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Abstract

Murthy Bellur, Dakshina. Ph.D., Engineering Ph.D. Program, Wright State Uni-
versity, 2010. Hard-Switching and Soft-Switching Two-Switch Flyback PWM DC-DC
Converters and Winding Loss due to Harmonics in High-Frequency Transformers.

The flyback pulse-width modulated (PWM) DC-DC power converter is a very
important circuit in switching mode power supply (SMPS) converters for low power
applications. The main drawback of the conventional single-switch flyback converter
is the high turn-off voltage stress suffered by the switch. The high voltage transients
are caused by the resonant behavior of the transformer leakage inductance and the
transistor output capacitance, resulting in ringing superimposed on the steady-state
switch voltage level. This requires a transistor with higher voltage rating. However,
a transistor with higher voltage rating has higher on-resistance causing higher con-
duction loss. The high voltage ringing also increases the switching loss. In addition,
the switch voltage stress is not easily predictable because it is difficult to determine
the magnitude of ringing during the design stage. The two-switch flyback DC-DC
converter is an extended version of the single-switch flyback converter. The circuit
arrangement with an addition of a power transistor and two clamping diodes to the
conventional single-switch flyback converter leads to the two-switch flyback PWM
DC-DC converter, which effectively reduces the switch overvoltage and eliminates
the uncertainty of its value. The clamping diodes in the two-switch flyback converter
clamps the voltage across each switch to the DC input voltage and also provide a
path to return most of the energy stored in the transformer leakage inductance to the
DC input source.

In the first part of this research, detailed steady-state analyses of the two-switch
flyback PWM DC-DC converter for continuous conduction mode (CCM) and discon-

tinuous conduction mode (DCM) are performed. The transistor output capacitance
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and the transformer leakage inductance are included in the analyses. Design equations
for both CCM and DCM operation modes are derived. Furthermore, by incorporating
an active clamp circuit into the hard-switching two-switch flyback converter, a new
soft-switching two-switch flyback converter, namely, zero-current transition (ZCT)
two-switch flyback is proposed. The principle of circuit operation, steady-state anal-
ysis, equivalent circuits, converter steady-state waveforms, and design procedure of
the proposed ZCT two-switch flyback converter is presented. The key features of the
proposed soft-switching converter are 1) the voltage stresses of the main switches are
reduced to DC input voltage V7, and 2) all the semiconductor devices are turned off
under zero-current (ZC) switching condition. Clamping of the switch overvoltages
and reduction in switching loss are achieved in the proposed ZCT two-switch flyback
converter. Saber Sketch simulation and experimental results of the hard-switching
and the proposed ZCT soft-switching two-switch flyback converters are presented to
validate the theoretical analyses.

High frequency (HF) transformers used in PWM converters, such as flyback trans-
formers conduct periodic nonsinusoidal currents, which give rise to additional winding
losses due to harmonics. In the second part of this research, a theory is developed to
find the harmonic winding loss in an HF transformer conducting periodic nonsinu-
soidal current. Dowell’s equation is used to determine the winding resistances due to
eddy currents as a function of frequency. Both skin and proximity effects are taken
into account. Fourier series of the primary and secondary current waveforms in a
two-winding flyback transformer and the primary and secondary winding resistances
are used to determine the primary and secondary winding power losses at various
harmonics for both CCM and DCM cases, respectively. The harmonic winding loss
factors Frp, and Fgg, are introduced. The theory is illustrated by the case study of

flyback converter for both CCM and DCM operations. Using the equations developed
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to find the winding losses due to harmonics, detailed methodology and step-by-step
procedures to design two-winding flyback transformers for CCM and DCM opera-
tions, respectively, are given. Examples illustrating the design of two-winding flyback
transformer for CCM and DCM operations are presented. Computed characteristics
of the designed flyback transformer for a wide range of operating conditions of the

flyback converter in CCM and DCM modes are presented.
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1 Introduction

1.1 Background

This dissertation is mainly divided into two parts. In the first part, principles of
circuit operation, steady-state analyses, and design procedures of the hard-switching
two-switch flyback converter and the proposed soft-switching zero-current transition
(ZCT) two-switch flyback converter are presented. In the second part, the theory
developed to find the winding loss due to harmonics in a high-frequency (HF) trans-
former, such as flyback transformer, conducting periodic nonsinusoidal current, and
a step-by-step procedure to design a HF flyback transformer for both continuous

conduction mode (CCM) and discontinuous conduction mode (DCM) are presented.

1.1.1 Part I: Hard-Switching and Soft-Switching Two-Switch Flyback
PWM DC-DC Converters

The pulse-width modulated (PWM) DC-DC power converter is an integral part of
switching-mode power supplies (SMPSs) widely used in any modern day electronic
equipment which requires a DC supply. In all applications, input-to-output electri-
cal isolation is required at the power supply stage in order to protect the loading
device from input transients. For low power applications requiring electrical isola-
tion, flyback and forward DC-DC converters are the most popular choices [1]-[11].
An HF transformer is used in flyback and forward converters to provide input-to-
output electrical isolation. In a flyback converter, the magnetizing inductance of the
HF transformer is utilized to store the energy required for power conversion, thereby
eliminating the need for an additional inductor which is required in a forward con-
verter. An additional winding is also required in the transformer of the forward
converter to reset the residual magnetic flux in the transformer core. Thus, flyback
PWM DC-DC converters are preferred over forward converters since the former is sim-

pler and has fewer semiconductor and magnetic components than the latter. Flyback
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Figure 1.1: Classical single-switch flyback PWM DC-DC converter.

PWM DC-DC power converter is an important circuit extensively used in various
electronic applications (< 250 W) [6]-[11], such as universal adapters/chargers for
laptops and cell phones, battery charge equalizers, power supplies for telecommunica-
tion equipments, DVD players, Power-over-Ethernet (PoE), audio amplifiers, multiple
output power supplies for charge-coupled devices (CCDs), TV set-top box, vacuum
fluorescent displays (VFDs), LED displays, and cathode-ray tube TVs/monitors.
The circuit of the classical single-switch flyback PWM DC-DC converter is shown
in Fig. 1.1. The circuit comprises a power transistor S used as a controllable switch,
a HF transformer T" modeled as an ideal transformer with its magnetizing inductance
L,, referred to the primary side, and a rectifier diode D3 (uncontrollable switch). The
filter capacitor and the load resistance are denoted by C' and Ry, respectively. The
principle of circuit operation of an ideal flyback converter is mainly categorized into
two time intervals. In the first time interval, the main switch S is turned on and the
energy from the input source is stored in the transformer magnetizing inductance L,,
while the rectifier diode D3 remains off. In the second time interval, the switch S is
turned off and the energy stored in L,, is transferred to the output via transformer T’
and the rectifier diode D3. The maximum voltage stress of the main switch Vg, in an

ideal flyback converter is the sum of the DC input and reflected DC output voltages



(Vi+nVp), where n is the HF transformer primary-to-secondary turns ratio. However,
in a practical flyback converter circuit, the switch S suffers from higher voltage stress
due to the resonance caused by the parasitic transformer leakage inductance L; and
the transistor output capacitance Cp, resulting in ringing superimposed on the steady-
state ideal switch voltage of V;+nVy. Additionally, the ringing caused by the parasitic
resonance also creates HF noise in the circuit, thereby increasing the problem of
electromagnetic interference (EMI). In order to avoid the voltage breakdown of the
switch S, a transistor with higher voltage blocking capability must be selected. A
transistor with higher voltage rating is usually accompanied by higher on-resistance
rps, which leads to higher conduction loss. The ringing also increases switching
loss. Furthermore, the magnitude of the additional voltage stress caused by the
ringing is not easily predictable as it depends on the value of the transformer leakage
inductance and other stray inductances and capacitances in the circuit, which is also
not easily predictable. Increased conduction and switching losses in the switch S
leads to reduced converter efficiency.

Several techniques to mitigate the problems due to parasitic ringing in the classical
flyback converter (or the single-switch flyback converter) are available in the litera-
ture. The earliest and the most commonly used techniques to reduce the magnitude
of ringing are the dissipative Zener diode voltage clamp and the passive resistor-
capacitor-diode (RCD) snubber [12]-[14]. In the Zener diode voltage clamp, a Zener
diode and a clamping diode are connected back-to-back across the primary winding of
the transformer to clamp the voltage across the switch S at turn-off. The maximum
switch voltage stress in this case is Vs = Vi 4+ nVp + V., where V, is the Zener
voltage. In the RCD passive clamp snubber, a parallel combination of R and C' in
series with the diode D is connected across the primary winding. The energy stored in

the leakage inductance is dissipated in the snubber resistor R, reducing the converter
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Figure 1.2: Two-switch flyback PWM DC-DC converter.

efficiency. The maximum voltage stress of the main switch is approximately 2V7.

In another technique, passive elements L and C' are used in various combinations
across the main switch and the primary winding of the flyback converter to transfer
the leakage energy to either the input or the output. This type of snubber is known as
the non-dissipative passive snubber [15]-[16]. The disadvantage of this type of snubber
is that it increases the current stress of the main switch, while the voltage stress
Vsu =~ 2Vp, thereby increasing the conduction loss. Recently, active clamp circuits
have been extensively used to address the problem of ringing in single-switch flyback
converters [17]-[23]. The active clamp circuit consists of a clamp capacitor and an
additional active device such as a power MOSFET. The active clamp circuit effectively
clamps the voltage across the switch to Vg, = Vi+nVp and also provides zero-voltage
switching (ZVS) condition for both main and auxiliary switches, reducing switching
losses, reducing EMI, and increasing the converter efficiency. The auxiliary switch of
the active clamp circuit is driven complementarily with respect to the main switch
to achieve ZVS condition. Incorporation of the active clamp circuit into the hard-

switching single-switch flyback converter results in a soft-switching flyback converter.



A simpler alternative to passive and active clamp circuits used to remove ringing in
the single-switch flyback converter is the two-switch flyback PWM DC-DC converter
shown in Fig. 1.2 [40], [41], [1], [4], [5]. The two-switch flyback DC-DC converter is an
extended version of the single-switch flyback converter. An additional switch and two
clamping diodes serve as a simple, yet an effective way to limit the switch overvoltages.
The clamping diodes which are cross connected across the primary winding effectively
clamp the voltages across both the switches at turn-off and also provide a path to
return the leakage inductance energy to the input source. The maximum voltage
stress of the switch in a two-switch flyback converter is limited only to the DC input
voltage V7, reducing the switching and conduction losses. The additional switch is
driven in phase with the main switch, thus making the control logic for the gate
drive signal easier than that of the active clamp control circuit. Although the two-
switch flyback converter is simpler and more advantageous than the single-switch
flyback converter, there is neither analytical work nor design methodology of the
two-switch flyback converter available in the literature. In this work, detailed steady-
state analyses of the two-switch flyback converter including the parasitc transformer
leakage inductance and the switch output capacitance is performed for both CCM
and DCM operations. Based on the analyses, the design equations for the two-switch
flyback converter for both CCM and DCM operations are derived. Furthermore,
combining the reduced switch-voltage stress feature provided by the hard-switching
two-switch flyback converter topology along with the soft-switching feature provided
by the active clamp circuit, a new soft-switching two-switch flyback converter circuit,
namely, ZCT two-switch flyback PWM DC-DC converter is proposed. The principle
of circuit operation, steady-state analysis, equivalent circuits, and converter steady-
state waveforms of the proposed soft-switching ZCT two-switch flyback converter is

presented. The key features of the hard-switching and the soft-switching two-switch



flyback converters are listed below:

Hard-Switching Two-Switch Flyback PWM DC-DC' Converter
1. The maximum switch voltage is clamped to the DC input voltage V7.

2. The clamping diodes provide a path to return the transformer leakage energy

into the DC input source.
3. The transistor turn-off switching loss is reduced.
Soft-Switching ZCT Two-Switch Flyback PWM DC-DC Converter
1. The maximum switch voltage is clamped to the DC input voltage V.
2. Zero-current (ZC) switching of all the switches and diodes.
3. Simple auxiliary circuit with low component count.

Based on the theoretical analyses presented and using the design procedure, the
hard-switching and the soft-switching two-switch flyback converters are simulated
in Saber Sketch circuit simulator. Experimental results from laboratory prototypes
of the hard-switching and the ZCT soft-switching two-switch flyback converters are

given to validate the theoretical analyses.
1.1.2 Part II: Harmonic Winding Loss in High-Frequency Transformers

Magnetic components such as inductors and transformers are an integral part of high
efficiency, high power density power electronic equipments. They occupy more vol-
ume and are heavier when compared to other parts in a power electronic converter.
In order to reduce the size of the magnetic components, the switching frequency of
the PWM converters is increased. Increasing the switching frequency of the converter
increases the transformer winding losses due to skin and proximity effects. Addition-

ally, since PWM switching converters conduct nonsinusoidal currents, the losses due



to harmonics increase the winding power losses. The harmonic losses in transformer
windings due to high-frequency (HF') operation also increase the operating tempera-
ture. HF transformers are widely used in power-factor correction and DC-DC power
conversion applications [6]-[11].

Several studies on the effect of high-frequency operation in windings are available
in the literature [24]-[38]. The equation for winding ac resistance caused by the skin
and proximity effects due to sinusoidal current in a winding is presented in [24]-[26].
The theoretical analyses presented in [24]-[26] are further extended to nonsinusoidal
(rectangular and trapezoidal) current waveforms in [27]-[30]. In [27]-[30], the Fourier
analysis is applied to rectangular and trapezoidal current waveforms to obtain the
winding power loss at harmonic frequencies and hence to obtain the total winding
loss by adding all the losses calculated at each harmonic frequency along with the
DC power loss. In the approach presented in [27]-[30], the winding power loss at
each harmonic is calculated by the product of the square of the amplitude of current
and the value of winding ac resistance at the corresponding harmonic. In another
recently proposed method [34], the rms values of the current waveform and the rms
value of its derivatives are used to find the ac resistance for several current waveforms.
Approximate equations are derived in [34] to find the ratio of sum of ac and DC
resistance to DC resistance for several current waveforms. The Fourier expansion
of the flyback transformer current in PWM converters operating in either CCM or
DCM has not been given in the literature. In this work, a general expression for
the transformer winding power loss for periodic nonsinusoidal current waveform is
presented. Dowell’s equation is used to determine the winding resistance due to eddy
currents as a function of frequency. Both skin and proximity effects are taken into
account. Fourier series of the primary and secondary current waveforms in isolated

DC-DC power converters and the primary and secondary winding resistances are used



to determine the primary and secondary winding power losses at various harmonics,
respectively. The harmonic winding loss factors Fgy, and Frg, are introduced. The
theory presented is illustrated by the case study of flyback converter operating in
both CCM and DCM.

The design of HF transformers are not studied well in the literature. A procedure
to design transformers for PWM DC-DC converters is available in [39]. However, the
transformer design in [39] neither calculates the winding losses due to high-frequency
effects nor due to harmonics. Incorporating the equations developed to calculate the
winding power losses in an HF transformer, step-by-step procedures to design two-
winding transformers operating in CCM and DCM modes, respectively, are presented.
Criteria for the selection of transformer core and winding wire using the area product
method for nonsinusoidal excitations are developed. Practical examples to design a
two-winding flyback transformer for both CCM and DCM operations are given. The
computed characteristics of the transformers designed are presented for a wide range

of converter operating conditions.

1.2 Motivation

The requirement for compact, high efficiency, high density, low noise switching mode
PWM DC-DC converters is ever increasing. The reduction in size of the PWM
switching converters is mostly brought about by reducing the size of the magnetic
components. This is primarily achieved by increasing the converter switching fre-
quency which in turn has three major effects 1) the switching losses, which is directly
proportional to the switching frequency, increases, thus reducing the converter effi-
ciency, 2) the high speed switching action will increase EMI, and 3) the HF switching
leads to additional winding losses due to eddy current phenomenon in the transformer
winding. The analysis and design of the two-switch flyback converter including the

transformer leakage inductance and the transistor output capacitance is not available



in the literature. Also, the Fourier expansion of the periodic nonsinusoidal current
waveform of the flyback transformer, which is used to calculate the transformer wind-
ing loss, is not available in the literature. A deep understanding of the two-switch
flyback converter is necessary to lay the platform for solving the problems due to
parasitics and HF operation. Since the HF flyback transformer plays a vital role in

the converter operation, a good HF transformer design is also necessary.

1.3 Objectives

The objectives of this work are:

1. To present a detailed steady-state analysis and design of hard-switching two-
switch flyback PWM DC-DC converter including the parasitic transformer leak-
age inductance and switch output capacitance, for both CCM and DCM oper-

ation modes.

2. To validate the theoretical analysis of the hard-switching two-switch flyback

converter by simulation and experiment.
3. To propose a soft-switching ZCT two-switch flyback PWM DC-DC converter.

4. To present the steady-state analysis and design of the proposed soft-switching
ZCT two-switch flyback PWM DC-DC converter.

5. To validate the theoretical analysis of the ZCT soft-switching two-switch flyback

converter by simulation and experiment.

6. To explore and investigate the HF effects on the winding losses of a transformer

conducting periodic nonsinusoidal current.

7. To develop and present general expressions for winding power loss in a two-

winding transformer conducting periodic nonsinusoidal current.
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8. To derive specific expressions for winding power loss in a two-winding flyback
transformer conducting periodic nonsinusoidal current for CCM and DCM op-

erations.

9. To present a step-by-step procedure to design a HF two-winding flyback trans-

former, using the area product method.

10. To illustrate the theory of winding losses due to harmonics in HF transform-
ers by presenting the case studies of two-winding transformer used in flyback
converter for CCM and DCM operations, respectively, for the entire range of

converter operating conditions.

1.4 Contents of the Dissertation

This dissertation is organized as follows. In Chapter 2, analysis and design of the hard-
switching two-switch flyback PWM DC-DC converter for CCM and DCM operations,
respectively, is given along with the simulation and experimental results. Chapter
3 presents the proposed ZCT soft-switching two-switching flyback converter along
with the circuit operation, steady-state analysis, design procedure, simulation and
experimental results. The theory of winding loss due to harmonics in HF transformers
and the detailed design procedures and examples of the HF transformers are presented

in Chapters 4 and 5, respectively. Conclusions and contributions follow in Chapter 6.
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2 Hard-Switching Two-Switch Flyback PWM DC-
DC Converter

2.1 Background

The two-switch flyback PWM DC-DC converter is an extended version of the con-
ventional single-switch flyback converter. An additional switch and two clamping
diodes serve as a simple, but an effective way to limit the switch overvoltages, which
occur in the conventional single-switch flyback converter. This chapter presents a
detailed steady-state analysis of the two-switch flyback converter for both CCM and
DCM cases, respectively. The switch output capacitance and the transformer leakage
inductance are included in the analysis. Current and voltage waveforms of all the
components of the converter are given. Power losses in all the components are de-
termined. A comparison of the power losses of the two-switch and the single-switch
flyback converters is given. Design procedures and examples are also given. Simu-
lation and experimental results of the two-switch flyback converter are presented for

both CCM and DCM cases.

