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ABSTRACT

Liu, Kaiyang. M.S.E.C.E., Purdue University, August 2016. A Selective Polarity
DC-DC Converter With Virtually Infinite Voltage Levels. Major Professor: Afshin
Izadian.

This research introduces a new design of a converter modified from SEPIC con-
verter (Single end primary inductive converter), capable of generating desired voltage
levels and polarities. The new switching converter topology allows for boost and buck
of the input voltage theoretically achieving infinite positive and negative voltage lev-
els. The proposed topology utilizes single high frequency switch to perform the power
conversion which simplifies the design of the gate driver, but meanwhile, it still retains
the ability to provide a wide range of output voltage. Mathematical modeling of the
converter and computer simulations are validated by experimental data. To verify its
performance a prototype was designed and built. It is experimentally proven that the
circuit can generate a desired voltage in the range of voltages up to 170 V, delivering

480 Watts of power to a resistive load.



1. INTRODUCTION

1.1 DC-DC Converters

DC-DC converter is usually form a very important part in many different industrial
applications [1-7]. As an example, it is highly utilized in Fuel Cell Vehicle, because it
smoothly and fast controls the output power of the Fuel Cell. As the basic function,
DC-DC converter has its advantage of high reliability, high efficiency, high stability,
and high power density [8]. These characteristics satisfy the requirement for most
of the industrial applications. Therefore, a DC-DC converter with the ability to
step up and step down the input voltage and have met the basic characteristics have
important practical industrial utilization.

The basic topologies of the DC-DC converter can be classified in two different
types: isolated converter and non-isolated converter [9]. While comparing with these
two different types of DC-DC converter, it can be observed that the isolated DC-
DC converter does not able to achieve the same level of high efficiency as the non-
isolated one. As the reason, the isolated DC-DC converter performs the voltage
conversion through using a transformer, which is considered to have too much power
consumption [8]. Therefore, with higher efficiency, non-isolated DC-DC converter is
often used in industrial applications. The latter also contains single-switch topologies,
which includes two-switch cascade converter, Cuk converter, boost-buck converter,
single-ended-primary-inductance converter (SEPIC), and some other novel converters
with coupled inductors [10-12]. Cuk converter, boost-buck converter, and single-
ended-primary-inductance converter (SEPIC) are three main types of converters. The
conventional buck-boost converters and Cuk converters are called inverting converters,
because in their basic form, the polarity of the output voltage can be reversed from

the input voltage. As a noninverting buck-boost converter, SEPIC converter has been



attracting much attention since the polarity of their output voltage stay stable and
the components bear lower stress. Due to the absence of direct energy transfer path,
the voltage and current stress of the single-switch converter are usually high.

Nowadays, many of those industrial applications, such as photovoltaic [13], [14],
fuel cell energy system [15], [16], high-intensity discharge lamp (HID), DC back-up
energy systems, and electric vehicle, required high voltage gain DC-DC converters.
Especially for photovoltaic energy conversion system and fuel cell systems, in order
to connect to the grid-connected inverter, they usually need high step up and large
input current DC-DC converter to boost the low voltage (18V-56V) to a high voltage
(200V-400V). As another example, high-intensity discharge lamp (HID) demands for
high voltage gain DC-DC converters to raise a 12V battery voltage to a steady op-
erated 100V output voltage while it is applied for automobile headlamps [17], [18].
Conventional DC-DC boost converter is not suitable for high voltage gain application
because of high voltage stress and high duty cycle. Theoretically, a basic boost con-
verter can achieve infinite voltage gain if the duty cycle is able to set to an extremely
high percentage. However, in practice, the parasitic elements of inductors, capaci-
tors, and power transistors will limit the peak value of the voltage gain that the boost
converter can step up to. On the other hand, a serious reverse-recovery problem of
the rectifier diode may be induced the extremely high duty cycle operation, and also
cause large current ripples [19].

To achieve high voltage gain without using an extremely high duty cycle, several
different types of topologies can be selected from, including cascaded boost converter
[20], coupled inductor [21] and transformer topologies [22]. As mentioned before,
transformer may consume much energy, which leads to a lower efficiency comparing
with the other solutions. Cascaded designs required more number of switches and
gate driver circuits, so these converters requires large space on board and complicate
switching map [23]. The multilevel boost design also usually has disadvantage such
as high current stress of the switches, complexity (these converters contain large

number of parts), bad performance in case of wide load variation. Coupled inductors



is another technique used in the high step up converters. For example, a high step-up
parallel boost converter with coupled inductors is introduced in [24]. In these type of
converters, due to the input current ripple, there is a limitation on the duty cycle of
the switch and number of parallel phase.

Single-ended-primary-inductance converter (SEPIC) is a good choice for many of
the industrial application that required high voltage gain such as photovoltaic. The
advantage of using SEPIC can be concluded as the following 4 points [25]: 1. It is a
noninverting buck-boost converter. Output voltage will stay with the same polarity,
2. Input current is continuous, 3. Has the capability to work in both step-up and step-
down modes. 4. Low amount of EMI because of the low input current ripple [26], [27].
Increasing the output voltage can be performed by increase the duty cycle of the main

switch.

1.2 DC Microgrid

The rise of the concern of the fossil oil depletion and environmental issues has lead
the energy demand as well as concern towards renewable and green energy increasing
dramatically. The focus of researches and industrial production has gradually shifted
into this direction. Most of renewable energy units generate DC output voltage, and
required power electronic devices like high voltage gain DC-DC converter to adapt
their output to network conditions [28]. On the other hand, the consumer equipment
such as computers, TV, LED lighting, electronic gadgets, BLDC fan etc., need the
DC power of various voltages and polarities to operate normally [29]. However, the
performance of all those DC loads need conversion of the available AC power into DC
power, and most of the conversion stages are completed using traditional low-efficient
rectifiers. Therefore, power flows from the source to the load need to go through
several DC-AC-DC power conversion stages, which result in substantial energy losses.
For this reason, in many cases, using DC microgrids to transmit power seems more

justified since it avoided all these conversions. Comparing with the AC microgrid,



the advantage of the DC microgrid can be summarized as follows [30-34]: 1) More
efficient power transmission, 2) Few wires are required in a bipolar system than a
three phase system, 3) Better stability of system operation, 4) No reactance in line,
5) DC system does not require frequency monitoring , 6) Limited transient and its
stability issues, 7) No electromagnetic interference, 8) Lower line resistance.
Distributed generation system (DG) is a system that mostly uses renewable energy
sources of power and appears as a viable alternative to reduce transmission losses,
increase reliability, and reduce the need for large power plants [35]. In the DG systems,
DC microgrid can be used for optimal control of power flow from the sources to
loads [36], [37]. A high quality power will be supplied to consumers through the
DC microgrid. The power transmission in DC microgrid can be performed with
single wire, two wire, and even three wire, which can divide DC microgrid into three
different DC-link types: Monopolar, Bipolar, and Homopolar. Within all three types
of DC-link types, Bipolar is commonly implemented for residential and industrial
distributions. Bipolar DC microgrid contains three wires. One with positive polarity,
one with negative polarity and one that connects to the ground [38]. Comparing
with a unipolar system, bipolar transmission lines have the following advantages [28]:
higher reliability, because if one line fails the power transmission can still be performed
for half of the loads; increased energy transmission capacity; reduced current levels

with about half the current drawn in unipolar transmission line; lower power losses.

1.3 About This Thesis

This paper presents a new SEPIC-base DC-DC converter that utilizes one high
frequency transistor to generate selective polarity voltages. The voltage levels gener-
ated through this converter can reach infinite levels. This depends on the resolution of
the pulse width in PWM control structure. In conventional power converters [39-43],
a voltage step up or step down may require additional power circuit and control algo-

rithms. Yet these converters achieve digital 2, 3, 5 or 7 voltage levels. Compared with



traditional two-stage amplifiers and conventional DC-DC power converters, the new
single-stage switching converter is able to boost and buck the supply voltage, change
the polarity of the load voltage, and generate virtually infinite voltage level for the
output voltage only through changing the direction of the diode and duty cycle of
the transistor without using any additional power circuit or control algorithm. It not
only reduce the size and cost, but also decrease the efficiency.

One other topology that is always used to generate either positive or negative
output voltages is controlled AC-DC rectifier. By modifying the firing angle of the
rectifier control unit, not only the output voltage polarity can be selected, the level of
output voltage can also be adjusted. This effect has a good use in a DC motor driver
which can expand its operating regions to 4 quadrants. On the other hand, another
converter that has the ability to step up and step down voltage in both polarities is
a b-switch bipolar buck-boost converter [44]. Comparing with the controlled AC-DC
rectifier and 5-switch topology with the converter proposed in this paper, the proposed
converter has the lower amount of switches, which means it demands simpler control
method, and consuming lower energy. With only one switch to control, the liberty of
needing synchronized operation of several switches and utilization of multiple parallel
structure converters.

A comprehensive introduction of the new SEPIC-base DC-DC converter is given
in the following eight chapters. In chapter II, the configuration of the circuit is
introduced, the circuit diagram and an introduction of the circuit are given. Chapter
[T explains how the proposed converter operates. Four basic operating modes are
briefly described. Chapter IV specifically analyses converter behavior under these
four different operating modes and details the principles of the operations. Formulas
and state-space mathematical models of each mode are also demonstrated in this
chapter. Chapter V presents the sizing process for the elements in the converter in
order to generate the desired output. The small signal analysis is finished in chapter
V1, and the transfer function is obtained as result and tested in MATLAB to prove the

transfer function is actually corresponding to the system. In chapter VII, the stability



of the proposed converter in both positive peak and negative peak has been analyzed,
and the results of the experiment validation for both simulation model and practical
experimental prototype are presented in chapter VIII. Besides, details of the prototype
setup, chart of tested duty cycle with matched output voltage, and the analysis of
the results are also included in chapter VIII to provide a better understanding of the
validation results. In the end of this paper, final conclusions are drawn in chapter IX
to summarize the properties and re-emphasized the superiority, originality, and the

importance of the proposed converter.



2. SELECTIVE POLARITY DC-DC CONVERTER
2.1 Circuit Configuration

The SPEIC based converter that is introduced in this section is shown in Figure
2.1. Tt is designed based on a conventional SEPIC converter and has some components
modified in order to achieve the feature of polarity changing. This new converter al-
lows the load current to conduct in both directions (selective), hence creating positive
and negative load voltage (on-demand). The boost converter in the first stage of the
SEPIC converter has the ability to adjust the voltage level through changing the duty
cycle of the power switch, and the relay that connected with diodes D; and D, has

the ability to determine the direction of the load current flow.
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Fig. 2.1. New selective polarity DC-DC converter

The unique feature of this new converter, comparing with classical SEPIC con-
verter, is the replacement of the diode by a new set of devices that two diodes D,
and Dy connect to the two branches of a selector switch in opposite directions, which
allows either of the diodes to be conducted into the circuit and control the direction

of the load current. As the main switch to adjust the voltage level of the output, a



MOSFET is utilized here to provide high frequency switching. The MOSFET and
the selector switch are both controlled by a microcontroller Arduino Due.

