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Abstract 

Single-stage AC-DC converters integrate an AC-DC front-end converter with a DC-DC back-

end converter. Compared with conventional two-stage AC-DC converters, single-stage AC-

DC converters use less components and only one controller, which is used to regulate the 

output voltage. As a result, the cost, size and complexity of AC-DC converters can be reduced, 

but single-stage converters do not perform as well as two-stage converters, and most have 

drawbacks that are related to the fact that the DC bus voltage is not controlled an can become 

excessive.  

A new single-phase single-stage AC-DC converter that uses stacked flyback converters is 

proposed in this thesis. The proposed converter consists of two low power flyback converters 

stacked on top of each other and an active clamp that helps the main switches operate with 

ZVS. The stacked structure helps reduce the voltage stresses typical fund in many single-stage 

converters. In the thesis, the operation of the converter is explained, the steady-state 

characteristics of the converter are determined and its design is discussed. The feasibility of 

the new converter is confirmed with experimental results obtained from a 100VAC~220VAC 

worldwide input, 48V output, 100kHz switching frequency and 200 W output power prototype 

converter. 
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AC-DC converter, single-stage, single-phase, flyback converter, stacked converter, zero-
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Chapter 1  

1 Introduction 

Power electronics is the application of power semiconductor devices to convert and control 

electric power from one form to another. Power electronics, using semiconductor devices 

as switches, is used in many applications such as mobile phone chargers, laptops power 

supplies, hybrid vehicles, etc. As power electronics is a comprehensive subject, the power 

electronics design includes many subjects from electrical engineering such as circuit 

theory, control theory, electronics, and microprocessors. The main objective of power 

electronics is to generate required voltage and current output from particular input sources 

by using power engineering techniques [1].  

In power electronics, circuits that convert one type of voltage and current waveform to 

another type of voltage and current waveform are called converters. The main objective of 

a converter is to transfer electric power with high efficiency, low cost and small size. 

Converters that interface source and load can be classified into four different types: AC to 

DC (rectifier) converter, DC to AC (inverter) converter, DC-to-DC converter and AC-to-

AC converter. In addition, power conversion can be implemented with multi-stage 

converters that combine multiple converters. For example, an AC-DC converter can be 

implemented with two smaller converter stages with the first stage converting the AC 

source signal to an intermediate DC signal and the second stage converting the intermediate 

DC signal to a required DC signal. The AC-DC power converter performs AC-DC 

conversion and input power factor correction (PFC) in order to comply with harmonic 

standards such as IEC 1000-3-2 [2] while the DC-DC converter is normally step-up or step-

down converter to generate the require voltage. The two-stage AC-DC converter has 

excellent performance and is thus widely applied in many applications [3]-[14]. It can be 

considered to be the most popular approach to AC-DC power conversion. 

Although two-stage AC-DC converters can have high power factor, low input current 

harmonic content and regulated DC link voltage, they can be considered to be large and 

expensive because they require two separate controllers, one for each stage of the 

https://en.wikipedia.org/wiki/Rectifier
https://en.wikipedia.org/wiki/Power_inverter
https://en.wikipedia.org/wiki/DC-to-DC_converter
https://en.wikipedia.org/wiki/AC/AC_converter
https://en.wikipedia.org/wiki/AC/AC_converter
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converter. In some applications, low cost and small size is usually the first consideration 

of converter design; therefore, so-called single-stage AC-DC converters are attractive due 

to their cost and size advantage. AC-DC single-stage converters combine an AC-DC front-

end converter with a DC-DC converter into a single converter that performs both AC-DC 

and DC-DC power conversion. The DC-DC converter section is typically a flyback or 

forward converter for low power applications and a half-bridge or full-bridge converter for 

higher power applications. The AC-DC section is typically a boost converter that also 

performs input power factor correction (PFC). Most modern AC-DC power converters 

require input PFC to shape the input current so that it is sinusoidal and in phase with the 

input AC voltage. Compared with two-stage converters that use two independent 

converters to perform AC-DC power conversion (an AC-DC and a DC-DC stage), single-

stage converters use fewer active switches and only a single controller just for the output 

voltage as opposed to two separate controllers to regulate the output of two separate 

converters. As the single-stage converter is cheaper and smaller, but it is not as efficient as 

two-stage converter [15]-[32].  

 

1.1 AC-DC Power Supplies 

AC-DC power supplies are a must in society as most applications require low-level DC 

voltages but are powered from the AC utility voltage. The field of AC-DC power 

conversion is thus one that has generated considerable interest among power electronic 

researchers over the years. In this section, certain fundamentals of the field are explained   

ahead of a literature review that will be performed in the following section.  

1.1.1 Power Factor Correction 

AC-DC power supplies have an AC input source with a diode bridge that converts it to a 

DC voltage. Fig. 1.1(a) shows an AC full wave rectifier suppling a resistive load. The input 

voltage and current waveforms are presented in Fig. 1.1(b). Since the diodes conduct for 

only very short amount of time during each AC line cycle, the resulting input current is 

very non-sinusoidal and the converter thus has a low input power factor. In order to 

quantify the non-sinusoidal property of the input waveform, total harmonic distortion is 
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used. This is the ratio of the RMS value of all non-fundamental frequency terms to the 

RMS value of the fundamental frequency term, which can be expressed as follows:  

𝑇𝐻𝐷 = √
𝐼𝑟𝑚𝑠

2 − 𝐼1,𝑟𝑚𝑠
2

𝐼1,𝑟𝑚𝑠
2  (1.1) 

 

(a) 

 

(b) 

Figure 1.1: (a) AC fullwave rectifier. (b) Input voltage and current waveform [1]. 

 



4 

 

A common way to improve the power factor is to equip a power factor correction (PFC) 

Fig. 1.2(a) shows a boost converter used as a PFC converter. The boost converter shapes 

the input current so that it is sinusoidal and in phase with the input voltage. The converter 

operates as follows: When the switch is closed, the current in the input inductor will rise; 

when the switch is opened, the current in the input inductor will fall. Based on the input 

current rise and fall times, the input inductor current can be made to have a sinusoidal 

shape. Two types of input inductor current are shown in Fig. 1.2(b) and Fig. 1.2(c): 

continuous-current mode (CCM) in Fig. 1.2(b) and discontinuous-current mode (DCM) in 

Fig. 1.2(c). CCM current is used for high-power applications while DCM current is used 

for low-power applications. The different between CCM and DCM is that current in the 

input inductor of DCM falls to zero at the each of each switching cycle as the input voltage 

is low while this is not the case for CCM. Regardless of which approach is used, the output 

of a boost PFC converter is a high DC voltage that is typically about 400V [1], [22]-[26].  

1.1.2 Soft-Switching Techniques 

For conventional DC-DC and AC-DC converters, the converter switches generate 

conduction losses when operated. Before the switch is ON, there is a drain-to-source 

voltage  𝑉𝑑𝑠 across the switch. When the switch is ON, the drain current  𝐼𝑑  rises in the 

switch device (typically a MOSFET), which results in conduction loss  𝑃𝑠𝑤𝑡𝑖𝑐ℎ−𝑙𝑜𝑠𝑠 =

 𝑉𝑑𝑠 ∙ 𝐼𝑑. Before the switch is OFF, drain current exists in the MOSFET. When the switch 

is OFF, there is a short time during which the drain current falls to zero and the drain-to-

source voltage is increased; switching losses are produced. This phenomenon is called 

hard-switching and typical hard-switching switch voltage and current waveforms are 

shown in Fig. 1.3(a). The shadow area shows the switching losses of switch operation.  

For high frequency converters, switching losses can be excessive and can significantly 

reduce converter efficiency. In order to reduce these losses, converters are usually operated 

with zero-voltage switching (ZVS) or zero-current switching techniques (ZCS) such as 

resonant circuits, active clamp converters, etc. The basic principle of ZVS or ZCS is that 

the converter eliminates either switch voltage or switch current during the time of a 

switching transition as dissipated power is related to the product of voltage and current. 

This results in a significant reduction in switching losses. ZVS and ZCS are specific types 
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of what is generally called soft-switching techniques as opposed to hard-switching 

techniques. An example of switch current and voltage waveforms when soft-switching is 

 

(a) 

 

(b) 

 
(c) 

Figure 1.2: (a) Boost-type power factor converter. (b) Input voltage and input inductor 

current waveform in continues current mode (CCM). (c) Input voltage and input 

inductor current waveform in discontinues current mode (DCM) [1].  
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used is Fig. 1.3(b) in order to illustrate the switching loss area that is reduced or eliminated 

by using soft-switching techniques [1], [27]-[32]. 

 

(a) 

 

(b) 

Figure 1.3: Voltage and current waveforms of (a) hard-switching and (b) soft 

switching. 
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1.2 Literature Review 

A literature review of state- of-the-art low power AC-DC converters is performed in this 

section. Several types of recent low power AC-DC single-stage single-phase converters (< 

250 W) are presented [33]-[48] and higher power single-stage converters such as the ones 

proposed in [49] and [50] will not be discussed. For each converter type, its basic principles 

are discussed and the operation of an example converter is briefly explained along with its 

strengths and drawbacks. 

1.2.1 Conventional Single-stage Flyback Converter without DC Bus 
Capacitor 

Low power single-stage AC-DC converters can generally be classified as belonging to one 

of two types: 

• Converters without a DC bus capacitor. 

• Converters with a DC bus capacitor. 

The first type of converter is discussed in this section while the second type will be 

discussed in the next section. 

The converter in Fig. 1.4(a) is a flyback converter with a rectified AC input instead of a 

DC source. The way this converter works is that input current rises when the converter 

switch is ON and falls when the converter switch is OFF. If the converter’s duty cycle is 

kept fixed throughout the AC input line cycle, then a discontinuous input current consisting 

of triangular portions with varying peaks such as what is shown in Fig. 1.4(b) will be 

produced. This waveform is bounded by a sinusoidal envelope so that it is essentially a 

sinusoidal waveform with high frequency harmonics. If these harmonics are filtered out, 

then the resulting waveform will be a sinusoidal AC input current waveform. 

Converters such as the one shown in Fig. 1.4(a) are simple and inexpensive. They do, 

however, have the following drawbacks: 

• The only filtering that these converters have is at the output – there is no filtering at 

their primary side as there is no DC bus capacitor. As a result, a large 120 Hz low 
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frequency AC component can appear at the output. In order to filter out this component, 

the output capacitor must be larger, which can slow down the response of the converter 

as well as take up space. 

• Hold-up time is a feature that is required in many AC-DC power supplies. Hold-time 

is defined as the amount of time a converter can still provide a regulated output after 

an AC failure. Converters such as the ones shown in Fig. 1.4(a) that do not have a DC 

bus capacitor must rely on just the output capacitor to provide hold-time operation, 

which means that the output capacitor must be large. This results in the same issues 

that were described above. 

