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Abstract: This study presents the performance comparison of two scenarios to obtain high voltage gain. A high step-up
converter (HSU) and a cascaded boost converter are chosen for this study. For analytical analysis, a loss model for both
converters is developed on MATLAB. Gallium nitride- based prototypes of HSU and cascade boost converter provided the
validation of the analytical analysis. Based on the theoretical evaluation and practical tests, efficiencies of both converters are
expressed in terms of their voltage gain to find the optimal point of operation. Results showed that the cascaded boost converter
is more efficient than the HSU converter at higher voltage gain values. However, the HSU converter has a higher energy density
and lower switch voltage stress than those of the cascaded boost converter.

1 Introduction
Over the years, with the increasing global power demand and rising
global temperature, photo-voltaic (PV) applications have gained
more and more interest [1]. Conventionally huge solar parks are
connected to grid through various parallel central solar inverters
[2]. Central inverters offer an efficient solution with high power
density [3]. However, various drawbacks of this family of inverters
include losses due to partial shading of solar module, poor
expansion flexibility and electric hazards due to high DC voltage
[4]. To avoid these problems, string inverters are employed. Instead
of connecting a large number of solar panels to a central inverter, a
string of modules is connected to their specific inverter [5]. Though
string inverters resolve the aforementioned problems, high DC
voltage of a string of solar modules and flexibility for expansion
still pose challenges [2].

These problems are further reduced by the application of a
modular solar inverter. Each solar module is equipped with its
individual MPPT and a DC/AC inverter [6, 7]. In these solar
inverters, the available DC voltage from a solar panel is very low
[8]. High gain DC–DC converters are essential to boost the PV
voltage to a level that is required to generate AC grid voltage [9].
Conventional boost converters cannot be used in such applications
because of their inability to provide such high gain [10]. Higher
gain means that boost converters will have to operate at a higher
duty cycle around 0.9, which makes it inefficient and impossible to
get in some extreme cases. However, input current in an
interleaved boost converter is divided into two or more phases that
reduce the losses of the converter [11]. However, if a voltage gain
of >5 is required, high step-up topologies are needed [12, 13].
Martinez et al. [14] presented a HSU converter with a higher gain
than that of the conventional interleaved boost converter. This
converter utilises the concept of interleaved phase and magnetic
coupling to achieve very high gain [15, 16]. This attribute makes it
an excellent choice for a modular PV inverter wherein high voltage
gain is required. However, this HSU converter introduces an
additional magnetic component and two diodes. It makes the
operation more complicated and also increases the losses. Another
simpler way of obtaining high voltage gain is using a two-stage
interleaved cascaded boost converter. However, this approach has
more switching devices and lesser energy density than those of the
HSU converter.

In order to find an optimised solution, the performance of the
HSU converter has been compared with that of the cascaded

interleaved boost converter. For analytical analysis, a
comprehensive loss model has been developed for the switching
and magnetic components for both converters. Practical prototypes
rated at 250 W have been developed to validate the theoretical
reasoning. Performances of the HSU and cascaded boost converters
are evaluated for fixed output voltage at different switching
frequencies and input voltage levels.

This paper is organised as follows: Section 2 explains the
different modes of operation of the proposed high step-up
converter. Section 3 gives the analytical analysis of the
performance comparison of HSU and cascaded interleaved boost
converters. Section 4 includes the results from experimental tests.
Conclusion is drawn in Section 5.

2 Modified high step-up converter
Fig. 1 presents the high step-up converter proposed in [14]. This
HSU converter consists of an additional winding LC as compared
to the two-phase interleaved boost converter. This converter also
consists of two additional diodes. Like the interleaved boost
converter, windings L1 and L2 are connected to the input DC
voltage source. Switches S1 and S2 are connected to windings L1
and L2, respectively. Both switches are switched ON at the same
switching frequency and duty cycle, while they are 180° out of
phase. Central winding LC is connected to L1 and L2 through
diodes D1 and D2. As all three windings are coupled, they can be
wound on a single core. Fig. 2 shows the structure of all three
windings wound on a single core. 

Different modes of conduction for duty cycles D < 0.5 and D > 
0.5 are shown in Figs. 3a and Fig. 3b, respectively. To develop a
loss model for the converter, it is important to find the relation for
the average value of the current during different conduction states. 

Fig. 1  Modified HSU converter
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2.1 Mode 1

During this mode, switch S1 is switched ON, while S2 is switched
OFF. Fig. 4 shows the conduction diagram for this mode. 

