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Abstract 

Abstract 

 

Nowadays system efficiency plays one of the most important roles in the power 

supply industry. Many research laboratories around the globe are working in an effort 

to achieve power processing efficiencies as close to 100% as possible. There is a long 

list of research directions in the chase of this goal, including smarter control methods, 

advanced converter topologies, employment of modern electronic elements, etc. This 

work concentrates on switch mode power supply systems, trying to push them one 

step further to comply with modern requirements.  

This thesis is based on 4 IEEE published articles  [1],  [2],  [3],  [4], which were co-

authored by me. Each article summarizes an important part of research, examination 

and experimental trials on 3 switch mode power supply converters, together covering 

a considerable part of the modern industrial field of switched mode power supplies. 

Since the research work deals with 3 converters, this thesis is also divided into 3 parts, 

each presenting the findings that relate to the investigated converter as summarized 

below. 

Investigation of an alternative APFC control strategy with 

no sensing of line voltage based on a triangular modulation 

carrier. 

An alternative control method for a Boost Active Power Factor Corrector (APFC) 

operating in Continuous Conduction Mode is presented, analyzed and verified by 

simulation and experiments. The proposed APFC scheme employs average current 

control to shape the input current. The power level is adjusted by modulating the 

amplitude of a triangular carrier as a function of the outer loop error signal. The 

proposed APFC requires neither line voltage sensing nor input voltage reference 

circuitry. The theoretical predictions are well supported by simulation and 

experimental results. The experimental results demonstrate some improved 

performance at low power levels compared to other methods of APFC without 

sensing of input voltage.  

Gyrator-behaved double bridge based APFC 

Applying DSP capabilities, we explored in this study the characteristics and 

advantages of a double-bridge, Gyrator-behaved switch-mode DC-DC converter. A 
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generic model of a double bridge "AC inductor" based Gyrator-behaved topology was 

derived. A user-friendly method for simulation-based DSP code development and 

debugging is proposed. Employing the derived model and using the DSP code 

development techniques proposed, an APFC system is presented, analyzed and 

verified by simulations and experiments. Based on the results of the study, a design 

procedure is developed for specifying the control law and the optimum parameters for 

ZVS and minimum conduction losses of the proposed APFC. The proposed APFC 

requires neither line voltage, nor input current sensing circuitry except for line 

synchronization. The theoretical predictions are well supported by simulation and 

experimental results that were obtained with a digitally controlled system.  

Generic and Unified Model of Switched Capacitor 

Converters 

A generic modeling methodology that analyzes the losses in Switched Capacitor 

Converters (SCC) was developed and verified by simulation and experiments. The 

proposed analytical approach is unified, covering both hard and soft switched SCC 

topologies. The major advantage of the proposed model is that it expresses the losses 

as a function of the currents passing through each flying capacitor. Since these 

currents are linearly proportional to the output current, the model is also applicable to 

SCCs with multiple capacitors. The proposed model provides an insight into the 

expected losses in SCCs and the effects of operational conditions such as duty cycle. 

As such, the model can help in the optimization of SCC systems and their control to 

satisfy the desired regulations. 
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Chapter 1 - Introduction 

1.1 ELECTRICAL POWER CONVERSION 

Since the discovery of electricity and the beginning of its utilization, there has been 

a need for electrical power conversion. There are two classes of electrical power: AC 

– alternating current and DC – direct current, and there are four converter types that 

deal with the conversion of electricity from one form to another: AC – AC converters 

or cyclo-converters, AC – DC converters or rectifiers, DC – AC converters or 

inverters and DC – DC converters. 

Electricity has proven to be a very convenient way of distributing energy to a large 

number of geographically dispersed regions. The need for conversion of electrical 

power stems from the wide variety of electrically operated devices. Each device 

requires electrical power with a narrow band of electricity parameters for its correct 

operation. Moreover some of the high-end products require several electrical supplies 

with different parameters. Another reason for power conversion is the desire of 

consumers to control the rate of transferred energy, a function that most loads like 

motors, incandescent bulbs and heating elements are not capable of fulfilling.  

A power converter is a device that is connected between the sources of electrical 

energy and their loads. Due to the fact that we are dealing with energy, which makes a 

contribution to the cost of services or products, efficiency plays a significant role in 

the design of power converters. Any energy consumed by the converter during its 

operation contributes to additional, unnecessary cost. Thus to satisfy the application 

requirements, power converters must to be as efficient as possible. In the electrical 

and electronic world, linear active devices are inexcusably inefficient. For example, 

the maximum theoretical efficiency of Class A amplifiers is only 50%, or another 

example of an inefficient power converter are linear DC regulators, which will be 

discussed further. 

By contrast, an ideal switch is loss-less. It carries current with no loss while closed 

and blocks any voltage at zero current while open. Real switches of course have 

parasitic elements, which introduce losses during switch operation, but these losses in 

most cases are much lower than those introduced by any linear device. Thus most 

practical, modern power converters use switches as the active devices, which 

constitute the core of the conversion, and the name of this family of power converters 

is "Switched-mode power supplies". This work concentrates on the switched-mode 
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type of power converters. Different aspects of their design and operation are 

discussed, and experimental support is presented.  

 

 

1.2 POWER CONVERTERS – HISTORICAL GLANCE 

The term "Power electronics" appeared in the 1970s. Investigations of switching 

power converters were carried out and applied prior to the discovery of 

semiconductors. The first switching power converters, in 1920, used mercury-arc 

rectifiers, and only AC-DC conversion was considered. These switches performed 

poorly, due to the voltage drops across the tubes, low reliability and excessive 

maintenance requirements, while an additional disadvantage was the high cost  [1]. 

Another switch was introduced in the 1940s, based on the controllable saturating 

reactor. Its implementation was mainly as an AC switch, so the device was used in 

AC regulators to control power flow. Saturating reactors were commercialized, but 

again, due to their high cost and relatively low efficiency, were abandoned.  

The main event in the power converter industry which began in the late 1950s, was 

the invention of the transistor in 1948 by John Bardeen, Walter H. Brattain, and 

William B. Shockley. First were the germanium and then silicon PN-junction high-

current rectifiers. In 1957 the most important switching device was invented, the SCR 

or Silicon-controlled rectifier. Its expansion was amazing, with low cost, low 

conduction voltage drop, greater reliability and faster switching compared to its 

predecessors. Taking its place in the technology developed for previous types of 

switches, the SCR allowed the commercialization of many concepts in lighting, 

heating, computer power supplies and motor drive applications, which hitherto, were 

considered as theoretical ideas only.  

Power transistors were sufficiently improved by the end of the 1970s and started to 

replace thyristors in low to medium power applications. In turn in the 1980s, 

transistors were challenged by the metal-oxide semiconductor field-effect transistor, 

or MOSFET. Although they appeared in the late 1980s, today IGBTs or Insulated 

Gate Bipolar Transistors are challenging MOSFETs and even outperform them in 

some applications, especially high power applications. Switch improvements are 

constantly being made in all devices, and it remains to be seen, what is the next 

innovative device to appear [1]. 
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1.3 LINEAR REGULATOR 

The most simple power converter is the linear regulator presented in  Fig. 1.1. 

Changing the adjustable resistor Radj, the output voltage is kept constant regardless of 

load and input voltage variations. This converter is widely used due to being simple 

and inexpensive. The adjustable resistor could be implemented by any device, 

beginning with tiny MOSFETs for a few microwatts and finishing with industrial, 

tens of kilowatt, rheostats. The main disadvantage of the converter is its inefficiency 

for large input to output voltage differences. To illustrate the disadvantage, let's feed 

the converter with a voltage of 100 V, and maintain an output voltage of 10 V across a 

load of 10 Ω. Output power is equal to (V2
outRL) = 10 W, to maintain output voltage at 

the level of 10 V, we need to adjust the rheostat Radj to 90 Ω. Rheostat dissipated 

power is equal to (V2
RadjRadj) = 90 W. A simple efficiency calculation gives 

Pout/(Pout+PRadj) = 10%. Only 10% efficiency! This is an extremely inefficient 

converter, not only the efficiency is low, but since the rheostat dissipates 9 times the 

amount of the energy consumed by the load, the issue of the rheostat’s heat 

dissipation could be a problem.  

As illustrated by the example, the converter is inefficient for large voltage 

differences, but for small voltage equalizations, this type of converter can be very 

useful and achieve high efficiency, inversely proportional to the difference between 

the input and desired output voltage. This type of converter is commercially available 

under the name LDO, or Low Drop Out regulator, and manufactured by many 

companies like "National Semiconductors" and "Linear Technology". Being a simple 

and rapidly adjustable regulator, the LDO is frequently used in multi-stage conversion 

systems, as the final tuning stage, which is responsible for fine tuning the coarse 

adjustments of the previous stages, or as the “first to respond” stage for extremely fast 

load changes, like in modern CPU power supplies. 

DC

Radj IL

RLV
in

Vout

 

Fig. 1.1: Linear regulator. 
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1.4 SWITCH MODE POWER SUPPLY 

Linear regulators, although simple and inexpensive, can’t fulfill the requirements 

demanded by a modern power supply. The alternative is a switch mode power supply. 

Switch mode power supplies are based on a different concept of switch utilization. 

Instead of operating the switch in its linear region and gradually changing the 

resistance of the switch (linear regulators), the switch is operated in two modes only, 

first totally open (disconnected), and second totally closed (connected). While totally 

open, a practical switch can block the voltage it is rated for, with minimal parasitic 

current, and while totally closed, the switch can carry a current through it with 

minimum voltage drop across it. These minimum current and minimum voltage drop 

characteristics allow switch mode power supplies to approach efficiencies of 90% and 

above.  

To illustrate the concept of switching circuit, let’s examine the scheme presented in 

 Fig. 1.2a, called a “DC Chopper”. Assuming an ideal switch, S, the output voltage is 

equal to the input voltage while the switch is closed, and equal to zero while the 

switch is open. Periodic opening and closing of the switch results in a pulse train ( Fig. 

1.2b). The average or DC value of the presented waveform is equal to: 

  
DT

0
inDVdtinV

t

0
(t)dtov

T

1
avgV             (1.1) 

where D = ton / TS, ton is the time the switch is on and TS is the switching period. It is 

obvious from Eq. 1.1 that the average output voltage is proportional to the ON time of 

the switch relative to the whole switching period. The control of output voltage is thus 

very simple, the duty cycle D should be changed according to the required output-

input voltage ratio. The control method described here is very popular in switch mode 

power supply systems, and called PWM, Pulse Width Modulation. It is useful to 

classify switched mode power supplies into several classes, which represent  

        

Fig. 1.2: (a) DC Chopper; (b) Output voltage waveform, and it's average. 



                                

Chapter 1   5

 

the operation and nature of control of the converter. The first classification was 

mentioned in Section 1.1 and reflects the nature of electrical energy supplied to and 

produced by the converter: 

1) DC-DC converters 

2) DC-AC converters or inverters 

3) AC-DC converters or rectifiers 

4) AC-AC converters or cyclo-converters 

The second classification describes the input output voltage ratio: 

1) Step-up or Boost converters 

2) Step-down or Buck converters 

3) Step-up/down – Buck-Boost converters 

The third classification describes the major control concept for the converter: 

1) PWM – Pulse Width Modulation converters 

2) PFM – Pulse Frequency Modulation or Borderline controlled converters 

3) Quasi-Resonant converters 

4) Resonant Converters 

The fourth classification divides the converter according to the form of inductor 

current: 

1) CCM - Continuous conduction mode 

2) DCM - Discontinuous conduction mode 

The fifth classification divides the converters into two groups according to the 

control circuitry employed: 

1) Analog controlled converter 

2) Digitally controlled converter 

The sixth classification reflects the control type applied: 

1) Voltage mode control 

2) Current mode control 

There are many less common classifications like ACM – Average Current Mode 

and PCM – Peak Current Mode control methods. 

There are common specifications for switch mode power supplies, which carry 

essential information about the converter for the user, and a description tool for the 

manufacturer: 

Current rating of the converter 
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Input voltage range and type (AC or DC) 

Galvanic isolation between the input and output of the converter 

Output voltage ripple 

Efficiency 

Protection and type if it exists (over-voltage, over-current, short-circuit, inrush-

current) 

EMI – Electromagnetic interference 

Temperature range 

Certification, like PFC – Power Factor Correction, ISO standards etc. 

 

 

1.5 BOOST TOPOLOGY 

One of the basic converters is the "BOOST" converter ( Fig. 1.3a). During the on 

time of the switch, diode D is reversely connected to the output voltage and it is shut 

off creating the circuit presented in  Fig. 1.3b. During this time interval, the source 

transfers energy to the inductor L, while the capacitor Co maintains the output voltage. 

As soon as the switch is shut off, inductor current continues to flow through the diode 

D, and energy is transferred to the load and output capacitor. Diode conduction 

enforced by the inductor current creates the circuit presented in  Fig. 1.3c. 

L D

Co LR
oV

SVin

L D

Co LR
oVS

Vin

L

Co LR
oV

Vin

(a)

(b)

(c)

D

S

IL

IL

  

Fig. 1.3: (a) Boost Converter; (b) Switch on time interval; (c) Switch off time interval. 
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It can be easily seen that there is continuous current consumption from the source by 

the converter, in both phases of operation, during the switch on time interval ( Fig. 

1.3b) and during the switch off time interval ( Fig. 1.3c). This property of the 

converter is very useful in applications like Power Factor Correction that demand 

smooth current changes, and prohibit pulsed current consumption like pure rectifying 

circuits. 

Assuming that a converter operates in steady state, CCM, the output voltage is 

constant and loss-less circuit components are used. Denoting the switching period as 

TS, switch on time as ton and Duty Cycle as D = ton/TS ( Fig. 1.4), we begin the 

derivation of voltage transfer function from the time interval with a closed switch 

( Fig. 1.3b). Voltage current relation on the inductor is given by: 

in
L V

dt

di
L                (1.2) 

since the rate of current change is constant, and time interval is equal to DTS, we can 

rewrite it as: 

L

DTV
i Sin
L(on)                (1.3) 

The same is correct for the open switch time interval ( Fig. 1.3c), with the difference 

that the voltage applied to the inductor is Vin-Vo, and the time interval is toff  = TS - ton 

or (1 - D)TS. So the change in the current is: 

L

D)T-)(1V-(V
i Soin
L(off)              (1.4) 

  

Fig. 1.4: Boost converter waveforms: (a) Inductor voltage; (b) Inductor current. 
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Under steady state conditions, the net current change of the inductor is equal to 

zero:  

ΔiL(on) + ΔiL(off) = 0             (1.5) 

substituting Eq. 1.3 and Eq. 1.4 into Eq. 1.5 and solving for Vo we obtain the voltage 

transfer function of the Boost converter for CCM operation mode: 

D-1

V
V in

o                (1.6) 

For real devices, the output capacitor can't be infinite, so output voltage ripple will 

appear. Peak to peak output voltage ripple can be calculated from the charge 

transferred to the load. Since the net change in charge on the capacitor in steady state 

is zero, the same charge is supplied to the capacitor during the off period of the 

switch. So we can write: 

s
L

o
o DT

R

V
ΔVCΔQ 








              (1.7) 

 

Rearranging for output voltage ripple normalized to the output voltage we obtain: 

CR

DT

V

ΔV

L

s

o

o                (1.8) 

 

 

1.6 ACTIVE POWER FACTOR CORRECTION 

Recent advances in communication and computing technologies have resulted in a 

rapid growth in the number of devices which have final target voltage types and 

magnitudes different from those supplied by the grid. During the first period, simple 

rectifiers with capacitive output filters were adopted as cheap AC-DC converters, 

while the voltage ratio was tuned by the transformer at the input. Over the years, the 

ongoing awareness of the world community of environmental pollution, and the desire 

to produce and consume "greener" energy, has lead to rectifiers with capacitive filters 

being recognized as ineffective and even wasteful solutions. Consuming high peak 

currents at the peak of the sinusoidal voltage waveform ( Fig. 1.5a), rectifiers with 

capacitive output filter converters produce many high harmonics ( Fig. 1.5b), which 

distort the grid voltage waveform and result in losses on the lines and at generating 

facilities. The losses result from the fact that only the fundamental harmonic of the 
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grid contributes to the real power while the power of the rest of the components is 

equal to zero, as described in Eq. 1.9.  

)3ω1   (ω0 t)dt3sin(ω3It)1sin(ω1VP               (1.9) 

where P is the real power, V1 is the fundamental voltage harmonic, ω1 is the 

fundamental angular frequency, I3 is the third current harmonic and ω3 is the 

frequency of the third harmonic. It should be noted that multiplication of equal 

harmonics will also produce real power, but since we are talking about the grid, there 

is only one voltage harmonic and it is the fundamental or first harmonic, though all 

the products except the first contribute zero real power, while the momentary power 

developed in transmission lines and generating facilities causes energy loss and 

sometimes can be dangerous and lead to undesirable incidents like extreme grid over-

voltage or under-voltage conditions or even "Blackout". It is obvious that the 

optimum and most efficient power consumption will occur while the current drawn 

from the grid is in phase and at the same frequency as the grid voltage, as described in 

 Fig. 1.5c. It can be seen from  Fig. 1.5d, that all the power is concentrated in the first 

harmonic while there are no losses due to higher harmonics. 

