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 I 

Abstract 

Solar energy, as a green energy, has become one of the most important 

resources for power generation. Photovoltaic plants have become vital parts for 

renewable power generations nowadays. Many plants focus on enhancing the 

efficiency of solar power generation systems and most researchers pay their 

attention to concentrated photovoltaic (CPV) or ultra-concentrated photovoltaic 

(UCPV) power generation systems which are promising candidates for 

improving the efficiency of solar power generation systems. In recent years, 

there are many methods for producing solar cells of CPV’s, which is the primary 

method of improving conversion efficiency for solar energy harvesting. Another 

method is physically tracking the position of the sun, which can further enhance 

the production of power generation plants. This will not only capture more solar 

energy through direct sunlight, but also reduce the cost of the solar cells by using 

polycrystalline solar panels or mono-crystalline solar modules. Up until now, 

most CPV solar cells are expensive because of the high cost of the primary 

materials such as gallium arsenide for the solar cells. By physically tracking the 

position of the sun using ordinary solar cells, the entire power generation system 

would become cost-effective and the efficiency of the power generation system 

is then improved by capturing more sunlight. Therefore, the tracking system for 

the CPV becomes a salient point for the current solar power harvesting methods 

of power generating plants.  

This thesis mainly focuses on the tracking system and its conversion for the 

whole CPV power generation system. Firstly, compared with traditional solar 

tracking approaches that usually employ two motors and gears to adjust the 

gesture and position of the solar cells, this study has proposed a new way to track 
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the sun by using a two-degree of freedom motor. The structure of the motor is 

introduced and its detailed design procedure is given. Meanwhile, after obtaining 

the magnetic characteristics of the motor, the prototype of the motor is 

manufactured for the tracking system. Next, besides this kind of two-degree of 

freedom (2-DOF) motor, a new approach to construct and realize the two-degree 

of freedom motion is proposed, that eliminates two sets of windings for 2-DOF 

motors and simplifying the structure of the motors in order to realize two degrees 

of freedom motion. Secondly, the control method for the motor as well as the 

CPV power generation system is designed via a basic industrial control algorithm 

that is proportional-integral-derivative (PID) control. This solar tracking 

algorithm is integrated into the controller, realizing the CPV tracking system. 

Finally, a wide-input-wide-output (WIWO) converter is designed and integrated 

with the whole power generation system to obtain a wide output application. The 

principles of the circuit topology for the WIWO are elaborated. The theories for 

the buck, boost and buck-boost mode based converter are introduced and 

analyzed. To obtain an accuracy efficiency of the converter, the switching loss of 

the converter is also shown in this section. After manufacturing the converter, the 

experimental results for the converter with the input and the output are sampled, 

verifying the improvement of the whole power conversion efficiency. Apart from 

the experiment, the trials on the tracking system as well as well as the position 

control for the motor are also carried out. These experimental results including 

the tracking position, the parameters of the controller and the efficiency of the 

converter involved show that the proposed CPV power generation is stable. This 

shows that it is an effective and robust method in renewable energy conversions.  

According to the study, the tracking system is an effective approach to 

improve the efficiency of the solar power harvesting and reducing the whole cost 

for power plants, regardless of CPV power generations or ordinary solar based 

power generations. It can be expected that the tracking system can substitute the 
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present structure for solar cells to pursue a higher power harvesting efficiency for 

plants.   
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 Chapter I 

Introduction 

Solar energy, as an ideal form of green energy, has attracted widespread of 

attention from all over the world. Presently, conventional solar photovoltaic is 

still of relatively low efficiency and high installation cost. Therefore, worldwide 

large-scale usage is still limited. Without government subsidy or other financial 

support, photovoltaic is still of low return on investment. It can also be seen that 

some countries have begun to reduce these subsidies.  

Based on concentrated photovoltaic technology, Concentrated Photovoltaic 

(CPV) systems use the new types of materials and structures, achieving energy 

conversion efficiency approximately double that of traditional solar panels, 

making these systems attractive for widespread promotion and implementation. 

The condenser lens concentrates a certain region of sunshine onto a small 

photovoltaic panel. A slight deviation in the angle between the sun and the 

condenser lens can significantly affect the convergence point and thus cause an 

enormous impact on the efficiency of CPV power generation system. Therefore, 

a high-precision auto solar tracking system is an essential part of CPV power 

generation systems.  

In recent years, as the efficiency of III–V multi-junction solar cells [1] has 

improved, high concentrated photovoltaic (HCPV) systems have developed 

rapidly. Amonix is the recognized leader in CPV technology and is one of the 

major developers of HCPV systems with Fresnel focusing lenses. Amonix has 

extensive experience in practical implementation of photovoltaic systems over 

many years. Their most recent product is the Amonix 7700 [2], the world’s 
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 largest pedestal-mounted solar system with dimensions of 77-feet-wide by 

49-feet-tall. The solar cells are high-efficiency III-V multi-junction solar cells. 

The system provides 60 kW power through a DC-AC converter. It has a high 

concentration ratio of 500 X (X= times concentration) and can be operated for a 

long lifetime, up to 50 years. A dual-axis solar tracking system is employed with 

a conversion efficiency of 25%, making the first CPV power generation system 

to set the world record for conversion efficiency [2].  

Isofoton Company focused on the HCPV market in 2011, with a product 

developed at IES-UPM based on a TIR-R condenser [3] with a concentration 

ratio as high as 1000X, operating based on total internal reflection and secondary 

reflection at two levels in a Fresnel lens [3]. This HCPV system uses a 

two-dimensional focusing lens or a two-dimensional focusing reflector as the 

optical concentrator. The two-axis solar tracking system is more suitable for use 

in sunny areas.  

Solar System Co., Ltd. is another one of the main companies researching the 

field of parabolic dish reflection HCPV systems in Australia. The point focusing 

condenser achieves a 500 X concentration factor. In June 2013, Solar System Co. 

completed the largest CPV solar power station in Victoria Mildura, Australia. 

The 1.5MW plant can generate enough electricity for approximately 500 

average-sized homes. The total module surface area is 58 square meters, with 

dimensions (length × width × height) of 8.9 m × 8.1 m × 6.1 m and with modules 

installed on the ground. Following completion of this 1.5MW solar 

demonstration facility, the company is preparing to develop its next project - 

construction of a 100MW facility that will eventually generate enough power for 

approximately 30,000 average-sized homes. 

China's San’an Optoelectronics Co., Ltd. uses Fresnel lenses to gather 500 

times sunlight to 10 mm × 10 mm multi-junction cells with two-axis tracking and 

passive cooling system. In November 2009, San’an Optoelectronics Co., Ltd. 
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 developed a power generation project designed and constructed in Qinghai 

with a plan to achieve 3 MW capacities. In September 2010, the first milestone 

was achieved when a 1 MW CPV system was successfully interconnected, with a 

daily average output of more than 6,000 kWh. The total module surface area is 

60 square meters, with dimensions (length × width × height) of 7.9 m × 7.1 m × 

5.8 m. This system uses artificial technology to clean the CPV surface to reduce 

the dust on the surface. However, a more effective technology of solar panel 

self-cleaning has been proposed in recent years. Photovoltaic (PV) modules 

coated with a proprietary self-cleaning protective nanostructure TiO2 film have 

been developed. As we know, after dust deposition, the I-V characteristics of PV 

module did not show important changes with the n-TiO2, as well as a module 

reduction in efficiency of about 13.5% [4]. 

This thesis focuses on CPV power generation systems and associated 

high-precision solar tracking systems. The first objective of this chapter is 

therefore to introduce a CPV power generation system including III-V 

multi-junction solar cells, optical concentrator systems and solar tracking 

systems. Then, a new design methodology is examined to improve the solar 

tracking system. After that, various drivers of solar tracking systems in CPV 

power generation systems are discussed, and problems are identified. Then, 

development and research of power converters in CPV/PV are also suggested. 

Finally, the conclusions and contributions of this thesis are provided. 

1.1 A Large-Scale CPV Power Generation System 

CPV systems are photovoltaic power generation systems that a condenser to 

concentrate the energy into high energy density to solar cells for power 

conversion. At present, the major manufacturers of CPV systems produce a 

variety of different modules, all of which consist of three key parts: the 
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 concentrator modules, the photovoltaic modules, the solar tracking modules. In 

general, CPV systems are classified based on the concentration ratio into three 

categories: HCPV system (>100X), MCPV system (10-100X), and LCPV system 

(>10X) [5]. A diagram of a CPV power generation system is shown in Fig. 1.1. 

 

Fig. 1.1 A diagram of a CPV power generation system. 

1.1.1 III-V Multi-Junction Solar Cells 

Multi-junction cells play a significant and growing role in the field of CPV 

systems. A GaInP/GaAs/Ge multi-junction solar cell presently provides the 

highest photovoltaic capability available, achieving > 43.5% efficiencies under 

concentrated AM1.5D illumination, with the result that these cells have been 

researched thoroughly around the world [6]. InGaP is used to form the top sub 

cell in conventional III–V multi-junction solar cells, with InGaAs as the middle 

sub cell and Ge as the bottom sub cell as shown in Fig.1.2.  
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Fig. 1.2 The structure of a III–V multi-junction solar cell. 

The III-V multi-junction cell was first used in space satellites, which can 

absorb a wider spectrum of solar energy, exhibiting higher conversion efficiency 

and greater temperature resistance. Several new modules have emerged in recent 

years to further increase III-V multi-junction solar cell efficiency, with 

well-known solar cell companies such as Amonix, Spectrolab and Emcore 

striving for innovation. Spectrolab developed a four-junction structure and even 

studied five-junction or six-junction structures, based on the expectation that 

increasing the number of junctions for the limitation of conversion efficiency [7]. 

Emcore used IMM (inverted metamorphic triple-junction solar cell) technology, 

which was designed to achieve a conversion efficiency of 45% (1 square 

centimetre solar cell area under 500 times concentration) [8].  

The next target for solar cells is to exceed the 50% efficiency mark. New 

instruments and methods must be dedicated to fabrication technology to achieve 
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 these targets. Efforts to develop a new generation of materials by combining 

these different technologies and methods will open up a wide range of 

possibilities for the design of new cell structures and provide new opportunities 

to increase efficiencies.  

1.1.2 Optical Concentrator Systems 

Optical concentrator systems are key elements of CPV systems. The optics 

makes use of reflectors and lenses to concentrate a large area of sunlight to a 

small ray. A CPV panel is highly sensitive than a temperature sensor to the 

distribution of concentrated sunlight; therefore, the optical design of the 

concentrator must be able to focus the concentrated sunlight equally over the 

surface [9-10]. Although a wide variety of concentrating technologies have been 

developed all over the world, the latest optical concentrator systems can be 

divided into the Fresnel focusing lens and the parabolic dish (two-dimensional) 

focusing reflector. 

A. Fresnel Focusing Lens 

Fresnel focusing lenses can be divided into two types: a linear focusing lens 

and a two-dimensional focusing lens. The Fresnel lens significantly decreases the 

material requirements compared to a conventional lens by separating the lens 

from a set of co-axial annular sections [11]. The design considers the interference 

of light, the receiving angle and the relative sensitivity to fulfil the requirement 

that the optical band pass aligns with the target spectral region. If the light passes 

through each surface of refraction, the Fresnel lens will lose 4% of the light. 

Additionally, the lens also produces a range of degrees of chromatic dispersion. 

Refraction-based optical condensers can also be divided into the flat Fresnel lens 

and the dome Fresnel lens, as shown in Fig. 1.3.  
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a	 

 

                (b) 

Fig. 1.3 Schematic structure of (a) a linear focusing lens, and (b) a 

two-dimensional focusing lens 
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 B. Parabolic Dish Focusing Reflector 

The parabolic dish (two-dimensional) focusing reflector generally consists 

of silver-plated glass and a thin aluminium sheet. One weakness is that these 

materials cannot withstand extreme weather such as typhoons, hail, or hurricanes. 

Parabolic reflectors can be made using high reflectance polymer films. A 

schematic diagram is shown in Fig. 1.4. 

 

 

Fig. 1.4 Schematic diagram of parabolic dish focusing reflector 

C. Comparison of Different Optical Concentrator System 

The two-dimensional focusing reflector has the following three main 

advantages. First, no dispersion exists. Second, the light irradiance is equally 

distributed. Finally, the reflection efficiency is approximately 100%. The 

disadvantage is that the structure of the parabolic reflector is comparatively 

complex when fastened on the solar cell surface. Additionally, if the reflective 

surface is soiled, the reflection efficiency will sharply decrease.  

1.1.3 Solar Tracking System 

A. Uniaxial Tracking System 

Uniaxial tracking generally uses two methods: the inclined position with 

east-west tracking is shown in Fig.1.5 (a); the horizontal position with east-west 
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 or north-south tracking is shown in Fig.1.5 (b). The two methods are based on 

single shaft rotation of the north-south or east-west tracking, with similar basic 

principles of operation. The structure of the uniaxial tracking is clearly simple, 

but because the incoming light cannot always be parallel to the main optical axis, 

the efficiency of solar energy concentration is not ideal. 

 

            (a)                               (b) 

Fig. 1.5 The structure of the uniaxial tracking system (a) inclined position with 

east-west tracking, (b) horizontal position with north-south tracking. 

B. Two-axis Tracking System 

Among all solar tracking systems, two-axis tracking achieved the best 

performance by tracking the change in the azimuth and elevation of the sun. 

Two-axis tracking can be divided into polar axis tracking and inclination-azimuth 

angle tracking. 

1) Polar Axis Tracking 

One shaft of the optical concentrator is pointed to the North Celestial Pole 

and is parallel to the earth’s spin axis, called the polar axis. The other shaft is 

perpendicular to the polar axis, called the declination axis. The reflecting mirror 

revolves around the polar axis; the speed is the same as the rotational angular 

velocity of the earth, but in the opposite direction to track the sun’s movement 

throughout the day. To adapt to the changing declination angle, the reflecting 

mirror changes its pitch around the declination axis, and a regular adjustment is 

made according to seasonal changes. This tracking method is not only 
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 complicated, but as the weight of the reflection mirror is not through the polar 

axis, and it is difficult to design the bearing of the polar axis [12]. 

2) Inclination- Azimuth Angle Tracking 

The Inclination-azimuth angle tracking is known as the horizontal 

coordinate system tracking and is shown in Fig.1.6. Usually, the azimuth axis of 

the optical concentrator is perpendicular to the ground plane, while the pitch axis 

is perpendicular to the ground plane. The optical concentrator is moved around 

the azimuth axis based on the sun’s movement throughout the day to change the 

azimuth angle, and around the pitch axis to change the inclination angle, so that 

the principal optical axis of the reflection mirror is always parallel to the sunlight. 

This tracking system exhibits high tracking precision, and the weight of the 

optical concentrator is kept within the plane of the vertical axis. The control flow 

chart is shown in Fig.1.7.  

 

Fig.1.6 The structure of the two-axis solar tracking system 
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Fig. 1.7 The flow chart of the solar tracking system 

1.2 Design of a New Solar Tracking System for CPV 

1.2.1 III-V Multi-Junction Solar Cells 

The solar tracking system is the core part of the CPV power generation 

system affecting its maximum power output. Generally, to keep the tracking 

error less than 0.5° [13], a solar sensor is employed to provide real time feedback 

on the angle between the solar cell and sunlight. By regulating the angle, the 

solar cell can always be oriented in the plane perpendicular to the sunlight 

[14-16]. The solar tracking system usually consists of two axes of rotation, 

azimuth and inclination, with accurate tracking devices used to increase the 

power conversion efficiency. 

Traditional solar tracking systems include cogwheels that move the system in 

two directions, azimuth and inclination, with the wheels driven by two motors 

with drive pinions. This system utilises a steel structure to fasten the CPV 

modules with large size and weight. The configuration of the CPV power 
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 generation system with the traditional solar tracking system has been shown in 

Fig.1.6. 

 

Fig. 1.8 The structure of the CPV power generation system with the proposed 

solar tracking system. 

Fig.1.8 depicts a new solar tracking system based only on a two-degree 

rotary-linear motor to complete all tracking operations. This two-degree motor 

combines the CPV modules and support group together. The inclination angle is 

tracked by the linear motion of the motor, and the azimuth angle is tracked by the 

rotating motion of the motor. Comparing the proposed simple tracking system 

with the traditional tracking system shows that the new tracker is not only 

smaller and lighter, but it also exhibits an improved tracking precision.  

1.2.2 Development of motors used in CPV power generation system 

Traditional mechanical tracking systems usually take advantage of electrical 

machines as the executors to control the gesture of the solar panel, including 

direct current (DC) motors such as permanent magnet (PM) brushless direct 

current motors (BLDCM) and alternating current (AC) motors [17]. However, 

conventional approaches exhibit some drawbacks. Suboptimal working 
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 environments such as high temperature and vibration could cause 

demagnetization of the permanent magnets. Hydraulic motors and gear motors 

are also used to control the position of the panel, which needs to be maintained 

periodically [18]. The mechanical devices have been designed based on the 

weight and volume of the CPV module, including the transmission gear boxes 

and connecting rods, which are traditionally used to simultaneously change the 

speed and torque of the motor [19]. If more than two actuators are used to 

regulate the gesture, it will not only increase the number of mechanical 

subsystems and the entire cost of the system but also reduce the position tracking 

accuracy. Meanwhile, the growing number of gears will increase the 

maintenance required for the system [20-21]. 

1.3 Design of Various Motors for Solar Tracking Systems 

1.3.1 Review of various motors for solar tracking systems 

Switched reluctance motor (SRM) as a new speed modulation actuator 

developed in recent decades, possess the speed modulation advantages from 

direct current machines and alternative current machines. Compared with the 

current induction motors controlled by frequency convertor, SRMs have 

prominent merits on manufacturing cost, efficiency, operating stability and speed 

modulation, etc. Especially, SRMs have a high efficiency in a wide speed range, 

outweighing frequency controlled induction motors [22]. Induction motors must 

take advantages of vector control method to obtain a speed modulation similar to 

DC motors, but SRMs just adjust turn-on angle, turn-off angle, voltage and 

current to get an ideal mechanical characteristic. They can be operated in four 

quadrants with soft starting features easily and simply. This kind of logical 

control method for SRMs can realize intelligent control readily by modifying 

software [23]. A drawback of SRMs is the acoustic problem caused by the 
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 double silence structure. Actually, this kind of noise can be alleviated by 

optimizing the structure and control algorithms for SRMs [22]. Recent research 

show that the acoustic issue of SRMs can be addressed by optimized design and 

control, with the development of manufacturing level.  

1.3.2 The developed in rotary –linear motor 

Rotary-linear switched reluctance motors (RLSRMs) are usually 

implemented in industry applications, such as boring mill, drill press and carving 

machines, etc [24-25]. Conventional machines are described in [26-27], and such 

motions are commonly realized by two independent motors with mechanical 

connecting parts. However, the traditional designs cannot avoid the drawbacks of 

complex mechanical structures and control methods, thus reducing their tracking 

accuracy.  

In [28-30], the principles of actuator based on the permanent magnet (PM) 

synchronous motor are discussed. However, it is not suitable for movements of 

rotary and linear motion, because of its complex control method and operating 

environment restriction. Also, PMs are vulnerable to high temperature and 

vibrations that can lead to permanent demagnetization. There are other 

configurations focused on induction motors [31], and stepper motors [32]. 

Unfortunately, they are all not widely employed by industry, due to their 

complexity or inefficiency. Moreover, the switched reluctance (SR) machines are 

suited for many industries, because of the advantages of the mechanical stability 

and structure simplicity. Moreover, an RLSRM was presented to integrate 

rotating and linear motion together [33], [34] but a coupling effect has occurred 

when both rotary and linear motion are produced by the same coils. Therefore, 

the decoupled control methods have been investigated in [35], [36].  
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 1.3.3 The design of various motors for solar tracking system 

To address the problems mentioned above, the concept of a two-dimensional 

rotary-linear switched reluctance motor is put forward for industrial motion 

control equipment. Current direct-drive machines exhibit advantages including a 

high tracking accuracy and simplified mechanical configuration, indicating its 

wide range of potential applications. The structure of the new rotary-linear SRM 

without physical decoupling was shown in Fig.1.9.  
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Fig. 1.9 The structure of the new linear-rotary SR motor without physical 

decoupling 

However, automatic tracking systems should be sufficiently robust to ensure 

the stability of the integrated CPV power generation system when operated in the 

target environment. Although the drivers for CPV systems mentioned above have 

decoupled designs for linear movement and rotary motion, which have been 

validated by experimental results, these drivers are not suitable for the power 

generation industry as their structures are not physically decoupled, and their 

stabilities have not yet been experimentally proven.   
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 To solve those driver problems, a novel RLSRM for industrial 

applications as shown in Fig.1.10 has been proposed and manufactured. The 

motor can be a physically decoupled structure because its linear magnetic paths 

and rotary magnetic paths are segregated by solid aluminium, improving the 

overall stability and robustness of the driver.  
 