In order to generate the output voltage with requested polarity, the position of
the switch is selected on demand. In order to improve the response time and reduce
the passive component size, this converter is required to operate at a fixed switching
frequency. The carrier frequency is set to 8 kHz for both positive and negative output
voltages. This frequency was experimentally validated to be able to maximize the
power conversion and voltage amplitudes. As the frequency is set to a fixed value, duty
cycle becomes the only control command to influence the converters performance.

Since the converter can perform voltage change in both polarities, a negative sign
is required in front of the duty cycle while presenting the duty cycle for the situation
that the converter is operating for generating the negative voltage. When the selector
is set to Dy, the forward-direction-diode is connected in the circuit. The current pass
through the diode D1 and conduct forward direction to the load. In this case, the
duty cycle is positive. With the main switch ) and diode D; turn ON and OFF
alternatively, a positive voltage will be generated at the load.

For generating negative voltage, a similar process is required where the main
switch is switching at 8 kHz and the selector switch is set to diode Ds, a negative
(sign) duty cycle is utilized to control the conversion. By turning the main switch @
and diode Dy ON and OFF alternatively, a negative voltage will be generated at the
load.

2.2 Modes of Operation

The proposed converter has two operation modes: positive mode and negative
mode. The state space averaging technique is applied here to analyze the behavior of
the converter in each mode. By using this technique, the state space representation

of each mode of operation is obtained and the overall system governing equations are



presented as an averaged system over a cycle. Since the converter can operate in both

positive and negative modes, the analysis for these modes will be provided separately.

A. Positive Voltage Mode

While in positive mode, the converter is operated as shown in Figure 2.2 and 2.3.
The selector switch change to position Dy and connect the forward-direction-diode D,
into the circuit which allow the forward-direction current to generate positive voltage
at the load. In this situation, the main switch () and D; are synchronized. While the
main switch @ is ON, inductor L; draw energy directly from the source and causes
a linear increase of current to charge the inductor. Inductor L, draws energy from
capacitor Cj. The charged output capacitor Cy discharges through the inductor Lo
and provides the load current. While ) is OFF, capacitor C; is charged by the source,
and sum of the current that go through L; and Ly form the load current and generate

positive voltage at load.

B. Negative Voltage Mode

While in negative mode, the converter is operated as shown in Figure 2.4 and
2.5. The selector switch connects diode D, into the circuit. The main switch ) and
Dy are synchronized and the same procedure as in positive peak voltage is followed.
Load current direction will be reversed and this will introduce a transition mode
to the system operation. With the main switch () and diode Dy turn ON and OFF
alternatively, this mode continuously operates and generates negative voltage at load.

Operations are presented as follow:
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Fig. 2.2. Positive mode I, Q and D1 are synchronized, Q: OFF, D2: ON.

Fig. 2.3. Positive mode II, () and D; are synchronized, @): ON, D;: OFF.

Fig. 2.4. Negative mode I, () and D; are synchronized, ¢): Off, Dy: ON.

Fig. 2.5. Negative mode II, () and D; are synchronized, ): ON, Dy: OFF.
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The status of the voltage and current of components in the converter are also

shown in figure 3A and 3B separately for different polarities.

Wy Qis
ON

Q is
OFF

Iz

vl+vu

Vo

Fig. 2.6. Voltages and currents of the components in the converter

under the positive mode
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Fig. 2.7. Voltages and currents of the components in the converter
under the positive mode

12
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2.3 Sizing

As one of the most critical process in the procedure of designing a converter, sizing
the inductors and capacitors in the converter gives a reference of the size range that
can guarantee the converter is able to operate normally. Appropriately sizing the
components in the converter can reduce the voltage and current ripples, increase the
efficiency of the power transformation, and ensure that the system is operating safely.
Since the new designed DC-DC converter has the ability to operate in both positive
mode and negative mode, therefore, the sizing procedure is doing separately in each
mode in order to evaluate the size comprehensively.

The proposed DC-DC converter is designed to generate a DC voltage output with
the range equals to 0-170V with virtually infinite voltage level by using a 30V DC
source. The maximum input current is 20A. Assume the efficiency of the converter is
90%, the maximum output current can be calculated and equals 3.2A. A MOSFET
is utilized in this converter performing as the switching device. The MOSFET is
switching at 8.3 kHz. The sizing will be analyzed separately in two parts for different
polarities, and in each part, the size of six components, including duty cycle, inductor,

MOSFET, diode, capacitor C', and output capacitor Cs, will be analyzed and showed.

A. Positive Mode
1. Duty Cycle

While the diode is conducting in the forward direction, the converter is working in
the position mode. The converter work as a normal SEPIC converter in this mode and
generate positive output voltage on the load. Assume that the converter is operating
in an ideal situation, the relationship between the input and output voltage can be
expressed by the duty cycle of the main switch, D, as follow:

Vot Vewp D
V, 1-D

- 0
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Vewp denotes the forward voltage drop of the diode D;. Since the converter is as-
sumed to be ideal, the efficiency of the power transmission is assumed to be 100%.
The power generates at the load is equal to the power drain from the source. There-
fore, the input and output current can also expressed by the duty cycle D. Through
using this formula, the equation can be rewritten as follow in order to calculate the

duty cycle D for corresponding output voltage:

Vo4 Vewp 170444
V4 Vot Vewp 304170+ 4.4

= 85.3% (2)

By solving the equation above, the value of D for generating a 170V output voltage
can be calculated as 85.3%.

2. Inductor

To start designing a PWM switching regulator, one of the very first step is to
make decision of how much ripple current is allowed for the inductor. The allowed
ripple current is denoted as I, . If the inductor ripple current is too large, the EMI
is increased, on the other hand, if I, is too small, it will cause unstable of the PWM
operation. The best way to size the inductor ripple current I, is to follow the rule
of thumb and make it 20% to 40% of the input current. So that, the inductor ripple

current can be calculated as follow:

30% x I, 18.43

Al = =
L 30% X 90%

= 6.144 (3)

Where n represents the estimated worst-case efficiency. n was estimated at the mini-
mum of the input voltage which was fixed at 30V and maximum of the output current
which could be obtain through using Eqn. (4). Since the converter was assumed op-
erating with 90% efficiency, 10% of power was lost in the transfer process, thus the
maximum output power was equal to 90% of the maximum of the input power, which

was 540W.



15

The input current was calculated as 18.43A, which was less than the maximum
input current, so it was within the range for input current. Thus the input current

I, is equal to 18.43A.

D 0.853 540
I, = = — 2 18434 4
97 1-D 1—0.853 170 (4)

The inductor L; is drawing energy from the source when the main switch @) is turned
on, and meanwhile inductor L, is charged by the capacitor C';. Both of the inductors
are charging in this mode. However, if the switch @ is turned off, both of the inductors
Ly and Ly release energy to the load. The equation below represents the size of the
inductors Ly and Lo, which are generated from the continuous current analysis of
the inductors. The worst case is considered for both inductor in order to obtain
the equations. Design the converter using the inductors in the range of these sizes

guarantees the continuous conduction.

DV, 0.853 x 30
L1 — L2 > g %

- — 951.07uH
2 ORI, fu - 2x 614 x 8300 2oL0TH (5)

The peak current for the inductors can be defined as showed in the following:

I 30%,  18.43

Titpe = 7 % (L4 =57) = agr x 115 = 23.554 (6)
AI, 540 6.14

1 =l +—= = +— =06254 7

Pk = 1o T 5T T 00 T g (7)

3. MOSFET

As the main switch of the converter, the MOSFET @ need to be carefully sized
in order to make sure that the selected MOSFET has the ability to bear the peak
voltage and allow the peak current to flow without breaking down. At the same time,
a well selected MOSFET could also minimize the power-dissipation losses. On the
other hand, the current rating or the current limit of the MOSFET is an important

factor in determine the maximum output current of the SEPIC converter.
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According to Section 2.2 Modes of Operation, the maximum voltage across the
MOSFET is the sum of input and output voltage V, + V,. And as for the current
rating of the MOSFET, the peak current rating can be expressed in equation 8 as
showed below:

I
IQPeak = ]LlPeak + ILQPeak = '[O + ﬁg + IL (8)
Iop, = 23.55 4 6.25 = 3.18 + 20.48 + 6.14 = 29.8A4 ©)

Besides the peak current rating of the MOSFET, the RMS current that would flow
through the MOSFET is another consideration in sizing, the RMS current is given in
equation (10):

V2

g

I _]\/(%+%+VFWD)X(V0+VFWD)
Qrus — o

= 19.99A4 (10)

g \/(30+ 170 + 4.4) x (30 + 4.4)
‘ 302

4. Diode

The two critical considerations while sizing for the output diode are the peak
current and reverse voltage. When consider the converter in the positive mode, the
peak current that the diode should have ability to handle is the same as the peak
current for the other active component MOSFET ().

]DlPeak - IQPeak - 298A (11)

As for the other factor used for sizing a diode in a SEPIC converter, the reverse
voltage of the diode D; that is able to withstand is supposed to be greater than the
maximum voltage of the MOSFET @, Vj,.... As the Figure 2.6 showed in the section
2.2, the maximum of Vj,,_,, can be calculated as the sum of the source voltage, output

voltage, and forward diode voltage, hence the reverse voltage of Dy should be size as:

Vi, > Vopes = Vo + Vo + Vewp = 30 + 170 + 4.4 = 204.4V (12)
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Since the diode has the same average current as the output load, the power dissipated

on the diode can be calculated as:

540
PD1 = VFWD X Io =44 x 1—70 = 13.98W (13)

5. Capacitor ('

Since the ripple of the voltage across the capacitor C' could be calculated as:

1,D
AVpy, = =2 14
1 lesw ( )
The size of the capacitance can be expressed as following:
1,D
o> — 15
t= Avcl fsw ( )

The voltage ripple of the capacitor C is the only variable in this equation, so that
the capacitance will be sized according to the need for the ripple value. While con-
sidering building the prototype, oil-filled capacitors were considered to be used as
the capacitors in the converter, thus the value selection for the ripple were basically
depends on the voltage rating of the oil-filled capacitors. Mostly, the voltage rating
of the capacitors are between 370V and 440V. Therefore, to make sure the capacitor
selection is working for the items that satisfied both of the voltage ratings, the voltage

ripple is set to 370V in the calculation.

