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ABSTRACT

This project is focused on DC-DC step-up converter called KY converter which is
characterized as high efficiency, fast transient response and low voltage ripple. By previous
literature review, it can be found power electronics’ market size was continuously growing.
Meanwhile, by statistic analyze the paper published in IEEE transaction on power electronics
between 2015 and 2016, power converter was the most popular topic. Among different conversion
type between DC and AC, DC-DC converter shows its highest interest by researchers. As the rapid
development of consumer electronics, renewable energy and HVDC application, DC-DC
converter has a foreseeable bright future to work on.

In this project, theoretical study and simulation analysis by PSCAD/EMTDC was done for
the K converter. Based on theory, an experimental prototype was built up for used in renewable
energy application in proposed. It is implemented with digital signal processor TMS320F2812 to
perform the function as PID controller for enhance system’s performance in close loop control.
From previous experimental result, proposed system can achieve power efficiency up to 97.5%
(200V/5A output).
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

1.1 GENERAL BACKGROUND

1.1.1 POWER ELECTRONICS

For most of the electronic devices, power converter is necessary for satisfy various operating
voltage and frequency level of different components interconnected. A well-designed converter
can perform higher efficiency and reduce the size which can reduce the overall cost. Through
statistical analyses the papers published in IEEE transaction of power electronic, the research in
the areas of Low and High power converter has been the most popular topics in 2015 and 2016.

250
200
2
150 163
100
50 \ i G
1 ﬁ
2 I i i m
0 ~ - e ]
Power Control in Renewable Power Discrete &  Power Quality Passive
Converters Power Energy Electronics Integrated and Utilities  Components &
Electronics Drives Semiconductors Materials

m2015 = 2016

Figure 1.1.1 Number of paper published on IEEE in 2015 and 2016
Figure 1.1.1 shows the number of paper being published of most popular areas in power electronics
in these two years. Within those 1409 published papers in these two years, 348 of them are sorted
into power converters area. Near a quarter of advanced research on power electronic in past two
years were focusing on power converters. Interleaved, multilevel, ZVS (zero voltage switching),
hybrid are the words we can commonly find in the papers of converter. This reflected improvement

on efficiency and reduce size are the greatest demand for converter design. Papers focused on
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Chapter 1: Introduction

controls of power electronics took one fifth of total numbers. Generally, it includes control
algorithms, control circuit design and small signal modelling. Renewable energy was the third
most popular topic, which mainly focus on increase the conversion efficiency of adaptive control
application. Like photovoltaic system and electric vehicle, MPPT (maximum power point tracking)
technique is usually discussed. Except these popular fields, papers about power electronic drives,
semiconductors in power electronics, power quality and up to 20 different fields often appear in
publications.

Growing market can be considered as an importance driven factor for power electronic
development. By the analysis of P&S Market Research, the global power electronics market was
valued at $12,872.0 million in 2015 and is expected to witness a CAGR (compound annual growth
rate) of 6.2% during 2016-2022 [1.1]. Based on technology, the power electronics market
generated highest revenue from non-isolated DC-DC segment in 2015. Asia-Pacific contributed
the largest revenues of global power electronics market global geographically. Yole Development
also gave a similar picture of global power electronic market in their report. As shown in figure

1.1.2, the overall power electronics market size will keep growing in next five years.

2006 - 2020 OVERALL POWER ELECTRONICS MARKET SIZE

(Source: Inverter Technology Trends & Market Expectations report, Nov. 2014, Yole Développement)
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Figure 1.1.2 Power electronics market size between 2006 and 2020 [1.2]



Chapter 1: Introduction

1.1.2 POWER CONVERTER

Figure 1.1.1 shows power converter is the most interested area for researchers in both years.
Moreover, quantity of paper published in this area was increasing. Within the papers discussed in
power converters, 179 was discussing low power converters while 169 for high power, which
means more than half were interested in low power and converter. Research preference can be
further classified by different conversion type. Except papers interested in general modelling

analysis and algorithm, DC-DC converter is a more popular of the research worldwide.
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Figure 1.1.3 Different conversion type’s distribution

Follow the developing trends of power electronics, market of converter also tends to grow in
coming future. Total market size was 45 billion according to Yole Development’s report published
in 2013, while it is expected grow to 72 billion in 2020 [1.3].
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Inverters market (in MS$)

including PV inverter, wind turbine, rail traction, EV/HEV, motor drives & UPS
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Figure 1.1.4 Inverter market trend between 2013 and 2020 [1.3]
1.2 DC-DC CONVERTER

1.2.1 FUNCTION OF DC-DC CONVERTER

Generally, it is a required component as energy link between different components if they are
working in different voltage level. By connected to an unregulated constant voltage input, it can
produce a regulated output voltage with possibly different voltage amplitude and polarity with
input. Today, some analog components like RF and audio amplifier, or digital components like
FGPAs and microprocessor employed in a variety of applications like telecommunications system,
electric vehicles, laptops and smartphones. Inside the analog and digital components, DC-DC

converter is necessary for satisfied different voltage level and maximize the power efficiency.
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Figure 1.2.1 Applications of DC-DC converter

Functions of DC-DC converter can be divided into following categories [1.4]:
e Converta DC input into an expected DC output.
e Regulate constant output with various load resistance.
e Reduce voltage ripple on the output below required level.
e Isolated input and output.

e Protect input source and power supply from electromagnetic interference.

1.2.2 TYPE OF DC-DC CONVERTER

Base of the output characteristic, fundamentally DC-DC converter can be divided into two
categories: switching regulator and linear regulator. Switching regulators use power electronic
switches in on and off states under the control of PWM signal, which means there will be no
current flow in the input while switch is turned off. It is a discrete and nonlinear system.
Conversely, linear regulator provides continuous current at both input and output of the converter.
Different topologies widely used in these two categories will be introduced in the following parts.

In comparison, their advantages and drawbacks can be found out.

1.2.2.1 SWITCHING REGULATOR

Basically, switching regulator provide higher conversion efficiency than linear regulator. Unlike

linear regulator, switching components are periodically turned on and it means that the voltage
5



Chapter 1: Introduction

drop across its power path is minimal. There is almost no current go through when it is turned off.
In general, there are three types of switching regulators: Buck (step-down) converter, boost (step-
up) converter and buck-boost converter. Figure 1.2.2 to figure 1.2.4 show the basic structure of
these topologies. These converters consist of input voltage source, capacitor, controlled power
electronic switch, resistor and inductor. Among these components, inductor act as a relay. The
switch is being operated with a duty ratio defined as a ratio between switch on time and the sum
of on and off time. During turn on stage, the current in the inductor will increase to store
energy; when the switched is turned off, inductor will release the stored energy. If the power losses
(conduction loss, transistor switching loss, inductor core loss, etc.) is neglected, duty ratio also

represents the relationship between input and output.

YY)
/ L
| .
Vin(") PWIHI /N D ——C  —=Vioad
Figure 1.2.2 Basic structure of buck converter
L
L. (A4~ m
D +
Vin (t) PWM ——C j}VIO&d
Figure 1.2.3 Basic structure of boost converter
<]
| : ° -
L 1 ° Vload
Vin(” PWM CTs +

Figure 1.2.4 Basic structure of buck-boost converter
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1.2.2.2 LINEAR REGULATOR

As a representative of linear regulator, low drop out (LDO) voltage regulator is widely used for
many years which has a simple structure. LDO voltage regulator can generate a linear output from
higher voltage input in relative lower cost. Figure 1.2.5 shows a series connected LDO voltage
regulator with a resistive load and controllable switch. When the switch is open, voltage level on
resistor is equals to input level while there will be not voltage on resistor if the switch is closed.
The switch is controlled by duty ratio D. In LDO voltage regulator, duty ratio is also the ratio
between input and output voltage. Besides, duty ratio of LDO voltage regulator almost equals to
the efficiency n of converter. The efficiency can quickly estimate by equation (1.1). When the
output level of LDO is much smaller than input, this regulator will dissipate lots of power and

perform a low efficiency.