2.2  Circuit Description

The basic circuit of the two-switch flyback PWM DC-DC converter is shown in
Fig. 2.1. In the figure, the two switches S; and Sy are n-channel power MOSFETSs
whose output capacitances are denoted by Cp; and Cpe, respectively. The clamping
diodes Dy and D, are cross connected across the switches and the primary winding.
The rectifier diode and the filter capacitor are denoted by D3 and C respectively.
The input DC voltage and the load resistance are denoted by V; and Ry, respectively.
Both the switches S; and S are turned on or off at the same time by a gate driver.
The switching period Ty is given by 1/f;, where fs is the switching frequency. The

ratio of switch on-time ¢,, to the total period T} is defined as the switch duty ratio
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Figure 2.1: Two-switch flyback PWM DC-DC converter.

D. The transformer T is modeled as an ideal transformer with its magnetizing in-
ductance L,, (referred to the primary) and the total leakage inductance L;. To ease
the mathematical analysis, the total transformer leakage inductance is referred to the

primary. The transformer primary-to-secondary turns ratio is denoted by n.

2.3 Steady-State Analysis of Two-Switch Flyback Converter
for CCM

2.3.1 Assumptions

The steady-state analysis of the two-switch flyback PWM converter of Fig. 2.1 is

based on the following assumptions:
1. The power MOSFETSs are ideal switches except for their output capacitances.
2. The diodes are ideal switches.
3. The diode capacitances and lead inductances are zero.
4. Passive components are linear, time-invariant, and frequency-independent.

5. The converter is operating in steady-state.
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6. The switching period Ty = 1/ f; is much smaller than the time constants of the

reactive components.

7. Before the beginning of the switching cycle (time ¢t = t;), the magnetizing
inductance current is commutated through the rectifier diode D3, and all other

switches and diodes are OFF.
2.3.2 Principle of Circuit Operation for CCM

The principle of operation of each stage is explained with the aid of equivalent circuits
shown in Fig. 2.2 and the voltage and current waveforms of the converter shown in
Fig. 2.3.

Stage 1 (to < t < t1): At time ¢t = ¢, both the switches S; and S, are turned
on by an external driver. The leakage inductance L; prevents the instantaneous
transfer of magnetizing current from the transformer secondary to the primary. Hence,
the rectifier diode D3 remains ON. An equivalent circuit for this stage is shown in
Fig. 2.2(a). Since the voltage across the clamping diodes D; and D, is —Vj, the
diodes D; and D5 are reverse biased and hence their currents ip; and ipy are zero.
The leakage inductance L; limits the rate of rise of current through the switches Sy
and S5. The voltage across the magnetizing inductance is —nVy from which the

current through the magnetizing inductance is

, nV ,
1Lm = _To(t - to) + ZLm<t0)a (2]‘)

where i1, (to) is the initial current of the magnetizing inductance at time ¢ = t5. The
voltage across the leakage inductance is V; + nVp. The current through the leakage

inductance and the switches S; and Sy are

. V}—FTLVO

g1 =152 = ip
where i7;(to) = 0 is the initial value of the current in the leakage inductance at time

t = ty. The current through the switches and the leakage inductance rises linearly
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Figure 2.2: Equivalent circuits of the two-switch flyback converter for CCM at differ-
ent stages of a switching cycle. (a) Stage 1 (to <t < t1). (b) Stage 2 (t; < t < t3).
(c) Stage 3 (to <t < t3). (d) Stage 4 (t3 <t < t4). (e) Stage 5 (t, <t < t5). (f)
Stage 6 (t5 <t < tg).

with a slope of (V; +nVp)/L;. The current through the rectifier diode is

‘ ‘ , ViL,, +nVo(L,, + L .
ipg = —n(ip — ipm) = —N : L Olsl ) (t —to) + nirm(to). (2.3)

Assuming L; < L,,, the rectifier diode currents fall linearly with a slope of approxi-
mately —n(Vr +nVy)/L;. The voltages across the switches vpgi, vps2 and across the
rectifier diode vpg are zero. This stage ends at time ¢ = t;, when the current through
the leakage inductance equals the magnetizing inductance current and the rectifier

diode current reaches zero. Substituting ip3 = 0 into (2.3), the time period of the
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Figure 2.3: Voltage and current waveforms of the two-switch flyback PWM DC-DC
converter for CCM.

first stage is obtained as

L

Atlztl—tozm

irm(to). (2.4)

Stage 2 (t; < t < ty): During this stage the switches S; and S; are ON and
all the diodes D;, Dy and D3 are OFF. An ideal equivalent circuit of this stage is
shown in Fig. 2.2(b). The current through the switches, leakage inductance, and the

magnetizing inductance is

. . . . 1% .
191 =182 = U] = ULm — ﬁ(t—t1)+1Lm(t1), (25)
m l
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where i7,,(t1) is the initial current of the magnetizing inductance at ¢ = ¢;. The
current through the magnetizing inductance, leakage inductance, and the switches
rises linearly with a slope of V;/(L,, + L;). The voltages across the switches vg; and

vgo are zero. The peak current of the magnetizing inductance is

ViDT
Ly, + Ly

ViD

m + ipm(t1), (2.6)

irm(t2) = +ipm(t1) =

The peak-to-peak value of the ripple current through the magnetizing inductance is

ViDT VD

AZ.Lm - ZLm<t2) - ZLm<t1) - I T Ll - f (L T Ll)

(2.7)

This stage ends at time ¢ = t5, when both the switches are turned off.

Stage 3 (ty < t < t3): During this stage, the switches Si, Sy and all the diodes
Dy, Dy and D3 are OFF. An equivalent circuit for this stage is shown in Fig. 2.2(c).
The magnetizing current (equal to the leakage current) charges the switch output
capacitances Cp; and Cps in a resonant manner. The current through Cpoy, Cps, the

leakage inductance, and the magnetizing inductance is

Vi

i001 = iCOQ = iLl = iLm = 7 sinwl(t — tg) + ’iLm(tQ) COS wl(t — tg), (28)
1
where
L,,+ L) (C C
7 = \/( * L)(Cor + Coo) (2.9)
Co1Co2
and
C C
wy = \/ oLt o (2.10)
Co1Co2(Lm + Ly)
Assuming Cp; = Cpo = Cp, the switch voltages are
irm(t2) 2y . Vi
Ups1 = Upsa = Vool = Voo = L(;)l sinwy (t — tg) — ?I coswy(t —ta). (2.11)

This stage ends at time ¢ = t3, when the voltage across each switch equals V;, thus

turning on the clamping diodes D, and D,.



17

Stage 4 (t3 < t < t4): During this stage, the switches S;, Sy are OFF, and all
the diodes Dy, Dy, D3 are ON. An equivalent circuit for this stage is depicted in
Fig. 2.2(d). The voltage across each switch is clamped to V; 4+ Vi, where Vi is the
forward voltage of the clamping diode. The current through the leakage inductance
charges the input voltage source V; via clamping diodes D and D, given by

Vi—nVo

7 (t —t3) +ints), (2.12)

i1p1 = 1p2 =10l = 1Lm =

where i7;(t3) is the initial current of the magnetizing inductance at time t3. This
mode is referred to as regenerative clamping mode. This stage ends at time t = t,,
when the rectifier diode current ip3 equals the reflected magnetizing current niy,,,
thereby turning off the clamping diodes D; and D-.

Stage 5 (ty < t < t5): During this stage, the switches Si, Sy and the diodes Dy,
Dy are OFF. The diode D3 is ON. An equivalent circuit for this stage is depicted in
Fig. 2.2(e). The resonant current through the leakage inductance L; and the switch

output capacitances Cp; and Cps is
'iLl = iCOl = iCOQ = iLl(t4) COS w2(t — t4), (213)

where ip,(t4) is the initial current of the leakage inductance at time instant ¢4,. The

voltage across the leakage inductance is

v = _iLl(t4)Z2 sin Wz(t — t4), (214)
where
Li(Co1 + Coz)
7. = 2.15
2 \/ Co1Co2 (215)
and

[Co1 + Coq
Wy = || ———-——=, 2.16
? LiCo1Co2 ( )

The voltages across the switches are

Ups1 = Ups2 = Voo1 = Vco2 = Vi —ip(ts) Za sinwe(t — tyg). (2.17)
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This stage ends at time ¢ = ¢5, when the leakage inductance current i7; drops to zero.

Stage 6 (t5 < t < tg): During this stage, the switches S, Sy and the clamping
diodes Di, Dy are OFF. The rectifier diode D3 is ON. An equivalent circuit for
this stage is depicted in Fig. 2.2(f). This stage is similar to Stage 5 except that the
resonance between Cp1, Cpo, and L; has stopped. The voltage across the magnetizing

inductance is —nVp. The current through the magnetizing inductance is

TLVO

Um = _T(t —t5) + iLm(ts), (2.18)

where i7,,(t5) is the initial current of the magnetizing inductance at ¢ = ¢5. The

rectifier diode current is

nZVo
Lm

ips = — Ot~ t5) + nipm(ts). (2.19)

Assuming that the switches S; and Sy are identical, the voltages across the switches

are
‘/j + nVO

5 (2.20)

Ups1 = Upg2 =

Assuming that the clamping diodes D; and D5 are identical, the voltages across the

clamping diodes are
nVo — Vi

5 (2.21)

Up1 = Up2 =

The current through the switches igq, ig2, the current through the clamping diodes
ip1, tp2, and the leakage inductance current ¢;; are zero. This stage ends at time
t = tg, when the main switches S; and S5 are turned on, thus completing one complete
switching cycle. In Fig. 2.3, the time duration of Stages 1, 3, 4, and 5 are exaggerated

for better understanding of the converter operation.
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2.4 Design of Two-Switch Flyback Converter for CCM
2.4.1 DC Voltage Transfer Function

Referring to the voltage waveform of the magnetizing inductance in Fig. 2.3 and

applying volt-second balance, we have
ViAty = V}(Atg -+ At4) -+ nVO(At1 -+ Atg, + At6), (222)

from which, the DC voltage transfer function of the converter is

Vo Aty — (At + Aty)
M =— = ) 2.2
vbe ‘/[ n(Atl + At5 + AtG) ( 3)

Assuming that the time duration of Stages 1, 3, 4, and 5 are very small in comparison
with those of Stages 2 and 6, My pe can be approximated to

Vo Aty D

— =~ = . 2.24
Vi nAtsg  n(l—D) (224)

Mypc =

2.4.2 Device Stresses

The selection of components is based on the maximum values of the voltage and
current stresses of the switches and the diodes. During the fourth stage, the maximum

off-state voltage appearing across S; and Sy is
VSMl(max) = VSM2(max) = ‘/I(max)- (225>

During the sixth stage, the maximum off-state voltage appearing across S; and S5 is

‘/I(max) + nVO

5 (2.26)

VSMl(max) = VS’M?(max) =

During the second stage, the maximum value of the current through the switch is

]O(max) AZLm
n(1 — Dyax) 2

ISMl(max) = [SMQ(maX) = (227)

where Ip(mar) is the maximum DC output current. During the second stage, the

maximum value of the diode reverse voltage is

v
VDM3(max) = ZI + Vo. (2.28)
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At the end of the fourth stage, the maximum value of the current through the rectifier

diode is approximately

]O(max) nAZLm
1- Dmax 2

IDM3(maX) = (229)

During the first and the second stages, the maximum value of the clamping diode

reverse voltage is
VDMl(max) - VDMQ(max) = ‘/I(max)- (23())

During the fourth stage, the maximum values of the current through the clamping

diodes are
IO(max) AZ.Lm
1 — Dyax) 2

(2.31)

IDMl(max) = IDMQ(max) = n(

2.4.3 Design Procedure for CCM

The DC voltage transfer function of the two-switch flyback converter at the boundary
between CCM and DCM is given by

VO 77D
M =—=—" 2.32
from which, the transformer turns ratio is given by
Dmax
n il (2.33)

B My pe(max) (1 = Diax)
where Dy is the maximum duty cycle at the boundary between CCM and DCM
and My pcmax) = Vo/Vigmin)- In (2.33), the maximum value of the duty cycle Dyyax
is taken as 0.5 and My p¢ is calculated considering the desired converter efficiency
1 to be 90%. The peak voltage and current stresses of the devices on either side of
the flyback transformer are influenced by n. The current and voltage stresses are
minimal when n is selected such that D is 0.5. Hence, the value of n is calculated
at Dpax = 0.5. Furthermore, if the converter is operated for D > 0.5, the leakage

inductance is charged for a longer period of time resulting in a longer duration of
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the reset period (Stage 4), which in turn delays the transfer of energy stored in the
magnetizing inductance to the load, thus reducing the converter efficiency.

The minimum value of the magnetizing inductance for CCM operation is given by

HQRLrnax(l — l)min)2
Lm(min) = 2f .

Using (2.25) - (2.31), the power MOSFETSs and the diodes are selected. Selection of

(2.34)

the output filter capacitor is based on the output voltage ripple specification.

D max VO

C= 7m0
stLmin‘/cpp

(2.35)

where V,,, is the peak-to-peak value of the ac component of the voltage across the

capacitance, which is approximately
‘/cpp ~ V;“ - ‘/rcpp~ (236)

In (2.36), V; is the peak-to-peak value of the output ripple voltage (usually expressed
as a percentage of DC output voltage Vo) and V. = roley, is the peak-to-peak
value of the voltage across the equivalent series resistance (ESR) r¢ of the capacitor.

The designed capacitor must be able to withstand the RMS capacitor current given

| D
Icrms = Io\| ——. 2.37
C oNlT—p (2.37)

The peak-to-peak value of the capacitor current is

by

TLVO(l — Dmin)
fs(Lm + Ll)

Icpp ~ nAZLm = (238)

2.5 Power Losses and Efficiency of Two-Switch Flyback Con-
verter for CCM

Equations for the power losses in the two-switch flyback converter are obtained by

assuming that the time duration of Stages 1, 3, and 5 are very small. Using (2.5) and
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(2.27), the rms value of the current through the switches is

t1 I \/_
Is1,52(rms) = \/ / is1,52 dt = (f_ Dy’ (2.39)

Assuming that the on-resistances of the switches rps; = rpse2 = Tpg, the total con-
duction loss in 2rpg and primary winding resistance rp; is

DI3

P —DF (2.40)

Psr1 = (2rps +1711) 131 sa6ms) = (2705 +171)

Assuming that the output capacitances of the switches Cp; = Cpo = Cp and using

(2.25), the switch capacitive turn-off loss is given by
1
Pow = 5fS(QOO)VgM = f.CoV}. (2.41)

Using (2.19) and (2.29), the rms value of the current through the rectifier diode is

1 te IO
]D3(rms) = ? t D3 dt = m

(2.42)

The total conduction loss in the rectifier diode forward resistance Rp3 and the sec-

ondary winding resistance rpy is

(Rps + TTQ)I(Z)

— (2.43)

PDT2 = (RF?) + TT?)I%S(rmS) =

The average value of the rectifier diode current Ip3 = Ip, from which, the rectifier

diode loss associated with the forward voltage of the rectifier diode Vg3 is

Using (2.12) and (2.31), the rms value of the current through the clamping diodes is

1 yta I At
Ip1,p2grms) = \/T/t ip1,p2 dt = (1 o D) T4' (2.45)
S 3 - s

Assuming that the forward resistances of the clamping diodes Rpy = Rps = Rp and

Aty = 10%Ty, the total conduction loss in 2R is

Prr = QRF]%1,D2(rmS) =2Rp < 4) nQ( - N o

T, 1—D)2 " n%(1— D) (2.46)
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The average value of the clamping diode current is

1 ta ]O At4
pr=_p2 =i = |, "= - D) ( T, ) (247)

Assuming that the forward voltage of the clamping diodes Vg = Vey = Vi and
Aty = 10%T;, the total loss associated with the forward voltages of two clamping

diodes together is

2VErl1, At 2Vl
Pop = 2Vilp — Vilo ( 4>N0 Vilo

~ : 2.48
n(l— D) \ T, n(l— D) (248)
Using (2.5), (2.18), and (2.27), the rms value of the current through the magnetizing

inductance is approximately

Io Io
Iriemey = 1 —_ = 2.49
Lms) L1 n  n(l—D) (249)

The power loss in the equivalent series resistance (ESR) 7, of the magnetizing induc-

tance is
TLI(%

Prp =1L} sy = 20 - DF (2.50)
The total power loss in the two-switch flyback converter for CCM is
Prs = Pst1 + Psw + Ppra + Pvrs + Prr + Py + P (2.51)
The efficiency of the two-switch flyback converter for CCM is
= o Fo 1 (2.52)

Py B Po+ Prs B 1—1-%05'
2.6 Simulation and Experimental Results of Two-Switch Fly-

back Converter for CCM

The hard-switching two-switch flyback converter for CCM is designed for the following

specifications:

e Maximum input voltage: Vi = 50 £ 10 V
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Figure 2.4: Single-switch flyback PWM DC-DC converter without RCD snubber.