540 o g5 307
oy > 1m0 25000 8o F 16
1= 7370 x 8300 a (16)
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6. Output Capacitor (s

While the MOSFET is switched ON, the inductor L, is charging, and the load
current is totally provided by the output capacitor Cy. In this reason, the output
capacitor need to reach a balance between the capacitance and the ESR, which means
the capacitance of the selected capacitor has to be large enough to provide to load
current in the ON time, but at the same time, it should not generate too much ESR.
Figure 2.8 shows how the output voltage ripple is controlled by the ESR, ESL, and the
bulk capacitor. The ripple has been broke down in two parts, ESR and capacitance

itself, to show how the ripple is form and related to the output current. The RMS

11-0)=T,

-la
~ _ESRfI_I!:fiLJ- fub
Viipuse |
ESR* Iy
Vaipicar |
Voiacy
A ‘I.Irllp

Fig. 2.8. Voltage ripple of output capacitor Cy in positive mode

current rating for the output capacitor Cs can be computed using the formula showed
in equation (17):

Ie,, = Iy —— (17)

out o 1_D
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By considering the ripple voltage is form by half of the ESR and half of the ripple
caused by the capacitance itself, the ripple should be less than the sum of these two

values like what is showed in equation (20).

A VRip

Vri = 18
f pese 2(1L1Pcak + ]L2Peak) ( )
21,D
Cy > ——F—— 19
? AVRipfsw ( )
oD
AVRiP < C f + (IL]-Peak + ILZPeak)VRipESC (20)
2J)sw

By modifying the equation 20, the output capacitor can be sized by the following

equation:

I, xD
(AVRip = (Ur1peu + LL2p00) X VRipgse) X fow
Same as the isolate capacitor, the ripple voltage is chosen between 370V and 440V.

Cy > = 1.48uF (21)

In order to fit both of the voltage rating, 370V is used as the ripple voltage to ensure
the size of the output capacitor is correct. And, as the result for the output capacitor
sizing, the capacitor need to be larger than 1.48uF to guarantee the converter is

working.

B. Negative Mode
1. Duty Cycle

Since the duty cycle for the negative cycle is denoted as negative numbers, ac-
cording to the analysis and calculation that has been done in section 3.2, the duty

cycle for the negative half can be computed as:

Vo + Vewbpn —170 — 4.4
Dneg = = = —85.3 922
9V, =V, — Vewon 30+ 170 + 4.4 % (22)

2. Inductor

Since the working status of the inductor L, and L. are different between operating

in positive and negative mode, the size of the inductors need to be sized by using
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a new method. By observing the operation mode of the inductors showed in figure
3B, the inductor L, is operated in a different way than in the positive mode, which
means L, is not able to be sized along with inductor L; anymore. They need to be
sized separately.

After the polarity of the output is changed, the current status of the inductor L,
remains the same. The current of Ly decreased almost 21, in (1 — D)T; second. The

relationship is showed as below:
 Vox(1-D)T, VyxD

21 = 2
I Ll Ll X fsw ( 3)
So that the boundary of the size for inductor L; can be calculated by:
V, x D 30 x 85.3%
Ly >~ = = 83.64uH 24
V200X fon 2% 1843 x 8300 004 (24)

As for the inductor Lo, the current status is changed after the polarity is changed.
Different than the current of inductor L;, the current reduces I, + I, in (1 — D)T;

second. This change can be expressed as equation (24):
V,x (1= D)T, _V,x(1-D)

I,+1Ip = = 25
I o L2 L2 X fsw ( )
So that the boundary of the size for inductor L.2 can be calculated by:
Vox(1—-D 170 x (1 —85.3
L,> Yex(=D) 170 x( X 139,330 (26)

(Iy+ 1) X fow  18.43 + 220 % 8300

Combining the size for both positive mode and negative mode, both the inductor L,
and Ly should be greater than 251.07uH. The peak current for the inductors can be

defined as showed in the following:

I, 30%. 18.43
I peay = Pl (1+—-)= qo7 1115 = 23.554 (27)
540
Inoper = 1o+ 1, = 170 +18.43 =21.614 (28)

3. MOSFET

Since the peak current for the inductor Ls is changed, the peak current for the

MOSFET will change also as showed below:

Igpee = Io1po,, + 102p,,, = 23.55 4 21.61 = 45.16A (29)
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4. Diode

The peak current for the reverse direction diode should equal to the peak current
for the inductor L.

IDZPeak = [L2Peak = 2161A (3())

As for the reverse voltage of the diode Ds, the diode Dy should be able to withstand

the voltage greater than the sum of output voltage and forward voltage of the diode:
VRDl Z —(V; + VFWDN) - —(—170 — 44) — 1744V (31)

And the power dissipated on the diode can be calculated as:

540

5. Capacitor ('

Since the operation for the isolate capacitorC’; does not make any difference after
the output polarity is changed, the size process on C; remain the same as positive

mode.



6. Output Capacitor (s

_[-I*FT DT, ol

UH.IIII'F-'-H! / /
/ ESR#{lii- hat lo)

Vorac

Fig. 2.9. Voltage ripple of output capacitor C'5 in negative mode
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Figure 2.9 demonstrate the difference of the voltage ripple of the output capacitor

(5 in the negative mode. By still considering the ripple voltage is form by half of the

ESR and half of the ripple caused by the capacitance itself, the ripple of the voltage

can be modified and rewritten as showed in equation 20.
AVRZ‘p
2(IL2P6ak - ]LlPeak)

21,D
C, > _—97
2= AVvRipfsw

1,D
AVRiP < + (‘[L2Peak - ILlPeak)vRipEsc
CQfsw

So that, the output capacitor can be sized by the following equation:
I, xD
(AVrip = (r2p,0r = LL1pear) X VRipgse) X fow

VRiPEsc -

Cy > = 0.92uF

(33)

(36)
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2.4 Simulink Model

Ll 1

3 = J = 5 i
s Vo 1% ) g’} oz et i %
\DEDE) - . V‘

——=A - } Mt —

o
-
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-

T~ comtn PW I Generator ﬂ{

Fig. 2.10. Simulink model of the new DC-DC converter in positive
mode by using Simpowersystem tool box in Matlab

Since the new SEPIC based DC-DC converter is a brand new topology, in order
to discover the performance and capability of the new design, a Simulation model is
needed to provide necessary information for the new design. The Simulink model of
the new SEPIC based DC-DC converter is shown in Figure 2.10. This model is built
in Matlab by using Simpowersystem tool box. Simpowersystem tool box provides
components and tools for modeling and simulating electrical power system.

In this Simulink model, a DC voltage source is applied as source. The circuit
is built according to the schematic of a classical SEPIC converter. Each inductor
and capacitor is connected to the circuit with a resistor connected in series. These
resistors are playing the role of the parasitic resistors of those components. The
status of each components are closely monitored by a voltage measurement block and
a current measurement block. For each measurement block, two scopes are connected
to present a comprehensive view of how each component is operating. The other
scope is connected to the measurement block after a mean value block. The data
that go through the mean value block will be averaged. The output and input power
are calculated by multiply voltage with current. The power conversion efficiency is

also measured real time when the operating conditions change.
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Although Figure 2.10 only displays the Simulink model for positive mode, the
model for negative mode can be easy formed by conducting the diode in the circuit

with a reverse direction.

2.5 Simulation Result

Simulations of the converter operation have been done through running the simu-
lation models in Simulink. The simulations simulated the operation of the converter
under different condition in both positive and negative modes and tried to generate
different voltage on the output load. The result of the simulation will be presented
after average to give a mean value for all the readings. By doing this way, the pa-
rameters can be easily estimated and the relation between parameters can be clearly
observed. An analysis for the result will be given after each graph, and a conclusion

will be given in the end of each section.

A. Average Simulation Results of Positive Output Voltage

In this part, three samples of the average simulation result is presented to display
the performance of the proposed converter under different operation modes including
boost and buck modes. Each graph in this part is form by eight sub-graphs, which
represent eight critical parameters that are able to comprehensively demonstrate the
performance of the converter. The eight parameters involves output voltage, output
current, inductors current (current that go through inductor L; and Lo separately),

diode current, transistor current, voltage of capacitor C', and voltage across the diode.



25

All the results showed in this part are obtained after averaging, which means the
results will only provide a reading of a consistent mean value of each parameter while
the converter is working in a stable condition, and no detail of the waveform for the
outputs of the eight parameters will be given.

Figure 2.11 presents the performance of the converter while duty cycle is set to
79.5%. 1In this situation, the converter operates at boost mode and generates the
peak positive output voltage, which is equal to 170V. Since the input current is also
the current that flows through inductor L, the power transmission efficiency can be

VoI, 170V x1.133A _ 192.61W _ 5c a0z

calculated ASy T T 30Vx1l4A  342W

The steady state output current,
diode current, and inductor Lo current can be observed to be basically the same, and
the inductor L; current is also very close to transistor current. While observing for
the voltage across capacitor C; and Diode, it can be noticed that the mean value
of Vg, is close to the voltage of input source and the mean value of Vp equals to
the output voltage. These observations can convincingly prove the analysis for the
current introduced in section 2.3 modes of operation and section 2.4 sizing is correct.

Comparing the current for first stage with the second stage, it can be easily noticed
that the input current is very large, which is 11.4A. Inductor L; draws large energy
from the source. In this reason, lots of energy will spend on the parasitic resistors
and cause energy loss. This can explain the reason why the voltage across capacitor
C1, Ve, is a little less than the input voltage V. On the other hand, the components,
such as inductor L; and transistor @), will suffer with large current and generate lots
of heats. Therefore, to deal with the situation like this, the items selected for the
inductor L; and transistor must have ability to allow large current to go through.
Meanwhile, heat sinks and some other heat reduction methods are also employed on
these items in order to avoid overheat and make sure the converter is working safely.
The details of how these heats reduction methods are applied will be specifically
introduced in the chapter 4.3. At the same time, the current flow through the output
cycle is pretty small comparing with the input current, and the average value for the

output current is only 1.133A.
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Fig. 2.11. Output Voltage V,, Output Current [,, Inductors Cur-
rent I, & Ir,, Diode Current I, Transistor Current I,, Capaci-
tor (7 Voltage V,, and Diode Voltage V; for positive boost mode.
(Duty cycle=79.5%, V,=170V, I,=1.133A, I, =11.4A, I;,=-1.141A,
I,=11.42A, I;=1.131A, V¢, =28.03V, Vp=170)
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The second example of the eight critical parameters showed below demonstrate
the converter behavior while the converter is operating to only boost the load voltage

to 60V, which is equal to two times of the input. Figure 2.12 presents the performance

Fig. 2.12. Output Voltage V,, Output Current [I,, Inductors Cur-
rent Iy, & Ip,, Diode Current I;, Transistor Current [, Capaci-
tor (' Voltage Vi, and Diode Voltage V; for positive boost mode.
(Duty cycle=28.7%, V,=60.07V, I,=0.4A, I,,=1.06A, I1,=-0.4042A,
1,=1.064A, 1,=0.403A, Vi, =29.96V, Vp=60.08V)
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of the converter while duty cycle is set to 28.7%. In this situation, the converter still
operates at a boost mode, however, only boost the voltage to 60V. Since the input
current is also the current that flows through inductor L, the power efficiency can

be calculated as VV"}ZI = 603%(/‘/;106%2%‘4 = g‘fgg% = 75.56%. Compare this results with

the one from last example which is also operating in a boost mode, currents are much
smaller. Input current changes from 13A to 0.1926A, and output current changes from
1.189A to 0.2388A. These changes reduce the power spend on the parasitic resistors
and lead to a dramatic increase in power conversion efficiency, which changes from
56.3% to 75.56%. This change can also be observed from the change of the voltage
across the capacitor C. The capacitor voltage increased from 28.03V to 29.96V. It is
much closer to the input voltage 30V as it supposed to be and less voltage was spent
on the parasitic resistors and cause power loss.