D — Vout = Pout —
Lbo Vout g Vin Pout £ Ploss Tipo (1'1)
PWM

i

Figure 1.2.5 Basic structure of low drop out regulator

In addition, Cuk converter is also acommon seen DC-DC converter which can provides continuous
current at both input and output, but has a similar structure to the switching mode regulator that
discussed. Like buck-boost converter, Cuk converter can both step-up and step-down input
voltages but in same polarity. Essentially it can be obtained by cascading boost converter followed
by buck converter. In the middle, there is an extra capacitor coupling the energy. However, the
disadvantages of Cuk converter include more reactive components are required, also current stress

on the switch component, diode and capacitor is higher.
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L1 Ci L2
Vin (_ PWM V D C, ——

Figure 1.2.6 Basic structure of Cuk converter

1.2.3 COMPARISON OF DC-DC CONVERTER TOPOLOGIES

Table 1.2 shows a comparison of DC-DC converters been introduced from different considerations.
Low drop out voltage regulator shows its advantages on simple structure and the smallest physical
size. Consequently, it becomes a low-cost solution and easy to use. Meanwhile, LDO voltage
regulator has less non-linear components which let the output ripple become very low. It makes it
become appreciable for noise-sensitive applications like communication system. The major
disadvantages of this topology are high power loss and limited output level. Only for low dropout
applications (output level close to input), efficiency can become higher. Cuk converter is also a

common linear regulator which can provide output voltage either higher or lower than input level

in same polarity. However, its cost is higher since more components used.

Vload

LDO Buck Boost Buck-Boost Cuk
Regulator Converter Converter Converter Converter

Efficiency Bad Good Good Good Good
Complexity Low Medium Medium Medium High
Cost Low Medium Medium Medium High

Output Ripple Low Medium Medium Medium Medium
Load Ability Bad Medium Medium Good Good
Size Small Medium Medium Medium Big
Output Range Small Medium Medium Large Large

In comparison, due to various components used especially inductor in the circuit, switching
regulators normally has highest complexity and biggest size. Although the cost is higher, switching

regulators are normally more efficient than linear regulators. Efficiency is the overriding factor for

8
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Chapter 1: Introduction

most of the system design. For instance, modern signal processing system and wireless
communication systems will use different supply voltages to minimize power loss and extend
battery life. For power electronic loads, DC-DC converter also can be used as intermediate stage
before connect to the load supplying DC-DC converter, which can improve power factor.

1.3 APPLICATION OF DC-DC BOOST CONVERTER

DC-DC boost converter has an immense range of application. It allows target applications working
with a power supply has lower level than the operating voltage. Normally, it can also be used as a
regulator for noisy power source to reduce the voltage ripple. For low power applications,
especially battery powered devices, boost converter can reduce the number of battery being used
since the required input voltage level is reduced. For instance, a LED light can be driven by single
1.5V alkaline cell battery after connecting boost converter, which et the size of battery times
smaller. Nowadays, portable device has great demand of reducing size, which let boost converter
being an ideal solution. Meanwhile, regulated output also protect device being damage if applicant
IS sensitive to noise, such as consumer electronic devices. It is expected that modern portable
wireless communication and signal processing systems will use variable supply voltages to
minimize power consumption and extend battery life [1.5]. But like the RF antenna, higher output
may be needed to improve the transmission performance. Boost converter become a convenient
solution in this case. Output voltages of dc—dc converters range from a volt for special VLSI
circuits to tens of kilo- volts in X-ray lamps. If original signal has very low amplitude such as
bioelectric signal, high transform ratio can be used therefore the output level will become more

suitable for further processing.

Load

VAG’ utilization
< > —y *
P 7 Ana

conditioning distribution

unit
/')

1?

/

Electric utility
network

Energy
storage

Figure 1.3.1 Major photovoltaic system component [1.5]
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Another typical application field of boost converter is renewable energy system. Energy being
harvested can store by battery or directly connect to the power grid. In solar energy system, boost
converter allows the number of photovoltaic (PV) panels used as input be reduced. Concurrently,
output quality can be ensured. If battery is used as the energy storage, their lifetime can be
expanded. As an additional power inject into power grid, power quality of grid will not be
deteriorated. Above figure shows a grid-connected photovoltaic system which is composed of PV
arrays connected to the grid through a power conditioning unit and are designed to operate in
parallel with the electric utility grid. The power conditioning unit may include the MPPT (Maximal
Power Point Tracking), the inverter, boost converter as well as the control system needed for
efficient system performance.

After the input become higher than grid voltage level, boost converter usually used to regulate
input. For AC input, it can be used to correct power factor which is called power factor correction.
It shapes the input current of power supply to maximize the real power available from the mains
[1.6]. Current scheme for AC to DC power conversion typically involve two stages. It is composed
of an input boost power factor corrector which convert the input and pre-regulate the input line to
190V (for 110V/AC power line). The bus then provides the input voltage for a conventional DC-

DC converter which can be appropriate technology.

+
AC EMI i ”g 3 DC
mput Filter Boost I Main output
PFC = = Converter

Figure 1.3.2 Conventional PFC conversion stage [1.6]

1.4 OVERVIEW OF DC-DC CONVERTER

In fact, DC-DC converter shows a bright future in both research and merchant field. By
summarized paper published in IEEE on the transaction of power electronics to find out the trends
of research interest of power electronics in recent two years, which shows that power converter
was the most popular topic until now. Among different conversion types, DC-DC converter shows
its higher preference to researchers. For most of the electronic devices they should have one or
more regulators for obtain a stable voltage which is higher or lower than input. For some sensitive

equipment like analog circuit, DC-DC regulator can also regulate the voltage ripple in certain range
10



Chapter 1: Introduction

to protect the components [1.7]. Depends on target appliance, different topologies can be used to
achieved a better performance. For instance, linear regulator usually be used as power supply of
data converter since it provides very low voltage ripple; Switching regulator is widely used in
digital signal processor since they provide high efficiency. Above discussion already shows the
research in this area already popular for years. Especially when we consider the fast-growing
consumer electronics market, more products were put into the market, while efficiency is one of
the greatest demand for them. There will be a wider range of use for DC-DC converter in the future,

and it is certainly an area worthy to work on.

1.5 TARGET APPLICATION

Table 1.5.1 shows six possible applications for the proposed KY converter. The transfer
characteristic of KY converter decided the output voltage is between one and two times of input
voltage. Detailed explained will be shown in following chapter. Since low power applications
usually requires boost converter perform high transform ratio to reduce the size of input source,
therefore, target will focus on relative higher power applications.

Input Output |
Frequency Rating Power
Voltage Voltage
Lighting Device 9V 12v 20MHz 60W
Communication
] 12v 16V 5MHz 15W
Equipment
Uninterruptible
36V 48V 1MHz 1KW
Power Supply
Power Factor
) 230V 400V 200KHz 1.5KW
Correction
PV Panel Output
500v 750V 19KHz 10KW
[1.8]
DC Microgrid
o 200V 500V 15KHz 1KW
Application [1.9]

Table 1.5.1 Possible applications for KY converter
In this project, proposed KY converter will be assumed to use as a link between PV panel and

conventional power grid. From literature review, renewable energy seems was a popular topic in

11



Chapter 1: Introduction

past years and this trend should maintain in the future. Among various renewable energy fields,
photovoltaic for solar energy is one of the most mentioned field which is not difficult to implement.
After consider the component rating and safety for experiment, output side of KY converter is
assumed to connect and directly inject power. In this case, output voltage should at least equal to
root means square value of power grid voltage, which is 190.53V for a 110V/AC three phase power
grid. Moreover, small output voltage ripple should be considered, which means setting value
should be slightly higher grid level. Hence, the proposed output voltage level is assumed to be
200V. Basic structure for this solar energy system is shown in figure 1.5.1. From data sheet of a
conventional PV panel [1.10], output voltage for maximal power point is stated as 32.4V.
Therefore, PV string consist of four series connected panels can output power at 129.6V. Proposed
input voltage level will be assumed as 130V. After the power being regulated by KY converter, it
will pass through a DC/AC converter before inject into grid or other domestic AC loads.

Specification for KY converter in proposed application is summarized in table 1.5.2.

PV
String
N
32.4V
YAN
7N S DC/DC
4 > » N 130V DC 200vDC,.| DC/AC
324V » Converter "I Inverter
N7
V
o
324V
\ -
N 110V AC Power Line
324V
Figure 1.5.1 Solar energy system
Input Voltage Output Voltage Switching Frequency Power Rating
130V 200V 15KHz 1.6KW

Table 1.5.2 Specification for proposed application

12




Chapter 2: Analysis of KY Converter

CHAPTER 2: ANALYSIS OF KY CONVERTER

2.1 OVERVIEW OF KY CONVERTER

KY converter is a dc-dc converter for step up voltage, proposed by Hwu, K.I. and Yau, Y.T in
2009. 1t is composed by a buck converter and a switched-capacitor charge pump converter.
Compare to conventional non-isolated boost converter, it offers fast transient response, non-
pulsating output current, low output voltage ripple and no RHPZ during continuous conduction
mode [2.1]. Figure 2.1 shows the circuit diagram of KY converter. Switching of power transistor
is controlled by a duty cycle D on PWM signal.

