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Design and Implementation of a Step-Up Power Converter for Renewable
Resource Application

Davood Ghaderi'

Abstract

Renewable energy sources including photovoltaic panels, wind turbines and fuel cells widely are
spreading. Among all the renewable energy sources, solar power generation system tops the list.
The first choice is the boost converter when the voltage step up is the issue. But the most important
subject is applying an efficient structure with high gain, cheap and quick controller circuit. Our
proposed modified boost converter (MBC) is one of such converter which consists of several cheap
components such as diode, inductor, capacitor and power switch, which has same switching
frequency and phase shift in comparison with conventional boost converters. The voltage gain of
the proposed structure is very high in comparison with conventional boost converter and by
forming a preamplifier layer, for a duty cycle of 80% by adding only two diodes, one inductor,
and one capacitor, voltage gain is increased by 5 times compared to the classic boost converter.
The proposed method provides the increased output voltage along with duty cycle and voltage gain
reaches to 10 times in comparison with classic boost structure. The projected strategy has been
verified with the help of MATLAB/SIMULINK. Also, a hardware implementation of proposed
MBC has been done in a laboratory scale around 100W.

Keywords: DC-DC converter, Renewable energy application, High gain, Boosting structure.

1. INTRODUCTION

Today, renewable energy sources such as solar
energy and wind energy have become an
alternative energy source as fossil fuels have
shortened in a short time and the severe damage to
the environment.

However, the disadvantage of solar energy and
wind energy is that they are affected by the natural
conditions their efficiency changes according to
these conditions [1], [13]. Switching mode
resources can be used for many purposes,
including DC-DC converters. Often, even though
a DC source such as a battery is available, that's
voltage is not suited to the need of the system.
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For example, motors which are used to drive
electric cars require higher voltages than the 500V
field supplied with a stand-alone battery. Even if
the batteries were used, the extra weight and space
needed would be too large to prevent the
practicality of the system. The solution is to use
less battery and raise the existing voltage to the
desired level using an amplifier-converter.

Another problem with large or small batteries is
that the output voltage changes when the current
charge i1s depleted and the battery voltage is
insufficient to provide power to the given power
supply. However, if this low output level can be
raised to the nominal level again using a boost
converter, battery life can be extended [1-4].

The input to a boost converter can be a DC from a
network inverter, as well as from many sources
such as solar panels, fuel cells, and DC generators,
as well as solid waste batteries. The Boost
converter differs from the Buck converter in that
the output voltage is equal to or greater than the
input voltage.

The main areas where DC-DC boost converters are
used are; automotive applications, power amplifier
applications, adaptive control applications, battery
power electronics and
communication applications [5-10].

systems, consumer

In order to reduce the component count, single
switch quadratic boost converters commonly are
integrated.

There are different designing of this structure were
proposed in [11-13].

However, the conduction loss and switching loss
are increased because the currents of each boost
cell flow into only one common switch [14-17].

Hence, soft switching technology and the
reduction in switch voltage including zero voltage
ZVS and zero current switching ZCS, are required
to improve power efficiency.
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In [18], zero-voltage-switching (ZVS) operation
was implemented to improve power efficiency, but
an additional switch is required and the control
circuit is complex.

In another method to obtain high voltage gain, a
coupled inductor can be used instead of the main
inductor.

The high-step-up boost converters using a coupled
inductor were proposed in [19-20]. The turn ratio
of the coupled inductor is utilized to adjust the
voltage gain. However, because a high turn ratio is
required to obtain a high voltage gain, the size of
the coupled inductor and the conduction loss of the
winding increase. Moreover, a snubber circuit or
clamping circuit is needed due to the leakage
inductance from the coupled inductor [19-20].

This clamping circuit not only reduces the switch
voltage stress but also provides ZVS operation. In
[17], the passive/active snubbers were proposed by
using additional inductors, capacitors, and diodes
with the active switch.

Flyback boost converter also has suggested but it
has more losses in comparison with classic and
quadratic boost converters because of using
transformers [21].

Our study is introducing a simple and cheap
modified boost converter without any extra power
switch with the ability to provide efficient and high
voltage gain. In comparison with the classic boost
converter, projected converter providing a 10
times greater as voltage gain approximately at the
same efficiency.

The proposed circuit is preparing a preamplifier
block between the input inductor and
semiconductor switch and acts as a cascaded
structure.
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2. MODIFIED BOOST CONVERTER

2.1. Small signal analysis of structure in switch
on and off modes

Figure la and 1b show a conventional and our
proposed boost converters respectively. As can be
seen, a boosting structure is located between the
entrance inductor and the power switch.