S

L

Vrec

  
(a) 

 

Figure 1.4: (a) Basic single-stage flyback converter. (b) Input voltage and current 

waveforms. 

 

(b) 

Fig. 1. (a) Basic single-stage flyback converter. (b) Input voltage and current 

waveforms. 
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1.2.2 Basic Single-stage Low Power Converters with DC Bus 
Capacitor 

The converter shown in Fig. 1.5 was first proposed in [32], which is considered to be a 

landmark paper in the field of single-stage converters as it was among the first, if not the 

first, to investigate low power single-stage converters of this type. This converter can be 

synthesized from two-stage converters by combined an AC-DC boost front-end converter 

with a DC-DC flyback converter then eliminating all redundant and unnecessary elements. 

They are operated using just a single controller to regulate the output voltage. 

The converter shown in Fig. 1.5 operates as follows: When the switch is ON, the output 

voltage of the input diode bridge rectifier is placed across the input boost inductor and DC 

bus voltage is applied on the primary side of the transformer simultaneously. The input 

current rises while energy is stored in the transformer. When the switch is OFF, the current 

in the input inductor drops as it flows through the DC bus capacitor while the energy stored 

in transformer is transferred to the output.  

The converter is operated with fixed duty cycle. If the input inductor is designed so that 

the input current is discontinuous throughout the AC input line cycle, then the input current 

will consist of a set of triangles that is bounded by a sinusoidal envelope, much like the 

waveform shown in Fig. 1.4(b). 

 

Figure 1.5: Basic single-stage AC-DC flyback converter with DC bus capacitor. 
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The presence of a bulk capacitor at the DC bus of the primary side of the converter 

eliminates the drawbacks that exist in single-stage converters like the one shown in Fig. 

1.4(a). The DC bus capacitor helps reduce the low frequency 120 Hz harmonic component 

that is in the input diode bridge rectifier output voltage so that it does not appear at the 

converter’s output; this allows for a smaller output capacitor to be used. Moreover, the DC 

bus capacitor can be sized to extend hold-up so that any such requirement is met. 

1.2.2.1 DC Bus Voltage Reduction Methods  

Although the converter in Fig. 1.5 is very simple, it has one important drawback - there is 

no control over the intermediate DC bus voltage (i.e. voltage across  𝐶𝑏𝑢𝑠 in Fig. 1.5) as 

there is only one controller. The DC bus voltage can become excessive under certain 

operating conditions such as high input line / light-load, which necessitates the use of high 

voltage rated components that can increase cost and high voltage capacitor that can increase 

size. This especially true if the converter need to operate with universal input line range 

(86 𝑉𝑟𝑚𝑠 – 264 𝑉𝑟𝑚𝑠). 

There are several methods by which the DC bus voltage of basic single-stage converters 

such as the one shown in Fig. 1.5 can be reduced. Each method involves changing the 

energy equilibrium at the DC bus. This energy equilibrium is the equilibrium of energy 

that must exist at the DC bus capacitor when the converter is operating under steady-state 

conditions and can be stated as follows: 

The energy that is delivered to the DC bus capacitor from the input must be equal to the 

energy that is delivered by the capacitor to the output. If net energy is delivered to the 

capacitor from the input or from the capacitor to the output, then the converter is not 

operating in steady-state as the DC bus capacitor voltage has a net charge and its voltage 

is increasing or it has a net discharge and its voltage is decreasing.  

The DC bus voltage reduction methods include the following: 

• Reducing the transformer turns ratio: This increases the primary side current, which 

allows more energy to be discharged by the capacitor. The steady-state energy 

equilibrium is therefore changed so that the DC bus voltage is reduced. Doing this, 
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however, creates several problems that are a result of the increased primary current. 

These include higher conduction losses, higher turn-off losses and a narrowing of the 

converter’s duty cycle range of operation. 

• Increasing the input boost inductor: This reduces the amount of energy that is stored 

in the inductor when the switch is turned on. Doing so affects the energy equilibrium 

at the DC bus as less energy stored in the inductor results in less energy being 

transferred to the DC bus for the same amount of duty cycle. This results in lower DC 

bus voltage. The main drawback to this approach is that increasing the input inductor 

can cause the waveform to become distorted, as shown in Fig. 1.6. This is because the 

input current may no longer be discontinuous throughout the entire AC line cycle, but 

may become “semi-continuous” with regions where the input current is continuous. As 

a result, the input current harmonic content may become such that regulatory agency 

standards on harmonic content are not met, which would be unacceptable from a 

commercial point of view. 

• Decreasing the magnetizing inductance in flyback converters or the output inductor in 

forward converters: This results in more current being drawn from the DC bus 

capacitor, thus changing the energy equilibrium so that the steady-state DC bus voltage 

is lower. Doing so, however, means that there will be higher peak currents at the 

 

Figure 1.6: Distorted semi-continuous input current waveform. 
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primary and at the secondary, thus increasing switch stress. Conduction losses may also 

be increased as the amount of current circulating in the converters is increased. 

1.2.3 Review of Recent AC-DC Single-Stage Converter Topologies 
without DC Bus Capacitor 

Research on low power single-stage converters over the past 20 years has focused on trying 

to improve their operation and performance by overcoming the drawbacks that have been 

discussed above. As a result, many single-stage converter topologies have been proposed 

over the years, each with its advantages and disadvantages. In this section of the thesis, 

several of the most recent types are presented, with the operation of each type explained 

using an example converter and its advantages and disadvantages stated. 

1.2.3.1 Interleaved Converters 

Interleaving power converters is a popular approach in power electronics. It involves 

connecting multiple converters in parallel then operating these converters so that there a 

360°/n (where n is the number of converter modules) phase-shift between the two 

converters. For example, if two converter modules are interleaved, then the phase-shift 

between the two converters is 180°; if there are three modules, then the phase-shift is 120°.  

In general, the main advantages of interleaving are: 

• Reduction of current ripple in the input or the output, depending on which section of 

the converter is interleaved. Interleaving increases the effective switching frequency 

by n times so that filtering high switching frequency harmonic components becomes 

easier. 

• Reduction of current stress of individual components (switches and diodes) as power 

is distributed among several converters.  

In Fig. 1.7(a), an interleaved single-stage single-phase AC-DC converter is shown [34]. It 

is implemented with two paralleled flyback converters. It should be noted that capacitor 𝐶𝑏 

connected to the DC bus is not a bulk capacitor, but is a small capacitor that is used as a 

snubber to interface the input inductor with the two transformers. It can be discharged 

whenever a switch is ON. 
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The converter operates as follows: During the first half of the switching cycle, 𝑆1 is turned 

ON at the start and current in transformer 𝑇1  rises and is eventually equal to the input 

inductor current. The input current rises as energy is stored in 𝑇1. 𝑆2 is OFF during this 

time. When 𝑆1 is turned OFF, the input inductor current is gradually transferred to the small 

DC bus snubber and falls while energy is transferred to the output. At the start of the second 

half of the switching cycle, 𝑆2 is turned ON while 𝑆1 is kept OFF and the operation of the 

AC Cb
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Lin2

 

(a) 
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S2
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(b) 

Figure 1.7: Interleaved single-stage converters. (a) Flyback (b) Current-fed push-pull. 
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converter becomes the same as in the first half of the cycle except that 𝑆2 and 𝑇2 have 

current flowing through them instead of 𝑆1 and 𝑇1. 

In Fig. 1.7(b), another interleaved AC-DC converter is shown [36]. This converter is based 

on the current-fed push-pull topology and uses just one transformer instead of just two. 

Otherwise, the general operating principle of the converter is very similar to the one shown 

in Fig. 1.7(a). 

Although interleaving multiple converters has the above-mentioned advantages, it also has 

several drawbacks. One is cost as several converters are needed. Another is if the converter 

is implemented with some sort of soft-switching technique that requires an auxiliary circuit 

such as the active clamp method, then an additional switch must be added to each converter 

module, thus further increasing costs. 

1.2.3.2 Forward-Flyback Converters 

One of the drawbacks of simple forward converters is that their maximum duty cycle is 

typically limited to 50% in order to allow for sufficient time to reset the transformer. 

Although it is possible to extend the duty cycle past 50%, it is generally avoided except for 

some low-line voltage applications due to an increase in the peak switch voltage stress. As 

a result, no power is transferred to the output for half the switching cycle. This impacts the 

design of the transformer and can lead to higher primary-side currents. 

If a forward converter is implemented in such a way so that the tertiary winding that is used 

to reset the transformer is connected to the secondary instead of the primary, then a forward 

converter can allow for energy to be transferred to the output when the switch is OFF. Fig. 

1.8(a) shows just such an implementation with a passive snubber connected to the converter 

switch [37]. 

The main drawback with this approach is that the output current ripple is increased due to 

the contribution of current from the flyback winding. This current introduces a low 120 Hz 

frequency component to the output that increases the size of the output capacitor needed to 

filter out harmonic components to ensure a DC output. This 120 Hz component comes from 

the rectified input diode bridge output voltage. 
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One way to resolve this problem is to use a small converter at the secondary to inject current 

into the output capacitor whenever the input voltage is near one of its zero-crossings. Such 

an approach is shown in Fig. 1.8(b) [38]. In this converter, a small buck converter is 

connected between the forward winding output capacitor and the converter output 

capacitor. The duty cycle of the small buck converter is increased when the input voltage 

is near a zero-crossing to inject more current into the output and decreased when the input 

voltage is close to its peak to inject less. Although this method is effective in reducing 

output filter capacitor size, its main drawback is the need for a second converter whose 

operation must be tied to the main converter so that the voltage can be properly regulated. 

This leads to increased cost, size and complexity. 
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Figure 1.8: Forward-flyback single-stage converters. (a) Converter with basic 

secondary topology. (b) Converter with secondary buck converter. 
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1.2.4 Review of Recent AC-DC Single-Stage Converter Topologies 
with DC Bus Capacitor 

Recent AC-DC single-stage converters with a bulk DC bus capacitor in their topologies 

are discussed. 

1.2.4.1  Single-Stage Converter with Counter Voltage 

As explained in Section III, the energy equilibrium at the DC bus can be changed if either 

the amount of energy delivered from the input to the DC bus capacitor or the amount of 

energy delivered to the output from the DC bus capacitor is changed. One way by which 

the amount of energy from the input can be changed (i.e. reducing the amount of energy 

stored in the input inductor and ultimately transferred to the DC bus for the same duty 

cycle) is by introducing a counter voltage to one end of the inductor so that when the switch 

is turned ON, less energy is stored in the inductor and thus less energy is transferred to the 

DC bus capacitor.  

