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Abstract. A high gain DC/DC (HG-DC/DC) converter and a second-generation HG-DC/DC
(SGHG-DC/DC) converter are proposed in this paper. The proposed converter has a new boost
unit. The continuous-conduction mode (CCM) operation of the proposed converter is analyzed.
Theoretical analysis shows that the proposed converters have a special U-shaped gain curve,
which can achieve high gain by increasing or decreasing duty cycle. Finally, an experimental
prototype with a maximum power efficiency of 91% is built to confirm the correctness of the
theoretical derivation and analysis.
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1 Introduction

Recently, renewable energy sources such as photovoltaic (PV) panels and tidal energy have drawn the
attention of most scholars [1-4]. Photovoltaic grid-connected systems usually use single or several
photovoltaic cell modules as the input voltage, increase the voltage through a boost network, and finally
combine them into the grid through an inverter [5-6]. However, the application of renewable energy has
some challenges because of their output voltage is low. Scholars have proposed many converters to boost
the low voltage of the DC power supply, which can be divided into isolated converters and non-isolated
converters according to their structures [7-14].

The isolated converters include full bridge, forward, flyback, high-frequency transformer, push pull
and half bridge converters [15-18]. High gain can be obtained by changing the duty cycle or switching
frequency, or changing the transformer’s turn ratio. At the same time, the isolated converters have some
drawbacks, such as complex structure, large switching loss, low efficiency, large volume and heavy
weight [19-22]. On the contrary, the non-isolated converters have the advantages of small size and high
efficiency. The non-isolated converters include Boost, Buck-Boost, NHS, SL, SC, Cuk, Zeta, Luo-
converters [23-28]. These converters have the effect of increasing the output voltage. However, some
problems exist in actual operation, for example high voltage and current stress on the components,
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limited boost capacity, all of which limit the application of the converters. Therefore, which converter
should be selected in actual application is dependent on the requirement [29-33].

A high gain DC/DC (HG-DC/DC) converter and a second-generation HG-DC/DC (SGHG-DC/DC)
converter are put forward in this paper to realize high voltage gain, low voltage stress and voltage ripple.
The proposed converter has different gain curves from the traditional converter. The voltage gain curves
of the proposed converters are U-shaped. The purpose of boosting voltage can be realized by reducing or
increasing the duty cycle of the converter. The smaller the duty cycle is, the smaller the voltage stresses
on the switches are. The theoretical derivation is further verified by the experimental results on the
practical prototype.

2 HG-DC/DC Converter

The topology structure of the proposed HG-DC/DC converter is shown in Fig. 1. It is composed of
switches S; and S,, inductors L; and L,, diodes D;-Ds, capacitors C,-C;, input voltage U, and load R.
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Fig. 1. The topological structure of the proposed HG-DC/DC converter

3 Boost Unit

In this section, the boost unit is proposed and extended to improve the gain of the proposed HG-DC/DC
converter. Meanwhile, with the increase of the boost unit, the voltage gain rises obviously. The boost unit
is shown in Fig. 2, the topologies of structural elements N = 1, 2, 3 and 4 are given.

Fig. 2. Boost unit (N=1, 2, 3, 4)

4 SGHG-DC/DC Converter

To further improve voltage gain, the boost unit is added into HG-DC/DC, then the second-generation
HG-DC/DC converter (SGHG-DC/DC) is formed. Take N=2 as an example, the SGHG-DC/DC
converter topology is shown in Fig. 3(a).

It is composed of switches S;-S;, inductors L; and L,, diodes D;-Djs, capacitors C;-C,4, power supply
Ui, and load. Among them, capacitor C, and C; form a symmetrical structure. Switches S,, S; and S; are
turned on alternately; switch duty cycle is D, and 0<D<I. The SGHG-DC/DC converter has two
operating modes, they are as follows.