 

Fig. 1.10 The structure of the new linear-rotary SR motor with physical 

decoupling 

To enhance the automatic tracking accuracy for CPV power generation and 

improve its efficiency, the power generation system needs to convert sunlight to 

electricity with maximum power, requiring optimal point tracking. In addition to 

the two linear rotary motors, a double-rotor motor, which presents a new 

approach to the design and control of moving parts, has been designed and 

optimised in a 2-DOF motor field using the finite element method (FEM). This 

proposed motor can be used in CPV power generation systems, and it can also be 

employed in applications such as electric vehicles and vessels. A new motor 

structure is proposed as shown in Fig.1.11. 
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Fig.1.11 The structure of a double-rotor SR motor 

1.4 Development and Research in Power Converter in CPV/PV 

Photovoltaic power generation system, according to their main functions, 

can be sorted as independent power generation system (off-grid power generation) 

and grid-connected power generation. Either independent system or combined 

system, as a completed photovoltaic power generation system, should include 

controllers, convertors, fuse protection, transferring and distribution power 

system and switches, etc. with a suite of balancing system combined with solar 

cells.  

Off-grid photovoltaic power generation systems are mainly employed by 

rural areas. Apart from power generation systems, they consist of charging 

controllers, batteries, DC-DC convertor and monitoring system. The principle of 

the systems involves the following parts. The power generation firstly absorbs 

solar energy and convert them to electricity. Then, buck and boost convertors are 

employed to convert different voltages for loads. The surplus electricity will be 

stored into batteries via a charging convertor. These batteries would supply 
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electricity when it comes to windy and raining days for the power generation 

system or loads.  

Grid-connected solar power generation system consists of solar cells, high 

frequent DC-AC boost convertors, sinusoidal invertors (DC/AC) and monitoring 

parts. The power generation system absorbs the solar energy and coverts it to 

direct current (DC) power supplier with high voltages via high frequent DC 

transformers. The invertors connected with the grid to transform the high voltage 

back to the grid under an identical phase and frequency to grid. The inverter 

operated can be considered as a controlled current power supplier.  

1.5 Thesis Objectives and Contributions 

The objective of the thesis is to examine CPV power generation systems 

with solar tracking through control method, new motor design and power 

electronics. As previously mentioned, solar tracking systems can be widely 

applied in CPV/PV power generation systems, but many problems remain to be 

overcome. Problems include low energy conversion and output power of the 

CPV/PV power generation system, the complex mechanical configuration of the 

solar tracking system, low tracking precision and high cost of solar tracking 

drivers. To simplify the mechanical structure and eliminate the combination of 

two motors, a new two-degree of freedom motor is designed and developed for 

the solar power generation system. The tracking accuracy to the sun is improved 

by using the motor with a simple control. To provide stable outputs for users, a 

wide input and wide output convertor is also developed for the power generation 

system. Regarding to the proposed motor, principles and design procedure are 

introduced. Basic mechanical outputs of the motor are obtained and a position 
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control system is built for the tracking system, validated by experimental 

results. Meanwhile, topology of the proposed converter and its design approach 

are given. Both the simulation and experiments prove the effectiveness and 

feasibility of the wide input wide output converter, providing a wide voltage 

output range for users. Therefore, this thesis is written to provide feasible 

solutions to build a high efficiency CPV power generation system. 

First, the thesis starts by introducing CPV power generation systems. To 

address the deficiencies of the prior design approach, a new design method is 

presented to optimise the performance of the solar tracking system. Then, the 

possibility of using different drivers for solar tracking systems in CPV power 

generation systems is explored, and some problems are also identified. These 

items are presented in chapter 1. 

In chapter 2, a 0.9 kW CPV power generation system is first designed and 

developed. This system mainly consists of solar cells, an optical concentrator and 

an automatic tracker. Compared with traditional PV power generation systems, 

the proposed CPV system performs better in electricity generated per unit area, 

energy conversion efficiency and generator volume. The CPV power generation 

system has to aim its lens directly at the sunlight because of the cascade effect of 

solar cells. If one of the solar cells operates ineffectively, the overall efficiency 

of the generation system will be dramatically decreased unless with very 

complicated power electronics by-pass method. Therefore, the precision of 

tracking plays an important role in achieving high efficiency power generation. 

In chapter 3, different motor designs are developed to drive solar tracking 

systems. A decoupled motor with two-degrees of freedom (2-DOF) in the linear 

and rotary directions based on the switched reluctance principle is investigated. 
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First, the structure of the motor is introduced, and then, the design procedure 

for the main parameters of the motor is elaborated. Additionally, the 

magnetically decoupled structure of the motor is illustrated. Second, a magnetic 

circuit analysis is presented to explain the decoupled structure, followed by a 

simulation using the finite element method (FEM), including the inductance 

profiles, force and torque outputs. Meanwhile, the control method for this motor 

is provided using two proportional-integral-derivation (PID) controllers to 

independently regulate the linear position and the rotating angle. A linear force 

distribution function (FDF) and a linear torque sharing function (TSF) are 

employed by the control system. Third, experimental results involving the force 

and torque measurements, linear position and rotating angle responses are 

obtained under specific loads and without a load. The motor is capable of 

achieving high-precision rotary and linear tracking within 0.3 ̊ and 500 µm, 

respectively, under specific loading conditions. Compared with the conventional 

solar tracking drivers that can govern the rotating axis over 1 degree, each of the 

proposed drivers exhibits better tracking precision, simpler mechanical 

configuration and lower cost. 

In chapter 4, a PID control method for solar tracking systems is developed 

by combining the advantages of the newly developed drivers and a simple 

mechanical structure. In this section, the basic control strategy for the motor is 

given including a torque sharing function and a force distribution function 

facilitate the whole performance of the motor, reducing the ripples of the outputs 

and improving the accuracy of the controlled position. The two-degree of 

freedom motion is realized simultaneously both in linear and rotation movements. 

Plus, the control method, PID control, is very simple and often employed in 
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industry. The gesture of the CPV modules can be readily adjusted by the motor 

to track the sun, thus simplifying the whole structure and improving the 

tracking accuracy and power conversion efficiency. This system contributes to a 

high tracking precision and a dedicated control method. 

In chapter 5, a wide-input-wide-output tapped-inductor DC-DC converter is 

developed to connect the CPV power output to the storage battery or other loads. 

Compared with existing DC-DC converters, the efficiency of the new converter 

is higher than its counterpart under the high voltage conversion ratio and the 

voltage output range is extended using the proposed converter. At present, most 

CPV power generation systems are often store their energy in batteries or 

capacitors. Some of them are connected with the power grid, supplying power to 

the grid, which could put negative effects on the grid and deteriorate the stability 

of the grid. This CPV system can supply various voltages by employing a 

DC-DC converter as an input or output adjustment by itself. This system can also 

be used by general electric appliances. The solar power generation system can be 

widely employed in industrial and home appliances, significantly improving its 

utilisation. 

In the last chapter, the main achievements and contributions of the thesis are 

summarised. Remaining issues and future research directions are also suggested.
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Chapter II   

Design of a Large-Scale CPV Power Generation 
System 

In this chapter, a large scale CPV power generation system is designed and 

realized, mainly including three parts that are solar cells, a solar concentrator and an 

automatic tracking system. Their details are presented in this section.  

1) As a core part of the CPV power generation system, solar cells are constructed 

by semi-conductive materials with optimized interval breadths based on relevant 

semiconductor theorem, with stacked crystal lattices arranging from big size on the 

top layer to small size at the bottom layer. These cells absorb high intensive sunlight 

to greatly convert the solar energy into electricity more effectively, compared with 

traditional solar cells.   

2) Based on nonlinear optical edge effect principles, a standard sunlight 

concentrator is comprised of a simple single or secondary optical unit that can be 

characterized by advantages of high transmittance, light quality and cost effectiveness 

with a simplified structure.  

3) To realize multi-junction cells with a high efficiency, it is necessary that the 

sunlight concentrator should be perpendicular with the sunlight in real time so that the 

solar cells under the concentrator have the maximal light contacting surface to absorb 

the sunlight transmitted from the concentrator. Therefore, an automatic solar tacking 

system plays an important role to adjust the gesture of the cells in a right way.   

Concentrated Photovoltaic (CPV) uses new types of materials and structures, 

therefore, the power generation efficiency can be about double of that of the 

traditional solar panels, so it is very worthy of popularization and promotion. The 
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condenser lens can concentrate a certain region of sunshine to a small photovoltaic 

panel and a slight angle deviation between the sun and the condenser lens can have a 

large influence of the convergence point which causes enormous impact on the 

efficiency of CPV power generation system. That is why high-precision auto-tracking 

solar system is an essential part of the CPV power generation system.  

2.1 III–V multi-junction solar cells 

Conventional solar cells usually just include a single PN junction. They can only 

capture limited sunlight with specific spectrum. Sunlight cannot extensively be 

absorbed by this type of solar cells, so the efficiency of the power generation is very 

poor from 17%~19%. To improve the efficiency, researchers proposed a concept of 

multiple PN junction cells with a stacked structure. Multi-junction solar cells are 

developed to enhance the efficiency. They are constructed by semi-conductive 

materials stacked with varied interval breadths to junctions and each junction 

possesses own sunlight spectrum. Semiconductor extending technology is employed 

to connect different compounded semi-conductive materials in series with crystal 

lattice matching, constructing a multiple junction solar cell. Theoretically, for 

multi-junction solar cells, the more stacked layers they have, the larger sunlight 

spectrum they can capture. However, considering current outputs of the cells are 

under a series connection, and are easy to manufacture and with low cost, the stacking 

layers should be optimized according to the requirements [37]. In most PV/CPV 

power generation systems, the photovoltaic convertor is a three-junction solar cell 

integrated into a single unit by GaInP/GaInAs/Ge. 

Equivalent electronic circuits to describe characteristics of solar cells include the 

four parameters model and the five parameters model, or the single-junction diode 

model and the duo diode model, etc. [38, 39]. These circuits aim to analyze the 

influence of the quantification of the parameters to solar cells and further guide 
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manufacturing in industry. The single-junction diode model is usually employed by 

engineering applications. Errors from this model, however, are prominent under low 

illumination situations. The duo diode models become popular and are widely used to 

analyze solar cells today. This model adds parameters and number of diodes 

signifying the losses from dissipation region carriers of PN junctions based on the 

single junction model. The resolve process is also more complex for this model. In 

this section, the main characteristics of these parameters of solar cells and their 

interrelations are analyzed, followed by basic structure and principles of 

multi-junction solar cells. It aims at providing design theories for high precision 

position automatic tracking systems.  

2.1.1 Characteristics of solar cells 

Solar cell is a photovoltaic device which converts light to electricity based on 

photovoltaic effect from semiconductor’s surface [40]. The quality of a solar cell is 

mainly determined by open circuit voltage Voc, short circuit current Isc, the maximal 

power output Pm, filling factor FF and photovoltaic conversion efficiency η, etc. 

Among these parameters, η is the key factor. Other factors can also have impact on 

the maximum power output of the solar cell. In order to effectively introduce the 

principle of solar cells, the simplest PN junction structure is used to analyze the 

interrelations of these parameters.  

Generally, the equivalent circuit of solar cells based on single-junction diode 

model is shown in Fig.2.1 [41, 42]. In this figure, Isc1 is the current converted from 

light that is approximately equal to short current [43]. Id is the current flowing through 

the diode D and Ish is the current flowing on the equivalent mode of resistors in 

parallel Rsh. IL is the output current of the solar cell flowing through the equivalent 

series resistor Rs and the load RL. V is the terminal voltage of the solar cell.  
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Fig. 2.1 Equivalent circuit of solar cells 

The dark current of the diode D and the current on the series resistor Rsh can be 

expressed as 

 78 = 7: ;<= > ?@ABCD
EF

− 1  .................................... (2.1) 

 7IJ =
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AKL

 ................................................. (2.2) 

where Io is the reverse saturated current of the diode D. q is the electric charger unit 

160�10-19 C. T is the absolute temperature of the cell, K is Boltzmann constant 1.38

�10-23 J·K-1. According to the circuit structure, the equation between the loading 

current and the terminal voltage can be  
 7M = 7INO − 78 − 7IJ = 7I − 7: ;<= >?

EF
− 1 − ?@CDAK

AKL
 ............... (2.3) 

When the exterior load turns off, the output current IL = 0. Equation (2.3) can be 

simplified as  
 7INO = 7: ;<= >?

EF
− 1 + ?

AKL
 ................................... (2.4) 

According to (2.4), Isc is the sum of Id and IL. Assuming that Rsh � �, then Voc 

can be calculated as 
 Q:N =

EF
>
RS CKTU

CV
+ 1  .......................................... (2.5) 

When the terminal circuit is shorted, V becomes zero. Isc1 equals to short current. 

Power output of the solar cell can be  
 W: = Q×7M = Q 7IN − 7: ;<= >?

EF
− 1 − ?@CDAK

AKL
 ................... (2.6) 

The terminal voltage Vm at maximum output power can be obtained when the 

derivation of equation (2.6) equals to zero. 
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Therefore, the biggest output power Pm is: 
 W& = Q&×7& ≈ Q:N −

EF
>
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 ...... (2.9) 

The output efficiency of the solar cell is determined by the open circuit Voc and 

the short circuit current Isc2. This is defined as the ratio of the biggest output power of 

the solar cell and the product of open circuit and short circuit current. 
 [[ = ?Y×CY

?VT×CKT\
 ............................................... (2.10) 

The filling factor FF represents the measurement of the rectangular area in the 

voltage-current curve. The more ideal inflection point is the smaller rest area in the 

curve. Consequently, the higher the open circuit voltage of the solar cell, the larger 

the filling factor will be. 

The photoelectric conversion efficiency of the solar cell (power generation 

efficiency) is defined as the ratio of the maximum power Pm to the total incident light 

power Pin. 
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^_`
= ?YCY

^_`
= aa×?VTCKT\

^_`
 ................................... (2.11) 

From the above formula (2.11), it can be seen that the photoelectric conversion 

efficiency of the solar cell is closely related to the open circuit Voc, short-circuit 

current Isc2 and the filling factor. This implies that the light intensity of the incident 

light spectrum is related to the temperature of the solar cell. Therefore, the function of 

the solar cell could be optimized by choosing the semiconductor materials and 

improving the processing process.  

2.1.2 Basic structure and principles of multiple-junction solar cell 

To obtain compound semiconducting solar cells with high photovoltaic 

efficiency, only by using PN junction as energy conversion layer is insufficient. 

Adding some hetero structure semiconducting materials optimizes the structure of the 

solar cells through long term research and obtained theories from researchers. At 
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present, most compound semiconducting solar cells possesses not only a basic PN 

junction, but also a contacting layer, window layers and back field layers etc. [44, 48], 

which play distinct roles for the improvement of the solar cells.  

The contacting layer that connects solar cells and electric poles is the current 

guiding layer to carry current. This layer has low resistance so the Ohm losses will be 

reduced as well. According to the selected poles, different semiconductors will be 

chosen to match with the metal.  

The window layer is often made of semi-silicon materials with wider band gaps 

since it can lower the absorption of the sun light and decrease the loss of energy. 

Besides, wider band gaps can form higher potential cells with the cell’s launching 

region and reflect few carriers flowing to the window layer. This is to improve the 

collection efficiency of the photo-carriers. The link to the window layers materials 

and the materials in the launching region can help lower the surface state of the 

launching region. In addition, they can lower the denaturalization speed of the photo 

carriers, to improve the collection efficiency of photo carriers and the output current 

of the battery. For example, InGaP or AlGaAs in the GaAs cell is used as the window 

layer.  

The function of back surface field is similar to that of the window layer. Since 

there is no need to consider the influence of the back-surface field on light absorption, 

there are more choices of the back-surface field materials than those of the window 

layer. The back-surface field often uses the semi-silicon materials with wider band 

gaps which can form a higher potential carrier together with the base region of the cell. 

Reflecting few carriers that flowing towards the field will over the surface state of the 

launching region. Then lowering the denaturalization speed of the photo carriers, will 

improve the collection efficiency of photo carriers and the output current of the cell.  
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2.1.3 Working principle of multiple-junction solar cell 

A semiconductor often has its particular energy band width Eg which only 

responds to the photon whose energy is greater than band gap Eg. Namely, it absorbs 

photons whose energy is greater than Eg and electron-hole pairs. Therefore, the 

single-nodal solar cell made of single semiconducting materials can only absorb the 

light wavelength which is longer than the semiconductor’s band gap Eg, and convert it 

into electric power. On the other hand, the light whose photons have less energy is 

wasted. For example, GaAs semiconductor only has a band gap of only 1.42eV. 

Single nodal GaAs cell can only absorb sun light whose wave length is less than 850 

nm. On the other hand, photons whose energy is greater than the materials’ band gap 

will also lose energy. For instance, when photons whose energy is 2.5eV are absorbed 

by GaAs semiconductor, one part of the photon energy is used to motivate electrons 

to move from the valence band to the conduction band. The other part of the energy is 

conveyed to the crystal lattice of the semiconductor materials through Auger 

Recombination as the phonon. This will then heat up the materials and influence the 

function and stability of the cell. To utilize solar energy more effectively, it is 

suggested that the photoelectric transmission efficiency be improved and the 

multimodal solar cell series structure be proposed. 

A. The basic structure of the series  

The solar cell with multiple junctions is usually made of several subsidiary 

batteries and tunneling structures. Several kinds of semiconductor materials with 

different band gaps are chosen, and every semiconductor forms a single nodal cell. 

Then, these single nodal batteries are connected in series ranging from the biggest to 

the smallest according to the semiconducting materials with different band gaps. This 

then forms a multiple-junction solar cell connected in a series form, as shown in 

Fig.2.2. A cell with multiple junctions can divide the sunlight into many wave bands. 

Relying on the semiconductor with wide band gaps on the surface, the cell can absorb 

sunlight with high energy. The cell can absorb low-energy light with the 
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semiconductor materials that have narrow band gaps at the bottom. Cells with 

multiple-junctions have changed the limit of the semiconductor batteries with single 

junctions such that they can only absorb single wavebands. This then widens the wave 

band where the whole cell responds to the sun’s light spectrum and reduces the energy 

loss.  

Jph
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J v

 

Fig. 2.2 The strucute of multiple-junctions solar cell 

Solar cells with multiple junctions are connected by several subsidiary cell in 

series made of semiconductor materials. The direct current connected in series to each 

other will ensure that the output current of the cell equals that of the subsidiary cells 

with the least electric current. The rest of the current produced by the subsidiary cell 

will be lost in the form of heat loss. Therefore, the most optimized result is that each 

subsidiary cell should produce equal output current at the same time. That is, the 

semiconductor materials of each subsidiary cell’s band gap should match, which will 

lead to higher conversion efficiency.  

B. The tunneling junction of series 

Solar batteries having single junction, as the active layer, have the function of 

photoelectric transmission and certain photoelectric conversion efficiency. On the 

other hand, a tunneling junction, as a tie, plays an irreplaceable role in the solar cell 

with multiple junctions. GalnP/InGaAs/Ge solar batteries with three junctions are 
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composed of the GalnP top cell, InGaAs central batter and Ge bottom cell connected 

from up to down. Usually, every cell uses the n-on-p structure, i.e., n-type launching 

layer grows on the surface of the basic p-type region and forms pn nodes. If the 

tunneling junction is not used in the three-node cell structure to make the subsidiary 

batteries directly connected to each other, they will form a p-on-n reverse structure at 

the interface. Namely, the p-type back field layer on the subsidiary cell and the n-type 

window layer under the cell from a structure that is converse to the n-on-p structure of 

the subsidiary cell. This will then lead to a reverse bias of the subsidiary cell. The 

open-circuit voltage of the subsidiary cell will offset each other, which will lower the 

whole three junction cell’s voltage and the conversion efficiency.  

Therefore, a semiconductor junction is inserted into the interface of the 

subsidiary batteries, whose p-on-n structure will become the transition region where 

the subsidiary cell’s p-type back field layer is connected to another subsidiary’s 

n-type window layer. This will help eliminate the influence of the subsidiary cell’s 

reverse bias and effectively solve the above-mentioned problems.  

The function of the tunneling junction is mainly seen in the transportation of 

current in the solar batteries with multiple junctions. Therefore, the peak tunneling 

current is an important factor that shows whether its performance is good or not. 

When the peak current in the tunneling junction is smaller than the short-circuit 

current, the transportation of the cells short-circuit current will be limited. A large 

amount of photocurrent will be lost in the thermal form because it cannot be 

transported, which will influence the conversion efficiency of the battery. The 

influence is particularly important in high concentration solar batteries with multiple 

junctions. The I-V curve of the tunneling junction can be shown by the formula [49]: 

 7 = b#c
>?
EF

d#RS efeg
h_
\ − iQ − jk

l
 ........................... (2.12) 

A is the constant and Tt the probability of the carrier tunneling. ND and NA refer to 

n-type carrier concentration and p-type carrier concentration. ni refers to the material’s 

intrinsic carrier concentration, Eg the band gap width of the material. According to the 



 
 

31 

formula (2.12), when the tunneling material is fixed, and ND and NA doping 

concentration are increased, peak tunneling current will be increased. When doping 

concentration ND and NA are fixed, the intrinsic concentration m of the material is 

decreased, and the peak tunneling peak current is increased as well. When the doping 

concentration and intrinsic carrier concentration are fixed, and the band gap Eg of the 

material is increased, the tunneling joint will have small peak tunneling current. 

