the intense fitness
variation can be avoided.

Based on the above analysis, it can be concluded that the PSO algorithm pos-
sesses various advantages over other stochastic metaheuristic algorithms and the
disadvantages also can be ameliorated with algorithm improvements. Therefore, in
this research, the PSO algorithm is employed to conduct the PV global MPPT control
under partial shading conditions.



1.3. PV MPPT Control Analysis 15

TA
B

L
E

1.
1:

Su
m

m
ar

y
of

gl
ob

al
M

PP
T

al
go

ri
th

m
s

1

A
lg

or
it

hm
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

G
re

y
w

ol
fo

pt
im

iz
at

io
n

.
H

ig
h

tr
ac

ki
ng

ac
cu

ra
cy

.
N

o
st

ab
le

st
at

e
os

ci
lla

ti
on

s
.

H
ig

h
ro

bu
st

ne
ss

.
Fe

w
pa

ra
m

et
er

s
to

be
pr

et
un

ed

.
H

ig
h

ca
lc

ul
at

io
n

co
st

.
To

o
m

an
y

it
er

at
io

n
re

qu
ir

ed
fo

r
co

nv
er

ge
nc

e
.

Lo
ng

tr
ac

ki
ng

ti
m

e

Fi
re

fly
.

Fa
st

co
nv

er
ge

nc
e

ca
pa

bi
lit

y
.

H
ig

h
tr

ac
ki

ng
ac

cu
ra

cy
.

H
ig

h
es

ca
pe

ca
pa

bi
lit

y
fr

om
lo

ca
lm

ax

.
H

ig
h

ca
lc

ul
at

io
n

co
st

.
Pa

ra
m

et
er

s
ar

e
up

da
te

d
at

ea
ch

it
er

at
io

n
.

Lo
ng

tr
ac

ki
ng

ti
m

e

A
nt

co
lo

ny
op

ti
m

iz
at

io
n

.
H

ig
h

to
le

ra
nc

e
of

in
it

ia
lp

ar
am

et
er

s
.

Fa
st

co
nv

er
ge

nc
e

ca
pa

ci
ty

.
H

ig
h

ro
bu

st
ne

ss

.
H

ig
h

ca
lc

ul
at

io
n

co
st

.
M

an
y

pa
ra

m
et

er
s

sh
ou

ld
be

pr
es

et
.

C
om

pl
ex

al
go

ri
th

m
st

ru
ct

ur
e

A
rt

ifi
ci

al
be

e
co

lo
ny

op
ti

m
iz

at
io

n
.

Fa
st

co
nv

er
ge

nc
e

ca
pa

ci
ty

.
H

ig
h

ro
bu

st
ne

ss
.

H
ig

h
to

le
ra

nc
e

of
in

it
ia

lp
ar

am
et

er
s

.
H

ig
h

ca
lc

ul
at

io
n

co
st

.
C

om
pl

ex
al

go
ri

th
m

st
ru

ct
ur

e
.

Lo
w

es
ca

pe
ca

pa
bi

lit
y

fr
om

lo
ca

lm
ax

Lo
ng

tr
ac

ki
ng

ti
m

e

Pa
rt

ic
le

sw
ar

m
op

ti
m

iz
at

io
n

.
H

ig
h

im
pl

em
en

ta
ti

on
si

m
pl

ic
it

y
.

Fe
w

pa
ra

m
et

er
s

to
be

pr
et

un
ed

.
H

ig
h

ro
bu

st
ne

ss
.

H
ig

h
gl

ob
al

m
ax

se
ar

ch
ca

pa
bi

lit
y

.
Fa

st
co

nv
er

ge
nc

e
ca

pa
bi

lit
y

.
Lo

w
co

m
pu

ta
ti

on
co

st

.
In

it
ia

lp
ar

am
et

er
s

sh
ou

ld
be

pr
et

un
ed

.
In

te
ns

e
st

ep
-b

y-
te

p
pa

rt
ic

le
po

si
ti

on
up

da
te

s



16 Chapter 1. Introduction

T
A

B
L

E
1.2:Sum

m
ary

ofglobalM
PPT

algorithm
s

2

A
lgorithm

A
dvantages

D
isadvantages

Im
proved

curve
tracer

.
H

igh
im

plem
entation

sim
plicity

.
N

o
tracking

lim
itations

.
Low

escape
capability

from
localm

ax
.

Long
tracking

tim
e

Extrem
um

seeking
control

.
H

igh
im

plem
entation

sim
plicity

.
N

o
m

athem
aticalm

odels
required

.
high

tracking
accuracy

.
H

igh
robustness

.
H

igh
calculation

cost
.

Stable
state

oscillations
.

Long
tracking

tim
e

Sim
uated

annealing
.

Few
param

eters
to

be
pretuned

.
Sim

ple
im

plem
entation

.
Low

escape
capability

from
localm

axLong
tracking

tim
e

.
Stable

state
oscillations

.
Param

eter
reinitialization

w
hen

w
eather

changes

C
haotic

search
.

H
igh

tracking
capability

w
hen

w
eather

changes
.

H
igh

robustness
.

H
igh

calculation
cost

.
Tracking

tim
e

dependence
on

step
size

C
uckoo

search
.

Fastconvergence
capability

.
Few

param
eters

to
be

pretuned
.

H
igh

robustness

.
H

igh
calculation

cost
.

Tracking
tim

e
dependence

on
step

size

G
enetic

.
H

igh
globalm

ax
search

capability
.

H
igh

robustness
.

H
igh

solution
tolerance

in
tracking

process

.
H

igh
calculation

cost
.

Low
escape

capability
from

localm
axLong

tracking
tim

e



1.4. Research Aim 17

1.4 Research Aim

As analyzed in the above sections, the most serious problem which has influenced
the lunar rover developments is the heat leakage at lunar night. Therefore, consider-
ing this issue, the WPT system is expected to be employed to avoid the conventional
lunar rover wire connection between the PV panel and rover body. However, due to
the extremely high and low temperatures at lunar day and night, the WPT module
parameters will deviate from the preset nominal values and the system efficiency
will be sharply reduced. Futhermore, with the introduction of WPT module in the
lunar rover system, the global PV MPPT control feasibility also should be focused.

Therefore, the research aims of this research mainly includes the following:
(1) Propose a lunar rover WPT system to avoid the heat leakage caused by the

wire connection between the PV panel and rover body in the conventional structure
at lunar night;

(2) Propose a method to track the lunar rover DC-to-DC efficiency when the pa-
rameter variations happen to the WPT system;

(3) Propose an improved PSO algorithm to conduct the lunar rover PV MPPT
control under partial shading conditions with low computation time and faster con-
vergence feasibility.
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Chapter 2

Lunar Rover Structure and PV
Property

2.1 Lunar Rover General Structure Analysis

Lunar rover is a vehicle which is designed to drive on the Moon surface to investi-
gate the data of lunar magnetic field, water existence, Moon evolution, and so on.
Because of the solar irradiance on the Moon surface, almost all of the launched lu-
nar rovers are powered by the PV panel under working conditions. Based on the
structure in chapter 1, the lunar rover mainly can be divided into two parts: the ex-
ternal part mainly including the PV panel and the internal part mainly including the
carried instruments.

The external part is completely exposed in the lunar circumstances which is
severely harsh for electronic devices. The Moon surface temperature is extremely
different: on one hand, at lunar day, the temperature is higher than 150◦C; on the
other hand, at lunar night, the temperature is lower than -100◦C, respectively. Apart
from the temperature issue on the Moon surface, another problem is the radioactive
rays from the universe. The radioactive rays will influence the working properties
of electronic devices. Therefore, in order to improve the lunar rover system stability
and reliability, the less controlled devices in the external part the better the improve-
ment will be.

2.2 Thermal Analysis of Conventional Structure

In this section, in order to analyze the heat leakage at lunar night, a thermal simula-
tion is conducted with ANSYS. The employed lunar rover structure parameters are
shown in Tab. 2.1.

The thermal simulation is shown in Fig. 2.1. At lunar night, the outside temper-
ature is set as -100◦C, and the internal temperature is 25◦C. Based on the simulation
results, the following can be concluded.

(1) There is a heat leakage of 9 W along the wire connection from inside to outside
at lunar night, and the PV panel acts like a radiator to enhance the heat leakage.

(2) The wire does not only cause the heat leakage, but also reduce the rover body
internal temperature. Based on the simulation, the temperature of wire terminal in
the rover body is approximately -70◦C, which will bring about potential damages to
the carried instruments.

Based on the above analysis, the lunar rover wire connection should be removed
to avoid the heat leakage at lunar night while the power transfer still should be
conducted at lunar day.
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TABLE 2.1: Expected lunar rover structure parameters.

Item Parameter

Body Length 150 mm
Body Width 150 mm
Body Height 150 mm
PV Length 200 mm
PV Width 150 mm
PV Height 10 mm
Wire Diameter 10 mm
Wire length 100 mm

FIGURE 2.1: (a) Lunar rover structure design. (b) Heat leakage simu-
lation. (c) Thermal distribution without rover body.

2.3 Proposed WPT Lunar Rover Structure

As analyzed above, the wire used to connect the PV panel and rover body is the heat
leakage origin, and then in this section, the conventional wire connection is replaced
with WPT system as shown in Fig. 2.2. In the proposed structure, at lunar day, the
generated power can be transferred to the rover body based on the WPT system, and
at lunar night, because there is no slit it can be expected that there will be no heat
leakage. The thermal simulation of proposed WPT lunar rover structure is shown in
Fig. 2.3.

FIGURE 2.2: (a) Proposed lunar rover WPT structure. (b) Power gen-
eration at lunar day. (c) No heat leakage at lunar night.

Based on the thermal simulation, because there is no slit on the MLI materials,
there will be no heat leakage from the lunar rover at lunar night as expected. Fur-
thermore, the internal temperature also will not be influenced.
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FIGURE 2.3: (a) Lunar rover WPT system structure. (b) Thermal sim-
ulation of WPT structure.

2.4 PV output property

In applications, each PV panel consists of a great deal of PV cells connected in series
and parallel to enhance the output capability under working conditions. The PV cell
model can be established based on the photovoltaic effect.

2.4.1 1-diode PV Cell Model

The 1-diode PV cell model [97] is shown in Fig. 2.4.

FIGURE 2.4: 1-diode PV cell model.

Based on the model, the PV cell output current I can be obtained as follows.

I = Is − I0 ·

e

V + R · I
n ·Vt − 1

− V + Rs · I
Rsh

(2.1)

In the equation, Is is the light generated current; I0 is the leakage or reverse satu-
ration current; n is the diode quality factor; Rs is the series resistance; Rsh is the shunt
resistance. Furthermore, the light generated current Is can be obtained as follows.

Is = Ire f ·
G

Gre f
· S0

Scell
·
(
1 + αIsc ·

(
TC − Tre f

))
(2.2)

In the equation, re f stands for the reference conditions; G is the irradiance; Tc is
the cell temperature; αIsc is the temperature coefficient for short circuit current.

In addition, the diode reverse saturation current can be obtained as follows.
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I0 = I0,re f ·
(

TC

Tre f

)3

· e

Eg (TRES)

n + k · Tre f
−

Eg (TC)

n · k · TC (2.3)

In the equation, k is the Boltzmann constant and Eg is the bandgap energy of the
silicon.

Based on the above equations, it can be concluded that when the solar irradiance
changes, the PV cell output current will also change, indicating the PV cell output
power capability has been changed.

2.4.2 2-diode PV Cell Model

Apart from the 1-diode model, the 2-diode PV model [98] has also been focused in
recent years because it can simulate the PV cell property with higher accuracy. The
2-diode model is shown in Fig. 2.5.

FIGURE 2.5: 2-diode PV cell model.

Based on the model, the PV cell output current Is can be obtained in the follow-
ing.

I = IsNp −
2

∑
i=1

IdiNpexp

V +
Ns

Np
IRS

α1VT1Ns

− V +
Ns

Np
IRS

Ns

Np
Rp

(2.4)

In the equation, I is the PV output current and V is the PV output voltage. Rs
and Rp are the series and parallel resistance, respectively. VT is the thermal voltage
of the diodes. Is can be obtained in Equ. 2.5. Id1 and Id2 can be obtained in Equ. 2.6.

Is = (ISTC + K1 (T − TSTC))
G

GSTC
(2.5)

In the equation, K1 is the short circuit current coefficient. ISTC is the measured
PV output current in the standard test condition.

Id1 = Id2 =
ISC_STC + K1 (T − TSTC)

exp
(

VOC_STC + KV (T − TSTC)

VT

)
− 1

(2.6)
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In the equation, ISC_STC and VOC_STC are the short circuit current and the open
circuit voltage under the standard test condition, respectively.

Based on the above equations, it also can be concluded that the PV cell output
current changes with the solar irradiance variation under working conditions.

2.4.3 PV Panel Hot-Spot Issue under Partial Shading Conditions

Because the PV cell output is really weak and can not be employed solely, a large
amount of PV cells will be firstly connected in series and parallel to obtain the PV
module in Fig. 2.6, and then the PV modules will be further connected in network
to get the PV panel in Fig. 2.7.

FIGURE 2.6: PV module network structure.

As shown in Fig. 2.7, when the solar irradiance of module M1, M2 and M3 is
uniform, the output of each branch is equal and then all the branches can output
power to the outside circuit. In this case, the PV output power will possess only one
peak with respect to voltage.

FIGURE 2.7: PV panel structure.

However, when the solar irradiance is not uniform indicating the PV panel is
under partial shading conditions, for example, the module M1 is shaded, the output
of M1 will be reduced. In this case, the PV output power curve will possess multiple
peaks with respect to voltage.

For example, suppose the PV in Fig. 2.7 possesses the parameters: Voc = 37.92V,
Isc = 8.62A, Vopt = 30.96V, Iopt = 8.07A and Pmax = 250W. When the solar irra-
diance of M1, M2 and M3 are 1000, 1000 and 1000 respectively, the PV property is
shown in Fig. 2.8. When the solar irradiance is 1000, 1000 and 600 respectively, the
PV property is shown in Fig. 2.9. When the solar irradiance is 1000, 600 and 300
respectively, the PV property is shown in Fig. 2.10.
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FIGURE 2.8: 1-peak PV output property.

FIGURE 2.9: 2-peak PV output property.

FIGURE 2.10: 3-peak PV output property.

Therefore, under working conditions, no matter the PV panel is partially shaded
or not, the MPPT control should be conducted to make the most of the solar irradi-
ance.
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TABLE 2.2: Employed converter parameters.

Item L/mH C1/µF C2/µF f /kHz

Parameter 1 1000 1000 20

2.4.4 PV MPPT System Topology

As shown in Fig. 2.11, with the voltage and current of PV output property, the PV
equivalent resistance Rpv can be obtained.

FIGURE 2.11: (a) Employed PV output property. (b) PV MPPT circuit
of buck converter.

Rpv =
Vpv

Ipv
(2.7)

Therefore, when the MPPT is achieved, the system should work at the peak
point. In this case, the optimal PV equivalent resistance Rpv_opt will be obtained
as follows.

Rpv_opt =
Vpv_opt

Ipv_opt
(2.8)

Therefore, if the outside circuit resistance is equal to Rpv_opt, the peak point can
be approached. In other words, the MPPT control can be conducted.

In this paper, a buck converter is employed to conduct the resistance transform as
shown in Fig. 2.11, and the parameters are in Tab. 2.2. The buck converter resistance
transform is shown in the following.

Requ =
1
d2 RL (2.9)

In the equation, d is the converter duty. Therefore, when Requ = Rpv_opt, the
MPPT control can be conducted.

2.5 Summary

In this chapter, the proposed lunar rover WPT system structure has been verified
with thermal simulation. Based on the simulation results, the heat leakage caused
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by the conventional wire connection has been effectively avoided at lunar night,
indicating the proposed WPT system feasibility has been verified. Furthermore, the
PV output property is analyzed based on the photovoltaic effect 1-diode and 2-diode
models, and it is concluded that when the solar irradiance on the PV is not uniform,
namely the PV works in the partial shading conditions, the PV will output multiple-
peak P-V curve and in this case, the global MPPT control should be conducted to
make the most of the solar energy. Furthermore, in this paper, a buck converter
employed to tune the system equivalent resistance to conduct the MPPT control.
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Chapter 3

Lunar Rover WPT System
Topology

3.1 SS WPT Topology and Property Analysis

In this paper, because the resonance frequency is independent to the coupling factor
and the circuit can be simply to be conducted, the SS topology is employed in the
lunar rover WPT system and it is shown in Fig. 3.1.

FIGURE 3.1: Employed SS topology.

Therefore, the system state equation can be obtained in the following.
(

R1 + jωL1 +
1

jωC1

)
İ1 + jωMİ2 = V̇1

jωMİ1 +

(
R2 + RL + jωL2 +

1
jωC2

)
İ2 = 0

(3.1)

Under working conditions, in the transmitter and receiver side circuits, the in-
ductance and capacitance will be cancelled at the resonance frequency f .

f =
1√

L1C1
=

1√
L2C2

(3.2)

Therefore, the following simplified state equations can be obtained.{
R1 İ1 + jωMİ2 = V̇1

jωMİ1 + (R2 + RL) İ2 = 0
(3.3)

Based on the simplified state equations, the circuit currents and voltages can be
obtained as follows.

İ1 =
(R2 + RL) V̇1

ω2M2 + R1 (R2 + RL)
(3.4)
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İ2 =
−jωMV̇1

ω2M2 + R1 (R2 + RL)
(3.5)

Therefore, the WPT efficiency can be obtained in the following.

ηwpt =
ω2M2RL

(R2 + RL) (R1R2 + R1RL + ω2M2)
(3.6)

Calculate the derivative of η with respect to RL, the maximum WPT efficiency ηwpt_max
and the optimal resistance RL_opt can be obtained in the following.

RLηmax =

√
R2

(
ω2M2

R1
+ R2

)
(3.7)

ηwpt_max =
ω2M2RLηmax(

R2 + RLηmax
) (

R1R2 + R1RLηmax + ω2M2
) (3.8)

Furthermore, the WPT transferred power also can be obtained.

Pwpt =
ω2M2V2

1

R2
1RL +

(
R1R2 + ω2M2)2

RL
+ (R1R2 + ω2M2) 2R1

(3.9)

Calculate the derivative with respect to RL, the optimal resistance RLPmax and maxi-
mum transferred power Pwpt_max can be obtained as follows.

RLPmax =
(ωM)2

R1
+ R2 (3.10)

Pwpt_max =
1

4R1

(
1 +

R1R2

(ωM)2

)V2
1 (3.11)

Therefore, under working conditions, it can be concluded that the maximum transfer
efficiency and power can be approached with tuned resistance.

