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Abstract 

This thesis describes the systematic characterisation a power factor correction system for 
mains powered appliances. The research is motivated by increasing number of mains 
powered devices such as mobile phones, tablets, gaming consoles, computers, etc that 
require an Alternating Current (AC) to Direct Current (DC) power converters.  It is crucial to 
design these power converters as small, efficient, inexpensive and with high power quality as 
possible. This thesis focuses on a power factor corrector system that offers all the mentioned 
advantages.  

 

This work starts by defining the types of power in AC systems and the power quality 
parameters. In addition, the benefits of having high power quality and how it is mandated by 
the law are reported. The existing systems to improve power quality and/or provide Power 
Factor Correction (PFC) along with advantages and disadvantages of each system are 
demonstrated. The full comparison of the PFC systems is provided, and it is shown why the 
Current Source Charge Pump PFC (CSCP-PFC) is a convenient method to implement for AC-DC 
conversion systems. 

  

A review of state of the art in the CSCP-PFC systems and the technologies underpinning this 
system are reported. In addition, the inconsistencies in the existing research on this system 
are discussed.  

 

A novel mathematical model based on Fundamental Mode Approximation (FMA) and 
describing function of the PFC system is demonstrated and verified. A subsequent 
investigation using this model has determined that the model requires further modification 
fully capture specific details regarding the circuit’s behaviour.  During the course of this 
investigation, a novel technique was developed to extract and record the modes of operation 
of the system using LTspice package and MATLAB software.  The findings showed that the 
circuit exhibits an extensive pattern of circuit configurations that cannot be easily represented 
by the FMA model developed.  

 

Finally, a hardware based mode sequence identifier was implemented and used to 
characterise a practical CSCP-PFC platform.  The operation of several converters was 
investigated and comparison between practical experiments and simulation made to 
determine whether the behaviour of the circuit could be simplified sufficiently to be 
conveniently modelled by using describing function techniques.  
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Chapter 1. Introduction 
1.1  Introduction  

 

In today’s world and with modern technology, many  researchers in the electrical and 
electronic field are focused on designing more efficient, smaller, and less-expensive electrical 
appliances both in domestic and commercial products. Low-efficiency devices lead to higher 
power consumption hence more electrical energy needs to be produced and it increases 
carbon emissions. Moreover, to transmit this excess of electrical power large diameter 
conductors are needed and  equipment such as transformers, switch gear, etc are needed to 
be rated for higher currents. One of the important parameters in AC powered devices is PF 
(Power Factor). Low PF can lead to higher reactive power consumption and hence larger 
currents than necessary. Larger current lead to need for higher current rated conductors as it 
generates more heat. Moreover, they can put stress on grid generators as it has large 
pulsating current spikes. Furthermore, large current spikes affects renewable power 
inverters, as the switches and components are needed to be rated to be able to tolerate the 
spikes. Therefore, it leads to need for larger and more expensive power production and 
distribution systems to be able to operate safely.  

This thesis concentrates on circuits that shape the input current waveforms on power 
electronics to reduce current pulsations and improve power factor.  This chapter introduces 
the concept of PF and how it is determined from the current waveform. The reasons for why 
PFC (Power Factor Correction) is needed and the consequences of not having PFC is provided. 
Finally, different types of PFC approaches and advantages and disadvantages of each system 
is discussed. 

1.2  Power consumption in Alternating Current circuits 

The power consumption of AC powered appliances is not as straight forward as DC powered 
devices. The power consumption of in DC circuits is the product of voltage and current. 
However, in AC circuits it is different due to the phase difference between the voltage and 
current waveforms. There are three different types of power associated with AC circuits: 
active power, reactive power, and the apparent (or complex) power.  

1.2.1 Active power 

In  AC circuits, voltage and current waveforms are theoretically pure sinusoidal. If the load is 
purely resistive, voltage and current are in phase and there is no phase shift between them. 
Therefore, at every point the power which is the product of voltage and current  is positive 
hence the direction of power does not reverse periodically. In addition, when the phase shift 
between voltage and current is zero only active power is transferred. Active power is the 
amount of power that is actually consumed in AC circuits. In other word, active power is the 
power that is dissipated. It is indicated by “P” and its SI unit is  watts (W)(1 joule per second). 
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1.2.1 Reactive power 
 

In case of reactive (Inductive or capacitive) load, voltage and current are not in phase and a 
phase shift exist between the two waveforms. Therefore, the instantaneous product of 
voltage and current is not positive all the time periodically it is negative, and the duration of 
the negative value depends on the value of the phase shift. This results in reactive power 
being transferred to the load. In simple terms, reactive power is the unused power or the 
imaginary power which is not used for any useful work, and it exists when there is a phase 
shift between voltage and current. Reactive power is indicated by “Q” and its SI unit is Volt-
Ampere reactive (VAr). Reactive power is also called as ‘Imaginary power’ or ‘Watt less power’ 
or ‘Useless power’.  

 

1.2.2 Complex power 
 

Apparent Power or the complex power is the combination of active power (P) and reactive 
power(Q).In an AC circuit, the product of the amplitudes of voltage and current is called 
‘Apparent Power’. It is identified by the capital letter S and It is expressed in Volt Ampere (VA). 

 

Figure 1.1 shows the vector relationship between the AC powers that described above. 

 

 

Figure 1.1: The vector relationship between the active, reactive and complex power in AC systems. 

The angle φ in figure 1.1 is the phase shift between the voltage and current . Lastly, the active, 
reactive and complex power can be calculated using (1.1), (1.2) and (1.3) respectively. 

 

 

Reactive Power (Q)
VAR

Active Power (P)
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 𝑃 =  |V| × |I| × cos(𝛷) 
 

(1.1) 

 

 𝑄 = |V| × |I| × sin(𝛷) 
 

(1.2) 

 

 𝑆 = |𝑉| × |𝐼| 
 

(1.3) 

The term φ in (1.1) and (1.2) is the phase shift angle between the voltage and current 
waveform. The cause of this phase shift and its effects are completely discussed in the next 
section. Lastly, the relationship between the AC powers is demonstrated in (1.4). 

  

 𝑆ଶ = 𝑃ଶ + 𝑄ଶ 
 

(1.4) 

 

1.3  What is power factor 
 

Power factor is a parameter for AC powered devices such as electrical motors, switch mode 
power supplies etc. PF shows the ratio between the active power that has flow through the 
device and the total power absorbed by the circuit (complex power). PF is a dimensionless 
value that is between 0 and 1. Higher value of power factor shows less reactive power and PF 
of 1 means no reactive power [1] [2]. 

1.3.1 Power factor in linear loads 
In linear loads, or in other words passive loads, the power factor is the cosine of the phase 
shift between voltage waveform and the current waveform (Angle φ in previous section )as 
shown in (1.5). In capacitive loads the current waveform leads the voltage and in inductive 
loads the voltage leads the current. In purely resistive loads the phase shift is zero hence the 
power factor is 1. Figure 1.2, 1.3 and 1.4  show voltage and current waveforms for a capacitive, 
inductive and resistive loads respectively [1] [3] [2]. 

 𝑃𝑜𝑤𝑒𝑟 𝐹𝑎𝑐𝑡𝑜𝑟 =  cos 𝛷 (1.5) 
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Figure 1.2:Voltage and Current waveform for a capacitive load (Leading PF). 

 

 

Figure 1.3: Voltage and Current waveform for a inductive load (Lagging PF). 

 

Angel φAngle φ
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Figure 1.4: Voltage and Current waveform for a resistive load(Power factor 1). 

 

1.3.2 Power factor in non-linear loads 
Nowadays, most of all electrical appliances that are powered by AC voltages have at least one 
capacitive rectifier system inside them. Figure 1.4 shows two typical rectifier systems that are 
widely used in AC to DC conversion. In nonlinear loads such as bridge rectifiers the PF is more 
complex to calculate and measure. As the waveforms and quantities with non-linear loads are 
non-sinusoidal, the power factor is not just a function of phase shift. Therefore, PF becomes 
a function of two different variables. Displacement Power Factor (DPF) which is equivalent to 
the PF for linear loads and Total Harmonic Distortion (THD) that shows the amount of 
distortion in line current. THD can be calculated using (1.6) [3]. 

 

Figure 1.5:Capacitive rectifier circuits. A) without transformer. B) With Transformer. 

 

 

(1.6) 
𝑇𝐻𝐷𝐼 =  ඨ

∑ 𝐼௦௡,௥௠௦
ଶஶ

௡ୀଶ

𝐼௦ଵ,௥௠௦
ଶ  
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In (1.2) THDI is the line current distortion, Is1,rms is the RMS (Root Mean Square) value of 
fundamental frequency of the current and Isn,rms is the RMS value of the harmonic components 
of the current waveform (n specifies the harmonic number). Finally, the power factor in non-
linear loads can be calculated using (1.7) [3]. 

 

 
𝑃𝐹 =  

1

√1 + 𝑇𝐻𝐷𝐼ଶ
× 𝐷𝑃𝐹 

 

(1.7) 

 

 

Figure 1.6 shows a typical current and voltage waveform for a capacitively smoothed bridge 
rectifier versus time.  As can be seen, a current pulse occurs towards the peak of the voltage 
waveforms corresponding to the rectifier diodes conduction.  Figure 1.7 shows the frequency 
domain plot of the current waveform of figure 1.6.  

 

 

Figure 1.6: Voltage and current waveform for a non-linear capacitive rectifier  load. 
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Figure 1.7:Frequency domain plot of line current of figure 1.5 

 

1.4  Power factor and electromagnetic compatibility (EMC) standards  
 

Apart from the benefits of having high PF, it is also mandatory by the law that devices that 
are powered by mains to meet power factor and harmonic emissions standards. One of the 
widely used standards is EN 61000-3-2. This standard applies for all the devices that are 
powered from 230 volts AC mains and consumes up to 16 amps per phase. This standard 
specifies the maximum amplitude of  harmonic waveforms that a device can have on its line 
current. This standard states the maximum amplitude of harmonic for each harmonic (as 
discussed in previous section). In this standard the power consumer devices are categorized 
in 4 different classes(class A to D). Table 1.1 shows the categorization.   

 

Class Device Characteristic 
Class A Balanced 3-phase systems 
Class B Portable tool, non-professional arc welding 

equipment 
Class C Lighting equipment 
Class D TV, Computer, VDU(Visual Display Unit), 

equipment consuming< 600W 
Table 1.1: Categorization of devices in EN 61000-3-2 standard 

 

Moreover, in table 1.1 any device that does not meet any of the device characteristics, is 
categorized as class A. Lastly, the harmonic emission limits of the devices shown in table 1.1 
are shown in table 1.2. 

A
m

pl
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d
e 
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Harmonic 
order (n) 

Max current 
class A 

Max current 
class B 

Max current class 
C (% of fundamental 

current) 

Max current class 
D 

2 1.08 Amps 1.62 A 2% Not specified 
3 2.30 A 3.45 A 30*PF % 3.4 mA/Watt 
4 0.43 A 0.645 A Not specified  Not specified 
5 1.14 A 1.71 A 10% 1.9 mA/Watt 
6 0.30 A 0.45 A Not specified Not specified 
7 0.77 A 1.155 A 7% 1.0 mA/Watt 

7<n<41(Even) 0.23 (8/n) A 0.345(8/n)  A Not specified Not specified 
9 0.40 A 0.6 A 5% 0.5 mA/Watt 

11 0.33 A 0.495 A 3% Not specified 
13 0.21 A 0.315 A 3% 0.35 mA/Watt 

14<n<40(Odd) 0.15 (15/n)  A 0.225(15/n) A 3% (3.85/n) mA/Watt 
Table 1.2: The harmonic emission limitations in EN 61000-3-2. 

Table 1.2 shows the maximum amplitude for each harmonic component present in the line 
current (n is the harmonic number). Moreover, it is mandatory by the law that all mains 
powered devices to meet the criteria demonstrated in table 1.2.  

 

1.5  Why PFC is needed  
 

Apart from the standards that are mandated by the law to implement PFC systems on mains 
powered appliances, low PF can have many drawbacks. Firstly, it increases the RMS value of 
the current hence it can cause thermal problem in transmission lines and transformers in 
substation and power generating stations. It also can decrease the transmission efficiency due 
to high conductor loss and iron loss. Low PF cause high line current distortion which can lead 
to stability problems in both line current and voltage. This situation can harm other line 
connected devices and the low PF device itself. Moreover, distorted line current consists of 
high frequency components which can cause EMI (electromagnetic interference). Moreover, 
another important parameter in AC circuits is crest factor(CF). CF is a dimensionless 
parameter, and it is the ratio between the peak value of the waveform and the RMS value. 
The CF for pure sine wave 0.707. Low PF devices usually have high crest factor as they exhibit 
large current spikes near the peak of the input voltage as demonstrated in figure 1.6. These 
waveforms with high peaks can cause false trigger events in automatic relay protection 
devices. Lastly, as the total power absorbed is higher than real power hence it will increase 
the cost of electricity for the consumer. Figure 1.8 illustrate line current at a small electricity 
distribution centre that low power factor devices are powered from the centre. As it is shown 
in figure 1.8 the line current is extremely distorted and has a high crest factor. Therefore, it is 
extremely important to have Power Factor Correction (PFC) systems in place for line 
connected devices. Different types of PFC circuitry are discussed in the next section [2]. 
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Figure 1.8:Line current at a small electricity distribution centre that low power factor devices are 
powered from the centre 

 

1.6  Power Quality (PQ) measurement 
 

In previous sections the benefits of high PF and how it is mandated by law to meet PF 
standards are discussed. In this section the techniques to measure PF are explained. The 
process of measuring power and power related quantities is called power quality 
measurement. For PQ measurements two test devices are needed. First, programmable AC 
power source. This device generates the AC power needed to power the DUT (Device Under 
Test). The main purpose of using this device is to have sinusoidal voltage with lowest THD 
possible, as distorted input voltage to the DUT causes an increase in line current THD, hence 
unreliable data measurement. The second benefit of using programmable AC power source 
is that it allows for a full control over voltage and frequency of the input voltage to the DUT. 
As in mains voltage there are no control over frequency, voltage and THDV. For this work the 
used programmable AC source is ASR-2100 from GW-Instek. The ASR-2100 can output AC 
voltage from 0 to 350 volts RMS, with maximum current of 10 amps with THD of less than 
0.1%.  

The next test equipment is a power quality analyser. This equipment measures the voltage 
across and current through the DUT, then processes the signals to provide different results 
such as THDI, THDV, crest factor, power factor, harmonic measurements, etc. For this work 
the GPM-8310 is used as the power quality analyser. The GPM-8310 can measure THD up to 
50th harmonic, the current measurement accuracy can be as low as 500 µA based on the 
setting of the device. Lastly, this equipment meets the IEC standard for power quality 
measurement (IEC 62301-2011) (British regulation EN50564-2011 ). Figure 1.9 shows the 
setup of ASR-2100 and GPM-8310 with a DUT for power quality measurements. This setup 
used later in this work.  
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Figure 1.9: The setup of ASR-2100 and GPM-8310 with a traffic light as a DUT for power quality 
measurement.  

 

1.7  Power Factor Correction 
 

Power factor correction (PFC) is the process of improving a loads current waveform to make 
it more compatible with the AC supply.  Traditionally heavy industry has used capacitor banks 
to help correct for the inductive currents drawn by electric motors.  Correction here involves 
bringing the phase shift between the supply current and voltage close to zero.  There are 
many types of PFC approaches that have their own advantages and drawbacks. It is not 
possible to find best PFC system as each of them is suitable for different applications. All PFC 
systems try to shape the current waveform as close as possible to the input voltage shape and 
in phase with it. There are two types of PFC, the first one is passive PFC that only uses passive 
components to shape the input current and the second type is active. The active PFC has 
active devices such as diodes and MOSFETs to correct the power factor. Generally, passive 
PFC circuits are much simpler to design and less expensive comparing to the active type PFC. 
However, passive PFC topologies do not usually meet the PFC standards requirements 
specially in high power devices. Therefore, in many applications active PFC has to be used.  

 

1.7.1 Passive PFC: LC input filter 
The most simple and inexpensive PFC circuit is a passive LC filter that is placed in the input of 
the power converter. These filters are usually second order low pass filters and attenuate the 
high frequency components of the input current hence the THD will be decreased and the 
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EMI emissions of the system will be reduced. This PFC approach is simple to design and 
inexpensive. However, on the other hand filters cannot precisely shape the input current and 
reduce the THD to the standard levels. Figures 1.10 shows a typical LC PFC system and figure 
1.11 shows the input voltage and current for the LC filter PFC. In figure 1.11 the current 
waveform has a capacitive phase shift. This is caused by the capacitive rectifier. The Input LC 
filter is designed to have a near zero phase shift; however, the effect of the smoothing 
capacitor has not been taken into account and has caused a capacitive phase shift. 

 

 

 

Figure 1.10:Passive LC PFC example circuit. 

 

 

Figure 1.11:Line voltage and current waveform of a LC PFC circuit. 
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1.7.2 Valley fill PFC 
 

Another type of PFC is valley fill PFC. This type of PFC is suitable for low power applications 
and where high DC ripple voltage can be tolerated. The schematic of valley fill PFC is shown 
in figure 1.12 [4]. 

 

Figure 1.12:Valley fill PFC. 

 

 

The PFC operation of this circuit is done by C1 and C2 charging to half of the peak of the input 
voltage as when they are charging diode D3 conducts hence C1 and C2 are series capacitors. 
The voltage at node 1 of the figure 1.12 is a full wave rectified sine wave. When the voltage 
at node 1 is rising the capacitors C1 and C2 will charge in series and D3 is forward biased. 
Therefore, the voltage of each capacitor will be half of the peak of the input voltage. Then, 
when the voltage at node 1 is decreasing the capacitors C1 and C2 will start to discharge 
through diodes D1 and D2 and D3 is turned off until when the voltage reaches half of the peak 
of the input voltage. This order of charging and discharging of capacitors C1 and C2 will shape 
the current to near sinusoidal shape and hence improve the power factor. This system is 
simple to design and inexpensive. However, on the other hand it is only suitable for low power 
applications. Moreover, as C1 and C2 charge and discharge to peak of the input voltage and 
half of it, it produces high voltage ripples on the output. Therefore, the only practical DC/DC 
converter that can be used with this PFC system is linear series regulators. These regulators 
are extremely inefficient and in high power applications thay can show efficiency even lower 
than 50 percent. It is possible to add more diodes and capacitors to shape the line current 
waveform more close to sinusoidal, however, it will incease the voltage ripple to two third of 
the line peak voltage on the input of the regulator hence it will lead to lower efficiency and 
bigger regulator.Figure 1.13 shows the line voltage and current for a valley fill PFC system [4]. 
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Figure 1.13: Line voltage and current waveform for a valley fill PFC system. 

 

1.7.3 Active two stage PFC 
 

Active two stage PFC circuits are the most common PFC systems that are used in modern 
technology. The DC/DC converter block provides a regulated output to the load and is fed by 
the PFC pre-converter which has the responsibility of shaping the AC input current. These 
systems can be found in many power supplies and other grid connected devices. Figure 1.14 
shows the typical circuit diagram of two stage PFC system. The average of the high frequency 
current pulses of the PFC pre-converter is controlled to have a waveform shape similar to the 
input voltage. In order to attenuate the high frequency pulses that are superimposed on the 
line current, an LC filter is needed at the input of the circuit (before the rectifier) to attenuate 
the high frequency components and help to improve the power factor.  Since this filter is for 
attenuating high frequency components it is usually smaller than that found in passive PFC 
systems [1] [3]. 

 

Figure 1.14: The block diagram of two stage active PFC with boost converter. 
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The PFC system has many advantages against other types. Firstly, it can be designed to 
operate with any power usage applications from couple of milliwatts to a hundreds of 
kilowatts. Secondly, it can correct the power factor to more 0.95 while at the same time 
reducing the THDI to less than 10% and it can meet all power factor standards[2]. In contrast, 
this type of PFC is difficult to design as they use DC/DC converter to shape the current and is 
difficult to control. In addition, they are more expensive as they require a high frequency 
inductor, power switch(MOSFET, IGBT), power diode and a controller circuitry as shown in 
figure 1.14. Figure 1.15 shows a line voltage and current of a 24 watts two stage PFC power 
supply. 

 

 

Figure 1.15: Line current and voltage for an active two stage boost pre-converter PFC system.  

 

 

1.7.4 Single stage charge pump PFC 
 

Two stage PFCs are expensive and for some applications/circuits can be omitted by adopting 
different approach to energy transfer.  Single stage charge pump topologies are a good 
example. There are several circuits based on this type of PFC including voltage source charge 
pump, current source charge pump and hybrid charge pump. Figures 1.16, 1.17 and 1.18 show 
current source and voltage source and hybrid charge pump PFC systems respectively [5] [6]. 
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Figure 1.16:Current source single stage charge pump power factor correction circuit. 

 

 

Figure 1.17: Voltage source single stage charge pump power factor correction circuit. 