Based on switch on or off working modes, only
one of the D; and D> diodes will be active in
structure and by this way, it makes a preamplifier
layer for boosting purposes. All small signal and
mathematical analysis have stipulated for both
states.

D1 RO N o
c1 —I_ T c T L2
(a) (b)

Figure 1 (a) Conventional and (b) Modified Boost
structures

f@®
A

; """ ]—l |—| .......

Figure 2 Pulse Width Modulation (PWM) which is
applied to the power switch. Per period (T)
contains of two (0,t1) and (t;,T) intervals

Figure 2 presents the PWM wave applying to
the power switch in the boost converter. In this
figure for [0,t;] and [tl, T] time intervals
respectively Switch Si, is off and on. So, if we
consider [ti, T] interval as DT, the [0, ti] interval
will be (1-D) T. In another word, D is the duty
cycle of power switch S;.

Mode 1: For a time interval that power switch
receives the pulse and is the short circuit, both L;
and L are magnetizing. This issue will be done by

Sakarya University Journal of Science 24(1), 86-97, 2020

input voltage through diode D> and the power
switch for L; and from C; and switch for L.

As can be seen in this mode, D; is in off mode.
Based on this statement currents of inductors are
rising in the on state. As predicted the voltage
value on capacitor C1 is discharging on L2 through
the power switch and decreases.

Also, the voltage on output capacitor is
discharging on output load in this mode. The
current value of diode D is zero and because of
conducting od diode Dy, its current will increases.

Figure 3a shows the on state of the power switch
in projected structure and figure 3b illustrates the
simplified form of figure 3a.

(©) (d)

Fig. 3. State of proposed structure (a) when the
power switch is on and (b) simplified form of the
converter in on mode, (c) when the power switch
is off and (d) simple view in off mode

Based on these situations the current waveform
passes through inductor L; can be written as
below:

di,, di,, V.

L =V = == 1
1 dt in dt Ll ( )

Also current of inductor L is:
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di di
L2 =V = i _la (2)

L
P odt dt L,

Voltage waveform for capacitor C; can be
gained as:
dv, dve, i

C, = o = =l 3
' L2 dt C, 3)

And finally we can find the voltage for the
output capacitor as equation 4:
dv, v dv, v

=== =——2 4
*dt R~ dt  C,R @

So, the steady state matrix of no interval will be
equal with equation (5):

- - 0
i 1 r. 1

. f Iy f

. 2 . 1 (5)
) I

1=l L o I 0 ]

Vc1 Cl cl 0

Lo o o ——L el
_VCZ L RC2

Mode 2: Figure 3c and 3d illustrate the state of
the circuit when power MOSFET is off and its
simplified view.

In this time interval, L; is demagnetizing on
capacitor C; through D; and D; is in off mode.
Also, inductor L» is demagnetizing through the D3
diode on output capacitor and load.

In this time interval, as mentioned the voltage
values on capacitors C; and C> will increases
through L and L respectively.

Figure 4 illustrates all components conductions
in both on and off modes of power MOSFET.

Small signal analysis for this state also has been
analyzed and written below. For inductor L1 we
can calculate:
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di
L, dil =V, —ve)1—-d)
: (6)
= dlLl — Vin _vCl (l—d)
d L,

Also, the current waveform of inductor L, is
equal with:

L, iy, = —v,)(1-d)
dt
di Ve —V )
= L2 — Cl o (1 —d)
dt L,
Voltage waveform for capacitor Ci:
dv .
= (i, —i,)(1-d)
dt
dve, i, —i ®)
cl _ "Ll L2 (1 —d)
dt C,
And for Cy:
d . ,
€, e =iy, )= d)
., ©)
@, = inR(l —d)
dt C,

For this time interval, steady state matrix will
be:

. 0 0 _LL 0
i ! r: 1 10
S T — (19)
b | _ L, L, | +|0 [V ]
M 1 1 v
va| |~ 0 0 Yl
. G G LVe2 0
ol U, o
L & RC, |

So according to an on and off intervals of a
PWM for proposed structure current and voltage
waveforms for inductors L; and L, and capacitors
Ci1 and C; can be proposed as below equations:

di,, :_(l—d)v 1

+—V 11
dt Ll Cl Ll in ( )
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i :L"m_(l_d) Vo (12)
dt L, L,

dve, (-d). 1.
Za P 13
dt c " oc” (13)

o

\%
d C, “ RC,°

dv, _(I=d). 1 (14)

The steady state matrix of this structure by using
equations 1 to 14 can be written as below:

