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Abstract

As the use of electrical energy increases, the range of use of electric energy con-
version devices is expanding. In particular, automobiles that have used internal
combustion engines have been replaced by electric transducers and motors. Un-
like in the past when thermal power generation and nuclear power generation
have accounted for the majority of electric power production, more stable and
environmentally friendly wind power and solar power generation are increasing.
These devices require converters that effectively convert various types of energy
into electrical energy. Efficiency, miniaturization and stability of these power con-
verters have been important research topics. Recently, many researchers have
been studying increasing reliability and life expectancy. The life expectancy of ac-
tuators such as solar panels and light-emitting diodes(LEDs) has been increased
due to the development of material technologies. However, power conversion de-
vices have limitations in increasing lifespan due to manufacturing cost and failure
rate increase. AC / DC converters require large capacitors to smooth the ripple
power generated from the power source. Electrolytic capacitors(E-Caps.) have
been used in many applications as they have advantages in volume and price
when compared with other types of capacitors. However, there is a problem that
it is susceptible to temperature and ripple current due to the structure including
high equivalent series resistance(ESR) and electrolyte. This has the shortest
lifespan of the components and limits the life of the power inverter. Therefore,
in order to increase the lifetime of the electric energy conversion device, it is

necessary to replace it with another types of capacitor having high reliability.

In recent years, research has been conducted to replace E-Caps with film capac-
itors having relatively long lifetime and high reliability in order to improve the
lifetime and failure rate of power conversion devices. Film capacitors have a
relatively long lifetime compared to E-Caps due to their low ESR, self-healing
and stable structure. However, there are problems that it is difficult to apply to
actual products due to the large volume and high price compared to the same
capacity. To solve this problem, it is necessary to reduce the capacity of the film
capacitor. Single-phase AC/DC converters are approaching two ways: capacitor-
less inverter control and active power decoupling(APD) method. In the case of
capacitor-less inverter control, power is controlled at the inverter side so that

the motor behaves like a resistive load. This method has the advantage that
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power factor correction can be performed using a small-capacity film capacitor
without the need for other auxiliary circuits. However, there is a problem that
demagnetization may occur due to a high phase current of the inverter, deterio-
rated efficiency, and noise may be generated. The APD method actively removes
power ripple using an auxiliary circuit. This makes it possible to remove power
ripple even with a small-capacity film capacitor. However, there is a problem
that the use of the auxiliary circuit increases the manufacturing cost and in-
creases the uncertainty due to the increased complexity, which makes it difficult

to ensure stability.

In this study, we propose a solution to the problem of increased manufactur-
ing cost and stability of existing APD system. The number of components was
optimized by designing the parts used in the converter circuit and the APD
circuit. In addition, the voltage stress of the parts can be reduced, making it
possible to use parts with lower rated voltage, thereby reducing manufacturing
costs. In addition, the converter and the APD circuit are modularized through
the commonization so that it can be expanded easily according to the required
capacity of the product. This enabled us to take advantage of volume benefits.
In addition, we proposed a way to implement the APD function without us-
ing additional components by changing only the control method of the existing
bridge-less single ended primary inductor converter(SEPIC). Sliding mode con-
trol(SMC) strategy and Lyapunov function based control are used to solve the
problem of control instability of the model. Because the APD circuit uses a large
number of passive elements, the process error of each passive element increases
the uncertainty of the model. The proposed control scheme always guarantees
stability and performance even in the presence of this uncertainty. In addition,
we proposed a parameter selection criterion based on the control theory, and it
is possible to design a controller which can guarantee the target performance
easily. All proposed circuit and control strategies have been validated through

simulation using MATLAB / SIMULINK and experiment using prototype.
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CHAPTER

Introduction

1.1 Background

Due to the increasing demand for environmentally friendly energy and the issue of efficient
use of energy, the application fields of power conversion devices are increasing.[1][2][3] In
the past, research has focused on improving efficiency and regulation of power conversion
devices, such as power factor, total harmonic distortion(THD), and manufacturing cost
and performance. However, the lifespan and reliability of the power conversion device are
becoming important as the application range of the power conversion device is expanded.
In the case of PV panels and LEDs, the lifespan of the photovoltaic(PV) panels or LEDs
has been lengthened due to the development of the material technology. However, there is a
problem that the lifetime of the power conversion device is not long enough, and reliability
due to a harsh external environment is also a problem. These problems are mainly caused by
the E-Caps used for the AC/DC or DC/AC power conversion. E-Caps have high capacitance
to volume and are advantageous in manufacturing cost, but E-Caps have a high failure rate
and low reliability. According to the survey [4], capacitors account for 20% of the total failure
rate of power electronic components. Compared to film capacitors in Table 1.1, E-Caps have
relatively high ESR, short life expectancy and structural weaknesses. This means that power
conversion devices using E-Caps are vulnerable to changes in harsh external environments
and ripple currents, which may limit the lifespan of the product.[5][6] Therefore, in order
to solve this problem, it is necessary to replace the film capacitor with a more reliable and
long-life film capacitor. However, film capacitors at the same capacitance are bulky and

expensive than E-caps.

APD method is one of the suitable solutions to realize the decoupling function with a small
film capacitor.[7][3][9][10][11][12] To use small film capacitors, APD method uses auxiliary
circuits consisting of switches and energy storage components and control algorithms to
actively absorb and release AC power. The advantage of this approach is that the use of
film capacitors ensures a long lifespan and high reliability, and it can be applied to existing
converter circuits with a few modifications. Also, by adjusting the voltage fluctuation range

of the buffer capacitor of the auxiliary circuit, the required capacitance can be greatly



Chapter 1. Introduction 2

Resisters, Others, 8%
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Inductors,
6%
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13%

Figure 1.1: Percentage of the response to the most frangible components in power elec-
tronic systems from an industry survey[4]

reduced.

The conventional APD methods cause various problems because the use of the auxiliary

circuit is necessary for ripple power removal. The auxiliary circuit requires several switches,

Table 1.1: Film vs. Electrolytic capacitor comparison

Characteristic Electrolytic Film
Capacitance/volume High Low

ESR - 1/10 of electrolytic
Over-voltage capability 50V surge 1.5 x rated
Construction Liquid or Gel can leak Dry

Life expectancy 6,000 to 78,000 hours 200,000 hours

Self healing X o)
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diodes, capacitors, and inductors. Therefore, there are problems with the use of auxiliary

circuits that increase the manufacturing cost and the size of the circuits.

1.2 Related Work

As shown in Fig. 1.2, converters with APD can be divided into three topologies depending

on the combined structure of the APD circuit and the converter circuit.[13]

The first approach is an independent decoupling method.[14][15][16] Independent decou-
pling method in the decoupling scheme refers to the way in which components between
the converter circuit and the APD circuit are constructed independently. Therefore, it is
advantageous that the two circuits are constructed independently so that the modeling is
simple and the voltage stress of each component is low. However, there is a disadvantage

that the manufacturing cost and volume increase due to the use of many parts.

The second approach called switch-multiplexing method is to share components between the
converter and the APD circuits with two circuit-sharing switches or bridge arms. This has
the obvious benefit of reducing the number of switches but also has drawbacks in that the
DC-link voltage range and the voltage stress of arms. Therefore, the switch multiplexing
method has a limitation in using parts having a high rated voltage, which causes an increase
in manufacturing cost. Moreover, there is a problem that modeling of the circuit becomes
complicated due to the sharing of the switches, and the nonlinearity increases and the control
becomes difficult.[17][18]

The third approach is switch and inductor multiplexing method.[19] It is a method that
can reduce the number of parts the most by sharing inductor and switch commonly used
in converter circuit and APD circuit. This approach has the benefit of high efficiency, long
lifespan, the wide operational range for output voltage and manufacturing cost. However,
this method requires that the buffer voltage be higher than the output voltage so that the
voltage stress of the devices is higher than other methods. For this reason, there is a problem
in that components with high voltage rating must be used. Thus, it is difficult to apply to
high voltage and high power applications. Further, if the buffer capacitor is not sufficiently
discharged under the condition that the input current is close to zero, there is a problem

that the output voltage is distorted.

In addition to the three topologies mentioned above, there is a scheme to implement APD
functions without using an auxiliary circuit but only by changing the control method. The
paper [38] implemented the APD function by changing only the control method to the bridge-
less SEPIC. There is an advantage that the manufacturing cost can be reduced because the
auxiliary circuit is not needed and only the capacity of the components is changed in the

existing circuit. However, this method has the problem that the buffer voltage must be
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Figure 1.2: The combined structure of the APD circuit and the converter circuit, (A)
independent decoupling topology, (b) switch multiplexing decoupling topology(c) switch
and inductor multiplexing decoupling topology

higher than the output voltage for the operation of the APD function. This means that the

volume of the buffer capacitor increases due to high voltage stress.

The control algorithms of the above-mentioned papers have the following problems in com-
mon. Due to the additional decoupling circuit, the complexity of the total circuit and the
number of passive components are increased compared to conventional converters. Induc-
tors and capacitors have relatively large manufacturing tolerances and highly non-linear
characteristics. If the number of passive elements used increases, the process errors are

overlapped and the uncertainty of the circuit model increases, which makes it difficult to
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ensure the stability of the control. But the conventional control algorithms do not take
these non-linearity and model uncertainties into account. When the actual parameters and
designed parameters are mismatched, the performance of the APD function and its stability

cannot be guaranteed.[20][21]

1.3 Structures and Characteristics of APD circuit for Single
Phase AC/DC Converter

As shown in Fig. 1.3 the APD circuit can be divided into buck, boost, and buck-boost types
according to the parts configuration of the APD circuit. The buck type decoupling circuit
is characterized in that the buffer voltage is lower than the output voltage. This type has
the advantages of low voltage stress on capacitors and switches, and limits the variation
range of buffer voltage. The boost type is characterized in that the buffer voltage is higher
than the output voltage. There is no limitation in the variation range of the buffer voltage.
Therefore, theoretically, there is an advantage that the capacity of the capacitor required
for decoupling can be greatly reduced. However, there is a problem that the voltage stress
of the part increases, so the rated voltage of the part must be considered. The buck-boost
type has the advantage that the buffer voltage can operate regardless of the output voltage.

However, there is a disadvantage that the output is inverted with the input stage.

] 11',,, P, ] 11;,, P, li,,, P,
4B 4B L
._Nihrv\_ i\ I’S‘I FS‘I
T T
_KZS C, - v, L ¢ L, _Kﬁ C, v,

(a) (b) (c)

Figure 1.3: Three types of APD circuits, (A) buck type (b) buck-boost type (c) boost
type
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1.4 Optimized solution for robust operation and low voltage

stress of APD circuit based converters

To solve the aforementioned problems, it is necessary to reduce the voltage stress of the
APD circuit while also reducing the number of inductor cores. In addition, there is a need
for a robust control strategy of the APD circuit to cope with the uncertainty due to an

increase in the number of passive elements.

In order to reduce the voltage stress of the film capacitor, the APD operation should be
performed even at the low buffer voltage. The proposed circuit used a coupled-inductor to
construct the buck-boost APD circuit. In addition, the number of cores can be reduced by
allowing the coupled-inductor to be shared between APD and converter circuits. One more
switching element is needed than the switch and inductor multiplexing decoupling topology,
but the voltage stress of the film capacitor is small, and the number of cores is reduced,
which can reduce manufacturing cost and volume. The effective switching frequency is
increased by applying interleave structure to reduce the size of input and output filters.
The proposed circuit is modularized so that the interleaved structure can be easily applied.
This technique can reduce the size of the input and output filters and distribute the weight
of the coupled-inductors so that all components can be mounted on a single PCB. We also
proposed a circuit to reduce the voltage stress of bridge-less SEPIC with APD function. By
adding a diode to the existing circuit to prevent the flow of reverse current, the distortion
of current and voltage that occurs when the APD function operates at low buffer voltage is

prevented.

