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Abstract 

In many applications it is necessary to transfer power to a rotatable electrical load. This has 

been achieved using slipring assemblies. Sliprings have been widely used in electrical 

generators, packaging machinery, robotics arms, and wind turbines. For centuries mechanical 

sliprings have been the only viable option for these industries; however due to high friction 

between rotatory and stationary parts, frequent maintenance is required which increases the 

operating cost of these applications. Moreover, they are not a safe option to be placed in 

hazardous places or in the presence of explosive gases. Thus recently, the Rotating 

Transformer-Based Contactless System utilizing Inductive Power Transfer (IPT) technology 

has been considered as an alternative option for mechanical sliprings.  

Since in this contactless solution there is an air gap between the primary and the secondary 

sides, direct electrical contacts are eliminated and a more reliable and safe option as 

compared to mechanical sliprings is achieved. However, in some high power applications, a 

single phase contactless system within a constraint size may not be adequate to supply the 

required amount of output power. Hence, more single-phase units often need to be installed in 

order to transfer the required power to the load.  

To overcome the associated problems with the mechanical slipring and increase the power 

capability of the single-phase contactless slipring topology, a poly-phase contactless slipring 

based on axially travelling magnetic field theory has been proposed and researched.  

Generating such a travelling magnetic field requires a poly-phase primary power converter to 

provide proper phase shift between the primary side phases and synchronize the individual 

converters. The aim of this research is to design and practically built a poly-phase high 

frequency primary power supply to drive a poly-phase contactless slipring system.  

First, the literature and theoretical study of the available single phase and multi-phase 

primary power converters are conducted. It is found so far that a viable option for poly phase 

configuration is the three phase inverter which is a hard switched converter. However in 

order to increase the frequency, reduce the loss and EMI and increase the efficiency, a 

resonant converter is preferable.  

Next, using a push-pull current-fed resonant converter two individual methods to achieve soft 

switched three phase primary side power converter are proposed and implemented. The first 
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method is a fixed frequency control and the second technique is quasi soft switched control; 

in the former case the gate signals are given to the switches from the controller, and for the 

latter case, one of the phases is operating with ZVS (Zero Voltage Switching) and is 

considered to be as the driving phase for the other two phases. In fact the other two phases 

follow the driving phase and their switching frequency is defined by the resonant frequency 

of the driving phase. The time delays between the three phases are obtained based on the 

period of Phase-1; initially, CompactRIO controller calculates the period of Phase-1, and then 

generates the delays for the other phases instantly. These methods are implemented and 

verified practically on a three phase slipring system. The practical and simulation results have 

demonstrated that the total harmonic distortions of the resonant tank current waveforms of 

these techniques are below 4%. Furthermore, the system achieved a maximum efficiency of 

80.7%, and the optimum converter efficiency stays at 91.3%. 
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Chapter 1: Introduction 

 

 Background  1.1

Inductive Power Transfer (IPT) is based on a loosely coupled electromagnetic induction 

coupling concept [1]; the primary and the secondary windings are placed on separate 

magnetic cores with the inclusion of air gap to provide free motion between the two sides. 

IPT is now widely accepted as a clean, safe and robust method of transferring power across 

air gaps without electrical contact [2, 3]. This technique is a good alternative for applications 

such as battery charging or sliding contact where direct contact may cause electric shocks. 

Therefore, eliminating any direct contact in such important applications could result in longer 

lifespan while minimising the maintenance of the system [4-6]. Although electricity has been 

supplied to several portable devices with this new technology, more research needs to be 

undertaken to make this formidable task achievable. The aim of this IPT-based research is to 

design a multiple phase primary converter for a multiple phase contactless slipring system. 

The multiple phase systems are advantageous as their power transfer capability is greater than 

a single phase system. However, controlling strategy of the multiple phase power supply is 

the major challenge which is investigated and researched in this thesis. 

In this chapter after explaining about slipring applications, the background of IPT and 

primary power converters are presented along with a discussion as to what is required to 

consider for a poly phase power supply. 

 Slipring applications 1.2

A slipring is commonly found in slipring motors, electrical generators for alternating current 

(AC) systems and alternators and in packaging machinery, cable reels, and wind turbines. 

Conventionally mechanical sliprings have been used however with the growth of IPT 

technology contactless sliprings have developed. 

 Mechanical Slipring 1.2.1

In rotating applications, conventional sliprings are the well-known solution to transfer power 

to a rotating part and vice versa. Mechanical slipring is an electrical connector which 

transfers electric current and/or signals from a stationary part to and from a rotating part [7]. 
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This has been done in two ways; holding the centre core stationary while the brushes and 

housing rotate around it, or holding the brushes and housing stationary while the centre core 

is allowed to rotate. The use of conventional slipring assemblies is often subjected to frequent 

maintenance. Because of their high friction between rotating part and stationary brushes, 

wear and tear occurs which consequently increases the maintenance of the system and in 

severe cases replacement is a must. Therefore the cost of the system will increase accordingly 

[8]. Besides, using the conventional method in hazardous places and harsh environments such 

as underwater or where dust and chemical exists because of the sparking characteristic makes 

them an unsuitable option [1, 9]; thus, the need for another alternative becomes of great 

importance [10, 11].  

Moving part

Stationary brushes

 

Figure 1-1: Mechanical slipring 

 Rotating Transformer-Based Contactless System  1.2.2

Because of the associated problems of mechanical slipring a more efficient alternative to 

reduce or eliminate the shortcomings of this assembly with no physical and electrical contact 

between the rotating and stationary part is required. A contactless system based on inductive 

power transfer technology with having primary and secondary windings wound on separate 

magnetic cores has been proposed which is shown in Figure 1-2. The rotary movement does 

not affect the electrical characteristics, if the cross sectional area of the core and especially 

the air gap remain constant for any position of rotation. One of the main uses of slipring is in 

wind turbine pitch control systems. Pitch control system is used to control the blade angles of 

the turbine depending on the speed of wind. This is mounted on the rotatory shaft of the wind 

turbine. Contactless slipring system based on IPT theory will meet the requirements of the 

system while improving the performance [7, 12, 13].  
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Figure 1-2: Rotating transformer-based contactless system 

 Overview of IPT systems 1.3

 Basic theory of IPT 1.3.1

The fundamental concept of IPT is based on Ampère’s Law and Faraday’s Law, which was 

proposed in the 19th century [14, 15]. The concept is shown in Figure 1-3. 

 

Figure 1-3: Concept of IPT 

According to Ampère’s Law, the current I produces a magnetic field H, some of which will 

intercept the pick-up coil. Then by Faraday’s Law as is shown in Equation (1-1), the flux 

intercepting the pick-up coil will cause a voltage to be induced. Conceptually this voltage can 

be used to drive loads. 
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Therefore, power generated by an AC current and a coil is transferred across an air gap by 

converting power back and forth between electrical form and magnetic form as described. 

With more than a century of understanding the concepts mainly these theories have been used 

for applications such as transformers and induction motors. 

 System structure and operating principle 1.3.2

An IPT system with a wirelessly coupled primary and secondary allows the secondary to 

safely move linearly or rotationally to supply the load. Figure 1-4 shows a general 

configuration of an IPT system [16-18]. As shown, such a structure comprises of two 

electrically isolated sections: a stationary primary side and a movable secondary side.  

Primary 

Converter

Rectified 

Single phase or 

Three Phase

Primary 

Coil

DC Power 

Supply 

Pick-up 

Coil

Magnetic 

Coupling

Power 

Conditioner

Electrical 

Load

Including 

Regulation and 

Rectification

Power Flow

DC/AC High 

Frequency 

alteration 

AC current

 
Figure 1-4: Basic structure of the IPT system 

The stationary part consists of a primary converter and a primary coil; the main power for the 

power converter is by rectifying the electric utility at 50Hz or 60Hz, single-phase or three-

phase. To improve the power transfer in IPT systems, a high frequency converter at the 

primary side will be used. Due to the existence of air gap transferring power at low 

frequencies such 50Hz or 60Hz with a reasonable system size is almost impossible in practice 

[1]. A power converter is mainly adopted to generate a high frequency sinusoidal in range of 

kHz to MHz frequency level. By increasing the frequency to higher levels, the rapid variation 

of magnetic field becomes viable and subsequently much stronger induction connection 

between coils will occur.  

The pickup coil of the secondary side is magnetically coupled to the primary side. Because of 

the loosely coupled properties of IPT system, the induced voltage at the secondary part is 

lower compared to primary. Thus a power conditioner stage including of rectification and 

regulation is needed to adjust the power to the load requirements.  
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 General features  1.3.3

An IPT system comprises of two galvanized isolated but magnetically coupled parts. Due to 

having separated primary and secondary in such systems, several advantages (a, b) and 

disadvantages (c, d) have been observed which are listed below: 

a) Contactless and mobility property: Unlike an electrical transformer, due to the loosely 

coupled connection between primary and secondary load can move along the track or in 

the proximity to a coil on the primary side in spite of some lateral movement from the 

centre of the track. Although the mechanical flexibility between primary and secondary 

means less power transferring to the load, but this feature of IPT makes it very attractive 

for both movable and stationary applications. 

 

b) Safe operation, reliability and environmentally friendly: Any electrical or mechanical 

wear and tear between primary and secondary caused by direct electrical contacts can be 

eradicated by getting rid of traditional sliding contact in IPT systems. The conventional 

system could result in possible electrical shock under wet or harsh environments. Because 

of using two independently enclosed parts in IPT systems this system can operate under 

harsh environments or in the presence of dust, dirt, water or chemicals. Moreover it does 

not generate carbon residues; IPT systems can be used in wide range of applications since 

magnetic field can pass through non-metallic materials. In terms of any effect of IPT 

systems on human being because the operation system is within 10 KHz to 1 MHz it will 

not affect communication channels. Based on the research undertaken in [19, 20] IPT has 

been proved to be harmless on human body. An explanation to this could be because 

VLFs (Very Low Frequency) are far above any naturally occurring frequencies in the 

human body but not high enough as radio frequencies to “heat” any human cells. Safe 

operation of electrical devices will be guaranteed with this feature of IPT systems [1]. 

 

c) Restricted power transfer level, cost, size and weight: Due to loosely coupled 

configuration achieving a relatively high efficiency is very hard. Generally considering 

the loosely coupled structure, IPT could not be an efficient option to be used for industry 

or transportation purposes where very high range of power is required. Although the price 

of semiconductors has been dropping over the last two decades, the installation cost of an 

IPT system is still much higher than conventional power supplies. Minimising cost and 
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achieving high efficiency without compromising the system reliability is a general 

requirement for an engineering design which is especially a challenge for IPT. 

 

d) Control stability: Practically having a stabilized running system is of great importance. 

However in terms of variable frequency control strategy which is a dominant way of 

controlling in some IPT applications, systems might become unstable if control has not 

designed precisely [14].  

 Applications  1.3.4

There are different applications of IPT system commercialized worldwide; some of them are 

summarized below.  

PowerbyProxi, a New Zealander company has developed a contactless slipring system named 

Proxi-Ring. They installed their first contactless slipring for a wind turbine pitch control in 

Spain in 2007 which is shown in Figure 1-5 (a coaxial configuration). A face to face version 

is shown in Figure 1-6. 

 

Figure 1-5: Contactless slipring (Proxi-Ring) coaxial configuration 
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Figure 1-6: Contactless slipring face to face structure 

The very first idea of having separated primary and secondary application was proposed by 

Hutin and Leblanc in 1894 [21]. The operating frequency was 1-2 kHz; also using permeable 

materials with the secondary coil they managed to improve the poor coupling factor of the 

system. However, the practical viability of IPT is due to rapid development of power 

electronics, particularly semiconductor switches. In 1974, Otto was proposed powering 

moving vehicles with the operating frequency of 4-10 kHz [22].  

The University of Auckland as the leading pioneer of IPT technology has been contributed to 

many outstanding achievements in both research area and commercial applications. Power 

Electronics Group Research of The University of Auckland in early 1990s pioneered 

practically industrialisation of IPT systems. The first practical IPT application was proposed 

in 1994 by Boys and Green [17]. This system had 75% efficiency, ten 600 W loads with 

operating frequency of 10 kHz and a shorting switch at the secondary part for power 

regulation. Then “Daifuku”, a Japanese based company and one of the largest materials 

handling and conveyors manufactures in the world, was put this system into 

commercialization. The company produced a new electrified overhead monorail system, 

shown in Figure 1-7, called “Ramrun HID”. Powered by IPT, “Ramrun” has been widely 

used particularly in “clean room” where semiconductors are made and car assembly industry 

due to its reliability and safe operation at a comparatively low cost. 
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Figure 1-7: Daifuku Material handling system "Ramrun HID" 

 
Figure 1-8: Example of IPT road stud system Tunnel in Wellington, New Zealand 

Smart Stud, an IPT powered lighting system, was applied for traffic lights in 1997 with 2 kW 

power supply and 38.4 kHz frequency [23].  To light up the LEDs, the pickup is powered by 

the primary track which is buried underground. Using the road studs to divide the lanes, 

driving during night, snow or foggy weather is much safer. An example of this can be found 

in Terrace tunnel in Wellington, New Zealand as shown in Figure 1-8. 

Another example of IPT application in New Zealand was the cooperation of the Power 

Electronics Research Group of The University of Auckland with Wampfler from Germany. 

As is shown in Figure 1-9, they developed a battery charging system for a public transport 

system at Whakarewarewa thermal park, Rotorua, New Zealand in 1998. This system is 

initiated automatically with 160 A primary current at 12.9 kHz frequency. The charger was 

designed to charge the battery of an electrical vehicle rated at 30 kW [24, 25]. 
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Figure 1-9: Electric people mover in Whakarewarewa, New Zealand 

 Fundamentals of IPT primary power supplies 1.4

For any IPT application because of the inclusion of air gap between the primary and the 

secondary side, a power converter plays a dominant role. Using utility supply frequency 

transferring power to any load is not possible; therefore a high frequency alteration to 

generate a high frequency AC current across primary tank is required. The input of the power 

converters can be either a voltage source or a current source. Based on this, they are 

categorized into two groups: Voltage-fed and Current-fed converters [26-29]. Furthermore, 

based on the type of topology either series or parallel resonant tank can be used. 

To achieve a high frequency current across the resonant tank two techniques are available: 

linear amplifiers and switch mode power converter. Due to the use of semiconductors in their 

linear region for the linear amplifier method, the power loss is high [1, 30]. So this approach 

is not practical for high power applications where efficiency will drop significantly. Switch 

mode power converters are more dominant in terms of efficiency for medium to high power 

applications. Using AC or DC power source as input, a direct AC-AC converter, a DC-AC 

inverter, or an AC-DC-AC converter can be used for generating high frequency sinusoidal 

across primary resonant tank. The most common option for IPT primary power supplies is a 

single phase DC-AC power converter/inverter.  

 PWM and resonant converters 1.4.1

PWM (Pulse Width Modulation) is a very popular technique which was promoted by 

development of semiconductor switches and has led to higher control approaches. Also it 
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produces less harmonic component. PWM is known as hard switching technique because the 

on and off transition occurs non-zero voltage or zero current instants. With hard switching the 

converter loss increases, i.e., its efficiency decreases at high switching frequency. High dv/dt, 

di/dt and parasitic ringing effect at switching of a fast device can create severe 

electromagnetic interference (EMI) problems, which may affect the converter control circuit 

and nearby sensitive apparatus [31]. However in PWM converters, the switching frequency 

can a predetermined value based on designer’s interest. 

To overcome the associated problems of hard switching, soft switching technique can be 

considered. The basic idea in soft Switching is to bring one electrical parameter to zero 

(current or voltage) before the switch is turned on or off. As a result, the switching losses will 

be essentially eliminated and better waveforms will be observed across the tank. The smooth 

resonant switching waveforms also minimize EMI.  

Due to increasing concerns about EMC (Electromagnetic compatibility) problems, resonant 

converters which have lower harmonics are becoming more popular. Using ZVS (Zero 

Voltage Switching) and/or ZCS (Zero Current Switching) can result in less switching loss, 

higher power density and higher conversion efficiency[32]. Another beneficial point about 

soft switching is that the switching frequency can be either constant or be variable. 