. 0 o =4y
i, L i 1
1 1-d || e
. —  _ L
i 0 0 L L i ]
= 2 2 +|0 [V ]
. 1-d 1 v
v, - 0 0 o 0
. ¢ ¢ LVe2 0
V., 0 1-d 0 1
L o RC, |

3

Vin/L p» (Vin-Ve1)/La
Ita \_’_Cf/_/_/ﬂ{(/,
! ) i

T = A T T : ‘
Iz - ! VCi/La: P (Vci-Vo)/La
! : [ "

IL2/C1 | (ILaIL2)/C1

i ARy

Iy ’ f ; —»
Io: ! AOffmode rezj' On mode
ﬁ ? - [

I_D"‘k ;}m—ngéef_"i [_" Off mode

— > 7
- Off mode
Vba k{' C '—\{: On mode
; . : »> 7
- | On mode | |
PWM | | » |0ffmode ¢
-
0 DTs Ts

Figure 4 Mode of operation of the proposed
structur

2.2. Voltage gain analysis of proposed modified
boost converter

By considering the internal resistance of
inductors, figure 5 illustrates an approximate
model of the proposed converter. In this model, it
has been assumed that all inductors with internal
resistance and power semiconductors including

Sakarya University Journal of Science 24(1), 86-97, 2020

diodes and power switch have a Vx value as
voltage drop. This value has been considered as a
Vx value for all components for more simplicity
and reducing the analysis complexity. Based on
charging and discharging states of inductors,
mathematical evaluation for the voltage gain will
appear in two different modes.

D1

S LMW
[ . :

Figure 5 The equivalent circuit for the proposed
converter by considering the internal resistances
and components voltage drop

-~
2
|1
4]
1
LT

State 1: voltage across inductor L1 when the
power switch is in on and off modes:

When power semiconductor switch is in on
mode, the voltage across inductor L; will be equal
with:

Vi =3VID+V,, =V =2V )A=D) =0

1 24D (16)
V,=V 4
= cl m(l_D) x(l_D)

In the above equation, D is for a time interval
that the switch is in on mode and (1-D) is for the
off state of MOSFET. Also, the voltage drop on
inductor L, for the switch on and off intervals can
be calculated as equation (17):

Va=2V D+, =V, =2V )(1-D)=0

1 ’ (17)
=V, Vi) V)

By replacing the equation (16) into equation
(17), the voltage gain of the proposed structure can
be calculated:
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1 2+D
V=)=V ()
==L _1=Do oy Ly
1-D 1-D (18)
Ly YathGoD) L 1
(1- D) 1-D
1 4-D
=V —
= I/o in (1-D)2 VX((I_D)Z)

As an approximate response for equation (18),
by neglecting of Vx in a simple and close to real
state, the output voltage and voltage gain can be
written as equations (19) and (20).

1
v, 1
¥, (-Dy -

And by a simple calculation the relation
between input and output current values can be
calculated as:

1,=1,(1-D)’ 1)

2.3. The design stages of the control circuit

Thy key point for controller designing is finding
an equation between the output voltage and one of
inductors capacitor  voltages
derivatives and it can be obtained from equation

9):

dv 1
C,—2+—v =(1-4d)i, = 22
2 dt Rvo ( )le u ( )

currents or

u is the PI controller output signal and d is the
duty cycle of PWM which will be implemented to
power MOSFET. Equation (22) can be rewritten in
a simpler way as:

d=1-2 (23)

le
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Vo
Comparator - <. R/(RC28+1)

d
To Power )
Switch = | u Voref
X

- (KpS+Ki)/S

Triangular
‘Wave = = Voltage Controller

iLZ

Figure 6 Voltage comparison, PI control and
PWM modulator blocks

The general form of a PI controller comes from:

k. ks+k,
G(s)=k,+—= £ (24)
S s

We can put equation (22) in a feedback loop by
a PI controller as Figure 7.

Voref _ Voref-Vo u Vo
. (KpS+Ki)/S p-| R/(RC2S+1)

\j

Unit Feedback Path

Figure 7 Closed loop form of the PI controlled
cascade boost structure

The transfer function of closed loop form of this
feedback is equal with:

1
—(k, +k,
~ Go ~ Cz( P 1)
G
1+G 1+ Rk _
tG g oy Ko (25)
rRC, | C,

L(/€pS+ki)
st 428w, + 0

It is easy to gain:
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1+ Rk, 2 .
=2lw,
RCk2 0 :> kp = 2§G)OC2 _E (26)
—4 = 605 k; = w(?cz
¢,

The better value for damping factor & is 0.707.
Since o is a pulsation, chosen less than switching
frequency s to get the best response. First Page
Requirements

3. SIMULATION RESULTS

A group of simulation has been done in Matlab
Simulink R2017a for evaluation and test of the
stability of the proposed circuit.