However, when materials with the wide band have high crystal quality, it will have 

small intrinsic carrier concentration ni. Therefore, even though the tunneling junction 

is made of high-quality wide band materials, its peak tunneling current is still high. 

Besides, to improve the tunneling probability of the tunneling junction, the tunneling 

should be as thin as possible. Based on the above analysis, it can be concluded that the 

ideal tunneling junction of the solar cell with multiple junctions should be thin, made 

of high-quality semiconductors and have high doping concentration. 

2.2 Optical of Solar Concentrator system 

The production cost of a concentrating solar cell is much more than that of an 

ordinary solar cell [50]. However, its photoelectric conversion efficiency is above 

40%. If the conversion efficiency can be effectively used at a low cost and with high 

efficiency and large-scale production and application can be done, the electrical 

generation cost will be lowered through the advantages of high photoelectric 

conversion efficiency and lowered site area. To make full use of the high efficiency of 

the concentrating photovoltaic technology, the concentrating style and materials play 

an important role. Based on non-imaging optical theory, the chapter chooses 

concentrating style and materials to study how GaInP/GaInAs/Ge solar cell with three 

junctions can achieve the best concentrating effect with certain magnification. 
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2.2.1 Non-imaging optical theory 

The original compound parabolic concentrate was used to examine a number of 

electrons in the low light in the energetic particle experiment. This implies that 

non-imaging optics’ application is limited in the optical field. It aims to control 

luminous energy transfer instead of imaging. Non-imaging optics have to solve the 

radiation transferring problem of the maximization of energetic transferring and the 

distribution of the needed illuminance, which is often applied in high energy visible 

light collection system. Before the invention of the compound parabolic condenser, no 

concentrating structural can arrive at the limit value of the theoretical concentration 

radiation. Therefore, non-imaging optics has become a relatively new branch. 

Compared to the traditional imaging optics, non-imaging optics does not aim to 

improve the imaging quality of the optical system. It rather improves the transferring 

efficiency of optical radiation power, which is a process of energy concentration and 

energy transfer [51]. Solar concentrating technology increases the energy flow density 

on the unit area through Primary Optical Element (POE) in the method of 

concentrating whose aim is to maximize the energy on the light receiving device. 

High concentrating light energy flow density and the ability of the density to go 

through Secondary Optical Element (SOE) that can make the energy flow evenly 

distributed on the surface of the cell which is necessary. They help in the good use of 

concentrating photovoltaic electric generation technology and the realization of the 

photovoltaic device’s best working state.  

Using the POE and the SOE designed according to optical principles, can satisfy 

the need of the photovoltaic system for the solar incidence. This is practically 

important to improve the systematic conversion of concentrating optical system, 

transferring efficiency and the output power of the photo-voltaic system. 
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2.2.2 Concentration ratio 

The radiation of the radiation energy density concentrated on the unit areas to 

incident energetic density is called concentration ratio or convergence ratio, which is 

an important parameter of a condenser. The photoelectric conversion efficiency of a 

solar concentrating cell is determined by the concentration ratio to some extent. The 

concentration ratio of the concentrating photovoltaic system often includes 

geometrical concentration ratio, average concentration ratio, and optical concentration 

ratio. The first ratio is defined as the ratio of the area of the incident caliber to the 

emergent caliber. Taking the refraction concentration of the Fresnel Lens, for example, 

the geometrical concentration ratio is that of the area of the Fresnel Lens to the 

light-receiving area of the cell. Average concentration ratio is defined from the 

perspective of the received energy. Namely, the ratio, the average radiation energy on 

the surface of the receiving device to the average radiation energy on the condenser’s 

incident caliber, is related to the transferring efficiency of the optical materials. 

However, optical concentration ratio is a special case of geometrical concentration 

ratio since it considers both of the incident area and the effective incident ray of light. 

It is defined as the ratio of the area of the incident caliber and that of the emergent 

caliber when both the incident ray of light and the emergent ray in the concentrating 

system, shine on the incident caliber and the emergent caliber. The concentrating 

photovoltaic system generally adopts a geometrical concentration ratio-optical 

concentration ratio. The above analysis does not consider the influence of refraction, 

absorption, and scattering. Therefore, the practical concentration ratio in the 

concentrating photovoltaic system is much smaller than the theoretical one.  

When the concentrating photo-voltaic system does not consider the influence of 

refraction, absorption and scattering and other intrinsic loss, it can get the maximized 

optical concentration ratio within given light-receiving range. Therefore, the optical 

concentration ratio is then equal to the theoretical one. Therefore, it can be established 

that the maximized optical ratio of the concentrator system is inversely proportional to 
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the sine value’s square of the receiving angle, both of them product have a steady 

state value.  

Based on the above discussion, we can establish the intrinsic differences between 

the three ratios. Geometrical concentration ratio or average concentration ratio is only 

related to the areas of the incident caliber and the emergent caliber. The concentration 

ratio can be any numeric value. Therefore, compared to the application of optical 

concentration ratio, the two are more practical. However, the optical concentration 

ratio is always less than the theoretically maximized concentration ratio. The ratio 

number symbolizes its distance to the ideal condenser’s optical function which has 

more theoretical reference value. 

2.2.3 Concentrating incident angle 

The condenser concentrates all the light, forming an angle with the optical axis. 

When the light reaches the receiver, it forms an incident angle. From the perspective 

of concentrating energy, the condensation incident angle range is vertically inclined to 

the extended axis. For the CPV system, increasing the incident range reduces the 

tracking system requirements and this helps lower the system costs. The convergence 

ration for the imaging condenser of the system is [52]. 

The convergence rations for any given condensation incident angle has an upper 

limit whereas for non-imaging condensers, light beyond the range of the receiving 

angle cannot reach solar cell. Therefore, the incident angles of both imaging and 

non-imaging condensers decrease with increase in the convergence ration. 

2.2.4 Focusing spot 

Different focusing structures directly determine whether the focusing effect is 

good or not. Traditional refraction condensation and reflecting condensation can only 

satisfy the requirements of simple focusing. In terms of the Fresnel refraction 

condenser, it can be classified into; point focusing condenser and line focusing 
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condenser. In terms of the structure, they can be classified into; one-sided saw-toothed 

condensers and two-sided saw-toothed condensers. In terms of the focusing function, 

they can be classified into; flat condensers and arched condensers. Parabolic reflection 

condensers in terms of the focusing function are; point focus condensers and line 

focus condensers. Regarding focus after condensation, there is imaging and 

non-imaging condensation. However, each simple focusing structure cannot satisfy 

the requirements of the CPV for the focusing effect.  

In the CPV power generation system, the solar radiation intensity of the 

condensation cell should be evenly distributed, otherwise, part of the cell will get 

overly heated. This leads to uneven distribution of electric current, increasing series 

impedance in the cell, lowers the filling factor, significantly affecting the output 

characteristics of the solar cell and shortens its useful life. In order to efficiently 

utilize condensation solar cells, ensure their normal useful life lowers the production 

costs and that a highly effective and cheap focusing optical structure is designed. This 

realizes even distribution of luminous intensity on the surface of the condensation 

solar cells and lowers the extra costs likely to be incurred by the system through 

increasing the optical structure. On the basis of traditional focusing styles or POE, an 

SOE is added to the condensation solar cell to enable the condensed solar illuminance 

to have total reflection inside the SOE and be evenly distributed on the surface of the 

solar cell, so as to make the condensation solar cell works more effectively. SOE is a 

simply structured device with wide receiving angle tolerance range.  

If the Fresnel lens does not match the SOE, there will be uneven illuminance 

intensity distribution similar to the Gaussian curve, on the surface of the solar cell 

with uneven height [53]. Unlike even luminance, open-circuit voltage and efficiency 

of the condensation solar cells is lowered and has a greater falling range as 

illuminance intensity increases at the center [54]. A hemispheric glass curve is added 

to the top of the solar cell through optical welding. The aim of the hemispheric design 

is to make the optical linearity 1-5 times as large. Greater enlargement can be realized 
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by a deflected hemispheric curve. However, greater Fresnel reflection lowers the 

optical efficiency, though does not affect the advantages of the hemispheric glass 

curve unlike the SOE in the even distribution of illuminance [55]. 

Sandia laboratory proposed a Single Optical Surface (SILO) optical condensing 

unit which includes a traditional spinning Fresnel lens as the POE and a spinning and 

symmetrical lens with a single surface as the SOE. A hollow oblique reflection 

pyramid uses Amonix SOE and Guascor Foton SOE. When light enters the oblique 

glass rectangular pyramid, full internal reflection is realized. This kind of SOE is 

more profound and stable in technology and is widely used in industries [56]. In order 

to ensure a high level of accuracy of tracking the autonomous tracking system and 

stable operation of the whole power generating system, focusing styles and materials 

are adopted from the proposed CPV power generation system 

2.3 Solar Tracking System 

Although multimodal condensation solar cells have high photoelectric 

conversion efficiency, their surfaces receive high-current solar radiations. Therefore, 

the key focus is whether the light-receiving surface of the condensation modules of 

the condensation system is vertical to the incident light in a real-time way. The above 

chapter has illustrated the necessity of designing a proper concentrating photo-voltaic 

system, whose aim is to provide multimodal condensation solar cells with even 

high-current solar radiations. As known, the sun’s position to one point of the earth 

changes with time. 

Therefore, the level of accuracy of the concentrating photo-voltaic system’s 

real-time tracking control of the sun’s position determines how much solar radiation 

the multimodal condensation solar cells receive. This further determines the output 

power of the entire system. Aiming at realizing a complete tracking course, the 

concentrating photo-voltaic system adopts a two-digit linear spinning linkage tracking 
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and a highly accurate sensor which can track the sun’s position real-time. Besides, the 

system combines high efficiency and stability of the electrical control system to 

satisfy the requirements of the concentrating photo-voltaic system for autonomous 

tracking. The essay illustrates the importance of autonomous tracking from 

perspectives of the principle of the concentrating photo-voltaic system, mechanical 

structure design and electrical control design among others.  

2.3.1 The design and realization of the mechanical structure 

Since the light-receiving surface of the condensation module of a concentrating 

photo-voltaic system only receives vertical sunlight, controlling the tracking system 

needs precise GPS tracking. Designing a highly precise bi-axial tracking mechanical 

structure makes effective use of the advantages of open-loop control and this realizes 

real-time light feedback forming effective complementation and also ensures that 

sunlight forms a vertical incidence. High-powered sunlight spot going through the 

condensation-dodging optical system can be evenly distributed on the surface of the 

condensation solar cells and absorbed to realize photo-voltaic conversion. Therefore, 

the mechanical structure of the concentrating photo-voltaic system is a necessary 

precondition for the unanimous operation of the condensation modules and precise 

sun position tracking.  

The mechanic installment styles for the power generation system of a large photo 

voltaic power station include; leaning single-axis fixed style, tracking style, horizontal 

single-axis style, and bi-axis tracking style and leaning bi-axis (polar axis) tracking 

style [57-59]. For the traditional crystalline silicon and thin-film cell, leaning 

single-axis fixed style satisfies the need for increasing the power generation output of 

the system. For the system formed by condensation solar cells, bi-axis tracking style 

should be employed to live up to the photo voltaic power generation’s high demand 

for high precision. The control of the bi-axis autonomous tracking system helps avoid 

the shading problem in the south and north among the condensation modules of the 
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photo voltaic system during winter and ensures uniformity of the tracking structure of 

the condensation modules, which, to some extent, can eliminate the influence of 

differences in solar elevation angles and azimuths according seasonal changes, on the 

system’s power generation output [60, 61]. 

A complete mechanic movement dice is composed of organically related 

individuals. To make a high-performance structure, a full understanding of the goal is 

needed. The overall quality is basically determined by the design quality and the 

making course plays a key role in the quality of the system and originally lies in the 

realization of the design quality. The picture below is the parameter list of the 

mechanic structure of the autonomous tracking system. The main specifications of the 

system are listed in Table 2.1. 

Table 2.1 Main specificaitons of the power generation system 
Features Specification Remarks  
Weight 220 kg  

Mobile tube that rotates 
around the mast 

Mobile tube that rotates around the 
mast 

Galvanized and zinc 
plated 

Cogwheel Module 6 Diameter 720 mm, clockwise 
movement  Aluminum smelting 

Cogwheel Module 6 Diameter 720 mm, inclination 
movement. 

Aluminum smelting, 
tempered 

Axle Diameter 100 mm, L=1500 mm, 
inclination of the structure.  

Galvanized and zinc 
plated 

Axle Diameter 100 mm, L=1500 mm, 
inclination of the structure.  

Galvanized and zinc 
plated 

Two motors 
With its gears, worm screw, 

revolution counter switch and 
protection box.  

Galvanized and zinc 
plated 

Two crossed bars Two crossed bars of 5 meters to 
support the transversal bars� Galvanized 

Electronic box with the 
motor and micro 

switcher connections. 

It is designed to support winds of 
140 km/h  

20 m2 of panel 
surfaces 

Areas 20 m2  panel surface 

Accuracy requirements ± 0.5° Extremely high level 
of tracking accuracy 

The mechanic parts are the two axes; X-X axis and Y-Y axis, set on the two 

symmetrical lines of the platform. The latter is jointed to the moving platform to 
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realize the 0~360° horizontal level rotation and the former is jointed to the 

photo-voltaic array platform and fixed on the rotation platform of the Y-Y axis to 

realize the 0~90° free vertical level rotation. The rotation of the two axes is driven by 

the transmission structure of two stepping motors.  

Solar tracker mechanical parts consist of bearing supports, pivot group, two main 

drive gear, two motors, support group, and drive pinion. Integrated gear motor with 

two axes (azimuth direction, inclination direction) supports driving mechanism for 

solar tracking equipment. Bearing supports connect to CPV. Overall schematic 

diagram is shown in Fig. 2.3. 

 

Fig. 2.3 Overall schematic diagram of the mechanical structure 

The real structure of the autonomous tracking system is shown in Fig.2.4. The 

combination of the advantages of the open-loop control method based on the 

calculation of the sun’s moving trajectory and the closed-loop control method based 

on real-time light feedback forms effective complementation and realizes the 

autonomous bi-axis tracking control of the system. The mechanical structure 

including large-scale condensation model and leaning horizontal rotation tracking 

structure has a high demand due to machine tenacity and can also shun the mutual 

sheltering problem during rotation of the condensation models at a certain angle when 

the bi-axis linkage tracking is set on a horizontal level. According to the real 

operation of the system, setting the leaning single-axis and the earth’s polar axis on 
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some surface offsets the earth’s rotation influence through polar rotation so as to 

avoid consumption of extra power during the constant rotation in the south and the 

north within a short period of time and to improve the tracking precision at the same 

time.  

 

Fig. 2.4 Mechanical strucuture of the traditional solar trackign system 

2.3.2 The design and realization of the sensor 

Due to rotation of the earth and the CPV power generation system relative to a 

fixed point, the illumination angle of the sun changes at sunrise and sunset, every day 

and season. Matching the solar cell panel against the sun ensures the ideal electric 

generation output. However, the relative movement cannot be changed. To make sure 

that the panel is right against the sun, it must be adjusted right to face the sun. 

Therefore, the parameters must be accurate and reliable. The parameter carrier needs a 

solar tracking sensor to measure the real-time change of the illuminating angle and 

use it as the basis for adjustment of the solar cell’s panel.  

A. The relationship between the ray of light and the shadow 

The sun is a celestial body whose energy fluctuates a lot. Although the energy of 

the ultraviolet ray, radio wave and microelectronics flow changes dramatically with 
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change in the sun’s movement and the change range is up to dozens of hundreds of 

times, the change range of the visible light near ultraviolet rays and near infrared ray’s 

radiation energy is within 2.5%. Besides, the radiation amount of the infrared ray, 

ultraviolet ray and visible ray in the sun’s spectrum takes up over 90% of the sun’s 

total radiation. Therefore, the sun’s radiation is seen to be stable. 

The sun’s radiation reaches the earth in straight lines through sunlight. The 

distance between the earth and the sun is about 0.15 billion kilometers while the 

diameter of the earth is approximately 13 thousand kilometers. Therefore, it’s thought 

that the sun’s rays reach the earth surface in parallel lines. The light ray is transmitted 

through straight lines in homogeneous medium and forms shadows where it cannot 

run through non-transparent regions. The day and night on the earth is formed because 

of the characteristics of the shadow.  

Light forms shadows at night when it is shielded by non-transparent objects and 

this is caused by the transmission characteristics of light. Since the earth rotates daily 

and revolves around the sun at the same time, the relative position of the earth and the 

sun changes constantly and so does the shadow of the sun on earth. Therefore, when a 

non-transparent object is put in some position on the earth, it forms a shadow under 

the sun. The length of the shadow changes according to the relative change in the 

sun’s position and the earth movements [14-16]. 

If the intersection angle of the ray of light and the horizontal line is defined, the 

angle is called an Elevation angle. Α is the elevation angle of the sun. The shadow of 

the object changes according to the change of the angle. At the same time, the change 

of the angle is related to the height of the object.  

 m = n ∙ pqSrOs ............................................ (2.13) 

In the formula, d represents the length of the shadow; H is the height of the 

object and α is the elevation angle of the sun. 

From the formula, it’s observed that the length of the shadow is related to the 

elevation angle of the sun and the height of the object forming shadow. We can use 
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the formula to calculate the elevation angle using the length of the shadow and the 

height of the object: 

 s = pqSrO 8
t

 ............................................... (2.14) 

B. The precision of the sensor 

The solar tracking sensor can be built basing on the above analysis. If the 

intersection point of the object and the ground is taken to be the center of the object to 

analyze the position relationship between the center and the sun, we get the results: 

when the sun is right above the object, d is 0 and the angle of elevation is 90 degrees. 

We can think that the sun and the center of the object are lie on a straight line, vertical 

to the horizontal line. If H is set at a fixed value, the object’s shadow length of the 

will changes with the elevation angle. The longer the shadow is, the smaller the 

elevation angle and the shorter the length of the shadow, the bigger the elevation 

angle will exist.  

 u = 90° − pqSrO 8
t

 .......................................... (2.15) 

In the formula, G represents the tracking precision, H is the height of the object 

blocking the light, α represents the elevation angle of the sun and d is the length of the 

shadow. 

C. The design and realization of the sensor 

The main function of the sensor is achieved with 4 photosensitive elements in the 

cassette. Every element is set with a nontransparent sleeve which is 2.5 mm higher 

than the element so as to make sure that it receives light on only one side. When the 

sunlight shines on the checkout gear from a slanting direction, the photo-current 

produced in the sleeve shadow is about 0 A and that produced by the sunlight 

received by the photosensitive element in the light-receiving region is not 0 A. 

The operating principle is as follows; if the photovoltaic array does not face dead 

against the sun on the horizontal level, the differences in the photo-current produced 

by Number one photosensitive element and that produced by Number two 
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photosensitive element are significant. If the photo-voltaic array does not face dead 

against the sun on the vertical level, the differences in the photo-current produced by 

Number 3 photosensitive element and that produced by Number 4 photosensitive 

element are significant. After MCU’s detection of the light intensity of Number 1-4’s 

photosensitive elements and single chip’s calculation, the X-X axis and Y-Y axis 

motors are driven making the two axes rotate. When the light intensity of Number 1 

photosensitive element and Number 2 photosensitive element is detected, the Y-Y 

axis motor stops. When the light intensity of Number 3 photosensitive element and 

Number 4 photosensitive element is detected, the X-X axis motor stops. In order to 

save energy, adjustments are done at intervals to ensure that the photo-voltaic array 

can track the sun and vertically align the sunrays to the light-receiving surface of 

CPV’s modules in a real-time basis. 

The combination of the sun’s position tracking device and the circuits forms a 

complete sun position tracking sensor which mainly collects information and outputs 

voltage values. The collected information relates to the voltage values of each circuit 

and to what extent the value reflects the deviation of the light ray of on the light 

sensitive plate. The deviation is caused by changes in the angle of the run ray and the 

light sensitive plate in the tracking device. The design can also track the motion of the 

sun. The real tracking sensor used in the system is shown below in Fig.2.5 (a) and (b).  

 
                           (a)                           (b) 

Fig. 2.5 (a) The circuit of the photosentive elements number 1-4. (b) Solar sensor for 

the system. 