Previously because of the nature of soft switching, only having a variable frequency was an 

option. But with more progress in controlling methods, a fixed frequency operation can also 

be configured for soft switching resonant converters (this will be further explained 

throughout this thesis). For soft switching with variable frequency, although operating 

frequency can be chosen high but controlling of this method becomes more challenging [33, 

34]. Moreover, it requires higher peak current or voltage ratings [1].  

 Power converters control strategy 1.4.2

Controlling IPT power supplies can be divided into fixed frequency and variable frequency 

operation [29, 35].  

In a fixed frequency operation, based on the predetermined frequency the system is forced to 

operate regardless of load and other system parameters. The operating frequency of primary 

and secondary is usually tuned at the same value. This system allows high quality factor Q at 

the secondary which ensures high power transferring. The problem of this technique is that 

due to system variations, the displacement power factor of the inverter might not stay unity. 
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Also because transitions of turning on and off are forced to the system, high current and/or 

voltage stress will be imposed to the switches so the switching power loss will be high. 

In a variable frequency operation, the frequency can vary based on the resonant tank 

parameter to some extent. In this system, because of having a controlled frequency based on 

system variations the converter can operate close to unity power factor and soft switching can 

be achieved. A major problem associated with this technique is that the frequency of the 

system is not stable and in extreme cases because of the frequency variation, an instability 

named “Bifurcation phenomenon” might occur [14, 17, 29, 35]. As a result, a system might 

have more than one stable frequency operation; drifting from one frequency to another will 

result in significant reduction in power transfer.  

 Tuning methods and Quality factor 1.4.3

Although it is possible for IPT power supply to drive the primary directly, but there are 

several advantages why tuning is recommended [1]. Initially because of primary inductance; 

by decreasing the frequency the primary inductance could be very large thus tuning can be 

helpful to keep the size. There are two fundamental topologies to compensate the primary, 

series or parallel tuning; these two ways can be used for both current and voltage sourced 

power supplies. Secondly, to construct a resonant tank for resonant converters tuning is 

required. In fact, resonant tank as a substantial part of the resonant converters will improve 

the voltage and current waveforms and reduces the radiated EMI. Moreover, because of 

harmonic filtering purpose it can prevent the harmonic propagation. Thus, it can be called 

compensation circuit or resonant tank depending on the emphasised aspect. Series or parallel 

tuning for the primary side of the converter is shown in Figure 1-10 [32, 36-40].  

Power 

Converter
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Rload
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Ii Ip

(a)

Power 

Converter

Cp
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Rload
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Ip
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Vp

 

Figure 1-10: Primary compensation network (a) Parallel (b) Series compensation 

Each primary tuning circuit will result in a different type of power supplies with diverse 

properties. Tuning secondary side same as primary side could be divided into two 

classifications, series or parallel [41, 42].  
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Figure 1-11: Secondary compensation network (a) Parallel (b) Series compensation 

The reflected impedance of Zs to the primary is: 

   
  

  
                                                                     

                                                                       

   
  
  

                                                                    

                                                                       

Having (1-3), (1-4), and (1-5) formulas, Zp can be rewritten: 

   
    

  
                                                                

In case of series tuned or having a resistive load at pick-up part, the reflected equivalent to 

the primary side will be pure resistive. For parallel tuned, even under steady state condition 

there will be a reflected imaginary part as is shown by the following equations: 

        
 

      
 ⁄
                                                     

And it can be further extended to: 

   
 

         
       

     

         
                                

Table 1-1: Reflected resistance and reactance for series and parallel tuning 

Tuning topology Reflected resistance Reflected reactance 

Series tuning 
    

 
 0 

Parallel tuning 
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Table 1-1 shows the summary of the reflected load in case of having series or parallel tuned. 

Another tuning method is the dynamic detuning as explained in [43]; having another 

capacitor C in parallel with the tuning capacitor Cs in parallel tuned topology, and a switch S 

series with C. Whenever the voltage at load side Vload was more than enough as compared to 

Vref (required Voltage at load side) by switching off the S, Vload will drop to Vref. And if Vload 

was less than Vref by turning on S the system will be balanced. Quality factor of primary and 

secondary in case of having parallel or series tuning is shown in Table 1-2 [35]: 

Table 1-2: Primary and secondary quality factor 

Tuning topology Primary Secondary 

Series    
   

    
    

    

 
 

Parallel    
      

 

    
    

 

    
 

All the available single phase and three phase high frequency converters are described as 

follow: 

 DC/AC high frequency single phase power converter topologies 1.4.4

1.4.4.1 Current fed G1 power converter 

As the name suggest, a current fed converter uses current source as the input supply. Since an 

ideal current source does not exist and without superconductivity or closed loop control a 

current source cannot stand alone, therefore a voltage source series with an inductance can 

simulate a quasi-current source [17].  
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Figure 1-12: Current-sourced converter topology (a) Full-bridge, (b) Half-bridge 
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At high frequencies in steady state the current in inductor seems to stay constant, thus it can 

be used as current source. Practically, a DC inductor will be in series with input DC voltage 

to construct a voltage-controlled quasi-current source with almost constant current at high 

frequencies. Current-fed converters also can be divided into full-bridge and half-bridge as it 

has been shown in Figure 1-12. The half-bridge topology, which is also known as push-pull 

converter, includes a centre tapped transformer instead of two upper switches in full-bridge. 

A desirable factor of push-pull for IPT power supply designs is that, it is able to have higher 

oscillating voltage across the tank. A special attention for a current fed inverter is that at least 

one of the switches has to be conducted to maintain the current flow. The connection between 

the resonant tank and the network is the most important part in this design. Because two 

series current source can cause over voltage problem, therefore the network should not be in 

series with the inductor that is a current type source. In consequence the current converter is 

better to be connected in parallel with the resonant tank [8].  

Figure 1-13 shows a typical full-bridge current-fed resonant converter. The switching 

network is connected to the primary tank via a simple parallel tuned capacitor branch. The 

switches S1+, S1- and S2+, S2- are controlled to turn on and off to generate a high frequency 

inverting current in the resonant tank.  

S2-
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Vdc

iin

Vin
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C
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Ld

  
Figure 1-13: Full bridge current-fed inverter 

In comparison, push-pull converter has a similar performance to a full-bridge configuration; 

as it is shown in Figure 1-14, the two upper switches in full-bridge have been replaced with 

splitting transformer. A current-fed push-pull converter employs of a phase splitting 

transformer, two MOSFETs and a resonant tank consisting of an inductor L, a capacitor C 

with a series equivalent load resistor R (in some applications such as DC-DC converters the 
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load can be connected in parallel). A phase splitting transformer halves the DC current 

between the two N-channel MOSFETs.  
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Figure 1-14: Push-pull current-fed inverter 

1.4.4.2 Voltage fed G2 power converter 

A voltage-fed converter can be divided into two basic configurations: a full-bridge consisting 

of four reverse conducting switches and a half-bridge with a centre tapped capacitor instead 

of two upper switches in previous configuration. Figure 1-15 shows both voltage-fed full-

bridge and half-bridge topologies. The voltage across the centre-tapped capacitor is almost 

constant under steady state conditions and acts as a constant DC voltage source with half the 

magnitude of the input voltage source. This concludes that the maximum output voltage in 

this structure is only half the input DC voltage comparing to the full DC voltage for the 

former configuration which means the power capability of this topology is lower compared to 

the full-bridge. 
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Figure 1-15: Voltage-sourced converter topology (a) Full-bridge, (b) Half-bridge 

Practically, in terms of the connection between network and resonant tank due to the fact that 

two voltage sources cannot be arbitrarily connected in parallel, thus the resonant tank should 
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be tuned in series configuration. Figure 1-16 and Figure 1-17 shows the typical connection of 

the full-bridge and half-bridge voltage G2 converter with resonant tank. 
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Figure 1-16: Basic structure of full-bridge voltage fed G2 power inverter 
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Figure 1-17: Basic structure of half-bridge voltage fed G2 power inverter 

1.4.4.3 Current fed G3 power converter 

G3 current fed converter is based on G1 converter with some modification. The proposed G3 

current fed converter in [1] is shown in Figure 1-18.  
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Figure 1-18: Basic structure of current fed G3 power inverter 

A parallel capacitor was added to avoid voltage overshoots caused by sudden changes in the 

direction of the inverting current. Also additional LC was added to form a π network which 

helps obtaining unity power under fixed frequency operation.  Furthermore, this π network 
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functions as a band-pass filter to ensure low distortion in the primary current. Variable 

frequency operation can also be performed for this converter; however, the ZCS operation 

frequency may drift away from the nominal resonant frequency. Therefore, because of high 

order nature of this design, it has relatively a more complicated performance and thus 

requires a more complex design process.  

1.4.4.4 Voltage fed G3 power converter 

A voltage fed LCL resonant G3 inverter is one of the widely used topologies in IPT systems, 

especially for high power applications [44-46]. By adding an LC filter into the primary side 

the voltage fed LCL inverter improves the performance of G2 voltage fed converter. A 

typical voltage fed G3 power inverter is shown in Figure 1-19.  
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Figure 1-19: Typical structure of LCL resonant inverter 

An advantage of an LCL primary network is that the reactive power circulates within the 

final LC circuit while the power supply only has to supply the real power required by the 

load, and losses within the resonant components. Hence, the rating of the switching devices 

could be reduced providing the LCL remains properly tuned [47-50]. 

1.4.4.5 Single switch Class-E converter 

Figure 1-20 is showing a typical class E converter; with a single switch it offers an alternative 

to generate high frequency current for IPT applications [51].  
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Figure 1-20: A typical structure of Class-E converter 

Class E converter consists of a DC inductor mainly to generate a quasi-current source power 

supply, a capacitor and a series tuning network. In order to assure DC inductance Ld will 
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form a current source, class E converter should operate under fixed frequency method. This 

converter is not a suitable option for high power applications because ZVS can occur over a 

limited range of loads and with having maximum 3.5 times of the DC input voltage stress 

across the switch [52]. Furthermore, tuning at Ld and Cr or tuning at L and C will configure 

two resonant tank frequencies which means designing the controller needs more precise 

consideration in order to match the resonant frequency [53]. A substantial feature of class E 

converter is that because of fixed frequency operation and only containing of one switch, 

switching control strategy is relatively simple to achieve. Class E converter is a popular 

choice for low power applications owing to having less components, compact size and high 

frequency operation [54, 55]. 

 DC/AC high frequency three phase power converter topology 1.4.5

The most common method to supply a three-phase load is to use a three phase inverter which 

is shown in Figure 1-21. The output voltage is only dependent on the input DC voltage which 

mainly means that it is not dependent on the current of the output load and its direction 

because at each time one switch in each leg is on [56, 57]. 
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Figure 1-21: Three phase converter schematic 

 Challenges of Primary Power Converters 1.4.6

As has been explained earlier, hard switching and soft switching methods could be applied to 

generate a power supply. In the former way PWM method is used which has less harmonics 

but results in substantial switching loss and EMI in the system.  

In the later technique, either Zero Voltage or Zero Current Switching method will be 

implemented. This results in less switching loss and EMI and higher efficiency. Because of 

the complexity in designing a multiple phase primary converter, most of the power supplies 

designed for IPT systems are single phase. A viable option is the three phase inverter 
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described in [56, 57] which is hard switched. As a result, pushing up the frequency is not 

plausible which contributes to another shortcoming of hard switching methodology. 

However, a multiple primary power supply contributes to higher induced voltage at pickup 

side which ultimately provides higher output power. Therefore, a soft switched poly phase 

power supply system could relatively extend the applications for IPT technology.  

The main challenge in designing a soft switched multiple phase converter is the control part; 

in case of a three phase system, 120 degrees phase shift should be applied between the three 

phases and this should kept constant throughout the whole operation. As has been explained 

before, a disadvantage of soft switching technique with variable frequency is that in extreme 

cases the operating frequency will drift away from resonant tank frequency. This might occur 

in some application with movable secondary or even for implantable biomedical devices; thus 

having a fixed frequency will be more suitable option. Having a soft switching method with 

fixed frequency can be considered as soft switched but not complete resonance due to slight 

additional imported lag to the system and this method might not stay soft switch throughout 

operation because of the possible effect of primary to secondary. Therefore, hard switching 

might occur through the operation and increases the switching loss in the system. 

Additionally, the term soft switched will be referring to variable frequency soft switching in 

which resonant frequency will follow natural frequency. On the other hand for applications 

with a fixed mutual coupling and air gap at pickup side such as slipring systems having a soft 

switched multiple phase power supply will attribute to higher output power to the load/loads. 

So, in a three phase soft switched system besides achieving ZVS/ZCS, controlling the phase 

shift between the phases should also be considered. As the frequency of the soft switched 

with variable frequency method is varying, a smart and dynamic control strategy needs to be 

applied which increases the complexity of the control side.  

 Objectives and scope of the Thesis 1.5

The main objective of this project is to develop an appropriate high frequency primary 

converter in order to drive the poly phase contactless slipring system. The aim is to achieve 

complete soft switching while minimising the complexity and the cost of the circuit. A set of 

simulation work accomplished for circuit assessments and analysis using LTspice and 

PLECS packages. Besides the theoretical and simulation, for evaluation purposes individual 

practical circuits for the proposed power supplies are built. Initially, during this project an 

appropriate three-phase primary converter (which will be used for a case study to supply a 
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three-phase contactless slipring system) is designed. Since the mentioned three-phase slipring 

system is required to work based on a resultant travelling magnetic field, a three-phase power 

supply with 120 degrees phase shift is essential to run such system. Then, the structure for 

more than three phase primary converter configuration will be illustrated. 

 Outline of the Thesis 1.6

This thesis is a study on designing a multiple phase primary side power supply for IPT 

applications. The thesis chapters are arranged as below: 

Chapter 2 is a general overview of the push-pull converter; with the several advantageous of 

this topology than others it was chosen as the main configuration for this research. The 

control strategies of this converter will be explained. In addition, the underlying consideration 

to run a push-pull converter will be described. 

Chapter 3 presents the proposed topologies for the poly phase primary converter. With the 

knowledge of the fundamental theory behind a single phase structure, a three phase structure 

has been developed. Simulation results will be provided to back up the proposal 

configurations. First a three phase model will be proposed and after proving the 

methodology, a multiple phase model will be proposed. 

Chapter 4 details the controller used for the poly phase power supply. Firstly, an overview 

about the controller is given. Then, each control algorithms to run the three phase system will 

be explained precisely.  

Chapter 5 provides the experimental results undertaken for this research. The conditions of 

each experiment and the system have been clarified initially, and then the relevant waveforms 

and output power for each set of experiments will be illustrated. Later the proposed methods 

will be evaluated in terms of their ZVS behaviour and efficiency analysis. A novel 2D 

charging pad which used one of the 3-phase converters as the power supply will be presented 

with the practical results. Also a comparison between a single phase and a three phase 

structure will be discussed in this chapter to give a better understanding of why a multiple 

phase structure is superior to a single phase. 

Chapter 6 summaries the achievements of this thesis and suggests the direction of potential 

future work.  
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Chapter 2: Fundamental study of current-fed 

push-pull resonant converter 

 

 General features of a single phase push-pull converter 2.1

In this section the most appropriate primary power converter topology to be integrated with 

the magnetic coupling structure applied in this research is presented and analysed. The 

converter and the magnetic coupling structure are considered to be a set of “converter-

transformer” in order to achieve minimum switching and conduction losses with optimized 

magnetic components.  

A push-pull topology is considered as the main configuration throughout this research. This 

chapter outlines the underlying concepts of a single phase push-pull converter. The possible 

control methodology as well as all the additional considerations will be explained in detail. 

Furthermore, this chapter summaries all the design criteria and analysis need to be taken into 

account for the chosen topology. Primary reasons for choosing push-pull converter are listed 

as follows. 

Contactless slipring configuration/system has high leakage inductance; this introduces 

voltage spikes of low magnitude in the primary side of the square-wave converter. One way 

of reducing such spikes is to reduce air gap between the two sides which will reduce the 

leakage inductance. However, in some contactless slipring systems air gap is essentially large 

and the associate leakage can be reduced with using snubber circuits. Therefore, integrating a 

converter topology with a contactless transformer in a contactless slipring system plays a 

dominant role in order to make use of the sorted energy in the air gap. One such topology is a 

current-fed push-pull with a splitting transformer [1]. 