Figure 1.18: Hybrid(Voltage/Current) source single stage charge pump power factor correction 
circuit. 
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In general, all types of single stage charge pump PFC systems work on the same basis. They 
use high frequency current or voltage pulses to shape the input line current. These high 
frequency pulses are generated in the DC/DC converter (the LLC resonant converter shown in 
the figures) and PFC capacitor (Cpfc) that transfers charge at high switching frequency from 
the AC input to the power supply. By using the correct value for Cpfc, power factor higher than 
0.95 and THD lower than  10% can be achieved. Moreover, as this PFC topology needs a 
resonant converter to operate, it can achieve high efficiency as the resonant converters offer 
soft switching. In switching converters, a large portion of energy losses happen in the 
transient period that the switch is turning on or off but in resonant converters and soft 
switching converters the voltage across the switch or the current through the switch is zero 
while the switch transits from off to on state or reverse. These types of switching are called 
ZVS (zero voltage switching) and ZCS (zero current switching). Therefore, by minimising the 
switching losses, the overall efficiency of the converter can be increased to up to 90% and 
higher. Finally, the single stage charge pump PFC topology can offer excellent power factor 
and THD, it is less expensive and smaller comparing to active two stage PFC systems as it does 
not need extra control system for the PFC pre-converter and it only need few diodes and 
capacitors to correct the power factor. However, charge pump PFC systems are extremely 
difficult to design as their response is sensitive to their operating condition.  For the resonant 
converters shown above, changes in load and input voltage mandate a change in frequency if 
the output is to be regulated (i.e. held at a constant voltage) and this could significantly alter 
the behaviour of the entire circuit.  Modelling these types of circuits is highly complex. So far 
this type of PFC has been widely used in electronic ballast systems for mainly fluorescent 
lighting application and other lighting applications such as LED systems. In addition, this type 
of PFC system has rarely been applied on switch mode power supplies. Therefore, there is still 
large amount of research needed for this type of PFC to be able to apply it on different 
applications and systems [5] [6]. 

 

1.8  Comparison of different PFC systems  
In previous section main different types of PFC has been explained. The cons and pros of each 
has been listed. As mentioned, each PFC system is suitable for different application, and it is 
not possible to choose one PFC approach and use it in every system and application. Table 1.3 
shows the advantages and disadvantages of each PFC circuitry.  

 Cost Size Design 
simplicity 

Efficiency Power factor THD 

LC input Filter    X X X 
Valley fill    X X X 

Two stage DC/DC pre-
converter 

X X X    

Single stage charge 
pump 

  X    

Table 1.3: The advantages and disadvantages of different types of PFC systems. 
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As illustrated in table one single stage charge pump PFC system has many advantages against 
other types of PFC circuits. However, there has not been many studies around  these types of 
circuits and some of the published researches are not correct. Therefore, there is a need for 
more research to be done on single stage charge pump based power factor correctors. 

 

1.9  The contribution of this thesis 
 

This thesis aims to provide new analysis and tools to design single stage current source charge 
pump based power supplies with resonant converters to improve power factor while 
maintaining high efficiency.  

In chapter one a detailed review of power in AC systems, PF, PF standards and measurements 
and different types of PFC has been given. In chapter two a detailed literature review of 
charge pump systems, resonant converters and single stage current source charge pump PFC 
system has been given. Moreover, in chapter two a full analysis of prior research and 
analytical analysis of the single stage current source charge pump PFC along with the 
inconsistencies of the prior work has been demonstrated. In chapter 3 novel analytical model 
based on fundamental mode approximation and describing functions has been introduced. In 
addition, the testing and evaluation of the model and the boundaries that the model is valid 
has been described. In chapter 4 the modes of operation of the system under different 
condition has been investigated using LTspice simulation package. Lastly, in chapter 5 
practical experiments and validations are illustrated. Furthermore, a novel system has been 
described that extracts the real time modes of operation in order to verify simulation results. 
Finally, in chapter 6 a conclusion and the further work and research that can be done on this 
PFC system in future has been explained.  
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Chapter 2. Review of technologies underpinning single stage charge 
pump power factor correctors  

 

Having reviewed the popular types of PFC and stating the benefits of single stage charge pump 
PFC in chapter 1, it is now necessary to gain familiarization with charge pump circuits, 
resonant converters, and lastly single stage current source charge pump PFC (SSCSCP-PFC) 
which for the basis for the work embodied in this thesis. In this chapter the current state-of-
the-art techniques to model, design and analyse SSCSCP-PFC systems will be explained.  First 
charge pump circuit are discussed.  The resonant converters and the techniques used to 
analyse are described. 

2.1 Charge pump systems 
Charge pump (CP) circuits are widely used in countless applications in modern technology. 
The very first applications of charge pumps were voltage doubler and voltage multiplier 
(Dickson multiplier) power supply circuits. These circuits can increase input voltage to tens of 
kilovolt [1]. Unlike, other DC-DC switching converters that require power inductors, CPs only 
need capacitors and diodes [2] [3]. However, these circuits cannot deliver high powers and 
they are only used for high-voltage, low-current applications such as cathode ray tubes, 
electrostatic systems, and X-ray machines [3]. Figures 2.1 and 2.2 show the voltage doubler 
and voltage multiplier respectively. 

 

Figure 2.1: Voltage doubler circuit [2] [3]. 

 

Figure 2.2: Voltage multiplier circuit [2] [3]. 
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Voltage doubler and multiplier circuits as shown in figures 2.1 & 2.2 require an AC voltage 
source. Vin is an oscillating voltage, the C1 and D2 form an AC coupled diode clamp that 
generates a negative only oscillating voltage.  D1 and C2 form a peak detector that rectifies 
the generated negative voltage to create a negative DC voltage The voltage source does not 
have to be sinusoidal and it can be square or triangle wave [3] [2]. In figure 2.1 the output 
voltage is twice the input voltage and in figure 2.2 the output voltage is 4 times higher than 
the input voltage. The output voltage can be increased by cascading more sections [1] [3] [2]. 

Apart from the 2 applications explained above there are many other applications for CPs. 
Another application of charge pumps is to be fabricated on semiconductor wafers to form 
integrated circuits (IC) [4]. As these systems only need diodes and capacitors to provide higher 
voltage than the supply voltage, they can easily be implemented on semiconductor wafers to 
form ICs for many different tasks [1]. These ICs are widely used in many different applications 
including computers, power management ICs and even in power switch gate drivers where 
there is need of higher voltage than available with low current.  The MAX232 is a popular IC 
providing TTL to RS232 data signal conversion and uses voltage inverting and double CPs to 
generate signals that adhere to the RS232 standard [1]. 

Moreover, CPs are also used in both volatile and non-volatile computer memory systems 
including random access memories (RAM) flash memories and electronically erasable 
programmable read only memories (EEPROMs). Traditionally, non-volatile memories used 
mechanical and electromagnetic technologies which requires more space and more energy 
to operate [5] [6]. 

Another useful and beneficial application of charge pump circuits is for power factor 
correction. There are many different PFC topologies that use the transferal of packets of 
charge to achieve PFC. Several topologies that uses these systems are explained below [7] [8] 
[9] [10]. 

 

 Valley-fill PFC: valley fill PFC improves the power factor and line current THD by 
using a combination of capacitors and diodes and has been described in chapter 
1. These PFC systems are usually used for low power application [11]. 

 

 Voltage source charge pump PFC: This type of PFC system consists of a resonant 
converter and a charge pump circuit. The resonant converter in this topology 
provides high frequency oscillating voltage pulses for the charge pump (D1 and 
CPFC) to deliver packets of charge from input bridge rectifier to the power stage.  
Careful design and a mains input LC filter allow the circuit to achieve close to unity 
power factor. The schematic for this system is shown in figure 2.3 [12] [8] [9] [10]. 
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 Figure 2.3: Single stage voltage source charge pump PFC [11]. 

 
 Current source charge pump PFC: This PFC system has a similar operating principle 

to the voltage source concept. It consists of a resonant converter and a charge 
pump PFC. In this system instead using high frequency voltage pulses, high 
frequency current pulses are used to operate the CP and achieve near unity PF. 
Figure 1.4 shows the circuit diagram of this system. This system will be explained 
in greater detail later in this chapter [13]. 

 

Figure 2.4: Current source charge pump PFC. [13] 

 Hybrid charge pump PFC: This PFC system is a combination of the voltage source 
and current source PFC. It consists of a resonant converter and a charge pump PFC 
circuit. However, it uses both high frequency voltage and current pulses to achieve 
PFC. A circuit schematic of this system is shown in figure 2.5 [14]. 
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Figure 2.5: Single stage hybrid(current-voltage) source charge pump PFC [14]. 

 

2.2  Resonant Converters 
 

Decades ago, when power electronic systems were rapidly advancing and replacing old power 
systems such as power transformers and triac systems, there was a huge demand for more 
compact and highly efficient systems. A key driver for the adoption of power electronic 
converter circuits is that as the switching frequency increases, the size of power electronic 
components such as inductors and capacitors decrease [19].  Unfortunately, the finite turn-
on and turn-off switching times of the power devices give rise to switching losses since the 
power device voltage and current waveforms are non-zero during a switching event.  This is 
known as hard-switching and for traditional power electronic converters such as Buck and 
Boost converter power conversion efficiency is dominated by switching losses at high 
frequency. There exists a trade-off between converter losses and its volume. Resonant 
converters, on the other hand, use LC resonance to shape the voltages and/or currents to 
ensure one or either are zero during the turn-on and turn-off transition.  This process is known 
as soft switching, and it is very successful for reducing or even eliminating switching losses. In 
power electronic switches such as MOSFETs or IGBTs the majority of the power loss occurs in 
the transition period between off and on state of the switch (dynamic loss). In high current or 
voltage applications these transitions can impose massive stress on the component and 
reduce its lifetime [20]. Therefore, the power loss, which is the product of the voltage and 
current, in the transition period is zero. In the case that current through the switch is zero it 
is called zero current switching (ZCS) and for the voltage it is called zero voltage switching 
(ZVS) [17] [18]. Figure 2.6 shows a typical and simplified circuit diagram for resonant 
converter.  

Another benefit of resonant converter topologies is that they can be used with Piezo-electric 
Transformers(PTs). The electrical equivalent circuit of PTs is an LCC resonant circuit. 
Therefore, by using PTs it is possible to eliminate the need of power inductors and capacitors 
and only use PT as both the transformer and resonant tank [19] [20]. Lastly PTs offer higher 
power density (more 50 watts per cubic centimetre), very low EMI and high galvanic isolation 
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[21]. Due to these benefits PTs and systems based on them are gaining interest in power 
electronic systems. 

 

Figure 2.6: Simplified circuit diagram of a resonant converter [22]. 

 

Circuit diagram of figure 2.6 consists of an input DC voltage (VDC), half bridge (S1 & S2) and a 
resonant tank with a load RL. The half bridge chops the DC voltage into a square wave with 
50% duty cycle. The square wave then excites the resonant tank causing a sinusoidal current 
to flow in the tank. In this circuit the output voltage (voltage across RL) is sinusoidal. Therefore, 
in order to deliver DC output voltage, a high-speed rectifier needs to be implemented on the 
output [22] [19]. Figure 2.7 shows switching waveforms for when ZVS is achieved and when 
it is not. 

  

Figure 2.7: Gate signal and half bridge voltage for a) ZVS achieved b)ZVS not achieved 
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In figure 2.7 the upper two waveforms shows the gate signals that control the conduction 
states for the half bridge switches. The waveform figure 2.7a shows the half bridge voltage 
when ZVS is achieved. As it can be seen at time t1 before the switch S1 turns on, the half bridge 
voltage has increased from 0 V to VDC voltage. Therefore, the voltage across the S1 is equal 
zero as the voltages on drain and source terminals are equal to VDC. A similar procedure occurs 
for switch S2 at time t3 as the drain and source terminals of the switch S2 have zero volts hence 
the voltage across the component is zero [18] [19]. This process happens for both turn on and 
off transition of the switches. Therefore, theoretically soft switching reduces the switching 
loss of the power devices to zero.  

In contrast, in figure 2.7b the conditions for soft switching are not correct and the half-bridge 
voltage experiences a sudden jump at time t1 when switch S1 transitions from off to on state 
leading to switching loss and possible EMI issues.  Switch S2 also experiences a similar issue at 
time t3. In this case ZVS is not achieved and power losses could be considerably higher. Power 
converters that use soft switching technique can offer efficiency of 95% or higher [22] [20] 
[17].  

Referring to Fig. 2.7a it can be seen that the MOSFET are driven in a complementary manner 
and that dead-time must exist between the turn-off of one switch and the turn-on.  The dead-
time is required for two reasons.  Firstly, in order to achieve ZVS a minimum amount of dead 
time is required between the gate signals of the half bridge to allow the bridge voltage to 
gracefully travel between 0V and VDC. During the dead-time the resonant charge is circulating 
through the body diodes of switches S1 and S2 depending on the direction of the resonant 
current. Furthermore, the dead time has to be precisely calculated to achieve ZVS. Moreover, 
dead time has to be sufficient to prevent the switches to be on at the same time so as to avoid 
a shoot-through event where a short circuit could lead to damage[23]. 

 

2.2.1 Control of resonant converters 
 

Traditional hard switching converters such as Buck or Boost converters typically use pulse 
width modulation (PWM) to regulate the output voltage. In PWM regulators the duty cycle of 
the control pulse is proportional to the output voltage. However, the control of resonant 
converters is more complex due to several reasons. 

 There are several techniques to control resonant converters. The first one is PWM which by 
controlling the duty cycle it is possible to control the energy that has been transferred to the 
load. However, in this technique, additional systems may be needed to ensure ZVS 
achievement. The next popular method is using frequency modulation (FM). Resonant circuits 
are frequency dependant, and they have different gains at different frequencies. Therefore, 
by varying the switching frequency it is possible to change the output voltage amplitude. The 
parameters that can be adjusted in control signals (Gate signals) are only pulse width and the 
frequency however, there are countless techniques proposed to control these two 
parameters to regulate the output voltage and/or current and to ensure achievement of soft 
switching. An example of these methods is using phase locked loop (PLL) system  [24] where 
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the switching frequency is locked at the resonant frequency of the system. Using PLL ensures 
ZVS achievement [24]. There are other systems to control resonant converters, such as charge 
control, however, most of them are work on a similar basis as those explained above. 

 

2.2.2 Analysis of resonant converters 
 

There are various methods to analyse resonant converters including describing functions [25] 
and First Harmonic approximation (FHA). FHA is also known as Fundamental Mode 
Approximation (FMA). As explained earlier resonant converters include a resonant tank and 
the tank circuit is usually designed to exhibit high Q-factor bandpass filter characteristic. The 
half-bridge voltage waveform is filtered by the resonant circuit causing a sinusoidal shaped 
current to flow.  If the resonant converter is operated close to its resonant frequency and Q-
factor is sufficiently high, the bandpass filter will attenuate all but the fundamental 
component of the square (or trapezoidal) shaped bridge voltage. Therefore, it is possible to 
assume that the resonant current is caused by the first harmonic of the square wave. By using 
Fourier series, it is possible to obtain amplitude (and phase) of the fundamental component 
of the bridge voltage that is applied to the resonant tank which can be used as the equivalent 
input voltage to resonant circuit. As the switching frequency is known, the total impedance 
of the resonant tank can be calculated. Finally, as the voltage and impedances are known by 
using Ohm’s law and Kirchhoff’s law it is possible to obtain voltage and current for all of the 
components in the resonant tank including output section.  Although only approximate, FHA 
is a very powerful technique, and it will be used in various sections of the thesis to derive 
equivalent circuit models of resonant converters and single-stage PFC circuit. 

 
 

2.2.3 An example of mathematical analysis of an LCC resonant converter 
 

In order to gain a better understanding of the mathematical modelling of resonant converters 
using FMA, the circuit diagram of figure 2.6 is mathematically modelled in this section.  

The first step is to derive an equation for the input voltage to the resonant tank (labelled 
Vbrdg). The Vbrdg is a square wave with amplitude of VDC and frequency of the switching 
frequency with duty cycle of approximately 50%. Based on FMA the input voltage to the 
resonant tank can be assumed to be the fundamental component of the Vbrdg. Therefore, it 
can be calculated using  (2.1). 

 
𝑉௕௥ௗ௚ழଵவ =  

2 × 𝑉஽஼

𝜋
× sin(𝜔௦ × 𝑡) 

(2.1) 

   

In  (2.1) ωs is the angular velocity of the switching frequency and t is time and Vbrdg<1> is the 
fundamental component of Vbrdg. The next step is to derive an  equation for the total 
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impedance of the resonant tank. The total impedance can be divided into two impedances, 
series and parallel. The series impedance is the impedances of Ls and Cs. The parallel 
impedance is the impedances of Cp and RL. The equations for the series and parallel 
impedances are demonstrated in (2.2) and (2.3) respectively. 

 
𝑍௦ = (𝑗 × 𝜔௦ × 𝐿௦) −

𝑗

𝜔௦ × 𝐶௦
 

(2.2) 

 

 
𝑍௣ =

൫𝑗 × 𝜔௦ × 𝐶௣ × 𝑅௅൯ + 1

𝑅௅
 

(2.3) 

 

In  (2.2) and (2.3) the term j is the imaginary operator, and it is the square root of minus one. 
In the next step the total impedance of the resonant tank can be calculated using (2.4).  

 

 𝑍௧௢௧ = 𝑍௣ + 𝑍௦ (2.4) 
 

As the voltage and impedance of the system are calculated, now the resonant current Ires can 
be calculated using the Ohm’s law.   (2.5) shows the derivation for Ires. 

 
𝐼௥௘௦ =

𝑉௕௥ௗ௚ழଵவ

𝑍௧௢௧
 

(2.5) 

 

Now by having mathematical expressions for the input voltage to the resonant tank (Vbrdg<1>) 
and the Ires the voltage and current for all the component of the circuit can be obtained using 
AC circuit analysis techniques.  

The remaining sections of this chapter are devoted to describing the Single-stage current 
source charge pump PFC (CSCPPFC) in detail.  It begins with a description of the circuit, 
waveforms, and operating models.  This is followed by a review of prior work of others, and 
this highlights the deficiencies that exist in the literature.  Addressing some of these 
deficiencies is the focus of this work. 

 

 

2.3  Single Stage current source power factor correction 
 
All types of charge pump PFC topologies operate on a similar basis where a high-frequency 
oscillating voltage or current within the power supply circuit is used to transfer small packets 
of charge from the input to a DC link [9] [8]. Many schemes are possible, but they often rely 
on a resonant oscillating voltage or current connected to the common point of two series 
connected diodes through a capacitor (referred to here as the PFC capacitor).  The internal 
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high-frequency voltage (or current) modulates the low-frequency input current which, when 
filtered, results in a low frequency sinusoidal current.  Since the amount of charge that is 
transferred to the PFC capacitor varies with the input voltage the interaction between 
resonant tank circuit and the charge pump circuit is complicated and it is impossible to treat 
the PFC conversion process separate to the main conversion process as one can more easily 
do in a two-stage power factor converter system. Therefore, owing to the complex and 
interdependent operation of the charge-pump and the resonant converter they have to be 
analysed in unison.  

Figure 2.8 shows a simplified block diagram representation of the single stage current source 
PFC where the input voltage Vin(t) is a full wave rectified sinusoidal wave [13]. In order to 
simplify the diagram the rectifier and input filter has been removed and a voltage source with 
full wave rectified sinusoidal wave has been replaced [13] [12] [8] [9]. It shows that the circuit 
has two main parts, the charge pump PFC and the resonant inverter. Figure 2.9 show the 
detailed circuit diagram of the single stage charge pump power factor correction. Moreover, 
figure 2.9 shows the blocks of the figure 2.8 on the circuit diagram.  

  

Figure 2.8: Block diagram of a single stage current source charge pump PFC [13] 
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Figure 2.9: Schematic of single stage current source charge pump PFC [13]. 

The power source for this circuit is the grid voltage which is then rectified using a full bridge 
rectifier as shown in figure 2.9. In order to simplify the analysis and the mathematics the input 
voltage and the rectifier system is changed to a full wave rectified voltage source(identified 
in figures 2.8 and 2.9 as Vin(t). In this circuit there is a fixed DC voltage across Cb (Vb) and in 
order for the circuit to function correctly Vb, the DC link voltage, is always higher than the 
input peak voltage. The half bridge MOSFETs turn the Vb into a square wave with peak value 
of Vb and duty cycle of 50%. This square waveform then excites the resonant tank, causing a 
sinusoidal current Ires to flow into the tank and then into the common point between D1 and 
D2 (identified as Node m in Fig. 2.9). Since Ires is oscillating, so is the voltage at node m, Vm.  If 
Vin(t)>Vm and Ires is negative, then D1 must be conducting and so current (charge) is transferred 
from the grid to the circuit.  Ires is resonating and so as it naturally falls to zero turning off D1.  
The charge that was transferred from the grid is absorbed by the DC link. Vm is therefore 
modulating the current through D1 and this provides the charge-pump power factor 
correction. Depending on the input voltage the conduction time of D1 varies. Therefore, the 
average input current varies with the input voltage. Thus, PFC can be achieved by choosing 
the appropriate circuit values. [13] Figure 2.11 shows the waveforms of the modulating 
voltage Vm and currents for D1, Cpfc and Ires. 

 

2.4  PFC operation  
First it is necessary to investigate the PFC operation of the system and then the resonant 
converter. The PFC operation can be analysed using an equivalent circuit that is shown in 
figure 2.10 [13].  In figure 2.10 the resonant tank has been replaced with a current source as 
the resonant tank circuits in resonant converters behave in a same way as a current source. 
Figure 2.11 shows the switching waveforms associated with the equivalent circuit of figure 
2.10.  The resistor labelled LOAD represents the equivalent loading that the resonant inverter 
presents to the DC link. 
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Figure 2.10: Topological equivalent circuit [13]. 

 

Figure 2.11: Switching waveforms. 

 

By analysing the switching waveforms shown in figure 2.11 and the equivalent circuit in figure 
2.10. Four modes of operation can be extracted. The modes of operation for the equivalent 
circuit shown in figure 2.12 [13]. 
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Figure 2.12: Modes of opeartion for the topological equivalent circuit [13]. 