To East 
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2.3.3 The design and realization of the controller 

A
The design and realization of the controller’s hardware 

A number of factors have to be considered so as to make a complete 

concentrating photo-voltaic power generation system. The most important factor is 

the complete output power. According to the system’s structure and work principles, 

the autonomous tracking control system must satisfy the need for the high precision in 

the sun’s positioning. The block diagram and working mode of the automatic 

controlling system is shown in Fig.2.6 and the real object is shown in Fig.2.7. The 

system uses the photosensitive element tracking sensor to search the incident direction 

of sunlight and combines it with the central controlling unit to process and drive the 

stepping motor to rotation so as to realize the precise positioning of the sun’s direction 

and satisfy the precondition for the concentrating photo-voltaic system’s largest 

power generation. The measurement of related parameters, local longitude and 

latitude and wind speed are carried out synchronously. In order to avoid accidents 

caused by extreme weather conditions and emergency, an automatic protection 

function is designed. The Controller of the solar tracker consist of GPS, wind sensors, 

MCU, solar sensor, and two DC motors with motor drivers is shown in Fig.2.6. 

 

Fig. 2.6 The control block for the tracking system 

The key design consideration of the controlling system hardware depends on the 

design of the photoelectric signal processing, power supply, electric motor and the 
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executive circuit. The electric controlling system adopts simulation and digital 

peripherals that can both be controlled by the chip PIC 18F4620. The structure for 

controlling the system hardware is shown in figure 2.7. 

 

Fig. 2.7 The stucture of the controller  

Under the sun’s illumination, determining the sun’s position at the accurate time 

is by calculating the permanent calendar’s celestial relative motion trail and the local 

coordinates of the system got autonomously from the GPS. The statistics processed by 

the CPU and PWM modules are used to realize the bending of the chip of the electric 

motor so as to drive the stepping motor to enable the light-receiving surface of the 

concentrating module to move towards the sun, thus realizing real-time tracking 

control of the photo-voltaic system.  

At this moment, the chosen photosensitive sensor produces light sensitive current. 

Calculations establish the enlargement of the machine’s elements. Filter circuits are 

then converted into digits in the chip after operation. ADC can recognize the voltage 

signal. The electric controlling system autonomously shifts to light-operated tracking 

analysis according to the sun’s position through the celestial body’s relative 

calculation. After chip processing, PWM is essential to the modules in realization of 

corresponding bending of the chip’s drive chip and driving the stepping motor to 

move the tracking sensor towards the direction of little or no-photosensitive current 

and basically equates the photosensitive current value caused by corresponding sensor 
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[62-63] within the tolerance range so as to achieve highly precise control of the 

stepping motor.  

It should be noted that the highest working voltage of the electric motor chip 

BTS7810K is up to 46 V, the sudden peak current value can reach up to 3 A and the 

continuous working current is 2 A, which can be fully dependable by the power 

supply of the stepping motor. When the master control chip uses C8051F020’s IO 

interface, it reads the DS3231 clock chip time and accomplishes the calculation and 

processing of real-time data. The communication between serial chip RS485 and the 

chip realizes the computer’s soft editing of the controller.  

B. The design and realization of the controller’s software 

In terms of software design, the system’s local longitude and latitude are 

acquired using the GPS. The sun’s positions at different time intervals can be 

calculated according to the celestial body’s relative motion rule calendar. Besides, 

local weather conditions are also detected. For example, when the wind speed exceeds 

255 km/h, the system automatically gets into the self-protection mode so as to ensure 

that the CPV modules have the least wind resistance and the system stops working. 

Lastly, the perception result of the sun’s illumination on the photosensitive sensor is 

processed by the central controlling unit and the stepping motor is driven to rotate and 

realize the concentrating photo-voltaic system’s precise real-time tracking of the sun’s 

position.  

The automatic tracking’s course modulation is to determine the position of the 

sun when no light is shining into the four quadrants of the sensor. The second course 

is the refined modulation of automatic tracking. Through programming, 

corresponding optical- electrical voltage threshold value and enlargement rations are 

set to ensure that the make course modulation and refined modulation swap in the 

chip, drive the stepping motor into operation, collect real-time data so as to achieve 

refined positioning of the sun.  
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In terms of the system’s settings, the automatic tracking system senses real-time 

sunlight intensity through the photosensitive sensor. When the illumination remains at 

constant intensity, the system examines the operation state or else the system stays in 

a state of dormancy. Under the operation state, the controlling system starts shifting 

the work of the course and refined tracking so as to achieve the precise positioning of 

the sun. As time passes, the CPU compiles real-time data collected from the 

photosensitive chip, which then forms an active closed-loop solar tracking mode [64, 

65]. During operation, when the data collected from the four quadrants of the sensor 

suddenly reduces or disappears, it is possible that the floating matters in the air or 

weather changes have dramatically weakened the illumination. At this moment, the 

automatic shifting of the system will re-position the sun for outer coarse tracking. The 

software’s controlling flow chart is shown in Fig.2.8.  

 

Fig. 2.8 Controrl flow chart of the controller 
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2.4 Integration and Experiments of the CPV system 

The prototype of CPV solar cells and proposed solar tracking system are shown 

in Fig. 2.9. In order to verify the improvement of the output power with the proposed 

solar tracker, experiment B has been implemented. Based on the CPV power 

generation system for the experiment B, detailed specifications and parameters for it 

are shown in Table 2.2. 

 

 

Fig. 2.9 The prototype of the CPV solar tracking system 

Table 2.2 Parameters of the CPV power generation system 
Parameters Value Notes 

Isc 6.91 A Short circuit current 
Bin  90 W Max power output (per module) 
Voc 18.6 V Open circuit voltage 
Temp 25 ̊ C Working Temperature 

Irr 850W/m2 Isolation power per square 
meter 

Weight 1300 kg Maximum load 
Tracking precision 0.5° Accuracy requirements 
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Fig. 2.10 and Fig. 2.11 are the measured results of the output voltage, current and 

output power of a CPV module (90W) against different loads under 404 MJ/m2 on 8th, 

November 2016, respectively. It was found that with the load increasing, the output 

voltage goes up while the value of the current decreases. The output power reaches its 

highest value, approaching 46W when the load is 3.4Ω. When the load increases from 

3.4Ω to 4.2Ω, the output power will decline rapidly. 
 

 

Fig. 2.10 Measured results of the output voltage and current versus different loads. 
 

 

Fig. 2.11 Measured results of the output power versus different loads. 

Fig. 2.12 shows the output power of proposed CPV power generation system on 

8th, November 2016. The maximum output power was 863.3W by proposed solar 

tracking system. The efficiency of the system was 95.9% at the maximum power 

point at 13:30. Consequently, a large-scale CPV power generation system with highly 

precise tracking system has been testified. 
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Fig. 2.12 The output of the solar power genearion system 

2.5 Summary 

This chapter has covered a theoretical study and practical design work of a 

large-scale CPV power generation system. The system structure and performance 

analysis have been carried out in-depth for the possible improvement of efficiency, 

especially the solar automatic tracking part. Based on theoretical analysis of the 

three-nodal concentrating solar cell modules for effectively performance improvement 

of the cell, the research has designed a Fresnel lens to satisfy the three-nodal solar 

cell’s demand for the concentrating ratio. Different photovoltaic materials and devices 

have different absorption rates and incident light intensity. Therefore, optical 

processing systems are needed to form different concentrating conditions with regards 

to the different light spectrum. Different photovoltaic elements’ concentration times 

should be considered to determine the best concentrating optical system. 

Based on the concentrating photovoltaic systems demand for highly precise 

tracking, the photosensitive sensor with a stable and reliable control system are 

combined for an accurate all-weather tracking of the concentrating photovoltaic 

system. The compromise between realizing highly precise tracking and costs 

reduction is also a problem to be considered when designing a concentrating 

photovoltaic system. The design and improvement of the highly precise tracking 
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system is promoted at the same time. The next chapter illustrates the structural 

innovation and theoretical study of improving the precision and reliability of the 

automatic tracking system. 

Lastly, a complete CPV power generation system has been established and 

applied. Each part has been efficiently utilized to ensure highly effective working 

conditions and high generation capacity. Its function and stable performance have 

been proved by the experiment.



 
 

52 

Chapter III   

Design of the Decoupled Motors for a Solar Tracking 
System 

In this chapter, two novel RLSRMs and a Double-Rotor SRM are investigated. 

The property of physical decoupled structures has been extensively investigated, and 

the proposed structures are all verified by the finite element method (FEM). The 

simulation results prove that the structure is stable and effective. 

The key element of CPV power generation system is the automatic solar tacking 

system. This system determines whether the surfaces of CPV modules can be made 

normal to the sunlight or not. In this manner, multiple-junction solar cells can collect 

an ideal concentrated light beam through a condenser lens to output the maximum 

electrical power stably. In this chapter, a new automatic tacking system is designed to 

realize precision position tracking. The core part of the system consists of a 2-DOF 

decoupled linear rotary switched reluctance motor. The motor drives all the 

mechanical parts of the CPV power generation system, thus achieving an effective 

photovoltaic power generation by control of the gesture on both the mechanical parts 

and the condenser lens of solar cells.  

To extend the industrial applications of the CPV power generation system, which 

should be operated under rigid environments, investigations on the industrial 

properties of the power generation are also taken into account. The use of a physically 

decoupled 2-DOF linear rotary switched reluctance motor is proposed. This motor 

performs well without decoupled control, and the decoupled effect between the linear 

motion and the rotation has also been curbed effectively.  
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Moreover, for 2-DOF machines, a novel design concept of SRM for the 

implementation of multiple degree of freedom movements is proposed in this section. 

The FEM calculation validates the effectiveness and feasibility of the proposed 

structure. This method provides fundamentals for the design and can be employed in 

the design of electric vehicles and boats, etc. 

3.1 Design and Simulation of a Decoupled RLSRM 

3.1.1 Motor Structure 

The RLSRM combines a 4-phase linear machine and a 3-phase rotary motor 

together, as shown in Fig. 3.1. The basic specifications are listed in Table 3.1. The 

outside part of the RLSRM controls the moving shaft for linear motion, and the inside 

part drives the rotary motion. Both parts have teeth and slots. The core of the machine 

is the stator core of the rotary section with a shaft. The mover that can realize rotary 

and linear movements is fixed on the shaft by using two bearings. This mover is fully 

mounted by a solid aluminium structure. The linear stator is connected and fixed on 

the outside stator base of the RLSRM. According to the structure, the mover is 

completely decoupled in magnetic circuits for the linear and rotary movements. 

Consequently, the manufacturing difficulty has been overcome. Moreover, the linear 

and rotary movements can be controlled individually, and there is no electromagnetic 

interference between them. With optimization and simplification of the control 

method, high-precision tracking can also be realized. According to theoretical analysis, 

the primary specifications of the motor are listed in Table 3.1. 

Table 3.1 Primary specifications of the motor 
Symbol  Value (unit) 

P 500 W 
U 80 V 
I 6 A 
y 10 mm 
a 25 mm  
b 60 mm 
c 80 mm 
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d 110 mm 
p 46 mm 
q 24 mm 
h1 19.2 mm 
h2 9.5 mm 
h3 22.4 mm 
h4 10 mm 
g1 0.8 mm 
g2 0.3 mm 

Length of the outside 
stator 92 mm 

Length of the inner 
stator 200 mm 

Length of the mover 400 mm 
Encoder accuracy 1µm 

 

Fig. 3.2 shows the structure of the mover. This mover has poles and slots 

deployed alternatively, the lengths of which are listed in Table 3.1. The section view 

of the motor, including the mover, the outside stator and the inner stator, is shown in 

Fig. 3.3. The primary specifications are also listed in Table 3.1. This motor has a 

decoupled magnetic circuit structure between the two stators, i.e., flux lines generated 

from the outside stator cannot pass through the mover to reach the inner stator. Both 

stators adopt short flux paths with the mover. Therefore, there is no magnetic 

influence between the two stators. The control methods for the motor could be very 

simple because of the decoupled structure. The movements in the two directions can 

be realized simultaneously and controlled independently, thus achieving a high 

precision linear position tracking and rotation control.  
Mover 

Outside stator 

Inner stator

Windings 

A
B

C
D

w

 

Fig. 3.1 The structureof the proposed motor 
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Fig. 3.2The section view of the mover 
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Fig. 3.3 Half section view of the motor 

3.1.2 Theoretical Analysis 
A. The Linear Section 

The exact specifications of the linear section include the maximum linear 

velocity of 1.0 m/s and the acceleration time of 0.267 s. Thus, the acceleration can be 

defined as: 

 			a = 3.75		m/sl ............................................. (3.1) 

The maximum mass for a mover is 40 kg. Thus, the average thrust force can be 

calculated as: 

 F = M · a = 149.5	N .......................................... (3.2) 

The power capacity is given by: 

 P = F · v = 149.5	W .......................................... (3.3) 

The electric load A and magnetic load B of the motor are designed as 30714 A/m 

and 1.2 T, respectively. Assuming that the full duty cycle for the motor during current 

flow in the positions, where the inductance profile increases is given, for an efficiency 

of 60 %, the air gap length can be ensured to be 0.7 mm regarding the limitations of 
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manufacturing. We can obtain the pole pitch of the outside stator by using the 

following equation [66]: 

 1 2e d

Pw
K K K K l v B A m

=
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  ...................................... (3.4) 

where Ke is the efficiency of the motor, Kd is the duty cycle of the current 

conducting region in the rising inductance areas, K1 and K2 are coefficients 

determined by the structure of the motor and its inductance profiles. m is the number 

of the phases.  

According to Ampere’s law, when the rated current is 6 A, H1=4000 A, and la 

=18 mm, the number of turns per coil can be calculated as [67] 

 
(2 )

=120g l aH g H l
N

I
+ ⋅

=
 .......................................... (3.5) 

Hg and H1 are the magnetic intensities in the air gaps and the soft magnetic 

material of steel, respectively. 
 

B. The Rotary Section 

q is the number of phases. ea and ia are the induced electromotive force and 

current in the phase winding, respectively. Kd is the load factor of each phase in a 

switching period. Thus, the electromagnetic power is calculated as: 

 Wâ& = i	 ∙ ;ä ∙ ,ä · d8 = 400	W .................................. (3.6) 

Da is the diameter of the rotor and Nr is the number of rotor poles. The rotor pole pitch 

is: 
 		ãå = ç		 ∙

éè
eê

 ................................................. (3.7) 

Φ is the main flux with each θoff, and lδ is the length of stator base. Therefore, the 

magnetic load is defined by: 
 		'ë	 =

í
ìê∙(î

 .................................................. (3.8) 

The electromagnetic torque is given by 

 			#â& = ï̂Y

ñ
= 6.71	N ∙ m	 ...................................... (3.9) 

According to the winding current I and the number of turns of each phase 

winding Nph, the electrical load can be calculated as [68] 
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 b =
>∙eòL∙C

ô∙éK_
 ................................................ (3.10) 

Based on the cross-sectional area of conductor Sa, the electric current density is 

calculated as [69] 
 % = C

öè
=

ô∙éè∙õ / >∙eòL
öè

= 5.006	A/mml ........................ (3.11) 

 
C. Magnetic Circuit Analysis 

As illustrated in Fig. 3.4, the equivalent magnetic path for a quarter part of the 

motor can be approximated as shown using flux reluctance paths, neglecting the flux 

leakage. From Fig. 3.4, there are two flux loops. The outside loop flux lines close 

from the mover and the outside stator. The inner loop flux lines are closed through the 

inner stator and the mover. According to Kirchhoff magnetic circuit rules, the two 

magnetic loops can be expressed as [70] 
 1

1
2

2( )sy my st sg

F
R R R R

φ =
+ + +

 ...................................... (3.12) 

 2
2

1 1

2
2( )sy mt st mg

F
R R R R

φ =
+ + +

 ...................................... (3.13) 

Ø1 and Ø2 are flux along the first loop and the second loop. From the two 

equations, the two flux loops are separated magnetically, i.e., the flux lines generated 

from the outside stator and the inner stator are decoupled, and the motor can be 

controlled individually in the linear direction and for rotary motion.  
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Fig. 3.4 Equivelant magneitc circuit for the two parths 
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The flux lines are shown in Fig. 3.5, the outside flux loops are totally separated 

from the inner flux loops, thus fully illustrating the decoupled structure of the motor 

in the linear and rotary dimensions.  

 

Fig. 3.5 Magneitc flux lines of the two parths 

To further investigate the decoupled structure, the torque outputs of the motor 

under 6 A are estimated as shown in Fig. 3.6, with the outside stator windings passing 

the currents from 0 A to 8 A. Although the torque fluctuates as little as 7 Nm, the 

linear motion has little influence on this torque. It shows that this 2-D motor is 

physically decoupled and that there is no magnetic influence between the outer and 

inner stators. 

 

Fig. 3.6 Torque output profiles when outside stator is excited 
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3.1.3 Output performance prediction and optimization 

A. Output Performance  

To fully investigate the motor performance, a 3-D finite element model is 

constructed. Fig. 3.7 shows the force output of the mover. The magnetic force reduces 

gradually from an unaligned position to an aligned position. When the excitation 

current is 10 A, the value of the force output reaches the peak of up to 160 N at the 

position of approximately 4 mm. Likewise, the torque output profiles are given in Fig. 

3.8 in a period. It can be seen that the value of torque increases to nearly 6.5 Nm when 

the mover rotates to 15 degrees from an aligned position to an unaligned position. 

Corresponding to the torque output profiles, the inductance values of the windings 

during a phase of the inner stator are also calculated from aligned positions to 

unaligned positions, as shown in Fig. 3.9. The maximum value of the inductance is 

150 mH, nearly 3.7 times higher than that of the minimum inductance at the unaligned 

positions. 

 

Fig. 3.7 Waveforms of the FEM calculation of the linear section. 

 

Fig. 3.8 Waveforms of the FEM calculation of the rotary section. 
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Fig. 3.9 Inductance performance of the linear part. 

B. Mover yoke optimization  

To obtain the optimized yoke thickness of the mover, calculations via FEM for 

the torque output of the motor are given in Fig. 3.10. The torque outputs of the mover 

are compared at the excitation currents of the outside stator of 6 A and 10 A. The 

torque deviations under the two excitation levels are small when the thickness of the 

yoke is 10 mm. If the thickness increases or decreases, then the deviations will 

increase, suggesting that, for this motor at this power volume, the yoke thickness at 10 

mm is an optimal value.  

 

Fig. 3.10 Torque outputs under different values of the thickness of the mover yoke. 

3.2 Design and Simulation of a Decoupled RLSRM for a Solar 

Tracking System 

3.2.1 Motor Structure 

The RLSRM combines a 4-phase LSRM and a 3-phase RSRM together using 

longitudinal fluxes and transverse fluxes, as shown in Fig. 3.11. The basic 
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specifications are exhibited in Table 3.2. The outside part controls the moving shaft 

for linear motion, whereas the inside part dominates the rotary motion. The core of the 

machine is described as follows: the rotor is screwed on the shaft, and the moving part 

can achieve a linear-rotary motion. The shaft is supported by two bearings. The 

moving part is fully supported by solid aluminium. The linear stator relates to and is 

fixed on the outside stator base of the RLSRM. Fig. 3.12 is the side view of the 

proposed motor. 

 

Fig. 3.11 The structure of RLSRM 

 

Fig. 3.12 The side view of the proposed motor 

 

Fig. 3.13 The prototype of the motor 
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Table 3.2 Primary specifications of the motor 
Symbol Specification Value 

R1 Inside stator radius 20 mm 
R2 Inside stator radius 33 mm 

R3 Inside stator radius 55 mm 
R4 Inside rotor radius 55.4 mm 
R5 Inside rotor radius 60.4 mm 
R6 Inside rotor radius 65.4 mm 
R8 Outside rotor radius 71 mm 
R9 Outside rotor radius 80 mm 
R10 Outside stator radius 80.3 mm 
R11 Outside stator radius 100 mm 
R12 Outside stator radius 115 mm 
h1 Inside stator yoke 15 mm 
h2 Outside stator yoke 15 mm 
a Inside stator angle 23 ˚ 

b Outside stator angle 21 ˚�
M Mass of the moving platform 25 kg 
ga Inside air gap length 0.3 mm 
gb Outside air gap length 0.5 mm 
q1 Number of phases 3 
q2 Number of phases 4 

Nph1 Turn number of the inside winding 106 
Nph2 Turn number of the outside winding 70 

According to the structure in Fig. 3.11, the moving part is completely physically 

decoupled for the linear and rotary movements. As a result, the difficulty of 

manufacturing is reduced significantly. Moreover, the linear and rotary movements 

can be controlled individually, and there is no electromagnetic interference between 

them. Moreover, by optimizing and simplifying the control method, high-precision 

tracking can be realized as well. Fig. 3.13 shows the prototype of the proposed motor. 

The advantages of the motor topology can be summarized as follows: 

1) No decoupling control method is required; there are no interferences between 

the rotary part and the linear part. 

2) The control method is simpler and easier, and the rotary and linear movements 

can be controlled independently. 

3) The force of linear motion is increased with high tracking precision; 

4) A robust mechanical configuration is achieved for RLSRMs. 
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3.2.2 Performance and simulation results 

To analyse the magnetic field distribution and properties of the motor, the FEM 

is utilized. Fig. 3.14 shows the magnetic field distribution of the linear section 

determined by using 3-D FEM. Fig. 3.15 shows the magnetic field distribution of the 

rotary section determined by using 2-D FEM. It can be seen that the decoupled 

property has been achieved completely.  