Another advantage of this topology is that it generates a reasonable constant Sine-Wave 

current on the primary side. Unlike the voltage-fed topology, integrating this topology with a 

gapped transformer, energy stored in the air gap between the two sides is recovered and used 

in the tank circuit. Whereas, in a voltage-fed square-wave topology this stored energy is a 

design concern for the system and needs to be taken into consideration. Furthermore, some 

additional power consuming circuitry such as snubber is not required in the current-fed 
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topology whereas in voltage-fed snubber is required to reduce voltage spikes. Additionally 

current-fed parallel converters have an inherent advantage in maintaining the high magnitude 

primary inductor current required by IPT power supplies. The reactive current will stay inside 

the resonant tank without flowing through switching devices. Thus the current rating of the 

switching devices can be smaller and conduction loss can significantly be reduced for a given 

power level [58]. 

In full-bridge voltage-fed inverters large sinusoidal current of the resonant tank will flow 

through MOSFETs, therefore high current rated devices is required which makes it expensive 

even difficult to implement. A half-bridge current-fed is superior to full-bridge current-fed 

because in full-bridge topology with having 4 MOSFETs grounding issues and gate drive 

circuitry will be more complex. Conventionally, the only problem associated with push-pull 

was the bulky splitting transformers; however owing to development of power electronics, 

two small drum inductances can be used instead. Thus, a push pull converter topology is 

more efficient and compact [1]. A general configuration of a push-pull converter is shown in 

Figure 2-1. 
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Figure 2-1: Push-pull current-fed converter 

A current-fed push-pull converter employs a phase splitting transformer, two MOSFETs and 

a resonant tank consisting of an inductor L, a capacitor C in series with an equivalent load 

resistor R.  

A phase splitting transformer splits the DC current in two halves between the two N-channel 

MOSFETs. The advantage of having a split transformer is that it simplifies the gate drive 

design because no isolation or high/low gate driver is required. Another good feature of push-

pull owing to splitting transformer is that its resonant voltage is twice that of voltage-fed half-
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bridge. In this case, the AC current in the resonant tank will have half amplitude of the input 

DC current and in an almost square waveform. The splitting transformer plays a dominant 

role in push-pull converters, which is to decrease the leakage inductance. A partially coupled 

transformer is equal to a perfectly coupled transformer in series with some external leakage 

inductance. Therefore this leakage inductance can be used as the series DC inductor. It should 

be mentioned that when the leakage inductance is large, there is no need to consider the 

actual Ld since Llk will form the current source. The larger the leakage inductor, the more 

ideal current source will be achieved. The DC inductor can be calculated as in Equation (2-1). 

Figure 2-2 illustrates the equivalent circuits of a phase splitting transformer [1]. 

Lsp LspM

K=M/Lsp

Lsp+M Lsp+M

-M

(Lsp+M)/2 (Lsp+M)/2

(Lsp-M)/2

k=1k=0

 
Figure 2-2: Equivalent circuits of a phase splitting transformer 

                                                                    

Where Lsp, M, and k are the self-inductance of the splitting transformer, mutual coupling and 

coupling coefficient respectively.  

Moreover, at least one leg has to be on to avoid any over voltage fault and to keep the DC 

current flowing. Turn-on time is quicker than turn-off so designing an overlap time is not 

necessary. So selection of turn on and off time of S1 and S2 is crucial. These two switches are 

programmed in a way to work out of phase. The AC voltage across the resonant tank is 

created by the MOSFETs alternate switching. Switching devices in these topologies can be 

MOSFETs or IGBTs which have anti-parallel body diodes.  

The voltage across S1 and S2 is set to be out of phase so that after alternative switching AC 

voltage can be achieved across the resonant tank. Under normal operation the AC peak 

voltage is proportional to the input DC voltage: 

                                                                            

And the maximum RMS tank current can be calculated as follow: 

      
     

√    
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Figure 2-3: Gate drives signals, Voltage across S1, S2 and the resonant tank 

As discussed above, in a current-fed converter, the parallel resonant tank consisting of a 

capacitor in parallel with an inductor will determine the operating frequency of the system 

according to Equation (2-4) [10].  

   
 

  √    

                                                              

 Control strategies of a single phase push-pull converter 2.2

In this research two methods, which have been used to control a push-pull converter, are 

briefly explained here.  

 Fixed Frequency Control 2.2.1

The most intuitive way to operate a push-pull converter is using open loop control strategy. 

This means that simply two square waves which are out of phase will be fed to the gate drives 

of the two MOSFETs. In this method there will be no feedback from the resonant tank. 

Figure 2-4 shows the gate pulses for S1 and S2.  
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Figure 2-4: Pulses at gate S1 and S2 

In this case, the operating frequency is left to designer’s choice. To avoid any hard switching 

operation, it is recommenced to choose the switching frequency slightly lower than resonant 

frequency. If the switching frequency considered slightly less than the resonant tank 

frequency, Figure 2-5 will be observed across the tank. If the switching instants are too slow, 

and the switches turn on/off long after the crossing instant, the resonant capacitor is shorted 

preventing the continuance of normal resonance in the following half cycle. Thus, a relatively 

large resonant current will flow through the short circuit path. 

Delay between Zero crossing instant and pulse 

 
Figure 2-5: Pulse at gate S2 in comparison to voltage oscillation across tank 

Additionally, for turning off signal this current can be a potential danger to the switching 

devices [1]. Therefore, to avoid large short circuit current spikes across switching devices, it 

is suggested to choose the operating frequency as close to that of resonant tank as possible. 

This time delay between zero crossing points and pulse train has considered intentionally in 

order to avoid hard switching operation. 

But if the frequency of the switches is considered more than that of resonant tank, this will 

cause hard switching operation. The main problem associated with such operation is that the 
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over current spikes caused by shorting of the capacitor voltages will be high. In this 

operation, the switches have been turned on/off before the resonant voltage drops to zero. As 

a result, the resonant voltage will be shorted by the newly on switch and the body diode of 

the other switch. Consequently, high instantaneous short current will be observed at the 

switching devices which might be more than the rating of the switches and cause failure in 

their operation. 

As it has been mentioned this method is the simplest yet the most straightforward to control a 

push-pull converter but because there is no feedback from the resonant tank, thus any load 

reflection on the primary side cannot be captured and the accuracy of the system will vary as 

a result. Even though the initial running frequency has been set lower than resonant 

frequency but because of the reflected load changes on the primary side, the resonant 

frequency might vary and this means the resonant frequency might get lower than 

predetermined frequency and will result in hard switching 

 Soft Switched Control 2.2.2

Another way of switching the MOSFETs is to switch them at zero instances called ZVS 

and/or ZCS control strategy. There are two approaches to obtain ZVS which as detailed 

below:  

The most common way is to follow the zero crossing points, and another is to tune the circuit 

dynamically to match a fixed frequency. Tuning can be done with variable inductors or 

capacitors, and magnetic amplifiers. But this method could be expensive for high power 

applications. Thus, having slight variable frequency with less costs compared to fixed method 

is preferred [18]. Due to reduced switching loss and EMI, variable switching frequency 

technique provides a significant feature for IPT power converters [1]. At steady state 

condition, matching the switching frequency and resonant frequency can be achieved with 

PLL (Phase Lock Loop), VCO (Voltage Controlled Oscillator) or other integral controllers 

[32]. In general, ZVS is not only important for increasing the converter efficiency and 

improving EMC, but also is critical for system reliability. 

In this research, 2 different ZVS tactics have been used which are described in detail as 

follow: 
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2.2.2.1 Zero Voltage Detection 

One common way to implement ZVS is to detect zero voltage crossing points of the 

oscillating voltage of the resonant tank and relatively switch the MOSFETs at zero voltage 

instances. For this, the voltage across the tanks needs to be sensed. Based on the sensed 

voltage and the mode of operation, a controller will operate. Therefore, switches will 

alternatively turn on/off based on the signal from a controller until shutdown is commanded. 

The performance of the converter is dependent on the accuracy of the ZVS controller. Delays 

as a result of feedback means that S1 and S2 are not switched at zero crossings resulting in 

switching losses. The components incorporated in the ZVS feedback system must be chosen 

carefully with minimum propagation delays. Figure 2-6 illustrates the basic overview of how 

the zero voltage detection works. The controller block may consist of more than one stage. 

This is just to exhibit there is a need of a decision maker device to turn on/off switches 

alternatively. Also note that the output current of a controller might not be high enough to 

turn on a MOSFET; thus, a gate driver IC may be needed. Because this is a closed loop 

control scheme selecting components is crucial. Especially by increasing the frequency, the 

response of the system at each stage will become more significant and small delays could 

result in latency in switching sequence. Therefore switching will not occur at zero crossing 

points and more switching loss will be observed. 
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Figure 2-6: General overview of Zero Voltage Detection method 

In addition, depending on the selected controller, A/D block may not be required because 

some controllers may contain A/D block inside. Moreover in a practical circuit, due to 

presence of high sinusoidal waveform across tank, a stepping down action will be necessary 

to bring down the voltage of resonant tank to a suitable range for the A/D IC based on its 

requirements. For this, either resistors or a transformer can be used. 
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The controller needs to send the signal to the switches based on the mode of operation (start-

up, normal mode, and shutdown). Much detail of necessary conditions for start-up and 

shutdown are explained later in chapter 4.  

2.2.2.2 Autonomous current-fed push-pull converter 

Unlike the conventional push-pull which needs another block for achieving ZVS, in the new 

topology no additional controller is needed. The power and signal for operation of the gate 

drive will be attained from the main switches’ voltage of the other leg. A resistor and a Zener 

diode will be used to drive the gate of the MOSFETs, therefore, eliminating extra controller, 

auxiliary power supply and feedback circuits will result in greater simplicity in this 

configuration. The ratings of the diodes can be selected according to the switching 

requirement of the semiconductor. For instance, for most low voltage MOSFETs, 4.7-5.6V, 

and for IGBTs, 12-15V breakdown voltage will be appropriate.  

RA and RB are current limiting resistors and designed according to the current rating of the 

Zener diodes and the resonant voltage [1]. Two capacitors in parallel with RA and RB usually 

will be added to speed up the switching operation. To choose the values for these resistors 

and capacitors Equation (2-5) should be satisfied. 
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Figure 2-7: autonomous push-pull 

     
 

 
                                                                 

This implies that these values should be less than half the period (1/switching frequency) of 

the system. Moreover, this autonomous system can start up automatically while maintaining 

resonant operation with ZVS under steady state condition. Consequently, this will cause low 

EMI and switching losses and high power efficiency [59, 60]. However, any failure to ZVS 
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can cause unsafe operation [1]; shorting of the resonant capacitor by the switches and their 

body diode might result in switching failure [61]. Series diodes with SA and SB can prevent 

shorting but it will cause voltage drop and power loss. 

Starting automatically is the most crucial step in this topology. At first both switches are off, 

after turning on the source, a DC voltage will be applied to the switches.  Besides switching 

on the both switches, the Ld current increase will cause energy storage in the inductor. 

Because of having difference in the circuit parameters and external disturbances, switches 

voltage might have slightly different values in practical circuit. Subsequently, the leg with 

lower voltage will deliver lower voltage at the gate drive of the switch in the other leg and 

causing the switch to get turned off. After that, the voltage in that leg will drop resulting in 

the higher voltage at the gate drive of the other leg. Therefore, the voltage in the first gate 

will decrease again and that will repeat providing a pulse at each switch gate drive with 50% 

duty cycle [59]. The flow chart of how switching happens, is demonstrated in Figure 2-8. 

This positive feedback will provide a complete resonant with ZVS [1]. 

In order to prevent simultaneous turning off across both switches, the resonant voltage should 

not get less than the Zener diode, otherwise in a current-fed converter, over voltage will 

occur. However, this configuration can protect any high voltage occurrences.  
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Figure 2-8: Flow chart of the regenerative process 

However the problems associated with this method are mentioned below: 

A special start up circuit with ramping up input voltage is required to reduce the current 

overshoot at the start up. Moreover, the shut-down process could be another issue; a sudden 

shutdown and turning off across both MOSFETs means that we have created the resonant 

inductance which behaves as current source open circuit. This could burn the switches. 
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Although having a more precise design strategy makes zero crossing detection more 

complicated, but the advantages of the method over autonomous offers a full control on the 

system in terms of Triggering and shutting down entire system. Also avoidance of excessive 

current flowing in switches occurring due to on/off command.  

 Electromagnetic structure and power transfer 2.3

The primary side of the IPT system is magnetically coupled to the secondary and power 

transfer is dependent on the mutual inductance between the two sides. Based on the air gap 

and mutual inductance between primary and secondary, the induced power at secondary will 

fluctuate. Improvements of mutual inductance can result in a significant increase of power 

capability. Mutual inductance is determined by the magnetic structure geometry, core 

material and number of turns [1]. This can be calculated by the following formula.  

  
   
   

                                                                  

Where Voc is the magnitude of the open circuit voltage of the secondary pick-up coil; this is 

shown in Figure 2-9. The degree of coupling between the two coupled coils may be expressed 

by k, the magnetic coupling coefficient, given by: 

  
 

√    

                                                                 

Where Lp and Ls are self-inductance of the primary coil and secondary coil respectively, and 

M is the mutual inductance. 
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Figure 2-9: Pick-up (a) Open circuit voltage and (b) Short circuit current 

Using the definition of mutual inductance the induced voltage (Voc) in the pick-up coil shown 

in Figure 2-9 (a) can be calculated accordingly [1, 14, 17, 23, 62]: 
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Where ω is the primary frequency and Ip is the primary current. This induced voltage causes a 

current to flow in the secondary coil when the secondary coil is short circuited. The short 

circuit current (Isc) is given by [1, 14, 17, 23, 62]: 

    
   
    

  
  

  
                                                        

Using the open circuit voltage and short circuit current, the apparent volt-ampere output 

power can be calculated as shown in Equation (2-10). This can be used for the measurement 

of uncompensated power; however, it is insufficient to use for practical applications. 

   |       |   
  

  
   

                                                   

The compensated output power of a pick-up when it is fully compensated can be calculated 

as follow [1, 14, 17, 23, 62]: 

    |       |     
  

  
   

                                               

Where Q is the quality factor of the compensated pick-up coil.  

Despite the fact the induced voltage in the pick-up shows the effect of the primary current on 

the pick-up, the current circulating in the pick-up coil also has an influence on the primary 

side. This current Is flowing in pick-up causes a voltage to be reflected back to the primary 

side. This is shown in Figure 2-10 and expressed in Equation (2-12) [24, 29]. 
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Figure 2-10: The open circuit voltage and the reflected voltage 

                                                                          

 Different resonant frequencies under ZVS operation 2.4

When an IPT system is operating under ZVS condition, system possesses different resonant 

frequencies; it is substantial to identify these ZVS frequencies. For this research a pure 

resistive load has been considered for the secondary side and by this, the reflected impedance 
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to the primary would also be purely resistive. The tank undamped natural frequency is given 

by: 

   
 

  √    

                                                         

In practice this frequency will be affected by the tank quality factor Q, which is in relation 

with the load reflected from the secondary side (R). This is known as the resonant tank 

frequency and is quantified by: 

     √  
 

                                                                 

Where: 

  
      

 
                                                              

Note Q is often referred to as the quality factor, but in fact here it is only a defined ratio 

between the characteristic impedance and the resistance. Hence the actual resonant frequency 

is always lower than the undamped natural frequency. 

 Start-up phase for current-fed push-pull inverters 2.5

 Zero voltage crossing problem at start-up  2.5.1

A controlled push-pull converter, under steady state condition with a relatively large DC 

inductance than the resonant inductor, will result in constant DC current. So, the switching 

devices will inject an AC square wave current waveform into the resonant tank. To achieve a 

ZVS operation during steady state and to detect the zero crossing points, first the resonant 

voltage oscillations in resonant tank have to be damped to zero. As explained before two ZVS 

approaches have been considered for this research. In terms of Autonomous push-pull, there 

will be no start-up difficulties owing to the self-starting characteristic of this inverter. 

However, for the other method this is not the case. As described, during steady state process 

the system will continue with ZVS operation but if the starting point is with turn on/off the 

switches alternatively, ZVS is impossible as the voltage will never be zero. 