Besides, the waveform between current of inductor Ly and diode Dy, Current of
inductor L; and Transistor ), and Voltage across diode D; and Load Voltage are
very similar and they also share the same value just like the previous example. These
observation demonstrate and validate the circuit behavior of the converter in boost

mode.
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The third example of the positive mode demonstrate how the converter operating
in a buck mode. Same as the previous examples, graphs of the eight critical pa-

rameters will be presented and the average value will be given. Figure 2.13 presents

SRR N S SR T S " — — .

Fig. 2.13. Output Voltage V,, Output Current I,, Inductors Current
I, & Ip,, Diode Current I;, Transistor Current I,, Capacitor C
Voltage V¢, and Diode Voltage V; for positive boost mode. (Duty
cycle=10.3%, V,=20.05V, 1,=0.1337A, I,,=0.124A, I;,=0.134A,
1,=0.123A, 1;=0.1336A, Vi, =30V, Vp=20.06V)
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the performance of the converter while duty cycle is set to 10.3%. In this situation,

the converter operates at the buck mode. The power transmission efficiency equal

toVelo _ 20.05Vx0.1337A _ 2.68W
Vinlr1 30V x0.1239A 3TITW

= 72.12% Three figures in this part have completely
showed the wide range output of the proposed DC-DC converter and its capability of
operating in both boost mode and buck mode for positive peak. The output range is
covered from 0V to 170V continuously, and basically every voltage levels in this range
is reachable if the PWM switch allows the duty cycle to reach every percentage from
0.01 to 1. On the other hand, these figures also exhibits the feature that the proposed
converter generates stable outputs. As it can be observed in the figures, the output
voltage and currents flowing through each important components are able to reach a
stable state after a very short period and generate a constant output voltage on the
load. The power transmission efficiency of the converter is between 54% to 80%. The
power transmission efficiency for high output voltage is low is due to the high input
current and current ripples. Much energy is consumed by the parasitic resistors of
the components such as inductors, capacitors, and transistor. Since the source is a
constant DC source, the input current will decreased as the output voltage is getting
smaller. Therefore, the power transmission rate exhibits a decreasing trend with duty
cycle increased.

Three figure of results in both boost and buck mode are presented here in order
to demonstrate and briefly expound the abilities of the proposed converter. More
results in both boost and buck modes are also provided in Appendix to give a more

comprehensive view of the ability of the converter.

B. Average Simulation Results of Negative Output Voltage

As the critical innovation of the topology, how is the converter performing while
reversed the direction of the diode in classic SEPIC converter will be focused. The
following graphs are the simulation results generated by the converter while it is

operating in negative mode. Similar to what has been done for the positive mode,
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measurements of eight critical parameters including output voltage, output current,
inductors current (current that go through inductor L; and Ly separatly), diode
current, transistor current, voltage of capacitor C, and voltage across the diode have
been done and presented in this part as the result of the simulation for the negative
peak in order to prove whether the converter is able to generate negative voltage
by changing the direction of the diode and operated as introduced in the previous
chapter. The peak output voltage for negative mode can also be obtained by setting
the duty cycle to -83.3%. The converter is operating in boost mode in this situation
and the output voltage is boosted to -169.5V from 30V. As it can be observed, by
conducting the diode into the circuit in reversed direction, the polarity of the output
voltage can actually be reversed and become negative while the source remain using
a constant DC power supply which providing positive 30V input voltage constantly.

By comparing the results for positive and negative 170V, many similar character-
istics can be observed, such as large input current, and small output current. The
input current is equal to 10.81A. It is slightly smaller than 11.4A for the positive
peak, however, they are still pretty close. Same as the input current, 1.13A is also
close to 1.141A. The current situations for the input side for both positive mode and
negative mode could be proved to be following the same pattern since nothing was
changed in this half. As for the output side, the diode was conducting into the circuit
in a reversed direction, hence the direction of output current and inductor Ly were
changed along with it. However, the waveform of the current keeps the same shape as
the positive mode, which means the modification of the direction for the diode did not
change the mean value of the current flowing through the inductor Lo, but just the
direction. By using the data recorded in this result, the power transmission efficiency

Vol, —169.5Vx—L134 _ 19154W _ 59 (507

can be obtained by using the formmlavmh1 = R UNI0RIA . = 5343
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Fig. 2.14. Output Voltage V,, Output Current I,, Inductors Current
I, & Ir,, Diode Current /4, Transistor Current /,, Capacitor C; Volt-
age Vg, , and Diode Voltage V; for positive boost mode. (Duty cycle=-
83.3%, V,=-169.5V, I,=-1.13A, I, =10.81A, I;,=1.134A, [,=10.79A,
I1;=1.136A, Vi, =27.59V, Vp=-170V)
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In order to make a best comparison for the converter between positive mode and
negative mode, the condition for the -60V was chosen using as the second example

of the negative mode. Comparing the result with 60V for the positive mode, they

Fig. 2.15. Output Voltage V,, Output Current I,, Inductors Current
I, & Ir,,, Diode Current I;, Transistor Current I, Capacitor C; Volt-
age V¢, , and Diode Voltage V for positive boost mode. (Duty cycle=-
45.3%, V,=-59.9V, 1,=-0.399A, I;,=1.75A, I,=0.4002A, I,=1.75A,
1,=0.4017A, Vi, =29.53V, Vp=-60V)
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both have a similar mean value for output current, which is around 0.4A but with
different polarity. Meanwhile, while comparing the input current, the mean value for
the input current can be observed to be much larger than the one in positive mode.
From 1.061A to 1.75A, the input current increased by 0.689A after changing the diode
direction. So, the input current could observed to be affected by the modification of
the diode direction. More power was draw from the source but only deliver the same
amount of power at the output lead to a low efficiency of the power transmission. The
Volo —50.0Vx—0.3994 _ 239W _ 4= 5007

power transmission rate for this mode is T = TURVAITA - = saw
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The third example gives the result for the situation which the output voltage
equals -20V. The converter operates in buck mode in this situation and presents its

performance for performing step down voltage. The power transmission efficiency is
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equal tOVZ)}Zl = “2000VX 03574 — 2087 — 42.13%. Comparing the reading with the
one for positive peak, the main difference is still existing in input current. The input
current is equal to 0.2122A it is larger than 0.1239A. On the other hand, the waveform
presented having a different shape as the 20V situation. These differences indicate
that while conducting the diode in a reverse direction and change the operation mode
of the converter to negative mode, not only the current direction of the output side
is changed, but also the current in the input side will perform a big change which is
totally different than the original mode. This change will cause the inductor L; to
draw more energy from the source to generate the same level of output voltage at the
load, which cause large power loss and lower the efficiency.

In this section, the average simulation results for both positive and negative peaks
are showed separately in boost mode, buck mode, and the mode when output voltage
is equal to input. These results demonstrate the capability of the proposed converter
that it is able of generating wide range of outputs in both polarities with virtually
infinite voltage levels. The new-designed DC-DC converter is possible to generate any
voltage between -170V to 170V, and the output voltage is only controlled by changing
duty cycle of the transistor. The current for each element in the circuit is reasonable

and possible to achieve in practical experiment.
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3. MATHEMATICAL ANALYSIS
3.1 State-space Averaging model

The input and output voltages of the converter in both Continuous Conduction

Mode (CCM) and Discontinuous Conduction Mode (DCM) can be obtain as follows:

Voe(CCM) D D
Vi “1-0”"1+D (37)
V;)ut(DCM) R- TS
ToutA\ ) 4.
% L (38)
111
T I + L (39)

Duty cycle is the ratio of the conducting time to the whole switching period Ts and
is represented by D. The ideal duty cycle for the switching should be between 0 to
100% (0jDjl). In each half cycle, the converter ideally operate in buck mode if the

value of D is less than 50%, and operate in boost mode if D is larger than 50%.

A. Positive Peak Voltage Generation

When the converter is operating in the mode as shown in Figure 2.2, the switch
Q is off and D1 is on for duty cycle 1 — D. In opposite, when the converter operates
in the situation as shown in Figure 2.3, the switch is on and D, is off for period of
D. To model the system, five equations is considered in each set of the state space
system. Four of the five equations represent the four state variable dynamics: iy, iy,
Ve, Ve, and one equation represents the output voltage of the circuit V,. Equations

representing mode I (Figure. 2.2) and mode II (Figure. 2.3) are as follows:
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Mode I: When @ is off and D, is on:

Rres Rres R
rdl;_,._ _ (‘"f--‘”ﬂl.*“n-rcz}r Rerey 1 B, W
dr L, L1 Ly L2 Ly £1 Ly £z L
Rree freg R
dlp, |R+Tcg|!. ri"1+R+rcli +T o o
at Ty L1 & L2 14 2
o 1, (10)
ae €, Ll
R R 1
digs [A+rpal . {Rergal . [Rerpal
— = 1y, ~fpq — o/
= e, T iz e Jez
e . Rrp.
Va = e Iry S iLH- + ]
\ Rtria Ritrpg &% RBtres

Mode II: When @ is on and D is off:

pdin, _ Vi oty

= i
de Ly by bl
difa (restresd
e —
It L 1T =¥ea
d'l.’f- - =
A= -——y 41
de Cy s ( )
dips 1
e 4
de CalR4rpa) =
R
V, = Vps
\'o R+rpas c2

If the state value is defined as = [ir,,iL,, vy, Ve,], the averaged state space
model of positive peak voltage can be obtained as equation (48).
x = .-i;pg.t + E‘,::,Hu
V= Chg
Then the averaged model parameters of the positive operation mode can be ob-