3.2 WPT Circuit Device Parameter Design

In this paper, the WPT system should be designed based on the lunar rover require-
ment. Due to the lunar rover space limit, the valid space for the coil setup is a
cylinder area as shown in Fig. 3.2. With 1 cm margin, the max coil diameter is set as
13 cm and the max distance between transmitter and receiver coils is 3 cm.

In general, the ferrite materials are always employed in WPT systems because
it can enhance the magnetic coupling between the coils. With stronger magnetic
coupling, the power transfer can be conducted with higher magnitude, which is
benifitial for the lunar rover. However, because the ferrite materials weight can not
be omitted, the employment feasibility in lunar rover should be analyzed.



3.2. WPT Circuit Device Parameter Design 29

FIGURE 3.2: Lunar rover available space for WPT module.

FIGURE 3.3: Employed coil structure of A and B.

3.2.1 Coil and Ferrite Module Weight Simulation and Analysis

Due to the space limit, the circular coil is employed in this paper and the coil diam-
eter is set as D. Furthermore, in order to analyze the magnetic saturation caused by
the ferrite materials, the thickness of investigated ferrite modules are set as 1 mm, 2
mm, 3 mm, 4 mm and 5 mm, respectively. The coils with/without ferrite modules
are shown in Fig. 3.3. Based on the structure of coils and ferrite modules, the weight
simulations of coil A and B can be obtained in Fig. 3.4.

FIGURE 3.4: Weight simulation of coil A and B.

3.2.2 Coil and Ferrite Module Magnetic Simulation and Analysis

Furthermore, the investigated coil inductance is analyzed with JMAG. The ferrite on
one hand can enhance the coil magnetic field, and on the other hand, the magnetic
field leakage outside of the coil coupling space between the transmitter and receiver
coils. Based on the JMAG simulation, the inductance of coil A and B can be obtained
in Fig. 3.5.
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FIGURE 3.5: Inductance simulation of coil A and B.

FIGURE 3.6: Manufactured coils

Because in order to obtain a strong magnetic coupling, the coil diameter is set
as 13 cm, namely D = 13cm. Based on the weight and inductance parameters in
Fig. 3.4 and 3.5, the ratio of L/w between the coil (with ferrite modules) inductance
and weight is employed to assess the ferrite enhancement. In this case, the weight,
inductance and ratio L/w with ferrite thickness variations can be obtained in Fig.
3.6 and Tab. 3.1.

TABLE 3.1: Ferrite enhancement property simulations.

Thickness/mm 0 1 2 3 4 5

Weight/g 125 196 260 328 393 458
L/µH 51.2 75.3 77.6 78.1 78.3 78.5
L/w 0.41 0.38 0.29 0.23 0.19 0.17

Based on Tab. 3.1, the ferrite module enhancement is saturated when the ferrite
module thickness is 3 mm. Furthermore, because the ratio L/w with 1 mm thick-
ness ferrite module is 0.38 while the ratio without ferrite materials is 0.41, the ferrite
module magnetic enhancement is less than the caused weight burden. Therefore, in
this paper, the coil B without ferrite modules is employed.

With the designed coil structure, the coils are manufactured in Fig. 3.7, and with
coil distance variations, the coupling factor can be obtained in Fig. 3.8. Therefore,
when the distance is 3 cm, the coupling factor is 0.28.

Based on the coil design, the WPT part module can be obtained and the parame-
ters are obtained in Tab. 3.2.
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FIGURE 3.7: Ratio simulation of coil A and B.

FIGURE 3.8: Coupling factor variation with distance changing.

TABLE 3.2: WPT circuit device parameters.

Symbol Quantity Symbol Quantity

f /kHz 85 R2/mΩ 345.9
R1/mΩ 352.1 L2/µH 50.2
L1/µH 50.1 C2/nF 71.1
C1/nF 71.3 k 0.28

rwire/mm 1 turns 32

Based on Equ. 3.7 and 3.8, with the above parameters, the maximum efficiency
is ηmax = 91.11% when the load meets the condition of RLηmax = 7.42Ω.

3.3 Lunar Rover WPT System with Transmitter Side Converter

3.3.1 Circuit Topology and MPPT Feasibility Analysis

As analyzed in chapter. 2, the lunar rover WPT system structure is designed in Fig.
2.2. The transmitter side is placed outside of the rover body, which is connected
to the PV panel. On the other hand, the receiver side is placed in the rover body,
which is connected to the rover instruments. In general, the transmitter side should
be powered by the inverter to transform the electricity to magnetic field, and then
the inverter should be placed at the transmitter side which is outside of the rover
body. As analyzed above, due to the PV output property, the MPPT control should
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be conducted under working conditions. Therefore, in this section, the transmitter
side converter (TC) WPT system has been proposed in Fig. 3.9 and the detailed
circuit is shown in Fig. 3.10.

FIGURE 3.9: Proposed TC topology WPT system.

FIGURE 3.10: TC topology WPT system circuit.

Based on the Fig. 3.10, it can be concluded that: the external part mainly consists
of the PV, buck converter, inverter and WPT transmitter side; the buck converter
which is used to conduct the PV MPPT control is directly connected to the PV; the
internal part is mainly composed of the rectifier and load.

Because the lunar rover is powered by the PV panel, the proposed TC topology
MPPT feasibility is one of the most important factors determining the applicability.
In chapter 2, it has been concluded that if the system equivalent resistance is equal to
the optimal value the MPPT control implementation will be feasible. Based on this
analysis, the system resistance transform can be obtained in the following.

Rin_ f ront =
π2

8d2

R1 +
ω2M2

R2 +
8

π2 Requ

 (3.12)

Therefore, when the system equivalent resistance Rin_ f ront for TC topology is
equal to the optimal value:

Rpv_opt = Rin_ f ront (3.13)

The system MPPT control can be achieved.

3.3.2 TC Topology MPPT Experiment Verification

Based on the topology in Fig. 3.10, the experiment platform is established in Fig.
3.11, and the system parameters are set in Tab. 3.3.
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FIGURE 3.11: Established experiment platform.

TABLE 3.3: Experiment platform parameters.

Symbol Quantity Symbol Quantity

Ci/µF 1000 LD/mH 1
Cb/µF 1000 f /kHz 85
CD/µF 1000 fbuck/kHz 20
Lb/mH 1 fDC−DC/kHz 20

In this section, the TC topology MPPT feasibility is verified with 1-peak PV out-
put property as shown in Fig. 3.12 and the parameters are shown in Tab. 3.4. Fur-
thermore, the local MPPT algorithm can conduct the MPPT control. In this section,
the InCon method has been employed and the parameters are set in chapter 6.

FIGURE 3.12: Employed single-peak PV output property.95

Furthermore, because there is only one peak of PV power with respect to voltage,
the local MPPT algorithm can conduct the MPPT control. In this section, the InCon
method has been employed and the parameters are set in chapter 6.

The MPPT experiment result is shown in Fig. 3.13. Based on the experiment re-
sults, it can be concluded that the tracking time is approximately 3 s under working
conditions, and when the MPPT control is achieved, the PV output power can be sta-
bilized at the maximum value, indicating the proposed lunar rover WPT topology
and MPPT algorithm can meet the system requirements.
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FIGURE 3.13: Employed PV property in TC topology.

TABLE 3.4: Employed 1-peak 45 W PV output property.

Item Voc/V Isc/A Vopt/V Iopt/A Pmax/W

Parameter 35 1.6 30 1.5 45

3.4 Lunar Rover WPT System with Receiver Side Converter

3.4.1 Circuit Topology and MPPT Feasibility Analysis

In the TC topology, the converter used to conduct the PV MPPT control is placed at
the transmitter side, and the PV output voltage and current data can be directly to
be employed by the converter. However, in this section, a lunar rover WPT system
with a receiver side converter is proposed as shown in Fig. 3.14 and the detailed
circuit is shown in Fig. 3.15.

FIGURE 3.14: Proposed RC topology WPT system.

Based on Fig 3.14, it can be concluded that: the external part mainly consists of
the PV, inverter and WPT transmitter side; the internal part is mainly composed of
the rectifier, converter and load; the buck converter which is used to conduct the PV
MPPT control is connected to the rectifier. In this paper, the receiver side converter
WPT system is named as RC (receiver converter) topology.

Similar to the TC topology, when the RC topology system equivalent resistance is
equal to the optimal value, the maximum power point will be approachable. There-
fore, based on the circuit property, the following equations can be obtained.

Rin−back =
π2

8

R1 +
ω2M2

R2 +
8

π2d2 Requ

 (3.14)
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FIGURE 3.15: RC topology WPT system circuit.

Therefore, when the system equivalent resistance is equal to:

Rpv−opt = Rin−back (3.15)

The system MPPT control can be achieved.
However, the MPPT control is conducted indirectly based on the rectifier output

voltage and current data. In order to verify the MPPT feasibility, not only should the
maximum power point approachability be investigated, but the system equivalent
resistance monotonicity also should be focused. Therefore, based on this analysis,
the system voltage can be obtained as follows.

∣∣V̇1
∣∣ = 2

√
2

π
Vpv (3.16)

∣∣V̇2
∣∣ = 2

√
2

π
Vrec (3.17)

Vbus =
dωMRLVpv

R1 (R2 + RL) + ω2M2 = dtotalVpv (3.18)

Therefore, based on Equ. 3.18, it can be concluded that the WPT module is linear
part and the whole system voltage can be transformed into a total duty dtotal , and
the equivalent system is shown in Fig. 3.16. Therefore, the modules of the inverter,
WPT, rectifier and converter can be regarded as a equivalent converter and then the
RC topology system resistance monotonicity has been verified.

FIGURE 3.16: Equivalent RC topology WPT system.
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TABLE 3.5: Employed PV output properties of 45 W, 29 W and 22 W.

Case Voc/V Isc/A Vopt/V Iopt/A Pmax

1 23.0 3.8 20.3 2.22 45
2 19.0 3.05 16.0 1.81 29
3 17.1 2.64 14.4 1.53 22

3.4.2 RC Topology MPPT Experiment Verification

In this section, the RC topology MPPT feasibility is verified with multiple-peak PV
output property as shown in Fig. 3.17 and the parameters are shown in Tab. 3.5.

FIGURE 3.17: Employed 2-peak PV output property.

Furthermore, because there are 2 peaks of PV power with respect to voltage,
the global MPPT algorithm should be conducted. In this section, the SA-PR-GPSO
method has been employed and the parameters are set in chapter 6. The MPPT
experiment results are shown in Fig. 3.18-20.

FIGURE 3.18: PV MPPT experiment of case 1.

Based on the experiment results, it can be concluded that for all the 3 cases, the
global MPPT control has been achieved. The tracking time for case 1, 2 and 3 are
2.8 s, 1.8 s and 1.9 s, respectively. The reason that with higher PV output power
the tracking time will be increased is that when the PV output power is increased,
the flyback current flowing between the rectifer and buck converter will also be in-
creased. The PV current Ipv fluctuation will be enhanced and then there will be
higher error measured by the sensors input to the MPPT algorithm and then the
tracking time will be increased. Furthermore, based on the lunar rover power re-
quirement, the MPPT time upper limit is 10 s, indicating both the proposed lunar
rover structure and algorithm can achieve the preset aims.
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FIGURE 3.19: PV MPPT experiment of case 2.

FIGURE 3.20: PV MPPT experiment of case 3.

3.5 Comparison between TC and RC WPT Topologies

In the above analysis, the TC and RC topology lunar rover WPT systems are pro-
posed. However, because of the unique lunar circumstances, the advantages and
disadvantages of the proposed two topologies are analyzed in this section.

3.5.1 TC Topology structure and working modes analysis

3.5.1.1 TC Topology Lunar Rover Structure

The proposed TC topology lunar rover structure is shown in Fig. 3.21.

FIGURE 3.21: Lunar rover structure with TC topology WPT system.
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FIGURE 3.22: (a) Lunar rover structure and modules. (b) Front view
of lunar rover structure.

As shown in Fig. 3.22, the lunar rover with the TC topology WPT system mainly
consists of three parts, namely the PV panel, transmitter side and receiver side. As
shown in Fig. 3.22, in the transmitter side, the buck converter is employed to control
the PV output power and the inverter is employed to transform DC to AC to power
the WPT module. Because for the buck converter, no matter in the MPPT mode or
buck mode, the PV output power control should be conducted in digital control,
the transmitter side CPU and driver should be required. Furthermore, in order to
protect the CPU, the thermal system is also required in the transmitter side.

On the other hand, in the receiver side, the rectifier is employed to transform
AC to DC and both the DC-DC converter and battery are employed to balance the
system power supply and requirement. Due to the required digital control in the re-
ceiver side, the CPU, driver and thermal system are required. Furthermore, because
both the transmitter side and receiver side need the thermal assistance, the two parts
should be covered by the thermal insulation MLI materials and then the WPT coils
are also placed within the MLI cover.

Based on the above analysis, the lunar rover modules mainly include: (1) PV; (2)
Transmitter side shell; (3) Thermal control system; (4) Transmitter coil; (5) Receiver
coil; (6) Thermal control system; (7) Receiver side shell; (8) Battery; (9) DC-DC con-
verter; (10) Driver; (11) Load; (12) Rectifier; (13) CPU; (14) Inverter; (15) Driver; (16)
Buck converter; (17) CPU.

3.5.1.2 Working Mode Analysis at Lunar Day

At lunar day, as shown in Fig. 3.23, the generated power from PV will be transferred
to the receiver side to charge the load and battery. The buck converter will control
the PV in the MPPT/buck mode to output the appropriate amount power to the
load and battery. As shown in Fig. 3.24, because the outside temperature is higher
than 150◦C, the thermal control systems will working in the cooling mode to control
the temperature of transmitter and receiver side as the required 25◦C room tempera-
ture, respectively. All the transmitter/ receiver side control is achieved based on the
transmitter/receiver CPU, respectively. Furthermore, because the buck converter
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FIGURE 3.23: Power transfer direction at lunar day.

FIGURE 3.24: Lunar rover working mode analysis at lunar day.

control mode should be determined based on the PV power supply and load power
requirement, the wireless communication between two sides are required at lunar
day. In this way, the PV generated power can be transferred from the transmitter
coil to the receiver coil via magnetic coupling. However, due to the MLI coverage,
the magnetic field should penetrate two layers of MLI materials, indicating the WPT
efficiency will be influenced.

3.5.1.3 Working Mode Analysis at Lunar Night

At lunar night, because there is no solar irradiance, the PV will stop working and
in this mode, the battery is the only power source to drive the load as shown in
Fig. 3.25. However, in order to protect the lunar rover devices, the transmitter and
receiver side temperature should be controlled as the room temperature by the ther-
mal assistance system as shown in Fig. 3.26.

FIGURE 3.25: Power transfer direction at lunar night.
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FIGURE 3.26: Lunar rover working mode analysis at lunar night.

FIGURE 3.27: Heat leakage of TC topology lunar rover at lunar night.

However, as shown in Fig. 3.27, if we focus on the connection between the PV
and transmitter side, the wire connection which has penetrated the MLI coverage
can be found. Therefore, the slit on the transmitter side MLI coverage will cancell
the proposed WPT system in the thermal insulation property.

3.5.2 RC Topology Advantage and Disadvantage Analysis

3.5.2.1 RC Topology Lunar Rover Structure

The proposed RC topology lunar rover structure is shown in Fig. 3.28.

FIGURE 3.28: Lunar rover structure with RC topology WPT system.
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FIGURE 3.29: (a) Lunar rover structure and modules. (b) Front view
of lunar rover structure.

FIGURE 3.30: Power transfer direction at lunar day.

FIGURE 3.31: Lunar rover working mode analysis at lunar day.

As shown in Fig. 3.29, the lunar rover with the RC topology WPT system also
mainly consists of three parts, namely the PV panel, transmitter side and receiver
side. As shown in Fig. 3.29, in the transmitter side, there is only an inverter em-
ployed and it transforms DC to AC to drive the WPT module. Under working con-
ditions, the inverter frequency is fixed at 85 kHz, and then it can be controlled in a
open-loop analog way. Therefore, there is no CPU required in the transmitter side
and then the other modules of driver and thermal control system can be avoided.

On the other hand, in the receiver side, the rectifier is employed to transform AC
to DC and the buck converter is employed to control the PV output power. Further-
more, both the DC-DC converter and battery are employed to balance the system
power supply and requirement. Due to the required digital control in the receiver
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FIGURE 3.32: Power transfer direction at lunar night.

FIGURE 3.33: Lunar rover working mode analysis at lunar night.

side, the CPU, driver and thermal system are required. Because only the receiver
side should be protected with thermal insulation, the only the receiver coil is placed
with the MLI materials and the transmitter coil is completely exposed to the outside
circumstances.

Based on the above analysis, the lunar rover modules mainly include: (1) PV; (2)
Transmitter coil; (3) Receiver coil; (4) Receiver side shell; (5) Thermal control system;
(6) Battery; (7) DC-DC converter; (8) Driver; (9) Load; (10) Driver; (11) CPU; (12)
Rectifier; (13) Inverter.

3.5.2.2 Working Mode Analysis at Lunar Day

At luanr day, as shown in Fig. 3.30, the generated power from PV will be transferred
to the receiver side to charge the load and battery. The buck converter will control
the PV in the MPPT/buck mode to output the appropriate amount power to the
load and battery. As shown in Fig. 3.31, because the outside temperature is higher
than 150◦C, the thermal control system will working in the cooling mode to control
the temperature of receiver side as the required 25◦C room temperature. Therefore,
based on the working mode, the PV generated power can be transferred from the
transmitter side to the receiver side via magnetic coupling. Because only the receiver
coil is placed under the MLI coverage, it can be expected that the WPT efficiency will
be less influenced compared with the TC topology WPT system.

3.5.2.3 Working Mode Analysis at Lunar Night

At lunar night, because there is no solar irradiance, the PV will stop working and
in this mode, the battery is the only power source to drive the load as shown in
Fig. 3.32. However, in order to protect the lunar rover devices, the receiver side
temperature should be controlled as the room temperature by the thermal assistance
system as shown in Fig. 3.33.
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TABLE 3.6: Expected to be exploed JAXA R 2SK4048 parameters.

VDS/V ID/A ID(pulse)/A VGS/V PD|Tc=25◦C/W Tstg/◦C Rth(ch−c)/◦CW−1

100 42 168 ±20 250 (-55,150) 0.5

3.5.2.4 Comparison between TC and RC Topologies

As analyzed above, in the TC topology lunar rover structure, both the transmitter
side and receiver side instruments are protected by the thermal insulation MLI ma-
terials. No matter it is the lunar day or night, the internal temperature of the lunar
rover transmitter and receiver sides is kepted at 25◦C. However, in the RC topology
lunar rover, only the receiver side is protected in with the MLI materials coverage
while the transmitter side is completely exposed to the Moon surface circumstances.
In this case, the inverter MOSFET should resist the extremely intense temperature
variation and radioactive rays. In our research, the expected to be employed MOS-
FET is JAXA R 2SK4048 and the parameters are shown in Tab. 3.6

TABLE 3.7: Comparison between lunar rover TC and RC topologies.

