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ABSTRACT

AN AC-AC INVERTER FOR HIGH FREQUENCY
POWER DISTRIBUTION SYSTEM

Guo Wennan
Future computer and telecommunication power distribution systems require the
power source to be high frequency ac type and be combined with line current Power Factor
Correction that satisfies IEC 1000-3-2 standard. In addition, low power applications
require high efficiency, high power density and cost effectiveness. This thesis provides a
solution to low power ac-ac inverter for the future computer and telecommunication power

distribution systems, which complies with the above requirements.

The proposed high frequency ac-ac inverter operates under Zero Voltage Switching
(ZVS) throughout the whole range of the line voltage and load. Hence, high efficiency can
be realized under high switching frequency. A unified controller is introduced in the
proposed ac-ac inverter to control the dc-ac stage and the PFC stage at the same time. The
controller is simple and the DC bus voltage can be well limited for all line and load

conditions. Hence, cost effectiveness can be realized.

In the thesis, two types of PFC stage converters (Boost and Buckboost) are
presented to compare the performance of the ac-ac inverter. Principle of operation and
steady state analysis of the proposed topology are given. Performance characteristics,
design procedures and computer simulation results are presented to guide the design.
Experimental results from a prototype of 100kHz, 30V,/250W output, 90-265V . input,

are presented to confirm the analysis and performance of the proposed ac-ac inverter.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Future computer and telecommunication power distribution systems may require
power transfer between the power distribution system and electronic cards through
magnetic coupling, which means that the power distribution system should be of ac type
[11 [2] [3] [4] [5])- In addition, in order to reduce the size and weight of the power
converter, the switching frequency of the ac source should be high. Furthermore, due to the
pending European Standard, IEC 1000-3-2 [6], the Power Factor Correction (PFC) has
gained more and more attention in recent years. Therefore, PFC inevitably becomes
another issue that should be included in the design of the high frequency ac source for the

future comuter and telecommunication power distribution systems.

This thesis tries to provide a solution to low power, high frequency ac-ac inverter

that complies with the above-mentioned requirements.



1.2 PROBLEM DEFINITION

The main challenges in the ac-ac inverter design is to provide a high input power
factor with restricted DC bus voltage and low cost, and to supply a constant high frequency

sinusoidal output voltage with high efficiency. Section 1.2.1 and 1.2.2 describe these issues

in detail.

1.2.1 Power Factor Correction

1.2.1.1 Conventional Two-Stage Power Factor Correction

The block diagram of a conventional two-stage PFC converter is given in Fig. 1.1.
The first stage is usually a boost, buckboost (or flyback) converter, which is introduced to
correct the power factor and also supply DC voltage to the next stage as its input. The
second stage can be a dc-dc or dc-ac converter. The two stages are independent from each
other and have a controller of their own. The controller of the PFC stage has a current and
voltage loop. It senses the line voltage waveform and forces the input current to track the

sinusoidal line voltage to achieve unity input power factor.

% First Stage Second Stage
———
Ll_ + pc/pC
Vin DC/AC
* IJ ﬁ IT vdc Converter § Rioad

| Controller of the “pref
| Second Stage

Controller of
the First Stage Vref

Fig. 1.1 Block Diagram of conventional Two-Stage PFC converters



The advantage of this topology is that it can provide almost unity power factor and
a controllable constant DC bus voltage, which is independent from the second stage.
However, it needs two separate controllers, which will increase the complexity and the cost
of the converter. Since cost reduction is one of the main factor concerned in low power

applications, the conventional two-stage PFC topology is not suitable for this design.

1.2.1.2 Single-Stage Power Factor Correction

Single-Stage PFC techniques have been studied thoroughly in recent years. There
are many approaches to it [7] [8] [9] [10], but normally those proposed topologies have
some auxiliary circuits to implement PFC. Fig. 1.2 gives the conceptual structure of those
single-stage PFC converters. However, no matter what the forms of the auxiliary circuits
are, they are substantially a boost equivalent circuit followed by a dc-dc converter. The
switch of the boost equivalent circuit is integrated in the dc-dc converter. Thus no separate
switch is needed for the boost equivalent circuit. Since the boost equivalent circuit and the
dc-dc converter are sharing the same switch or switches, they will receive the same control
signal, yielding economical control circuitry [11].

v . = - -
Qv Equivalent Boost Converter |

Auxiliary

[
‘ |
: Circuits —¢ T 1 Cl:ncw{:)r(tir
Vin I =N J_ i
* I E l Vdc _i ?RIJHHI
1
i — ) (Shared Switch)|
l —————————

! Controller of the
: DC/DC Converter

—_—— e ——— —— — —

Fig. 1.2 Block diagram of Single-Stage PFC converters



In order to keep the DC bus voltage within a relative low level in those topologies,
the dc-dc converter and the boost equivalent circuit are normally designed to enter
Discontinuous Conduction Mode (DCM) at low load. The dc-dc converter can be a
forward [7], a full bridge [8] [9], or a flyback converter [10]. While both the dc-dc
converter and the boost equivalent circuit are working in DCM, the output voltages of the
dc-dc converter and the boost equivalent circuits are load dependent. However, when they
are combined together, the influence of load on DC bus voltage is minimized. Therefore
the DC bus voltage becomes load independent and a relatively low DC bus voltage can be
realized. Table 1.1 gives the relationship between the DC bus voltage and the load for

different combinations of conduction modes.

Combinations of Conduction Mode DC Bus Voltage V.
Equivalent Boost DC-DC Converter
Circuit (Forward, Flyback, Full Bridge)
CCM CcCM Load Independent
(Load Independent) (Load Independent)
CCM DCM Load Dependent
(Load Independent) (Load Dependent)
DCM CCM Load Dependent
(Load Dependent) (Load Independent)
DCM DCM Load Independent
(Load Dependent) (Load Dependent)

Table 1.1 Relationship between the DC bus voltage and the load for different
combinations of conduction mode

Fig. 1.3 shows the DC bus voltage as a function of load for universal line voltage.
When either the boost equivalent circuit or the de-dc converter is working in CCM, the DC

bus voltage is increasing as the load is decreasing. When both the boost equivalent circuit



and the dc-dc converter are working in DCM, the DC bus voltage keeps constant

regardless of the load changes.

Vde A
DCM : CCM
Vin=263Vac II
500V
I
I
{
{
i
]
I
|
200V d
Vin=90Vac \
I
|
|
, >
0 Po

Fig. 1.3 DC bus voltage as a function of load for different line input voltage

However, as will be analyzed later in Chapter 4, the output voltage of the proposed
ac-ac inverter in this thesis is load independent. If the above single-stage PFC strategy is
adopted, there is no Conduction Mode Combination to choose. Therefore when load is
decreasing, and the boost equivalent circuit enters DCM, the DC bus voltage will increase
accordingly. Theoretically, the DC bus voltage can be extremely high at low load. Fig. 1.4

gives the DC bus voltage as a function of load for this case.



Vde A

1000V
Vin=265Vac
400V
Vin=90Vac
0 Po

Fig. 1.4 DC bus voltage as a function of load for universal line voltage

A major difficulty in designing a universal line input single-stage PFC converter is
to limit the bulk capacitor voltage within 450V, which is the voltage limitation of
commercially available capacitors. Some single-stage PFC ac/dc converter can achieve this
design goal [10] by introducing additional dimensions, but what this thesis presents is a ac-
ac inverter which is different from above-mentioned dc-dc converters. There is no

Conduction Mode Combination to choose and the above mentioned methods do not apply.

1.2.2 Efficiency and Constant Frequency Resonant Technique

The ac-ac inverter for computer and telecommunication power distribution systems
is required to supply high frequency sinusoidal voltage. The frequency of the output
voltage must be constant, therefore the switching frequency is required to be fixed. High

efficiency is also required by the inverter.



Convential hard switching toplologies are simple and easy to implement, but they

are obviously not suitable for the high frequency ac-ac inverter due to their following

drawbacks [12]:

1. The switches are subjected to high switching stress.

[\

High switching power losses increase linearly with the switching frequency, hence

high efficiency and small size of cooling devices become impossible.

Large dv/dt and di/dt caused by hard switching produces significant

LI

Electromagnetic Interference (EMI) [13].

Adding snubber circuits around the switches can reduce the switching stress and
switching losses of the switches. However, the switching power losses are shifted from the
switches to the snubber circuits, so there is no reduction in the overall switching power

losses [12].

Zero-voltage switching techniques enable switches switch at a high frequeny with
zero switching losses. Topologies presented in reference [14][15] operate under zero-
voltage switching. However they are implemented under variable frequency control, which
means the switching frequency is not fixed. Thus, a constant frequency output voltage can

not be obtained from the ac-ac inverter.

Reference [16][17][18] present multiple elements resonant converter topologies,
which have constant frequency operation. However they only reduce part of the switching
losses and exhibit higher conduction losses. Thus, they can not provide a satisfatory

efficiency for the high frequency ac-ac inverter.



1.3 PROPOSED TOPOLOGY

Different types of PFC topologies have been discussed in section 1.2.1. The
conventional two-stage PFC topology needs two separate controllers, which increases the
complexity and cost. Typical single-stage PFC topologies [7] [8] [9] [10] are simple and

cost effective, but will result in high DC bus voltage for the proposed ac-ac inverter [19].

Fig. 1.5 gives the block diagram of the proposed PFC high frequency inverter, in
which a separate stage is introduced to correct power factor. A unified controller is
introduced to control the PFC stage and the dc-ac stage at the same time. In the proposed
topology, a separate PFC controller for the power factor stage is saved. In addition, the DC
bus voltage can be well controlled to satisfy the limitations of commercial capacitors. The

cost of the converter is therefore reduced.

PFC - DC/AC

Vi Inverter
i Resonant
| Ve | Network % Rivad
I SR I -

Unified -—
Controller «——F Vref

Fig. 1.5 Block diagram for proposed PFC high frequency ac-ac inverter

The dc-ac inverter and the Resonant Network together can generate the required
constant high frequency sinusoidal output voltage. Zero-voltage switching can be realized
for all the switches throughout the whole switching cycle under all load variations. Thus, a

high efficiency can be achieved. In addition, the output voltage of the ac-ac inverter



demonstrates very good load independent characteristics. Details will be given thoroughly

in Chapter 4.

1.4 THESIS OBJECTIVE

The objectives of this thesis are:

e Propose a high frequency low power ac-ac inverter with PFC.

Realize ZVS for the dc-ac stage throughout the line voltage and load variations so

that high efficiency can be achieved.

e Achieve high input power factor that satisfies IEC 1000-3-2 standards.

Maintain a low DC bus voltage for universial line voltage and required load range.

e Develop steady state analysis and demontrate performance. Give design procedure

and design example to guide the design process.

Use simulation and experimental results to verify the theoretical analysis.

1.5 THESIS OUTLINE

The content of this thesis are organized as follows:

Chapter 2 presents a Boost Converter implemented power factor corrected ac-ac

inverter. Circuit description and principle of operation are given. Performance



characteristics are given to guide the design. Simulation and experimental results are given

in the end.

Chapter 3 presents a Buckboost Converter implemented power factor corrected ac-

ac inverter. The structure of this chapter is similar to that of Chapter 2.

Chapter 4 gives the detailed analysis of the resonant dc-ac stage. Principle of
operation, operation modes, and steady state analysis are given. Performance
characteristics are presented to guide the design. Simulation and experimental results are

given in the end to illustrate the achieved goal of the design.

Chapter 5 gives the design procedure and example of the proposed high frequency

ac-ac inverter. Actually used components in the experiment are also listed in detail.