(42)

tained as showed in equation (43) - (45).The average model presents the average

situation of the operations of the converter in positive mode.
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+
AHHQ -
r i ] RBrg, (D=1)Rrpy )
—| = T D=1 (rcl — J) s (p-1!R
IEIl( b { ] + Atren LylR+rpa) D=1 m
(O-1)Rrgs (D-1IRrpo—(R4rpa M Org trea) by X b rf:a
LylR+res) LalR+res) a2 W PR
L—p e I LylR4res) 13
o fE o | 43)
€, £ 0 1
(1-D0)R (2-D)R b0 —-——
e T N CalR4+rea)
CalRtrezd ColRtres) 4
+ 1 r
B‘_.“I..g = [L-_ D D D] B (44)
ot = [fl—ﬂ?ﬂ."fg (1=0)Rres 0 R ] 45
avg CalR¥rpg) Cq(R+reg) R+rcs ( )

B. Negative Peak Voltage Generation

Mode IIT and mode IV represent the situation of the operation that were shown
in Figure 2.4 and 2.5. In mode III, the switch @ is off and D, is on for duty cycle
1 — D, and in Mode 1V, the switch is on and D, is off for period of T;. Same as
the previous modes, each set of state space system consist of five equations, four of
which represent the four state variable dynamics ¢L1,:L2, vC'1,vC?2 and one equation
to represent the output voltage of the circuit V,. Equations representing mode III
(Figure. 2.6) and mode IV (Figure. 2.7) are as follows:

Mode IIT: When @ is off and D, is on:

Rreg firey R
rdth _ (rh+rm+ﬂ+rc3}f | H*"C:f 1 s Rerpg i o Vi
P o L1 L, 427 Vel ., vezT
Bre, Rig &
dips IR+rcu|I. "L Rires . Rergs
dr , 4 Lo L2 L, 52
e (40
dr Gy
_R "
dvpg [Rerpa] + [Rerp.] 1
dr £y ok 6 2 cylRbegg) 62
Rrea Frea
V= i1 —=——kpa v,
"o Frres bV mpp, BT piee, TER



Mode IV: When @ is on and D is off:
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pdtgy Vi o,
el i _IL'
dt Ly~ &y ot
digs [.rL=+f'{:J_}E 1 -
dt La = T
gy i
e ¢, e (47)
ders o 1 ;
dt T
i
— ; o
ll..l{} R¥rry Yez
Considering = = [ir,,iL,,Vc,, Vc,], the averaged state space model of negative
peak voltage can be obtained as:
[i = AgugX T Bapgit (48)
IJ:ZI = Calvgf":
The negative peak averaged model parameters can be obtained as:
A.:wg =z
ri Rrps (I=DIRrgs
—| =1y + (D=1 (r )} —= (1-D}R
LJ_( L ( ] c1 Tt R4riy LR+ vpa) 2-1 i—fﬁ'i-
(1=D}Rrra _ (breg4ris) (D=11R7ps Ly IL[D 1:;"'
B2(R4rrs) L Ly(R+7gs) ..} T
1-D o T L;fﬂ-l—r(ﬁg
C; £y 0 ﬂ:
(D-1)R (1-D)R 0 e
— — Ca(R+rga)
Colfitreat Ca(R+rpald -
_ i r
wa=[;-000].
(50)
oo = [fﬂ—l}ﬂrc: (1-03Rrc2 R ]
avg — | (Rire2)  (R+re2) mtrez I© (B1)

3.2 Transfer Function

In order to do the small signal analysis of the converter, Vorprians PWM switch
model [8] is utilized. Figure 3.1 shows the equivalent circuit. As introduced in
Vorprians model, the MOSFET and the diode in the converter were replaced by a
PWM switch equivalent to a 1:D transformer, where D is the duty cycle of the control

signal. After obtained the simplified circuit, with the input voltage V; and duty cycle
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Fig. 3.1. The redrawn circuit for DC analysis by using the Vorprians
PWM switch model

d set to 0, by using the equation as follows, the small-signal control-to-output transfer

function can be obtained:
‘/0 NdS
o0k
d D,

The converter introduced here is a well-designed forth order converter, therefore the

(52)

denominator consists of two quadratic factors. Those factors have well separated
resonance which are almost entirely damped by the load. The parasitic resistances
of the components such as inductors and capacitors make almost no effect on those
two resonant frequencies of D(s) and contribute very little to the damping of the
resonances while the converter is operating with normal loading conditions. Therefore,

the expression of D(s) can be rewritten from:
2 2

D(s) =1 24 agsPagst to D(s) = (14+——+ )14+ ——4+2) (53
(s) +a15+ays+ays’+azs’+ags® to D(s) = ( +w1Q1+w%)( +w2Q2+w§> (53)
1
al ~ , 54
W1Q1 ( )
1
a2%—2, (55)
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1 1

ad ~ + , 54
w1Q1w§ W2Q2w% ( )
1
4~ —— 55
“ w?w? (55)

For DC analysis, the DC source is set to zero, inductors become short circuits, and
capacitors become open circuits. The circuit can be redrawn as shown in Figure 3.2.

After analysis the reference circuit, the coefficients of D(s) can be obtained as shown

=YY
| -
L
—  groundg’
—————— e A S B
i l 1
rofDng ? 2 § !
B R
L
o
& 1
=
Ll 1 |
= gound N :
D d 1
3 i
"y
L
= oundZE

Fig. 3.2. Reference circuit indicating normal port conditions

below:
Ll L2 ro D 9
- R - t
a DR + I + Co(ro + 12 + s + TLI(D/) )+ Cy(re1 + riy + rio)/taghs
D,
as :L1(Cg(ﬁ) + Ch) + La(Cy 4+ C) (59)
1
az = L1L201D’—2R (60)
1
at = L1L2C1m (61)

Since a; to a4 have explicit formula, it is much easier to determine the expression

forQ1, Q2,1, and .
R
= 62
Ql (,(}1L1(%)2—|—L2 ( )
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R

O = T L)@@y (63)
wy = ! (64)
\/Ll(og(g)Q £ O+ Lo(Ch + Cs)
~ei(D2+1) + Cy(D2 4 1)
Wy = \/ 0102L1 (65)

While calculating N (s) for the negative peak, N(s) corresponds to the null conditions

in the responseV (s) to the excitation courses V—gd and I.d.

Fig. 3.3. Reference circuit indicating null conditions for negative peak

The first null is given by the zero of impedance across Vo(s):

Ny(s) = (1 4 sr.,Cy)Na(s) (66)
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Second null is given by condition the current flow to load and capacitor Cy if=0.

Doing KCL at node P, KCI at node ¢, and KVL at the loop of Lq,C}, and Ly. N(s)

for negative peak voltage can be easily calculated as:
Ly Ly CYy D 3 L,Cy . ,
N(s)=— Li+L
) = TN gy + (Gl L)+ T
L., D? Cy D'(1+ D)
—(=(=——=)+—(L1+ Ly)R —1 (67
(R GD) Lt LR s =1 (67)

Repeat the same procedure, the N(s) for the positive peak can also be calculated.

However, the circuits used for positive peak and negative peak are different.
The referent circuit for the positive peak is shown in Figure 3.2f. Since the di-

1
= ground

I N o WY
rLd 14
g (21 g
Vep'd 1
—= gound

Fig. 3.4. Reference circuit indicating null conditions for positive peak

rection of the diode is different, the excitation sources V—DDd and I.d have the different

directions. This can be justified by considering current directions as expressed in

P+ (Ci(Ly + Lo) + 5
Ly, D C D
(= ~(L + L2)R(5)2)5 +1 (68)

positive peak. Therefore, N(s) for positive peak is calculated as:
/
- (E(D/

N(s) = (22 D)
)"+ I
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With k; = by combining three terms k4, N(s), and D(s), the control-to-output

D/2 Y

can be expressed. This will be discussed in next section.

3.3 Small-Signal Analysis

Through analyzing the new circuit with PWM switch, the converters transfer
function can be obtained as a 4;, order system as follows: Control-to-output transfer

function of the positive peak can be obtained as:

Vv, 1 -l Dy (O (L + L) + 2852 — (L(L)
~ 2 52
d D (1+M1Q1+w1)(1+w2Q2+_§)
+Cl (Li + LQ)R( ) )s+1

1 1 =y (69
( +w1Q1+w >( +w2Q2+w )
Control-to-output transfer function of the negative peak can be obtained as:
v, 1 R (rtiy)s’ + (Gl + L) + )"
A YY) 52 S2
d D (1 + w1Q1 ti w? )(1 + w2Q2 w3 )
~(R oy ) + Sl + L) R(ZGP))s +1 -
I+ oe o >(1 tme T ﬁ)
where:
R
= 71
Ql w1L1(§)2+L2 ( )
R
Q2 = 72
P b+ LGP )
1
w1 = (73)
JI(ClB) + 0+ 1l 1 )
Ci(D?+ 1)+ Cy(D?+ 1
Wy = 1( + )+ 2( + ) (74)
C1C5L,
D=1-D (75)

The transfer functions were also simulated in Simulink. The input d(s) is equal
to the sum of the basic duty cycle D and the duty cycle variation Ad which is used

as a control command. The parameters of the circuit are given in Table 3.1.



Table 3.1
Parameter of the new DC-DC converter
Parameters Value Parameters | value
Switching Frequency 8.3kHz Ly 307TuH
Duty Cycle 83.3%/79.5% Lo 307.8uH
Input Voltage 30V Ch 1uF
Load 150€2 Cy 80uF

46
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Figure 3.5 & 3.6 shows the simulation results from transfer function model com-
paring with the result from Simpowersystem model for the Positive output voltage.
Figure 3.7 & 3.8 shows the simulation results from transfer function model comparing

with the result from Simpowersystem model for the negative output voltage.

Output Voltage of SImPowerSystern Toolbox Model

0 — : -
Dutput Yoltage
20+ i
A0 b a
- B0+ -
>
T B0 g
s
=
= -100 1 .
o
=
©at :
-140 - g
¥ O1BO1
180 - Yo-169.8 1
l—
_180 1 1 1 1 1 1 1 1 1
0 ooz 004 005 008 01 012 014 06 018 02

Tirmef 5

Fig. 3.5. Simulation result of negative peak from Simpowersystem
model with D=-83.3%. V,= -169.5V

As comparison, the simulation result of transfer function is given as follow. To
better compare with the result from Simpowersystem, the simulation for the transfer
function remain the same simulation time as the simulation for Simpowersystem.

