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ABSTRACT

The increase demand of electrical energy due to the industrial development and world
population has made the traditional energy resources entered the age of insufficiency. Recently,
an increase attention has been given to the renewable energy sources, especially photovoltaic
(PV) energy systems as an alternative energy resource available everywhere in Egypt. And
offer substantial advantages over conventional power resources such as reliability, low
maintenance cost, no fuel cost, reduced sound pollution, safety and high performance.

DC-DC hoost converter is inserted between the source and the load as power conditioning
unit to regulate and boost up photovoltaic voltage to desired output voltage. But the
conventional boost converter give output voltage not exceeds about twice of the input for stable
operation, this not sufficient for distribution level voltage. So, high gain DC/DC converter is
ideal solution to achieve high voltage level at the output with high efficiency to convert the
electrical power to useable form.

There are a lot of topologies of high gain DC/DC converter that used with PV. In this thesis
introduces a proposed non isolated high gain DC/DC converter used to convert low voltage
solar PV panels to distribution level voltage. To do this, a converter used a single switch with
switched inductor technique that is able to produce high gain power transmission and
continuous input current.

This thesis the steady state analysis and operation modes of the proposed converter are
explained in detail for continuous conduction mode (CCM) and discontinuous conduction
mode (DCM) operation. Also, the mathematical analysis implementation and voltage gain
derivation is carried out for the proposed converter.

Computer simulations are carried out for the proposed topology by Matlab/Simulink
software. The prototypes of the proposed converter for CCM and DCM cases were built and
tested in the laboratory. A DSP 1104 platform was used for evaluation board closed loop
performance and open loop performance in order to verify the theoretical analysis. The
experimental setup and hardware implementation are described. Several of experimental results
for the proposed topology are included and discussed. The simulation and experimental results
of the proposed converter are studied for closed loop case with static load by using resistive
load and dynamic load by using separately excited DC motor.

The proposed converter is compared with other recent converters and it is cleared from this
comparison the advantages of the proposed with respect to others that shows the proposed

converter has lower compensative components (capacitors and inductors), lower voltage stress




for semi-conductor device (switch and diodes) and higher efficiency. The simulation and
experimental results are proved these advantages for the proposed converter and in good

agreement.

—
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CHAPTER (1) INTRODUCTION

CHAPTER (1)
INTRODUCTION

1.1 General Power Electronic DC/DC Converters

In recent years, power electronics became very important in industrial technology
and is now used in a great variety of products, including heat controls, light controls,
motor controls, power supplies, vehicle propulsion systems, flexible AC transmission
systems (FACTS) and high-voltage DC systems (HVDC). The power electronics
circuits can be classified into different categories: (i) AC to AC converters (AC
voltage controllers); (ii) AC to DC converters (Rectifiers); (iii) DC to DC converters
(DC choppers); (iv) DC to AC converters (inverters) [1].

A DC-DC converter is a very popular power converter known as DC choppers.
The function of DC-DC converter is to obtain DC voltage, with variable magnitude
from fixed DC voltage using for DC application. The most important DC application
is photovoltaic (PV) system where the main objective of DC/DC converter ensures
maximum power from PV system.

Photovoltaic solar energy has many advantages such as environmentally friendly,
no noise, no moving parts, no emissions, no use of fuels and water and minimal
maintenance requirements which makes it widely used in existing networks. But the
output voltage of this energy has high fluctuations and a low value. So, to adjust the
output voltage and convert it to high voltage level, the DC/DC converter is very
important to use in these applications [3].

There are different topologies for DC/DC converter but, the main types are buck
converter used to produce the output voltage less than the input. The second type is
the boost converters that operate inverse the buck type where give the output voltage
higher than the input. The third type is buck-boost converter provide the output
voltage less than or greater than the input voltage [2]. In conventional boost converter,
the switching voltage stress is equal to the output voltage and introduces large
inductor current ripple. Hence it creates the large conduction loss and reverse
recovery issues which affects the conversion efficiency and high voltage gain [6].

Recently, the need for high gain DC-DC converters has become one of the most

viable options as they would help in integrating solar energy. The main purpose of
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high gain DC/DC converters is to boost up the low voltage from the PV to high
voltages which makes it feasible for connecting it to DC micro grids [4]. High gain
DC/DC converters are kind of high frequency converters that convert unregulated DC
voltage to regulated DC voltage with high gain at the output for many DC
applications. These converters are classified into two categories, isolated and non-
isolated based high step up converter.

The isolated step up converters have a transformer and by adjusting the turns ratio
of the transformer, high voltage gain have been achieved. Some of those converters
are flyback, push-pull, and forward type converters. These converters have drawbacks
of high voltage stress due to transformer leakage inductances which reduce the
efficiency. This may cause the high switching voltage stress, reverse recovery issues
and reduce the high step up conversion efficiency [5]. There are suitable non isolated
step-up DC/DC converters that able to overcome the drawbacks of classical boost
converters. These converters can provide high voltage levels with high efficiency at

output side suitable for renewable energy applications [7].
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Fig. (1.1) Coupled inductor with intermediate energy storage capacitor converter

Many topologies have been introduced for this purpose [8-17] such as 1) using
coupled inductor, 2) using voltage multiplier, 3) using switched capacitor, 4) using
cascaded techniques, and 5) switched inductor. Coupled inductor chooses to use in
high gain by increasing inductor turns ratio. But it has the following problems: large
input current ripple and high switch voltage spikes because of stored energy of
leakage inductance. So, clamp circuit must be used to limit this energy. However, this
clamp circuit increases the conduction losses [8-11].

A topology converter that in Fig. (1.1) based on coupled inductor is presented with
passive clamp circuit and intermediate energy storage capacitor used to increase the

output voltage level as in [8]. But this circuit suffers from using a lot of components
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that make the system expensive. Some converters consist of coupled inductors with
voltage multiplier (VM) used to multiply the voltage gain presented in [9-10]. These
converters provide high voltage gain with low input current ripple. However, the VM
cells in DC/DC converters in Fin. (1.2) that contain coupled inductor decrease the
nominal value of power semiconductors As a result of using the clamping circuit that
recycles the stored energy of leakage inductance which increases the losses and
reduces the overall efficiency. A topology consists of a switched inductor with double
switches is described in [11] to get high gain voltage value. However, using two

switches increases the circuit components and thus raises the cost of the system.

e

Fig. (1.2) Coupled inductor with voltage multiplier converter
A converters used a conventional cascaded boost topology based on coupled
inductor and diode-capacitor cell are presented in [12, 13]. That used to suppress the
switch voltage spikes resulting from leakage inductance stored energy by recycling
this energy to the output side. On the other hand, using diode-capacitor cell as
clamping circuit affect the system efficiency due to switching losses of this clamp as
shown in Fig. (1.3).
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Fig. (1.3) Coupled inductor with diode capacitor converter
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Converters based on the switched-capacitor principle are studied in [14, 15]. A
high voltage gain is achieved, and the switch voltage stresses is reduced. However,
the number of components is large, and the output diode voltage stress is high. A
converter uses switched capacitor, and a coupled inductor is described in [16], where
the voltage boosted by increasing the turns ratio of the coupled inductor and switched
capacitor stage. This converter suffers from high transient current that has degrading
effect on both efficiency and power density.

An interleaved DC/DC converter with small input current ripple for large power
ranges is discussed in [17]. Also, a high step-up interleaved boost converter with
switched-capacitors and switched-inductors is studied in [18]. In order to these
circuits operate correctly, the duty cycles of switches should be greater than 0.5, but
this led to high power losses and low efficiency. A converter based on conventional
boost and single-ended primary inductance converter (SEPIC) converters as shown in
Fig. (1.4) is introduced in [19, 20]. A high voltage gain and low current stresses are
obtained. However, large amount of components is used in [21, 22] introduced high
step-up extendable hybrid DC/DC converter based on two-phase interleaved boost
converter and switched capacitor. But this converter did not suitable for high power

applications due to high-level of the transient current related to switched capacitor.