Many ways have been proposed to implement this counter voltage; several examples are 

shown in Fig. 1.9.  The flyback converter shown in Fig. 1.9(a) uses an auxiliary winding 

taken from the converter transformer as a ‘magnetic switch’, operating like a boost 

converter switch [39]. When the switch is ON and energy is being stored in the transformer, 

a negative voltage is placed across the auxiliary winding, which cancels out some of the 

voltage of the capacitor that it is connected to, thus allowing the input current to rise. When 

the switch is turned OFF, energy stored in the transformer is released to the output and the 

auxiliary winding reverses polarity so that it exceeds the amplitude of the input voltage. 

This causes the input inductor current to fall and it eventually falls to zero sometime during 

this part of the switching cycle. Another way to impress a counter voltage is shown in Fig. 

6(b) [10]. This converter is the same as the converter shown in Fig. 1.5 in Section 1.2.2 

except that capacitor 𝐶1  has been added between the input inductor and switch. This 

capacitor keeps the full input voltage from being impressed across the inductor when the 

switch is turned ON. 

The main drawback with single-stage converters with magnetic switches is that the input 

current may become distorted, as shown in Fig. 1.9(c) [42]. This input current distortion is 
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Figure 1.9: (a) Single-stage flyback converter with magnetic switch. (b) Single-stage 

flyback converter with counter voltage capacitor. (c) Typical input current waveform 

for single-stage converters that use a counter voltage (reproduced from [42]). 
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due to the fact that significant dead-band regions – regions where current is zero – appear 

around the zero-crossing regions of the input line current. These dead-bands are the result 

of voltage appearing at the output of the diode bridge rectifier as a result of the counter 

voltage that is applied. When the input voltage is near zero, the diodes of the bridge rectifier 

are reverse-biased so that they cannot conduct. It is only after the amplitude of the input 

voltage exceeds that of the counter voltage that these diodes can conduct. 

The result of the input current distortion is higher harmonic content and lower input power 

factor. The higher harmonic content increases current stress on the converter components, 

and also reduce converter efficiency. Another negative effect of the increase harmonic 

content is that they limit the load range over which these converters can operate. Given that 

the most consideration in the design of AC-DC converters is that their input current meets 

regulatory agency standards on harmonic content, it becomes increasingly difficult to 

design a magnetic switch single-stage converter to do so as the load range is increased 

unless some other performance criteria is compromised, such as efficiency, or component 

stress. 

1.2.4.2 Buck-boost PFC Flyback 

Most AC-DC single-stage converters that have been proposed have a boost converter input 

section. Some researchers have proposed replacing the boost input section with a buck-

boost converter section so that the DC bus voltage can be reduced. A buck-boost section is 

preferred over a buck converter as it is easier to integrate a flyback converter with a buck-

boost converter. Several researchers have proposed integrating a flyback converter with a 

SEPIC converter, which is another topology with voltage step-up / step/down capability. 

An integrated buck-boost type flyback converter is shown in Fig. 1.10 [44]. It consists of 

a buck-boost AC-DC input section and a flyback converter. The converter works as 

follows: When the switch is ON, capacitor Cbus impresses voltage across the transformer 

as this element is placed across it. Also, snubber capacitor 𝐶, which has been charged in 

the previous switching cycle, quickly discharges through inductor 𝐿 and the switch. When 

𝐶 has been discharged, the full rectified input voltage is impressed across 𝐿 and the current 

through it rises. When the switch is turned OFF, current from 𝐿 is transferred to 𝐶𝑏 through 
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diode; eventually this current falls to zero before the start of the next switching cycle. Also, 

leakage inductance energy is transferred to snubber capacitor 𝐶 and energy that was stored 

in the transformer previously in the switching cycle is transferred to the output. 

The main advantage of single-stage buck-boost converters is that the issue of excessive DC 

bus is avoided as input voltage, especially high-line input voltage, can be stepped down. 

As a result, there is no need to distort the input current as is done with some of the other 

approaches that have been discussed above and thus the converter can operate with an 

excellent input power factor. 

The main drawback is converter efficiency. A buck-boost type converter is not as efficient 

as a boost-type converter due to its nature. The switches in buck-boost converters have 

higher turn-off losses as their peak current is higher and this results in a drop in efficiency. 

1.2.4.3 Bridgeless Flyback PFC converter 

Thus far in this literature review, it has been emphasized that single-stage converters have 

an uncontrolled DC bus voltage as they are implemented with just a single controller that 

regulates the output voltage. The DC bus voltage is dependent on the energy equilibrium 

between energy being transferred to the DC bus capacitor and energy being transferred out 

of this capacitor. The problem that has been emphasized is the issue of excessive DC bus 
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Cbus
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Figure 1.10: Bridgeless Flyback PFC converter. 
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voltage – especially if the converter is designed to operate with a universal input line range 

and it is operating with high input line voltage and light load. 

Another issue with single-stage converters, which is the flip side of the excessive DC bus 

voltage issue, is low efficiency when a universal input range converter is operating with 

low input line voltage. A universal input range converter design that ensures that the DC 

bus voltage is not excessive can result in this voltage being very low (i.e. 100 V < 𝑉𝑏𝑢𝑠< 

150 V) when the converter is operating at low input line. When this happens, there is a 

significant amount of current circulating in the primary side of the converter and this 

creates significant conduction losses that reduce converter efficiency.  

One source of these conduction losses is the conduction loss of the primary side diodes, 

which can include the input bridge rectifier diodes, the boost section diode (as most 

converters are boost-derived) and any additional diodes that may be present in the 

converter’s primary side. Primary side current may have to flow through at least three 

diodes at any given time. 

In order to reduce these diode-related conduction losses, so-called bridgeless converters 

such as the one shown in Fig. 1.11 have been proposed. These converters do not have a 

diode bridge and rectify the input AC voltage by other means instead, generally by 

integrating the converter switch with input diodes or replacing bridge diodes with switches 

that also help perform DC-DC conversion. 
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Figure 1.11: Single-stage buck-boost flyback converter. 

  

 



21 

 

The converter shown in Fig. 1.11 is a bridgeless AC-DC frond-end combined with a 

flyback converter with a lossless snubber [46]. The converter operates as follows: The two 

switches are turned ON and OFF simultaneously. Assuming that the two DC bus capacitors 

are charged, when the two switches are turned ON, the full AC input voltage is impressed 

across the input inductor and current rises. While this is happening, the two DC bus 

capacitor discharge – 𝐶2  discharges through inductor 𝐿  and 𝐶1  discharges through the 

transformer. As 𝐶2 impresses voltage across the transformer, energy is stored in it. 

When the switches are turned OFF, the input inductor current flows through 𝐶1 and 𝐶2 and 

falls. Eventually, this current falls to zero and remains at zero until the start of the next 

switching cycle when the switches are turned on again. In the meantime, energy that was 

stored in the transformer when the switches were ON is transferred to the output through 

the secondary diode. 

It should be noted that even though the input current flows through three circuit elements 

at any given time, some reduction in conduction losses can occur if the switches are 

MOSFET devices with low on-stage resistance values (𝑅𝑑𝑠−𝑜𝑛). With such MOSFETs, 

conduction losses are lower than those produced by diodes with much higher forward 

voltage drops.  

Although bridgeless single-stage converters can be more efficient than single-stage 

converters with input diode bridges, especially at low input line, they have several 

drawbacks, including the following: 

• The lack of an input bridge has little, if any, impact on the DC voltage so that the issue 

of excessive DC bus voltage remains unless some DC bus voltage reduction method 

such as the ones discussed in this thesis are implemented. 

• Converter cost and complexity can increase if the bridgeless converter requires 

additional active devices such as the converter shown in Fig. 1.11. 

• Some bridgeless converters have issues with EMI as their topologies do not allow for 

stable grounding [48]. This results in additional EMI filtering being needed so that the 

converter size is increased.  
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1.3 Thesis Objectives 

The main objectives of this thesis are presented as follows: 

• To propose a new two-switch single-stage AC-DC flyback converter with double 

power transfer frequency and low peak voltage stress by using only one active clamp 

switch.  

• To analyze the proposed converter in order to study its steady state characteristics. 

• To develop a circuit design procedure for the new single-stage converter that can be 

used in the selection of circuit components.  

• To confirm the feasibility of the new single-stage converter with experimental results 

obtained from a 200W prototype converter. 

1.4 Thesis outline 

This thesis consists of six chapters. The outline of the thesis is as follows: 

In Chapter 2, a new single-phase single-stage AC-DC stacked flyback converter with only 

one active clamp switch is proposed. The stacked converter concept is introduced and its 

modes of operation is presented. The converter features are listed to demonstrate the 

advantages of the proposed converter. 

In Chapter 3, a steady-state analysis of the proposed converter is performed. Each key 

mode of operation is analyzed in detail using mathematical equations derived for that mode. 

A computer program is developed and used to find potential operation points of the 

converter over an input voltage and output load range on the principle of energy 

equilibrium. Graphs of design curves of key parameters generated by this computer 

program are also presented. 

In Chapter 4, the design of the proposed converter is presented. The design is mainly based 

on computer program and design curves presented in the previous chapter. Key parameters 
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of the proposed converter are determined based on the converter analysis. The design 

procedure is demonstrated with a design example for a particular set of specifications.  

In Chapter 5, experimental results are presented. The experimental results use the 

specifications as those of the design example in the previous chapter. The experimental 

results are obtained from a 200W prototype converter. The feasibility of the proposed 

converter is confirmed and the efficiency of the proposed converter is presented. 

In Chapter 6, a summary of the thesis is presented along with conclusions, contributions 

and possible future work that can be performed. 
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Chapter 2  

2 AC-DC Single-Stage Stacked Flyback Converter 

2.1 Introduction 

The proposed AC-DC single-stage converter is introduced in this chapter. The converter is 

based on the concept of stacking single-stage converter modules on top of each other. In 

this chapter, the general operation and the modes operation of proposed converter are 

explained, the features of the proposed converter are stated and the extension of the stacked 

converter concept to other single-stage converter modules is discussed. 

2.2 Converter concept 

The proposed converter is shown in Fig. 2.1. It is made up of two flyback converters that 

are stacked on top of each other at the primary and connected in parallel at the output, an 

active clamp auxiliary circuit that is used to help the main power switches turn on with 

zero-voltage switching (ZVS) and a front-end AC-DC boost section that consists of a diode 

 

Figure 2.1: Single-stage single-phase AC-DC stacked flyback converter. 
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bridge, an input inductor Lin and two auxiliary windings that are each taken from one of 

the flyback transformers and that are each connected in series with a blocking diode. 

Inductances  𝐿𝑙𝑘1  and  𝐿𝑙𝑘2 may be a combination of the transformer leakage inductances 

and some external inductances or just the leakage inductances.  𝐿𝑙𝑘1 and  𝐿𝑙𝑘2 help in the 

ZVS operation of the converter by storing energy that can be later used to discharge the 

switch output capacitances before turn-on. 