D;
I~
1
-+
L, C— RV,
. .
VT

Figure 2.5: Single-switch flyback PWM DC-DC converter with RCD snubber.
e Output voltage: Vo =10V

e Maximum output power: Ppomee = 30 W

e Minimum output power: Popin = 3 W

Switching frequency: fs = 100 kHz

Output voltage ripple: V,./Vpo < 5%

The two-switch flyback converter for CCM is designed using equations (2.25) -

(2.35). The components selected for the experiment and their specifications are given
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Table 2.1: L1ST OF COMPONENTS AND THEIR SPECIFICATIONS FOR TwWO-SWITCH
FLyBACK CONVERTER FOR CCM

Parameter Value Component
Power MOSFET maximum voltage stress 60 V IRF510 - 100 V
Power MOSFET maximum current stress 1.99 A IRF510-5 A
Power MOSFET drain-to-source on-resistance DS IRF510 - 0.54 Q
Power MOSFET drain-to-source capacitance Co IRF510 - 60 pF
Rectifier diode maximum voltage stress 30V MBR10100 - 100 V
Rectifier diode maximum current stress 597 A MBR10100 - 10 A
Rectifier diode forward voltage Vs MBR10100 - 0.65 V
Rectifier diode forward resistance Rps MBR10100 - 20 mf2
Clamping diode maximum voltage stress 60 V MBR10100 - 100 V
Clamping diode maximum current stress 1.99 A MBR10100 - 10 A
Clamping diode forward voltage Vs MBR10100 - 0.65 V
Clamping diode forward resistance Rps MBR10100 - 20 mf2
Flyback transformer core - Magnetics Pot Core
Transformer core number - 0P-43622
Primary winding magnetizing inductance 650 puH 641 pH
Secondary winding magnetizing inductance 75.2 pH 71.2 uH
Number of primary winding turns 36 36
Number of secondary winding turns 12.24 12
Primary-to-secondary turns ratio 2.94 3
Primary winding leakage inductance Ly, 14.4 uH
Secondary winding leakage inductance Lis 2.98 uH
Total leakage inductance (primary) L 14.73 pH
Primary winding resistance 71 98 mf2
Secondary winding resistance rT2 29.9 m()
Magnetizing inductance ESR rr 170 mQ2
Length of air gap 0.5 mm 0.5 mm

in Table 2.1. The circuits of the single-switch flyback converters with and without a
resistor-capacitor-diode (RCD) snubber are shown in Figs. 2.4 and 2.5, respectively.
The design specifications of the single-switch flyback converter for CCM is given in
Table 2.2. Saber models of power MOSFETs IRF510 and power diodes MBR10100
were used for simulation. The predicted theoretical waveforms of Fig. 2.3 were in

excellent agreement with the simulation waveforms shown in Fig. 2.6.
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Table 2.2: LiST OF COMPONENTS AND THEIR SPECIFICATIONS FOR SINGLE-
SWITCH FLYBACK CONVERTER FOR CCM
Parameter Value Component
Power MOSFET maximum voltage stress 348 'V IRF840 - 500 V
Power MOSFET maximum current stress 1.99 A IRF840 - 8 A
Power MOSFET drain-to-source on-resistance DS IRF840 - 0.85 2
Power MOSFET drain-to-source capacitance Co IRF840 - 120 pF
Rectifier diode maximum voltage stress 30V MBR10100 - 100 V
Rectifier diode maximum current stress 597 A MBR10100 - 10 A
Rectifier diode forward voltage Vs MBR10100 - 0.65 V
Rectifier diode forward resistance Rps MBR10100 - 20 mf2
Flyback transformer core - Magnetics Pot Core
Transformer core number - 0P-43622
Primary winding magnetizing inductance 650 uH 641 uH
Secondary winding magnetizing inductance 75.2 uH 71.2 uH
Number of primary winding turns 36 36
Number of secondary winding turns 12.24 12
Primary-to-secondary turns ratio 2.94 3
Primary winding leakage inductance Ly, 14.4 uH
Secondary winding leakage inductance Lis 2.98 uH
Total leakage inductance (primary) L 14.73 uH
Primary winding resistance 71 98 mf)
Secondary winding resistance r79 29.9 m$2
Magnetizing inductance ESR T 170 mS2
Length of air gap 0.5 mm 0.5 mm

The theoretical voltage and current waveforms of the two-switch flyback converter

shown in Fig. 2.3 are experimentally verified. The experimental voltage and current

waveforms of the two-switch flyback converter at full load and maximum and mini-

mum input voltages of 60 V and 40 V are presented in Figs. 2.7 - 2.10. The maximum

voltage across the power MOSFET switches is clamped at 60 V for V; = 60 V and at

40 V for V; = 40 V as shown in Figs. 2.7 and 2.9, respectively. The switch currents

are shown in Figs. 2.7 and 2.9, and the clamping diode currents along with the output

rectifier diode current are shown in Figs. 2.8 and 2.10 for V; equal to 60 V and 40 V,

respectively. The clamping diodes D; and D, turn off at zero current. Figs. 2.11 - 2.14

show the experimental and theoretical, current and voltage waveforms of the switch
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Figure 2.6: Simulation results. Voltage and current waveforms of the hard-switching
two-switch flyback PWM DC-DC converter for CCM.
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2.00A/ B 50.0V/

Figure 2.7: Experimental results of the two-switch switch flyback converter at V; = 60
V and Py = 30 W. Top trace: switch current waveforms ig1,is2 (2 A/div.); Bottom
trace: switch drain-to-source voltage waveforms vpgy, vpse (50 V/div.). Horizontal
scale: 5 ps/div.

2.00A/ B 1004/

.

Figure 2.8: Experimental results of the two-switch flyback converter at V; = 60 V
and Pp = 30 W. Top trace: clamping diode current waveforms ipi,ips (2 A/div.);
Bottom trace: rectifier diode current waveform ips (10 A/div.). Horizontal scale: 5
ps/div.
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§ 5004/ B 500v/

Figure 2.9: Experimental results of the two-switch flyback converter at V; = 40 V
and Po = 30 W. Top trace: switch current waveforms igi,igo (5 A/div.); Bottom
trace: switch drain-to-source voltage waveforms vpg1, vpse (50 V/div.). Horizontal
scale: 5 us/div.

9.00A/ @ 20.0A/

Figure 2.10: Experimental results of the two-switch flyback converter at V; = 40 V
and Pp = 30 W. Top trace: clamping diode current waveforms ipy,ips (5 A/div.);
Bottom trace: rectifier diode current waveform ips (20 A/div.). Horizontal scale: 5
ps/div.

in the single-switch flyback converter without and with an RCD clamp circuit. From
the experimental voltage waveform of the switch shown in Fig. 2.11, it can be seen

that the voltage stress of the switch is unpredictable due to the resonance caused by

the transformer leakage inductance and the switch output capacitance. The voltage
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2.00A/ B 100v/

|
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ﬂ

Figure 2.11: Experimental results of the single-switch flyback converter without an
RCD clamp at V; = 60 V and Pp = 30 W. Top trace: switch current waveforms
ips (2 A/div.); Bottom trace: switch drain-to-source voltage waveforms vpg (100
V/div.). Horizontal scale: 5 us/div.
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Figure 2.12: Key theoretical waveforms of the single-switch flyback converter without
an RCD clamp for CCM.
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0 2006/ B 100v/

Figure 2.13: Experimental results of the single-switch flyback converter with an RCD
clamp at V; = 60 V and Pp = 30 W. Top trace: switch current waveforms ipg (2
A/div.); Bottom trace: switch drain-to-source voltage waveforms vpg (100 V/div.).
Horizontal scale: 5 ps/div.
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Figure 2.14: Key theoretical waveforms of the single-switch switch flyback converter
with an RCD clamp for CCM.

across the switch in the single-switch flyback converter with an RCD passive clamp
is clamped to 2V; = 120 V as shown in Fig. 2.13 and is in excellent agreement with

the theoretical waveforms shown in Fig. 2.14. However, the additional loss in the



32

Table 2.3: COMPARISON OF POWER LOSSES OF THE TWwWO-SWITCH AND THE

SINGLE-SWITCH FLYBACK CONVERTERS FOR CCM

Po=30W | Pb =10 W
Parameter Loss (W) Loss (W)
Two-Switch Flyback Converter
MOSFET conduction loss 2P, pg 1.6066 0.1758
MOSFET switching loss 2 Psy, 0.0216 0.0216
Rectifier diode loss Pp3 2.27 0.6864
Clamping diode loss 2Pp1p2 0.8975 0.1522
Primary winding resistance loss P.pq 0.1458 0.0162
Secondary winding resistance loss P, 0.4894 0.0538
Magnetizing inductance ESR loss P, 0.562 0.0624
Total power loss Ppg 5.99 1.168
Converter efficiency 7 83.35% 89.95%
Single-Switch Flyback Converter
MOSFET conduction loss P,.pg 1.264 0.1405
MOSFET switching loss Psy 3.63 0.751
Rectifier diode loss Pps 2.27 0.6864
Clamping diode loss - -
Primary winding resistance loss P, 0.1458 0.0313
Secondary winding resistance loss P, 0.4894 0.0538
Magnetizing inductance ESR loss P, 0.562 0.0624
Total power loss Prg 8.36 1.725
Converter efficiency 7 78.2% 85.28%
Single-Switch Flyback Converter with an RCD Clamp
MOSFET conduction loss P,pg 1.264 0.1405
MOSFET switching loss Psy 0.1107 0.0625
Rectifier diode loss Pps 2.27 0.6864
Clamping diode loss - -
Primary winding resistance loss P,y 0.1458 0.0313
Secondary winding resistance loss P, 0.4894 0.0538
Magnetizing inductance ESR loss P, 0.562 0.0624
RCD clamp circuit loss Prep 4.707 1.451
Total power loss Prg 9.54 2.487
Converter efficiency n 75.87% 80.08%

clamping circuit reduces the efficiency of the single-switch flyback converter with an

RCD clamp. The flyback transformer parameters listed in Tables 2.1 and 2.2 are

measured using Hewlett Packard 4275A Multi-Frequency LCR meter. Table 2.3 gives

the comparison of losses of the two-switch and the single-switch flyback converters
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Figure 2.15: Theoretical and experimental efficiencies of the two-switch and the single-
switch flyback converters plotted as a function of converter output power for CCM
operation.

for full load and light load conditions. From Table 2.2, it is clearly seen that the
maximum voltage stress of the power MOSFET in the single-switch flyback converter
is predicted to be 348 V. A MOSFET with higher voltage rating (IRF840, 500 V,
0.85 ), is used in the single-switch flyback converter as against a MOSFET with
lower voltage rating (IRF510, 100 V, 0.54 €2), which is safely used in the two-switch
topology.

Fig. 2.15 compares the efficiencies of the two-switch flyback converter and the
single-switch flyback converter (with and without an RCD clamp) versus output
power. A plot of theoretical efficiency predicted using the equations (2.40) - (2.52) is
shown in Fig. 2.15 and is fairly in good agreement with the measured efficiency of the

two-switch flyback converter circuit. The total on-resistance of two power MOSFET's
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used in the two-switch topology is slightly larger than that of the on-resistance of
the single MOSFET used in the single-switch version, due to which the conduction
losses in the two-switch flyback converter is only about 1.25 times than that of the
single-switch flyback converter. From Table 2.3, it can be clearly seen that the overall
losses in the two-switch flyback converter is lesser than that of the single-switch fly-
back converter largely due to the reduced switching losses in the two-switch flyback

converter.

2.7 Steady-State Analysis of Two-Switch Flyback Converter
for DCM

2.7.1 Assumptions

The steady-state analysis of the two-switch flyback PWM converter of Fig. 2.1 is

based on the following assumptions:
1. The power MOSFETSs are ideal switches except for their output capacitances.
2. The diodes are ideal switches.
3. The diode capacitances and lead inductances are zero.
4. Passive components are linear, time-invariant, and frequency-independent.
5. The converter is operating in steady-state.

6. The switching period Ty = 1/fs is much smaller than the time constants of

reactive components.
2.7.2 Principle of Circuit Operation for DCM

The principle of operation of each stage is explained with the aid of equivalent circuits
shown in Fig. 2.16 and the voltage and current waveforms of the converter shown in

Fig. 2.17.
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V-
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(€) Stage V [t — 5] () Stage VI [t;— ]

Figure 2.16: Equivalent circuits of the two-switch flyback converter for DCM at
different stages of a switching cycle. (a) Stage I (¢ <t <t;). (b) Stage II (t; <t <
tg). (C) Stage 111 (tz <t < tg). (d) Stage |AY% (tg <t < t4). (e) Stage Vv (t4 <t< t5).
(f) Stage VI (t5 < t < tg).

Stage 1 (to <t < tq1): At time t = t¢, both the switches S; and Sy are turned on by
a gate driver. An equivalent circuit for this stage is shown in Fig. 2.16(a). Since the
clamping diode voltages vp; = vpy = —V7, the diodes D; and D, are reverse biased
and hence their currents ip; and ipy are zero. Assuming L; << L,,, the voltage across

the magnetizing inductance is approximately V7, from which the voltage across the

rectifier diode is

y
Vs 7 — <nf + VO> . (2.53)
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Figure 2.17: Voltage and current waveforms of the two-switch flyback PWM DC-DC
converter for DCM.

From (2.53), it follows that the diode Dj is reverse-biased and hence the rectifier
diode current ipz is zero. The switches S; and S; turn on softly as the leakage

inductance L; limits the rate of rise of current. The current through the switches,
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leakage inductance, and the magnetizing inductance is

. . . . Vi .
151 =152 = i1 = lpm = 71(75 —to) + izm(to), (2.54)
L, + L

where iz, (to) = 0. The peak current of the magnetizing inductance is

Vi,DT VD
Lm+Ll B fs(Lm+Ll)

izm(t1) = (2.55)

The current through the magnetizing inductance, leakage inductance, and the switches
rises linearly with a slope of V;/(L,, + L;). The peak-to-peak value of the ripple cur-
rent through the magnetizing inductance is Air,, = i, (t1). The voltages across the
switches vg; and vgy are zero. This stage ends at time ¢t = ¢1, when both the switches
are turned off by the gate driver.

Stage 2 (t; < t < ty): During this stage, the switches S;, Sz and all the diodes
Dy, Dy, D3 are OFF. An equivalent circuit for this stage is shown in Fig. 2.16(b).
The magnetizing current (equal to the leakage current) charges the switch output
capacitors Cp; and Cps in a resonant manner. The current through Cpi, Cps, the

leakage inductance, and the magnetizing inductance is

v
iCOl = icog = iLl = iLm = 71 sinwl(t - tl) + Ale COSWl(t — tl), (256)
1
where
L, + L) (C C,
7 = \/( * L)(Cor + Coo) (2.57)
C01Co2
and
Co1 + Coq
Wy = ) 2.58
! \/001002(Lm + L)) ( )
Assuming Cp; = Cps = Cp, the switch voltages are
Nipn 2y . Vi
VUs1 — UVs2 = Vco1 — Vco2 = % smwl(t — tl) — ?I COSMl(t — tl). (259)

This stage ends at time ¢ = t5, when the voltage across each switch equals V;, thus

turning on the clamping diodes D, and Ds.
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Stage 3 (ta < t < t3): During this stage, the switches S, Sy are OFF, the diodes
Dy, Ds, are ON, and D3 is OFF. An equivalent circuit for this stage is depicted in
Fig. 2.16(c). The voltage across each switch is clamped to V; + Vi, where Vi is the
forward voltage of the clamping diode. The current through the magnetizing and
leakage inductances charges the input voltage source V; via clamping diodes D; and
Dy given by

Vi

Z.Ll = iLm = —ﬁ(t — tg) — iLm(tg), (260)
m l

where iy,,(t2) is the initial current of the magnetizing inductance at time t5. This
mode is referred to as regenerative clamping mode. This stage ends at time t = t3,
when the voltage across the magnetizing inductance equals —nVy thereby forward
biasing the rectifier diode Dj.

Stage 4 (t3 < t < t4): During this stage, the switches S;, Sy are OFF and all
the diodes Dy, Dy, D3 are ON. An equivalent circuit for this stage is depicted in
Fig. 2.16(d). The primary winding is clamped to the reflected output voltage of
—nVp. The resonant current through the leakage inductance L; and the switch output

capacitances Cp; and Cpa is

iLl = ic(n = iCO2 = iLl(tg) COS UJQ(t — Ifg), (2.61)

where ip,(t3) is the initial current of the leakage inductance at time instant ¢3. The

voltage across the leakage inductance is

VLl = —iLl(t3)Z2 sin wg(t — tg), (262)
where
Li(Co1 + Coz)
7. — 2.63
2 \/ Co1Co2 (263)
and

[Co1 + Cos
Wy = 4| ——————. 2.64
? LiCo1Co2 (2:64)
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The voltages across the switches are
Vg1 = Vg2 = Uco1 = Vco2 — V} — iLl (tg)ZQ sin w2(t — tg). (265)

This stage ends at time ¢t = t4, when the leakage inductance current i;; drops to
zero and the rectifier diode current ips equals the reflected magnetizing inductance
current niz,,, thereby turning off the clamping diodes D; and Ds.

Stage 5 (t4 <t < t5): During this stage, the switches S;, S, the clamping diodes
Dy, Dy are OFF, and the rectifier diode D3 is ON. An equivalent circuit for this stage
is depicted in Fig. 2.16(e). The voltage across the magnetizing inductance is —nVp.

The current through the magnetizing inductance is

nVO

Um = —T(t —t4) 4+ ipm(ts), (2.66)

where i7,,(t4) is the initial current of the magnetizing inductance at ¢ = t4. The

rectifier diode current is

. n?V; ,
ips =~ O (t — ta) + nipm(ts). (2.67)

Assuming that the switches S; and S5 are identical, the voltages across the switches

are
‘/] + TLVO

5 (2.68)

Us1 = Vs2 =

Assuming that the clamping diodes D; and Dy are identical, the voltages across the

clamping diodes are
TLVO — V[

5 (2.69)

Up1 = Up2 =

The current through the switches igq, ig0, the current through the clamping diodes
ip1, tp2, and the leakage inductance current i;; are zero. This stage ends at time
t = t5, when the rectifier diode current ip3 reaches zero.

Stage 6 (t5 < t < tg): During this stage, the switches S; and Sy are OFF and all

the diodes Dy, Dy and D3 are OFF. An equivalent circuit for this stage is shown in



40

Fig. 2.16(f). The resonant current through the magnetizing and leakage inductances
discharge the switch output capacitances Cp; and Cps. The resonant current through

Co1, Cos, the leakage inductance, and the magnetizing inductance is

. . . . nvo .
ico1 = lcoz = i1 = lum = =5~ sinws(t — ts5), (2.70)
3

where
(L 4+ L)(Co1 + Co2)
o = 2.71
’ \/ Co01Co2 (2.71)
and
Co1 + Co2
w3 = . 2.72
’ \/001002(Lm + L) ( )
Assuming Cp; = Cps = Cp, the switch voltages are
Vi nV
Vg1 = Vg2 = Vool = Vo2 = ?I + TO cosws(t — ts). (2.73)

From (2.73), it can be seen that the voltages across the switches can reach a minimum

of (Vi —nVp)/2 at t = tg, where

te = ts + T (2.74)
w3
The switch capacitive turn-on loss is given as
1 2
PSWOTL - ifsCOVCOa (275)
where Voo = veoo1(ts) = veoa(ts). The range of Vi is
Vi —nV % Ve
-2 2n 9 < Voo < 12 +2n = (2.76)

In Fig. 2.17, the time duration of Stages 2 and 6 are exaggerated for better under-

standing of the converter operation.
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2.8 Design of Two-Switch Flyback Converter for DCM
2.8.1 DC Voltage Transfer Function

Referring to the voltage waveform of the magnetizing inductance in Fig. 2.17 and

applying volt-second balance, we have
V}Atl = V}(Atg + Atg + At4) + nVO(At5 + AtG), (277)

from which the DC voltage transfer function of the converter is

_ Vo Aty — (Aty + Atz + Aty)
Mypc = V.o (b + Aty) : (2.78)

Assuming that the time duration of Stages 2, 3, 4, and 6 are very small in comparison

with those of Stages 1 and 5, My pc can be approximated to

Vo At D
‘/] nAt5 nDl ’ ( )

MVDC’ =

where D; is the ratio of (Aty + Ats + Aty + Ats)/T ~ At;/T. In order to find Ds,

consider the DC output current Iy given by

1 [(D+D)T nDiAip, — nDDV; Vo

1 (T
lo= [ ipydt = s dt = = =2 (280
o= Ty T Jpr P8 2 FoTmt L) Ry 280
resulting in
VO TLDDlRL
M. = = """ = 2.81
TV 2L+ L) 250
Equating the right hand sides of (2.79) and (2.81), we have
2f5<Lm + LZ)IO
D, = . 2.82
! \/ TLQVO ( )
Substituting (2.82) into (2.79) yields
R
Mype ~ D L (2.83)

2fs(Ly, + Ly)
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2.8.2 Device Stresses

The selection of components is based on the maximum values of the voltage and
current stresses of the switches and the diodes. During the third stage, the maximum
off-state voltage appearing across S; and Sy is

VSMl(max) = VSM2(H1&X) = ‘/I(max)- (284>

During the fifth stage, the maximum off-state voltage appearing across S; and S5 is

VI(max) + 1V,
VSMl(max) = VSMZ(max) = % (285)

During the first stage, the maximum value of the current through the switches is

I =7 = A3 — DV; — DVo _ 2PO(max)
SM1(max) SM2(max) Lm fS(Lm + Ll) fs(Lm + LZ)MVDC fs(Lm + Ll>’
(2.86)

where Po(magr) is the maximum DC output power. During the first stage, the maxi-

mum value of the diode reverse voltage is

Ve
VDMB(max) = ;I + Vo. (287)

At the end of the fourth stage, the maximum value of the current through the rectifier

diode is approximately

: 2P0 (max
Iprsmax) = nlipy, = f(LO(—I—il)' (2.88)

During the first and the second stage, the maximum values of the clamping diode
reverse voltage are

VbMi(max) = VDM2(max) = Vi(max)- (2.89)
During the third stage, the maximum values of the current through the clamping
diodes are

. 2P max
[DMl(max) = IDMQ(maX) = Aipy, = f(LO(—l—L)l)' (2-90)
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Figure 2.18: Plot of DC voltage transfer function of the two-switch flyback converter
at the boundary between CCM and DCM versus duty ratio Dp for different values
of transformer primary-to-secondary turns ratio n for n = 0.9.