The input voltage for the structure has been
fixed in 24VDC and output load value has been
chosen as 100 ohms. Also, 50KHz as switching
frequency has been considered.

Simulation has done for duty cycle from 30% to
90% and results have shown in figures 9,10 and
11.

Table 1 presents all components and parameters
which have been used in the simulation. For our
tests, we assumed the internal resistance for both
inductors, 0.1 ohms for inductor L; and 0.05 ohm
for inductor L,. Figure 8a illustrates the final
diagram of proposed converter and controller and
as it can show a sampling has been done based on
equation (9) for controller designing.

This diagram is suitable for all kind of
renewable energy sources since producing limited
values of power because of the high efficiency of
the projected circuit and it has been reported in
figure 9.

Also, figure 8b shows the implemented
prototype. Figure 9 shows the efficiency diagram
and has been done a comparison between
conventional and projected prototypes.

Sakarya University Journal of Science 24(1), 86-97, 2020

The most important subject that can be a reason
of high efficiency for the new converter is its
components especially power diodes.

As mentioned in section 2.1, in any time interval
of PWM, only one diode will be located in the
current direction and will charge the inductors or
output capacitor.

Table 1. Particularization of the projected boost
converter

Parameter Value (unit)
power 100 W
Input voltage 24 VDC

L, 200 uH

R1 (internal resistance of L) 0.1 ohm

L, 100 uH

R> (internal resistance of L) 0.05 ohm
C 56 uF

C 47 uF

Duty cycle 30 % -90 %
Switching frequency 50 KHz

Figure 10 shows the voltage gain for proposed
and conventional boost circuits. Also expected and
ideal values for different duty cycles have been
reported in this figure.

One of the most important issues for a boost
converter is the converter's ability in gain
production since voltage transfer is preferred
rather than the current transition in all parts of
fossil or renewable energy sources.
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L1

/) Output voltage of
[ N\ the converter (Vo)
D3 |
o1 e e
‘ Switch )
C2 == = o\
. ' Ul
’ 1= T

Control Loop [R/(RC2S+1)

o
Vo)
a==r

x
Triangl® - | (KpS+Ki)/S Al Reference
wam . «@- Voltage

PI Controller

Sampling from L2 Current (iL.2)

(a)

Converter

(b)

Figure 8 proposed structure with designed
controller block (a) in simulation and (b)
implementation

Figure 11 illustrates the controller performance
and stability in producing of different voltages in
output. For this simulation, the input supply has
been fixed to 12VDC and the reference voltage is
changing between 80, 100 and 120VDC.

For our tests in order to PWM implementation
to gate-source pins of power semiconductor
switch, the triangle waveform has been considered
with S0KHz frequency.

EFFICIENCY COMPARISON

H Conventional HProposed

o~ - <r',: -~ Nm ~
o o % ety oL ® 5
gg gm I a cnI <r|
25W 60W 100w 190w 350W 600W

Figure 9 Efficiency diagram for proposed and
conventional structures
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Figure 11 shows the controller performance in
the tracking of desired voltage values in structure's
output and by changing to different voltages it can
track and reach to these voltages only in less than
10 ms without any undershoot or overshoot in

OO | OO

signals.

30% 40% 50% 60% 70% 80% 90%

VOLTAGE GAIN

25480

86:5°
75

—3
7

00 ~N <
N IR
ooy | Goos

- 1§

B
: i
v 89,75
i

M |deal-proposed B With loss-proposed

Ideal-conventional B With loss-conventiona

Figure 10 Voltage gain diagram for proposed and
conventional structures in real and ideal states
based on different duty cycles

For a duty cycle of 50%, the projected circuit
can produce two times more than conventional
structure and this ratio is greater in the higher
amount of duty cycles and in 80% and 90% this
ratio receives to five and ten times respectively.

It means with applying of the proposed
converter will expect to receive to 2400VDC in
structure's output by 24VDC in input since a
conventional boost converter only can give
240VDC though in the simulation we received to
2245VDC and is a good result by considering of
different structures results.

Ideal and real value of output voltage
T T - B

—ldeal
Rea!l

|

Output Voltage (V)

| I L I
01 02 03 04 05 08 07 0.8 09
Time (seconds)
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Figure 11 Tracking and output voltage of the
proposed structure

Ideal and real value of output voltage

—Ideal

—Real

BT e —
s
.
j=
8
S %
3
5 85-
o

80

L !