 

Fig. 3.14 flux distribution of the linear part 

 

Fig. 3.15 flux distribution of the rotating part 

Figs. 3.16 and Fig. 3.17 show the waveforms of the linear force and the rotary 

torque determined by using FEM calculation. Both of the sections are shown based on 

the corresponding phase current levels with different colours. The simulation result 

shows that the linear force achieves over 150 N under the rated current of 10 amperes. 

For the rotary section, the torque of ±7.2 Nm is realized. Furthermore, the inductance 

property of the linear stator is shown in Fig. 3.18. 
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Fig. 3.16 Force of the linear part 

 

Fig. 3.17 Torque of the motor  

 

Fig. 3.18 Inductance of the motor 

3.2.3 Simple comparison for the two LSRMs 

The two linear rotary motors have their own pros and cons. On the one hand, 

considering the compact mechanical structure, the decoupled design for the moving 

part with a solid steel plate is very simple and is a cost-effective approach for the 

design and implementation of LSRMs. The magnetic circuit design is relatively 
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difficult compared to the latter. Although the latter one has an absolutely simple 

magnetic circuit and is physically decoupled, the assembly procedure for this motor is 

complex because the more components the motor has, the more complex the assembly 

steps are for manufacturing the motor.  

3.3 Conceptual Design and Simulation of a Double-Rotor SRM 

After developing the solar tracking system by using the RLSRMs, a novel design 

concept for SRM for implementation of multiple degree of freedom movements is 

proposed in this section. This general structure can be employed in all multiple degree 

of freedom actuators based on switched reluctance principles.  

3.3.1 Review of the double-rotor SRM 

Electrical vehicles (EVs) have become a popular candidate for use as public 

transportation vehicles, and many researchers have been increasingly investigating 

and developing them in recent years, under the background of green energy 

exploration and application. To realize a continuously variable transmission (CVT), 

some traditional EVs adopt intermediate parts, such as mechanical and magnetic gears, 

hydraulic convertors and transferring belts, for speed regulation. To eradicate these 

intermediate parts and enhance the efficiency for EVs, double-rotor motors have been 

investigated for use in EVs. Similarly, Electric Vessels also have the same 

requirements of the transmission. Double-rotor motors have the advantages of high 

traction torque-speed, compact volume and low cost, and most importantly, 

simultaneous high and low speed operation [71]. To date, there are mainly four types 

of double-rotor motors: direct current (DC) motor, double induction-rotor motor, 

double switching-flux rotors and double switched-reluctance-rotor motor [72-74]. The 

difference between the last two motors is that the last one does not have permanent 

magnets (PMs) [75]. However, all of the motors are simply designed by integrating 

two motors into a motor housing, thereby creating two rotors or stators on their 
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corresponding windings. The motors are usually made of two electrical terminals that 

are roughly equivalent to two motors combining together. For example, ZiXuan’s 

paper [76] presented a proposed brushless permanent magnet double-rotors motor for 

an HEV; the motor has two layers of windings with two electric ports for the stator. 

The same approach for a brushless direct current motor (BLDC) proposed by Durmus 

Uygun in [73] also simply integrates two DC motors together. To avoid the 

demagnetized influence of permanent magnets, switched reluctance double-rotor 

motors have been proposed in [77], [78-79] and this simple approach is employed 

again. Alternatively, the use of a synchronous motor has been applied in a vessel but 

the application of a switched-reluctance motor for a vessel has not yet been reported. 

It is difficult to realize a compact structure if we adopt the simple idea of integrating 

two identical or different type motors into one machine housing because these motors 

are difficult to manufacture using mass production approaches because of their 

complex winding slots and complex flux barriers. 

To effectively realize a compact volume for double-rotor motors of EVs, it is 

essential and necessary to employ or design simple structures not only for rotors but 

also for stators and windings. In this paper, a double-rotor motor based on the 

switched reluctance principle is proposed. This motor, adopting only one layer of 

windings fixed on a stator, governs both the outer rotor and the inner rotor. In other 

words, both rotors share the same windings to generate torques together. Therefore, 

the volume of the double-rotor motor can be significantly reduced and simultaneously, 

low speed and high-speed operations for this motor can be realized readily. Because 

this motor is a pure switched reluctance motor (SRM) without permanent magnets, it 

has all the merits that traditional SRMs possess [80].  
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3.3.2 Theoretical analysis 

A. Magnetic structure of the motor 

This motor has two rotors: rotor 1 and rotor 2, shown in Fig. 3.19. Rotor 1 has a 

series of teeth that are distributed evenly within the rotor. Rotor 1, stator and rotor 2 

are made of stacked silicon steels. The stator has two poles with small teeth that are 

identical to those of rotor 1- A pair of coils is wrapped on the two poles for each stator 

and, in total, there are six stators for the motor. Two opposite stators comprise a phase 

for the motor, which is similar to a pure SRM. All phases are allocated around rotor 1, 

with nearly 60 mechanically interval degrees between two adjacent ones. More 

importantly, as shown in this figure, phase B is aligned with both rotor 1 and rotor 2 

at the moment. Rotor 2 has two poles, and, in the middle part of each pole, there is 

also a pole with a minimum thickness so that this rotor can realize two step 

alignments with different lengths of gaps. All rotors and stators are fixed on a shaft by 

using bearings [81-82]. 

 

Fig. 3.19 The structure of the magnetic paths. 

B. Theoretical concept 

According to the minimum magnetic reluctance principle, the two rotors can be 

driven by the same stator with current carried in the windings. Both short flux and 

long flux paths exist in this motor and when rotor 1 is excited. Under this condition, 

flux lines would pass through stator to rotor 1 only, crossing the air gaps between 

them as shown by the red closed line 1 in Fig. 3.19. When phases AA’, CC’ and BB’ 
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are excited in sequence, rotor 1 will rotate along the anti-clockwise direction. Rotor 2 

is driven by the same stators under the long-path flux lines that are shown in Fig. 3.19, 

as highlighted by line 2. Coincidently, rotor 2 can also rotate in the anti-clockwise 

direction when phases AA’ CC’ and BB’ are excited in order. The key difference to 

drive the two rotors is the electrical connections of the two coils (coil 1 and coil 2).  

The magnetic paths shown in Fig. 3.19 can be simplified as shown Fig. 3.20, 

taking phase BB’ as an example. If the two coils of phase B are connected in a serial 

manner and the magnetic circuit for the flux generated by the two coils are shown in 

the corner of Fig. 3.20, then there will be short flux lines passing along rotor 1 and the 

stator only. These flux lines cannot influence the status of rotor 2 because there are no 

flux lines along rotor 2. The flux can be expressed as 
 φO =

aU@a\
AU@l(Aû@AüU)@A†

 ........................................ (3.14) 

When the two coils of phase B are connected in parallel and then connected with 

that of phase B’ in series, the magnetic circuit for the flux is shown in Fig. 3.20, and 

this long flux can be calculated by 
 φl =

aU@a°
AU¢@Aû@AüU@lAü\@

£\
\

 ..................................... (3.15) 

Because the air gaps between the stator and rotor 1 are much smaller than that 

between the stator and rotor 2, the flux lines are mainly influenced by the variations of 

the air gaps Rg2. More markedly, there are two different gaps between the stator and 

rotor 2 because there is a pair of Y-shaped poles. Therefore, excitation of either phase 

A or phase C will drive the rotor to coincide with the central line of the poles, thus 

driving rotor 2 to rotate in the anti-clockwise or clockwise direction, respectively. The 

torque profiles for rotor 1 and rotor 2 will be discussed in the following section. 



 
 

69 

F1 F2

F3 F4

R1'

R2
R2

Rg1Rg1

Rg2

Rg1
Rg1

Rg2

Rs Rs

RsRs

F1 F2

R1

Rg1Rg1

Rs

Ry

R1'

 

Fig. 3.20 The equivalent magnetic circuit of the motor. 

According to the principles of switched reluctance machines, one of the 

important rules is that all the flux is closed along a path that is of the minimum 

magnetic reluctance from the magnetic circuit. Obviously, the short path and the long 

path are independent and decoupled because of the two airgaps. For the short path, the 

flux cannot pass along rotor 2 because there are two large air gaps between the stator 

and rotor 2. Therefore, the motor operating under the short part can entirely avoid the 

influence from rotor 2 and vice versa.  

C. Structure of the electrical driver 

Determining how to realize the electrical driver for parallel-series-windings is 

also a key point for this switched reluctance based drive. Taking one connection of 

coil 1 and coil 2 as an example, a simple structure for the electrical driver is given in 

Fig. 3.21 (a). The half bridge topology used in conventional drivers for SRMs is 

employed, involving two control switches (S1, S2) that are usually high-frequency 

MOSFETs for low power rate motors and two diodes (D1, D2) for freewheeling of the 

coils (coil 1 and coil 2). In particular, switch 3 (S3), as shown in Fig. 3.21 (a), is used 

to realize the parallel-series connection for the motor. Because S3 is not required to 

function at a super high frequency, a solid-state relay can be employed to realize the 
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driver. As shown in Fig. 3.21 (b), when S3 turns to the upper points and S1 and S2 turn 

on, the current will pass through coil 1 and coil 2, and the two coils are connected in 

series. After turning off S2 and S3, diodes D1 and D2 will be activated, and then the 

driver enters a freewheeling mode. Similarly, when S3 turns to the lower points, 

parallel connection for the two coils can be realized as shown in Fig. 3.21 (c). When 

S1 and S2 turn on, the two coils will be connected in parallel and currents will pass 

through the two coils separately. After the two switches turn off, the driver will enter 

a freewheeling mode and the two coils share the same diodes. More importantly, the 

current directions from the two coils are different. The positive terminal and the 

negative terminal for coil 2 should be reversed if we manufacture or connect the coils 

for the motor. Likewise, this parallel-series connection method can be used for 

windings as well. 

When the motor operates in the low-speed condition, both rotors can be excited 

simultaneously. For example, according Fig. 3.19, if phase C is excited in the long 

flux path to attract rotor 2, then phase A and phase B can be excited alternatively in 

the short flux path to drive rotor 1. Consequently, the two rotors can be run at a 

synchronized low speed by controlling the frequency of the conducting status of the 

corresponding switches. Therefore, the total torque output will be the sum of the 

torques generated by the two rotors, further realizing a high torque output.  

D2
S1

S2
D1

Coi l  1

Coi l  2

S3

(a) 

D2
S1

S2
D1

Coi l  1

Coi l  2

S3

(b) 

 



 
 

71 

D2
S1

S2
D1

Coi l  1

Coi l  2

S3

 
(c) 

Fig. 3.21 (a) Structure of the driver to realize the parallel-series connection and (b) the 

two coils connected in series and (c) in parallel. 

D. Mathematical model  

The motor obeys the principle of maximum reluctance rule that the poles of rotor 

2 and the teeth of rotor 1 would coincide with that of the stator. The dynamic equation 

can be expressed as 
 #$ = %&$

8\§•
8c\

+ '$
8§•
8c
+ #( =

¶ß•(®,§•)

¶§•
© = 1,2		 ................... (3.16) 

where torque #$ is the electromagnetic torque related to the phase currents and angles 

of the two rotors; Tl, J¨≠ and B≠ are the load torque, the mass of the mover and the 

damping coefficient, respectively.	)$(,, .$)	is the co-energy of the motor, and .$ is 

the angle of the two rotors [83], and j represents the number of rotors.  

 )$ ,, .$ = 0(,$, .$)m,$
®
Ø = ∞ ,$, .$ ,$m,$

®
Ø  ...................... (3.17) 

0 ,$, .$  is the flux linkage of the motor, and ij is the phase current. The value of 

inductance is a function of the phase current and angle of the rotors. According to (3) 

and (4), we can obtain 
 #& = O

l
,$l

¶M ®•,§•
¶§•

 ........................................... (3.18) 

It can be seen that the inductance of the rotor is determined by both the current 

and the angle of the rotor and the torque output is not linearly related with the current 
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because of the nonlinear characteristic of the inductance caused by the phase current 

and angle of the rotor. The electrical terminal for the motor can be expressed as  
 2$ = 1$,$ +

8± ®•,§•
8®•

 ......................................... (3.19) 

where	1$, 2$, and ,$ represent the phase resistance, the terminal voltage and the 

current of phase, respectively. 

3.3.3 FEM analysis 

A. Electromagnetic field 

The magnetic field distributions at an aligned angle and an unaligned angle for 

rotor 1 and rotor 2 are given in Fig. 3.22. It can be seen from Fig. 3.22 (a) and (b) that 

the flux is concentrated along the stator and rotor 1 only. Small poles are designed for 

rotor 1 to operate at low speeds. When rotor 1 rotates from the unaligned position to 

the aligned position, the flux will change obviously in the yoke of rotor 1 and in its 

teeth. In contrast, the flux distributions of other places remain approximately constant. 

There is little flux crossing rotor 2. When the windings are connected in a parallel 

manner, the long flux path dominates the whole area of the motor, as shown in Fig. 

3.22 (c) and (d). The flux is distributed along the stator, rotor 1 and rotor 2, and the 

density of the flux is mainly influenced by the angle of rotor 2. We can see that the 

flux in both the stator and rotor 1 and rotor 2 changes dramatically at different angles 

of rotor 2. With the change of the angles of rotor1 and rotor 2, the inductance changes 

will play a primary role in the generation of torque. To realize high speed operation 

by rotor 2, its pole width is larger than that of rotor 1 because of the high switching 

frequency. By doing so, the switching frequency can be reduced because of the large 

electric angle between adjacent phases. Hence, the drive of the motor can be achieved 

easily.  
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(a) (b) 

 (c) 
 

(d) 

Fig. 3.22 Flux density distribution of the motor including: (a) short flux path at an 

unaligned angle, (b) short flux path at an aligned angle, (c) long flux path at an 

unaligned angle and (d) long flux path at an aligned angle. 

Inductances and torque outputs with respect to angles are also calculated by FEM, 

as shown in Fig. 3.23, with data varying in a period for rotor 1 and half of period for 

rotor 2. It can be seen from the figure that the values of inductance change 

dramatically and obviously when the angle of rotor 1 varies. In contrast, the values 

experience a minor change when rotor 2 rotates. Immediately, the latter value is 

approximately 10 mH less than that of the former. The average torque output from 

rotor 1 is nearly quadruple that from rotor 2. From Fig. 3.23 (d), the torque outputs 

exhibit a significant overshoot because of the existence of two lengths of air gaps 

between the stator and rotor 2. These torque outputs increase in spite of differing 



 
 

74 

degrees at the beginning, with the first air gap increasing from zero to 36 degrees, 

followed by a sharp drop before increasing gradually by approximately 70 degrees. 

Therefore, the second torque outputs are generated from 60 degrees to the end in the 

whole electrical period of rotor 2. Rotor 1 can be operated at low speed, and rotor 2 is 

suited to realize high speed operation. When rotor 2 operates at low speed, both rotors 

can provide contributions simultaneously to a high torque output.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3.23 Inductance (a) and torque (b) profiles of rotor 1 and the profiles of rotor 2 

(c), the tourque of rotor 2(d). 

B. Simulation for parallel and series connections 

According to the design of the driver for the motor shown in Fig. 3.21, 

corresponding simulation modules are built (see Fig. 3.24 (a)) to observe the current 

waveforms when changing the connection status between the two connections. The 

period of the PWM module is 0.001 s, and the period of the pulse is 1 Hz, which is 

used to control the status of the coils connection. Fig. 3.24 (b) shows that, when the 

series connected coils change to parallel connection, the variations of the two currents 

of the coils are significant, with the values nearly doubled, experiencing the transient 
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process highlighted by the circle in the figure. The currents can be regulated by the 

duty cycle of the PWM signal. 

 

 
(a) 

 
(b) 

Fig. 3.24 (a) Parallel-series connection simulation modules and (b) currents of the two 

coils. 

C. Coupling analysis 

From the magnetic field distribution of Fig. 3.24, the short path flux fails to pass 

rotor 2. Hence, when rotor 1 operates, the flux generated by the windings of the stator 

could not influence rotor 2, and they are nearly magnetically decoupled. Fig. 3.25 (a) 

shows the torque outputs under the same current level 5 A, when rotor 1 is at an 

unaligned angle and at an aligned angle. The torque outputs are approximately equal, 

which suggests that the angles of rotor 1 have little impact on the torque output 

contributed by rotor 2. Similarly, Fig. 3.25 (b) shows the torque outputs of rotor 1 

when rotor 2 is at unaligned and aligned angles, with the current excitation of 2 A. 

According to the calculation results, there is little coupling influence between rotor 1 

and rotor 2 so that the magnetic coupling effect can be neglected for the control of the 

motor. 

 
(a) 

 
(b) 

0

E1

Coil1

Coil2
S3

D1

D2

A

AM1

A

AM2

PULSE1

MOS1

MOS2

R1

R2

PWM

PWM1



 
 

76 

Fig. 3.25 (a) Torque output of rotor 2 from aligned angle to unaligned angle when 

rotor 1 is at unaligned and aligned angles and (b) torque output of rotor 1 form aligned 

angle to unaligned angle when rotor 2 is at unaligned and aligned angles. 

3.3.4 Multi-physical domain simulation 

To simulate the real working condition of the motor, the multi-physical domain 

simulation platform is built, and the platform mainly includes four parts: electrical 

part, mechanical part, FEM module and control part, as shown in Fig. 3.26 (a). The 

electrical part consists of a power supplier, a capacitor and a three-phase asymmetric 

half bridge topology, comprising the drive for the motor. The mechanical part 

involves damping and mass elements to set the physical parameters for the motor. The 

control part is built by using C language module to calculate the current for each 

phase, according to the feedbacks of angle and angular speed, thus obtaining the 

turn-on and turn-off angles for the motor in the end. The FEM module is established 

by using finite element analysis and the basic specifications of the motor listed in 

Table 3.3. Fig. 3.26 (b) can simply express the speed control block. The block mainly 

includes three parts: the controller, the driver and the motor. The controller outputs 

the current reference to the driver after regulating the errors of the reference angular 

speed and the angular speed of the motor. Importantly, for the current regulation part, 

we select different current regulation methods for high-speed and low-speed 

operations of the motor. For high -speed operation, two specific angles are chosen to 

turn on and turn off the switches during an entire electrical period for each phase. By 

contrast, the current pulse width modulation (PWM) is employed to regulate the phase 

currents. 
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(b) 

Fig. 3.26 (a) Multi-physical simulation platform for the motor and (b) speed control 

schematic. 

Table 3.3 The main specifications of the motor. 
Specifications Quantity (SI) 
Rated power  4.2 kW 
Rated current  10 A 

Diameter of the rotor 1 140 mm 
Diameter of the rotor 2 60 mm 

Number of turns of each coil  200 
Average Inductance  75 mH 

Stack length  500 mm 
Speed range  1~10000 rpm 

When the motor operates at high speed, the torque outputs and speeds are given 

in Fig. 3.27. From the simulation results, it can be seen that its torque output will 

decrease with the rise of the speed. From Fig. 3.27 (b), as the speed increases, the load 

toque experiences high loading torques that exceed 15 Nm, followed by a sharp 

decline before reaching a steady load at an average of 1 Nm. The speed experiences 

an acceleration and increases from 0 to 10000 rpm before finally achieving steady 

state operation. The results verify that the motor is capable of operation at high speed. 
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(a) 

 
(b) 

 
(c) 

Fig. 3.27 (a) The speed curve of the motor with average torque load (b) and the 

currents of the three phases (c). 

When the motor operates at low speed, the phase currents should be controlled 

by the method of pulse width modulation (PWM) to curb their maximum values. As 

shown in Fig. 3.28 (a), the speed waveform and three phase currents indicate the 

capability of the motor starting with load of 2.5 Nm. Using PWM control, the currents 

are regulated at approximately 6 A, and we can observe the accelerating process of 

the motor, with speed gradually increases from zero to approximately 13.5 rpm within 

5 seconds. Fig. 3.28 (b) shows the torque output of the motor under a low-speed 

condition. There is some torque ripple under a low-speed working condition for this 

motor. The torque produced by this motor derives mainly from nonlinear 

characteristic of the inductance of the motor. The change rate of the inductance of the 

motor will also become nonlinear from aligned position to unaligned position. If the 

torque ripple is too large, the accuracy of the motor could be deteriorated. Although 

there is some torque ripple at low speed, advanced control algorithms could be 
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developed to mitigate or avoid the ripple. In short, the motor can operate at high speed 

with angle-position control and at low speed with current PWM control. 

 
(a) 

 
(b) 

Fig. 3.28 (a) The speed and three phase currents with PWM control under load and (b) 

the corresponding torque output. 