Chapter 6 gives the summary of the thesis. Suggestions for furure work on this

topic are presented.
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CHAPTER 2
BoosT IMPLEMENTED PFC

2.1 INTRODUCTION

This chapter presents an ac-ac inverter with a PFC stage implemented by a boost
converter [20]. A unified controller is introduced to control the two stages. The . analyzed
example operates at a fixed frequency of 100kHz with a rated output power of 25(0W and a
rated output voltage of 30V, In order to achieve a high input power factor, tzhe boost

converter is designed to work in Discontinuous Conduction Mode (DCM).

In the following sections, the description and analysis will be mainly foecused on
the Boost Converter. The detail analysis on the dc-ac stage will be given in Chaptzer 4. DC
bus voltage, duty cycle, input power factor, and peak input current for different input

voltages and loads are the main factors that will be analyzed in this chapter.

Circuits description and operation principles will be given in section 2.22 and 2.3
respectively. Steady state analysis is given in section 2.4. Performance charactermstics are
given in section 2.5 to guide the design. Simulation and experimental results are given in
section 2.6 to verify the steady state analysis. Suggestions on the applicatiorn of this

proposed topology are also given at the end of this chapter.
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2.2 DESCRIPTION OF PROPOSED TOPOLOGY
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ig. 2.1 Proposed high frequency ac-ac inverter with boost PFC
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Fig. 2.1 gives the proposed high frequency ac-ac inverter, which consists of the

follow parts:

e Input Filter: It is made up of high frequency capacitors and inductors to filter

out the high frequency harmonics contained in the line current.

e Diode Rectifier: The Diode Rectifier provides rectified ac input voltage to the

Boost Converter.

e Boost Converter: The Boost Converter is designed to work in Discontinuous
Conduction Mode to correct the power factor and provide a DC bus voltage to
the Full Bridge [nverter simutaneously. Its input is from the Diode Rectifier and

its gate signal is generated by the Unified Controller.

e Full Bridge Inverter: The dc-ac stage adopts a full bridge topology with phase-
shifted gating signal control pattern. It generates a high frequency quasi-square

voltage waveform at its output.

e Resonant Network: The Resonant Network is made up of capacitors and
inductors. [t converts the quasi-square voltage waveform from the Full Bridge
Inverter into a sinusoidal waveform. At the same time, it can let the Full Bridge

inverter work under ZVS to reduce the switching losses.

o Unified Controller: The Unified Controller gets the feedback from the output
voltage and generates phase shifted signal to the four switches of the Full
Bridge Inverter as well as the gate signal for the Boost Converter at the same

time.

13



The gate signals of the proposed topology are illustrated in Fig. 2.2, where Vg,
Vsa. Ves, and Vg, are the phase shifted gate signals to the Full Bridge Inverter. 6 is the
phase shift angle. Vg is the gate sigmal to the Boost Converter. Vg, is generated whenever
S; and S3, or S, and S; are conducting at the same time, see Vgp (m=1) In Fig. 2.2.
However, in order to reduce the DC bus voltage, we may not keep all the pulses shown in
Voo (m=1). We may keep only 1/m of them (m here is called Gate Signal Constant). For
example, when m=1, we keep all the pulses, see Vo (m=1). When m=2 or 4, we keep 1/2

or 1/4 of the pulses respectively, see Vgo (m=2) and Vgp (m=4).

A 2T -

P T | B — —
CFSE E— | — .
54667 I I N A N o S M SO B
e [ L . .

e T | 7

2 | 92 | 28 [ 43 | 15 | 12 | 24 | 43 | 15 | 12 | 24

Fig. 2.2 Gate signals generated by the Unified Controller

2.3 PRINCIPLE OF OPE RATION

Fig. 2.3 gives the simplified circuits for the boost PFC stage, in which Rpees 1s the
equivalent load for the Boost Converzer. The only difference between this topology and the
standard boost converter is that the Enput of this topology is a rectified sinusoidal voltage

waveform instead of a DC voltage source. This difference makes PFC possible. In order to

14



have high power factor, the Boost Converter should be designed to work in Discontinuous

Conduction Mode (DCM) [21].

Fig. 2.3 Boost Converter after Diode Rectifier with equivalent load

There are three different operation switching intervals for the boost PFC stage
during a single switching cycle. The first interval starts when the boost switch Sp is turned
on. The rectified input voltage is therefore applied to the inductor L;, through the switch S.
The bulk capacitor C. supplies the power to the output load. The equivalent circuit for this
interval is given in Fig. 2.4. Key waveforms of this interval are shown in Fig. 2.7: t5-t;.

Lin
—pl Y Y\ >

irin

Viec ,\D xCch Vioase § Rboost

Fig. 2.4 Equivalent circuit for interval one

The second interval begins with the turn-off of switch Sp. The input power and the
energy stored in the inductor L;, is transferred to the buck capacitor Cg. through diode Dy.
The equivalent circuit for this interval is given in Fig. 2.5. Key waveforms of this interval

are shown in Fig. 2.7: ¢,-t5.

15
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Fig. 2.5 Equivalent circuits for interval two

In the third interval, switch Sy is still off, same as in interval two, but no current is
circulating through inductor L;,. Diode Dy is reverse biased, which means no power is
transferred from the input to the output. The bulk capacitor Cg supplies the load alone.
The equivalent circuit for this interval is given in Fig. 2.6. Key waveforms of this interval

are shown in Fig. 2.7: £5-13.

Do

P— >

+

Vrtc@ Cue Vsoost § Rboost

Fig. 2.6 Equivalent circuits for interval three
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Fig. 2.7 Key waveforms of the Boost PFC stage
From Fig. 2.7, we can see that the current through inductor L;, is a discontinuous triangular
waveform. The peak of i1, forms a 60Hz line frequency sinusoidal envelop, which is

forced by the rectified input voltage

[21]. Fig. 2.8 gives a simulation example for the line voltage and current
waveforms. As we can see, the line current has a 60Hz sinusoidal envelop with many high
frequency components, which can be filtered by the Inputr Filter. After being filtered, the

line current can be nearly a sinusoidal waveform, which results in high input Power Factor
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(PF) and low Total Harmonics Distortion (THD). The switching frequency of the

simulation is chosen to be only 2kHz to have a clear picture of the line current.

200 50
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-100
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Fig. 2.8 Simulated input line voltage and current with 2kHz switching frequency

Fig. 2.9 gives the simulated spectrum of the line current at low frequency. High
frequency harmonics is not given because the /nput Filter can easily filter them out.

d
Al , Slh’ 7lh

However, the low frequency harmonics: 3 are not easily eliminated, so the design

is mainly focused on reducing the low frequency harmonics.

Input Current ()

5th
o
0 60 120 180 240 300 360 420 480
Jrequency (Hz)

Fig. 2.9 Simulated low frequency harmonic spectrum of the input current
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2.4 STEADY STATE ANALYSIS

This section will only give the steady state analysis of the boost PFC stage. DC bus
voltage, input power factor, and input peak current will be studied thoroughly. The steady

state analysis of the Full Bridge Inverter will be given in Chapter 4.

2.4.1 Duty Cycle and DC B us Voltage

Eq.(2-1) gives the equation for boost in DCM:

Dh‘m-" — \/ 2 . I/huu.\'l . ( [/Imu.\'l _ 1) . LmR - ﬁaosl (2_1)
hoost

The gate signals for the Full Bridge Inverter and the Boost Converter have already
been given in Fig. 2.2. “J” is the phase shift angle. The duty cycle of the Full Bridge

Inverter 1s defined as:

D= 2 (2-2)
T
The transformer turn ratio of the Full Bridge Inverter is:
Np
N = 2-3
Ns (2-3)

The relationship between the rms output voltage V, and the DC input voltage Vigos
of the Full Bridge [nverter is given in Eq.(2-4). The derivation of the equation will be
given in section 4.4 and Appendix Al. The equation indicates that the output voltage of the

Full Bridge Inverter is load independent.
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Vo = L -0.9sin é - Voot (2-4)

N 2
Po = Phoost - n (2'5)
Hence,
Voot~ = Vo~ (2_6)
Rhom‘l Rzl

By substituting (2-4) into (2-6), we can get the expression for the equivalent load of

the Boost Converter.

Voo.\'l: -
Reoost = i roaml Ra. n= ;V‘T *Ra. n (2-7)

Vo~
[0.9 sin é)
2

From Fig. 2.2, we can get the duty cycle of the Boost Converter, where m is the

Gate Signal Constant:

Dhoose = D (2- 8 )

1.
m

The switching frequency of the Boost Converter is:

2 sw
ﬁmn.\'l = ~f (2“9)

m

Substitute Eq.(2-2), (2-4), (2-7), (2-8) and (2-9) into Eq.(2-1), we get:



. De-g
Vo Ve 0.9sin 2 ) 4m- Lin- f.\"W

Ven Vin N Ra- n

(2-10)

For given input line voltage, output veoltage and load, we can calculate out the duty

cycle of the Full Bridge Inverter by solving E=q.(2-10).

Combine Eq.(2-2), (2-4) and (2-10), wve get the DC bus voltage Vioos:-

bl

V Va_ ~=Vin
hoost = 3 -
L2 _Va'uD?-Rd-m -1D)
° 4m M Lill - ﬁw

As we have pointed out in section 1.22.1.2, the DC bus voltage is load dependent. It
is determined by the value of inductor L;,, :switching frequency f;, and the Gate Signal
Constant m. In order to limit the DC buss voltage within an acceptable range, those
parameters need to be carefully designed. [In section 2.5, characteristic curves will be given

in detail to guide the design.

2.4.2 Peak Current of the Converter

Eq.(2-12) gives the expression of the &c line input voltage.

vin(t) = N 2Vin sine (27f5. - 1) (2-12)

When the switch Sj is turned on (inter-val one), the voltage across the inductor L;, is

the rectified ac input voltage, given in Eq.(2-13):

2:1



Viin = Vruc([) = IVin(f)I = l\/EVm Sin(ngﬁ, - [) (2"1-))

Due to the high switching frequency fsoos: Of the Boost Converter, the rectified input
voltage v, can be assumed constant within the K" switching interval. The number of

switching intervals during one line cycle is given in Eq.(2-14).

ﬁ()l).\'l
- (2-14)
n 7

Thus, the up slop of the current through the inductor L;, during the K" interval is :

. n in(2
dlLin.up.k — l\/—z_V Sm( ﬂk/n) (2-'15)

d[ Liu

The peak current through the inductor L;, during the K" interval is:

!‘\/-Z_I/in Sin(2ﬂk / n) Dhboost
Lin _ﬁmu.\'l

(2-16)

iLin. peak, k —

The maximum peak current through the inductor L;, during one line cycle is:

‘\/5 lyin . Dhausl (2 - 1 7)
Lin ﬁuoxl

[Lin. peak, max =

The maximum peak current through the switch Sy, diode D, and diode rectifier are

the same as the maximum peak current through the inductor L;,:

\/5 Vin . Deioost (2-1 8)
Liu ﬁ()().\'l

iso, peak, max = iDu. peak. max = ILin. peak,max =

22



Substitute Eq.(2-8) and (2-9) into Eq.(2-17), we get the maximum input peak

current, where D is given in Eq.(2-10).