Fig. (1.4) Single-ended primary inductance (SEPIC) converter

Converter in [23] from type of non-isolated high gain DC/DC converters operate
with positive output voltage and reduced current stresses but converter in [24] is about
an interleaved winding coupled boost converter with passive clamp circuit that used to
recycle the leakage energy to the output. These converters have switching losses due

to the clamp circuit so; the overall efficiency of the converter will be decreased.
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Converter in [25] explains, non-isolated full soft-switching step-up DC/DC
converter with a continuous input current for renewable energy applications. The
converter use of a three-winding coupled-inductor along with a voltage multiplier, to
increase the gain but this system used passive clamp circuit that reduces the losses.

An ultrahigh step-up DC/DC converter is proposed in [26] with a combination of
two stages boost converter, a coupled inductor, and a multiplier cell. The secondary
side of the coupled inductor is unified with the multiplier cell. In addition, leakage
energy of the coupled inductor is recycled and transferred to output perfectly which
causes high-efficiency performance. In [27] proposes a dual-switch DC/DC converter
with high-voltage gain for solar Photovoltaic (PV) systems. High-voltage gain is
obtained by combining the coupled inductor and switched-capacitor voltage boosting
techniques.

High step-up DC/DC converter with a continuous input current introduces in [28]
which is suitable for sustainable energy systems. A three-winding coupled inductor,
two power switches, three diodes, and three capacitors are utilized to perform the
functions of active switched inductor and switched capacitor. This converter operates
with many components that increase the system cost. A high voltage gain DC/DC
boost converter with expandable diode-capacitor voltage multiplier (VM) cells in [29]
is presented. The diode-capacitor VM cells and coupled inductors are employed in the
presented topology to provide a higher voltage gain.

Converter in [30] employing an interleaved quadratic structure, two-winding
coupled inductors, and voltage multiplier cells , the proposed converter can provide
high-voltage gains, continuous input current, common ground between input and
output sides, and low numbers of components. In addition, diode-capacitor lossless
clamp circuits are utilized to limit the voltage stresses of the power switches. But,
using coupled inductor increases voltage spikes on the switches that increase voltage
stresses on the switch and therefore the losses increase which reducing the system
efficiency.

Reference [31] presents high voltage gain interleaved DC/DC converter with a
three-winding coupled inductor. Two interleaved and inter-coupled boost cells are
connected by the input parallel and output series configuration, realizing low input
current ripple and high voltage gain simultaneously. In [32] a high step-up DC/DC
converter which is applied to a voltage lifts capacitor and coupled inductors to

increase the voltage gain. Moreover, the interleaved structure is applied in the
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converter to decrease the input ripple current. Voltage lift capacitor is used to
recycling the stored energy that result from leakage inductance of the coupled
inductor.

The converter in [33] is structured as an optimized integration of active switched-
inductor configuration, and ladder-type voltage multiplier is merged with the
regenerative-boost arrangement. Thereby, due to such an organization of structure, the
proposed converter is developed the extremely high voltage-gain with comparatively
fewer components. Recently, switched inductor and switched capacitor techniques in
dc-dc converter are recommended to achieve high voltage by using the principle of
parallel charging and series discharging of reactive elements. In [34] a modified
switched inductor boost converter is proposed with reduced voltage stress across
active switches. There have been many proposed topologies for high gain DC/DC
converters in the literature. But topologies with higher efficiency and lesser
component stress is the optimal solution. In this regard, this thesis will focus on high

gain DC/DC converter based on switched inductor technique.
1.2 Thesis Objectives

There are numerous challenges and requirements for DC/DC converters. Two of
them will be addressed in the thesis. The first challenge and consider the most
challenging task in designing switched inductor converters is to maintain the
efficiency and the number of elements at a higher voltage gain. The proposed
switched inductor converter has proven its efficiency and ability to provide a high
voltage gain with a smaller number of elements resulting in the proposed converter
give high voltage gain with higher overall efficiency of the system.

The second challenge is clarification the closed loop control for the proposed
converter to study the proposed converter with different load where the converter was
tested experimentally under voltage control with resistive load. The voltage control
test was investigated at different cases for input voltage change, load change and
reference voltage change. Also, the converter was tested for dynamic load by using
separately excited DC motor.

Simulation results for the proposed DC/DC converter are carried out using
MATLAB/SIMULINK. The prototype of the proposed converter was built in the
laboratory to validate the proposed converter experimentally. In order to verify the

effectiveness of the proposed topology for open loop and closed loop performance.
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The system of the proposed converter is implemented in real time by
using digital signal processor (DSP1104). The experimental works are presented

and discussed for the proposed topology.

1.3 Thesis Outlines

This thesis organized in five chapters, a list of references and appendices
Chapter (1): This chapter introduces a literature review for some pervious work,
illustration some topologies of high gain DC-DC converters and objectives of this
thesis.
Chapter (2): This chapter explains in detail the performance and analysis of the
proposed converter in continuous conduction mode (CCM) and discontinuous
conduction mode (DCM) explaining circuit description, operation modes is discussed,
voltage gain equation is derived and design methodology also presented.
Chapter (3): This chapter presents the simulation results of the circuit with open loop
at CCM and DCM and closed loop control system for static and dynamic loads.
Closed loop system is consisting of voltage control and speed control. Different cases
are studied such as input change, reference voltage change and load change. The
circuit is built on MATLAB/SIMULINK program to validate it.
Chapter (4): This chapter describes the experimental setup and implementation of the
circuitt. A Digital Signal Processor (DSP-1104) based system is described.
Experimental results were investigated for open loop at CCM and DCM and closed
loop.
Chapter (5): This chapter highlights the main conclusions of the present work and

the future work that can be performed on the same object.
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DESCRIPTION AND ANALYSIS OF THE PROPOSED HIGH GAIN
DC/DC CONVERTER

2.1 Summary

This chapter presents the proposed of a single switch boost converter with switched inductor
in CCM and in DCM operation. In this chapter the circuit description, operation modes,
mathematical modeling and parameter design are explained in CCM and DCM.

2.2 Circuit Description

The proposed converter is presented in Fig (2.1). It consists of one switch S1, two inductors
L; and L,, one capacitor C, and four diodes D;, D,, D3 and D,. Both inductors L; and L, are
identical.

Ve s, —E} Co : [] Load

Fig (2.1) The proposed converter

2.3 Operation Modes
2.3.1 Continuous current operation modes (CCM)
The proposed converter operates in two modes in CCM and the typical key waveforms in ig.

2.5. Before describing the proposed converter in the CCM, some supposition has been

considered in the CCM analysis, ideal semiconductor components, very large output capacitor
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(with constant output voltage and small ripple) and in addition to the system operation in the

steady-state condition.

2.3.1.1 Mode 1 (S; ison)

In this mode, the switch S; is in turned on, the diodes D; and D, are forward biased, and the
diodes D3 and D, are revers biased. Therefore, the current follow through two inductors L; and
L, and charged them in parallel path as shown in Fig.(2.2). Also, due to the inductors operate in
parallel that make their voltage is equal i.e., V1 1=V\. The load is supplied by the charge on C,.