In order to guarantee the stability of the system even in the presence of uncertainty of
the model, sliding mode control and Lyapunov function based control are applied. Assum-
ing that uncertainties due to manufacturing tolerances and disturbances are limited, it is
possible to ensure stability even under conditions where uncertainty exists, by determining
appropriate gains to satisfy control stability. That is, the proposed control scheme guaran-
tees stability and performance of control even when inductance and capacitance change due

to external factors such as temperature and current.
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1.5 Contributions

This study proposed the optimization and robust control technique of APD circuit. This
makes it possible to reduce the manufacturing cost and improve the reliability of the control

system. Three circuit design methods and two control strategies are proposed as follows.

1. Independent decoupling plus Inductor multiplexing method: The buck type
APD circuit is applied to the buck-boost converter and the APD circuit and the converter
circuit operate independently. In addition, the multiplexing scheme using a coupled-inductor
is applied. With this proposed method, the number of magnetic cores and the voltage stress
of the parts can be reduced. The effectiveness of the proposed method is verified by the
prototype test and the proposed method has high power factor(98 % or higher) and low
THD(less than 5 %). Maximum efficiency was 90.2 % under 100 W conditions. In addition,
since the buffer voltage is lower than the output voltage, it is possible to use a component
having a low rated voltage, which is advantageous in terms of volume and cost in comparison

with the conventional method.

i Sharing
o— v T o
Input 2& 4@ —| ~ ~~Output
o—— l o
AC/DC converter Decoupling circuit

Figure 1.4: Proposed APD topology

2. Modular design and interleaving structure of APD circuit based converter:
The buck-boost converter with APD function was designed as interleaving structure for the
reduced size of input filters and higher power capability. In addition, APD circuits were
modularized so that the number of phases could easily be increased and decreased. The
sliding mode control strategy was modified so that it could be applied to multiple phases,
making it easier to achieve scalability. Simulation results show that the proposed interleaved
circuit can reduce the size of the input filter to 10% of that of the non - interleaved structure.

In addition, it is possible to achieve high power capability by reducing current stress.

3. Implement APD function for bridge-less SEPIC without auxiliary circuit In

order to solve the problem of model uncertainty due to the manufacturing error of the
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Figure 1.5: Proposed multi-phase interleaved APD topology

passive components, a Lyapunov function based control strategy is proposed. In addition,
the current of the buffering inductor operates in a discontinuous conduction mode(DCM),
thereby reducing the number of current sensors. This makes it possible to ensure stability
and performance in disturbances such as voltage or load fluctuations, and reduces manu-
facturing costs. Compared to conventional Pl-resonant controllers, it was verified that a

smaller number of sensors had better transient response characteristics and a lower THD.

4. Robust control strategy of APD circuit based converter: SMC and Lyapunov
function based control, which is a kind of nonlinear control technique, are applied to the
control system of the APD circuits. The proposed control method guarantees stability and
performance even in the presence of uncertainty such as parameter variation, disturbance
and sensor noise. In addition, controller tuning is easy by suggesting selection criteria of

design parameters based on control theory.
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1.6 Thesis Organization

This thesis consists of the following contents. In Chapter 2, we define the frequently used
symbols repeatedly in the paper and explain the operating principle and structural char-
acteristics of the APD circuit. In Chapter 3, we introduce the SMC control strategy and
the low-voltage stress inductor design for APD circuits. The effectiveness of the proposed
circuit and control method is verified by simulation and prototype test. In Chapter 4, the
performance of the controller is evaluated by applying Lyapunov function based control to
the circuit proposed in Chapter 3. In Chapter 5, the circuit proposed in Chapter 3 is modu-
larized for the interleaved structure and the suitable controller is introduced. In Chapter 6
and 7, we introduce a control method that implements the APD function without changing
of the bridge-less SEPIC circuit. The effectiveness of the proposed method is verified by sim-
ulation and compared with the conventional control method. Finally, Chapter 8 discusses
the issues covered in this thesis and discusses the things to be considered in implementing

the proposed method and its future prospects.



CHAPTER

Preliminaries

In this chapter, we define commonly used notations throughout the paper before a full ex-

planation. In addition, the operating principle and structural characteristics of the APD

circuit are introduced.

List of Notations

Vb

out

Oél,OéQ,ﬂ,(S

Voltage of the buffer capacitor

Input voltage

Output current

Magnitude of the input voltage

Target output voltage

Magnetizing inductance of

the coupled-inductor

Capacitance of the buffer capac-

itor
Instantaneous input power
Switching period

Design parameters

Vout
lin

im

P, out

dsw12,3

Output voltage

Input current

Magnetizing current of the

coupled-inductor
Magnitude of the input current

Target buffer voltage

Capacitance of the output ca-

pacitor

Angular velocity of the input

voltage
Instantaneous output power

Sliding surface

Duty ratios of Q1, @2, Q3

10
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2.1 Operation principle of the APD method

Assuming that input voltage(v;,,) and current(i;,) have sinusoidal waveform and unity power

factor, input power(F;,) can be calculated as:

i P lmt’ }){mt
in> in —
— B I, 4,
i —
AC/DC Decoupling 12 1 - =
vr'n - - T vb 7] -\vouf =
Converter Circuit i S &
Figure 2.1: Basic active power decoupling topology
Py, = inlin = (Vipsinwt) (I, sinwt)
= @ — % cos 2wt (2.1)
—— ——
Pinf(wg Pinir

where P, 409 and Py, , are the average and ripple input power values, respectively. To
realize constant output power, a decoupling circuit like the one in Fig. 2.1 is used. The
decoupling circuit actively controls the charging and discharging of the buffer capacitor to
remove the ripple power P;, , of (2.1). Assuming that the power loss in the circuit can be

ignored, the output power(P,,;) can be obtained as follows:
Pout = Pin — Py = Piyy_avg — P_avg (2.2)
where
P,=PFy qug+ Py

P, and P, 4,4 are the total and average power of the buffer capacitor, respectively. Then,

we can calculate P}, , as follows:

I,

v,
P, . =— m2 cos 2wt (2.3)

Using (2.3), the maximum energy charged in the buffer capacitor can be derived as

3
e Vil, P
Wb:/4 Pyt = =2 — o (2.4)

™ w w

4w
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When the energy is charged in the buffer capacitor, the following equation holds:
1 2 1 2
Wy = icbv;)imax - §val-77min (2:5)

where Vj, 1,40 and Vi, are the maximum and minimum voltage of the buffer capacitor, re-
spectively. Using (2.4) and (2.5), the required minimum capacitance for decoupling function

can be derived as

2Pout Pout
Cy = = 2.6
b w(V2 — V2 ) w‘/biang‘/b ( )

b max b _min

where

V;)imaa: + %imin
2

A% = %ﬁmax - V;Jimina ‘/bfavg =

AVy and V44 are fluctuating voltage range and the average voltage of the buffer voltage,

107
Conditions:
Output power : 100W
1073 3 Average buffer voltage(V},_gpg) : 100V ]
[ Frequency of the input voltage : SOHz

Required minimum capacitance
of the buffer capacitor ¢, [F]

10—5 I I 1
0 50 100 150 200

Fluctuated voltage range of the buffer capacitor Av, [V]

Figure 2.2: Required minimum capacitance

respectively. As shown in Fig. 2.2, the required minimum capacitance is reduced as fluc-
tuating voltage range is increased, which means that we can remove the ripple power from

the grid power system using a small capacitor by actively controlling the buffer voltage.

All of the operations and waveforms of the APD method are described in Fig. 2.3. If (2.3) is
negative, it means that the buffer capacitor has been discharged and its energy transferred
from the decoupling circuit to the output terminal. Otherwise, if (2.3) is positive, the
decoupling circuit charges the buffer capacitor to store excess energy from the grid power
system. Using this control, ripple power(F;, ,) from the input terminal is eliminated by

the decoupling circuit.
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Figure 2.3: Key waveforms of the ideal AC-DC converter applied to the decoupling circuit
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Independent decoupling plus Inductor

multiplexing method

In this section, we propose a new APD circuit to solve the problems of the conventional

switch and inductor multiplexing method.

3.1 Contribution Summary

Fig. 3.1 shows the capacitor per volume ratio of film capacitors according to the rated volt-
age. As shown in the figure, as the rated voltage of the film capacitor increases, the volume
increases and the price becomes higher. That is, it is necessary to lower the rated voltage
of the film capacitor in order to miniaturize the circuit and reduce the manufacturing cost.

The proposed circuit applied independent decoupling method with three switches, which
0.6 *TDK, Film capacitor catalogue

0.5

y =-0.0006x + 0.6332

b N
=

0.2

0.1

Capacitance per Volume [F/m?]

250 350 450 550 650 750 850 950
Voltage rating [V]

Figure 3.1: Capacitance per volume ratio of film capacitor according to rated voltage

reduces the voltage stress on each IGBT and capacitor. Also, the number of magnetic cores
can be reduced by applying inductor-multiplexing scheme using a coupled-inductor. Sliding

mode control scheme is applied to guarantee stability under that the model uncertainties

14
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and non-linearities in APD circuit. Owing to the above contributions, long lifespan, low

voltage stress, and robust operation of the buck-boost converter can be realized.

3.2 Proposed APD circuit

Fig. 3.2 describes the buck-boost converter circuit with the proposed APD topology in
discontinuous conduction mode(DCM). In the proposed topology, the buck-boost converter
and the decoupling circuit share the coupled-inductor whereas conventional APD topology

uses two inductors.

L Decoupling circuit
" /X
L
\ b
C Y §R
od  —r— " out o
Lm +
D\ D, D
'_Q3
2
’ = —s
AC/DC converter ] ]
d L

Figure 3.2: The proposed buck-boost converter with the APD circuit

3.2.1 Basic operation of the proposed circuit

Fig. 3.3 shows the operation modes and current flow. The proposed circuit can be oper-
ated in 4 different modes, each of which is controlled by a unique combination of switch

orientations.
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Statel. All switches (Q1,Q2,Q3) are off and stored energy in the coupled-inductor is dis-

charged to the output terminal through diode D7.

State2. Switch1(Q)1) is on and the other switches (Q2, @3) are off. The primary side of the
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Figure 3.3: Current flows for each switch combination: (a) Statel, (b) State2, (c) State3,

and (d) Stated
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coupled-inductor is charged by the energy from the power system.

State3. Switch2((Q)2) is on and the other switches (Q1, @3)are off. The decoupling circuit
works as a fly-back converter. Stored energy in the buffer capacitor is transferred from the
secondary side to the primary side of the coupled-inductor.

Stated. Switch3(Q3) is on and the other switches (@1, Q2) are off. Stored energy in the
primary side of the coupled-inductor moves to the buffer capacitor when the voltage of the

buffer capacitor is below the output voltage.

The conventional buck-boost converter circuit feeds input power to the output terminal
using Statel and State2 operation modes, although this generates power pulsation with
twice the frequency of the input voltage. The decoupling circuit actively operates to absorb
and release this pulsated power to make the output power constant. When the input power
is below the target output power, State3d is operated to release the energy stored in the
buffer capacitor. Using this operation, insufficient energy is compensated. When the input
power is higher than the target output power, State4 is operated to absorb the excess

energy and store it in the buffer capacitor.