2V -D
2L fow (2-19)

ILin. peak . max =

When the switch Sy is off (interval two), the voltage across the inductor L,

becomes:

Viin = [V 2V sin @iinet

— Vboost (2-20)

Thus, the down slop of the current through the inductor L;, during the K" interval

becomes:

!\/?Z—I/,',, Sin(zﬂk / n) — Vhboost

Clil.in. dw. k

(2-21)
df Lin
2.4.3 Boundary between DCM and CCM
The output current of the Boost Converter is:
y y (0.9 sin ?)
[Imuu - hoost — hoost A - Z (2 _22 )
Rhutn‘l Rd - '7 N -
The boundary of the output current of the Boost Converter is [12]:
V 'hao.\'l 2 -~
[ OB, hoost = —————— Dlmo.\'l . (1 - Dhuu_\'l) (2-2.)
2Lin - ﬁmuxl

N
(U8 )



In order to let the Boost Converter work in DCM, the output current of it must be

smaller than the boundary current.

Lboost < [0B. boost (2_24)

Substitute Eq. (2-8), (2-9), (2-22) and (2-23) into Eq.(2-24), we get the expression

that judge the Boost Converter is in DCM or not.

Dr\
0.9sin 2% ,
( SR ) N Ri-1 (2-25)
2 4Ll" w
D (I—LDJ %
m

2.4.4 Inpur Current Power Factor

The expression for the input current power factor is given in Eq.(2-26). The

fundamental and harmonics can be measured from the spectrum. such as the one shown in
Fig. 2.9.

[\' I

PF =
\/[\-11 + L2+ Ls? + L? +---

(2-26)

2.5 PERFORMANCE CH ARACTERISTICS

The performances of the PFC stage refers to the range of the DC bus voltage, the
range of the duty cycle, the maximum unfiltered input peak current and the input power
factor. In this section, performance characteristics will be given in detail corresponding to

different load, transformer turn ratio, input inductor, and Gate Signal Constant m.



2.5.1 Effect of Load on Performance

Fig. 2.10 gives the curves of the DC bus voltage versus input voltage for various
load, which illustrates that the DC bus voltage is load dependent. When load is decreasing,
the DC bus voltage is increasing. Theoretically the DC bus voltage can be infinite, which
means the proposed inverter has to work within a certain range of load. Fig. 2.11 gives the
characteristics of the duty cycle versus load. The lower the load is, the smaller the duty

cycle will be.
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Fig. 2.10 DC bus voltage versus input voltage for various loads
(at V=30V ¢, fs-w=100KHz, N=4, L;,=30uH, m=4)
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Fig. 2.11 Duty cycle versus input voltage for various loads
(at V=30V, fsw=100KHz, N=4, L,;=30uH, m=4)

2.5.2 Effect of Transformer Turn Ratio on Performance

The transformer turn ratio of the Full Bridge Inverter will affect the DC bus

voltage and the duty cycle. The larger the turn ratio is, the larger the DC bus voltage and

the duty cycle will be, see Fig. 2.12 and Fig. 2.13.
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200 . __—~— _

100
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Fig. 2.12 DC bus voltage versus input voltage for various transformer turn ratio
(at V=30V, fo,=100KHz, R;~=3.642, L;;=30uH, m=4)
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Fig. 2.13 Duty cycle versus input voltage for various transformer turn ratio
(at Vo=30V4, f,=100KHz, R;~=3.602, L;=30uH, m=4)

2.5.3 Effect of Input Inductor L;, on Performance

In order to have a high input power factor, we prefer the Boost Converter to work
in DCM. Therefore, inductor L;, should be small enough to enable the Boost Converter to
work in DCM. Fig. 2.14 gives the relationship between the maximum peak current and the
inductor value (all simulated points for different ,, are in DCM). However, L;, can not be
too small, otherwise the maximum input peak current will be too high, which will result in
a high current stress on related components, hence would increase the cost accordingly.
Therefore, L;, should be designed to its maximum value so that it reduces the switch stress

and keeps DCM operation as well.

Fig. 2.15 shows that a smaller L;, will result in a higher DC bus voltage. However,
the influence of L;, on the DC bus voltage is not very significant. Therefore, in the design,

L;» is not expected to contribute much in reducing the DC bus voltage.
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Fig. 2.14 Maximum input peak current versus input voltage for various
Lin (at V=30V, f—=100KHz, R;=3.62, N=4, m=4)
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Fig. 2.15 DC bus voltage versus input voltage for various L,
(at V,=30Ve, fsw=100KHz, R;=3.642, N=4, m=4)

2.5.4 Effect of Gate Signal Constant m on Performance

Fig. 2.16 to Fig. 2.19 illustrate the effects of gate signal constant m on the DC bus

voltage and the duty cycle. Increasing m is the main means to reduce the DC bus voltage.

28



Moreover, if m is increased, the range of the duty cycle will be narrowed. A narrow range

of the duty cycle is preferred in the design of the Full Bridge Inverter, which will be

analyzed in Chapter 4.
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ifig. 2.16 DC bus voltage versus input voltage for various m at rated load
(at V=30V, f-w=100KHz, R/~=3.6€2, L;7=30uH, N=4)
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Fig. 2.17 Duty cycle versus input voltage for various m at rated
load (at V,=30V,, fsw=100KHz=, R;~3.642, L, =30uH, N=4)
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Fig. 2.18 DC bus voltage versus input voltage for various m at 10% rated load
(at V=30V 4, fw=100KHz, R/~=3642, L;=30uH, N=4)
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Fig. 2.19 Duty cycle versus input voltage for various m at 10% rated load
(at V=30V 4, f5w=100KHz, R;/=36C2, L,=30uH, N=4)

The DC bus voltage can be reduced significantly by increasing m. However, there
is a trade off between the DC bus voltage and the input power factor. A larger m will result

in a poor power factor, see Fig. 2.20. Therefore, in order to reduce the DC bus voltage and
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keep a relative high power factor, a compromised has to be made while selecting the value

of m.
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Fig. 2.20 Input Power Factor as a function of input voltage for various m
(at V=30V, fow—=100KHz, R=3.652, L,=15uH, N=4)

2.6 SIMULATION AND EX PERIMENTAL VERIFICATIONS

Simulation and experimental waveforms are presented in this section to verify the
steady state analysis. Collected data are also tabulated and plotted to compare with the
theoretical predictions. The simulation and experiment circuits are based on the design
example given in Chapter 5, which has a 30V, 100kHz output voltage, 250W output

power, with 90-265V . input voltage. The detailed specifications are given in section 5.1.

2.6.1 Simulation Waveforms

Fig. 2.21 to Fig. 2.25 give the simulation waveforms of the Boost Converter in the

ac-ac inverter. The simulation is running at 110V, input, 250W output power.
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Fig. 2.21 (a) Simulation waveform of the boost inductor current;
(b) Simulation waveform of the filtered input current
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Fig. 2.22 (a) Simulated high frequency harmonic spectrum of the bocst inductor current;
(b) Simulated high frequency harmonic spectrum of the filtered line current
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Fig. 2.23 (a) Simulated low frequency harmonic spectrum of the boost inductor current;
(b) Simulated low frequency harmonic spectrum of the filtered line current
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Fig. 2.24 (a) Simulation waveform of the gate signal of the Boost Converter;
(b) Simulation waveform of the boost inductor current after zoom;
(c) Simulation waveform of the voltage across the boost switch;
(d) Simulation waveform of the voltage across the boost diode
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Fig. 2.25 (a) Simulated frequency spectrum of input current times input voltage;
(b) Simulated frequency spectrum of output put current times output voltage

Fig. 2.22 (a) verified the operation principle given in section 2.3. The discontinuous
current through the boost inductor contains high frequency harmonics, which are at the
frequency of froosts 2fs00sts 3fboose aad so on. However, the Input Filter can filter them out.
Fig. 2.22 (b) shows that almost all the high frequency harmonics have been filtered out

from the input current. The THD of the input current is smaller than 5%.

Fig. 2.23 (b) gives the low frequency harmonics of the input current. They satisfy

the requirement of IEC-100-3-2. The measured input power factor is 0.904.

Fig. 2.24 verified the waveform prediction given in section Fig. 2.7. The dc
component of the frequency spectrum given in Fig. 2.25 (a) and (b) shows that the input
power equals to the output power, which means there is no substantial error in the

proposed topology.
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2.6.2 Experimental Waveforms

Fig. 2.26 gives the experimental waveform of the unfiltered input current, which
shows that the Boost Converter is working in DCM. Fig. 2.27 gives the high frequency and

low frequency harmonics of the input current. The recorded distribution of the high

{1 Sms/div

| 5T I\L—II\LIH\L—JI\j}

|
|
|

L i3 !

Fig. 2.26 Experimental waveform of the line current without the /nput Filter (at 110V
input, 250W output)
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Fig. 2.27 Measured frequency harmonic spectrum of the unfiltered line current (at 110V,
input, 250W output)
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Fig. 2.28 gives the experimental waveforms of the line voltage and the filtered line
current. Fig. 2.29 gives the harmonic distribution and magnitude of the measured line

current. It shows that the proposed topology satisfies the requirement of [EC-1 000-3-2.
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Fig. 2.28 Experimental waveforms of the line voltage and the filtered line current (at
110V, input, 250W output power)
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Fig. 2.29 Measured harmonics of the unfiltered line current
compared with IEC 1000-3-2 limits
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Fig. 2.30 plots the measured experimental DC bus voltage for all load and line
voltage variations. It shows that the DC bus voltage can be limited within 450Vy.. Fig.
2.31 plots the measured overall efficiency of the experimental prototype for all load and
line voltage variations. The prototype has the highest efficiency of up to 90% at 90-135V ¢

input and 100-185W output.
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Fig. 2.30 Measured DC bus voltage versus load for various line voltage
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Fig. 2.31 Measured overall efficiency

2.6.3 Comparison of Experiment, Simulation and Theoretical Analysis

Fig. 2.32 gives the comparison of the DC bus voltage between experiment results

and theoretical calculation, which shows that the theoretical prediction is very accurate.

Table 2.1 tabulates the value of duty cycle and DC bus voltage for theoretical
calculation, simulation and experimental results. The comparison shows that the

predictions are very close to simulation and experimental results.
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DC Bus Voluage (V)

Fig. 2.32.
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Line Voltage (V)

Measured dc bus voltage versus theoretical calculation
at 110V, input and 100% output power

Vin Duty Cycle DC bus voltage (V)

) Theoretical | Simulation | Experiment | Theoretical | Simulation | Experiment
90 0.663 0.59 0.606 155 157 134

110 0.524 0.49 0.483 182 188 163

135 0.417 0.403 0.39 219 223 194
180 0.308 0.30 0.283 287 295 259
220 0.25 0.24 0.238 348 364 310
265 0.207 0.22 0.198 418 432 374

Table 2.1 Comparison of duty and DC bus voltage between theoretical calculation,
simulation and experimental results




2.7 CONCLUSION

The proposed topology in this chapter can greatly reduce the DC bus voltage and
keep a relative high input Power Factor. However, through theoretical analysis, simulation
and experimental results show that the DC bus voltage is at the edge of 450V¢. when the
input voltage reaches its maximum 265V, and the load is reduced to its minimum. In
addition, experimental results show that the prototype has the highest efficiency at 90-
135V, input. Therefore, the proposed inverter is suitable for 90-265V,. input and 250W
output applications, and especially very attractive in 90-135V,. input and 250W output

applications.
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CHAPTER 3

BuckBooOST IMPLEMENTED PFC

3.1 INTRODUCTION

Chapter 2 has presented a boost converter to implement PFC. Its DC bus voltage is
at the edge of 450Vy. at high line voltage and minimum load. Therefore, a further

reduction of the DC bus voltage is attempted in this chapter.

In this chapter, a buckboost converter is presented to substitute the boost converter
in the PFC stage [22] [23]. Other circuits remain the same. The proposed topology can
keep the DC bus voltage within 450V for universal line voltage. High power factor is

maintained and the auxiliary control circuit is very simple.