    

(a)      (b) 

     

(c)      (d) 

Fig. 1.5: (a) Rectifier - inefficient power consumption; (b) Rectifier – spectrum; 

(c) Efficient power consumption; (d) And it's spectrum. 

Red curve: consumed current; Blue curve: grid voltage. 
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In order to minimize economic losses, electricity manufacturers all over the world 

enforce standards for electricity consumption. The first and most popular parameter is 

"cos(φ)", which limits the phase between the grid voltage and consumed current, 

assuming that the shape of the current is sinusoidal. But as was discussed earlier, with 

the spreading of electronic systems which distort the shape of the current, this simple 

phase limit became insufficient. Instead a list of rules was adopted by most modern 

countries like Japan, the European Union and the United States, which describe in 

detail the current shape allowed to be drawn by appliances. One of these lists is the 

"European standard – Limits for harmonic current emission – 61000-3-2:2005"  [6], 

this list classifies the equipment into 4 classes according to purpose and sets allowable 

harmonic emission limits. The division into classes is summarized in Table 1.1, and 

the harmonic emission limits are summarized in Table 1.2. 

In order to comply with the standards, an intermediate converter stage is required, 

which on the one hand has to be capable of drawing sinusoidal current from the grid, 

and on the other hand can handle the requirements of the appliance. This intermediate 

 

TABLE I.I 

SUMMARY OF APPLIANCES CLASSIFICATION 

Class Referred appliances 

Class A 

Balanced three-phase equipment 

Household appliances, excluding equipment identified by Class D 

Tools excluding portable tools 

Dimmers for incandescent lamps 

Audio equipment 

Everything else that is not classified as B, C or D 

Class B 
Portable tools 

Arc welding equipment which is not professional equipment 

Class C Lighting equipment 

Class D 

Personal computers and personal computer monitors 

Television receivers 

Note: Equipment must have power level 75W up to and not exceeding 

600W 
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TABLE I.II 

SUMMARY OF HARMONIC LIMITS 

Harmonics 
[n] 

Class A 
[A] 

Class B 
[A] 

Class C [% of 
fundamental] 

Class D 
[mA/W] 

Odd harmonics 

3 2.30 3.45 30 x λ 3.4 

5 1.14 1.71 10 1.9 

7 0.77 1.155 7 1.0 

9 0.40 0.60 5 0.5 

11 0.33 0.495 3 0.35 

13 0.21 0.315 3 3.85/13 

15 ≤n ≤39 0.15 x 15/n 0.225 X 15/n 3 3.85/n 

Even harmonics 

2 1.08 1.62 2 - 

4 0.43 0.645 - - 

6 0.30 0.45 - - 

8 ≤n ≤40 0.23 x 8/n 0.345 x 8/n - - 

 

converter stage is called the PFC or Power Factor Corrector. The simplest PFC is an 

inductor or inductive filter connected before the appliance ( Fig. 1.6a), which 

attenuates the higher order current harmonics and passes the fundamental harmonic of 

the grid. While an inductive filter is a simple solution, generally inductor dimensions 

limit its usage to applications below 200 W.  

Another PFC option is an electronic system that shapes the current according to the 

required waveform ( Fig. 1.6b). Switch mode power converters are perfectly suited to 

this task, and since the PFC system is no longer passive like in the previous case, but 

implemented using active switches, this type of PFC is called APFC, or Active Power 

Factor Correction system. There are many types of APFC systems, based on different 

converter topologies, and controlled by a variety of algorithms. As was discussed 

earlier, many systems require the voltage supplied by the grid to be converted, which 

is carried out by a switch mode power supply, and if it is already included in the 

system, it can be pretty simple and not too expensive to widen its functions, and 

include an APFC capability.  
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(a) 

 
(b) 

Fig. 1.6: (a) Inductive filter based PFC; (b) Electronic PFC - APFC. 

 

The traditional approach of Active Power Factor Correction (APFC) is based on 

sensing both input voltage and input current waveforms in order to achieve a close to 

unity power factor. The sensed signals are processed by an analog multiplier and 

divider to implement the programming law  [12]– [14], [36]– [38].  

An alternative strategy is borderline control  [39],  [40], which can be implemented 

without a multiplier. This control method leads to variable frequency operation in 

order to properly shape the current drawn from the grid. However, due to the 

relatively high RMS value of the borderline current waveform, this approach is 

limited to relatively low power levels.   

More advanced APFC systems, that do not require voltage sensing and analog 

multiplier-divider blocks were introduced in  [1],  [19],  [41],  [42]. These systems 

exploit the relationship between the voltage applied to an inductor and the current 

developed through it, in order to follow the grid waveform.  

The APFC examined in Chapter 2 of this work belongs to the family of APFC with 

no input voltage sensing and with no analog multiplier divider blocks. The APFC is 

controlled in the average current mode, and operated in CCM. Since previous systems 

of the same kind suffered from several problems, especially bad performance at lower 



                                

Chapter 1   13

power level, an effort was done to improve it using a new idea of control 

implementation. The results are presented in Chapter 2 of this work, and an 

improvement was achieved for light loads for the proposed control strategy. 

To further improve previous systems, an innovative control strategy based on DSP 

combined with a distinct Gyrator-behaved topology was investigated. The novel 

APFC approach proposed in Chapter 3 of this work does not require the sensing of 

either input voltage or input current, except for the grid synchronization signal. 

Hence, the proposed APFC does not require the circuitry associated with current and 

voltage sensors. Furthermore, since the input voltage does not serve as a reference to 

the generated input current, input voltage distortion will not affect the shape of the 

input current. More rigorous discussion of these systems is given in Chapters 2 and 3 

of this work. 

 

 

 

1.7 DOUBLE BRIDGE TOPOLOGY (HIGH POWER CONVERTERS) 

Since the appearance of the first DC choppers, many switch mode converter 

topologies have been proposed. The fundamental and the simplest are Buck, Boost 

and Buck-Boost topologies, which became a common name for converter capabilities 

regarding input output voltage transfer ratio. After these, in an attempt to achieve 

better performance of power supplies, there appeared converters like the flyback, 

chuck, forward, push-pull, half and full bridge, etc.  

One of the limiting factors of SMPSs or switch mode power supplies is the switch. 

Even modern switches like power MOSFETs have their limits in terms of resistance 

in the "on" mode and surge voltage while in the "off" mode. These limits impose a 

limit on the maximum power that each switch can handle. The solution is to reduce 

the strain on the active components. A lot of research is targeted at developing 

snubbers and clamps, which take the stress off the switches.  

Another solution is to add more switches, which share the effort of power transfer. 

This approach implies that for each power range, a different topology should be used, 

with the number of switches as one of the important parameters. Table 1.3 roughly 

summarizes the appropriate power range for the most common SMPS topologies  [7].  
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The idea of paralleling several converters to share the load is another solution that 

comes to solve the problem of high stresses on components.  

 

TABLE I.III 

SUMMARY OF POWER LEVELS FOR DIFFERENT SMPS TOPLOGIES 

Converter Schematics Maximum power 

Buck 

 

100W – 150W 

Boost 
 

100W – 150W 

Buck-Boost 
 

100W – 150W 

Flyback 

 

100W – 150W 

Forward 

 

100W – 400W 

Push-Pull 

 

300W – 500W 

Half Bridge 

 

500W – 750W 

Full Bridge 

 

1kW – 1.5kW 
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This idea has several advantages. One of them is the option of shutting down some 

of the paralleled converters under light loads. It can drastically improve the efficiency 

of the whole system, since SMPS converters generally operate with lower efficiency 

under the very light loads compared to the designed nominal.  

There are many examples of successful implementation of proposed solutions yet a 

lot of research is carried out in an effort to develop very high power converters, which 

in the terms of switched mode power supply reside in the range of 10 kW and above. 

Each of these converters demands special development and the most recent 

components.  

One of the topologies considered for very high power levels is the Double Active 

Bridge ( Fig. 1.7). It is suited for processing tens of kilowatts, and some researchers 

have reported a power level of 50 kW  [8]. In order to reach such a high power level, a 

thorough loss analysis has to be carried out, to determine the characteristics of the 

topology, and possible loss reduction either by component or control strategy 

selection. A soft switching technique has to be implemented to allow modern 

components to cope with the huge amount of power transferred. As a possible 

application, an APFC system based on the double bridge was examined, and 

employing the research data mined, a novel control strategy was developed, that 

needed no input current or input voltage sensors and the circuitry involved with those 

sensors, except for a grid synchronization signal. This topology is discussed in details 

in Chapter 3 of this work.  

 

 

 

1.8 SOFT AND HARD SWITCHING OPERATION MODES 

The power levels presented in Table 1.3 are relevant for converters operating in the 

"Hard Switching" mode. This mode of operation is characterized by "Hard" turn on or 

turn off of the active components or switches. Since all practical components have 

parasitic elements like capacitances and inductances, it is impossible to 
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Fig. 1.7: Double Active Bridge topology. 

 

instantaneously turn off or on any practical device. Under steady state conditions, 

either the voltage across the device or the current through it is equal to zero 

(neglecting parasitic effects), although power dissipation in the device is equal to 

zero, since one of the multiplicands is zero {P(t) = I(t)·V(t)}. As soon as the device 

begins to turn on, for example, on the one hand the voltage that it has blocked is 

decreasing in a given period, since there is a parasitic capacitance that has to be 

discharged, and on the other hand the current through it is increasing during another 

or equal time period, since there is a parasitic inductance. As it can be seen from  Fig. 

1.8, there is an overlapping period during which both the voltage and the current are 

non zero and power is dissipated in the device during these transition periods. This 

power dissipation turns into heat, which not only reduces the efficiency of the 

converter, but also arrangements have to be taken to carry this heat away from the 

component. To arrange appropriate heat dissipation, space and additional energy are 

required, failing to carry away the heat, may result in component burn out or failure. 

This problem, along with the quality of the components available, are some of the 

issues imposing a maximum power level for switched mode converters. There are 

some more issues like voltage "spikes" and "ringing" which add to component strain.  

These problems are addressed by "Snubber" circuits and are not discussed in this 

work. To solve the problem and raise the power capability, soft switching mode 

converters are proposed  [34], [46]. The principle of operation is based on an effort to 

reduce the voltage across the switch prior to the current flow during the turn on 

transition, and similarly to reduce the current flow through the switch prior to the 

voltage rise during the turn off transition. In this manner there is no overlapping 
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t

t

switch

switch

Switching
Transitions

switch

on off  
Fig. 1.8: Hard switching typical turn-on and turn-off switch characteristics. 

Upper Red line – Voltage across the switch; Upper Blue line – Current through the switch; 

Lower Black line – power dissipation in the switch. 

 

period of voltage with current and there is no unnecessary power dissipation during 

the transition periods.  

Both hard and soft switching operation modes have their advantages and 

disadvantages. Hard switching converters, for example, require fewer components and 

are generally simpler to control, by contrast converters operated in a soft switching 

mode are generally more complicated in terms of control strategies and component 

count. The obvious advantage of the soft switching mode is the option to push further 

the upper power limit of any given converter and multiply the power transferability 

compared to their hard switched counterparts. 

 

 

1.9 SWITCHED CAPACITOR CONVERTERS 

Every modern switch mode power supply includes an energy storage element, 

which is employed to transfer the energy from the source to the load. Converters 

discussed up until now employ an inductor as a storage element, but there is an 

additional element available, the capacitor.  
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Inductors due to their construction are capable of carrying larger currents, and 

though on the one hand this is an advantage in higher power converters, on the other 

hand in smaller converters big and heavy inductors appear to be a problem. This is 

one of the niches for the SCC or Switched Capacitor Converters. SCC converters 

employ a capacitor as an energy storage element and enjoy several advantages such as 

lower overall weight of the system and very low EMI radiation from the converters. 

These advantages make SCCs very attractive in aerospace applications and thanks to 

the wide spreading of on-the-chip miniaturization technology, many converters are 

successfully embedded into stand-alone single chips, or as a power supply to an 

application-specific chip. Such miniaturization is possible due to the simple 

construction of capacitors, two plane conductors with a dielectric material in between, 

which allows capacitors to be created on the silicon substrate, while inductors have to 

be attached to the chip externally.  

Another important aspect of every power supply system is the efficiency i.e. the 

losses. Switched capacitor converters exhibit inherent losses stemming from the 

capacitor charge/discharge process from the voltage source. As is known, only half of 

the energy supplied to the capacitor by the voltage source is actually stored by the 

capacitor: EC = C·ΔV2/2, where EC is the energy stored by the capacitor, C is the 

capacitance and ΔV is the voltage applied by the voltage source. Theoretically, 

switched capacitor converters would seem to be extremely inefficient, and seemingly 

useless in the power processing field, but this is not the case in practice.  

It is a common belief that a soft switching operation mode is always more efficient 

than a hard switched mode. As applied to switched inductor converters, the same 

parallel is frequently passed to switched capacitor converters. Is this parallel correct? 

Comprehensive research was carried out to find out the correct answers to these 

questions, the results are presented in Chapter 4 of this work.  

 Fig. 1.9 presents a simple 1:1 switched capacitor converter. SCC converters are 

generally used in lower power applications, up to 20 W, due to several reasons, but 

recent technological advances in capacitor manufacturing are pushing the limits 

higher and higher, approaching power levels that hitherto were the exclusive preserve 

of switched inductor based converters. 
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Fig. 1.9: Simple 1:1 switched capacitor converter. 

 

 

1.10 RESEARCH OBJECTIVES 

 

System efficiency plays one of the most significant roles in the power supply 

industry. This work concentrates on switch mode power supply systems, trying to 

push them one step further to comply with modern requirements.  

The objective of this work is to examine advanced power supply systems and 

develop better control strategies for power processing tasks. We will cover switched 

inductor and switched capacitor systems, also including selected converters spanning 

a wide range of power levels from the low to the very high, while emphasizing the 

experimental verification of each proposed idea for a converter relevant to a power 

level and the developed control strategy.  

The research begins with the task of improving the existing control strategy for 

medium power level Boost APFC system. Employing a new control idea, an effort is 

made to overcome the deficiencies of previous control methods (Chapter 2).  

The next step is to analyze the double bridge Gyrator-behaved topology and to 

derive a generic model for this topology, so as to develop a control strategy for an 

APFC implementation based on the double bridge topology. This converter belongs to 

high to very high power levels (Chapter 3). 

The last research step is to examine the low power converters. The converter family 

under test is the SCC.  The aim of the research is to thoroughly analyze the losses 

attributed to each SCC type and find the answer to the question of which 

implementation of switched capacitor converters is better in terms of efficiency, soft 

switched (resonant) or hard switched (Chapter 4). 
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Chapter 2 – Investigation of an alternative APFC control 

strategy with no sensing of line voltage based on a triangular 

modulation carrier 

 

2.1 INTRODUCTION 

Over the past few years, a variety of input current shaping methodologies have been 

developed for single phase APFCs to meet line harmonics standards  [6], [9]– [14]. In 

particular, an APFC without line voltage sensing,  [15]– [20], stands out as a robust, 

technologically simple and cost-effective solution. A simple and clear physical insight 

into the principle of operation of the current loop of this class of APFC was suggested 

in  [21].  

The purpose of this work is to present an alternative approach for the 

implementation of the APFC of this control class. The idea presented here describes 

an average current mode APFC regulated by an Amplitude Modulated Triangular 

Carrier which leads to a different controller implementation. The improved APFC 

potentially overcomes some of the deficiencies of previously reported systems based 

on a saw-tooth ramp carrier counterpart. This work includes theoretical concepts, 

simulation and experimental results. 

 

 

2.2 REVIEW OF THE BOOST APFC PROGRAMMING LAW 

The proposed APFC block diagram is shown in  Fig. 2.1. The goal of APFC systems 

is to shape the averaged input current, <iin(t)>, so that it is proportional to the line 

voltage, vin(t) , while maintaining a constant output voltage, VO, for a DC load . The 

first goal can be met by making the input of the APFC stage resistive: 

 
 
  oP

2
rmsV

tini

tinv
eR               (2.1) 

where Vrms is the line RMS voltage, Re is the emulated resistance seen into the APFC 

line terminals and Po is the average power drawn from the AC line. Applying the 

above definitions yields the Off-Duty Cycle (D') Programming Law for the Boost  
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Fig. 2.1: Single phase Boost based APFC with no sensing of input voltage. 

-based APFC operated in CCM as: 
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This formulation is similar to that reported in  [17]– [21].  