The auxiliary windings act as ‘magnetic switches’ that cancel the DC bus capacitor voltage 

so that the voltage that appears at the right-hand side of input inductor 𝐿𝑖𝑛 is zero. When 

the upper switch S1 is on, the primary voltage of the main transformer 𝑇1  is positive, 

auxiliary winding (𝑁𝑎𝑢𝑥1/𝑁1=2) that cancels out the DC bus voltage so that the currents in 

input inductors Lin rise. When the lower switch S2 is on, the primary voltage of the main 

transformer is negative, auxiliary winding (𝑁𝑎𝑢𝑥2/𝑁1=2) cancels out the DC bus voltage so 

that the currents in input inductors Lin rise.  When there is no voltage across the main 

transformer primary winding, the total voltage across the DC bus capacitors appears at the 

output of the diode bridges and the input currents fall since this voltage is greater than the 

input voltage. If the input current is discontinuous, it has a sinusoidal envelope and is in 

phase with the input voltage.  

2.3 Modes of operation 

Typical converter waveforms are shown in Fig. 2.2 and equivalent circuit diagrams that 

show the converter’s modes of operation are shown in Fig. 2.3 with the diode bridge output 

replaced by a rectified sinusoidal voltage source. The converter has the following modes 

of operation during an entire switching cycle.   

Mode 1 (t0 < t < t1): (Fig. 2.3(a)) 

In this mode, switch S1 is ON and the energy is stored in the transformer 𝑇1. At the same 

time, since 𝑆2  is OFF, stored energy in the magnetizing inductance of transformer 𝑇2  is 

transferred to the load. Since the auxiliary winding generates a voltage that is equal to the 

total DC bus voltage with opposite polarity, which cancels the total DC bus capacitor 
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voltage, the voltage across the input inductor is the rectified supply voltage; thus the input 

current in 𝐿𝑖𝑛 rises. 

Mode 2 (t1 < t < t2): (Fig. 2.3(b)) 

In this mode,  𝑆1 is OFF. The only path for the stored energy in the leakage inductance of 

 𝑇1  to flow is through capacitor  𝐶𝑐  and the body diode of the active clamp switch 𝑆3, 

through the lower bus capacitor C2 and the output capacitor of 𝑆2.  

t0 t1t2 t3t4 t5t6 t7t8
 

Figure 2.2: Typical waveforms of proposed converter for upper flyback converter. 
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Mode 3 (t2 < t < t3): (Fig. 2.3(c)) 

In Mode 3, the auxiliary switch S3 is turned ON to start this mode. The stored energy in 

capacitor 𝐶𝑐  flows through the leakage inductor  𝐿𝑙𝑘2 , the primary winding of the 

transformer 𝑇2, the primary winding of transformer 𝑇1, the inductor 𝐿𝑙𝑘1, and auxiliary 

switch 𝑆3. Since the output diode is ON during this mode, there is no energy stored in 

transformer 𝑇1. 

Mode 4 (t3 < t < t4): (Fig. 2.3(d)) 

In this mode, switch 𝑆3 is OFF. Current in the leakage inductance of 𝑇2, 𝐿𝑙𝑘2, flows through 

the output capacitor of 𝑆2 and bulk capacitor C2. It discharges the output capacitor of 𝑆2 so 

that 𝑆2 can be turned on with ZVS. This also happens for 𝑆1 and the output capacitor of 𝑆1 

discharges in Mode 8. Since 𝑆1 is not turned ON, its output capacitor is eventually fully 

recharged.  

Mode 5(t4 < t < t5): (Fig. 2.3(e)) 

In this mode, switch 𝑆2  is ON with ZVS. The primary current flows through the 

magnetizing inductance of 𝑇2 and increases while the stored energy in the magnetizing 

inductance of 𝑇1 is transferred to the load through the secondary diode. 

Mode 6 (t5 < t < t6): (Fig. 2.3(f)) 

In this mode, switch S2 is OFF. The only path for the stored energy in leakage inductance 

𝐿𝑙𝑘2 is to flow through capacitor Cc and the body diode of the active clamp switch 𝑆3 

through the lower bus capacitor C1 and the output capacitor of S2.  

Mode 7 (t6 < t < t7): (Fig. 2.3(g)) 

The auxiliary switch S3 is turned ON at the start the mode. The stored energy in capacitor 

Cc flows through the leakage inductor 𝐿𝑙𝑘2, the primary winding of the transformer 𝑇2, the 

primary winding of transformer 𝑇1, the inductor 𝐿𝑙𝑘1, and auxiliary switch 𝑆3. Since the 

output diode is ON during this mode, there is no energy stored in transformer 𝑇2. 
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Mode 8 (t7 < t < t8): (Fig. 2.3(h)) 

In this mode, auxiliary switch S3 is OFF. Current in inductor 𝐿𝑙𝑘1 flows through the output 

capacitor of S1 and bulk capacitor C1. It discharges the output capacitor of S1 so that S1 can 
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Figure 2.3: Modes of operations 
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be turned ON with ZVS. Since S1 is not turned ON, its output capacitor is eventually fully 

recharged.  

Vrec

S3

C1

C2

Cc

S1

S2

Vrec

S3

C1

C2

Cc

S1

S2

Lin
Lin

Llk1

Llk2

Llk1

Llk2

 

(e)                                                                    (f) 

Vrec

S3

C1

C2

Cc

S1

S2

Vrec

S3

C1

C2

Cc

S1

S2

Lin

Llk1

Llk2

Llk1

Llk2

Lin

 

(g)                                                                    (h) 

Fig 2.3 (continued) 
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2.4 Converter feature 

The proposed converter has the following features: 

• Exposure to excessive DC bus voltages by converter components is avoided due to the 

stacked topology. The converter components on the primary side (i.e. switches) are 

exposed to just half the DC bus voltage. 

• Since excessive DC bus voltages are less of a concern than with conventional, non-

stacked single-stage converters, there is greater flexibility in the design of the 

converter. Most notably, the input current conduction angle does not have to be limited 

so that input current distortion is reduced and input power factor is increased. 

• Both converter switches can operate with soft-switching using a single active auxiliary 

switch instead of having to use two auxiliary switches – one for each switch. 

• The converter can operate with greater light-load efficiency since 𝐶𝑉2 losses are 

reduced as the converter switches are exposed to only half the DC bus voltage. Most 

converters with auxiliary circuits for ZVS operation are either ineffective when the 

converter is operating with light loads or create more losses than they save under these 

conditions. The proposed converter has superior light-load efficiency. 

• Power transfer can occur throughout the switching period as opposed to being limited 

to around 50% maximum because the converter has two switches instead of one. In 

conventional single-stage flyback converters, operating with a duty-cycle above 50% 

means that peak voltage stress of the single switch must be increased considerably or 

the converter must operate with small duty cycles at high-line voltages. For the 

proposed converter, the peak voltage stress in the switches is much less because switch 

duty cycles > 50% are avoided; this reduction is on top of the voltage stress reduction 

due to the stacked topology. In other words, two lower power rated, cheaper and more 

widely available devices can be used instead of a very expensive single device. 

2.5 Other Implementations of the Stacked Concept 

The proposed converter is just one way of implementing the stacked converter concept. In 

general, it can be implemented with any single single-stage converter module that has 

auxiliary windings from the main transformer.  The basic idea is to stack one module on 
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top of the other as shown in Fig. 2.4, then connect the auxiliary windings appropriately at 

the input and interleave the output windings as in Fig. 1.7(a). How this can be accomplished 

will be explained as follows in this section of the thesis. Much of the following discussion 

is taken from [10]. 

Although many single-stage AC-DC flyback converters, which are referred to as input 

current shapers (ICSs) in [10], have been proposed, these converters share a number of 

common properties. A number of ICSs can be classified as being two-terminal ICSs and 

three-terminal ICSs, as shown in Fig. 2.5 and Fig. 2.6. Two-terminal ICSs operate based 

on the principle of the ‘magnetic switch’ must like the module converters in the proposed 

converter. The basic structure of a two-terminal ICS is shown in Fig. 2.7(a), where it can 

be seen that the ICS has a discharge branch and a charge branch and that the two branches 

are in parallel. The input inductor current is made to rise by ‘charging’ the inductor through 

the charge branch and is made to fall by allowing current to flow into the ‘discharge’ 

branch. In the proposed converter, which uses two-terminal ICS modules, current flowing 

through the charge branch corresponds to Mode 1 of operation and current flowing through 

the discharge branch corresponds to Mode 5 of operation. 

Three-terminal ICSs also have discharge and charge branches, but the charge branch is not 

connected in parallel to the discharge branch. This branch is, instead connected to the input 

switch as shown in Fig. 2.7(b). The proposed converter can be implemented with two-

terminal ICSs, but not with three-terminal ICSs because only modules with magnetic 

switches can be used. It is, however, possible to convert a three-terminal ICS into a two-

terminal ICS, as explained in [10]. 
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Figure 2.4: Modular diagram of proposed stacked single-stage converter concept. 
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Figure 2.5: Example single-stage converters with two-terminal input current shaper 

(ICS) cells [10]. 

 

(d) 

 



33 

 

 

Cb Vo

Lin

N1 N2

Q

Oc

Osw

AC
3-terminal 

ICS cell

 
(a) 

Cb Vo

Lin

N1 N2

Q

N3
Osw

Oc

3-terminal 

ICS cell

AC

 
(b) 

Cb Vo

Lin

N1 N2

Q

N4
Osw

N3
Oc

AC
3-terminal 

ICS cell

 
(c) 

Cb Vo

Lin

N1 N2

Q

Osw
Cb

Oc

AC

3-terminal 

ICS cell

 
(d) 

Figure 2.6: Example single-stage converters with three-terminal input current shaper 

(ICS) cells [10]. 
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The general rule is to take a three-terminal ICS cell and add an extra winding as shown in 

Fig. 2.8(a). The polarity of the added winding should be such that the equivalent circuit 

before and after the translation is the same when the switch is on, as shown in Fig. 2.8(b). 

The number of turns of the added winding should equal that of primary winding of the 

transformer in the DC-DC converter section if the original three-terminal ICS charge 

branch had a direct connection to the main converter switch. If the connection is through 

an auxiliary winding that produces a counter voltage to change the energy equilibrium at 

the DC bus to a more favorable one like the converter shown in Fig. 2.9 [42], then the 

number of turns of the added winding should be such that the counter voltage is reproduced 
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Figure 2.7: Single-stage PFC with generic ICS cell (a) two-terminal (b) three-terminal 

[10]. 
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when the switch is turned on. It should be noted that the discharge branch remains same 

before or after translation from three-terminal ICS to two-terminal ICS. 
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Figure 2.8: Translation from three-terminal ICS cell to two-terminal ICS cell. (a) 

Adding one additional winding. (b) Equivalent circuit when switch is on. 
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2.6 Conclusion 

The proposed AC-DC single-stage converter was introduced in this chapter. In this chapter, 

the general operation and the modes of proposed converter were explained and its features 

were stated. Since the converter’s topology was based on the stacking of single-stage 

converter modules on top of each other, the extension of the stacked converter concepts to 

other single-stage converter modules was discussed. In order for a single-stage converter 

to be implemented as a module in a stacked converter, it must have a magnetic switch. 