Mode a [t0, t1]: In this this mode the diode D1 is turned off. The resonant current flows from 
Cpfc to the resonant tank. The voltage at node m is decreasing. 

Mode b [t1, t2]: The Cpfc is discharged enough and the voltage at node m is less than the input 
voltage hence the diode D1 starts conducting and transferring energy from input to the 
resonant tank. The voltage at node m is clamped to the input voltage as D1 is on. 

Mode c [t2, t3]: At t2 the resonant current becomes negative hence diode D1 is turned off. As 
the voltage at node m is lower than the voltage across Cb, diode D2 cannot turn on. Therefore 
the Ires flows through Cpfc and charging it. 

Mode d [t3, t4]:  At t3 the voltage at node m is equal to the voltage across Cb. Therefore, diode 
D2 starts conducting until the resonant current becomes positives.  

 

2.5  Converter operation 
Having analysed and reviewed the PFC operation of the system, it is now necessary to analyse 
the operation of the resonant converter and the whole system together. The same approach 
that was taken to analyse the PFC operation can be used here. The first step is to extract the 
modes of operation. However, as the whole system is analysed there is no need for an 
equivalent circuit and the modes of operation can be applied on the circuit of figure 2.9. figure 
2.13 shows the waveforms for the resonant current, Vbrdg, IS1, IS2, ID1, ID2, VCpfc and ICPFC .The 
modes of operation for one switching cycle is shown in figure 2.15. Moreover, figure 2.14 
shows the charging and discharging process of capacitor Cb. Figure 2.14 demonstrates Ires and 
ICb versus time. 
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Figure 2.13: The operating waveforms of the system. 

 

 

 

 

Figure 2.14: Ires and ICb waveforms versus time. 
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Figure 2.15: The modes of operatin of the system [13]. 

 

Mode a [t0, t1]: In this mode the Ires is negative. The high side switch of the half bridge S1 is 
conducting and the energy from input flows through D1 and the resonant tank . Cb is charging 
in this mode. At t1 resonant current is equal to zero and D1 turns off. 

Mode b [t1, t2]: As the Ires is positive and the voltage at the common connection of D1 & D2 (Vm) 
is lower than the DC link voltage both diodes are off, and the resonant current starts to 
discharge Cpfc. 

Mode c [t2, t3]:  Capacitor Cpfc is discharged now and the voltage at node m is higher than the 
DC link voltage. Therefore diode D2 becomes forward biased.  

Mode d [t3, t4]: Switch S1 is turned off and S2 starts conducting. As the Ires is still positive diode 
D2 continues to conduct.  In this mode Ires flows through Cb and charges it. 

Mode e [t4, t5]: At t4 Ires reverses from positive to negative. Therefore diode D2 is turned off 
and as the voltage at node m is higher than input voltage diode D1 stays off. In this mode the 
current flows from Cb (discharging) through Cpfc (Charging) and resonant tank .    

Mode f [t5, t6]: At t5 the voltage at node m has decreased to a value lower than the input 
voltage. Therefore D1 will start conducting. In this mode Ires flows through D1 and S2.  
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2.6  A review of the previous attempts to model the CSCPPFC inverter 
 

Having analysed and reviewed the operation of the current-source PFC in isolation and the 
combined system, in this section mathematical models available in the literature are now 
reviewed[13]. This section starts by describing previous attempts in detail and then discusses 
some error or omissions in the previous work. 

The purpose of this model is first to obtain a mathematical expression to calculate the 
required value of Cpfc to meet unity power factor criteria based on known values of the 
system[13]. The second aim of the model is to derive mathematical expressions for unknowns 
of the system such as Ires and voltages of different components. The key assumptions for this 
model are: 

1. The switching frequency (fs) of the resonant inverter is much greater than the grid 
frequency (fg). Moreover, this assumption implies that the rate of change of the low-
frequency (grid) signals considered over the duration of a high-frequency period can 
be considered to be zero. 

 

2. Resonant circuit has a high Q factor. Therefore, high frequency resonant current is 
sinusoidal. The resonant current can be calculated using (2.6). 

 

 𝐼௥௘௦(௧) = 𝐼௥௘௦ି௣ × sin(𝜔௦ × 𝑡) (2.6) 

In   (2.6) Ires-p is the peak value of the resonant current and ωs is the angular velocity of the 
switching frequency.  

As explained previously, the input voltage to the circuit is an AC grid voltage and in order to 
simplify the analysis the grid voltage, LC filter and the full bridge rectifier is being treated as 
single voltage source with a waveform shape equivalent to that of the full wave rectified grid 
voltage. There are three different terms used in the derivations for the input voltage: 

 Vin-p is the peak value of the AC input voltage 
 Vin(t) is the time-based function of the input voltage and is given by (2.7)  
 Vin-average is the average value of the full wave rectified input voltage, given by (2.8) 

In (2.1) ωg is the angular frequency of the grid voltage. 

 

 𝑉௜௡(௧) = ห𝑉௜௡ି௣ × sin൫𝜔௚ × 𝑡൯ห (2.7) 

  

 
𝑉௜௡ି௔௩௘௥௔௚௘ =  

2 × 𝑉௜௡ି௣

𝜋
 

(2.8) 
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The model derivations are done on one high frequency cycle to obtain mathematical 
equations describing voltages, currents and power of the system. Model derivation begins by 
obtaining an expression for the grid input current. The current that flows through the circuit 
from the grid input is also the current that flows through diode D1 (Modes A&F from figure 
2.15)[13]. As can be seen from waveforms in figure 2.13 the current through D1 is equal to 
resonant current during Modes A & F and, therefore, it is possible to use average value of half 
wave rectified sinusoidal wave, then subtracting the portion that is not in the waveform. That 
portion of current flows through Cpfc [13]. The current waveforms of diode D1 and Cpfc and the 
resonant current is shown in figure 2.16.  Hence the average input current can be calculated 
using   (2.9) [13]. 

 

 

Figure 2.16: The current waveforms of D1, Cpfc and the resonant tank. 

 

In figure 2.16 the high frequency switching period is T  (from t0 to T) and the interval from t1 
to t2 is the duration when the resonant current flows through Cpfc. Moreover, time t1 is the 
half of the switching period T. Therefore, to obtain the average value for the input current (Iin-

average), the average value of the half wave rectified resonant current should be calculated, 
then the amount of charge in duration between t1 and t2 should be subtracted. As shown in 
(2.9). 

 
𝐼௜௡ି௔௩௘௥௔௚௘ = 𝐼𝐷ଵି௔௩௘௥௔௚௘ =

1

𝑇
න 𝐼𝐷ଵ. 𝑑𝑡 = 

்

଴

1

𝑇
න ൫−𝐼௥௘௦(௧)൯. 𝑑𝑡 −

1

𝑇
න 𝐼𝐶௣௙௖. 𝑑𝑡 

்

்
ଶ

 
்

்
ଶ

 
(2.9) 
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𝐼௜௡ି௔௩௘௥௔௚௘ =  
𝐼௥௘௦ି௣

𝜋
− 

𝛥𝑄

𝑇
 

 

 
 

(2.10) 

In order to calculate average input current (2.10) can be used. In (2.10) the first term is the 
average value of half wave rectified sinusoidal resonant current. The second term is the 
amount of charge that is transferred to the Cpfc. T is the high frequency switching period. The 
second term can be expanded to   (2.11). In (2.11) Vb is the voltage across the Cb as shown in 
figure 2.9.  

 

                 𝛥𝑄 = 𝐶௣௙௖ ൫𝑉௕ − 𝑉௜௡ି௔௩௘௥௔௚௘൯ (2.11) 

 

By substituting   (2.11) into (2.10) the   (2.12) can be achieved. 

 

 
𝐼௜௡ି௔௩௘௥௔௚௘ = ൬

𝐼௥௘௦ି௣

𝜋
− 𝐶௣௙௖ × 𝑓௦  × 𝑉௕൰ + 𝐶௣௙௖ × 𝑓௦ × 𝑉௜௡ି௔௩௘௥௔௚௘ 

 

(2.12) 

 

In order to achieve unity PF the input current must be proportional to the input voltage. 
Therefore, if the first term in   (2.12) is zero then unity power factor can be met. Moreover, 
for PFC operation voltage Vb, the DC link voltage, must be greater than peak of the input 
voltage to properly charge and discharge Cpfc in each switching cycle. Therefore, it can be 
assumed that the minimum DC link voltage is equal to the peak of the input voltage.   (2.13) 
shows peak resonant current at the unity power factor condition[13]. 

 

 𝐼௥௘௦ି௣ = 𝜋 × 𝐶௣௙௖ × 𝑓௦  × 𝑉௕ 
 

(2.13) 

 

By using   (2.13) to achieve unity power factor and (2.12) for the input current, new expression  
for the input current can be derived.   (2.14) describes the average input current when PFC is 
met. 

 

 𝐼௜௡ି௔௩௘௥௔௚௘ =  𝐶௣௙௖ × 𝑓௦ × 𝑉௜௡ି௔௩௘௥௔௚௘ (2.14) 
 

Up to this stage, mathematical equations to describe the input current and resonant current 
for the PF corrected condition has been demonstrated. The next step is to derive an 
expression for the instant input power to the system. The instantaneous power for one high 
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frequency cycle (fs) is the product of average input current over one high frequency switching 
cycle and the instantaneous input voltage. The mathematical expression is shown in   (2.15). 

 

𝑃௜௡ =  ൬
𝐼௥௘௦ି௣

𝜋
− 𝐶௣௙௖ × 𝑓௦  × 𝑉௕൰ ×  𝑉௜௡ି௔௩௘௥௔௚௘ + 𝐶௣௙௖ × 𝑓௦ × 𝑉௜௡ି௔௩௘௥௔௚௘

ଶ 

 

  
(2.15) 

 

By averaging the   (2.15) over one grid voltage cycle (fg) it is possible to calculate the average 
input current. The average input current is shown in   (2.16).   

 
𝑃௜௡ =

2 × 𝑉௜௡ି௣

𝜋
 ൬

𝐼௥௘௦ି௣

𝜋
− 𝐶௣௙௖ × 𝑓௦  × 𝑉௕൰ +

1

2
× 𝐶௣௙௖ × 𝑓௦ × 𝑉௜௡ି௣

ଶ 
(2.16) 

 

Under the unity power factor condition as explained and given in   (2.12), the first term of the   
(2.16) is zero and so the average input power can be rewritten as   (2.17). 

 
𝑃௜௡ =

1

2
× 𝐶௣௙௖ × 𝑓௦ × 𝑉௜௡ି௣

ଶ 
(2.17) 

 

Based on energy balance the input power is the addition of losses and output energy. 
Therefore, it can be written as   (2.18) where η is the overall efficiency of the system. 

 

 𝑃௢  = 𝜂 × 𝑃௜௡ (2.18) 
   

Using (2.17) and (2.18) the PFC capacitor Cpfc can be determined using   (2.19). 

 

 
𝐶௣௙௖ =  

2 × 𝑃௢

𝜂 × 𝑓௦ × 𝑉௜௡ି௣
ଶ 

(2.19) 

   
Having examined the operation of the circuit and the conditions needed to achieve PFC and 
derivations for the input current, input power and PFC capacitor. The output voltage and the 
resonant current can be calculated now.  

In order to derive an expression for the output voltage and the resonant current the FMA 
method that has been discussed above is used. Based on Fourier series any periodic waveform 
consists of infinite sinusoidal and cosine waveforms. The frequency of these waveforms is a 
multiple of the frequency of the original signal and the first component or the original 
frequency component is called the fundamental component. FMA simplifies the derivations 
by only using the fundamental component of  input voltage to the resonant tank. As it is 
illustrated in figure 2.13, the input voltage to the resonant tank or the bridge voltage is a 
square wave voltage. Since the resonant tank behaves like a bandpass filter the high-
frequency harmonics are significantly attenuated and only the fundamental frequency 
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component flows through the circuit.  s (2.20) and (2.21) shows the RMS output voltage and 
resonant current, respectively. 

 

 
𝑉௢ିோெௌ =

√2𝑉௕

𝜋
×

1

ඨ൬1 −
𝜔௦

ଶ

𝜔଴
ଶ൰

ଶ

+ ቀ
𝜔௦ × 𝐿௦

𝑅௅
ቁ

ଶ

 

 

 
(2.20) 

 

 

𝐼௥௘௦ି௣ =
2𝑉௕

𝜋
×

ඨ(𝜔௦ × 𝐶௥)ଶ +
1

𝑅௅
ଶ

ඨ൬1 −
𝜔௦

ଶ

𝜔଴
ଶ൰

ଶ

+ ቀ
𝜔௦ × 𝐿௦

𝑅௅
ቁ

ଶ

 

 

 
 

(2.21) 

 

In (2.20) and (2.21) the ωS is the switching angular velocity, ω0 is the resonant angular velocity.  

Moreover, to meet unity power factor condition (2.21) must be equal to (2.12) as explained 
above.   

 

So far, the previous attempts to mathematically model the system has been demonstrated. 
However, in practice and simulation the results do not match with the results from the model 
and there are several inconsistencies. In the next section the simulation results are 
demonstrated and they are compared with the mathematical model calculations. 

2.7 Evaluation of the mathematical model 
 

In order to check and evaluate the mathematical model described in previous section, a 
simulation model has been designed and simulated. The circuit parameters are shown in the 
table 2.1.  

 

Component Value Component Value 
Ls 1.69 mH Cs 1.2 nF 
CP 38.6 nF RL 31  
fs 116 kHz Cb 100 µF  

Vin-peak 330 V PO 230 W 
Table 2.1: The circuit parameters for the simulation model. 
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By using the component values and  (2.19) the PFC capacitor can now be determined. In order 
to have power factor near unity the Cpfc has to be 40 nF .  After simulating the model, it had 
been discovered that the results calculated by the mathematical model do not agree with the 
SPICE simulation. The results showed that unity power factor has not been achieved and the 
THD of the line current is more than 25%. The input voltage and input current of the 
simulation is shown in figure 2.17. 

 

Figure 2.17: The input voltage and current of the simulation model. 

 

After more investigation on the simulation results it has been found that the assumption on 
Vb is incorrect and the DC link voltage is not equal to the peak value of the input voltage. The 
DC link voltage (=450 V) is higher than the peak input voltage (330 V). This error leads to 
inconsistencies throughout the hole mathematical derivations as Vb is used in all the 
calculations. These inconsistencies creates a demand for a more precise model that can 
estimate the circuit values and component values to achieve near unity PFC and a reliable 
calculations. In the next chapter new mathematical model will be presented. 

 

 

2.8  Conclusion  
 

The background knowledge, operation and analysis of single stage current source charge 
pump PFC has demonstrated. However, as demonstrated in practice and simulations the 
results do not match with the mathematical models that has been demonstrated. As 
discussed, There are several inconsistencies between what has been described above and 
what happens in reality. Firstly, the assumption that the DC link voltage or the Vb is equal to 
the peak of input voltage (Vin-peak)  does not happen and usually it is much higher than the 
input peak voltage. Lastly, the derivations for the PFC capacitor, resonant current and the 
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output voltage do not match with simulations or practical experiment results. The issues 
create a demand for a more precise mathematical model. In the next chapter a new 
mathematical model will be presented. 
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Chapter 3. Analytical Mathematical modelling of the CSCP-PFC 
 

3.1  Introduction 
In the previous chapter, the state-of-the-art techniques to analyse and model CSCP-PFC has 
been reviewed. It has been shown that there are several inconsistencies and errors in the 
existing analytical model and, therefore, there is a demand for a more precise and accurate 
analytical mathematical derivation for the system. The new model should be able to calculate 
circuit components to achieve PFC and to predict the circuit parameters such as voltages and 
currents at various points of the system. The focus of this chapter is to propose a more precise 
mathematical model operating with a DC input voltage with a view to modifying the DC to 
allow it to work with a full wave rectified input voltage.  A describing function (FMA) approach 
is taken to develop the model.  At the end of this chapter, the derived mathematical model is 
evaluated using circuit simulation tools. 

3.2  Mathematical analysis of the system 
In this section the process of obtaining mathematical derivations for each part of the system 
is shown step by step. These equations describe voltages, currents, and impedances at various 
locations in the circuit. The input and output energy of the system is defined and by using the 
law of energy balance unknown terms are eliminated provide an analytical solution. The full 
derivation of the model is done using Maple mathematical software as the expressions are 
long and tedious to derive by hand. Since the purpose of this chapter is to demonstrate the 
derivation of a model and some equations are too long and detract from this presentation, 
they have been omitted but can be found in appendix 1.  

 

Figure 3.1: The CSCP-PFC circuit diagram with DC input Voltage. 
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3.2.1  Assumptions of the mathematical model 
 

The circuit diagram for the converter is given in figure 3.1.  In order to ease the mathematical 
modelling of the circuit several assumptions are made: 

1. The input power source is assumed to be a DC source rather than a low-frequency full-wave 
rectified sinusoidal waveform. After evaluation of the model with DC input voltage, the AC 
voltage source will be implemented on the model. 

2. Although D1 and D2 conduct at different times during a high-frequency period, their 
conduction times are identical. 

3. As FMA is used to analyse the circuit it is assumed that the resonant current is sinusoidal 
and is defined by, 

 

 𝐼௥௘௦(௧) = 𝐼௥௘௦ି௣ × sin((𝜔௦ × 𝑡) + 𝛼) (3.1) 

   

where Ires-p is the peak value of the sinusoidal current, ωs is the angular velocity of the 
switching frequency. Angle α is the phase shift between bridge voltage (Vbrdg) and the 
resonant current and is given by (3.2).(The time intervals in (3.2) are demonstrated in figure 
3.2) 

 𝛼 = 𝜔௦(𝑡ଵ − 𝑡଴) (3.2) 

 

Moreover, another angle that is introduced later in the derivations is β. Angle β is given by, 

 𝛽 = 𝜔௦(𝑡ଶ − 𝑡଴) (3.3) 

 

To simplify the derivations, the resonant current may be represented by, 

 

 𝐼௥௘௦(௧) = 𝐼௥௘௦ି௣ × sin(𝜃 + 𝛼) (3.4) 

replacing time by the angle 𝜃 = 𝜔௦𝑡.  This allows the various time intervals to be represented 
by angles.   

3.2.2  Describing function model 
 

The principle behind describing function analysis is that the non-linearity  of a circuit can be 
replaced by a complex impedance allowing the response to be estimated using AC circuit 
techniques.  The key assumption to applying this technique is that the dominant waveforms 
are sinusoidal or can be represented to a sufficient accuracy by a sinusoid ( As demonstrated 
by FMA technique in previous chapter).  Since the resonant circuit operates as a bandpass 
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filter attenuating the high-frequency components of Vbrdg such that only the fundamental 
component Vbrdg<1> contributes to the output power and the resonant current Ires(t). If the 
quality factor of the resonant tank  is sufficiently high then the resonant current, Ires(t), can be 
considered to a sinusoidal waveform.  Since Ires flows through the circuit components the 
corresponding voltage (and current) waveforms can be defined.  For the CPCS-PFC the 
resonant current flows into Cpfc causing the voltage at node m, Vm, to oscillate between Vin 
and Vb as it turns on D1 and D2 respectively.  The interaction between Ires, Cpfc and D1, D2 is 
complex and non-linear and the describing function method transforms this behaviour into 
an impedance which is substituted into an equivalent circuit which is more easily analysed. 
Figure 3.2 demonstrates the Ires and the voltage at node m. As shown voltage at node m 
oscillates between two DC levels which are Vin-DC when diode D1 is conducting and Vb when 
diode D2 is conducting. When diodes D1 and D2 are turned off the resonant current flows 
through the Cpfc charging or discharging it. As demonstrated in figure 3.1 the resonant current 
flows directly through node m. Therefore, in order to obtain a complex impedance of the 
combination of D1, D2 and Cpfc, first the fundamental component of Vm (Vm<1>)should be 
obtained then  by dividing it by Ires it is possible to obtain the equivalent impedance (Zeq). 

The steps used by the analysis are: 

 

1. describe the voltage at node m using a piecewise description consisting of two 
DC levels (Vin-DC and Vb) and (co)sinusoidal charging and discharging sections. 
 

2. Take the Fourier transform of Vm and extract the fundamental component to 
provide Vm<1>, which is a complex expression. 
 

3. Obtain the equivalent impedance (Zeq) of Cpfc/D1/D2 by dividing Vm<1> by Ires. 
 

4. Adding the impedance of the resonant tank to the Zeq to obtain the total 
impedance of the circuit (Ztot). 
 

5. Use energy (power) balance and diode commutation conditions to eliminate 
unknown variables that emerge during the analysis. 
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Figure 3.2: The waveforms of Ires and Vm. 

3.2.3  Mathematical evaluation of VCpfc 
 

In order to derive piecewise mathematical expression for the VCpfc the behaviour of each 
mode of operation needs to be analysed based on the conduction states of the diodes.  The 
circuit configurations and waveforms from the previous chapter have been repeated here for 
convenience, figures 3.3 and 3.4 respectively. Moreover, the angles α and β are shown in 
figure 3.4. 

 

Figure 3.3: The modes of operation. 
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Figure 3.4: The switching waveforms of the CSCP-PFC system. 

 

Mode a (t0-t1)(0<θ< α) 

During Mode A, Vb is greater than zero, Ires is negative and D1 is already conducting. Moreover, 
Vm is equal to Vin-DC. Therefore, an initial condition exists on Cpfc. VCpfc is shown in (3.5). 

 𝑉𝐶௣௙௖[௔] = 𝑉௕ − 𝑉௜௡ି஽஼ (3.5) 
 

Mode A is complete when D1 turns off which is given by the condition ID1(t1)= ID1(α)=0. 

