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Modeling, Design and Implementation of High
Gain Boost Converter with Voltage-mode Control

for PV Systems
Shubham Goyal1, Mukti Barai2,Member, IEEE

Abstract- This paper presents modeling, design and implementation of a high gain boost DC-DC converter with voltage
mode control for PV systems. Small signal model of the converter is developed from average state space analysis to obtain a
control to output transfer function. A simple voltage mode analog controller is designed to regulate the output voltage of the
converter. The operation of the converter under both steady state and transient state are validated experimentally. A hardware
prototype of 50 Watt, 200V output voltage, 20kHz boost converter with an input of 12V is developed. The output voltage of
dc-dc boost converter is regulated over a wide range of load variation (from 56% to 108% of full load).

Index Terms- voltage mode control, analog control, boost converter, PV systems.

I. INTRODUCTION

Photovoltaic (PV) source is most popular among sustainable
power sources because of the availability of ample amount of
solar energy. [1]. Many PV modules are connected together
in series to increase their voltage and power capability for
domestic and industrial applications. However, the maximum
power of the PV system gets reduced due to mismatch of any
PV source under different atmospheric conditions such as par-
tial shading, ageing effects etc. There are several methods to
extract the maximum power from a solar PV modules but they
decrease the overall efficiency of the system. As photovoltaic
(PV) source can have output of (12-48V) dc voltage. A high
step-up dc-dc converter can boost the power and voltage for
domestic and industrial applications. Therefore, it is better to
connect a high step-up voltage gain dc-dc converter in a PV
distributed system. A dc-dc converter connected with a PV
distributed system is shown in Fig.1.

DC-DC Converters are of manly claissified under two cate-
gories isolate converters and non-isolated converters. Isolated
converters like fly-back, forward, push-pull transformation
ratio but it gives high voltage stress across switch and high
power dissipation in leakage inductor [2]. To minimize the
voltage spike across main switch, dissipative snubber (passive
clamp) circuit or non-dissipative snubber (active clamp) circuit
has been used at the cost of extra loss [3], [4].
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Fig. 1: Block diagram of dc-dc converters connected with a
PV distributed system.

Non-isolated converters are used at high duty ratio to have
high voltage gain but very high duty ratio results in high
conduction loss in switch and also results a serious problem
in diode reverse recovery [5], [6], [7].

There are different topologies to achieve high voltage gain
some of them use switched capacitors technique and voltage
lift techniques. These methods are capable of giving high
voltage gain but with high transient current in switch and high
conduction loss [8], [9], [10], [11].

The concept of coupled inductor was introduced in [12],
[13], [14], [15], [16] to reduce the transients and voltage
spikes across the semiconductor switches of the converter.
For a distributed generation system from renewable sources
like PV source, there is a need of front-end converters which
should not only boost the output voltage of the PV source but
also should regulate a constant voltage while inter facing with
the inverter.

In [17] coupled inductor and voltage doubler technique is
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used to get a high gain but this topology is acceptable for low
output power and also occurs voltage ringing across power
switch due to formation of tank circuit. There are topologies
that have high conversion ratio used for PV application but
with large no of component count [18]. High power output
has been achieved by using coupled inductor [19], [20].

The PV current and voltage vary significantly by the
variation in the atmospheric irradiance and temperature. The
current generated by the series PV string is significantly
limited by less illuminated PV modules in the string. The
main factors responsible for non uniform illumination among
PV modules in the string are partial shading, manufacturing
defects, aging etc. Therefore, it becomes essential for dc-dc
converter connected in PV string to regulate the output voltage
under all uncertainities.

This paper presents design of a simple analog controller for
the high gain boost converter with voltage mode control to
regulate the output voltage for PV distributed systems. The
circuit diagram of the converter is shown in Fig.2. [1].

Section II explains the principle of operation of the con-
verter and develops the small signal model of the converter.
Section III gives the proposed controller design. Section IV
describes the design implementation and results. Section V
concludes the work.