The steady-state voltage equations are as follows (assumption: Ly = L, = L)

Vu=Ve=V, 1)
VL(on) -Vin=0 (2)
For the current equations related to this mode:
iLl(on) + iL2(0n) = iin(on) (3)
Io = lico 4)
i Ly D,
e A e =
L1 Do
+ o9 D3
D1 I_2

] Load

Fig. (2.2) Operating mode (1)

2.3.1.2 Mode 2(S; is off)

In this mode, the switch S; is in turned off. The diodes D; and D, become reverse biased,
and the diodes D3 and D, are forward biased. The inductors L; and L, are connected in series
and discharge their energy into the output capacitor C, and the load as shown in Fig (2.3). The
steady-state voltage equation in this mode is as follow:

Vo—Vin+2 Vi =0 (5)

—
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The current equations in this mode:

IL1 = 12 = lin(off)

1 =1 =lo*l

(6)
()

Do
e
—
‘ i IO
Ico
12
Vlh

+
S Co [] Load

Fig. (2.3) Operating mode (2)
2.3.1.3 Voltage gain derivation in CCM

The voltage gain derivation is implemented by inductors volt-second balance method [5].
D (VL) + (1 =D) (VL) =0

(8)
Substituting the value of V_ from equations (2) and (5)
VL (n) = Vin 9)
VL off) = 0.5 (Vin — Vo) (10)
The mathematical equation of the voltage gain becomes:
M= Q _ 1+D
Vi 1-D
The maximum switch voltage stress derived from the equation as,
Vsw = Vin— 2 Viofp) (12)
By substituting from equation (8) into equation (5) and solving for finding V), One gets;
Vioff) Z—%Vm (13)

—
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Subsequently the switch voltage stress becomes;

1+D
==V 14
VSW 1_DVIH ( )

2.3.2 Discontinuous conduction mode operation (DCM)
The proposed converter operates in three modes for DCM operation. The operation modes

and the key waveforms of the proposed converter in DCM are shown in Fig. 2.6, respectively.

2.3.2.1 Mode 1 (S; is off): This mode is similar to Mode 1 in CCM, as shown in Fig. (2.2).
2.3.2.2 Mode 2 (S; is off): This mode is similar to Mode 2 in CCM, as shown in Fig. (2.3).

2.3.2.3 Mode 3 (S; is still off):

In this mode, as shown in Fig. (2.4), the switch Sy is still in OFF condition. D;, D, and D3 are
still reverse biased, while D, is not conducting. No current follows in the inductors L; and L.
The load is fed by the stored energy in the capacitor C,.

The steady state voltage equation for this mode is:
Vo= Ve (15)
The current equation for this mode in this mode:

lo = lco (16)

L, D,

D. L,

Vin +
Si Co Load

’ |

Fig. (2.4) Operating mode (3)

2.3.2.4 Voltage gain in DCM
The voltage gain derivation is implemented by inductors volt-second balance method.

D (VL(on)) + 05 (1 - D) (VL(Off)) = 0 (17)

11
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Substituting the value of Von) and V) from equations (2) and (5), respectively.
Vien = Vin (18)
Vi = 0.5 (Vin— Vo) (19)
Where the DCM condition operates only in half period of the OFF condition. The mathematical

equation of the voltage gain becomes:

M= \\//L=1+3D (20)

The maximum switch voltage stress can be obtained from the equation;

1+3D
Vsw =Vo = 1-D Vin (21)
Vg
| : t
- 0 DT. T i
t
Vi, Viz
t
Vc
t
lc
——
-‘~‘I t
L

Fig. (2.5) The typical key waveforms of the proposed converter in CCM

12

—
| —



CHAPTER (2)
DESCRIPTION AND ANALYSIS OF THE PROPOSED HIGH GAIN
DC/DC CONVERTER

Iz \

Vi Vie

Fig. (2.6) The typical key waveforms of the proposed converter in DCM

2.4 Parameter Design
Inductors and capacitor design depend on their currents and voltages.

2.4.1 Inductor design

From the key waveforms and operation modes, the inductor can be estimated by equation:
V. = L di/dt (22)
By integrating equation (22), the inductor value can be calculated as in (23).

L=(V.*D T)/(ALL) (23)

Where Al is the inductor ripple current allowed. It’s value equal to 20 to 40 percent of the
output current according to IEEE standard [17].

At on state of the switch V_ = Vj,, and the inductor value can be found according to equation
(24);

L= (Vi * D)/ (fs * ALL) (24)
Where f is the switching frequency
2.4.2 Capacitor design

The capacitor value can be found by:

lo = Co dv/dt (25)

13
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By integrating equation (25), the minimum output capacitor value (C,) value can be determined

by equation (26)

Co=(Io* D)/ (fs * AV,) (26)
Where the output voltage ripple value as in equation (27).

AV, = 3.8% to 5% of V, (27)

As in standard the output voltage ripple equal 3.8 to 5 percent of output voltage [10].

14
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3.1 Summary

In this chapter the proposed converter has been built on MATLAB/SIMULINK
program and the simulation results is presented for open loop control at CCM and
DCM with different values of duty ratio. The other part of this chapter discuss the
simulation results for closed loop control at static load by using resistive load, in this
case three conditions will be explained for closed loop of static load are input voltage

change, load change and reference voltage change.

3.2 Simulation Results in CCM

To ensure the operation of the converter and to prove accuracy of theoretical
relations, the simulation has been carried out by using different values of duty ratios
for CCM. The parameters values used here are shown in Table (3.1).

Table (3.1) Converter parameters in CCM and DCM

Open-loop Control (CCM/DCM)
Parameter | Value
Input Voltage (Vin) 24V
Capacitance (C,) 330 uF
CCM
Switching frequency (f;) 1 KHz
Load resistance 450Q
Inductances (L4, L) 25 mH
DCM
Switching frequency (fs) 5KHz
Load resistance 450Q
Inductances (L4, L) 10 mH

The converter studied at different values for duty ratio equal to 30 %, 60 %, 80 %.

This section explains the response of the proposed circuit. The simulation results of

15
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input voltage, input current, inductor voltage and its current, switch voltage and its

current, output voltage with input voltage and output current are discussed.

3.2.1 Steady state results at different duty ratios

Figure (3.1) shows the output voltage at different duty ratio with input voltage
equal to 24 volt. The result in Fig. (3.1.a) illustrates that the output voltage at duty
ratio 0.3 is 45 volt, which means that voltage gain ratio equal to 1.88. This value
agrees with voltage gain equation. Also The results shown in Figf. (3.1.b) and (3.1.c)
depicts the response of the circuit at duty ratio 0.6, 0.8 respectively. The output
voltage at duty ratio 0.6 is 95 volt and at duty ratio 0.8 is 220 volt. These results
confirm the obtained voltage gain equation

Figures (3.2.a), (3.2.b) and (3.2.c) show the output current at different duty ratio
30%, 60% and 80% respectively. As it is clear from the waveforms the output current
is pure DC at D=0.3 but at D=0.6 some ripples appeared on the output current and this
ripple increased with D=0.8 as shown.

Also, the input current at duty ratio 30%, 60% and 80% are shown in Figf (3.3.a),
(3.3.b) and (3.3.c) respectively. The results illustrate that the input current is
continuous which confirms the converter working in CCM mode. For Figf (3.4.a),
(3.4.b) and (3.4.c) show the waveforms of inductor voltage and current at D=0.3, 0.6
and 0.8 where, the voltage and current for two inductors are identical where the
inductor voltage is V1=V »,=V and for the inductor current I_ 1=l >=I, so, the figure
clears only one waveform for its voltage and current. Where the inductor voltage
clears the two modes for CCM condition at storing energy the inductor current
increasing linearly then at the instant of discharging this energy the inductor current
will decrease. Also, the figure explain the peak of the current differ at each duty cycle
where at 0.8 greater than D=0.6 and 0.3.

While, Figf(3.5.a), (3.5.b) and (3.5.c) illustrate the waveforms of switch voltage
and current at D = 0.3, 0.6 and 0.8 respectively. Where the switch voltage stress is
equal the output voltage. So, the converter efficiency is high and the losses will be

reduced.