Mode b (t1-t2)( α<θ<β) 

In mode B, D1 and D2 are off.  Ires is positive and current starts to flow through Cpfc. To obtain 
the VCpfc the equations that describe the voltage-current relationship of a capacitor is needed. 
The general form of voltage and current in a capacitor is shown in (3.6) and (3.7) respectively, 
where the quantities C, V, i in the (3.6) & (3.7) are for a generic capacitor. In (3.6) the term 
Vinitial is the initial voltage across the capacitor [1]. 

 
𝑉 =  

1

𝐶
× න 𝑖(𝑡) × 𝑑𝑡

௧

଴

+ 𝑉௜௡௜௧௜௔௟ =
1

𝜔𝐶
× න 𝑖(𝜃) × 𝑑𝜃

ఝ

଴

+ 𝑉௜௡௜௧௜௔௟ 
(3.6) 

 

 
𝑖(𝑡) = 𝐶 ×

𝑑𝑣(𝑡)

𝑑𝑡
 

(3.7) 

 

By evaluating (3.6) and (3.4), an equation for VCpfc in mode B can be obtained. VCpfc[M-2] is 
shown in (3.8). 
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𝑉𝐶௣௙௖[௕](𝜃) = −

𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖
+ 𝑉௜௡௜௧௜௔௟[ெଶ] 

(3.8) 

 

Since at the start of Mode B, VCpfc[M2](α)=0 a value for Vinitial, can be determined by substituting 
𝜃 = 𝛼 into (3.8) and rearranging to get, 

 
𝑉௜௡௜௧௜௔௟[௕] =  

𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖
 

(3.9) 

 

The final expression is found by substituting (3.9) into (3.8) 

 

 
𝑉𝐶௣௙௖[௕](𝜃) = −

𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖
+

𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖
 

(3.10) 

 

Mode B is complete at θ=β (t=t2 from figure 3.3) which is the instant when D2 turn-on which 
occurs when Vm=Vb.  Referring to figure 3.2, the relationship connecting between Vm and Vb 
is given by,  

𝑉௕ − 𝑉௜௡ି஽஼ = −
𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖
+

𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖
 

(3.11) 

 

At the start of Mode B, Vm(α)=Vin-DC.  Thus, (3.11) can be solved for Vb by substituting the 
Mode B initial value for Vm and using (3.11) to give, 

 

𝑉௕ =
𝑉௜௡ି஽஼ × 𝜔௦ × 𝐶௣௙௖ − 𝐼௥௘௦ି௣ × cos(−𝛽 + 𝛼) + 𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖
 

(3.12) 

 

Mode B completes at t = β and diode D2 starts conducting. 

Modes c & d (t2-t4)( β <θ< π+α) 

During Modes C & D, Ires is positive and D2 is conducting while D1 is off. This mode ends when 
Ires reaches zero. Therefore, the VCpfc-3 equation for this mode is shown in 3.13. 

𝑉𝐶௣௙௖[௖ & ௗ](𝜃) = 𝑉௕ − 𝑉௜௡ି஽஼  (3.13) 

By substituting equation 3.12 in 3.13, VCpfc[M3] can be written as equation 3.14. 
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𝑉𝐶௣௙௖[௖ & ௗ] =
𝑉௜௡ିௗ௖ × 𝜔௦ × 𝐶௣௙௖ − 𝐼௥௘௦ି௣ × cos(−𝛽 + 𝛼) + 𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖
− 𝑉௜௡ି஽஼  

(3.14) 

 

Since D2 is conducting VCpfc is constant.  Mode D completes when Ires reaches zero and ID2 

becomes zero. Therefore, D2 turns off. 

 

Mode e (t4-t5)( π+α <θ< π+β) 

In the duration of mode E, Ires is negative, both D1 & D2 are off and Cpfc is discharging. By using 
(3.6), an expression VCpfc[M4], can be obtained since the current flowing out of Cpfc is Ires,  

𝑉𝐶௣௙௖[௘](𝜃) = −
𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖
+ 𝑉௜௡௜௧௜௔௟[ெସ] 

(3.15) 

 

The initial condition can be found by evaluating (3.15) at θ=π+α.  Specifically, setting the left 
hand side of (3.15) to (3.13) and then rearranging, 

𝑉௕ − 𝑉௜௡ି஽஼ = −
𝐼௥௘௦ି௣ × cos(−𝜋)

𝜔௦ × 𝐶௣௙௖
+ 𝑉௜௡௜௧௜௔௟[ெସ] 

(3.16) 

 

𝑉௜௡௜௧௜௔௟[௘] =
𝑉௕ × 𝜔௦ × 𝐶௣௙௖ − 𝑉௜௡ି஽஼ × 𝜔௦ × 𝐶௣௙௖ − 𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖
 

(3.17) 

 

Combining (3.15) and (3.17) provides the complete expression, 

 

𝑉𝐶௣௙௖[௘](𝜃) = −
𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖

+
𝑉௕ × 𝜔௦ × 𝐶௣௙௖ − 𝑉௜௡ି஽஼ × 𝜔௦ × 𝐶௣௙௖ − 𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖
 

(3.18) 

 

By substituting (3.12) into (3.18), Vb can be removed from (3.18),  

 

𝑉𝐶௣௙௖[௘](𝜃) = −
𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖
−

𝐼௥௘௦ି௣ × cos(−𝛽 + 𝛼)

𝜔௦ × 𝐶௣௙௖
 

(3.19) 

 

This mode ends when VCpfc falls to zero, VCpfc(π+β)=0. 
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Mode f (t5-t6)( π+ β <θ< 2π) 

In the final mode, Ires is negative and D1 is conducting while D2 is off. This mode is the same as 
mode A and, therefore, VCpfc-5 is equal to zero as shown in (3.20).  

 𝑉𝐶௣௙௖[௙] = 𝑉௕ − 𝑉௜௡ି஽஼  (3.20) 
Mode F ends when θ=2π. 

Equations (3.5, 3.10, 3.14, 3.19 and 3.20) can be combined into a single piecewise equation 
describing the evolution of VCpfc over a complete cycle.  Note that only five equations are 
required to describe six modes since the change in the bridge voltage does not affect VCpfc. 

 

𝑉𝐶௣௙௖ =

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑉𝑏 − 𝑉𝑖𝑛−𝐷𝐶 0 < θ < α        

−
𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖

+
𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖

α < θ < β        

𝑉௜௡ିௗ௖ × 𝜔௦ × 𝐶௣௙௖ − 𝐼௥௘௦ି௣ × cos(−𝛽 + 𝛼) + 𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖

− 𝑉௜௡ି஽஼  β < θ < π + α

−
𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖

−
𝐼௥௘௦ି௣ × cos(−𝛽 + 𝛼)

𝜔௦ × 𝐶௣௙௖

                   π + α < θ < π + β

𝑉𝑏 − 𝑉𝑖𝑛−𝐷𝐶 π + β < θ < 2π      

 

 

 
 
 
(3.21) 

 

3.2.4  Mathematical expression for voltage Vm 
 

The next step is to obtain an expression for voltage at node m, (Vm). Vm has the same 
waveform as VCpfc but with a DC offset equal to Vin-DC. Moreover, in the first and last modes 
when diode D1 is conducting the voltage at node m is equal to the input voltage(VCpfc[M1] and 
VCpfc[M5]) hence the equation for Vm, is given by, 

 

𝑉௠ =

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑉௜௡ି஽஼  0 < θ < α        

−
𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖

+
𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖

+ 𝑉௜௡ି஽஼  α < θ < β        

𝑉௜௡ିௗ௖ × 𝜔௦ × 𝐶௣௙௖ − 𝐼௥௘௦ି௣ × cos(−𝛽 + 𝛼) + 𝐼௥௘௦ି௣

𝜔௦ × 𝐶௣௙௖

                       β < θ < π + α

−
𝐼௥௘௦ି௣ × cos(−𝜃 + 𝛼)

𝜔௦ × 𝐶௣௙௖

−
𝐼௥௘௦ି௣ × cos(−𝛽 + 𝛼)

𝜔௦ × 𝐶௣௙௖

+ 𝑉௜௡ି஽஼     π + α < θ < π + β

𝑉௜௡ି஽஼  π + β < θ < 2π   

 

 

 
 
 
(3.22) 

 

3.2.5  Extracting the fundamental component of Vm 
The equivalent impedance presented by the charge-pump (CPFC, D1 and D2) to the resonant 
circuit is now derived.  Voltage Vm is represented by the fundamental component of its Fourier 
series expansion giving Vm<1>.  Then, dividing by Vm<1> provides the equivalent impedance. 
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Based on the Fourier theorem every periodic function can be expressed as an infinite sum of 
sinusoidal and cosine waveforms which operate at integer multiples of the fundamental 
frequency. Each of these waveform components have specific amplitude and phase 
coefficients. (3.23) shows the general form of the Fourier series[2]. (The (3.23) is only for 
demonstration of Fourier series and its variables are not related to analysis of CSCP-PFC ). 

 

 
𝑓(𝑡) =  

𝑎଴

2
+ ෍(𝑎௡ × cos

2 × 𝑛 × 𝜋 × 𝑡

𝑇
+ 𝑏௡ × sin

2 × 𝑛 × 𝜋 × 𝑡

𝑇
)

ஶ

௡ୀଵ

 
 

(3.23) 

 

In (3.23), f(t) is the periodic function, n is the component integer number, T is the fundamental 
time period of f(t) and t is the time. The terms a0, an and bn are described in (3.24), (3.25) and 
(3.26) respectively [2].  
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(3.24) 
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(3.25) 

 

 
 𝑏௡ =

2

𝑇
× න 𝑓(𝑡) × sin

2 × 𝑛 × 𝜋 × 𝑡

𝑇
𝑑𝑡

்

଴

 
(3.26) 

 

By evaluating the Fourier series with n=1 the fundamental component of Vm can be obtained.  
Since the resonant circuit acts like a bandpass filter, the circuit does not respond to the DC 
(average) term and so the a0 component can be neglected.  Equations (3.25) and (3.26) are 
applied to piecewise description of (3.22), where each section of Vm is individually evaluated 
and the contributions combined to provide the sinusoidal  (bn) contribution (3.27) and the co-
sinusoidal (an) contribution (3.28). 

 

 
𝑉௠ழଵவି௦௜௡௘ =  −

𝐼௥௘௦ି௣(
cos(−2𝛽 + 𝛼)

2
+ (𝛽 − 𝛼) sin(𝛼) −

cos(𝛼)
2

 )

𝜋 × 𝜔௦ × 𝐶௣௙௖
 

 
(3.27) 

 

 

 
𝑉௠ழଵவି௖௢௦ =  −

𝐼௥௘௦ି௣(
sin(−2𝛽 + 𝛼)

2
+ (𝛽 − 𝛼) cos(𝛼) −

sin(𝛼)
2

 )

𝜋 × 𝜔௦ × 𝐶௣௙௖
 

 
(3.28) 
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3.2.6  Analysis of impedances of the system 
 

The equivalent impedance is now determined using Ohm’s law by dividing the fundamental 
component Vm<1> by the resonant current.  In (3.29) term j is the imaginary operator and 
provides the necessary 90° phase shift between the cos and sin contributions. 

 
𝑍௘௤ =

𝑉௠ழଵவ

𝐼௥௘௦
=  

𝑉௠ழଵவି௦௜௡௘ + 𝑗 × 𝑉௠ழଵவି௖௢௦

𝐼௥௘௦ି௣ × 𝑗 × 𝑒ି(௝×ఈ)
 

(3.29) 

 

By substituting (3.27) and (3.28) into (3.29), Zeq can be described as (3.30).  

 
𝑍௘௤ =  

(𝑗 + 2𝛽 − 2𝛼)𝑒ଶ௝ఈ − 𝑗𝑒ିଶ௝ఉ

2 × 𝜋 × 𝜔௦ × 𝐶௣௙௖
 

 
(3.30) 

 

The equivalent impedance Zeq replaces components Cpfc, D1 and D2 resulting in an AC 
equivalent circuit.  The impedance of resonant tank can be divided into two parts, the series 
impedance Zs which is associated with Ls and Cs,  and parallel impedance Zp which is for RL and 
Cp. The series and parallel impedances are described in (3.31) and (3.32) respectively. 

 
𝑍௦ = (𝑗 × 𝜔௦ × 𝐿௦) − (

1

𝜔௦ × 𝐶௦
)  

(3.31) 

 

 
𝑍௣ =  

1

1
𝑅௅

+ (𝑗 × 𝜔௦ × 𝐶௣)
 

(3.32) 

 

The total impedance of the tank is the summation of Zp and Zs. (3.33) demonstrates the 
resonant tank impedance (Ztank). 

 
𝑍௧௔௡௞ = (𝑗 × 𝜔௦ × 𝐿௦) + (

1

𝜔௦ × 𝐶௦
)  +

1

1
𝑅௅

+ (𝑗 × 𝜔௦ × 𝐶௣)
 

 
(3.33) 

The total impedance of the system is the summation of (3.31) and (3.30). 

 

 

3.2.7  Mathematical evaluation of Ires based on impedance 
 

The square wave voltage Vbrdg is applied to Ztot is an square wave. Applying the describing 
technique to extract the fundamental component of Vbrdg provides the equivalent voltage as 
seen by the circuit, Vbrdg<1>-p is the peak value of the fundamental component of the Vbrdg. 

 
𝑉௕௥ௗ௚ழଵவି௣ =

2 × 𝑉௕

𝜋
 

(3.34) 
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By using (3.34) for the voltage and (3.33) for the impedance, a new mathematical expression 
for Ires-p can be obtained as described in (3.35). 

 
𝐼௥௘௦ି௣ =  

2 × 𝑉௕

𝜋 × |𝑍௧௢௧|
 

(3.35) 

 

where the term abs(Ztot) represents the modulus of the complex number. Moreover, as Ztot is 
a complex impedance, the phase shift α between Vbrdg and Ires can be determined by (3.36). 

 
tan(𝛼) =

𝐼𝑚 (𝑍௧௢௧)

𝑅𝑒(𝑍௧௢௧)
 

 
(3.36) 

  

where Im(Ztot) is the imaginary part and Re(Ztot) is the real part. Rearranging (3.36) provides 
angle α, 

 
𝛼 = arctan (

𝐼𝑚 (𝑍௧௢௧)

𝑅𝑒(𝑍௧௢௧)
) 

 
(3.37) 

 
3.2.8  Analysis of input/output energy of the system 

 

Up to this point several equations have been demonstrated for Ires, Ires-p, Vb and α. However, 
due to a high number of unknowns in these equations, it is not possible to solve them to 
predict the behaviour of the model. Therefore, another set of equations are needed to solve 
the system of equations and obtain a precise mathematical model for the system. The 
additional equations are based on the law of energy balance. This law states that the input 
energy to the system is equal the output energy. In CSCP-PFC system, the energy that flows 
in the system from Vin-DC has to be equal the energy dissipated in the load resistor RL when 
considered over the duration of a cycle. 

In order to obtain an equation for output energy, first an expression for voltage across RL is 
required (Vout). The equation for Vout is shown in equation 3.36.  

 𝑉௢௨௧ = 𝑉௢௨௧ି௣ × sin (𝜔௦ × 𝑡) (3.38) 
  

The term Vout-p in (3.38) is the peak value of the Vout. The Vout-p can be calculated using Ires-p 

and the parallel impedance described in (3.32). Vout-p is shown in (3.39). 

 
𝑉௢௨௧ି௣ =  

𝐼௥௘௦ି௣

ተ
1

1
𝑅௅

+ (𝑗 × 𝜔௦ × 𝐶௣)
ተ

 
 

(3.39) 
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The next step is to derive an expression for the output power (power dissipated in the resistor 
RL). (3.40) describes the power dissipation (Pout) for RL. 

 
𝑃௢௨௧ =

𝑉௢௨௧ି௣
ଶ × sin (𝜔௦ × 𝑡)ଶ

𝑅௅
 

 
(3.40) 

In order to use energy balance law, an expression for energy is needed. Therefore, to obtain 
output energy equation(Eout), (3.40) needs to be integrated over one switching period. (3.41) 
shows the output energy. 
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−𝑉௢௨௧ି௣
ଶ × (

cos(2π) × sin(2𝜋) × 𝜔௦

2π
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ଶ

 

 
(3.41) 

   

(3.41) can be simplified to (3.42). 

 
𝐸௢௨௧ =  

𝑉௢௨௧ି௣
ଶ × 𝜋

𝑅௅ × 𝜔௦
 

 
(3.42) 

Finally, (3.39) can be substituted in (3.42) and output energy becomes (3.43). 
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(3.43) 

 

In the next stage is to define the input energy to the system. The first step is to calculate the 
input power which is the product of Vin-DC and Iin. As it is demonstrated in figure 3.2 the only 
time that current flows from the Vin-DC source to the system is while diode D1 is conducting 
(modes F&A). Therefore, the input energy (Ein) can be calculated using (3.44). 

 
𝐸௜௡ =

𝑉௜௡ି஽஼ × (𝐼௥௘௦ି௣ × cos(−𝛽 + 𝛼) + 𝐼௥௘௦ି௣)

𝜔௦
 

 
(3.44) 

Energy balance allows (3.43) and (3.44) to be equated.  

To solve this system of equations, two simultaneous equations are needed. The first 
simultaneous equation can be obtained from energy balance. In both (3.43) and (3.44) the 
term Ires-p is present; hence it is possible to substitute (3.35) into (3.43) and (3.44). Therefore, 
the first simultaneous equation becomes, 

 𝐸௜௡ −  𝐸௢௨௧ = 0  
(3.45) 

The second simultaneous equation can be obtained from the relationship between the total 
impedance of the circuit and angle α from (3.36). Therefore, the second simultaneous 
equation can be written as (3.46). 

 (tan(𝛼) × 𝑅𝑒(𝑍௧௢௧)) − 𝐼𝑚 (𝑍௧௢௧) = 0  
(3.46) 
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By solving (3.45) and (3.46) angles α and β can be found and by substituting α and β into 
mathematical expressions of Vb and Ires-p these unknowns can be calculated. Therefore, the 
mathematical system becomes solvable for all unknowns. The full derivation of simultaneous 
equations are too long to be included here. Therefore, the detailed derivations are 
demonstrated in appendix 1.   

 

3.3  Evaluation of the mathematical model 
To evaluate the model, electrical circuit simulation packages are used. The first simulation 
package is LTspice. The first stage of the evaluation is to check that if the correct parameters 
are given to the model, the output is in the acceptable range compared to the simulation 
results. In this case, (3.12) that describes Vb is used. This equation is implemented in the 
simulation model to receive its parameters from the simulation in real time and outputs Vb 

based on the input parameters(α, β and Ires-p). In order to implement the equation, 
behavioural voltage sources are used. A behavioural voltage source in LTspice can be 
programmed to output any arbitrary waveform, in this case Vb.  Figure 3.5 shows the 
complete simulation model. Figure 3.5a is the circuit simulation and Vb-sim is the actual Vb value 
from the simulation. Figure 3.5b is the simulation model that receives real time data such as 
Ires, Vbrdg and ID2 from the circuit simulation to calculate the unknowns such as angles α and 
β. The extracted unknowns are supplied to behavioural voltage sources B5 and B6 to calculate 
the Vb based on the mathematical expression of Vb from (3.12) (The output of B6 is Vb-mod). 
Therefore, by comparing Vb-sim and Vb-mod it is possible to observe the operation of the 
mathematical model with the correct parameters given. The process of extracting the 
unknowns and generation of Vb-mod is completely discussed in the next sections.  

Figure 3.5: The complete simulation model for evaluation of the derived  mathematical model. 
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3.3.1 Extraction of Ires-p 

 

Ires-p is the peak value of the resonant current. The circuit diagram for extraction Ires-p is shown 
in figure 3.6. In figure 3.6, the behavioural voltage source B1 is programmed to output a 
voltage representative of the instantaneous value of Ires. Therefore, by connecting the output 
of the behavioural voltage source to a peak detector circuit (the combination of R, C & D in 
figure 3.4), the value of Ires-p can be extracted in real time from the simulation model. The R 
and C are designed in a way that there is little ripple voltage in the output. 

 

Figure 3.6: The Ires-p extractor circuit. 

 

3.3.2 Extraction of α and β 
 

To extract the angles α and β from the simulation model, the circuit diagram of figure 3.7 is 
used. The first step to finding the angles is to transform Vbrdg into a digital voltage V(Vbrdg). The 
behavioural voltage source B2 outputs 1 for when Vbrdg is not zero and zero when Vbrdg is zero. 
A similar procedure is used for Ires and ID2 with outputs V(Ires) and V(ID2). For the angle α an 
SR flip-flop is used with input signals of V(Vbrdg) and V(Ires). The output of the SR1 is a square 
waveform with peak value of 1 volt and its duty cycle proportional to the angle α. By averaging 
the output voltage of SR1 using the RC network shown in figure 3.7, a DC voltage that is 
proportional to angle α can be obtained (labelled as Vα). The values of the RC network are 
designed to mitigate any ripple on Vα. A same process is used to obtain the angle β (Vβ). The 
angles are within the range of 0-2π and Vα and Vβ are between zero and one (essentially a 
duty cycle representing an angle). Therefore, the product of Vα or Vβ by 2π is the exact value 
of that angle in radians.  
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Figure 3.7: α & β extractor circuit model. 

 

As the unknowns are extracted from the simulation circuit, it is now possible to implement 
the (3.12) (Vb) into the simulation using a behavioural voltage source, shown in figure 3.8. The 
behavioural voltage source B5 calculates the Cosine part of the equation using the extracted 
angles. The voltage source B6 receives the parameters from simulation and calculates the Vb 

using the mathematical model as the equation (3.12) is implemented into B2. Then it can be 
compared the value of Vb from the simulation(Vb-sim).  