VO

R

Figure 2.1 The schematic of KY Converter

2.2 OPERATION PRINCIPLE

Overall, conversion is based on power switch periodically switching to let power transfer from
input to output. In KY converter as shown in figure 2.1, two switches S; and Sz will conduct
alternatively. Turn on/off time for each of them is controlled by duty cycle D. As the media,
inductor will absorb and release energy in different period to let it pass from input to output.
Depends on the continuity of inductor current, KY converter’s operation can be divided into two

modes: Continuous Conduction Mode (CCM) and Discontinuous Conduction Mode (DCM).

13



Chapter 2: Analysis of KY Converter in CCM

2.2.1 CCM ANALYSIS OF KY CONVERTER

Figure 2.2.1 shows waveform of inductor voltage and current during CCM. One switching cycle
Ts will be divided into two parts: When device is running between time interval 0 < t < DTy, Sz
is turned on and S is turned off during this period. Inductor will absorb energy during this period
and the inductor current i will increase. If time is turn into interval DT; < t < Ty, S1 will turn off

and Sz will turn on. Inductor will release energy and its current will decrease.

Vi Vv A 2Vin-Vout —

\
SN\ »
ViV %\ B

«—= DT, —»

— T, ——

Figure 2.2.1 Inductor current and voltage [2.2]
During state 1 (0 < t < DTy), power will flow as shown in figure 2.2.2. Diode Dy will not conduct,
the voltage across flying capacitor Ve, will be discharged to Vin within very short period. Base on
Kirchhoff’s Current Law and Kirchhoff’s Voltage Law, the sum of input voltage Vi, Vb and output
voltage across output capacitor C will be equal to inductor voltage V. Output capacitor current ic
will equals to inductor current minus the current pass through output resistor ir. Consequently,

following Eq. (2.1) can be deduced.

Figure 2.2.2 Power flow when S is turned on and S is turned off (state 1)

14



Chapter 2: Analysis of KY Converter in CCM

T’ Cb T> L
in H Y Y Y Y i )
-V + + V. - + ¢IC ¢IR
Vi) Vo =C =R

Figure 2.2.3 Equivalent circuit for KY converter in state 1

oi
Vp=Vi+ Ve =V, =2V, =1, =L§ Vep = V1)
(2.1)

v, .V,
R

=1

| ic=C ot

\ iy = i
During state 2 (DT < t < Ty), Sz will turn off and diode will conduct. After Cy being discharged
to input voltage Vi, energy transfer capacitor will form a loop with inductor and output capacitor,
which let the inductor voltage equals to the difference between input and output voltage. Input
current will flow through L and Cy, in different way. This state can be described by (2.2).

Dy L

N YT TY Y
el . J ””””” \/" ”””””””””””””””” >}
Sy L | | Co
nu iy v 1) 4

w0, T 7V

| 3}7 i -
S I |
i‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,, ! ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, y

i i L
in Y Y Y i )
Gt v e b
- :C

Vil ﬁib Vo = R

Figure 2.2.5 Equivalent circuit for KY converter in state 2
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Chapter 2: Analysis of KY Converter in CCM

(V——Lai vV, -V,

L=L-=Vi— Vg

ot

4 v, V., (2.2)
=%t "' TR

k11n=i+ib

After obtain equations for both states, (2.3) can be used to average the differential terms. Therefore,

the average equation can be obtained as (2.4).

Ts
1
— (2.3)
Tsf x dt
0

il

{L o 1+d)V, -V
v, Vo (2.4)

Therefore, input and output relationship in steady state can be obtained.
{0=Q+DWVJQ
Vo
] . (2.5)
i
hn=m+Dﬁ
E—::li.1=1+D (2.6)
In further, by substitute original component value to dc quiescent value |x| plus the superimposed
ac variation X as shown in (2.7) into (2.4), (2.8) can be obtained. Finally, small signal equation can

be derived by neglected second order as terms.

V=V, +V,
d=D+d
i=14+1 (2.7
v, =V, +V,
kiin:iin-l'ia
(,ol+1 N — _
L——=0+D+)Vi+R) -V + 7V,
ov, + 7, V,+7,
C 2t°=a+a—°R° (2.8)

im+im=0+D+d) {+1)
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Chapter 2: Analysis of KY Converter in CCM

o1 . _
(La= (1+D), +av;, -V,
4 v, . T, (2.9)
1“3t 'R
b;=(1+Dﬁ+J&
From the small signal as shown in figure 2.2.6, open loop transfer function can be obtained.
T Vi
ccMm = (2.10)
LCs? + L‘/IIQ_CS +1
T Vid
1:1+D S
i i L -

Figure 2.2.6 Small signal model for KY converter in CCM
Above deduction results are based on the neglect the raising time of voltage V¢, across Cp, but its
variation should be taken account into the calculation for improve accuracy. Since energy is
flowing between energy transfer capacitor and inductor, charges variation of them should be equal
base on charge conservation. Assume Ve, decrease in slope equals to -i/Cp, (2.11) shows the
expression for Ve, [2.3]. Switching frequency is represented by f.

Veo = Vi

i
— D2 211
27C, (2.11)
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Chapter 2: Analysis of KY Converter in CCM

Vb A

J \

State 1 State 2
< ....................................... >< ..................................... ’

\ 4

Figure 2.2.7 Flying capacitor variation phenomena
Finally, transfer function of KY converter in CCM can be obtained

V. 3D%
LC — 2LCfC, (2.12)

Teem(s) =

D 1 PE 1
2 —— L N
SGE <2chb + RC) S+ 2RfLGC T IC

2.2.2 BOUNDARY OF CCM AND DCM ON KY CONVERTER

If KY converter is working on the boundary between CCM and DCM, inductor will be totally
demagnetized exactly the end of each cycle. Figure 2.2.8 shows the inductor current waveform

when converter is working on boundary.

A

i 2V, =V, Vi=V,
L L
¥ 5
State 1 State 2 t
DTs g

Figure 2.2.8 Inductor waveform of KY converter in boundary of CCM and DCM

Assume it change linearly as equation (2.13), following equations can be obtained.

=L (2.13)
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Chapter 2: Boundary of CCM and DCM on KY Converter

(2V, - V,)DT, _ (2V; — V,)D

Ai = i(DT,) = - 1 (2.14)
_ (zvi - VO)D
L= (2.15)

For a fixed load resistance and output voltage, inductance can be expressed as (2.15), which shows
the increment of frequency can reduce the size of inductor. Average dc output load current at the
boundary can be determined. Resistance for pure resistive load can be expressed as (2.17).

A (2V—V)D (1-D)D
B = o> = o0 T T o

(2.16)

Vo 2Lf(1+ D)
Ryg = =

= DD (2.17)

For K = 2Lf/Rc, normalized load current and resistance waveform at the CCM/DCM boundary as

a function of duty cycle D for KY converter can be plotted out.

55, Normalized Load Current Normalized Load Resistance

| 60

com | U3

0.15]

! DCM

0.05]

CCM

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
D D

Figure 2.2.9 CCM/DCM boundary for normalized load current and resistance

2.2.3 DCM ANALYSIS OF KY CONVERTER

Figure 2.2.10 shows the inductor waveform when converter is working in DCM. Compare to CCM,
inductor current still increase to its maximal level when 0 < t < DT,. However, it will drop to zero
before t = T;. Original state 2 in CCM will be further divided into state 2-a and state 2-b, which

is shown as the duration Dy and D> in the figure. Since no current will flow through the inductor
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Chapter 2: Analysis of KY converter in DCM

during state 2-b, the power will flow between output capacitor and load resistor as shown in figure
2.2.11. Based on ampere-second balance, transfer function during steady state can be obtained
from (2.18).

1 “ State 2-a
i State 1
L State 2-tE
0 = T
S S DL B2 T,
Figure 2.2.10 Inductor current waveform during DCM
Dy
Eagn *
81 =
Vil
] i -
S JE

Figure 2.2.11 Power flow of KY converter in state 2-b

2(Vi = Vo)DT = (Vi = Vo) D1 T (2.18)
S V, 2D+D,
DCM =y = D, (2.19)
Therefore, dc load current lioad Can be expressed as
T
1. (D + DA 2(V; —V,)D(D + D)
load = ?f iTdt = 5 = 271 (2.20)

0

By finding D1 in (2.19) and substitute into (2.20), transfer function become

D? D* _6D?
v, (1_?>+\J1+F+T _2Lf (2.20)

T = — = ’k_
DCM v, > R
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Chapter 2: Analysis of KY converter in DCM

Flying capacitor V¢, variation need to be considered for deduce small signal model. Req is
equivalent resistance for represent Ve variation. Since the inductor average inductor current in one

cycle is changed to (2.22), Vb Will be variate as (2.23).