16
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E 60 F Vin (|
-
Bl
= 40r
= 20F
':I 1 1 1 1 1 1
0.2 0.26 0.27 0.28 0.29 0.3
Time (Sec)
(a)
. 100§ m
E'. T
2 Vo
Z sof Vin |-
o
I:I | | |
0.3 0.35 0.4 0.45 0.5
Time (Sec)
(b)
300 . . .
2 200f u
g{. rd
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= 100+ Vin [
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l:l C 1 1 1 -
0.2 0.25 0.3 0.35 0.4
Time (Sec)
(c)

Fig. (3.1) Performance of output voltage and input voltage at different duty ratios (a)
D =0.3, (b) D=0.6 and (c) D = 0.8 respectively
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0.4 . . . . .
03+ 1
% 0.2r .
0.1F 7

I:I | | | | | |
0.25 0.26 0.27 0.28 0.29 0.3

Time (Sec)
(a)

0.6 1
= 041 |
B 0.2r 1

':I | | 1 | |
0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (Sec)
(b)

0.3 . . .

0.6 .
= 04} -
= 02 -

[I - .
0.2 0.25 0.3 0.35 0.4
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(©)

Fig.(3.2) Performance of output current at different duty ratios (a) D = 0.3, (b) D = 0.6

and (c) D = 0.8 respectively
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(c)
Fig. (3.3) Performance of the input current at different duty ratios (a) D = 0.3, (b) D =
0.6and (c)D=0.8
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Fig. (3.4) Performance of inductor voltage and current at different duty ratios (a)
D=0.3, (b) D=0.6 and (c) D=0.8
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Fig. (3.5) Performance of switch voltage and current at different duty ratios (a) D =
0.3,(b)D=0.6and(c)D=0.8
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3.3 Simulation Results in DCM

In this section the simulation results of the converter will be introduced at three
states for duty ratio at D=0.3, 0.5 and 0.6. to confirm the theatrical analysis with
parameters as in Table (3.1). The simulation results implemented by using
MATLAB/SIMULINK program. The waveforms of the output voltage, output
current, input voltage, inductor voltage and current and switch voltage and its current

were studied for the proposed topology at different duty cycle.

3.3.1 Simulation results at different duty ratios D =0.3,D=0.5and D=0.6

The converter here is tested at different duty ratios in terms of output voltage and
current, input current, inductor voltage and current and switch voltage.

For figures (3.6.a), (3.6.b) and (3.6.c) shows the waveforms of output and input
voltage at D=0.3, 0.5 and 0.6 respectively. It's clear from Fig. (3.6.a) at the input
voltage = 24 V the converter gives output 73 V this means the voltage gain is 3 that
matched with voltage gain derivation. For Fig. (3.6.b) and (3.6.c) at D=0.5 the output
voltage 118 V with gain 4.92 that corresponds to voltage gain equation. Also at D =
0.6 with Vin = 24 give the output equal 159 with gain ratio 6.62 that very close to the
inferred value from the equation.

Figures (3.7.a), (3.7.b) and (3.7.c) show the output current waveforms at duty
ratios 0.3, 0.5 and 0.6. the output current appear pure DC with few ripple in
permissible limit according to IEEE standard. Figf (3.8.a), (3.8.b) and (3.8.c) show the
waveform of input current, it's clear from figure the current is discontinuous this
achieve converter operation in DCM at D = 0.3, 0.5 and 0.6. And the duration of
discontinuity is reduce whenever duty ratio increase in which after D = 0.6 the
converter turn into CCM.

Figures (3.9.a), (3.9.b) and (3.9.c) shows the waveforms of inductor voltage and
current at D = 0.3, 0.5 and 0.6 respectively, where the inductor voltage and current of
two inductors are the same so the figure is took only for one waveform for V_and I,.
The Fig. appears that charging and discharging of inductor energy also, the zero
voltage state for the inductor voltage as mentioned before in mode (3). Where the

voltage spikes on the inductor are due to the ratio of di /dt is increased at on state and
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then decreased at off state and therefore the voltage spikes decreased on the inductors.
The inductor current also achieves the discontinuity as input current.

Figures (3.10.a), (3.10.b) and (3.10.c) shows the switch voltage and current at
30%, 50% and 60% of duty cycle, it's clear that stress on switch is equal the output

voltage this improves the overall efficiency of the converter. For switch current also
discontinuous as input and inductor current.

100 . . T
- 80r i
-
g{- GD B "'ﬂ §
-1
ﬁ 40 Vin H
=
20F :
0.3 0.35 0.4 0.45 0.5
Time (Sec)
(@)
150 T T T T T
é 100 —
EL Vo
= Vin
= S0r i
0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (Sec)
(b)
. 150+ .
& Vo
-] 7 L
EL 100 Vin
> sof 1
0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (Sec)
(©

Fig. (3.6) Performance of output voltage and current at different duty ratios (a) D =
03,(b)D=05and (c)D=0.6
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Fig. (3.7) Performance of output voltage and current at different duty ratios (a) D =
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Fig. (3.8) Performance of input current at different duty ratios (a) D = 0.3, (b) D=0.5
and(c)D=0.6
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Fig. (3.9) Performance of inductor voltage and its current at different duty ratios (a) D
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Fig. (3.10) Performance switch voltage and current at different duty ratios (a) D = 0.3,
(b) D=0.5and (c) D =0.6.

3.4 Simulation Results of Closed Loop Control at Static Load
Performance
In this section the simulation results of closed loop control will be explained at

static load with three states are of input change, load change and reference voltage
change at parameters as shown in Table (3.2).

Table (3.2) Closed loop control parameters

Closed-loop Control
Parameter Value
Inductances (L4, L) 10 mH
Capacitance (C,) 330uF
Switching frequency(Fs) 1KHZ
Static Load
Proportional gain (Kp) 100
Integral gain (Kj) 200
Dynamic Load

Proportional gain (Kp) 98.6

Integral gain (Kj) 215

Armature voltage 50V

Armature current 1A

(2]
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3.4.1 Input voltage change

For closed loop control under input change, a simple Pl controller is used. The
parameters for the Pl are Kp =100 and Ki = 200. The proposed converter tested for
supply voltage change experimentally at Li=L,=10 mH and R;0,q=450Q as in Table
(3.2). By changing supply voltage from 35V to 22V at reference voltage 50V, the
output voltage and output current will be constant as shown in Fig. (3.12) and
(3.13).Fig. (3.11) shows the supply voltage that change decreasing from 35V to 22V.

40

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (Sec)

Fig. (3.11) Input voltage at input change
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Fig. (3.12) Reference and output voltage under input change
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i 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (Sec)

Fig. (3.13) Output current under input change

3.4.2 Load change

For closed loop control under load change, a simple PI controller is used. The

waveforms of reference and output voltages, and load current during changing of the

load are shown in Figf (3.14) and (3.15) respectively. With the reference voltage

equal

to 50 V, two load step changes are introduced. At the instant t = 0.21 sec, the

load increased and at the instant t = 0.34sec, the load decreased again. And then the

output voltage not changed.
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49.5-
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Fig. (3.14) Reference and output voltage under load change
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Fig. (3.15) Load current change

3.4.3 Reference voltage change

For closed loop control under load change, a simple PI controller is used. The
waveforms of reference and output voltages during changing of the reference voltage
are shown in Fig (3.16). The reference voltage will be change from 70V to 40V as in

figure and the output voltage respond to this change.
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Fig. (3.16) Reference and output voltage under reference change
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CHAPTER (4)
EXPERIMENTAL SETUP OF HIGH GAIN DC/DC CONVERTER

4.1 Summary

In this chapter the experimental set up has been built on to verify the effectiveness
of the proposed DC/DC converter. Experimental results were investigated for open
loop for CCM and DCM. And experimental results introduces for closed loop at static
load by using resistive load to discuss input voltage change, load change and
reference voltage change. The closed loop control results at dynamic load also
explained by using separately excited DC motor as a load. To test the proposed
converter at voltage control and speed control. Digital signal processor (DSP)
controller board (DSP1104) was used to implement and test the proposed converter

experimentally.