3.4 Summary 

This chapter describes the design and optimization to the RLSRM control 

method for examining the feasibility and precision of the electrical motor and its 

application in the concentrating solar automatic tracking system. The chapter also 

discusses and designs the system’s control algorithm and method.  It has also 

improved the following through experiment: 

The power at the electric motor’s linear motion and the torques of the rotation 

motion have been examined, with the results confirming the simulation results. The 

result can be the technical parameter of a concentrating solar automatic tracking 

system’s driving execution. The results of FEM study proved the feasibility of the 

RLSRM design. A simple control scheme is proposed for the motor to achieve a 

decoupled highly positioning tracking accuracy. Experimental results verify the 

effectiveness and feasibility of the designed motor, with tracking errors under loads 

less than 0.3° and 500 µm for the rotary and linear axes, respectively. The motor 

could achieve a linear force at 140 N, and a torque at 6.5 Nm at the same time, with 

the same current level. 
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The positions of the electric motor’s linear position and the rotational angle 

tracking function have also been examined and the results are in accordance with 

those of the simulation. It therefore satisfies the high precision requirement of the 

sunlight tracking.  Compared with other linear rotary motors, this motor can realize 

the linear movement and the rotation simultaneously, with a simple structure and a 

control method prototyped for the power generation system. Besides, a new method to 

realize two-degree of freedom motion is proposed, based on the switched reluctance 

principle. It is a new approach for multi-dimensional motor design.  

The structural design of the concentrating solar automatic tracking system’s 

controller, the study of solar tracking algorithm and the design of the control method, 

the controller’s basic principle and methods have been realized.  This provides 

theoretical support for the realization of a CPV power generation system.
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Chapter IV   

Optimal Control Method for the Decoupled RLSRM 

of Solar Tracking System 

The core of the automatic tacking system is the control part, which governs the 

whole tracking for the CPV power generation system. Put if in another way, the 

controller needs to effectively adjust the gesture of the proposed decoupled RLSRM 

using a simple approach. The motor drives the mechanical part underpinning all CPV 

modules to track the position of the sun precisely, according to the feedback from the 

light sensor. In this chapter, general control theories and methods for SRMs are 

combined first. Then, a new control algorithm is designed in accordance with the 

structure and operation features of the proposed decoupled RLSRM. Finally, 

considering the whole mechanical structure of the CPV power generation system, a 

controller for high precise positioning tracking is designed and validated by 

experimental results.  

4.1 Control strategy and construction for SRM 

4.1.1 Basic control for SRMs 

SRM control systems are automatic electric control devices for contemporary 

mechatronics. It distributes the power for the motor to effectively drive the load 

according to command and preferences of the position of the motor and its winding 

currents. SRM based automatic control systems mainly include the SRM, the 

convertor, the controller and the state feedback module [80, 84]. 
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Speed controller is a single-input-single-output (SISO) system. The input is the 

deviation of the reference speed and the feedback speed, and the output is the 

command given by a torque controller, which outputs the reference current commands 

according to the current states and speed of the motor. Apart from fast tracking, the 

controller of the reference current can limit the maximum value of the phase current 

in case of over current. Logic distribution unit arranges excitation currents for all 

phases of the motor via the position of the moving part.  

Convertor takes the responsibility of converting the energy for the SRM control 

system. After getting the commands from the controller, the convertor distributes and 

supplies the energy to each phase of the motor, with the energy provided by the DC 

bus connecting with the grid or batteries. The state feedback module involves position 

feedback of the moving part and the phase current feedback. By calculation based on 

control algorithms, signals from the feedback will be supplied by the controller that 

will determine the right control strategy. Therefore, the controller is the key part of 

the whole control system and the control algorithms directly imply fundamental 

behaviors of the controller.   

4.1.2 The topology of convertors 

The main functions of SRM convertors are 1) the logic of switches that are 

responsible for the turn-on and turn-off states between the windings and the power 

supplier; 2) freewheeling diodes to provide electric paths to freewheel electricity to 

the DC bus; 3) transistor switches that transform the DC source energy to excite 

magnetic energy for windings.  

SRMs have the inherent characteristics of independent windings and one 

direction flowing currents in windings so that the convertors for SRMs are very 

simple and stable. To obtain the optimized convertors, researchers proposed lots of 

topologies to realize fast energy transformations, independent phases and reducing 

switches. Usually, the topologies for SRMs include H-Bridge, improved H-Bridge, 

asymmetric half bridge, split phase capacitor, capacitor converting energy and (n+1) 
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switches, etc. They should be selected in accordance with the operation situations, 

motor phases, the cost of chips and the entire power level. The following simply 

introduce the H-Bridge, improved H-Bridge and asymmetric half bridge.  

A
H-bridge topology for SRM 

 

Fig.4.1 Asymmetric H-Bridge for SRM  

Fig.4.1 shows the H Bridge using the minimum number of switches. However, 

this topology is just suited for SRMs owing 4 or 4×n phases. By using it, two phases 

of the controlled motor must be excited simultaneously and each phase bears half 

voltage supplied by the power supplier.  

B. n+1 topology for SRM 

 
Fig.4.2 n+1 topology for SRM  

Fig.4.2 shows the improved structure of the H-Bridge. The modified topology 

possesses independent phases and uses fewer switches. For three phases SRMs, there 

are four switches and diodes that are one more than its phase number. This kind of 

topology can save the number of switches and reduces the cost of the drive for the 

motor. The drawback of the topology is that one phase could put an impact on 
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adjacent phase when they work simultaneously. The control for switches becomes 

more difficult by using this topology.  

As the asymmetric topology is characterized as simple structure, independent 

phases, good tolerant-torque ability, flexible control, it becomes popular in industrial 

applications. As shown in Fig.4.1, each phase for the topology employs two switches 

and two diodes. For examples, when Phase A is excited, S1 and S2 turn on and the DC 

voltage imposes on the winding. D1 and D2 need to endure the DC voltage. If S1 and 

S2 turn off, Phase A is demagnetized and the winding would produce EFM. D1 and D2 

will turn on and curb the voltage on the winding to the DC bus; the phase current of 

Phase A will drop dramatically. In this figure, the inductors signify the windings of 

the motor. Although the working duty of the switches is relatively small, their 

controls are very simple and flexible, with phase windings independent. Pulse width 

modulation (PWM) can be employed by this topology and the control strategy is 

shown as follow.  

1) S1 and S2 active at the same time to realize PWM control, 0<D<1; 

2) S1 turns on and apply PWM via the state of S2, 0<D<1; 

3) S2 turns on and apply PWM via the state of S1, 0<D<1. 

The pros and cons of the control methods mentioned can be concluded as 1) the 

current change is obvious and the interference from the switches is significant, 

especially when the voltage from the DC bus is high. 2) The second and third method 

has the drawback of generating local high temperature caused by different switching 

frequencies of the switches. During a control period of the motor, the two methods 

can be employed alternatively. The frequency of the PWM mentioned is a constant 

value. Variable frequency can be also used to control the currents [85].   
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4.2 Design of Control Scheme for a Decoupled RLSRM 

4.2.1 PID Control Method 

A. PID control scheme 

Traditional incremental PID control is popular for industry. The control subject 

outputs the solution V after getting the control commands derived by the traditional 

PID controller. The position control of PID is shown in Fig.4.3.  

V_ref

 

Fig.4.3 The control block of PID 

In Fig. 4.3, the error of the two signals is e(k) = Vref(k) - V(k) where k is the 

sample number with T being the continuous sampling period. The PID controller 

outputs control commands after interaction and calculations and of the error. As most 

PID controllers in industry adopt digital circuits, the error is usually sampled by an 

encoder. For digital micro control processors, the accumulation of the error shown in 

the figure can be considered as the integral factor and the derivation can be replaced 

by the increase rate of the error, so the discrete PID control method will be yielded. 

B. Fuzzy logic PID controller  

Fuzzy logic control (FLC) is usually used with complex systems that are too 

complicated to be analyzed by traditional control methods. It mainly consists of four 

parts: fuzzification, rule base, fuzzy reasoning and de-fuzzification. Fuzzification 

starts from a fuzzy set. A set is a collection of things with similar characteristics that 

can be distinguished from one another as individual elements sharing some common 

properties. The effective control method that the human being controller learns from 

their experience can be expressed as a set of condition-action rules named fuzzy rules. 
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By using membership function, a fuzzy set A is expressed by linguistic terms such as 

big positive, slightly positive, high, medium and low, etc.  

Fuzzy logic control mainly includes fuzzification, rule base design and 

de-fuzzification. A current sensor is used to feedback the current signal of the tested 

coil. The position signal can be sampled by an optical sensor and then the error of the 

controlled position with the reference signal can be calculated. The change of the 

obtain position error EΔ and the position error E are used to be the inputs of the fuzzy 

controller, shown in Fig. 4.4. By fuzzification, the two inputs are transformed to the 

discussion region by using a membership function. A training scheme is used to create 

the fuzzy rule based on measuring static and dynamic operation numerical data about 

the test object. After training, the fuzzy logic rule base defines a nonlinear multi-input 

single-out function which translates inputs of the error of the controlled position and 

its derivatives into output values of the fuzzy logic controller. The entire block 

diagram of the fuzzy logic control is shown in Fig. 4.4. 

Fuzzification 
Inference 

Mechanism  Defuzzification

Rule Base 

E
ΔE

u

 

Fig. 4.4 Fuzzy logic control block scheme. 

After de-fuzzification, the control parameters for the FLC are obtained. In 

another way the coefficients Ki, Kp and Kd of the fuzzy logic PID are calculated for 

the controller.  

The function thus can be formulated as  

 ( , )f E E uΔ →  ............................................... (4.1) 

E and EΔ are values of position error and its change rate, respectively. u denotes 

the coefficient for the controller.  

In order to obtain low steady state error, Mamdani type fuzzy logic control is 

employed. Fig. 4.5 shows the membership function of fuzzy logic control. The fuzzy 

sets of EΔ have been defined as: Negative Big (NB), Negative Medium (NM), 
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Negative Small (NS), Zero (ZO), Positive Small (PS), Position Medium (PM), and 

Positive Big (PB). The position error E can be distributed by fuzzy sets: Super Small 

(SS), Large Small (LS), Small (S), Medium (M), Large (L), Extra Large (XL), and 

(XXL). The fuzzy rule base is listed in Table 4.1. Fig. 4.5 (a) shows the whole scheme 

and Fig. 4.5 (b), (c) and (d) show the membership of the input and output values of 

the fuzzy logic control.  

 
(a) 

 

(b) 

 
(c) 

 

(d) 

Fig. 4.5 The whole scheme (a) and membership functions (b), (c) and (d) of the fuzzy 

logic input 
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Table 4.1 Rule base of the fuzzy logic control 

 

The fuzzy reasoning can be expressed as: 

R1: if E is SS and EΔ is NB, then u is PB; 

Else; 

R2: if E is LS and EΔ is NB, then u is PB; 

Else; 

Rr: if E is XXL and EΔ is PB, then u is NB; 

where E is the input linguistic variables representing the position error of the 

motor, SS are fuzzy sets representing linguistic values for E, u is the FLC output 

linguistic variable presenting the control variable of the controlled subject in this 

section it is assumed, that one of the state variables is the error between the output 

variable of the plant (controlled variable) and its reference. The set of rule constitutes 

the fuzzy algorithm of the FLC. 

After de-fuzzification, the control commands can be obtained through the 

following step. De-fuzzification is introduced to translate the fuzzy reasoning results 

into clear values, and the Mamdani inference is selected as the fuzzy inference 

method [86]. It contains three processes, the aggregation, activation and accumulation 

of membership function. The area center of gravity method is adopted as the 

de-fuzzification strategy and it is denoted as, 

 
( )
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( )
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MAX
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u u du
u

u du
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∫

 ........................................... (4.1) 
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where u* is the defuzzification output value, u is the independent variable of 

membership function domain. 3 2 	is the membership function accumulated from 

Mamdani inference method as the black bold line shown in Fig.4.6 [MIN, MAX] is 

the domain of the 3 2 . The enclosed area by polyline and u axis is the integral area 

which is shadowed in Fig. 4.6. 

 

Fig. 4.6 Membership function from Mamdani inference 

4.2.2 Control Scheme 

Fig.4.7 is including the linear and the rotary directions simultaneously. Two 

proportional-integral-derivation (PID) controllers are employed for the closed loop 

controls. The driver includes a current control loop by using pulse width modulation 

(PWM). The angle and position distribution block is used to calculating the forces and 

torques to each phase of the linear and rotary directions, respectively. Its detail is 

shown in Fig. 4.8 and the distribution rules of the block are listed in Table 4.2.  

 

Fig. 4.7 Control block for the proposed machine. 
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Fig. 4.8 angle and position distribution block 

As adjacent phases of outside and inner stators have common conducting regions, 

a force distribution function (FDF) and a torque sharing function (TSF) are employed 

to alleviate ripples of the force and torque outputs [87], [88]. In Fig. 4.8, 

 1 ( , )( )
2k

L i xg x
x

∂
= ⋅

∂
, k=1, 2, 3, 4. .................................. (4.3) 

 1 ( , )( )
2k

L ig θ
θ

θ
∂

= ⋅
∂

, k=5, 6, 7. .................................... (4.4) 

The current references can be calculated by using above equations. The 

conducting phases for FDF and TSF are listed in Table 4.2 and Table 4.3. In these 

tables, the phase codes of the motor are A, B, C, and D depicted in chapter 3.  

Table 4.2 Conducting area for linear motion 
linear (mm) phase (+) phase (-) 

[0, 5.75] B AD 
[5.75, 11.50] BC A 
[11.50, 17.25] C BA 
[17.25, 23.00] CD B 
[23.00, 28.75] D CB 
[28.75, 34.50] DA C 
[34.50, 40.25] A DC 
[40.25, 46.00] AB D 

Table 4.3 Conducting area for rotary motion 
Rotation (deg) phase (+) phase (-) 

[0, 7.50] B AC 
[15.00, 25.50] BC A 
[22.50, 30.00] C BA 
[30.00, 37.25] A CB 
[37.25, 45.00] AB C 
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As each direction of the motor can be controlled individually and the two 

dimensions are physically decoupled, their transfer blocks can be expressed by Fig. 

4.9 and their closed transfer functions can be formulated as equation (4.5). Gp is the 

block of the PID controller and N denotes the interference to the control system. The 

dynamic transfer function of the motor is a second order system with the parameters 

including M, B and A are mainly determined by the mass of the mover, the fraction of 

the shaft, etc. KG is the proportion of the controller and K is the gain of the FDF or 

TSF blocks. The parameters of the two PID controllers are listed in Table 4.4. 

FDF
TSFpG 2

1
Ms Bs A+ +−

*p p*u
N

 

Fig. 4.9 Control transfer function block of the motor 

 
* 2 ( )

G

G

K Kp
p Ms Bs A K K

=
+ + +  .................................... (4.5) 

4.2.3 Force Measurement 

The force and torque outputs of the motor are measured by a force gauge and a 

torque meter, as shown in Fig.4.10 (a). Static values of force and torque 

corresponding to different positions and angles are given in Fig. 4.10 (b) and Fig. 4.10 

(c). 

Outsider windings

Mover 

Shaft 

Force gauge

Digital meter

 
(a) 
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            (b)                                (c) 

Fig. 4.10 Experimental results (a) measurements of the force and torque outputs and 

force outputs (b), torque profiles (c).  

From the measurement results, the force and torque features of the motor during 

a period fully agree with that by FEM obtained in chapter 3. The maximum values of 

force output and torque output are 140 N and 6.5 Nm, respectively. 

Comparison of control responses between a PID controller for the motor and a 

fuzzy logic PID controller is obtained in this section as well as the specific parameters 

of the controllers, as shown in Fig. 11 and table 4.4. From error profiles of the motor 

in Fig. 12, it can be seen that the motor performs better by using fuzzy logic control 

method (in blue line), with low error and small fluctuations. 

 

Fig. 4.11 The position responses with an FLC controller and a PID controller under a 

square wave reference 
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Fig. 4.12 The position responses with an FLC controller and a PID controller under a 

sinusoidal reference 

4.3 Design of a Controller for Solar Tracking System  

4.3.1 The structure of the controller 

The controller of the solar tracking system consists of a single chip 

microcomputer (MCU), a solar sensor, a GPS module, a wind sensor and a motor 

drive system. The controller mainly obtains the position signal of the sun with the 

help of the solar sensor, it is then converted into the angle signal through 

mathematical calculation. Then, the MCU sends the angle signal to the motor drive 

system, and the proposed motor is started for tracking. The diagram of the controller 

configuration is shown in Fig. 4.13 (a), and (b) is the flow chart of the essential 

operation of solar tracking system. 
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�a� 

 

�b	 

Fig. 4.13 (a)The diagram of the configuration of the controller, (b)The flow chart of 

the essential operation of the solar tracking system 
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After initiation, GPS system calculates the latitude of the earth. MCU will send 

commands to the controller of RLSRM according to the position computed by the 

GPS system. The motor will adjust the gesture of the CPV system via the linear part 

and the rotary part, rending the CPV modules perpendicular to the sunlight. 

4.3.2 Tracking Method 

The control method can be roughly divided into two broad categories. One is 

open-loop control, for which the sun’s trajectory parameters are required to be typed 

into the equipment in the form of geographic coordinates beforehand, and then the 

system will track automatically based on the values in the coordinates. The operation 

of the control method is simple, but the accuracy and efficiency are both very low. 

The other one is a closed-loop control, which depends on the angle signals feedback 

by the solar sensor attached at the side of the CPV modules. The responsibility of the 

solar sensor is to measure the position of the sun and send the signal back to the 

tracking controller, then the angle error between the real direction of the sunlight and 

that of the normal vector of the CPV modules will be corrected by two direction 

motors. 

 

Fig. 4.14 The conventional behavior for the sun path 

Fig. 4.14 shows the conventional behavior for the sun path in June and 

December during a year. θz is represented by the inclination angle in the mathematic 

model, which could be calculated as follows: 
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 ≤,S.≥ = ≤,S∅ ∙ ≤,S6 + ¥µ≤∅ ∙ ¥µ≤6 ∙ ¥µ≤5 ......................... (4.6) 
where: 

.≥: The altitude angle in the system (.≥ = 90 º- sun’s zenith angle) 

∅ : The latitude of the site (∅ = 22 º is the location of Hong Kong) 

5 : The hour angle (15 º /hour) 

6 : The solar declination  

 6 = 23.5° ∙ ≤,S ∙ ∂∑Ø°
∂∑∏

284 + N  ................................. (4.7) 

In this equation, N is the ordinal number of the day in the whole year (from 1 to 

365). For example, 1st January is defined as 1 and 31th December is 365. Assuming 

that when the sun is located in the north of the equator, the value�signing the latitude 

vertical to the sun is positive. In contrast, when�is negative, it suggests that the sun 

is at the south part of the equator. During a year, on the 79th day and the 265th day, the 

sun is directly located in the equator, where the value of�is zero that is called 

equinox. A day is then divided into day and night equally. 21th June is in summer and 

the sun is at the latitude of 23.5�in north where�is at the positive peak value. On 

the contrary, when the winter comes on the date of 21th December, the sun is situated 

at the latitude of 23.5�in south. The value of�is the minimum. All values of�can 

be obtained according to Lagrange’s interpolation. By this way, the precision of the 

position calculated fully meets the need of the engineering, regardless of the change 

of latitude calculation in each year. Equation 4.6 can also be used to calculate the 

latitude of the sun each day and the precision is at + 0�22' and - 1�42' , as shown in 

Fig. 4.15. Obviously, time can be signified by the angle of the earth autorotation. One 

hour can be equal to 15 degrees. The relationship between the azimuth angle and the 

inclination angle .äcan be obtained from this equation: 

 

 ≤,S.ä =
N:Ië∙I®hñ
N:I§∫

 ............................................. (4.8) 
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4.3.3 Tracking Control Algorithm 

The control system is responsible for linear and rotary motion separately. The 

feedbacks of both the two movements of angle and position are sampled by their own 

position sensors. Controllers will output the force and torque reference commands, 

which can then be passed to the force and torque as current distribution, respectively. 

Finally, the two-distribution parts output current commands for the drivers to control 

the motor. The closed current control based on proportional–integral algorithm with 

pulse width modulation (PWM) is performed inside the current drivers for precise 

current control. The trajectories of the two axes for the motor are shown below in Fig. 

4.15. 

 

Fig. 4.15 Control block for the proposed machine. 

It can be seen that the proposed RLSRM is able to govern the movement of the 

CPV power generation system. The fuzzy PID controller can be applied in angular 

and linear position control with the control parameters in Table 4.4. The controller 

gain values are obtained according to the practical application and the optimized 

values could be obtained after we adjust these parameters when the motor is working. 

Table 4.4 Parameters of the two PID controllers 
Controller P I D 
Position  5.1 0 0.08 
Angle  4.8 0.024 0.18 
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4.4 Experiment Verification 

The whole experimental set up consists of a computer, a DSPACE DS1104 card, 

a power supplier, a driver and the motor, as shown in Fig.4.16. The control scheme as 

well as the controllers is built using the software package MATLAB/Simulink. By 

using the software, all components including two feedback encoders, PID controllers, 

torque/force distribution functions and digital to analogue converters (DACs) are built. 