 
 

2.3 IMPLEMENTATION OF THE PWM MODULATOR 

The APFC system of  Fig. 2.1 senses the Boost inductor current, iL, with a current 

sensing network with RS as the low frequency gain, including both the sense resistor 

and current amplifier, if used. Thus, the low frequency average component, <vs>, at 

the output of the current sensing network, is proportional to the average input current 

iL:  

 LisRsv               (2.3) 

The Off-Duty cycle signal can be generated by comparing the <vs> signal to a 

triangular modulating wave as shown in  Fig. 2.2: 

 
pkV
sv

D'


              (2.4) 

By comparing Eq. 2.4 with Eq. 2.2, the required peak voltage, Vpk, for emulating a 

resistive input is thus: 

                                          oI
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             (2.5) 
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Fig. 2.2: Proposed OFF-Duty cycle signal generation technique, for single phase Boost-based 

APFC with no sensing of input voltage. 

 

The peak voltage, Vpk, can be automatically adjusted in closed loop by making it to 

follow the voltage error amplifier voltage, Vea ( Fig. 2.2), that is:  

 eaVpkV               (2.6) 

As a result, the controller adjusts the Vpk value such that the output voltage is 

maintained at the desired level for any given power level.  

The proposed idea of the APFC with an Amplitude Modulated Triangular Carrier is 

well suited for simple implementation with existing off-the-shelf ICs which permits 

both the regulation of the triangular carrier signal amplitude and manipulation of the 

PWM comparator inputs into the complementary form required to generate the Off-

Duty Cycle D'. 

 

 

2.4 IMPLEMENTATION OF THE TRIANGULAR CARRIER GENERATOR 

The proposed Amplitude Modulated Triangular Carrier Generator shown in  Fig. 2.3 

is a modification of a well known classical PWM modulator used in DC-AC inverters. 

Operation of this circuit is based on the principle of charging and discharging a 

capacitor by a positive current source and a negative current sink respectively. The 
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Fig. 2.3: Schematics of the proposed Triangular Carrier Generator, 

For single phase Boost-based APFC with no sensing of input voltage. 

Current mirror currents IH and IL, are scaled by RT. 

 

programmable current source and sink are implemented by current mirrors. The 

current magnitude is set by the error amplifier voltage, Vea, and the scaling resistor, 

RT, as follows: 

 
TR
eaV

LIHI               (2.7) 

When the SH switch is ON and SL is OFF, the timing capacitor CT charges at a rate 

set up by the IH current source. Once the capacitor voltage reaches the upper 

threshold, set by the error amplifier voltage, Vea, the output of the CS comparator 

changes state and sets the S-R flip-flop (SRFF)  thereby flipping SH to OFF and SL to 

ON. This initiates the discharging of the timing capacitor, CT, at a rate set by the 

current sink, IL. Once the capacitor voltage reaches the lower threshold, which is zero, 

the CR comparator resets the SRFF and the cycle is repeated. Since the charging and 

discharging currents are of equal magnitude, the capacitor voltage is a symmetrical 

trianglular waveform with peak amplitude of Vea. The difference between the 

proposed operation of the circuit and the way that it is normally used in a triangular 

PWM modulator, is in the peak value of Vea. In the classical circuit, this value is kept 

constant while in the proposed circuit implementation it is variable – as a function of 

the outer loop error signal. It should be noted however, that even though Vea is not 

constant, the carrier period, given by: 
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                         (2.8) 

Ts is independent of the peak voltage, Vea, whereas in the classical circuit 

implementation the frequency and the peak value of Vea are correlated. Eq. 2.8 shows 

that for a slowly varying modulating signal, Vea, (relative to the carrier frequency) the 

proposed circuit ( Fig. 2.3) will produce an Amplitude Modulated Triangular 

waveform of constant frequency. 

Off-the-shelf PWM modulator ICs are well suited for the implementation of the 

proposed idea of the APFC with Amplitude Modulated Triangular Carrier ( Fig. 2.4). 

As shown below, a commercial IC (UC3637, TI) includes all the required circuitry to 

implement the proposed APFC control, such as control of the amplitude of the 

triangular carrier signal and conversion of the PWM comparator output into the 
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Fig. 2.4: Schematic of the proposed APFC. 
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complimentary form (required to generate the Off-Duty Cycle - D'). The simplicity of 

the suggested APFC is evident. 

 

 

2.5 COMPARISON OF APFC PERFORMANCE WITH SAW-TOOTH AND TRIANGULAR 
CARRIERS 

The major difference between the modulation method proposed here and the one 

described in earlier studies is the shape of the modulation carrier. In previous studies 

 [17]– [21] a ramp type carrier was used whereas this study proposes the application of 

a triangular carrier. In the ideal case, the two methods should function identically as 

far as the implementation of Eq. 2.2 is concerned. A closer examination reveals, 

however, that the saw-tooth ramp type carrier is prone to at least two errors. One is 

caused by the residual ripple of the inductor current and the other comes from the 

finite time it takes the saw-tooth ramp carrier to reset. As discussed below, the 

triangular carrier is superior to the saw-tooth ramp in both respects. 

As illustrated in  Fig. 2.5a, for the ramp carrier case, current ripple causes the Off-

Duty cycle - D', to deviate by some increment δ, from the required value. For this 

reason, PWM with a saw-tooth carrier generates a distorted line current. The greater 

the ripple, the greater the distortion. PWM comparator signals with a triangular carrier 

having a leading slope, (m), and a trailing slope, (-m), are shown at Fig. 2.5b. Due to 

the symmetry of the carrier waveform, both the leading and the trailing edges make up 

an angle, α, relative to the vertical axis, and an angle, β, relative to the horizontal axis 

as illustrated at Fig. 2.5c. The marked triangles are of equal height, ∆/2, all of their 

angles are equal and therefore the triangles are congruent. Accordingly, the horizontal 

sides are of equal length δ. For this reason, the ripple, ∆, superimposed on the average 

current sense signal, <vs>, advances the comparator decision point on both the leading 

and the trailing edges by the same instance δ, so that an error on the leading edge is 

precisely compensated for by the same error on the trailing edge. As a result, even in 

the presence of a relatively large ripple, a PWM comparator with a triangular carrier 

introduces some phase lead but otherwise generates the correct Off-Duty cycle equal 

to the ideal ripple free case. 
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(a)      (b)     (c) 

Fig. 2.5: Comparison of PWM waveforms: (a) Saw-tooth carrier, (b) Triangular carrier, 

(c) Error compensation mechanism of triangular carrier. 

Aside from the ability to better cope with the residual ripple, the triangular shaped 

carrier improves the accuracy of the generated off duty cycle as compared to the saw-

tooth ramp shaped carrier in yet another way. The saw-tooth ramp fall-time is finite 

and wastes a fraction of the switching cycle. Consequently, the generated Don, and 

hence the complementary, Doff, deviate from the ideal ratio of (4). This type of error 

does not occur in the case of modulation based on the triangular shaped carrier since 

no reset time is required. 

When designing the current sensing network, RS, the following issues should be 

considered.  

First, employing a low-pass type current sensing network, categorizes the system as 

an Average Current Mode (ACM) type of control  [22]. Operation in ACM is 

advantageous to avoid sub-harmonic oscillation problems and to better cope with 

DCM operation at low power levels.  

Second, the current sensing network should have sufficient low-frequency gain to 

allow the APFC to supply the full rated power, POmax, at low line condition, Vrms_min. 

Therefore, RS should be selected according to Eq. 2.5 and Eq. 2.6 as: 

                               
omaxAP

eamaxV

2
rms_minV

oV
senseARsR
















                                 (2.9) 

Here, Rsense is the current sensing resistor, A is the current sense amplifier gain, if 

used, and Veamax, is the saturation limit of the voltage error amplifier. 

Third, the current sensing network should provide sufficient current loop bandwidth. 

Inadequate current loop bandwidth creates distortion in the line current due to 
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tracking problems. Placing the pole of the current sensing network transfer function at 

about 1.5 – 2 kHz is satisfactory to ensure a negligible level of distortion while 

dealing with 50 – 60 Hz utility grid  [22].  

Lastly, one should bear in mind that the low-pass current sensing network also 

introduces a 900 phase lag at the switching frequency. Phase shifted ripple causes Doff 

errors to appear as shown in  Fig. 2.6. In order to take full advantage of the triangular 

carrier’s ability to improve the tracking performance of the current loop, it is 

important to restore the phase of the current ripple. This can be achieved by  

introducing a high frequency zero to the current sensing network trans-impedance 

function to obtain a near zero phase-shift at the switching frequency  [23]. To get the 

full effect, the zero should be placed about a decade lower than the switching 

frequency. The suggested frequency response of the trans-impedance function of the 

current sensing network is shown in  Fig. 2.7.  

 

 

2.6 SIMULATION RESULTS 

To simulate the exact response of the proposed APFC, a PSIM simulation of the 

APFC with a closed current loop was run cycle by cycle at the switching frequency. 

APFC design specs for the simulation were: output voltage, VO = 190 VDC; max 

output power, PO = 500 W; line voltage 110 Vrms / 60 Hz. Boost inductor was chosen 

as: 
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Fig. 2.6: Off-Duty Cycle with Phase Lagging ripple. 
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Fig. 2.7: Suggested transfer function of the current sensing network. 

 

L = 1 mHy. The switching frequency was set to fS = 20 kHz. Current sensing 

constant: RS = 1 Ω. Ramp and control voltages at full power were: Vpkmax = Veamax = 7 

V. In this simulation, the inductor current was applied as-is to the PWM comparator, 

without filtering (peak-current mode). 

The simulated waveforms of the normalized line voltage and current are shown in 

 Fig. 2.8 and are in good agreement with theoretical expectations. The simulated APFC 

operated in CCM throughout the line half-cycle. The input current of the APFC with 

saw-tooth ramp, shown in Fig. 2.8a, is distorted due to the Off-Duty Cycle error 

induced by the current ripple, whereas the current of the APFC with triangular carrier 

closely follows the line voltage as shown in Fig. 2.8b. 

 

 

2.7 EXPERIMENTAL RESULTS ON A 300 W PROTOTYPE 

The two modulation methods, with a saw-tooth ramp and triangular shaped carriers 

were tested experimentally using the same Boost power stage. The power stage was 

based on an evaluation board  [24] designed to achieve: 380 VDC / 300 W at 220 Vrms 

line. The Boost stage was operated at a switching frequency of fs = 100 kHz, inductor 

and capacitor used were L = 1 mHy and C = 330 μF. The saw-tooth ramp type control 

was implemented with an ASIC controller  [25], while the triangular carrier modulator 

was built around an off the shelf IC UC3637 (TI), as shown in  Fig. 2.4.  

Measured waveforms are shown in  Fig. 2.9,  Fig. 2.10 and  Fig. 2.11. Performance 

indexes are summarized in Table 2.1. In all the cases, the control performed as 

predicted, especially at the nominal power level,  Fig. 2.11. The relatively higher 

distortion at low power level is due to the DCM nature of the inductor current. It 
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should be recalled that the control law Eq. 2.2 is theoretically correct only for the 

CCM case.  
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(b) 

Fig. 2.8: Comparison of APFC tracking performance. Simulated waveforms of the 

Normalized Line voltage, Vinnorm(t), the Normalized instantaneous Line current, iinnorm(t), and 

the Normalized filtered/averaged Line current, iinAVnorm(t). 

(a) APFC with saw-tooth ramp, (b) APFC with triangular carrier. 
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(a) 

 

 (b) 

 

(c) 

Fig. 2.9: Comparison of Experimental APFC waveforms at power level of 36 Watts: 

(a) Saw-tooth - ramp. Vertical scales: 100 V/Div; 0.74 Amp/Div 

(b) Triangular carrier with current compensator that includes NO zero. Vertical scales: 100 

V/Div; 0.2 Amp/Div 

(c) Triangular carrier with current compensator that includes a ZERO. Vertical scales: 100 

V/Div; 0.275 Amp/Div 

Blue – Input Voltage; Green – Unfiltered input current; Violet – average input current.  
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(a) 

 

(b) 

 

 (c) 

Fig. 2.10: Experimental APFC results 

Harmonic Standard Compliance at power level of 36 Watts: 

(a) Saw-tooth ramp 

(b) Triangular carrier with current compensator that includes NO zero 

(c) Triangular carrier with current compensator that includes a ZERO 

Grey – Class-C standard limit; Green – Measured input current amplitude. 
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TABLE II.I 

SUMMARY OF MEASURED PF AND CLASS-C STANDARD COMPLIANCE 

 

                           POWER LEVEL  

 

  APFC TYPE 

12.5 W 36 W 160 W 294 W 

Triangle Carrier (No-Zero) 0.632 Pass 0.822 Fail 0.8969 Pass 0.9649 Pass 

Triangle Carrier (Added Zero) 0.6688 Pass 0.7537 Pass 0.9183 Pass 0.9718 Pass 

Ramp 0.2747 Fail 0.7466 Pass 0.982  Pass 0.9931 Pass 

 

 

 

(a) 

 

(b) 

Fig. 2.11: Experimental APFC results for triangular carrier with current compensator that 

includes a ZERO at power level of 294 W: 

Unfiltered input current and voltage waveforms. Vertical scales: 100 V/Div; 0.61 Amp/Div. 

Blue – Input Voltage; Green – Unfiltered input current. 

Harmonic Standard Compliance. Grey – Class-C standard limit; Green – Measured input 

current amplitude (Harmonics: 2, 3, 5, 7…). 
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2.8 CONCLUSIONS 

This work presented an alternative Active Power Factor Correction control scheme 

without line voltage sensing based on a CCM Boost converter. The proposed APFC 

employs an amplitude-modulated triangular carrier to control the average input 

current and power level. The control circuits of the experimental APFC are simple 

and were implemented with existing off-the-shelf ICs. The theoretical predictions are 

well supported by simulation and experimental results. The experimental APFC 

proved to be stable and robust. The APFC tracking performance with triangular 

carrier was found to be similar to that of the saw-tooth ramp carrier. Some differences 

can be seen at low power levels where the proposed APFC control exhibits a lower 

line current distortion. This difference is insignificant however from the practical 

point of view since low power systems are exempt from line harmonics standards. 

The reason for the small, if at all, improvement is probably due to current filtering 

used in the experiments. Evidently, with a reduced inductor current ripple, the 

performance of the triangular and saw-tooth ramp carrier modulators is about the 

same. The proposed triangular based APFC control scheme can thus be considered as 

an alternative approach to previously suggested methods. 
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Chapter 3 – Gyrator-behaved double bridge based APFC 

 

3.1 INTRODUCTION  

3.1.1 Gyrator-behaved double bridge topology 

A Gyrator, presented symbolically in  Fig. 3.1a, is defined as a two port network, 

characterized by an identical trans-conductance function between the two ports: 
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Such a characteristic allows Gyrators to be realized in a wide range of applications, 

for example voltage to current converters,  Fig. 3.1b, step-up and step-down voltage to 

voltage converters, inductance to capacitance conversions and back. In 1948, Bernard 

D. H. Tellegen of Philips Research Laboratories, Eindhoven, published a seminar on 

classic passive network elements  [26], in which he theorized that an additional 

network element based on magneto-electric interaction should exist, which he 

designated a Gyrator. An ideal Gyrator would be unique with respect to other known 

network elements, i.e., capacitance, resistance, inductance, and transformer, in that it 

would not comply with reciprocity, but rather would be non-reciprocal. In integrated 

circuit design, the primary use of a Gyrator is to simulate an inductive element. Such a 

Gyrator comprises an operational amplifier and an RC network. The first development 

and analog implementation of the element as an impedance inverter were 

demonstrated in  [27]. Employing an active element such as an operational amplifier, 

or BJT transistor in closed loop, an effort was made to achieve at the input  

  

 

Fig. 3.1: (a) Gyrator symbolic representation, (b) Voltage to current source transformation. 
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terminals the reciprocal characteristics of the load. The author of the work succeeded 

in producing Gyrator behavior for a limited range of impedance values but, over the 

course of many years, the notion or hope of realizing a true passive network 

component with large gyration effects over a wide bandwidth has fallen into 

obscurity. 

The first demonstration of a power Gyrator (as opposed to a signal Gyrator) using 

switch mode converters was given in  [28]. Coupling of voltage sources by means of a 

Gyrator is analyzed, as well as its application to DC-DC, DC-AC conversion and 

VAR generation. The property of the Gyrator to transform voltage sources to current 

sources was also demonstrated. The principle of efficient Gyrator synthesis, based on 

current controlled general loss-free power converters is presented. The author 

suggests that a Gyrator can be realized by any circuit where the input power equals 

the output power, and denotes this a PIPO in which the input (or output) current can 

be controlled. Such a characteristic can be approximately achieved even by a family 

of basic switched-mode circuits including buck, boost, buck-boost, and flyback 

operated in closed loop, and since the efficiency of such circuits is high, the practical 

application of Gyrators in power circuits was suggested. 

The double active bridge topology presented here, has already been evaluated earlier 

in  [29]. The performance characteristics of a high-power DC-DC converter based on 

the single-phase dual active bridge topology were outlined. It was found that the dual 

active bridge converter has very attractive features in terms of low device and 

component stresses, small filter components, low switching losses, bi-directional 

power flow, buck-boost operation, low sensitivity to system parasitics, and simple and 

stable first-order dynamics. The dual active bridge converter has been shown to be a 

viable topology for high-power DC-DC converter applications in which power density 

constraints are important.  