The organization of this chapter is similar to that of Chapter 2. Principle of
operation is given in section 3.2. Steady state analysis is given in section 3.3. Performance
characteristics are given in section 3.4 to guide the design. Conclusions are made in section

3.6.
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3.2 PRINCIPLE OF OPE RATION
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Fig. 3.1 Proposed high frequency ac-ac inverter with buckboost PFC
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Fig. 3.2 gives the proposed inverter with buckboost PFC stage. The simplified
circuit for the PFC stage is given in Fig. 3.2, in which Rp,cus00sc 1S the equivalent load for
the buckboost converter. In order to have high power factor, the Buckboost Converter is
designed to work in DCM. Therefore, similar to the boost converter in Chapter 1, there are
three different operation intervals for the buckboost PFC stage during a single switching

cycle.

Fig. 3.2 Buckboost converter after Diode Rectifier with equivalent load

The first interval starts when the switch Sy is turned on. The rectified input voltage
is therefore applied to the inductor L, through the switch S;. The bulk capacitor Cg
supplies the power to the output load. The equivalent circuit for this interval is given in

Fig. 3.3. Key waveforms of this interval are shown in Fig. 3.6: ¢4-¢,.

\

Vrtc@ Lin § Cuc :i Vouckboast §Rbu kboost

+

[
>

Fig. 3.3 Equivalent circuits of buckboost during interval one

The second interval begins with the turn-off of switch Sp. The energy stored in the
inductor L;, is transferred to the buck capacitor Cg. through diode Dy, see Fig. 3.4. Key

waveforms of this interval are shown in Fig. 3.6: 7,-£5.
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Lin

Fig. 3.4 Equivalent circuits of buckboost during interval two

In the third interval, switch Sy is still off, same as in interval two, but no current is
circulating through inductor L;,. Diode Dy is reverse biased, which means no power is
transferred from the input to the output. The bulk capacitor Cg supplies the load alone, see

Fig. 3.5. Key waveforms of this interval are shown in Fig. 3.6: £>-£3.
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: ...J_ Vbuckboost Rbuckboost
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&

Fig. 3.5 Equivalent circuits of buckboost during interval three
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Fig. 3.6 Key waveforms of the Buckboost Converter

3.3 STEADY STATE ANALYSIS

3.3.1 Duty Cycle and DC B us Voltage

Eq.(3-1) gives the equation for buckboost in DCM, where Reucrsoos: is the equivalent

load of the Buckboost Converter.
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I/hucl(brm.\'l 2Lin ~ Jbuckboost 2
Dbuckboost = f (-) -1 )
I/in Rbuckbao.\'l

p=2 (G-2)

T

The turn ratio of Full Bridge Inverter is:

N

N =
Ns

The relationship between rms output voltage ¥, and DC input voltage Vpuckboos: OF
the Full Bridge Inverter is given in Eq.(3-4). The derivation of the equation will be given

in section 4.4 and Appendix Al.

Vo = _1— - 0.9 -sin §‘ - Vhllckhm)xl (3 -4)
N 2

The power transferred by the Buckboost Converter equals to that of the output.

P o = P buckoost * 77 (3 '5 )
Hence,
2 2
thckbao.\‘l- i _ I/( - (3 -6)
Rhuckhuu.\'l Rzl

By substitute (3-4) into (3-6), we can get the expression of the equivalent load of

the Buckboost Converter.
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Rbuckboosr = M‘Z -Rua- n= N 5 Ra - n (3 "7)

Vo -
(0.9 sin 5)
z

From Fig. 2.2, we get the the duty cycle of the Buckboost Converter:

-D (3-8)

1
Dbuckhuosl = -
m

The switching frequency of the Buckboost Conv-erter is:

2 fiw
ﬁmckbom'l = i (3 -9)

m

Substitute Eq.(3-2), (3-4), (3-7), (3-8) and (3-9) into (3-1), we get:

Vo 4dm- Lin - ﬁw

" Va\ Ra-p (3-10)
For a given input and output voltage and load, we can calculate out the duty cycle
of the Full Bridge Inverter by using Eq.(3-10). Combine Eq.(3-2), (3-4) and (3-10), we can

get the DC bus voltage Viucksoost-

thckhun.w = NI/H (3 - 1 1 )

0.9 sin Va ] 4m - Lin - f::w o
W Ri-1

(3-11) indicates that the DC bus voltage is load dependent and determined by the

value of inductor L;,, switching frequency f;,, and Gate Signal Constant m.
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3.3.2 Peak Current of the Converter

The peak current through inductor L;, during the K" interval is given in Eq.(3-12),

where » is the number of intervals:

lﬁm,.sin(zzrk/ n)l Dbuckboost (3-12
Lin - ﬁucklmo.\'l

iLin, peak . k =

The maximum peak current through inductor L;, in one line cycle is:

Y} 2Vin Dhucklma.\‘l
Lin ﬁuckhoosl

ILin. peak. max =

(3-13)

Substitute Eq.(3-8), (3-9) into Eq.(3-13), we get the maximum input peak current.

m
i,in, cak, max — -\EVQ - f—_— A
’ g JLin . _f.\-'w . Rd - 77 (-’ 14)

3.3.3 Boundary between DCM and CCM

The output current of the Buckboost Converter can be expressed as:

o
0.9sin — 3-
Vbuckboost _ Vbuckboost ( St 2) (3 15)

5
Rbuckboost Ru- n N~°

[Imckhaosl =

The boundary of the output current of the Buckboost Converter is given below [12]:

Vlmckhuo.\'l

2
[C)I}’ Jhuckboost = ——— "+ (1 - Dbuckb(mxl) (3- 1 6)
2Lin i ﬁuckbua.\'l
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In order to let the Buckboost Converter work in DCM, the output current of it must

be smaller than the boundary current.

Tsuckboos: < [0B. buckhoost (3 -1 7)

Substitute Eq.(3-8), (3-9) and (3-15) into Eq.(3-17), we get the equation that judge
the Buckboost Converter is in DCM or not.

O.9sin-é;j ,
2 <m-N'-Rd-77

2 4Liu - Jsw
D(l — 1 D) -

m

(3-18)

3.4 PERFORMANCE CH ARACTERISTICS

3.4.1 Effect of Load on Performance

Similar to the Boost Converter, the DC bus voltage of the Buckboost Converter is
load dependent. The DC bus voltage can be very high at light load. Fig. 3.7 and Fig. 3.8

give the characteristics of the DC bus voltage and the duty cycle versus load.
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Fig. 3.7 DC bus voltage versus input voltage for various
loads (at V,=30Vg, f6=100KHz, N=3, L;;=20uH, m=2)
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Fig. 3.8 Duty cycle versus input voltage for various load
(at Vo=30V4, fo=100KHz, N=3, L;7=20uH, m=2)

3.4.2 Effect of Transformer Turn Ratio on Performance

The effect of transformer turn ratio on the DC bus voltage is given in Fig. 3.9. Fig.

3.10 shows that the duty cycle is independent from the transformer turn ratio.
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Fig. 3.9 DC bus voltage versus input voltage for various transformer turn ratio
(at V=30V, f6w=100KHz, R;~3.6€2, L;,/=20uH, m=2)
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Fig. 3.10 Duty cycle versus input voltage for various transformer turn ratio
(at V=30V, [(w=100KHz, R/~=3.642, L;\,/=20uH, m=2)
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3.4.3 Effect of m on Performance

Fig. 3.11 to Fig. 3.14 illustrate the effect of Gate Signal Constant m on the DC bus
voltage and the duty cycle. Increasing m is the main means to reduce the DC bus voltage at
light load. However, for the Buckboost implemented PF corrected inverter, m can not be
too large. Otherwise, at low line and heavy load, the DC bus voltage can not go high

enough to maintain the required output voltage. In this design m is suggested to be 2 or 4.

400

350 -

300

250

V buckboost

270

Fig. 3.11 DC bus voltage versus input voltage for various m at rated load
(at V=30V, f,=100KHz=, R;~=3.6£2, L;;=20uH, N=3)
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Fig. 3.12 Duty cycle versus input voltage for various m at rated load
(at V=30V, fw=100KHz, R;~3.6£2, L;=20uH, N=3)
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Fig. 3.13 DC bus voltage versus input voltage for various m at 10% rated load
(at V=30V, [w=100KHz, R;=3612, L,/ =20uH, N=3)
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Fig. 3.14 Duty cycle versus input voltage for various m at 10% rated load
(at V=30V 4, f(w=100KHz=, R~=3612, L;;=30uH, N=3)
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3.5 SIMULATION AND EXPERIMENTAL VERIFICATION

Similar to section 2.6 the simulation and experiment circuits in this section are
based on the design example given in Chapter 5, which has a 30V, 100kHz output
voltage, 250W output, with 90-265V . input voltage. The detailed specifications are given

in section 5.1.

3.5.1 Simulation Results

Fig. 3.15 to Fig. 3.18 give the simulation waveforms of the Buckboost Converter in

the ac-ac inverter. The simulation is running at 110V, input, 250W output power.

30ms 48ms 60ms 808ms 180ms
o I(uin)

Fig. 3.15 (a) Simulation waveform of the buckboost inductor current;
(b) Simulation waveform of the filtered input current
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Fig. 3.16 (a) Simulation waveform of the Buckboost Converter gate signal; (b) Simulation
waveform of the buckboost inductor current after zoom; (c) Simulation waveform of the
voltage across the buckboost switch; (d) Simulation waveform of the voltage across the

buckboost diode
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Fig. 3.17 (a) Simulated high frequency harmonic spectrum of the buckboost inductor
current; (b) Simulated high frequency harmonic spectrum of the filtered line current
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Fig. 3.18 (a) Simulated low frequency harmonic spectrum of the buckboost inductor
current; (b) Simulated low frequency harmonic spectrum of the filtered line current

3.5.2 Experimental Results

Fig. 3.19 shows the harmonics of the unfiltered line current. The high frequency
harmonics can be filtered out by the Input Filter. The filtered line current waveform is

given in Fig. 3.20. A power factor of 0.991 can be achieved.
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— — I Zoom of high}} |
T frequency
harmaonics
200kHz
300kHz [
l —T1400kHz —

Fig. 3.19 Measured harmonics of unfiltered line current
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Fig. 3.20 Experimental waveforms of line voltage and filtered line current
(at 110V line input and 250W output)

Table 3.1 gives the measured experimental data. The input power factor of the
buckboost implementation is higher than that of the boost implementation, and its DC bus

voltage is lower. However, the voltage stress on the buckboost diode and switch is almost

twice of the boost diode and switch.

Via (V) PF Vae (V) | Vbo, Vso (V) | V,THD
90 0.988 138.5 252.3 0.00%
110 0.991 149.2 261.1 1.34%
135 0.990 170.1 320.5 2.02%
180 0.991 213.1 4278 2.83%
220 0.982 258.8 513.7 3.04%
265 0.975 310.8 580.1 3.26%

Table 3.1 Measured experimental data for various input voltages at 250W
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3.6 CONCLUSION

Simulation and experimental results show that the buckboost implemented PFC
stage has a very high input power factor of 0.99. The DC bus voltage is lower than that of
the boost implementation. However, in the worst case, the buckboost diode and switch will

tolerate a voltage stress up to twice of the DC bus voltage.
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CHAPTER 4
FuLL BRIDGE ZVS RESONANT INVERTER

4.1 INTRODUCTION

This chapter presents a high frequency dc-ac inverter operating under ZVS
achieved by a Resonant Nerwork. The proposed inverter adopts full bridge topology with
phase-shift control pattern. The output frequency of the inverter is determined by the
switching frequency. The amplitude of the output voltage is controlled by the phase-shift
angle. Near zero switching losses and very low output voltage Total Harmonics Distortion
(THD) can be achieved. Low conduction and circulating losses can also be acheieved by

optimizing the circuit parameters.