The simulation results from the transfer function model reflects an original output
voltage signal without any averaging or filter process which demonstrates oscillations
before the waveform reach steady state. However, using averaging model removes
the transient oscillations from the system response. Both simulations started at
time 16.7ms, and reached positive 170V and negative 170V. This demonstrates the
accuracy of the modeling and its matching with the results obtained from MATLAB
Simpowersystem toolbox. The circuit can generate any voltage on-demand at any

desired polarity.
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Output Woltage of Transfer Function Model
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Fig. 3.6. Simulation result of negative peak from transfer function
model with D=83.3%, Ad=-1.75% V,= -169.5V

Cutput Voltage of SimPowerSystem Toalbox Model
180 T T T T T T T T T
| e —— 1§
160 | H: 01602 .
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Ouput Voltage

[ — | 1 I 1 1 L 1 1 1
0 002 004 008 003 01 012 014 018 018 02
Tirnef 5

Fig. 3.7. Simulation result of positive peak from Simpowersystem
model with duty cycle D=79.5%. output voltage V,=170V

Vo
Vg

%d for the positive output and % = 4 for negative output, in order

Since E

to generate a =170V of output voltage from 30V DC input, the duty cycle d calculated
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Output Woltage of Transfer function Model
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Fig. 3.8. Simulation result of positive peak from transfer function
model with duty cycle D=79.5%, variation Ad=-5.32%. output volt-
age V,(Maz)=170V

from previous equation is d=85.3%. According to the Simpowersystem simulations
the duty cycle D was set to 83.3% for positive and 79.5% for negative to generate a
+170V output. Considering the small signal variations of d + Ad = D, the variation
Ad can be calculated as Ad = D — d = 83.3% — 85.15% = —2.15%, which is close
to the control signal which is -1.75% for negative mode. Similarly, for the positive
mode, the PWM variation equals to Ad = D —d = 79.5% — 85.15% = —5.65%,
and the control signal is -5.32%, they are obviously close to each other. This control
signal generates a £170V in the output of the transfer functions. This slight deviation
between the control signals to the PWM variation might be the consideration of inner

circuit element resistances in capacitors and inductors.

3.4 Stability Analysis

In order to analyze the limits of stability of the proposed circuit in both positive

and negative peaks, Bode plots of the transfer function are provided in Figure 14.
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Fig. 3.9. Bode Plots for Negative Output Voltage

Figure 3.9 gives a presentation of the Bode diagram of the system operating in
the negative mode. waveform is showed and the critical points are marked. the result
can be easily told to be stable. The Bode diagram analysis result for positive peak is
also given in Figure 3.10, which is also can be observed to be stable.

The Figure 15 shows the pole-zero maps for both of negative and positive output.
For the positive one, the locations of zeros are all in the left half of the s-plane, which
can proof the system is stable.

The Figure 3.11 & 3.12 shows the step response for both negative and positive
output. The shapes of the response waveform for both polarity matched up with
each other. The peak amplitude, overshoot and rise time for negative and positive
output voltage can be observed as -178V, 78.5%, 2.03ms and 179V, 78.6%, 1.97ms.
They are pretty close to each other. After 93.6ms for negative output and 93.3ms for
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Fig. 3.10. Bode Plots for Positive Output Voltage

positive output, the signal settling at final value of -100V and 100V. Step responses
for both polarities will finally reach steady state of £100V, which means both system
are stable and synchronized. In other word, this converter can reach the same peak
for both negative output and positive output at the same time, which means they are
equal and symmetric responses in positive and negative peaks.

The stable analysis results shows that the proposed converter has ability to sta-
bilize the output signal and generate a stable output at the output load. Therefore,
the converter is worthy for researching and has its value in applying in industrial

applications.



Imaginary Axis (seconds™)

Imaginary Axis (seconds™)

X 1 Pole-Zera Map
jar - x T T T T T
US04
o [0 3e04 .
-2 2} 2 4 B o AE] 12
Real Axis (aecnnde'1) w1’

Fig. 3.11. Pole-Zero maps for Negative Peak

w1’ Pole-Zaro Map
5 = T . . T = T 3 . n
0.085 D04 0032 0021 0013 06,
4 _.D 1. " z AE;H.:IZ“_
36404
B
0 B
it S St
Je+04
Lo S e
© nogs J D0M  0OR 0021 0073 oREEY

&
4500 -4000 3500

000 <2500 -Z000 1800 10000 <500 a

Real Axis (aecnnde'1)

Fig. 3.12. Pole-Zero maps for Positive Peak

52



Amplitude

Step Response

180 T T T . : :
System: H
160 |- |l Peak amplitudec 479 | -
| Overshoat (%) 786
;. it time {zeconds); 0.00581
140 =11 : 5
!
] .
12 l System: H
| Settling time [seconds); 0 033
‘§ 100 | gt | }
%_ | | ~Bystem: H
= B0 Y Svatem H He s Firsal walue: 100 |
< Risetime (seconds): 0.00197 l
. |
B0 b e : )
! !
I |
A0 K- = =
|| |
oo il ! | .
N !
|_‘| | i ! i 1 | | I
K} 002 0.04 [-06 008 01 012 14

Tirme (secands)

Fig. 3.13. Step Response for Negative Output Voltage

Step Response

i ; ; : : ; ;
B T St ek T -
A0 -
-0 R e um Sl e 4
Bl n

Syatem: H
G b Rize time (seconds), 000203 - System: H
-100 p st
3 m: H
20 I Firal walue: 100 |
. !
|
140 A =
System: H |
1] Pesk amplitude: 178 |

-1B0 E2 4 | overshoot (96 785 = 3

| At time (seconds); 0LODSET |

S1ED 1 1 L I

] 0.o2 0.4 (.05 0as o1 012 .14
Tirme (secands)

Fig. 3.14. Step Response for Positive Output Voltage

93



54

4. PROPOTYPE TESTING

4.1 Components Selection

After the simulation and the analysis have done for the proposed converter, a
prototype is looking to be built to validate the results in practical way. Before actually
building up and creating a PCB for the converter for validating, making selection for
the right components of each element in the circuit according to the sizing calculation
and simulation results was supposed to be ensured firstly. The sizing process in
section 2.3 has set the boundaries for the size and some critical characteristics, such
as maximum switching frequency, peak current and breakdown voltage, of each kind
of component, and the simulation results showed in section 2.5 and 4.3 would also
give a prediction for the performance of these components while operating with a
certain size of component. Through following the guidance of the sizing process,
the items can be selected within the proper range and to best fit with the predicted
performance.

As the only switching device in the converter which taking charge in controlling the
converter, the selection of MOSFET (@) needed to be carefully considered. According
to the sizing process, the MOSFET need to withstand a peak current of 29.8A for
the positive peak and a peak current of 45.15A for the negative peak. So the drain-
to-source current rating in the normal temperature of the MOSFET should be larger
than 45.15A. On the other hand, according to the expectation of the voltage across
the MOSFET, the peak voltage can be calculated as the sum of source voltage, load
voltage, and forward voltage of the diode D;, which equals 204.4V in total. So,
the MOSFET should also has a maximum voltage rating larger than 204.4V. The
MOSFET that is applied in this prototype building is IXFH60N50P3. Reference

to its data sheet, the MOSFET has a maximum current rating and voltage rating
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of 60A and 500V, which definitely larger than 45.15A and 204.4V. By observing
the simulation results, the current peak is obviously within the range that allow the
MOSFET to operate safely, so there is no need for any type of snubber circuit in order
to protect the MOSFET. However, since the peak current is able to reach 45.15A,
which is large enough to create a lot of heat, a heat sink and fan is assembled with
the MOSFET and attached in the back of it to reduce the heat and avoid overheat.

Beside the MOSFET, diode is the other active component that take control of
the converter. Selecting a correct diode for the converter can actually increase the
system stability and efficiency of the voltage conversion. While doing the sizing for
the diode, the two characteristics that have been focused were the peak current and
reverse voltage. For the positive peak, the peak current and reverse voltage are as
same as those for the MOSFET, which equal 29.8A and 204.4V. And as for the
negative peak, the peak current and reverse voltage are smaller than positive peak,
therefore, 29.8A and 204.4V are going to be used in selecting the suitable item. The
diode that is selected to mount in the converter is 10A10 silicon diode with voltage
rating from 50V to 1000V. Obviously, the voltage rating is large enough to ensure the
converter working properly. However, on the other hand, the current rating of this
diode is only 10A. Comparing with 29.8A, the current rating is too small to for the
diode to perform it function, in this reason, 4 diodes are series connected together to
prevent the overshoot current of the diode. 4 diodes are used is because the diode
current may exist ripples, therefore, with one more diode series connected, it gives
more rooms for the current ripple and ensure the safety and stability of the system.

The type of capacitor used in the converter is the oval run oil-filled capacitor. This
type of capacitor is able to operate in a wild range of temperature between -40°C'
to 85°C', and has large voltage and current rating. While considering the converter
may generate lots of heat and operate with large current, this type of capacitor has
its comparative advantage comparing with the other type of capacitors and provide

stability and reliability in the prototype building.
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One of the other elements that play a big role in the proposed converter is inductor.
The inductor in this converter is carefully designed and needs to satisfy some special
requirement in order to allow the converter to generate the demanded output on
the load. In this reason, in order to produce the best the results for the converter,
the inductors need to be designed and built according to the requirements. How to
design and build a suitable inductor to satisfy the desired qualities is going to be

comprehensively introduced in the next section.

4.2 Inductor Manufacturing

Since the inductors in this converter is required to be designed in order to satisfy
the need, the inductor could not be simply buy from the website. Those inductors
would be designed and made according to the requirements. In this part, how a
suitable inductor has been designed and produced will be introduced in this section.

According to the simulation introduced in the last section, the best selection of
the inductor is 307uH for both of inductor L; and L,. Reference to section 4.3, the
simulation of the Simulink model has given the maximum of the inductor current
that equals to 30A. So the designed inductors has to be able to allow the maximum
current of 30A to pass through.

Before start designing the inductor, type of the inductor that is best fit for the
requirement should be selected. The total types of inductors including pot core, RM
core, E core, EC core, ETD core, EER core, PQ core, EP core, and toroidal core.

Table 4.1 below lists all the consideration factors for all type of inductors.