Item T-Topology R-Topology

Structure
Transmitter CPU 1 0
Transmitter Driver 1 0
Transmitter Thermal System 1 0
Transmitter Buck 1 0
Transmitter Inverter 1 1
Receiver CPU 1 1
Receiver Driver 1 1
Receiver Thermal System 1 1
Receiver Rectifier 1 1
Receiver Buck 0 1
Receiver Load 1 1
Rectifier DC-DC Converter 1 1
Rectifier Battery 1 1
At Lunar Day
Transmitter Shell Penetration 1 0
Receiver Shell Penetration 1 1
Transmitter Side Temperature Control 1 0
Receiver Side Temperature Control 1 1
Communication 1 0
At Lunar Night
Transmitter Side Temperature Control 1 0
Receiver Side Temperature Control 1 1
Heat Leakage 1 0

With Tab. 3.6, the MOSFET JAXA R 2SK4048 can work normally within the tem-
perature range of (-55◦C,150◦C). Therefore, at lunar day, it can switch OFF/ON nor-
mally and at lunar night it will stop working.
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Furthermore, based on the above analysis on the TC and RC topology lunar rover
WPT systems, Tab. 3.7 can be obtained. In Tab. 3.7, 0 and 1 stand for no requirement
and requirement, respectively. Compared with the TC topology lunar rover WPT
system, the advantages of the RC topology can be obtained as follows.

(1) There are no requirements of CPU, driver and thermal assistance system in
the transmitter side;

(2) No matter the lunar day and night, the transmitter side is completely exposed
to the outside circumstances and no thermal control system is required;

(3) At lunar day, the WPT magnetic coupling only needs to penertrate one layer
of MLI thermal insulation materials and in this way, the WPT efficiency will be less
influenced;

(4) At lunar night, because there is no thermal assistance required in the trans-
mitter side, there is no heat leakage caused by the wire connection;

(5) Less instruments requirement of the RC topology will reduce the whole project
weight and then improve the rocket performance.

Therefore, the RC topology is more appropriate for the lunar rover under work-
ing conditions.

3.6 Summary

In chapter 3, the lunar rover WPT circuit devices are designed, and based on the
WPT circuit parameters, the TC and RC topology WPT systems have been proposed.
In the TC topology, the converter used to conduct the PV MPPT control is connected
to the PV at the transmitter side while in the RC topology, the converter is connected
to the rectifier at the receiver side. Both the TC and RC topology WPT systems are
verified the MPPT control implementation feasibility with experiments. Further-
more, because the PV output data can be directly employed by the converter in the
TC topology, the TC topology possesses the tracking accuracy advantage over the
RC topology in theory. However, because the MPPT control should be conducted
in digital way, the extra thermal management system should be added at the trans-
mitter side in the TC topology, indicating the employment of the lunar rover WPT
system will be meaningless based on the current research aims. Therefore, the RC
topology is more appropriate for the lunar rover application.



45

Chapter 4

Lunar Rover WPT System Power
Management Strategy

4.1 Lunar Rover WPT System Power Source

FIGURE 4.1: Employed PV, load and battery in the proposed system.

In this paper, the lunar rover WPT system mainly consists of 3 parts, and they
are the PV, load and battery as shown in Fig. 4.1. In general, at lunar day, the load
and battery will be powered by the PV; at lunar night, the battery will drive the
thermal assistance system to protect the rover side instruments. Therefore, based on
the above analysis, the battery will work as a buffer to balance the lunar rover WPT
system power supply and request.

Under working conditions, the PV, battery and load will cooperate together to
approach the power balance: at lunar day, on the precondition that the lunar rover
should accomplish the required missions, the energy should be stored in the bat-
tery as much as possible for the upcoming lunar night; at lunar night, the battery
is the sole power source to drive the thermal assistance system to keep the internal
temperature at 25oC. Therefore, an appropriate power management strategy can not
only guarantee the required missions achieved, but also can prolong the lunar rover
working life.

4.2 Power Management Strategy Design

Based on the above analysis, a 6-mode power management strategy has been pro-
posed.
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4.2.1 Mode A

FIGURE 4.2: Mode A.

As shown in Fig. 4.2, At lunar day, when the solar irradiance is not too intense,
the whole system will work in mode A. In this mode, the PV works in the MPPT
mode to output the maximum power to the load and battery simultaneously. In this
paper, the load works with the constant DC bus voltage under working conditions.
In order to protect the battery, the battery charge current is monitored. Because the
DC bus voltage is constant, when the PV output power increases, the battery charge
current will be increased. In this mode, the battery charge current should be kept
lower than the preset upper limit. Furthermore, in order to avoid the battery to
be overcharged, the battery voltage is also monitored: when the battery voltage is
higher than the upper limit, the battery will be switched off from the DC bus.

Therefore, Equ. 4.1 can be obtained.


PMPPT = Pload + Pbattery

Ibattery < Ilimit

Vbattery < Vlimit

(4.1)

4.2.2 Mode B

FIGURE 4.3: Mode B.

As shown in Fig. 4.3, at lunar day, when the solar irradiance is too intense, the
PV output power will be excess for the receiver side because the battery charge cur-
rent will exceed the upper limit. In this case, the PV should exit the MPPT mode
and output the required amount power. In this paper, this PV control is called opti-
mal power point tracking (OPPT). Therefore, in mode B, the PV works in the OPPT
mode, and the battery charge current is right equal to the preset upper limit as shown
in Equ. 4.2.
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POPPT = Pload + Pbattery

Ibattery < Ilimit

Vbattery < Vlimit

(4.2)

4.2.3 Mode C

FIGURE 4.4: Mode C.

As shown in Fig. 4.4, when the battery is fully charged, it will be switched off
from the DC bus to avoid the overcharge. If the solar irradiance is at the exact inten-
sity with which the PV output power in the MPPT mode lead to the DC bus voltage
to be the required constant value, the system will work in mode C in Equ. 4.3.

{
PMPPT = Pload

Vbattery = Vlimit

(4.3)

4.2.4 Mode D

FIGURE 4.5: Mode D.

As shown in Fig. 4.5, when the battery is switched off from the DC bus and the
solar irradiance is too intense, the PV should work in the OPPT mode to output ap-
propriate amount power to stabilize the DC bus voltage to be equal to the reference
in Equ. 4.4.

{
POPPT = Pload

Vbattery = Vlimit

(4.4)
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FIGURE 4.6: Mode E.

4.2.5 Mode E

As shown in Fig. 4.6, at lunar day, when the solar irradiance is not strong enough,
the PV output power in the MPPT mode still can not meet the power request of load.
In this case, the battery will cover the difference in Equ. 4.5. Therefore, in mode E,
the PV and battery output power together to the load.


PMPTT + Pbattery = Pload

Ibattery < Ilimit

Vbattery < Vlimit

(4.5)

4.2.6 Mode F

FIGURE 4.7: Mode F.

As shown in Fig. 4.7, at lunar night, the PV will stop working and the battery is
the sole energy source which can output power to the load in Equ. 4.6.


Pbattery = Pload

Ibattery < Ilimit

Vbattery < Vlimit

(4.6)

4.3 TC Topology Power Management Control and Experiment

In the TC topology WPT system, there are several system uncertain variables, such
as the PV MPPT/OPPT modes and the battery switch on/off states. All the men-
tioned function realizations of 6 working modes should be conducted with the con-
verter control. Therefore, the system control structures are analyzed in the following
parts.
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4.3.1 System Control Structure in TC topology WPT System

4.3.1.1 When PV Works in MPPT Mode

When the PV works in MPPT mode, the system control structure is shown in Fig.
4.8.

FIGURE 4.8: MPPT control method in TC topology.

FIGURE 4.9: OPPT control method in TC topology with battery.

As shown in Fig. 4.8(a), the transmitter side converter will conduct the PV MPPT
control and the receiver side DC bus voltage will be stabilized by the DC-DC con-
verter. Therefore, the mode A and E will follow this control structure.

When the battery is fully charged and switched off from the DC bus, as shown
in Fig. 4.8(b). The DC bus voltage should be stabilized with the buck converter. In
this case, the solar irradiance is the exactly appropriate intensity to make the DC bus
voltage to be equal to the reference. This control method is employed in mode C.
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FIGURE 4.10: OPPT control method in TC topology without battery.

FIGURE 4.11: OPPT control flowchart.

4.3.1.2 When PV Works in OPPT Mode

When the battery is connected to the DC bus in Fig. 4.9, the DC-DC converter is
still employed to stabilize the DC bus voltage, the buck converter should conduct
the OPPT control to search for the appropriate duty with which the PV can output
the required amount power of receiver side. In this case, the duty tracking process is
controlled by the battery charge current. Therefore, this control structure is for mode
B.

When the battery is switched off, the buck converter will conduct the PV OPPT
control but the duty tracking process is conducted based on the DC bus voltage, and
this control structure is for mode D.

4.3.1.3 When PV Stops Working

As shown in Fig. 4.10, at lunar night, the PV stops working and in this case, the
battery is the only power source to the lunar.

4.3.2 OPPT Control in TC Topology

In the OPPT control, the PV output power should be controlled as the required
amount to stabilize the battery charge current or DC bus voltage. In the TC topol-
ogy, because no matter the battery charge current nor the DC bus voltage can not be
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directly controlled by the transmitter side buck converter. Therefore, inspired by the
MPPT mode, in this paper the OPPT control is also conducted with a duty tracking
process. The OPPT control flowchart is shown in Fig. 4.11.

In Fig. 4.11, the MPPT control is required in system mode A, C and E. In mode B,
the battery charge current should be controlled as the preset upper limit. Therefore,
in Fig. 4.11, the right side OPPT control block should be employed. In mode D,
similarly, the DC bus voltage is the key factor which determines the working point
of the buck converter, and then the left side OPPT block should be employed.

4.3.3 Working Mode Switching with Solar Irradiance Variation

When the solar irradiance changes under working conditions, the buck converter
working point should be traversed at the PV power curve to switch the PV MPPT/OPPT
control. The traversal process of mode switching is analyzed in the following.

4.3.3.1 When Solar Irradiance Increases

FIGURE 4.12: Working point movement when solar irradiance in-
creases.

In Fig. 4.12(a), in the initial state, the system works at the position I under the
OPPT control. When the solar irradiance increases, because the converter duty can
not be changed abruptly, the system working point will be moved to the position
II. Because at position II the PV output power is higher than the required amount,
the system working point should move downside to search for the appropriate po-
sition. Therefore, with enough steps, the system working point will be moved to the
position III under the OPPT control.

In Fig. 4.12(b), in the initial state, the system works at the position I in the MPPT
mode. When the solar irradiance increases, the system working point will be moved
to the position II. Because at position II the PV output power is higher than the
required amount, with enough steps, the system working point will be moved to the
position III under the OPPT control.

In Fig. 4.12(c), in the initial state, the system works at the position I in the MPPT
mode. When the solar irradiance increases, the system working point will be moved
to the position II. Because at position II the PV output power is lower than the re-
quired amount, the system working point should move upside to search for the
appropriate position. Therefore, with enough steps, the system working point will
be moved to the position III under the MPPT control.
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FIGURE 4.13: Working point movement when solar irradiance de-
creases.

FIGURE 4.14: Employed PV output properties.

4.3.3.2 When Solar Irradiance Decreases

In Fig. 4.13(a), in the initial state, the system works at the position I under the OPPT
control. When the solar irradiance decreases, because the converter duty can not be
changed abruptly, the system working point will be moved to the position II. Be-
cause at position II the PV output power is higher than the required amount, the
system working point should move downside to search for the appropriate posi-
tion. Therefore, with enough steps, the system working point will be moved to the
position III under the OPPT control.

In Fig. 4.13(b), in the initial state, the system works at the position I under the
OPPT control. When the solar irradiance decreases, the system working point will
be moved to the position II. Because at position II the PV output power is lower than
the required amount, the system working point should move upside to search for
the appropriate position. Therefore, with enough steps, the system working point
will be moved to the position III under the MPPT control.

In Fig. 4.13(c), in the initial state, the system works at the position I under the
MPPT control. When the solar irradiance decreases, the system working point will
be moved to the position II. Because at position II the PV output power is lower than
the required amount, with enough steps, the system working point will be moved
to the position III under the MPPT control.
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4.3.4 DC-DC Converter Controller Design

In the proposed lunar rover WPT system, the battery is employed to balance the
system power supply and requirement, and the power flow is controlled by the DC-
DC converter. The employed DC-DC convereter is shown in Fig. 4.15.

FIGURE 4.15: DC-DC topology.

With the DC-DC converter topology, the space state equations can be obtained.{
ẋ (t) = Ax (t) + Bu (t)
y (t) = Cx (t) + Du (t)

(4.7)

In the equation, the following equations can be obtained.

x (t) =
[

iL (t)
vdc (t)

]
u (t) =

[
E

idc (t)

]
y (t) = vdc (t) (4.8)

A =

−
RLD

LD

d (t)
LD

−d (t)
CD

0

 B =

−
1

LD
0

0
1

CD

 C =
[
0 1

]
(4.9)

Expand the above model at the system working point, d(t), iL(t), vdc(t) and idc(t)
can be expressed as follows.

d(t) = D + ∆d(t) iL(t) = IL + ∆iL(t) (4.10)

vdc(t) = Vdc + ∆vdc idc(t) = Idc + ∆idc(t) (4.11)

x(t) = X + ∆x(t) X =

[
IL

Vdc

]
∆x (t) =

[
∆iL (t)

∆vdc (t)

]
(4.12)

u(t) = U + ∆u(t) U =

[
D

Idc

]
∆u(t) =

[
∆d(t)

∆idc(t)

]
(4.13)
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With the expansion, the following equations can be obtained.

∆ẋ(t) = ∆A∆x(t) + ∆B∆u(t) (4.14)

∆vdc(t) = C∆x (t) (4.15)

∆A =

−
RLD

LD

D
LD

−D
C

0

 ∆B =


Vdc

L
0

− IL

C
1
C

 (4.16)

Based on the DC-DC converter topology, in the steady state, the following equa-
tion can be obtained.

Vdc =
ED + RD Idc

D2 IL =
Idc

D
(4.17)

Furthermore, the following can be obtained.

Idc =
8

π2
ω0k
√

L1L2Vs − R1Vdc

R1R2 + ω2
0k2L1L2

(4.18)

Therefore, ∆A and ∆B can be transformed into the following equations.

∆A =

−
RD

LD

D
LD

− D
CD

− 8
π2

R1

C
[
R1R2 + ω2

0k2L1L2
]
 ∆B =


Vdc

LD

− IL

CD

 (4.19)

∆x(t) =

[
∆iL(t)

∆vdc(t)

]
∆u(t) = ∆d(t) (4.20)

Based on Equ. 4.17 and 18, the following equation can be obtained.

D =
E +

√
E2 − 4RDVdcηmax Idc|Vdc = Vdcηmax

2Vdcηmax
(4.21)

In Equ. 4.21, D ∈ (0, 1).
Therefore, the PID controller as shown in Fig. 4.16 can be obtained based on the

pole placement method.
The transfer function P can be obtained as follows.
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FIGURE 4.16: Employed PID controller.

P =
∆ddc

∆d
=

b1s + b0

s2 + a1s + a0
(4.22)

In Equ. 4.22, the following equations can be obtained.

a1 =
RD

LD
+

8
π2

R1

CD
(

R1R2 + ω2
0k2L1L2

) (4.23)

a0 =
1

LDCD

(
D2 +

8
π2

RDR1

R1R2 + ω2
0k2L1L2

)
(4.24)

b1 = − IL

CD
(4.25)

b0 = −RD IL + DVdc

LDCD
(4.26)

With the above plant P, the PID controller can be obtained based on the pole
placement method.

Cpid = KP +
KI

s
+

KDs
τs + 1

(4.27)

4.3.5 Experiment verification

In order to verify the proposed power management strategy, 3 cases of PV output
property are employed in Fig. 4.14 and Tab. 4.1. When the PV output property
changes, the system working mode should be switched automatically. Furthermore,
the DC bus refence voltage and battery voltage are Vbus_re f = 15V and Vbattery = 10V.

4.3.5.1 Experiment Results of Mode A

In mode A, PV should work under the MPPT control to charge the battery and load
in case 1. The battery charge current upper limit is Iupper = −2A. The experiment
result is shown in Fig. 4.17. The PV working point is controlled at the optimal
position, namely Vpv = 30V, indicating the MPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 15V, and the battery is charged
at the current of Ibattery = −1A.
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TABLE 4.1: Employed PV output properties of 45 W, 31 W and 20 W.

Case Voc/V Isc/A Vopt/V Iopt/A Pmax

1 35 1.6 30 1.5 45
2 33 1.2 28 1.1 31
3 25 1.1 20 1.0 20

FIGURE 4.17: Experiment result of mode A.

4.3.5.2 Experiment Results of Mode B

In mode B, PV should work under the OPPT control to charge the battery and load
in case 1. The battery charge current upper limit is Iupper = −0.5A. The experiment
result is shown in Fig. 4.18. The PV working point is controlled at the optimal
position, namely Vpv = 32V, indicating the OPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 15V, and the battery is charged
at the current of Ibattery = −0.5A.

FIGURE 4.18: Experiment result of mode B.
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FIGURE 4.19: Experiment result of mode C.

FIGURE 4.20: Experiment result of mode D.

4.3.5.3 Experiment Results of Mode C

In mode C, the battery is fully charged and is switched off from the DC bus. The PV
should work under the MPPT control to power the load in case 2. The experiment
result is shown in Fig. 4.19. The PV working point is controlled at the optimal
position, namely Vpv = 28V, indicating the MPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 15V.

4.3.5.4 Experiment Results of Mode D

In mode D, the battery is fully charged and is switched off from the DC bus. The PV
should work under the OPPT control to charge the load in case 1. The experiment
result is shown in Fig. 4.20. The PV working point is controlled at the optimal
position, namely Vpv = 32V, indicating the OPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 15V.

4.3.5.5 Experiment Results of Mode E

In mode E, the solar irradiance is not strong enough, and then the PV should work
under the MPPT control to power the load in case 3 with the battery. The experiment
result is shown in Fig. 4.21. The PV working point is controlled at the optimal
position, namely Vpv = 20V, indicating the MPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 15V. The battery discharges at
the current of Ibattery = 0.8A.
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FIGURE 4.21: Experiment result of mode E.

FIGURE 4.22: Experiment result of mode F.