Therefore, injecting energy to the system externally to assist the ZVS operation and initiate 

the oscillation is an obligation criterion. Otherwise, capacitor shorting will be inevitable and 
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subsequently blowing up the switching devices might occur especially in high power 

applications. This concludes that without a proper start-up procedure, a converter will not be 

oscillating.  

 Initially forced DC current solution 2.5.2

The key reason why a converter will not resonate at the starting instant is that because there is 

no initial energy stored in the tank at start-up, the current will ramp up and cause shorting of 

the resonant capacitor. In order to eliminate this issue, an additional charging circuitry to 

inject voltage to the resonant capacitor or current to the resonant inductor before start-up 

action is necessary. Another way to give the DC inductor an initial current is by turning on 

both switches at the beginning for a short time, DC inductor current will rise up to a certain 

value [1, 63]. Then by turning off one of the switches, the injected current to the resonant 

tank will have an initial value which can be calculated by the following relation. 

      
   

  
                                                                  

Where Id(0) is initial current of the DC inductor and t1 is the time the switches should remain  

ON.  

 Summary  2.6

A general overview of the current-fed push-pull converter has been undertaken in this 

chapter. Crucial elements about this converter have been discussed systematically here.  

To optimise the behaviour of the system, reduce switching and conduction losses in the 

system it is important to integrate the converter topology with the contactless structure. 

Subsequently because of achieving high voltage waveform across the resonant tank as 

compared to voltage-fed converter and arriving simple circuitry over a full-bridge current-

fed, a push-pull converter was used in this research.  

A detailed description of the components in a push-pull converter and all the designs 

considerations were presented. To achieve soft switching for a resonant converter several 

methods are available; during this research three different approaches were investigated to 

obtain ZVS; fixed-frequency, zero voltage detection method and autonomous. Each method 
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was described in detail. Later the various resonant frequencies under ZVS operation were 

depicted. 

To start a current-fed converter because the absence of energy in the resonant tank ZVS, 

operation could not be initiated. Thus, a special start up circuit is required for ZVS approach. 

Note that for fixed frequency control, as it is open loop there is no requirement of start-up 

logic and in autonomous system which is inherently self-starting turning on the power supply 

the system will start resonating. Therefore this only needs to be considered for the zero 

voltage detection strategy. 
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Chapter 3: Proposed multiple phase primary 

power converter 

 

 Basic configuration 3.1

Designing a multiple phase power supply in this research is separated into two main aspects: 

the hardware design and the software control design which focus mainly on the work done 

within the chosen controller. This chapter explains the proposed circuit structure along with 

the simulation results to assess the design.  The general proposed scheme in making a 3-phase 

power supply is illustrated in Figure 3-1. 
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Figure 3-1: General structure of the three phase primary side power supply 

In this model, three primary power converters are being used to produce the high frequency 

sine wave across each resonant tank. A controller to synchronize the three high frequency 

sine waves and apply the 120 degrees phase shift among them is used. Push-pull topology 

was considered as the DC/AC converter in these designs. As explained earlier in chapter 2, 
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the push-pull configuration is superior to other topologies due to the ability to achieve higher 

power while having lower component rating and less complex circuit design. The main 

objective of this research is to design a poly-phase power converter with a desired phase shift, 

while achieving soft switching operation.  Subsequently, these three out of phase high 

frequency signals will be attached to the three phase slipring system based on axially 

travelling magnetic field theory. By keeping the 120 degrees phase shift constant and 

synchronic, the resultant travelling magnetic field will be achieved.  

The three phase system is an extended version of a single phase structure. To obtain three 

phase power supply, different control strategies are proposed in this research. Initially, this 

research started with fixed frequency operation, further a more dynamic technique is 

developed. Note that all these methods are soft switched only for some techniques full 

resonance might not be achieved. Having three identical primary tanks is ideal however this 

is not practical to achieve; thus the resonant tank frequency of the three-phase might not be 

equal which adds more complexity to these designs. However, this has been considered for 

all the designs in this research. 
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Figure 3-2: Switching Sequence of the three phase system 
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Switching sequence of the three phase system is illustrated in Figure 3-2. This technique 

should almost kept constant throughout this research. M1 and M2 belong to Phase-1, M3 and 

M4 to Phase-2 and M5 and M6 to Phase-3.  

First M1, the first switch of Phase-1 will be turned on after 60 degrees M6 from Phase-3, after 

60 degrees M3 from Phase-2, and then M2 from Phase-1, subsequently M5 from Phase-3 and 

finally M4 from Phase-2 will be turned on and so on. This is shown in Figure 3-3. 
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Figure 3-3: Switching Sequence of the three phase system for one complete cycle 

 Three phase structure control strategies 3.2

To design a three phase power supply, it is important to outline the main goals required for 

this structure: 

 Three out of phase sinusoidal waveforms with 120 degrees phase shift in between and 

the phase shift should be almost kept constant throughout the operation 

 Soft switched operation is desirable; hard switching should be avoided. This means 

that high frequency operation for multiple phase primary converters will be practical 

 Fixed Frequency Control (Method 1) 3.2.1

3.2.1.1 General feature 

As has been explained the first intuitive method to control a single phase current-fed push-

pull converter is to have a fixed frequency switching strategy. This method is an open loop 

control for a single phase converter; two out of phase square waves will be applied to the 

MOSFETs. To extend this for an integrated three phase structure, 3 sets of square waves with 

proper time delay will be used. Each set includes 2 square trains which are 180 degrees out of 

phase. Thus for a 3-phase converter in total there will be six switches with 60 degrees out of 

phase as depicted in Figure 3-2. 
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Controlling a three phase system with this method is very straightforward as the error is 

minimized due to the fixed switching property. Figure 3-4 explains the basic configuration of 

this system. Three separate push-pull converters have been used and a controller will result in 

six waveforms with proper time delay in between. What needs to be considered in this 

topology is that all the timings should be set based on the operating frequency. As has been 

explained to avoid any hard switching operation, the switching frequency should be selected 

slightly less than that of resonant tank frequency. Note that the output current of the 

controller might not be high enough to apply any command to MOSFETs, thus a gate driver 

IC may be required. 

Push-Pull 1

M1 M2

Controller

120 degrees delay 240 degrees delay

Push-Pull 2

M3 M4

Push-Pull 3

M5 M6

0 degrees delay

 

Figure 3-4: General overview of the fixed frequency control (Method 1) 

Due to open loop control, this system could be simply modified to achieve three sinusoidal 

high frequency soft switched waveforms by choosing the operating frequency as close as 

possible to tank frequency. However, achieving a complete soft switched sinusoidal is 

crucial. Although, in slipring systems because of having fixed air gap and mutual coupling, it 

is less probable to have any parameter change in the circuit and since a fully-tuned series 

topology will be considered, the reflected impedance will be pure resistive which has minor 

effect to the system conditions. It will be shown in chapter 5 that, this system has very high 

accuracy and complete soft switched operation can be achieved. However, this does not 

imply that all three phases will be full resonance. To solve this problem some series 

capacitors can be used to partially make the primary inductances equal. Figure 3-5 is the final 

expected waveforms for Phase-1, Phase-2, and Phase-3 for this control strategy. 
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Figure 3-5: Waveforms of phase 1, 2, and 3 of fixed frequency control 

3.2.1.2 Simulation study 

A simulation study for the proposed method was undertaken using LTspice package to verify 

the performance of the system. The resonant frequency was considered at 50 kHz. Figure 3-6 

shows the simulated circuit in LTspice. Three cases of having 45 kHz, 48 kHz, and 49.5 kHz 

switching frequency waveforms were captured in Figure 3-7, Figure 3-8, and Figure 3-9 

relatively. The component size including DC inductor value, resonant inductance and 

resonant capacitor have been chosen just as an example for simulation, although a 3-phase 

slipring system with almost same inductances value was part of the testing procedure which 

will be outlined in chapter 5.  

 
Figure 3-6: Three phase fixed frequency technique (Method 1) 

 

Figure 3-7: Snapshot of the 3- phase fixed frequency system at 45 kHz switching frequency 
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Figure 3-8: Snapshot of the 3- phase fixed frequency system at 48 kHz switching frequency 

 

Figure 3-9: Snapshot of the 3- phase fixed frequency system at 49.5 kHz switching frequency 

Green, blue and red waveforms illustrate the voltage across Phase-1, Phase-2, and Phase-3 

relatively. Comparing these three snapshots, it can be concluded that by increasing the 

switching frequency compared to that of resonant tank, the delay between the upper and 

lower side of the sinusoidal waveforms decreases. This means that the blank time between 

the consecutive crossing points will disappear by choosing the switching frequency closer to 

resonant frequency. In all of the cases the system is operating in soft switching region but to 

achieve a full resonance switching frequency should be as close as possible to resonant 

frequency.  

Figure 3-10 and Figure 3-11 show the waveforms at 50 kHz and 52 kHz. In Figure 3-11, the 

hard switching operation has been captured. Therefore, the aim is to stay close and slightly 

less than resonant frequency to assure soft switching. 
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Figure 3-10: Snapshot of the 3- phase fixed frequency system at 50 kHz switching frequency 

 

Figure 3-11: Snapshot of the 3- phase fixed frequency system at 52 kHz switching frequency 

To see how good the system behaves in terms of harmonics, total harmonic distortion (THD) 

was measured for each primary current in LTspice. Total harmonic distortion, or THD, is the 

summation of all harmonic components of the voltage or current waveform compared against 

the fundamental component of the voltage or current waveform which is defined in Equation 

(3-1).  

    
√  

    
    

       

  
                                           

THD is used to characterize the linearity of the systems and the power quality of electric 

power systems. THD is usually expressed in percentage as distortion factor or in dB relative 

to the fundamental as distortion attenuation. It is defined as the RMS value of the waveform 

remaining when the fundamental is removed. Harmonic distortion is caused by the 

introduction of waveforms at frequencies in multiplies of the fundamental i.e. 3rd harmonic is 

3x the fundamental frequency. Total harmonic distortion is a measurement of the sum value 

of the waveform that is distorted. 
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Table 3-1: THD of primary currents for fixed frequency control (Method 1) 

 
Fourier components 

of I (Lp1) 

Fourier components 

of I (Lp2) 

Fourier components 

of I (Lp3) 

Total Harmonic 

Distortion 
1.78% 1.77% 1.79% 

Based on the simulation results the THD observed for this design is quite low and negligible; 

which shows having low components of harmonics in the system. Also the fairly equal THD 

numbers for each phase reflects the symmetrical feature of the system. 

 Quasi Soft Switched Control (Method 2) 3.2.2

3.2.2.1 General feature 

Another method to improve previous control strategy was proposed; this method is a quasi-

soft switched technique and as the name suggest, similar to soft switching will be observed. 

Note that the main structure of the system has not been changed and this method also uses 3 

separate push-pull converters but, a more sophisticated control strategy was targeted. Phase-1 

in this method has been considered as the leader phase which contributes to soft switching 

and will determine the switching frequency for the other two phases and the time delay for 

the starting points of the other two phases. Figure 3-12 shows the overview of this system.  

Based on the two mentioned ZVS methods in chapter 2, Phase-1 can be soft switched in two 

ways. Using phase one as the dominant phase, operating frequency for phase two and phase 

three will be figured out by the controller and these two phases will follow the operating 

frequency of Phase-1 (in this case operating and resonant frequency of Phase-1 are the same 

because it is a soft switched method). For this, the controller needs to find out the varying 

frequency of the first phase (having ZVS means frequency will vary to some extent). With 

having the resonant frequency of Phase-1, the period of this system can be calculated and 

subsequently, one third (120 degrees) and two third (240 degrees) of this value which are the 

delays for Phase-2 and Phase-3 could be determined. The ideal case is to have a controller 

that dynamically measures Phase-1 frequency and relatively update the time delay for Phase-

2 and Phase-3 and feed the gate signals of Phase-1 to the other two phases. As will be 

explained in detail using the controller in chapter 4 this has been achieved.  

Having three equal inductances for the three primary tanks is ideal and there will be always 

minor difference between these values in practice. This has been used as an advantage for this 
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design because Phase-2 and Phase-3 will follow Phase-1 so it is substantial that Phase-1 has 

lower frequency than the other phases; thus the other phases will always be in soft switching 

region. Therefore, the highest inductance will be chosen for Phase-1 so that the operating 

frequency of this phase is slightly lower than the other phases. 

Push-Pull 1

Soft switched

M1 M2

Controller

Figuring out the signals of M1 and M2, delay them and use them for the other phases

120 degrees delay 240 degrees delay

Push-Pull 2

M3 M4

Push-Pull 3

M5 M6

 
Figure 3-12: General overview of quasi soft switched system (Method 2) 

The expected waveform for the quasi soft switched method is shown in Figure 3-13.  

120 

degrees

120 

degrees

Phase 1 Phase 2 Phase 3

 
Figure 3-13: Expected waveforms of Phase-1, Phase-2, and Phase-3 for quasi soft switched 

system 

3.2.2.2 Simulation study 

As was explained in chapter 2, two approaches are considered throughout this research for 

ZVS purpose. The first method is Zero Voltage Detection (ZVD) method; using a comparator 

and a controller and a special start-up procedure the soft switching will be obtained. The 

second approach is autonomous push-pull converter; this self-starting topology brings 

simplicity to the whole design while minimising the need for additional controller for voltage 

detection or any consideration for start-up process. 
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The first way to achieve the semi soft switched method was to use zero voltage switched 

push-pull using ZVD method for phase-1 and by detecting and shifting the gate signal of 

either M1 or M2, the signals for M3, M4, M5, and M6 can be generated.  

The benefit of using this topology is having controllable start-up and shut down process. 

However special start-up logic needs to be considered to achieve ZVS operation. Note that 

without any start-up logic the system will not be resonating; without ramping up the current 

inside DC inductor, only the switches will be shorted which might result in blowing up of the 

switches. In this case by using logic to turn on the switches of Phase-1 for a specific period of 

time and turning off one of them to give the DC inductance an initial current in order to 

oscillate, the start-up logic can be configured. Figure 3-14 and Figure 3-15 show the LTspice 

model and the simulation result of the three phase semi soft switched with using ZVD 

technique. 

 
Figure 3-14: LTspice model for three phase quasi soft switched using ZVD (Method 2-1) 

 
Figure 3-15: LTspice simulation result for quasi soft switched three phase system using ZVD 

(Method 2-1) 

Referring to Figure 3-15, it can be seen that the switching frequency of Phase-1 is precisely 

following its natural resonant frequency (green waveform), whereas, for the other two phases 

because of following Phase-1 their switching frequency is slightly lower than their resonant 

frequency causing blank time between the two consecutive crossing points. Blue and red lines 

are the voltage waveform for Phase-2, and Phase-3 respectively. This small gap between the 
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two consecutive crossing points for Phase-2 and Phase-3 is to assure the soft switching 

operation will occur. In this case with following Phase-1 hard switching is avoided 

throughout the converter operation. To apply this for simulation, the resonant inductance of 

Phase-1 has been considered slightly greater than the other two phases. Phase-1 is operating 

at 48 kHz while Phase-2 and Phase-3 have 50 kHz resonant frequency. This condition is set 

for the next ZVS method as well. And due to this reason, the amplitude of the Phase-1 is 

slightly less than that of the other two phases. 

The THD of this proposed method was also calculated using LTspice and the results are 

presented in Table 3-2. This system also has low harmonics component in respect to the 

fundamental frequency as it is shown in this table. 

Table 3-2: THD of primary currents for quasi soft switched using ZVD (Method 2-1) 

 
Fourier components 

of I (Lp1) 

Fourier components 

of I (Lp2) 

Fourier components 

of I (Lp3) 

Total Harmonic 

Distortion 
2.48% 3.54% 3.83% 

Another simulation was conducted with using autonomous for Phase-1. 

  
Figure 3-16: LTspice model for three phase quasi soft switched using autonomous approach 

(Method 2-2) 

For autonomous push-pull converter because the gate signal of M1 or M2 is not a pure square 

wave signal therefore it is not suggested to use these signals as reference. Thus by feeding the 

sine wave across the resonant tank to a comparator, the AC waveform can be converted to a 

DC version at the zero crossing point. Subsequently, this signal will be shifted for 120 and 

240 degrees to generate the required signals for Phase-2 and Phase-3. Note that to assure the 

soft switching property inside the system, the resonant frequency of Phase-1 was considered 

slightly less than that of the other two phases. In Figure 3-17 the simulation results of the 

voltage waveform of the three tanks are shown. 
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Figure 3-17: LTspice simulation result for three phase quasi soft switched using autonomous 

(Method 2-2) 

It is observable that the simulation results from the previous two semi soft switched methods 

are more or less the same. The only difference between them is that the method 2 using 

autonomous includes much simpler control design circuitry (stepping down the voltage from 

the other leg using a resistor and a Zener diode); however, for ZVD method a more 

sophisticated logic is required which adds more design constraint into the system.  