AL
1= ) (D + Dy) (2.21)
DI
AVey = —— (2.23)
= FC,(D + Dy)
Therefore, Req can be obtained as
o AVe, D1
T fCy(D+Dy) (2.24)
After that, transfer function for DCM will be modified after consider V¢, variation.
—(kD%b — k?b— 4D°) + \/—4(k%b + D5)(4D5 — 2kD?b) + (kD?b — k2b — 4D%)?2 (2.25)

T =
DCM 2

Where b = 2fCR.
By using same deduction method for buck converter [2.4], a small signal model of KY converter
for DCM can be deduced as figure 2.2.12. r, and rc represent the equivalent resistance for inductor

and output capacitor.

)

Figure 2.2.12 Small signal model for KY converter of DCM

kq and r in figure 2.2.12 can be expressed as

2V, 2-T
K; === 2 (2.26)
R kTDCM (TDCM 1)

r= R(Z - TDCM)(1 - TDCM)

TDCM

(2.27)
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Chapter 2: Analysis of KY converter in DCM

In further, small signal transfer function of KY converter in DCM can be found:

S
—H z (2.28)
Gvdcm(s) 1+ pis + pzsz
Where

TR
H =K, 2.29
“r+R+Req +1, (2.29)

1
= 2.30
z rCCb ( )
L+ Co((R+1)(r +7, 4 Req) + RT) (2.31)
L= r+R+Req+1,

R+

p, = s (2.32)

=LC
"R+71+Req+1,

2.3 SIMULATION VERIFICATION OF KY CONVERTER THEORY

To verify the correctness of above analysis, a KY converter is built in PSCAD/EMTDC for
simulation. Parameters being used during simulation is shown in table 2.3.1. Diode forward

voltage drop is set as 0.6V. Schematic for simulation is shown in figure 2.3.1.

Vin (V) Duty Ratio fs (kHz) L (uH)
130 02-0.8 15 120
Cb (mF) Co (MF) Rioad (£2)
1 1 25-100

Table 2.3.1 Simulation parameters for KY converter
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%9 Lo 0.12[mH]
i rris lin ld [y e IL_lout
Lo
- B.|Compar- = T - =1 7 =N
00 >4 ator & Vi Wz vL Vo
e Tr2 i
A + 1 |;§1 i L
B.|Compar- - - oy =
o0 >
0.0 ator ThA = 3 le ne A Tr4
Th = 5 Compar-
] o np
c I EoE A=
Tri1 DeM I Ra © —_
Switching | | EZ E
. [=]
The| Logic |7 TrB % =3

Figure 2.3.1 PSCAD simulation schematic of KY converter
As mentioned in previous section, difference of circuit behavior in CCM can be reflected on the
inductor current. Its waveform in two conduction modes in simulation is shown in figure 2.3.2.
During the simulation, various input voltage level and duty ratio had been applied to find out the

error between simulation result and theoretical value base on (2.12)

Inductor Currentin CCM Inductor Current in CCM

- -
250 - -
200 -

15.0 -

10.0

)
®

= il

0.12420

0.0

-5.0 -}

0.12420

0.12415

0.12400 0.12405 0.12410 0.12415 0.12390 0.12395 0.12400 0.12405 0.12410

(@)

0.12B85 0.12390 0.12395

Figure 2.3.2 Inductor current waveform in (a) CCM and (b) DCM during simulation

Vin (V) D=02 D=0.4 D=0.6 D=08
110 0.11% 0.14% 0.09% 0.25%
130 0.11% 0.17% 0.07% 0.27%
150 0.11% 0.15% 0.1% 0.27%

Table 2.3.2 Error between theoretical and simulation output voltage value in CCM
As the result shown in table 2.3.2, gain for KY converter in open loop perform no more than 0.86%
variation from calculation result based on theory. Furthermore, figure 2.3.3 shows the verification
of DCM result on the specifically. For gain of KY converter in DCM, change in inductance, load
resistance and switching frequency will also have observable effect on converter’s behavior.
Figure 2.3.3 shows the plots of DC transfer function Mvpc versus the normalized load resistance
Rioad/2fL and normalized load current lioad /(Vout/2fL). The red line represents the boundary, while
black line shows the theoretical gain of KY converter in different duty ratio. The cross point “x”
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Chapter 2: Simulation verification of KY converter theory

indicates the simulation result. Overall, this part of simulation results show that the behavior of
KY converter in both CCM and DCM is follow the expected trends.

2 . 2 . . . —
—— Boundary
5 D=0.9 — Gain (| 19 : //I’—*’;
X Simulation Data] ¥ e & i
18 : 18 _/;/r“" ]
17 I |
LD) 167 8 16 1
S >
2 5l 2 45
14 14 RS
131 1.3 4
12+ 1.2 : —— Boundary
I D=0.1 / DCM — Gain |
1.1 11 CcCcM X Simulation Datal
1 ; g 1 : 2 ;
0 0.05 0.1 0.15 0.2 0 20 40 60 80 100
lioad /(Vuut/ZfL) Rioad/2fL
@) (b)

Figure 2.3.3 KY converter gain versus the normalized (a) Load resistance and (b) Load current
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Chapter 3: Close Loop Control of KY Converter

CHAPTER 3: CLOSE LOOP CONTROL OF KY CONVERTER

3.1 OVERVIEW OF CLOSE LOOP CONTROL

Close-loop control for dc-dc converter is necessary for improve overall system performance. For
most of the electrical system, input and load condition always changing. Meanwhile, components
value will change with temperature, pressure and time. Actual output level usually various from
the expected in open loop system. In close-loop system, output will be measured to adjust the
system which aims to improve the stability and accuracy of overall system. Figure 3.1.1 shows a

typical block diagram of close-loop control topology.

Verror Control Plant Vout
[G(s)]
Feedback
network -
[B]

Figure 3.1.1 Typical close-loop control diagram
By set up an expected value, error of output can be sensed as an error signal and passed to control
plant for further processing. Control plant in above figure represents the original power stage, pulse
width modulator and related control logics, meanwhile the lower block represents the feedback
network. Normally, output will be measured as a negative feedback which sum up with a reference
value. Depends on system characteristic, various control methods can be used, but in general, it
processes the signal from feedback for adjust the output as reference. Overall, application of close
loop control in KY converter can be described as extend of above diagram as shown below. In
following sections in this chapter, details of each part of close-loop approach of proposed KY

converter will be discussed.
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Chapter 3: Voltage and Current Mode Control

Vet _-F,@M, Compensator R T\/Lljésdeu\gtl?:: .| PowerStage | Vou
x_ [Td] [Tol [Tp]
Vi
Feedback |,

[B]

Figure 3.1.2 Close loop control block diagram of KY converter

3.2 VOLTAGE AND CURRENT MODE CONTROL

Voltage mode control and current mode control are the most common-used control method for
PWM dc-dc converter. In figure 3.2.1, schematic for voltage and current mode control for boost
converter is shown as reference. They only distinguish by the signal to be compare with error

signal in pulse width modulator.
L Dy L oy

oL N mtiiie i¢ N
—’_”: & ==C§RL Vo §R1

Vieontrol

5
Saw-tooth
A/l/] generator

(a) (b) )

Figure 3.2.1 Schematic of (a) Voltage mode control and (b) Current mode control [3.1]
After the converter output is sensed and subtracted by an external reference voltage in an error

amplifier, in will be passed to a pulse width modulator, which is used for generated the control
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Chapter 3: Voltage and Current Mode Control

signal for power switches. In voltage mode control, error is compare with a saw-tooth waveform.
Switching frequency can be variate by change the frequency of saw-tooth signal, which is provided
by external sources. While in current mode control, it requires an additional inner signal for
feedback loop of certain parameters, which is inductor current in figure 3.2.1. When the inductor
current reaches the peak, it is naturally equals to the peak switch current. Then, the latter can be
used in inner loop which simplified the current sensor. By provided an external signal to Flip-Flop,
current mode control can maintain in constant frequency. In comparison, voltage mode control is
easier to implement since it requires less components. Besides, current mode control will occur
sub-harmonic oscillation if the duty cycle is too large. More importantly, simpler principle for
voltage mode control lets further design has more flexibility. Therefore, voltage mode control was

chosen in this project.