Fig. 3(b) and 3(c) show the CCM operation mode, respectively.
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Fig. 3. The topological structure of SGHG-DC/DC converter

4.1 CCM Mode Analysis of the SGHG-DC/DC Converter

When the duty cycle is 0.5, Fig. 4 shows the main waveform of SGHG-DC/DC converter; from top to
bottom is: drive signal of switches S;-S;, the current of L; and L,, the current flowing through D; and D;,
the voltage of C; and C,.
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Fig. 4. The main waveform of SGHG-DC/DC converter at D=0.5

The operation of the proposed SGHG-DC/DC converter in CCM is described as follows:

In mode 1: during the period of 0<t<DT (T is the switching cycle), switch S; is on; the switches S, and
S; are off; and diodes D, and D; are off. And then the input voltage U, charges L, through S;. C;, C,, Cs,
L, and Uj, charge the load through diode D,. Fig. 3(b) shows the equivalent circuit, and equation (1) can
be obtained:

U, +U, = 0 1)
_Uin _UC] + UR - UC3 + ULz _UC2 = 0
In mode 2: during DT <t < T, S; is turned off, S,, S; and D, are turned on. L, charges C; through the
diode D,. U;, and L, charge C,, C; and L, through diode D;. C,4 charges the Load. Fig. 3(c) shows the
equivalent circuit, and equation (2) can be obtained:
u,+U,=0
-U,+U, +U. =0
U, +U, +U,, =0
-U.,+U; =0

: 2)

Adopted the volt-second balance of inductor, equation (3) can be gotten:

124



Journal of Computers Vol. 32 No. 6, 2021

D
Uer=1pUn
1
Ue, =Uq :1_DUin' 3)
1+2D
Cs T T e in
D(1-D)
Therefore, the output voltage gain G of the proposed SGHG-DC/DC converter can be gotten:
G=Un_ 1+2D @)
U, D(1-D)

According to equation (4), the denominator is a function with the opening downward and that the
symmetrical axis is that D is equal to 0.5. Therefore, equation (4) is not a monotonic function. When
D=0.37, the G of the proposed SGHG-DC/DC converter is the smallest, and a higher gain can be gotten
by increasing or decreasing D.

4.2 N-Boost Unit HG-DC/DC Converter

Fig. 5 shows the topology of N-boost unit HG-DC/DC converter. It can be extended to produce a higher
voltage conversion ratio by cascading boost unit.
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Fig. 5. N-boost unit HG-DC/DC converter

Adopting similar method for SGHG-DC/DC converter, the G of the N-boost unit HG-DC/DC
converter can be obtained:

w N= odd number
2D(1-D)
=1 N+ ' ©)
AT N=even number
2D(1-D)

4.3 Voltage gain Comparison

According to equation (4), Fig. 6(a) shows the voltage gains of the SGHG-DC/DC converter; the gain
curve shows a U-shaped curve. And for comparison, the gains of the SH-SLC, SC-Boost, SL-Boost and
Boost converters discussed in reference [19] are also illustrated in Fig. 6(a). The G of the SH-SLC is
given by [19]:

1+3D
G= . 6
) (6)
The G of the Boost converter is:
1
G=——. 7
D @)
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Compared with the gain curves of other converters, it can be seen from Fig. 6(a) that the HG-DC/DC
and SGHG-DC/DC converters have higher gain when the duty cycle is same. And when the duty cycle is
small, the gains of HG-DC/DC and SGHG-DC/DC converters are higher than those of the SH-SLC, SC-
Boost, SL-Boost and Boost converters. It can be figured out from Fig. 6(a), at the point D = 0.37, that the
minimum G of the SGHG-DC/DC converter is equal to 7.46.

Fig. 6(b) shows the G changing with the duty cycle varying when N is altered from 1 to 4. Obviously,
the voltage gain of the SGHG-DC/DC converter is U-shaped curve; this type of curve has a higher
voltage gain, and it can solve the problem that the duty cycle of some converters is subject to the rang
0~0.5, meanwhile, the desired output voltage can be achieved through adopting the duty cycle from 0.5
tol.
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Fig. 6. Voltage gain of the converters

4.4 Voltage Stress of Switches

When switch S; is off, the voltage stress of this switch is:

U S1 =UC2 ZULZ :UCs’ (8)

vp
By uniting (3), (4) and (8), equation (9) can be obtained:
1 D

U . = U, = U,. 9
wpS1 1 _ D in 1 + 2D R ( )
When S,, S; are off, the voltage stresses of the switches S, and S; are gained as equation (10):
U, =U,,+U,.,
pS L c . (10)
vaSs = ULz + UCz
By uniting (3), (4) and (10), equation (11) can be obtained.
1 1
vaSz = Uin = UR
D(-D) 1+2D
| : . (11)