Fig. 2: Equivalent circuit diagram of the converter [1]

II. PRINCIPLE OF OPERATION AND SMALL SIGNAL
MODELING

In this section the principle of operation of the converter is
analyzed based on volt second balance and charge balance of
inductor and capacitor over a switching time period respec-
tively. Small signal modelling of the converter is developed
based on state space analysis.

A. Principle of operation

There are six operating modes which are explained below.
1) Mode I: In this mode, switch Q1 and diode D4 are

ON as shown in Fig.3(a). During this period, the inductor
(L1) charges.The current in primary winding increases linearly
whereas current in secondary winding decreases linearly. Here
output capacitor charges by series combination of dc source,
clamp capacitor, intermediate capacitors and supplies energy
to load R. This mode get completes at t = t1 when current

in secondary winding equals to zero and starts to build in
negative direction.

2) Mode II: In this mode, switch Q1, diodes D2 and D3

are ON as shown in Fig.3(b). Same as mode 1 input inductor
increases and also transfers energy to the second inductor
(L2) by coupling. Current in secondary winding increases
in negative direction. Therefore, diodes (D2 and D3) start
conducting which starts charging of capacitors (C2 and C3)
simultaneously. Output capacitor supplies load. This mode get
completes at t = t2 when switch turns off.

3) Mode III: In this mode, switch Q1 turns OFF and diodes
D2, D3 are ON as shown in Fig.3(c). Energy from the primary
winding of the inductor releases to parasitic capacitor of the
switch Cds. Some of the energy of primary winding of induc-
tor charges capacitors (C2 and C3) simultaneously through
secondary winding of inductor. This mode get completes at t
= t3, when switch capacitor is charged up to voltage equal to
sum of supply voltage and voltage across clamp capacitor.

4) Mode IV: In this mode, switch Q1 is OFF, diodes D1,
D2, and D3 are ON as shown in Fig.3(d). As the voltage across
the parasitic capacitor (Cds) goes more than the sum of dc
source voltage and voltage across clamp capacitor, clamping
diode D1 gets forward biased and starts to conduct which
provides path for energy of inductor to charge clamp capacitor
and makes the voltage stress across switch constant. Same
as previous mode some of the energy of primary of coupled
inductor charges two capacitors simultaneously through diodes
(D2 and D3) till secondary winding current equals to zero
and output capacitor supplies energy to load R. This mode
completes at t = t4, when current in secondary winding equals
to zero and diodes (D2 and D3) commutates.

5) Mode V: In this mode, switch Q1 is OFF, diodes D2,
and D3 are ON as shown in Fig.3(e).the clamp capacitor
(C1) charges instantly. Energy stored in primary winding still
supplies to clamp capacitor C1. As diodes D2 D3 have
commutated so both capacitors (C2 and C3) supplies energy
to output capacitor (Co) and load R. This mode get completes
at t = t5, when clamp capacitor get fully charged and starts to
discharge.

6) Mode VI: In this mode, switch Q1 remains turn off as
shown in Fig. 3(f). Input supply, clamp capacitor (C1), two
intermediate capacitors (C2 and C3) supplies energy in cascade
to output capacitor and load R. This mode get completes at t
= t6, when positive gate pulse is given to switch to turn on
for next cycle.

The key wave forms corresponding to above six modes of
operation are shown in Fig.4. Out of these six modes, mode
I, III, IV, V are of significantly less duration. Therefore, only
mode II and VI are considered for steady state analysis.

During the mode II (for DTS time duration) the voltage
across inductor L1 (VL1

) and the voltage across capacitor C2

(VC2
) can be written as below.

VL1
=

Lm + Lk

Lm
Vin = k.Vin (1)
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(a) (b)

(c) (d)

(e) (f)

Fig. 3: Equivalent circuit diagram during each Operating modes in one switching period.(a) mode I. (b) mode II. (c) mode III.
(d) mode IV. (e) mode V. (f) mode VI.
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Where, Lm , Lk are the magnetizing and leakage inductance
of inductor respectively. k is coefficient of coupling . n is
secondary to primary turns ratio of the coupled inductor.