As winding L1 is directly connected to the input voltage

vL1 = vi (1)

vL2 = vi(1 + N) − vo
(1 + N) (2)

where N is the ratio of turns of central winding LC to winding L1 or
L2, and vo is the output voltage. Keeping in mind that all
conductors are coupled, after doing basic calculations, the rate of
change of current in inductors is given as follows:

diL1, MOD_1

dt = vi(1 + N)(M − L − 2Mc) − vo(M − Mc)
(1 + N)(M + L)(M − Mc − L) (3)

diL2, MOD_1

dt = vi(1 + N)(M − L) + voL
(1 + N)(M + L)(M − Mc − L) (4)

where M is mutual inductance between L1 and L2, while Mc is
mutual inductance between LC and the external windings L1 and
L2. The inductance of both L1 and L2 is equal; hence, L1 = L2 = L.

The average value of the current through L1 and L2 can be
calculated by integrating (3) and (4) over the time period of mode
1, i.e. D/fs, where D is the duty cycle and fs is the switching
frequency. IL1(0) and IL2(0) are the values of current in L1 and L2 at
the beginning of the mode:

IL1, MOD_1 = (vi(1 + N)(M − L − 2Mc) − vo(M − Mc))D
((1 + N)(M + L)(M − Mc − L)) f s

+ IL1_(0)

(5)

IL2, MOD_1 = (vi(1 + N)(M − L) + voL)D
((1 + N)(M + L)(M − Mc − L)) f s

+ IL2_(0) (6)

2.2 Mode 2

During Mode 2, S1 is switched OFF, while S2 is switched ON. The
conduction diagram for this mode is shown in Fig. 5. 

During this mode, current equations are as follows:

diL1MOD_2

dt = diL2MOD_1

dt (7)

diL2MOD_2

dt = diL2MOD_1

dt (8)

As duration of modes 1 and 2 is equal, so

IL1MOD_2 = IL2MOD_1 (9)

IL1MOD_2 = IL2MOD_1 (10)

2.3 Mode 3

During this mode of operation, both switches S1 and S2 are
switched OFF. Fig. 6 gives the equivalent circuit diagram during
this mode of operation. Current through the windings L1 and L2 can
be given by (11) and (12):

IL1, MOD_3 = vi − vo
L + M

1 − 2D
f 2

+ IL1_(0) (11)

IL2, MOD_3 = IL1, MOD_3 (12)

In Fig. 3, the duration of mode 3 in each cycle is 1−2D, where
D is the duty ratio.

Fig. 2  Coupled inductors on a single core
 

Fig. 3  Modes of operation
 

Fig. 4  Mode 1 – conduction diagram
 

Fig. 5  Mode 2 – conduction diagram
 

Fig. 6  Mode 3 – conduction diagram
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2.4 Mode 4

When the duty ratio of >0.5 will be required, instead of mode 3,
converter will operate in mode 4. During mode 4, both switches S1
and S2 are switched ON. Fig. 7 shows the conduction diagram of
the converter during this mode.

Duration of mode 4 is 2D − 1; hence, current equations for this
mode will be as follows:

IL1, MOD_4 = vi
L + M

2D − 1
f S

+ IL1_(0) (13)

IL1, MOD_3 = IL2, MOD_3 (14)

3 Analytical analysis
Solar modules are rated at low DC voltage with maximum power
point voltage of around 24 VDC. With the conventional interleaved
boost converter, gain is limited. With the analysis made in [17], it
is possible to express the gain of the conventional interleaved boost
converter and the HSU converter in terms of duty cycle. Equation
(15) gives the gain of the conventional boost converter, while (16)
and (17) give gain of the HSU converter for D < 0.5 and D > 0.5,
respectively:

MBOOST = 1
(1 − D) + 1 + RL/ Ro(1 − D)2 (15)

(see (16)) 

MHSU_D < 0.5

= 1 + N
1 − D + RL/Ro (1 + N − ND)(1 + N)/2(1 − D)

(17)

where RL and Ro are the resistance of inductor and load resistance,
respectively. To find an optimised point of operation, a loss model
based on parameters mentioned in Table 1 has been developed in
MATLAB. 

Fig. 8 shows the comparison of the HSU converter with the
conventional interleaved converter in terms of voltage gain. 