3.2.2 Modulation Strategy of the Proposed Converter

As shown in Fig. 3.4, the proposed circuit has two control operations: discharging and
charging. These operations are comprised of different combinations of each switching state
mentioned in section 3.1. For the implementation of this operation, different pulse width

modulation(PWM) output methods for each state were applied as follows:

State2
T[n] < Tmax<1 - dswl) — @1 : Turn on(l)
T'[n] > Tinaz(1 = dsw1) — @1 : Turn off(0)

State3: Discharging
Tn] > Thazdsw2 — Q2 : Turn on(1)
Tn] < Thazdsw2 — Q2 : Turn off(0)

State4: Charging

Tn] > Thazrdsws — Q3 : Turn on(1)
T[n] < Tmazdsws — Q3 : Turn OH(O)

where T'[n] and T, are the current and maximum interrupt counts of a 16-bit timer,
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respectively. While the proposed circuit works under the discharging operation, the circuit
generates a PWM pattern as shown in Fig. 3.4(a). Each switch is changed in the order of
Statel, State2, and State3, and this procedure is repeated until the discharging operation
is completed. Fig. 3.4(b) shows the switching pattern under the charging operation. Each
switch is changed in the order of Statel, State2, and Stated4, and this procedure is

repeated until the charging operation has completed.

/ /Tmax / / L
. . Tmax (1 7dsw1) . . T (1 7ds\(l)
16bit Timer r.d, -~  16bit Timer I_d.,
Interrupt Interrupt
T T,
0, 1 0 0 1 0o |0 0, 1 0 0 1 0 {0
de‘TS dqﬁ jﬁs dswl‘Ts aj.m'sz.; dqﬁ ]; dsw]‘Ts
0, 0 1 0 0 1 |o 0, 0 0 0 0 0 {0
0, ° ’ o ° 2 0 0, 0 1 0 0 1 |o
. Target output current . ~_| Target out rrent
Ly / / \ L, / \ \
Discharging Chargi ng
vb Vb
out \\____\ o out “‘-\________ ~——
State2 | State3; Statel; State2 : State3 State2 | State4 Statel, State2 | Stated

(a) (b)

Figure 3.4: Switching pattern (a) discharging operation,(b) charging operation
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3.3 Control System

Passive components have manufacturing tolerances in mass production. Especially in the
case of inductors and transformers, there exist errors in the tensile force of windings, the
size of the air-gap, and materials of the core. Thus, inductors and transformers with a
significant difference from the design value can be produced. Therefore, for circuits that use
many passive components with large tolerances, the error is superimposed, which increases
the uncertainty of the model. Compared with conventional buck-boost converters with APD
circuits are complex in structure and use a large number of passive components. Therefore,
appropriate control methods are needed to consider characteristics of the APD circuit. In
this paper, the proposed control system consists two parts, which are buffer voltage and
and APD controller. To guarantee the stability and regulation performance of the output

voltage, we applied a sliding mode control scheme in the proposed circuit.

3.3.1 Buffer voltage control

The object of buffer voltage control is to regulate the Vj, and generate sinusoidal input
current waveform for the unity power factor. V; is the root mean square(RMS) value of
vp. At steady-state conditions and neglecting circuit loss, the power of each stage in the

proposed converter can be derived as follows,[22]

Piniavg + Pinir = Fout + Pb_r + Pb_avg (31)
Assuming that ripple power is removed by the decoupling circuit, we can eliminate P, ,
and P, ,in (3.1) to give

Vil
Bniavg = % = Fout + Pbﬁavg (32)

If the proposed converter works in DCM, I, can be rewritten as

) Vin sin wt
Yin_peak = mLiTsdswl
m
- 1 /i K Vind?, Ty . )
lin = T <m2pea> Tedsw1 = %ﬁ:ssmwt = I, sinwt
(3.3)
Vind? 1T

Ly = —7— 34
m 2L, ( )

where 4, peqr, sShown in Fig. 3.6 is the peak value of the instantaneous input current, and iin
is the average input current. According to (3.3), under the condition that dg, is unchanged,

the average input current(i;,) has the same phase as the input voltage. Using (3.2) and
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(3.4), we can calculate the duty ratio of Q1 as

. 4Lm(Pout + Pbﬁavg)
dswl - \/ VT?LTS (35)

Py 4,4 can be regarded as the control input for regulating V. In order to control V, we use

a simple proportional-integral controller:
Py_avg = Kp(Vy" = Vo) + K; / (Vy — Vp)dt (3.6)

where V}" is the target RMS buffer voltage. The moving RMS is implemented in the control

system to obtain V; at time k as follows:

M-1

1

Valk) = | 57 > vRlk—1) (3.7)

i=0
where M is the number of points in the moving RMS. Assuming that FP,,; and P}, 4,4 are
at steady state, then dg, is unchanged. Thus, the phase of i;, is the same as for the in-
put voltage, and due to this reason, the unity power factor and a sinusoidal wave form are

achieved without harmonic distortion.

3.3.2 Active power decoupling control

The main purpose of APD control is to remove ripple power in input power using the actively
controlled switches. In order to make the operation robust, a sliding mode control(SMC)
scheme is used, which is a useful nonlinear control method to take into account model un-

certainties and disturbances. [23][24]

3.4 Sliding Mode Control Algorithm

The control mechanism of SMC can explain as following two control phases. First is a
reaching phase that moves the states in the small vicinity of a sliding surface. Suppose that

the sliding surface are defined as follows:

s = x1+ axe
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where « is a gradient of the sliding surface. If the switching control law meets the following

conditions, the reachability of surface s is ensured in finite time.

u+ if s > 0, which gives $ < 0.
u =
u— if s < 0, which gives $ > 0.

As shown Fig. 3.5, the states in s < 0 plane move to the sliding surface by applying
switching control input u— during reaching control phase. Second is a sliding phase that
the state trajectory stays on the sliding surface by applying equivalent control input which
makes § = 0. As shown in Fig. 3.5, once the states reach on the sliding surface, the states

move according to the designed control law without being affected by uncertainty.
3 xz

S>0u=u+

——————— »  Sliding phase
=—p  Reaching phase
——  Sliding surface

. S<O0u=u-
Initial states

of trajectory

Trajectory within small vicinity
of sliding surface

Figure 3.5: State trajectories of each control phases

There are two main advantages of sliding mode control. First is that the closed loop response
becomes insensitive to uncertainties. Therefore, the stability and control performance of the
system can be ensured even in the case where parameter uncertainties and disturbances ex-
ist and the nonlinearity is large. Secondly, the closed-loop response is the fastest possible

response since it provides control inputs that can be fed directly into the converters without
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any supplementary modulation operation.[25] From a practical point of view, the SMC al-
lows for controlling nonlinear system subject to disturbances and model uncertainties such
as the APD circuit.

Proposed SMC strategy for APD

To make the output voltage constant and converge it to a reference value, we decided each

state as follows
T1 = Vout — Vs T2 = /$1dt (3.8)

For easy implementation on a real system, we consider the sliding surface as a linear com-
bination of the state variables, described in (3.8). Thus, we can specify the sliding surface

as
$ = a1T1 + asTo (3.9)

Next, we define a Lyapunov candidate function as

Ly

V(s) = 25 (3.10)

then to guarantee system stability and convergence of the state space trajectory to the

sliding surface s, derivatives of the sliding surface should satisfy the following condition.
V(s)=s5<0,if s #0 (3.11)

Using (3.9), § can be calculated as

iq—1
§ = 1oyt + 2T = alw + a9z (3.12)
Cout
where iq and i, are the average value of diode D7’s current and output current, respec-
tively. To calculate the equivalent control input, we can obtain the following equation under
condition $(z) = 0:

= _OQCoutxl

iq = + dout (3.13)

aq

The ig in equation (3.13) can be expressed using v;,, vy, v4. and duties as shown in Fig 3.6.

Thus, ig can be derived as follows:

- 1 . d ffT .
= / a0t = iy (3.14)
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v
A
v

Figure 3.6: Magnetization current shapes in (a) discharging operation and (b) charging
operation

where ig, iq and iq_peqr are the average, instantaneous, and peak values of the diode current,

respectively. Since the proposed circuit works in DCM, the ig peqr can be written as

. V; v,

ld_peakl = inndswlTs + LibdstTs (3.15)
m m

. V; v,

ld_peak2 = #dswlTs - LibdstiTs (316)
m m

where g peqk1 and iq peqk2 are the peak values of the diode current under the discharging

and charging operations, respectively. By applying a temporary control input diem, in (3.15)

and (3.16), we can obtain a simple equation as follows:
Vin v

Z.dipeakz = dswl Ts +

I I diempT's (3.17)

where
-1 S dtemp S 1

Substituting (3.17) into (3.14) yields,

- d v; V)
1d = 02ff (LZ:L dswlTs + L:ldtemst) (3'18)
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Control input d, ;s cannot also be directly manipulated, thus should be changed to a con-

trollable value such as dgsy1 Or diemp. In DCM, dyrp can be redefined as

dig - Z.d_peak

- I —
Vout m m Tsdoff
id&eak
d = L 3.19
ol " Tsvout ( )
Substituting (3.17) into (3.19) yields
Ly, Vin Up
d = —dg1Ts + —d T
of f Tsvout <Lm swils + Lm tempL s
_ Vindsw1 + Ubdtemp (320)
Vout
By substituting (3.20) into (3.18), we obtain
= Vindsw1 + Ubdeq Vin, Up
= — dsw1 T —d T.
tq Qvout (Lm swids + Lm temp s)
T.
= M(Wndswl + Ubdtemp)2 (321)
and by substituting (3.21) into (3.12), the § can be rewritten as
. o175 2 1oyt
= 4 diemp)? —
§ a2LmvoutCout (Us swl + v temp) Cout T aan
(3.22)

The diemyp consists an equivalent control input de, and a switching control input ug,,. Using

(3.22), deq in sliding mode, in which $(z) = 0, can be calculated as

d _ i _2042meoutl‘1vout 2L Pout . UZJd
“ Up o Ty T Up swh

(3.23)

where

Pout = toutVout-

According to (3.11), V/(s) should always be negative in order to guarantee controller stability
and convergence to the sliding surface. To satisfy this condition, a saturation function is

used as ugy, as follows:

ps if |s| <6

Ugy = psat (g) =qp ifs>6 (3.24)

S

—p ifs< =4
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where § represents the thickness of boundary layers of the sliding surface and p is the control
gain of the switching input. The function of these parameters will be described in section 5.
According to (3.22), diemyp is included in squared term. Thus, the switching control input in
(3.24) is added in the square root term of (3.23) for simplification. Subsequently, the final

input of the proposed control system can be derived as

dtemp 1 _ 2009 Ly Cout T 1Vout n 2L Pout psat <5)

Vp a1 Ty T, )
Vi g (3.25)
Ub
and V(s) is calculated as

V(s) = s$
a1T's 9 Ollout

=s|———"—(vind d -

S <2Lmvoutcout (Uzn swl T Vb temp) Cot + 0421‘1)
oy pTs (s))
=s|0————F—sat(<) ] <0 3.26
( 2L Vout Cout d ( )

after which, the necessary condition to ensure the control stability and convergence to the

sliding surface can be derived as

a1 pT .
PS5l <0, if [s| > 6 3.27
2Lmvoutoout‘ ‘ ‘ ‘ ( )
T 2
P %<0, iffs| <6 (3.28)

a 2L VoutCout 0

If design parameters «q, p, and 0 have positive values when s # 0, then (3.27) and (3.28)

are always negative.