3.3 CLOSE LOOP CONTROL CIRCUIT IN KY CONVERTER

3.3.1 FEEDBACK NETWORK

Output voltage will be sensed by a feedback network to transform the signal to appropriate level.
Typically, there are three types of feedback approaches being used for perform as a voltage divider,
or along with phase lead and lag function. Their structure and equivalent transfer functions can be
found in table 3.1.
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Chapter 3: Feedback Network

Type (a) (b) (c)
Vout Vout Vout

Ra Ra R | &

Circuit Diagram — V; — V¢ Vi
R R R

B B —— C B
Transfer Rg Rp 1 i 1+ 5CiRy
, e T Ra+R sCiRARg) [ Ry +R sC;RaRg
Function (B) Ra+Rg AT RB (14 FIoAp ) | Ra T Re (14 215AR0)

Table 3.1 Feedback network schematics and their transfer function
Type (a) feedback is a voltage divider, which can generate a feedback voltage Vs in different
voltage level but has no effect on frequency. Base on this network, add a capacitor in parallel with
one of the resistor can create a pole or both zero and pole, which allows the network achieves lead
or lag function by effecting the frequency. In this project, a compensator will be further connected
with this feedback network to adjust the phase margin. For here, feedback network doesn’t require
the ability of adjust the signal in frequency domain. It will overlap with the function of
compensator and create unnecessary waste. Type (a) network is preferred here since it involves

least components and design consideration.

3.3.2 COMPENSATOR

In conventional closed-loop control power converters, different types of compensators are widely
used for provide enough phase margin, which aims to improve overall system stability. By connect
various number of resistors and capacitors with an op-amp, phase margin of the signal can be
changed in the range of 0 to 180 degrees. In table 3.2, schematics of three types of compensator

are shown along with their poles and zeros location.
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Chapter 3: Compensator

Type Circuit Diagram Zeros Poles
Cy
I
I
| None P= !
Vi Ry > T 2mR G,
L Ve
VRef S
C,
| i
Ci R,
% }—A/\/\% 1
1 2
2mR,C,
Ri 1
Vf e P2 =
V2 2mR,C,
VRef .
1
i P =0
i 2T[R2 Cl
C R,
C: Rs 4{ }—/\/\/\,7 1
" 7 P, =
R 2 2mRC;
Vi ’\/\}\/ = | ; CC
v Ve | Tone, (R, 4Ry | p = T2
Ref * 21R,C,C,

Table 3.2 Schematics of compensators and their pole-zero location

Type | compensator indeed is an integrator which can affect the system by add pole and cause
maximal 90-degree phase shift. Since the goal of uses of compensator is to improve phase margin,
this type of compensator will not be considered here. By adding a series RC into type |
compensator, one more pole and zero can be provided, which becomes a type Il compensator. The
extra pole-zero can provide maximal 90-degree boost in margin theoretically. Equivalently, type
Il compensator has an extra RC in series connected with the circuit than type 11, which let it
contain two pole-zero pairs and one pole at the origin as shown in table 3.2.
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Bode Diagram

Magnitude (dB)
]

N

—— = Type Ill

/- \\\\ — Typell | |

Phase (deg)
/

Frequency (rad/s)

Figure 3.3.1 Bode plot of type Il and type I1l compensator
Figure 3.3.1 illustrates a typical bode plot of typical type Il and type Il compensator. Type Il
compensator has double the ability in boost up phase margin in compare to type Il, which increase
the flexibility and possibility in system design. If the phase lag of power converter can approach
180 degree, the maximal phase from a type Il compensator at any frequency is at most zero degree.
Hence, type Il compensator will be used in proposed design to provide enough phase margin to
keep the stability of system. From poles and zeros information as shown in table 3.2, its transfer

function can be represented as equation (3.1).

(s+Z)(s+Z;)  Ri+Ry (S +ﬁ) [(S +m>]

(s+P))(s+P,)(s+P;) C,R;R; C,+C, 1
2 (S + chlcz) (s + C3R1)

Te(s) = (3.1)

3.3.3 PULSE WIDTH MODULATOR

Pulse-Width-Modulation (PWM) is widely used in DC-DC converter circuit, in order to provide
variable gate signal to power switches to change the output voltage level. Figure 3.2.3 illustrates

the generation of PWM signal in this system.
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Chapter 3: Pulse Width Modulator

PWM Generator

Verror ’ +

Duty Cycle Oltput Vfamp /MM B

Ramp
generator

(a) (b)

Figure 3.3.3 (a) Waveform of PWM generation and (b) its circuit

After feedback signal from output being compensated, the control signal V¢ will be used to
compare to a saw tooth signal, which is given by a ramp generator. The comparison generates a
pulse output in different width. Once the control signal become higher (i.e. error become bigger,
output become less than reference), there will be a wider pulse (i.e. higher duty ratio D) being
generated to switches, so that the charging process becomes longer, more power will be passed to
output to enhance its power level.

By the circuit waveform, it can be observed that the ratio of between control signal V¢ is equal to
the duty cycle D. Therefore, the transfer function of pulse width modulator (T,,) can be deduced
as

d 1

Tm(S) = v = W (3.2)

3.4 DESIGN OF CONTROL CIRCUIT FOR KY CONVERTER

From introduction of chapter 2 and previous introduction of this chapter, the transfer functions of
the KY converter power stage (Tp), pulse-width modulator (Tm), the feedback network (f3) and
compensator (T¢), have been mentioned. In order to design a compensator for provide enough
phase margin base on its poles and zero as shown in table 3.2, the corresponding value of crossover
frequency fc should be considered first, which is defined as a frequency when the magnitude of
loop gain become unity as shown in equation (3.3).
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Chapter 3: Design of Control Circuit for KY Converter

|TcGowe) * B * T * Ty o) = 1 (3.3)

Two conditions need to be considered for chose the crossover frequency. Firstly, it’s proper to
selected a crossover frequency as a range of 1/5 to 1/10 of switching frequency [3.2]. Also, for
avoid the effect on LC resonant inside the converter, crossover frequency should be selected at
least three times larger than the output resonant frequency.

After understand the restriction of crossover frequency, components values for compensation
circuit can be decided. For type Il compensator, a separation factor K can be to simplified the
design process. Equation for calculate K is shown below, while ¢, represent the required phase
to boost for type 111 compensator. As can be seen in figure 3.4.1, ¢, increase quickly in smaller
K, while the increase become slower when the K become higher.

K = {tan [(%m) + 450]}2 (3.4)

180

Maximum phase boost (theta m) verus K factor for Type Il controller
T T T T T T T T T

Type Ill

theta m (degrees)

0 1 1 1 1 1 1 1 1 1

0 10 20 30 40 60 70 80 90 100

50
K factor

Figure 3.4.1 Plot of maximum phase vs. separation factor K [3.3]
Let the gain and phase at control plants at w. be G, and @, it can be obtained by substitute

s = jw, into (2.12). For meet the phase margin PM requirement, we have

@m = PM — ¢, —90° (3.5)
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After the required gain of compensator |T.(jw.)| be calculated from (3.3), by selected a resistor

R1, remaining components value can be obtained with the help of K.

Co

1

—we * | Te(jwe)] * Ry

C,=Cr*x(K-1)

Cs

R, = Ry
37 K-1
- 1

we * VK * Ry
ujmyice
Z_wC*Cl

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

By setting crossover frequency as 2KHz, bases on the parameter setting as previous and equation

(2.12) and (2.28), components value for compensator can be determined. In figure 3.4.2 and 3.4.3,

bode plot of CCM and DCM in open loop situation and close loop with phase margin in 45°, 60°

is shown respectively. Correspondingly, compensator parameters are shown in table 3.3 and 3.4.

Resistor Capacitor
PM K Factor
R1 () R2() | Res(MQ) | Ci(mF) | C2(mF) | Cs(mF)
30° 13.8834 50 1127 612.86 0.02 0.26 55
45° 25.168 50 809.11 326.7 0.02 0.49 7.67
60° 57.3378 50 523.9 140.15 2.04 1.15 11.84

Table 3.3 Parameters of compensator be used in simulation for CCM
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Bode Diagram
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Figure 3.4.2 Bode of KY converter in CCM (a) Open loop and close loop for (b) PM = 30°; (c)
PM = 45°; (d) PM = 60°

Resistor Capacitor
PM K Factor
R1(Q) R2(2) | R3(GQ) | Ci(mF) | C2(mF) | C3(mF)
30° 2.2158 50 54.13 6.49 1.8 2.19 1.3
45° 2.9657 50 38.73 4.02 1.8 3.54 1.82
60° 4.067 50 29.11 2.58 1.8 5.51 2.42

Table 3.3 Parameters of compensator be used in simulation for DCM
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Bode Diagram Bode Diagram
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Figure 3.4.3 Bode of KY converter in DCM (a) Open loop
and close loop for (b) PM = 30°; (c) PM = 45°; (d) PM = 60°

Thus, simulations base on the components value shown in table 2.3.1 were conducted to check the
performance of KY converter in CCM/DCM with 30°/45°/60° phase margin. Noted that the
inductance in CCM is changed to 0.5mH instead of 0.12mH in DCM. It is for reduce the boundary
current level between CCM/DCM based on equation (2.16), to enable the simulation running in
both CCM/DCM in same load condition.
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From simulation waveform, inadequate phase margin might lead the system become unstable as
represented in figure 3.4.4 (a) for 30° phase margin in CCM. Overall, phase margin in 60° tends
to provide lower overshoot level in roughly the same settling time with the other comparators.
Thus, design controller being used for experiment will base on the 60° phase margin requirement.
During simulation, PI controller information can be obtained from (3.1). The P and I value be used

plot following figures is shown in table 3.4.