Table 4.1

Considerations for Core Selection 1

Type Pot RM E EC, ET, EER
Core Cost High High Low Medium
Bobbin Cost Low Low Low Medium
Winding Cost Low Low Low Low
W. Flexibility Good Good | Excellent Excellent
Assembly Simple | Simple | Simple Medium
Mounting Good Good Good Fair
Heat Dissipation Poor Good | Excellent Good
Shielding Excellent | Good Poor Poor
Table 4.2
Considerations for Core Selection II
Type PQ EP Toroidal
Core Cost High | Medium | Very Low
Bobbin Cost High High None
Winding Cost Low Low High
W. Flexibility Good Good Fair
Assembly Simple | Simple None
Mounting Fair Good Poor
Heat Dissipation | Good Poor Good
Shielding Fair | Excellent Good

eN2Ae
;_ leNPA

e

By considering the cost, heat dissipation, and shielding, the toroidal inductor is
the type of inductor that fits the best with the proposed converter design. To design

a single-layer toroid, the expression of the inductance is showed below:

= N2?A,
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L
Ar

Where . denotes the flux density, N denotes number of turns, Ay denotes the in-

N = (77)

ductance factor, A, denotes the cross sectional area, and I, denotes the average path
length. Inductance factor A; usually presents the inductance per turn or per square
turn. It is generally provided by the manufacturer of the ferrite cores as one of the
characteristic of the given magnetic core and the unit is % If inductance factor Ay,
is given for the given core, the number of turns that is needed for creating an inductor
with a certain inductance can be calculated using equation (76). However, before the
calculation is able to be performed, there are many different sizes of ferrite toroidal
core to be selected from. In order to choose the right core for creating the desired
inductor, the sizing process for the core has to be done. The magnet wire that is
using in creating the inductor has 22 AWG wire gauge. Due to the maximum current
for 22 AWG is only TA, 3 wires were wrapped together to create a wire with larger
ampacity, which was able to allow a maximum 20A input current. On the other hand,
by wrapping the wires together, the parasitic resistor of the inductor was reduced,
which also reduce the power loss on the parasitic resistor. Since the maximum current

has to satisfy the requirement to make sure the flux density is below some specified

maximum, Ij;ax has to satisfy the following relationship:

NB aer
IMax S MT (78>

Ae > LIMCM?

—_— 79
o NBMa:v ( )
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By modifying the formula of equation (78), the area of the crossing section for
the core can be sized as equation (79). On the other hand, due to the proposed
inductor is created with single layer of magnet wire. The number of turns will also
be limited by the inner diameter of the core and the size of the wire. Figure 4.1 and

4.2 demonstrates the dimensions of a toroidal core and magnet wire. [.D. and O.D.

w=b—a

Fig. 4.2. Dimensions of magnet wire

denote the inner and outer diameter of the toroidal core, and a and b denote the inner
and outer radius of the toroidal core. w denotes the width of the cross section, and h
denotes the height of the core. As for the dimensions for the magnet wire, A, denotes

the area for bare wire, dy,,denotes the diameter for the wire without insulation, and
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dyqenotes the diameter of the wire with insulation. The Number of turns is identified

by the inner diameter and wire size of the magnet wire as expressed in equation (80).
Nd, <2ma (80)

Since a is the inner radius of the toroidal core, it equals to half of the inner diameter

I.D. Therefore, equation (80) can be modified as:
Nd,

™

I.D.> (81)

While comparing both of the equation (78) and (80), both of the equations expressed
one of the critical dimensions of the correct core and contain a unknown value N in
the expression. However, by multiple the area with the diameter, the unknown V will

be canceled and a product will be given as:

deIMax
A xI1.D. > ———— 82
8 o 7TBMCL:): ( )

The product of the cross sectional area and the inner diameter of the toroidal core can
be used as the guidance in selecting the correct core for the toroid. The inductance
of the desired inductor was 307uH, the peak current was 24A, Bjj.,was assumed
to be 0.3T, and the diameter of the wire is 0.644mm. Bring the values into the
equation (81), the criteria value can be calculated as 510-6. The dimension of the
chosen toroidal core gives the inner diameter equaled to 30mm, outer dimeter equaled
50mm, and the height equaled 20mm. The product between the cross sectional area
A. and inner diameter [.D. equaled 610-6. This value satisfied the sizing criteria,
which means it is the correct core for creating the inductor. The inductance factor

Apthat had given for the selected core was 1400 nH, so that the number of turns N

307106
N =4/ 1400105 — 14.8turns ~ 15turns (83)

Since the number of turns can only be an integer, the number of turns should be

can be calculated as:

counted as 15 turns. Therefore, by creating a toroidal inductor with 15 turns of wire,

the inductance equals 307uH .
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4.3 Experimental Verification

Experimental setup is utilized to validate the operation of the circuit as a compar-
ison with the computer simulations. The prototype is tested and the output and each
elements in the circuit are closely monitored. The load of the converter is parallel
connected with an oscilloscope. Considering the current is possible to go extremely
high and even go over 20A for some situation, high current probes are utilized to do
the measurements. The first channel of the oscilloscope connected to the load and
measuring the output voltage. Channel 3 and 4 are connected to two high current
probes while measuring the current of source and load, inductors (including inductor
L; and Ls), diode D; and D,, and transistor (). When measuring the voltage for
capacitor C; and diode Dy and Ds, Channel 3 and 4 are connected with two high
voltage probes. To measure the voltage, channel 3 and channel4 are connected to
the two ends of the capacitor or the diode, the measurement will be performed by
doing the subtraction between these two channels using the math function on the
oscilloscope. Oscilloscope give the reading of the mean value for each of the parame-
ter. Corresponding to the simulation results, the experiment validation will still focus
on those three output situations: +170V, £60V, and +30V. For the results of other
output voltages, they will be given in the Appendix to show that the converter is not
only worked for some certain conditions, and the proposed converter has the ability

to produce the matching results for any voltage level of output voltage.
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A. Experiment Results of Positive Output Voltage
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Fig. 4.3. Output Voltage V,, Source Current I,, Output Current /,,
Inductors Current Iy, &1r,, Diode Current /;, Transistor Current I,
Capacitor ¢ Voltage V¢, and Diode Voltage V,; for positive boost
mode (170V).

The prototype generate 170V output when the MOSFET is driving at 8.3 kHz
with duty cycle of 80.4%. The duty cycle for the simulation model to generate the

same load voltage is 79.5%, they are very close. The power transmission rate of the

Volo _ 170Vx1.25A _ 2125W _ .
converter can be calculated as TS T BovkisTa = sy = 55.77%. The efficiency

is similar to the one it has been expected in simulation. While looking into the

currents, just like what happened for the simulation results, the input side currents,
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including I,, I, and I, are large and have a similar mean value around 13A, and
the output side current, including I, I;,, and I;, are small with a similar mean
value around 1.3A. Comparing with the simulation results, the simulation result for
170V load voltage has the input side current equal to about 11.4A and output side
current equals to around 1.13A. Consider the ripples of the experiment results and
the error cause by the measurement devices, such as oscilloscope and current probes,
the difference around 1A between the simulation result and the Experiment result
is acceptable and the experiment results for the currents are very close to the result
generated by the simulation model. Both result are considered to be match with each
other.

As for the voltages, the waveform of the voltage is coincided with the expectation,
but the mean value for the capacitor C voltage only equals to 19.6V. According
to analysis, the voltage of capacitor C; is supposed to equal to the source voltage
ideally. In the simulation, the result of capacitor voltage equals 28.03V, even if it is
not equaled to 30V, it still very close to 30V. Comparing the experiment result with
the simulation result, the experiment result is too small for diode voltage. However,
if observing the waveform between the experiment result and simulation result in
the following section, the waveform seems pretty much the same and have not much
difference. Therefore, to explain why the reading of the mean value of the voltage
for capacitor C; is much smaller than expectation, the problem can be considered
in the following three aspects: First of all, the mean value measurement for the
oscilloscope will be affected by the scale of the display. With a larger scaler, the mean
value measured for the waveform will be more inaccurate and the estimated value for
the mean will be normally smaller than its actual value. The scale for the voltage
across capacitor C is 200V, so the scale is too large regarding the capacitor voltage.
Secondary, while the proposed converter was operating under this situation, the input
current was large, which is 12.7A. While this large current was flowing through the
prototype, it generated lots of heat on each element due to the parasitic resistor.

When those electronic elements are heated to a high temperature, the resistance of
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the parasitic resistors will increased along with the temperature. With larger parasitic
resistance, more voltage from source will be separated to the parasitic resistors and
the voltage on capacitor C will be reduced. Thirdly, many ripples were lies at the
bottom part of the waveform. These ripples could also be concerned as a factor that
leads the reading of the mean value to be smaller than it supposed to be. As showed
in Figure 4.3, the ripples of the capacitor C; voltage were basically concentrated at
the bottom of the waveform, and this may lower the estimation of the average value
for the output voltage.

Similar to voltage of capacitor C', the voltage across diode D, is also much smaller
than what it supposed to be. In simulation and mathematical analysis, the mean value
of the diode D, is supposed to be equaled to the output voltage, however, it equals
159V and it is 11V less than 170V. The reason that may cause this difference can

also be explained by the three issues listed above.
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The second sample of the experiment result is where output voltage V,, is equaled

to 60V. While the MOSFET was operating at 8.3 kHz with duty cycle of 33.5%,
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Fig. 4.4. Output Voltage V,, Source Current /,, Output Current I,
Inductors Current I, &1r,, Diode Current I, Transistor Current [,
Capacitor (' Voltage V,, and Diode Voltage V, for positive boost
mode (60V).

the output voltage of the prototype equaled 60V. The conversion efficiency can be

19.08W __
908W. — 44.17%.

VoI, _ 60Vx0.3184 _
calculated as Tl = B0V x04dd =

Comparing with the simulation
result, this efficiency was much lower than it was expected. The reason that caused
the difference was that the current measurements were not as same as the expectation.
The input current equaled 1.44A, which was larger than 1.061A for the simulation
result, and the output current was 0.318A, which was smaller than 0.4004A for the
simulation result. This difference could also be explained by the three issue mentioned

in the last example. Comparing the shape of the waveforms to the expectation shape
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shown by figure 2.2 in section 2.2, the waveform has the same shape as expectation,

even if there are lots of noise in the experiment results. When the duty cycle of the
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Fig. 4.5. Output Voltage V,, Source Current I,, Output Current /,,
Inductors Current I, &1r,, Diode Current I, Transistor Current [,
Capacitor C; Voltage V¢,, and Diode Voltage V; for positive buck
mode.

MOSFET is set to 11.4% with 8.3 kHz switching frequency, the proposed converter
is operating in a buck mode and generate 20V voltage on the output load. The duty
cycle for the simulation model to generate the same level of load voltage is 10.3%, they

are very close. While computing the power transmission rate of the converter, the
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data of the input and output current are generally used. However, as it can be noticed,
comparing with the value of inductors current I, and the result from simulation, the
measured output voltage is too small as it supposed to be. The measurement error
existing at the output current is considered to be caused by the noise of the waveform
and the limitation of the oscilloscope for current measurement. Since the inductors
current I, is also equaled to output current, and at the same time, it is much closer
to the simulation result of the output current, thus the power transmission rate can

be calculated as VYO{; = 38@8'1@5? = Zgg% = 76.69%. Besides, the other data is

close enough to the simulation and the waveform are in the expected shape.



B. Experiment Results of Positive Output Voltage
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Inductors Current Iy, &1;,, Diode Current I;, Transistor Current I,
Capacitor C Voltage Vi, and Diode Voltage V; for negative boost

mode (-170V).
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This result demonstrate the performance of the converter working in the negative

mode. As expected in the previous section, the waveform that is changed after chang-

ing the direction of the diode and the polarity of the output voltage is inductor Lo

current and the voltage across the diode. Except these two characteristics, the rest of

the elements remain the same shape, however, some of the readings still change their
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polarity along with the output voltage, such as output current and diode current.
The experiment result has matched with the expectation and showed the correctness
of the expectation.