Such a switch is implemented using an auxiliary winding from the main transformer. It was 

shown in this chapter that numerous, previously proposed single-stage converters, whether 

they be two-terminal input current shapers or three-terminal input current shapers, can be 

stacked as long as they have magnetic switches or have equivalent topologies with 

magnetic switches.  
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Figure 2.9: AC-DC single-stage converter with auxiliary winding that produces 

counter voltage proposed in [42]. 
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Chapter 3  

3 Circuit Analysis 

3.1 Introduction 

In the previous chapter, the general operation and the key modes of operation of the 

proposed converter were explained. The steady-state characteristics of key converter 

parameters are determined by a mathematical analysis of the converter’s modes of 

operation in this chapter. In this chapter, mathematical equations that define each mode of 

the proposed converter are derived and these equations form the basis of a computer 

program that will allow graphs of characteristic curves to be plotted. These graphs will then 

be used in the next chapter to develop a procedure for the design of the proposed converter. 

3.2 Circuit Steady-state analysis 

For the steady-state analysis of the proposed converter’s modes of operation, the following 

assumptions have been made: 

• The auxiliary winding turns ratio is 2:1 in order to cancel the entire DC bus voltage. 

This allows each converter modules to emulate a single-stage converter with no counter 

voltage applied to its input inductor. This counter voltage reduces the amount of energy 

stored in the input inductor and affects the energy equilibrium at the DC bus.  

• All semiconductors do not have voltage drops when they are turned ON. 

• The output capacitor is sufficiently large so that it has no voltage ripple. 

• The upper and lower converter modules of the proposed converter are identical (the DC 

bus capacitor 𝐶1  and 𝐶2  are the same, the switches, semiconductors, transformer 

ratings are the same). 

The objective of the steady-state analysis is to obtain the current that goes in and goes out 

of the intermediate DC bus capacitor. As mentioned in previous chapters, single-stage AC-

DC converters do not have control of the DC bus voltage because they only have one 

controller to regulate the output voltage. Under steady-state conditions, the average current 
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flowing into the DC bus from the input should be equal to the average current flowing out 

of the DC bus to the output so that energy equilibrium is achieved at the DC bus. By 

considering this DC bus equilibrium for a particular set of line, load and converter 

parameters, the duty cycle of the converter (ratio of switch on-time to period) can be 

determined and the voltages and currents of the converter components can be determined. 

If this process is implemented in a computer program and repeated numerous times, then 

graphs of steady-state characteristic curves that give a clearer picture of how the converter 

operates can be determined. The computer program and design curves will be presented in 

following sections below. 

The first step of the analysis is to determine equations that define the operation of the 

proposed converter during each mode of operation. This can be done as follows: 

Mode 1 (t0 < t < t1): (Fig. 3.1) 

The equivalent circuit of Mode 1 is shown in Fig. 3.1. Based on the assumption made 

previously, an auxiliary winding T3 turns ratio 2:1 generates a voltage that is equal to the 
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Figure 3.1: Equivalent circuit of Mode 1. 
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total DC bus voltage, but with opposite polarity. The input voltage across the input inductor 

is thus the rectified supply voltage so that input current in Lin rises according to 

𝑖𝐿𝑖𝑛,𝑘(𝑡) =
|𝑣𝑖𝑛,𝑘| ∙ 𝑡

𝐿𝑖𝑛
 (3.1) 

where |𝑣𝑖𝑛,𝑘| is the rectified AC input voltage during switching cycle interval k. The input 

voltage can be considered to be a constant value in a single switching cycle as the switching 

frequency is much higher compared with the AC input line frequency. The current in the 

input inductor 𝐿𝑖𝑛 at the end of Mode 1 is 

𝑖𝐿𝑖𝑛,𝑘,𝑠𝑢𝑚1(𝑡) =
|𝑣𝑖𝑛,𝑘|

𝐿𝑖𝑛
∙

𝐷

2𝑓𝑠𝑤
 (3.2) 

Duty cycle D is defined as the time when main switch 𝑆1 or 𝑆2 is ON during the entire 

switching cycle (two switches are ON for exactly the same length of time but in alternative 

half cycles). The two switches are each operated in during an alternative half switching 

cycle 𝑇𝑠𝑤/2 or 2𝑓𝑠𝑤 where 𝑓𝑠𝑤 is the switching frequency of the main switch. 

Mode 2 (t0 < t < t1): (Fig. 3.2) 

The equivalent circuit of Mode 2 is shown in Fig. 3.2. Because there is no switch closed 

during this mode, the current in the circuit is circulating and energy in the leakage 
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Figure 3.2: Equivalent circuit of Mode 2. 
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inductance flows though the active clamp capacitor. Following Kirchhoff’s Voltage Law 

(KVL), the following equation can be established: 

𝑉𝑏𝑢𝑠

2
+ (𝐿𝑙𝑘1 + 𝐿𝑚1)

𝑑𝑖

𝑑𝑡
= 𝑉𝑐𝑙𝑎𝑚𝑝 (3.3) 

where the two bus capacitors equally divide the DC bus voltage. 𝐿𝑙𝑘1 is the leakage 

inductance of the upper converter transformer while 𝐿𝑚1 is the magnetizing inductance of 

upper converter transformer. 𝑉𝑐𝑙𝑎𝑚𝑝 is the voltage across the clamp capacitor. During this 

mode, the energy in main transformer 𝑇1 is transferred to the output load until the current 

in the transformer goes zero. The output voltage can be expressed as follows: 

𝐿𝑚1

𝑑𝑖

𝑑𝑡
= 𝑁𝑣0 (3.4) 

where N is the transformer turns ratio between the primary and secondary (𝑁1/𝑁2). 

Mode 3 (t0 < t < t1): (Fig. 3.3) 

The equivalent circuit of Mode 3 is shown in Fig. 3.3. Auxiliary switch S3 is turned ON 

with ZVS. The energy in transformer T1 is transferred to the output load while the energy 

in clamp capacitor is transferred to leakage inductor 𝐿𝑙𝑘2, according to 

S3

Cc
Vo

Llk1

Llk2

 

Figure 3.3: Equivalent circuit of Mode 3. 
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(𝐿𝑙𝑘1+𝐿𝑙𝑘2 + 𝐿𝑚1 + 𝐿𝑚2)
𝑑𝑖

𝑑𝑡
= 𝑉𝑐𝑙𝑎𝑚𝑝 (3.5) 

Mode 4 (t0 < t < t1): (Fig. 3.4) 

The equivalent circuit of Mode 4 is shown in Fig. 3.4. This mode starts when the active 

clamp switch 𝑆3  is OFF. Current in leakage inductance  𝐿𝑙𝑘2  flows through the output 

capacitor of S2 and C2 according to 

𝑉𝑏𝑢𝑠

2
+ (𝐿𝑙𝑘2 + 𝐿𝑚1)

𝑑𝑖

𝑑𝑡
= 𝑉𝑐𝑙𝑎𝑚𝑝 (3.6) 

This output capacitor is discharged so that S2 can be turned ON with ZVS. 

Mode 5 (t0 < t < t1): (Fig. 3.5) 

The equivalent circuit of Mode 5 is shown in Fig. 3.5. This mode starts the operation of 

lower converter. The lower transformer 𝑇2 generates a counter voltage to cancel the DC 

C1

C2

Vo

Llk1

Llk2

 

Figure 3.4: Equivalent circuit of Mode 4. 
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bus voltage. As the converter specification is exactly the same, the current in the input 

inductor in Mode 5 in the second part of the switching cycle is same in Mode 1 according 

to  

𝑖𝐿𝑖𝑛,𝑘,𝑠𝑢𝑚2(𝑡) =
|𝑣𝑖𝑛,𝑘|

𝐿𝑖𝑛
∙

𝐷

2𝑓𝑠𝑤
 (3.7) 

The current is bounded by a sinusoidal envelope related to the input rectifier voltage, as 

shown in Fig. 3.6, and it rises and falls twice in one switching cycle 𝑓𝑠𝑤. The ON time for 

each switch is 

𝑇𝑜𝑛 = 𝐷 ∙ 𝑇𝑠𝑤 (3.8) 

so that the total input current in interval k is 

𝑖𝐿𝑖𝑛,𝑘 =
|𝑣𝑖𝑛,𝑘|

𝐿𝑖𝑛
∙

𝐷2

4𝑓𝑠𝑤
2 (3.9) 

Vrec

C1

C2
S2

Lin

Vo

Llk2

 
Figure 3.5: Equivalent circuit of Mode 5 
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The input inductor current flows into the DC bus capacitor as it is the only path that is 

available to it; therefore, the average current of the input current is the same current injected 

into the DC bus. By accumulating all the switching intervals together, the average current 

flowing into the DC bus during AC line cycle is 

𝐼𝑏𝑢𝑠,𝑖𝑛−𝑎𝑣𝑔 = 𝑓𝑎𝑐 ∙ ∑
𝐷2𝑣𝑟𝑒𝑐

4𝑓𝑠𝑤
2𝐿𝑖𝑛

𝑛

𝑘=0

 (3.10) 

where 𝑓𝑎𝑐  the frequency of AC is input line and n is the number of interval in one AC line 

cycle 

𝑛 =
𝑓𝑠𝑤

𝑓𝑎𝑐
 (3.11) 

𝑣𝑟𝑒𝑐 is the rectified voltage output from the rectified diode bridge that can be determined 

as follows 

𝑣𝑟𝑒𝑐 = 𝑉𝑟𝑚𝑠 ∙ |sin(2𝜋𝑘/𝑛)| (3.12) 

Equ. (3.10) will eventually be compared to the average current flowing out of the DC bus 

to determine whether an energy equilibrium has been established and the converter is 

operating in steady-state. 

 
Figure 3.6: DCM operation on input inductor. 
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Mode 6 (t0 < t < t1): (Fig. 3.7) 

The equivalent circuit of Mode 6 is shown in Fig. 3.7. This mode is the same as Mode 2 

except that the current is flowing through the output capacitor 𝑆3 in order to have zero-

voltage across the switch before it is turned on. 

Mode 7 (t0 < t < t1): (Fig. 3.8) 

The equivalent circuit of Mode 7 is shown in Fig. 3.8. This mode is as the same as Mode 

3 except that energy in transformer T2 continues being transferring to the load. 

Mode 8 (t0 < t < t1): (Fig. 3.9) 

The equivalent circuit of Mode 8 is shown in Fig. 3.9. This mode is the same as Mode 4. 