It is evident that applications (solar cells, fuel cells) where a
low-voltage high-current source must be converted into a high-
voltage low-current source, the HSU converter has its advantages.
With the conventional boost converter, the maximum gain that can
be achieved at the duty ratio of 0.9 is 6.5, while with the HSU
convertor, a gain of 15.1 can be achieved with parameters defined
in Table 1. Fig. 9 shows the two different configurations of PV
applications. In Fig. 9a, a higher gain is achieved by the
application of the HSU converter; however in Fig. 9b, two
conventional interleaved boost converters are used to achieve the
higher voltage gain. 

Solar panels are usually rated at open circuit voltage of 36 V
and even lower voltage level for maximum power point [4]. With
solar panels rated at 20 VMPP, the configuration shown in Fig. 9
with two panels in series would require a gain of 10 to step-up the
voltage level to 400 VDC. With the HSU convertor, a gain of 10
can be achieved around a duty ratio of 0.8. In comparison, two
conventional interleaved boost converters would be required. Each
boost converter provides the gain of 5, and they are cascaded at the
common DC bus of the inverter. Fig. 10 shows the efficiency
comparison of the cascaded boost converter and HSU converter for
different values of voltage gain. 

Fig. 7  Mode 4 – conduction diagram
 

MHSU_D < 0.5 = 1 + N
[(1 + N) − D(1 + 2N)] + RL/Ro (1 + ND)(1 + N)/2(1 − D) (16)

Table 1 Simulation parameters
output power Po 1 kW
output voltage Vo 200 V
switching frequency fs 100 kHz
inductance external legs L1 = L2 302 μH
inductance middle leg LC 2.22 mH
Steinmetz constants (PC40) K 4.5 × 10−14

α 2.5
β 1.55

turns ratio NC/N1 2
winding resistance RL 1.10 Ω
load resistance Ro 160 Ω
 

Fig. 8  Duty ratio vs. voltage gain
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4 Experimental validation
Fig. 11 shows the practical prototype of the high step-up converter
rated at 250 W that has been developed to obtain the test results. 

To find an optimised point of operation for the high voltage
gain operation, a series of tests have been performed at the HSU
and cascade boost converters. Output voltage and load for all of the
tests is kept constant at 200 V and 160 Ω, respectively.

Detailed parameters of the tests are given in Table 2. 
As mentioned in Table 2, both HSU and cascaded boost

converters are tested at different switching frequencies and the
results are presented in Figs. 12 and 13, respectively. 

By using a cascade boost converter, a higher gain can be
achieved as compared to that with the HSU converter. The HSU
converter is most efficient at low gain and 50 kHz switching
frequency. Fig. 14 presents the voltage stress across the GaN

HEMT in the HSU converter for different gain values at different
switching frequencies. 

As the cascaded boost converter has two interleaved boost
converters in series, voltage stress across the switches of the first
and second converter is presented in Figs. 15 and 16, respectively. 

5 Conclusion
The cascaded boost converter is more efficient and can provide
higher gain values than those by the HSU converter. However, at
lower gain values, the HSU converter is efficient as the cascaded
boost converter. However, the HSU converter has a higher energy
density. So, the HSU converter is suitable for applications that have
space restrictions. In the HSU converter, the average value of
voltage stress across the GaN HEMT is almost equal to the input
voltage, while in the cascaded boost converter, the voltage stress

Fig. 9  PV connection configurations
(a) HSU converter, (b) Cascaded boost

 

Fig. 10  Theoretical gain vs. efficiency
 

Fig. 11  Practical prototype
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across the switches of the second converter is gain of the first
converter times the input voltage. Hence, for the cascaded boost
converter, different ratings of switches would be required for both
stages.

This paper with the aid of analytical and practical analysis
provided the guide to engineers to choose a step-up converter for
the application.

Table 2 Practical circuit parameters
output power Po 250 W
output voltage Vo 200 V
switching frequency fs 50 kHz

100 kHz
150 kHz
200 kHz

duty ratio D 0.3–0.7
inductance external legs L1 = L2 302 μH
inductance middle leg LC 2.22 mH
turns ratio NC/N1 2
winding resistance RL 1.10 Ω
load resistance Ro 160 Ω

 

Fig. 12  HSU experimental results
 

Fig. 13  Cascade boost experimental results
 

Fig. 14  Switch voltage stress
 

Fig. 15  Switch voltage stress (S1)
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Fig. 16  Switch voltage stress (S2)
 

4172 J. Eng., 2019, Vol. 2019 Iss. 17, pp. 4167-4172
This is an open access article published by the IET under the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/3.0/)