 

Figure 3.8: The Behavioural voltage source for generation of Vb-mod. 

3.4  DC Evaluation results 
 

In order to check the model, first it is simulated with a DC input voltage source. Table 3.1 
shows the circuit parameters of the simulation. The term f0 in table 3.1 is the resonant 
frequency of the resonant tank. 

Component Value Component Value 
Ls 1.69 mH Cs 1.2 nF 
CP 38.6 nF RL 31 Ohms 

Cpfc 50 nF f0 112.5 kHz 
Vin-DC 200 V fs 116 kHz 

Table 3.1: The system parameters for the simulation model. 
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The simulation showed that the (3.12) can calculate the Vb value with less than 2% error 
comparing to the simulation value of Vb. The results are shown in figure 3.9. The term Vb-sim is 
the Vb from the circuit simulation and Vb-mod is the value calculated from the model equation 
shown in figure 3.9. 

 

Figure 3.9: The simulation result of Vb-sim and Vb-mod versus time with an DC input voltage. 

To completely evaluate the model, a series of simulations with different parameters for the 
system are done. For these simulations parametric sweep is used. The parametric sweep 
facility in LTspice allows to run the simulations automatically for different values of circuit 
parameters.  

One of the key components of the system is the Cpfc capacitor. Therefore, the first sweep 
analysis is applied on this component. The Cpfc will be varied from 10 nF to 200 nF with 
increments of 10 nF. The results are shown in figure 3.10. (In figure 3.10 each data point 
represents the results for 1 simulation and the chart shows the results for 20 simulations) 
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Figure 3.10: Simulation results for parametric sweep of Cpfc. 

As it is demonstrated in figure 3.10, the simulation results can verify the operation of the 
model with different values of Cpfc. 

 The next parametric sweep is done on the Vin-DC. In this series of simulations Vin-DC increases 
from 50 volts to 500 volts with steps of 50 volts. The results are shown in figure 3.11. In figure 
3.11 the vertical axis illustrates the voltage for Vb-sim and Vb-mod and the horizontal axis is the 
Vin-DC. The results in figure 3.11 shows that the mathematical model is valid for different input 
voltages.  

Figure 3.11: Simulation results for parametric sweep of Vin-DC(X-axis input voltage). 

The last parameters that the mathematical model needs to be checked against are RL and 
switching frequency fs. For this series of simulations, the parametric sweep is done for both 

0 20 40 60 80 100 120 140 160 180 200
200

250

300

350

400

450

500

550
Voltage
Current

Vb-sim
Vb-mod

Cpfc (nF)

50 100 150 200 250 300 350 400 450 500
0

100

200

300

400

500

600

700
Voltage
Current

Vb-sim
Vb-mod

Voltage (V)



Chapter 3    Mathematical modelling of CSCP-PFC 

60 
 

parameters simultaneously. The RL is varied from 10Ω to 100Ω with steps of 10Ω. The 
switching frequency increased from 91 kHz to 136 kHz with increments of 5 kHz. As there are 
10 steps for each sweep, a total of 100 simulations are done. The results for Vb-sim and Vb-mod 
are demonstrated in figures 3.12 and 3.13 respectively. 

Figure 3.12: The results for Vb-mod versus fs & RL 

 

Figure 3.13: The simulation results for Vb-sim versus fs & RL 

 

The last stage of verification is to compare the results from figure 3.12 and 3.13 
mathematically. For the comparison, (3.47) is used. 
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𝐸𝑟𝑟𝑜𝑟 =  

|𝑉௕ି௦௜௠ − 𝑉௕ି௠௢ௗ|

𝑉௕ି௦௜௠
× 100 

(3.47) 

In (3.47) the term error is the error value in percentage. This equation calculates the 
difference between values of Vb-sim and Vb-mod. The difference value is then compared to the 
Vb-sim and the equation outputs the error value in percentage. Results from figures 3.12 and 
3.13 are compared using (3.47) and the results are demonstrated in figure 3.14.  

 

Figure 3.14: The error value in comparison of Vb-sim & Vb-mod. 

The error values in figure 3.14 are less than 5% for all the simulations. Moreover, as shown in 
previous figures, the mathematical derivation can predict the circuit parameters precisely 
with sufficiently small error values. Therefore, it can be concluded that the model can predict 
the system accurately with a DC input voltage. In the next section the model is tested with an 
AC input voltage instead of Vin-DC. 

 

 

3.5  Verification of the model with an AC input voltage 
 

In this section the same process that is used to evaluate the system with a DC input voltage is 
used. For these simulations the Vin-DC is changed to a sinusoidal AC voltage source with 
frequency of 50 Hz and amplitude of 340 volts. This voltage source represents the grid voltage 
as discussed in chapter 2. As the switching frequency is 116 kHz and the input voltage is a full 
wave rectified sinusoidal waveform with frequency of 50 Hz it can be assumed that the input 
voltage to the system is a slow varying DC voltage. Therefore, the mathematical model can 
operate under this condition. All the other parameters of the system are the same as previous 
section. Figure 3.15 shows the results for Vb-sim and Vb-mod versus time from the first 
simulation. (Figure 3.15 is for one simulation and not a parametric sweep) 
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Figure 3.15: The simulation result of Vb-sim and Vb-mod versus time with an AC input voltage. 

As it is demonstrated in figure 3.15 Vb-mod does not match the simulation results. At this stage 
the model does not operate with an AC input voltage. In order to address this problem, 
several attempts were made to get the mathematical model to operate with AC input voltage. 
However, all of the attempts failed. After several failures it has been suspected that the 
operation of the system with an AC input voltage is different with a DC input voltage. Further 
investigations revealed that the modes of operation for the system with an AC input voltage 
is different comparing to the modes of operation that has been demonstrated in the chapter 
2 and figure 3.3 in this chapter. As the first step of deriving the model was to obtain a 
mathematical expression VCpfc and it was completely based on the modes of operation 
(equations 3.4-3.19).Therefore, the mathematical derivations of the model are not valid when 
modes of operation are different.  

In order to obtain a mathematical model for the system with an AC input voltage, it is first 
crucial to analyse the behaviour and operation of the system with an AC input voltage. When 
the new mode of operation is extracted, it will be possible to acquire a new mathematical 
model. 

In the next chapter, the operation of the system with an AC input voltage is fully investigated. 
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Chapter 4. Modes of operation 
 

4.1  Introduction 
 

In the previous chapter, a mathematical model for the CSCP-PFC has been demonstrated. As 
discussed, the model predicts the circuit operation with a very small amount of error with a 
DC input voltage. However, it was not possible to adapt the model for the system with an AC 
input voltage by just simply adjusting the value of an equivalent DC input voltage. Preliminary 
investigations have identified that the system operates in different modes of operation  
throughout the AC waveform when compared to a DC input voltage. It is essential to have the 
correct modes of operation for the system to be able to derive a mathematical model for it. 
This chapter provides a comprehensive investigation of system operation with an AC input 
voltage and the system parameters are varied to ensure the operation of the system is valid 
for variety of parameters.   

 

4.2  The modes of operation  
 

As discussed in previous chapters, the system operates on high frequency cycles(switching 
frequency, fs) with an AC input voltage with a low frequency cycle, during each high frequency 
cycle the circuit configuration changes according to conduction state of the controlled 
switches and uncontrolled diodes(as shown in the modes of operation figures in previous 
chapters). The present circuit configuration can be represented by a bit-pattern (the bit-
pattern is combination of the conduction state of switches and diodes) called the conduction 
state which encodes the conduction states of all of the switching devices.  As time progresses, 
the switches commutate in a controlled or uncontrolled manner and each commutation event 
corresponds to the system entering a different circuit configuration.  Therefore, the circuit 
behaviour can be characterised by the conduction state bit-pattern which evolves over time.  
Due to the repetitive excitation of the half-bridge, repeating sequences of circuit 
configuration (conduction states) emerge, and these are called modes of operation.  As 
alluded to by the previous chapter, when operating with a DC input voltage and fixed load, 
only a single mode of operation exists.  However, for a low-frequency AC input voltage the 
conduction states (circuit configuration) that form a modes of operation can vary and so 
different high-frequency modes of operation may exist within the period of the low-frequency 
input voltage.  The purpose of this chapter is to develop a technique to identify the conduction 
states (bit-pattern) and modes of operation pattern that exist for AC input voltages. The 
investigation consists of two stages:   

Stage 1: Mode extraction - identify each operating mode (circuit configuration) and extract 
the mode sequence. 
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Stage 2 Mode sequence characterisation - couples the mode extractor to a parameter to 
identify to identify the different mode sequences 

4.3  Stage 1: Mode extraction procedure 
 

The process of extracting the modes of operation consists of two main parts. The first part is 
The process of extracting the modes of operation consists of two main parts. First part is mode 
identification using circuit simulation where the conduction states of the controlled and 
uncontrolled switches are recorded for export.  Second part is to import the conduction state 
data into MATLAB and process the data to extract the operating mode sequence of the circuit.    

 

4.3.1 Section 1: Circuit simulation 
 

The operating modes of the system are characterised by the conduction states of the 
controlled and uncontrolled switches and therefore it is essential to capture this information 
to understand how the mode sequence evolves during an AC cycle.  Figure 4.1 shows a circuit 
diagram featuring the signals of interest and these are  the half-bridge state (IS1, IS2, ID3, ID4), 
the charge-pump state (ID1, ID2). These states are the conduction state of the components or 
diodes and are discussed in detail in the next sections. As can be seen, voltage-controlled 
switches are used instead of MOSFETs and since the voltage-controlled switches support 
bidirectional current flow diodes D5 and D6 are used to restrict current flow in the directions 
shown by the IS1 and IS2 current arrows. Moreover, diodes D3 and D4 are placed as the body 
diodes of the MOSFETs.  

 

Figure 4.1: Circuit diagram of the system showing the signals of interest. 

Figure 4.2 shows the actual LTSPICE simulation circuit. 
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Figure 4.2: The LTspice simulation model of the system. 

Figure 4.2 demonstrate the different sections of the LTspice simulation model. The different 
sections are as follows: 

Section a: In this section the component models are defined. In this simulation the only 
needed models are for the ideal switch and ideal diode. 

Section b: In order to drive the half bridge switches, isolated voltage sources are used. These 
voltage sources (V2 and V3 in the figure 4.2) produce PWM pulses with a dead time. The 
section b defines the parameters of the voltage sources. 

Section c: In section c all the parameters of the simulation model are defined. These 
parameters are: the component values, input voltage and switching frequency. 

Section d: In this section the parameters of the simulation such as stop time, maximum time 
step and time to start save data are defined.  

Section d: The last part of the simulation model is the actual circuit schematic. The circuit 
schematic is the same as the diagrams presented in previous chapters. Moreover, resistors 
R2, R3 and R4 are placed to provide a ground path for diodes D1, D2 and D3. These resistors 
do not effect the simulation results but the speed up the simulation time.  

 

Behavioural voltage sources utilising if statements are used to extract conduction states of 
the diodes and switches providing a Boolean representation of conduction, with an output of 
1, if the current through the diode or the switch is greater than zero and an output of 0 for 
when the current is zero. This Boolean data is then used to generate a bit-pattern for the 
conduction state.  Figure 4.3 shows the behavioural voltage sources. 
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Figure 4.3: The conduction state to digital signal converter of the simulation model. 

The circuit in figure 4.3 outputs 6 array of digital data representing the conduction state of 
the diodes or switches. As it is extremely difficult to perform signal processing in LTspice, the 
data is imported into MATLAB to process the signals and extract the modes. The simulation 
data is stored in a text file with a variable time-step. 

 

4.3.2 Stage 2: MATLAB mode extraction simulation code 
 

To extract the operation of the system, first the signals from figure 4.3 are imported to 
MATLAB. Figure 4.4 shows the block diagram for the sequence of operations performed by 
the MATLAB code to extract the mode sequence. 

 

Figure 4.4: The block diagram for MATLAB mode extractor simulation code. 
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Step 1 – Import data: In this step, first the data file is converted from text to CSV format and 
then automatically imported into MATLAB. 

Step 2 – Data validation: Since the raw data should be Boolean, only 1’s and 0’s values should 
be present.  This section removes any non-conforming entries using the process shown by the 
flowchart in Figure 4.5 (only a single variable is shown for brevity).  As all the data in the arrays 
must be checked, it goes through a for loop to check each data point. If the data point is 0 or 
1, that point is valid. However, as the data is from simulation, it is possible to have data 
between 0 and 1 in the transition period of the behavioural voltage source. Thus, if the data 
point is not valid and less than 0.5, 0 is assigned for that data point and if it is more than 0.5, 
1 is assigned to that data point. 

 

Figure 4.5: The flowchart for data verification algorithm. 

 

Step 3 – Bit pattern generation:  In this step the six conduction states are converted into a bit 
pattern representation such that a single integer number can represent a particular 
conduction state.  For this purpose, equation 4.1 is used. 

 

 𝑚 = (𝑉(𝐼𝐷ଵ)2ଵ) + (𝑉(𝐼𝐷ଶ)2ଶ) + (𝑉(𝐼𝐷ଷ)2ଷ) + (𝑉(𝐼𝐷ସ)2ସ)
+ (𝑉(𝐼𝑆ଵ)2ହ) + (𝑉(𝐼𝑆ଶ)2଺) 

 
(4.1) 
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In equation (4.1) each data point of the data arrays is multiplied by 2 to a power as shown. 
Then, they are added together. Therefore, array m is the same length of the imported data 
arrays and each data point represents the conduction states of all diodes and switches in the 
system using only one integer number(Conduction state identifier). Figure 4.6 shows the 
flowchart of this process where n is an index generated by a for loop and used for addressing 
the data points. 

 

 

Figure 4.6: The flow chart for processing 6 conduction state signals into one data signal. 

 

Step 4 – Mode synchronisation: The end of each mode is often characterised by switches or 
diodes do not turn on/off simultaneously. Thus, spurious modes can be detected when 
process the bit-pattern array m. To address this problem a technique similar to switch 
debouncing is used where the duration of a mode immediately after a transition is monitored 
to see if it changes again a short time later.  If it does change, then this indicates the mode 
transition may not have settled.  Specifically, the length of each mode in array m can be 
compared to an arbitrary threshold defined in the simulation code. If the length of the mode 
is greater than the threshold no change is applied. In contrast, if the length is less than the 
threshold, it will be changed to the previous mode value. Moreover, as there is no logical 
method to obtain a value for this arbitrary threshold, its value is chosen by trial and error. The 
flowchart for this process is shown in figure 4.7. 
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Figure 4.7: The flowchart for the process of modes validation. 

In figure 4.7 the variable n is the counter for the for loop and index for addressing the data 
points in the arrays.  

The output of step 4 is a validated switching state array free from spurious mode transitions 
an example which is shown by figure 4.8. A repeating sequence or cycle can clearly be seen. 
Each repeating sequence is the modes of operation, and the duration of each sequence is one 
high frequency cycle. The vertical edges represent state transitions, and the horizontal 
sections represent the switch state which is the combination of switches and diodes that are 
conducting during that period. For example, number 68 shows that switch S2 and diode D2 are 
conducting.   
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Figure 4.8: Example of modes of operation in array m. 

Step 5 – Single mode transition representation:  Array m represents the mode (switch state) 
and also the duration of each mode.  In order to extract the modes of operation, only the 
transitions/changes conduction state in the data array m are required.  The flowchart in Figure 
4.9 shows how array m is processed to provide a conduction state sequence representation 
array d. 

 

Figure 4.9: The flowchart for the processing array m into array d. 

In figure 4.9 variable n is the counter for the for loop and variable j is used for addressing array 
d. 
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Steps 6&7 – Conduction state sequence extraction and identification: The last steps  to extract 
the modes of operation is to check the array d for repeating sequences. The repeating 
sequences are the modes of operation. Therefore, it is possible to extract the sequences 
automatically and obtaining the modes of operation for the system. For this part a chain of if 
conditions can be used. As the modes of operation in array d is represented by a repeating 
sequence of numbers(repeating sequence of conduction states), each if condition checks the 
value in array d for specific pre-defined number (Specific conduction state) and if that number 
is detected the programme output one and move to the next if condition for the next 
conduction state. This process continues until the pre-defined sequence of the numbers 
finishes and then starts over until all the data points in the array d is checked. 

The complete MATLAB code for mode extraction in shown in appendix 2. 

 

4.4  Simulation Investigation   
 

In order to verify the operation and behaviour of the system, the simulations are done on 3 
different circuit parameters for the system. Moreover, the simulations are done with both AC 
and DC input voltage sources. The circuit parameters are shown in tables 4.1 to 4.3. (The first 
circuit parameters are the same as simulation model in previous chapters) 

Component Value Component Value 
Ls 1.69 mH Cs 1.2 nF 
CP 38.6 nF RL 31 Ohms 

Cpfc 50 nF Cb 100 µF  
fs 116 kHz f0 112 kHz 

Table 4.1: The component values for the circuit 1. 

Component Value Component Value 
Ls 1 mH Cs 2 nF 
CP 20 nF RL 31 Ohms 

Cpfc 10 nF Cb 100 µF  
fs 120 kHz f0 113.5 kHz 

Table 4.2: The component values for the circuit 2. 

Component Value Component Value 
Ls 400 μH Cs 7 nF 
CP 30 nF RL 31 Ohms 

Cpfc 30 nF Cb 100 µF  
fs 105 kHz f0 98 kHz 

Table 4.3: The component values for the circuit 3. 
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4.5  Extracted modes of operation  
 

The results of the simulations revealed 8 different modes of operations depending on system 
parameters and conditions. In this section the 8 modes of operation are demonstrated and in 
the next section it is shown that how the modes of operation varies with changes in circuit 
parameters.  

 

The first mode of operation (M1) is illustrated in table 4.4. The first row in table 4.4 specifies 
which modes of operation the table is demonstrating (The letter M is prefix and the number 
after the prefix identifies which mode of operation the table is demonstrating). The second 
row shows the conduction states that occur in that mode of operation. For example, modes 
of operation M1 has 6 conduction states (S1-6). The number attached to each state shows 
the conduction state bit-pattern number from the MATLAB simulation code (Array d from 
previous section). Lastly, the column for each state S1-6 demonstrates which components are 
conducting in the duration of that conduction state (Components marked X are conducting 
during that conduction state).  

 

Mode of operation 1 (M1) 
Conduction state S1(66) S2(10) S3(32) S4(36) S5(20) S6(64) 

D1 X X     
D2    X X  
D3  X     
D4       
S1   X X   
S2 X    X X 

Table 4.4: The modes of operation M1. 

The seven other modes of operationM2-8 are demonstrated in tables 4.5 to 4.11 respectively. 

 

Mode of operation 2 (M2) 
Conduction state S1(64) S2(8) S3(10) S4(32) S5(16) S6(20) 

D1   X    
D2      X 
D3  X X    
D4     X X 
S1    X   
S2 X      

Table 4.5: The modes of operation M2. 
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Mode of operation 3 (M3) 
Conduction 

state 
S1(66) S2(10) S3(34) S4(32) S5(36) S6(20) S7(22) S8(70) 

D1  X X    X X 
D2 X    X X X X 
D3  X       
D4      X X  
S1   X X X    
S2 X       X 

Table 4.6: The modes of operation M3. 

 

Mode of operation 4 (M4) 
Conduction state S1(64) S2(8) S3(32) S4(16) 

D1     
D2     
D3  X   
D4    X 
S1   X  
S2 X    

Table 4.7: The modes of operation M4. 

 

Mode of operation 5 (M5) 
Conduction state S1(64) S2(66) S3(10) S4(32) S5(20) S6(18) 

D1  X X   X 
D2     X  
D3   X    
D4     X X 
S1    X   
S2 X X     

Table 4.8: The modes of operation M5. 

 

Mode of operation 6 (M6) 
Conduction 

state 
S1(66) S2(10) S3(34) S4(32) S5(36) S6(38) S7(22) S8(70) 

D1  X X   X X X 
D2 X    X X X X 
D3  X       
D4       X  
S1   X X X X   
S2 X       X 

Table 4.9: The modes of operation M6. 
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Mode of operation 7 (M7) 
Conduction 

state 
S1(66) S2(10) S3(32) S4(36) S5(20) S6(22) S8(70) 

D1  X    X X 
D2 X   X X X X 
D3  X      
D4     X X  
S1   X X    
S2 X      X 

Table 4.10: The modes of operation M7. 

Mode of operation 8 (M8) 
Conduction 

state 
S1(66) S2(10) S3(34) S4(32) S6(38) S7(22) S8(70) 

D1  X X  X X X 
D2 X    X X X 
D3  X      
D4      X  
S1   X X X   
S2 X      X 

Table 4.11: The modes of operation M8. 

 

 

4.6  The modes of operation for the system with DC input voltage 
 

The results for the 3 simulations with component values of table 4.1-4.3 illustrated that the 
system with a DC input voltage has the same modes of operation regardless of component 
values. For all the simulations with a DC input voltage the mode of operation is M1 as 
demonstrated in table 4.4. 

The modes of operation demonstrated in table 4.4 are partially different to the operation 
demonstrated in previous chapters. The cause of the difference is the body diodes of the 
switches (D3&D4) that are implemented in the simulation models. In the analysis in the 
previous chapters the switches and their associated body diode were treated as a single 
component. Moreover, in table 4.4 if the conduction state of the switches and their 
associated body diodes  are merged together, the results would be the same as the modes of 
operation discussed in chapters 2 and 3.  