2.8.3 Design Procedure for DCM

The DC voltage transfer function of the two-switch flyback converter at the boundary
between CCM and DCM is given by

VO nDB
M = =" 291
from which, the transformer turns ratio is given by
D max
n it (2.92)

B -]\4‘/DC'(1 - DBmaX)’
where Dp is the duty cycle at the boundary between CCM and DCM and My pe(max) =
Vo /Vimin)- In (2.92), the maximum value of the duty cycle Dppay is taken as 0.5.

Fig. 2.18 shows a plot of DC voltage transfer function My pe versus duty ratio Dpg for
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various values of transformer turns ratio n. In (2.91), My p¢ is calculated considering
the desired converter efficiency 7 to be 90%. The peak voltage and current stresses
of the devices on either side of the flyback transformer are influenced by n. In DCM
operation at the boundary, the current and voltage stresses are minimal when n is
such that D is 0.5. Hence, the value of n is calculated at D, = 0.5. From Fig. 2.18,
it can be seen that n ~ 2.6 for My pc = 0.33, Dg = 0.5, and n = 0.9.

Since the current waveforms of the switches in the two-switch flyback converter are
similar to the switch current of the single-switch flyback converter, the usual method
to determine the value of the magnetizing inductance for DCM operation can be used.

The maximum value of the magnetizing inductance for DCM operation is given by

I o n2VO(]- - DBmax)2
) = 2stOmax .

Using (2.84) - (2.90), the power MOSFETSs and the diodes are selected. Selection of

(2.93)

the output filter capacitor is based on the output voltage ripple specification.

o DmaXVO
fs RLmin ‘/cpp 7

where V., is the peak-to-peak value of the ac component of the voltage across the

C (2.94)

capacitance, which is approximately
Vt:pp ~ Ve — vmpp- (2~95)

In (2.95), V; is the peak-to-peak value of the output ripple voltage (usually expressed
as a percentage of DC output voltage Vo) and Vi, = rolep, is the peak-to-peak
value of the voltage across the equivalent series resistance (ESR) r¢ of the capacitor.

The designed capacitor must be able to withstand the rms capacitor current given by

| D
ICrms ~ IDBrms - ]O - nAZLm ?1 - ]O- (296)
The peak-to-peak value of the capacitor current is
nVOD1

(2.97)

Iopp ~ ID3 = nAsz =

fs(Lm + Ll) .
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2.9 Power Loss and Efficiency of Two-Switch Flyback Con-
verter for DCM

Equations for the power losses in the two-switch flyback converter for DCM are ob-
tained by assuming that the time duration of Stages 2, 4, and 6 are very small. Using

(2.54) and (2.86), the rms value of the current through the switches is

1 st . D
Is1,52(rms) = ?/t is1,52 dt = Ay, 3 (2.98)
s 0

Assuming that the on-resistances of the switches rps; = rpga = Tpg, the total con-

duction loss in 2rpg and primary winding resistance rp; is

2rpg +rr1)D .
Psr = (27“DS +7’T1)I§*1,S2(rms) = ( - 3 Tl) Azim' (2-99)

Assuming that the output capacitances of the switches Cp; = Cps = Cp and using

(2.84), the switch capacitive turn-off loss is given by
1
Pswors = §fs(200)vs2M = f:CoV7}. (2.100)

The switch capacitive turn-on loss is given in (2.75). Using (2.67) and (2.88), the rms

value of the current through the rectifier diode is

Lt . D
Ip3(ems) = m = nAipm\| ?1 (2.101)

The total conduction loss in the rectifier diode forward resistance Rps and the sec-

ondary winding resistance s is

D 2
(RF3+2T2) A2 (2.102)

Ppry = (Rps + TT2>11233(rms) =

The average value of the rectifier diode current Ip3 = Ip, from which, the rectifier

diode loss associated with the forward voltage of the rectifier diode Vg3 is

Pyps = Vrslps = Vrslo. (2.103)
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Using (2.60) and (2.90), the rms value of the current through the clamping diodes is

L ots : At
Ip1,p2(rms) = \/T/t ip1,p2 At = Aipm TS. (2.104)

Assuming that the forward resistances of the clamping diodes Rpy = Rpy = Rp and

Aty = 10%Ty, the total conduction loss in 2Rr is

Pri = 2RpI}) poms) = 0.2RpAi7,,. (2.105)

rms

The average value of the clamping diode current is

1 ts IO Atg
Ipy=Ipy=1Ip=— dt = . 2.106
pr=2p2=2D = ), D n(1— D) ( T8> (2.106)

Assuming that the forward voltage of the clamping diodes Vg = Vey = Vi and
Aty = 10%T;, the total loss associated with the forward voltages of two clamping

diodes together is

Pyp =2Vplp =

n(l-D)\T, ) n(l-D)
Using (2.54), (2.66), and (2.86), the rms value of the current through the magnetizing

inductance is approximately

L ts . D+ D
IL(rms) = m = Nigm ; L (2.108)

The power loss in the equivalent series resistance (ESR) r, of the magnetizing induc-

tance is
ri.(D + D)

Py = 1By = A2 P A2

rms) 5 (2.109)

The total power loss in the two-switch flyback converter for DCM is
Prs = Pst1 + Pswon + Pswors + Ppra + Pvps + Prr + Pyp + Pp. (2.110)

The efficiency of the two-switch flyback converter for DCM is

&

Po 1
_— = = B .
P Po+ Prs 1+%§

" (2.111)
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Table 2.4: L1ST OF COMPONENTS AND THEIR SPECIFICATIONS FOR TwWO-SWITCH

FLYBACK CONVERTER FOR DCM
Parameter Value Component
Power MOSFET maximum voltage stress 60 V IRF510 - 100 V
Power MOSFET maximum current stress 2.65 A IRF510-5 A
Power MOSFET drain-to-source on-resistance DS IRF510 - 0.54
Power MOSFET drain-to-source capacitance Co IRF510 - 60 pF
Rectifier diode maximum voltage stress 44 V MBR10100 - 100 V
Rectifier diode maximum current stress 6.81 A MBR10100 - 10 A
Rectifier diode forward voltage Vs MBR10100 - 0.65 V
Rectifier diode forward resistance Rps MBR10100 - 20 m¢2
Clamping diode maximum voltage stress 60 V MBR10100 - 100 V
Clamping diode maximum current stress 2.65 A MBR10100 - 10 A
Clamping diode forward voltage Vs MBR10100 - 0.65 V
Clamping diode forward resistance Rps MBR10100 - 20 mf2
Flyback transformer core - Magnetics Pot Core
Transformer core number - 0P-42616
Primary winding magnetizing inductance 110 pH 100 pH
Secondary winding magnetizing inductance 18.25 pH 15 uH
Number of primary winding turns 17 18
Number of secondary winding turns 7 7
Primary-to-secondary turns ratio 2.45 2.57
Primary winding leakage inductance Ly, 1.81 puH
Secondary winding leakage inductance Lis 2.37 uH
Total leakage inductance (primary) L 2.16 uH
Primary winding resistance 71 28 m{2
Secondary winding resistance rT9 10.8 m{2
Magnetizing inductance ESR rr 73 mf)
Length of air gap 0.326 mm 0.35 mm

2.10 Simulation and Experimental Results of Two-Switch
Flyback Converter for DCM

The hard-switching two-switch flyback converter for DCM is designed for the following

specifications:

e Maximum input voltage: Vi = 60 V
e Output voltage: Vo =20V

e Maximum output power: Ponee = 30 W
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Table 2.5: LisT OF COMPONENTS AND THEIR SPECIFICATIONS FOR SINGLE-

SwITCH FLYBACK CONVERTER FOR DCM

Parameter Value Component
Power MOSFET maximum voltage stress 465 V IRF840 - 500 V
Power MOSFET maximum current stress 2.65 A IRF840 - 8 A
Power MOSFET drain-to-source on-resistance DS IRF840 - 0.85
Power MOSFET drain-to-source capacitance Co IRF840 - 120 pF
Rectifier diode maximum voltage stress 44 V MBR10100 - 100 V
Rectifier diode maximum current stress 6.81 A MBR10100 - 10 A
Rectifier diode forward voltage Vs MBR10100 - 0.65 V
Rectifier diode forward resistance Rps MBR10100 - 20 m¢2
Flyback transformer core - Magnetics Pot Core
Transformer core number - 0P-42616
Primary winding magnetizing inductance 110 pH 100 pH
Secondary winding magnetizing inductance 18.25 uH 15 uH
Number of primary winding turns 17 18
Number of secondary winding turns 7 7
Primary-to-secondary turns ratio 2.45 2.57
Primary winding leakage inductance Ly, 1.81 puH
Secondary winding leakage inductance Lis 2.37 uH
Total leakage inductance (primary) L 2.16 uH
Primary winding resistance rr1 28 mf)
Secondary winding resistance 79 10.8 mf2
Magnetizing inductance ESR rL 73 mf)
Length of air gap 0.326 mm 0.35 mm

e Switching frequency: f; = 100 kHz

e Output voltage ripple: V,./Vp < 5%

The two-switch flyback converter for DCM is designed using equations (2.84) -

(2.94). The components selected for the experiment and their specifications are given

in Table 2.4. The design specifications of the single-switch flyback converter for DCM

is given in Table 2.5. Saber models of power MOSFETs IRF510 and power diodes

MBR10100 were used for simulation. The predicted theoretical waveforms of Fig. 2.17

were in excellent agreement with the simulation waveforms shown in Fig. 2.19.
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Figure 2.19: Simulation results. Voltage and current waveforms of the hard-switching
two-switch flyback PWM DC-DC converter in DCM.
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Figure 2.20: Experimental circuit of the two-switch flyback converter for DCM.

Figure 2.21: Experimental results of the two-switch flyback converter for DCM at Py
= 30 W. Top trace: switch gate-to-source voltage waveforms vggi, vgse (10 V/div.)
Bottom trace: switch drain-to-source voltage waveforms vpgi, vpge (50 V/div.). Hor-
izontal scale: 2 us/div.

The complete schematic of the experimental setup of the two-switch flyback con-

verter is shown in Fig. 2.20. The theoretical voltage and current waveforms of the

converter shown in Fig. 2.17 are experimentally verified. The experimental voltage
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Figure 2.22: Experimental results of the two-switch flyback converter for DCM at
Po =30 W. Top trace: switch current waveforms ig1,is0 (1 A/div.); Bottom trace:
switch drain-to-source voltage waveforms vg1,vgse (50 V/div.). Horizontal scale: 2
ps/div.

— .l

Figure 2.23: Experimental results of the two-switch flyback converter for DCM at
Po =30 W. Top trace: clamping diode current waveforms ip,ips (2 A/div.); Bottom
trace: rectifier diode current waveform ips (5 A/div.). Horizontal scale: 2 ps/div.

and current waveforms of the converter at full and light load are presented in Figs. 2.21
- 2.25. The maximum voltage across the power MOSFET switches is measured to be
62.5 V as shown in Figs. 2.21 and 2.24. The switch currents are shown in Figs. 2.22
and 2.24, and the clamping diode currents along with the output rectifier diode cur-

rent are shown in Figs. 2.23 and 2.25. The rectifier diode D3 for DCM operation

turns off at zero current. The clamping diodes D; and D, also turn off at zero cur-
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Figure 2.24: Experimental results of the two-switch flyback converter for DCM at
Po = 8 W. Top trace: switch current waveforms igy,igo (2 A/div.); Bottom trace:
switch drain-to-source voltage waveforms vgi,vge (50 V/div.). Horizontal scale: 2
ps/div.

™ N

Figure 2.25: Experimental results of the two-switch flyback converter for DCM at
Po =8 W. Top trace: clamping diode current waveforms ipi,ips (1 A/div.); Bottom
trace: rectifier diode current waveform ips (2 A/div.). Horizontal scale: 2 ps/div.

rent. Therefore, the reverse recovery effects in the diodes are considerably reduced.
During light loading conditions, the magnetizing inductor current reaches zero much
before the end of the switching period, leading to oscillations between the transistor
output capacitance and the transformer leakage inductance as seen in Fig. 2.24. The
frequency of the oscillations is given by (2.72). The flyback transformer parameters

listed in Table 2.4 are measured using Hewlett Packard 4275A Multi-Frequency LCR
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L

Figure 2.26: Experimental results of the single-switch flyback converter for DCM at
Po =30 W. Top trace: switch current waveform ig (1 A/div.); Bottom trace: switch
drain-to-source voltage waveform vg (50 V/div.). Horizontal scale: 2 us/div.

Table 2.6: COMPARISON OF POWER LOSSES OF THE TwO-SWITCH AND THE
SINGLE-SWITCH FLYBACK CONVERTERS FOR DCM

Po=30W | Ppb =10 W
Parameter Loss (W) Loss (W)
Two-Switch Flyback Converter
MOSFET conduction loss 2P,.pg 1.1316 1.2078
MOSFET switching loss 2 Psy, 0.0217 0.0217
Rectifier diode loss Pps 1.1231 0.4144
Clamping diode loss 2Pp1p2 0.138 0.046
Primary winding resistance loss P, 0.0293 0.0313
Secondary winding resistance loss P,po 0.08 0.0483
Magnetizing inductance ESR loss P, 0.1584 0.1311
Total power loss Prg 2.68 1.9
Converter efficiency 7 91.79% 84.03%
Single-Switch Flyback Converter
MOSFET conduction loss P,pg 0.8906 0.9513
MOSFET switching loss Pgsyy 1.3028 1.3473
Rectifier diode loss Pps 1.1231 0.4144
Clamping diode loss - -
Primary winding resistance loss P, 0.0293 0.0313
Secondary winding resistance loss P,qo 0.08 0.0483
Magnetizing inductance ESR loss P, 0.1584 0.1311
Total power loss Ppg 3.58 2.92
Converter efficiency n 89.33% 77.39%
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Figure 2.27: Theoretical and experimental efficiencies of the two-switch and the single-
switch flyback converters plotted as a function of converter output power for DCM
operation.

meter. Table 2.6 gives the comparison of losses of the two-switch and the single-
switch flyback converters for full load and light load conditions, respectively. From
Table 2.5, it is clearly seen that the maximum voltage stress of the power MOSFET in
the single-switch flyback converter is predicted to be 465 V. A MOSFET with higher
voltage rating (IRF840, 500 V, 0.85 Q) is used in the single-switch flyback converter
as against a MOSFET with lower voltage rating (IRF510, 100 V, 0.54 ), which is
safely used in a two-switch topology.

Fig. 2.26 shows the current and voltage waveforms of the power MOSFET used
in a single-switch flyback converter for DCM operated at full load. The maximum
voltage measured was 125 V which is about 3.5 times lesser than the theoretically pre-
dicted value. This difference can be attributed to the effect of stray capacitances and
lead inductances in the circuit. Hence, it is difficult to predict the voltage oscillations
in the single-switch flyback converter, whereas, in the two-switch flyback converter,

the clamping of the switch overvoltage is clearly achieved. Fig. 2.27 compares the
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efficiencies of the two-switch flyback converter and the single-switch flyback converter
versus the output power for DCM operation. A plot of theoretical efficiency predicted
using the equations (2.99) - (2.111) is shown in Fig. 2.27 and is fairly in good agree-
ment with the measured efficiency of the two-switch flyback converter circuit. The
total on-resistance of two power MOSFETS used in the two-switch topology is slightly
larger than that of the on-resistance of the single MOSFET used in the single-switch
version due to which the conduction losses in the two-switch flyback converter is
about 1.25 times than that of the single-switch flyback converter. From Table 2.6, it
can be clearly seen that the overall losses in the two-switch flyback converter is lesser
than that of the single-switch flyback converter largely due to the reduced switching

losses in the two-switch flyback converter.
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3 Proposed Soft-Switching Two-Switch Flyback PWM
DC-DC Converter

3.1 Background

This chapter proposes a soft-switching two-switch flyback PWM DC-DC converter,
namely, zero-current transition (ZCT) two-switch flyback PWM DC-DC converter.
The auxiliary circuit (active clamp circuit) consisting of an active switch and a clamp
capacitor is connected on the secondary side of the transformer of the hard-switching
two-switch flyback converter, which results in a soft-switching ZCT two-switch fly-
back converter. The clamping diodes in the primary side of the classical two-switch
flyback topology clamp the peak voltage across each main switch to the DC input volt-
age. The auxiliary circuit on the secondary side provides zero-current (ZC) switching
condition for all the semiconductor devices in the converter. The circuit descrip-
tion, principle of circuit operation, steady-state analysis, and design procedure of the
proposed ZCT two-switch flyback converter are presented. Current and voltage wave-
forms of all the components of the converters are derived. Saber Sketch simulation

and experimental results are presented.

3.2 Proposed ZCT Two-Switch Flyback DC-DC Converter
3.2.1 Circuit Description

The circuit of the proposed ZCT two-switch flyback DC-DC converter is shown in
Fig. 3.1. The two main switches S; and S5, secondary rectifier diode D3, and the
flyback transformer T form a part of the power circuit responsible for the power
transfer from the input source to the load. The clamping diodes D; and Dy on the
primary side of the transformer are responsible for the main switch voltage clamping,
and the auxiliary circuit consisting of switch S, and a capacitor C, on the secondary

side of the transformer are responsible for ZCT operation. The output filter capacitor
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Figure 3.1: ZCT two-switch flyback PWM DC-DC converter.

and the load resistor are denoted by and Cp and Ry, respectively. The input DC
voltage and the output voltage are denoted by V; and Vp, respectively. Both the
switches S and S5 are turned on or off at the same time by an external driver. The
auxiliary switch S, is turned on for a brief period of time before the main switches
are turned off and is turned off along with the main switches. The switching period
T is given by 1/ f,, where f, is the switching frequency. The ratio of on-time of main
switches t,, to total period Ty is defined as the switch duty ratio D. The circuit
operation is mainly categorized into six stages. In Fig. 3.1, the transformer 7' is
modeled as an ideal transformer with its magnetizing inductance L,, referred to the

primary and the total leakage inductance L; referred to the secondary.
3.2.2 Assumptions

The steady-state analysis of the ZCT two-switch flyback PWM converter of Fig. 3.1

is based on the following assumptions:
1. The power MOSFETS are ideal switches except for their output capacitances.
2. The diodes are ideal switches.