Fig. 4: Key wave forms corresponding to six modes of
operation of the converter

During the mode VI (for (1 − D)TS time duration) the
voltage across inductor L1 (VL1

) and the voltage across
capacitor C1 (VC1 ) can be written as below.

VC2
= VC3 = n.k.Vin (2)

VL1
= Vin + VC1

+ VC2
+ VC3

− VCO
(3)

VC1
=

D

1−D
.Vin.

(1 + k) + (1− k).n

2
(4)

Using the principle of average voltage second balance of
an inductor under continuous conduction mode (CCM) the
expression of the voltage gain (MCCM ) is obtained as below.

MCCM =
1 + n.k

1−D
+ n.k +

D

1−D
.
(1− k).(n− 1)

2
(5)

The ideal voltage gain can be written as below for k = 1

MCCM =
1 + n.

1−D
+ n (6)

The ideal voltage gain (MCCM ) under continuous conduction
mode (CCM) v/s duty ratio (D) plot for different values of
primary to secondary turns ratio (n) of the coupled inductor
is as shown in Fig.5 below. It is observed from the plot that

converter can have highest possible gain of 16.67 at moderate
duty ratio of (62%) when turns ratio (n) is equal to 4.

Fig. 5: Voltage gain (MCCM ) in CCM operation v/s duty ratio
for different values of n.

B. Modeling of Converter

To study the transient behavior of the converter, the control
to output transfer function of the converter is required. The
control to output transfer function is derived by state space
analysis of the converter under two significant modes of
operation. These are mode II and Mode VI. The structure of
equivalent circuits under mode II and VI are shown in Fig.6
and Fig.7 respectively.

1) Structure I: The equivalent circuit during the mode II
of operation is as shown in Fig.6. The current through the
inductor and the voltage across the capacitor are considered
as state variable.

Fig. 6: Equivalent circuit diagram for structure I.

The state space equations for mode II are written as below.

diL1

dt
=

Vin

L1
(7)

diL2

dt
=

vC2

L2
(8)

dvC1

dt
= 0 (9)

dvC2

dt
=

dvC3

dt
=

−0.5iL2

C2
(10)

dvCo

dt
=

−vCo

RCo
(11)
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ẋ = A1x+B1u (12)

ẏ = C1x+D1u (13)

The state space equation for this mode in matrices form can
be written as below.

A1 =


0 0 0 0 0
0 0 0 1

L2
0

0 0 0 0 0
0 −0.5

C2
0 0 0

0 0 0 0 −1
RCo

, B1 =


1
L1

0
0
0
0

,

C1 =
[
0 0 0 0 1

]
2) Structure II: The equivalent circuit during the mode VI

of operation is as shown in Fig.7. The current through the
inductor and the voltage across the capacitor are considered
as state variable.

Fig. 7: Equivalent circuit diagram for structure II.

The state space equations for mode VI are written as below.

diL1

dt
=

−vC1

L1
(14)

diL2

dt
=

Vin + vC1 + 2vC2 − vCo

L2
(15)

dvC1

dt
=

iL1 − iL2

C1
(16)

dvC2

dt
=

dvC3

dt
=

−iL2

C2
(17)

dvCo

dt
=

iL2

Co
− vCo

RCo
(18)

ẋ = A2x+B2u (19)

ẏ = C2x+D2u (20)

The state space equations for this mode in matrices form can
be written as below.

A2 =


0 0 −1

L1
0 0

0 0 1
L2

2
L2

−1
L2

1
C1

−1
C1

0 0 0

0 −1
C2

0 0 0

0 1
Co

0 0 −1
RCo

, B2 =


0
1
L2

0
0
0

,

C2 =
[
0 0 0 0 1

]
The duration of mode II is dTs and that of mode VI is

(1− d)Ts. Therefore, state space equations for structure I and
Structure II can be averaged and state space average model of
the converter can be written as below. To find the small signal
model of the converter, we linearize the model by perturbing
every state variable about its steady state operating point.