 

4.7  Mode extraction results of the system with an AC input voltage 
The simulation for the system with a DC input voltage verified the modes of operation. 
Moreover, the results also validated the simulation model and the MATLAB mode extraction 
simulation code. In the next stage, the system can be tested with an AC input voltage. For 
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these simulations the values of tables 4.1-4.3 are used. However, the value of Cpfc is varied to 
investigate the operation of the circuit under different conditions. As discussed in previous 
chapters the component responsible for achievement of unity power factor is Cpfc. Therefore, 
the operation of the system can be divided into 3 conditions. The condition are as follow: 

 PF under-corrected: This condition is when the Cpfc is less than the value needed to 
achieve unity PF. 

 PF corrected: This condition is when the Cpfc value is correct for unity PF. 
 PF Over-corrected: In this condition the value for Cpfc is more than the needed value 

for power factor correction. 

The input voltage and current waveforms for conditions stated above are shown in figure 
4.10. 

 

Figure 4.10: a. Grid input voltage, b. Input current when PF corrected, c. input current PF under-
corrected, d. input current PF over-corrected. 

The simulations for the system with an AC input voltage, showed that different mode of 
operation can occur depending on the PFC condition. In the next section the extracted modes 
of operation for the system with AC input voltage are demonstrated. 

 

4.6.1. The modes of operation for circuit 1 with an AC input voltage 
 

The system with values from table 1 is examined under 3 different PF conditions. For the 
circuit 1 the PFC can be achieved by using 45 nF capacitor as Cpfc.  
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The first condition simulated is PF under corrected. For this purpose, the Cpfc is 10 nF. The 
simulation showed that in this condition the mode of operation is M1 for 1 grid voltage cycle 
(50 Hz/20 ms). 

The second simulation is for PF corrected condition. In this simulation 3 different modes of 
operation are detected M1-3. The modes of operation change with the input voltage. Figure 
4.11 shows the input voltage, current and the detected modes of operation . 

 

Figure 4.11: The modes of operation for circuit 1 with an AC input voltage (PF corrected). 

 

In figure 4.11 the waveforms a and b are the input voltage and current versus time 
respectively. The waveforms c, d and e are the extracted modes of operation and when they 
are one it shows that the associated mode of operation is detected.  

 

The last simulation for the circuit 1 is for the PF over-corrected condition. The modes of 
operation for this simulation are different to the modes demonstrated so far and three new 
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modes are detected(M4, M5 and M6). The results for this simulation are demonstrated in 
figure 4.12. 

 

 

Figure 4.12: The modes of operation for circuit 1 with an AC input voltage (PF over-corrected). 

 

4.6.2. The modes of operation for circuit 2 with an AC input voltage  
 

The circuit 2 has also been simulated for the three PF conditions the same as circuit 1. In order 
to achieve near unity power factor, the Cpfc has to be 27 nF. The simulation for circuit 2 with 
PF under-corrected condition showed that the circuit has a single mode of operation and it is 
M1 the same as circuit 1 when operating PF under-corrected. For this simulation Cpfc is 5 nF. 

The next simulation is done while the system is operating at PF corrected condition. For this 
simulation 2 modes of operation are detected. The first one is M1 and the second one is M7. 
The results for this simulation are shown in figure 4.13. 
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Figure 4.13: The modes of operation for circuit 2 with an AC input voltage (PF corrected). 

The last simulation for the circuit 2 is the PF over-corrected condition. For this simulation 
the Cpfc is 60 nF. The detected modes for this simulation are M1, M4 and M6. Figure 4.14 
shows the results for this simulation. 
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Figure 4.14: The modes of operation for circuit 2 with an AC input voltage (PF over-corrected). 

 

4.6.3. The modes of operation for circuit 3 with an AC input voltage 
 

The last simulation is done on the circuit 3. Similar to the simulation for circuit 1 and 2, the 
system is simulated under all of the PF conditions. For this circuit by using a 30 nF capacitor 
as Cpfc near unity power factor can be achieved.  

The first simulation is for PF under-corrected. Similar to the previous simulations, the mode 
of operation for this condition is M1 for the complete duration of 1 grid cycle.  

The second simulation is for the PF corrected condition. The detected modes of this condition 
are M1, M2 and M7. Figure 4.15 shows the detected modes of operation for this simulation.  
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Figure 4.15: The modes of operation for circuit 3 with an AC input voltage (PF corrected). 

The final simulation for the circuit 3 is PF over-corrected operation. For this simulation the 
Cpfc is 90 nF. The detected modes of operation for this simulation are M1, M4 and M8. Figure 
4.16 shows the modes of operation, the input voltage and current for this simulation. 
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Figure 4.16: The modes of operation for circuit 3 with an AC input voltage (PF over-corrected). 

 

 

4.8  Conclusion  
 

In this chapter, the operation of the circuit has been investigated in detail. A novel procedure 
to extract the modes of operation of a power converter using simulation models and MATLAB 
has been demonstrated. Furthermore, the modes of operation of the system with different 
input voltages and under different conditions were investigated. As demonstrated, the modes 
of operation of the system with a DC input voltage is constant and does not change with 
variation in circuit parameters. On the other hand, the system with an AC input voltage 
exhibited 8 different modes of operation depending on circuit parameters and PF conditions. 
Moreover, there was no order for the modes of operation for the simulations with an AC input 
voltage. Therefore, it is not possible to predict the modes of operation of the system with 
different circuit parameters and without a predictable mode of operation for the system it is 
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not possible to mathematically model the system. Lastly, the randomness in the results of the 
modes of operation of the system with an AC input voltage, raised a suspicion about the 
simulation data. Therefore, it is essential to compare the simulation results with practical 
results. In the next chapter, the operation of the system will be investigated using 
experimental results and the modes of operation for the practical experiments will be 
extracted. 
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Chapter 5. Experimental platform for extraction of the modes 
of operation of CSCP-PFC systems. 

 

 

5.1  Introduction  
 

In previous chapter a detailed investigation of the modes of operation of the system under 
different conditions and with different circuit parameters has been demonstrated using 
LTspice simulation package. As several different modes of operation were detected, and there 
was no logical order for the occurrence of the modes of operation, it is necessary to identify 
the modes of operation of the system in practical experiments, to verify the simulation results 
and to further understand the behaviour of the circuit. For this set of experiments, the mode 
extraction software developed using MATLAB is used. However, as behavioural voltage 
sources only exist in simulation packages, there is a need for a novel technique to measure 
the conduction state of the switches and diodes and convert this into a digital signal to be 
used by the MATLAB mode extractor. 

The design process for the CSCP-PFC circuit boards is first presented. The circuit boards are 
designed in a modular manner to both ease the fault findings and to allow a parametric sweep 
to be performance. Therefore, the resonant tank, the charge pump PFC and half bridge, the 
input rectifier and the LC filter self contained on separate Printed Circuit Boards (PCB). 
Subsequently, the process of converting the conduction state of each diode or switch to a 
digital signal is given. Following this, the functionality of each sub system is verified. Finally, 
the CSCP-PFC system is experimentally characterised and the modes of operated are 
extracted.  

 

5.2  The design of the CSCP-PFC system 
 

As mentioned earlier the system is designed in modular manner using several PCBs. Modular 
design has many advantages compared to a single board design. First it eases the fault finding 
and debugging of the system as PCB module can be tested and verified separately. Moreover, 
the modular design allows for an easy change of components. As in the simulations described 
in chapters 3 and 4, the parametric sweep facility had been used and since it is necessary to 
able to perform the similar measurements in practice a modular design allows for easy change 
of components. Figure 5.1 shows the complete circuit diagram of the system demonstrating 
the different modules of the system. 



Chapter 5    Experimental platform for extraction of the 
modes of operation of CSCP-PFC systems  

85 
 

 

Figure 5.1: The diagram of the sytem setup demonstrating each module of the system. 

Figure 5.1 demonstrates each module of the practical setup. The modules on figure 5.1 are 
connected together using block terminals. The description of the modules are as follows: 

Module a) This module is an LC input filter; this section removes any high frequency signal 
that is present on the line current of the system. A  more comprehensive description of 
operation of the LC filter is given in chapters 1 and 2. Figure 5.2a shows the assembled PCB of 
this module. 

Module b) This module is a full wave voltage rectifier, and it rectifies the input sinusoidal 
voltage. Figure 5.2b shows the assembled PCB of this full wave rectifier. 

Module c) This module is a capacitor board that contains 12 capacitors with Single Pole Single 
Throw (SPST) switches. The schematic diagram of the capacitor board is shown in figure 5.3. 
As shown in figure 5.3 there are 5 x 1 nF, 5 x 10 nF and 2 x 100 nF capacitors. By using two of 
these boards for Cpfc, it is possible to adjust the capacitance from  1 nF to 500 nF with steps 
of 1 nF. Using this board allows one to change the capacitor values to investigate the 
operation of the system with different values. Moreover, duplicates of this board are also 
used for capacitor Cp and Cs in the resonant tank. Lastly, the assembled PCB of the circuit 
board is shown in figure 5.4. 

Figure 5.2: a) Input LC filter, b) Full wave rectifier. 
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Figure 5.3: The schematic of the capacitor board circuit. 

 
 

Figure 5.4: Assembled PCB of the Capacitor board 
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Module d) Main switch board. This section contains the charge pump diodes and the half 
bridge switches. As mentioned earlier the conduction state of the switches and diodes need 
to be measured in order to extract the modes of operation. Therefore, current sensing devices 
are needed to be implemented for each switch or diode. For this purpose, sense resistors are 
placed for each component. Moreover, in order to be able to measure both high value and 
low value currents, two sense resistors are implemented, 1 Ohm and 0.1 Ohm and they are 
switchable using Single Pole Double Throw (SPDT) switches. (The process of current 
measurements and processing of the signals is explained in detail in the next section). Lastly, 
in order to be able to change the capacitance of Cb and investigate its effect on the experiment 
results, 4 different switchable capacitors with values of 22 μF, 100 µF, 100 μF and 220 µF are 
used. Figure 5.5 shows the schematic of the main switch board. 

 

Figure 5.5: The schematic of the main switch board circuit. 

In figure 5.5 the connector J1 is for input power, J2 and J3 are for Cpfc connection, J4 is for the 
resonant tank and J5 is the ground of the circuit. These connectors are all block terminals. To 
avoid ambiguities associated with the conduction of the MOSFET body diodes, additional 
diodes D3 and D4 are used to prevent bidirectional current flow through Q1 and Q2 
respectively.  Discrete diodes D5 and D6 are used in place of the body diodes  in a similar 
manner to the SPICE simulation model described previously.  Moreover, the connectors CH1 
and CH2 are communication pin headers, and they are for the gate drive signals of MOSFETs 
Q1 and Q2. A number of voltage measurement nodes placed in the circuit diagram. For the 
current-measurement voltages, SMA connectors are used as the actual low-voltage 
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measurements are in range of millivolts and so noise can distort the signals. Lastly, the 
assembled PCB of the main switch board is shown in figure 5.6. 

 

Figure 5.6: The assembled PCB of the main switch board 

Module e) The resonant tank: As mentioned above for the capacitors  Cs and Cp of the resonant 
tank, the same capacitor board as the module c is used. For the inductor Ls three different 
inductors have been designed and implemented using ferrite cores. The inductance of the 
inductors are 400 μH, 1 mH and 1.69 mH (These values are from tables 4.1 to 4.3 from chapter 
4). The inductors and capacitor boards are connected together using wires. For the load, RL, 
assorted 50 watt aluminium casing resistors are used. 

There are two more boards for this experiment that are not included in figure 5.1. The first 
board is a gate driver. In order to properly turn on and off the MOSFETs Q1 and Q2, a gate 
driver IC is needed. For this purpose, the IR2110 IC is used which uses a charge pump 
bootstrap circuit to drive the high-side MOSFET.  

The other board that is used for this experiment is a microcontroller development board. The 
function of this board is to generate the complementary PWM signals for the MOSFETs. The 
development board that is used for this project is TI LaunchXL F28379D microcontroller board 
by Texas Instruments. Another benefit of using this development boards is that, it allows users 
to graphical programming using Simulink or LabVIEW, which ease the change of parameters 
of the board for different types of tests and experiments. The signals from the development 
board are connected to the gate driver board in order to drive the MOSFETs. Figure 5.7 shows 
the development board connected to the gate driver circuit.  
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Figure 5.7: The gate driver and the microcontroller development board. 

The full setup of the experiment containing all of the modules is shown in figure 5.8.  In the 
next section the process measuring current data for each diode or switch and the process of 
converting the measured data to a digital data that represents the conduction state of each 
component is fully explained.  

Figure 5.8: The experiment setup of the CSCP-PFC system. 
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5.3  Conduction state to digital signal converter 
 

In order to convert the conduction state of the diodes and switches into a digital signal, two 
different techniques can be used. The first technique is based on current measurement of the 
component, as the current through the component is zero when it is turned off and higher or 
lower than zero when its conducting. For this technique several analogue circuits are needed. 
These circuits include differential amplifier, comparator circuit and a digital level shifter. 
These boards are explained in detail in the next section.  

The second technique is based on voltage measurement. As the voltage across the switch or 
diode is near zero when it is conducting and has a value much greater than zero when it is not 
conducting, it is possible to use voltage measurements to generate a digital signal, 
representing the conduction state of the component.  

The measurements were acquired using a Rigol MSO-5104 mixed signal oscilloscope which 
offers 16 digital channels with 4 analogue channels with sample rate of up to 8 Giga samples 
per second. 

 

5.3.1 Current sense resistor component conduction measurement technique 
 

For this technique the current through each diode or switch is measured using shunt sense 
resistors. Figure 5.9 is the simplified circuit diagram of the main switch board given in figure 
5.5 and it shows the placement of sense resistors for each switch or diode and the signals of 
interest. 

 

Figure 5.9: The system configuration with sense resistors.  
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In figure 5.9 the input voltage, resonant tank and Cpfc are not included, and they can be 
connected to the system using connectors J1, J2 and J3. As shown in figure 5.9, each MOSFET 
or diode has an associated series connected current sense resistor (RS1 to RS6). Based on the 
Ohm’s law, the voltage across the sense resistors is proportional to the current that flows 
through it and this allows the measure of current through an series connected component. 
Using this setup, the current of each switch or diode can be measured. However, in order to 
measure current of each component the voltage across the sense resistor has to be measured 
and, unfortunately, many of these measurements cannot be made with respect to common 
ground or reference point. For better understanding (5.1) and (5.2) show the mathematical 
expression of the nodes V(ID1)+ and V(ID1)- respectively (The voltage nodes are from figure 
5.9).  

 

 
𝑉(𝐼𝐷ଵ)ା  = ൜

𝑉௜௡                                             𝐷ଵ 𝑁𝑜𝑡 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔
𝑉௜௡ + (𝑅𝑆ଵ × 𝐼𝐷ଵ)                         𝐷ଵ 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔

 (5.1) 

 

 
𝑉(𝐼𝐷ଵ)ି  = ൜

𝑉௜௡                                             𝐷ଵ 𝑁𝑜𝑡 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔
𝑉௜௡                                                     𝐷ଵ 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔

 
(5.2) 

 

As demonstrated in (5.1) and (5.2) the current through diode D1 is the voltage difference 
between V(ID1)+ and V(ID1)- nodes divided by the value of the sense resistor. (5.3) shows the 
potential difference between the two nodes. 

 

 
(𝑉(𝐼𝐷ଵ)ା ) − (𝑉(𝐼𝐷ଵ)ି )  = ൜

0                                             𝐷ଵ 𝑁𝑜𝑡 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔
(𝑅𝑆ଵ × 𝐼𝐷ଵ)                                 𝐷ଵ 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔

 
(5.3) 

 

As shown in (5.3) the potential difference between V(ID1)+ and V(ID1)- is proportional to the 
ID1. Therefore, in order to measure the current for each switch and diode the voltage at the 
positive side of sense resistor has to be measured with respect to the negative side of that 
sense resistor. This scenario applies for all the diodes and switches. Due to this issue, 
conventional methods of measurement using oscilloscopes and passive probes are not 
possible as the grounds of the channels of the oscilloscope are connected together since 
connecting voltage measurement probes direct across sense resistors causes a short circuit 
at various locations of the circuit and can cause a damage to the circuit and oscilloscope [1].  

 

Differential Amplifier 

To address this issue the six signals from the  sense resistors RS1 to RS6 has to be modified to 
have a common ground for further processing. For this task a circuit called differential 
amplifier can be used. Differential amplifiers use operational amplifiers (OP-AMPs) and have 
two inputs, and they only amplify the difference between the two inputs. Any common signal 
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that is present on both inputs is completely eliminated. Figure 5.10 shows the circuit diagram 
of a differential amplifier [33] [2].  

 

Figure 5.10: Differential amplifier circuit. 

 

In figure 5.10 the circuit has two inputs V(IX)+ and V(IX)- (X represents the input signal and it 
can be changed to any of the current measurement signals from figure 5.9). The circuit has 
one output V(IX). Finally, the relationship between input and output of the differential 
amplifier is given by (5.4)[2]. 

 

 
𝑉(𝐼𝑋) = ቆ(𝑉(𝐼𝐷ଵ)ା) ൬

𝑅ସ

𝑅ଶ + 𝑅ସ
൰ ൬

𝑅ଵ+𝑅ଷ

𝑅ଵ
൰ቇ − ቆ(𝑉(𝐼𝐷ଵ)ି) ൬

𝑅ଷ

𝑅ଵ
൰ቇ  

(5.4) 

 

As shown in (5.4) any common signal that is present on both input is eliminated and the 
difference between the input signals is amplified [2]. Lastly, if R1 = R2 and R3 = R4 in figure 5.10, 
then (5.4) can be simplified to, 

 
𝑉(𝐼𝑋) = ൬

𝑅ଷ

𝑅ଵ
൰ ൫(𝑉(𝐼𝐷ଵ)ା) − (𝑉(𝐼𝐷ଵ)ି)൯  

(5.5) 

 

For this experiment it is preferred to have a differential amplifier with an adjustable gain to 
be able to tune the amplifier to get the best possible results. Therefore, the differential 
amplifier circuit was designed to have an adjustable gain by using DIP switches to change the 
resistor values. The schematic diagram of the differential amplifier that is used for the 
practical tests is shown in figure 5.11.  
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Figure 5.11: The circuit schematic of the differential amplifier used for this experiment. 

As demonstrated in figure 5.11 the OP-AMP used for this circuit is CA3140. Moreover, 
connectors CH1, CH2 and CH3 are communication pin headers. CH1 is used for the input 
power that is 24 volts. Connectors CH2 and CH3 are for the input and output signals along 
with SMA1 and SMA2. Furthermore, capacitors C1, C2 and C3 are decoupling capacitors to 
remove any high or low frequency noise and ripple that is present on the supply voltage . 
Lastly, the gain of the amplifier can be adjusted by using the DIP switches SW1, SW2 and SW3 
to switch between different resistors. The assembled printed circuit board of figure 5.11 is 
shown in figure 5.12. 

 

Figure 5.12: The assembled PCB of the differential amplifier. 
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Comparator Circuit 

In the next stage the current signals from the differential amplifier need to be converted to 
Boolean representation of conduction states for each diode or switch, with an output of 1, if 
the current is flowing through the component, and an output of 0 for when the current is 
zero. For this purpose, comparator circuits can be used. Comparator circuits compare two 
analogue inputs and outputs either 1 or 0 to indicate which input is larger [35] [4]. Figure 5.13 
demonstrates the simplified schematic of the comparator circuit that is used in the 
experiment.  

 

Figure 5.13: The circuit diagram of the comparator circuit. 

 

In figure 5.13 the comparator used is LM311. The supply voltage to the circuit is 5 volts. The 
positive side input of the system is the V(IX) signal from the differential amplifier and the 
negative input is a constant voltage that can be adjusted by the potentiometer RV1. The 
operation of this circuit is that if the V(IX) input is higher than the negative side input the 
circuit outputs 1 and if the V(IX) input is lower than the negative side input it outputs 0. The 
use of RV1 allows the threshold level to be adjusted. Therefore, the comparator circuit for 
each diode or switch can be adjusted to output 1 when the associated component is 
conducting and output 0 when it is not conducting. Figure 5.14 shows the detailed schematic 
of the comparator circuit.   
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Figure 5.14: Detailed schematic of the comparator circuit. 

As shown in figure 5.14 the input power is connected to a linear voltage regulator (LM7805) 
to provide 5 volts supply voltage for the circuit. Capacitors C1 to C4 are decoupling capacitors 
to remove any noise or ripple present on the supply voltage. Moreover, the input and output 
connectors are CH1, CH2, SMA1 and SMA2 with the same configuration as the amplifier circuit 
in previous section. Lastly, a picture of the assembled printed circuit board of the comparator 
circuit that consists of 4 comparators is shown in figure 5.15. 

 

Figure 5.15: The assembled PCB of the comparator circuit. 
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Digital Level Shifter 

In the last stage the digital signals from the comparator circuit go through two Schmitt trigger 
NOT gates, Figure 5.16. The purpose of this stage is to first convert the signals to a measurable 
value for the logic analyser of the oscilloscope and to remove any unwanted noise that are 
present on the signals [35] [5].  

 

 

Figure 5.16: The circuit diagram of the digital level shifter circuit. 

In figure 5.16 the digital IC used is the 74HC14. The input signal to this circuit is V(IX-Boolean) 
and the output is V(IX-Digital). After this stage the output signal can be analysed using the logic 
analyser of the oscilloscope. Lastly, a picture of the assembled printed circuit board of the 
digital level shifter circuit that consists of 12 not gates is shown in figure 5.17. 