Principle and modes of operation are described thoroughly in section 4.2 and 4.3
respectively to understand the behavior of the circuits. Steady state analysis of the
proposed inverter is presented in section 4.4. Performance characteristics are also- given in

section 4.5 to guide the design.
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4.2 PRINCIPLE OF OPE RATION

Vi
% ﬂv Full Bridge Inverter
153
rF———— === 1

Ve
fms
T
AC  Input Filter Diode X |
Input ,"__7_,_ T Rectifier XY} oo Sz [;: [y N Resonant
T s 4 ) : Network

Cue

i
' § +

!

GO0 GI G4 G2 G3
Unified Controller «—— Vief

Fig. 4.1 Proposed high frequency full bridge inverter

The Full Bridge Inverter adopts phase-shift control pattern so that zero-voltage
switching can be realized in the proposed topology [24] [25]. The output of the Full Bridge
Inverrter is a quasi-square voltage waveform, which is converted into sinusoidal waveform

by the Resonant Network.

The Resonant Network consists of a series and parallel branch. The series branch is
made up of an inductor L, and a capacitor C;. The parallel branch consists of a parallel
inductor L, and capacitor C,. The series branch is tuned to the switching frequency so that
the fundamental component of the quasi-square waveform can pass without magnitude
reduction and the harmonics can be stopped by the series branch. The paraliel branch can

be either tuned or off tuned, depending on specific applications [26].
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[f the series and the parallel branch are both tuned, the Full Bridge Inverter and the
Resonant Network form an ideal voltage source [18]. The output voltage is load
independent and the current through the series branch decreases from rated value to zero as
the load decreases from rated value to zero. Under this operation mode, the output current
of the Full Bridge Inverter is in phase with its output voltage. Thus the right leg switch S
an S; are turned on under zero-voltage and the left leg switch S; and S, are turned off under
zero-voltage. The turn off zero-voltage can be achieved by placing snubber capacitors

across the switches. Hence, only two switches have turn on losses under this mode.

However, in high frequency applications, where frequency dependent losses are
crucial, we hope all the turn on and turn off losses can be eliminated. In the proposed high
frequency inverter, the series resonant branch is tuned, but the parallel branch is off tuned.
The resonant frequency of the parallel branch is larger than the switching frequency, i.e. £,
> fuw- SO that the Resonant Network as a whole is inductive. Therefore, the output current of
the Full Bridge Inverter lags its output voltage. As a result, turn on zero-voltage switching
can be achieved for all the four switches. Turn off losses can also be eliminated if snubber
capacitors are placed across the switches and if sufficient deadtime is given between the
gating signals of the switches on the same leg. Fig. 4.2 clearly illustrates that all the four

switches are turned on and off under zero-voltage.

Since the series branch is tuned, the output voltage is load independent. Its
frequency is determined by the switching frequency and its amplitude is controlled by the

phase-shift angle.
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Fig. 4.3 Current paths of the inverter during various intervals corresponding to
the key waveforms given in Fig. 4.2

4.3 MODES OF OPERATION

The operation of the inverter can be divided into 10 different intervals during one
switching cycle. After one switching cycle, the intervals repeat themselves. The key
waveforms of the inverter have already been given in Fig. 4.2. The current path of each

interval that corresponds to the waveforms in Fig. 4.2 is given in Fig. 4.3 (a-j).
e Interval 1 (#)~¢)):
This interval starts at ¢y, see Fig. 4.2. Switch S; and S3 are conducting at the same

while switch S; and S, are off. The power is delivered from the input to the output through

switch S; and S3. The current path of this interval is given in Fig. 4.3 (a).

o Interval 2 (¢;~15):

During this interval, switch S; is turned off, but switch S; is still on. As we have

analyzed in section 4.2, the Resonant Network is designed to be inductive so that the output
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current of the Full Bridge Inverter will lag the voltage. Therefore, the primary current will
maintain the same direction as that in interval 1. The primary current charges the snubber
capacitor Cs; from zero to the DC bus voltage, and discharges capacitor Cs; from the DC
bus voltage to zero simultaneously, see Fig. 4.3 (b). If the snubber capacitor Cs;s is large
enough, a near zero turn off loss can be achieved for switch S3. Since this interval is
determined by the delaytime between the gate signals of switch S, and S3, the delaytime
should be long enough so that before switch S is turned on the snubber capacitor Cs; can
be fully discharged. Otherwise, the rest of the energy stored in the snubber capacitor Cs2

can not be pulled into the Resonant Network but dissipated in switch Sb.

e Interval 3 (£,~1;):

During this interval, switch S; and S> are conducting. The primary current will
remain the same direction and circulate in the loop formed by switch S;, S> and body diode
D, see Fig. 4.3 (c¢). In this interval, the current flowing through the switch S is from

source to drain, which shunts the body diode, thus reduces conduction losses.

o Interval 4 (t;~¢,):

Switch S; is turned off and only switch S is conducting. The primary current keeps
the same direction. Snubber capacitor Cs; is charged, and Cs, is discharged during this
interval, see Fig. 4.3 (d). In order to ensure the snubber capacitor Cs; and Csy can be
entirely charged and discharged respectively, the deadtime between switch S; and Sy

should be long enough.

o Interval 5§ (¢,~15):
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Switch S, is turned on, and switch S; is still on. The primaryy current is circulating
through switch S> and S, from source to drain. The current will also ;: go through body diode
D> and Dy, thus reduce conduction losses, see Fig. 4.3 (e). This interval will exist only if

the lag angle ¢ >(7z-6)/2. If ¢ =(75)/2, the circuits will skip to interv:al 6.

e Interval 6 (¢5~%5):

The primary current changes its direction, going through switch S> and Sy from
drain to source. The power is transferred from input to output, see Fixg. 4.3 (f).
o Interval 7 (t,~t;):

Switch S; is turned off. The primary current is charging snulbber capacitor Cs; and
discharging snubber capacitor Cs; through switch S at the same times, see Fig. 4.3 (g).
e Interval 8 (¢~13):

Switch S3 is turned on. The primary current is circulating through switch S3, S, and

diode Dj at the same time, see Fig. 4.3 (h). The current flowing through switch S; is from

source to drain.

e Interval 9 (f3~1y):

Switch S; is turned off at the beginning of this interval. Switch S3 is reverse

conducting. Snubber capacitor Cs; is discharged, and Csy is charged, :see Fig. 4.3 (1).

e Interval 10 (f,~1,0):
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Switch S; is and S3 are conducting at the same time. However, the primary current

will flow from drain to source. Body diode D, and D; is also conducting, thus shunt the

current, see Fig. 4.3 (j).

4.4 STEADY STATE ANALYSIS

The following assumptions are made first to simplify the steady state analysis: (1)
The output voltage of the Full Bridge Inverter is an ideal quasi-square waveform, see
Appendix Al, Fig A.1. (2) The transformer turn ratio is one. (3) The resonant inductors

and capacitors are ideal. (4) The load is resistive.

———— —
Zs ] e
is(t) jnXs '/flt‘r/” R Zpd

Ru
jnXp I ~fk=Xp/n Va(1)

Fig. 4.4 n™ harmonic equivalent circuit (per unit) of the inverter

The #»™ harmonic equivalent circuit is given in Fig. 4.4, where the series branch is
tuned to the switching frequency and the parallel branch is off tuned. X is the impedance
of the series inductor and capacitor at switching frequency. X, is the impedance of the
parallel inductor. X, is the impedance of the parallel capacitor, and Ry is the load

resistance.

Three important constants:

ki, k2 and k3 are given in Eq.(4-1), (4-2) and (4-3) respectively. They are the key

constants used in the following steady state analysis.
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k=X Xp 4-1)

k= Xeop/ Xp (4-2)

ks =X,/ Ra 4-3)

Output voltage of the Full Bridge Inverter:

Ideally, the output voltage of the Full Bridge Inverter is a quasi-square waveform.
Therefore, we can get the fourier series for the quasi-square waveform as below. The

derivation of this fourier series is given in Appendix Al.

w(t) = Z 426 -sin- E;?— -sin —r;—” -sin nast (4-4)

n=13

Current through the series branch:

The overall impedance of the Resonant Network is given in Eq.(4-4):

Zn=Zs+ Zp.d = Rc(Zn) + [m(Zn) . j (4'5)
Where:
R.
Re(Zn) = — . (4-6)
1+ (Ra! Xp)? -(n/ k2—1/n)*
X (n-1/n)+ X’R;" -(n—=1/n)(nlka—1/n)* - Ra” (n/k2—1/n)

In(Zn) = b : X (4-7)

Rd - 2

1+(—j (n/k2—1/n)
Xp

|Z| = VR(Z)? + In(Z:)? (4-8)
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In(Z) 4-9)

=t 7

Therefore, the current through the series branch is given:

- 4MIL— }15 nit
() = -sin- —-sin—-sin(nwst — ¢ (4-10)
( ) n=zl,:3n7[IZJII 2 2 ( ¢)

Phase lag angle of the Resonaret Network:

The phase lag angle of the Resonant Network will determine whether ZVS can be
achieved in the Full Bridge Iraverter or not. If the resonant components are properly
designed, the current through the series branch will be very close to a sinusoidal

waveform. Therefore, we can igmore the harmonics to calculate the phase lag angle:

=tan™ ——1—-(—1——1)
et - ks \ k2 (4-11)

Minimum phase-shift angle of the Full Bridge Inverter:

5 = o D)
Rc(_Zﬂ)

In order to achieve ZVS for the Full Bridge Inverter, the phase lag angle of the

Resonant Network ¢ > dd . Fig. 4.2 clearly illustrated this. Thus, the minimum phase-

shift angle is given below:

- 1 (1
Smin=17—2=x—2 tan '{—E-(Z—III (4-12)

Voltage across the series capactior:

The expression of the volltage across the series capacitor is given:
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Voltage across the series inductor:

ves(t) = is(t) - (—jXs / ) =_Z ks . nd

2
n=131

. nrx
sin- —-sin — - cos(nwst — ¢h)

The expression of the voltage across the series capacitor is given:

n=13

Output voltage across the load:

2
n

ch([) = [\([) . ("j/Y\/}’l) - _Z 4V Xs . nd .

nw
-sin- —-sin — - cos(nast — ¢u)

The output voltage across the load is:

Vu([) = V.\‘([) .

Where,

Zp. Load _ Vx([) _

Zotows +Zs  |Z|ZG

Zp. Load

= 4Vae . nd . nm .
Z -sin- — - sin — - sin(nast — ¢)
Sinn|Zi 2 2

l 1

Zp.LuuzI + Z\' - -Z - IZII4¢!

Zi =R(Z) +1n(Z) - j

1Z] = R(Z))? + In(Z)?