U, = U, = U
7 pa-D) " 1+2D *

Fig. 7(a) illustrates the switch voltage stresses of the HG-DC/DC and SGHG-DC/DC converters. It can
be figured out from Fig. 7(a) that the voltage stresses of the proposed HG-DC/DC and SGHG-DC/DC
converters are obviously lower than those of SL-Boost converter and Boost converter when the voltage
gain is same. The inflection points in the diagram are the positions where the converter gain is minimal.
And the switch voltage stress is obviously fewer than SC-Boost and SH-SLC converter at lower duty
cycle.
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Fig. 7. The voltage and current stresses of switch

4.5 Current Stress on Each Component

According to the principle of ampere-second balance, the average current flowing through the capacitor
within one cycle is 0. According to Fig. 3, the current flowing through capacitors C,, C,, C; and C, is as

follows:

DT T
L (iLlion - iinion )dt + J‘DT (iLliojf - l.iniojf )dt = O

DT T
[ e+ [ 4G,y =is g)dt=0

DT T :
[ Goron =i o)t + [ 15,y =is )t =0

[ Gy =i =T+ [ (1)t =0
in_on Li_on R DT R

(12)

In formula (12), din on, fin ofs i on and i o are the input currents and the inductor currents when switch
S; is on and off. Generally speaking, when the inductor is large enough, the inductor under different

modes meets the following requirements:

L= ", di=— [ iy . (13)
DT (1-D)T #p1
Substituting equation (13) into (12), it can be obtained:
_1+2D
: _m ’ . (14)
I, = %]R
When the switches are turned on, the current flowing through the switches can be obtained:
. 2+D
S DpA-D)* 1s)

1
i, =i, =——1
% pa-p)*
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Fig. 7(b) exhibits the switch current stresses of the proposed HG-DC/DC and SGHG-DC/DC
converters. It can be figured out from Fig. 7(b) that the switch current stresses of the proposed HG-
DC/DC and SGHG-DC/DC converters are obviously lower than those of SL-Boost converter and Boost
converter when the voltage gain is same. And the switch current stress is obviously lower than SC-Boost
converter and SH-SLC converter at lower duty cycle.

4.6 Efficiency Calculation

The switches losses include switching loss and conduction loss. The switches losses can be described as
equation (16):

3 3
Py =Py, + B :ZPSW, +er,.lzs,(rms) . (16)
P =

where P;, P,s and P;, represent the total losses of the switches, switches conduction losses, and switching
losses, respectively; Isms) 1s the effective current passing through switches when the proposed converter
switches are turned on. Switches conduction loss is expressed as equation (17):

., _ (Q+D) P,
Si1(rms) D(l _D)Z R
1 o
T E— —I"S2 .
D*(1-D) R

Brg=rs, -1 T,

a7

_ 2 _
B, =r5, -1 Sa(rms) —

PI"S} :PI"Sz

where rg,, rs,, and rg; are the internal resistances of the switches Sy, S,, S;, respectively. When rg,= rg,=
rs;= rs, switches conduction loss is expressed as equation (18):

_D'+4D*+2D+2 P,

= r. 18
& D*(1-D)* R (1%)
Switches switching loss is expressed as equation (19):
1 Q2+D)t, +1,) /U, P
P, ==U_ I, (t +t,) f = °
Swi 2 wpS1 Sl( r f) fs ZD(I_D)2 UR
P ==U . I. (t+t,) f=—t"——2 19
Sw2 2 wpS2 Sz( r f) f; 2D2 (1 _ D)Z UR ( )

P,

Sws

=P

Sw2

where ¢, is the turn-on-delay-time, t is the turn-off-delay-time. The switches switching loss is expressed
as equation (20):

(D’ 42D+ 1)1, +1,)fU, P,

P, = . 20
o 2D*(1- D)’ Uy 20)
Diodes conduction losses are expressed as equation (21):
1+3D P
P.=V I, +V, -1, +V,-1,= —=V . 21
VF F D1 F D2 F D3 D UR F ( )

Inductors conduction losses are expressed as equation (22). Where, 71, and r;, are the internal
resistances of the inductors L; and L,, respectively.
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(1+2D)* P,
By =13, o "D _Dy R'*
: (22)
: 1P
P]"Lz = rLZ ’ ILz(rms) = FEFLZ
Capacitors conduction losses are expressed as equation (23):
4
B =Y ra L - (23)
k=1

where r¢, and I, are the internal resistances and effective currents of the capacitors, respectively. And
effective currents can be obtained and expressed as equation (24):