Proportional Gain (P) Integral Gain (1)
Phase Margin (PM) 30° 45° 60° 30° 45° 60°
DCM 1.72 1.38 0.851 5440 10700 12400
CCM 0.00168 0 0 122 91.5 88.4

Table 3.4 Pl parameters for phase margin simulation
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In summary, an analog design schematic of KY converter with close-loop compensation is

represented in figure 3.4.5.
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Figure 3.4.5 System structure of KY converter with close loop control
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CHAPTER 4: HARDWARE IMPLEMENTATION OF KY CONVERTER

4.1 INTRODUCTION

In this final year project, a hardware circuit is built up to verified the correctness of proposed
circuit and control theory. Since the working principle of KY converter have been introduced in
chapter 2 and its control theory have been introduced in chapter 3, all techniques are combined
and realized in hardware be introduced in this chapter. The overall experimental system was
configured as a DC-DC step up converter with close loop control. In practical, overall system
function was realized by some extra components include voltage and current transducer, signal
conditioning circuit, IGBT driver and digital signal processor (DSP). They are used to perform the
same function as theoretical design in chapter 3, which provide higher adjustability for circuit
debug. Design and functions of these components will be discussed in sections of this chapter.
After that, simulation and experimental result will be shown in comparison with simulation result

in next chapter.

4.2 STRUCTURE OF EXPERIMENTAL CIRCUIT

Overall, experimental circuit can be divided into two parts, which are KY converter and related
components for sensing, processing and driving the circuit for system work in closed-loop control.
Its completed configuration is shown in figure 4.2.1.

As introduced in chapter 1, proposed KY converter is used to step up the voltage from PV Panel
and output connected with a DC/AC converter. During the experiment, a controllable DC power
supply rating at 600V/17A with self-protection mechanism has been used as the input of KY
converter, as a replacement of PV panel. A variable linear load bank has been used as the load of
system. Picture of these devices is shown in figure 4.2.2. An extra 3.3mF capacitor is connected
in parallel with DC source for to minimize the input voltage fluctuation caused by LC component
in circuit, and a Module case circuit breaker (MCCB) which has a current rating in 20A is further
connected for further safety concern. Overall, photo of experimental platform is shown in figure

4.2.3.
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Figure 4.2.1 Overall system structure of experimental circuit

Figure 4.2.2 DC power supply and load box
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MCCB Input Capacitor IGBT Driver

Signal
Transduce &
Conditioning

KY Converter Control Circuit

Figure 4.2.3 Hardware of KY converter with closed-loop control

4.3 DESIGN OF EXPERIMENTAL CIRCUIT

4.3.1 SWITCHING DEVICE AND ITS DRIVER

For switched-mode power converter, Metal-Oxide-Semiconductor field effect transistor
(MOSFET) and Insulated-Gate Bipolar Transistor (IGBT) are the most popular choice as
switching device. MOSFET is characterized as high switching frequency for up to hundred KHz.
However, its voltage rating is typically below 200V, which is not suitable for proposed design. In
comparison, IGBT has similar merit of low switching losses, low power required for driving as
MOSFET. Also, it can work normally in voltage up to kV level, and switching frequency up to
20kHz. For designed output in 200V and 15KHz switching frequency, IGBT shows better
compatibility.

In this project, Mitsubishi intelligent power module PM300DSA600 was chosen. It can sustain
voltage up to 600V, current up to 300A, and operates in frequency up to 20KHz [4.1]. Figure 4.3.1

42



Chapter 4: Switching Device and Its Driver

shows its appearance and internal circuit diagram. With one package, there are two IGBTs built in
with separated control circuits provided for optimum gate drive. Besides, each of them is

connected with a freewheeling diode for protection.

Trigger Signal

+—O C2E1

Heat Sink Snubber Capacitor :

(a) (b)

Figure 4.3.1 (a) Photo of PM300DSA600 and (b) its circuit structure [4.1]

In practical, a snubber capacitor is connected between collector port on first IGBT and emitter port

of the second. It its used to absorb the suddenly energy increase on switch due to inductor inside
the system. As shown in figure 4.3.2, phenomena of voltage spike are improved after the snubber

capacitor be connected.

i 7500V BRI Stop i 2 GO0V 52608 10.00% Stop !
—

Vin = 50V Vin = 50V

T

| T N
\/ AT 83V ral

N
~
< >

Figure 4.3.2 Eliminated voltage spike on IGBT when snubber is (a) Not applied and (b) Applied
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Since the output PWM voltage level from DSP is not enough to trigger the IGBT, an extra driver
is required to active the switching function. Schematic of IGBT driver is shown in figure 4.3.3.
Here are some considerations of its design base on the DSP 1/O requirement:

e The SN74HCTO8 is used to protect the 1/0 of DSP controller. It works as a buffer since
the current of the 1/O is recommended to within 1.67mA per pin for 3.3 V-tolerance; while
the typical working current of HCPL4504 is 16mA.

e +VL, R7 and R8 are combined as resistor divider to pull up the signal “FO” and limit the
voltage within 3.3V.

e The RC low-pass filter is adopted to filter the noise which could probably be on the fault
signal. The selection of R1 should consider the current of controller 1/0, “FO” pull up
potential and RC low-pass filter loading effect.

The final hardware connection between IGBT and driver is shown in figure 4.3.4.
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Figure 4.3.3 Schematic of IGBT Driver
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IGBT IGBT Driver

Figure 4.3.4 Connection of IGBT and its driver

4.3.2 SIGNAL TRANSDUCING AND CONDTIONING CIRCUIT

For proposed design, one voltage signal (output voltage) and one current signal (inductor current)
need to be sensed for control logics. Each of them require specific transducing circuit, which will

be discussed in coming sections.

4.3.2.1 CURRENT TRANSDUCER

Current signal is sensed by a current transducer LA55-P as shown in figure 4.3.5. By retrieved its
specification from datasheet, it can sense primary nominal root mean square current in maximum
of 50A and provides good linearity and frequency bandwidth [4.2]. For a circuit maximally has
20A current flowing (restricted by MCCB), it shows good compatibility for this project.

=]

el |
M- | A+
T 1
(a)

Figure 4.3.5 (a) Drawing of current transducer and its (b) internal connection [4.2]
For a current signal conducting in specific wire, this transducer will let the wire go through the

void area in middle. Base on hall effect, primary current I, pass through transducer will produce a
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current signal Is: in secondary side. This model provides a conversion in 1000:1 from primary to
secondary. To increase sensitivity of current sensing, conduction wire was winding up twice when
it passes through the transducer, which means the amount of current be sensed is double as actual
value. Relationship between primary and secondary current is shown in equation (4.1).

Iy = —1, (4.1)

4.3.2.2 VOLTAGE TRANSDUCER

Schematic of voltage transducer LV 25-400 is shown in figure 4.3.6. It allows a primary nominal
rms voltage Vewm in range of 0 to 400V [4.3]. For measure the output voltage in proposed design

as 200V, it is enough even considering the overshoot level.

. - Jo- s M
+HT 3 - L HT Mo—@—:r—oov
- e % -
40 v 1 mslzs ® W M =3 L1 O +U,
I~ o i
v |68 o s _ )
AT HT @ o -U;

S w g LTS
(a) (b)

Figure 4.3.6 (a) Drawing of voltage transducer and its (b) internal connection [4.3]
Transduce of voltage signal has similar principle as current transducing. By connect +HT/-HT
terminal for primary signal Vem with various resistors integrated inside the transducer board, it
will produce a current flow in primary side. By hall effect, it will cause a current signal Is2 in
secondary side. Relationship between Vpmand Isz is shown in equation (4.2).

1
Is; = ﬁVPM (4.2)

4.3.2.3 SIGNAL CONDITIONING CIRCUIT

Before the transduced signals pass to DSP, they will pass through a conditioning circuit, which is
used to adjust signal’s gain and filter noise. In practical, signal being sensed by transducer will

always contain some interference, which may dramatically affect the correctness of feedback value,
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then leads the system become uncontrollable. Signal conditioning circuits are able to transfer the
signal into a proper level for input requirement of DSP, also can reduce the noise for improve the

accuracy of control. Figure 4.3.7 shows the schematic of signal conditioning circuit.