The double active bridge topology was later shown to behave like a Gyrator  [30]. In 

this work the basic operation of the simplest double active bridge circuit was 

described, including analytical treatment of the converter, which led to the 

understanding of converter dynamics and finally design equations. The analysis is 

based on Gyrator theory, describing its implementation in power electronics 

generally, and concentrating on the double bridge investigation in particular. Finally, 

it is shown explicitly in this work that the double bridge converter has the 

characteristics of Gyrator element.  
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The double bridge topology is very popular and used in many applications such as: 

PHEV or Plug in Hybrid Electric vehicles that demand a high power bi-directional 

power flow capability, with a wide range of input voltage  [31], [32]; bi-directional 

energy storage systems, which are widely used in the growing field of renewable 

energy systems  [33]; telecommunication and information industry, which demand 

high power density and highly efficient converters capable of handling tens of 

kilowatts  [34]. Notwithstanding the popularity of the double bridge, the investigation 

of its Gyrator-behaved nature was carried out in previous works only for a specific 

range of numerical parameters, like in  [35]. This work describes a double bridge 

based active power factor correction system, but the results presented refer to a 500 W 

system, and consequently cover only part of the operation span of the topology, while 

missing the generalization. The control issue and especially the control development 

process were also only partially covered and the treatment was based on mathematical 

equations or block diagrams, lacking the details of control implementation.  

The selection of the double bridge topology as a subject for this study was due to a 

number of its advantages. It is simple, has relatively low components count and has 

bi-directional power transfer ability. Another advantage of the proposed system is 

high power capability that stems from the fact that it is based on the double bridge 

topology  [29]. In addition, this topology is highly versatile, allowing isolation by a 

high frequency transformer between the load and source, or grid, if required.  

 

 

3.1.2 APFC with no requirement of input voltage or input current sensing 

The traditional approach of Active Power Factor Correction (APFC) is based on 

sensing both input voltage and input current waveforms in order to achieve a close to 

unity power factor. The sensed signals are processed by an analog multiplier and 

divider to implement the programming law  [12]– [14],  [36]– [38].  

An alternative strategy is borderline control  [39], [40], which can be implemented 

without a multiplier. This control method requires variable frequency operation in 

order to properly shape the current drawn from the grid. However, due to the 

relatively high RMS value of the borderline current waveform, this approach is 

limited to relatively low power levels.   
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More advanced APFC systems, that do not require voltage sensing and analog 

multiplier-divider blocks were introduced in  [1], [19], [41], [42]. These systems exploit 

the relationship between the voltage applied to an inductor and the current developed 

through it, in order to follow the grid waveform.  

The APFC approach proposed in this work does not require the sensing of either the 

input voltage or the input current, except for a grid synchronization signal. Hence, the 

proposed APFC does not require the circuitry associated with current and voltage 

sensors. Furthermore, since the input voltage does not serve as a reference to 

generated input current, input voltage distortion does not affect the shape of the input 

current.  

The Gyrator nature of the double bridge topology makes it possible to design a 

system with low output voltage as opposed to the Boost based APFC which produces 

a high output voltage.  

 

 

3.1.3 Objectives 

   The objective of this work is to present a DSP-based control realization of the 

double bridge based Gyrator and propose a new, user-friendly simulation guided code 

development procedure. The main catalyst for selecting DSP was the recent 

technological advancement in this field and the resulting availability of powerful and 

yet relatively low cost DSP products. By utilizing the advantages of multifunctional 

digital controllers, the overall on-board component count is reduced considerably, as 

compared to an analog control implementation, while still maintaining acceptable 

switching frequency, approaching the speed and flexibility of a dedicated FPGA 

based design.  

Another objective was to develop a generic model for a double bridge "AC 

Inductor" Gyrator-behaved topology and implement an APFC system based on this 

model. Having on hand a generic model, the design process for the system is less 

demanding in terms of time, money and other resources.  

The novel APFC control idea presented here, which does not require sensing the 

input voltage or current, is based on the Gyrator nature of the double bridge topology. 

Utilizing the stabilized DC output voltage, a sinusoidal current source is reflected to 

the grid. Being a "natural" current source, the Gyrator topology eliminates the need 



 

Chapter 3 38

for an internal current loop, and the digital control implementation takes it one step 

further, omitting the input voltage sensing requirement.  

The work presents the theoretical concept, as well as the results of simulations and 

experiments. The experimental system was a digitally controlled Gyrator-based APFC 

system. 

 

 

3.2 GYRATOR IMPLEMENTATION USING THE DOUBLE BRIDGE "AC INDUCTOR" 

TOPOLOGY 

The proposed Gyrator topology,  Fig. 3.2, is based on the "AC inductor" concept, 

which is defined as an inductor that operates with zero average current  [43]. An "AC 

inductor" based topology benefits from zero voltage switching with no need for a 

resonant tank and associated resonant, high current capacitor. The investigated 

topology is relatively simple and exhibits bi-directional gyration behavior where the 

direction of energy flow is determined by the relative phase lag between the two 

bridges. Frequency control is another level of freedom for tuning system performance. 

This study, however, concentrates on a fixed frequency, phase control approach. 

  The theoretical analysis of the proposed topology is carried out under the assumption  

that each of the bridges is connected to a DC voltage source and can thus be 

represented  by square wave voltage sources VAB, VCD, having amplitudes that are 

equal to the DC voltages V1 and V2 respectively, as shown in  Fig. 3.3a. To better 

understand the nature of the inductor's current and derive the conversion ratio of the 

double bridge circuit, we apply superposition. This is accomplished by connecting 

each of the square wave voltage sources to its own inductor,  Fig. 3.3b. It is evident 

 

Fig. 3.2: Double bridge Gyrator-behaved "AC inductor" based topology. 
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Fig. 3.3:  Inductor current decomposition: 

(a) Bridges representation, (b) Superposition of inductor current. 

 

that the actual current that flows in the physical inductor is the sum of the currents in 

the two separate inductors. That is: 

       LL(CD)L(AB) iii                (3.2) 

The current waveforms iL(AB) and iL(CD), forced by the two square wave voltage 

sources, are shown in  Fig. 3.4. The duty cycle D which corresponds to the phase  

between the two square waves is defined as: 

2πT

T
D

s

on 
                                               (3.3) 

where TS is the switching frequency and Ton is the time lag between the phases. The 

power delivered to or from VAB of the original circuit  Fig. 3.3a can be calculated by 

considering the total average current flowing into it during TS/2. Since the average of 

current iL(AB)  is zero (bottom trace of  Fig. 3.4) its contribution to VAB  average power 

flow is also zero. The contribution of VCD is found by deriving the average iL(CD) 

current during the first  TS/2 ( Fig. 3.4) which should be identical to the contribution of 

the second half cycle due to the symmetry of the square wave. 

The iL(CD) current at the beginning of TS/2, X,  ( Fig. 3.4) (t=0) is found to be: 

 

L

VT

2

q
X 2s                                                (3.4) 

where: 

D2
2

1
q                                                     (3.5) 
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Fig. 3.4: Contribution of the two bridges to the inductor current waveform. 

 

which yields: 





 


2

D41

L2

VT
X 2s                                        (3.6) 

The average input current iL(avg) into VAB is defined as: 

/2T

S
i

s

total
L(avg)                                                (3.7) 

where Stotal is the total area enclosed by the iL(CD) waveform during Ts/2 which is 

found to be:  

2

DT2

L

VDT
DT2XS s2s

stotal                               (3.8) 

Substituting Eq. 3.6 into Eq. 3.8  and rearranging yields: 

 D21
L2

VDT
S 2

2
s

total                                               (3.9) 

Now, substituting Eq. 3.9 into Eq. 3.7 we obtain the average input current iL(avg) into 

VAB : 
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and the gyration ratio "g" (1a) is thus equal to: 
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                          (3.11) 

where fS =1/TS is the switching frequency. Although derived for VAB , it is obvious 

that, due to the complete symmetry of the circuit, the gyration ratio for VCD will be 

identical.  Fig. 3.5 represents the phase dependence of the gyration ratio as derived in 

Eq. 3.11. The gyration ratio is equal to zero at φ = 180° and maximum at φ = +/- 90°. 

It is evident that energy transfer is bi-directional, depending on the phase between 

excitation of the bridges.  

 

 

3.3 DOUBLE BRIDGE CONTROL STRATEGY 

It follows from section 3.2, that the objective of the control scheme is to generate 

two square waves, which are phase shifted one with respect to the other,  to drive  the 

two bridges. That is, each of the bridges ( Fig. 3.2) needs to be driven by a square 

wave of 50% duty cycle, and there is a need for a delay between the two drives to 

generate the phase shifted square waves at the output of the bridges. This square wave 

output is obtained by operating the diagonal MOSFETs in each bridge simultaneously 

and complementary to the transistors in the other diagonal. For example, each of the 

pairs Qa1,Qa4 and Qa2, Qa3 ( Fig. 3.2) need to be operated simultaneously and 

complementary to the other pair. The same goes for the 'b' bridge that comprises the 

pairs Qb1,Qb4 and Qb2,Qb3,  except that the drive needs to be delayed with respect to    

 

-180 -90 0 90 180

-0.1

0

0.1

Gyration ratio

Phase,[Degrees]  

Fig. 3.5: Theoretical gyration ratio. 
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the 'a' bridge. In addition to the generation of the basic drive sequence, there is a need 

to provide a dead time between the drive of the transistors in each half bridge (Qa1,Qa2 

;  Qa3,Qa4;  Qb1,Qb2 ;  Qb3,Qb4) to prevent a short circuit due to conduction overlap 

(Shoot Through). 

The above drive requirements for the two bridges are compatible with the 

capabilities of the TI TMS320F2808 used in this study. The basic bridge drives where 

generated by two counters, PWM(1,2) for the left side bridge and PWM(3,4) for the 

right side bridge ( Fig. 3.2), corresponding to compare registers, CMPA(1,2) and 

CMPA(3,4) which were set to 50%, while the 'Active low complementary' function 

was activated ( Fig. 3.6). Rising edge delays (RED) and falling edge delays (FED) 

were used to secure the dead time between the diagonal drive of each bridge.  The 

delay between the drive of the two bridges (phase delay) was created by a third 

compare register CMPB2 ( Fig. 3.6) that was set to the desired delay. The output 

signal of this comparison was used as a sync signal to start the delayed PWM counters 

PWM(3,4).  

 

Fig. 3.6: ePWM timing diagram. (CMPA/B(X) – Compare registers). 
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3.4 DEVELOPMENT OF SIMULATION GUIDED DSP CONTROL  

The required control for the double bridge Gyrator can be easily accomplished by a 

DSP. In this study we have used the TI TMS320F2808.  The high flexibility of this 

DSP is very helpful during the research period, enabling real-time computations, and 

easy and fast switching between algorithms and control methods.  

Another important aspect of the DSP control implementation, as developed in this 

study, is simulation assisted algorithm development and debugging. This was 

accomplished by applying a power electronics simulator (PSIM Professional version 

7.1.2.121; Powersim, USA). This tool has been especially designed for power 

electronics, motor control, and dynamic system simulation. Some of its advantages 

include fast simulation and lack of convergence problems when simulating switch 

mode systems.  Fig. 3.7a shows the simulation model of the double bridge Gyrator 

implemented in PSIM. The model contains two MOSFET bridges, one connected to 

the input voltage and the other to a resistive load in parallel to a filter capacitor. These 

two bridges are interconnected by an inductor and controlled by a PSIM C++ block 

which emulates the operation of the DSP. This block controls all the MOSFETs via 

isolated floating driver units. The code for the PSIM C++ block was implemented by 

a "SoftIntegration" compiler which is part of PSIM. The C++ window is shown on the 

left side of  Fig. 3.7b, and the complete emulation code is presented in Appendix  A-1. 

Applying this C++ control feature, the control algorithm can be debugged and 

optimized by running PSIM in time domain simulations. Once ready for hardware 

testing, the C++ code was transferred, as is, to the Code Composer Studio (3.1.23) by 

copying and pasting (left of  Fig. 3.7b), and then compiled and embedded into the 

DSP. This user-friendly approach shortens considerably the algorithm debugging 

process, reducing the number of hardware trials, and makes the development process 

more efficient. The ability to simulate the control process of the power stage by using 

the exact C++ code that is eventually transferred to the Code Composer minimizes the 

gap that usually exists between the simulation of pure mathematical models and 

digital control implementation on a DSP  [2]. 
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(a) 

 

 

(b) 

Fig. 3.7: DSP emulation by a C++ block of "PSIM Professional 7.1.2.121:   

(a) PSIM simulation scheme;  

(b) Copying and pasting the simulated C++ code into the code composer. 
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3.5 GENERIC MODEL OF A DOUBLE BRIDGE TOPOLOGY  

The purpose of the model is to provide a handy tool for choosing converter 

parameters, such that the system will run at optimum efficiency and will always 

operate under soft switching conditions.  

 

3.5.1 Modeling of soft switching 

The soft switching region was located by using the simplified double bridge scheme 

presented in  Fig. 3.8. It was found that for the case V1 > V2 ( Fig. 3.8), the left bridge 

always operates under ZVS conditions because at time t = 0, IL(AB) > IL(CD), and at t = 

T/2, IL(AB) < IL(CD),  Fig. 3.9a, ensuring body diode conduction prior to MOSFET turn 

on. The right hand bridge operates under ZVS conditions for phases φ > φlimit, which 

ensures that at time t=φ, IL(CD) < IL(AB), and at t = T/2 + φ, IL(CD) > IL(AB),  Fig. 3.9b. 

Due to the bi-directional nature of the double bridge topology, it is obvious that in the 

case V1 < V2, the roles of the left and the right hand bridges are interchanged, and all 

the conclusions obtained for the right hand bridge apply  now to the left hand bridge, 

and vice versa. The limiting phase φlimit for ZVS operation was calculated, and found 

to be Eq. 3.12 for the right hand bridge and Eq. 3.13 for the left hand bridge. 
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Similar ZVS limits were reported in  [35]. 

 

 

 

Fig. 3.8: Simplified superposition inductor current analysis. 
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Fig. 3.9: Inductor current due to left hand (IL(CD)) and right hand (IL(AB)) bridges, 

(a) φ = 0º,  (b) φ > 0º. 

 

 

3.5.2 Modeling of conduction losses 

Another parameter presented in the model is the index of conduction losses α, which 

was derived as the ratio between the DC current transferred to the load Iavg(out), and the 

total RMS current that flows through the inductor IL(RMS): 

L(RMS)

avg(out)

I

I
α                                               (3.14) 

The DC current transferred to the load Iavg(out) is obtained from the Gyrator trans-

conductance function (Eq. 3.1): 

gVI inavg(out)                                       (3.15) 

and, for a transformer isolated topology Eq. 3.15 becomes: 

gVnI inavg(out)                                  (3.16) 

where n is transformer winding ratio. Now, substituting the expression for Gyration 

ratio (Eq. 3.11a) into Eq. 3.16 we obtain the average output current Iavg(out): 
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T
VnI                         (3.17) 

It is shown in Appendix  A-2 that the expression for total RMS current, which flows 

through the inductor IL(RMS), is equal to: 
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k is the voltage ratio and is equal to: 

                          in
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                                         (3.19) 

Finally, substituting Eq. 3.17 and Eq. 3.18 into Eq. 3.14 we obtain the expression for 

α, the conduction losses index: 
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                       (3.20) 

It is obvious that the DC current transferred to the load Iavg(out) is proportional to the 

efficient part of the power supplied to the double bridge converter, while the total 

RMS current which flows through the inductor IL(RMS) is directly proportional to the 

total power supplied by the source, although the fraction α estimates the overall 

anticipated efficiency of the converter. This is true when the major loss of the double 

bridge converter is due to conduction losses, which is the most frequent case for 

operational double bridge converters. 

 

 

3.5.3 Modeling of power levels 

Modeling of power levels was carried out by setting the input terminals of the 

double bridge converter to be of a resistive nature Re. The equation for input current 

as a function of Gyration ratio is: 

outin Vgni                                             (3.21) 

Substituting the gyration ratio (Eq. 3.11) into Eq. 3.21 yields: 









 )2D(D

Lf

1
Vni 2

s
outin                              (3.22) 

Input power is defined as a multiplication of input current (Eq. 3.22) by input voltage: 
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ininin iVP               
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Now there is another equivalent definition for input power using the equivalent input 

resistance Re: 

e

2
in

in R

V
P                                         (3.24) 

Equating both expressions for input power (Eq. 3.23 and Eq 3.24) yields: 
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Substituting k (Eq. 3.19) into Eq. 3.25 and eliminating common terms yields: 
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Solving Eq. 3.26 for D we obtain the expression for duty cycle: 

4
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                                  (3.27) 

Defining normalized input resistance Re
* to be:  

Lf

R
R

s

e*
e 


                                     (3.28) 

We obtain a simple expression for duty cycle as a function of two parameters:  

4

kR

8
11

D
*
e 



                                     (3.29) 

where the parameters are: Re, the normalized equivalent input resistance and k, the 

total input output voltage transfer ratio.  