In chapter 5 based on achieved practical results, a comparison between all the systems will be 

illustrated. The THD of primary currents for this proposed method was also calculated using 

LTspice and the results are presented in Table 3-3. From these results it is noticeable that this 

technique also contributes to low harmonics distortion. 

Table 3-3: THD of primary currents for quasi soft switched using autonomous (Method 2-2) 

 
Fourier components 

of I (Lp1) 

Fourier components 

of I (Lp2) 

Fourier components 

of I (Lp3) 

Total Harmonic 

Distortion 
1.67% 3.18% 3.93% 

 Multi-Phase structure control strategy 3.3

Multi-Phase structure is based on the three-phase method. Just by adding more phases and 

keeping the same configuration, this could be achieved for any desired phase delay between 

the adjacent phases. Figure 3-18 and Figure 3-19 show the two proposed topologies for 6 

phase arrangement. 
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Figure 3-18: General overview of fixed frequency control for 6 phase system (Method 1) 
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Figure 3-19: General overview of quasi soft switched control for 6 phase system (Method 2) 

 Summary 3.4

In this chapter the proposed methods were described with the simulation results to back up 

these methods. To achieve a multi-phase primary power supply, first a 3-phase configuration 

was investigated. Then this was extended to a poly phase power supply structure. The 

converter used for the proposed power supplies is current-fed push-pull resonant converter.  

In general two main techniques were researched on; Fixed frequency (Method 1) and quasi 

(semi) soft switched operation (Method 2). In the former method the gate signal for all the 3-

phases are coming from the controller and this is an open loop control strategy. Precisely 

choosing the switching frequency a complete soft switched system will be observed.  

For the later technique, Phase-1 is being soft switched using two approaches: Zero Voltage 

Detection or Autonomous approach. Subsequently, by figuring out the signals of one of the 

switches of Phase-1, the gate signals of the other phases will be generated and applied to the 

other phases after a proper phase delay made by the controller. This means that Phase-2 and 
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Phase-3 will follow the frequency of Phase-1. Total harmonic distortion for each phase 

primary current of each proposed methods was calculated using LTspice; the results show 

fairly low harmonics in the system owing to good quality sinusoidal waveforms observed 

across each resonant tank. Finally these methods were extended to 6- phase configuration. 
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Chapter 4: Implementation of the three phase 

system with CompactRIO 

 

 Introduction to CompactRIO controller 4.1

This chapter presents the practical implementation of the proposed methods using the 

controller. The controller used for this research is FPGA mode of CompactRIO which has an 

extreme fast performance. The operating frequency of the processor of CompactRIO can be 

set up to 200 MHz. The software for this controller, LabVIEW has a graphical frame work 

and includes a wide range of built-in functions such as: PID control, zero crossing detection 

and many other control functions. 

After an introductory to CompactRIO controller and its features, the performance of each 

proposed circuit will be evaluated with the help of the controller. 

National Instruments CompactRIO (cRIO) is a small rugged industrial control and acquisition 

system powered by reconfigurable I/O (RIO) FPGA technology for ultrahigh performance 

and customization. Due to high performance, small size and low engineering cost, FPGA 

devices have become vendor defined which explains the complexity of electronic design 

tools. NI CompactRIO incorporates a real-time processor, reconfigurable FPGA and 

swappable I/O modules [64].  

A beneficial point of using cRIO is having access to high-productivity LabVIEW software 

which is a graphical programming tool. You can take advantage of user-programmable 

FPGAs to create highly optimized reconfigurable control and acquisition systems with no 

knowledge of specialized hardware design languages such as VHDL. With choosing the 

appropriate block diagram from the extensive library, control has become much simpler and 

you can design your own custom control or acquisition circuitry in silicon with 25 ns 

timing/triggering resolution. By adding additional computation the execution speed of the 

cRIO will not reduce because of the parallel processing nature of RIO core. CompactRIO can 

be used in harsh environment and compact places. 

This low-cost embedded architecture delivers open access to low-level hardware resources 

for rapid development of custom stand-alone or distributed control and acquisition systems. 
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The LabVIEW software consists of, the LabVIEW Real-Time Module and the LabVIEW 

FPGA Module. Figure 4-1 shows the cRIO internal architecture.  

 
Figure 4-1: CompactRIO internal architecture 

 Real time controller  4.1.1

The real-time controller contains an industrial processor that reliably executes LabVIEW 

Real-Time applications. CompactRIO features a 200 MHz Pentium class processor. It 

contains a real-time clock, hardware watchdog timers, dual Ethernet ports, up to 2 GB of data 

storage, and built-in USB and RS232. The controller also features a 10/100 Mb/s Ethernet 

port for programmatic communication over the network (including e-mail).  

 Reconfigurable FPGA Chassis 4.1.2

The reconfigurable chassis is the heart of CompactRIO embedded systems, containing the 

RIO FPGA core. The CompactRIO can be in 4 and 8 slots reconfigurable chassis containing 

1 million or 3 million gate FPGAs. The swappable I/O modules will directly connect to the 

chassis rather than through a bus, no latency will occur for system response. 

This user-defined reconfigurable FPGA chassis is a custom hardware implementation of your 

control logic, input/output, timing, triggering, and synchronization design. A local PCI bus 

connection provides a high-performance interface between the chassis and the real-time 

processor. Figure 4-2 shows cRIO-9074 chassis which was used for this research. This 

chassis integrates a 400 MHz industrial real-time processor with a 2M gate FPGA and has 

eight slots for NI C Series I/O modules.  
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Figure 4-2: cRIO-9074 reconfigurable chassis 

 I/O Modules 4.1.3

Each CompactRIO I/O module contains screw terminal, BNC, or D-sub connectors. A variety 

of I/O types are available including ±10 V simultaneous analogue inputs/outputs and 

differential/TTL digital inputs with 5 V regulated supply output. Almost any sensor or 

actuator can be connected to more than 50 NI C Series I/O available modules for 

CompactRIO. Figure 4-3 shows the most common I/O modules. 

 
Figure 4-3: I/O modules 

 Controller design 4.2

Using CompactRIO as the high performance controller, the proposed methods for the three 

phase system are explained in detail in the following sub sections individually.  The main I/O 

modules used in this research are, NI 9401 the 8-channel digital I/O module and NI 9201 the 

8-channel analog input module. NI 9401 is the fastest digital module with maximum 100 ns 

propagation delay. The fastest analog module available at the university was NI 9201 with 2 

us settling time delay. Note that cRIO has network cable and a power plug; to use the 

controller the power plug need to be connected and the network cable to the network 

connection then it can be found under the LabVIEW project file.  

 Method 1: Fixed frequency control 4.2.1

As detailed in chapter 3, the fixed frequency structure consists of three primary power 

converters connected to three separate resonant tanks generating high frequency sinusoidal 
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primary phase current. As per the required travelling magnetic field, it is essential to provide 

120 degrees phase shift between the three phases. The first proposed system was using 

CompactRIO to generate 6 pulse trains for the converter side with the proper time shift in 

between. This is an open loop control strategy and no feedback was used here. Figure 4-4 

illustrates the coding technique used for this control system. 
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Figure 4-4: Coding sequence for fixed frequency control (Method 1) 

Referring to Figure 4-4; each section of the code has been numbered and described following: 

Section 1: This is a while loop structure. The data inside the while loop will continue 

executing until Stop is pressed. The speed of the while loop execution rate is same as FPGA 

processor which is 40 MHz; this means it has 25 ns resolution and each iteration for the while 

loop takes 25 ns. This section is for online communication with the main circuit. By pressing 

the trigger button the system will start and whenever was needed the stop button can be 

pressed.  

Section 2: Inside the while loop a flat sequence structure has been placed consists of 

one or more sub-diagrams and executes them sequentially from left to right. This was used to 

ensure that a sub-diagram executes before or after another sub-diagram. Also the data leaves 
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each frame as the frame finishes executing. This means the input of one frame can depend on 

the output of previous frame.  Separate while loops have been considered for each phase.   

Section 3: Starting from left, the first sub-diagram was used to delay the output. A case 

structure is used inside the first sub-section with the condition of running for the first time. It 

indicates that the output of first while loop will be delayed for the defined value. Note that 

there was no need to delay phase one but this section was added to assure the three phases 

will have same executable commands and the value was set at zero. The wait block could be 

configured in milliseconds, microseconds and ticks (the processor executing rate). To get the 

highest resolution this was set at ticks. Thus, this block delays for a certain time interval 

before the output data dependence becomes valid. 

Section 4:  As shown in Figure 4-5 this calculation was done to generate the high pulse 

and low pulse for sub-diagram 5 and sub-diagram 7.  

 
Figure 4-5: Coding sequence to calculate high and low pulse 

Section 5: The next sub-diagram is to generate the low pulse of the square wave train. 

The wait block was used in this section which means the delayed output from the previous 

frame remains low for the calculated value from section 4 (with having 50% duty cycle it 

means for half period the signal will be off). 

Section 6: At this stage the two digital outputs for the Phase-1 are chosen. For the 

calculated delay, digital output 0 (DO0) will stay T (true; it will stay low) and digital output 1 

(DO1) will stay F (false; it will stay high). Note that DO0 is the pulse train for M1 and DO1 is 

pulse train for M2. This means that M1 is low at the beginning and M2 is high. 

Section 7: This sub-diagram will do the same function as Section 5. 

Section 8: After calculating high pulse at stage 7, DO0 will stay F (False) and DO1 will 

stay T (True). M1 will go high and M2 will go low. At this time a complete period of pulse 

trains for Phase-1 switches has been made. 
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Same strategy is used to generate the gate signal pulses for Phase-2 and Phase-3. The only 

difference is that the delayed value defined at the starting point of those phases was chosen 

based on 120 degrees and 240 degrees phase shift. Up to now, this was the block diagram 

programmed for this method. To connect the information on FPGA to real time processor 

controller, a host window is needed. Following is the description of host window for this 

program which is shown in Figure 4-6. 

2

1
3

 

Figure 4-6: Host block diagram for fixed frequency control 

Section 1: This block is to open the FPGA VI (Virtual Instrument) as a reference to this 

window, by choosing the right FPGA VI all the information in that page could be used here.  

Section 2: In this while loop all the controlling objects in FPGA VI can be controlled 

as well as be halted by pressing stop button. 
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Section 3: The Close FPGA VI Reference function closes the reference to the FPGA 

VI and resets the FPGA VI.  

The front panel of FPGA and host are shown in Figure 4-7. This is a dynamic system; by 

changing the values on Host front panel while the program is running, any controllable item 

on this window can be modified. The controllable items are shown here. Which means PWM-

1, PWM-2, and PWM-3 could be set based on the resonant frequency. Also the delays 

between the 3 phases are adjustable. To run this coding, the program has to be compiled 

which might takes up to 10 minutes for such a design; however after the first compilation if 

the main coding does not change, there is no need for compiling again and by just changing 

the PWMs period and time delays the code can be run again. 

FPGA Front Panel Host Front Panel

 
Figure 4-7: FPGA and Host front panel for fixed frequency control 

 Method 2: Quasi soft switched control  4.2.2

The next proposed method is to have the first phase soft switched and the other two phases 

follow the frequency of Phase-1. Two cases are discussed for each method; first having a 

constant delay at the beginning of each phase. Second having a dynamic delay based on the 

frequency of Phase-1 which means after each cycle not only the frequency of Phase-2 and 

Phase-3 will change according to the frequency of the first phase but the delay between the 

three phases will change accordingly. 
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4.2.2.1 Zero voltage detection method (Method 2-1) 

As discussed in chapter 3, the first technique to achieve ZVS for semi soft switched operation 

is to use zero voltage detection technique. It means that Phase-1 will operate under ZVS with 

using a comparator and a controller (cRIO). The substantial difference of this method 

comparing to the next methods is the ability to push up the frequency to higher levels easily 

by just changing the resonant tank capacitor and to fully control over the system in terms of 

start/stop action. 

As has been explained before, for closed loop control technique there is a need for special 

start-up procedure. In order to have the system start oscillating, an initial energy has to be 

injected into the system at the start-up time. For this purpose, the two MOSFETs of push-pull 

1 need to be turned “on” for a predetermined time which will be calculated. After this, one of 

the switches will be turned “off” and after that the converter will continue performing its 

normal ZVS operation. Therefore, start-up process plays a dominant role and without having 

it the system will not start. 

      
   

  
                                                                  

The initial current is proportional to both on time (t1) for M1 and M2, since the input voltage 

(Vdc) and the DC inductor (Ld) are fixed parameters. Note that if Id(0) is too small the zero 

voltage crossings cannot be detected by the ZVS network. On the other hand Id(0) cannot be 

larger than the current rating of M1 and M2. With the implementation of this method, once a 

zero voltage crossing is perceived the ZVS network takes over and controls the switching to 

maintain the oscillations. The signal from A/D converter IC will be fed into digital module of 

cRIO as an input to initialize the crossing points. Two cases of having a fixed delay and a 

dynamic delay are explained as below: 

 Case-I: Fixed delays for Phase-2 and Phase-3 

Figure 4-8 is the coding sequence used for this semi soft switch method with having fixed 

delays. The only controllable items for this design are delays for Phase-2 and Phase-3 and the 

initial on-time considered for start-up purpose. Below is the description of each part 

separately: 
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Figure 4-8: FPGA block diagram window for quasi soft switched using ZVD (Case-I) 

Section 1: This loop is for Phase-1; initially for start-up purpose M1 and M2 will stay 

on. Next, one of these two will go off and the normal switching will continue. As it has been 

shown in the last flat structure frame, the signal coming from output of comparator will be 

fed to DO0 (M1) and inverted for DO1 (M2). This has been placed in a while loop which 

means that the previous frames will just happen once at the start-up and the last frame will 

continue executing until the stop button is pressed. 

Section 2: This while loop is for the second phase (Phase-2).  Using DO0 as the input 

for this loop, it needs to be delayed for 120 degrees for DO2 (M3) and an inverted version for 

DO3 (M4). This process starts with checking whether there was a rising edge or falling edge. 

To do this, the signal of M1 is being compared with previous value stored in a shift register. 

Shift register is used when you want to pass values from previous iteration through a loop to 

the next iteration. A shift register appears as a pair of terminals, directly opposite each other 

on the vertical sides of the loop border. Next, add the loop counters with the constant delay 

considered for Phase-2. If a rising edge was true, then from the upper select icon, choose the 

loop counter plus time delay and subsequently subtract this value from the previous value. At 

this stage the delay has been achieved and can be applied to DO2 and DO3. After the delay, 

lvhowto.chm::/Creating_Shift_Registers.html
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turn on DO2 and invert it for DO3. If there was a falling edge, the lower select icon becomes 

true and after the same procedure as above, turns off DO2 and turn on DO3. 

Section 3: This while loop is considered for the last phase (Phase-3) and the logic is 

similar to the logic of Phase-2. 

Figure 4-9 is the snapshot of Host block diagram window and Figure 4-10 is the FPGA and 

Host front panel window for this method.  

 
Figure 4-9: Host block diagram window for quasi soft switched using ZVD (Case-I) 

Host Front PanelFPGA Front Panel

 

Figure 4-10: FPGA and Host window front panel for quasi soft switched using ZVD (Case-I) 

 Case-II: Dynamic delays for Phase-2 and Phase-3 

The coding sequence at this stage is partially similar to Case-I and it is shown in Figure 4-11 

and detailed as follow: 
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Figure 4-11: FPGA block diagram window for quasi soft switched using ZVD (Case-II) 

Section 1: This while loop is to calculate the Period of Phase-1 and subsequently delay 

Phase-2 and Phase-3 according to the calculated period. The stepped down sinusoidal across 

the resonant tank has been fed to Analog Input (AI0). AI0 is then connected to Zero Crossing 

Block and the direction is set to minus to plus, whenever a crossing happens the case 

structure becomes true otherwise is false. Note the crossing condition is connected with 

dotted green line to the question mark of the case structure. Whenever this condition was 

true, the counter value will be subtracted from the previous value stored in the shift register to 

figure out the period and this will be shown as an indicator on FPGA front panel window. 