The controller is design based on S-functions in Simulink. The entire Simulink 

software will be programmed and debugged into the DSPACE card which is regarded 

as a hardware controller. This card processes two encoder interfaces, eight DACs and 

16 input/output (I/O) ports. Some drivers are employed for the motor. After getting 

the commands from I/O ports and DACs, the drivers that obtain the electricity from a 

power supply can supply regulated current for the motor. This control card outputs 

commands to the driver for the motor after obtaining the position and rotational 

feedbacks from two encoders fixed on the motor’s shaft, constructing a closed loop 

control.  

Computer 

Driver 

Motor

Power 
supplier

dSPACE 
card 

 

Fig. 4.16 Photograph of the experimental setup of the control of the motor. 

Sinusoidal references are given by the computer, as shown in Fig. 4.17 (a), (b). 

The frequency of the references to linear motion and rotary motion is 1 Hz and the 

amplitudes of two references are 20 mm and 360 degrees respectively. The 

corresponding references are 0.1 mm and 0.3 degrees, as show in Fig. 4.18 (c) and (d). 

Once the motor gets the position of the sun from the sunlight sensor, the angle and 
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position of the motor will be regulated according to the reference positioning signals, 

moving the solar cells until they are perpendicular to the sunlight. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4.17 Response for linear motion (a) and (b) Rotary, and corresponding dynamic 

errors (c) and (d). 
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In order to investigate the performance of the motor with load, as shown in Fig. 

4.18, loading test responses are given for the motor both in linear and rotary directions, 

under 90 N for linear movements and 3 Nm for rotation. Corresponding errors to the 

two responses are obtained in Fig. 4.18 (b) and (d). The vibration frequencies of 

errors are alleviated because of the loads. The angle error and position error are 

regulated within 0.3 degrees and 0.5 mm. This motor can also reach a precise 

tracking.  

 
(a)                                         (b) 

 
(b)                                         (d) 

Fig. 4.18 Dynamic response of linear motion (a) and errors for linear movements (c), 

and dynamic response of angles (c) and errors (d) with loads. 

The simultaneous movements in linear and rotary directions are also obtained 

when the mover rotates at a constant speed of 500 rpm and the linear movement’s 

scope is under the scope of 20 mm. In Fig. 4.19 (a), the linear response is shown and 

its error is given in Fig. 4.19 (b). From Fig. 4.19 (c), the speed is controlled in a 

constant speed with an error within 1 rpm. The phase currents of the motor are also 

measured as shown in Fig. 4.19 (d). There are some ripples of the currents. The 
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currents need to be regulated in real time because of the varied torque outputs from 

the motor. 

 
(a) 

 
(b) 

 
(c) 



 
 

102 

 
(d) 

Fig. 4.19 Dynamic response of linear motion (a) and errors for linear movements (c), 

and the speed tracking response (c) and phase currents (d). 

A simple control scheme is proposed for the solar tracking system to achieve a 

decoupled highly positioning tracking accuracy. Experimental results verify the 

effectiveness and feasibility of the designed motor, with tracking errors under loads 

less than 0.3 ° and 500 µm for the rotary and linear axes, respectively. The motor 

could achieve a linear force at 140 N, and a torque at 6.5 N ̇m at the same time, with 

the same current level. 

4.5 Summary 

In this chapter, the control method for the proposed RLSRM is designed and 

optimized to prove the feasibility and accuracy of the design procedure. We applied 

the RLSRM for the CPV tracking system. The control approach for the whole system 

is designed and discussed.   

1) The linear force and rotational torque for the RLSRM are measured 

respectively. The experimental tests are consistent with simulation results, fulfilling 

the requirements of the tracking system for the CPV power generation system.  



 
 

103 

2) The angle and the position of the RLSRM are controlled and sampled and they 

are accordance with simulation. Due to this, the high position tracking for the CPV 

power generation can be achieved.  

3) By designing the automatic tracking system for the CPV system, the tracking 

method and control algorithm. Basic control theory and approach of the controller for 

the system is realized, theoretically, underpinning the fundamental principles for the 

CPV power generation system. Experimental results verify the effectiveness and 

feasibility of the designed motor, with tracking errors under loads less than 0.3 ° and 

500 µm for the rotary and linear axes, respectively. The motor could achieve a linear 

force at 140 N, and a torque at 6.5 Ṅm at the same time, with the same current level. 
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Chapter V   

WIWO Topology Analysis of Tapped-Inductor 
DC-DC Converters for CPV Power Generation 
System 

In recent years, because of the low efficiency of the solar power generation 

systems, most solar power plants are established far away from urban areas where 

lands and sunlight are sufficient. Large scales of PV panels are placed to obtain an 

effective power output, addressing the low efficiency of this kind power generation. 

However, as large scales of solar power plants are usually situated in the place where 

the economy lags behind, the consumption of the electricity are less than that in urban 

areas. Consequently, the electricity generated by theses solar plants have to transfer to 

other places via the grid, with inverter to transform the electricity to the grid. This 

approach has the following drawbacks. 

1) Imposing a burden to the grid that could influence the grid and increase the basic 

cost.  

2) Inverter transforming the electricity to the grid would create power losses.  

3) Ignoring the feature of instant-output, instant-use of the solar energy, the 

efficiency of the solar power generation system to users could be rather low, 

given that loss in energy storage are unavoidable. 

With the development of the CPV power generation system, multiple junction 

solar cells become more and more popular and distributed DC power suppliers have 

been widely used in cities. Therefore, CPV power generation system will dominate 

the solar energy field because of their small physical volume, easy to use, high 

efficiency and outstanding performance of power generation.  
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A DC-DC converter with wide range of voltage conversion is needed to boost or 

buck the electricity from the CPV systems, directly providing DC power for users or 

charging batteries. Usually the output voltage of CPV is not high and a converter is 

usually added to provide the power and voltage matching to the DC voltage 

requirement for the grid connection. In this chapter, a wide input wide output (WIWO) 

DC-DC converter is designed. Its mathematic model is built. The simulation results 

by Simulink prove the effectiveness of the designed converter, and subsequently 

verified by experimental results.  

5.1 Review of DC-DC Converter Technology 

Conventional topologies of DC-DC converter include buck, boost and 

buck-boost modes with a single inductor. Theoretically, the boost circuit can provide 

high voltage conversion of input to output with a relatively large duty ratio [89-90]. 

However, for boost circuit, the higher the voltage gain is, the larger the duty ratio is 

and the high pulse current is resulted in diode and other components and thus the 

lower efficiency will be produced. Similarly, the efficiency of the buck converter will 

also be poor when the duty ratio is small [91-92]. The poor efficiency is mainly due to 

high rms current and the energy storage in the magnetic components that is not 

efficiently processed under extreme value of large or small duty ratio. The 

consequence is that high pulsation current will be generated, deteriorating the 

performance in semiconductor power processing. Also, the poor efficiency limits the 

applications of converters in the industry and this limitation has been investigated in 

Ref [93-94]. Recently, most researches usually focus on studying suitable topologies 

of Buck, Boost and Buck-Boost converters which can provide a simple and 

non-isolation method for power conversion with high efficiency, because in the 

industry, converters need to operate in a wider range of duty ratio when the isolation 

is allowed to be negligible. A conventional bidirectional integrated configuration of 

the converter with a single inductor proposed in [95] as shown in Fig. 5.1 (a). It not 
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only controls the MOSFETs 1 to 4, and can realize the function of converter without 

diodes, but also the converter can transfer energy bi-directionally under the Buck, 

Boost and Buck-boost modes.  

 
(a) A Conventional bidirectional Buck/Boost DC-DC Converter 

 
 (b) Tapped-inductor topology 

 
(c) Tapped-inductor with parasitic components 

Fig. 5.1 Circuit topology of various formats of Buck-Boost converters 

For the conventional DC-DC converter with a single inductor under the pulse 

width modulation (PWM) control, the voltage gain Vo/Vin is determined by the duty 
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ratio, however, the range of voltage gain is so strikingly limited by the number of 

turns of the single inductor that limits the actual conversion achievement as compared 

with the non-isolation counterpart [96]. Therefore, in theory, tapped inductor 

converter is employed and its number of turns can be controlled for the adjustment of 

the range of duty ratio. The range of voltage gain, the high conversion efficiency and 

reliability can be extended ultimately [97]. The concept is similar to the 50/60 Hz 

auto-transformer design. 

In order to achieve prominently high/low voltage gain with high efficiency, 

various topologies tapped inductor DC-DC converters have been explored recently. 

Grant et al. proposed and categorized the topologies of tapped-inductor converter 

based on the static performance [98-105]. Significantly, tapped inductor buck 

converter has been proposed to achieve simple configuration and low cost, and that to 

adjust the duty ratio and to preserve the high efficiency [106]. Moreover, a higher 

efficiency is the ultimate goal of research achievement to the tapped inductor 

techniques [107-112]. The application to AC-DC [113-114] using a tapped inductor is 

reported to be successful. 

The comparisons of the voltage gain, efficiency and component stress between 

the traditional and tapped-inductor converters with parasitic components should be 

explored in order to correctly analyze its wide voltage range. Analysis of the 

tapped-inductor boost converter with parasitic parameters shows that under the same 

duty ratio, not only the voltage gain but also the conversion efficiency of 

tapped-inductor converter are always higher than the traditional converter. Therefore, 

the range of voltage conversion of the tapped-inductor converter has been extended 

further than that of conventional converter [115]. However, only boost circuit has 

been analyzed in the previous researches. The buck and buck-boost modes have not 

been studied yet.  

This chapter presents a new tapped-inductor converter topology, which focuses 

on wide input and wide output voltage conversion range. Especially, on the static 

performance, the new converter is applied with an appropriate control method to the 
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three active switching devices without diodes and with existence of parasitic 

parameters that has never been discussed. At the same time, there are three modes for 

basic principle of operation to be described, including Buck, Boost and Buck-Boost. 

5.2 Circuit Description of the Topology 

The basic tapped inductor DC-DC converter consists of two active switches, a 

tapped-inductor, a diode and a capacitive output filter. Although the modified 

tapped-inductor converters are prominently similar, there are three active switches 

without diodes, thus providing the potential wider input and wider output voltage 

conversion range (WIWO) with higher efficiency. Therefore, the new tapped inductor 

converter topology consists of three actives switches, a tapped-inductor and two 

output filter capacitors as shown in Fig. 5.1 (b). It is significant to note that the 

tapped-inductor converter is bidirectional for both the conventional topology and the 

proposed topology. 

Fig. 5.1 (c) shows this converter with consideration of parasitic components. In 

the circuit topology, RL1 and RL3 is the Equivalent Series Resistance (ESR) of primary 

N1 and secondary N2 windings, respectively. Rds1, 2, 3 is the on-state resistance of 

active switching devices S1, S2 and S3, respectively. Rc is the ESR of capacitor, R is 

the load resistance, and C is the capacitance of capacitor. Vin and Vo are the input 

voltage and output voltage, respectively. In particular, N1 is equal to N2 and all 

represented by N, then L is a quarter of the inductance of total tapped inductor, and 

the insurance of each side of the tapped-inductor is proportional to the number of 

turns N1 or N2. Assume RL1=RL3=RL, Rds1=Rds2=Rds3 in this paper. Table 5.1 shows 

the parameters used in the simulation of voltage gain and efficiency. 
Table. 5.1 Parameters used in the simulation of voltage gain and efficiency 

Resistance RL (mΩ) Rc (mΩ) Rds (mΩ) R (Ω) 
Values 50 70 55 10, 20, 50, 100, 200 

The analysis in the following sections (A) to (C) is using the following 

expression for simplification and neatness:  
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The equation of the series connection of parasitic resistances two RL, two Rds, Rc 

parallel with load R is 2 +2 + c
ds L

c

R RR R
R R
⋅⎛ ⎞

⎜ ⎟+⎝ ⎠
 or in different conditions of 

the switches, which as defined as X1 and X2, respectively. 
The equation of  is defined as Y1. 

5.2.1 Buck Converter 

Fig. 5.2 shows the modified converter that is controlled by the PWM in Buck 

mode. Active switches S3 is always maintained at on-state, and S1 and S2 are 

complementary conducting. When S1 is maintained at on-state; S2 is maintained at 

off-state, the input voltage -  is developed across the tapped inductor causing an 

increase in current, and the capacitance C is being charged. However, when the S2 is 

maintained at on-state; S1 is maintained at off-state, the current will be reduced 

through the inductor L in the N2 side. It is significant to note that S1 and S2 are never 

turned on or off at the same time. 

 

Fig.5.2 A tapped-inductor Buck converter with parasitic components 

Formulas (5.1) to (5.6) describe the state of proposed buck converter with 

parasitic resistors. In all formula, ! is the flux of magnetic core, ºN is the voltage of 

capacitor, and which are identified as state variables. The duty ratio is represented by 

u. 

 

2 + + c
ds L

c

R RR R
R R
⋅⎛ ⎞

⎜ ⎟+⎝ ⎠

1
( + )cR R

inV oV
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S3 is on-state, during S1on, and S2off 

............................................................................................................ (5.1) 

! = Q,S
2Ω − æ1 ∙

1
4∞ ∙ ! −

1
2Ω ∙ º¥ ∙ ø1 .............................................................................. (5.2) 

º¥ =
Ω∙1
2∞∙¿ ∙ ! ∙ ø1 −

º¥
¿ ∙ ø1 ........................................................................................ (5.3) 

S3 is on-state, during S2on, and S1off 

 ........................................................................................................... (5.4)	

														! = Ω∙1
2∞∙¿ ∙ ! ∙ ø1 −

º¥
¿ ∙ ø1 ........................................................................................ (5.5) 

 º¥ =
Ω∙1
∞∙¿ ∙ ! ∙ ø1 −

º¥
¿ ∙ ø1 ....................................................................................... (5.6) 

The average state-space formula is (5.7), (5.8)                    

														! = 2 ∙ Q,S
2Ω − æ1 ∙

1
4∞ ∙ ! −

1
2Ω ∙ º¥ ∙ ø1 + 1 − 2 ∙ −æ2 ∙

1
∞ ∙ ! −

1
2Ω ∙ º¥ ∙ ø1  ................... (5.7) 

					ºN = 2 ∙ e∙A
lM
∙ ! − ºN ∙ O

¡
∙ øO + 1 − 2 − e∙A

M
− ºN ∙ O

¡
∙ øO ....................................... (5.8) 

 At steady-state 

 ! = 0	 ....................................................... (5.9) 

 º¥ = 0	 .................................................... (5.10) 

 The average output voltage 

 o o cV v v= =  .................................................. (5.11) 
Combining the formulas (5.7) and (5.8) with (5.9) and (5.10), respectively, (5.12) 

and (5.13) are obtained to represent the  and  

 ..................................................  (5.12) 

 .............................................................................................. (5.13) 

The voltage conversion ratio and flux with steady-state can be obtained as (5.14) 

and (5.15) respectively 

 ......................................... (5.14) 

 .............................................................................................. (5.15) 

And the  is obtained through (5.16), (5.17) and (5.18) 
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 .............................................................................................................. (5.16) 

 ............................................................................................................. (5.17) 

.................................................................................... (5.18) 

So the efficiency is (5.19) 

 ............................... (5.19) 

Fig. 5.3 (a), (b) and (c) exhibit the voltage gain against duty ratio, the conversion 

efficiency with duty ratio and the relationship between voltage gain and conversion 

efficiency of buck converter, respectively. 

 
 (a) Voltage gain with duty ratio of tapped-inductor buck converter 

 
 (b) Conversion efficiency with duty ratio of tapped-inductor buck converter 
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 (c) Comparison of the relationship between voltage gain and conversion efficiency 

Fig. 5.3 Characteristics of the Buck Converter 

5.2.2 Boost Converter 

Fig. 5.4 shows a tapped-inductor Boost converter version. The switches S1, S2 

and S3 work in the similar pattern. S1 is always maintained at on-state, when the S2 is 

maintained at on-state, S3 is off, the input voltage -  is developed across the 

inductor L in the N1 side that causes the inductor current to increase, the load current 

is supplied by the capacitor C. When S3 is maintained at on-state; S2 is at off-state, the 

-  is developed across the tapped inductor causing an increase in current, i.e. 

capacitance C is under charging. 

 

Fig. 5.4Anew tapped-inductor Boost converter with parasitic components 

Formulas (5.24) to (5.25) describe the model state of tapped-inductor buck 

converter with consideration of all parasitic resistors. 

 

inV oV

inV oV
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S3 is in on-state, during S2on, and S3off 

 ........................................................................................................... (5.20) 

	! = Q,S
Ω − 1∞+21m≤

∞ ∙ !	 ........................................................................................... (5.21)	

								ºN = − ¬T
¡
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S3 is in on-state, during S3on, and S2off 

 ....................................................................................................... (5.23) 

		! = æl ∙
O
M
∙ ! − A

e
∙ ºN ∙ øO

	

 .................................................................................... (5.24) 

   ºN =
e∙A
M∙¡

∙ ! ∙ øO −
¬T
¡
∙ øO	 ...................................................................................... (5.25) 

The voltage conversion ratio is then obtained as (5.26) 

............................ (5.26) 

so the efficiency is then 

 ....................... (5.27) 

Fig. 5.5 (a), (b) and (c) describe the voltage gain with duty ratio, the conversion 

efficiency with duty ratio and the relationship between voltage gain and conversion 

efficiency of boost converter, respectively. 

 
(a) Voltage gain with duty ratio of tapped-inductor boost converter 
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(b) Conversion efficiency with duty ratio of tapped-inductor boost converter 

 
(c) Comparison of the relationship between voltage gain and conversion efficiency 

Fig. 5.5 Characteristics of the Boost Converter 

5.2.3 Buck-Boost Converter 

Fig. 5.6 shows a tapped-inductor Buck-Boost converter version. S2 is maintained 

at on-state, and the operation for S1, S3 and the inductor current are similar to Section 

A and B above.  
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Fig.5.6 A new tapped-inductor Buck-Boost converter with parasitic components. 

Formulas (5.28) to (5.33) again describe the model state of proposed buck-boost 

converter with parasitic resistors. 

S2 maintains on-state, during S1on, and S3off 

 ........................................................................................................ (5.28) 

! = ?_`
e
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M
∙ !	 ........................................................................................ (5.29) 

ºN = − ¬T
¡
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S2 maintains on-state, during S3on, and S1off  

 ...................................................................................................... (5.31) 
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¡
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The average state-space formula is (5.34), (5.35) 

			! = 2 ∙ ?_`
e
− AD@lA√K

M
∙ ! + 1 − 2 ∙ −æl ∙

O
M
∙ ! − A

e
∙ ºN ∙ øO 	 ................................ (5.34) 

			ºN = − ƒ∙¬T
¡
∙ øO + 1 − 2 ∙ e∙A

M∙¡
∙ ! ∙ øO −

¬T
¡
∙ øO  ........................................................ (5.35) 

In steady-state 

 ! = 0	 ..................................................... (5.36) 

 ºN = 0	 .................................................... (5.37) 
 
The average output voltage 

  ............................................... (5.38) 
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Integrating the formulas (5.34) (5.35) with (5.36) (5.37), respectively, we can 

get (5.39) (5.44) to represent  and  

 .............................. (5.39) 

  ............................................................................................. (5.44) 

The voltage conversion ratio can be obtained as (5.41) 

  ........... (5.41) 

So the efficiency is (5.42) 

  ......... (5.42) 

Fig. 5.7 (a), (b) and (c) shows the voltage gain with duty ratio, the conversion 

efficiency with duty ratio and the relationship of voltage gain and conversion 

efficiency of tapped-inductor buck-boost converter, respectively. 

 
(a) Voltage gain with duty ratio of tapped-inductor boost converter 
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(b) Conversion efficiency with duty ratio of tapped-inductor boost converter 

 
(c) Comparison of the relationship between voltage gain and conversion efficiency 

Fig. 5.7. Characteristics of the Buck-Boost Converter 

5.2.4 Switching loss and magnetic loss 

Except the conduction loss, there are two significant factors in the total power 

loss for tapped-inductor converter that cannot be ignored: switching loss and magnetic 

loss. 

The size of passive components will be increased to reduce by the switching 

frequencies in the circuit of the converter. Therefore, the switching loss of MOSFET 

is a dominant parameter for the tapped-inductor converter. As we know, the junction 

temperatures of the switching devices and the efficiencies of converter could be 

predicted by the estimated MOSFET switching loss from the device datasheet. 
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However, for the non-linear of MOSFET parasitic capacitance and traditional 

inductive load converters, the switching loss is too complex and it is difficult to 

analysis and estimate [116]. 

In the tapped-inductor converter, the switching loss will be calculated based on 

the processes of the charging and discharging of the capacitance of switched [117, 

118]. A simplified equation for calculating the switching loss Psw_loss is given by, 

 
2

_sw loss sw sw DP f C V=  ............................................. (5.43) 

where fsw, Csw, VD are the switching frequency of the MOSFET, the output capacitance 

of the MOSFET and the voltage of the MOSFET, respectively. However, fsw and Csw 

can be estimated form the datasheet of the MOSFET. Accordingly, VD
2 is the only 

parameter needed to be calculated. 