The construction of a model begins with calculation of duty cycle values employing 

Eq. 3.29 for different equivalent resistances, with output and input voltage ratio k, 

used as the main parameter. Applying Eq. 3.20, indexes of conduction losses are 

derived for any given duty cycle and input-output voltage ratio. And finally, Eq. 3.12  
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Fig. 3.10: Map of the generic Gyrator-behaved double bridge converter model. 

 

and Eq. 3.13 are used to mark soft switching boundaries. The design guide map of 

 Fig. 3.10 is created by summarizing all of these calculations, a detailed MATLAB 

code for creating this map is presented in Appendix  A-3. This generic representation 

can now be used to design the optimum Gyrator-behaved double bridge converter. A 

design example for an APFC system is presented later in this chapter. 

 

 

3.6 THE DOUBLE BRIDGE "AC INDUCTOR" TOPOLOGY AS AN APFC WITH NO INPUT 

SENSING 

The unique features of the Gyrator-behaved double bridge topology allow the 

implementation of an isolated APFC with no sensing of input waveforms, relying 

solely on an output voltage and grid synchronization signal. In the proposed double 

bridge isolated APFC system ( Fig. 3.11), the output voltage Vout is assumed to be DC, 

and following (3.1) is reflected to the input terminal of the Gyrator-behaved double 

bridge topology as a current source. The required sinusoidal shape of the current 

source is achieved by applying an APFC programming law (which is discussed in the 

next section) to the gyration ratio, via phase shift control between the two bridges. 

Being a current source, the Gyrator consumes a sinusoidal current regardless of the 

shape and phase of input voltage. However, to ensure in-phase operation between the  
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Fig. 3.11: Proposed double bridge based APFC block diagram. 

 

voltage and current, zero crossing of the grid voltage is monitored, and the current is 

synchronized to the voltage, completing the PFC requirements.  

 

 

3.7 APFC CONTROL PROGRAMMING LAW 

A method for implementing APFC without sensing input voltage waveform was 

proposed earlier in  [1], [19], [41], [42]. The proposed APFC control scheme for this 

study can operate not only without sensing the input voltage, but also without sensing 

the input current. The method, as generally discussed earlier, is based on making the 

input terminals of the double bridge to be resistive, Re: 

                                                         in

2
in(RMS)

e P

V
R 

                                             (3.30) 

The programming law required to ensure this resistive behavior was derived in the 

same manner as the expression for duty cycle of a double bridge topology (Eq. 3.29) 

however, now the input voltage used in the calculation is the RMS value, and its 

sinusoidal shape is taken into account obtaining:  

4

t)sin(
kR

8
11

D

Grid*
e






                               (3.31) 
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where ωGrid is the radial frequency of the grid, and t is time. This duty cycle function 

makes the input terminals of the double bridge converter resistive and reflects the 

sinusoidal current source to the grid. 

Using the generic double bridge converter model derived in the Section 3.5 of this 

work, and employing the programming law (Eq. 3.31), an optimum Gyrator-based 

APFC system can be designed.  

The procedure for designing the APFC system begins by selecting the equivalent 

normalized resistance, Re
*, which is within the maximum efficiency (largest ) and 

soft switching range. This determines the minimum k value, kmin ( Fig. 3.12), and 

hence the transformer turns ratio, n.  Due to the sinusoidal form of the voltage at the 

input terminals of the converter, the input output voltage ratio k will vary as a 

function of time as k(t) bounded by the lower value of kmin. In this way, the APFC 

system slides along the Re
* curve (red arrows in  Fig. 3.12), passing between different 

DC-DC converter operating points, and maintaining constant equivalent input 

resistance Re
* over the whole grid period. The next step is to choose the inductor, 

which is set to operate at the desired frequency and to comply with the actual Re value 

in accordance with the power requirements. Analyzing for instance the curve of 

normalized equivalent resistance Re
* = 20, in  Fig. 3.12, one can see that, for k > 1.2, 

the APFC will operate under hard switching conditions at the input bridge. The 

remedy to this becomes clear from the map of the generic model: soft switching can   

 

Fig. 3.12: APFC design example using generic Gyrator-behaved double bridge converter 

model map. 
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be obtained beyond the point k = 1.2 if the duty cycle is set to ~0.45 instead of ~0.05, 

maintaining ZVS but paying for that by a lower  and hence higher conduction losses. 

This may be acceptable considering the fact that this range corresponds to the low 

input voltage range of the line and hence low input current.  

 

 

3.8 SIMULATION AND EXPERIMENTAL RESULTS 

A prototype of the proposed double bridge based Gyrator-behaved switch mode 

converter was built and tested experimentally. The control scheme was carried out by 

the TI eZdsp TMS320F2808 evaluation board, applying the setup of  Fig. 3.13. The 

objectives of the tests were to validate the derived generic model and its practical 

implementation, to examine the possibility of obtaining a smooth control of the power 

stage by the DSP, and to evaluate the simulation-guided DSP control development as 

proposed in this study. Further experiments were carried out on a double bridge based 

Gyrator-behaved APFC system as described in  Fig. 3.11, which was designed and 

built on the basis of the DC-DC converter presented in  Fig. 3.13b. The objective was 

to validate the viability of the derived generic model and to verify the smooth 

operation of the novel input-sensor-less APFC. 

The parameters of the DC-DC experimental unit were: Input and output maximum 

voltage 400 VDC; nominal output power of 300 W; maximum current of 5 A RMS; 
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                  (a)                                                               (b) 

Fig. 3.13: Experimental setup: (a) Prototype photograph, (b) DC-DC setup block diagram. 
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switching frequency 100 kHz; inductance of the main coil 100 μH. The APFC system 

was built following the generic model map ( Fig. 3.10), Re
* = 20 Ω was chosen, and 

for higher efficiency, the minimum value of input output transfer ratio kmin was set to 

0.42, while the transformer was used for isolation only. The target parameters of the 

APFC experimental unit were: Input voltage: 110 V RMS; Output voltage: 70 V DC; 

Nominal output power: 100 W; Load resistor: 50 Ω; Inductor of 100 μH; Transformer 

ratio n = 1. Based on these parameters, the operating point was found to be at 

switching frequency of 60.5 kHz.  

The typical waveforms for DC-DC operation of the experimental unit and simulation 

results for the same parameters, which are given in  Fig. 3.14, confirm soft switching 

behavior of the power stage. The step response for load step up and step down are 

given in  Fig. 3.15. The sudden change in output current (observed in  Fig. 3.15) is due 

to the fixed voltage on the output capacitor that settles with the time constant of the 

output network. Afterwards, the load current returns to the magnitude it was before 

the excitation, while the output voltage is changed to a new value. The experimental 

gyration ratio ( Fig. 3.16) follows the theoretically expected behavior. The difference 

is due (primarily) to conduction losses which were not taken into account in the 

theoretical computation. The experimental results (stars in  Fig. 3.17) are in good 

agreement with the theoretical Re
* curve. The discrepancy is due to the fact that the 

model assumes a loss-less converter. The comparison between the simulated and 

experimental index of conduction losses, α, and the efficiency is summarized in  Fig. 

3.18. Typical waveforms of input voltage and current of the APFC system are given 

in  Fig. 3.19. The APFC efficiency of the system over the full operating range is 

presented in Table 3.1. 

 

Fig. 3.14: Typical waveforms: (a) Simulation, (b) Experimental. 



 

Chapter 3 54

 

 

 

Fig. 3.15: Load step up and step down between 150 Ω and 75 Ω: 

(a) Simulation, (b) Experimental. 
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Fig. 3.16: Gyration ratio: Dashed line – Mathematical computations,  

Solid line – Experimental results. 
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Fig. 3.17: Generic model: Theoretical (line and dots) vs. experimental results (Red stars). 
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Fig. 3.18: Theoretical and measured conduction losses index () and measured efficiency 

 

Fig. 3.19: Typical waveforms. 

Voltage: 50 V/Div; Current: 500 mA/Div; Time: 2 ms/Div; 



 

Chapter 3 56

TABLE III.I 

APFC EFFICIENCY OVER THE FULL WORKING RANGE 

Pout Vin Vout Efficiency 

51 W 110 V RMS 34 VDC 72 % 

94 W 110 V RMS 68 VDC 80 % 

201 W 162 V RMS 100 VDC 80.5% 

 

 

3.9 DISCUSSION AND CONCLUSIONS  

A generic model of a Gyrator-behaved double bridge based on a switch mode 

converter and a novel input-sensor-less APFC based on this converter were presented 

and investigated using a TI TMS320F2808 DSP. 

The proposed innovative method of control algorithm development, employing 

PSIM simulation software, was found to be easy to implement, producing reliable 

DSP codes. The proposed method can be easily adopted in the development of control 

algorithms for other switch mode systems.  

This work introduces a new, input-sensor-less category of APFC systems. Soft 

switching operation regions are identified for the input and output bridges of a double 

bridge Gyrator-behaved APFC. A control method based on a navigation between 

different regions is proposed, ensuring soft switching of all switches over the entire 

period of the grid. The generic model proposed in this study deals with many system 

parameters, such as: the phase shift between the bridges (or duty cycle); output and 

input voltage ratio; transformer ratio (if it exists); power level of the system expressed 

as the equivalent input resistance of the APFC; and conduction losses index. All these 

parameters are summarized in one map, which makes it possible to choose an 

optimum equivalent resistance and control strategy that ensures soft switching 

operation with minimum conduction losses and maximum efficiency. 

The results of simulations and experiments verify the Gyrator behavior of the 

investigated topology. Good agreement was found between the experimental results 

and the model’s predictions. The differences are due to losses in the practical 

components, which were not taken into account in the theoretical expression.  
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The proposed input-sensor-less APFC demonstrates high performance in terms of 

current shaping and zero phase between voltage and current waveforms. Unity power 

factor control could be achieved over the whole operation range with ZVS of all 

switches. 

The results of this study support the assertion that DSP control can significantly 

simplify and reduce the cost of implementing complex and intricate control methods 

for power converting systems, and can open the door to commercial applications of 

new, hitherto untapped, topologies.  

 

 



 

Chapter 4 58

Chapter 4 – Generic and Unified Model of Switched 

Capacitor Converters 

 

4.1 INTRODUCTION 

Switched Capacitor Converters (SCC) suffer from a fundamental power loss 

deficiency which makes their use in some applications prohibitive. The power loss is 

due to the inherent energy dissipation when a capacitor is charged or discharged by a 

voltage source or another capacitor  [44], [45]. Two types of SCC have been 

considered in the literature, hard and soft switched SCC. The soft switched SCC 

employ a series inductor to achieve zero current switching  [46], [47].  Previous studies 

that analyze losses in SCCs covered separately the hard switching case  [44], [45], [48]–

 [50] and the soft switching case  [46]. A comparison between the two was carried out 

in  [47]. However, in  [47], the analysis for the soft switched SCC was carried out 

under the first harmonics approximation while in this study we present a closed form 

solution of the losses both for the hard switching and soft switching case. This paper 

presents a generic model that applies to both hard and soft switched SCC. The major 

advantage of the model presented here is that it expresses the losses as a function of 

the current passing through each flying capacitor. Since these currents are linearly 

proportional to the output current, the proposed model can be applied to derive the 

losses of SCC with multiple capacitors.  

 

 

4.2 INHERENT SWITCHED CAPACITOR LOSSES: HARD SWITCHING CASE 

For the sake of clarity we consider first the case of a 1:1 SCC depicted in  Fig. 4.1. 

The analysis is made under the assumption that the input voltage, Vin, and output 

voltage, Vo, are constant over a switching cycle, switches S1 and S2 have “on” 

resistances of RS1 and RS2 respectively, the capacitor, C, has a series loss component 

RESR and that the switches connect the capacitor C to Vin and Vo during times t1 and t2 

respectively. The switching frequency is fs and the switching period Ts = 1/fs. Note 

that due to a possible dead time between switch transitions, the total duration t1 + t2 

may be smaller than Ts. The generic charge/discharge process can be represented by 

the basic equivalent circuit of  Fig. 4.2, in which V is the initial voltage difference 
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between the capacitor and the corresponding voltage source (Vin or Vo) and R is the 

total resistance of the loop (switch resistance and capacitor’s ESR). 

The energy loss ER during the time t1 is: 
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C2ΔV
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              (4.1) 

where 
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t
β 1  

The charge Q transferred during t1 is calculated to be:  

]e[1CΔVQ β               (4.2) 

Relating these results to the SCC of  Fig. 4.1, the energy losses E1 and E2 during t1 and 

t2, respectively, are: 
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              (4.4) 

where V1, V2 are the initial voltage differences during the time periods t1 and t2, 

respectively, and β1, β2 are the corresponding exponents for each case. 

 

 

Fig. 4.1: Hard switched 1:1 SCC. 

 

Fig. 4.2: Equivalent circuit of charge/discharge process. 
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Under steady state conditions, the charge Q transferred by each switch is identical 

and equal to: 

]e[1CΔV]e[1CΔVQ 2β
2

1β
1

              (4.5) 

For switching frequency fs the (identical) average capacitor currents, ICav transferred 

through each switch are: 

]e[1CΔVf]e[1CΔVfQfI 2β
2s

1β
1ssavC

             (4.6) 

The initial voltage differences V1, V2 can now be expressed as a function of the 

average current:  

]1βe[1Csf

avCI
1ΔV 
                          (4.7) 

]2βe[1Csf
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2ΔV 
               (4.8) 

Replacing V1 and V2 in Eq. 4.3) and Eq. 4.4) by Eq. 4.7) and (Eq. 4.8) and 

adding them up yields: 
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The total power loss of the circuit PT can now be calculated from the total energy 

loss (E1+E2) by multiplying it by fs:  
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The above expression is valid for a SCC with two charge/discharge phases. Multi-

phase cases are discussed in section 4.5. 

 

 

4.3 INHERENT SWITCHED CAPACITOR LOSSES: SOFT SWITCHING CASE 

We start the examination of the soft switched SCC by considering again the simple 

1:1 converter case of  Fig. 4.3, which reduces to the generic network of  Fig. 4.4. In this 

case we find: 
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where: 

LC

1
ω0  ,   

2L

R
α  ,   22

0d αωω  ,   R = Rind + RESR + RS,   ( Fig. 4.3) 

Since the analysis is focused on soft switching operation, it is assumed that the 

switching period is longer than half of the circuit's damped oscillation period, and that 

the quality factor of the effective RLC circuit is higher than 1/2. In this case, the 

charge, QC, transferred to and from the capacitor during both charging and 

discharging phases of the SCC, is found to be: 

)e(1CΔVQ d(1,2)
π

1,2c





           (4.12) 

Where subscripts 1 and 2 denote the two phases. The charge Qc transferred to the 

capacitor from the source, is then transferred by the capacitor to the load, so the 

current to the load, IO, will be the average charge during either the charging or 

discharging half cycle of the converter's operation. Applying the relationship 

QC·fS=IC(avg), ΔV can be expressed as: 
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           (4.13) 

 

Fig. 4.3: Soft switched 1:1 SCC. 

 

Fig. 4.4: Equivalent circuit of resonant charge/discharge process. 
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Substituting the value of voltage ripple (Eq. 4.13) into the energy dissipation (Eq. 

4.11) results in: 
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           (4.14) 

Combining the energy dissipated during charging ER(1) and discharging ER(2) 

periods, and multiplying them by the switching frequency, yields the total power 

dissipation due to the conduction losses of the resonant, or soft switching converter 

PT(res): 
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where:  
L2ω

R
ζ

d(1)

1
d(1)  ;  

L2ω

R
ζ

d(2)

2
d(2)   

The above expression assumes that the switching time in each phase is equal to or 

larger than the sum of the dead time and the interval π / ωd (half of the circuit damped 

period). 

 

 

4.4 THE GENERIC EQUIVALENT CIRCUIT MODEL 

Examination of the power loss in the hard and soft switching cases (Eq. 4.10, Eq. 

4.15) reveals that they can be expressed as a resistor loss, as shown in previous 

publications for the hard switching case  [48]– [51]. Since the load current is supplied 

by the flying capacitors, it is inevitable that the relationship between the charges 

passing through a capacitor during each switching stage, and the output current will 

be linear. Consequently in SCC systems the average flying capacitors’ current ICav is 

linearly proportional to the output current Io:  

oavC IkI              (4.16) 

This implies that the losses could be modeled as the losses of an equivalent resistor 

Re connected in series with the output, as shown in  Fig. 4.5. The value of the  
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Fig. 4.5: SCC generic equivalent circuit. 

 

equivalent voltage source Ve is the open circuit voltage of the SCC. That is, the no 

load output voltage, often referred to as the “target voltage” of the converter.  The 

value of the equivalent resistance for the hard switched 1:1 case (for which k=1) 

derived from Eq. 4.10 will be: 
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and for the soft switched 1:1 case derived from Eq. 4.15 is: 
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For the 1:1 SCC, k = 1 and Ve = Vin.  