4.2 Experimental Setup Description for Open Loop Control System

The prototype of the proposed converter has been implemented and tested in the
laboratory. To confirm the simulation results the converter, is validated
experimentally and the results are taken into oscilloscope device. The proposed
converter is tested at open loop with the same duty ratios as in simulation part with
D=0.3, 0.6 and 0.8 for CCM and duty equal 0.3, 0.5 and 0.6 for DCM. This system is
fully controlled in real time using DSP controller board (DSP1104).

The DSP board is placed in the PCI slot on the main board of PC, with
uninterrupted communication through dual port memory. Fig. (4.1) shows the real
view of the complete system in the laboratory. The experimental circuit parameters
explained in Table (4.1) and the main parts of the system which labeled are listed in
table (4.2). The following sections describe the main components of the system in
detail.
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Table (4.1) Experimental circuit parameters

Open-loop Control (CCM/DCM)

Parameter Value
Input Voltage (Vin) 24V
Capacitance (C,) 330 pF
Switching  frequency 1 KHz
(f9)

CCM
Load resistance 450Q
Inductances (L, L,) 25 mH

DCM
Load resistance 450Q
Inductances (L, L,) 10 mH

2

12
Fig. (4.1) Experimental setup for the proposed converter

Table (4.2) Components of experimental setup for the proposed converter

Label Component Label Component

1 DSP platform 5 Switched Inductor
(Ly)

2 Personal computer 6 Switched Inductor
(L2)

3 Voltage and current 8 Diodes (D1, D2, D3

transducers and Do)

4 Main switch (S;) 9 Input DC source

7 Output capacitor 11 Drive circuit

12 Oscilloscope 13 Measurements
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4.2.1 Main power circuit

A single phase transformer with rectifier circuit have been used to supply the
system with a DC voltage at value 24. Isolated Gate Bipolar transistor (IGBT’s) [type:
CM100DY-24H] is used as a switch in the circuit. One IGBT are used in the proposed
converter. The IGBT is controlled by signals generated by the controller board. More

information about IGBT’s is given in Appendix B.

4.2.2 Isolating and base driving circuit

For operating IGBT as a switch, the gate voltage must be appropriate so that the
IGBT are into the saturation for low on-state voltage and cut-off for off-state. The
main function of the base drive circuit is to generate pulse having proper voltage level
for the IGBT. The outputs of the digital I/O subsystem of the DSP board (DSP1104)
are pulses having magnitude of 5 V, which is not sufficient for the gate drive of
IGBT. Moreover, isolation is needed between the controller board and the IGBT
because the logic signal should be applied between the gate and the emitter. Thus a
base drive circuit is essential for the IGBT, to provide an isolation and appropriate
voltage to the IGBT.

Fig (4.2) The real view of driving circuit

4.2.3 Voltage and current transducers
In order to obtain feedback current and voltage control from the power circuit, the

load current and the output voltage should be measured on-line and supplied to the
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controller via its A/D converters. For voltage transducer the actual voltage is
measured using voltage sensor, which is a transducer for electronic measurement of
DC and AC voltages with galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit). These transducers providing electrical
isolation between the power circuit and the controller. Each current transducer was
designed to measure a maximum of 25 A with a sensitivity of 100 mV/A. The output
current signal of this sensor is converted to a voltage by connecting a resistor between
output of the sensor and ground. Output voltage can be scaled by selecting various
resistor values, and fed to the DSP board through the A/D converter. Fig. 4.2 presents
a circuit of voltage transducer, current sensor circuit and real view of both current and
voltage transducers (3-LA 25-NP and 3 LV 25-P).

+e L 415V
v LEM . 190 KO
? LV 25-P ov
I - e -15V
a
+
n g—— + .
i LEM Rn OV
1 M
. LA 25-NP —D ¢
out | - .
b

—

. = g
e T~ = .

Fig. (4.3) a- The voltage transducer, b- Current transducer and c- Real view of current
and voltage transducer
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4.2.4 DSP1104 controller board

The DS1104 digital signal processing (DSP) controller board from dSPACE
provides the interface between the controller and the system. DS1104 Controller
Board is placed in the PCI slot on the main board of PC. The DS1104 contains a main
processor and a slave Digital Signal Processor (DSP). The main processor is a 603
PowerPC, running at 250MHz with 32 MB of SDRAM, and the slave DSP is a
TMS320F240, Texas Instrument floating-point DSP, 20MHz CPU clock. It contains
four 16-bit analog-to-digital (A/D) channels, four 12-bit A/D channels, eight 16-bit
digital-to-analog (D/A) channels, and other input/output interfaces. The provided
Control Desk Developer along with "Matlab/Simulink" provides user-friendly

interface to system control and observation.

There are three different ways to connect external devices to the DS1104. To

access the 1/0 units of the master PPC and the slave DSP, connect external devices:
To the 100-pin 1/0 connector P1 of the DS1104, or

To the two 50-pin Sub-D connectors P1A and P1B, those are included in the
DS1104 hardware package, or

To the optional connector panel CP1104 or the optional combined connector /LED
panel CLP1104, which provides an additional array of LEDs indicating the states of
the digital signals.

To make the interconnection of both input signals (current/ voltage transducers and
incremental encoder), and output signals (pulse to IGBT switch) with the DS1104
board simple and easy, a connection port of DSP is extended through an interface
board that is shown in Fig. (4.4).

We can arrange the current & voltage transducer circuit, the interface circuit (IR),

the power supply (5, 15, 20) and the DSP port connection in a stand.
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‘;‘«

s

—a
=)

Fig. (4.4) DSP port connection.

4.3 Experimental Results for CCM

In this section the converter waveforms of input voltage, output voltage, input
current, gate signal, switch voltage and inductor voltage and its current are explained
to validate the converter at D = 0.3, 0.6 and 0.8 respectively. For Figf.(4.5.a), (4.5.b)
and (4.5.c) show the waveforms of input and output voltage, where at input voltage
=24V the converter given 45V with gain 1.875 at output for D = 0.3, and 94V for D =
0.6 in this case the voltage gain is 3.92 and at D = 0.8 the output voltage equal 200V
and its gain equal 8.33 these values validated the simulation results at the same duty
ratios.

Figures (4.6.a), (4.6.b) and (4.6.c) shows the waveform of input current of the
converter at different duty ratios D = 0.3, 0.6 and 0.8 respectively. Its clears from
figure the input current is continuous that ensure the converter works in CCM. The
average value of the input current increase with increasing of duty ratio but this value
within limit range for the input current.

Figures (4.7.a), (4.7.b) and (4.7.c) shows the experimental waveforms of gate
signal and switch voltage the waveforms appear that at gate signal voltage with
various duty ratios at D = 0.3, 0.6 and 0.8 the switch voltage is equal to the output
voltage. This means the switch voltage stress is reduced also, the switching losses

decreased and therefore the overall system efficiency increased.
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Figures (4.8.a), (4.8.b) and (4.8.c) shows the waveforms of inductor voltage and
current for one inductor only due to two inductors are identical in their voltage and

currents. Its clears from figure the converter operate effectively in continuous current
mode because the inductor current also continuous.