4.3.5.6 Experiment Results of Mode F

In mode F, at lunar night the PV stops working and the only the battery outputs
power to the load. The experiment result is shown in Fig. 4.22. The DC bus voltage
is controlled as the reference, namely Vbus = 15V. The battery discharges at the
current of Ibattery = 2.3A.

FIGURE 4.23: Experiment result of mode switch D→ B.

4.3.5.7 Mode Switch: E→ B

In the initial state, the solar irradiance is not strong enough in case 3 and the system
works in the mode E. Furthermore, the battery charge current upper limit is Iupper =
−0.5A. When the solar irradiance abruptly changes from case 3 to 1, the system
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should change from mode E to B. Based on the experiment result in Fig. 4.23, the
PV output voltage changes from 20 V to 32 V and the battery charge current also
changes from 0.8 A to -0.5 A, respectively, indicating the mode switch is effectively
achieved.

FIGURE 4.24: Experiment result of mode switch B→ D.

4.3.5.8 Mode Switch: B→ E

In the initial state, the solar irradiance is strong enough in case 1 and the system
works in the mode B. Furthermore, the battery charge current upper limit is Iupper =
−0.5A. When the solar irradiance abruptly changes from case 1 to 3, the system
should change from mode B to E. Based on the experiment result in Fig. 4.24, the
PV output voltage changes from 32 V to 20 V and the battery charge current also
changes from -0.5 A to 0.8 A, respectively, indicating the mode switch is effectively
achieved.

Furthermore, in mode A of 45 W, the system efficiency is shown in Fig. 4.25.

FIGURE 4.25: Flyback current at the transmitter and receiver side.

However, in the experiment results, it can be found that there is a ripple at the DC
bus voltage Vbus. By analyzing the ripple frequency of 170 kHz, it can be conluded
that the ripple is generated by the flyback current from the rectifier to the DC bus
under working conditions as shown. Furthermore, with the same analysis, it also
can be concluded that there is a ripple at the transmitter side caused by the flyback
current from the inverter as shown in Fig. 4.26.
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FIGURE 4.26: System efficiency in mode A

4.4 RC Topology Power Management Control and Experiment

Same to the TC topology, the system working state of RC topology is also influenced
by the variables of PV MPPT/OPPT modes and battery switch on/off states. There-
fore, the system control structure is analyzed in the following parts.
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4.4.1 System Control Structure in RC Topology WPT System

4.4.1.1 When PV Works in MPPT Mode

When the PV works under the MPPT control, the system control structure is shown
in Fig. 4.27.

FIGURE 4.27: MPPT control method in RC topology.

The receiver side converter will conduct the PV MPPT control and the receiver
side DC bus voltage will be stabilized by the DC-DC converter. Therefore, the mode
A and E will follow this control structure.

When the battery is fully charged and switched off from the DC bus, as shown in
Fig. The DC bus voltage should be stabilized with the buck converter. In this case,
the solar irradiance is the exactly appropriate intensity to make the DC bus voltage
to be equal to the reference. This control method is employed in mode C.

4.4.1.2 When PV Works in OPPT Mode

When the PV works under the OPPT control, the system control structure is shown
in Fig. 4.28.

When the battery is connected to the DC bus, the DC-DC converter is employed
to stabilize the battery charge current, and the buck converter should control the DC
bus voltage. Therefore, this control structure is for mode B.

When the battery is switched off, the buck converter will control the DC bus
voltage as shown, and this control structure is for mode D.

Because the DC bus voltage and battery charge current can be directly controlled
by the buck converter and DC-DC converter respectively, the system working point
can be directly determined by the converter operations. In this way, in the RC topol-
ogy OPPT control, there is no working point tracking process.

4.4.1.3 When PV Stops Working

As shown in Fig. 4.29, at lunar night, the PV stops working and in this case, the
battery is the only power source to the lunar.
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FIGURE 4.28: OPPT control method in RC topology with battery.

FIGURE 4.29: OPPT control method in RC topology without battery.

4.4.2 DC-DC Converter Controller Design

4.4.2.1 DC-DC Converter Transfer Function

Based on the DC-DC converter topology as shown in Fig. 4.30, the following equa-
tions can be obtained.

Gv0 =
vin

(1− D)2 (4.28)

ωzv1 =
1

RCDCD
(4.29)

ωzv2 =
(1− D)2 (RD − RLD)

LD
(4.30)

∆(s) =
s2

ω2
o
+

s
Qωo

+ 1 (4.31)
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FIGURE 4.30: Employed DC-DC converter topology.

ωo =
1√

LDCD

√
RLD + RL(1− D)2

RL
(4.32)

Q =
ωo

RLD/LD
+

1
CD (RL + RCD)

(4.33)

Gi0 =
2vin

(1− D)3 (4.34)

ωzi =
1

CD (RL/2 + RCD)
(4.35)

In the equation, Gv0, Gi0, RCD, CD, LD, vin, D, ω0 and Q are the DC voltage
gain, DC current gain, capacitor resistance, inductor resistance, DC bus capacitor,
input voltage, steady stage duty, angular corner frequency and quality power factor,
respectively.

Therefore, the DC-DC converter transfer functions can be obtained as follows.

Gid(s) =
îL(s)
d̂(s)

= Gi0
(1 + s/ωzi)

∆(s)
(4.36)

Gvd(s) =
v̂DC(s)

d̂(s)
= Gv0

(1 + s/ωzv1) (1− s/ωzv2)

∆(s)
(4.37)

If the capacitor resistance RCD and inductor resistance RLD can be omitted, the
transfer functions can be transformed as follows.

Gid(s) =
îL(s)
d̂(s)

=
Vin2 (2 + CDRLs)

(1− D)

[
(1− D)2 +

LD

RL
s + LDCDs2

] (4.38)
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Gvd(s) =
v̂DC(s)
d̂2(s)

= Vin2
(1− D)2RL − LDs

(1− D)2RL + LDs + LDCDs2 (4.39)

4.4.2.2 Single-loop Current Controller

When the DC-DC converter stabilizes the battery charge current IL in Fig. 4.30, the
single-loop current controller can be employed as shown in Fig. 4.31.

FIGURE 4.31: Employed single-loop current controller.

FIGURE 4.32: Employed double-loop voltage controller.

The PI controller in Equ. 4.40 should be employed.

Gci(s) = kpi +
kii

s
(4.40)

The controller can be designed based on the required phase margin ϕm1 and
crossover frequency fcz1 as follows.

kpi =
cos θ1

|Gid(s)|
(4.41)

kii =
sin θ1 fcz1

|Gid(s)|
(4.42)

θi = 180◦ + ϕmi − 6 Gid(s) (4.43)

In this way, the DC-DC converter single-loop current controller can be obtained.
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4.4.2.3 Double-loop Voltage Controller

When the DC bus voltage is stabilized by the DC-DC converter, the double-loop
voltage controller is employed as shown in Fig. 4.32.

The PI controller in Equ. 4.44 can be employed, and it also can be designed based
on Equ. 4.41-43.

Gcv(s) = kpv +
kiv

s
(4.44)

Therefore, in this way, the DC-DC controller current and voltage controllers can
be designed.

4.4.3 Experiment Verification

In order to verify the proposed power management strategy, 3 cases of PV output
property are employed in Fig. 4.33 and Tab. 3.5. When the PV output property
changes, the system working mode should be switched automatically. Furthermore,
the experiment parameters are set as Vbus_re f = 10V, RL = 5Ω and Vbattery = 7.2V.

FIGURE 4.33: Employed PV output properties.

4.4.3.1 Experiment Results of Mode A

In mode A, PV should work under the MPPT control to charge the battery and load
in case 1. The battery charge current upper limit is Iupper = −2A. The experiment
result is shown in Fig. 4.34. The PV working point is controlled at the optimal
position, namely Vpv = 20.5V, indicating the MPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 10V, and the battery is charged
at the current of Ibattery = −1.1A.

4.4.3.2 Experiment Results of Mode B

In mode B, PV should work under the OPPT control to charge the battery and load
in case 1. The battery charge current upper limit is Iupper = −0.5A. The experiment
result is shown in Fig. 4.35. The PV working point is controlled at the optimal
position, namely Vpv = 17.5V, indicating the OPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 10V, and the battery is charged
at the current of Ibattery = −0.5A.
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FIGURE 4.34: Experiment result of mode A.

FIGURE 4.35: Experiment result of mode B.

4.4.3.3 Experiment Results of Mode C

In mode C, the battery is fully charged and is switched off from the DC bus. The PV
should work under the MPPT control to power the load in case 2. The experiment
result is shown in Fig. 4.36. The PV working point is controlled at the optimal
position, namely Vpv = 16.1V, indicating the MPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 10V.

FIGURE 4.36: Experiment result of mode C.

4.4.3.4 Experiment Results of Mode D

In mode D, the battery is fully charged and is switched off from the DC bus. The PV
should work under the OPPT control to power the load in case 1. The experiment
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result is shown in Fig. 4.37. The PV working point is controlled at the optimal
position, namely Vpv = 14.9V, indicating the OPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 10V.

FIGURE 4.37: Experiment result of mode D.

4.4.3.5 Experiment Results of Mode E

In mode E, the solar irradiance is not strong enough, and then the PV should work
under the MPPT control to power the load in case 3 with the battery. The experiment
result is shown in Fig. 4.38. The PV working point is controlled at the optimal
position, namely Vpv = 14.8V, indicating the MPPT control is achieved. The DC bus
voltage is controlled as the reference, namely Vbus = 10V. The battery discharges at
the current of Ibattery = 0.9A.

FIGURE 4.38: Experiment result of mode E.

4.4.3.6 Experiment Results of Mode F

In mode F, at lunar night the PV stops working and the only the battery outputs
power to the load. The experiment result is shown in Fig. 4.39. The DC bus voltage
is controlled as the reference, namely Vbus = 10V. The battery discharges at the
current of Ibattery = 3.2A.
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FIGURE 4.39: Experiment result of mode F.

FIGURE 4.40: Experiment result of mode switch E→ A.

FIGURE 4.41: Experiment result of mode switch A→ E.

4.4.3.7 Mode Switch: E→ A

In the initial state, the load is RL = 5Ω and the system works in the mode E. When
the load RL abruptly changes from 5Ω to 10Ω, the system encounters a brief tran-
sient state and then switches to the mode A, as shown in Fig. 4.40. The battery
discharge current changes from 0.8A to −0.6A, indicating the mode switch is effec-
tively achieved.
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4.4.3.8 Mode Switch: A→ E

In the initial state, the load is RL = 10Ω and the system works in the mode A. When
the load RL abruptly changes from 10Ω to 5Ω, the system encounters a brief tran-
sient state and then switches to the mode E, as shown in Fig. 4.41. The battery dis-
charge current changes from −0.6 to 0.8A, indicating the mode switch is effectively
achieved.

Furthermore, in mode A of 45 W, the system efficiency is shown in Fig. 4.42.

FIGURE 4.42: System efficiency in mode A.

4.5 Summary

In this chapter, based on the power supply and request relation of the PV, load and
battery, a 6-mode power management strategy is proposed. The working modes are
determined based on the solar irradiance intensity and rover side power require-
ments. In general, the system working state can be analyzed based on the PV modes,
namely the MPPT and OPPT state. Due to the different positions of the converter
used to conduct the PV MPPT control in the TC and RC topologies, the system con-
trol methods of OPPT state are also different. Based on the experiment results, the
proposed 6-mode power management strategy is valid for both the TC and RC topol-
ogy WPT systems, and when the working condition parameters change, such as the
solar irradiance and load variations, the working mode can be switched automati-
cally.
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Chapter 5

Lunar Rover WPT System
DC-to-DC Efficiency Tracking with
Parameter Variation

The temperature of Moon surface varies intensely between the lunar day and night.
In the lunar rover WPT system, the transmitter side is completely exposed to the
lunar circumstances. So far, due to the material limit, the inductance and capaci-
tance of the WPT devices will deviate from the nominal values with temperature
variations.

FIGURE 5.1: Employed WPT system with parameter variations.

Based on the Fig. 5.1. it can be concluded that with temperature variations,
the inductance and capacitance will deviate from the nominal values, indicating the
WPT system can not be resonated at the preset inverter frequency based on the de-
vice nominal values. In this case, the inverter will output reactive power to the
transmitter, and not only the WPT module efficiency ηw will be influenced, but also
the DC-to-DC efficiency ηDC will be reduced. However, based on the lunar rover
design expectations, even though there is parameter variation, the whole system
DC-to-DC efficiency should be kept at the maximum. Therefore, the WPT system
with parameter variation DC-to-DC efficiency property should be analyzed.

5.1 WPT Module with Parameter Variation Property

With parameter variations the SS topology can be transformed in Fig. 5.2.
Based on the equivalent circuit, the following impedance analysis can be ob-

tained.

Za = R2 + RL + jXa (5.1)
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Parameter Variation

FIGURE 5.2: Eequivalent SS topology circuit.

Zb =
1

1
a
+

1
jXb

(5.2)

Zc = R1 + Zb + jXc (5.3)

Za = Xa = ω (L2 −M)− 1
ωC2

(5.4)

Xb = ωM (5.5)

Xc = ω (L1 −M)− 1
ωC1

(5.6)

Therefore, the WPT module currents and voltages can be obtained as follows.

V̇1 = V1 (5.7)

İ1 = I1−real + jI1−i mag

= V1

[
(Xa + Xb) α + (R2 + RL) β

α2 + β2 + j
(Xa + Xb) β− (R2 + RL) α

α2 + β2

] (5.8)

V̇2 = V2−real + jV2−imag = RLV1Xb

(
α

α2 + β2 + j
β

α2 + β2

)
(5.9)

İ2 = I2−real + jI2−i mag = V1Xb

(
α

α2 + β2 + j
β

α2 + β2

)
(5.10)

In the equations, the α and β can be obtained in the following.

α = R1Xa + (R1 + R2 + RL) Xb + (R2 + RL) Xc (5.11)

β = R1 (R2 + RL)− XaXb − XaXc − XbXc (5.12)
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Based on the above equations, the WPT module efficiency ηw can be obtained as
follows.

ηw =
Pout

Pin
=

RLX2
b

R1

[
(R2 + RL)

2 + (Xa + Xb)
2
]
+ (Xa + Xb) X2

b

= f (ω, RL) (5.13)

Based on Equ. 5.13, it can be concluded that the WPT module efficiency ηw is a bi-
nary function of ω and RL, and in order to track the ηw maximum, the simultaneous
tuning of ω and RL should be conducted.

Furthermore, the whole system DC-to-DC efficiency is not only influenced by
the WPT module efficiency but also the power factor PF. Therefore, with parameter
variations, the system PF can be obtained as follows.

PF =
P
S
=

V1 I1_real

V1

√
I2
1_real + I2

1−imag

(5.14)

⇒ PF = g (ω, RL) =
A1√
A2A3

(5.15)

In the equation, the following can be obtained.

A1 = R1

[
(R2 + RL)

2 + (Xa + Xb)
2
]
+ X2

b (R2 + RL) (5.16)

A2 = (R2 + RL)
2 + (Xa + Xb)

2 (5.17)

A3 =R2
1

[
(R2 + RL)

2 + (Xa + Xb)
2
]
+ (R2 + RL)

2 (Xb + Xc)
2 + 2R1X2

b (R2 + RL)

+ X2
a (Xb + Xc)

2 + XbXc (2XaXb + 2XaXc + XbXc)

(5.18)

Therefore, similar to the efficiency ηw, PF is also a binary function of ω and RL,
and in order to track the ηw maximum, the simultaneous tuning of ω and RL should
be conducted.

In order to track the maximum DC-to-DC efficiency ηDC_max, the ηDC monotonic-
ity should be analyzed: on one hand, if ηDC only possesses single peak, the conven-
tional hillclimbing method can track the maximum; on the other hand, if there are
multiple peaks of ηDC, the global maximum tracking method should be employed.
The ηDC monotonicity will be analyzed based on ηw and PF.

5.2 WPT Module Efficiency Monotonicity Analysis

Based on the above analysis, the WPT module efficiency ηw can be expressed in Equ.
5.13. Because it is a binary function of ω and RL, the ηw surface monotonicity will be
analyzed in two aspects.
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5.2.1 WPT Efficiency Derivative with Respect to Angular Velocity

Based on the Equ. 5.13, the derivative can be obtained as follows.

∂ηw

∂ω
= 0 ⇒ f1(x) = a1ω5 + c1ω3 = 0 (5.19)

In the equation, the following can be obtained.

c1 = 2 (5.20)

a1 = C2
(
C2R2

2 + 2C2R2RL + C2R2
L − 2L2

)
< 0 (5.21)

Therefore, the zero solution of ω can be obtained in the following.

ω = 0,
√
− c1

a1
,−
√
− c1

a1
(5.22)

The function f1(x) rough curve can be obtained in Fig. 5.3.

FIGURE 5.3: Derivative f1(x) zero solution distribution.

Based on Fig. 5.3, it can be concluded that with ω increasing from 0, f1(x)
changes from positive to negative, and therefore, ηw monotonically increases and
then decreases with respect to ω.

5.2.2 WPT Efficiency Derivative with Respect to Load

Based on the Equ. 5.13, the derivative can be obtained as follows.

∂ηw

∂RL
= 0 ⇒ f2(x) = a2R2

L + c2 = 0 (5.23)

In the equation, the following can be obtained.

c2 = C2
2ω4 (R1L2

2 + R2M2)+ R1C2ω2 (R2
2C2 − 2L2

)
+ R1 > 0 (5.24)

a2 = −C4
2 M2 (R1L2

2 + R2M2) < 0 (5.25)

Therefore, the zero solution of ω can be obtained in the following.

RL =

√
− c2

a2
,−
√
− c2

a2
(5.26)

The function f2(x) rough curve can be obtained in Fig. 5.4.
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FIGURE 5.4: Derivative f2(x) zero solution distribution.

TABLE 5.1: Employed WPT Parameters Parameter Variation Case.

Symbol Quantity Symbol Quantity

L1 0.616 mH L2 0.616 mH
C1 5.69e-9 F C2 5.69e-9 F
R1 1.4 Ω R2 1.4 Ω

fnom 85 kHz k 0.15

Based on Fig. 5.4, it can be concluded that with ω increasing from 0, f1(x)
changes from positive to negative, and therefore, ηw monotonically increases and
then decreases with respect to RL.

5.2.3 WPT Efficiency Surface Property

With the monotonicity analysis of ω and RL, the following ηw surface property can
be obtained.

∃!
(
ωξ , RLξ

)
∈ {ω, RL|ω > 0, RL > 0} ,

(
∂ηw

∂ω
,

∂ηw

∂RL

)
|ω = ωξ,RL = RLξ = (0, 0)

(5.27)

There is only one position
(
ωξ , RLξ

)
at which the derivatives of ηw respect to ω

and RL are equal to zero.