 

 

Figure 5.17: The assembled PCB of the digital level shifter circuit. 
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The digital signals (V(IX)-Digital) represent the conduction state of each diode or switch in the 
system. These digital signals are similar to the digital signals that were produced by 
behavioural voltage sources used in the LTSPICE simulation circuit described in chapter 4. The 
experimental platform was designed to be a similar as possible to the simulation platform so 
that it is possible to easily use the output from the logic analyser/oscilloscope with the 
MATLAB mode extractor software that has been demonstrated in chapter 4.  Figure 5.18 
shows the setup of the circuits described above for the conduction state data conversion.  

 

Figure 5.18: The experimental setup of conduction state to digital signal converter using current 
measurement technique. 

 

5.3.2 Voltage based component conduction measurement technique 
 

In this technique the voltage across each component is used to generate the digital 
conduction state data. This technique does not require any additional analogue circuits for 
signal processing and conversion. However, new data processing functions are required by 
MATLAB mode extraction software. As discussed earlier for each diode or switch, the voltage 
across it is (almost) zero when it is conducting and non-zero value when it is not conducting. 
Therefore, it is possible to obtain the conduction state data for each component based on 
voltage measurement. The circuit that is used for this experiment is slightly different to the 
circuit of figure 5.8. For this measurement all the sense resistors are removed. Moreover, 
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diodes D3 to D6 are also removed and a MOSFET with its body diode is used. The circuit 
diagram for this experiment is shown in figure 5.19. 

 

Figure 5.19: The setup of the system for voltage measurement technique, identifying the signals of 
interest. 

Figure 5.19 demonstrates the voltage nodes that are measured. There are only 4 
measurements as the oscilloscope is 4 channels. However, the measurements are not with 
respect to circuit ground and the voltage across each component needs to be measured. 
Therefore, differential probes are needed for this measurement [6]. Moreover, two more 
signals are measured using the logic analyser of oscilloscope. The two signals are the gate 
control data from the microcontroller development board for MOSFETs S1 and S2 (VG1 and 
VG2).  

The measured data are then imported into MATLAB using CSV files to be converted into digital 
conduction state data.  

For the conduction status of D1 and D2 , the absolute value of VD1 and VD2 are compared to a 
threshold value. If the data is less than the threshold the diode is conducting and the software 
outputs 1 for that data point. In contrast, if the diode voltage is higher than the threshold, 
then the diode is not conducting and the software outputs 0 for that data point. (Based on 
the placement of the differential probes the voltage across the diode or switch can be positive 
or negative when the component is not conducting). Figure 5.20 demonstrates the flowchart 
for conversion of the voltage signals to digital conduction state data for diodes D1 and D2. 
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Figure 5.20: Flowchart for conduction state to digital signal converter of the diodes D1 and D2. 

In figure 5.20 the X represents either D1 or D2. Moreover, the reason for using a threshold 
value is that in practical measurements the voltage across diodes when they are conducting 
is not absolute zero and it is the forward voltage drop of the diode(Vf). Therefore, an 
adjustable threshold is needed for the data conversion. For this experiment the threshold 
value is set at 0.5 as the diodes used in this practical platform are schottky diodes with low 
forward voltage drop.   

The conduction state data conversion for the MOSFETs and their associated body diodes is 
more complex, as there is only one set of data for two components. For this conversion first 
the data goes through the same process as data conversion for diodes D1 and D2. Then this 
data is compared with the gate control signal, VGX. If the gate control signal is 1 and the 
conduction state data of the switch is 1, it shows that the MOSFET is conducting. On the other 
hand, if the gate control signal is 0 and the conduction state data is 1, it shows that the body 
diode of the MOSFET is conducting. Figure 5.21 demonstrates the flowchart for conduction 
state data conversion of the MOSFETs and their associated body diode.  

Start

For n = 0 to 
length of 
data VX

If 
abs(VX)< 

Threshold

False

Finish

True

Conduction state data of            
diode X= 0

Conduction state data of            
diode X= 1



Chapter 5    Experimental platform for extraction of the 
modes of operation of CSCP-PFC systems  

100 
 

 

Figure 5.21: Flowchart for conduction state to digital signal converter of the MOSFETs and their 
associated body diodes. 

This MATLAB software generate 6 sets of conduction state data for the diodes and the 
MOSFETs. The data can then be imported to the MATLAB code from chapter 4 to extract the 
modes of operation. For the practical modes of operation extraction both techniques of 
voltage measurement and current measurement are used to verify the results.  

 

5.4  Verification of the experimental setup 
 

As discussed earlier the system has been designed in a modular manner. One of the 
advantages of the modular design is that it allows to verify the operation of each part of the 
system individually before connecting them all together for the test setup. This section 
explains the verification procedure for each part of the system. 

5.4.1 Verification process of the resonant tank 
 

The first module of the system that is tested are the three resonant tanks (the values for the 
resonant tanks are given in tables 4.1 to 4.3 in chapter 4). For verification of the resonant 
tanks, the tanks are connected to a half bridge switches to form a simple LCC converter. Figure 
5.22 shows the configuration of the test setup. 
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  Figure 5.22: Test setup for verification of the resonant tanks. 

The process of this test is to test each resonant tank with 3 different values of RL (15, 39 and 
68 Ohms) with different switching frequencies. For each tank there are 5 switching 
frequencies, from 20 kHz below to 20 kHz above resonant frequency with increments of 10 
kHz. The value of resonant current for each test is recorded and then compared to simulation 
results of the same test. In total there are 45 tests. Each 5 results from a resonant tank with 
a specific load resistor are plotted on a single figure. The figures represent resonant current 
versos switching frequency. Therefore, there are 9 sets of figures demonstrating this 
verification. The figure for the resonant tank 1 (from table 4.1) with a load resistor 39 Ohms 
is demonstrated in figure 5.23 and the remaining results are illustrated in appendix 4.  

   

Figure 5.23: The verification results of resonant tank 1 with RL of 39 Ohms. 

As demonstrated in figure 5.23, the simulation and practical results confirm the correct 
operation of the resonant tank and the results are very close together.  
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5.4.2 Verification of the main switching board and the gate driver 
 

After verification of the operation of the resonant tanks, the main switch board and the gate 
driver section have to be tested. For this test the main switch board is connected to the 
resonant tank but in configuration of an LCC converter without the charge pump PFC. Figure 
5.24 shows the circuit configuration for this experiment.  

 

Figure 5.24: Test setup for verification of main switch board, gate driver circuit and microcontroller 
development board. 

 

In figure 5.24 the simplified schematic of the main switch board is connected to the resonant 
tank as an LCC converter. The charge pump is present on the circuit; however, it does not 
operate as the negative side of the resonant tank is connected to the ground of the circuit 
instead of the voltage node between the diodes D1 and D2. Moreover, the gate driver and 
microcontroller development boards are connected to control the MOSFETs S1 and S2. For this 
experiment a DC voltage source is connected to the main switch board and the value of the 
resonant current and the phase shift between the bridge voltage, Vbrdg and the resonant 
current (the phase shift has been introduced as angle α in the chapter 3) are recorded. The 
same as the experiment for verification of the resonant tank, the result of this experiment is 
compared to the LTspice simulation results. The simulation and practical results of this 
verification process are shown in figure 5.25.  
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Figure 5.25: The verification results of main switch board. 

As illustrated in figure 5.25 the amplitude of the resonant current and the bridge voltage from 
the simulation results and the practical results are very close together. Moreover, the phase 
shift angle α in simulation and practical results are almost identical. This set of results confirm 
the operation of the main switch board. 

Having verified the operation of the modules of the CSCP-PFC system, it is now necessary to 
verify the operation of the conduction state to digital converter circuits. For this task first the 
operation of the differential amplifier, comparator circuit and the digital level shifter are 
tested individually and then the complete system is tested. 

 

5.4.3 Verification of the differential amplifier 
 

To test the operation of the differential amplifier circuit, it needs to be connected to the main 
switch board to receive current measurements input data. Therefore, the modules are 
connected to form the CSCP-PFC system with a DC input voltage. As the system is operating 
there are current waveforms for each component. For the verification the current 
measurement of diode D1 is used  (V(ID)+ and V(ID)-). Figure 5.26 shows the waveforms for 
resonant current (Ires), D1 current (ID1) and the output data of the differential amplifier(V(ID1)). 
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 Figure 5.26: The waveforms of Ires, ID1 and V(ID1) versus time. 

 

As demonstrated in figure 5.26 the voltage waveform of the output of the differential 
amplifier is the same as current waveforms of the diode D1. Moreover, the differential 
amplifier has removed most of the noise that is present on the current waveform. Lastly, as 
shown the V(ID1) is with respect to ground and it is zero when the diode is not conducting. 

 

5.4.4 Verification of the comparator circuit  
In order to verify the operation of the comparator circuit, the input of the circuit is connected 
to the output of the differential amplifier. For the circuit to operate correctly it needs to 
output high or low depending on the conduction state of diode D1. Figure 5.27 shows the 
current waveform of diode D1 (ID1) the input and output of the comparator circuit V(ID1) and 
V(ID1-Boolean) respectively. 

0 0.5 1 1.5 2 2.5 3

Time (s) 10-5

-0.1

0

0.1

0 0.5 1 1.5 2 2.5 3

Time (s) 10-5

0

0.5

1

0 0.5 1 1.5 2 2.5 3

Time (s) 10-5

-1

0

1

2

a. Ires

b. ID1

c. V(ID1)

Time (s)

Time (s)

Time (s)



Chapter 5    Experimental platform for extraction of the 
modes of operation of CSCP-PFC systems  

105 
 

 

 Figure 5.27: The waveforms of ID1, V(ID1) and V(ID1-Boolean) versus time. 

As demonstrated in figure 5.27 the output of the comparator circuit (V(ID1-Boolean)) is 1 when 
the diode D1 is conducting and 0 when it is not conducting. The sensitivity of the comparator 
circuit can be adjusted using potentiometer RV1 shown in figure 5.13. If the sensitivity is set 
too high, it can cause false outputs due to noise and if it is set too low it will not detect when 
diode is conducting. Therefore, the RV1 needs to be adjusted carefully  for every switch and 
diode to output the correct data. Moreover, the false edges that are demonstrated in figure 
5.27 are removed in the mode of operation extractor MATLAB code in spurious modes 
remover section. 

 

5.4.5 Verification of the digital level shifter circuit  
 

In order to verify the operation of the digital level shifter circuit, the input of the circuit is 
connected to the output of the comparator circuit, then the signals are compared to verify 
the operation. The output signal (V(ID1-Digital)) should be a clean digital data representing the 
V(ID1-Boolean). Figure 5.28 shows the V(ID1-Boolean) and V(ID1-Digital) signals. 
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 Figure 5.28: The waveforms of V(ID1-Boolean) and V(ID1-Digital)  versus time. 

As demonstrated in figure 5.28 the V(ID1-Digital) signal represents the V(ID1-Boolean) signal and 
the noise and the fall time and rise time has been removed. This verifies the operation of 
the digital level shifter circuit. (The V(ID1-Digital) signal is measured using the logic analyser of 
the oscilloscope). 

 

5.4.6 Verification of the conduction state to digital signal converter system using 
current sense resistor measurement technique 

 

As each part of the conduction state to digital signal converter system has been tested and 
verified, it is now necessary to validate the operation of the complete system together. For 
this task the current waveform of D1 and the V(ID1-Digital) has to be compared to check if the 
signal is 1 when the diode is conducting and zero for when the diode is off. Figure 5.29 shows 
the signals ID1 and V(ID1-Digital).  
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 Figure 5.29: The waveforms of ID1 and V(ID1-Digital)  versus time. 

As illustrated in figure 5.29 the V(ID1-Digital) is  high when the diode D1 is conducting. However, 
there is a delay time between the two signals. The delay time is demonstrated as td in figure 
5.29. This delay time is mainly due to the transition time and the propagation delay of the 
comparator circuits and the logic gates. Although the delay time is a few microseconds and it 
is significant, it can be neglected as it is present for all the signals. As each signal for the 
current measurements of the components travels the same path and the same PCBs, it can 
be assumed that the delay time of the signals are equal. Therefore, no spurious mode is 
created and only the detected modes of operation is shifted by a few microseconds, hence 
the output data is valid.  

 

5.4.7 Verification of the conduction state to digital signal converter using voltage 
measurement technique 

 

Having verified the operation of the conduction state to digital signal converter using current 
measurement technique, now it is necessary to evaluate the operation of the voltage 
measurement technique. As explained earlier for this method no extra circuitry is needed and 
only MATLAB codes are used. Therefore, in this section the operation of the MATLAB code is 
verified. 

For this evaluation the voltages and currents of diodes and MOSFETs are recorded. Then the 
recorded data are imported into MATLAB using CSV files and then the generated conduction 
state digital data by MATLAB are compared with the current signal of the diode or MOSFET 
to verify the operation of the MATLAB code. 

Figure 5.30 demonstrates the voltage and current of diode D1 and the generated conduction 
state digital data. 
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Figure 5.30: The voltage, current and conduction state signals of diode D1. 

As demonstrated in figure 5.30 when the current through diode D1 is greater than zero, the 
voltage across the diode is nearly zero and the MATLAB code outputs 1 for that duration. In 
contrast, when the current through the diode is nearly zero, the voltage across the diode is 
more than zero and the MATLAB code outputs 0 for the conduction state digital signal. 
Therefore, this verifies the operation of the MATLAB code for the diode D1. 

Figure 5.31 demonstrates the voltage and current of diode D2 and the generated conduction 
state digital data. 

 

 Figure 5.31: The voltage, current and conduction state signals of diode D2. 

As demonstrated in figure 5.31 when the current through diode D2 (ID2)is greater than zero 
the voltage across it (VD2) is nearly zero and the MATLAB software generates 1 for conduction 
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state data. Therefore, this result confirms the operation of the MATLAB software for diode 
D2. 

In the next step the operation of the MATLAB code should be tested with the data for 
MOSFETs S1 and S2. As discussed earlier the conduction state data generation for the MOSFETs 
and their body diodes is more complex. Figure 5.32 demonstrates the  gate signal (VG1), VS1, 
conduction state data of MOSFET S1 and lastly the conduction state data for the body diode 
of MOSFET S1 (D6 in figure 5.9) versus time. 

As demonstrated in figure 5.32, when the voltage across the MOSFET S1 is near zero and the 
gate signal is high the generated conduction state data for the MOSFET  is one. Moreover, 
when the VS1 is near zero and the gate signal is low, it demonstrates that the MOSFET is turned 
off but the body diode of the MOSFET is conducting, hence the MATLAB software generates 
1 for the conduction state data of the body diode. 

 

 

  Figure 5.32: The gate signal and voltage of MOSFET S1 with conduction state signals for MOSFET S1 

and diode D6. 

The last verification is for the MATLAB software with the voltage signals for the MOSFET S2. 
Figure 5.33 shows the gate signal (VG2), VS2, conduction state data of MOSFET S2 and lastly 
the conduction state data for the body diode of MOSFET S2 (D5 in figure 5.9) versus time. 
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Figure 5.33: The gate signal and voltage of MOSFET S2 with conduction state signals for MOSFET S2 

and diode D5. 

The results in figure 5.33 is the same as figure 5.30 for MOSFET S1 and these results verifies 
the operation of the MATLAB software for conduction state data of MOSFET S2 and its body 
diode.  

Having verified and evaluated the operation of the CSCP-PFC system, the conduction state 
data to digital signal converter using both voltage and current measurement techniques, it is 
now possible to setup the complete system to extract the modes of operation of the system 
in a practical experiment. In the next section the extracted modes of operation of the system 
in a practical experiment are demonstrated and discussed. 

 

5.5  Detected modes of operation in the experimental setup 
 

In this section the detected modes of operation from the experimental system that has been 
discussed in the previous section are demonstrated. Similar to the simulations in previous 
chapter, first the response to DC input voltage is provided and then the system is tested with 
an AC input voltage under the PFC conditions, PF over-corrected, PF under corrected and PF 
fully corrected. These conditions are discussed in detail in chapter 4 in section 4.7.   

 

5.5.1 The modes of operation of the system with a DC input voltage 
 

For this test the system with the three different parameters (the parameters are 
demonstrated in tables 4.1 to 4.3 in chapter 4) of the resonant tank has been tested. The 
results revealed that only one mode of operation exist for the system with an DC input 
voltage, regardless of system parameters. The detected mode of operation is demonstrated 
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in table 5.1. The layout of table 5.1 is the same as the tables in chapter 4 that demonstrates 
the modes of operation. 

Mode Mode of operation 9 (M9) 
Conduction 

state 
S1(68) S2(64) S3(66) S4(18) S5(34) S6(32) S7(36) S8(12) 

D1   X X X    
D2 X      X X 
D3        X 
D4    X     
S1     X X X  
S2 X X X      

Table 5.1: The modes of operation M9. 

As demonstrated in table 5.1 the extracted modes of operation for the system with a DC input 
voltage is different to the results from the simulations demonstrated in chapter 4. 
Furthermore, if the experimental results are compared with the mode of operation that are 
presented in chapters 2 and 3, it can be seen that the modes of operation are almost identical, 
except the in practical results there are 2 extra conduction states S4 and S8. These two 
conduction states are the transitions when switch S2 turns off and switch S1 turns on and the 
other way around for transiting from S1 to S2. These results are discussed in the next sections. 
Lastly, the waveforms of resonant current, bridge voltage and the voltage at node m 
associated with this mode of operation are shown in figure 5.34 and the extracted bit-pattern 
that demonstrates the mode of operation is demonstrated in figure 5.35. 

 

Figure 5.34: Wavefors of Ires, Vbrdg and Vm for mode of operation M9. 

 

 

 

Time (s)

Time (s)

Time (s)

a. Ires 
(Amps)

b. Vbrdg
(Volts)

c. Vm 
(Volts)



Chapter 5    Experimental platform for extraction of the 
modes of operation of CSCP-PFC systems  

112 
 

 

Figure 5.35: The waveform of extracted bit pattern illustrating mode of operation M9. 

 

5.5.2 The mode modes of operation of the system with an AC input voltage 
 

In order to make the results comparable with those presented in chapter 4, the practical 
experiments are done under the three different PF conditions and the extracted modes of 
operation are different from simulation results. The results from each condition are as 
follows. 

 

 PF under-corrected 

The results for the system with each resonant tank showed only a single mode of operation 
and it is the same as the mode of operation demonstrated in table 5.1 over the duration of 
one mains cycle (20 ms). These results are the same as the results from simulation tests, as in 
simulation for each circuit the detected modes of operation of the system under PF under-
corrected condition was the same as the modes of operation of the system with the DC input 
voltage. As detected modes of operation of the system are identical for all three resonant 
tanks over the duration of one mains cycle, only the results for resonant tank 1 are 
demonstrated in figure 5.36. Figure 5.36 demonstrates the input voltage and current and the 
detected modes of operation of the system with resonant tank 1 and under PF under 
corrected condition.  

The waveform of figure 5.36c demonstrates if that mode is detected or not. A 1 or when the 
signal is high it shows that the associated mode of operation is detected and a low signal 
means that it is not detected. Moreover, as the waveform is high for the whole duration of 
the mains cycle, it represents that only mode of operation M9 has been detected.  
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Figure 5.36: The results of the system with resonant tank 1 operating under PF under-corrected 
condition. 

PF over-corrected 

For the condition when PF over-corrected, only 2 modes of operation has been detected for 
all the three resonant tanks. The occurrence of these two modes of operation depends on the 
input line current to the system. Figure 5.37 demonstrates the input line current of the system 
operating on PF over-corrected condition.  

Figure 5.37: Input line voltage current of the system operating under PF over-corrected condition. 
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As demonstrated in figure 5.37 the input current can be divided into two different conditions, 
first condition is for the durations of t0-t1 and t2-t3. In this condition the input current to the 
circuit is zero.  During this interval a small current flows through the LC input filter since the 
line voltage is too low for forward bias the input rectifier and the charge pump diodes.  This 
behaviour is consistent for all three sets of resonant tank parameters considered. The 
sequence has been termed Mode 10 and the sequence of switch states is provided in Table 
5.2.  During the intervals t1-t2 and t3-t4 the charge pump diodes are active since the value of 
the input voltage is sufficient to forward bias the charge pump diodes and, therefore, current 
flows from the input AC voltage source as triangular shaped current pulses.   The mode 
sequence when the charge pump is active is termed mode M11 details of which are provided 
in table 5.3. 

 

Mode Mode of operation 10(M10) 
Conduction state S1(64) S2(16) S3(32) S4(8) 

D1     
D2     
D3    X 
D4  X   
S1   X  
S2 X    

Table 5.2: The mode of operation M10. 

 

Mode Mode of operation 11 (M11) 
Conduction state S1(70) S2(18) S3(34) S4(38) S5(14) 

D1 X X X X X 
D2 X   X X 
D3     X 
D4  X X   
S1    X  
S2 X     

Table 5.3: The mode of operation M11. 

Moreover, the resonant current, voltage at node m and the bridge voltage for the system 
while operating with modes of operation M10 and M11 are illustrated in figures 5.38 and 5.39 
respectively. 
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Figure 5.38:Wavefors of Ires, Vbrdg and Vm for mode of operation M10. 

 

 

Figure 5.39: Wavefors of Ires, Vbrdg and Vm for mode of operation M11. 

As demonstrated in figure 5.38b the voltage Vm is a sinusoidal voltage. This is because that 
diodes D1 and D2 do not conduct in this mode of operation. Therefore, the resonant current 
only flows through Cpfc causing this sinusoidal shape voltage waveform. On the other hand, 
for mode of operation M11 the voltage of node m is clamped to the input voltage as the 
diode D1 conducts for the whole duration of the mode of operation. 