3. The diode capacitances and lead inductances are zero.
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4. The transformer leakage inductance L; is far lesser than the transformer mag-

netizing inductance L,,.

5. The magnetizing inductance L,, is large enough to maintain a constant magne-

tizing inductance current I,,.
6. Passive components are linear, time-invariant, and frequency-independent.
7. The input and output DC voltages are constant and ripple-free.
8. The converter is operating in steady-state.

9. The switching period Ty = 1/fs is much smaller than the time constants of

reactive components.

10. Before the beginning of switching cycle (time t = t,), the voltage across the
auxiliary capacitor ve, = Vp, the magnetizing inductor current is commutated

through the rectifier diode D3, and all other switches and diodes are OFF.
3.2.3 Circuit Operation and Steady-State Analysis

The principle of operation of each stage is explained with the aid of equivalent circuits
shown in Fig. 3.2 and the voltage and current waveforms of the ZCT two-switch
flyback converter shown in Fig. 3.3.

Stage 1 (tg <t < t1): At time t = ty, both the switches S; and Sy are turned on by
an external driver. The leakage inductance L; prevents the instantaneous transfer of
magnetizing current from transformer secondary to the primary. Hence, the rectifier
diode remains in on-state. An equivalent circuit for this stage is shown in Fig. 3.2(a).
The clamping diodes D, and D, are reverse biased and hence their currents ¢p; and
ip9 are zero. Since vo, = Vp, the body diode of S, is OFF. The leakage inductance L,

limits the rate of rise of current through the switches. The voltage across the leakage
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Figure 3.2: Equivalent circuits of the ZCT two-switch flyback converter at different
stages of a switching cycle. (a) Stage 1 (to <t < t1). (b) Stage 2 (t; <t < t3). (¢)
Stage 3 (ta <t < t3). (d) Stage 4 (t3 <t <t4). (e) Stage 5 (t4 <t <t;). (f) Stage 6
(t5 <t< t6)

inductance is —(V;/n + V). The current through the leakage inductance and the

rectifier diode Dj falls from nly,, to zero given by

_ _ Vi +nV,
lezzDgznle—%(zﬁ—to). (31)
l

This stage ends at time t = ¢; when the current through the main switches ig1, 59
reaches Iy, and the rectifier diode D3 turns off with zero current. The duration of

this time interval is
n2ILle

Aty =ty — tg = —L
L VAT A

(3.2)

Stage 2 (t; < t < t3): During this stage the switches S;, Se are ON and all the

diodes Dy, Dy, D3, and the auxiliary switch S, are OFF. An equivalent circuit for
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Figure 3.3: Voltage and current waveforms of the ZCT two-switch flyback PWM

DC-DC converter.



61

this stage is shown in Fig. 3.2(b). The voltage across the magnetizing inductance is
V. The magnetizing inductance is linearly charged by the input voltage source. The
switch current ig1, 152 equals Ir,,. This stage ends at time ¢ = t5, when the auxiliary
switch S, is turned on by an external driver. The control signal to S, must be applied
at DT, (37/2w,), where w, is given in Stage 3.

Stage 3 (to < t < t3): During this stage, the switches S;, S3, and S, are ON
and all the diodes D, Dy, and D3 are OFF. An equivalent circuit for this stage is
depicted in Fig. 3.2(c). The auxiliary switch S, turns on softly. The transformer
leakage inductance L; and the clamp capacitor C, begin to resonate. The voltage
across C, begins to decrease in a resonant manner. The resonant currents iy, ig1,

152, and the resonant voltage vo, are given as

, Vi+nVo .
i = —]TOO sinw,(t — ta), (3.3)

L Vi+nVo

Z-.5'1 = 7;5'2 = ILm - ; = [Lm + n220 SinwO(t - t2)7 (34)
V V
Vog = (] + VO> cosw,(t — ta) — —I, (3.5)
n n
where the resonant frequency w, is given by
1
W, = , 3.6
o (3.6)
and the characteristic impedance Z, is
L
Ly =] —. 3.7
o (3.7)

When the currents igq, igo reach Iy,,, the current through L; reaches zero and the
voltage across C, is —(2V7/n + V). The transformer leakage inductance L; and the
clamp capacitor C, continue to resonate with the exception that the leakage current

17, reverses and flows through the body diode of switch S,. The capacitor C, begins
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to charge from —(2V;/n + Vo). The resonant currents iz;, ig1, ig2, and the resonant

voltage vg, are given as

Vi Ve
i = Yr+nYo sin w, (t — t2), (3.8)

0y Vi+nVo

191 = 152 = ILm — ; = ILm — n2ZO Slnwo(t - tg), (39)
and
Vi Vi
Voa = — (nI + VO) cos w,(t — ta) — ;I (3.10)

This stage ends at time ¢ = t3 when the current through L, reaches nly,, thus forcing
the currents in the main switches to zero. Assuming that the time duration for which
iz reverses and flows through the body diode of the switch S, is 7/2w,, the condition

for the main switch currents igq, igo to reach zero is established as

. ‘/[ + TLVO
im < = 5 (3.11)

and the capacitor voltage vg, is found as —Vj/n.

Stage 4 (t3 <t < t4): An equivalent circuit for this stage is depicted in Fig. 3.2(d).
The transformer leakage inductance L; and the clamp capacitor C, continue to res-
onate as in Stage 3 with the exception that the main switch currents ig1, igo reverses
and flows through the body diodes of switches S7 and Sy, respectively. Since the body
diodes of all the switches are conducting, this interval is the best time to turn off the
main switches S7, S; and the auxiliary switch S, to achieve zero current condition.

The resonant currents 77, 451, ts2, and the resonant voltage v, are given as

Vi +nV,
ir = nlp, + “LZ”O sin we(t — t3), (3.12)
nz,

iLl —‘/}+nVOS

is1 =152 = Ipm — = 57 inw,(t — t3), (3.13)
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and

V V]
Ve = — <nI + Vo) cosw,(t — t3) — ;I (3.14)

This stage ends at time ¢ = ¢, when the body diodes of S7 and Sy are naturally turned
off.

Stage 5 (ty <t < t5): During this stage, the switches Si, Ss, S, and the rectifier
diode D3 are OFF. An equivalent circuit for this stage is depicted in Fig. 3.2(e). The
resonance between L; and C, continue as in Stage 4 with the exception that leakage
current ¢7; commutates through the clamping diodes D;, and Dy due to which the
voltage across the main switches vg; and vgy is clamped to the input voltage V;. The
voltage across the clamp capacitor vg, continues to build towards V. The resonant

currents iz, ip1, ip2, and the resonant voltage v, are given as

. Vi+nVo .
i =nlp, — ITOO sinw,(t — t4), (3.15)
. . i Vi+nVp .
D1 :zm:ILm—%zﬁsmwo(t—u), (3.16)
and
V V
Vog = — (I + VO) cosw,(t — tg) — el (3.17)
n n

This stage ends at time t = t5 when the voltage across the clamp capacitor vg, reaches
Vo turning off the body diode of S,, the current through D; and D, reach zero, and
i1y equals Ir,,. The duration of this time interval is

Aty =t5 —ty = - (3.18)
w,

Stage 6 (t5 < t < tg): During this stage, the switches S, S, S, and the diodes
D1, D,, are OFF. An equivalent circuit for this stage is depicted in Fig. 3.2(f). The
auxiliary circuit is completely removed thus forcing the commutation of magnetizing

inductance current Iy, to the output via rectifier diode D3. The leakage inductance
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current iy; equals I7,,. This stage ends at time ¢t = t5, when both the main switches

S and Sy are turned on by an external driver completing one full switching cycle.

3.3 Design of ZCT Two-Switch Flyback Converter
3.3.1 DC Voltage Transfer Function

Referring to the voltage waveform of the magnetizing inductance in Fig. 3.3 and

applying volt-second balance, we have

‘/[(Atl + Atg + Atg + At4) = nVO(At5 + At@). (319)

Assuming that the time duration of Stages 1 and 4 are very small in comparison with
those of Stages 2, 3, 5, and 6, the DC voltage transfer function is approximately

Vo o (At + Aty + Aty + Aty) D
Mype = -2 = = . 3.20
VPe =y, n(Ats + Atg) n(l1— D) (8:20)

The DC current transfer function is given by

I n(l—D
Mipe = T(; = (D). (3.21)

3.3.2 Device Stresses
The selection of components is based on the maximum values of the voltage and

current stresses of the switches and the diodes. During Stage 5, the maximum off-

state voltage appearing across S7 and Sy is given by
VSMl(max) = VSMZ(maX) = ‘/I(max)- (322)

During Stage 3, the maximum value of the current through the main switches is

‘/I + nVO . DPO(max) VO
n2Zo  nVo(l—D) nDZy’

]SMl(max) = ISM2(maX) = Ipm + (323)

where Iy, = I;. During Stage 3, the maximum value of the diode reverse voltage is

2V 2V,
Vos(mas) = 7’ 12V, = 70. (3.24)
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However, at the beginning of Stage 2, the output capacitance of the auxiliary switch
Co(aur) and the leakage inductance L; resonate due to which the rectifier diode peak
reverse voltage is approximately

Vi Vi
VD M3(max) = ;j + Vo + Ipuse 24 = 50 + Ipms) 2. (3.25)

Ly
Z = . 3.26
OO(aua:) ( )

In practice, since ip3 is very small just before the rectifier diode turns off, Ipyss(,) can

where

be taken as 10% of Ip. During Stage 6, the maximum value of the current through

the rectifier diode is

]O PO(max)
= = ) 2
1-D  Vo(1-D) (3:27)

Ippr3(max)
During Stages 1 through 4, the maximum values of the clamping diode reverse voltage
are

VbM1(max) = VDM2(max) = Vi(max)- (3.28)
During Stage 5, the maximum value of the current through the clamping diodes is

V] + TZVO Vo

[DMl(max) = IDMQ(maX) 27 = nDZo . (329)

1%

Using (3.25), the maximum off-state voltage appearing across S, is given by

Vi Vi
VsMa(max) = z] + Vo + IpmsenZ = 50 + Ipmsen 2. (3.30)

During Stage 3, the maximum value of the current through the auxiliary switch is

‘/}—FRVO B VO

Ishra(max) = = . 3.31
SMa(max) nZ, DZo (3:31)
3.3.3 Design Procedure
From the design specifications, find the maximum value of My p¢e
Ve
MVDC(max) = 9 (332)

‘/I(mzn) .
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Rearranging (3.32), the transformer turns ratio is given by

Dmax

n = .
]\4VDC(maX)(1 - Dmax)

(3.33)

Since the current waveform of the magnetizing inductance is similar to that of the
single-switch flyback converter, the usual method to determine the value of the mag-

netizing inductance can be used.

nQRLmaX<1 - l)min)2
Lm(min) = 2f .

(3.34)

Using (3.33) and (3.34), the flyback transformer can be designed and hence the value
of leakage inductance L; can be obtained. In order to achieve ZC switching of the
main switches, the inequality (3.11) must be satisfied. Using (3.11) and (3.7), the

value of clamp capacitor can be estimated as

4 2
e, > Ml D LiFoma (3.35)
T (Vi+nVp)2  VA(1—D)?

Using (3.24) or (3.25), the maximum voltage stress of the clamping capacitor can be
found. Selection of the output filter capacitor is based on the output voltage ripple

specifications.
_ DmaXVO
fs RLmin ‘/cpp ’

where V,,, is the peak-to-peak value of the ac component of the voltage across the

o (3.36)

capacitance, which is approximately
‘/cpp ~ ‘/T - ‘/’r‘cpp' (337)

In (3.37), V; is the peak-to-peak value of the output ripple voltage and V,,, is the
peak-to-peak value of the voltage across the equivalent series resistance (ESR) r¢ of

the capacitor.
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Figure 3.4: Experimental setup of the ZCT two-switch flyback converter.
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Figure 3.5: Photograph of the experimental circuit of the ZCT two-switch flyback

converter.
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i

Figure 3.6: Simulation results. Voltage and current waveforms of the soft-switching
ZCT two-switch flyback PWM DC-DC converter.



69

AN —

——m | ¥ r—T |

Figure 3.7: Experimental results. Top trace: main switch current waveforms ig; and
ig2 (5 A/div.); Bottom trace: main switch drain-to-source voltage waveforms vg; and
vg2 (100 V/div.). Horizontal scale: 2 us/div.
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Figure 3.8: Experimental results. Top trace: auxiliary switch current waveform ig,
(10 A/div.); Bottom trace: auxiliary switch drain-to-source voltage waveform vg,
(100 V/div.). Horizontal scale: 2 us/div.
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Figure 3.9: Experimental results. Top trace: rectifier diode current waveform ips3
(10 A/div.); Bottom trace: auxiliary capacitor voltage waveform v, (100 V/div.).
Horizontal scale: 2 us/div.

3.4 Simulation and Experimental Results of ZCT Two-Switch
Flyback Converter

The soft-switching ZCT two-switch flyback converter is designed for the following

specifications:
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. IR 8 e nem

Figure 3.10: Experimental results. Top trace: clamping diode current waveforms ip;
and ips (0.5 A/div.); Bottom trace: clamping diode voltage waveforms vp; and vps
(100 V/div.). Horizontal scale: 1 ps/div.

e Input voltage: V; =45+ 15V

Output voltage: Vo = 10V

e Maximum output power: Ponee = 30 W

e Minimum output power: Popin = 3 W

Switching frequency: f; = 100 kHz

Output voltage ripple: V,./Vp < 5%

The ZCT two-switch flyback converter is designed using equations (3.22) to (3.36).
The detailed circuit of the ZCT two-switch flyback converter used for the experiment
is shown in Fig. 3.4 and the photograph of the experimental circuit of the ZCT two-
switch flyback converter is shown in Fig. 3.5. Saber models of IRF510 and MBR 10100
are used for simulation study. The theoretical voltage and current waveforms of the
converter shown in Fig. 3.3 are verified by Saber Sketch simulation results shown
in Fig. 3.6, and experimental results shown in Figs. 3.7 - 3.10 for V; = 60 V. From
Figs. 3.6 - 3.10, it can be clearly seen that the simulation and experimental results
are in excellent agreement with each other and also with the theoretical waveforms of
Fig. 3.3. The current and voltage waveforms of the main switches and the auxiliary

switch are presented in Figs. 3.7 and 3.8, respectively, from which, the soft turn-on and
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turn-off of the main switches and the auxiliary switch can be confirmed. The current
waveform of the rectifier diode, the voltage waveform of the auxiliary capacitor, and
the current and voltage waveforms of the clamping diodes are presented in Figs. 3.9
and 3.10, respectively. It should be noted that the rectifier diode and also the clamping
diodes are softly commutated. Therefore, the switching losses of the proposed ZCT
two-switch flyback converter are significantly reduced. The maximum voltage across
the power MOSFET switches is clamped to the DC input voltage of V; = 60 V. The
main drawback of this circuit is the higher voltage stress of the auxiliary switch and

the rectifier diode.
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4 Harmonic Winding Loss in High-Frequency Trans-
formers

4.1 Background

High-frequency transformers used in PWM converters conduct nonsinusoidal cur-
rents, which give rise to additional winding losses due to harmonics. This chapter
presents expressions for winding power losses in a two-winding transformer subject to
nonsinusoidal excitation operated in continuous conduction mode (CCM) and discon-
tinuous conduction mode (DCM). Dowell’s equation is used to determine the winding
resistances due to eddy currents as a function of frequency. Fourier series of the pri-
mary and secondary current waveforms in isolated DC-DC power converters and the
primary and secondary winding resistances are used to determine the primary and
secondary winding power losses at various harmonics, respectively. The harmonic

primary and secondary winding loss factors Fry, and Frg, are introduced.

4.2 Dowell’s Equation

Consider a winding with multiple layers N; as shown in Fig. 4.1. Each layer of the
winding consists of a single turn of a rectangular foil whose width, thickness, and
length are denoted by b, h, and [, respectively. The winding ac resistance for the
winding shown in Fig. 4.1 is given by Dowell’s equation [25] under the following

assumptions:

1. The winding consists of straight conductors parallel to each other and parallel

to the center post of the core.
2. The curvature, edge, and end effects of the conductors are neglected.

3. The core material has high permeability (u,.. = c0) and the winding layers fill

the entire width b of the bobbin due to which the alternating magnetic flux
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Figure 4.1: Multilayer winding made up of straight, parallel foil conductors.
density B(t) is parallel everywhere to the foil winding (z-direction).
4. The sinusoidal current flows through the winding conductor.
5. The end effects are neglected because h < b and h < [.

6. The capacitive effects are neglected.

Using a one-dimensional solution, the impedance Z of a multilayer foil rectangular

conductor winding of IV, layers is given by [25]

Pubwiy Tt 2(N? - 1) vh
4 = ———— |coth (yh) + ——=—tanh [ —
Bu; lco (vh) + 3 anh |

= Ryae(1 + ) (;;) {coth [(1 +7) (;;)] + Q(Wzg—l)tanh [(1 ) (c;;)] }

= Ry + jw, (4.1)
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where R,q4. is the DC winding resistance. The normalized winding impedance of a

multilayer foil conductor winding can be expressed as

z h sinh (%) + sin (%) _sinh (%) — sin (%)

Ruge <5w> Losh (%) — cos (%) * jcosh (%) — cos ((?Z)]

2N~ 1) ( n ) sinb () —sin () b (5) wen (2)]
3 cosh (%) + cos (%) cosh (%) + cos (%)

O
The winding ac resistance caused by both skin and proximity effects for a wide

+

foil winding with a single turn per layer is [25]

Ry = Re {Z} = RusA { sinh(24) +sin(24) lZ(Nﬁ - 1)] sinh(A) — sin(A)}

cosh(2A) — cos(2A4) 3 cosh(A) + cos(A)
= FriRude, (4.3)

where the skin and proximity effect factor is the winding ac-to-dc resistance ratio

Fy = L :FS+FP:A{

. sinh(2A4) + sin(24) lz(z\rﬁ - 1)] sinh(A) — sin(A) } |

cosh(2A) — cos(2A4) * 3 cosh(A) + cos(A)
(4.4)

In (4.4), the first term represents the winding ac resistance due to skin effect Fg
and the second term the winding ac resistance due to proximity effect Fp. The DC

winding resistance is

R o pwflw o pwflw o owlTNl
wde — - - ’
Ay hbey | hbey

(4.5)

where [7 is the mean-turn length. The foil thickness normalized with respect to the
foil skin depth is

A =h

_h
6wf Pwf ‘

(4.6)

The factor Fr depends upon the ratio h/d, s and N;. Fig. 4.2 shows the normalized
ac winding resistance Fg versus d/d,, at d/p = 0.8 and different number of layers N,

for a round wire.
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Figure 4.2: Normalized ac winding resistance Fg versus d/d, at d/p = 0.8 and
different number of layers N; for a round wire.
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Figure 4.3: Transformations of a foil winding to rectangular, square, and round wire
windings. (a) Wide foil winding. (b) Narrow foil winding. (¢) Rectangular winding
conductor. (d) Square winding conductor. (e) Round winding wire.