Current flows through the body diode of main switch S2as shown in the figure.  

C1

Cc
Vo

Llk2

 
Figure 3.7: Equivalent circuit of Mode 6 

S3
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Figure 3.8: Equivalent circuit of Mode 7 
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3.2.1 Energy equilibrium and the DC bus voltage 

The key parameter of the AC-DC single-stage converter that must be derived from 

mathematic equations is the DC bus voltage because a single-stage converter does not have 

control of the DC bus voltage as two-stage converters do. According to the theory of energy 

equilibrium, the energy pumped into the DC bus from the AC-DC section must be equal to 

the energy transferred to the output so that the net average DC current flowing in and out 

of the DC bus capacitor must be zero during a half switching cycle. This energy 

equilibrium, however, cannot be determined using equations with closed-form solutions 

because the duty cycle is determined by the input source and output load. The only way to 

determine the duty cycle is by using a computer program. This computer program is based 

on the assumption that the converter has ideal semiconductors and an ideal transformer 

with no leakage inductance and negligible magnetizing current. Under these conditions, 

the DC bus voltage can be determined for any operating point by using the following 

parameters: input voltage 𝑉𝑖𝑛, output voltage 𝑉𝑜 , output current 𝐼𝑜 , switching frequency 𝑓𝑠𝑤 , 

C1
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Llk1

Llk2

 

Figure 3.9: Equivalent circuit of Mode 8 
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input inductor 𝐿𝑖𝑛  transformer inductor 𝐿𝑚 , and transformer turns ratio N. The procedure to 

determine the energy equilibrium is shown in the flowchart in Fig. 3.10 and is as follows:  

1) Assume a duty cycle D as an initial ‘guess’ (i.e., D=0.5) 

2) Assume that the input inductor current is continuous  

Initial value for duty cycle D

Select another D

D is correct

Inductor current is continuous and

NO

YES

YES, CCM mode NO, DCM mode

 

Figure 3.10: The procedure of steady state analysis for determining the DC bus 

voltage and switching duty cycle. 
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𝑉𝑏𝑢𝑠 =
2𝑉𝑜(1 − 𝐷)

𝐷𝑁
 (3.13) 

With this value of 𝑉𝑏𝑢𝑠, the next step is to determine whether the converter operates in 

continuous mode or discontinuous mode. The criteria is to examine whether the minimum 

value of input inductor current 𝐼𝐿 is larger than zero 

𝐼𝐿𝑚𝑖𝑛 =
𝑉𝑏𝑢𝑠𝐷 ∙ 𝑁2

2(1 − 𝐷)2𝑅
−

𝑉𝑏𝑢𝑠𝐷𝑇

4𝐿𝑚
> 0 (3.14) 

If 𝐼𝐿𝑚𝑖𝑛 is larger than zero, the input inductor current is continuous, then the value of 𝑉𝑏𝑢𝑠 

is equal to 
2𝑉𝑜(1−𝐷)

𝐷𝑁
. If not, the input inductor current is discontinuous, then the value of 

𝑉𝑏𝑢𝑠 can be derived from the following equation related to DCM operation: 

𝑉𝑏𝑢𝑠 =
2𝑉𝑜

𝐷
√

2𝐿𝑚𝑓𝑠

𝑅
 (3.15) 

With the value of 𝑉𝑏𝑢𝑠 known, find the average current flowing out of the DC bus by using 

the output power and the known bus voltage 

𝐼𝑏𝑢𝑠,𝑜𝑢𝑡−𝑎𝑣𝑔 =
2𝑃𝑜

𝑉𝑏𝑢𝑠
 (3.16) 

then determine the average current that is fed from the AC line to the DC bus 

𝐼𝑏𝑢𝑠,𝑖𝑛−𝑎𝑣𝑔 = 𝑓𝑎𝑐 ∙ ∑
𝐷2𝑣𝑟𝑒𝑐

4𝑓𝑠𝑤
2𝐿𝑖𝑛

𝑛

𝑘=0

 (3.17) 

As mentioned previously, an energy equilibrium must exist for the DC bus capacitors when 

the converter is operating under steady-state condition; therefore, the next step of the 

procedure in the computer program is to verify whether 𝐼𝑏𝑢𝑠,𝑜𝑢𝑡−𝑎𝑣𝑔 is equal to 𝐼𝑏𝑢𝑠,𝑖𝑛−𝑎𝑣𝑔. 

If yes, the converter is operating under steady state condition and the assumed D is the 

correct value. If not, then the duty ratio is not correct for this operating point and the 

procedure should be repeated by inputting a different value of D.  



48 

 

3.3 Design curves 

In Section 3.2.1, a flowchart was used to illustrate the converter analysis procedure. This 

procedure can be repeated to determine the intermediate DC bus voltage of the proposed 

converter for multiple operation points for a range of duty cycles. With the program, which 

was done in MATLAB for this thesis, steady-state characteristic curves can be generated 

by varying key parameters. 

The proposed converter operating characteristic for any input and output voltage depends 

on the parameters that used to determine the DC bus voltage, which are: 

• Input inductance 𝐿𝑖𝑛. 

• The magnetizing inductance of the two main transformers  𝐿𝑚1, 𝐿𝑚2. 

• The leakage inductance of the two main transformers  𝐿𝑙𝑘1, 𝐿𝑙𝑘2. 

• The turns ratio of the two main transformers, 𝑁. 

It should be noted that because the proposed converter in this thesis is designed as two 

identical flyback converters stacked on top of each other so that the value of the converter 

parameters of the two transformers are identical. For example, if the value of magnetizing 

inductance 𝐿𝑚1 of transformer 𝑇1 is varied to generate a characteristic curve, then the same 

change is applied to 𝐿𝑚2. The effect that each of these parameters has on DC voltage bus 

can be illustrated with graphs of characteristic curves that are generated by varying one 

parameters and keeping others constant to obtain a steady-state characteristic curve. In the 

following section, each parameter is discussed individually with respect to the 

characteristic curves. The relations between parameters are presented with respect to DC 

bus voltage and duty cycle are presented as they are the most critical parameters. 

3.3.1 Design curves of input inductance 𝐿𝑖𝑛 

Two design curves are presented and discussed in this section. Fig. 3.11 shows the effect 

of varying the input inductor  𝐿𝑖𝑛 on the intermediate DC bus voltage. It can be seen that 

the DC bus voltage decreases as the input inductor is increased and all the other parameters 
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are kept constant (except duty cycle which is determined by computer program to achieve 

the energy equilibrium) at the power range of 0 to 200 watts, as explained in [50]. 

Fig. 3.12 shows the effect of input inductor  𝐿𝑖𝑛 on duty cycle. It can be seen that all three 

input inductor values allow the converter to operate in the range of 0 to 0.5. With higher 

inductor value, the duty cycle has a bigger value and larger range, as explained in [50].    

 
Figure 3.11: Effect of input inductor value  𝑳𝒊𝒏 on DC bus voltage ( 𝑳𝒎 = 𝟏𝟏𝟎µ𝑯, 𝑵 =

𝟎. 𝟓,  𝑽𝒐 = 𝟒𝟖𝑽,  𝑽𝒊𝒏 = 𝟏𝟏𝟎𝑨𝑪,  𝒇𝒔𝒘 = 𝟓𝟎𝒌𝑯𝒛). 

 
Figure 3.12 : Effect of input inductor value  𝑳𝒊𝒏 on DC bus voltage ( 𝑳𝒎 = 𝟏𝟏𝟎µ𝑯, 𝑵 =

𝟎. 𝟓,  𝑽𝒐 = 𝟒𝟖𝑽,  𝑽𝒊𝒏 = 𝟏𝟏𝟎𝑨𝑪,  𝒇𝒔𝒘 = 𝟓𝟎𝒌𝑯𝒛). 
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3.3.2 Design curves of transformer magnetizing 
inductance 𝐿𝑚1, 𝐿𝑚2 

Two design curves are presented and discussed in this section. Fig. 3.13 shows the effect 

of varying the value of transformer magnetizing inductance  𝐿𝑚 on intermediate DC bus 

 
Figure 3.13: Effect of transformer magnetizing inductance value  𝑳𝒎 on DC bus 

voltage ( 𝑳𝒊𝒏 = 𝟓𝟓µ𝑯, 𝑵 = 𝟎. 𝟓,  𝑽𝒐 = 𝟒𝟖𝑽,  𝑽𝒊𝒏 = 𝟏𝟏𝟎𝑨𝑪,  𝒇𝒔𝒘 = 𝟓𝟎𝒌𝑯𝒛). 

 

Figure 3.14: Effect of transformer magnetizing inductance value  𝑳𝒎 on main switch 

duty cycle ( 𝑳𝒊𝒏 = 𝟓𝟓µ𝑯, 𝑵 = 𝟎. 𝟓,  𝑽𝒐 = 𝟒𝟖𝑽,  𝑽𝒊𝒏 = 𝟏𝟏𝟎𝑨𝑪,  𝒇𝒔𝒘 = 𝟓𝟎𝒌𝑯𝒛). 
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voltage. It can be seen that the DC bus voltage increases as the transformer magnetizing 

inductance is increased with all other parameter are kept constant (except duty cycle). The 

DC bus voltage is high at light load conditions and low at the full load condition. Fig. 3.14 

shows the effect of transformer inductance  𝐿𝑚 on duty cycle. It can be seen that the change 

of duty cycle with a higher value magnetizing inductance is smaller than it is with a lower 

value which charateristics are explained in [50]. 

3.3.3 Design curve of transformers turns ratio 𝑁 

A design curve of the effect of the transformer turns ratio N on the DC bus voltage is 

presented and discussed in this section. As can be seen in Fig. 3.15, three different values 

of transformer turns ratio N show that a lower value of N results in a higher DC bus voltage 

at full load condition. In addition, the peak DC bus voltage at different value N is the same 

and happens at light load conditions which charateristics are explained in [50]. 

3.3.4 Design curves of input voltage  𝑉𝑖𝑛 

Two design curves is presented and discussed in this section. Fig. 3.16 shows the effect of 

changing the input voltage value  𝑉𝑖𝑛 on the intermediate DC bus voltage. As can be seen 

in Fig. 3.16, the DC bus voltage increases as input voltage increases with all other 

 

Figure 3.15: Effect of transformer turns ratio N on DC bus voltage ( 𝑳𝒊𝒏 =

𝟓𝟓µ𝑯,  𝑳𝒎 = 𝟏𝟒𝟎µ𝑯,  𝑽𝒐 = 𝟒𝟖𝑽,  𝑽𝒊𝒏 = 𝟏𝟏𝟎𝑨𝑪,  𝒇𝒔𝒘 = 𝟓𝟎𝒌𝑯𝒛). 
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parameter kept constant (except duty cycle). Fig. 3.17 shows the effect of input voltage on 

duty cycle. As can be seen, the duty cycle increases as input voltage decreases or output 

power increases which charateristics are explained in [50].  