Re(Zi)=1—§i-(n—l/n)-(n/kz—1/n)

p

n(Z)) = ’: (n—1/n)
¢,— = tan-l l“@
Re(Z)
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(4-15)

(4-16)

4-17)

(4-18)

(4-19)

(4-20)
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[f the Resonant Network is properly designed, the output harmonics should be very
small, therefore they can be ignored. Then the rms value of the output voltage is given

below [18]:

Vo=0.9-sin —(;; Ve (4-22)

Current through the parailel capacitor:

Vu(f) = 4I/zlc . }’15 . nxr -
= -sin- — - sin — - cos(n@st — i (4-23)
Zilk2 Xp 2 2 ( %)

ip(t) = =
p( ) —_]-kZAXp/n "=|.37Z-

Current through the parallel inductor:

i) =22 5 e 0.2 inE cos(nant — ) (4-24)

. - 2 - Sm. N
X Gzl T 2 2

RMS values of the resonant components:

Since the current through the series or parallel branch is near sinusoidal, we can

ignore the harmonics, and get the rms value of the voltage and current approximately:

The rms value of the voltage across the series capacitor and inductor is:

> 4VuXe . nd . nrw
Y ———-sin-—-sin - cos(nawst — ) (4-25)

lyc.v = Vl.v =|— 3
n=l.3n-7z-|Z”I 2

n=l

The rms value of the current through the series branch is:

I = li"'([)l = Zﬂsm n—f-smi_;f— sin(nawst —¢:)l
n=1.3 nﬂ-lZ"l e - n=l (4-26)
i 2. c 2 2
_ O.9sm(z'/_) Vie . N+ U/ k)? (U k=1
o

The rms value the circuiting current in the parallel inductor is:
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Ip =in(0)| =| > Ve -sin-fé-sinﬂ-cos(nwst—(z}i)
s |Z| X 2 2 et (4-27)
_0.9sin(5/2) Ve
= a

The rms value of the circuiting current through the parallel capacitor is:

Lp =lin(0)| =| D W sin- ns, sin 22 . cos(nast — &)
n=137T leklzvp 2 2 el (4_28)
_0.9sin(6/2)-Vae
k2 X
The rms value of the output load current is:
o= |io(t)[ = Z Ve -sin- ’17—5 - sin—n,)£ -cos(nawst — ¢i)‘
n=1.3 - - n=l1 (4-’29)
_0.9sin(6/2) - Ve
Ra
Relationship between resonant currents and load current:
Combine Eq.(4-26) and (4-29), get:
§=\/1+(1/k3)2-(1//c2—1)2 (4-30)
Combine Eq.(4-27) and (4-29), get:
Iy 1
—=— 4-31
[u k3 ( )

Combine Eq.(4-28) and (4-29), get:
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= (4-32)

The total circulating losses are:

Y 9(sins/2)-Va |* 81sin(5/2)? - Ve an
1_) 'rp=|:09(smé'/ ) Vd} _rp=O8lsm(5/ 2 - 433

k2Ru k2* Ra’?

The worst THD of the output voltage

The worst Total Harmonics Distortion of the output voltage happens when the load

resistor is infinite. Therefore, the rms value of the n™ harmonics of the output voltage is:

0.9sin(nd6/2)-Vae _ 0.9sin(n6/2) -V
Vo. HI Ri—ren = ] - _ _ _ (4-34)
| Za,, n[l—-kn—1/n)(n/k2—1/n)]
The fundamental component of the output voltage is:
.9si 2) -V .
Vi =V, "‘ N L= 0 9Sll‘l(i’l5/ ) f l =0.9sin é - Ve (4_35)
seo=t gl —ki(n—1/ n)(n/ k2a=1/n)]|,_, 2
Therefore, the worst THD is given below:
i 0.9sin(nd/2)
i I/u.nz n=3.3 n - [1 - ‘/IE'I'(}’I - l][}’l — _/_C_Z):|
THD = n=35 - 2 n n (4-36)

Vo 0.9sin(6/2)

Snubber Capacitors:

The value of the snubber capacitors are chosen in such a way that the allowable rise

time 7., is much larger than the specified rise time ¢, for the switches in order to reduce the
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turn off losses to an acceptable level. In practice, ¢,=3¢, [26]. The minimum value for

snubber capacitors across switch S; and Sy is:

. (S max 1 (1 :

sin} — 1+ P k——l 5 5

Coa= — 3 22 - - - Sin(_ml—‘ + ¢ =+ a)[arj -+ Sin(——mix- =+ ¢) (4-37)
E-N-Rd W 2 2

The minimum snubber capacitors across switch S» and S should be:

(& max 1 (1 )
sm( 5 ]\/1+k-2 -(;—IJ 5 5 )
Csrs = - u - [sm( iy a)ta,) — Sin(ﬂ — ¢):| (4-38)

- T N>R, fow 2 2

Determination of Minimum Deadtime

The delaytime should be long enough so that the snubber capacitors can be fully
discharged before the switches are turned on. The minimum deadtime between the gate
signals of the switch S; and S, is given in Eq.(4-39), where & is at its minimum and Ry is at

its maximum.

Live = __1__J 71 —arcsin sin( 5;\&1 +¢) _ 77N~ Rd.max Cf;n _(5,“;" +¢j [ (4_39)

27#;“' = . 5min 1 1 :
sin l+— —-1
i 2 k3w \ k2 i

The minimum deadtime between the gate signal of the switch S> and S3 is:
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fies = l J arcsin TN~ Rd.max C_gﬁ'w +Sm(5min _¢) —(5min _¢) (

27;7";“' . 5min ]. [ 1 )‘,
sin 14— ——1
| 2 ki- \ k2

Rating of Resonant Components:

The rms value of the current through the series branch is:

_0.9sin(6/2) - Vae
N2Ru

L A1+ ks)? - (1 k2 —1)°

The rms value the circuiting current in the parallel inductor is:

_09sin(6/2) Ve

Ip
27¢;‘va

The rms value of the circuiting current through the parallel capacitor is:

0.9sin(5/2) Ve

I p
272_7‘.;'wk ZL[)

Rating of switches:

RMS value of the switch current:

Trais. s = Iraes. ss

~ =T _w{ﬁlxsin[ax 4+ é(;: _ 5)]}1610)[

Y

Invs.s: = [rus. ss

- \E; ™ {ﬁ[xsin{a)t—¢—%(7z—5)+a)td:l}2dcot
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4.5 PERFORMANCE CH ARACTERISTICS

4.5.1 Minimum Phase-shift Angle

The phase lag angle ¢ of the Resonant Network is essential in determining the zero-
voltage switching of the Full Bridge Inverter. ¢ is determined by the resonant components
and load, the minimum phase-shift angle is given in Eq.(4-12). Fig. 4.5 gives the
relationship between dmin and k: for various k;. We can see that, when k=1, O always
equals to 180°. This is because that when k>=1, the parallel branch is also tuned. The Fu/l
Bridge Inverter and the Resonant Network therefore together form an ideal voltage source.
When the ideal voltage source supplies a resistive load, the load current and voltage will be

in phase (i.e. #=0°). Hence, Oni»=180°.

[n order to let dnin as small as possible, k> must be larger than 1 and k; should be as
small as possible. Note, when all the resonant components are selected, if the load resistor
increases, k3 will decrease, which means at light load, the phase lag angle will be larger

than that of rated load. Hence, the minimum phase-shift angle can be smaller at light load.
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Fig. 4.5 Minimum phase shift-angle &, (degree) versus k; for various k3

4.5.2 Circulating Current

Fig. 4.6, Fig. 4.7 and Fig. 4.7 give the circulating currents as functions of k3. For

the sake of reducing the circulating losses, we prefer k; to be as large as possible.

However, k3 can not be too large, otherwise the minimum phase-shift angle is too small,

see Fig. 4.5. A compromise has to be made while selecting the value for &;.

10

I \\
4

0 0.5 1 15 2
k3

Fig. 4.6 Circulating current (per unit) through parallel inductor L, versus k3
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[cp

15 2
k3

Fig. 4.7 Circulating current (per unit) through capacitor C, versus k3 for various

s

0 0.5 1 1.5 2
k3

Fig. 4.8 Current (per unit) through series branch versus &; for various k;

4.5.3 Total Harmonic Distortion of the Output Voltage

Fig. 4.9 and Fig. 4.10 give the worst output voltage THD as function of k; and k>.
We see that when k>=1 (i.e. the parallel branch is tuned), at 5&~120°, the THD of the output
voltage is zero. When k»>#1 (i.e. the parallel branch is off tuned), this point shifts a little bit

around 5=120°.
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Fig. 4.10 THD as function of phase shift-angle & for various k; (at k£,=2)

Eq.(4-36) has given the expression of the output THD, in which &/, as a whole

has big influence on the value of THD. However, if k> changes, but k,;/k> remains the same,

THD will be almost the same. Curve k=1 (k>=1) in Fig. 4.9 and curve k=2 (k>=2) in Fig.

4.10 is an example.
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[f we want to reduce the output THD, one way is to increase the value of the
parallel capacitor C,, because a larger capacitor can absorb more harmonics current.
According to Eq.(4-36), we can get the same conclusion. When capacitor C, increases, &
decreases but k; remains unchanged, therefore, the output THD is reduced, see Fig. 4.9 and

Fig. 4.10.

We can also increase the impedance of the series branch components (i.e. increase
the value of inductor L, and decrease the value of capacitor C;) to reduce the output THD.
It is because that larger series impedance can let more harmonics voltage drop on it.
According to Eq.(4-36), when the series branch impedance is increased, then k; increases

but k> remains the same, therefore the output THD is reduced.

We must be aware that changing the value of the parallel inductor L, does not help
much in reducing the output THD, because when inductor L, changes, k> changes, but &,/k>
remains the same. Then, according to Eq.(4-36), the output THD will remain nearly the

same.

4.5.4 The Effect of Transfo rmer Location on Performance

In section 4.4, the steady state analysis does not include the transformer. However,
the location of the transformer will have some impact on the Resonant Network
components. As we have discussed in Chapter 2 and Chapter 3, the transformer turn ratio
of the proposed inverter is greater than 1. If the transformer is located after the Resonant
Network, then the circulating current is large, hence more circulating losses. If the

transformer is located after the Resonant Network, the voltage across the resonant
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components is large. Table 4.1 and Table 4.2 give an example to show the effect of

transformer location on the resonant current and voltage.

Ls Cs L, C,
Value 6.875uld | 03684uF | 1.146uH 1.105uF
Current (rms) 22.444 22.44 41.654 20.834
Voltage (rms) 96.9V,, 96.9V, 30V, 30V,

Table 4.1 Values and ratings for resonant components (transformer before the Resonant
Network at N=4, k;=6, k=4, k3=0.2, I, ratea=8.334)

L Cs L, . Gy
Value 110uH 23nF 18.33uH 69nF
Current (rms) 5.614 5.614 10.414 5.24
Voltage (rms) 387.5V, 387.5V4 120V, 120V,

Table 4.2 Values and ratings for resonant components (transformer after the Resonant
Network at N=4, k;=6, k=4, k3=0.2, [, rarea=8.334)

The location of the transformer is determined by the specific application. If the
output is low voltage but large current, the transformer should be placed after the Resonant
Network to reduce the circulating current. If the output is high voltage but low current, the

transformer is better to be placed after the Resonant Network to reduce the voltage stress

across the resonant components.
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4.6 SIMULATION AND EXPERIMENTAL VERIFICATIONS

The simulation and experiment circuits are based on the design example given in

Chapter 5, which has a 30V,, 100kHz output voltage, 250W output.

4.6.1 Simulation Waveforms

Fig. 4.11 to Fig. 4.13 gives the simulation waveforms, which are simulated at

110V, input with 30V, output voltage at 100kHz and 250W output power.

Fig. 4.11 Simulation waveforms of the Full Bridge Inverter
(a) Output voltage and current of the Full Bridge Inverter; (b) Drain to source voltage and
current of switch S;; (c) Drain to source voltage and current of switch S
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(b)

(c) -

(d)

(e) - /- -

Fig. 4.12 Simulation waveforms of the Resonant Network
(a) Current through the series branch; (b) Current through the parallel capacitor; (¢) Current
through the parallel inductor; (d) Voltage across the series inductor; (e) Voltage across the
series capacitor
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(b) | o _.',,,,,4_.._?