Conditions for the existence of the sliding mode

For the afore-mentioned control input to be valid, dgw1, dtemp, and dopy must exist between
0 and 1, and as proposed control system works under DCM, their summation must also

satisfy the following inequality constraint:
0 < dsw1 + ’dtemp‘ +dorr <1 (3.29)

Using equation (3.20), inequality (3.29) can be derived as the following inequality consisting

of dgy1 and diemp:

|dtemp|

0< ('Uout + Uin>dsw1 + ('Uout + Ub) dtemp < Vout

temp

(3.30)
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Under the discharging condition, diemyp is positive, so (3.30) can be rewritten as
0 S (UOUt + vs)dswl + (Uout =+ Ub)dtemp S Vout (331)

Assuming all the states are on the sliding surface(s = 0), then we can obtain

d _ i _042meoutm1vout + 2L Pout _ psat (§>
temp Vp o1 T, p 1)
'Uind

Ub

1 2L Pout Vin
— /= e 3.32
Vp Ts Vp ! ( )

By substituting (3.32) into (3.31), (3.31) can be rewritten as

swl

Q

0.8

0.6

dswl

Margin of the control input
0.4 '

L34

0.2
0
¢ 150
00
80 50
100
Output Power[W], Py 120 0 Buffer Voltage[V], v,

‘-Duty limit Il Control input ‘

Figure 3.7: Existence region of the sliding motion during the discharging operation (vy,: =
150V, v, = 0V)

1 Vout + Vb [2Lm Pout
Vp —
Vout T

(3.33)

In the discharge mode, a worst case is v;;, = 0 where the instantaneous input power is the
lowest. Using (3.5) and (3.33), we can describe a feasible buffer voltage region to satisfy

(3.29) under the worst case, as shown in Fig. 3.7.
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150

80
100
Output Power[W], Fo 120 0 Buffer Voltage[V], v

‘ B Duty limit I Control input ‘

Figure 3.8: Existence of the sliding motion region during the charging operation(vy,: =
150 V and v, = 141 V)

Under the charging condition, diemy is negative, so inequality constraint (3.7) can be rewrit-

ten as
0< (Uout + vin)dswl - (Uout - Ub)dtemp < Vout (334)

By substituting (3.32) into (3.34), inequality condition (3.34) becomes

1 Vout — Vb | 2Lm Pout
0 < dsu1 < 7——< |+
o ('Ub + Uin) ( Vout T

(3.35)

In the charge mode, a worst case is v;;, = 141 where the instantaneous input power is the
highest. we can obtain a feasible region to ensure the sliding mode under the worst case, as

shown in Fig. 3.8.

The gray areas of each Figs. 3.7 and 3.8 represent the limits of duty to operate with
DCM, and the red areas indicate the duty obtained from (3.5). Each blue line indicates a
feasible buffer voltage region that satisfy (3.29). As the output power increases, the feasible

buffer voltage region decreases. To ensure the sliding motion, v, should be controlled within



Chapter 3. Independent decoupling plus Inductor multiplexing method 28

these feasible regions, and for this reason, deciding on an appropriate reference value for the
buffer voltage is important. The following equation describes P, and the energy of the buffer
capacitor(W}) counterparts when the power pulsation is compensated for by the decoupling

circuit:

¢ 1 1
Wy, = / Py, dt = 50,,1;,3(7:) - 50,,1;,3(7:0) (3.36)

to

(3.36) can be rewritten using (2.3) as

Pout , . .
Wy, = — =2 (sin 2wt — sin 2wt)
2w
1 1
= 50,,1;,3(7:) - 50,,1;,3(7:0) (3.37)

Assume that sin 2wty is 0, then v,(tg) can be regarded as V3. Subsequently, v, can be derived
using (3.37) as

Pout
vp =/ V2 — === sin 2wt 3.38
b \/ b wa ( )
Using (3.38), we can estimate the voltage range of vp. As shown in Figs. 3.7 and 3.8, it is
better for v, to exist in the vicinity of the output voltage to maximize the operational range.
Assuming that sin 2wt is -1, vy, reaches its maximum value v qz, then the reference buffer

voltage V" which can maximize the operational range can be derived as follows:

* %\ 2 Poy
U _mazx = out — (Vb ) + CL)C:
P
* x« \2  Lout
Vo= - (3.39)

Fig. 3.9 represents the overall control systems of the proposed converter. The final duty
ratios of Q2 and @3 are decided by the table in Fig. 3.9.
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Figure 3.9: Overall control scheme of the proposed converter
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Parameter selection for the proposed SMC

The important parameters of the controller that affect the performance and stability of the
SMC as described previously are ai, a9, p, and . In this section, we explain how to select
appropriate parameter values to ensure stable operation of and convergence to the sliding

surface.

Assuming that states x1 and x5 reach onto the sliding surface s, each state moves following

the dynamic characteristic
S$=oo1x1+asx; =0 (3.40)

To verify the characteristics of a; and as, we solve the above 1st order differential equation

as follows:

!

21(t) = 21(0) exp (-%) (3.41)
a1

If we set 52 in (3.41) as a positive value, then z; will be exponentially decreased toward

the equilibrium point. Transient performance such as convergence speed and overshooting

of SMC depends on these parameters.

The parameters p and § are related to the stability margin and the chattering suppression
of the controller, respectively. We assume that there is uncertainty in the passive elements
to verify the characteristics of parameter p and §. In general, passive components such as
inductors have relatively large manufacturing tolerances, due to which actual inductance
L,, in control input (3.25) is not exactly known but estimated as ﬁm, which is provided
on a data sheet by the manufacturers. If the difference between L,, and Ilm is increased,
this causes reduced performance and stability of the system. To consider this uncertainty
on the proposed control, we assume that the uncertainty of the magnetization inductance

is bounded as follows:
|Ly — Lyy| < AL (3.42)

where L,, and AL are estimated magnetization inductance and maximum manufacturing
tolerance, respectively. Subsequently, the control input in (3.25) can be rewritten using

estimated inductance ﬁm as

demp = 1 \/_ 2a2i/mcout$17]out + 2fmeout sat (S)

u arTs T,

v
—Uﬁdsm (3.43)
v

By substituting (3.43) into (3.22) and using (3.42), the V(s) and its upper limit can be
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calculated as

1 7 Q1loyt a7y S
SLm (( ) ( Cout a2x1> QCoutvout psa (5))

)
§| — ——pl|s
2C(outvout

(3.44)

so that by letting

Q1 lout

C1out

2
p:Coutth<M ~

o T

+ 77) (3.45)
where 7 is a strictly positive constant. After that from (3.44), we obtain

V(s) =55 < —— |3 (3.46)
Ly,
According to (3.46), the proposed controller can ensure the stable operation and convergence
to the sliding surface in finite time even if disturbances and parameter uncertainties, such
as output load variation and manufacturing tolerance of the coupled-inductor, exist in the
APD circuit. In (3.45), if we set iy, and 1 as the maximum values allowed by the circuit,

a fixed value of p that can guarantee stability in the entire operating range can be obtained.

Parameter ¢ is the thickness of the boundary layer of the sliding surface. Chattering reduc-
tion by the saturation function in the proposed control system is possible only if the value
of § is sufficiently large. However, this would reduce the system performance, which reveals

a trade-off between the possibility of chattering reduction and system performance.[26]

3.5 Simulation studies and experimental results

3.5.1 System configuration

To check the feasibility and overall operations of the proposed control scheme, simula-
tion studies were conducted under the following conditions. In this simulation, MAT-
LAB/SIMULINK was used as a testing environment and the parameters used are described
in Table 3.1. Reference values of the output voltage and the control frequency of the buffer

voltage and sliding mode control were 150 V and 20 kHz, respectively.

The experimental test bed was a 100 W converter with design specifications provided in
Table 3.2. A Panasonic micro-controller MN103SFK1K with externally attached voltage

and current sensors was used for the implementation of the control algorithm. Fig. 3.10
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Table 3.1: Simulation parameters

Parameter Value | Parameter Value

Grid voltage[Vrms| 100 Grid frequency[Hz| 920

EMI filter cut-off frequency[kHz] 3.5 Magnetization inductance[uH] 320

Buffer capacitor|[uF] 45 Output capacitor|[uF] 45

Switching frequency|[kHz] 20 Design parameter a7, a 1, 0.01

Design parameter p, o 2500, 8 Window size of moving average 40
filter

Pr.oportional—lntegral 2. 0.01

gain(K,, K;)

Table 3.2: Hardware specification

Part Name Specification
Diode(Dy, Do, D3.Dy) ER504(400 V, 5 A)
MOSFET(Q1, Q2, Q3) TK31N60X(600 V, 30 A)
Diode(Ds, Dg, D7) SCS106AGC
PCPW245MKP (45 uF, 450 V, 14.4

Film Capacitor(Cyyt, Cp) Arms)

320 uH, 26 turn, Ferrite, Litz wire,
1 Arms, 7 Apeak

Coupled-inductor

Cut-off frequency of the input filter | 3.6 kHz

shows a photograph of the main circuit. All external sensors and a micro-controller were
mounted on the same printed circuit board. In order to eliminate noise, these sensors were
connected close to the micro-controller. To design the coupled-inductor, we have stacked
wires in a sandwich structure on the center tab on ferrite EE-core and used Litz wire to
minimize AC resistance. Experimental testing was performed using the setup shown in Fig.
3.11. In addition, an LC input filter was used to reduce the harmonic current due to DCM.
When we were verifying the overall operation and performance, an MS04034(oscilloscope,

Tektronics) and a TW1800(Power analyzer, Yokogawa) were used as measuring instruments.
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Analyzer

Figure 3.11: Laboratory test bed
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3.5.2 Allowable voltage and ripple current of the buffer capacitor

Due to the buffer capacitor is an essential part of the APD circuit to remove ripple power,
it should be selected considering the rated voltage and the allowable ripple current. In
the proposed circuit, the maximum voltage applied to the buffer capacitor is equal to vyyz.
Therefore, the output voltage required by the application should be considered. Also, since
the required ripple current is large due to the characteristics of the APD circuit, the allowable

value is determined using the following equation.

Vind,
P, ,=- m2 ™ cos 2wt = — Pyt cos 2wt
P,
Pbirms = 077;
Pout
1 = — 3.47
brms ﬁ%irms ( )

In equation (3.47), if P,y is the maximum power consumption, the required ripple current
rating(l, ,ms) of the buffer capacitor can be obtained. Considering the lifetime and the

allowable ripple current, the film capacitor is suitable as the buffer capacitor.
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3.5.3 Simulation and experimental results

Fig. 3.12 is the simulation results of the proposed circuit. The simulation results show
voltage waveform and state trajectories when the converter was operated with an output
power of 100 W. Before the decoupling operation, the ripple voltage appeared in the output
voltage, but after the operation, the former was absorbed by the buffer capacitor. As a
result, the buffer voltage was pulsated. The red line indicates the sliding surface, which
was derived in (3.9). Under the decoupling function operation, initial states went directly
onto the sliding surface. After that, the errors were exponentially decreased when moving

toward the equilibrium point.

100

Qutput Voltage(S50V/div.), vy
— Buffer Voltage(50V/div.) , v,
Disable APD control «—
| 1

——— > Enable APD control i B
0.06 008 i 0.1

50

-
-
-

-
-
-

Sliding surface

State trajectories

v
out ' out

X

X, = ledt

=y

Initial states

-40

-400

Figure 3.12: Simulation waveforms and the sliding motion of states

Fig. 3.13 shows the experimental operational results of the proposed converter under an
output power of 100 W. Based on these, a sinusoidal waveform without harmonic distortion
was obtained as the input current and ripple power on the output terminal was successfully

removed. Ripple voltage was under 5 V and the buffer voltage was maintained below the
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output voltage. As a result, voltage stress on the decoupling circuit was lower than the

conventional inductor-multiplexing method.[?]

[lekcPrevi —

+

Figure 3.13: Experimental waveform produced by the proposed control mechanism

Fig. 3.14 shows the coupled-inductor current waveform during APD control. As shown
in the figure, when the input current(is) is low, the current is compensated through the

discharge of the buffer capacitor to produce a constant diode current(ig).

; ; - = Out veltage, v, [SOV/div.]
... ...... = Buffervoltage, v, [SOV/div.]]. . . . = . |
: : - = Coupled inductor current, i,,, [2.5A/div.]

—_— Coﬁpled nductor cﬁrrent, Lm [2.5A/div.]