ẋ = Ax+Bu (21)

ẏ = Cx+Du (22)

where
A = A1d+A2(1− d) (23)

B = B1d+B2(1− d) (24)

C = C1d+ C2(1− d) (25)

On substituting the values of A1, A2, B1, B2, C1, C2 in
equations 24, 25, and 26, we find the average state space
model of the converter which is given below.

A =


0 0 (d−1)

L1
0 0

0 0 1−d
L2

2−d
L2

d−1
L2

1−d
C1

d−1
C1

0 0 0

0 0.5d−1
C2

0 0 0

0 1−d
Co

0 0 −1
RCo

,

B =


d
L1
1−d
L2

0
0
0

, C =
[
0 0 0 0 1

]

To find the small signal model of the converter, we linearize
the model by perturbing every state variable about its steady
state operating point.

iL1 = IL1 + ˆiL1 , iL2 = IL2 + ˆiL2

vC1
= VC1

+ ˆvC1
, vC2

= VC2
+ ˆvC2

vCo
= VCo

+ ˆvCo
, d = D + d̂

Where, D is the duty ratio during steady state operation of the
converter.

By substituting these perturbed values of state variables in
average model, small signal model is derived as below.

diL1

dt
=

D − 1

L1
ˆvC1

+
Vin + VC1

L1
d̂ (26)

diL2

dt
=

1−D

L2
ˆvC1

+
2(1−D)

L2
vC2

− 1−D

L2
ˆvCo

+

(n− 1)Vin − VC1
− 2VC2

+ VCo

L2
d̂ (27)

dvC1

dt
=

(1−D)

C1

ˆiL1
− (1−D)

C1

ˆiL2
− IL1

− IL2

C1
d̂ (28)
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dvC2

dt
=

(0.5D − 1)

C2

ˆiL2
+

0.5IL2

C2
d̂ (29)

dvCo

dt
=

(1−D)

Co

ˆiL2
− 1

RCo
ˆvCo

− IL2

Co
d̂ (30)

Output equation can be written as below.

v̂o = ˆvCo
(31)

On computing the state space model, the control to output
voltage transfer function is calculated and written as below.

ˆvo(s)

ˆd(s)
=

6250s4 − 1.2e8s3 + 8.14e10s2 − 3.12e14s+ 1.27e17

s5 + 12.5s4 + 1.7e7s3 + 2.07e8s2 + 2.9e13s+ 3.5e14
(32)

The bode plot of Control to output transfer function of the
converter is shown in Fig. 8.

Fig. 8: Bode plot of control to output transfer function of the
converter.

III. PROPOSED CONTROLLER DESIGN

The pole-zero map of the system transfer function is shown
in Fig.10. It is observed from the pole-zero map of the
converter that it provides sufficient phase to the system which
ensures stability of the system. Therefore, it is not necessary to
boost the phase of the system. In general TYPE II and TYPE
III compensators are required if it is necessary to enhance
the phase of the sysyem by adding external phase shift [21].
Therefore, a simple TYPE I compensator is sufficient for the
closed loop operation of the converter.

The proportional integral analog controller is designed as
the TYPE I controller for the voltage mode control of the
high step-up voltage gain dc-dc converter. The proportional
gain (kp) and integral gain (ki) for the proportional-Integral
(PI) controller are equal to 0.01 and 0.1 respectively.The block
diagram of PI controller circuit diagran is shown in Fig. 9.

Fig. 9: The block diagram of PI controller circuit.

IV. DESIGN IMPLEMENTATION AND RESULTS
ANALYSIS

A. Design specification
A 50Watt, 200V output voltage, 20 kHz high-step up voltage

gain boost converter with 12V input voltage is designed with
following specifications as shown in table 1 given below.

TABLE I: Design specification of the converter

Input voltage 12V
Output voltage 200V
Output power 50W
Switching frequency 20KHz
Duty ratio 62 %
Output voltage ripple 1%
Input current ripple 1%
Inductance of input inductor 243microH
Inductance of secondary inductor 3888 microH
Clamp capacitor 330microF
Intermediate capacitor 10microF
Output capacitor 100microF
MOSFET Switch IRF540
DIODES MUR460

The PI controller is implemented on the hardware by
using the operational amplifier. The complete circuit of
the high step-up gain dc-dc boost converter with proposed
proportional-Integral (PI) controller is shown in Fig.11.
The design of circuit is first carried out in pspice. Pspice
simulation results are shown next.