0.248 0.25 0.252 0.254 0.256 0.258 0.26 0.262
Time (seconds)
(a)

i Ideal and real value of output voltage
S
0120~
jo
pel
8100+
2 —Ideal
5 80 —Real
3
o

0.495 05 0.505 0.51 0.515
Time (seconds)

Ideal and real value of output voltage

@
=1

—Ideal
—Real

<]
S

=)
S

Output Voltage (V)
=

90 !
0.748 0.75 0752 0754 0756 0.758 0.76 0.762  0.764
Time (seconds)

(c)

Figure 12 Time delay diagrams for tracking of the
desired voltage in the proposed converter's output
when a change (a) from 100VDC to 80VDC, (b)
from 80VDC to 120VDC and (¢) from 120VDC to
100VDC

4. EXPERIMENTAL RESULTS

A prototype with 100W has been implemented
and figure 12,13 and 14 show the results. Input
voltage and switching frequency have been fixed
in 4VDC and 50KHz respectively. Inductor L; has
been fixed to 200uH and L, to 100uH. Also,
capacitor C; value has been considered as 68uF
and output capacitor Cz as 470uF. Figure 12 shows
the gate source and drain source pulses of structure
in 50 and 80 duty cycles and as we expected for
different values of on and off intervals of power
MOSFET, different voltages for drain-source pins

Sakarya University Journal of Science 24(1), 86-97, 2020

have been obtained. Also, figure 13 illustrates the
output voltage and gate-source voltages
simultaneously. A fixed DC voltage has been
gained in output. Figure 14 shows the oscillation
of output voltage in 50% of the duty cycle.

16k pts 188HSa/s

Gate source Voltage

[@RHS 18.20 @RS 11.8V
|@Period 19.98us @Period 19.90us
18V @ = 18y

GUWINSTEK 18k pts 18BMSa s

Gate source Voltage

Drain source Voltage

[@RHS 12.6U @RHS 6.460

@Bfiean 3.480 Qhean 11
0FEl‘im‘l 18.23us @Pel‘im‘l 4.187us

@Frequency 54.85kHz  g)Frequenc)
J 16us @3.788us | @ 1

(b)

Figure 12 Gate source and drain-source voltages of
the projected structure when the duty cycle is (a)
50% and (b) 80%

GWINSTEK 16k pts 186MSass

Gate source Voltage

v

Output Voltage

(@FHS 12.90 @RHS 12.4U

@Mean 12.3U @Hean 11
@Feriod 18.18us @PFeriod 7

{)Frequency 55.88kHz  §)Frequend]
) 16us @3 70us ) @ d

Figure 13 Proposed structure’s ability in boosting
the input supply value
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@RHS B53nV
@Period 78.57us

0= 10 @@= 1

e
) 16us (1 0.BEBs )| @ 7

Figure 14 Oscillation domain of output DC voltage
in the duty cycle of 50% and switching frequency
of S0KHz

5. CONCLUSION

In this study, a high gain DC-DC converter has
been investigated. This
conventional boost converter plus several cheap
components including two power diodes, a
capacitor, and an inductor. In any time interval of
PWM, the circuit current will pass through an only
one of diodes, so the efficiency of the projected
structure is not impressed. This simple and cheap
connection give a preamplifier specification to
structure, so converter can give a very high gain
compared with a conventional converter.
Mathematical analysis and simulation show
projected structure by 10VDC as input voltage can
give 1000VDC in output by 90% of duty cycle
since it is very important for renewable energy

structure uses a

sources where these sources produce a very
limited amount of power. The efficiency of the
structure is comparable with a conventional boost
converter by considering new components
switching, dynamic, and frequency losses. Also,
the controller is designed based on inductors Lo
current sampling and is performing and tracking
the desired value of voltage in converter’s output
in a very limited time interval.

Some advantages of the structure including using
only one power semiconductor switch and so no
need for extra and complicated controller
structure, simple and cheap components and
ability to work in a wide range of frequencies. A
group of simulation done in Matlab/Simulink

Sakarya University Journal of Science 24(1), 86-97, 2020

2017a and results confirmed the theoretical and
mathematical analysis. A laboratory scaled
prototype has been implemented and verifying all
mathematical and simulation results. Working in
lower switching frequencies will help to decrease
voltage and current stresses on power switches
where a high gain application is necessary. As a
suggestion soft switching and snubber sub-
structures can be utilizable for decreasing these
stresses.
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