1

Ci(rms) = ICz(rms) = ICz(rms) = mlR

I

(24)
/1 -D
IC4(rms) = TIR
When rc= rc= res= re, capacitors conduction losses are expressed as equation (25).
- 3 P 1-DP
P. = I"Ck-12 N = ° pet Y VT 25
e kZ:; Ck(rms) D(l _ D) R D R ( )
Based on equations (16)-(25), the total power losses can be expressed in equation (26):
Plosses:PSw+PI’S+PVF+PI’L+PVC‘ (26)
Therefore, the efficiency of SGHG-DC/DC can be figured out and expressed in equation (27):
P P 1
== - = . 27
Rﬂ PO + PIOSSES 1 + BOS.X’@S /PO

5 Experimental Results

An experimental prototype with power of 64W is built to verify the boost capability of the SGHG-
DC/DC converter. Fig. 8 demonstrates the experimental prototype of the SGHG-DC/DC converter,
which includes the basic SGHG-DC/DC converter circuit, switch signal device (using 555 timer to
provide switching drive signal and KD501 to lift voltage). Table 1 displays the component parameters.

_ SR

Switch driving
DC Power circuit ~

Fig. 8. The experimental prototype of SGHG-DC/DC
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Table 1. The component parameters

Components Parameters
Ui, (input voltage range) S5V~15V
Uk (output voltage range) 35V~200V
D (duty cycle) 0.2~0.8
f; (switching frequency) 50kHz

L, (inductor)
L, (inductor)

C,, C,, C;(capacitors)
S1, S, S; (MOSFET)
D, D,, D5 (Diodes)

C4 (capacitor)
R (load)

150pH, 1 =20mQ
1.25mH, r;,=0.15Q
22uF, 1c=20mQ
IRFB4229PBF, rg&=38mQ
MBR30100CT, Vi=0.7V
470uF/450V, rc=20mQ
100Q

Taking the forward voltage drop of diodes, and the parasitic resistance of inductor and capacitor into
account, the voltage gain of SGHG-DC/DC under different duty cycle conditions is shown in Table 2,
which is slightly different in theory and practice. It can also be figured out from Fig. 6(b) that the
theoretical value and measured value (the blue star in Fig. 6(b)) are different.

Table 2. Theoretical gain vs practical gain

D 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Theoretical gain 8.75 7.62 7.5 8 9.17 11.43 16.25
Practical gain 8 7.35 7.1 7.5 8.8 10.7 14

Fig. 9 displays the experimental results of the SGHG-DC/DC with regulated input. The driving signal
of every switch is illustrated in Fig. 9(a). Fig. 9(b)-(d) shows, when U;,=10.06V, D=0.5, the measured
switch voltages, capacitor voltages and output voltage, and they are Ug; = Uy = Uz =20V, Ugy = Ugz =
40V, Uc; = 10V, Ur = 80V, respectively. It can be figured out from Fig. 9(e) that when the input voltage
is 10.6V (purple line) and the resistance value is 10% of the rated resistance value (R.), the output
voltage is about 80V (green line). As shown in Fig. 9(f)-(h), when the input voltages are 9.2V, 11.2V and
10.8V, respectively, the output voltage is 80V, and the corresponding duty cycle is 0.6, 0.4 and 0.3. Fig.
10 shows the efficiency of SGHG-DC/DC under different load and input conditions. It can be seen that
increasing the value of load and input voltage will improve the efficiency of SGHG-DC/DC.
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Fig. 10. Efficiency of SGHG-DC/DC at different load and input

The small signal model of the system is established, and the corresponding transfer function is
obtained in equation (28):

iy B DR(2D +1)(CLs* +1-D) 28)
i, 14()=0  RCDLs*(6+4D —CLs*)+ Ls(3D* + 6D — CLs*) + RD*(1- D)*

Considering the voltage gain, power efficiency, easy implementation, and system stability, the closed
loop control is adopted to control the proposed converter at 0.5<D<1.

6 Conclusion

Compared with traditional converters, the proposed converter has the advantages of high gain and low
stress. This paper concentrates on the detailed theoretical analysis and experimental verification for
SGHG-DC/DC. It can conclude that the proposed converter overcomes the drawbacks such as low gain
and high stress in traditional converters. High gain can be obtained by increasing or decreasing duty
cycle, which is one of the advantages of the proposed converter.
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