Fig. 4.13 Simulation waveform of the output voltage
(a) Waveform of the output voltage (30V,¢ at 100kHz); (b) Frequency spectrum of the output
voltage (THD=2%)
Fig. 4.11 gives the PSpice simulation waveforms ot the Full Bridge Inverter, which

shows that ZVS is achieved in the dc-ac stage. The voltage and current waveforms of

switch S; and S3 also verified the prediction given in Fig. 4.2.

Fig. 4.12 gives the current and voltage waveforms of the resonant components. Fig.
4.12 (a) shows that the current through the series branch is nearly sinusoidal, which

verifies the prediction given in section 4.4, page 70.

Fig. 4.13 gives the simulated output voltage and its frequency spectrum. The
harmonics of the output voltage distribute at 300kHz, 500kHz, and so on. The Total

Harmonic Distortion of the output voltage is as low as 2%.
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4.6.2 Experimental Results

Fig. 4.14 to Fig. 4.18 give the experimental waveforms, which are measured at
110V, input and 250W output. Fig. 4.14, Fig. 4.15 and Fig. 4.16 verified the waveforms

given in Fig. 4.2 and Fig. 4.11. They also show that zero voltage switching is achieved.

|
L 50v/div
Vs L SA/div [

I /( r 2.5us/div

v
w% %‘ o “\\\
|

=

Fig. 4.14 Experimental waveforms of the output voltage and current of
the Full Bridge Inverter (at 110V line input, P,=250W)

1
Vosi

Fig. 4.15 Experimental voltage and current waveforms switch 1
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Fig. 4.16 Experimental voltage and current waveforms switch 3

~

The waveform of the final output voltage is given Fig. 4.17. Its frequency spectrum

is given inFig. 4.18, from wthich its THD can be calculated out to be as low as 1.4%.

20Vidiv
Wo | | sus/div

o
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Fig. 4.17 Experimental wasveform of the output voltage (at 110V, line input, P,=250W)
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1 42.4v, at 100kHz |

Rl RS P

[ 0.6V, at 300kHz

P

Fig. 4.18 Measured harmonics of the output voltage, THD=1.4%
(at 110V line input, P,=250W)
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CHAPTER S

DESIGN PROCEDURES AND EXAMPLES

In this chapter, a boost implemented high frequency ac-ac converter will be given
to show the design procedure of the ac-ac inverter. The buckboost implementation follows
the same design procedure, and most of the parameters are the same. Therefore, the design
procedure of the buckboost implementation will not be given. However, a design example

of boost and buckboost will both be given in the end of this chapter.

5.1 DESIGN SPECIFICA TIONS

It is required to design a 250W output, input current power factor corrected high

frequency ac-ac inverter with the following specifications:

Input Line Voltage: Vip=90-265V,. at 60Hz

e Output Voltage: V=30V, at 100KHz

e Output Voltage Total Harmonic Distortion: THD<5%

e Input Current Power Factor: PF>0.86

e Input Current Harmonics: match the requirements of IEC-1000-3-2
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5.2 DESIGN PROCEDURE

Boost implementation is presented to give the design procedure in this section. The

design procedure of the buckboost implementation is similar to that of the boost

implementation.

5.2.1 Determination of Gate Signal Constant m and Inductor L,,

The goal of designing the PFC stage is to achieve a high power factor, low DC bus
voltage, and low current stress. Power factor and current stress are related to the value of
inductor L;,. The value of L;, should be designed to its maximum in such a way that at low
line heavy load, the DCM operation of the PFC stage can be maintained and the current
stress can be minimized. The DC bus voltage is mainly determined by the Gare Signal
Constant m, which also affects power factor. m should be designed to its maximum so that
at high line light load, the DC bus voltage is smaller than 450V, and the power factor is

kept high in the mean time. The design procedures to find out the maximum L; and

maximum m are given in Fig. 5.1.

The range of L, and m can also be very easily narrowed down from the
performance characteristics given in section 2.5.3 and 2.5.4. In addition, with the help of

computer simulation, the value of m and L;, can be optimized as below.
m=28 (5-1)

Lin=25uH (5"2)
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Arbitary smallLin and
arbitary largem

Use Eq.(2-22) to calculate outD
@ Vinmin and Rd.min

Use Eq.(2-25)
DCM ?

Match

[EC 1000-3-2
2

Use Eq.(2-22) to calculate outVboost, and D)
@ Vinmax and Rd.max

Lin= Lin+ ALin

P
-

Fig. 5.1 Design procedures to find out maximum L;, and m

5.2.2 Determination of Key Constants k,, k; and k;

Key constant &y, k;, and k; can be selected from the performance characteristics
given in section 4.5.1, 4.5.2, and 4.5.3. And with the optimization of simulation tools, they

are determined as below.
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b =4.4 (5-3)
k2=1.5 (5-4)

k;=027 (5-3)

5.2.3 Determination of Resonant Components:

After the three constant k;, k» and k3 are determined, the values of the resonant

components are given from Eq.(5-6) to Eq.(5-9):

[ kikaN~Ra (5-6)
2 fow

C= L (5-7)
2afecdcikaN R

L= k2N~ Ra (5-8)
2refow
! (5-9)

’ T 2afukaN? R

5.2.4 Rating of Resonant Components:

The rms value of the current through the series branch is:

_0.9sin(5/2) - Ve

L ’
IV - Rz/

N+ (U k3)? (1 k2—=1)* =5.64 (5-10)

The rms value the circuiting current in the parallel inductor is:
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_0.9sin(5/2) - Ve
DrfowLp

I =10.34 (5-11)

The rms value of the circuiting current through the parallel capacitor is:

0.9sin(5/2) -Vie

[ep = =10.34 5-12
’ 2okl ? 6-12)
5.2.5 Current Rating of switches:
RMS value of the switch current:
Irvs. st = Truss s
(5-13)

= 51; f-w{ﬁ[\-sinl:wt—cé+%(fr—5)}}-da)t =2.14

[rus.s: = [rus. ss

(5-14)

-

- \/L f_w{\/_z_[‘-sin[wt—¢—%(7z—5)+wtd}}—dwt =254

27

5.2.6 Determination of boo st diode and switch

The maximum peak current through the boost diode and switch can be calculated

out through (2-6):

2 i 00ST
V2V Diwn _ 4 4 (5-15)
Lin ﬁmo.\'l

[I.in, p=
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5.2.7 Determination of boost inductor

The maximum peak current through the boost inductor is given in (5-15). The rms

current through the boost inductor L;, is:

Pin.max — 3A (5-16)

in, min

[Lin. ms =

5.2.8 Implementation of Control Circuits

The implementation of the control circuits is very simple. Vg;, Vg2, Vs, and Ve
can be generated by a phase-shift controller such as UC3875N. Vg, can be generated by the

logic circuits given in Fig. 5.2, in which 74121 is monostable multivibrator, and Vg,, Vs

are from the output of the phase-shift controller.

Rext2 o L
= L sm'rl = 1
T Tdcext
ey | RexTicext l_ cemz | © e ‘ Vo
=8
= < RNt } a1 Zh (=)
er——, CEXT Q1 . a2
Var —f \ _ — (m=4) B 74121
Al Q1P |
Vas —f Dy v L A2 —
it B 74121 =
(m=2) | i

— 5V

!

Fig. 5.2 Logic circuits that generate Vg for different m

5.3 DESIGN EXAMPLES

Table 5.1 lists the components used in the boost implemented high frequency ac-ac

inverter. Table 5.2 gives the component list of buckboost implementation.
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Component and Parameter

Value and Device

L, (series inductor)

110uH, Philips Ferrite Core: CP-PQ32/30

C, (series capacitor)

22nF/800Vdc, Sprague polypropylene film capacitor

L, (parallel inductor)

25uH, Philips Ferrite Core: CP-PQ32/30

C, (parallel capacitor)

68nF/600Vdc, Sprague polypropylene film capacitor

7, (main transformer)

4:1, TDK Ferrite Core: PC40EI30-Z

L, (boost inductor)

25uH, Philips Ferrite Core: CP-PQ26/20

Cu (bulk capacitor)

3x330uF/450Vdc, United Chemicon SMH aluminum
electrolytic capacitor

Su, S1, S3, S3, Sy (switches)

500V/20A, International Rectifier: IRFP460

D()

600V/8A, Motorola ultrafast rectifier: MUR1660CT

Cir, Cs2, Cy, Cyy (snubber
capacitors)

InF/600Vdc, Sprague polypropylene film capacitor

Table 5.1 LiSTS OF COMPONENTS (BOOST IMPLEMENTATION)

Component and Parameter

Value and Device

Li» (buckboost inductor)

25uH, Philips Ferrite Core: CP-PQ26/20

Dy (buckboost diode)

600V/8A, Motorola ultrafast rectifier: MUR1660CT

Table 5.2 L1STS OF COMPONENTS FOR BUCKBOOST IMPLEMENTATION
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CHAPTER 6

CONCLUSIONS

6.1 SUMMARY

This thesis provides a solution to low power high frequency ac-ac inverter for
computer and telecommunication distribution system. Boost and buckboost implemented

power factor correction topologies are presented. Analysis and comparison of these two

approaches are given.

Experimental results show that the proposed inverter has a high input power factor,
which complies with IEC-1000-3-2 standards. The DC bus voltages of the two approaches
are well limited for the universal line voltage. The implementation of the control circuits is
simple. The output voltage is load independent with very low THD (<2%). The overall

efficiency can be above 85% if properly designed.

The boost implementation is very attractive for 90-135V,. input, 150-250W output
applications. The buckboost implementation is very attractive for 90-265Vac input, 100-
150W applications. The overall efficiency of the boost implementation is higher than that
of the buckboost implementation. However, the buckboost implementation has lower DC

bus voltage and a higher input power factor.
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6.2 CONTRIBUTIONS

The major contributions of this thesis are:

(1) Proposed a topology for low power high frequency ac-ac inverter for high

frequency telecommunication and computer distribution system.

(2) High input power factor, low output THD, limited DC bus voltage, high

efficiency and low cost are achieved.

(3) Two approaches are presented and compared, which is

(4) Theoretical analysis and design procedures are given.

(5) A laboratory prototype is built and experimental results verified the theoretical

analysis and computer simulation.

6.3 SUGGESTIONS FOR FUTURE WORK

(6) Optimization of components and layout design using PCB.

(7) A control methodology for fast transient response.

(8) Stadbility study of the inverter system with the high frequency distribution

loads [30].
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APPENDIX

A1l.OUTPUT VOLTAGE OF RESONANT NETWORK
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bn = 2c0 _E’;f(t)sin( n/ﬂT )d[ (A_3)

T T/ wo

T+

2@0

bn = pa %sin(na)ot)dt (A—4)
by = E inT a1
w2 2 (A-5)
4 . 0 . 0
Vo =b"|u=l 'Vz[c:;’ Sln%'Slni'Vdc=O.9SIH?’Vdc (A-6)
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A2. TRANSFORMER DESIGN

Pin := 300 f:=10010°

kp: Primary area factor

ku :=0.780.8-(1 - 0.35) ku: Winding packing factor
kt: RMS current factor

kt:=1.0
k == kp-ku-kt k: Overall copper utilization factor.
B:=10010"° B: Peak flux density, half of the flux density swing, T
.\ 1143
p .| L0Pin } AP: Area product (FAe*Acw), cm’4
k-2-B-f
AP = 0.708 (Theoretical calculated product area, cm”4)

According to the theoretical calculated product area, choose TDK ferrit core:
PC40EI30-Z Hence get the following parameters:

Ae: Effective core area, mm”*2

Ae =111

Acw = 75.6 Acw: Cross-sectional winding area of core, mm*2
Ve := 6440 Ve: Effective core volume

The new Area Product is larger AP = Ae-Acw-10~% AP = 0.839

than the calculated one:

Corresponding to the core size, choose bobbin: BE-30-1110CP, and Accessory item: FE-30-F.
Hece get the following parameters:

Iw:=61 lw: Average length of turns around bobbin, mm

Aw =445 Aw: Cross-sectional winding area of bobbin, mm”"2
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Calculate transformer turn number:

Vp:= 120

n:=4

6
10°-V
Np := floo — P
4.44f-B-Ae

N
Ns := ceil =L
n

Choose wire size:

ku:=0.780.8

Apri ;== kp-ku-Aw

Apri

Awp = P
Np

Awp =0.579

Choose AWG #20 (AWG area: 0.5264mm"2)

Asec = Apri
Asec
Aws =
Ns
Aws =234

Choose AWG #14 (AWG area: 2.0959)

Vp: primary winding voltage, rms value

n: transformer turn ratio

floor(x): return the smailer integer

ceil(x): return the bigger integer

Modify the winding packing factor, because of using the
bobbin winding area instead of the core winding area.