R
CR; !
Rs
=] v
. (-15V) .
:2 + Rs oPo7 .'_'8 } 0
OP07 ' +
* - VEa
Ve | | Ry /é/ R R (-15V)
- (+15V) 4 5 ZD,T
I CR,
VRef —L

Figure 4.3.7 Schematic of signal conditioning circuit
Within the circuit, two operational amplifiers OPO7 will be used. Figure 4.3.8 shows the simplified
schematic and pins function of OPO7. It requires power supply Vcc in range of £3V to +18V and
typically work in input ranging in £14V [4.4]. Each operational amplifier is connected with a
variable resistor for input offset voltage adjustment. After input current signal Is from transducers
being transform to a voltage signal Vr: by Ry, it will pass through a voltage follower formed up
by R2 and the first Op-Amp. It is used as a unity gain buffer to draws high impedance on the load

side for minimize the loading effect.

U Pin Description
OFFSET N1[] 1 8 [] OFFSET N2
IN-[] 2 700 Vees OFFESET N1
IN+[] 3 6] ouUT External input offset voltage adjustment
Vee-[] 4 s[INC OFFSET N2
VCC+ Positive Supply
1
OFFSET N1 vCC- Negative Supply
N [ —
6 IN+ Inverting input
ouTt
IN- 2 = IN- Noninverting input
8
OFFSET N2 ouT Output

Figure 4.3.8 Simplified schematic of OP07 and its pin’s function [4.4]
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The second amplifier is used to normalized the voltage level, while the selection of resistors is
based on the input/output specification of Op-amp, transducers and DSP. Based on datasheet, their

rating value is given in table 4.1.

Model LA55-P LV 25-400 OPO7 TMS320F2812
Input Rating 50A 400V/10mA +14V 0-3.3V
Output Rating 25mA 25mA

Table 4.1 Components rating [4.2] - [4.5]
Besides, a reference voltage in +3V is provided by REF5030 as offset for feedback signal [4.6].
It’s for increase the resolution of A/D conversion in low voltage level. Base on the schematic, a
transfer relation between input Is from transducer and output Vra to DSP can be described as

equation (4.3).

R¢ + R, ( 43)

out =
R

R3Rs gD R4Rs Vv )
RsRy + R3Rs + RyRs Y " RyR, + RyRs + R,Rs ™*
Consider the current flow and possible peak output voltage level, saturation level for output voltage
feedback is 225V and 9.85A for inductor current. After the feedback exceed the saturation level,
a Zener diode Zp: is placed before connect to A/D port to limit the feedback signal to DSP below
3.3V. Based on above information, resistor value for R1 to Rg were selected as shown in table 4.2
and 4.3. Hardware connection of transducers and signal conditioning circuit is shown in figure
4.3.9.

Ri(Q) [ R2KQ) | Rs(KQ) | Ra(KQ) | Rs(KQ) | Re(KQ) | R7(KQ) | Rs(Q)
180 10 1 6.8 2 15 10 100
Table 4.2 Resistance for output voltage signal condition circuit
Ri(Q) | Re(KQ) | R3(KQ) | Ra(KQ) | Rs(KQ) | Re(KQ) | R7(KQ) Rs(Q)
180 10 1 6.8 2 18 4.3 100

Table 4.3 Resistance for inductor current signal condition circuit
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Figure 4.3.9 Connection of transducers and signal conditioning circuit

4.3.3 DIGITAL SIGNAL PROCESSING BOARD

The DSP board is based on a 32-bit fix point digital signal processor TMS320F2812 in clock

frequency of 150MHz. It is widely used in power application included motor/machine control,

converter/inverter control, etc. By sample the feedback signal on A/D module into a digital signal,

it will be processed by designed algorithm for a PWM signal generated to IGBT driver board. It

combines the function of control logics and compensator as the analog design in chapter 3.

Moreover, for realize a PID control on proposed system, it shows higher performance and

flexibility for design. In general, the program flow chart of DSP is shown in figure 4.3.10. In

general, the functions of this controller are:
e Converter the feedback signal to digital through A/D module;
e Implement algorithm on A/D result;

e Generated PWM signals trigger signals
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Figure 4.3.10 Program flow chart in DSP

4.3.3.1 ANALOG TO DIGITAL MODULE

The A/D module in F2812 is a 12-bit module with fast conversion rate of 80ns at 25 MHz clock.

Its block diagram is shown in figure 4.3.11. Inside, each of the event manager EVA and EVB

provides 8 channel and two timers. Timer is used to define the sampling rate of A/D module. Here,

2 channel of signals are converted into digital values. For 15KHz switching frequency in proposed

KY converter, Timer 1 of EVA is setas 15 KHz for output voltage feedback will be converted on
the first channel by timer 1 of EVA which is set as 15 KHz to updated the PWM of each cycle.

Timer 2 for the second channel of inductor current feedback is set as 150 KHz since it is used to

detect when inductor current reach zero in each switching cycle.
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Figure 4.3.11 Block diagram of A/D module in F2812 [4.5]
After feedback signal pass through the sample/hold circuit and be stored into the register, it need
to be normalized to analog value for ease of calculation. For a 12-bit A/D module, there is a liner
relationship between digital and feedback value is shown as the blue line in figure 4.3.12. In
practical, the relationship has slightly shift from the ideal. For further eliminate the mismatch, A/D
is further calibrate by obtained various output digital in different feedback voltage. It can be
observed that there is a 1.013 offset gain and 0.02V offset for the feedback voltage sensed in DSP.

Finally, relationship between digital value and feedback from transducer is shown in (4.4).

(Analog feedback voltage * 1.013 — 0.02) — ADCLO

Digital Value = 4095x 3

(4.4)
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Digital
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Figure 4.3.12 Feedback value vs. digital value in DSP

4.3.3.2 PWM SIGNAL GENERATION

Generation of PWM signal in DSP is based on compare logic. By setting value TxPR for timer Tx,
timer counter TXCNT will repeatedly increase from 0 to TxXPR. In logic as shown in figure 4.3.13,
relatively, relationship among TXCNT, CMPRx, PWM signal PWMx can be represented by (4.5).

{TxCNT > CMPRx R {PWMx =1,PWM(x+1)=0 45
TxCNT < CMPRx PWMx =0,PWM(x+1) =1 (4.5)

TICNT
T1PR

CMPR1

tep=4.27US —

PWM1

PWM2

Figure 4.3.13 PWM compare logic of DSP
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Counter is based high speed clock HSPCLK = 37.5MHz, therefore, frequency of PWM signal can
be represent as (4.6). For the project, T1PR is set as 2499 to provide a 15KHz PWM signal. Base
on the information of IGBT’s datasheet [4.1], a dead band tab is set as 4.27us to ensure the switch
function properly.

HSPCLK

fowm = PR+ 1 (4.6)

4.3.4 REALIZATION OF PID CONTROL IN DSP

For analog PID controller, there is a general form to represent the proportional gain Kp, integral
gain Ki and derivative gain Kq value as (4.7). Since the transfer function of analog controller

already be deducted as (3.1), corresponding gain value can be retrieved.

K:
G.(s) =K, + ?l + Kys (4.7)

Kyde(t)
dt

G.(t) = Kye(t) + K; f e(t)dt + (4.8)

In time domain, PID controller is implemented using (4.8). For a digital processor, it need to be
transformed into discrete time domain to perform integration and differentiation by numerical
calculation. Among various approach to obtain a discrete time equivalent PID controller, backward
difference method is one of the most used since it occupies relatively simpler calculation [4.7]. By
using backward difference method, a numerical integrator and differentiator can be representing
as (4.9). T represent the sampling period. Therefore, transfer function of a digital PID controller is
shown in (4.10).

( t~kT, k=0,1,2,..
¢ k k
t)ydt =T iT)=T j
| foeo ]Zoeo ) ]Zoeo) )
de(t) e(kT) —e[(k — DT] e —ex_4
\dt T T T
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ulk] = 1+ Kq(elk] — e[k —1]) (4.10)

||'M>:-

In (4.10), u[k] represent the ki error on calculation result. In DSP F2812, this value should be
assigned to CMPx as mentioned in previous section, which is used for compare with counter signal
and generate corresponding PWM signal. For each calculation, error e[K] is equals to the
subtraction between reference KY converter output voltage Vrer and feedback voltage value on
DSP (For ease of calculation, A/D convert result will be first normalized to actual value by
equation (4.3) and (4.4)). Integral control will accumulate error of each period of calculation,
differential control is based on the difference on previous calculated difference and present
calculated difference. Indeed, they are the same as root concept on integration and differentiation
as mathematical tools. After properly set up the algorithm, by input different Kp, Ki, Kg and Ve,

system can run with DSP act as a PID controller to tracking a set reference level.
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CHAPTER 5: SIMULATION AND EXPERIMENTAL RESULT OF KY

CONVERTER

5.1 INTRODUCTION

For verified the validity of theoretical analysis of KY converter in Continuous Conduction Mode
(CCM) and Discontinuous Conduction Mode (DCM) and evaluate the performance of closed-loop
control circuit, several simulations and experimental tests were conducted. Simulation results were
carried out by using PSCAD/EMTDC, which is widely used in power engineering field. In
comparison, experiments based on the same component’s parameter as simulation were conducted
on the hardware be introduced in previous chapter. Selection of KY converter component was
based on the theoretical analysis in chapter 2.