PF corrected  

Figure 5.40 shows the input voltage and input current waveform for the PF fully corrected 
operating condition.  Three different modes of operation have been observed.  One of these 
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modes has been previously observed with a DC input voltage and is labelled M9, table 5.1.  
The remaining two modes have been termed M12 and M13 and are described in tables 5.4 
and 5.5 respectively.  The observed modes of operation occur consistently for all three 
resonant tank parameter values considered and their occurrence depends on the input 
voltage value. 

Mode Mode of operation 12 (M12) 
Conduction state S1(68) S2(64) S3(10) S4(34) S5(32) S6(16) 

D1   X X   
D2 X      
D3   X    
D4      X 
S1    X X  
S2 X X     

Table 5.4:The mode of operation M12. 

Mode Mode of operation 13 (M13) 
Conduction state S1(70) S2(14) S3(38) S4(22) 

D1 X X X X 
D2 X X X X 
D3     
D4  X  X 
S1   X  
S2 X    

Table 5.5:The mode of operation M13. 

Lastly, the resonant current, voltage at node m and the bridge voltage for the system while 
operating with modes of operation M12 is illustrated in figure 5.40. 

Figure 5.40: Waveforms of Ires, Vbrdg and Vm for mode of operation M12. 
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As demonstrated in figure 5.40, the voltage at Vm oscillates between zero and the Vb. This is 
because that the input voltage at this point is near zero and when diode D1 starts conducting  
Vm falls to zero and when diode D2 starts conducting, Vm increases to Vb and the sections 
between these two points are for charging and discharging of the Cpfc.  

As mentioned earlier, the occurrence of the mode of operations in a PF corrected condition 
depends on the input voltage value, similar to the modes of operation of the PF over-
corrected condition. When the input voltage is at or close to zero (including the zero crossing) 
mode M12 occurs (labelled as interval tzero in Fig. 5.41). When the voltage is at and/or near its 
peak value (labelled at tpeak) mode M13 occurs. The remaining sections of the input voltage 
(labelled as tmiddle) is characterised by mode M9. Figure 5.41 demonstrates the classification 
of the input voltage and current that has been described in this section. 

 

 Figure 5.41: The classification of the input voltage and current for a PF corrected condition.  

Having explained the occurrence of the modes, the next section looks at the response for 
each resonant tank parameter set considered.  

 

The detected modes of operation of the system with resonant tank 1 

Figure 5.42 illustrates the occurrence of the detected modes of operation for the system with 
resonant tank 1. 
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 Figure 5.42: The occurance of the modes of operation of the system with resonant tank 1. 

In figure 5.42 the waveform for each mode is shown with the input current and the input 
voltage. The waveform for each mode of operation demonstrates if that mode is detected or 
not. A high level indicates that a modes of operation is active.  

 

The detected modes of operation of the system with resonant tank 2 

Figure 5.43 illustrates the occurrence of the detected modes of operation for the system with 
resonant tank 2. 
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Figure 5.43: The occurance of the modes of operation of the system with resonant tank 2. 

In the next stage the modes of operation of the system with resonant tank 3 is demonstrated. 

 

The detected modes of operation of the system with resonant tank 3 

Figure 5.44 illustrates the occurrence of the detected modes of operation for the system with 
resonant tank 3. 
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 Figure 5.44:The occurance of the modes of operation of the system with resonant tank 3. 

 

5.6  Simulation and practical results comparison  
 

Up to this point, the modes of operation of the system with three resonant tanks and with 
both DC and AC input voltage under all different PF conditions have been extracted and 
demonstrated. The experimental results verified the suspicious that was made at the end of 
previous chapter. In simulation results many modes of operation were detected and there 
was no logical order for the occurrence of them (except for DC input voltage tests). In 
contrast, for the practical experiments only 4 modes of operation have been detected and a 
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One major difference is the use of ideal components in the circuit simulation package.  Actual  
components are not ideal and there are parasitic elements for every component in the system 
and this will have an impact of circuit behaviour that is not represented in the simulation 
model.  Although more accurate models for the semiconductor devices could be used and 
some parasitic components included in the simulation circuit some parameters are 
determined by the circuit layout and cannot easily be quantified for simulation purposes. 

The second factor is that the MOSFETs and their body diodes are treated as individual 
components. The problem that is raised by this factor is that it is possible that in simulation 
the current flows through a MOSFET and in practice it flows through the body diode of that 
MOSFET, or vice versa. In this situation the observable current path is the same although the 
actual current is flowing through different components. However, the mode of operation 
extractor system and MATLAB code detect 2 different modes of operation. This case has 
occurred for the mode of operation M1, M9 and the mode of operation that has been 
illustrated in chapters 2 and three. Technically the current path for all of these modes of 
operation is the same and the only differences is that if the current flows through the 
MOSFETs or their associated body diodes. Therefore, by treating the MOSFETs and their body 
diodes as a single component, fewer modes of operation may be detected and the high 
number of modes of operation in the simulation results may be illuminated.  

 

5.7 Conclusion 
 

In conclusion, the design process of the modular CSCP-PFC system has been given. The 
reasons and advantages of modular design have been explained. Then the design of each 
module of the system have been completely discussed.  

Moreover, in this chapter two novel techniques to convert the conduction state of 
components into digital signals have been introduced. Each technique and the signal 
processing of them have been fully explained.  

The verification process of each module of the CSCP-PFC system is given. Furthermore, the 
verification of the conduction state into digital signal converter has been demonstrated and 
the issues for the current measurement technique have been illustrated with their solutions.  

Lastly, the detected modes of operation of the system with both AC and DC input and under 
all PF condition have been fully discussed. Moreover, the protentional causes of the 
differences in the simulation and practice results have been given. 

The next chapter provides a conclusion to the work described in thesis and provides a number 
of suggestions for further research for CSCP-PFC systems.  
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Chapter 6 Conclusion and further research 
 

 6.1 Introduction  
 

In this chapter a detailed summary of the work that has been presented in this thesis is given. 
The work that has been presented in the chapters is discussed as a whole. Lastly, a number 
of proposals are suggested to expand and continue the research on CSCP-PFC systems. 

 

 6.2 Conclusions 
 

This work started by presenting what is power factor and why it is such an important 
parameter in AC powered appliances and what consequences low PF can impose on grid 
voltage and equipment. Moreover, a brief summary of different techniques to improve power 
factor has been demonstrated. In the comparison of PFC techniques, it has been showed that 
charge pump power factor correction techniques are inexpensive, small and efficient. 
However, there has not been adequate research on this type of PFC circuit and the existing 
models contain inconsistencies and they are not reliable to be used for circuit designing and 
practical projects. Therefore, the underpinning research on charge pump technologies and 
their functions has been completely presented. Then the literature review of SSCP-PFC has 
been given with the flaws and inconsistencies in the existing analytical model. After 
presenting the inconsistencies of the existing analytical models. A novel and precise analytical 
model based on FMA and describing functions has been demonstrated. In the evaluation 
process of the analytical model odd behaviours in the operation of the system had been 
observed. These odd behaviours lead to discovery of different modes of operation for system 
and as the analytical model has been developed for a particular mode of operation, the 
analytical model loses its precision when the system operates on a different mode of 
operation. These finding showed that there is a great demand for analysing the circuit with 
different parameters to extract the modes of operation of the system under different 
situations. For this task LTspice simulation package has been used with MATLAB. The LTspice 
outputs the simulation data and parameters, and MATLAB does the signal processing to 
extract the modes of operation. Results of these tests showed several different modes of 
operation that occur in no logical order. Therefore, the system had to be constructed to 
extract the modes of operation in practical platform. For this experiment the platform has 
been designed in a modular manner to ease the change of circuit components and parameters 
to be able to test all the simulations in practice and compare the results. Moreover, two 
different techniques for extraction of conduction state of the components have been 
demonstrated. The results of the practical experiments then compared to the simulation data 
and some results are identical while some are completely different. The reasons for the 
differences have been completely discussed and techniques to solve the inconsistencies 
between practical and simulation results are proposed. 
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In the next section a brief summary of each chapter is given. 

 

 6.3 The summary of each chapter 
In chapter 1 a full discussion of power quality parameters such as PF and different types of 
power related to AC systems has been given. Moreover, the benefit of high power factor 
systems has been discussed along with how aspects of power quality is mandated by the law. 
After stating the advantages of having high PF, popular techniques used for PFC have been 
demonstrated and the advantages and disadvantages of each method has been stated. The 
comparison of the PFC methods indicates the benefits of using charge pump based power 
factor corrector systems for some applications.  

Chapter 2 provides a review of the key technologies used in the field including a brief history 
of the charge pump circuits where it was shown that charge pump systems are used in many 
items electronic equipment including communication systems, computers, memories to 
power electronic systems. Following this, a review of resonant power conversion was 
provided, and it has been demonstrated that how these converters can maximise the 
efficiency of power converters and the impact they have on the life time of the power 
switches such as MOSFETs and IGBTs.  A detailed literature review into the operation and the 
mathematical model CSCP-PFC system has been represented.  Subsequently, an investigation 
using LTSPICE simulations has revealed inconsistencies in mathematical models described in 
the literature and this created the demand for a more precise mathematical model that 
describes the operation of the CSCP-PFC systems and the focus for the work presented in this 
thesis.  

In chapter 3 a novel mathematical model has been demonstrated to eliminate the 
inconsistencies that existed in the previous model. The mathematical model has been derived 
using FMA and describing function techniques and it allows for calculation of the voltage and 
current at various points of the system. After the derivation of the mathematical model, a 
novel technique for the verification of the model has been demonstrated using only LTspice 
simulation package. The verification of the model using LTspice demonstrated that the model 
does work precisely with error of less than 5% when the circuit is powered from a DC voltage 
source. Moreover, it has been demonstrated that the model works over wide range of 
parameters of the system including switching frequency, resonant tank values and charge 
pump capacitor Cpfc. Unfortunately, the verification process showed that the mathematical 
model does not work when the circuit is powered from an AC voltage source. The 
investigation of the operation of the model with AC input voltage led to the discovery of that 
the circuit operates somewhat differently compared to the descriptions in the existing 
literature. 

Chapter 4 described a detailed simulation investigation into the behaviour of CSCP-PFC 
system.  A major part this was the development of a novel technique to extract the modes of 
operation of the system. This technique uses LTspice simulation package and a MATLAB code 
where within the LTSPICE simulation the conduction state of each diode and MOSFET is 
converted into a Boolean representation that can be processed by MATLAB code.  The chapter 
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described MATLAB code in detail including the bit pattern generation on a LTSPICE sample-
by-sample timeframe and conversion to the mode sequence pattern.  In application, the 
LTSPICE/MATLAB mode extractor system has revealed some nine different modes of 
operation are possible and there was not a logical order for the occurrence of them it had 
been hypothesised that the results are not correct and in reality and practical experiments 
the results may be different.  

Chapter 5 presented a hardware based mode extractor system and a modular CSCP-PFC 
platform for investigating real-world system behaviour. The design and operation of each 
module has been explained. Two novel techniques to extract the modes of operation of the 
system in a practical experimental platform has been presented. The operation of the mode 
extractor was validated using several experiments to demonstrate the signal conversion 
steps.  Subsequently the system was applied to extract mode sequences from the modular 
CSCP-PFC platform.  As expected, the initial investigation conducted with a DC input voltage 
showed that only single mode of operation is required to describe the behaviour of the circuit. 
Investigations were performed using an AC input voltage for a variety of PF conditions and it 
showed that there are only four modes of operation and their occurrence depends on the 
input voltage and current value and the PF condition that the circuit is operating under.  

 6.4 Further research  
 

This thesis represented detailed research and a mathematical model on CSCP-PFC systems. 
However, there are several other tasks that need to be done in order to be able to 
mathematically model the system with an AC input voltage. The other tasks are as follows: 

 

 6.4.1 LTspice simulation model 
 

Simulation are a great and precise tool to observe the behaviour of electronic circuits if they 
are given correct parameters. However, in chapters 4 and 5 it has been shown that the results 
from simulation are different comparing to practical results. One of the probable causes of 
this difference is using ideal components in the simulation model and not considering the 
parasitic elements of the components. This problem does not have a major impact on many 
electrical circuits but in resonant converters and charge pump circuits a small variation in the 
circuit parameters can have major impact on the results due to the nature of the these circuits 
and their high Q factor design. To address this issue and have reliable simulation model it is 
necessary to have practical setup and to design the simulation model based on the practical 
setup. For the simulation model all the diodes and MOSFETs need to be the exact component 
model from the manufacturer. Moreover, the parasitic elements of the passive components 
such as Equivalent Series Resistance (ESR) and series inductance needs to be measured with 
an LCR meter with measurement frequency of the switching frequency (The parasitic 
elements are a function of frequency). Then these parameters can be added to the simulation 
model. Lastly, the designed simulation model can be tested against the practical setup to 
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ensure the operation of the simulation model. Finally, this simulation model along with the 
practical setup can be used for further research on the CSCP-PFC systems. 

 

 6.3.1 The modes of operation 
 

As demonstrated and discussed in chapters 4 and 5, 13 different modes of operation have 
been detected for the CSCP-PFC system. One of the main causes of this is that the MOSFETs 
and their associated body diodes are treated as individual components. Although the current 
path is the same, the mode extractor systems will detect different results. If the MOSFETs and 
their associated body diodes are treated as a single component, first it will decrease the 
number of modes of operation massively. Secondly, it will simplify the modes of operation 
results for further processing and mathematical modelling. Moreover, treating the MOSFET 
and its body diode as an individual component will not have an effect on the mathematical 
modelling. As demonstrated in chapter 3 for the mathematical modelling using FMA and 
describing function techniques, the path that the current flows is important and in this case 
the path is the same, whether the current flows through the MOSFET or its body diode.  

 

 6.3.2 The mathematical model 
 

After successful completion of the previous two tasks, by having a verified mode of operation 
for the system with an AC input voltage. It will be possible to develop analytical models that 
correctly describe the operation of the converter and come with a full understating of its 
operation when the system is powered from an AC voltage source. Then the work could be 
extended to design a tool that receives the given parameters and design the CSCP-PFC system 
based on the provided parameters. 
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Appendix 1.  The Maple mathematical model  
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Appendix 2. The MATLAB mode extractor software 
 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%this code extract the modes of operation of the CSCP-PFC 
%system based on the given conduction state data from   
%either simulation or practical results. It checks the 
%present modes of operation against user defined modes of 
%operation. 
%In this section the imported raw data from LTspice simulation 
are checked 
%and verified. There are 6 for loops, one for each component. 
This section 
%checks every data point and if it is not valid(0or1, it will 
assign a 
%valid value based on the value of the data point. 
  
L = length(Vid1) 
  
for r = 1:L                                      
                                                 
                                                 
                                                 
                                                 
    if Vid1(r)== 1 |  Vid1(r)== 0  
         
         
    else  
        if Vid1(r)>0.5 
        Vid1(r)= 1; 
        else 
        Vid1(r)= 0;    
        end 
    end  
end 
  
L = length(Vid2) 
  
for r = 1:L 
     
    if Vid2(r)== 1 |  Vid2(r)== 0  
         
         
    else  
        if Vid2(r)>0.5 
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        Vid2(r)= 1; 
        else 
        Vid2(r)= 0;    
        end; 
    end  
end 
  
L = length(Vid3) 
  
for r = 1:L 
     
    if Vid3(r)== 1 |  Vid3(r)== 0  
         
         
    else  
        if Vid3(r)>0.5 
        Vid3(r)= 1; 
        else 
        Vid3(r)= 0;    
        end 
    end  
end 
  
  
L = length(Vid4) 
  
for r = 1:L 
     
    if Vid4(r)== 1 |  Vid4(r)== 0  
         
         
    else  
        if Vid4(r)>0.5 
        Vid4(r)= 1; 
        else 
        Vid4(r)= 0;    
        end 
    end  
end 
  
  
L = length(Vis1) 
  
for r = 1:L 
     
    if Vis1(r)== 1 |  Vis1(r)== 0  
         
         
    else  
        if Vis1(r)>0.5 
        Vis1(r)= 1; 
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        else 
        Vis1(r)= 0;    
        end; 
    end  
end 
  
  
L = length(Vis2) 
  
for r = 1:L 
     
    if Vis2(r)== 1 |  Vis2(r)== 0  
         
         
    else  
        if Vis2(r)>0.5 
        Vis2(r)= 1; 
        else 
        Vis2(r)= 0;    
        end 
    end  
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%This section combines the 6 conduction state data from 
previous section to 
%create array of bit-pattern data that demonstrates the 
conduction state of 
%the whole system using only one bit-pattern number 
  
m = (Vid1*2)+(Vid2*4)+(Vid3*8)+(Vid4*16)+(Vis1*32)+(Vis2*64);        
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%This section checks the duration of eeach mode against an 
arbitrary 
%threshold if the the duration of the mode is less than the 
threshold it 
%removes that mode and assigns the old value 
%the purpos of this section is to remove any spurious modes 
that are 
%present 
  
threshold = 6;                                                       
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index=2; 
  
for a=2:length(m)                                   %This for 
loop checks modes and the modes that have length of less  
     
    if (m(a)~=m(a-1)) 
         
        %Was a change sufficiently recent? 
        if ((a-index)<threshold) 
            % Then maintain old value 
            m(index:a)=m(index-1); 
        end         
        index=a; 
    end 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%This section only capture the changes in the data array m 
into data array 
%d. therefore, the first data of each mode (or Bit-pattern 
duration) is 
%captured. Morover, this section capture the time of each 
change so it can 
%be analysed with respect to other circuit parameters. 
  
clear d 
d(1) = m(1); 
i=1; 
j = 1; 
  
  
for r = 1:length(m)      
                        
                        
    if d(j) == m(r) 
         
     else 
       j=j+1; 
     d(j)= m(r); 
     t(j)= time(r); 
         
     end 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%this section uses another alogrithm to capture the changes 
and the 
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%operation of this section and the previous section are 
identical. 
  
d2=m(diff(m)~=0); 
d2 = d2'; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%This section is a switch case it checks the data point of the 
array d and 
%compares it to the bit pattern sequence defined by the user. 
if the modes 
%of operation are as expected the new data array(d3) will have 
values of 
%1,2,3,4,5,6,1,2,3,4,5,6 and if the data point in array d is 
not any of the 
%user defined sequence it will output -1. 
  
for r = 1: length (d2) 
     
    n = d(r); 
     switch n 
         case 64 
                     d3(r) = 1; 
         case 66 
                     d3(r) = 2; 
         case 10 
                     d3(r) = 3; 
         case 32 
                     d3(r) = 4; 
         case 36 
                     d3(r) = 5 ; 
         case 20 
                     d3(r) = 6; 
         otherwise  
              
                     d3(r) = -10 ; 
     end 
      
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%This section check the data in the array d3 from previous 
section if the 
%expected mode of operation that is defined by the user is 
present in the 
%data(which is 1,2,3,4,5,6, and it repeats again from 1) it 
outputs 1 in 
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%the array modes. If the user defined modes of operation is 
not present it 
%will assign zero in the array modes for that data point. 
  
  
  
r = 1 
while  r < length(d3); 
     
    if d3(r)==1 
         
        modes(r) = 1; 
        r=r+1 
        if d3(r)==2 
                       
            modes(r)=1; 
            r=r+1; 
             
            if d3(r)==3; 
                  
                modes(r)=1; 
                r=r+1; 
                 
                if d3(r)==4; 
                       
                    modes(r)=1; 
                    r=r+1; 
                     
                    if d3(r)==5; 
                          
                        modes(r)=1; 
                        r=r+1;  
                         
                        if d3(r)==6 
                             
                            modes(r)=1; 
                            r= r+1 
                             
                        else  
                        modes(r)=0; 
                        r= r+1 
                    end 
                else 
                    modes(r)=0; 
                    r= r+1 
                end 
            else  
                modes(r)=0; 
                r= r+1 
                end 
            else  
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                modes(r)=0; 
              r= r+1 
            end 
        else  
            modes(r)=0; 
            r= r+1 
        end 
    else  
        modes(r)=0; 
        r= r+1 
    end 
end  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
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The schematic of the input rectifier  
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The PCB diagram of the input rectifier 
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The schematic of the input LC filter 
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The PCB diagram of the input LC filter 
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The schematic of the capacitor board 
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The PCB diagram of the capacitor board 
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The schematic of the main switch board 
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The PCB diagram of the main switch board 
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The schematic of the gate driver board 
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The PCB diagram of the gate driver board 
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The schematic of the differential amplifier 
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The PCB of the differential amplifier 
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The schematic of the comparator circuit 
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The PCB diagram of the comparator circuit 
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The schematic of the digital level shifter 
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The PCB diagram of the digital level shifter 
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Appendix 4. The results for verification of the resonant tanks 
In this appendix the results for verification of the resonant tanks that were constructed in 
chapter 5 are given. The layout of the figures is the same as the demonstrated in chapter 5. 

 

Figure 1: The results for resonant tank 1 with load resistor value of 15 Ohms. 

 

Figure 2: The results for resonant tank 1 with load resistor value of 68 Ohms. 
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 Figure 3: The results for resonant tank 2 with load resistor value of 15 Ohms. 

 

 

 Figure 4: The results for resonant tank 2 with load resistor value of 39 Ohms. 
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Figure 5: The results for resonant tank 2 with load resistor value of 68 Ohms. 

 

Figure 6: The results for resonant tank 3 with load resistor value of 15 Ohms. 
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Figure 7: The results for resonant tank 3 with load resistor value of 39 Ohms. 

 

Figure 8: The results for resonant tank 3 with load resistor value of 68 Ohms. 
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