B. Pspice Simulation Results
The open loop simulated results are shown as below.

Fig.12 (a) and Fig.12 (b) show the key wave forms of
voltage and current for inductors L1 and L2 respectively
under continuous conduction mode (CCM). Fig. 12(c) shows
the output voltage waveform under open loop operation of
the converter.From Fig.12(d), it is noticed that voltage stress
across switch has been clamped by using clamped capacitor
(C1) to sum of input voltage and voltage across clamped
capacitor i.e. (Vin + VC1

) which is equal to 30V.
Fig. 12(e) shows the output voltage of the converter when

it is subjected to sudden and gradual change in load respec-
tively.It is observed that converter is able to regulate the output
voltage over a wide range of 56% to 108% of full load.
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Fig. 10: pole-zero map of transfer function of the converter.

Fig. 11: Schematic of Converter with proposed control circuit.

C. Experimental Results

A hardware prototype is developed based on the above
design specifications as shown in Fig. 12(f). An analog voltage
mode PI controller is designed with discrete components for
the closed loop operation of the converter. The functionality
of converter is tested in open and closed loop operation. The
steady state and transient performance of the converter are
demonstrated below.

1) Steady state performance: The functionality of the con-
verter under steady state has been verified for both open loop
and closed loop operation under continuous conduction mode
(CCM).

Fig. 13 (a) and 13 (b) show the key waveform of the voltage
and current of inductors L1 and L2 respectively at 62% in
open loop operation of the converter.The output voltage of
the converter and voltage stress across switch for open loop
operation of the converter is shown in Fig.13 (c). It is observed

voltage across switch is clamped by clamped capacitor (C1)
to sum of the input voltage (Vin) and the voltage across clamp
capacitor (VC1

) which is 30V.
The experimental validation of the converter in steady state

can be verified by Fig. 13 (e). It shows plot of output voltage
v/s load current. It is observed that converter can regulate its
output voltage over a wide range of variation in load (from
56% to 108% of full load).

2) Transient performance: The transient performance of the
converter has been verified for closed loop operation under
continuous conduction mode (CCM) by Fig.13 (d) and 13
(f). Fig. 13 (d) shows output voltage of the converter for
different reference voltages which demonstrates that output
voltage of the converter tracks the reference voltage over a
wide range (from 120V to 200V). Fig. 13 (f) verifies the
transient performance of the converter by regulating its output
voltage when it is subjected to transient change in load (108%
to 86% to 108% of full load).
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(a) (b)

(c) (d)

(e) (f)

Fig. 12: Pspice simulation results: (a) Current and voltage wave forms of primary winding of coupled inductor. (b) Current and
voltage wave forms of secondary winding of coupled inductor. (c) Output voltage of the converter. (d) Voltage stress across
switch. (e) Load regulation plot. (f) Hardware setup.
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(a) (b)

(c) (d)

(e) (f)

Fig. 13: Experimental results:(a) Current and voltage wave forms of primary winding of coupled inductor. (b) Current and
voltage wave forms of secondary winding of coupled inductor. (c) Output voltage of the converter and Voltage stress across
switch. (d) Output voltage of the converter for different values of reference voltages (Vref ). (e) Load regulation plot. (f) Output
voltage and load current when load changes dynamically.
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V. CONCLUSION

This paper presents design and implementation of a high
gain dc-dc boost converter for PV systems. A simple voltage
mode controller is proposed to regulate the output voltage of
the converter. Functionality of the converter under both open
loop and closed loop operation is validated with reference
voltage and load transient operation with and experimental
results. It is observed that the proposed controller can regulate
the output voltage of the converter over a wide range of both
reference voltage (from 120V to 200V) and load variation
(56% to 108% of full load).
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