Subsequently, by dividing this value to 3 (T/3) delay for Phase-2 and dividing to 6 (T/6) 

delay for Phase-3 will be calculated. Note, instead of T/6, 2T/3 for Phase-3 could also be 

used. 

Next loop is for Phase-1 with the start-up logic which is the same as Case-I.  

Section 2: This while loop is for Phase-2; at the first stage inside the flat sequential 

structure, a condition is been set. This condition is when DO0 (M1) was true, then go to the 

next stage. This means that Phase-2 will not start if Phase-1 is not true. After this wait for 

‘Delay Ph 2’ (This is a local variable which is coming from the first loop). Next DO2 (M3) 
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becomes true and DO3 (M4) becomes false. Later in the next stage, it waits until M1 becomes 

false then will go to the following stage. Again after waiting for ‘Delay Ph 2’ M3 becomes F 

and M4 becomes T. This loop will be repeated until stop command applies. This loop means 

that whenever M1 was on, wait for T/3 turn on M3 and invert M4. And whenever M1 was off 

again wait for T/3 turn off M3 and invert M4. So Phase-2 signals are becoming completely 

dependent on Phase-1; if the frequency of Phase-1 changes, the delay for Phase-2 and 

relatively the frequency of Phase-2 will change. 

Section 3: This is same as section 2 only with reference to DO1 (M2) and ‘Delay Ph 3’.   

Figure 4-12 is the FPGA and Host front panel for this coding sequence. It is observable that 

the only variable items are start-up delay and the direction for crossing detection. ‘Period’ of 

Phase-1 and ‘Delay Ph 2’ and ‘Delay Ph 3’ are indicators. 

Host Front PanelFPGA Front Panel

 

Figure 4-12: FPGA and Host window front panel for quasi soft switched using ZVD (Case-II) 

4.2.2.2 Using Autonomous push-pull converter (Method 2-2) 

Another method to implement semi soft switched operation is to use autonomous push-pull as 

the soft switched for Phase-1. Having an autonomous push-pull will make the control 

circuitry much simpler. Moreover, because of having self-starting up property no additional 

start-up process is needed. However, there will be no direct control of triggering or stopping 

the system except from the main power supply because of not having any control of Phase-1, 

as it is an autonomous push-pull. 

An external comparator IC was used to convert the resonant tank waveform to a digital 

waveform (this signal will be zero voltage crossed). This digital square wave is fed into a fast 

digital module of cRIO. This method is also coded for two cases of fixed and dynamic delays. 
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 Case-I: Fixed delays for Phase-2 and Phase-3 

The coding sequence is illustrated in Figure 4-13 where the pulses for Phase-2 and Phase-3 

were generated after a fixed delay. Figure 4-14 is the snapshot of FPGA and Host front panel 

for this method.  

Although the trigger button has been used in this coding, it is not for controlling the whole 

system and only Phase-2 and Phase-3 can be controlled with this. Note that in autonomous 

push-pull the gate drive signals of MOSFETs are not complete square waves; for this reason 

the tank waveform was used to generate the pulses for the other two phases. The front panel 

for FPGA and host here will be same as Case-I of the previous method. The only controllable 

items are delays for Phase-2 and Phase-3. 
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Figure 4-13: Coding sequence for quasi soft switched using autonomous (Case-I) 
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Host Front PanelFPGA Front Panel

 
Figure 4-14: FPGA and Host window front panel for quasi soft switched using autonomous 

(Case-I) 

 Case-II: Dynamic delays for Phase-2 and Phase-3 

The coding sequence at this stage is similar to Case-II of Method 2-1 and it is shown in 

Figure 4-15. The only controllable item for this coding is the direction of the zero crossing 

detection (ZCD) block to measure the period and delays for Phase-2 and Phase-3. 
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Figure 4-15: Coding sequence for quasi soft switched using autonomous (Case-II) 

4.2.2.3 Using CompactRIO (Method 2-3) 

In LabVIEW software, there is a built in block for zero crossing detection. Therefore with 

just getting the stepped down sine wave voltage from the resonant tank and feeding it to the 

analog input module, and using zero crossing detection (ZCD) block the required digital 

waveforms for the two MOSFETs could be generated. With this, the amount of components 

used in the circuit will be minimised and it makes the control circuitry much simpler.  
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The concept at this stage and three phase semi soft switched with ZVD are the same; the only 

difference is that instead of using an external IC for converting resonant tank into digital 

waveform an internal A/D block was used. The outcome of this method is that the settling 

time delay for the analog module is 2 us; this concludes that using the cRIO for this method 

will be for limited frequency. It is accurate to use cRIO for this strategy for up to 10 KHz. 

For higher frequencies it is not suggested to use ZCD block inside cRIO because it will not 

be accurate enough unless a faster module is used. Figure 4-16 shows the block diagram 

window for this coding sequence.  
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Figure 4-16: FPGA VI block diagram window for quasi soft switched using cRIO 

Section 1: This while loop is for controlling Phase-1. Resonant tank waveform has 

been fed to AI0 of analog module which is the input for Zero Crossing VI. This block will 

detect the zero crossings of the input signal. The direction of the block has been selected as –

“minus to plus”- which means at rising and falling edges the state of output will alter 

relatively. Note that this coding is for fixed delays; using the code sequence explained for 

Case-II of Method 2-1 and 2-2 this could be further modified. To figure out the output, a 
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simple logic has been set; using an XOR and a shift register will result in DO0. The 

sinusoidal in Figure 4-17 is the voltage across resonant tank and the resultant zero crossed 

digital output pulse is DO0 (M1) and it can be inverted to form DO1 (M2). 
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Figure 4-17: XOR logic 

 Summary 4.3

In this chapter the controller used for this research, CompactRIO was introduced and its key 

aspects summarised. Having an FPGA mode and also using LabVIEW which is a graphical 

frame work instead of using any programming language are the most outstanding features of 

this controller.  Another considerable feature of this controller is that in LabVIEW there are 

various built in functions such as Zero Crossing Detection which can speed up the 

programming. During this chapter the two main proposed strategies fixed frequency and 

quasi soft switched operation were designed and programmed using LabVIEW for cRIO. 

Additionally, for semi soft switched method two cases of having fixed or variable delays 

between the three phases are discussed.  

For quasi soft switched, three approaches for ZVS of Phase-1 were considered: using zero 

voltage detection, autonomous and ZCD built-in block in cRIO.  The problem of the last 

controlling strategy is that because of the large propagation delay of the analog module, the 

system can be run up to 10 kHz. For higher frequencies other ZVS methods such as zero 

voltage detection or Autonomous could be used. However, using a module with lower 

propagation delay may solve the problem. Each coding sequence was explained in detail with 

the relevant snapshots from LabVIEW front panel and block diagram window.  
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Chapter 5: Experimental results 

 

 Three phase primary power converter 5.1

In order to verify the proposed control strategies and the theoretical analysis, several 

experiments were conducted which are explained in this chapter. To determine an optimal 

operating frequency for wireless power transfer applications, there is a number of factors 

such as physical size, efficiency, electromagnetic interference (EMI), and soft-switching 

operation to be considered during design [65].  

First, in this section the final results of the three proposed methods will be presented followed 

by a demonstration of current waveforms of the three phase system. Moreover, practical total 

harmonic distortion of the primary currents for each system will be illustrated separately to 

confirm the performance of the systems. Then, these systems are tested for different 

applications and for different conditions. Finally, a comparison between the three practically 

tested systems is conducted. Moreover, a set of load testing is performed and will be 

presented in this section as well. 

At this stage to verify the system and evaluate the performance of the system each converter 

was tested separately at about 100 kHz. The aim is to look at the time delays between the 

phases and total harmonic distortion of the system. Because the operating frequency for semi 

soft switched method which it is zero voltage switched with CompactRIO (Method 2-3) is 

expected to be maximum up to 10 kHz so this system was not tested here and only the three 

other systems were tested in this chapter. As stated in the previous chapter, the limitation for 

the frequency is just because of the propagation delays of the used modules. 

Figure 5-1 shows the first proposed technique current waveforms with fixed frequency 

control. It is observable that the time delays between the waveforms are constant and 

calculated based on the requirements with 120 degrees phase shift between the three phases. 

The value of THD from this testing is illustrated in Table 5-1. The THD was calculated by 

measuring the dB of each frequency components from the FFT spectrum shown on the 

oscilloscope. The calculated THD might be with ±15% error. The slightly difference in the 

amplitude of the three waveforms is because the three primary inductances are not exactly 

equal. 



Chapter 5: Experimental results 

66 

 

 
Figure 5-1: Captured 3-phase current waveforms at 96.6 kHz for fixed frequency control 

(Method 1) 

Table 5-1: Practical THD of primary currents for fixed frequency control (Method 1) 

 
Fourier components 

of I (Lp1) 

Fourier components 

of I (Lp2) 

Fourier components 

of I (Lp3) 

Total Harmonic 

Distortion 
1.580% 2.438% 3.205% 

Figure 5-2 is the current waveforms of the next proposed method. In this semi soft switched 

method, Phase-1 is being with zero voltage switched using zero voltage detection (Method 2-

1). Table 5-2 presents the practical THD percentage of primary currents for this system. 

 
Figure 5-2: Captured 3-phase current waveforms at 95 kHz for quasi soft switched control 

(Method 2-1) 

Table 5-2: Practical THD of primary currents for quasi soft switched control (Method 2-1) 

 
Fourier components 

of I (Lp1) 

Fourier components 

of I (Lp2) 

Fourier components 

of I (Lp3) 

Total Harmonic 

Distortion 
1.722% 2.969% 3.306% 
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Figure 5-3 and Table 5-3 depict the results for semi soft switched method using autonomous 

push-pull as ZVS method for Phase-1 (Method 2-2). Time delays between the 3-phases are 

precisely constant during the operation. Additionally, having low THD shows well 

performance of these converters. Note that for the semi soft switched methods Case-I coding 

sequence (Refer to chapter 4) has been considered which means a constant delay is set at the 

starting up between the three phases. Because the system is tested with no load, thus there 

will be no influence from the secondary side and as a result the time delays between the three 

phases remain unchanged.  

 
Figure 5-3: Captured 3-phase current waveforms at 98.5 kHz for quasi soft switched control 

(Method 2-2) 

Table 5-3: Practical THD of primary currents for quasi soft switched control (Method 2-2) 

 
Fourier components 

of I (Lp1) 

Fourier components 

of I (Lp2) 

Fourier components 

of I (Lp3) 

Total Harmonic 

Distortion 
1.309% 2.113% 2.138% 

Based on the results shown above, 3-phase primary power converter design with the proper 

time shift between the phases was achieved via 3 different approaches; first having all the 

phases operating at a fixed frequency which is an open loop control; second having semi soft 

switched method with Phase-1 zero voltage switched using ZVD method; third having semi 

soft switched method with Phase-1 zero voltage switched using autonomous push-pull for 

driving circuitry. It is noticeable that the three proposed converters have low harmonics 

distortion as was tested in chapter 3 via simulation package, LTspice.  
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 Practical results of the three phase power supply for different 5.2

applications 

In this section the 3-phase systems were tested under different circumstances. First the 3-

phase power supplies were tested by driving a 3-phase contactless slipring system. Then a 

novel design of a 2D wireless charging pad is powered using one of the proposed converters 

in this research as a primary power supply. Note that the conference paper regarding the 

mentioned 2D charging pad is accepted and is presented in IECON2013.  Finally a 

comparison between a single phase and a 3-phase system has been investigated to confirm the 

superiority of a multiple phase to a single phase configuration particularly for high power 

applications. 

 Testing 3-phase slipring system 5.2.1

In many applications it is necessary to transfer power to a rotatable electrical load. For 

example, in wind turbine applications, electrical power needs to be transferred to rotary shafts 

for pitch control. This is achieved by the following ways: 

1. Mechanical Slipring assemblies. These traditional sliprings are widely used but due to 

the high frictions, wear and tear occurs over time and consequently frequent maintenance 

is required which can increase the operating cost of the system. In addition, mechanical 

slipring is not a safe option in hazardous environments, such as in the presence of 

explosive gases. 

2. Rotating Transformer-Based Contactless System.  Although this method eliminates 

the short-comings of the mechanical slipring by having a primary and secondary windings 

on separate ferrite cores with an air gap in between; however, the power transfer 

capability of such a single-phase system is limited. Hence, more single-phase units often 

need to be installed in order to transfer the required power to the load. 

To overcome the associated problems with the mechanical slipring and increasing the power 

transfer capability of the single-phase contactless slipring topology, a poly-phase contactless 

slipring based on axially travelling magnetic field theory has been proposed and researched 

on [66]. In order to generate such a travelling magnetic field, a poly-phase primary power 

converter is required to provide the proper phase shift and synchronization between the 

individual phases. With having primary and secondary of the conventional transformer 

wounding on separate cores, the associated problems of traditional method would almost be 
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eliminated. As is explained in [7, 12, 13], a three phase through-hole type of contactless 

slipring with three primary coil and a single secondary coil, has been proposed. A mechanical 

slipring and the three phase contactless slipring are shown in Figure 5-4. All the results 

presented in this chapter are tested by driving the above mentioned three phase contactless 

slipring model. 

 

Figure 5-4: (a) Mechanical slipring, (b) Poly phase contactless slipring system 

The air gap of the contactless slipring system used for these experiments is about 22 mm. The 

inductances value of the 3-phase slipring system is shown in Table 5-4.  All the experiments 

were repeated for frequencies about 50 kHz and above 100 kHz to carry out the capability of 

cRIO for each method separately. The circuit parameters are shown in Table 5-5. 

Table 5-4: Inductances value for the 3-phase slipring system with 22 mm air gap 

For air gap = 22 mm 

Lp1 28.67 uH RLp1 0.044 Ω 

Lp2 27.87 uH RLp2 0.042 Ω 

Lp3 27.09 uH RLp3 0.046 Ω 

Ls 389.4 uH RLs 2.7 Ω 

Table 5-5: Circuit parameters 

Parameter Value 

Main DC supply 12 V 

Auxiliary DC supply 5 v 

Split winding L1=L2 1mH 

RL1=RL2 0.46 Ω 

Initial tank current Id(0) 1 A 

Start-up time for both M1 and M2  100 us 

Stationary electrical 

power source

Electrical load 

assembled on the shaft 

(rotatable)

Stationary electrical 

power source

Conductive 

stationary 

brushes

Conductive rings 

assembled on the 

shaft (rotatable) 

Secondary core

Shaft 

placement

Primary core

Secondary coil

Primary coils

Air gap

(a) (b)
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The start-up time for the switches is calculated based on input DC voltage (=12 V). It should 

be noted that for all the recorded experiments by changing the Vdc to lower or higher value 

the aim was to keep the primary current  Ip constant at 2 A to have a fairly equal condition for 

all systems.  

5.2.1.1 3-phase fixed frequency converter (Method 1) 

For the first experiment the three phase fixed frequency converter is connected to the slipring 

system. Due to three different primary inductances across the resonant tanks, it is important 

to choose the switching frequency lower than the lowest resonant frequency to avoid hard 

switching. Table 5-6 shows the results of this converter and Figure 5-5 is the voltage and 

current waveforms of Phase-1 at 43 kHz frequency.  

Having 3 equal inductances is desirable for this method to obtain soft switched waveforms 

with full resonant sinusoidal. However achieving 3 similar inductances is not practical and 

there will be some difference between the 3 inductances; therefore, the resonant tank 

frequencies of the 3-phase will not be equal. This does not imply that soft switching will not 

be achieved but it means that the sine wave will not be full resonance.  