∃ε > 0, ∀ (ωδ, RLδ) ∈ Uo
[(

ωξ , RLξ

)
, ε
]

, ηw|ω=ωδ,RL
= RLξ < ηw|ω=ωξ ,RL

= RLξ

(5.28)

In the deleted neighborhood of
(
ωξ , RLξ

)
, all the points are lower than

(
ωξ , RLξ

)
.

Therefore, there is only one peak of ηw with simultaneous variations of ω and RL.
In order to verify the analyzed property, a WPT simulation is conducted. The

WPT parameters are shown in Tab. 5.1. Based on the simulation results in Fig. 5.5-7,
the WPT efficiency ηw possesses only 1 peak with the variations of inverter frequency
f and load RL, indicating the employed ηw monotonicity analysis is verified.

5.3 Power Factor Monotonicity Analysis

The power factor is shown in Equ. 5.15, and it is also a binary function of ω and RL.
However, PF is a complex equation and the algebra solution can not be obtained.
Considering the phase difference is caused by the circuit impedance, in this paper,
the system impedance is employed to analyze the system power factor. Therefore,
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FIGURE 5.5: WPT efficiency ηω surface distribution when L1 < L2.

FIGURE 5.6: WPT efficiency ηω surface distribution when L1 = L2.

it can be concluded that if impedance is purely resistive, PF = 1; if it is not purely
resistive, PF < 1.

To simplify the analysis, suppose the transmitter and receiver side parameters
are equal: L1 = L2 = L and C1 = C2 = C. Then the system impedance imaginary
part Im{Z} can be obtained.

Im{Z} =
C3L3ω6 − 3C2L2ω4 +

[
3CL− C2 (R + RL)

2
]

ω2 − 1

Cω
{

C2L2ω4 +
[
C2 (R + RL)

2 − 2CL
]

ω2 + 1
} (5.29)

Then when Im{Z} = 0, system power factor is PF = 1.
Suppose

Im{Z} = 0 ⇒ fz(x) = azx3 + bzx2 + czx + dz = 0, x = ω2 (5.30)

Then the derivative f ′z(x) can be obtained.

f ′z(x) = 3azx2 + 2bzx + cz = 0 (5.31)

The zero solution can be obtained.



5.3. Power Factor Monotonicity Analysis 77

FIGURE 5.7: WPT efficiency ηω surface distribution when L1 > L2.

x =
±
√

B1 + B2

B3
(5.32)

In the equation, the following can be obtained.

B1 =C2R4
L + 4C2RR3

L +
(
6C2R2 + CLk2 − 3CL

)
R2

L +
(
4C2R3 + 2CLRk2 − 6CLk

)
RL

+ C2R4 + CLR2k2 − 3CLR2 + 2CLR + L2k4 − 3L2k2

=C2R4
L + 4C2RR3

L − 3CLR2
L − 6CLRRL − 3CLR2 + L2k2

(5.33)

B2 = 2CRRL + CR2 − 3L + CRL2 + Lk2 (5.34)

B3 = 3CL2 − CL2k2 (5.35)

Then the following can be conluded:

RL low→ B1 > 0 (5.36)

RL high → B1 < 0 (5.37)

RL extremely high → B1 > 0 (5.38)

When the RL is extremely high, it is mot applicable to the WPT system and then
in this research, the case of extremely hig RL is omitted.

FIGURE 5.8: Derivative f ′(x) zero solution distribution.
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FIGURE 5.9: Derivative fz(x) zero solution distribution.

Therefore, the zero solution f ′z(x) can be analyzed.
(1) When RL � R

f ′(x) > 0⇒ ∃ω0 ∈ (0, ∞), Im{Z}|ω=ω0
= 0 (5.39)

In this case, fz(x) monotonically increases and there is only one zero solution of
fz(x) = 0 with ω variation.

(2) When RL!� R

∃x1, x2 ∈ (0, ∞), f ′(x)
∣∣

x=x1‖x=x2
= 0 (5.40)

⇒ ∃ω1, ω2, ω3 ∈ (0, ∞), Im{Z}|ω=ω1‖ω2‖ω3
= 0 (5.41)

In this case, there are 3 zero solutions of fz(x) = 0 with ω variation as shown in
Fig. 5.8 and 5.9.

FIGURE 5.10: Im {z} variation when frequency f and load RL change
simultaneously.

Based on the above analysis, with the parameters in Tab. 5.1, the system impedance
Z is simulated in Fig. 5.10. It can be concluded that when RL increases from 1Ω
to 104Ω, the zero solution number decreases from 3 to 1, indicating the employed
Im{Z} analysis is verified.

The system power factor PF is simulated in Fig. 5.11-13, it also can be concluded
that with RL increasing, the PF peak number changes from 3 to 1, indicating the
above analysis is verified.

5.4 WPT System DC-to-DC Efficiency Simulation

In order to analyze the WPT system DC-to-DC efficiency ηDC, a simulation with the
parameters in Tab. 5.1 is conducted with matlab and ηDC is shown in Fig. 5.14.
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FIGURE 5.11: Power factor PF surface distribution when L1 = L2.

FIGURE 5.12: Power factor PF surface distribution when L1 < L2.

Based on Fig. 5.14, the following can be concluded: (1) ηDC is more influenced by
PF compared with ηw; (2) with RL increasing, the ηDC peak number decreases from
3 to 1; (3) the global maximum tracking method should be required to track the ηDC
maximum.

5.5 DC-to-DC Efficiency Maximum Tracking with Simulated
Annealing Method

5.5.1 Simulated Annealing Algorithm General Principle

SA algorithm is a probabilistic method for tracking the global maximum and it is
conducted based on the annealing process in metallurgy as shown in Fig. 5.15. In
the annealing process, when the metal temperature is high, the internal particles
distributed without order; when the temperature is low, the internal particles are in
uniform pattern. Then the system temperature can effectively express the current
system disorder degree as shown in Fig. 5.15.

In the SA algorithm, when the system encounters some perturb, if the energy
state is higher than the current value, the perturb will be accepted by the system and
the system temperature will be reduced with one step down. If the energy state is
not higher than the current value, the probability of accepting the perturb will be
calculated as shown in Fig. 5.16. The probability is calculated based on the current
system energy state and temperature in Equ. 5.42.
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FIGURE 5.13: Power factor PF surface distribution when L1 > L2.

FIGURE 5.14: System DC-to-DC efficiency ηDC simulation.

Psa = e

Ecu − Epre

Tcu − Tpre (5.42)

In the equation, Ecu and Epre are the system previous and current energy state;
Tcu and Tpre are the system current and previous temperature; Psa is the acceptance
probability. In the algorithm, the obtained acceptance probability Psa will be com-
pared with random value Prand.

Psa > Prand ⇒ Perturb accepted (5.43)

Psa < Prand ⇒ Perturb not accepted (5.44)

Based on Equ. 5.42, it can be concluded that with the system temperature de-
creasing, the acceptance probability Psa will be reduced continuously and with enough
iterations, th Psa will be low enough. At this time, the SA algorithm will be ended
and the global maximum will be tracked.
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FIGURE 5.15: (a) Iron annealing. (b) Temperature variation in inron
annealing process.

FIGURE 5.16: (a) Probability variation in simulated annealing algo-
rithm. (b) Global maximum tracking process in simulated annealing

algorithm.

5.5.2 SA Algorithm Design for DC-to-DC Efficiency Tracking

In this paper, the DC-to-DC efficiency ηDC is taken as the system energy state. There-
fore, the acceptance probability Psa can be calculated as follows.

Psa = e

ηDC_cu − ηDC_pre

Tcu − Tpre (5.45)

In this paper, the system perturb is conducted with simultaneous ω and RL vari-
ations. In the implementation, ω and RL variations are achieved with inverter fre-
quency and converter duty changes, respectively. The proposed SA method flowchart
is shown in Fig. 5.17.

5.6 Simulation Verification

In this research, in order to simplify the tracking simulation, the system parameter
variation is achieved based on the inductance variation. Furthermore, 6 cases of
simulation parameter variations are employed in this section. The parameters of 6
cases are shown in Tab. 5.2.

In this paper, in order to assess the algorithm MPPT performance, the follow-
ing parameters are defined. The algorithm MPPT time Ttra is defined as the time
from the moment when the system starts to the moment when the steady PV output
power Psta error is limited within 5% compared with the theory maximum power
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FIGURE 5.17: Proposed ηDC maximum tracking simulated annealing
method flowchart.

Pmax. Furthermore, the algorithm MPPT tracking accuracy Atra is defined as the ra-
tio between the PV output power Psta in the stable state and Pmax. The parameters of
Ttra and Atra can assess the algorithm MPPT performance of accuracy.

Based on Tab. 5.2, the preset nominal inductance Lnom of 6 cases are invalid
and all the inductors deviate to the real inductance, namely Lreal = 0.616mH. The
preset nominal inverter frequencies fnom are set as 75, 77, 81, 90, 95 and 101 kHz,
respectively. With parameter variations, the real resonance frequency of 6 cases is
freal = 85kHz. Furthermore, with the initial circuit properties, the nominal optimal
resistance RL_nom is also preset based on Equ. 3.8, and they are 43, 45, 47, 52, 55
and 60 Ω, respectively. However, Based on real circuit parameters, the real optimal
resistance of 6 cases is RL_real = 49Ω.

The simulated annealing algorithm parameters are: Tin = 1000, Tf i = 1e−10

and αT = 0.7. The algorithm frequency is set as 20 Hz. The tracking results of 6

TABLE 5.2: 6 cases of employed parameter variations.

Case Lnom/mH Offset Lreal/mH RL_nomΩ RL_real/Ω fnom/kHz freal/kHz

1 0.791 -22.12% 0.616 43 49 75 85
2 0.751 -17.98% 0.616 45 49 77 85
3 0.679 -9.28% 0.616 47 49 81 85
4 0.550 +12.00% 0.616 52 49 90 85
5 0.493 +24.95% 0.616 55 49 95 85
6 0.436 +41.28% 0.616 60 49 101 85
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TABLE 5.3: Tracking efficiency and accuracy of 6 parameter variation
cases.

Case ηsta Atra Iteration Ttra

1 75.25% 99.16% 6 0.30
2 75.39% 99.34% 8 0.40
3 75.32% 99.25% 8 0.40
4 75.42% 99.38% 18 0.90
5 75.41% 99.37% 11 0.90
6 75.42% 99.38% 13 0.65

simulation cases are shown in Fig. 5.18-22.

FIGURE 5.18: Simulation results of case 1.

In case 1, the initial inverter frequency and optimal load are set as fnom = 75kHz
and RL_nom = 43Ω, respectively. Due to the parameter variations in Tab. 5.2, the real
circuit parameters should be set: freal = 85kHz and RL_real = 49Ω.

In Fig. 5.18, with the start position of (43, 75), the system working point gradually
moves toward the optimal position at which the DC-to-DC efficiency can approach
the maximum of ηDC_max (the system working point changes from blue to yellow
with time). Furthermore, after 0.30 s (6 iterations), the system enters the steady
state and the tracked system stable efficiency is ηsta = 75.25% demonstrating the
proposed SA method has achieved Atra = 99.16% tracking accuracy.

FIGURE 5.19: Simulation results of case 2.

In case 2, in the initial state: fnom = 77kHz and RL_nom = 45Ω. In Fig. 5.19, the
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system starts at the position of (45, 77), and the working point gradually moves to-
ward the maximum efficiency point. After 0.40 s (8 iterations), the system enters the
steady state, and the tracked efficiency is ηsta = 75.39% with the tracking accuracy
as Atra = 99.34%.

FIGURE 5.20: Simulation results of case 3.

In case 3, in the initial state: fnom = 81kHz and RL_nom = 47Ω. In Fig. 5.20, the
system starts at the position of (47, 81), and the working point gradually moves to-
ward the maximum efficiency point. After 0.40 s (8 iterations), the system enters the
steady state, and the tracked efficiency is ηsta = 75.32% with the tracking accuracy
as Atra = 99.25%.

FIGURE 5.21: Simulation results of case 4.

In case 4, in the initial state: fnom = 90kHz and RL_nom = 52Ω. In Fig. 5.21, the
system starts at the position of (52, 90), and the working point gradually moves to-
ward the maximum efficiency point. After 0.90 s (18 iterations), the system enters the
steady state, and the tracked efficiency is ηsta = 75.42% with the tracking accuracy
as Atra = 99.38%.

In case 5, in the initial state: fnom = 95kHz and RL_nom = 55Ω. In Fig. 5.22, the
system starts at the position of (55, 95), and the working point gradually moves to-
ward the maximum efficiency point. After 0.50 s (11 iterations), the system enters the
steady state, and the tracked efficiency is ηsta = 75.41% with the tracking accuracy
as Atra = 99.37%.

In case 6, in the initial state: fnom = 101kHz and RL_nom = 60Ω. In Fig. 5.23,
the system starts at the position of (60, 101), and the working point gradually moves
toward the maximum efficiency point. After 0.65 s (13 iterations), the system en-
ters the steady state, and the tracked efficiency is ηsta = 75.42% with the tracking
accuracy as Atra = 99.38%.
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FIGURE 5.22: Simulation results of case 5.

FIGURE 5.23: Simulation results of case 6.

TABLE 5.4: Tracking efficiency and accuracy of each 100 times.

Item Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

ηsta 75.26% 75.16% 75.29% 75.17% 75.01% 75.03%
Atra 99.16% 99.04% 99.21% 99.06% 98.85% 98.87%

Furthermore, in order to verify the proposed simulated annealing method feasi-
bility, each case is conducted for each 100 times, and the results are shown in Tab.
5.4. The average steady state efficiency ηsta of each case is higher than 75 % and the
tracking accuracy Atra is also approximately equal to 99 %. The simulation results
verifies the proposed SA method feasibility.

5.7 Summary

In this chapter, a WPT system DC-to-DC efficiency maximum tracking SA method
is proposed. When the parameter variations happen to the WPT circuit transmitter
side devices, the DC-to-DC efficiency is demonstrated to be a multiple-peak sur-
face with the simultaneous inverter frequency and load variations. In the proposed
method, the system DC-to-DC efficiency is employed as the state energy, and both
the inverter frequency and load are adopted as the system perturb. In order to ver-
ify the proposed SA method, 6 cases of parameter variations with different preset
nominal parameters are employed. Based on the simulation results, all the DC-to-
DC efficiency maximums are tracked within 1 s, indicating the proposed SA method
feasibility.
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Chapter 6

Lunar Rover PV MPPT Algorithm

Based on the photovoltaic effect, the PV output power with respect to voltage pos-
sesses 1 peak with uniform solar irradiance and multiple peaks under partial shad-
ing conditions. Under working conditions, in order to make the most of the solar
energy, the PV MPPT control should be conducted. In this section, the MPPT algo-
rithms designed for the lunar rover will be analyzed based on the solar irradiance
conditions. In section 6.1, the uniform solar irradiance case will be investigated and
in section 6.2 and 6.3, the partial shading conditions will be explored.

6.1 Variant Step Incremental Conductance Method

When the solar irradiance on the PV panel is uniform, the PV output power only
possesses 1 peak and in this case, the local MPPT method can track the maximum
power. The one-peak PV output property is shown in Fig. 6.1.

FIGURE 6.1: 1-peak PV output property.

Based on Fig. 6.1, the points A, B and C are located at the left side, peak and right
side of the P-V curve, respectively. The derivatives m of points A, B and C can be
obtained as follows.



mA =
dPA

dVA
= IA + UA

dIA

dVA
> 0

mB =
dPB

dVB
= IB + UB

dIB

dVB
= 0

mC =
dPC

dVC
= IC + UC

dIC

dVC
< 0

(6.1)
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It can be concluded that with different positions, the P-V derivative will possess
different values as shown in Fig. 6.2. The derivative m will gradually approach zero
when the working point moves toward the peak point.

FIGURE 6.2: Derivative m of PV output P-V function.

FIGURE 6.3: Variant step incremental conductance method flowchart.

In the conventional InCon method, the derivative of Ppv with respect to Vpv will
be employed to detect the current system working point rough position and then
the converter duty will be tuned to move the working point toward the peak point.
The InCon algorithm flowchart is shown in Fig. 6.3. Furthermore, the duty step
is always set as a constant value. However, when the solar irradiance intensity is
different, the P-V curve will also express different properties, as shown in Fig. 6.4.
Therefore, for the case of |m1| with higher derivative descent/ascent, especially at
the peak range, the step should be reduced to track the optimal position with higher
accuracy. For the case of |m3| with lower derivative descent/ascent, the step can be
increased moderately to accelerate the tracking process. Therefore, the conventional
InCon will not be appropriate for all the cases. In order to solve this issue, in this
research, a variant step InCon method is proposed.

The P-V derivative m can be obtained.
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FIGURE 6.4: Derivative m1, m2 and m3.

m =
dPpv

dVpv
(6.2)

At the peal point, m will approach zero.

lim
Ppv→Ppv_max

∣∣∣∣ dPpv

dVpv

∣∣∣∣ = 0 (6.3)

Then the duty step variation can be obtained as follows.

∆d = N
∣∣∣∣ dPpv

dVpv

∣∣∣∣ (6.4)

d(k) = d(k− 1)± ∆d (6.5)

In the equation, N should be low for |m1| and high for |m3|. In the proposed
method, the ratio of peak power and voltage is considered to tune N. Because the
area where the lunar rover will be launched is known in advance, the PV output
property with the medium solar irradiance can be taken as the tuning standard as
shown in Fig. 6.5. In this case, the PV output power P0 and voltage V0 are employed
as follows.

FIGURE 6.5: Variant step analysis.

|m| > m0 ∆d = N0

∣∣∣∣ dP
dV

∣∣∣∣ (6.6)
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TABLE 6.1: Employed PV property of 45 W

Voc/V Isc/A Vopt/V Iopt/A Pmax

35 1.6 30 1.5 45

|m| ≤ m0 ∆d = N0

∣∣∣∣ dP
dV

∣∣∣∣ P0/V0

P/V
(6.7)

With the assistance of
P0/V0

P/V
, the duty step ∆d can be tuned considering the P-V

curve derivative descent/ascent. For example, for the case of m1, ∆d can be reduced
for higher tracking accuracy but for the case of m3, ∆d can be effectively increased to
accelerate the tracking process.

6.1.1 Experiment Verification

The proposed variant step InCon method is verified with experiments. The em-
ployed PV output property is shown in Fig. 6.6 and the parameters are shown in
Tab. 6.1. The experiment results of the conventional and variant step InCon meth-
ods are shown in Fig. 6.7 and 6.8.

FIGURE 6.6: Employed 1-peak PV output property.

FIGURE 6.7: Experiment results of conventional incremental conduc-
tance method.