Figure 3.14: Experimental waveform of the coupled-inductor current
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Fig. 3.15 and Fig. 3.16 show the experimental waveforms of the prototype in a transient
state operation when the load was varied from 50 % to 75 %. From the test results, we
can see that when the output load disturbance exists, the output voltage and input current
were stable without distortion or overshoot. Therefore, the proposed sliding mode control

was shown to be robust for transient state operation.

Output Voltage Vout (50V/d|v)

mwvunum mv T

Buffer Voltage v (50V/d|v)

e A
iR

"jhpm' Currertt', iin (2.5A/div.)

=]

——
——
p———
S
.
— S
—
T
—
e
—
e

( @ 500V @ s0.0v @ 2504 ][100ms ][1 J00MS/s ] . .r 240v}
value Mean  Min Max Std Dev 1M points

@ rvs 151y 151 151 151 0.00

@ rvs 1.044  1.04 1.04 1.04 0.00

21 Dec 2016
10-55-4R

Figure 3.15: Experimental waveform in the transient response during 50 % to 75 % load
steps

Output Voltage, vy, (50V/div.)

A A

AR

Buffer Voltage vy, (50V/d|v)

Input Current, i, (2.5A/div.)

[ @ 500V @ 500V @ 2504 ][moms Mt.oomsrs ] ® 5 24.0v}
value Mean  Min Max Std Dev 1M points
@ RMS 151V 151 151 151 0.00
@ rvs 1.02A 102 1.02 1.02 0.00 21 Dec 2016
10-55-08

Figure 3.16: Experimental waveform in the transient response during 75 % to 50 % load
steps
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Fig. 3.17 shows the simulation result of the transient response when a 10% inductance error
exists in the coupled-inductor. The error is immediately compensated by the proposed APD
control, and distortion of the output voltage does not occur. Since the buffer energy is used

for error compensation, the buffer voltage fluctuates.
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Figure 3.17: Simulation results of the transient response under the inductance change

Fig. 3.18 shows the efficiency and power factor under each load condition. From measure-

ment results, we can see that the minimum power factor was over 98 % and the maximum
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efficiency was 90.3 %.

100% —
98% —
96%
94%
92%
90%
88%
86%

84%
0 20 40 60 80 100

Output Power[W]

Efficiency, Power Factor|%]

——Power Factor -e-Efficiency

Figure 3.18: Power factor and efficiency of the proposed converter

3.6 Conclusion

Despite the benefit of a long lifespan, the conventional decoupling topology applied to buck-
boost converters has relatively high manufacturing costs, high voltage stress, and large para-
metric uncertainties due to manufacturing tolerances and the non-linearity of passive compo-
nents. To solve these problems, we propose a new circuit that operates at low buffer voltage
and does not require additional inductors. The proposed sliding mode control method en-
sures a constant output, even if there are parametric uncertainties and disturbances. The
proposed solution was experimentally verified by means of a 100 W laboratory system, the
results from which indicate well-regulated output voltage. The output voltage ripple was
under 5 V and the input current THD was 4.24 %. In addition, we obtained an output

power factor of over 98 % and a maximum efficiency of 90.3 %.

Table 3.3 compares the conventional switch and input multiplying method with the proposed
method. Although the proposed method is less efficient than the conventional method, it

has an advantage in terms of volume, voltage stress, power factor, and THD.
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Conventional method

Proposed method

Rated voltage of Cj

450 V

(’Uinimaz + Vout + AUb < vbimax)

200 V

('Ubimax < vout)

Volume of Cj

35.0 mm X 50.0 mm X 57.5 mm

20.0 mm X 39.5 mm X 41.5 mm
(-67.4% )

Volume of IGBT

19.7 mm X 15.7 mm X 5.3 mm

Volume of diode

6.2 mm X 6.7 mm X 2.4 mm X 2

Total volume 100.6 em3 34.4 cm?(-65.5%)
Power Factor, THD | 99.2%, 8.4% 99.9%(+0.7%), 4.2%(-4.2%)
Efficiency 92.8% 90.3%(-2.5%)

Table 3.3: Comparison between conventional method and proposed method
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Lyapunov function based control strategy

Conventional control methods of the APD circuit are mainly divided into the open-loop
control method and the closed-loop method. The open-loop method can be easily imple-
mented in many applications, but it is sensitive to the parameter variations. Repetitive
control, multi-resonant control, Proportional integral plus resonant control method is a
typical closed-loop control method of APD circuit. Closed-loop methods have good perfor-
mance even under the various disturbance conditions, but conventional closed-loop control
methods do not guarantee the global stability due to highly non-linearities and complex

structure of the dependent APD circuit.

As shown in Fig. 4.1, the value and characteristics of inductance and capacitance change
depending on temperature, current, and materials. If the tolerances are considered, the
parameter uncertainty is increased. In the case of a converter with APD circuit, the number
of passive components increases, so it is necessary to design the controller considering the

uncertainty of the model.
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Figure 4.1: Nonlinear characteristics of passive devices (a) Inductor, (b) Capacitor
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4.1 Contribution Summary

We applies Lyapunov-function based control approach to control of the APD circuit witch
was introduced in Chapter 3. This control scheme guarantees the global stability of the
entire control system, even if model uncertainties, such as parameter variation, are exist.
In addition, the number of design parameters is greatly reduced, and parameter selection
criteria based on control theory are also presented. Through MATLAB simulation and
prototype experiments, we verified the global stability and effectiveness of the proposed

control scheme.

4.2 Modeling of the buck-boost converter with the APD cir-

cuit

In the APD circuit, the v, represents a compensable amount of P, , and generally controls
the average value over the period of the twice input frequency. At steady-state conditions

and neglecting circuit loss, the power of each stage can be derived as follows,
Piniavg + -Pinir = Fout + Pbiavg + Pbﬁr (41)

where P, 4,4 and P, , are average and ripple power values of the buffer capacitor, respec-
tively. Assuming that Pj, , is removed by the decoupling circuit, we can eliminate P, ,
and P, , in (4.1) to give

-Piniavg = Pout + Pbiavg = Pout + Ubicwgcbi}biavg (42)

where vy 404 is an average value of v, during period of the twice input frequency. Then, we

can obtain vy g,4 as follows

2
Pin_avg — Pout . Vindm Vout

(4.3)

i’biav g — = -
vabiavg 2vab7avg vabiang

Magnitude of the average input current([,,) can be calculated as

. Vin Vindsuw1Ts .
Yin_peak = rdswlTs = ———sinwt
m m

lin = 9 swl = o7,
m
_ VadZ T
2L,

;. 2
= Zaneakd deswlTs sin wt

I (4.4)



Chapter 4. Lyapunov function based control strategy 43

Substituting (4.4) into (4.3), we can obtain the differential equation of vy g4 as follows

2 72 2
Vm dswl T, Vout

R _ 45
b_avg 4CbLmUb7a’Ug vabiang ( )

4.3 Lyapunov-function based control strategy

The object of the proposed control scheme is to regulate v gy9 and veu:. The errors for

these states can be defined as:
* *
€1 = Vout — VUpyts €2 = 'Ubiavg - Ub_a’ug (46)

where vj . and v, are constant reference values of vy avg and voye. Using (4.6) and
average state space equations obtained previous section, the error dynamics of the buck-

boost converter with the dependent APD circuit can be calculated as follows.

. . 1 Ts 2 Vout
€1 Vout Cont <2Lmvout (Us swl + Vp temp) R >

VBT o
4CbL mUb_avg vabiow gR

(4.7)

é2 = bbiavg =

According to Lyapunov’s direct method, the equilibrium point is globally asymptotically
stable if V' (e) satisfies following properties.

To obtain nonlinear control inputs which make the globally asymptotic stable, following

Lyapunov candidate is used.

1 1
V(el, 62) = §Cout6% + §Cbe§ (4.8)

This function satisfies three properties(1 ~ 3) of Lyapunov’s direct method. The aim is to

make the derivative of V negative definite. Thus, V is obtained from (4.8) which yields to
V(el, 62) = Couer€1 + Chenés (4.9)

Let é; and é5 be defined as follows.

6'1 = —klel, éQ = —kgez (4.10)
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where k1 and ko are strictly positive design values. Then, V is negative definite as follows.

V(el, 62) = —kle% — kge% < 0, V(el, 62) 75 (0, 0)

Substituting (4.7) into (4.10), control inputs can be obtained as follows.

- dswl

d _ l 2Lmvout2 _ 2LmCoutvoutk1€1 Vin
temp T.R T, o

1 \/4Lmvout2 4LmekQUb_a'ug€2
dsw1 = -

Vil T.R T,

(4.11)

(4.12)

Fig.4.2 represents the proposed control systems. The final duty ratios of Q2 and Q3 are

decided by a table in Fig. 4.2. To obtain the average voltage of buffer capacitor, moving

average filter is used.
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4.3.1 Robustness of the proposed control system to converter parameter’s

variations

Suppose that the measured load resistance R is different from the actual resistance value R,

then the control input diemp and ds1 are expressed as

2Lmvout2 2L, CoutVoutkier Vin
dtemp - - 7dsw1
Ts (%)

(4.13)

S’LU

L 4Lmvout2 _ 4mebk20biav962
1= T,

Substituting (4.13) into (4.9) yields

: R-R ke R—R
Vel es) = <vout ( R ) e1 — Cout v;;) + (vim ( R > ey — Cbkge§> (4.14)

Assuming that an error of the load resistance is bounded as |R — ]:3| < AR, then the upper

boundary of (4.14) can be obtain as follows:

. Vout ’61‘ k16%> (vgut ‘62’ 2>
Vel es) < — AR - C,, + AR — Cpkoe < — 4.15
(e1,€2) ( I ¢ T pkaea n (4.15)

where 7 is a strictly positive constant. If k1 and ko are properly selected to satisfy the above
conditions, the system becomes globally stable even in the presence of uncertainty in the
load resistance. In the same manner, we can determine k1 and k9 that can guarantee global

stability against changes in Cp, Coyut, and Ly,



Chapter 4. Lyapunov function based control strategy 47

4.4 Simulation studies and experimental results

To verify performances of the proposed control method, simulation studies and experiments
were conducted using parameters and specifications in Table 3.1. MATLAB/SIMULINK
was used as a simulation environment, and Panasonic micro-controller MN103SFK1K with
externally attached voltage sensors was used for the testing of the control algorithm. Refer-

ence values of the output voltage and buffer voltage were 150 V and 120V, respectively.

Fig. 4.3 shows the simulation results when the converter was operated with an output power
of 90 W. Before the decoupling operation, the ripple power appeared in the output voltage,
but after the operation, the ripple power was eliminated by the APD circuit. Also, it can be
confirmed that the unity power factor is achieved after reaching the steady state. V(el, €2)

is always negative, which shows that the control system is globally asymptotically stable.

160 . : — —
! 03t dgyq(0.05/div.) dy,,(0.05/ div.)
140 - - 72
| 025~ / e
120 - 1
100 L Disable APD<—i | 02 :
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i 404k
! Output Voltage, vy, (20V/div.) | ﬁ / \
i 0.05
|

Buffer Voltage, v}, (20V/div.)

(= 1 k| L L
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2

[ Input Voltage, v;,,  (X0.03) Input Current, i (5A/div.) ]

o

Figure 4.3: Simulation results of the prototype

Fig. 4.4 is the experimental results when the output power is 100W. Fig. 4.4(a), the ripple
power is compensated by the APD circuit to produce a constant output voltage. At this
time, the ripple of the output voltage is 8V or less. Fig. 4.4(b) shows the current waveform
of the coupled-inductor. The current of the ()7 is always controlled constantly regardless of

the input voltage.



Chapter 4. Lyapunov function based control strategy 48

) File ¥ Vertical =« Timebase I Trigger @ Display # Cursors | El Measure @ Math | = Analysis X Utilities|

Output Voltage, v,,,[SOV/div.]