Table 5-6: Testing results for 3-phase fixed frequency converter 

Air gap Cp Rcp Frequency Voc Isc Su 

22 mm 
0.47 uF 6 mΩ 43 kHz 43.32 V 0.24 A 10.4 VA 

0.047 uF 35 mΩ 134.2 kHz 130. 9 V 0.23 A 30.11 VA 

 

 

Figure 5-5: Captured voltage and current waveforms of Phase-1 at 43 kHz  

Figure 5-6 indicates the voltage waveform across each resonant tank; it is clear that two 

phases are with full resonance while one phase has blank time between two crossing points 
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on one side. This is due to having two inductances with closer values while the third one is 

slightly smaller than the others. In this figure the reason why the dead time is appeared for 

Phase-3 at turn on time but not for the turn off time is because the switching device used for 

this experiment had fairly faster turn on time comparing to turn off time which caused 

disappearing the dead time at one side of switching. Figure 5-7 is the half voltage waveforms 

across the three resonant tanks at 134 kHz. (Refer to Appendix E: 3-phase fixed frequency 

converter at high frequency operation, for operation of same converter at 300 kHz frequency) 

 

Figure 5-6: Captured 3-phase voltage waveforms at 43 kHz  

 

Figure 5-7: Captured 3-phase half voltage waveforms at 134.2 kHz 

Because always the switching frequency is lower than the lowest resonant frequency which is 

fairly lower than the two other values thus soft switching will be attained. To improve this 

method some series capacitors are suggested to be added to the primary side to compensate 

the difference of the inductances. Cp was considered the same for the three phases for the 

testing; the results are shown in Table 5-7. Figure 5-8 is the snapshot of the 3-phase voltage 

waveforms at 48.8 kHz. The converter with the series capacitors and the slipring structure 

with 22 mm air gap is shown in Figure 5-9.  
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Table 5-7: Testing results for improved 3-phase fixed frequency converter 

Air gap Cp Rcp Frequency Voc Isc Su 

22 mm 0.47 uF 6 mΩ 48.8 kHz 50.6 V 0.24 A 12.15 VA 

 

 

Figure 5-8: Captured 3-phase voltage waveforms at 48.8 kHz  
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Figure 5-9: Fixed frequency converter with series capacitors and slipring structure 

It can be seen that by adding these capacitors the converter will be more close to a full 

resonant sinusoidal. However this is not suggested because there will be always slight 

difference and degradation in capacitors which consequently causes the unbalanced resonant 

tanks frequencies. Additionally, by increasing the operating frequency, these series capacitors 

value will increase because the difference becomes smaller which makes the system bulkier. 

Therefore, without adding these capacitors the results observed were satisfying and only if 

the difference between the three primary inductances were substantial it is suggested to add 

capacitors in series otherwise it is not needed. 
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5.2.1.2 3-phase Quasi Soft Switched converter with start-up (Method 2-1) 

To get closer to soft switching property, semi soft switched method was proposed in chapter 

3. The leading aim is to have the first phase soft switched and having the other phases 

following Phase-1. The first approach to achieve this is to use zero voltage detection (ZVD) 

method for Phase-1. Detecting the pulse gates of the switches (M1 or M2), delay them and use 

them for the gate pulses of the other phases. The controlling part was implemented with 

CompactRIO. Note that the delay between the three phases can be either dynamic or fixed 

and coding sequence for both cases where explained in chapter 4. In case of running the 

system with fixed delays, it should be mentioned that the delays can be varied manually while 

system is running if there was a large gap between the phases. For section ‘5.2.1.2’ and 

‘5.2.1.3’ the fixed delay code was used. 

Phase-1 is being zero voltage switched using ZVD method; a comparator IC is used to 

convert the resonant tank sinusoidal into a digital signal and by feeding it into the controller 

and the proper logic the signals for other phases will be generated. The table below shows the 

test result of the circuit under different frequencies. For this test, the higher inductance was 

considered for Phase-1 so that the resonant frequency of this phase is slightly lower that the 

other phases. Thus, when the other phases follow Phase-1 hard switching will not occur under 

any circumstances.  

Table 5-8: Testing results for 3-phase quasi soft switched converter with start-up 

Air gap Cp Rcp Frequency Voc Isc Su 

22 mm 
0.47 uF 6 mΩ 42.7 kHz 45.22 V 0.24 A 10.85 VA 

0.047 uF 35 mΩ 127.2 kHz 147 V 0.23 A 33.8 VA 

Figure 5-10 and Figure 5-11 show the start-up waveforms for Phase-1. As can be seen in 

order to allow some initial energy to be built-up and create Idc(0)  for the DC inductance, both 

switches turned “on” for a specific time; then one of the switches turned “off” and after few 

cycles the converter will go to steady state operation. 
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Figure 5-10: Gate signals of M1 and M2 at start-up 

 

Figure 5-11: Half resonant tank voltage waveform of Phase-1 at the start-up 

 

Figure 5-12: Captured 3-phase voltage waveforms at start-up 

Figure 5-12 is the waveforms of the three phases at the start-up point; here the voltage 

overshoot at the start-up and going to steady state mode is being captured. In Figure 5-13 the 

three half voltage waveforms across the resonant tanks with 120 degrees phase shift can be 

seen. Figure 5-14 demonstrates the voltage and current waveforms of Phase-1 at 127 kHz; 

although Phase-1 is completely zero voltage switched, but some delay between positive and 

negative half sine waves can be seen. This delay is the accumulated propagation delays of all 
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the components in the closed loop. Comparator, CompactRIO, gate driver and switches all 

will contribute to this delay which becomes more vivid at higher frequencies.  

 

Figure 5-13: Captured 3-phase half voltage waveforms at 127.2 kHz 

 

Figure 5-14: Captured Phase-1voltage and current waveforms at 127.2 kHz 

In Figure 5-15, the voltage waveform across the resonant tank of Phase-2 is shown; in this 

figure the blank time between two consequent crossing points can be observed. This delay is 

been made to assure hard switching will not occur throughout the operation by choosing 

lowest frequency for Phase-1 and having the other phases following this frequency. This 

means that if the resonant frequency of Phase-2 is about 132 kHz, by following the frequency 

Phase-1 it will be switched at 127 kHz which causes the blank times. In the same figure also 

the gate signals coming from CompactRIO have been shown. It should be noted that based on 

this figure, the gate signals are completely out of phase and the signals are coming at the zero 

crossing point which results in soft switching however full resonance is not achieved here. 

The only issue of these blank times in the system is creating more conduction loss because 

the switches are shorted for a very short period of time. 
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Figure 5-15: Captured Phase-2 voltage waveform and gate signals from cRIO at 127.2 kHz 

Based on these results it can be concluded that the three phase power supply using this 

control technique was achieved. Although time delay is not adaptive and adjustable 

automatically for this experiment, the results showed an accurate time delay between the 

three phases.  Another strategy to achieve dynamic time delay was developed in chapter 4 

and it concludes to the same result as with fixed time delay. 

5.2.1.3 3-phase Quasi Soft Switched converter with self start-up (Method 2-2) 

For this section, Phase-1 was soft switched using autonomous converter method. By a 

comparator the resonant tank was converted to a digital signal which was fed to a DI (digital 

input) of cRIO; then using this signal and implying proper delay at the initial instant, the gate 

signals for other phases will be generated. Here, the time delay for other phases is considered 

constant. Note that in order to have the three phase working together, it is recommended to 

run the code first then turn on the power supply. The results of this system are shown in 

Table 5-9.  

Table 5-9: Testing results for 3-phase quasi soft switched converter with self-start up 

Air gap Cp Rcp Frequency Voc Isc Su 

22 mm 
0. 47 uF 6 mΩ 43.4 kHz 44.3 V 0.24 A 10.63 VA 

0.047 uF 35 mΩ 138.7 kHz 141.5 V 0.23 A 32.55 VA 

Figure 5-16 shows the captured 3-phase half voltage waveforms at 138.7 kHz; the time delay 

between the three phases is 120 degrees which can be always changed manually through the 

operation in case of some minor error in synchronization. 
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Figure 5-16: Captured 3-phase half voltage waveforms at 138.7 kHz 

As can be seen for Phase-1 (the top waveform), there is a slight delay at turn on and turn off 

which is caused because of the RC circuit used for the autonomous push-pull converter; this 

could be further modified by choosing these values more precisely. 

 2D charging pad 5.2.2

Another test was conducted during this research to run a recently proposed novel wireless 

charging pad; this is becoming popular lately because of the free electrical connection 

property [67]. Having a uniform platform without any null point is desirable; however, this 

will result in more complex design circuitry and having a multi-layer coil distribution in a 

typical design which requires more material [68]. To overcome the associated problems and 

simplify the design, a single layer coil based on travelling magnetic field theory was recently 

proposed and submitted. Due to moving magnetic field along the pad, no additional detection 

circuitry in order to energize the appropriate coil is required. In addition based on the 

practical tests undertaken for this design, a partially uniform uncompensated power was 

experimented; this implies that no matter where the secondary is placed, no ‘dead areas’ will 

be observed. The configuration of the system is shown in Figure 5-17; a ferrite sheet has been 

placed at the bottom and three coils are distributed along the pad.  

This way of distributing coils will provide a vector of magnetic field which pointed upward 

and moves linearly over the pad. This is the main feature of this system which makes it 

unique from the stationary fluctuating magnetic field-based system. Moreover, this assures 

reasonably constant magnetic flux density as a resultant of the three phases travelling above 

the charging pad [69]. Each coil was connected to a primary power supply; (a and a’) forming 

phase A, (b and b’) forming phase B and relatively (c and c’) forming phase C.  
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Figure 5-17: General configuration of the 2D charging pad 

The semi soft switched using ZVD method for Phase-1 (Method 2-1) was used as the high 

frequency primary power converter in this design. The table below shows the parameter 

values used in this practical test and the practical set-up is shown in Figure 5-18. 

Table 5-10: System parameters 

 

 

 

 

 

 

The uncompensated power (Su=Voc*Isc) of the system was measured practically by moving 

the coil used as the receiver along the pad; the results show that the average is about 1.3 VA. 

This implies that by adding compensation and regulation circuit at pick-up side for instance 

with a quality factor of 5, about 6.5 Watts can be achieved which is enough for portable 

consumer devices like cell phones as they require 3 to 5 W.   

 

Parameter Value 

Ip 3.8 A 

Np 4 

Ns 8 

Frequency 174 kHz 

Air gap 4 mm 

Size of the Pad A4 

Ferrite thickness 2 
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Figure 5-18: Practical platform of the charging pad 

 Comparison of a single phase and a 3-phase system 5.2.3

At this section single phase slipring system was compared to a 3-phase slipring system to 

validate the superiority of a multiple phase to a single phase structure. The magnetic 

structures for these two cases are shown in Figure 5-19. The conditions are set to be 

reasonably equal for these two cases. The experiments were done under two different 

frequencies in order to validate the comparison for different conditions.  

 
Figure 5-19: Single phase and 3-phase slipring structure with 7.5 mm air gap 
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For the single phase system and 3-phase the air gap and the general slipring configuration and 

structure is fairly equal. The number of turns for the single Phase system is also considered 

one third of the 3-phase system. The single phase slipring is connected to a single phase 

push-pull converter; this push-pull is being soft switched using zero voltage detection method 

with the help of CompactRIO (the start-up logic is being set in cRIO). The three phase 

system is connected to the 3-phase semi soft switched using zero voltage detection method 

(Method 2-1). In this case the first phase of the 3-phase system (Phase-1) and the single phase 

system are being soft switched using the same method. Table 5-11 shows the inductances 

value for single phase structure and Table 5-12 displays the inductances value for three phase 

structure with 7.5 mm air gap for both systems. 

Table 5-13 shows the results for single phase system and Table 5-14 depicts the results for 

three phase system. All the experiments are done under 2 A constant primary current. 

Table 5-11: Inductances value for the single phase slipring system with 7.5 mm air gap 

For air gap = 7.5 mm 

Lp 20 uH Rp 40 mΩ 

Ls 17.2 uH Rs 30 mΩ 

Table 5-12: Inductances value for the 3-phase slipring system with 7.5 mm air gap 

For air gap = 7.5 mm 

Lp1 48.6 uH RLp1 61 mΩ 

Lp2 47.6 uH RLp2 63 mΩ 

Lp3 45.7 uH RLp3 63 mΩ 

Ls 180.44 uH Rs 68 mΩ 

Table 5-13: Testing results for single phase soft switched converter 

Air gap Cp Rcp Frequency Voc Isc Su 

7.5 mm 
0.54 uF 5 mΩ 50 kHz 7.26 V 1.3 A 9.5 VA 

0.122 uF 14 mΩ 100 kHz 14.43 V 1.29 A 18.6 VA 

Table 5-14: Testing results for 3-phase quasi soft switched converter (Method 2-1) 

Air gap Cp Rcp Frequency Voc Isc Su 

7.5 mm 
0.22uF 10.8 mΩ 50 kHz 65.6 V 1.32 A 86.5VA 

0.047uF 35 mΩ 100 kHz 132.4 V 1.31 A 173.5VA 

Based on the theory it was expected that the output power of a 3-phase system will be more 

than the power of three single phase systems (at least 3 times). By the practical results it 

tested that a 3-phase system has almost 9 times more uncompensated power than a single 
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phase under same frequency operation; the same results were achieved for two different 

cases. This concludes that even having three single phase structures will have one third of the 

uncompensated power of a 3-phase system which is an integrated version of the three single 

phase system. Therefore, for high power applications using a 3-phase integrated system is 

more efficient. If a single phase system is installed for a high power application, the Volt 

Ampere rating of the components should be high enough to stand the high current passing 

through the system, however with using a 3-phase converter using the same rating of 

components higher output power will be achieved.  

Another important issue with a single phase is that in applications such as 2D charging pad 

because the magnetic field just includes time variable component therefore, some dead areas 

will exist. Thus, a multiple layer layout is needed to cover all the dead areas which means 

more coils is required. This not only increase the cost of the system but additionaly results in 

more complicated circuitary. This issue can be solved with using the 3-phase system based on 

travelling magnetic field theory. With using this method only a single layer of coils is needed, 

also the design circuitary and control strategy will be much simpler. This was just one of the 

applications required multiple phase configuration thus multiple phase primary power 

converter. There are several other applications that using travelling magnetic field theory 

could contribute to a significant difference.  

 Efficiency analysis 5.2.4

In this section, all the converters are connected to a slipring system with set of three-phase 

stationary distributed windings. A secondary coil is placed in the middle with 5 mm air gap 

where it will be attached to variable AC load to evaluate the efficiency of the converter and 

the total efficiency of the system. 

Figure 5-20 is the practical platform of this slipring system. This is designed based on 

rotating magnetic field theory principle for rotary applications. The benefit of using this 

distribution is that the three phases will not have any mutual coupling together. Thus no 

mutual cancellation transformer is required for this system.  Comparing this design with other 

slipring designs it is noticable that the amount of ferrite and length of Litz wire is 

significantly low which results in less losses and hence higher efficiency in the system. 
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Figure 5-20: Practical platform of the contactless slipring 

Table 5-15, Table 5-16, and Table 5-17 show the system and converter efficiency results for 

fixed frequency, semi soft switched Method 2-1 and semi soft switched Method 2-2 

respectively. Figure 5-21 and Figure 5-22 illustrate the system and converter graphs of 

efficiency for fixed frequency operation. 

From these graphs , it is observable that the system behaviour with changing the load value is 

very constant with maximum of 76.1% at 54Ω resistance. For the converter efficiency the 

same trend was noticed with maximum of 86.1% at the same load. To measure the converter 

efficiency the total core loss and coil loss has been taken into account. 