) 34.80ms

Sa: 25.0M5/s

34.80ms

Sa 25.0MS/s Depth 7.6K _M:20us
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Fig. (4.5) Performance waveforms of output and input voltage at different duty ratios
@D=0.3,(b)D=0.6and (c) D=0.8
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Fig. (4.6) Performance waveforms of input current at different duty ratios (a) D = 0.3,

() D=0.6and (c)D=0.8
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1- Gate signal pulse 2- Switch voltage
Fig. (4.7) Performance waveforms of gate signal, switch voltage at different duty
ratios (8) D=0.3, (0)D=0.6and (c) D=0.8
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— ] ] ) 320.4ms
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1- Inductor voltage  2- Inductor current
Fig. (4.8) Performance waveforms of inductor voltage and current at different duty
ratios (a)D =0.3, (b)) D=0.6and (c) D=0.8
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4.4 Voltage Gain with Duty Ratio in CCM

The relation between voltage gain and duty ratio in continuous conduction mode at
experimental and mathematical results is shown as below in figure (4.9). It's observed
from figure there is a high convergence between two values for voltage gain (M) at
each duty ratio (D) in CCM.

—*— Experimental
gl =@ Derivation i

(62} [ep}

Voltage gain, M
N

r

:6.3 0.4 05 0.6 0.7 0.8

Duty ratio, D
Fig. (4.9) Voltage gain versus duty ratio
4.5 Experimental Results at DCM Performance
To validate the simulation results that introduced in previous chapter for DCM, the
converter practically tested at the same three cases of duty ratio in simulation section
at D=0.3, 0.5, 0.6. To prove the simulation and experimental results very close to each

other at any value for duty ratio.

4.5.1 Experimental results at different duty ratios

The experimental waveforms that introduces in this subsection at D=0.3, 0.5 and
0.6 are output and input voltage, input current, inductor voltage and its current and
gate signal and switch voltage to analyze the converter in this case.

Figures (4.10.a), (4.10.b) and (4.10.c) shows the waveforms of output and input

voltage, the figure clear that at input voltage 24V the converter gives output equal 66
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V at D = 0.3 hence the voltage experimentally equal 2.75 and mathematically equal
2.71. And for D = 0.5 the output equal 116V where the experimentally gain is 4.83
and by equation equal 5. In case of D = 0.6 the output voltage is 155V then the
voltage gain is 6.46 and mathematically is 7. These values mean presence a high
convergence between two values.

Figures (4.11.a), (4.11.b) and (4.11.c) shows the waveform of input current at duty
ratios D=0.3, 0.5 and 0.6 respectively. Where the figure explain the converter is
suitable for DCM application because the input current is discontinuous.

Figures (4.12.a), (4.12.b) and (4.12.c) show the waveforms of inductor voltage and
its current for D=0.3, 0.5 and 0.6. The inductor voltage and current in figure like the
simulation waveform of inductor voltage which means the converter achieves the
DCM in both simulation and experimental results. Due to two inductor are identical in
their voltage and current so, one waveform is taken for them.

Figures (4.13.a), (4.13.b) and (4.13.c) show the gate signal and switch voltage. The
figure explain at gate signal with duty ratio D=0.3, 0.5 and 0.6. The switch voltage
stress is reduced that make the efficiency increased and switching losses decreased.

Sa: 25.0M5S/s Dppth 7.6K _M:20us
a0

46

—
| S—



CHAPTER (4)
EXPERMENTAL SETUP OF HIGH GAIN DC/DC CONVERTER

e — J 34.80ms

_,Sa: 25.0MS/s Depth: 7.6K

Sa: 25.0MS/s Depth: 7.6K
@10.0V=

1- Output voltage 2- Input voltage
Fig. (4.10) Performance waveforms of output and input voltage at various duty ratios
@D=0.3,(b)D=0.5and (c) D=0.6
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(c)
1- Input current
Fig. (4.11) Performance waveforms of input current at various duty ratios (a) D = 0.3,
(p)D=05and (c)D=0.6

0.5A/div

Sa: 500KS/s Depth 7.6K ) [ -320mv  <2Hz
' @ﬁnﬂm\i -Bw

49

—
| S—



CHAPTER (4)
EXPERMENTAL SETUP OF HIGH GAIN DC/DC CONVERTER
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_,Sa: 500KS/s

5a: 1.00M5/s

1- Inductor voltage 2- Inductor current
Fig. (4.12) Performance waveforms of inductor voltage and it's at various duty ratios
@D=0.3,(b)D=0.5and (c) D=0.6
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LI 28 ELHTH

(c)
1- Gate signal pulse  2- Switch voltage
Fig. (4.13) Performance waveforms of gate signal pulse and switch voltage at various
duty ratios (a) D=0.3, (b)) D=0.5and (c) D=0.6

4.6 Voltage Gain with Duty Ratio in DCM

The relation between voltage gain and duty ratio in discontinuous conduction mode
at experimental and mathematical results is shown as below in Fig. (4.14). It's
observed from figure there is a high convergence between two values for voltage gain

(M) at each duty ratio (D).

T
+ Experimental
—6— Derivation

0.1 0.2 0.3 0.4 0.5 0.6
Duty ratio, D
Fig. (4.14) Voltage gain versus duty ratio at experimental and mathematical results
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4.7 Experimental Results of Closed Loop Control at Static Load

In this section the experimental results of closed loop control will be explained at
static load. For voltage control with three states are of input voltage change, load
change and reference voltage change with parameters as shown in Table (4.3).

Table (4.3) Closed loop control parameters

Closed-loop Control
Parameter Value
Inductances (L1, L>) 10 mH
Capacitance (C,) 330uF
Switching frequency (Fs) 1 KHZ
Static Load

Proportional gain (Kp) 100

Integral gain (Kj) 200
Load resistance (R|) 450Q

Dynamic Load

Proportional gain (Kp) 98.6

Integral gain (Kj) 215

Armature voltage (V,) 50V

Armature current (l) 1A

4.7.1 Input voltage change

For closed loop control under input change, a simple Pl controller is used. The
parameters for the PI for Kp and Ki as in Table (4.3) . The proposed converter tested
for supply voltage change experimentally at L;=L,=10 mH and Rp,q=450Q. By
changing supply voltage by decreasing from 35V to 22V as shown in Fig. (4.15) at
reference voltage 50V, the output voltage and output current will be constant as
shown in Figf (4.16) and (4.17). This means that the converter not affect with
changing in input voltage at any value by increasing or decreasing. Where the output
voltage and current waveforms not changed with this control, that voltage and the

output current still constant and robustness against these variations.
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Fig. (4.15) Input voltage change
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Fig. (4.16) Reference and output voltage under input change
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Fig. (4.17) Output current under input change
4.7.2 Load change

For closed loop control under load change, a simple Pl controller is used. The
waveforms of reference and output voltages, and load current during changing of the
load are shown in Figf (4.18) and (4.19) respectively. With the reference voltage
equal to 50 V, two load step changes are introduced. At the instant t = 1.248 sec, the
load increased from about 25% of the rated load to the rated load. At the instant t =

3.75748 sec, the load decreased from the rated load to about 25% of the rated load

again.
51
505 b
S
v 50
S
>
495 .
4 r r r r r r r
%.5 1 15 2 2.5 3 35 4 4.5
Time (Sec)
100 T T 3 T T T T
S 50 | NN
5
o
> 0r .
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%.5 1 15 2 25 3 35 4 45
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Fig. (4.18) Reference and output voltage at load change
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Fig. (4.19) Load current under load change
4.7.3 Reference voltage change
For closed loop control under load change, a simple Pl controller is used. The
waveforms of reference and output voltages during changing of the reference voltage
are shown in Fig. (4.20). At the instant t = 1.266 sec, the reference voltage decreased
from 100 V to 70 V then at the instant t = 2.67 sec, the reference voltage increased to
100 V again. Also, the output voltage respond to this change as shown in Fig..
120

T

Vref
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110 ¢

100

90 ¢

80

Voltage, V

70 | -

60 |

50 : : - : :
0.5 1 1.5 2 25 3 35
Time, Sec

Fig. (4.20) Reference and output voltage at reference change
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4.8 Experimental Results of Closed Loop at Dynamic Load

Performance

For closed loop control at dynamic load using a simple Pl controller with
parameter Kp=98.6 and K,=215 as in Table (4.3). The converter loaded by separately
excited dc motor with field winding voltage Vseq =25V. The armature winding is
supplied from the proposed converter. Hence the differential equation that explain the

dynamic behavior of the separately excited DC motor are given as

Va(t) = Raia(t) + La %2 + eb(t)

eb(t) = Kw(t)

Tm(t) = Kia(t)

dw(t) Tm(t) — TL(t)

dt ]
Where Vy(t),la(t) are the armature voltage and current respectively, ep(t) is back
electromotive force, w(t) is the speed, Tm(t) and T,(t) are electromagnetic and load
torque, R, and L, are armature resistance and inductance and J is the moment of

inertia.