In Fig. 6.7, when the duty step and algorithm frequency are set as ∆step = 0.002
and fal = 50Hz, the tracking time is Ttra = 6.0s. Furthermore, after the maximum
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FIGURE 6.8: Experiment results of proposed variant step incremental
conductance method.

power point is tracked, the PV output fluctuation is still intense, indicating the sys-
tem working point is oscillating around the optimal position. Under working condi-
tions, these oscillations will cause system instability and should be avoided as much
as possible. In Fig. 6.8, the variant step is employed and the algorithm is also set as
fal = 50Hz. The tracking time is reduced as Ttra = 3s and furthermore, the oscilla-
tion is also reduced after the optimal working position is tracked because the step at
peak area is reduced.

Based on the above experiment results and analysis, the proposed variant step
InCon method feasibility has been verified.

6.2 Particle Replace Particle Swarm Optimization Algorithm

6.2.1 PSO Algorithm Velocity and Position Update Property

When the lunar rover PV works in the partial shading conditions, the global MPPT
algorithm should be conducted. In this research, the PSO algorithm is employed.
In general, in PSO algorithm, the global maximum tracking is conducted based on
the particle movements in the algorithm iteration process. The particle velocity and
position update equations are shown as follows.

vk+1
i = wvk

i + c1r1

(
Pi − xk

i

)
+ c2r2

(
G− xk

i

)
(6.8)

xk+1
i = xk

i + vk+1
i (6.9)

In the equation, ω is the inertia weight; c1 is the personal best acceleration co-
efficient; c2 is the global best acceleration coefficient; r1 and r2 are the uniform dis-
tributed random numbers; Pi is the ith particle personal best at the kth iteration; G
is the global best at the kth iteration; xk

i is the ith particle duty at the kth iteration;
xk+1

i is the ith particle duty at k + 1th iteration; vk
i is the ith particle velocity at the kth

iteration; vk+1
i is the ith particle velocity at the k + 1th iteration.

In Equ. 6.8, c1 and c2 represent the particle velocity proneness to be influenced
by the personal and global bests: high c1 means the personal best can exert more
influence to the particle velocity update, and then the probability of the real global
maximum to be tracked is high and the whole tracking time will be prolonged; high
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FIGURE 6.9: (a) Initial stage of PSO algorithm. (b) Final stage of PSO
algorithm.

c2 means the global best can exert can more influence, and then the probability of
the real global maximum to be tracked is low but the whole tracking time will be
reduced.

Based on above analysis, the flowchart of PSO algorithm can be obtained in Fig.
6.10. In the application of PSO algorithm, all the particles will gradually move to the
optimal position with the constrain of personal and global bests and finally approach
the convergence.

6.2.2 Gaussian Particle Swarm Optimization

Based on Equ. 6.8, there are three parameters of ω, c1 and c2 to be tuned before PSO
algorithm starts. In order to reduce the parameter tuning task, in this research, the
Gaussian particle swarm optimization (GPSO) is employed.

The GPSO velocity and position updates are shown as follows.

vk+1
i = vk

i + g1

(
Pi − xk

i

)
+ g2

(
G− xk

i

)
(6.10)

xk+1
i = xk

i + vk+1
i (6.11)

Therefore, the parameters which should be tuned only are g1 and g2. Further-
more, because the variance of Gaussian distribution is lower than the uniform dis-
tribution, the GPSO convergence capability should be improved.

6.2.3 Distribution Analysis on GPSO Algorithm

In this section, the distribution property of GPSO is analyzed. Based on Equ. 6.10
and 11, the following definitions can be obtained.

α
(k)
1i = Pi − x(k)i (6.12)

α
(k)
2i = G− x(k)i (6.13)
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FIGURE 6.10: PSO algorithm flowchart.

β
(k)
i = v(k)i (6.14)

γ
(k)
i = x(k)i (6.15)

Therefore, the following can be obtained.

x(k+1)
i = γ

(k)
i + β

(k)
i + α

(k)
1i g1 + α

(k)
2i g2 (6.16)

Furthermore, suppose the following can be obtained.

Z(k)
i = x(k+1)

i (6.17)

X(k)
1i ∼ N

(
α
(k)
1i µ1 +

β
(k)
i + γ

(k)
i

2
, α

2(k)
1i σ2

1

)
(6.18)
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X(k)
2i ∼ N

(
α
(k)
2i µ2 +

β
(k)
i + γ

(k)
i

2
, α

2(k)
2i σ2

2

)
(6.19)

Therefore, the following can be obtained.

Z(k)
i = X(k)

1i + X(k)
2i (6.20)

The ith particle distribution Z(k) at the kth iteration follows the Gaussian distribu-
tion.

Z(k)
i ∼ N

(
µi, σ2

i
)

(6.21)

µi = α
(k)
1i µ1 + α

(k)
2i µ2 + β

(k)
i + γ

(k)
i (6.22)

σ2
i = α

2(k)
1i σ2

1 + α
2(k)
2i σ2

2 (6.23)

Suppose there are np particles at each iteration, and the distribution Z(k)
ite of all

the particles of kth iteration can be obtained.

Z(k)
ite =

np

∑
i=1

Z(k)
i ∼ N

(
µiite, σ2

ite
)

(6.24)

µite =
np

∑
i=1

(
α
(k)
1i µ1 + α

(k)
2i µ2 + β

(k)
i + γ

(k)
i

)
(6.25)

σ2
ite =

np

∑
i=1

(
α

2(k)
1i σ2

1 + α
2(k)
2i σ2

2

)
(6.26)

Suppose there are nall iterations conducted in GPSO algorithm, and the distribu-
tion Zall of all the particles from all the iterations can be obtained in Equ. 6.27. Due
to the Gaussian distribution property, the overall distribution Zall of all the particles
from all the iterations also follows the Gaussian distribution.

Zall =
nall

∑
k=1

Z(k)
ite =

nall

∑
k=1

np

∑
i=1

Z(k)
i ∼ N

(
µall , σ2

all
)

(6.27)

µall =
nall

∑
k=1

np

∑
i=1

(
α
(k)
1i µ1 + α

(k)
2i µ2 + β

(k)
i + γ

(k)
i

)
(6.28)
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σ2
all =

nall

∑
k=1

np

∑
i=1

(
α

2(k)
1i σ2

1 + α
2(k)
2i σ2

2

)
(6.29)

After the GPSO algorithm has conducted a certain iterations, the majority of par-
ticles will move to the optimal position. Therefore, the personal and global bests can
be seen to share the same position.

x(k)i = Pi = G (6.30)

The particle velocity update approaches zero.

lim
k>=n1

α
(k)
1i µ1 + α

(k)
2i µ2 + β

(k)
i = 0 (6.31)

Furthermore, the variance of particle distribution Zi will also approach zero.

lim
k>=n1

α
2(k)
1i σ2

1 + α
2(k)
2i σ2

2 = 0 (6.32)

Therefore, the particle distribution Zi after enough iterations can be obtained in
the following.

Z(k)
i ∼ N

(
γ
(k)
i , ε2(k)

)
, γ

(k)
i → G, ε2(k) → 0+ (6.33)

In the equation, ε2(k) is the variance of the ith particle at the kth iteration. Further-
more, k is high enough in Equ. 6.33.

Based on the above mathematical analysis, the following properties can be ob-
tained.

(1) At the first iteration, if there are enough particles employed, it can be regarded
that there will be at least one particle which is close enough to the optimal position
and the fitness is higher than the other particles.

(2) Zall follows the Gaussian distribution according to Equ. 6.27. In the algorithm
iteration process, at the latter stage, almost all of the particles will move around
the optimal position, and the particle amount which are still far from the optimal
position can be omitted.

(3) Furthermore, if each iteration is focused, it also can be concluded that the par-
ticle distribution of each iteration also follows the Gaussian distribution according to
Equ. 6.24. Because in GPSO, the particle movements are independent to each other,
if the employed particles are enough, the particles which are far from the current
tracked optimal position can be omitted, and GPSO algorithm can be driven only by
the particles which are close to the optimal position without accuracy deterioration.

(4) The Zall distribution can be decomposed into a sum of a series of sub Gaussian
distributions.

With the above GPSO property analysis, the particle replacement method is pro-
posed in the next section.
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6.2.4 Particle Replacement Method

In the conventional PSO method, the particle movement is conducted based on the
velocity and position update equations. At each iteration, the particle position is
changed according to the inertia property, personal and global best positions. How-
ever, this kind of "step-by-step" particle movement will cost too much time for the
particle convergence. For example, in Fig. 6.11(a), all the particle movements are
achieved based on the step-by-step updates in the GPSO algorithm. However, be-
cause the particle Par1 initial position is far from the optimal position, it takes much
more time to move to the optimal position compared with the other particles of
Par2, Par3 and Par4. In particular, at the 4th iteration, even though Par2, Par3 and
Par4 almost converge to the same position, because Par1 still deviates from the op-
timal position, it takes more iterations for all the particles to converge to the same
position.

FIGURE 6.11: (a) Conventional GPSO tracking process. (b) GPSO
tracking with reduced particle distribution range.

FIGURE 6.12: Proposed 2-stage tracking process.

However, if the rough optimal position is known before the GPSO tracking, the
particle distribution range can be reduced and then the whole tracking time can be
reduced, as shown in Fig. 6.11(b).

Therefore, in order to accelerate the particle convergence, a particle replacement
(PR) method is proposed, and in this way the whole tracking process is divided into
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2 stages, namely the PR stage and GPSO stage, as shown in Fig. 6.12. Furthermore,
the PR stage is shown in Fig. 6.13.

As shown in Fig. 6.13, at the kth iteration, 4 particles are employed and the high-
est value of 4 particle powers at the current iteration is defined as hv(k). Furthermore,
the particle whose power is hv(k) is defined as Par(k)hv . Therefore, the highest value

point of the kth iteration is (Par(k)hv , hv(k)). Furthermore, the local maximum from the
initial iteration to the current iteration is marked as LM(k). Suppose at the kth iter-
ation, the highest value is equal to the local maximum, namely hv(k) = LM(k), the
local maximum can be expressed as (Par(k)LM, hv(LM)) with Par(k)LM = Par(k)hv .

FIGURE 6.13: Particle replace process with iterations.

Therefore, the local maximum can be updated based on the highest value at the
kth iteration.
(1) When hv(k) ≥ LM(k−1)

LM(k) = hv(k) (6.34)

Par(k)LM = Par(k)hv (6.35)

(b) When hv(k) < LM(k−1)

LM(k) = LM(k−1) (6.36)

Par(k)LM = Par(k−1)
LM (6.37)

Therefore, the Gaussian distribution expectation µ(k) will be updated based on
the LM(k) variation.
(1) When hv(k) ≥ LM(k−1)

In this case, in Fig. 6.14(a) and (b), the local maximum LM(k) and the position
Par(k)LM should be updated according to Equ. 6.34 and 35. Because the LM(k) increases
from LM(k−1), it can be concluded that the particles at the kth iteration are moved
toward the optimal position indicating the global maximum, marked as GM, may
have not been tracked. Therefore, in this case, in order not to exclude the GM from
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FIGURE 6.14: (a) When hv(k+1) > LM(k) at the local peak. (b) When
hv(k+1) > LM(k) at the global peak. (c) When hv(k+1) < LM(k) at the

local peak. (d) When hv(k+1) < LM(k) at the global peak.

the particle range, the Gaussian distribution variance σ2(k) cannot be reduced. In
this way, the Gaussian expectation and variance updates are obtained as follows.

µ(k) = Par(k)LM (6.38)

σ2(k) = σ2(k−1) (6.39)

(2) When hv(k) < LM(k−1)

As shown in Fig. 6.14(c) and (d), in this case, the local maximum LM(k) and
the position Par(k)LM should be kept same according to Equ. 6.36 and 37. Because
hv(k) < LM(k−1), there is a probability that the current local maximum LM(k) is the
GM. If LM(k) is not the GM in Fig. 6.14(c), both the Gaussian expectation µ(k) and
variance σ2(k) should not be changed. Namely, Equ. 6.40 and 41 can be obtained.

µ(k) = Par(k)LM (6.40)

σ2(k) = σ2(k−1) (6.41)

However, if LM(k) is the GM in Fig. 6,14(d), for the k + 1th iteration, the Gaussian
distribution expectation µ(k) should be kept at Par(k)LM. Furthermore, to reduce the
particle range to move the particles toward the GM, the variance σ2(k) should be
reduced. Therefore, the Gaussian expectation and variance updates are obtained as
follows.

µ(k) = Par(k)LM (6.42)
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FIGURE 6.15: Flowchart of proposed particle replace stage.

σ2(k) = βσ2(k−1), β ∈ (0, 1) (6.43)

Based on the above analysis, no matter whether hv(k) is higher than LM(k−1)

or not, the Gaussian distribution expectation should be LM(k). Furthermore, the
Gaussian distribution variance σ2(k) is related to whether the current local maxi-
mum LM(k) is the GM. The PR stage flowchart is shown in Fig. 6.15. Because only
when LM(k) is the GM can the Gaussian distribution variance be reduced, the GM
detection is the key factor which determines the algorithm accuracy and processing
time.

6.2.5 Global Peak Detection Analysis

6.2.5.1 Countdown Method

In this section, the conventional countdown method is employed. In this method, if
the local maximum LMk is equal to the global maximum GM, namely LMk = GM,
no matter where the particles are regenerated for the k + 1th iteration, the highest
value hv(k+1) will be still lower than LMk, namely hv(k+1) < LMk. In the employed
countdown method, with hv(k+1) < LMk, the following iterations without Gaussian
distribution parameters changed will be conducted, and the consecutive times that
the highest value is lower than the local maximum will be counted and defined as cd.
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FIGURE 6.16: (a) When hv(k+n) < LM(k) at the starting steps. (b)
Particle range is reduced at the starting steps. (c) When hv(k+n) <

LM(k) at the ending steps. (d) Particle range is reduced at the ending
steps.

If the parameter cd is higher than the preset parameter, namely cd > cd0, the current
local maximum will be taken as the GM and the Gaussian distribution variance will
be reduced. However, if before the cd0 is approached, the highest value which is
higher than the local maximum appears, the Gaussian distribution parameters will
be updated according to Equ. 6.40 and 41. The flowchart is shown in Fig. 6.17.

Based on the above analysis, the preset factor cd0 should be carefully determined
because a high cd0 may cause unnecessary long tracking time while a low cd0 may
lead to real global maximum tracking mistake. For example, in Fig. 6.16(a), when the
algorithm is at the beginning stage, the particles are scattered in the particle range.
Even though the highest value hv(k) has been lower than the local maximum LM(k)

for cd0 times, the particle range should not be reduced because the global maximum
GM has not been tracked. However, in Fig. 6.16(c), when the algorithm is at the
ending stage, almost all the particles have moved around the optimal position and
even though hv(k) drops from LM(k−1) for only 1 time, the particle range should be
reduced to accelerate the particle convergence. If the system still waits for the cd0
counting, the tracking process will cost too much unnecessary time.

6.2.5.2 Simulated Annealing Method

As analyzed in the above section, inappropriate cd0 value will cause unnecessary
tracking time, and then in this section, a SA method is proposed for the global peak
detection. In fact, the carefully tuned cd0 can not be suitable for all the PV working
properties. For example, when the solar irradiance changes, that the preset cd0 is still
feasible for the changed PV output property should be focused. The SA algorithm is
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FIGURE 6.17: Flowchart of countdown method.

introduced in chapter5, and in this part, the PV output power is taken as the system
energy. The probability can be obtained as follows.

Psa = exp

(
P(k)

pv − P(k−1)
pv

αk
TTini

)
(6.44)

In Equ. 6.44, P(k)
pv and P(k−1)

pv are the PV output power at the kth and k − 1th

iterations, respectively. Furthermore, αT ∈ (0, 1). Psa is the probability that the
current local maximum is not the global maximum. Therefore, the probability PGM
that the current LM is the GM can be obtained as follows.

PGM = 1− Psa (6.45)

FIGURE 6.18: Flowchart of proposed simulated annealing method.

Therefore, the SA flowchart is shown in Fig. 6.18.

6.2.6 Experiment Verification of Proposed Method

The proposed algorithm is named as the PR-GPSO and SA-PR-GPSO, and the struc-
tures are shown in Fig. 6.19. Furthermore, in order to verify the proposed algorithm,
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TABLE 6.2: Employed 2-peak, 3-peak and 3-peak PV property param-
eters.

Case Voc/V Isc/A Vopt/V Iopt/A Pmax

1 31.29 3.16 27.67 1.77 48.98
2 40.34 2.96 24.40 1.95 47.58
3 43.75 2.84 30.45 1.61 49.02

the 2-peak, 3-peak and 4-peak PV curves in Fig. 6.20-22 and Tab. 6.2 are employed
in this research.

FIGURE 6.19: Employed algorithm structures.

FIGURE 6.20: Employed 2-peak PV output property.

In the experiment, the parameters of employed PSO, PR-GPSO and SA-PR-GPSO
algorithms are defined as follows. In the PSO algorithm, the inertia weight, personal
best factor and global best factor are set as: w = 0.4, c1 = 0.2 and c2 = 2, respectively.
In the PR-GPSO algorithm, the Gaussian distribution variance and countdown stan-
dard are defined to be σ2 = 0.1 and cd0 = 4, respectively. Furthermore, in the second
GPSO stage, the personal best factor global best factor are set as: g1 ∼ N(0.2, 0.1)



6.2. Particle Replace Particle Swarm Optimization Algorithm 103

FIGURE 6.21: Employed 3-peak PV output property.

FIGURE 6.22: Employed 4-peak PV output property.

and g2 ∼ N(2, 0.1), respectively. In the SA-PR-GPSO algorithm, the SA initial tem-
perature and temperature decrease factor are defined to be Tini = 10 and αT = 0.1,
respectively. The final temperature is defined as the value when the system probabil-
ity meets the condition of PGMPP > 0.95. The following GPSO stage parameters are
the same with them of the PR-GPSO algorithm. Furthermore, there are 4 particles
employed in the algorithms, and the initial duties are defined to be 0.1, 0.4, 0.7 and
0.9, respectively. In the PSO and GPSO algorithms, the duty step maximum length
is defined to be 0.02 and all the algorithms are conducted at fal = 3.3Hz.

Based on the employed PV properties and algorithms, the MPPT experiment
results of 2-peak, 3-peak and 4-peak curves are shown in Fig. 6.23-31.
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FIGURE 6.23: Experiment results of 2-peak: PSO algorithm.

FIGURE 6.24: Experiment results of 2-peak: PR-GPSO algorithm.
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FIGURE 6.25: Experiment results of 2-peak: SA-PR-GPSO algorithm.

FIGURE 6.26: Experiment results of 3-peak: PSO algorithm.