Discharging mode Charging mode
Buffer Voltage, v, [S0V/div.]
- P
™ /w\ ™
0Vg
0A= "\ 1 \ i
. " b ¥ o
Input current, i;,[2A/div,] |
e €255 256s 257s 258s 259s 26s }
B
TELEDYNE LECROY

(a)

Figure 4.4: Experimental waveforms (a) steady state and (b) current of the coupled-
inductor

E Display = # Cursors | E] Measure & Math | = Analysis | X Utiliies | @ Support E Display = # Cursors | El Measure | @ Math | 1= Analysis | X Utilities | @ Support

Output Voltage, v, [S0V/div.]
Buffer Voltage, v,,,[S0V/div.]

GO AN o

i/‘ﬂ.wm ﬂﬂmw WW«MVN M[l" R, 0 e i o9
biph MW%MM gt gt g A oA A9

- OV
Output current, i,,,;[100mA/div.]

o 5000 —— 3330 3330 ——— 5000
(45W) (68W) (68W) (45W)

(a) (b)
Figure 4.5: Transient response during (a) 500 €2 to 333 Q and (b) 333 © to 500 2 resistance
change



Chapter 4. Lyapunov function based control strategy 49

Fig. 4.5 shows experimental result when the output resister was varied from 500 2 to 333
Q and 333 2 to 500 €2. From the test results, we can see that when the output resister
is changed, the output voltage was stable without distortion or overshoot. Therefore, the

proposed control scheme was shown to be robust for parameter variation.

4.5 Conclusion

In the conventional APD control method, it is difficult to guarantee the global stability
when the model has nonlinearities and uncertainties. In this paper, we propose a nonlinear
feedback control system based on the Lyapunov’s direct method. With this control scheme,
global stability can be guaranteed even in the presence of uncertainties in parameters. In
addition, there are only two parameters required for the design, and it is possible to provide a
theory-based design criterion for parameter selection. Through the MATLAB / SIMULINK
simulation and the prototype experiment, we could verify the APD operation and the global

stability of the proposed control system.
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Modular design and interleaving structure of APD

circuit based converter

5.1 Contribution Summary

The interleaving technique is a strategy that increases the effective pulse frequency through
phase shift and synchronization of several switching cells. This effectively reduces the size of
the input and output filters and improves efficiency and conducted electromagnetic emission.
It can also be a suitable solution for high power applications because it can effectively
reduce current stress.[38] So far, several interleaving techniques have been applied to various
converter topologies such as boost, buck, and buck-boost converter. However, it is difficult
to apply the interleaving technique to APD circuit which is being studied recently. The
APD method is a technique that can replace electrolytic capacitors with small capacity film
capacitors. This method can improve the short lifespan and low reliability of electrolytic
capacitors. However, in order to use the small film capacitor, additional switches and
inductors are required. This means that the volume and complexity of the entire circuit
increases, making it difficult to apply interleaved techniques. In order to apply interleaving
technique to the APD circuit, the following conditions must be satisfied.

1) The complexity of the basic switching cell should be low.

2) Robust controller design for non-linearities and model uncertainties is needed.

In this Chapter, we design a decoupling circuit module that solves the problem in 1) and
proposed a multi-phase interleaved circuit using it. We also propose a robust controller
for model uncertainties and nonlinearities of the proposed circuit by applying sliding mode

control. The proposed circuit and control method are verified by MATLAB simulation.
5.2 APD circuit based AC/DC interleaved buck-boost con-
verter

Fig.5.1 shows the structure of the proposed interleaved circuit and the basic module. The

basic modules are connected in parallel, and the reverse blocking(RB) IGBTs of each module

50
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are controlled by an interleaved gate signal. The basic module has a primary side and a

secondary side, the secondary side including the decoupling circuit.
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Figure 5.1: Proposed circuit (left) and basic module (right).
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Fig.5.2 shows the overall operation of the proposed circuit and it operates as a buck-boot

converter or decoupling circuit depending on the combination of the states of each switch.
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-Statel: Switch1(Q;) is on and all other switches (Q2;,Q3) are off. The primary side

of the coupled-inductor charges magnetic energy from the power system.

-State2: Switch2(Q2;) is on and all other switches (Q1;, @3)are off. Each decoupling cir-
cuit works as a fly-back converter. Stored energy in the buffer capacitor is transferred to

the secondary side of the coupled-inductor. In this state, insufficient energy is compensated.

-State3: All switches (Q14,Q2i, @3) are off, stored energy in each coupled-inductor is dis-
charged to the output terminal through the diode(D7).

-State4: Switch3(Q3) is on and all other switches (Q1;,Q2i) are off. redundant energy

in the primary side of the coupled-inductor moves to the buffer capacitor.
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5.3 Control System

The proposed control system consists two parts, which are buffer voltage and APD con-
troller. To guarantee the stability and regulation performance of output voltage, we applied

a sliding mode control algorithm for the APD controller.

5.3.1 Buffer voltage control

The object of buffer voltage control is to regulate the Vj, and generate sinusoidal input
current waveform for the unity power factor. Vj is the root mean square(RMS) value of
vp. At steady-state conditions and neglecting circuit loss, the power of each stage in the

proposed converter can be derived as follows,
-Piniavg + -Pinir = Fout + Pbiavg + Pbifr (51)

Assuming that AC power is removed by the decoupling circuit, we can eliminate P;, 4. and

P, , in (5.1) to give

Vs ml
Piniavg = % = Lout + Pb_avg (52)

If the proposed converter works in discontinuous current mode(DCM), peak input current

of ith decoupling module(is peqr i) can be obtained as

. Vs msinwt
ls_peak_i = I Tsdswl
mi

(5.3)

Then, sum of the average input currents(i;,) of each module can be calculated as follows:

n

n .

= - Us_peak_i

lin = E ls; = g <2> dsw1
=1

=1

n
Ve md2,,T.
= Zwsinwtzfs m Sinwt (5.4)
i—1 2Lm7, B

where n and L,,; are the total number of phases and the inductance of each coupled-inductor,

respectively. Using (5.4), we can obtain magnitude of input current(ls ,,) as

=1
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Assuming that each inductance has a same inductance, (5.5) can be approximated as:

n ‘/sim dgw 1 T

I = 5.6
Using (5.2) and (5.6), we can calculate the duty ratio of Q1 as
4Lm(Pout + Pb avg)
dsw1 = = 5.7
swl \/ nVSQ_st ( )

P, 4,4 can be regarded as the control input for regulating V. In order to control Vj, we use

a simple proportional-integral controller:
Pog = KolVy = Vi) Ki [ (V7 = W) (58)

where V" is the target buffer voltage. The moving RMS is implemented in the control

system to obtain V; at time k as follows:

| M-
Vi(k) = i v (k —j)

Jj=0

where M is the number of points in the moving RMS. Assuming that P,,; and P, 4,4 are
at steady state, then dg,i is unchanged. Thus, the phase of i;, is the same as for the
input voltage, and due to this reason, the unity power factor and a sinusoidal wave form
are achieved without harmonic distortion. The reference value of V4, can be calculated using
that P, , and the energy of the buffer capacitor(W}) counterparts when the power pulsation

is compensated for by the decoupling circuit:

t
Wb = / Pb dt = %vag(t) - %vag(to) (5.9)

to

(5.9) can be rewritten using (2.3) as

P
Wy = — =2 (sin 2wt — sin 2wt)
2w
1 1
= ivag(t) - ivag(to) (5.10)

Assume that sin 2wty is 0, then vy (tg) can be regarded as V3. Subsequently, v, can be derived
using (5.10) as

P,
vp = \/Vb2 - w(g; sin 2wt (5.11)

Using (5.11), we can estimate the voltage range of v,. It is better for v, to exist in the

vicinity of the output voltage to maximize the operational range. Assuming that sin 2wt is
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-1, vy reaches its maximum value vy, q., then the reference buffer voltage V;* which can

maximize the operational range can be derived as follows:

g

* £\ 2 out
Vb max — out — (‘/b ) + wa
* % Pout
Vo= W - o (5.12)

5.3.2 Active power decoupling control

The main purpose of APD control is to remove AC power form the power system with
the actively controlled switches. In order to make the operation robust, a sliding mode
control(SMC) scheme is used, which is a useful nonlinear control method to take into account
parametric uncertainties and disturbances. In addition, this method provides simple and
robust solutions within a well-established theoretical framework. The closed-loop response
is the fastest possible response since it provides control input signals that can be fed directly

into the converters without any supplementary modulation operation.|?]

To make a output voltage constant and converge it to a reference value, we decided each

state as follows
T1 = Vout — Vigys T2 = /xldt (5.13)

For easy implementation on a real system, we consider the sliding surface as a linear com-
bination of the state variables, described in (5.13). Thus, we can specify the sliding surface

as
S = a1x1 + aoTs (5.14)

Next, we define a candidate Lyapunov function as

Lo

V(s) = 38 (5.15)

then to guarantee system stability and convergence of the state space trajectory to the
sliding surface s, derivatives of the Lyapunov function (5.15) should satisfy the following

inequality:

V(s)=s5<0,if s #0 (5.16)
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Using the sliding surface (5.14), a time derivative of s can be calculated as

. . iq — Tout
§ = 01Vout + 21 = a1—7—— + 221
Cout
~ (6% i aqt
10di 1 t
= Z L ou —+ a0t (517)

out

where 74 and i, are the average value of diode D7’s current and load current, respectively.
To calculate the equivalent input, we can obtain the following supplementary equation under

condition §(z) = 0:
C,
Zldz - a2 out 1 + lout (518)

Nevertheless, iy ; is not a directly controllable input, and as a result, the control input
must be derived using the relationship between (5.18) and the duty ratios of each switch.
In the proposed circuit, the diode current is decided by the magnetization current, and this
current can be determined by combinations of switch and operation mode, the relationship
for which is shown in Fig.3.6 and through which, the average value of the ith diode current

can be derived as follows:

T
ldz — /ldz Of1f~, Zd_peakz (519)
s

where ig;, ig; and ig ' peaki are the average, instantaneous, and peak values of the ith diode
current, respectively. Since the proposed circuit works in DCM, the peak value of the diode

current can be written as

Us

2‘dipeakli = —dsw1 zT + dstfiTs (520)
Ly Lmz
. (% v
d_peak2i = ﬁdswl_iTs - i‘dswii_iTs (521)
mi mi

where ig peak1i and ig peqk2; are the peak values of the ith diode current under the discharg-
ing and charging operations, respectively. By applying the new control input dieymyp in (5.20)

and (5.21), we can obtain a simple representation as follows:

. v Up
1d_peaki = LS dow1 Ts + 7 'dtempiiTs (5.22)
mt me

where
—-1< dtemp_i <1

Substituting (5.22) into (5.19) yields,

- d i [ v v
1d; = szffZ <L:” dswlf’iTs + Ij:ndtempiTs> (523)
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Control input d,ss ; cannot also be directly manipulated, thus should be changed to a

controllable value such as dgy,1 or diemp. In DCM, dyry can be redefined as

dig Td_peaki
= L .— = e
Vout miT mi T, doff

idjeaki
d i = Ly 5.24
ofi " Ts Vout ( )

Substituting (5.22) into (5.24) yields

Ly, Vin Uy

dopp i = —mei (Vi g Tt =2 dy T,

of f_ Tsvout <Lmz swl_ils + Lmii temp_ils
_ U'mdswl_i + Ubdtemp_i (5 25)

Vout ‘
By substituting (5.25) into (5.23), we obtain
- T.

ldi = 2Lmjvout (Uindswlii + Ubdtempii)Q (526)

Assume that the Ly, ;, diemp i and dgy1 ; have same values, (5.26) can be approximated

as follows:

- T.
1di = m(vindswl + Ubdtemp)2 (527)

and by substituting (5.27) into (5.18), the derivatives of s can be rewritten as

. ondy 2 01T out
S = 7(Uz’ndswl + Ubdtemp) -
L Vout Cout Cout

+ oy

(5.28)

The control input diemp consists an equivalent control input de, and a switching input .