Table 5-15: System and converter efficiency results for 3-phase fixed frequency control 

 

R(Ω) 0.5 4.2 8 12 16 25 33 50 54 58 62 66 75 100 

System 

Efficiency 

(percentage) 

0.2 44.7 64 68.6 70.2 72.9 74.2 74.6 76.1 74.5 73.4 72.1 70 64 

Converter 

Efficiency 

(percentage) 

0.08 71.3 83.1 73.4 82.4 82.7 83.5 84.3 86.1 84.7 83.9 82.7 80 75.9 
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Figure 5-21: System Efficiency for fixed frequency control 

 

Figure 5-22: Converter Efficiency for fixed frequency control 

Table 5-16 is the results for semi soft switched using zero voltage detection for Phase-1 

(Method 2-1). The maximum system efficiency and maximum converter efficiency observed 

are 80.7% and 91.3% respectively at 54 Ω connected resistance. From the experimental 

results it is obvious that this configuration contributes to less loss and thus significantly 

higher efficiency. For the load testings of semi soft switched topologies the dynamic delay 

code was used. 
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Table 5-16: System and converter efficiency results for 3-phase quasi soft switched control 

(Method 2-1) 

 

 

Figure 5-23: System Efficiency for quasi soft switched control (Method 2-1) 

 

Figure 5-24: Converter Efficiency for quasi soft switched control (Method 2-1) 
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R(Ω) 0.5 4.2 8 12 16 25 33 50 54 58 62 66 75 100 

System 

Efficiency 

(percentage) 

0.2 26.4 44.2 55.2 63.7 71.2 78.7 78.8 80.7 80 79.6 79 77.5 72.5 

Converter 

Efficiency 

(percentage) 

0.08 41.7 57.2 66.7 74.5 81 88.3 88.8 91.3 90.6 90.2 89.7 88.8 85.3 
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Table 5-17: System and converter efficiency results for 3-phase quasi soft switched control 

(Method 2-2) 

 

 

Figure 5-25: System Efficiency for quasi soft switched control (Method 2-2) 

 

Figure 5-26: Converter Efficiency for quasi soft switched control (Method 2-2) 
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R(Ω) 0.5 4.2 8 12 16 25 33 50 54 58 62 66 75 100 

System 

Efficiency 

(percentage) 

0.2 22.7 38.7 49.6 58.1 66.4 70.9 69.7 69.6 69.6 68.2 68.2 64.9 60.4 

Converter 

Efficiency 

(percentage) 

0.08 36.2 50.4 60.2 68.3 75.4 80 78.6 78.6 78.8 77.4 77.6 74.5 71.1 
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Table 5-17 and Figure 5-25 and Figure 5-26 are the results from the last converter, quasi soft 

switched using autonomous push-pull (Method 2-2). This system also has a similar behaviour 

as the previous method (semi soft switched using ZVD). The maximum system efficiency is 

70.9% at 33 Ω resistance and at the same load converter have 80% efficiency. 

In terms of efficiency, to achieve higher converter efficiency, some components could be 

replaced such as the tuning capacitors which had relatively high ESRs; also faster switches 

with lower Rds(ON) because the one used in these designs had relatively high Rds(ON) (180 mΩ). 

In addition the slipring system includes of long Litz wires which result in more coil loss in 

the system. Thus efficiency could be easily improved up to 5% higher with these 

modifications.  

 Evaluation and discussion 5.3

From the practical results it is proven that the 3-phase system in general can results in higher 

output power comparing to a single phase. As been explained in [66], in terms of magnetic 

field for the 3-phase contactless slipring, the overall magnetic field will be the time variable 

component added with motion induction due to the travelling component which causes the 

superiority of a 3-phase to a single phase in terms of power transfer.  

From the experiments it is seen that the semi soft switch with Phase-1 being zero voltage 

switched by ZVD method (Method 2-1), has the highest output power comparing to the other 

methods. Moreover, the system and converter efficiency of this method was relatively higher. 

It was also found that in terms of synchronisation, this method has comparatively better 

results. The dynamic property of this topology signifies less complexity in the system. 

However, this system can be further modified which is explained for future works. One 

associated problem with this design is that in order to push up the frequency higher, because 

of having a closed loop control the accumulative propagation delays will become more 

considerable; using faster components with lower propagation delays to improve the 

performance of the system for higher frequencies is essential.  

Among the three tested methods it was found that the fixed frequency operation method 

could be easier controlled for higher frequencies because of being open loop control; this 

means that the period of the three phases could be modified if the proper result did not 

achieve. 
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 Summary 5.4

This chapter has summarized the implementations of all the primary power supplies based on 

the proposed methods. The experimental results have demonstrated that the proposed primary 

power converters can generate three out of phase sinusoidal, while maintaining soft-switching 

operation.  

Also a comparison between a single phase and a three phase systems has been conducted and 

results showed the substantial difference between these two configurations. A novel 2D 

charging pad was proposed at The University of Auckland and presented in IECON2013 

conference which used one of the 3-phase power supplies proposed in this research. With 

about 4 mm air gap this system can transfer 1.3 VA uncompensated power. 

The proposed converters with minimum of 80% efficiency could be further improved by 

choosing a more precise design circuitry.  
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Chapter 6: Conclusions and Suggestions for 

Future Work 

 

 Conclusions 6.1

The goal of this thesis was to implement a multi-phase primary power converter for slipring 

applications. Achieving soft switched operation thus less loss and harmonics distortion in the 

system while increasing the frequency and efficiency of the system are the main objectives 

required for this converter. Power transfer capability through an IPT system is heavily 

dependent upon the system’s operating frequency. Efficient operations with low harmonics 

are usually highly favourable characteristics, and techniques such as zero voltage switching 

can help achieving these performance measurements. 

Based on the literature review, the viable multi-phase power supplies are mostly hard 

switched. Hence the system frequency cannot be pushed up to high levels because the loss in 

the system will increase dramatically.  

Initially a push-pull resonant converter was chosen to achieve soft switching as the high 

frequency DC/AC converter. The reactive current will stay inside the resonant tank without 

flowing through the switching devices. Thus current rating of the switching devices can be 

smaller and the conduction loss can be greatly reduced for a given power level.  

In order to design poly phase power supply first a three phase system was investigated. The 

general configuration of the three phase power supply is the same for all the various control 

strategies researched on for this thesis; three separate push-pull converters with the same DC 

power supply and a controller, CompactRIO (cRIO), to synchronize them. 

The reason to use cRIO in this research was that it uses graphical software, LabVIEW, which 

does not require any coding, also cRIO can work in scan mode and FPGA mode which means 

it can be used like a microcontroller or an ultrahigh performance platform. A LabVIEW 

program called VI (Virtual Instrument) is where the logic sequence will be placed by 

dragging and dropping items from the library. The reason they are called VIs is because their 

appearance and operation imitate physical instruments, such as oscilloscopes and 

multimeters. Any parameter used in the coding sequence can be a variable using Host VI 



Chapter 6: Conclusions and Suggestions for Future Work  

89 

 

which communicates with the FPGA VI. Host VI runs on a Real-Time (RT) target, such as a 

CompactRIO controller, or on a Windows PC. 

Two main control techniques are proposed in this thesis:  

 Method 1: Fixed frequency control 

This is an open loop control where controlling signals are coming from cRIO; to achieve soft 

switching it is critical to set the switching frequency slightly lower than resonant frequency. 

Thus hard switching will not be observed throughout the operation. All the controllable items 

can be adjusted using Host VI; by changing the period of signals or even time delays between 

the three phases this system can be easily tested for different frequencies and if there was any 

hard switching in the system this could be modified from the Host window front panel. 

Practical results proved the accuracy of this logic; the primary currents of the three phases 

stayed with proper delay in between through the operation and the converter had 86.15% 

efficiency with 5mm air gap between primary and secondary sides of the slipring.  

 Method 2: Quasi soft switched control  

For this technique Phase-1 is soft switched using 3 different approaches; Zero Voltage 

Detection (ZVD), Autonomous push-pull, and Zero Crossing Detection (ZCD) block from 

cRIO. Because of high propagation delay of the Analog module of cRIO only the first two 

methods were tested practically; however if up to 10 kHz frequency is acceptable ZCD from 

cRIO can be used. The other phases will follow the frequency of Phase-1 after 120 and 240 

degrees delay. Two cases of having fixed or dynamic delay was discussed; it was found that 

having dynamic delay is more efficient because frequency of Phase-1 will vary due to being 

ZVS operation. Two cases of having Phase-1 zero voltage switched using ZVD or 

Autonomous push-pull were tested under different loads values. From the first Method (2-1) 

maximum of 91.34% and from Method (2-2) maximum of 79.99% converter efficiency was 

achieved. 

Comparing the results it can be concluded that Method (2-1) having semi soft switched using 

zero voltage detection with dynamic delay had the optimum performance among all the 

proposed control strategies. Moreover, from the efficiency graph it was noticeable that the 

system had fairly consistent behaviour with no unusual points. Similarly, the system 

contributes to low harmonic distortion from both simulation package and practical results.  
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 Suggestions for Future work 6.2

The controller platform used in this research is for fast proof of concepts, and it will not be a 

proper alternative in case of commercialization because of its bulky structure as compared to 

other microcontrollers; however National Instrument has another product named Single-

Board RIO which is an integrated small board. The NI Single-Board RIO platform combines 

a real-time processor, reconfigurable FPGA, and analog and digital I/O on an embedded, 

single board programmed with NI LabVIEW. Thus, the same code can be used for NI Single-

Board RIO for commercializing purposes. 

On the technological side, in the future the circuits can be miniaturised by combining the 

essential chips and using high density and multiple layer PCB design. 

As was mentioned throughout the experimental chapter, faster components with lower 

propagation delays could be of importance in order to push up the frequency to higher levels. 

For the semi soft switched control strategy because Phase-2 and Phase-3 will always follow 

the Phase-1 frequency with having updatable delay in between, sometimes it is probable that 

the frequency is pushed up to higher than their resonant frequency, thus, resulting in hard 

switching. Therefore, to improve this method one suggestion is to add dynamic 

tuning/detuning to change the resonant frequency of Phase-2 and Phase3 similar to Phase-1. 

This can be done by adding variable capacitors or inductors. Subsequently if the Phase-1 

frequency changes under different load conditions, not only the other phases will follow this 

phase after a proper delay, but the resonant frequency of these two changes accordingly; 

although, more research needs to be done to figure out the feasibility of this approach. 

Besides, this might not be necessary for all applications if the frequency variation is not 

significant.  
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Appendices 

 Appendix A: Single phase fixed frequency PLECS simulation 

The push-pull circuit requires existing currents through the primary dc inductors to ensure the 

existence of ZVS points upon start-up process. The following PLECS circuit is used to 

capture snapshots of system transition under a fixed frequency operation. The initial 

conditions are being set in the circuit. 

 
Figure A-1: Single phase PLECS circuit to drive the system with complementary 50% duty 

cycle pulses 

 

Figure A-2: Single phase PLECS circuit for current-fed push-pull primary and secondary 

with ac load  
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 Appendix B: Two phase fixed frequency PLECS simulation 

The push-pull converter with fixed frequency operation for a 2-phase system was also 

simulated in PLECS. All the primary conditions to run the system are set within the 

schematic. As the case for practical, the coupling between Phase-1 and Phase-2 is set having 

0.1 coupling coefficient (K).  

 
Figure B-1: 2-phase PLECS circuit to drive the system with complementary 50% duty cycle 

pulses 

 

Figure B-2: 2-phase PLECS circuit for current-fed push-pull primary and secondary with ac 

load 
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 Appendix C: LabVIEW software 

Hereby is a breif explaination of how to use LabVIEW 2011. LabVIEW programs are called 

virtual instruments, or VIs, because their appearance and operation imitate physical 

instruments, such as oscilloscopes and multimeters. 

 
Figure C-1: Getting started window 

The Getting Started window, shown in Figure C-1, appears when you launch LabVIEW. 

From here you can choose to work under FPGA project or scan mode. The Project Explorer 

window that appears should look similar to the following figure if you expand the project 

items. 

 
Figure C-2: Project explorer window 
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Under the project name you can see the name of the controller you have used and by 

expanding that you can see all the modules attached to your chassis. In case of this project 

cause an eight chassis was used, you can see up to Mod8, which is module 8 and is NI 9403 

which is a 32 channel digital input/output. Also some modules might be empty which will not 

be shown in the project explorer window as module 3, 4, and 5 in this example. 

With adding a VI under FPGA target two windows will pop up: front panel and block 

diagram. Any program and block used in block diagram window will be shown on front 

panel. Below is an example using the built-in zero voltage detection block; then by using the 

signal the period of the signal is being counted and by doing some calculation the 120 and 

240 degrees phase delay for the other two phases will b calculated. This will be shown in 

tick; which means is the speed of the processor (40 MHz equals 25 ns). For instance for 10 

kHz frequency which is 100 us, 100(us)/25(ns) equal 4000 ticks will be observed. Then about 

1333 ticks and 2666 ticks for delay phase 2 and 3 will be seen. With this method the period 

and delays can be checked through the operation. 

 
Figure C-3: Zero Voltage Switching front panel and block diagram window for FPGA 
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Another VI can be added under my computer option in the project explorer window. This VI 

is called Host which communicates with the FPGA VI. You can run the host VI on a Real-

Time (RT) target, such as a CompactRIO controller, or on a Windows PC. 

 
Figure C-4: Zero Voltage Switching front panel and block diagram window for Host 

Host window will gives you the opportunity to change some parameter in the system without 

needing to compile the whole code again and again. 

To run the system first the run button of the FPGA window then the run button of the Host 

window needs to pressed, later by pushing the start button at Host window the system will 

start and by stopping at the same window the system will be stopped. 

Figure C-5 is the image of cRIO used for this research; it is an 8-slot model. Below is the 

modules description attached to this cRIO. 

NI 9201: 8-Channel, 12-Bit Analog Input Modules 

NI 9263: 4-Channel, ±10 V, 16-Bit Analog Voltage Output Module 
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NI 9401: 8-Channel, TTL Digital Input/Output Module 

NI 9403: 32-Channel, TTL Digital Input/Output Module 

NI 9205: 32-Channel, ±200 mV to ±10 V, 16-Bit Analog Input 

 

Figure C-5: NI cRIO-9074 
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 Appendix D: Single phase push-pull resonant converter  

The waveforms of the single phase push-pull using ZVD method are shown below. Figure 

D-1 and Figure D-2 correspond to the result at 50 kHz and 200 kHz for current and voltage 

waveforms across the resonant tank respectively. The DC voltage for both tests was set at 12 

Volts. As can be seen by increasing the frequency the accumulated delay response in the 

system becomes more vivid; although, these propagation delays of the components will not 

affect the soft switching property of the system.  

 
Figure D-1: Voltage and Current waveform of the single phase system at 50 kHz 

 

Figure D-2: Voltage and Current waveform of the single phase system at 200 kHz 

Figure D-3 shows the set-up platform for this converter; the code is being run from the 

computer and Figure D-4 is the PCB outline of this single phase converter. 



 

98 

 

 

Figure D-3: System set up for the single phase 

 

Figure D-4: PCB outline of the single phase zero voltage detection method 
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 Appendix E: 3-phase fixed frequency converter at high 

frequency operation 

Figure E-1 shows the half voltage waveforms of the 3-phases across each resonant tank. This 

operation was done at 316 kHz to evaluate the capability of the converter. It is observable 

that the 120 degrees phase shift between each two consecutive phases are kept constant; 

however, it is noticeable that there is noise in the system and the waveforms are not identical 

as were in lower frequencies. This happens mainly because of having slow switches and 

because of having long tracks in PCB; this could be modified further by having a better 

design and faster components.  

 
Figure E-1: Captured 3-phase half voltage waveforms at 316 kHz 
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 Appendix F: PCB outline of the primary power supplies  

 

Figure F-1: PCB outline for fixed frequency operation (Method 1) 

 

Figure F-2: PCB outline for quasi soft switched operation (Method 2-1) 

 

Figure F-3: PCB outline for quasi soft switched operation (Method 2-2) 
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 Appendix G: Primary currents and FFT waveforms for all the 

3-phase converters 

 

Figure G-1: Primary current and FFT waveforms of Phase-1 for fixed frequency operation 

(Method 1) 

 

Figure G-2: Primary current and FFT waveforms of Phase-2 for fixed frequency operation 

(Method 1) 

 

Figure G-3: Primary current and FFT waveforms of Phase-3 for fixed frequency operation 

(Method 1) 
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Figure G-4: Primary current and FFT waveforms of Phase-1 for quasi soft switched operation 

(Method 2-1) 

 

Figure G-5: Primary current and FFT waveforms of Phase-2 for quasi soft switched operation 

(Method 2-1) 

 

Figure G-6: Primary current and FFT waveforms of Phase-3 for quasi soft switched operation 

(Method 2-1) 
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Figure G-7: Primary current and FFT waveforms of Phase-1 for quasi soft switched operation 

(Method 2-2) 

 

Figure G-8: Primary current and FFT waveforms of Phase-2 for quasi soft switched operation 

(Method 2-2) 

 

Figure G-9: Primary current and FFT waveforms of Phase-3 for quasi soft switched operation 

(Method 2-2) 
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