In the 2-peak case as shown in Fig. 6.23-25, it can be concluded that all the em-
ployed PSO, PR-GPSO and SA-PR-GPSO algorithms have achieved the global MPPT
tracking. The tracking time Ttra of 2-peak, 3-peak and 4-peak cases are 2.2 s, 1.8 s and
0.8 s for the PSO, PR-GPSO and SA-PR-GPSO algorithms, respectively. The tracking
accuracy Atra of 3 algorithms are 98.8%, 99.0% and 99.2%, respectively. However,
there is an intense PV output power fluctuation in the PSO tracking experiment, and
this is because the particle position in the PSO algorithm are updated step-by-step
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FIGURE 6.27: Experiment results of 3-peak: PR-GPSO algorithm.

under working conditions. Therefore, when the particle switches in the algorithm at
one iteration, the converter duty will be changed abruptly and then the PV output
power will fluctuate intensely.

FIGURE 6.28: Experiment results of 3-peak: SA-PR-GPSO algorithm.

However, in the PR-GPSO algorithm, because the particle position update is
achieved by Gaussian distribution, the step-by-step update can be avoided. There-
fore, even though the particle switches at one iteration, because the particle duties
are near to each, there will be no intense PV output power fluctuation. Comparing
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the PR-PSO and SA-PR-PSO algorithms, the tracking process time has been effec-
tively reduced. This is because the employed SA method can avoid the extra track-
ing time in the conventional countdown method.

FIGURE 6.29: Experiment results of 4-peak: PSO algorithm.

FIGURE 6.30: Experiment results of 4-peak: PR-GPSO algorithm.

In the 3-peak case as shown in Fig. 6.26-28, the tracking time Ttra of PSO, PR-
GPSO and SA-PR-GPSO algorithms are 2.4 s, 1.7 s and 1.0 s, respectively. The track-
ing accuracy Atra of 3 methods are 98.8%, 99.0% and 99.2%, respectively.
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FIGURE 6.31: Experiment results of 4-peak: SA-PR-GPSO algorithm.

In the 4-peak case as shown in Fig. 6.29-31, the tracking time Ttra of PSO, PR-
GPSO and SA-PR-GPSO algorithms are 2.6 s, 1.4 s and 0.8 s, respectively. The track-
ing accuracy Atra of 3 methods are 98.5%, 99.1% and 99.3%, respectively.

Based on the above experiment results, the proposed SA-PR-GPSO feasibility has
been verified.
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6.3 Particle Jump Particle Swarm Optimization Algorithm

In the conventional PSO algorithm, the particle movement is conducted based on
Equ. 6.8 and 6.9. For example, for the PV MPPT tracking, there are 4 particles em-
ployed in the conventional PSO algorithm as shown in Fig. 6.32.

FIGURE 6.32: Tracking process of conventional PSO algorithm.

FIGURE 6.33: Tracking process of proposed particle jump principle.

Based on Fig. 6.32(a), suppose the particle c is the at the optimal position. In the
tracking process, the other particles a, b and d should move toward the optimal po-
sition c to track the global maximum. The tracking process is shown in Fig. 6.32(b).
Both the particle a and b move toward the optimal position and the traversals of par-
ticle a and b can be regarded as subsequent in time domain. Suppose the traversal of
particle b is the former one and that of particle a is the latter one. The interval dab be-
tween the particle a and b has been firstly traversed by particle b, indicating there is
no potential global maximum position. Therefore, the latter particle a traversal can
be seen as invalid for dab. It can be hypothesized that if the latter particle a traversal
can be avoided, the whole tracking process time will be reduced as shown in Fig.
6.33.

6.3.1 Particle Jump Method Analysis

In this section, a particle jump (PJ) PSO method has been proposed. Similar to the
previous proposed SA-PR-GPSO algorithm, the proposed method whole tracking
process is also divided into two stages. The first stage is conducted by the particle
jump method to achieve the fast particle convergence and the second stage is carried
out with PSO algorithm to track the accurate global maximum position.

The PJ process is shown in Fig. 6.34-41.
Step 1: There are 4 particles and 4 intervals employed in the proposed PJ method.

The 4 particles are placed at the centers of 4 intervals, respectively, and each parti-
cle is arranged with a Gaussian distribution to generate the future position. The
Gaussian distribution initial parameters are defined as follows: µa = a, µb = b, µc =
c, µd = d and σ2

a = σ2
b = σ2

c = σ2
d , indicating the employed Gaussian distributions

share the same variances as shown in Fig. 6.34.
Step 2: According to Fig. 6.35, with the initial 4 particle positions, the power

of each particle is obtained at the initial iteration. Based on the 4 power data, the
local maximums LMs and global maximum GM can be determined. The particle c
and power Pc are supposed to be the optimal position and GM, respectively. Fur-
thermore, the powers of Pa, Pb and Pd of particle a, b and d are the LMs of interval
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FIGURE 6.34: Step 1.

1, 2 and 4, respectively. For particle c, LM3 = GM. Each Gaussian distribution
expectation is set as the LM, respectively.

FIGURE 6.35: Step 2.

Step 3: Because the GM belongs to the particle c in the interval 3, the potential
optimal position should be explored in the interval 1, 2 and 4, respectively. In order
to search the potential position with higher probability, the search range should be
widened. In this paper, the search range widening is conducted on the Gaussian
distribution variance increase. For example, as shown in Fig. 6.36, the variance of
Gaussian distribution Nc(µc, σ2

c ) is kept still while the other variances are increased
correspondingly.

FIGURE 6.36: step 3.

Step 4: The particles for the next iterations are regenerated based on the updated
Gaussian distribution respectively in Fig. 6.37. With higher σ2

a , σ2
b and σ2

d , the new
particles a, b and d can explore more widely in the corresponding intervals.

Step 5: With the new particles at this iteration, all the particle powers are also
calculated. Comparing the current powers with the previous data, the LMs and
GMs should be updated as shown in Fig. 6.38.

Step 6: Based on the updated GM and LM data, the Gaussian distribution vari-
ance of the particle which GM belongs to should be kept still and the other variances
should be further increased. For example, as shown in Fig. 6.39, because the parti-
cle power Pa, Pb and Pd are not the GM, the variances σ2

a , σ2
b and σ2

d will be further
increased to obtain more scattered particles for the next iteration. Furthermore, the
expectations µa, µb and µd are updated with the LM1, LM2 and LM4, respectively.
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FIGURE 6.37: Step 4.

FIGURE 6.38: Step 5.

With the updated Gaussian distribution parameters, the algorithm will go back to
the step 4 to conduct the potential optimal position searching process.

FIGURE 6.39: Step 6.

Step 7: Based on the loop conduction from the step 4 to 6, the Gaussian distribu-
tion variances of the particles whose powers are not the GM will be consecutively
increased. Therefore, there will be an iteration at which the potential optimal po-
sition searching process has been conducted for long enough time, and for some
interval (for example, interval 1 ), there is no position found at which the PV power
is higher than the current tracked GM. Therefore, it can be regarded that there is no
potential optimal position in this interval and it should be discarded. The particle
which is in the interval to be discarded should jump to the interval where the current
tracked GM is. For example, in Fig. 6.40, the particle a jumps into the interval 3 and
the interval 1 is discarded.

With particle a jumping into the interval 3, the corresponding Gaussian distri-
bution also should be updated. Because both particle a and c are in the interval
3, the Gaussian distribution variances should follow the equation of σ2

a = σ2
c . The

expectations µa and µc should be set as the particle positions, respectively.
Step 8 and 9: With above steps, the interval 1 is discarded by the particle a and it

jumps into the interval where the current tracked GM is. Repeat the above steps for
enough times, the rest particles will also jump into the current tracked GM interval.
For example, in this paper, particle b and d will jump into interval 3 after enough
iterations as shown in Fig. 6.41.

With the above steps of 1-9, the employed particles will jump into the same inter-
val where the current tracked GM is. At the time when all the particles jump into the
same interval, the PJ stage will be ended and the following PSO stage will start. The
PJ stage is employed to accelerate the particle convergence and the following PSO
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FIGURE 6.40: Step 7.

FIGURE 6.41: Step 8 and 9.

stage will do the precise global maximum positioning. Compared with the conven-
tional PSO algorithm, the proposed two-stage PJ PSO algorithm can achieve faster
global maximum tracking performance.

6.3.2 Particle Jump Determination Analysis

Based on the above analysis, when there is no potential position at which the particle
power is higher than the current tracked global maximum GM in another interval,
the corresponding particle should jump away from the current interval to the one
where the current tracked GM is. However, whether the particle should jump or not
should be determined by the algorithm. In this section, the following 2 methods are
proposed.

6.3.2.1 Variance Increase Method

In the PJ stage, the particle variance will be increased if the particle power is not
higher than the current tracking GM. Therefore, an intuitive determination standard
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can take the Gaussian distribution variance into consideration. In this section, a
variance increase method is proposed and the flowchart is shown in Fig. 6.42.

FIGURE 6.42: Flowchart of variance increase method.

FIGURE 6.43: Simulated module arranged to each particle.

Before the algorithm starts, an upper limit σ2
sta can be set for the variance increase

method. After a certain iterations, when the variance of some particle is higher than
σ2

sta, the corresponding interval can be seen to have been traversed for enough times
and there is no potential position at which the particle power can exceed the current
tracked GM. Therefore, the particle should discard the corresponding interval and
jump to the GM interval. For the variance increase method, the simple complemen-
tation is one of the most effective advantages. However, the disadvantage is also
obvious that the upper limit σ2

sta should be carefully determined. Because a too high
σ2

sta will lead to the long traversal time while a too low σ2
sta will cause the misjump,

indicating the potential real GM may be missed by the algorithm.
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6.3.2.2 Simulated Annealing Method

In this paper, in order to determine the appropriate particle jump time and occasion,
the SA method is adopted. Before the particle jumps away from some interval, the
particle position update in this interval is based on Gaussian distribution. If the par-
ticle power is not the GM, the Gaussian distribution variance should be increased.
As shown in Fig. 6.43, in the proposed method, a SA module is arranged to each
particle. In the module, the PV output power is taken as the system energy, and
then the probability function of each module can be derived.

FIGURE 6.44: Flowchart of proposed simulated annealing method.

Pi_sa = e

Ppv_i − Ppv_max

αitei
T Tini (6.46)

In the equation, i stands for the particle a, b, c and d; Ppv_i is the PV output power
of particle i; Ppv_max is GM; itei is the iteration times; Pi_sa is the probability of that
for the ith particle, there is a potential position in the current interval.

In the algorithm iteration process, the particle position is the system state dis-
turbance and the PV output power is system state energy. At each iteration, for
each particle whose power cannot exceed the current tracked GM, the particle jump
probability will be calculated as follows.

Pi_jump = 1− Pi_sa (6.47)

The proposed SA method flowchart is shown in Fig. 6.44. Therefore, with algo-
rithm iteration conducting, for the ith particle, if the PV output power Ppv_i is lower
than the current GM, the particle jump probability Pi_jump will keep exponentially
increase. In this way, with Ppv_i < Ppv_max in the beginning stage, the particle i may
not jump, but if it happens in the ending stage, the particle i may jump. Therefore,
with the SA method, the particle jump can be determined with variant probability
analysis.
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6.3.3 Experiment Verification

The proposed algorithm is named as the PJ-PSO and SA-PJ-PSO, and the structures
are shown in Fig. 6.45. Furthermore, in order to verify the proposed algorithm, the
2-peak, 3-peak and 4-peak PV curves in Fig. 6.20-22 and Tab. 6.2 are employed in
this research.

FIGURE 6.45: Employed algorithm structures.

In the experiment, the parameters of employed PSO, PJ-PSO and SA-PJ-PSO
algorithms are defined as follows. In the PSO algorithm, the inertia weight, per-
sonal best factor and global best factor are set as: w = 0.4, c1 = 0.2 and c2 = 2,
respectively. In the PJ-GPSO algorithm, there are 4 intervals and 4 particles em-
ployed in the particle jump stage. The interval are defined to be (0.1, 0.3), (0.3, 0.5),
(0.5,0.7) and (0.7,0.9), respectively. The initial particle duties are set at the center in
each interval, namely the initial particle duties are 0.2, 0.4, 0.6 and 0.8, respectively.
Furthermore, for the Gaussian distribution, the initial variances are defined to be
σ2

a = σ2
b = σ2

c = σ2
d = 0.1. In the variance increase method, the preset variance stan-

dard is defined to be σ2
sta = 0.35 and the variance increment is defined as δσ2 = 0.02.

The PSO stage parameters are same with the PSO algorithm. In the SA-PJ-PSO al-
gorithm, only the SA module parameters are different from the above parameters
and they are Tini = 100 and αT = 0.2. The final temperature is defined as the value
when the system probability meets the condition of Pijump > 0.95. In the PSO and
GPSO algorithms, the duty step maximum length is defined to be 0.02 and all the
algorithms are conducted at fal = 3.3Hz.
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FIGURE 6.46: Experiment results of 2-peak: PSO algorithm.

FIGURE 6.47: Experiment results of 2-peak: PJ-PSO algorithm.
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FIGURE 6.48: Experiment results of 2-peak: SA-PJ-PSO algorithm.

FIGURE 6.49: Experiment results of 3-peak: PSO algorithm.

Based on the employed PV properties and algorithms, the MPPT experiment
results of 2-peak, 3-peak and 4-peak curves are shown in Fig. 6.46-54.

In the 2-peak case as shown in Fig. 6.46-48, it can be concluded that all the
employed PSO, PJ-PSO and SA-PJ-PSO algorithms have achieved the global MPPT
tracking. The tracking time Ttra are 2.2 s, 1.1 s and 0.8 s for the PSO, PJ-PSO and
SA-PJ-PSO algorithms, respectively. The tracking accuracy Atra of 3 algorithms are
98.8%, 99.2% and 99.0%, respectively. However, there is an intense PV output power
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FIGURE 6.50: Experiment results of 3-peak: PJ-PSO algorithm.

fluctuation in the PSO tracking experiment, and this is because the particle position
in the PSO algorithm are updated step-by-step under working conditions. There-
fore, when the particle switches in the algorithm at one iteration, the converter duty
will be changed abruptly and then the PV output power will fluctuate intensely.

FIGURE 6.51: Experiment results of 3-peak: SA-PJ-PSO algorithm.

However, in the PJ-PSO algorithm, because the particle can jump away from
the interval where there is no potential position, the fluctuation process is greatly
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FIGURE 6.52: Experiment results of 4-peak: PSO algorithm.

reduced. Comparing the PJ-PSO and SA-PJ-PSO algorithms, the tracking process
time has been effectively reduced. This is because the employed SA method can
avoid the extra tracking time in the conventional variance increase method.

FIGURE 6.53: Experiment results of 4-peak: PJ-PSO algorithm.

In the 3-peak case as shown in Fig. 49-51, the tracking time Ttra of PSO, PJ-
PSO and SA-PJ-PSO algorithms are 2.4 s, 1.6 s and 0.8 s, respectively. The tracking
accuracy Atra of 3 methods are 98.8%, 99.2% and 99.4%, respectively.
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FIGURE 6.54: Experiment results of 4-peak: SA-PJ-PSO algorithm.

In the 4-peak case as shown in Fig. 52-54, the tracking time Ttra of PSO, PJ-
PSO and SA-PJ-PSO algorithms are 2.6 s, 1.7 s and 0.8 s, respectively. The tracking
accuracy Atra of 3 methods are 98.5%, 99.1% and 99.3%, respectively.

Based on the above experiment results, the proposed SA-PJ-PSO feasibility has
been verified.

6.4 PV MPPT Control with Sweep Method

With the above analysis, when the PV works under partial shading conditions, the
global MPPT control can be achieved with the proposed SA-PR-GPSO and SA-PJ-
PSO algorithms. In order to verify the proposed algorithm MPPT time improve-
ment, in this section, the fundamental PV sweep method is taken as the control
method.

In the sweep method, the MPPT converter duty is traversed from 0 to 1, and
in the sweep process, both the maixmum PV power and the corresponding duty
will be recorded. After the sweep process, the recorded duty will be employed by
the converter and then the MPPT control can be achieved. Therefore, based on the
sweep method property, it can be concluded that the sweep frequency and duty
variation step are the two key factors determining the sweep performance. With
the above analysis, the sweep simulations will be conducted in this section. In the
following sweep simulations, the duty variation step is dstep = 0.001 and the sweep
frequency is fsweep = 1kHz.

6.4.1 Sweep Simulation with Constant PV Solar Irradiance

When the PV possesses the 2-peak and 4-peak properties, the sweep simulation re-
sults are shown in Fig. 6.55 and 56 respectively.

With the duty variation step of dstep = 0.001, the 2-peak and 4-peak PV properties
are effectively restored. Therefore, after the sweep process, the optimal converter
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FIGURE 6.55: Sweep simulation of 2-peak PV property.

FIGURE 6.56: Sweep simulation of 4-peak PV property.

duty dopt can be employed to conduct the MPPT control. In this section, because the
simulation frequency is different with the experiment frequency, the MPPT time will
not be focused.

With the above, it can be concluded that under partial shading conditions, when
the solar irradiance on the PV is constant in the sweep process, the MPPT control
can be achieved with 1-time sweep. Because the converter duty variation step is
very low, the sweep frequency can be set high enough. In this way, simple imple-
mentation and fast tracking capability are the main advantages of the sweep method
compared with other algorihtms.

6.4.2 Sweep Simulation with Variant PV Solar Irradiance

Under working conditions, the PV solar irradiance always changes and in this sec-
tion, the PV output changes from 4-peak to 2-peak property as shown in Fig. 6.57
and 58. Suppose the solar irradiance variation happens in the sweep process, the
sweep simulation result is shown in Fig. 6.59.

Before the solar irradiance variation happens, the 4-peak PV property is swept,
the former 2 peaks are restored. However, when the converter duty dsweep = 0.5,
the solar irradiance changes and the 2-peak PV property will be output. In this case,
the sweep process continues until dsweep = 1. Therefore, as shown in Fig. 6.59, dA
is regarded as the optimal duty after the sweep process even though dB is the real
optimal duty. Therefore, with the false converter duty, the MPPT control will fail.



122 Chapter 6. Lunar Rover PV MPPT Algorithm

FIGURE 6.57: Variation from PV 4-peak property to 2-peak property.

FIGURE 6.58: PV output property variation from 4 peaks to 2 peaks.

In order to achieve successful MPPT control, under working conditions, the sweep
process should be conducted at least two times to avoid duty failure under partial
shading conditions. For example, when the solar irradiance keeps constant in the
PV MPPT sweep process, the sweep results of 2 times will be the same, namely
dopt1 = dopt2, as shown in Fig. 6.60 and 61.

FIGURE 6.59: Sweep simulation of 4-2-peak PV property.