 

Figure 3.16: Effect of input voltage  𝑽𝒊𝒏 on DC bus voltage ( 𝑳𝒊𝒏 = 𝟓𝟓µ𝑯,  𝑳𝒎 =

𝟏𝟒𝟎µ𝑯, 𝑵 = 𝟎. 𝟓, 𝑽𝒐 = 𝟒𝟖𝑽,  𝒇𝒔𝒘 = 𝟓𝟎𝒌𝑯𝒛). 

 

Figure 3.17: Effect of input voltage  𝑽𝒊𝒏 on main switch duty cycle ( 𝑳𝒊𝒏 =

𝟓𝟓µ𝑯,  𝑳𝒎 = 𝟏𝟒𝟎µ𝑯, 𝑵 = 𝟎. 𝟓, 𝑽𝒐 = 𝟒𝟖𝑽,  𝒇𝒔𝒘 = 𝟓𝟎𝒌𝑯𝒛). 
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3.4 Conclusion 

In this chapter, a detailed circuit analysis from mathematical equations to design curves 

was presented. Each mode of converter operation was discussed using simplified 

equivalent circuit diagrams. The analysis of each mode was based on several mathematical 

equations that were implemented in a computer program. The computer program was based 

on the DC bus energy equilibrium, given that single-stage converters do not have control 

of their DC bus voltage. The computer program was used for determine operation points 

for the proposed converter, for example, DC bus voltage, duty cycle, etc. Also, it was used 

to generate design curves for design proposes. From section 3.3.1 to 3.3.5, the effect of 

different parameters on DC bus voltage was presented with several converter design curves 

that were generated by the computer program. It should be noted that the proposed 

converter is a stacked structure so that the DC bus voltage can be split equally among the 

two DC bus capacitors; therefore, the capacitors and main switches are not exposed to the 

entire full DC bus voltage but half of it. This advantage gives a greater flexibility in the 

design of the proposed converter since excessive DC bus voltage places limits on the 

converter design. This advantage can be used to improve the improvement of single-stage 

flyback converters. 
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Chapter 4  

4 Converter Design 

4.1 Introduction 

In the previous chapter, several design curves were generated by using a computer 

program. Based on these design curves, the effect of key parameters on DC bus voltage 

and converter duty cycle were analyzed in detail. In this section, a design procedure of 

proposed converter is presented and is demonstrated with a design example.  

4.2 Converter design procedure 

A procedure for the design of the proposed converter is presented in this section. The 

following criteria are used in the procedure: 

1) The DC bus voltage should not be excessive. The value of the DC bus voltage 

should be kept under 800V. For the stacked structure, this voltage is spilt equally 

on two DC bus capacitors, which is 400V. This consideration reduces the cost of 

the converter as bulky and expensive capacitors can be avoided.  

2) The input line current must satisfy requirements on harmonic content such by 

regulatory agencies. For this procedure, the IEC1000-3-2 standard is used. 

3) There should be enough energy and time to allow current to discharge the output 

capacitor of the main switches and the active clamp switches so that ZVS operation 

can be achieved. 

4) Excessive input current and magnetizing current should be avoided as losses and 

stresses are increased if there is high current in the circuit.  

With these converter design criteria and the design curves presented in previous section, a 

design procedure for converter components selection can be established; an example to 

demonstrate the design procedure is given in this chapter. For the example, the converter 

is designed according to the following specifications: 
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1) Input voltage  𝑉𝑖𝑛 = 90 − 265 𝑉𝑟𝑚𝑠 

2) Output voltage  𝑉𝑜 = 48𝑉 

3) Maximum output power  𝑃𝑜 = 200𝑊 

4) Switching frequency of each main switch  𝑓𝑠𝑤 = 50𝑘𝐻𝑧 

5) Active clamp switch switching frequency  𝑓𝑠𝑤−𝑎𝑢𝑥 = 100𝑘𝐻𝑧 

6) Maximum capacitor voltage: 450V for each capacitor 

7) Input current harmonic standard: IEC1000-3-2 

The design example will only show the very last result as the procedure is an iterative 

process which is repeated until a satisfactory result is achieved.  

4.2.1 Determine value for main transformer turns ratio 𝑁 

Transformer turns ratio N is an important parameter as it affects the reflected output current 

at the transformer primary, which discharges the DC bus capacitors. With respect to the 

design curve in Fig. 3.15, if transformer turns ratio is too low, there will have little current 

in the primary side to discharge the DC bus capacitor, which results in high DC bus voltage. 

If N is high, the DC bus voltage is decreased, but higher current can result in more 

conduction losses in the converter’s primary side.  

For this design example, N = 𝑁1/𝑁2 = 0.5 is chosen to be an appropriate value. With this 

value, minimum DC bus voltage can be obtained by computer program based on the 

equation (3.15) to be  𝑉𝑏𝑢𝑠 = 315𝑉 at 𝐷 = 0.37, so that  𝑉𝑐1 = 𝑉𝑐2 = 158𝑉.  

4.2.2 Determine value for input inductance  𝐿𝑖𝑛 

The input inductance value should be low enough to ensure that the input current is fully 

discontinuous under both high-line and low-line operating points. If the input inductance 

value is too low, however, current in the converter primary side increases. From design 

curves Fig. 3.11 and Fig. 3.12 mentioned in the previous chapter, the input inductance 
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needs to be high to reduce the DC bus voltage and to give a larger range for changing the 

duty cycle. To find a suitable value, the computer program can be run using following 

equations that are based on the steady-state analysis in Chapter 3: 

From the principle of energy equilibrium, the average current inject to the DC bus should 

be equal to the average current flow to the output 

𝐼𝑏𝑢𝑠,𝑖𝑛−𝑎𝑣𝑔 = 𝐼𝑏𝑢𝑠,𝑜𝑢𝑡−𝑎𝑣𝑔 (4.1) 

2𝑃𝑜

𝑉𝑏𝑢𝑠
= 𝑓𝑎𝑐 ∙ ∑

𝐷2𝑣𝑟𝑒𝑐

4𝑓𝑠𝑤
2𝐿𝑖𝑛

𝑛

𝑘=0

 (4.2) 

𝐿𝑖𝑛 = 𝑉𝑏𝑢𝑠 ∙ 𝑓𝑎𝑐 ∙ ∑
𝐷2𝑣𝑟𝑒𝑐

8 ∙ 𝑃𝑜 ∙ 𝑓𝑠𝑤
2

𝑛

𝑘=0

 (4.3) 

The input inductor value need to ensure that all operation points have fully discontinuous 

input current. The worst case is when the converter operates with low-line input and full 

load output. If under this case the input current in the input inductor is fully discontinuous, 

then same will be true for all other operating points. For the proposed converter, low-line 

input voltage  𝑉𝑖𝑛 = 90 𝑉𝑟𝑚𝑠  and  𝑉𝑏𝑢𝑠 = 315𝑉  can be used to determine the input 

inductor value at the boundary condition for the input section with duty cycle 𝐷 = 0.37 

and output power 𝑃𝑜 = 200𝑊. As a result, Lin should be less than  𝐿𝑖𝑛 = 61.5µ𝐻. For the 

converter design,  𝐿𝑖𝑛 = 55µ𝐻 is selected for this design example. 

4.2.3 Determine value for main transformer magnetizing inductance 
 𝐿𝑚 

The magnetizing inductance can be selected according to the design curves in Chapter 3. 

If value of  𝐿𝑚 is too high, the DC bus voltage of the converter becomes excessive. If the 

value of  𝐿𝑚  is too low, then the current in the primary side become excessive, which 

causes significant conduction losses and lower efficiency.  

In Fig. 3.13, it can be seen by changing  𝐿𝑚 with selected values of N and 𝐿𝑖𝑛 that the 

boundary between continuous current mode and discontinuous current mode occurs at a 
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lighter load when the 𝐿𝑚 is increased. For design purposes, the DC bus voltage should be 

less than 450V for each capacitor at high-line condition. It can be seen from the graph Fig. 

3.13 that  𝐿𝑚 = 140µ𝐻 is an appropriate value at 220Vrms at 𝑁 = 0.5 and 𝐿𝑖𝑛 = 55µ𝐻. 

4.2.4 Determine value for active clamp capacitor  𝑉𝑐𝑙𝑎𝑚𝑝 

The design of active clamp capacitor is to ensure that the switches can operate with zero-

voltage switching, which is determined by two parameters: the active clamp capacitor and 

the main transformer leakage inductance. There should be enough energy stored in clamp 

capacitor 𝐶𝑐𝑙𝑎𝑚𝑝  to transfer to the leakage inductance so that the following relation is 

satisfied: 

1

2
∙ 𝐶𝑐𝑙𝑎𝑚𝑝 ∙ (𝑉𝑐𝑙𝑎𝑚𝑝)

2
<

1

2
∙ 𝐿𝑙𝑘 ∙ 𝐼𝑖𝑛−𝑚𝑎𝑥

2 (4.4) 

The resonant frequency between clamp capacitor and leakage inductance can be expressed 

as  

𝑓𝑟 =
1

𝑇𝑟
=

1

2π√𝐿𝑙𝑘𝐶𝑐𝑙𝑎𝑚𝑝

 (4.5) 

This resonant is significant reduce the conduction losses. It should be note that as proposed 

converter is stacked structure, the voltage stress of the main switches is half of the DC bus 

voltage which means that the losses which is the proportional to the square of  𝑉𝑑𝑠 is low 

then conventional flyback converter. Before the switch is on, the energy from leakage 

inductance should completed discharge the output capacitance of the switch and current 

should go through the body diode. When the current is go through the body diode, there is 

a short time that the voltage across the switch achieves minimal value. Consider the voltage 

across the switches is half of the DC bus voltage maximum 450V and current in input 

inductor 20A, the capacitor value can be selected as 20µF with a design of transformer 

leakage inductance 9µH. 



58 

 

4.3 Converter specifications 

The converter’s specification and selected component and parameter values are listed in 

Tables 1 and 2. Table 1 shows the converter specifications while Table 2 shows the 

converter parameters. These were used in the construction of an experimental prototype 

that was used to confirm the operation of the proposed converter. Results obtained from 

the prototype will be presented in the next chapter. 