It should be noted that the equivalent resistance and generic model derived here 

reflect the conduction losses only. The models do not include additional losses like: 

switching losses during turn ‘on’ and ‘off’, possible shoot through, and 

charge/discharge of the input capacitances of the switches  [49]. In the soft switching 

case, switching losses can normally be ignored. 
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4.5 EXTENSION TO HIGHER ORDER CASES 

The extension is demonstrated by considering a step down 3:1 converter that also 

includes two phases as shown in  Fig. 4.6. In this case the average current through 

each capacitor is one third of the output current Io (k = 1/3) as can be derived from 

Kirchhoff’s Current Law (KCL)  [48], [49].  

It is assumed for simplicity that Rds_on of all the switches is equal (denoted Rs), all 

the capacitances of switched capacitors are equal (C) and their ESRs are also equal 

(ESR). Inspecting phases A and B of SCC operation, one can conclude that 1/3 of the 

output current is supplied by the source during phase A and 2/3 of the output current 

is delivered during phase B. This conclusion hinges on the fact that the average 

current of each capacitor must be the same during each of the two switching phases 

(A & B) to maintain charge balance. 

The total equivalent capacitances for Phases A and B are: 

CC2

CC
C

o

o
T(A) 


 ; 

C2C

CC2
C

o

o
T(B) 


           (4.19) 

The total equivalent resistances are:  

RT(A) = 4RS + 2ESR + ESRO  and  RT(B) = RS + ESR/2 + ESRO.  

 

 

 

Fig. 4.6: Step down 3:1 SCC operation phases: (a) Phase "A", (b) Phase "B". 
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Defining t1 as the duration of the phase A, β(A) is expressed as: 
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Applying the expression for energy dissipation in the resistor for RC circuit (Eq. 

4.9), we can express the energy loss in the resistors during phase A operation of the 

SCC: 
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Defining t2 as the duration of phase B, β(B) is expressed as: 
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and the energy loss in the resistors during phase B of SCC operation is: 
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Combining the two dissipation components and multiplying them by the switching 

frequency results in the total average power dissipation, which can be directly used to 

express the equivalent resistance: 
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For equal switching times (t1 = t2 = Ts/2) and identical flying capacitors (C1 = C2 = 

C, RESR1=RESR2=RESR), identical switch resistances RS, and infinite output capacitor 

CO with no ESR, the βs of each of the phases are equal despite the fact that the 

capacitors are connected in series and then in parallel. Under these assumptions the 

equivalent resistance Re reduces to: 
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where 
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Being a 3:1 step-down converter, the equivalent source Ve is in this case:  Ve = Vin / 

3. 
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The derivation of the equivalent resistance model for the soft switching case is 

demonstrated for a step-up 1:3 converter that includes two phases as shown in  Fig. 

4.7. As in the previous analysis, it is assumed again that CO is infinitely large and that 

its ESR can be neglected, C1a=C1b=C2=C and ESR1a=ESR1b=ESR2=ESR. In the first 

phase of the analysis the diode losses (Dxx in  Fig. 4.7) are neglected. The resistor R1 

represents the switch resistance and the parasitic resistance of the inductor. The 

analysis of phases "A" ( Fig. 4.7a) and "B" ( Fig. 4.7b) of the SCC operation is carried 

out on stand-alone, four separate sub-circuits 1-4 ( Fig. 4.8). It should be noted, 

though, that this separation is only an approximation since it neglects the fact that all 

the currents of the sub-circuits of a given phase pass through R1 simultaneously. 

The decoupling assumption is acceptable if R1 is smaller than the other resistance in 

the circuit.  As is evident from the simulation and experimental results given below, 

this assumption is acceptable in practical circuits that will normally be designed with 

a small R1 (low Rds(on) and high Q inductor). If decoupling is unwarranted, the analysis 

becomes complex and as such is beyond the scope of this paper. 

 

 

Fig. 4.7: Step up 1:3 SCC operation phases: (a) Phase "A", (b) Phase "B". 
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Examination of  Fig. 4.8 reveals that the same charge is transferred by each of the 

capacitors during each switching phase (A&B) and that the average current through 

the capacitors is equal to the output current Io (i.e. k=1). This could be inferred as 

follows: The charge to the output is supplied by C1b ( Fig. 4.8b) while this charge is 

supplied to C1b by C2, ( Fig. 4.8d). In the same manner, C2 is charged by C1a ( Fig. 

4.8a). And finally, this charge is supplied to C1a by the source Vin ( Fig. 4.8c). 

Considering the fact that all charges are identical and equal to the output current (for 

any given switching cycle in steady state), we find that k=1. As a side note one can 

observe that the average current coming from the input Vin is three times the output 

current that would be expected from power balance considerations, considering the 

fact that this is a step up (1:3) converter. This current ratio occurs because Vin supplies 

the said charge three times: in sub circuits shown in  Fig. 4.8a,  Fig. 4.8b and  Fig. 4.8c. 

The equivalent capacitor in each sub-circuit is calculated to be:  

2

C
CT(1,4)  ;       

CC

CC
C

o

o
T(2) 


 ;       C CT(3)  ;          (4.26) 

The total equivalent resistances are: RT(1,4)=R1 + 2ESR; RT(2)=R1 + ESR + ESRO; 

RT(3)=R1 + ESR; 

 

 

Fig. 4.8: Sub-circuits of phases A (a, b) and B (c, d). 
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Using the expression for energy dissipation in the resistor for the soft switching case 

(Eq. 4.14), the energy loss in the resistors of the sub-circuits can be expressed as: 
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The average power is obtained by combining all the energy dissipation components 

and multiplying them by the switching frequency which leads to the expression of the 

equivalent resistance: 
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where ζ(1), ζ(2), ζ(3) and ζ(4) are: 
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Diode conduction losses can be modeled by adding to the generic equivalent circuit 

a voltage source VD equal to the sum of the forward voltage drops of all the diodes in 

the circuit and taking into account the average current through each diode. Since in 

this SCC all the transferred charges are equal, the average currents are equal and 

consequently VD=4V1 where V1 is the average voltage drop across a single diode. 

Being a 1:3 step up converter, the equivalent source Ve in this case is:   Ve = 3Vin 

( Fig. 4.9).  

Another example of deriving the equivalent resistance model is demonstrated by a 

step down 1:3/8 Extended Binary (EXB) based SCC.  
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Fig. 4.9: SCC generic equivalent circuit including diode losses. 

 

This class of converter is based on a novel approach, which makes possible the 

realization of a multi-target SCC with binary resolution. An in-depth description of 

the approach is presented in  [52]. For the 3/8 case there are 4 phases of SCC 

operation, ( Fig. 4.10).  

Following the same concept as before, we apply the following assumptions: that  

C1 = C2 = C3 = C and that all switch resistances are equal (R). Denoting the average 

current for each phase  Fig. 4.10a -  Fig. 4.10d as I1 - I4 respectively, and taking into 

account that the average current through each capacitor must be zero (in steady state) 

one can write the following set of equations for each capacitor.  
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The last equation of (Eq. 4.30) states that the sum of the currents of each sub-circuit 

of  Fig. 4.10 is equal to the output current (KCL). 

o
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The solution for the system of linear equations (Eq. 4.30) is: 

o4o3o2o1 I41I ; I21I;   I83I;   I81I           (4.32) 

The solution thus defines the k for each phase. Next, one can determine for each 

SCC phase of operation the total capacitance Cj, the total resistance Rj and the 

parameter βj = tj/(RjCj). The number of switches used in each SCC operation phase in 

the experimental setup ( Fig. 4.10) does not change and is equal to 4, so the total  
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Fig. 4.10: Capacitor connections that follow the EXB codes of 3/8  

and form the 4 phases (a-d) of operation of the  EXB based SCC. 

 

resistance R is 4 times the switch resistance plus the ESR of the capacitors. Applying 

the fact that in the EXB based SCC the flying capacitors Cj are always connected 

serially, one can find the total capacitance Cj for each SCC operational mode ( Fig. 

4.10),  [52]. The normalized data required for the equivalent resistor derivation is 

summarized in Table 4.1. 

 

TABLE IV.I 

NORMALIZED DATA REQUIRED FOR THE EQUIVALENT CIRCUIT MODELING 

FOR THE SUB-CIRCUITS OF  FIG. 4.10 

j Ij/Io Cj/C βj/β 

1 1/8 1/3 3 

2 3/8 1/3 3 

3 1/2 1/2 2 

4 1/4 1/2 2 
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Based on Table 4.1, Re is calculated to be: 
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4.6 SIMULATION AND EXPERIMENTAL VERIFICATIONS 

The analytical expressions developed in this study were verified against simulation 

and experimental results. An example of the excellent agreement between simulation 

results and the proposed model is given in  Fig. 4.11, which shows the results for a 

duty cycle of 0.9.  Fig. 4.12a depicts simulation and model derived results of a soft 

switched 1:1 unity converter. The experimental waveforms for this soft switching case 

are presented in  Fig. 4.12b. The simulated and model derived output voltage was 

21.96 V while the measured output voltage in this case was 22 V.  Fig. 4.13a presents 

simulation and model derived results for a step up 1:3 hard switched SCC, 

experimental results for this converter are presented in  Fig. 4.13b and found to be in 

good agreement with those obtained by the model and the simulation. Measured 

output voltage was 62 V while the simulation and model derived value was 61.56 V. 

The input voltage in all the experiments was 24 V. 

 

 

Fig. 4.11: Simulation and model results for a hard switched 1:1 converter. 

Upper trace - output voltage (straight line: model). 

Lower trace - capacitor current. Vin = 24 V, Duty cycle = 0.9. 



 

Chapter 4 72

 

 

(a) 

 

(b) 

Fig. 4.12: Soft switched 1:1 unity converter: (a) Simulation and model: upper plot - capacitor 

current. Lower plots - output voltage (straight line: model). (b) Experimental: upper line - 

capacitor current 500 mA/div, middle line - output voltage ripple 5 V/div, bottom line - 

capacitor voltage ripple 5 V/div. Horizontal scale: 2 µs/div. Vin = 24 V. 

 

The theoretical prediction of Eq. 4.33 was compared to the experimental results by 

carrying out measurements on the EXB based SCC described in  [52]. The 

experimental setup was built around CMOS bi-directional switches MAX4678 with a 

nominal ‘on’ resistance of 1.2 Ω, C1 = C2 = C3 = 4.7 µF, Co = 470 µF and fs = 100 

kHz. The control scheme was carried out by a PIC18F452 microcontroller. The 

calculated value of Req according to Eq. 4.33 was 9.052 Ω while the measured value 

was Req = 7.35 Ω.  
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(a) 

 

(b) 

Fig. 4.13: Hard switched 1:3 step-up converter: (a) Simulation and model: upper trace - net 

capacitors current. Lower plots - output voltage (straight line: model). (b) Experimental: 

upper line - capacitors current 2 A/div, middle line - output voltage ripple 20 V/div, bottom 

line - capacitor voltage ripple, 2 V/div. Vin = 24 V. 

 

 

4.7 DISCUSSION AND CONCLUSIONS 

The modeling approach developed in this study leads to a unified model that 

describes the losses for each flying capacitor in the hard and soft switched cases. For 

the symmetrical case (t1 = t2): 
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Analysis of the loss expressions for the hard switched case reveal that the losses are 

independent of the switches and ESR resistances when the charge/discharge process 

ends within each switching period. This is because the hyperbolic cotangent (coth) 

term in Eq. 4.34 converges to “1” when θ/fs >> 1,  Fig. 4.14a. The losses in this case 

are equal to 1/2fsC. This was also pointed out in  [48], and the process was referred to 

as SSL. The losses are reduced as the switching period becomes shorter and 

approaches the asymptotic value of 4R when the switching time is much shorter than 

the charge/discharge time constants ( Fig. 4.14b). This process was referred to as FSL 

in  [48].  
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The lower loss at short switching times is a direct consequence of the fact that in the 

latter case, the charge/discharge RMS current is smaller than in the exponential case 

( Fig. 4.15), which prevails at the longer switching times. When the switching time is 

much shorter than the time constant of the circuit, the current is practically constant 

during the switching time and hence the RMS value is the lowest possible. For the 

non-symmetrical case, the RMS currents of each phase are not equal and the total 

equivalent resistance will reach higher values as depicted in  Fig. 4.16. The losses of 

the soft switched SCC for a high Q case and when the resonant frequency matches the 

damped oscillation frequency is 5R, higher than the limiting value of the hard 

switched capacitor (4R). This is because the RMS current of the soft switched SCC is 

higher than that of the limiting value of the hard switching case ( Fig. 4.16). Similar 

results were derived in  [47]. The major difference between the present analysis and 

the one presented in  [47] is the fact that the expression for soft switched SCC 

equivalent resistance derived in this work is more general, while in  [47] it is based on 

the first harmonic approximation. 

This approximation may introduce errors when the equivalent RLC circuits have 

relatively low quality factor. Furthermore, the model presented in this work is also 
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valid for non-symmetrical operational modes, i.e. when non equal time periods are 

used in the different phases of SCC operation. Furthermore, since the losses are 

expressed in this work as a function of the capacitor current (which is proportional to 

the output current) the results can be applied to analyze complex multi-phase SCC 

systems.  

 

1 10
1

10

2

0.1

R

θ

e

(b)  

Fig. 4.14: Hard switching SCC limits: (a) Hyperbolic cotangent as a function of normalized θ 

(to the switching frequency); (b) Smooth curve - Equivalent resistance as a function of θ, 

straight lines - asymptotic resistance limits. 

 

Fig. 4.15: Current waveforms for different SCC operations: exponential curve - hard 

switching SCC SSL case; Square – hard switching SCC FSL case; Curved line – soft 

switching SCC case. 
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In applications that require a regulated output voltage, the SCC needs to include 

some means to increase Re. In most cases it is accomplished by adding resistance to 

one or more loops. Obviously, the model developed here can be applied to these cases 

by including in Re the resistance of the controlling element, such as a MOSFET. Other 

control techniques, such as variable frequency control and frequency dithering 

control, could also be evaluated by the proposed approach by extracting the relevant 

parameters for each operational mode. 

 

Fig. 4.16: Dependence of the equivalent resistance on the duty cycle (D) as a function of 

normalized frequency in a hard switched SCC. 
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Chapter 5 – Conclusions 

 

In this work, three modern switched mode power supply systems were examined. 

These systems constitute a representative sample of the wide variety of switched 

mode power supply systems, covering converters based on switched inductor and 

switched capacitor elements, and including converters suitable for low, medium and 

high power levels.  

The first converter examined, is a medium power, switched inductor based CCM 

Boost converter. In this work an alternative Active Power Factor Corrector control 

scheme is presented without line voltage sensing. The proposed APFC employs an 

amplitude modulated triangular carrier to control the average input current and power 

level. The control circuits of the experimental APFC are simple and were 

implemented with existing off-the-shelf ICs. The theoretical predictions are well 

supported by simulation and experimental results. The experimental APFC proved to 

be stable and robust. The APFC tracking performance with the triangular carrier was 

found to be similar to that of the saw-tooth ramp carrier. Some differences can be seen 

at low power levels where the proposed APFC control exhibits a lower line current 

distortion. This difference is insignificant however from the practical point of view 

since low power systems are exempt from line harmonics standards. The reason for 

the small, if at all, improvement is probably due to current filtering used in the 

experiments. Evidently, with a reduced inductor current ripple, the performance of the 

triangular and saw-tooth ramp carrier modulators is about the same. The proposed 

triangular based APFC control scheme can thus be considered as an alternative 

approach to previously suggested methods. 

The second converter examined in this work, which is suitable for high and very 

high power levels, is based on a switched inductor and is called a Double Bridge 

converter. A generic model of this double bridge Gyrator-behaved switch mode 

converter is derived, and based on the model, a novel APFC is presented which 

requires no sensing of the input waveforms. The investigation and control 

implementation were carried out with a TI TMS320F2808 DSP. 

The proposed innovative method of control algorithm development, employing 

PSIM simulation software, was found to be easy to implement, producing reliable 
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DSP codes. The proposed method can be easily adopted in the development of control 

algorithms for other switch mode systems.  

This work introduces a new, input-sensor-less category of APFC systems. Soft 

switching operation regions are derived for the input and output bridges of a double 

bridge Gyrator-behaved APFC. A control method based on navigation between 

different regions is proposed, ensuring soft switching of all switches over the entire 

period of the grid. The generic model proposed in this study deals with many system 

parameters, such as: phase shift between the bridges (or duty cycle); output and input 

voltage ratio; transformer ratio (if it exists); power level of the system, expressed as 

the equivalent input resistance of the APFC; and conduction losses index. All these 

parameters are summarized in one map, which makes it possible to choose an 

optimum equivalent resistance and control strategy that ensures soft switching 

operation with minimum conduction losses and maximum efficiency. 

  Simulation and experimental results verify the Gyrator behavior of the investigated 

topology. Good agreement was found between the experimental results and the 

model’s predictions.  

The proposed input-sensor-less APFC demonstrates high performance in terms of 

current shaping and zero phase between voltage and current waveforms. Unity power 

factor control could be achieved over the whole range of operation benefiting from 

ZVS of all switches. 