Using (5.28), deq in sliding mode, in which $(z) = 0, can be calculated as

N 1 202 L CoutT1Vout | 2LimPout  Vin
deq — A/ + - 7dsw1
Up oanTy nTy b

(5.29)
where

Pout = toutVout-

According to (5.16), V/(s) should always be negative in order to guarantee controller stability

and convergence to the sliding surface. To satisfy this condition, a saturation function is
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used as Uy, as follows:

p; if|s| <6
Ugy = psat (g) =qp ifs>6 (5.30)
—p ifs< =6

where ¢ represents the thickness of boundary layers of the sliding surface and p is the control
gain of the switching input. According to (5.28), sliding mode control input diem, is included
in squared term. Thus, the switching control input in (5.30) is added in the square root term
of (5.29) for simplification. Subsequently, the final input of the proposed control system can

be derived as

d _ l 72a2LmCout$IUout + 2L Pout _ psat (f)
temp Vp ainTy nTy P 1)
L - (5.31)
(%)
and V (s) is calculated as
V(s) = s$
anT 2 1 lout
= —(v;nd d —
° <2Lmvoutcout (Uln swi ¥ v temp) Cout * a2$1>
aynpTs (s))
= 8 0 — 78@1: - < 0 532
< 2L Vout Cout d ( )

after which, the necessary condition to ensure the control stability and convergence to the

sliding surface can be derived as

anpls
2L 0out Cout
aynpTs 52

—_— if |s| <6 .34
2Lmvoutcout o < 0’ : |S| - (5 ? )

Is| <0, if |s| >0 (5.33)

If design parameters a1, p, and § have positive values when s # 0, then (5.33) and (5.34) are
always negative. Fig.5.3 represents the overall control systems of the proposed converter.
The final duty ratios of Q2 and Q3 are decided by the table in Fig. 5.3.
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5.4 Circuit configuration of loss-less clamp snubber for pro-

posed converter

The proposed circuit generates a reverse voltage during discharge operation. A snubber
circuit is required to prevent component damage due to reverse voltage. However, the pop-
ular RCD snubber is not suitable for high power applications due to high losses. Under
an output power of 2.5 kW, using a RCD snubber will result in a loss of about 31 W and
requires a large volume of snubber resistance. For the miniaturization and high efficiency,
it is necessary to apply a lossless snubber. The LC resonant circuit is applied to the sec-
ondary side as shown in table 5.1, and the detailed operation is shown in Fig. 5.4 This can

significantly reduce losses and the volume of the snubber circuit.

Table 5.1: Snubber circuit comparison results

RCD snubber Loss-less clamp snubber
Snubber Loss 31W(1.24%, @2500W) ~5SW
Number of
3 4
Components
Volume o ®
GND GND
0,
Bic
IN1 A IN1
Circuit
Diagram
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Figure 5.4: Lossless snubber operation and waveforms

5.5 Simulation studies

To check feasibility of the proposed circuit and the control system, MATLAB/SIMULINK
is used as a test environment. Simulation parameters used are described in Table 5.2.

Reference values of the output voltage and the control frequency of the buffer voltage and

Table 5.2: Simulation parameters

Parameter Value || Parameter Value
Grid voltage[Vrms| 220 | Grid frequency[Hz] 50
Magnetization inductance[pH] 100 Buffer capacitor[uF] 135
Output capacitor[uF] 45 Switching frequency[kHz] 20
Design parameter aq, as 1, 0.01 || Design parameter p, & 2500, 8
Window size of moving average 40 Proportional-Integral 2, 0.01

filter

gain(K), K;)
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sliding mode control were 400 V and 20 kHz, respectively.

Fig.5.5 shows simulation waveforms and control inputs before and after the APD operation.
Before the APD operation, the ripple appeared at the output voltage, but after the APD

operation, the ripple was removed. In Fig.5.6, we compare the waveforms of interleaved
Output Voltage, v,,,, (100V/div.)
400 . : !

200 Disable APD |<— Buffer Voltage, v, (100V/div.) |

100 -

'
0ot L I L L)
0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15

Input Vi
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T
03 Duty ratio, w1 (o 1/d1v)Duty ratlo, w2 (0 1V/d1v)

0.2 /—\——&

I | I ! I 1 I 1 | I !
0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15

Figure 5.5: Waveforms and control inputs of the proposed control system
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Figure 5.6: Waveform comparison (a) non-interleaved circuit [Input filter : 300xH, 3uF],
(b) 3-phase interleaved circuit [Input filter : 30pH, 3uF]
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and non-interleaved circuits. Fig.5.6(a) shows that a larger input filter(300 ©H) is needed
to reduce the ripple of the input current to less than 1 A. In the case of Fig.5.6(b), the
inductance of the input filter required to reduce the current ripple to the same level as (a)

can be reduced to 30 pH through the interleaving operation.

v.)

Qutput Voltage v AaA00Vidiv)
400 HpU ot Vo) T T 400
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200
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Figure 5.7: Waveform in the transient response during (a) 1250 W to 2500 W and (b)
2500 W to 1250 W load steps

Fig.5.7 shows the operation of the APD when sudden load changes. Even when the load
power instantaneously rises or falls, the output voltage is stably controlled by the proposed

control system.

The proposed sliding mode control ensures stability even if the inductance of the actual
coupled-inductor does not match the design value. As a result of simulating 10 % inductance

error, output voltage distortion and over and under shoot did not occur.
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5.6 Conclusion

In this paper, we propose a interleaving topology of the APD circuit and SMC method.
Through the MATLAB / SIMULINK simulation for the AC/DC buck-boost conveter circuit
with APD function, we could verify the transient stability and tracking performance of the
proposed control system during APD operation and load variation. In addition, The size of
the input filter can be reduced to 10 % compare with the non-interleaved circuit. And,by
minimizing the number of inductors, the size and manufacturing cost of the basic decoupling

circuit can be reduced.

Basic Module

s ey

19§

din widdia

'
o

inductor

=

=
Input filter
Figure 5.8: A prototype of the interleaved converter based on the proposed APD circuit
As shown in Fig. 5.8, the prototype of the proposed circuit is implemented on a single PCB,

with both input filters and inductors. The proposed circuit achieves the power conversion

device with miniaturization and long lifespan.



CHAPTER

Implement APD function for bridge-less SEPIC

without auxiliary circuit

6.1 Contribution Summary

In this chapter, a control method is proposed to address the problem of control of APD
circuits based on the bridge-less SEPIC. Previously, PI plus resonant control techniques
were applied to APD control, but this method has the problem that global stability cannot
be guaranteed under conditions where uncertainty exists in a parameter or model. To
solve this problem, the Lyapunov function based control method was applied to the control
system in this paper. This control method ensures the global stability of the system and
performance at various operation conditions.[34] [35] It also changed the current control
method to reduce the number of sensors required for control. The proposed control method
uses MATLAB / SIMULINK to validate its effectiveness against the PI-Resonant control
strategy.

66
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6.2 Operation and Modeling of the Bridge-less SEPIC PFC
Rectifier

Fig. 3 shows the bridge-less SEPIC proposed in [36]. They implemented a PFC converter
without a diode bridge by placing two IGBTS, including freewheeling diodes, vertically. In
[37], input power ripple is removed by using these two IGBTs and Cj and L,,2. The op-

+ Vb - D3
|1 N
Cb out
DA oA
Lml
YN +

p,\ o,

Figure 6.1: Bridge-less SEPIC PFC rectifier

eration of the bridge-less SEPIC proposed by [?] is divided into three operation modes as

shown in Fig. 4.

-Model: Switchl(Q;) and Switch2(Q32) are on. L,,; and L,,2 charge magnetic energy

from the power system and the buffer capacitor.

-Mode2: Switch2(@1) is on and Switch2(Q2) is off. Stored energy in the L,,2 moves to the

output terminal. In this mode, insufficient energy is compensating.

-Mode3: All switches (Q1,Q2) are off, storing energy in each inductor is discharging to

the output terminal.
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Figure 6.2: Bridge-less SEPIC PFC rectifier current flow according to a combination of
switches.

In [3], only model and mode3 used. In [4], mode2 was added to control the charge and
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discharge amount of the buffer capacitors. The state space equations describing the APD
operation of the bridge-less SEPIC PFC rectifier can be written as

Lmllm = (Uin + vp + Uout) Uy — (Ub + Uout) (61)

Cout'[}out = (1 - ul) Lin + (1 - U2)gb — Tout (62)

where 73, u1 and us are an average buffer current, duty ratios of the Q1 and Q9, respectively.

6.3 Proposed Control Strategy

In this paper, input current and the output voltage is the control targets for unity power

factor and constant output. Defining the state variables as

21 = g — i, (6.3)

To = Vout — Upys (6.4)

The input for the current control can be defined regarding its steady state and perturbed

terms as follows

where Uy and Au are the steady state and perturbed values of control input, respectively.
Assuming that all the states and input are in steady states, the steady state of (4) can easily

be obtained as
Lmlifn = (Vin + vp + V) Uo — (vp + v),) (6.6)

Then, the steady control input Uy is as follows

1 .
07 Vi + vy + U7, (Lo 00+ V) 6.7

The error dynamics of x1 can be obtained as follows
L@ = (Vin + 0 + Vout) Au + 22Uy — x2 (6.8)
Similarly, the error dynamics of (5) can be written as

Cout{)out - Coutl:Q - (1 - ul) Zm + (1 - UQ)gb - Z.out (69)
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Assume that the i, works in DCM, than the (1 — u3) 1 in (6.9) can be rewritten as follows

2
vyl 9

—_— 6.10
2Lm2vout ( )

Couwt®2 = tin — i, — linu1 +

As shown in (13), when the buffer current operates with DCM, the buffer current can be
estimated only by the buffer voltage and the output voltage. Therefore, the number of

sensors required for control can be reduced by one.

According to Lyapunov’s direct method, the equilibrium point is globally asymptotically
stable if V' (z) satisfies following properties.

To obtain nonlinear control inputs which make the globally asymptotic stable, following

Lyapunov candidate function is used.

1 1
V(‘rlv'%?) = §Lm1$% + §Coutx% (611)

This function satisfies three properties(1 ~ 3) of Lyapunov’s direct method. The aim is to

make the derivative of V negative definite. Thus, V is obtained from (14) which yields to

V(z1,22) = 21 L1271 + x2Cou %o (6.12)

Let L,,121 and C,: &3 be defined as follows.
Ly = —kiz1, Courta = —kowo (6.13)
where k1 and kg are strictly positive design values. Then, Vis negative definite as follows.
V = —ka? — kpa2 <0, V(x1,z3) # (0,0) (6.14)

Using (6.13), perturbed control input Awu can be obtained as follows

1
ANy= ——— —x9Uy — k 6.15
" Vin + Up + Vout (xQ T2 13:1) ( )
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uy = Au + UQ
_ To — k11 1—x9 (Lmll;kn + vy + Uzut)
Vin + Vb + Vout (vin + vy + Uz;ut) (Uin + vy + Uout)
(6.16)
where
I = K03y = 00 ag) 4 b [ (65 g = 0 gl (6.17)
In the same manner, us for the output voltage control can calculate as follows.
Uy = 1\/2Lm2 (Pout + Uoutiin (ul - 1) - k2x2) (618)
Vp Ts
where
2
v
Pout = gt

Fig. 6.3 shows the complete control system. A bandstop filter is used to obtain the average
value of the buffer voltage. In addition, to obtain the phase of the input voltage for power
factor control, the phase locked loop was used. According to the sign of the input voltage,

it was decided by a separate table to vary the duty applied to ()1 and Qs.
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6.4 Simulation Results

To check the proposed feasibility, MATLAB/SIMULINK used as a testing environment.