In the buck and boost mode, the VD_sw1 is equal to VD_sw3, so the relationships of 

the VD_sw1, VD_sw2 and VD_sw3 are given by, 

 _ 1 _ 3 ( )D sw D sw o inV V V V= = +  ..................................... (5.44) 

 _ 2 ( )
2

o in
D sw

V VV +
=

 ............................................. (5.45) 

So the switching loss Psw_loss of the buck converter and the boost converter is 

equal to each other and which is given by, 

 
2

_
5 ( )
4sw loss sw sw o inP f C V V= +

 .................................... (5.46) 

Considering the overlapping of switch voltage and current [119], the switching 

losses of single switch can be also further expressed by  

 1,2,3_ 1,2,3 1,2,3( )sw loss on off swP W W f= +  ............................ (5.47) 

where Won1, 2, 3 and Woff1, 2, 3 are the energy loss during the switches turn-on and 

turn-off transitions respectively, and are shown as the area of Fig.5.8. 
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Fig. 5.8 Magnified view of three switches turn-on/off transition waveforms 

If the waveforms are piecewise-liner, the energy losses Won1, 2, 3 and Woff1, 2, 3 are 

the area of the gridding triangle, and the equations are given by (5.48) and (5.49) 

 
1,2,3 _ 1,2,3 1,2,3

1=
2on D sw sw onW V i t

 ..................................... (5.48) 

 
1,2,3 _ 1,2,3 1,2,3

1=
2off D sw sw offW V i t

 .................................... (5.49) 

Thus, the total energy loss is (Won1, 2, 3 + Woff1, 2, 3) during one switching cycle. 

And the average power loss incurred due to switching is given by 

 
1,2,3_ _ 1,2,3 1,2,3

1 ( )
2sw loss D sw sw on off swP V i t t f= +

 ........................... (5.54) 

No matter buck or boost mode of the proposed converter, the switching loss sum 

of that caused by S1 and S2 or S3. 

From both (5.47) and (5.54), the parasitic elements have no direct relationships 

with switching loss. Therefore, firstly the parasitic elements of the tapped-inductor 

converter have been explored and analyzed as in this chapter, that is only for no direct 

impact on the power switching loss. Secondly, all analyses and calculations of this 

paper are studied in the general condition, but only in the specific situation, according 

to the actual requirements of various converters, then the switching loss of MOSFET 

should be calculated by the exact oV and inV as well as switch currents swi . 
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The magnetic loss is also a complicated factor in the power electronics converter, 

according to the number of turns in inductance coil winding, thickness of inductance 

coil winding, and the size of the inductive iron core, etc. As discussed above, the 

magnetic loss is also varied the different converters under various operational 

parameters and actual requirements and the magnetic loss is small. Therefore, in the 

general situation, the magnetic loss also does not need to be considered. 

5.3 Comparison of Voltage Conversion Ratio and Power Efficiency of 

tapped-inductor Buck, Boost and Buck-Boost Converters 

5.3.1 Comparison of the Voltage Conversion Ratio and power conversion 

efficiency of tapped-inductor Buck, Boost and Buck-Boost converters 

The voltage conversion ratio and power efficiency with different loads of the 

tapped-inductor buck, boost and buck-boost converters obtained above in Fig 5.3, 5.5 

and 5.7 are analyzed. In the case of the voltage conversion ratio, it is obvious to see 

that the efficiency increases with the increase in load resistance. However, In the case 

of the load, there are different variations in three modes. In the buck mode, with the 

increase in the voltage conversion ratio, the efficiency is decreased, and then 

increased. In the boost mode, the efficiency decreases with the increase in the voltage 

conversion ratio. In the buck-boost mode, with the increase in the voltage conversion 

ratio, the efficiency is increased, and then decreased with a lowest efficiency at 

voltage conversion ratio = 0.5.  

5.3.2 Power conversion comparison with different loads in buck, boost and 

buck-boost modes 

This simulation is conducted to analyze the proposed circuits in terms of the 

relationship between conversion efficiency and voltage gain. Five sets of resistances 

are used for the loads.  
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(a)                              (b) 

 

 (c)                               (d) 

 

(e) 

Fig. 5.9 Power conversion comparison with different loads in buck, boost and 

buck-boost modes (a) 10 Ω, (b) 20 Ω, (c) 50 Ω, (d) 100 Ω, (e) 200 Ω 

Fig. 5.9 shows the conversion efficiency comparisons among buck, boost and 

buck-boost modes in different loads. Firstly, no matter how the resistance and voltage 

gain change, buck mode maintains higher efficiency than 95%. Also, the range of 
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voltage gain covers the whole range from 0 to 1. Secondly, in boost mode, voltage 

gain and conversion efficiency becomes larger and higher respectively as the 

resistance increases, similar to the trend of change of the buck mode mentioned above. 

Lastly, buck-boost mode is not recommended due to its low conversion efficiency. 

Consequently, the results review that the performance of buck mode and boost 

mode outweigh the buck-boost mode, in terms of the efficiency and the range of 

voltage gain. Therefore, the proposed converter is a promised candidate for its simple 

structure, also the integration of buck and boost converter shows splendid 

improvements in conversion efficiency. 

5.4 Experiment Verification 

5.4.1 Experiment A 

A bidirectional WIWO tapped-inductor DC-DC converter has been built for the 

experimental verification. The parameters of experiment are shown in Table.5.2. 
Table.5.2 Parameters of experimental setup of the converter 
Duty Ratio 0.2-1 

Load R 5 Ω (buck) and 50 Ω (boost) 
Switching Frequency 50 kHz 

Total Inductance 509 µH 
Transistor Side Inductance 128 µH 
Secondary Side Inductance 128 µH 

Input Voltage  5-24 V 
 

Firstly, in buck mode, the input voltage is constant at 24 V controlled by three 

IRF541 MOSFETs, and one of them is kept being under open states, the waveforms 

of experiment are shown in Fig. 5.10 (a), (b) and (c). 
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(a) Top trace: gating voltage of S1 switch (10 µs/10 V/div); middle trace: drain 

voltage of S1 switch (10 µs/20 V/div); bottom trace: current of S1 switch (10 
µs/1A/div) 

 
(b) Top trace: gating voltage of S2 switch (10 µs/10 V/div); middle trace: drain 

voltage of S2 switch (10 µs/20 V/div); bottom trace: current of S2 switch (10 µs/2 
A/div) 

 
(c) Top trace: input voltage (10 µs/20 V/div); middle trace: output voltage (10 

µs/4 V/div); bottom trace: current of inductor L (10 µs/2 A/div) 

Fig. 5.10 Measured waveforms of experimental of buck converter (a) S1 switch, (b) S2 

switch, (c) Vo, Vin, IL 

Fig. 5.10 (a) is the measured waveforms of MOSFET S1, VGS1 is the gate-source 

voltage, Vds1 is drain voltage and I ds1 is the current. The waveforms of MOSFET S2 

are similar to MOSFET S1 above as shown in Fig. 5.10 (b) and (c) that are input 
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voltage, output voltage, and current of tapped-inductor. Significantly, keeping the 

input voltage to be 24 V and output voltage to be 5 V, the measured waveforms of 

buck converter are shown in Fig. 5.11 (a), (b) and (c). When the load is 5 Ω, the duty 

ratio is then varied to maintain the output voltage to be 5 V.  

 
(a) Top trace: gating voltage of S1 switch (10 µs/10 V/div); middle trace: drain 

voltage of S1 switch (10 µs/20 V/div); bottom trace: current of S1 switch (10 µs/1 
A/div) 

 
(b) Top trace: gating voltage of S2 switch (10 µs/10 V/div); middle trace: drain 

voltage of S2 switch (10 µs/20 V/div); bottom trace: current of S2 switch (10 µs/1 
A/div) 

 
(c) Top trace: input voltage (10 µs/20 V/div); middle trace: output voltage (10 

µs/4 V/div); bottom trace: current of inductor L (10µs/1 A/div) 

Fig. 5.11 Measured waveforms of experimental results of 24 V-input and 5 V-output 

voltage buck converter (a) S1 switch, (b) S2 switch, (c) Vin, Vo, IL 
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And then the relationship of conversion efficiency and output power is shown is 

Fig. 5.12 (a). The input voltage is 24 V and the output voltage is 5 V. The relationship 

of duty ratio, conversion efficiency and voltage gain is shown in Fig. 5.12 (b). 

 

(a) The relationship of conversion efficiency and output power 

 

(b) Relationship of duty ratio, conversion efficiency and voltage gain 

Fig. 5.12 Experimental results of the Buck mode 

As it is shown in Fig. 5.12 (a) (b) and Fig. 5.3 (a) (b), the conversion efficiency 

is increased with the duty ratio and voltage gain increase. Therefore, the trend and 

direction of the analysis are similar to the results of experiment approximately, so the 

characteristics of the preferred WIWO buck converter have been verified. 

Secondly, in boost mode, the input voltage is kept at 5 V and the output voltage 

is then 24 V, with the load to be 50 Ω, the duty ratio is adjusted to keep the output 

voltage to be 24 V. The corresponding measured relationship between conversion 
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efficiency and output power is shown is Fig. 5.13 (a). The corresponding relationships 

of duty ratio, conversion efficiency and voltage gain are shown in Fig. 5.13 (b).  

 

(a) Measured the relationship of conversion efficiency and output power 

 

(b) Measured the relationship of duty ratio, conversion efficiency and voltage gain 

Fig. 5.13 Measured result of the Boost mode 

Comparing the Fig.13 (a) (b) with Fig.5.5 (a) (b), the conversion efficiency 

improves as the duty ratio decreases whereas as voltage gain increases with the duty 

ratio increases. Therefore, the experimental results fully agree with the results from 

the analysis mentioned early. The boost mode operation of the proposed converter 

gives superior topology variation structure, and advantages of characteristics have 

been confirmed with experiment. 

The achievements of experiment have shown that the converter has higher 

conversion efficiency than that of the classical converter. Even the duty ratio reduces 

to 0.2 or increases to 0.8. Therefore, a wide range of the voltage conversion is now 



 
 

127 

feasible. However, the experimental error is difficult to be avoided, because of the 

precision of the inductance coil winding or the losses of the circuit connection, etc. So, 

the direction and trend of the results of analysis and experiment is the key for the 

comparison. 

5.4.2 Experiment B 

In order to verify the improvement of the output power with the proposed solar 

tracker, the power output of the system has been tested. Based on the CPV power 

generation system for the experiment B, its detailed specifications and parameters are 

shown in Table 5.3. 

Table 5.3 Main specifications of the power generation system. 

Parameters Value  Notes 

Isc 6.91 A Short circuit current 
Bin 90 W Max power output (per module) 

Voc 18.6 V Open circuit voltage 

Temp 25 ̊ C Work temperature 
Irr 850 W/m2 Radiation intensity  

Weight 1300 kg Weight of the system 
Tracking precision 0.3° Accuracy requirements 

Fig. 5.14 shows the photo of the charging status of CPV power generation 

system for an EV battery with proposed tapped-inductor DC-DC converter. Fig. 5.15 

(a) and (b) are the measured results of the output voltage, current and output power of 

a CPV module (90 W) against different loads under 1300 W/m2 on 8th, November 

2016, respectively. It was found that with the load increasing, the output voltage goes 

up while the value of the current decreases. The output power reaches its highest 

value, approaching 48 W when the load is 3.4 Ω. When the load increases from 3.4 Ω 

to 5 Ω, the output power will decline rapidly. 

Fig. 5.15 (c) shows the comparison of the measured output power of CPV power 

generation system with between the proposed solar tracker and conventional solar 

tracker on 8th, November 2016. The output power was improved by using the 
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proposed solar tracker with the RLSRM and tapped-inductor DC-DC converter. The 

power efficiency was enhanced by 2.78% at 13:30 pm. Consequently, the 

improvement of conversion efficiency and output power of proposed solar tracking 

system was achieved. 

 

Fig. 5.14 The photo of the charging status of CPV power generation system 

 

(a) 

 

(b) 
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(c) 

Fig. 5.15 Experimental results (a) Measured results of the output voltage and current 

versus different loads. (b) Measured results of the output power versus different loads, 

and (c) Measured results of the output power with two different solar trackers on 8th, 

November 2016. 

5.1 Summary 

This chapter has proposed a new wide-input-wide-output converter topology for 

CPV power generation system, which is integrated with buck and boost modes with a 

tapped-inductor. The circuit development started with a synchronous MOSFET to 

reduce the losses of conduction effectively and reduce the voltage spike. The 

modified topology is then accomplished, which consists of three MOSFETs and a 

tapped-inductor to realize a unified topology that is able to work under buck, boost 

and buck-boost modes. Two MOSFETs are activated to operate complementary to 

realize the direction of the over flow. 

The analysis in both theoretical and simulation has been conducted to study 

correlation among the ratio, conversion efficiency and voltage gain. The comparisons 

between duty ratio and conversion efficiency, and the others are about conversion 

efficiency under load variation. In boost mode, the conversion efficiency is increased 

as output power reduces, but the conversion efficiency and voltage gain are increased 
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with increasing duty ratio. The preferred range of duty ratio is from 0.2 to 0.8. In buck 

mode, the conversion efficiency is similar to the boost mode above, but the 

conversion efficiency increases with the duty ratio increasing and the preferred range 

of duty ratio is from 0.2 to 1. Compared with conventional converter, the conversion 

efficiency of the proposed converter is higher, especially even when the duty ratio is 

less than 0.2 or greater than 0.8.  

Finally, the theory and the effectiveness of new circuit topology have been 

verified by experiment. The improvements of proposed WIWO converter are the 

wider conversion range of voltage and higher power conversion efficiency up to 97%. 

Application of the converter can be used in the charging for super-capacitor or battery 

for CPV power generation system due to its wide range of operation. This is 

especially useful for super-capacitor charging because of the wide voltage variations 

of super-capacitors. 
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Chapter VI   

Conclusions 

This thesis aims at designing and fabricating a large-scale automatic CPV power 

generation system. In current studies, most of them are focused on CPV power 

generation systems with small power sizes ranging from 50 W to 300 W. In this thesis, 

CPV power cells with a power volume of 900 W are integrated with a high precise 

automatic tracking system. This is the one of the first applications and investigations 

in industry for such a high-power size and highly precise ± 0.3˚ solar tracking power 

generation, preparing a new era and achieving a dominant CPV position in the 

industry with an irreplaceable practical significance. This study covers the overview 

of the basic principle of solar cells, the design of 2-DOF motors, the position control 

of an RLSRM, control methods to track the sun and the static conversion for the CPV 

power generation system. Although this thesis mainly pays attention to the tracking 

method for CPV power generation, the whole control approach and structure can also 

be employed by other solar power generation system using ordinary solar cells so that 

it can reduce the cost of the power generation system. Put it in another way, the 

tracking approach can be widely applied in the industry for most of the current solar 

plants. Also, a new method for realizing 2-DOF motors is proposed with simple 

structure and control algorithm, eliminating intermediate gears for the tracking system 

and improving the position accuracy of the system. A WIWO converter has been 
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applied for the solar power generation system. The improvements of proposed WIWO 

converter are the wider voltage conversion range (5V to 24V) and higher power 

conversion efficiency up to 97% even under high conversion ratio without a 

transformer. Finally, all components abovementioned are integrated into the CPV 

power generation system, including the controller for the entire system. The system 

has been successfully tested under the sun and has achieved high power conversion, 

high efficiency and high accuracy of power point tracking. In the future, more efforts 

are still needed to promote the application of CPV power generation technology or the 

simplified single motor tracking approach in order to push forward the development 

of solar energy harvesting. 

In this last chapter, the major achievements and contributions of the thesis are 

concluded and highlighted. Then, some remaining issues and interesting illuminations 

within the context of the thesis are suggested for future research. 

6.1 Achievements and Contributions 

The work done in this thesis covers the design and production of the RLSRM, a 

new method in realizing 2-DOF motions, control of the 2-DOF actuator, tracking 

method of the CPV power generation system, design and test of a WIWO converter, 

and the integration of the automatic CPV tracking system.  

First of all, to improve the efficiency of solar power generations, CPV solar cells 

are introduced and employed to enhance the conversion efficiency of the solar cells. 

High accurate position control for the CPV system is necessary and the RLSRM is 
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designed and manufactured to adjust the gesture to track the sun, eliminating 

intermediate gears and simplifying the mechanical structure of the CPV power 

generation system. Meanwhile, a new way to construct 2-DOF motions is proposed 

with a simple approach that realizes a compact housing structure for the actuator 

through reducing the number of windings for motors. The circuit topology for the 

proposed method is also developed and corresponding simulation verifies the 

effectiveness of the method. The control method for the 2-DOF motor has been 

discussed with a simple PID control method, followed by a modified advanced fuzzy 

PID controller.  

In the respect of design procedure of the 2-DOF motor, basic design principles 

are investigated and a new structure for the 2-DOF motions with a long magnetic flux 

that passes an external rotor, a stator and an internal rotor, building the magnetic flux 

loop. The external rotor and the internal rotor can be operated simultaneously, which 

can produce a large torque output for the motor. After changing the connection of 

stator windings, the stator will only couple with one of the rotors via a short magnetic 

flux, that facilitates the motor operating in low speed. This is a novel concept for 

double-rotor motors or multiple degrees of freedom motions.  

For the tracking method of the CPV power generation system, two approaches 

are proposed and realized. The first one is the control of the outputs of the RLSRM by 

the feedbacks from an optical sensor that can be coincident with the position 

perpendicular to sunlight. All CPV cells can move to a position directed to the sun in 

order to track the maximum solar energy. Another way is to store all geographical 
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data of the controller and then program the position signals according to the time, 

seasons, and geographical location of the CPV for the tracking system. Both of them 

can track the sun location accurately.  

Secondly, a WIWO converter is designed and produced for the application of the 

system. Three modes involving buck, boost and buck-boost modes are discussed. A 

new method to realize a WIWO converter is proposed, with the analysis with the 

parasitic elements and the switching loss of the MOSFET. The simulation and 

experiments prove the effectiveness of the converter, with the efficiency reaching 

higher than 82 % by using the proposed approach, even the duty ratio can be reduced 

to 0.2 or increase to 0.8. Therefore, a wide range of the voltage conversion is now 

feasible. 

Finally, the RLSRM, CPV cells and the converter are integrated together for the 

CPV power generation system which can conduct sun light tracking. The tracking 

algorithm of the controller for the system is realized and tested. The efficiency of the 

CPV system is significantly enhanced by 2.78 % in the range of 800-900W by using 

carefully fabrication of the CPV cells to the frame, sun light tracking and WIWO 

converter. The tracking position for the CPV system is tested and its accuracy has 

been improved with the proposed RSLRM. The tracking angle error can be limited in 

0.3 degrees and the positioning error is less than 500 µm. The proposed tracking 

system can be applied to solar power plants to enhance the current solar power 

generation.  
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6.2 Suggestions for Future Research 

As mentioned before, more efforts are needed to further promote the application 

of CPV technology and the solar tracking system. Hence, some remaining issues and 

interesting follow-up research to the context of the thesis are identified and suggested 

as below.  

(1) The first issue remaining in this thesis is that the position control of the motor 

needs to be modified in order to avoid disturbance and interferences so that the 

robustness of the tracking system could be improved. In the future, more sensors 

could be employed to provide feedback of the environment. Such data will include the 

wind, cloud and other environment conditions.  

(2) Foldable solar cells could be a future alternative to save the space for 

CPV/PV. They can also avoid harmful environments and reaction to the instant 

weather. The structure of the foldable solar cells is one of the core issues. And the 

movements and transformations of the whole tracking system for the foldable solar 

power system could be examined and realized, combining with the motion control and 

robotic technology.   

(3) Multiple degrees of freedom motion should be further designed for the 

tracking system. The motion can be realized not only by rotating motors but also other 

drives such as linear motors. Some flexible instruments or robots could also be 

employed by the tracking system. The future aim is to integrate these instruments 

together for the tracking system to fulfil the movements easily. Multiple degrees of 
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freedom motors are promising candidates as they are capable of providing high 

torques and high force outputs.  

(4) Advanced control methods for the motion above mentioned is also needed to 

be developed. Although PID control is widely employed in industry, this control 

method cannot adapt complex industrial process controls and accurate motion controls, 

as numerous parameters subject to environment changes of the control subject will 

deteriorate the performance of the system, reducing the accuracy of final positioning 

or tracking. Advanced control methods, nowadays, are able to identify these 

parameters or predict the behavior of the complex control subjects. By using these 

control methods, the whole system will become more smart, stable and robust.  

(5) Energy storage and electric converter for the solar power generation system 

could be developed according to the structure of the tracking system and the 

characteristics of the solar cells. The management of the energy is important for the 

system to convert generated electricity to the grid. As the CPV/PV is of high dynamic, 

any instant power demand from the grid can be done by the CPV/PV to compensate 

by the power point tracking for by the electrical power tracking. Transient status of 

the system influencing the grid should be analyzed and also the prediction of the 

power generation from CPV/PV can be made in order to make the system pay a 

primary way for the application of the solar power generation system to the 

micro-grid or future grid. 
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