 The results of this study support the assertion that DSP control can significantly 

simplify and reduce the cost of implementation of complex and intricate control 

methods for power conversion systems and open the door to commercial applications 

of new, hitherto untapped, topologies.  

The last family of converters examined in this work, are low power, switched 

capacitor based converters. The modeling approach developed in this work leads to a 

unified model that describes the losses in each flying capacitor in the hard and soft 

switched cases.  

Analysis of the loss expressions for the hard switched case reveals that the losses are 

independent of the switches and ESR resistances when the charge/discharge process 

ends within each switching period. This is because the hyperbolic cotangent (coth) 

term in Eq. 4.34 converges to “1” when θ/fs >> 1,  Fig. 4.14a. The losses in this case 

are equal to 1/2fsC. This was also pointed out in  [48], and the process was referred to 

as SSL. The losses are reduced as the switching period becomes shorter and 
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approaches the asymptotic value of 4R when the switching time is much shorter than 

the charge/discharge time constants ( Fig. 4.14b), (Eq. 4.36). This process was referred 

to as FSL in  [48].  

The lower loss at short switching times is a direct consequence of the fact that in the 

latter case, the charge/discharge RMS current is smaller than in the exponential case 

( Fig. 4.15), which prevails in the longer switching time. When the switching time is 

much shorter than the time constant of the circuit, the current is practically constant 

during the switching time and hence the RMS value is the lowest possible. For the 

non-symmetrical case, the RMS currents of each phase are not equal and the total 

equivalent resistance reaches higher values as depicted in  Fig. 4.16. The losses of the 

soft switched SCC for high Q case and when the resonant frequency matches the 

damped oscillation frequency is 5R, higher than the limiting value of the hard 

switched capacitor (4R). This is because the RMS current of the soft switched SCC is 

higher than that of the limiting value of the hard switching case ( Fig. 4.16). Similar 

results were derived in  [47]. The major difference between the present analysis and 

the one presented in  [47] is the fact that the expression for soft switched SCC 

equivalent resistance derived in this work is more general, while in  [47] it is based on 

the first harmonic approximation. 

  This approximation may introduce errors when the equivalent RLC circuits have 

relatively low quality factor. Furthermore, the model presented in this work is also 

valid for non-symmetrical operational modes, i.e. when non-equal time periods are 

used in different SCC phases of operation. Furthermore, since the losses are expressed 

in this work as a function of the capacitor current (which is proportional to the output 

current) the results can be applied to analyze complex multi-phase SCC systems.  

In applications that require a regulated output voltage, the SCC needs to include 

some means of increasing Re. In most cases it is accomplished by adding resistance to 

one or more loops. Obviously, the model developed here can be applied to these cases 

by including in Re the resistance of the controlling element, such as a MOSFET. Other 

control techniques, such as variable frequency control and frequency dithering 

control, could also be evaluated by the proposed approach by extracting the relevant 

parameters for each operational mode. 
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A – Algorithms and mathematical developments 

 

A-1 DSP EMULATION CODE (FOR APFC APPLICATION IN PSIM) 

{Definitions} 

#include <Stdlib.h> 
#include <String.h> 
 
Int g_nInputNodes  = 0; 
Int g_nOutputNodes = 0; 
Int g_nStepCount  = 0; 
 
Int switching_per; 
Int half_sw_per; 
 
Int time  = 0; 
Int time_PWM = -1; 
Int time_sample = 9; 
Int time_var; 
 
Float D_fi; 
Int RED; 
Int FED; 
Int RBS; 
 
Int Grid_Period; 
Int Half_Grid_Per; 
Int Quater_Grid_Per; 
 
 
 

{Functions and variables initialization} 

g_nInputNodes  = nInputCount; 
g_nOutputNodes = nOutputCount; 
 
// PSIM simulation time base was set to 50nSec 
switching_per = 200; // Switching period (100*50nSec) =>10usec=>100 KHz 
half_sw_per = 100;      // Half of the switching period 
RED  = 5; // Rising Edge Delay 50nSec * 5 = 250ns 
FED  = 5;          // Falling Edge Delay 50nSec * 5 = 250ns  
 
// In the program secondary - sampling time base was set to 100uSec 
Grid_Period = 200; // Grid period = 200 * 100uSec = 0.02 Sec = 50 Hz 
Half_Grid_Per = 100; // (100 * 100uSec) = 0.01 Sec 
Quater_Grid_Per= 50; // (50 * 100uSec)  = 0.005 Sec 
 
D_fi  = 0;  // Duty Cycle variable 
RBS  = D_fi * sw_per; // Right bridge synchronization variable 
 
//Additional simulation info 
//Switching frequency = 100KHz; //Choke inductance = 100uH; 
//V_in_rms  = 110V;  //Grid frequency  =  50Hz; 
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{PSIM relevant default script} 

void RunSimUser(double *in, double *out) 

// *in and *out are pointers to the input and output legs of C++ simulation block, 
//  which are connected to appropriate signals on PSIM schematics page. 
 

{Main Program} 

g_nStepCount++;  // PSIM internal number of steps counter 
 
time_PWM++;   // PWM system clock  
if (time_PWM == switching_per) 
{     
       time_PWM = 0;  // PWM clock reset at the end of each switching cycle 
       time_sample++;  // Duty cycle updating / sampling time 
} 
 
 
// Gyration ratio and timing calculations 
if (time_sample >= 10) // Sampling time variable 10 * 10uSec = 100uSec = 10KHz 
{     
       time_sample = 0; 
 
       time++;  //  Grid period time variable   0.1mSec * 1000 = 0.1 sec = 10hz 
       if (time >= Half_Grid_Per) 
       {     time = 0;  } 
 
       if (time < Quater_Grid_Per) 
       {  time_var = Half_Grid_Per - time;  } 
       else 
       {   time_var = time;  } 
 
       D_fi   =  25 * (1 - sqrt(1 - abs(sin((float) 0.03141592653 * time_var))));  // D_fi = (0–100%) 

 
       RBS  =  ((float) D_fi * (sw_per /100)); // Right bridge start time 
} 
 
 
//    PWM emulation part 
//    Left Bridge  **************************************************** 
 
if (time_PWM == 0)   
{                         out[2] = 0;    out[3] = 0;                     
     out[1] = 0;                                             out[4] = 0; 
     out[5] = 0;    out[6] = 1;    out[7] = 1;     out[8] = 0;} 
if (time_PWM == RED)   
{    out[1] = 1;                                             out[4] = 1;} 
 
if (time_PWM == half_sw_per)   
{    out[1] = 0;                                             out[4] = 0;} 
if (time_PWM == (half_sw_per + FED))   
{                         out[2] = 1;    out[3] = 1;                    } 
 
 
//    PWM emulation part (continue…) 
//    Right bridge   *************************************************** 
 
if (time_PWM == RBS)   
{                        out[6] = 0;    out[7] = 0;                     } 
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if (time_PWM == (RBS + RED))   
{    out[5] = 1;                                             out[8] = 1;} 
 
if (time_PWM == (RBS + half_sw_per))   
{    out[5] = 0;                                             out[8] = 0;} 
if (time_PWM == (RBS + half_sw_per + FED))   
{                        out[6] = 1;    out[7] = 1;                     } 
 

{End of PSIM program} 
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A-2 DOUBLE BRIDGE INDUCTOR CURRENT CALCULATION (DC-DC OPERATION) 

 

We begin the derivation of the RMS value of the inductor current by dividing the 

half switching cycle of the current into two parts 1 and 2 (according to the colored 

area in  Fig. A-2.1). Applying the equation of sum of RMS values: 

 

2D2
2RMS1D2

1RMStotalRMS             (A.1) 

 

Using the marks in  Fig. A-2.1, we can write the square of RMS1 part, the first term 

being the DC component and the second term being an AC component (RMS value of 

a triangular waveform is equal to the amplitude of the triangle divided by the square 

root of 3): 
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rewriting we obtain: 
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2yxy2x2
1RMS


             (A.3) 

Now we take care of the second part. The relationship between α and β ( Fig. A-2.1) is  

 

 

Fig. A-2.1: Inductor current RMS value derivation. 
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the same as between y and x since all of them are divided by the same straight line: 
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                (A.4) 

RMS2 is the sum of RMS values of two triangles, each multiplied by the relevant 

duty cycle: 
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Rewriting and using Eq. A.4 we obtain: 

3

2yxy2x2
2RMS


             (A.6) 

Since the current waveform is symmetrical about Ts/2, we calculate the RMS value 

for the half switching cycle because it is the same value for the other half, the only 

change we need to take into account is the duty cycle which relates to the whole 

switching cycle. Multiplying the duty cycle by a factor of 2, and solving this for both 

of the half cycles, the total RMS value is: 

2
2RMS2D)(12

1RMS2D2
totalRMS             (A.7) 

Substituting the RMS results from Eq. A.3 and Eq. A.6 into Eq. A.7 and rewriting 

we obtain: 





  4D)xy(12y)(x

3

12
totalRMS            (A.8) 

Now we need to express the unknowns x and y in terms of circuit parameters. The 

sum of (x + y) is easily found from the decaying current, the peak to peak value is 

exactly: 

2
sT

D)21(
L

2V1V
yx 


            (A.9) 

 

The values of x and y are derived from superposition of two sources as depicted in 

 Fig. A-2.2. The value of y is: ξηy  , since y represents the maximum of the 

current: 
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Fig. A-2.2: Connection of unknowns x and y with the circuit parameters. 
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y is equal to: 
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4
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           (A.11) 

And, in the same manner, x is: 
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            (A.12) 

 

Now we can substitute the values of x (Eq. A.12), y (Eq. A.11) and (x+y) (Eq. A9) 

into the expression for total inductor RMS current (Eq. A.8): 
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Rearranging, we obtain: 

)34D2(3D2V1V2)2V1(V
16

1

L3
sT

L(RMS)I          (A.14) 

and substituting k = V2 / V1 we get: 

)D
3

4
(Dkk)(1

48

1

L

T
VI 322s

1L(RMS)          (A.15) 

So Eq. A.15 is the expression for inductor current RMS value in DC-DC operation. 
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A-3 DOUBLE BRIDGE GENERIC MODEL MAP CREATION MATLAB CODE 

 

clear all; clc; 

%This program  plots  Working paths as a function of R_e*, "K" and 
"Duty Cycle"  
 
D_step = 0.005;              D_start = 0;             D_end = 0.5; 
                      % D => Duty cycle = (fi / 360) 
k_step = 0.0001;             k_start  = 0;            k_end  = 2; 
                          % k = Vout / Vin 
R_L_step = 2;                R_L_start = 1;           R_L_end = 21; 
              % Re_norm => Power normilized parameter (L * Fs / Re) 
vect_R_L = [7 10 20 40 200];     % Vector of Re 
vect_eff = [0.86 0.7 0.5]; 
 
% This part calculates R_L curves 
mone_R_L = 1;  R_L = 0; 
while (mone_R_L <= length(vect_R_L)) 
        R_L = vect_R_L(mone_R_L); 
        mone_k = 0; 
        for k = k_start:k_step:k_end 
                mone_k = mone_k + 1;   vect_k(mone_k) = k; 
                calc_01 = 0.25 * sqrt(1 - (8 * (1 / R_L) * (1 / k))); 
                D1(mone_k,mone_R_L) = 0.25 + calc_01; 
                D2(mone_k,mone_R_L) = 0.25 - calc_01; 
        end; 
        mone_R_L = mone_R_L + 1; 
end; 
 
% This part calculates "k" as a function of "D", efficiency is a 
parameter 
mone_eff = 1;  eff = vect_eff(1); 
while (mone_eff <= length(vect_eff)) 
   eff = vect_eff(mone_eff); 
   mone_D = 0;  var_b1 = (48 / (eff^2)); 
   for D = D_start:D_step:D_end 
           mone_D = mone_D + 1;          vect_D(mone_D) = D; 
           D_sqr = (D^2); 
           B_1 = 48 * D_sqr - 64 * D * D_sqr - 2; 
    C_1 = 1 - (var_b1 * (4 * D_sqr * D_sqr - 4 * D * D_sqr + D_sqr)); 
           root_1 = sqrt(((B_1 / 2) ^2) - C_1); 
            
           k_plus = ((- B_1) / 2) + root_1; 
           k_minus = ((- B_1) / 2) - root_1; 
  
           k_plus_max_eff(mone_D,mone_eff) = k_plus; 
           k_minus_max_eff(mone_D,mone_eff) = k_minus; 
   end; 
   mone_eff = mone_eff + 1; 
end;   
 
% Part of Matrix recombination D as a function of "K" and efficiency 
are parameters 
mone_eff = 1;  eff = vect_eff(1); 
while (mone_eff <= length(vect_eff)) 
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  eff = vect_eff(mone_eff); 
  mone_D = 0; 
  for D = D_start:D_step:D_end 
    mone_D = mone_D + 1; 
                 
    if ((k_plus_max_eff(mone_D,mone_eff) <= k_end) &   
        (k_plus_max_eff(mone_D,mone_eff)  > 0)) 
        mone_k = ceil(k_plus_max_eff(mone_D,mone_eff) / k_step); 
        Duty_cycle_1(mone_k,mone_eff) = D; 
    else 
        Duty_cycle_1(mone_k,mone_eff) = 0; 
    end; 
                 
    if ((k_minus_max_eff(mone_D,mone_eff) <= k_end) & 
       (k_minus_max_eff(mone_D,mone_eff)  > 0)) 
        mone_k_min = ceil(k_minus_max_eff(mone_D,mone_eff) / k_step); 
        Duty_cycle_2(mone_k_min,mone_eff) = D; 
    else 
        Duty_cycle_2(mone_k_min,mone_eff) = 0; 
    end; 
    
        vect_k2(mone_k,mone_eff) = mone_k  ; 
        vect_k2_min(mone_k_min,mone_eff) = mone_k_min  ; 
   end; 
   mone_eff = mone_eff + 1; 
end; 
  
mone_eff = 1; 
while (mone_eff <= length(vect_eff)) 
    C1 = max(k_plus_max_eff(:,length(vect_eff))) 
    C2 = max(k_minus_max_eff(:,length(vect_eff))) 
    vect_k2(:,mone_eff) = C1 .* vect_k2(:,mone_eff) ./ 
length(vect_k2(:,mone_eff)); 
    vect_k2_min(:,mone_eff) = C2 .* vect_k2_min(:,mone_eff) ./ 
length(vect_k2_min(:,mone_eff)); 
    mone_eff = mone_eff + 1; 
end; 
 
% part of calculating soft switching limit  
mone_k = 0; 
for k = k_start:k_step:k_end 
    mone_k = mone_k + 1; 
    k_vect(mone_k) = k; 
    if (k < 1)                             
        fi_lim(mone_k) = 0.25 * ( 1 - k); 
        %  Vin > Vout  limit for right bridge (output) 
    else 
        fi_lim(mone_k) = 0.25 * ( 1 - (1 / k)); 
        %  Vin < Vout   limit for left bridge (input) 
    end; 
end; 
  
% Part of graph output 
figure(1) 
plot(vect_k,D1,'linewidth',2); grid on; xlabel('k = (n * Vout / 
Vin)');   ylabel(' D - Duty Cycle');  
title(' Duty cycle as a function of K and R_e* parameters'); 
hold on; 
plot(vect_k,D2,'linewidth',2);  
plot(k_vect,fi_lim,'-.k','linewidth',2.5); 
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marker_vect = ['o','p','s']; 
marker_col(:,1) = [0.1 0.8 0.4]; 
marker_col(:,2) = [0.7 0.2 0.1];  
marker_col(:,3) = [0.1 0.1 0.8]; 
marker_size = [4,6,4]; 
for mm = 1:length(vect_eff) 
    
stem(vect_k2(:,mm),Duty_cycle_1(:,mm),'LineStyle','none','Marker',mar
ker_vect(mm),'MarkerEdgeColor',marker_col(:,mm),'MarkerFaceColor','au
to','MarkerSize',marker_size(mm)); 
    
stem(vect_k2_min(:,mm),Duty_cycle_2(:,mm),'LineStyle','none','Marker'
,marker_vect(mm),'MarkerEdgeColor',marker_col(:,mm),'MarkerFaceColor'
,'auto','MarkerSize',marker_size(mm)); 
end;     
hold off; 
 



 

References 90

B - References  
[1] A. Abramovitz, M. Evzelman and S. Ben-Yaakov “Investigation of an alternative APFC control 

with no sensing of line voltage based on a triangular modulation carrier,” IEEE Appl. Power 

Electron. Conf., APEC, pp. 709 – 714, 24–28 Feb. 2008. 

[2] M. Evzelman, I. Zeltser and S. Ben-Yaakov “DSP control of Gyrator-behaved switch mode 

converter,” European DSP Education & Res. Symp., EDERS, pp.249–256, 18 June 2008.  

[3] M. Evzelman, S. Ben-Yaakov, "A generic model of a Gyrator based APFC", IEEE Applied Power 

Electronics Conf. (APEC), 15-19 Feb. 2009, pp. 755 – 759. 