4.8.1 Voltage control

To show the effectiveness of the proposed converter to drive the motor effectively,
the results shown in Figf. (4.21) and (4.22) are presented. With a load torque equal to
50% of the motor torque, the motor operates at armature voltage equal 35 V and speed
equal to 1300 rpm. At the instant t = 2.3 sec, a step change in the reference armature
voltage from 35 V to 40 V is introduced so, the motor speed responds to this change
and increases to 1500 rpm. Then when a step change in the reference armature voltage
from 40 V to 35 V is introduced at the instant t = 5.92 sec, the motor speed responds
to this change and decreases to 1300 rpm. The converter is tested for voltage control
with separately excited DC motor as dynamic load. Where, the reference voltage is
changed from 35V to 40V and load torque is 50% from full load torque. Its observed
from Fig. (4.21) the output voltage responds to change in reference voltage, also the
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speed changed from 1300rpm to 1500rpm with the change in the voltage as shown
from Fig. (4.22).

80 T T T T T T T
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Fig. (4.21) Reference and output voltage at voltage control
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Fig.(4.22) Speed changed under voltage control
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4.8.2 Speed control

The converter tested for speed control at two cases at load torque (T.) changed
from 40% to 60% from full load torque (Tr.) and at T, changed from 60% to 40%
with reference speed equal 1800 rpm.

Figure (4.23) shows the reference speed and motor speed at changing in T, from
40% to 60% of Tg . The figure explains the motor speed is constant under torque
changing. Fig. (4.24) shows the output voltage changed by increasing value under
speed control by load torque changing from 40% to 60% of Tg_ Fig. (4.25) shows the
reference speed and motor speed at changing in T from 60% to 40% of Tg.. The
figure explains the motor speed is constant under torque changing. Fig. (4.26) shows
the output voltage changed by decreasing value under speed control by load torque
changing from 60% to 40% of Tg_

800 - §
600 A
400 - -
200 - 4
1 2 3 4 5 6 71 8

Time (Sec)

Fig. (4.23) Reference and motor speed under speed control
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Fig. (4.24) Output voltage change under speed control
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Fig. (4.26) Output voltage change under speed control
4.9 Comparisons of the Proposed Converter with Previous Work

In this section the proposed converter compared with other recent converters in
terms of number of switches, number of inductors, number of capacitors, number of
diodes, voltage gain equation, and switch and output diode voltage stresses as in Table
(4.4). As described in Table (4.4), the proposed converter has the least components
count compared to the other converters in [5], [8], [10] and [17]. Also, for the modest
duty ratios the proposed converter has the larger gain compared with the conventional,
conv. [5], conv. [8], and conv. [17] except conv. [10] that has the largest voltage gain
as shown in Fig. (4.27). However, conv. [10] needs high output capacitor value that
increases the volume and cost of the converter.

The maximum voltage stresses across power switches of the converters are
compared as shown in Fig. (4.28). the maximum switch voltage stresses of the
conventional, conv. [8], and proposed are equal. The maximum switch voltage
stresses of the proposed is lower than conv. [17], but it higher than conv. [5] and

conv. [10]. The maximum output diode voltage stresses of the converters are
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displayed in Fig. (4.29). Conv. [17] has the highest value, while conv. [5] has the
lowest value. The maximum output diode voltage stress of the proposed converter is

equal to the conventional and conv. [8]. Based on these comparisons, the proposed
converter has good performance.

Table (4.4) Comparing the proposed converters with other recent topologies

Converter | Conventional | cony. [5] | Conv.[8] | Conv.[10] | Conv.[17] | Proposed
No. of 1 1 2 1 2 1
switches
No. of 1 2 4 3 3 2
inductors
No. of 1 3 4 4 3 1
capacitors
No. of 1 3 2 5 2 4
diodes
1+3D jp
1-D
Voltage 2 1 2(1+D) DCM
gain L 1-D 1-D (1-D)? 2
) PR - - - 2
equation 1-D n=1 k=1 | n=1, k=1 i1 (1-D) % in
CCM
Switch
voltage v, Vo v,
V 2 \Y 2 \Y,
stress ° 2 ° 2(1+D) D °
Output
diode (Do)
v
voltage v, Vo v, ) Yo V,
stress 2 (L+D) D
Output
capacitor
(Co) Vo Vo Vo V, V, V,
voltage
stress

n and k are the turns ratio, and the coupling coefficient of the coupled inductor,
respectively.
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Fig. (4.27) Voltage gain versus duty ratio
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Fig. (4.28) Maximum switch voltage stress versus voltage gain at Vi, = 24 V.
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Fig. (4.29) Maximum output diode voltage stress versus voltage gain at Vi, = 24V.

4.10 Converter Efficiency
The converter efficiency is measured at different duty ratios and the result is shown
in Fig. (4.30). the efficiency is higher when the converter operates in DCM. The

maximum efficiency that the converter reaches is 93 % at D = 0.6.

100 1 I I I
—&6— DCM
95 | +CCM n
£ £ o 4
° v v v v
S S — —
>
2]
S 85 .
E
S
= S0r .
75 1 .
70 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6
Duty ratio, D

Fig. (4.30) Efficiency of the proposed converter versus duty ratio
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CHAPTER (5)
CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Nowadays the demand for renewable energy sources as PV solar panel is
increasing due to many advantages of these sources, but to use them its required using
high gain DC-DC converter with them to increase the output voltage. In this thesis a
literature reviews about many topologies that used with PV application was
introduced but the switched inductor converters have promised to be alternative
converter for the traditional DC-DC converters. The reason for switched inductor
converters are more using for PV application because they achieve continuous input
current necessary for use with solar panels. This thesis discussed the proposed
topology using single switch with switched inductor to use for PV application. This
proposed demonstrated desirable attributes necessary for a solar converter. This can
achieve output voltage with high gain and high efficiency. Also, its input current is
continuous is the important requirements for PV solar panel. From the study of the
proposed converter for PV application the following conclusions are drawn in this
thesis:

In chapter (2) the proposed converter was analyzed in details in continuous
conduction mode (CCM) and discontinuous conduction mode (DCM), from this
analysis the proposed converter has many merits such as simple structure, use few
components and using one switch that reduced the switching losses and using fewer
components reduce the cost of the system and due to these merits the overall
efficiency is increased. In this chapter the converter was described an operation
modes was introduced.

In chapter (3) the simulation studies have been done using MATLAB/SIMULINK
program. Also, in this chapter the simulation results for open loop were introduced for
CCM and DCM at different level of duty ratio. In addition to the simulation results for
static load case of closed loop control system were explained at input voltage change,
load change and reference voltage change.