However, when the solar irradiance changes in the sweep process, the restored
PV properties of the 2 times sweeping will be different as shown in Fig. 6.62 and 63.
Therefore, in this case, a third sweeping will be required to determine the optimal
duty in Fig. 6.64. Based on the sweep results, it also can be concluded that, if the
solar irradiance variation further happens, the sweep process should be conducted
for more times. Therefore, the MPPT time of sweep method is not only the 1-time
sweep process but multiple times.
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6.4.3 SA-PR-GPSO Simulation with Constant Solar Irradiance

With the above analysis, when the solar irradiance keeps constant, the sweep method
can achieve the fast MPPT control under partial shading conditions. Therefore, in
order to compare the sweep method and proposed SA-PR-GPSO algorithm, the SA-
PR-GPSO algorithm simulation is also conducted.

FIGURE 6.60: First sweep simulation of 2-peak PV property.

FIGURE 6.61: Second sweep simulation of 2-peak PV property.

FIGURE 6.62: First sweep simulation of 4-2-peak PV property.
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FIGURE 6.63: Second sweep simulation of 4-2-peak PV property.

FIGURE 6.64: Third sweep simulation of 4-2-peak PV property.

In the SA-PR-GPSO algorithm, there are 4 particles employed and the initial du-
ties are set as 0.2, 0.4, 0.6 and 0.9, respectively. Furthermore, because in the simula-
tion, the algorithm frequency is different with that in the experiment, in this section,
the MPPT iteration times will be taken as the standard to assess the MPPT perfor-
mance. The 2-peak and 4-peak SA-PR-GPSO algorithm simulation results are shown
in Fig. 6.65-68.

FIGURE 6.65: Duty variations of SA-PR-GPSO algorithm with 2-peak
PV property.
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FIGURE 6.66: PV output power variation with SA-PR-GPSO algo-
rithm with 2-peak PV property.

FIGURE 6.67: Duty variations of SA-PR-GPSO algorithm with 4-peak
PV property.

FIGURE 6.68: PV output power variation with SA-PR-GPSO algo-
rithm with 4-peak PV property.

As shown in Fig. 6.65, when the PV outputs 2-peak property, the fast particle con-
vergence can be achieved and the MPPT control can be approached approximately
at the 20th iteration. In Fig. 6.66, when the PV outputs 4-peak property, even though
the PV output property fluctuates more intensely than the 2-peak case, the MPPT
control also can be approximately achieved at the 20th iteration. Similarly, as shown
in Fig. 6.67 and 68, when the PV outputs 4-peak property, the global MPPT control
is also achieved at approximately 20th iteration.
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6.4.4 SA-PR-GPSO Simulation with Variant Solar Irradiance

When the PV output changes from the 4-peak property to the 2-peak property, the
MPPT performance of the proposed SA-PR-GPSO algorithm is shown in Fig. 6.69
and 70.

FIGURE 6.69: Duty variations of SA-PR-GPSO algorithm with 4-2-
peak PV property.

FIGURE 6.70: PV output power variation with SA-PR-GPSO algo-
rithm with 4-2-peak PV property.

In the simulation, the solar irradiance variation happens at the 5th iteration. In
the SA-PR-GPSO process, before the 5th iteration, the particle duties vary around 0.6
and the PV output power is approximately 280 W. After 5th iteration, the particle
duties gradually change to 0.9 and the PV output power drops to 200 W. After 20
iterationsa, the MPPT control has been achieved.

Based on the simulation results, it can be concluded that when the solar irradi-
ance varies in the SA-PR-GPSO MPPT process, the particles can move to the new
power peak automatically and then the MPPT control can be achieved. Further-
more, compared with the constant solar irradiance cases, the variant solar irradiance
MPPT time is not obviously prolonged and the MPPT control is also achieved at the
20th iteration. Therefore, with the SA-PR-GPSO algorithm, the MPPT control can be
achieved with only one-time tracking process.
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6.4.5 SA-PR-GPSO Experiment of Sweep Method with Constant Solar Ir-
radiance

Under working conditions, with the proposed receiver side buck converter system
topology, the MPPT algorithm frequency should be further reduced because the cur-
rent in the WPT circuit can not be rapidly changed. In this case, the SA-PR-GPSO
algorithm frequency is set as 3.3 Hz and the employed four particle duties are set as
0.2, 0.4, 0.6 and 0.9, respectively. When the PV outputs 2-peak property, the SA-PR-
GPSO MPPT experiment result is shown in Fig. 6.71 and 72.

FIGURE 6.71: Voltage and current variations of SA-PR-GPSO algo-
rithm with 2-peak PV output property.

FIGURE 6.72: Power variations of SA-PR-GPSO algorithm with 2-
peak PV output property.

It can be concluded that, the proposed SA-PR-GPSO algorithm MPPT time is
approximately tMPPT = 1.9s and the tracked maximum power is approximately
Pmax = 21.86W. Furthermore, in the steady stage, the converter optimal duty is
dopt = 0.7041.

6.4.6 Experiment of Sweep Method with Constant Solar Irradiance

In the above simulation, the sweep frequency is not considered because there is no
reference value of the simulation frequency. In this section, the sweep method is
verified with experiments. The converter duty step dstep is set as 0.01 and 0.001,
respectively. The sweep frequency fsweep is set from 20 Hz to 2000 Hz, respectively.
The sweep experiments results are shown in Tab. 6.3 and 4.
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TABLE 6.3: Sweep method performance with dstep = 0.01

fsweep/Hz dopt Vpv/V Ipv/A Ppv/W Time/s

200 0.89 15.11 1.34 20.24 0.41
100 0.85 14.89 1.42 21.14 0.81
66 0.84 14.67 1.47 21.56 1.22
50 0.81 14.62 1.48 21.63 1.62
40 0.81 14.55 1.49 21.67 2.02
33 0.80 14.45 1.51 21.81 2.43
28 0.80 14.43 1.52 21.93 2.83
25 0.80 14.43 1.52 21.93 3.24
22 0.79 14.43 1.52 21.93 3.64
20 0.80 14.33 1.52 21.78 4.05

TABLE 6.4: Sweep method performance with dstep = 0.001

fsweep/Hz dopt Vpv/V Ipv/A Ppv/W Time/s

2000 0.898 15.16 1.32 20.01 0.40
1000 0.846 14.89 1.42 21.14 0.80
666 0.831 14.74 1.45 21.37 1.20
500 0.815 14.57 1.49 21.70 1.60
400 0.809 14.52 1.49 21.63 2.00
333 0.809 14.52 1.49 21.63 2.40
285 0.807 14.50 1.50 21.75 2.80
250 0.806 14.48 1.50 21.72 3.20
222 0.808 14.50 1.50 21.75 3.60
200 0.808 14.50 1.50 21.75 4.00

With the above data of sweep method and SA-PR-GPSO algorithm, Fig. 6.75-82
can be obtained.

FIGURE 6.75: MPPT time variation at different frequencies in sweep
method.
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FIGURE 6.73: Optimal duty variation at different frequencies in
sweep method.

FIGURE 6.74: PV power variation at different frequencies in sweep
method.

FIGURE 6.76: Performance assessment of PV power and MPPT time
in sweep method with 1-time sweep process.

When the converter duty step dstep = 0.01, as shown in Fig. 6.76, it can be con-
cluded that when the sweep frequency fsweep is set as 100 Hz, 66 Hz and 50 Hz, the
MPPT time of the sweep method is shorter than that of the SA-PR-GPSO algorithm.
Furthermore, when fsweep is set as 22 Hz, 25 Hz and 28 Hz, the tracked maximum PV
power Ppv is higher than that of SA-PR-GPSO algorithm. However, suppose the ef-
fect zone as the area with the distance between the (0,22) and the SA-PR-GPSO point
as the radius. Only the left side 3 points are better than the SA-PR-GPSO algorithm.

However, as analyzed in the above, of the solar irradiance changes in the sweep
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FIGURE 6.77: Performance assessment of PV power and MPPT time
in sweep method with 2-time sweep processes.

process, at least the second sweep will be required. Therefore, calculate the 2 times
of the sweep method time, the new effective zone can be obtained in Fig. 6.77. There-
fore, with 2 sweep processes, the proposed SA-PR-GPSO algorithm possesses supe-
riority over all the other sweep methods.

FIGURE 6.78: Optimal duty variation at different frequencies in
sweep method.

FIGURE 6.79: PV power variation at different frequencies in sweep
method.
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FIGURE 6.80: MPPT time variation at different frequencies in sweep
method.

FIGURE 6.81: Performance assessment of PV power and MPPT time
in sweep method with 1-time sweep process.

FIGURE 6.82: Performance assessment of PV power and MPPT time
in sweep method with 2-time sweep processes.

When the converter duty step dstep = 0.001, as shown in Fig. 6.81, it can be
concluded that when the sweep frequency fsweep is set as 1000 Hz, 666 Hz and 500
Hz, the MPPT time of the sweep method is shorter than that of the SA-PR-GPSO
algorithm. Furthermore, when fsweep is set as 222 Hz, 250 Hz and 285 Hz, the tracked
maximum PV power Ppv is higher than that of SA-PR-GPSO algorithm. However,
suppose the effect zone as the area with the distance between the (0,22) and the
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SA-PR-GPSO point as the radius. Only the left side 3 points are better than the SA-
PR-GPSO algorithm.

However, as analyzed in the above, of the solar irradiance changes in the sweep
process, at least the second sweep will be required. Therefore, calculate the 2 times
of the sweep method time, the new effective zone can be obtained in Fig. 6.82. There-
fore, with 2 sweep processes, the proposed SA-PR-GPSO algorithm possesses supe-
riority over all the other sweep methods.

6.5 Proposed Algorithm Feasibility in Lunar Rover

In this paper, as introduced in the previous section, the CPU platform is the MYWAY
PE-PRO and the detailed parameters are shown in Tab. 6.5.

TABLE 6.5: Employed CPU parameters

Item Parameter

Processor TMS320F28335
Processor Type Floating Point
Internal Clock Frequency 150MHz
On-Chip RAM 34k × 16bit
Flash Memory 512k × 8bit
Serial EEPROM 64k × 8bit

In the lunar rover prototype, the designed to be employed CPU is the SH7708
series including the SH7708, SH7708S and SH7708R. The detailed parameters are
shown in Tab. 6.6.

TABLE 6.6: Lunar rover prototype CPU paramters

Item Parameter

Internal Clock Frequency
SH7708 60 MHz
SH7708S 60 MHz
SH7708R 100 MHz

Data Bus 8/16 bits

Memory Type

Mask ROM
OTPROM
EPROM
EEPROM
Flash memory
SRAM

Memory Capacity Maximum 32 Mbytes

In the experiment, the DSP AD is conducted at 20 kHz, which is far lower than
the TMS320F28335 internal clock frequency. Furthermore, the SH7708 memory can
be customized. Based on the SH7708 property, it can be concluded that the proposed
algorithm is feasible for the lunar rover prototype.
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6.6 Summary

In this chapter, in order to conduct the PV MPPT control, a local MPPT variant step
InCon algorithm and 2 global MPPT SA-PR-GPSO and SA-PJ-PSO algorithms are
proposed. In the proposed variant step incremental conductance method, the PV
output power peak height is employed to tune the algorithm step to accelerate the
tracking process. In the proposed SA-PR-GPSO algorithm, the tracking process is
divided into the PR and GPSO stages. The PR stage is employed to replace the
particles with Gaussian distribution at each iteration to accelerate the particle con-
vergence and the GPSO stage is used to conduct the accurate optimal positioning.
Similarly, the proposed SA-PJ-PSO algorithm also consists of two stages, namely the
PJ stage and PSO stage. In the PJ stage, the fast particle convergence is achieved
by particle jump and the following PSO stage is employed to conduct the accurate
positioning. Furthermore, the sweep method feasibility is analyzed and it has been
demonstrated that the sweep method need at least t times sweep to determine the
optimal duty to conduct the PV global MPPT control under partial shading condi-
tions. Finally, the proposed MPPT algorithm experiment verification is conducted
based on the MYWAY PE-PRO which is constructed with TI TMS320F28335. The ex-
pected lunar rover prototype CPU is the SH7708 series. Based on the SH7708 series
property, the proposed algorithm can be excecuted without obvious computation
cost.
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Chapter 7

Conclusion

In the conventional lunar rover structure, the PV panel is connected to the rover side
instruments with a wire connection through the thermal insulation MLI materials.
However, at lunar night, because the outside temperature is lower than -100◦C, there
will be a tremendous heat leakage along the wire from the rover body inside instru-
ments to the outside circumstances. Because the heat leakage should be amended by
the battery, an extra 40 kg battery volume module is required when the heat leakage
is 20 W. In order to avoid the lunar rover heat leakage at lunar night, a WPT system
is proposed and verified in this paper.

Firstly, the conventional wire connection between the PV and rover side instru-
ments is replaced with a WPT system. The transmitter side is placed at the PV side,
and the receiver side is placed in the rover body. In the thermal simulation of the
lunar rover with a WPT system, because the physical connection between the rover
body inside and outside circumstances is completely blocked, there is no heat leak-
age at all at lunar night, indicating the proposed WPT system structure is feasible.

Secondly, considering the position of the converter used to conduct the PV MPPT
control, there are two WPT systems are proposed: the TC topology and RC topology.
In the TC topology, the converter is directly connected to the PV at the transmitter
side. The TC topology WPT system MPPT implementation feasibility has been ver-
ified with 1-peak PV output power property. Based on the experiment results, the
tracking time is approximately 3 s, which is lower than the 10 s upper tracking time
limit. In the RC topology, the converter is connected to the rectifier at the receiver
side. Under working conditions, the rectifier output data is employed by the algo-
rithm to conduct the MPPT control. The RC topology is verified by the multiple-
peak PV output power properties. Based on the experiments, the global MPPT time
is limited within 1.8 s, 1.9 s and 2.8 s for the 22 W, 29 W and 45 W cases, respectively.
Comparing the TC and RC topologies, the PV output data can be directly employed
by the TC topology WPT system, and then the tracking process can be less influ-
enced by the data collection error. Furthermore, the PV and inverter can be isolated
by the converter indicating the flyback current from the inverter will not influence
the PV module, which can improve the lunar rover stability and extend the working
life. However, on the other hand, because the MPPT algorithm should be conducted
in digital way, the converter should be controlled based on the rover side control sig-
nal. Therefore, there are two consequences resulted in: the wireless communication
should be conducted between the transmitter and receiver sides, and the converter
needs to be assisted with extra thermal management system. In this way, the TC
topology WPT system feasibility will be sharply reduced. In the RC topology, the
rectifier output data is employed by the algorithm to conduct the MPPT control, and
then it can be expected that the tracking performance will be slightly lower than
that of TC topology. However, because there is no digital control required at the
transmitter side, only based on the least facility the whole system can conduct the
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MPPT control. Therefore, considering the great advantage of facility simplification,
the disadvantage of accuracy decrease can be omitted and the RC topology is more
suitable for the lunar rover WPT system.

Thirdly, at lunar night the Moon surface temperature is extremely low and the
rover inside temperature should be kept at the room temperature to protect the in-
struments, and then the generated power at lunar day should be stored for the lunar
night usage. In this paper, considering the relation of the PV, battery and load. A
6-mode power management strategy is proposed. In the proposed strategy, the PV
and battery are only the power supply and request roles respectively, and the bat-
tery is employed as the buffer to achieve the power balance between the PV and
load. For the TC and RC topologies, because the converter positions are different,
the OPPT control methods mode are also different. The proposed power manage-
ment strategy is verified by experiments, and based on the experiment results, all
the 6 modes can be effective achieved. Furthermore, when the working condition
changes, for example, the solar irradiance and load, the proposed power manage-
ment strategy can automatically switch the working mode to cope with the changed
system requirements.

Fourthly, due to the high temperature on the Moon surface at lunar day, the
transmitter side WPT circuit device will encounter parameter variations. In this
case, the WPT module properties will be changed, such as the system resonance
frequency and optimal load. In order to tracking the maximum system DC-to-DC ef-
ficiency under the condition of parameter variations, a SA method is employed. The
system DC-to-DC efficiency is employed as the system state energy, and both the in-
verter frequency and load are employed as the system perturb to conduct the global
search. The proposed SA method is verified with simulations. In the simulation, 6
parameter variation cases with different preset nominal parameters are employed
and all of them change to the same parameters in fact. With the proposed method,
the maximums of Dc-to-DC efficiency of 6 cases are effectively tracked within 1 s
and in general with lower parameter variations, the tracking time can be reduced.

Fifthly, the proposed PV MPPT algorithms can be divided into two categories,
namely the local MPPT variant step InCon algorithm and the global MPPT SA-PR-
GPSO as well as SA-PJ-PSO algorithms. In the variant step InCon method, the PV
output P-V peak height is employed to tune the converter duty step to accelerate the
tracking process. Compared with the conventional InCon method, the step can be
increased when the P-V peak is not high enough compared with the preset standard
to accelerate the system working point movement, and also can be decreased when
the P-V peak is high enough to improve the tracking accuracy. Based on the experi-
ment results, the tracking time is approximately 3 s compared with the 6 s tracking
time of convention InCon method. When the partial shading condition happens,
the global MPPT control should be conducted. In the proposed SA-PR-GPSO algo-
rithm, the tracking process is composed of 2 stages, namely the PR stage and GPSO
stage. In the first stage, the particles are replaced based on the Gaussian distribu-
tion to achieve the fast convergence to reduce the global peak search process, and in
the second stage, the accurate optimal positioning will be conducted with the GPSO
algorithm. When the PV output power possesses 4 peaks under partial shading con-
ditions, the tracking time of the proposed SA-PR-GPSO algorithm is limited within
0.8 s compared with 2.4 s tracking time of conventional PSO algorithm. Similarly, the
tracking process in the proposed SA-PJ-PSO algorithm is also divided into 2 stages,
namely the PJ stage and PSO stage. In the first stage, the particles can jump into
the interval where the current tracked maximum is to avoid invalid traversal of the
intervals which have been verified that no potential particle positions can be found
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to reduce the global peak search time. In the second stage, the accurate optimal posi-
tioning is conducted in PSO algorithm. Based on the experiment results, when there
are 4 peaks at the P-V curve, the tracking time of the proposed SA-PJ-PSO algorithm
is 1.4 s compared with 2.1 s of the conventional PSO algorithm.

Based on the above analysis, it can be concluded that the proposed RC WPT
system is feasible and applicable for the lunar rover. For the future research, the sys-
tem maximum DC-to-DC efficiency tracking research should be further optimized.
Based on the WPT efficiency and power factor analysis in chapter 5, it can be ex-
pected that only the receiver side load variation can achieve the maximum tracking
mission. Furthermore, the combination of the PV and WPT system can be promoted
into more areas, such as the dynamic electric vehicle wireless charge.
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