4.3 Transformation of Foil Conductor to Rectangular, Square,
and Round Conductors

Dowell’s equation for the winding with a single wide foil per layer given in previous
section can be extended to other winding conductor shapes, such as rectangular,
square, and round winding conductors. Fig. 4.3 shows the transformation of foil
winding into various shapes of winding conductors. The transformation is carried out
by appropriately adjusting the resistivity and a layer fill factor or by using a square-
to-round conversion. A porosity factor (i.e., a layer fill factor) can be introduced
when converting one sheet of a foil conductor into several equivalent conductors to
ensure that the dc resistance of the windings remains unchanged. A sheet of a foil
shown in Fig. 4.3(a) first replaced by a narrow sheet of a foil is depicted in Fig. 4.3(b).
Next the narrow sheet of foil is replaced by several rectangular conductors, as shown
in Fig. 4.3(c). Then the rectangular conductors are replaced with square conductors

depicted in Fig. 4.3(d). Finally, square conductors are replaced by round conductors
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depicted in Fig. 4.3(e).

The procedure for transforming a rectangular winding conductor is as follows.
Consider two foil windings with a single turn per layer. Both the foil windings have
the same length [, and thickness h. However, the widths and the resistivities of
the foils are different. The wider foil has a width (or the winding breadth) b, and
resistivity p,s. The narrower foil has a width b, < b, and resistivity p, < puy-
Consequently, the narrow conductor skin depth §,, is lower than the wide conductor
skin depth d,, i.e., 6, < d,s. The resistivities are such that the dc resistances of

both windings remain the same. The DC resistance of the foil winding is given by

Pl
Raey = hbf ; (4.7)

and the dc resistance of the narrow foil winding is

Puwlw
. = . 4
Ry ho, (4.8)

The skin depth of the foil winding is given by

Ouwy = 1/% (4.9)

and the skin depth of the narrow foil winding is

b,y = Lo .
‘/wfsu (4.10)

The narrow foil is cut into rectangular conductors of width w and stretched so that

each layer has Ny turns. The width of each conductor is

bu

- 4.11
N, (4.11)

w

and the distance between the centers of two adjacent conductors, called the winding

pitch, is defined by

bus
— 4.12
P=, (4.12)
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As mentioned, the DC resistances of both the narrower and wider foils are the same

Rye = Racs

pwlw pwflw
pu— 4-].
hby  hbuy (4.13)

which gives the ratio of two resistivities

Pw bw thl w

pwf  bwy PNy p " (4.14)

where the layer porosity factor, spacing factor, or fill factor is defined as

w

Using (4.9), (4.10), and (4.14), the ratio of the skin depths is given by

= \//)T”‘:c - \/g — /T (4.16)

For a rectangular winding conductor, A is given by

h h [h h
A=A =—=—\|—=— - 4.17
6wf (5w p 6w e ( )

For a square wire winding, w = h. Hence, (4.17) becomes

- f f 5V (4.18)

The cross-sectional area of the square wire is
S, = h? (4.19)

and the cross-sectional area of the round wire is

So = 7r<;l>2. (4.20)

Equating (4.19) and (4.20) leads to

h? = 7r<d>2. (4.21)
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Yielding the relationship between h and the effective round wire diameter d

2h
d=—=~1.128h 4.22
Te oL (422)

from which the effective square conductor height is

d
h= \2/% ~ 0.8662d. (4.23)

Note that if the square and round wire areas are the same, the DC resistances of both

the windings are the same. Substitution of (4.23) into (4.18) yields

h o [h Ny 43 a\id [d N\ d
N L _ e T 4.24
© 511) p <4> 5wp% (4) (5w p <4> 5w np ( )

4.4 General Expression for Winding Power Loss in High-
Frequency Transformer

In isolated PWM DC-DC converters, the transformer winding current i; contains a
DC component, a fundamental component, and many harmonics. If we know the DC
component and the amplitudes or rms values of the of the winding current along with
the winding DC and ac resistances due to skin and proximity effects at the frequencies
of harmonics nf; (where n is the harmonic number and f; is the converter switching
frequency), the winding power loss for each harmonic and the total winding power
loss can be determined. The transformer winding current waveform can be expanded

into a Fourier series

i, =10+ > Ly cos (nwt + ¢,,)

n=1
=1+ \/§Z]n cos (nwt + ¢,), (4.25)
n=1

where I}, is the DC component of the winding current, I,,, is the amplitude of the
n'™ harmonic, and I, = I, / V/2 is the rms value of the nt® harmonic of the winding

current.
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4.4.1 Transformer Harmonic Winding Power Loss

The total winding power loss due to the DC current and all harmonics of the winding

current is

Py = Ryael? + Y RunI?

n=1

= Rwdclg + Rw1[12 + Rw2122 + ngf?? + o
R L\? Ry I Ry L\?
B w CI2 1 ( ) <> ( ) () < > () """"
R der L [ + Rwdc ]L + Rwdc .[L + R’wdc ]L T

) fe'e) an In 2 ] 2
— Ruael? |1+ Y (R : ) (]L> — Ryal? 1+ZFRn<IL>

n=1
= FriPuac, (4.26)
where R, is the winding DC resistance and R,,1, Ru2, Rys, -.... , Ry are the winding
resistances at frequencies fi, fo, f3, ..... , fn, respectively. The DC power loss in a

winding is Pyg. = Ryacl?. The ac resistance factor at the fundamental frequency or

the n'® harmonic is given by

R?.UTL
Frn = = Fs+ Fp

A sinh(2A+/n) 4 sin(2Ay/n) 2(N? —1)] sinh(Ay/n) — sin(A\/n)
=Avn { cosh(2A4/n) — cos(2A+/n) N l 3 ] cosh(Ay/n) + cos(A\/ﬁ)} ’
(4.27)

v

where N; is the number of layers of the winding and A is the winding conductor
thickness normalized to conductor skin depth at the fundamental frequency equal to
the switching frequency f,. The factor Ffg, takes into account both the skin and
prozimity effects in the winding. The equation for FF, is obtained by Dowell’s one-
dimensional solution for multilayer foil windings given by (4.4) and is extended to

rectangular, square, and round conductors using (4.17), (4.18), (4.24), respectively.
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4.4.2 Harmonic Winding Power Loss Factor Fp,

The harmonic winding power loss factor is defined as the total winding DC and ac
power loss (of all harmonics) normalized with respect to the winding DC power loss
given by
P > I\*
=1 Frn 22 . 4.28
Pwdc + nZ::l R <[L> ( )

The ratio of I, to I is waveform dependent which can be obtained using Fourier

Fry =

analysis applied to a specific current waveform. The factor Fgy, also depends upon
the number of harmonics n, the normalized winding conductor thickness A, and the

number of layers of the winding /.

4.5 Transformer Winding Loss for Flyback DC-DC Converter
in CCM

In transformers used in isolated PWM DC-DC power converters in CCM, the current
waveforms of the primary and secondary windings are pulsating. Therefore, the
amplitudes of the harmonics are high, causing high losses. This situation is different
in nonisolated PWM converters in CCM because the current waveform of the inductor

is nearly constant and the amplitudes of harmonics are low.
4.5.1 Primary Winding Power Loss for CCM

Assume that the primary winding current for CCM is a rectangular wave with a duty

ratio D as shown in Fig. 4.4(a). The primary winding current is given by

.} Lymag, for 0<t< DT

Zf”_{o, for DT<t§T}' (4.29)
The Fourier series of the current waveform of the primary winding is

, > sin (nmD)

Zp = Ipdc [1 + 2;W COSs (nwst)] . (430)

The power loss in the primary winding for CCM is

s sin (nwD)]?
Pup = Pupdc {1 + 27; Frpn [TM’D] } = PupacErpn, (4'31)
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Figure 4.4: Two-winding flyback transformer current waveforms for CCM. (a) Pri-
mary current i,. (b) Secondary current is.

where Pypge = Ruypacl 2, and the normalized primary winding resistance at the fun-

pdc

damental frequency and harmonic frequencies are

an
Fan:de :FS—I—FP
wpdc

A sinh(2A4+/n) 4 sin(2A4/n) 2(N? —1)] sinh(Ay/n) — sin(Ay/n)
=Avn { cosh(2A44/n) — cos(24+/n) * [ 3 ] cosh(Ay/n) + COS(A\/H)} '
(4.32)

The primary winding ac power loss normalized with respect to the primary winding

DC power loss is

Py i in (nD) ]
Frpp = =" =142 Frpn rm(m)] . (4.33)

Pwpdc n—1 nmD
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4.5.2 Secondary Winding Power Loss for CCM

Assume that the secondary winding current for CCM is a rectangular wave as shown

in Fig. 4.4(b). The secondary winding current is given by

- ) Tsmas, for 1-D)T<t<T
e { 0,  for 0<t<DT } ' (4:34)
The Fourier series of the current waveform of the secondary winding is
sin [nw(1 — D)]
1s = lsde 1 2 st . 4.35
d{ + nz:l el = D) cos (nw )} (4.35)
The power loss in the secondary winding for CCM is
e sin [nr(1 — D)])?
PwSZPwsc 1 2 an :Pwsch, 4.36
oS M ol (430

where Pyege = Rwsdcfgdc. The secondary winding ac power loss normalized with

respect to the secondary winding DC power loss is

Py > sin [n7r(1 — D) °
Fre, = =14+2)> Fra 4.
fish Pwsdc * n;l f { mr(l — D) ( 37)

In (4.37), Frsn = Frpn can be computed using (4.32) and using (4.17), (4.18), and

(4.24) for rectangular, square or round secondary winding wire, respectively.

4.6 Transformer Winding Loss for Flyback DC-DC Converter
in DCM

4.6.1 Primary Winding Power Loss for DCM

The current waveform of the primary winding for DCM is shown in Fig. 4.5(a) and

is given by

DT

Ipmaz g for 0<t< DT
0, for DT <t<T

(4.38)

The DC component of the primary winding current for DCM is

1 /T I br DI
I = 7/ . _ pmax/ _ pma:}c' 4.
pie = 7 | iy dt = o [t = = (4.39)
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Figure 4.5: Two-winding flyback transformer current waveforms for DCM. (a) Pri-
mary current i,. (b) Secondary current i,.

The Fourier series coefficients are

_2/7’. ( t)dt_ﬂpmm/DTt (ot
an = T 0 Zp COS (nw = DT2 ; cos (nw
[pma:c .
= 52372 [cos (2mnD) — 1 + 27nD sin (2rnD)] . (4.40)
and
2 T 2[ max .DT .
b, = T/o ipsin (nwt) dt = Z§T2 /o tsin (nwt) dt
I maxr .
= ﬁ [sin (27nD) — 27nD cos (2mnD)] . (4.41)
m2n

which gives the amplitudes of the fundamental component and the harmonics of the

primary winding current as

'[ max .
Ln = \/m = 27:;”21) \/2 [1 4 272n2D? — 2wnsin(2mnD) — cos(2mnD)]

Ipac :
= — ijQ \/2 [1 4 272n2D? — 2rnsin(2rnD) — cos(2mnD))]. (4.42)
2n
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The power loss in the primary winding is
2
I
Z < wpdc ]pdc

Frpn
= Pupde {1 + Dt - Z Rp {1 +27*n?D? — cos (2nnD) — 27nD sin (ZWnD)}}

Pwp = prdc pde = Pwpdc

1+ = ZFRWG”)Q]

n=1 pdc

= PupacFrpn- (4.43)

The primary winding ac power loss normalized with respect to the primary winding

DC power loss is

Py Lo\’
FRph: =1+ ZFRP”(I )

P wpdc n=1 pdc

Fron :
4D4 Z Rp [1 4 27*n2D? — cos (2rnD) — 27n.D sin (27mD)}. (4.44)
7T n=1

4.6.2 Secondary Winding Power Loss for DCM

The current waveform of the secondary winding for DCM is shown in Fig. 4.5(b) and

is given by
. Ism“t + Loz, for 0<t< DT
ts = { 0, for DT <t<T (4.45)
The DC component of the secondary winding current for DCM is
I DiT t DI
Lsqe = / o dt = 2 <1 - > dt = —% 4.46
©=T )y ! T o DT 2 (4.46)
The Fourier series coefficients are
2 T 2[smax DT
an = T/o iscos (nwt) dt = ) 1 (1 - DlT) cos (nwt) dt
Ismax
= m [1 — COS (27TTLD1)] . (447)
and
2 T QIsm(zm DIT t .
b, = f/o issin (nwt) dt = T /0 (1 — D1T> sin (nwt) dt
Ismaz .
[2mnD; — sin (27nDy)]. (4.48)

- 2m2n2 Dy
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yielding the amplitudes of the fundamental component and the harmonics of the

secondary winding current as

Isma.z’ .
Iy = Ja2 +12 = m\/2 {1 — cos (2mrnDy) + 27nD; [rnD; — sin (27nDy)]}

IS C
= ;Dz \/2 {1 — cos (2rnDy) 4+ 2rnD; [tnD; — sin (27nDy)]}. (4.49)
2n

The power loss in the secondary winding is

Rwsn ISTL 2 ISTL 2
e st [ 55 () ()] - [ 43 5 n(12)]

n=1 Isdc Isdc

FRsn

{1 — cos (2rnD;) 4+ 2wnD; [rnD; — sin (27TnD1)]}>

:Pwsdc<1+ 4D4Z

1 n=1

= PusdcFRrsh- (4.50)

The relationship between D and D; is converter dependent. The secondary winding

ac power loss normalized with respect to the secondary winding DC power loss is

P, I \?
Ja g = ws —1 F o sn
fsh Pwsdc 3 Z f ([sdc)

F SN
R {1 —cos (2mnD) + 27nD; [rnDy — sin (2rnDy)]}.  (4.51)

7T4D4 Z

1 n=1
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5 Design of High-Frequency Flyback Transformer

5.1 Background

The transformer in a flyback converter is the most important component of the con-
verter. It provides DC isolation, ac coupling, and voltage or current level change.
Additionally, the flyback transformer also stores magnetic energy required for power
conversion. In this chapter, the derivation of core area product A, for transformers
subject to square wave voltages is presented. Step-by-step procedures to design a
high-frequency two-winding transformer for off-line flyback converter for both CCM

and DCM cases are given.

5.2 Area Product Method

The magnetic flux linkage A due to magnetic flux ¢ linking NV, turns of the primary

winding of the transformer is given by
A= Nyp = N,A.B = Lyi,, (5.1)

where A, is the core cross-sectional area in m? and B is the magnetic flux density in

T. For the peak values, this equation becomes
Mok = Np@pie = NpAcBpr = Lyplymag. (5.2)
The maximum current density of the primary winding wire is

I
T, = bmar (5.3)
A,

2

where A, is the primary winding bare wire cross-sectional area in m®. The core

window area limited by the maximum current density in the winding wire is given by

- NpAwp + NsAws

Wa :
K,

(5.4)
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where N, is the number of turns of the secondary winding and A, is the secondary
winding bare wire cross-sectional area in m2. Assuming the winding allocation is such

that N,A,, = NsAys, the window area is

2N, A,
W, = 7;; P (5.5)
where the window utilization factor is defined as
Acw 2N, A,
K, = T I;DV L (5.6)

where Ac, is the total copper area in the window in m?. The maximum energy stored

in the magnetic field of the transformer is

1

W,, = 5Lmli (5.7)

m(max)’

where L,, and I, are the transformer magnetizing inductance and magnetizing cur-
rent, respectively. Assuming that L, ~ L,, and Inee = Irmmax) (Where L, and I,
are the transformer primary inductance and primary peak current, respectively), and

using (5.2), (5.3), and (5.5), the area product of the core is defined as

2Lp]5ma:p o 4Wm
KquBpk B KquBpk

A, =W,A, = (5.8)

The transformer core area product gives a measure of energy handling capability of
a core and can be used to select a suitable core for a specific application using the
manufacturer’s datasheets. The value of A, can be decreased by increasing the values

of Ky, Jm, and B, < By, where By is the core saturation flux density.

5.3 Design of Flyback Transformer for CCM

The following specifications are given for the flyback PWM DC-DC converter for

CCM operation:

e Input DC voltage range: Vipin < Vi < Vipae (V)



89

e Output DC voltage: Vo (V)
e Output current range: Iomin < Io < Iomaz (A)
e Switching frequency: f, (kHz)

The steps to design a two-winding flyback transformer for CCM operation are as

follows. The maximum and minimum output power are
POmax = VO[Omax (W) (59)

and

POmin = VOIOmin (W) (510)

The minimum and maximum load resistances are

v
RLmin = 9 (Q) (511)
IOmaz
and
Vi
RLmax = 9 (Q) (512)
IOmin

The minimum and maximum DC voltage transfer functions are

Vo

My pemin = —— 5.13
and
Vo
Mypemaer = ——- 5.14
vpe ‘/Imzn ( )
The transformer primary-to-secondary turns ratio is
conv Dmaa:
np = ! (5.15)

(1 - Dmar)MVDC’maa: ‘

In (5.15), the values of converter efficiency 7.on, and maximum duty cycle D4, are

obtained from the converter specifications. The minimum duty cycle is

nTMVDC'min

Diin = (5.16)

nTMVDCmin + Neonw
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The minimum magnetizing inductance required for CCM operation of the converter

is
TL2 RLma:c(l - Dmin)2

Pick L, > L. The inductance of the secondary winding is

L
Ly = —2 (uH). 1
o= () (5.18)

The maximum peak-to-peak value of the magnetizing current and the primary current

ripple is
AZL]o(maac) - AZLm(maw) =7 O( ) (A) (519)
fs Lp
The minimum peak-to-peak value of the magnetizing current and the primary current
ripple is
. . n V 11— Dmaw
Ale(min) = AZLm(min) =7 O( ) (A) (520)
stp

The maximum DC input current is

[Ima:p -

M mam] maxr
VDCmarZOmaz (). (5.21)

77607’1/[)

The maximum peak value of the primary winding current is

]Omax AZALp(maav)
1 = A). 5.22
pmax ’I’LT(l — Dmam) + 9 ( ) ( )

The maximum rms value of the primary winding current is

IOmaz V Dmaz
Lvmstmaz) = ——————— (A). 5.23
p ( ) nT(l o Dmam) ( ) ( )

The maximum energy stored in the magnetic field of the transformer is

1

1
Wi = iLmIim(max) = iLPIipmax (HL]) (524>

Using (5.8) and (5.24), the core area product is

2L, .. AW,

pmaz

" KuJwBy  KuJmBy

A, =W, A, (cm®). (5.25)
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Since the saturation flux density B decreases as the temperature increases, the high
temperature B-H characteristics should be considered in the design. The typical range
of values of the saturation flux density for ferrites at high temperatures is B; = 0.3 to
0.35 T. The typical values of the core window utilization factor K, for inductors and
transformers are 0.3 and 0.4, respectively. The typical value of K, for a toroidal core
is 0.25. The typical range of the maximum value of the current density J,, for power
converter applications is 0.1 to 5 A/mm?. In calculating A, using (5.25), the typical
values of K, J,,, and B are assumed. Using the core manufacturer’s datasheets, a
specific core whose A, is very close to the value calculated in (5.25) is chosen and the

following details of the core are obtained:
e Selected core: Core Number
e Core area product: A, (cm*)
e Core cross-sectional area: A, (cm?)
e Core window area: W, = A,/A. (cm?)
e Mean magnetic path length (MPL): . (cm)
e Mean length of single turn (MLT): Iz (cm)
e Core volume: V, (cm?)
e Core surface area: A; (cm?)
e Core permeability: pi,..
e Core saturation flux density: By (T)

e Core power loss density coefficients: k, a, b
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The skin depth of copper wire is

PCu(20°0)
Op = /| —— (mm), 5.26
Vo fo (>:20)

where poy200c) = 1.72 % 1078 Qm is the resistivity of copper at 20°C and o =
47 x 1077 H/m is the magnetic constant or the permeability of free space. To avoid
skin effect, the winding wire is made up of multiple strands. The diameter of a bare
strand is

dis = 20,, (mm). (5.27)

Based on the bare strand diameter, a suitable AWG copper wire is chosen and the

following details of the selected wire are obtained:

e Seclected wire: Wire Number

Diameter of the bare strand: d;s (mm)

Diameter of the insulated strand: d,s (mm)

Cross-sectional area of the bare strand: A, (mm?)