[4] S. Ben-Yaakov, M. Evzelman, "Generic and unified model of switched capacitor converter", 

IEEE Energy Conversion Congress and Expos. (ECCE), San Jose, California, USA, 20-24 Sep. 

2009. 

[5] P. Wood Switching Power Converters, New York: Van Nostrand Reinhold Company, 1981, 

pp.2–6. 

[6] IEC “Limits for Harmonic Current Emission (Equipment Input Current < 16A per Phase),” IEC 

61000-3-2 Int. Std. 3rd ed., 2005. 

[7] Available from the Internet at: http://www.smps.us/topologies.html. [Accessed on July 30 2009] 

[8] Mustansir H. Kheraluwala, Randal W. Gascoigne, Deepakraj M. Divan and Eric D. Baumann 

"Performance Characterization of a High-Power Dual Active Bridge dc-to-dc Converter", IEEE 

Trans. Industry Applications, vol. 28, no. 6, pp.1294–1301, November / December 1992.  

[9] R. Redl, P. Tenti and J.D. Van WYK “Power Electronics' Polluting Effects”, IEEE Spectrum, 

pp.32–39, May 1997. 

[10] IEEE “IEEE 5I9 Recommended Practices and Requirements for Harmonic Control in Electrical 

Power Systems,” IEEE Industry Applications Society/ Power Engineering Society, 1993. 

[11] J. Sebastian, M. Jaureguizar and J. Uceda “An overview of power factor correction in single-

phase off-line power supply systems”, IECON '94, vol.3, pp.1688–1693, 1994. 

[12] C. Qiao, K. M. Smedley “A Topology Survey of Single-Stage Power Factor Corrector with a 

Boost Type Input-Current-Shaper,” IEEE Trans. Power. Electron, vol. 16, Issue 3, pp.360–368, 

May 2001. 

[13] J. C. Salmon “Techniques for Minimizing the Input Current Distortion of Current-Controlled 

Single-phase Boost Rectifiers,” IEEE Trans. Power Electron, vol. 8, no. 4, pp.509–520, October 

1993. 

[14] O. Garcia J. A. Cobos, R. Prieto, P. Alou, J. Uceda “Single Phase Power Factor Correction: A 

Survey,”  IEEE Trans. Power Electron., vol. 18, Issue 3, pp.749–755, May 2003. 

[15] D. Maksimovic, Y. Jang and R. W. Erickson “Nonlinear carrier control for high power factor 

boost rectifiers,” IEEE Trans. Power Electron., vol. 11, no. 2, pp.578–584, July 1996. 

[16] J. Gegner and C. Q. Lee “Linear peak current mode control: a simple active power factor 

correction control technique for continuous conduction mode,” Conf. Rec. IEEE PESC'96, pp. 

196-202,1996. 

[17] Z. Lai and K. Smedley “A family of power factor correction controllers,” IEEE Trans. Power 

Electron., vol. 13, Issue,  3, pp.501–510, May 1998. 



 

References 91

[18] Y. Liu and K. Smedley “Control of a dual boost power factor corrector for high power 

applications”, IECON '03, pp.2929–2932, 2003. 

[19] J. Rajagopalan and F. C. Lee “A generalized technique for derivation of linear average current 

mode control laws for power factor correction without input voltage sensing,” Conf. Rec. IEEE 

APEC'97, pp.81–87, 1997. 

[20] S. Ben-Yaakov and I. Zeltser “PWM Converters with Resistive Input,” IEEE Trans. Indust. 

Electron., vol. 45, no. 3, pp.519–520, June 1998. 

[21] S. Ben-Yaakov and I. Zeltser “The Dynamics of a PWM Boost Converter with Resistive Input,” 

IEEE Trans. Indust. Electron., vol. 46, no. 3, pp.613–619, June 1999. 

[22] L. Dixon “Average Current Mode Control of Switching Power Supplies,” Unitrode application 

note U-140. 

[23] A. Abramovitz and S. Ben-Yaakov "ׂCurrent spectra translation in single phase rectifiers: 

implementation to active power factor correction”, IEEE Trans. Circ. Syst.: I. Fundamental 

Theory Applic., 44, No. 8, pp.771–775, 1997. 

[24] Green Power Technologies Ltd., GPTC1104X evaluation board, [Online]. Available at: 

http://www.g-p-t.com/Papers/EVBGPTC1104X-DES_2005.pdf 

[25] Green Power Technologies Ltd, GPTC110XX data sheet, [Online]. Available at:  http://www.g-p-

t.com/Papers/GPTC1105X_2005.pdf 

[26] B. D. H. Tellegen “The Gyrator, a New Electric Network Element,” Philips Res. Rept., Vol 3, 

pp.81–101, April 1948. 

[27] B. G. Bogert “Some Gyrator and Impedance Inverter Circuits,” Proc. IRE, vol. 43, pp.793–796,  

July 1955. 

[28] S. Singer “Gyrator Application in Power Processing Circuits,” IEEE Trans. Indust. Electron., 

Vol. IE-34, No. 2573, pp.313–318, August 1987. 

[29] M.H. Kheraluwala, R.W. Gascoigne, D.M. Divan and E.D. Baumann “Performance 

Characterization of a High-Power Dual Active Bridge dc-to-dc Converter,” IEEE Trans. Industry 

Applic., vol. 28, no. 6, pp.1294–1301, November / December 1992. 

[30] M. Ehsani, I Husain and M. O. Bilgic “Inverse Dual Converter (IDC) for High-Power DC-DC 

Applications,” IEEE Trans. Power Electron., vol. 8, no. 2, pp.216–223, October 1993. 

[31] S. Han and D. Divan “Bi-Directional DC/DC Converters for Plug-in Hybrid Electric Vehicle 

(PHEV) Applications,” IEEE Appl. Power Electron. Conf., APEC, pp.784–789, 24–28 Feb. 2008. 

[32] F. Krismer, S. Round and J. W. Kolar “Performance Optimization of a High Current Dual Active 

Bridge with a Wide Operating Voltage Range,”  IEEE Power Electron. Specialists Conf., PESC-

2006, pp.1–7, June 2006. 

[33] Shigenori, Inoue and Hirofumi, Akagi “A Bi-Directional DC/DC Converter for an Energy 

Storage System,” IEEE Appl. Power Electron. Conf., APEC, pp.761–767, Feb. 25 – March 1 

2007. 

[34] U. Badstuebner, J. Biela and J. W. Kolar “Power density and efficiency optimization of resonant 

and phase-shift telecom DC-DC converters,” IEEE Appl. Power Electron. Conf., APEC, pp.311–

317, 24–28 Feb. 2008. 



 

References 92

[35] M. H. Kheraluwala and R.W. De Doncker “Single phase unity power factor control for dual 

active bridge converter,” IEEE Industry Applic. Soc. Annual Meeting, vol. 2, pp.909–916, 2–8 

Oct. 1993. 

[36] J. P. Noon and D. Dalal “Practical design issues for PFC circuits,” IEEE Appl. Power Electron. 

Conf., APEC, vol. 1, pp.51–58, 23–27 Feb. 1997. 

[37] P. C. Todd “UC3854 Controlled power factor correction circuit design,” Application Notes U-

134, Unitrode Products & Application Handbook, pp.10-303–10-322, 1995. 

[38] Y. Durrani, E. Aeloiza, L. Palma and P. Enjeti “An integrated Silicin Carbide (SiC) Based Single 

Phase Rectifier with Power Factor Correction,” IEEE Power Electron. Specialists Conf., PESC-

2005,  pp.2810–2816, 2005 

[39] C. Zhou, R.B. Ridley and F.C. Lee “Design and analysis of a hysteretic boost power factor 

correction circuit,” IEEE Power Electron. Specialists Conf., PESC-1990, pp.800–807, 1990. 

[40] J.S. Lai and D. Chen “Design consideration for power factor correction boost converter operating 

at the boundary of continuous conduction mode and discontinuous conduction mode,” IEEE Appl. 

Power Electron. Conf., APEC, pp.267–273, 7–11 March 1993. 

[41] S. Ben-Yaakov and I. Zeltser “PWM Converters with Resistive Input,” IEEE Trans. Indust. 

Electron., vol. 45, no. 3, pp.519–520, June 1998. 

[42] B. Mather, B. Ramachandran and D. Maksimovic “A Digital PFC Controller without Input 

Voltage Sensing,” IEEE Appl. Power Electron. Conf., APEC, pp.198–204 Feb. 25 – March  1 

2007. 

[43] Zeltser I. and Ben-Yaakov S. “Modeling, analysis and simulation of ‘AC inductor’ based 

converters,” IEEE Power Electron. Specialists Conf., PESC-2007, Orlando, Florida, pp.2128–

2134, 2007. 

[44] C. K. Tse, S. C. Wong and M. H. L. Chow “On Lossless Switched-Capacitor Power Converters,” 

IEEE Trans. Power Electron., vol. 10, no. 3 , pp.285–261, 1995. 

[45] A. Ioinovici “Switched-capacitor power electronics circuits,” IEEE Circ. Syst. Magazine, vol. 1, 

no. 3, pp.37–42, 2001. 

[46] Y. P. B. Yeung K. W. E. Cheng, S. L. Ho, K. K. and Law, D. Sutanto, “Unified analysis of 

switched-capacitor resonant converters, ” IEEE Trans. Indust. Electron., vol. 51,  no. 4, pp.864–

873, 2004. 

[47] J. W. Kimball and P. T. Krein “Analysis and Design of Switched Capacitor Converters,” IEEE 

Appl. Power Electron. Conf., APEC- 2005, vol. 3, pp.1473–1477, 2005. 

[48] M. D. Seeman and S. R. Sanders “Analysis and Optimization of Switched Capacitor DC-DC 

Converters,” IEEE Trans. Power Electron., vol. 23, no. 2, pp.841–851, March 2008. 

[49] B. Arntzen and D. Maksimovic “Switched-Capacitor DC/DC Converters with Resonant Gate 

Drive,” IEEE Trans. Power Electron., vol. 13, no. 5, pp.892–902, September 1998. 

[50] M. S. Makowski and D. Maksimovic “Performance Limits of Switched-Capacitor DC-DC 

Converters,” IEEE Power Electron. Specialists Conf., PESC-1995, vol. 2, pp.1215–1221, 1995. 



 

References 93

[51] I. Oota, N. Hara and F. Ueno “A General Method for Deriving Output Resistances of Serial Fixed 

Type Switched-Capacitor Power supplies,” IEEE Int. Symp. Circ. Syst., ISCAS-2000, vol. 3, 

pp.503–506, 2000. 

[52] S. Ben-Yaakov and A. Kushnerov “Algebraic Foundation of Self Adjusting Switched Capacitors 

Converters," IEEE Energy Conversion Expos. (ECCE), San Jose, California, USA, September 

20–24, 2009. 

 

 

 



 

Dividing page 

 

 

 

 



 

  תקציר

 

, י סימולציה ותוצאות ניסיוניות שהגיעו מאב טיפוס מעבדתי המבוקר בבקר דיגיטלי"התיאורטיות אומתו ע

DSP.  

  מירי קבלים מתמתגיםבמ  הפסדים מודל גנרי אחיד של

י סימולציות " פותחה ואומתה ע(SCC)מתודולוגיה גנרית לבחינת הפסדים בממירי הקבלים המתמתגים 

הניתוח האנליטית המוצעת ייחודית ומכסה את הטופולוגיות השייכות לממירי קבלים שיטת . וניסוים

היתרון העיקרי של . - "Hard"" הקשה"וגם את אלה עם המיתוג , - "Soft"" רך"מתמתגים עם מיתוג 

היות . המודל המוצע הוא העובדה שביטוי ההפסדים הינו פונקצית הזרם העובר דרך כל קבל מתמתג

המודל יישומי גם עבור ממירים עם מספר רב של , פרופורציוניים ליניארית לזרם המוצאוזרמים אלה 

המודל המוצע מספק מידע לגבי ההפסדים שיש לצפות מממירי קבלים ממותגים והשפעת פרמטרי . קבלים

כתוצאה מכך המודל יוכל לשמש לאופטימיזציה של ממירי . Duty Cycle, העבודה כמו למשל יחס מחזור

  .על מנת לעמוד בדרישות והסטנדרטים הרצויים, ם מתמתגים ושיטות הבקרה הקשורות אליהםקבלי

  

ועל אף , מהווים מדגם של ענפי תחום אלקטרוניקת ההספק, ממירים ממותגים שנחקרו בעבודה זו

את המתודולוגיה ושיטות העבודה ניתן להשליך , שהגישות המוצעות הודגמו על מספר ממירים מצומצם

סימולציות וניסוים , כל ההשערות והערכות תיאורטיות עברו בחינה מעמיקה. רים ממותגים אחריםעל ממי

המודלים שנמצאו עברו נרמול ולכן מתאימים לתחום פרמטרים רחב של הממיר . על אב טיפוס מעבדתי

 . הרלוונטי

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  תקציר

  תקציר
  

מעבדות מחקר .  הפרמטרים החשובים ביותריעילות מערכת הינו אחד, בתעשייה של ספקי כוח מודרניים

רשימת ענפי הפיתוח וכיווני . 100%מסביב לעולם עובדות במאמץ להתקרב לנצילות המרת הספק של 

מציאת טופולוגיות יותר מתקדמות , וכוללת פיתוח שיטות בקרה, המחקר השואפים למטרה זו הינה ארוכה

, עבודת תזה זו דנה בממירי הספק ממותגים. 'וכו, השמשה של רכיבים אלקטרוניים חדישים, של ממירים

כך שיוכלו להתמודד עם , ולהביא לשיפור נוסף בפעולתם, בניסיון לרכוש הבנה וכלים רחבים יותר

  .הדרישות המודרניות המחמירות המוצבות בפניהם

]. IEEE] 31,40,51,52המחקר שבוצע במסגרת תזה זו מסוכם  בארבעה מאמרים שפורסמו בכנסים של 

נחקרו שלושה ממירים המכסים יחדיו נתח משמעותי של ענף התעשייה המודרנית של ממירי הספק 

גם עבודת התזה מחולקת לשלושה חלקים ובכל אחד , היות והמחקר עוסק בשלושה ממירים. ממותגים

  .  לממיר הרלוונטיםמוצגים הממצאים המתייחסי

ית שת מתח הרשת המבוססת על מודולצי ללא חיAPFC חליפית של מערכת  החקירת שיטת בקר

  גל נושא משולש

 ועובד במשטר (APFC) המתפקד כמתקן גורם הספק פעיל Boostמוצגת שיטת בקרה חליפית לממיר 

 APFCמערכת . י סימולציות וניסויים"השיטה נותחה ועברה ווידוא ע. (CCM)עבודה של זרם רציף 

י שינוי "רמת ההספק מכוונת ע. ב זרם הכניסה לעיצו(ACM)שבנידון משתמשת בבקרת זרם ממוצע 

. האמפליטודה של גל נושא משולש כפונקציה של אות שגיאת חוג הבקרה החיצוני על מתח המוצא

. וללא צורך במעגלי ייחוס של מתח כניסה, המערכת המוצעת מתפקדת ללא צורך בחישת מתח הרשת

התוצאות הניסיוניות מראות . אות ניסיוניותי סימולציות ותוצ"ההשערות התיאורטיות מקבלות תמיכה ע

 אחרות שגם הן אינן APFCשיפור בביצועי המערכת בהספקים נמוכים בהשוואה לשיטות בקרת 

  .משתמשות בחישת מתח הכניסה

  יראטור'ממיר גשר כפול בעל דפוס התנהגות של ג

 ממותג DC-DCל ממיר  וחקרנו את המאפיינים ואת יתרונותיו שDSP-השתמשנו ביכולות ה, בעבודה זו

פיתחנו את המודל הכללי שמתאר את . יראטור'המבוסס על גשר כפול ובעל דפוס התנהגות של ג

. יראטור' ובעלת דפוס התנהגות של ג"AC Inductor"-ת הגשר הכפול המבוססת על עקרון הטופולוגי

 בסיוע DSP -והסרת שגיאות קוד ב, פותחה שיטה ידידותית למשתמש המאפשרת פיתוח תוכנה

, נבנתה מערכת תיקון גורם הספק, ובסיוע שיטת פיתוח הקוד שהוצעה, בעזרת המודל שנגזר. הסימולציה

פותח תרשים תכנון , בהתבסס על תוצאות המחקר. י סימולציות וניסויים"נבחנה מבחינה תיאורטית ע

עריים של מערכת  והפסדי הולכה מז(ZVS)הקובע את חוק הבקרה ופרמטרים מיטביים עבור מיתוג רך 

מערכת תיקון גורם הספק שהוצעה חדשנית ומהפכנית במובן שהינה מתפקדת . ל"תיקון גורם הספק הנ

ללא צורך בחישת מתח הכניסה וללא צורך בחישת זרם הכניסה וכל מעגלי החישה שמסביב לחיישנים 

 ההשערות. האות היחיד הנדרש לפעולה סדירה של המערכת הינו אות סנכרון עם הרשת. אלו
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