Apri: Effective Primary area, mm”2

Awp: Primary wire area, mm*2

Awp :=0.5264

Aws: Secondary wire area, mm*2

Aws =2.0959
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Calculate copper losses:

p :=1.558
Rt:=0.004
T:=50

ptc:=p-(1 + Rt-T)

Is := 8.333
[
Ip:= >
Np
Ns
lw-N _5
Rl:= ptc--w—p--lo >
Awp-0.8

Pcopperl := [pz- R1

lw-Ns _5

R2:= ptc- -10
Aws-0.8

Pcopper2 := Is™R2

Pcopper := Pcopperl + Pcopper2

Pcopper = 0.565

p: Resistivity of copper at 0 degree, uQ2/cm

Rt: Temperature coefficient of copper at 0 degree

T: Working temperature

ptc: Resistivity of copper at T degree, uC¥cm

Is: Secondary rms current

Ip: Primary rms current

Only 0.8 of the wire area is copper

Pcopperl = 0.282

Pcopper2 = 0.283

Pcopper: Copper losses of the core, W
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A3.RESONANT INDUCTOR DESIGN

Resonant Inductor Design

Estimation for Area Product:

L:=11010"° L: Inductor value
[rms = 5.6 Irms: rms current through the series resonant inductor, A
Ip:= \/_‘2 Irms Ip: Peak current through the series resonant inductor, A
ku :=0.780.8-(1 - 0.35) ku: Winding packing factor
B:= 14010~ B: Peak flux density, half of the flux density swing, T
4\ 1143

-Ip-Irms- 10 . =Ae* A
AP = LIp-Irms 10" AP: Area product (=Ae*Acw), cm*4

450-B-ku
AP = 2.094 (Theoretical calculated product area, cm*4)

According to the theoretical calculated product area, choose TDK ferrit core:
PC40PQ32/30G-12. Hence get the following parameters:

Ae = 161 Ae: Effective core area, mm”"2

Acw = 1496 Acw: Cross-sectional winding area of core, mm~*2
Ve:= 11970 Ve: Effective core volume

The new Area Product is larger AP := Ae-Acw-10"% AP = 2.409

than the calculated one:

Corresponding to the core size, choose bobbin: BPQ32/30-1112CP, and Accessory item:
FPQ32/30-A. Hece get the following parameters:

w:=67.1 lw: Average length of turns around bobbin, mm

Aw = 95.3 Aw: Cross-sectional winding area of bobbin, mm*2

107



Calculate inductor turn number:

ur: Relative permeability of core

ur:=1
w0 = 4-1-10~7 u0: Magnetic field constant (H/m)
N := floo _Lblp floor(x): return the smaller integer
B-Ae-107°
N =38 ceil(x): return the bigger integer
2 —6
g .o UruO-N-Ae-10 s Ig: Total length of air gap, mm
s L
lg = 2.656

Choose wire size:

Modify the winding packing factor, because of using the

ku:=0.780.8 A N A
bobbin winding area instead of the core winding area.
Aew = ku-Aw Apri: Effective winding area, mm~2
A .
Awa = oW Awa: Wire area, mm*2

Awa = 1.565

Choose AWG #16 (AWG area: 1.3224mm"2) Awa = 1.3224
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Calculate copper losses:

p :=1.558
Rt := 0.004
T:=50

ptc :=p-(1 + Rt-T)

Iw-N _5
Rl:= ptc-—w——»lo >
Awa-0.8

Pcopper := lrms™R1

Pcopper = 1.413

Calculate core losses:

p: Resistivity of copper at 0 degree, uQ2/cm

Rt: Temperature coefficient of copper at 0 degre

T: Working temperature

ptc: Resistivity of copper at T degree, u€%/cm

Only 0.8 of the wire area is copper

Pcopper: copper losses, W

From the Core Loss Curvegivenby TDK, at fs=100kHz, B=140mT, the core loss per
m*3 for PC40 material is 130kw/m*3, therefore the core ioss is:

Pcore := 130 10°-Ve 1077

Pcore = 1.556

Pcore: Core losses of the core, W

Total losses and total temperature rise:

Ptotal := Pcopper + Pcore

Ptotal = 2.969

From the Temperature Rise vs. Total Loss Curvegiven by TDK, at Ptotal-z 969W,
get the temperature rise of the core is 50 degree.
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Parallel Inductor Design

Estimation for Area Product:

L:=1810"° L: Inductor value
[rms:= 10.4 Irms: rms current through the series resonant inductor, A
Ip:= ﬁ,[ms Ip: Peak current through the series resonant inductor, A
ku:=0.780.8(1 — 0.35) ku: Winding packing factor
B:=12010"° B: Peak flux density, half of the flux density swing, T
4\ 1043

-Ip- .10 . _ %* A
ap .| Elplms 10 AP: Area product (FAe*Acw), cm”4

450 B-ku
AP = [.299 (Theoretical calculated product area, cm”*4)

According to the theorettical calculated product area, choose TDK ferrit core:
PC40PQ32/20G-12. Hetnce get the following parameters:

Ae =170 Ae: Effective core area, mm*2

Acw = 80.8 Acw: Cross-sectional winding area of core, mm”"2
Ve:=9420 Ve: Effective core volume

The new Area Product iss larger AP = Ae-Acw-10~* AP = 1374

than the calculated onez

Corresponding to the coore size, choose bobbin: BPQ32/20-1112CP, and Accessory item:
FPQ32/20-A. Hece get he following parameters:

lw:=67.1 lw: Average length of turns around bobbin, mm

Aw =429 Aw: Cross-sectional winding area of bobbin, mm*2
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Calculate inductor turn number:

w0 ;= 41077
L-I
N := floo ——P
B-Ae-107°
N=12

2 —6
ur-uO-NL-‘Ae 10 16

lg :

aq

lg = 1.709

Choose wire size:

ku:=0.780.8
Aew = ku-Aw

Aew
Awa =

Awa = 2.231

ur: Relative permeability of core

u0: Magnetic field constant (H/m)

floor(x): return the smaller integer

ceil(x): return the bigger integer

lg: Total length of air gap, mm

Modify the winding packing factor, because of using the
bobbin winding area instead of the core winding area.

Apri: Effective winding area, mm”"2

Awa: Wire area, mm~*2

Choose AWG #14 (AWG area: 2.0959mm*"2) Awa = 2.0959
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Calculate copper losses:

p: Resistivity of copper at 0 degree, uQ/cm

p :=1.558
Rt := 0.004 Rt: Temperature coefficient of copper at 0 degre
T:=50 T: Working temperature
ptc :==p-(1 + Rt-T) ptc: Resistivity of copper at T degree, uQ/cm
Rl:= ptc___[ﬁ_N__ 10~ Only 0.8 of the wire area is copper

Awa-0.8

Pcopper := [rms>R1 Pcopper: copper losses, W

Pcopper = 0.971

Calculate core losses:

From the Core Loss Curvegivenby TDK, at fs=100kHz, B=120mT, the core loss per
mA3 for PC40 material is 110kw/m*3, therefore the core loss is:

Pcore = 110 10°-Ve 10~° Pcore: Core losses of the core, W

Pcore = 1.036

Total losses and total temperature rise:

Ptotal := Pcopper + Pcore Ptotal = 2.007

From the Temperature Rise vs. Total Loss Curvegiven by TDK, at Ptotal=2.007W,
get the temperature rise of the core is 40 degree.
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A4.BOOST AND BUCKBOOST INDUCTOR DESIGN

Calculate copper losses:

p: Resistivity of copper at 0 degree, ufY/cm

p = 1.558
Rt := 0.004 Rt: Temperature coefficient of copper at 0 degre
T =50 T: Working temperature
ptc:=p-(1 + Re-T) ptc: Resistivity of copper at T degree, u€2/cm
Rl = ptc-ﬂ»lo_s Only 0.8 of the wire area is copper
Awa-0.8

Pcopper = [rms>-R1 Pcopper: copper losses, W

Pcopper = 0.971

Calculate core losses:

From the Core Loss Curvegivenby TDK, at fs=100kHz, B=120mT, the core loss per
m”3 for PC40 material is 110kw/m*3, therefore the core loss is:

Pcore == 110-10°- Ve 10~° Pcore: Core losses of the core, W

Pcore = 1.036

Total losses and total temperature rise:

Ptotal := Pcopper + Pcore Ptotal = 2.007

From the Temperature Rise vs. Total Loss Curvegiven by TDK, at Ptotal=2.007W,
get the temperature rise of thie core is 40 degree.
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Calculate inductor turn number:

ur: Relative permeability of core

ur:=1
w0 == 47t 10”7 u0: Magnetic field constant (H/m)
N := floo _Llp floor(x): return the smaller integer
B-Ae-107°
N=16 ceil(x): return the bigger integer
2 -6
gz YU N-Ae-10 5 Ig: Total length of air gap, mm
° L
lg = 1.531

Choose wire size:

Modify the winding packing factor, because of using the

ku=07808 bobbin winding area instead of the core winding area.
Aew = ku-Aw Apri: Effective winding area, mm”2

Awa = oW Awa: Wire area, mm"2

Awa = 1.197

Choose AWG #18 (AWG area: 0.8343mm"2) Awa = 0.8343
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Calculate copper losses:

p: Resistivity of copper at 0 degree, uQ/cm

p :=1.3558
Rt := 0.004 Rt: Temperature coefficient of copper at 0 degree
T:=50 T: Working temperature
ptc:==p-(1 + Rt-T) ptc: Resistivity of copper at T degree, uQ/cm
Rl := ptc,ﬂ_, 1673 Only 0.8 of the wire area is copper
Awa-0.8

Pcopper = Irms=-R1 Pcopper: copper losses, W

Pcopper = 0.227

Calculate core losses:

From the Core Loss Curvegivenby TDK, at fs=100kHz, B=125mT (The reason B=125mT
instead of B=250mT is because the curve is drawn for 2 quadrants topologies, for 1 quadrant
topologies, the peak flux density should be divided by 2 to enter the curve to find the core
losses), the core loss per m*3 for PC40 material is 100kw/m”3, therefore the core loss is:

Peore := 100 10°-Ve 10~° Pcore: Core losses of the core, W
Pcore = 0.549

Total losses and total temperature rise:

Ptotal := Pcopper + Pcore Ptotal = 0.776

From the Temperature Rise vs. Total Loss Curvegiven by TDK, at Ptotal=832W,
get the temperature rise of the core is 30 degree.
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