In chapter (4) the proposed converter has been demonstrated for experimental
results for (CCM) and (DCM). Experimental studies are confirmed by implementing a

laboratory platform. Also, this chapter shows the experimental analysis of closed loop
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control for the proposed converter at static load performance under three tests input
change, load change and reference voltage change. In addition to this chapter
presented the closed loop control analysis at dynamic performance by using
separately excited DC motor at voltage control and speed control to prove the
converter able to operate with dynamic load as static load. This chapter also,
introduced a comparison analysis to the proposed converter with other recent
converters in terms of number of using components, voltage gain and switch voltage
stress to ensure that the proposed has higher voltage gain and lower switch voltage
stress in open loop condition. Supporting this comparative performance with
graphical comparison between voltage gain with duty ratio and switch voltage stress
versus duty ratio for the proposed and other structures.

5.2 Future Work

The work done in this thesis can be further extended such that new improvements
can be found. The feasible options are
- Modifying the converter structure by using other high gain techniques to improve
the performance and to increase the voltage gain that make this converter suitable for
several industrial applications.
- Studying the converter performance with maximum power point tracking for real
implementation PV system.
- Using the proposed converter with grid connected PV system and study the

performance of the system.
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APPENDIX (A)
MATLAB SIMULATION CIRCUITS
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Appendix (B)
IGBT DATA SHEET

MITSUBISHI IGBT MODULES

CM100DY-24H

HIGH POWER SWITCHING USE
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Description:

Mitsubishi IGBT Modules are de-
signed for use in switching appli-
cations. Each module consists of
two IGBTs in a half-bridge configu-
ration with each transistor having a
reverse-connected super-fast re-
covery free-wheel diode. All com-

? i I ponents and interconnects are iso-
l ReEs) Lz & lated from the heat sinking base-
i b plate, offering simplified system
& assembly and thermal manage-
ment.
Features:
O G2 [ Low Drive Power
OE2 [ Low Vcg(sat)
[[1 Discrete Super-Fast Recovery
Z N\ Free-Wheel Diode
O O O ’
ezt £ Xe o e [J High Frequency Operation
< [ Isolated Baseplate for Easy
OE1 Heat Sinking
—9a&1 Applications:
[J AC Motor Control
Outline Drawing and Circuit Diagram ] Motion/Servo Control
O UPS
Dimensions Inches Millimeters Dimensions Inches Millimeters [ Welding Power Supplies
A 3.70 94.0 K 0.51 13.0 Ordering Information:
B 3.150:0.01  80.0:0.25 L 0.47 12.0 Example: Select the complete part
module number you desire from
= T 0 2 g L5 the table below -i.e. CM100DY-24H
D 1.18 Max. 30.0 Max. N 0.28 7.0 is a 1200V (VCES)- 100 Ampere
E 0.90 23.0 P 0.256 Dia. Dia. 6.5 Dual IGBT Module.
F 0.83 21.2 Q 0.31 8.0 Type Current Rating Vees
G 0.71 18.0 R M5 Metric M5 Amperes Volts (x 50)
H 0.67 17.0 S 0.16 4.0 cMm 100 24
J 0.62 16.0
Sep.1998
* MITSUBISHI
ELECTRIC
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MITSUBISHI IGBT MODULES
CM100DY-24H
HIGH POWER SWITCHING USE
INSULATED TYPE
Absolute Maximum Ratings, T; = 25 °C unless otherwise specified
Ratings Symbol CM100DY-24H Units
Junction Temperature Tj ~40 to 150 °C
Storage Temperature Tsig -40 to 125 ‘C
Collector-Emitter Voltage (G-E SHORT) VCES 1200 Volts
Gate-Emitter Voltage (C-E SHORT) VGeES +20 Volts
Collector Current (T = 25°C) Ic 100 Amperes
Peak Collector Current lem 200" Amperes
Emitter Current** (T¢ = 25°C) 13 100 Amperes
Peak Emitter Current™ lEm 200" Amperes
Maximum Collector Dissipation (T¢ = 25°C. Tj < 150°C) Pg 780 Watts
Mounting Torque, M5 Main Terminal - 1.47 ~1.96 N-m
Mounting Torque, M6 Mounting - 1.96 ~2.94 N-m
Weight - 270 Grams
Isolation Voltage (Main Terminal to Baseplate, AC 1 min.) Viso 2500 Vrms
:f-:l:nlse widlh and repetition ra(‘; I:’:ouh? k:e sucl'll that .E“E.dem?.e pmc&lm LeTue‘r:::; (E‘p\r”r;ﬁs not exceed Tjjmay) rating.
Static Electrical Characteristics, Tj = 25 °C unless otherwise specified
Characteristics Symbol Test Conditions Min. Typ. Max. Units
Collector-Cutoff Current Ices Ve = Vees: Vge =0V - - 1.0 mA
Gate Leakage Current IGES Vge =Vees. Vee =0V - - 05 pA
Gate-Emitter Threshold Voltage VGE(h) Ic = 10mA, Vg = 10V 45 6.0 75 Volts
Collector-Emitter Saturation Voltage VCE(sal) Ig = 100A, Vgg = 15V - 25 34" Volts
Ic = 100A, Vg = 15V, Tj= 150°C - 225 - Volts
Total Gate Charge Qg Vo =600V, Ic = 100A, Vgg = 15V - 500 - nC
Emitter-Collector Voltage VEC Ig = 100A, Vgg = 0V - - 35 Volts
** Pulse width and repelition rate should be such that device junction lemperature rise is negligible.
Dynamic Electrical Characteristics, T; = 25 °C unless otherwise specified
Characteristics Symbol Test Conditions Min. Typ. Max. Units
Input Capacitance Cies - - 20 nF
Output Capacitance Coes Vee = 0V, Vg = 10V - - 7 nF
Reverse Transfer Capacitance Cres - - 4 nF
Resistive Turn-on Delay Time td{on) - - 250 ns
Load Rise Time tr Ve = 600V, Ig = 100A, - - 350 ns
Switching Turn-off Delay Time td(off) VGE1 = Vee2 = 15V, Rg = 3.102 - " 300 ns
Time Fall Time tf - - 350 ns
Diode Reverse Recovery Time tr Ig = 100A, dig/dt = -200A/us - - 250 ns
Diode Reverse Recovery Charge Qe Ig = 100A, dig/dt = -200A/us - 0.74 - uC

Thermal and Mechanical Characteristics, Tj = 25 °C unless otherwise specified

Characteristics Symbol Test Conditions Min. Typ. Max. Units
Thermal Resistance, Junction to Case Rihj-c) Per IGBT - - 0.16 “Cw
Thermal Resistance, Junction to Case Rinj-c) Per FWDi - - 0.35 ‘Cw
Contact Thermal Resistance Rﬁon Per Module, Thermal Grease Applied - - 0065 =C/w
Sep.1998
a MITSUBISHI
ELECTRIC
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MITSUBISHI IGBT MODULES

CM100DY-24H

HIGH POWER SWITCHING USE
INSULATED TYPE

COLLECTOR-EMITTER
OUTPUT CHARACTERISTICS TRANSFER CHARACTERISTICS SATURATION VOLTAGE CHARACTERISTICS
(TYPICAL) (TYPICAL) (TYPICAL)
200 T T 5 T T T
15 12 |
Tj=25°C {. | SR - - Vge = 15V |
g P g =25'C
Z 160 |Vae =20V 5 z g4
; | 11 H o
3 /A T : ES
=120 = >3
3 | |10 E Sy
& g b—— Iy "g 2
s 1 : )
2 Q =
9 <
g 0 g gy
7 | 3
8 !
0 rt I 'l 0 1 i |
0 2 4 6 8 10 0 40 80 120 160 200
COLLECTOR-EMITTER VOLTAGE. Veg. (VOLTS) GATEEMITTER VOLTAGE. Vgg. (VOLTS) COLLECTOR-CURRENT. ¢ (WPERES)
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