Cross-sectional area of the insulated strand: A, (mm?)

DC resistance of the strand per unit length: Ryges/l, (€2/m)

The cross-sectional area of the primary winding wire is
[pmax 2
Ayp = —— (mm?). (5.28)

The number of strands in the primary winding wire is

Ay
S, = Awi' (5.29)
The core window area allocated for the primary winding is
W,
Wap = =5 (cm?). (5.30)
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The number of turns of the primary winding is

K, W,
N, =2
P SpAwso

(5.31)
The number of turns of the secondary winding is

N, = =2, (5.32)

nr
The length of the air gap is

ANZ L,
[, =10t ), (5.33)
Lp Hrc
The maximum peak value of the magnetic flux density is

N ]mam
By, = FI (1), (5.34)
g T

The maximum peak value of the ac component of the flux density is

N, | Airpimaz
Bm(ma:p) = Ho f) Ul ) (T) (535)
lg + u:c 2

The minimum peak value of the ac component of the flux density at full power is

Mo Np Ain(min)
(mim) = 3 e [ 5 (T) (5.36)

The core power loss density is
P, = k(f, in kHz)*(10B,,)*  (mW /cm?). (5.37)
The minimum core power loss density at full power is
Pyin = k(fs in kH2)*(10Bymin))’  (mW /em?). (5.38)

The core loss is

Pe = V,P, (mW). (5.39)

The minimum core loss at full power is
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The total length of the primary winding wire is
lLyp = Nplr (cm). (5.41)

The DC and low-frequency resistance of each strand of the primary winding wire is

Rwdcs

prdcs - < lw

) Ly (). (5.42)

Hence, the DC and low-frequency resistance of the primary winding wire is

Rw CS
Rupde = ;d (Q). (5.43)
p

The DC and low-frequency power loss in the primary winding is

2
Pwpdc - prch

Imax

(W). (5.44)

Using (4.33), the harmonic primary winding loss factor Fpg,, for CCM is calculated,

from which, the primary winding power loss is obtained as
Pwp - FRpthpdc (W) (545)

The maximum current through the secondary winding is

IOmax nAZL (mazx)
Loz = P A). A4
om0t (4 (5.46)

The maximum rms value of the secondary winding current is

IOma:c
Isrms(maz‘) = ﬁ <A> (547)

The cross-sectional area of the secondary winding wire is

1
Aps = 2 (mm?). (5.48)

(5.49)
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The total length of the secondary winding wire is
lws = Nl (cm). (5.50)

The DC and low-frequency resistance of each strand of the secondary winding wire is

Rwdcs
by

Rustes = (252 s (). (5.51)

Hence, the DC and low-frequency resistance of the primary winding wire is

Roysdes
Rwsdc = Sd (Q) (552)

The DC and low-frequency power loss in the secondary winding is
Pwsdc = Rwsdc[(%max (W) (553)

Using (4.37), the harmonic secondary winding loss factor Frg, for CCM is calculated,

from which, the secondary winding power loss is obtained as

Puys = FronPusde (W). (5.54)
The DC and low-frequency power loss in both primary and secondary windings is

Pyde = Pupic + Pusde (W). (5.55)

The total power loss in both primary and secondary windings is

P, = P,,+ Py,s (W). (5.56)
Sum of the core loss and the winding resistance loss in the transformer is

P., = Pc+ P, (W). (5.57)

The efficiency of the transformer at full power is

Po

= . 5.98
PO+Pcw ( )

Mt
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The surface power loss density is

Pcw
Ay

Y = (W /cm?). (5.59)

The temperature rise of the transformer is
AT = 4509820 (°C). (5.60)

The core window utilization factor recalculated is

(NPSP + NSSS)A’LUSO

K, =
Wa

(5.61)

5.4 Characteristics of High-Frequency Flyback Transformer
for CCM

The theory of winding losses due to harmonics will be illustrated by the case study
of the transformer used in the flyback converter operating in CCM. The following
specifications of the flyback converter are used: DC input voltage V; = 50 + 10 V,
DC output voltage Vp = 24 V, maximum output power Pop.x = 30 W, minimum
output power Poyin = 5 W, and switching frequency f; = 100 kHz. Using (5.9) -
(5.61) the parameters of the flyback transformer are calculated and listed in Tables 5.1
and 5.2.

In this section, the computed characteristics of the designed transformer are pre-
sented for a wide range of operating conditions of the flyback converter in CCM i.e.,
over the entire range of the load current and the DC input voltage. Plot of primary
winding harmonic loss factor Fr,, as a function of input voltage is shown in Fig. 5.1,
using (4.32), (4.24), and (4.33) for N; = 2, d/d,n = 1.9378, d/p = 0.8, and n = 100.
Plot of secondary winding harmonic loss factor Fge, as a function of input voltage is
shown in Fig. 5.2, using (4.32), (4.24), and (4.37) for N; = 2, d/d,1 = 1.9378, d/p =

0.8, and n = 100. The values of Fry, and Fgy, were calculated with n = 100 for all
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FRph

5 1
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Figure 5.1: Primary winding harmonic loss factor Fgy, as a function of the DC input
voltage V7.

FRsh

40 45 Sb 55 60
v, (V)

Figure 5.2: Secondary winding harmonic loss factor Fge, as a function of the DC
input voltage V7.
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Figure 5.3: Primary winding loss P,, as a function of the DC input voltage V; at
fixed values of the output power Pp.
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Figure 5.4: Secondary winding loss P, as a function of the DC input voltage V; at
fixed values of the output power Pp.
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Figure 5.5: Primary winding loss P,, as a function of the output power Py at fixed

values of the DC input voltage V7.
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Figure 5.6: Secondary winding loss P, as a function of the output power Py at fixed

values of the DC input voltage V7.
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Figure 5.7: Primary and secondary winding loss P, as a function of the DC input
voltage V7 at fixed values of the output power Pp.
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Figure 5.8: Primary and secondary winding loss P, as a function of the output power
Py at fixed values of the DC input voltage V.
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Figure 5.9: Core loss P¢ as a function of the DC input voltage V7.
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Figure 5.10: Total transformer power loss P,, as a function of the DC input voltage
V; at fixed values of the output power Pp.
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(W)

cw

Figure 5.11: Total transformer power loss P,, as a function of the output power Py
at fixed values of the DC input voltage V7.
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Figure 5.12: Flyback transformer temperature rise as a function of the output power
Py at fixed values of the DC input voltage V.
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Figure 5.13: Transformer efficiency of the flyback converter in CCM as a function of
the DC input voltage V; at fixed values of the output power Pp.
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Figure 5.14: Transformer efficiency of the flyback converter in CCM as a function of
the output power Py at fixed values of the DC input voltage V.
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the plots. From Fig. 5.1, it is clearly seen that the maximum value of FFg,, occurs at
maximum input voltage. This is because at maximum input voltage, the duty cycle
is low and the width of the primary winding current is low and contains many sig-
nificant harmonics. From Fig. 5.2, it is clearly seen that the maximum value of Fggy,
occurs at minimum input voltage. This is because at minimum input voltage, the
duty cycle is high and the width of the secondary winding current is low and contains
many significant harmonics. For CCM operation, Fgy, and Fgy, are independent
of the load current. The value of Fgy, and Frg, at minimum input voltage for a
specific case of the CCM flyback transformer is predicted to be about 5.195. Using
Fryy, and the primary winding DC power loss, the plots of primary winding loss as a
function of input voltage at fixed values of output power and as a function of output
power at fixed values of input voltage, are shown in Figs. 5.3 and 5.5, respectively.
The maximum primary winding power loss occurs at full load and minimum input
voltage. Using Frg, and the secondary winding DC power loss, the plots of secondary
winding loss as a function of input voltage at fixed values of output power and as a
function of output power at fixed values of input voltage, are shown in Figs. 5.4 and
5.6, respectively. The maximum secondary winding power loss occurs at full load and
minimum input voltage.

The plots of total winding power loss of the transformer as a function of input
voltage at fixed values of output power and as a function of output power at fixed
values of input voltage are shown in Figs. 5.7 and 5.8, respectively. The maximum
total winding power loss occurs at full load and minimum input voltage. The plot
of core loss as a function of input voltage is shown in Fig. 5.9. The plots of total
power loss of the transformer as a function of input voltage at fixed values of output
power and as a function of output power at fixed values of input voltage are shown in

Figs. 5.10 and 5.11, respectively. The maximum total power loss of the transformer
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occurs at full load and minimum input voltage. Fig. 5.12 shows the temperature
rise in the flyback transformer as a function of output power at fixed values of input
voltages. The plots of transformer efficiency as a function of input voltage at fixed
values of output power and as a function of output power at fixed values of input
voltage are shown in Figs. 5.13 and 5.14, respectively. As expected, the minimum
efficiency of the transformer occurs at full load and minimum input voltage.

Figs. 5.15, 5.17, and 5.19 show the spectrum of the primary winding current, the
primary winding ac resistance, and the primary winding power loss, respectively, for
the flyback transformer in CCM at full load and minimum input voltage. The ac
resistances of the primary winding of the transformer measured at 100 kHz, 200 kHz,
and 400 kHz were 0.386 €2, 0.861 €2, and 1.588 mS2, respectively, and were in good
agreement with the theoretical values presented in Fig. 5.17. Figs. 5.16, 5.18, and
5.20 show the spectrum of the secondary winding current, the secondary winding
ac resistance, and the secondary winding power loss, respectively, for the flyback
transformer in CCM at full load and minimum input voltage. The ac resistances of
the secondary winding of the transformer measured at 100 kHz, 200 kHz, and 400 kHz
were 0.275 2, 0.706 2, and 1.404 €2, respectively, and were in fairly good agreement
with the theoretical values presented in Fig. 5.20. The winding ac resistances were
measured using Hewlett Packard 4275A Multi-Frequency LCR meter. Figs. 5.21
and 5.23 show the spectrum of the primary winding current and the primary winding
power loss, respectively, for the flyback transformer in CCM at full load and maximum
input voltage. Figs. 5.22 and 5.24 show the spectrum of the secondary winding current
and the secondary winding power loss, respectively, for the flyback transformer in

CCM at full load and maximum input voltage.
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Figure 5.15: The amplitudes of the fundamental component and the harmonics of the
flyback transformer primary winding current in CCM at minimum DC input voltage
V; and maximum output power Fp.
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Figure 5.16: The amplitudes of the fundamental component and the harmonics of
the flyback transformer secondary winding current in CCM at minimum DC input
voltage V; and maximum output power FPp.
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Figure 5.17: Spectrum of the primary winding ac resistance of the flyback transformer.
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Figure 5.19: Spectrum of the primary winding power loss of the flyback transformer
at minimum DC input voltage V; and maximum output power Fp.
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Figure 5.20: Spectrum of the secondary winding power loss of the flyback transformer
at minimum DC input voltage V; and maximum output power Fp.
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Figure 5.21: The amplitudes of the fundamental component and the harmonics of the
flyback transformer primary winding current in CCM at maximum DC input voltage
V; and maximum output power Fp.
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Figure 5.22: The amplitudes of the fundamental component and the harmonics of
the flyback transformer secondary winding current in CCM at maximum DC input
voltage V; and maximum output power FPp.
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Table 5.1: Two-WINDING FLYBACK TRANSFORMER DESIGN FOR CCM OPERA-

TION: CORE AND WIRE SELECTION

Parameter Value
Input voltage V; 50 £ 10V
Output voltage Vo 24V
Maximum output power Pponax 30 W
Minimum output power Ppomin 5 W
Minimum DC voltage transfer function My pomin 0.4
Maximum DC voltage transfer function My pomas 0.6
Transformer primary-to-secondary turns ratio n 1.5
Minimum magnetizing inductance for CCM L, = Ly, (min) 466.56 pH; pick 500 pH
Secondary winding inductance L 222 uH
Maximum peak-to-peak primary winding current Aizpmaq 0.432 A
Maximum DC input current I, 0.8333 A
Maximum peak primary winding current I,,q. 1.8467 A
Window utilization factor K, 0.3
Peak flux density B,y 0.31
Maximum current density of the winding wire .J,, 6 A/mm?
Maximum energy stored in the transformer magnetic field W, 0.852 mJ
Calculated core area product A4, 0.6111 cm*
Selected core Magnetics RS 0P-43019
Area product of the selected core A, 0.63 cm?
Core cross-sectional area A, 1.23 cm?
Core window area W, 0.5122 cm?
Mean magnetic path length (MPL) I, 4.56 cm
Mean length of single turn (MLT) [, 6.05 cm
Core volume V, 5.61 cm?
Core permeability . 2500 + 25%
Core saturation flux density B 049 T
Core power loss density coefficients (P-type ferrite for 100 kHz)
k 0.0434
a 1.63
b 2.62
Skin depth of copper wire (at 20°C and f; = 100 kHz) 0.209 mm
Selected copper wire AWG 26
Bare wire diameter of the strand wire d;, 0.405 mm
Insulated wire diameter of the strand wire d,, 0.452 mm
Bare wire cross-sectional area of the strand wire A, 0.1288 mm?
Insulated wire cross-sectional area of the strand wire A, 0.1604 mm?
DC resistance of the strand per unit length Ryg./l, 0.1345 Q/m
Cross-sectional area of the primary winding wire A,,, 0.3078 mm?
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Table 5.2: TwO-WINDING FLYBACK TRANSFORMER DESIGN FOR CCM OPERA-

TION: ESTIMATION OF POWER LLOSSES AND EFFICIENCY

Parameter

Value

Number of strands in the primary winding S,

2.38; pick 2

Number of turns of the primary winding N,

29.82; pick 30

Number of turns of the secondary winding N

19.88; pick 20

Core air gap length [, 0.26 mm
Maximum peak magnetic flux density By 0.2502 T
Magnetic flux density ac component B,, 0.02439 T
Core power loss density P, = k(f, in kHz)*(10B,,)° 2.07 mW /cm?®
Core loss P. = V_P, 10.99 mW
Total length of the primary winding wire [, 181.5 cm; pick 187 cm
Primary strand DC and low-frequency resistance R, pqes 251.5 m$?
Primary winding wire DC and low-frequency resistance R,,q4c 125.8 mQ2
Primary winding DC and low-frequency power loss Pypq4c 0.08735 W
Primary winding harmonic loss factor Fg,, 5.195
Primary winding total power loss P, 0.4538 W
Maximum peak secondary winding current /4. 2.8119 A
Cross-sectional area of the secondary winding wire A, 0.4684 mm?
Number of strands in the secondary winding S, 3.63; pick 4
Total length of the secondary winding wire /s 121 cm; pick 130 cm
Secondary strand DC and low-frequency resistance R, sqcs 0.17485
Secondary winding wire DC and low-frequency resistance R, 43.71 mS
Secondary winding DC and low-frequency power loss Psqe 0.0685 W
Secondary winding harmonic loss factor Fggy, 5.195
Secondary winding total power loss P, 0.3548 W
Total DC and low-frequency power loss in both windings P, 4. 0.1556 W
Total winding power loss P, 0.8086 W
Total transfomer power loss P, 0.8195 W
Total core surface area A; 31.95 cm?
Surface power loss density 0.0256 W /cm?
Temperature rise of the transformer AT 21.79°C
Window utilization factor recalculated K, 0.352
Transformer efficiency at full power and Vi, 97.34%

5.5 Design of Flyback Transformer for DCM

The following specifications are given for the flyback PWM DC-DC converter for

DCM operation:

e Input DC voltage range: Vipin < Vi < Vipae (V)




113

e Output DC voltage: Vo (V)
e Maximum output current: Iomes (A)
e Switching frequency: fs (kHz)

The steps to design a two-winding flyback transformer for DCM operation are as

follows. The maximum and minimum output power are
POmaz - VOIOmaz (W) (562)

and

POmin = VOIOmin (W) (563)

The minimum and maximum load resistances are

Vi
Rimin = —2— (Q) (5.64)
]Omaz
and
Vi
RLma:v = 9 (Q) (565)
]Omin

The minimum and maximum DC voltage transfer functions are

Vo
My pemin = —— 5.66
and
Vo
M max — . 5.67
vpe ‘/Imzn ( )
The transformer primary-to-secondary turns ratio is
conv Dmam
np = " (5.68)

(1 = Draa) My DOmaz
In (5.68), the values of converter efficiency 7.on, and maximum duty cycle D4, are
obtained from the converter specifications. The magnetizing inductance required for
DCM operation of the converter is

7’L2 RLmzn(l - Dmax)2
LPmaz ~ Lm(max) =1 2f (MH) (5'69)




Pick L, < Lpmaz- The inductance of the secondary winding is

L
Ly = =2 (uH).

2
nr

The maximum and minimum duty cycles at full power are

| 2fsLy
Dmaa: = M mazx\| 1
vpe Teconw RLmin

| 2fsLn
vpe ncoanme

The maximum duty cycle when the diode is ON at full power is

and

The maximum DC input current is

M mamI max
Ilmax - VDZ © (A) .
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(5.70)

(5.71)

(5.72)

(5.73)

(5.74)

The maximum peak-to-peak value of the magnetizing current and the primary current

ripple is
Dmin ‘/Imaac

Ipma:v = AZ'Lp(max) = AZ'Ln’b(nww:) = T (A)
slop

The maximum rms value of the primary winding current is

Dmaz
]prms(mam) = [pmax T (A)

The maximum energy stored in the magnetic field of the transformer is

1 1
Wi = =L} mazy = 5 Lpl} (mJ).

9 mazx) 9P Lpmax

Using (5.8) and (5.77), the core area product is

oL, I AW,
A = WaAc — P~ pmaz — m 4 )
P KodwBor  KudmBox (em’)

(5.75)

(5.76)

(5.77)

(5.78)

In calculating A, using (5.78), the typical values of K,, Jp,, and By are assumed.