System parameters Physical Values
Input Voltage (V) 120-150V
Output Voltage (V) 180-200V

0.12mH (DCM)

Inductor 0.22mH (CCM)
0.5mH (CCM)
Output Capacitor 1mF
Flying Capacitor 1mF
Switching Frequency 15kHz
Load Resistance 25-100Q2

Table 5.1.1 KY converter parameters for simulation and experiment
As shown in table 5.1.1, parameters for CCM and DCM was only different in inductor value. Base
on previous analysis, when the system is working below certain boundary output current level,
circuit will work in DCM. Since the system was primarily designed for work in DCM for a
boundary current in 8A, there will be a safety concern and equipment limitation for the
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experimental test in CCM. For CCM, inductance was chosen as 0.22mH for small load condition,

and 0.5mH for heavy load condition to made the experimental test became achievable.

5.2 SIMULATION AND EXPERIMENTAL RESULT IN OPEN LOOP

Since operation in DCM requires feedback signal on inductor current to adjust the trigger signal
of power switch, KY converter will only work in open loop during CCM. Output voltage is variate
by change the fixed duty ratio D base on equation (2.12). As reflection, figure 5.2.1 shows
waveform of output voltage in different level along with switch signal. A pulse width will be wider

for a higher duty ratio be given, result in higher output voltage.

1100y 2 100V 292 22 50.00%/ N | 1100V 2 100V 292.2¢ 50.008/ Stop

Vin =130V Vin =130V
; Vout= 200V
Vout = 170V |
"4
I
z fPWM =15kHz l z fPWM = 15kHz
2o —_— - - - - | 2o ‘—---‘--1 — e 0
[P B PRI [ POV [ P VDR [ PPN s PODRIL R | nwA lnand e A v WA oA
1 s
(a) (b)

Figure 5.2.1 (a) Waveform under input/output of 130V/170V at 4A load current; (b) Waveform
under input/output of 130V/200V at 4A load current;

During CCM, inductor current will not lower than zero and perform as a triangular wave base on
theoretical analysis. In figure 5.2.2, waveform on inductor current and output voltage from
simulation and experiment is shown where D = 50%. From equation (2.6), output voltage should
be equals to 195V. Comprehensively, error simulation/experimental result shows 0.09% / 0.51%
in compare with theoretical result is shown in table 5.1 Error in different duty ratio from hardware
and software have not exceed 0.62% as test, which can be considered as the theory of KY converter
in CCM be proved.
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Duty Ratio 0.3 0.4 0.5 0.6 0.7
Simulation 0.08% 0.13% 0.09% 0.09% 0.1%
Experiment 0.62% 0.58% 0.51% 0.49% 0.54%

Table 5.1 Output voltage error among theoretical and simulation/experimental result of KY

converter in CCM
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Figure 5.2.2 (a) Simulation result and (b) Experimental result of K converter in CCM for

expected output voltage in 195V

5.3 KY CONVERTER IN CCM WITH CLOSE LOOP CONTROL

System performance can be improved by process output feedback signal to modulate switching
signal. Base on the technique introduced in chapter 4, a proportional gain Kp = 0.125 was applied
to the PID control algorithm inside the DSP to realize overall system’s phase margin in 60 degree.
For input voltage in 130V and reference output voltage set as 200V, system shows its ability to
track the setting value. As reference, figure 5.3.1 illustrates the change in load voltage when load
current variate between 4A and 5A. In comparison, close loop transient response from simulation
and experiment in same condition is shown in figure 5.3.2 and 5.3.3. With a small change in load

condition, present KY converter shows is ability to track the setting value.
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Figure 5.3.1 Output voltage drop in open loop when load current change (a) from 4A to 5A and
(b) from 5A to 4A
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Figure 5.3.2 (a) Experiment and (b) Simulation result of close-loop load transient when load
change from 5A to 4A
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Figure 5.3.3 (a) Experiment and (b) Simulation result of close-loop load transient when load
change from 4A to 5A
To observed transient response in larger change of load, bases on (2.16), inductor with 500pH
inductance was set in the circuit to extend the CCM region. Hence, load transient from 2A to 6A
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can be test during the experiment. As the load increase, steady state error appeared since the
controller is stilling under optimization.

Due to the equipment limitation, load transient from 6A to 2A cannot be test due to the equipment
limitation. Load box be used will create a gap period to release the energy when the load current

suddenly change from high load to low load.
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Figure 5.3.4 (a) Experiment and (b) Simulation result of close-loop load transient when load
change from 2A to 6A
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For more specific, figure 5.3.5 shows the load regulation for input from 120V — 140V and output
from 180V — 200V under CCM. For current parameters, proposed KY converter already shows
its ability of follow the reference setting by close loop control in CCM. Moreover, figure 5.3.6 and

figure 5.3.7 depicts converter’s efficiency versus the load current in CCM on simulation and

eXperlment.
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Figure 5.3.5 Load regulations for input of 120V — 140V and output of 180V — 200V from (a)

Experiment; (b) Simulation
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Figure 5.3.6 Efficiency of KY converter when L=220uH from
(@) Experiment and (b) Simulation
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Figure 5.3.6 Efficiency of KY converter when L=500uH from

(a) Experiment and (b) Simulation

5.4 SUMMARY

In this chapter, simulation and experimental result of KY converter in different condition is given.
PSCAD/EMTDC had been used for simulation, experiment is based on the hardware be introduced
in chapter 4. From the experimental results of KY converter under CCM, proposed system is
capable for maintain the output voltage around setting reference. For realization of PID control, P-
only controller had been used for the experiment results shown in this chapter. Up to now, system
is still under optimization for enhance performance and operation in DCM.

During the experiment the converter efficiency can be up to 97.5% (L=220uH, licag=5A) for input
and output voltage is 130V, 200V, respectively. As reference, [5.1]-[5.4] shows the result of other
works on DC-DC boost converter in similar usage or claimed application as the proposed KY
converter.

63



Chapter 5: Efficiency Comparison of Between the Other Works and KY Converter

[5.1] [5.2] [5.3] [5.4] This work
Input voltage (V) 48 48 65 48-75 130
Output voltage 380 380 150 380 200
V)
Switching 50 50 10 100 15
frequency (KHz)
L (mH) 0.11 0.052 8 - 05
C (mF) 0.12 0.47 4.7 - 1
Cb (mF) - - - - 1
Load transient - 2.3% 2 - 2-6
step (A)
Vo undershoot / 4 10* - - 2.3
overshoot (V)
Settling time
undershoot / F 100* . s 25
overshoot (ms)
Maximum output i
Voltage Ripple 5 } \ 0.5
level (%)
Maximum Output 3,500 200 - 1,000 1,200
Power (W)
I\_/Ia_tximum 94.65 90.1 93 90.5-92.3 975
efficiency (%)

*: Estimate by experimental result
Table 5.2 Performance comparison between the other works on DC-DC boost converter and the

proposed KY converter
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CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 CONCLUSION

A dc-dc converter called KY converter is proposed in this project. As a step-up converter which is
capable to generate output voltage as twice as input in maximal, it is supposed to be used for boost
up a 130V input from PV panel into 200V. By further connected with a DC/AC inverter, it allows
the come from PV panel be directly injected into a 110V/3 phase power grid.

In this project, theoretical study and simulation analysis by PSCAD/EMTDC on KY converter has
been done. After the correctness of theory had been verified, a hardware circuit was built up based
on the theoretical design. Among the hardware, digital signal processor TMS320F2812 is used for
realized PID control function and related switching logics for KY converter. Experimental was
conducted by using a DC power supply and variable load box. From the experimental result of KY
converter in continuous conduction mode, its efficiency is up to 97.5% for 5A load condition.

6.2 FUTURE WORK

Currently, proposed KY converter is still under conditioning for optimum performance. Effort in
the future will be focused on:

e Enable proper operation of KY converter in discontinuous conduction mode;

e Achieve optimum performance by PID controller;

e Try to conduct experiment with PV panel as input and DC/AC inverter connected to load

as claimed in the target application
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