Table 6.1 and Table 6.2 show the parameters and conditions used in the simulations. Fig.6.4

shows the conventional control system proposed in [?].

Comparing Fig. 5 and Fig. 6, it

can be seen that the number of PI controllers used in the proposed method is significantly

reduced compared to the conventional method.

Table 6.1: Simulation parameters

Parameter Value || Parameter Value
Input voltage[Vims] 230 || Grid frequency[Hz] 50
Inductance of Li,1[mH] 10 || Inductance of Ly,2[mH] 0.3
Buffer capacitor|[uF] 60 Output capacitor|[uF] 60
Switching frequency[kHz] 20 aRge(f[e\rﬁnce of the output volt- 350

Table 6.2: Design parameters of the proposed method and PI+PR control

Parameter PI4+PR control[?] | Proposed method
ki, k2 - 200, 500

PI gain for I,, 0.05, 0.0001 0.05, 0.0001
PR gain for i;, 10, 300 -

PI gain for vout 3, 0.004 -

PI gain for iy 3, 0.004 -

The effectiveness of the proposed control method is verified against the conventional control

method at various conditions, e.g., steady-state conditions, load variation conditions, and

input voltage variation conditions.
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Figure 6.3: Proposed control system
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Figure 6.5: Waveform and switch operation of bridge-less SEPIC by APD operation mode.

Fig. 6.5 shows the mode-specific operation of the APD function. When the input voltage

increases and surplus energy is generated, the decoupling circuit switches to the charging

mode and stores the surplus energy in the buffer capacitor. At this time, the duty ratio

of Q2 is decreased, and the energy to be charged is larger than the energy discharged from

the buffer capacitor. Conversely, when the input voltage decreases and the output power

becomes insufficient, the buffer capacitor is discharged. That is, by increasing the duty

ratio of )2, the energy discharged from the buffer capacitor is made larger than the energy

charged.
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Figure 6.6: Simulation for global stability of the proposed control methods in the load
variation condition

Fig.6.6 shows the simulation results of applying the proposed control method to the SEPIC
under load-varying conditions. It can be confirmed that the input current has a unity power
factor as a sine wave and the output voltage is kept constant even if the load is varied. Also,

since V is always negative, it can be confirmed that the control system is globally stable.
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Figure 6.7: Comparison of control performance in the steady state, Red line: Proposed
control method, Blue line: Method in [37]

Fig. 6.7 shows the results of a simulation comparing the performance of the control method
proposed under steady-state conditions with the conventional control method. The proposed
method provides a smaller steady-state error of output voltage and current compared to the
conventional method, and the THD of the input current is 3.77 %, significantly lower than
the conventional(11.07 %). The proposed method has output voltage ripple of 2V, and
the conventional method is 12V. That is, although the proposed method uses a smaller
number of sensors and parameters than the conventional method, it has an advantage in

performance.
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Figure 6.8: Comparison of controller performance under load change conditions, Red line:
Proposed control method, Blue line: Method in [37]

Fig. 6.8 shows a comparison of the performance of the controller under conditions of rapid
load changes. Conventional methods show that the ripple of output voltage increases as
the load increases and take time to converge to normal conditions. On the other hand, the
proposed method shows that the output voltage remains at a steady-state even when load

changes occur, and the ripple voltage is not as large as it used to be.
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Figure 6.9: Comparison of controller performance under input voltage change conditions,
Red line: Proposed control method, Blue line: Method in [?]

Fig. 6.9 shows the simulation results comparing the performance of the controller under the
condition that the input voltage changes from 230 V,.,,s to 300 V,,,,s. The proposed method
does not change the magnitude of the ripple voltage even if the input voltage changes. On
the other hand, in the case of the conventional method, it can be seen that the ripple voltage
instantaneously increases(20 V). As a result, it can be confirmed that ripples are generated

in the output current.
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Figure 6.10: Harmonic current spectrum of the input current, conventional control method
(red), proposed control method (blue)

Fig. 6.10 shows the harmonic component for the input current. Compared with the conven-
tional control method, the proposed method shows that the harmonic component is low in

the entire order.
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6.5 Conclusion

In this paper, we applied a Lyapunov function based control strategy for the APD control
of Bridge-less SEPIC. Simulation using MATLAB / SIMULINK verifies the effectiveness
of the proposed control scheme. Table 6.3 shows the comparison between the conventional
control method and the proposed method. As a result of the comparison, we confirmed
that the proposed method is superior in stability and accuracy and THD is lower. Also, the
proposed method offers DCM control of the buffer current to reduce the number of sensors

and a significant reduction in design parameters to facilitate controller design.

Table 6.3: Comparison between the proposed control method and the conventional method

Index PI4+PR control[37] | Proposed method
Global stability Not guarantee Guarantee
Number of sensors 5 4

Design parameters 8 4
Maximum v, ripple 20V 5V
Maximum THD 11.07 % 3.77 %




CHAPTER

Reducing voltage stress of Bridge-less SEPIC

based active power decoupling circuit

7.1 Contribution summary

This chapter proposes a method to reduce the voltage stress of the APD circuit based bridge-
less SEPIC as referred in chapter 6. The conventiona APD circuit based bridge-less SEPIC
operates at high buffer voltage. Therefore, the voltage stress of the components constituting
the converter is increased, which increases the volume and cost of the parts. Therefore, in
order to optimize the manufacturing cost and volume, it is necessary to reduce the voltage
stress of the parts. In this chapter, we modified the circuit and control method of the

conventional bridge-less SEPIC so that the APD function operates even at low voltage.

7.2 Proposed circuit and control method

As shown in Fig. 6.1, when the buffer capacitor is discharged, the voltage across the inductor
is vpds. If vpds is lower than the input voltage and the output voltage, the input current will
reversely flow to Ly, in this interval. Fig. 7.1 shows the simulation results when the target
buffer voltage (350 V) is same with the output voltage (350 V). In this case, the energy is

not transmitted to the output terminal, and the output voltage is distorted.
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Figure 7.1: Waveforms with target buffer voltage of 350 V

To prevent reverse flow to L;,s, the circuit has been modified as follows. Diodes and snubber
capacitors were used to prevent reverse currents in conditions where vpds is lower than the

input and output voltages.

+V, - D,
T
. | :
Y o438 14
Y'Y\

p,\ o,

Figure 7.2: Proposed circuit

7.3 Simulation results

Fig. 7.3 shows the simulation results for a modified circuit. As shown in the Figure, no
distortion occurs in the waveform. However, zooming in on the output voltage waveform
shows that a ripple voltage of approximately 16 V exists. This is because for the APD
control of the bridge-less SEPIC, the charging control of the buffer capacitor is dependent
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on the input current control. Under conditions where the voltage of the buffer capacitor
is low and the input current is high, the output voltage is over-charged regardless of APD

control.
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Figure 7.3: Simulation waveforms of the proposed circuit

To reduce the ripple voltage of the output capacitor, it is necessary to lower the peak value
of the input current. For this purpose, the method of injecting a 3rd harmonic current into

the current reference as follows:

bin_ref = Im(sinwt + kapqsindwt) (7.1)

As shown in Fig. 7.4, as the ratio of the 3rd harmonic current increases, the peak value of
the current decreases. However, since the harmonic injection method increases the harmonic
current, it should be decided by considering the margin against the regulatory limit at the

maximum current condition.

— EFXR — ZREAREA

k3rq: 0.1 BN Kara: 0-2 FEEHNHI

Figure 7.4: Current wave due to ratio of 3rd harmonic current

Fig. 7.5 represents the harmonic spectrum according to the change of ks.q under the max-

imum current condition. If the third harmonic is 30% of the fundamental wave, it can be
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seen that it exceeds the regulatory limit value. In this paper, 10% is applied considering

margin.
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Figure 7.5: Analysis of harmonic spectrum according to ks.q value

Fig. 7.6 shows simulation results for the case where both circuit modification and harmonic
current injection are applied. The output voltage ripple decreased from 16 V to 8 V, and
the maximum voltage of the buffer capacitor decreased from 550 V to 430 V. This makes
it possible to use low rated voltage components and thus reduce manufacturing costs. In
addition, the volume of the condenser could be reduced by 20%.
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CHAPTER

Summary and recommendations for future study

8.1 Summary

The APD circuit allows smooth function to be implemented even with a small capacity
capacitor, thereby improving longevity and reliability by removing the passive decoupling
method of using a large capacity E-Caps. However, the problem was that APD method
required additional passive components and switches to actively control the ripple power.
This limited the complexity, volume and manufacturing costs of the converter circuits. To
deal with these problems, various methods have been studied to reduce the number of in-
ductors that account for a large portion of volume and manufacturing costs. However, there
is a limitation of previous studies not taking into account the voltage stress of a circuit. As
voltage stress increases, components with higher rated voltages should be used. In particu-
lar, film capacitors significantly increase the price of volume as the rated voltage increases.
In addition, conventional APD-based control schemes are a type of linear control that fails
to ensure stability and reliability under adverse conditions such as various operating points,

output disturbances and parameter variations.

In order to solve these problems, voltage stress was reduced by multiplying inductors to
reduce the number of magnetic cores and by constructing an APD circuit with a buck type.
In addition, the proposed APD circuit could be applied to the interleaved converter to
reduce the size of the input and output filters, thereby reducing the size of the converter
circuit. In addition, the APD function was implemented by changing the existing bridge-less
SEPIC circuit only to control it without additional components. This has made it possible
to significantly reduce manufacturing costs. The circuits proposed above were common to
SMC and Lyapunov function based controls. By doing so, it was able to robust the influence

of process error of passive components, sensor noise and disturbance.
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8.2 Recommendations for future study and implications for

research

The operating range of the buffer voltage depends on the structure of the APD circuit.
Therefore, the appropriate APD circuit should be selected considering the voltage and power
required by the product. If the required output voltage is low, the capacity of the capacitor
can be further reduced by using a boost type APD circuit. If the required output voltage and
power are high, it is recommended to use a buck type APD circuit to lower the voltage stress
to make parts with lower rated voltage. This reduces the cost and volume of parts. When
the output voltage and power are changed to a large range, various operating conditions

can be satisfied by applying a buck-boost type APD circuit.

The controllers proposed in this study commonly use a method of controlling the average
value of the buffer voltage. For this purpose, a filter such as a moving RMS is used in
the controller. However, when the parameter or load fluctuates suddenly, the transient
characteristic of the output voltage and the input current may be deteriorated due to the
slow response speed of the buffer voltage controller. In the SMC controller proposed in
Section 3, there is a condition that the inductor current must operate as DCM in order to
operate in sliding mode. If the buffer voltage drops below a certain value due to a slow
response speed, the DCM will not operate, resulting in distortions in the output voltage
and input current. If we can improve the slow response speed of the average buffer voltage

control, we expect to have stable and high accuracy control over a wider range.

8.3 Conclusions

The longer the time the power converter operates at high temperatures, the greater the
failure rate of the E-Caps. In particular, it can be a serious problem for products that
are exposed to the outside world, such as an air conditioner or an electric vehicle battery
charging station. For example, global warming is driving the trend towards increasing air-
conditioner uptime, leading to an increase in the amount of time E-Caps operates at high
temperatures. As a result, the life expectancy of the air conditioner is shortened. This will
become a serious problem over time, and the APD approach can be the most appropriate
solution to solve these problems. In order to apply APD circuit to actual products, problems
such as manufacturing cost and reliability of APD circuit should be continuously improved.
The multiplexing and voltage stress reduction design proposed in this study can be one of
the solutions. Nonlinear control such as SMC and Lyapunov fucntion based control can also

be a solution to the reliability and performance improvement of the APD circuit.
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