Using the core manufacturer’s datasheets, a specific core whose A, is very close to the

value calculated in (5.78) is chosen and the following details of the core are obtained:
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e Selected core: Core Number

e Core area product: A4, (cm*)

e Core cross-sectional area: A, (cm?)

e Core window area: W, = A,/A. (cm?)

e Mean magnetic path length (MPL): . (cm)

e Mean length of single turn (MLT): I (cm)

e Core volume: V, (cm?)

e Core surface area: A; (cm?)

e Core permeability: i

e Core saturation flux density: By (T)

e Core power loss density coefficients: k, a, b
The skin depth of copper wire is

PCu(20°C)
Op = | —— (mm). 5.79
V rf >79)

To avoid skin effect, the winding wire is made up of multiple strands. The diameter
of a bare strand is

dis = 20,, (mm). (5.80)

Based on the bare strand diameter, a suitable AWG copper wire is chosen and the

following details of the selected wire are obtained:
e Selected wire: Wire Number

e Diameter of the bare strand: d;; (mm)
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Diameter of the insulated strand: d,s (mm)

Cross-sectional area of the bare strand: A, (mm?)

Cross-sectional area of the insulated strand: A, (mm?)

DC resistance of the strand per unit length: Rgcs/l, (£2/m)

The cross-sectional area of the primary winding wire is
Ipmaa: 2
Ayp = —— (mm?). (5.81)

The number of strands in the primary winding wire is

Ayp

Sp = A (5.82)
The core window area allocated for the primary winding is
Wa
Wap = = (cm?). (5.83)
The number of turns of the primary winding is
K,W,
N, = -2 5.84
p SpAwso ( )
The number of turns of the secondary winding is
N,
N, = 2. (5.85)
nr
The length of the air gap is
ANZ2 |,
|, =1t ), (5.86)
Lp Hrc
The maximum peak value of the magnetic flux density is
N [ max
By, = Hopipmaz oy (5.87)

]
lg + u:c
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The maximum peak value of the ac component of the flux density is

B
Bm(maz) = 7;0]6 (588)
2
The core power loss density is
P, = k(f, in kHz)*(10B,,)*  (mW/cm?). (5.89)
The core loss is
Pe = V.P, (mW). (5.90)

The total length of the primary winding wire is
lLup = Nplr (cm). (5.91)

The DC and low-frequency resistance of each strand of the primary winding wire is

R'LU CS
Rupdes = <Zd> Lup (). (5.92)

Hence, the DC and low-frequency resistance of the primary winding wire is

Rupac = Rgdcs (). (5.93)
p

The DC and low-frequency power loss in the primary winding is

Pwpdc = prch[Qmax (W) (594)

Using (4.44), the harmonic primary winding loss factor Fpg,, for DCM is calculated,

from which, the primary winding power loss is obtained as
Pwp = FRpthpdc (W) (595)
The maximum current through the secondary winding is

Ismaz = nAin(max) (A) (596)
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The maximum rms value of the secondary winding current is

]srms(max) = Ismax 3 (A) (597)

[smax
Aps = (mm?). (5.98)

The number of strands in the secondary winding wire is

A
Sy ==, 5.99
Awsi ( )
The total length of the secondary winding wire is
lws = Nl (cm). (5.100)

The DC and low-frequency resistance of each strand of the secondary winding wire is

Rwdcs
by

Ruysdes = < )lws (Q). (5.101)

Hence, the DC and low-frequency resistance of the primary winding wire is

Roysdes
Rwsdc = Sd (Q) (5102)

The DC and low-frequency power loss in the secondary winding is

Pwsdc = Rwsdcjgmax (W) (5103)

Using (4.51), the harmonic secondary winding loss factor Fgg, for DCM is calculated,

from which, the secondary winding power loss is obtained as
Pus = FrsnPusac (W). (5.104)
The DC and low-frequency power loss in both primary and secondary windings is

Pyac = wpde + Pusde (W) (5105)



The total power loss in both primary and secondary windings is
P, = Py + Pys (W).

Sum of the core loss and the winding resistance loss in the transformer is
Py = Po + P, (W).

The efficiency of the transformer at full power is

= PO + Pcw '
The surface power loss density is
PCU)
= (W/em?).

The temperature rise of the transformer is
AT = 450982 (°C).

The core window utilization factor recalculated is

(NPSP + Nsss)Awso

K, =
Wa
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(5.106)

(5.107)

(5.108)

(5.109)

(5.110)

(5.111)

5.6 Characteristics of High-Frequency Flyback Transformer

for DCM

The theory of winding losses due to harmonics will be illustrated by the case study

of the transformer used in the flyback converter operating in DCM. The following

specifications of the flyback converter are used: DC input voltage V; = 100 £+ 20

V., DC output voltage Vo = 48 V, maximum output power Ppon.x = 60 W, and

switching frequency f; = 100 kHz. Using (5.62) - (5.111) the parameters of the

flyback transformer are calculated and listed in Tables 5.3 and 5.4.
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Figure 5.25: Primary winding harmonic loss factor Frp, as a function of the output
power Py at fixed values of the DC input voltage V7.

100 . T .

FRph

80 90 100 110 120
v, (V)

Figure 5.26: Primary winding harmonic loss factor Fi,, as a function of the DC input
voltage V7 at fixed values of the output power Pp.
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Figure 5.29: Effective primary winding resistance factor Kpg,, as a function of the
output power Py at fixed values of the DC input voltage V7.
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Figure 5.30: Effective secondary winding resistance factor Kgy, as a function of the
output power FPp.
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Figure 5.31: Primary winding loss P,, as a function of the output power Py at fixed
values of the DC input voltage V7.
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Figure 5.32: Primary winding loss P,, as a function of the DC input voltage V; at
fixed values of the output power Pp.
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Figure 5.34: Secondary winding loss P, as a function of the DC input voltage V; at
fixed values of the output power Pp.
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Figure 5.35: Primary and secondary winding loss P, as a function of the output
power Py at fixed values of the DC input voltage V7.
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Figure 5.36: Primary and secondary winding loss P, as a function of the DC input
voltage V7 at fixed values of the output power Pp.
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Figure 5.38: Total transformer power loss P,, as a function of the output power Py
at fixed values of the DC input voltage V.
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In this section, the computed characteristics of the designed transformer are pre-
sented for a wide range of operating conditions of the flyback converter in DCM i.e.,
over the entire range of the load current and the DC input voltage. Plots of primary
winding harmonic loss factor Fr,, as functions of output power and input voltage are
shown in Figs. 5.25 and 5.26, respectively, using (4.32), (4.24), and (4.44) for N; =
2, d/6,1 = 1.9378, d/p = 0.8, and n = 100. Plot of secondary winding harmonic loss
factor Fgg, as a function of output power is shown in Fig. 5.25, using (4.32), (4.24),
and (4.51) for N; = 1, d/d,1 = 1.9378, d/p = 0.8, and n = 100. Table 5.5 gives the
variation of Fgy, and Fry, with respect to the number of harmonics n at full power
and maximum DC input voltage. The values of Fg,, and Fgrs, were calculated with
n = 100 for all the plots. When D + D is close to 1, a lower number of harmonics
n is sufficient, typically n = 50. When D + D; is low, then higher number of har-
monics is needed, typically n = 100. From Figs. 5.25 - 5.28, it is clearly seen that the
maximum values of Fg,, and Fgy, occur at light load and maximum input voltage.
This is because at light load, the duty cycle is low and the primary/secondary winding
current contains many significant harmonics. The values of Frp, and Frg, at full load
and maximum input voltage for a specific case of the DCM flyback transformer are
predicted to be about 23 and 5, respectively. Plots of effective primary and secondary
resistance factors Kpy, and Kpgg, are shown in Figs. 5.29 and 5.30, respectively for n
= 100. The values of Kgy, and Kgy, at full load and maximum input voltage for a
specific case of the DCM flyback transformer are predicted to be about 5 and 1.6, re-
spectively. As the output power Py decreases, both Ky, and Kpgg, increase because
of the decrease in the duty cycle. Using Fprp, and the primary winding DC power
loss, the plots of primary winding loss as a function of output power at fixed values
of input voltage and as a function of input voltage at fixed values of output power,

are shown in Figs. 5.31 and 5.32, respectively. The maximum primary winding power
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loss occurs at full load and minimum input voltage. Using Frs, and the secondary
winding DC power loss, the plots of secondary winding loss as a function of output
power at fixed values of input voltage and as a function of input voltage at fixed
values of output power, are shown in Figs. 5.33 and 5.34, respectively. The maximum
secondary winding power loss occurs at full load and minimum input voltage.

The plots of total winding power loss of the transformer as a function of output
power at fixed values of input voltage and as a function of input voltage at fixed
values of output power, are shown in Figs. 5.35 and 5.36, respectively. The maximum
total winding power loss occurs at full load and minimum input voltage. The plot of
core loss as a function of output power is shown in Fig. 5.37. The plot of total power
loss of the transformer as a function of output power at fixed values of input voltage
is shown in Fig. 5.38. The maximum total power loss of the transformer occurs at full
load and minimum input voltage. Fig. 5.39 shows the efficiency of the transformer as
a function of output power. As expected, the minimum efficiency of the transformer
occurs at full load and minimum input voltage. Fig. 5.40 shows the temperature
rise in the flyback transformer as a function of output power at fixed values of input
voltages.

Figs. 5.41, 5.43, and 5.45 show the spectrum of the primary winding current, the
primary winding ac resistance, and the primary winding power loss, respectively, for
the flyback transformer in DCM at full load and minimum input voltage. The ac
resistances of the primary winding of the transformer measured at 100 kHz, 200 kHz,
and 400 kHz were 35.1 m{2, 76.8 m€2, and 138 mS2, respectively, and were in excellent
agreement with the theoretical values presented in Fig. 5.43. Figs. 5.42, 5.44, and
5.45 show the spectrum of the secondary winding current, the secondary winding
ac resistance, and the secondary winding power loss, respectively, for the flyback

transformer in DCM at full load and minimum input voltage. The ac resistances
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Figure 5.39: Transformer efficiency of the flyback converter in DCM as a function of
the output power Py at fixed values of the DC input voltage V.
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Table 5.3: TwoO-WINDING FLYBACK TRANSFORMER DESIGN FOR DCM OPERA-

TION: CORE AND WIRE SELECTION

Parameter Value
Input voltage V; 100 £ 10 V
Output voltage Vo 48 V
Maximum output power Pomax 60 W
Switching frequency f 100 kHz
Minimum DC voltage transfer function My pomin 0.4
Maximum DC voltage transfer function My pemas 0.6
Transformer primary-to-secondary turns ratio np 1.466
Maximum magnetizing inductance for DCM L, = L, (max) 103.16 pH; pick 82 pH
Secondary winding inductance L 38.15 uH
Maximum duty cycle D40 0.418
Minimum duty cycle D, 0.2786
Minimum duty cycle when the diode is on D14z 0.4457
Maximum DC input current I7,,q. 0.8523 A
Maximum peak primary winding current Ippae = Aippmas 4.077 A
Maximum primary rms current Ip,msmax 1.521 A
Window utilization factor K, 0.3
Peak flux density B, 0.25
Maximum current density of the winding wire J,,, 5 A/mm?
Maximum energy stored in the transformer magnetic field W, 0.681 mJ
Calculated core area product A, 0.7264 cm*
Selected core Magnetics PC 0P-43019
Area product of the selected core A, 0.73 cm*
Core cross-sectional area A, 1.37 cm?
Core window area W, 0.5328 cm?
Mean magnetic path length (MPL) I, 4.52 cm
Mean length of single turn (MLT) [, 6.078 cm
Core volume V, 6.19 cm?
Core permeability i, 2500 + 25%
Core saturation flux density Bj 049 T
Core power loss density coefficients (P-type ferrite for 100 kHz)
k 0.0434
a 1.63
b 2.62
Skin depth of copper wire (at 20°C and f; = 100 kHz) 0.209 mm
Selected copper wire AWG 26
Bare wire diameter of the strand wire d;, 0.405 mm
Insulated wire diameter of the strand wire d, 0.452 mm
Bare wire cross-sectional area of the strand wire A,; 0.1288 mm?
Insulated wire cross-sectional area of the strand wire A, 0.1604 mm?

DC resistance of the strand per unit length R,q./ly

0.1345 Q/m
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Table 5.4: TwoO-WINDING FLYBACK TRANSFORMER DESIGN FOR DCM OPERA-

TION: ESTIMATION OF POWER LLOSSES AND EFFICIENCY

Parameter Value
Cross-sectional area of the primary winding wire A,,, 0.8154 mm?
Number of strands in the primary winding S, 6.33; pick 6
Number of turns of the primary winding N, 10.34; pick 10
Number of turns of the secondary winding N, 6.82; pick 7
Core air gap length [, 0.191 mm
Maximum peak magnetic flux density By 0.245T
Magnetic flux density ac component B, 0.1225 T
Core power loss density P, = k(fs in kHz)*(10B,,)" 134.4 mW /cm?
Core loss P, = V_P, 0.832 W
Total length of the primary winding wire [, 60.78 cm; pick 65 cm
Primary strand DC and low-frequency resistance R pqdes 0.0874 Q
Primary winding wire DC and low-frequency resistance Rypq4c 14.57 m{2
Primary winding DC and low-frequency power loss Py pq4c 0.01058 W
Primary winding harmonic loss factor Fg,, 11.95
Primary winding total power loss P, 0.1264 W
Maximum peak secondary winding current /g, 4. 597 A
Maximum secondary rms current I, s(max) 2.3 A
Cross-sectional area of the secondary winding wire A, 1.194 mm?
Number of strands in the secondary winding S, 9.27; pick 9
Total length of the secondary winding wire s 42.54 cm; pick 47 cm
Secondary strand DC and low-frequency resistance R, sqcs 0.0632 Q2
Secondary winding wire DC and low-frequency resistance R, g 7.02 m{2
Secondary winding DC and low-frequency power loss P, 0.01096 W
Secondary winding harmonic loss factor Frgy, 4.86
Secondary winding total power loss P, 0.0532 W
Total DC and low-frequency power loss in both windings P4, 0.02154 W
Total winding power loss P, 0.1796 W
Total transformer power loss P, 1.011 W
Total core surface area A; 31.95 cm?
Surface power loss density 1 0.0316 W /cm?
Temperature rise of the transformer AT 25.94°C
Window utilization factor recalculated K, 0.2973
Transformer efficiency at full power and Vi, 98.34%

of the secondary winding of the transformer measured at 100 kHz, 200 kHz, and

400 kHz were 15.48 m{2, 28.22 m(), and 494.7 m{2, respectively, and were in fairly

good agreement with the theoretical values presented in Fig. 5.44. The winding ac
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Table 5.5: VARIATION OF Fg,, AND Fge, WITH RESPECT TO NUMBER OF HAR-

MONICS N AT Poaz AND Vi

Number of Harmonics n | Frpn | Frsh
1 5.33 | 2.71
2 10.66 | 3.32
3 13.66 | 3.56
5 15.86 | 3.89
10 18.79 | 4.25
25 21.28 | 4.57
50 22.58 | 4.74

100 23.51 | 4.86
200 24.17 | 4.95
500 24.72 | 5.03

resistances were measured using Hewlett Packard 4275A Multi-Frequency LCR meter.
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6 Conclusions

6.1 Summary

The steady-state analysis of the hard-switching two-switch flyback converter for CCM
and DCM operations, taking switch output capacitance and transformer leakage in-
ductance into account, have been presented. Incorporation of an additional switch
and two clamping diodes into the classical single-switch flyback topology provides
a simple mechanism to limit the switch overvoltage. This turn-off voltage stress
is predictable and well determined. The theoretical analyses have been verified by
experimental results. Clamping of the switch overvoltage is achieved. The power
transistors are turned on under reduced stresses. These stresses are also well deter-
mined. The uncertainty of the voltage stress in the single-switch flyback converter is
removed in the two-switch flyback converter at the expense of an additional switch
and two clamping diodes. The detailed analysis and experimental results provide an
in-depth understanding of the converter operation. The two-switch flyback converter
is a simple topology with a high practical value for low power applications.

The circuit operation and steady-state analysis of the proposed ZCT two-switch
flyback converter have been presented. The theoretical analysis of the soft-switching
ZCT two-switch flyback converter has been verified by simulation and experimen-
tal results. All the semiconductor devices in the proposed ZCT two-switch flyback
converter are operated under zero-current switching condition, thereby resulting in
reduced turn-off switching losses of the converter. The maximum voltages across the
main switches are limited to the DC input voltage.

General expressions for the winding power loss for transformer primary and sec-
ondary periodic nonsinusoidal current waveforms have been derived. Dowell’s the-
ory has been applied only to sinusoidal current waveform cases in magnetic devices.

Fourier expansions of transformer current waveforms have been derived for single-
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ended isolated DC-DC converters for both CCM and DCM operations. The winding
power loss due to harmonics of the transformer current is not negligible. Examples
illustrating the design of two-winding flyback transformer for both CCM and DCM
operations have been presented.

Two expressions for the winding power loss for periodic nonsinusoidal transformer
current waveform have been derived. A case study for copper losses in a flyback
PWM converter operating in CCM has been presented. For CCM operation of PWM
converters, the winding power loss due to harmonics of the transformer current is
not negligible. This loss changes when the DC input voltage and the load current of
the converter is varied. The maximum winding current loss occurs at the minimum
DC input voltage V; and maximum output power for the CCM flyback converter.
The primary winding harmonic loss factor Fg,, increases as the DC input voltage
increases, whereas, the secondary winding harmonic loss factor Fgs, decreases as the
DC input voltage increases, both of which occur irrespective of the change in load
power.

For DCM operation of PWM converters, the winding power loss due to harmonics
of the transformer currents is not negligible. The number of significant harmonics in
PWM converters operating in DCM is high, of the order of 50-100. As the duty cycle
decreases, the number of significant harmonics increases. The power losses in both
windings change when the DC input voltage and the load current of the converter
is varied. The maximum winding power loss occurs at full load and minimum DC
input voltage for the flyback converter. The primary winding harmonic loss factor
Fryn and the secondary winding harmonic loss factor Frg, significantly increase as
D+ Dy decreases, both of which occur when the output power decreases. The effective
primary resistance factor Ky, and the effective secondary resistance factor K gy, also

significantly increase as D + D; decreases. The core loss of the transformer increases
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with increasing output power.
6.2 Dissertation Contributions
The contributions of this work to the field of research are:

e Analytical work comprising steady-state analysis and design procedure of the
basic hard-switching two-switch flyback PWM DC -DC converter for both CCM

and DCM modes are presented.

e A new soft-switching two-switch flyback converter topology with reduced switch

voltage stress is proposed.

e Principle of circuit operation, steady-state analysis, and design procedure of the

proposed soft-switching ZCT two-switch flyback converter are given.

e A general expression for the transformer winding power loss for periodic nonsi-

nusoidal waveform is derived.

e Fourier expansions of transformer current waveforms for single-ended isolated

DC-DC converters operated in CCM and DCM modes are carried out.

e Two specific expressions for the winding power loss in a two-winding flyback

transformer are given, for both CCM and DCM modes.

e The harmonic winding loss factors Frp;, and Frgp,, for a two-winding transformer

are introduced.

e Using the area product method, detailed step-by-step procedures to design a

two-winding transformer for both CCM and DCM cases are presented.
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