Table 1: Converter Specifications 

Maximum Output Power (𝑷𝒐) 200 W 

Input Voltage (𝑽𝒊𝒏) 90-265 Vrms 

Output Voltage (𝑽𝒐) 48 V 

AC Line Frequency (𝒇𝒂𝒄) 60 Hz 

Main Switching Frequency (𝒇𝒔𝒘) 50 kHz 

Peak Switch Stress (𝑽𝒅𝒔−𝒑𝒆𝒂𝒌) 450V 

Table 2: Converter Parameters 

Peak Duty Cycle (𝑫𝒎𝒂𝒙) 0.5 

Magnetizing Inductance (𝑳𝒎) 140𝜇H 

Leakage Inductance (𝑳𝒍𝒌) 10𝜇H 

Clamp Capacitor (𝑪𝒄𝒍𝒂𝒎𝒑) 10 𝜇F 

Transformer Turns Ratio (𝑵 = 𝑵𝟐: 𝑵𝟏) 0.5 

Auxiliary Winding Turns Ratio (𝑵𝒓 = 𝑵𝟑: 𝑵𝟏) 2 

DC Bus Capacitor (𝑪𝟏, 𝑪𝟐) 220 𝜇F 

Output Capacitor (𝑪𝒐) 2200 𝜇F 

Switches FQP2N80 

Diodes STPSC1206 
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4.4 Conclusion 

In this chapter, a converter design example that made use of the design curve derived in 

Chapter 3 was presented. The key converter parameters in the converter are the DC bus 

voltage and the duty cycle range and all the other converter parameters can be determined 

once these two parameters have been established. The DC bus voltage cannot be too high 

as that will introduce high voltage stress in the semiconductors and capacitors, which will 

increase the converter’s cost and converter size. The duty cycle range need to be such that 

it can satisfy all input conditions and can allow the converter to operate with output 48V 

for both light load and full load. Other parameters that influence the ZVS range were also 

discussed as were the trade-offs of each parameter. The converter’s specifications and 

parameters values were summarized at the end in preparation for the next chapter, which 

will present experimental results that will confirm the feasibility of the proposed converter. 



60 

 

Chapter 5  

5 Experimental results 

5.1 Introduction 

In this chapter, experimental results obtained from a prototype converter are presented to 

confirm the feasibility of the proposed AC-DC single-stage stacked flyback converter. The 

converter used in the experimental studies was implemented based on the specifications 

and design example presented in Chapter 4. Typical experimental waveforms such as input 

voltage and current, main switch voltage and current will be presented in this chapter and 

the converter’s efficiency will be presented at two input line voltage. At the end, the current 

harmonic contents of the converter are compared with the IEC1000-3-2 harmonic standard. 

5.2 Experimental results 

As shown in Fig. 5.1 and Fig. 5.2, a 200W prototype converter was built to verify the 

proposed converter’s feasibility. The prototype parameters and specifications were setup 

 

Figure 5.1 Prototype of the proposed single-stage AC-DC stacked flyback converter 

(side view). 

 

Figure 5.1: Prototype of the proposed single-stage AC-DC stacked flyback converter 

(side view). 
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in Table. 1 and Table. 2. It should be noted that ensuing converter waveforms were obtained 

with an 110VAC input voltage for an example operation point.  The following key voltage 

and current waveforms are presented here:  

Fig. 5.3(a) shows the input voltage and input current waveforms over several line cycles 

and Fig. 5.3(b) shows an auxiliary winding current waveform and the input voltage over a 

couple of switching cycles. It can be seen that input PFC can be achieved and that there no 

limitation on the conduction angle of the current and that the auxiliary winding current is 

discontinuous. The measured power factor at this operation point was 0.98. 

Fig. 5.3(c) shows typical switch voltage and switch current waveforms during a turn-on 

switching transition for a main switch. Fig. 5.3(d) shows the same waveforms for the active 

clamp switch. It can be seen that the converter switches operate with ZVS and the 

 

Figure 5.2 Prototype of the proposed single-stage AC-DC stacked flyback converter 

(vertical view). 
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(a) 

 

(b) 

 

(c) 
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proposed converter provides an advantage of operating the switches at a reduced voltage 

stresses, which is half of the DC bus voltage.  

5.3 Experimental efficiency 

In this section, the measured efficiency is presented to confirm the proposed converter’s 

performance. Fig. 5.4 shows the experimental efficiency of proposed converter at different 

values of output power at two input line conditions – 110VAC and 220VAC. As can be 

seen in the graph Fig. 5.4, the proposed converter has higher efficiency at 110VAC than 

220VAC, because the high-line voltage condition create higher conduction losses in the 

converter. converter have higher efficiency at light load condition in both of the high-line 

and low-line input because the reduced DC bus voltage will create less losses in the 

semiconductors.  

 

(d) 

Figure 5.3 Proposed converter experimental results. (a) Input voltage and current (V: 

100 V/div, I: 4 A/div, t: 2ms/div).  (b) Input voltage and an auxiliary winding current 

over a couple of switching cycles (V: 100 V/div, I: 2 A/div, t: 20µs/div). (c) Switch 

voltage and switch current of the main converter switches (𝑽𝒅𝒔: 100 V/div, 𝑽𝒈𝒔: 10 

V/div, I: 2 A/div, t: 500ns/div). (d) ZVS waveforms for the active clamp switch (𝑽𝒅𝒔: 

100 V/div, 𝑽𝒈𝒔: 10 V/div, I: 2 A/div, t: 200ns/div). 

 



64 

 

5.4 Input current harmonic content 

Fig. 5.5 and Fig. 5.6 show the input current harmincs at two input voltage conditions – 

110VAC and 220VAC at output power 200W, which was determind to be the worst case 

 

Figure 5.4 Efficiency of two input line voltage at different value of output load 

condition 

 

Figure 5.3: Efficiency of two input line voltage at different value of output load 

condition 
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Figure 5.5 Harmonic content of the input current at 220VAC input line and IEC1000-3-

2 Class D limitations 
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condition for the harmonic content of the propose converter. It can be seen that the 

converter can meet the IEC1000-3-2 Class D standards. 

5.5 Conclusion 

In this chapter, the performance of a single-phase single-stage AC-DC stacked flyback 

converter with power factor correction was confirmed with experimental results. From 

these results, it was confirmed that the zero-voltage switching of both main switches and 

the active clamp switch can be achieved. High frequency performance of the converter is 

achieved and high power factor correction operation is proved. The peak voltage stress of 

each converter is significantly reduced as the each switch only have half of DC bus voltage 

across it. The efficiency of two input line condition of the proposed AC-DC converter is 

presented.   

 

Figure 5.6 Harmonic content of the input current at 110VAC input line and IEC1000-

3-2 Class D limitations 
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Chapter 6 

6 Conclusion 

6.1 Introduction 

In this chapter, the contents of the thesis are summarized, conclusions resulting from the 

thesis are presented, the contributions of the thesis to the power electronics literature are 

stated, and suggestions for future work based on the thesis work are given. 

6.2 Summary 

The main focus of this thesis was to propose a new single-phase single-stage AC-DC 

stacked flyback converter for low power applications. Since the proposed converter has a 

stacked structure, it does not have the drawbacks of previously proposed single-stage 

converters such as high DC bus voltage, high voltage stress on MOSFETs, etc. The stacked 

converter structure concept thus improves the performance of single-stage AC-DC power 

supply converters. The contents of this thesis are summarized as follows: 

In Chapter 1, basic concepts of power electronics converters related to power factor 

correction and soft-switching techniques were introduced and a literature review of the 

state of the art for single-stage AC-DC converters was performed. A number of recently 

proposed converter topologies were presented and their advantages and drawbacks were 

demonstrated with particular example converters. The thesis objectives and outline were 

stated at the end of the chapter. 

In Chapter 2, a new single-stage single-phase stacked flyback converter with active clamp 

zero-voltage switching (ZVS) was presented, its modes of operation were explained and 

its features were stated. It was shown that the stacked structure concept can be implemented 

with single-stage modules other than what was used in the proposed converter as long as 

the modules have magnetic switches. These magnetic switches are auxiliary windings 

taken from the main power transformer and can be made to behave as ON/OFF switches, 

depending on when they have voltage across them. Two-terminal input current shapers 

with magnetic switches can be used as modules in the proposed converter. Three-terminal 
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input current shapers can be used as well if they have two-terminal equivalents with 

magnetic switches. 

In Chapter 3, the modes of operation of the proposed converter that were presented in 

Chapter 2 were analyzed mathematically to obtain equations that defined each mode. These 

equations were then used to develop a computer program that determined viable steady-

state operating points. Based on these operating points, graphs of steady-state characteristic 

curves of key converter parameters that can be used for design purposed were generated. 

The main principle use in the analysis was the principle of energy equilibrium at the DC 

bus. The energy pumped from the converter input to the DC bus must be equal to the energy 

pumped from the DC bus to the output in order for a converter to be in steady state. Valid 

steady-stage operating points were checked to see if they complied with this principle.  

In Chapter 4, a procedure for the design of the proposed converter that used the 

mathematical equations and design curves that were presented in Chapter 3 was presented 

and demonstrated with an example. Various trade-offs that need to be considered in the 

selection of converter components were stated and key component values were selected. 

In Chapter 5, an experimental prototype of the proposed converter was built according to 

the converter specifications in Chapter 4 and results obtained from the prototype converter 

were presented. These experimental results, including measured efficiency results, further 

confirmed the feasibility and the advantageous features of the converter. Converter 

performance on power factor correction and zero-voltage switching were proved by the 

experimental results.  

6.3 Conclusions 

The following conclusions can be made based on the result of this thesis: 

• Applying the stacked structure concept to the single-phase single-stage AC-DC flyback 

converters can result in a lower voltage stress (half of the DC bus voltage) on 

semiconductors.  
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• The less voltage stress on semiconductors gives greater flexibility in the design of the 

converter. For example, the input current conduction angle can be extended so that 

input current distortion is reduced and input power factor is increased. 

• The proposed converter can operate with soft-switching using a single active auxiliary 

switch instead of having to use two auxiliary switches, one for each switch. 

• The converter can operate with greater light-load efficiency since CV2 losses are 

reduced as the converter switches are exposed to only half the DC bus voltage.  

6.4 Contributions 

The principal contributions of this thesis are as follows: 

• A new single-stage single-phase AC-DC stacked flyback converter with active clamp 

ZVS was proposed and its operation was explained. 

• The steady-state characteristics of the proposed converter were analyzed and graphs of 

steady-state characteristic curves were generated. 

• Design guideline for the proposed converter were presented and a design procedure 

was derived and demonstrated with a design example. 

• The feasibility of the proposed converter was confirmed with a 200W experimental 

prototype. The efficiency of the proposed converter is presented at high line input and 

low line input, from light-load to full-load conditions. 

6.5 Future work 

The following suggestions are made for future work: 

• The proposed converter is best suited for maximum 0.5 duty cycle. Research can be 

done to see if the duty cycle range can be extended to be higher than 0.5, with the 

operation of the two main switches overlapping. 
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• The proposed converter used a stacked structure with AC-DC single-stage flyabck 

converter. Research can be done to see if the stacked structure concept can be used for 

other types of single-stage AC-DC converters such as forward converters. 
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