The readings of the experiments result are much closed to the simulation result,
but while looking at the input side current, they can be found much larger than the
simulation results and the voltage C; is much smaller than it in the simulation result.
However, these are the same problems this converter has met for the positive peak,
and these problem can be explain by those three main reasons, including measurement

tools limitation, parasitic resistor, and large ripple. The power transmission rate is

Volo _ —170Vx—115A _ 1955W _ 41 7707

equaled tOVmILl T 30Vx15.6A 468W
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In this situation, the converter is working at a boost mode in negative mode, which

step up the source voltage to twice of it in negative direction. The duty cycle is -
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Fig. 4.7. Output Voltage V,, Source Current I,, Output Current /,,
Inductors Current Iy, &1r,, Diode Current /;, Transistor Current I,
Capacitor € Voltage V¢,, and Diode Voltage V, for positive boost
mode (-60V).

44.5%, and the output voltage is -60V. The shape of the waves still matched with the

expectations with close mean values. The power transmission rate can be computed

. Vo, _ —60VX—0.396A _ 23.76W _
s v T T T 30Vx2.144 . 642w = 37.01%.
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In this situation, the converter is working at a buck mode in negative mode, which

step down the 30V source voltage to -20V. The duty cycle is -1.8%. The shape of
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Fig. 4.8. Output Voltage V,, Source Current /,, Output Current I,
Inductors Current I, &1;,, Diode Current I;, Transistor Current I,
Capacitor C; Voltage V¢,, and Diode Voltage V; for positive buck

mode.

the waves still matched with the expectations with close mean values. The power

e . Volp _ —20Vx—0.136A _ 2.72W _
transmission rate can be computed as: T = TRvkomiA. = TOW — 38.26%.

The comparison between the simulation results and experiment results are shown

in Figure 4.9-4.14. The figures shown below demonstrate the comparisons of the eight
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key measurement data, including Output Voltage V,, Source Current I,, Output
Current I,, Inductors Current I, &I;,, Diode Current Id, Transistor Current I,

Capacitor C Voltage V¢, , and Diode Voltage V.

C. Positive Output for Simulation vs Experiment
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Fig. 4.9. Comparison of Output Voltage V,, Source Current I, Out-
put Current [,, Inductors Current I, &I;,, Diode Current I, Tran-
sistor Current I, Capacitor C; Voltage V¢, and Diode Voltage V; for
positive boost mode (170V).

When the diode is conducted in forward direction, the converter is operating in
positive mode and generate positive output voltage at the load. Once the converter

is working in the positive mode, it work just like a normal SEPIC converter. Make
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comparison between the simulation and experiment results, the waveform of the eight
critical elements are basically matched with each other. Except output voltage V,, and
current of inductor Ly, I, the results for other currents and voltages are pretty much
showed in a matched waveform. They usually have close peak values and same shape.

As for the output voltage V,, the main body of the waveform are coincided. The
difference is the voltage ripples. The simulation result has a large ripple but the
experiment result does not. However, while looking closely to the experiment output
wave, some voltage ripples are still able to be identified. Even if those ripples are
thinner than the simulation result, they have the same timing. And this can prove that
the experiment result for the output voltage is actually matched with the simulation
result.

And for the inductor current Iy, the previous experiment result has showed the
actual input side current is usually larger than the simulation result, so it is normally

to have the experiment result larger than the simulation.
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The second sample give a comparison between the experiment result and simula-

tion result where output voltage V, is equaled to 60V. Figure. 4.10 presents another

atpd Cumet € opmmmiit o Sl

Fig. 4.10. Comparison of Output Voltage V,, Source Current /,, Out-
put Current [,, Inductors Current I, &I;,, Diode Current I, Tran-
sistor Current I, Capacitor C; Voltage V¢, and Diode Voltage V; for
positive boost mode (60V).

example of the converter working in the boost mode. Comparing with the previous
condition, the output voltage presented in figure 21B is much smaller and it is only
60V. Similar to what happen in the 170V results, the output voltage has the same
characteristic, and they can also be proved to be matched with the same analysis.

While only generating 60V at output, the current that is required to finish the boost
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conversion is lower than the current for boosting to large output voltage such as
170V. In this reason, less power will be draw from the source and thus less power will
be consume in the process of power transmission. Therefore, with less power loss,
the experimental result will be more closed to the simulation result, and it explains
why the measured experiment inductor current in this situation is not much larger
than the simulation result. The comparison of the shape and the critical values both
showed the results of simulation and experiment are matched with each other, and

prove the prototype is actually working as it is designed.
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The following result shows the converters performance while in buck mode for

positive peak. Figure 4.11 presents the simulation and experimental results for the
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Fig. 4.11. Comparison of Output Voltage V,, Source Current /,, Out-
put Current I,, Inductors Current I, &1;,, Diode Current I, Tran-
sistor Current I, Capacitor C; Voltage V¢, , and Diode Voltage V; for
positive buck mode.

situation that the simulation model is running at a duty cycle of -10.3% and the
practical experiment is operating with duty cycle equals to -11.4%. In this situation,
the converter is operating in a Buck mode, and steps down the input voltage from
30V to 20V. The simulation result of the output voltage is basically a constant value

of -19.89V with some periodic spikes. Although the spike ripples had not the same
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shape in the experimental result, some obvious voltage ripple can still be observed at
the same timing as the spikes of the simulation result. For the output current, the
average simulation result is 0.1329A and the experimental result has a middle value
of 0.08A and average value of 0.045A. they are closed but the experiment result is still
seemed a little bit lower than the simulation. However, considering the large current
ripple of the experiment result, the difference is actually reasonable. The shape of the
simulated inductors current are matched with the shape of the experimental result,
and the average values are also pretty close. For current that go through diode
and transistor, they normally remain 0 and have periodic pulses on them. Both the
simulation results and experimental results of them have showed this behaviors and
the period of the pulse on the wave is matched. The experiment reading for the
voltage of capacitor C' looks noisy and it is due to the limitation of the measurement
tools. But if taking a close observation to the wave, it is still able to see a similar

waveform within the noises.
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D. Negative Output for Simulation vs Experiment
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Fig. 4.12. Comparison of Output Voltage V,, Source Current /,, Out-
put Current I, Inductors Current I, &I;,, Diode Current I, Tran-
sistor Current I, Capacitor C} Voltage V¢, , and Diode Voltage V; for
negative boost mode (-170V).

Figure 4.12 presented above demonstrates the comparison between simulation
result and experiment result of the converter while it is running in the negative mode

and the duty cycle of the main switch @ is set to -84.1% for the simulation
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and -83.3% for the practical experiment. In this condition, the converter is literally
operating in the boost mode and the output voltage is boosted from a 30V input to
-170V at output.

The waveform of the output voltage from simulation as seen in the figure is ba-
sically a constant value of -168.5V with a periodic ripple which has its peak value
equal to -204.1V. As for the result of the practical experiment, the main body of the
wave has a middle value of 168V, and the ripple is equaled to 176.8V. Comparing the
simulation result with the experimental result of the output voltage, the middle value
for the main body of wave are close to each other. Both of the waveform content
periodic ripples, and the period of the ripples for simulation result and experimental
result are 0.1125ms and 0.125ms. They are also very close. The ripples for both
simulation reading and experimental reading are basically occurred at the same time
even if the peak voltage ripples are quite different.

The waveform for inductors current are more complicate than the output current.
The shapes of the simulation result and experimental result are matched. The wave-
form of current for each inductor have pretty much the same shape. The average
reading of the current for inductor L; is 10.81A from simulation and 15.6A from
practical experiment. Unlike the other comparison results, the experimental result
for I,is larger than the simulation result. This is due to the power loss for the
power transmission in realistic is much larger than what it was expected in simula-
tion. Therefore, the power that need to draw from the power source is larger than
the expectation of the simulation. While the resistance stay remains the same, in
order to draw more energy from the source, the input current must be larger than
expectation. For inductor Lsy, the positive peak of current I, from the simulation is
14.8A and from the practical experiment is 14.55A. And the negative peak of current
I, from the simulation is -9.321A and from the practical experiment is -9.2A. These

values are very close to each other, which can prove these two results are coincided.
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The rest of the elements can be analyzed in the same way, and the waveform of them
are well coincided. Those waves usually have the similar critical value regardless the
ripples.

The second result in the negative mode shows the performance of the converter

while it is generating a -60V output. Figure 4.13 is the comparison result between
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Fig. 4.13. Comparison of Output Voltage V,, Source Current /,, Out-
put Current I,, Inductors Current I, &I;,, Diode Current I, Tran-
sistor Current I, Capacitor C Voltage V¢, , and Diode Voltage V; for
negative boost mode (-60V).

the measurements of simulation and practical experiment while the converter is op-

erating in a boost mode. The converter is trying to generate 60V output voltage
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with a 30V input while the measurements are undergoing. Observing the figures, the
experimental results of the currents and voltage are all have a very similar waveform
to the results of simulation with similar critical points.

The results that are obtained separately from simulation and experiment are ba-
sically matched, which means the converter is actually worked as expected under this

type of situation.

Fig. 4.14. Comparison of Output Voltage V,, Source Current /,, Out-
put Current [,, Inductors Current I, &I;,, Diode Current I, Tran-
sistor Current I, Capacitor C Voltage V¢, and Diode Voltage V; for
negative buck mode.
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Figure 4.14 provides a demonstration of the performance of the proposed converter
while it is operating in the buck mode. The 30V input voltage is stepped down to
-20 V. As it can be observed in the figure, all the parameters that are measured
have showed the coincidence between the experiment result and simulation result.
In conclusion, the converter is proven to have the ability to perform the step down
operation as it supposed to in its buck mode. The converter is still able to perform

its function as expectation in buck mode.
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5. SUMMARY

In this research, a new bipolar DC-DC converter has been presented. This converter
can boost and buck the supply voltage in a wide range of output voltage and deliver
both positive and negative voltages. The converter utilized only one switch to perform
the power conversion. Comparing with other bipolar converter topologies high power
conversion efficiencies can be achieved. With only one switch to achieve the power
conversion, this design mostly simplifies the construction of the gate drive which
makes it more suitable to construct in DC motor drives and DC microgrid and apply
in many portable electronic devices. A simulation model, mathematical model, and
experimental prototype has been developed and subjected to achieve the wide range
of output voltage conversion. The simulation and experimental and mathematical
results are matched with each other, which have verified the possibility to boost and

buck the supply voltage in a range from 0 to £170V.
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