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Abstract: A non-isolated high-voltage gain dual-input DC/DC converter with a zero voltage turn-off (ZVT) auxiliary circuit has
been presented. Two photovoltaic (PV) modules can be connected to the proposed converter with separate maximum power
point tracking (MPPT). The cost of whole PV power generation system can be decreased significantly as a single converter is
employed instead of two converters. All switches can achieve ZVT by an auxiliary circuit, and turn-off switching losses can be
decreased and the efficiency of the converter can be improved. Working principle and performance characteristics of the
proposed converter are analysed in detail, a dual-input maximum power point tracking control algorithm has been designed for
the proposed converter. An 800 W experimental prototype has been built to verify the theoretical analysis.

1 Introduction

Each photovoltaic (PV) module needs a traditional single-input
high step-up DC/DC converter to boost its lower output voltage to
a higher voltage for the inverter or DC bus as shown in Fig. 1 [1-
3]. If many PV panels can be connected to one multi-input
converter together, as shown in Fig. 2, not only the system
structure can be simplified but also the system cost can be reduced
[4-6]. Thus, in recent years, numerous multi-input DC/DC
converters have been proposed and well received [7-21].

Isolated converters can use a multi-winding transformer to
construct a variety of multi-input DC/DC converters, the voltage
gain can also be further improved by changing the turn ratio of the
transformer [7-10]. However, the design of multi-winding
transformer with a larger turn ratio is difficult and the input current
ripple of such converters is large which makes it not suitable for
PV power generation [11].

Some non-isolated multiple input DC/DC converters have been
realised by inserting a switch between the power source and the
input terminal of the traditional DC/DC converter [12—15]. The
topology of these multi-input converters is simple and is of low
cost. However, only one power source can supply power to the
load at one time. Some double- or multiple-input DC/DC
converters have been constructed by connecting a number of
conventional converters in series, and all power sources can supply
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Fig. 2 PV power generation system structure with the multiple-input
converter

power simultaneously [11, 16]. Nevertheless, there are too many
semiconductor devices on the current conduction path and that
leads to large conduction losses. Moreover, the structure of this
kind of converter is complex and the cost is also high. A dual-input
high step-up DC/DC converter based on coupled inductors has
been proposed in [17]; it can transfer the input power from one port
to another input port, which makes it suitable for the power
generation system with energy storage units. Bridge-type dual-
input DC/DC converter topologies are introduced in [18], and both
power sources in these converters have the capability in delivering
power to the load simultaneously. However, these converters are
not suitable for the PV power generation system due to the limited
voltage conversion ratio. Three kinds of high step-up dual-input
DC/DC converters have been proposed based on different types of
voltage multiplier (VM) circuits in [19-21]. These converters have
some advantages such as lower voltage stress on semiconductor
components; all power supplies can provide energy at the same
time and lower input current ripple, which make them suitable for
the PV power generation system. However, the conversion
efficiency of these converters is relatively low due to hard
switching.

With the proposed zero voltage turn-off (ZVT) circuit and dual-
input maximum power point tracking (DMPPT) algorithm for the
non-isolated high-voltage gain dual-input ZVT DC/DC converter
presented in [22], the power conversion efficiency of the converter
is significantly improved. The performance analysis of the
proposed converter is discussed in Section 2, experimental results
of ZVT are presented in Section 3, and the DMPPT algorithm is
discussed and tested in Section 4. The results show that two PV
panels can work on MPP simultaneously with the proposed
converter and that energy harvested can be delivered to the load
efficiently.

2 Performance analysis
2.1 Operation principles

Fig. 3 illustrates the topology of the proposed converter. Vj,; and
Vino denote the two input voltage sources, Cy1, Can, Da1, Dans Da3,
and D, constitute the ZVT auxiliary circuit for the switches S; and
S,. C;, Cy, Dy and D, constitute the first VM, C,;, C,» and D,;q,
D, constitute the nth VM. The number of VMs can be adjusted
according to the needs of application.
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Fig. 4 Topology of the proposed dual-input DC/DC converter with 1 VM
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Fig. 5 Key waveforms of the proposed converter during one switch period

To facilitate the analysis, the operation principle of the
proposed converter has been analysed with 1 VM, as shown in
Fig. 4. Also, some assumptions have been made as follows:

i. The inductances of L; and L, are equal and working on the
continuous conduction mode.

ii. All devices are ideal and the effects of parasitic parameters are
ignored.

iii. The capacitances of C;, C,, and C, are assumed to be large
enough; then the voltage ripple of them can be ignored. Also,
the voltage of the capacitor C; is higher than the voltage of the

capacitor Cj.

iv. The control the signal of the switch S, S, are interleaved with
180°, and Dg; and Dg;, denote the duty ratio of the switches,
respectively, and both of them are >0.5.
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Fig. 6 Equivalent circuits of the proposed converter
(a) Mode 1, 4 [t]—t2, t4—t5], (b) Mode 2 [1p—t3], (c) Mode 3 [t3—t4], (d) Mode 5 [t5—
6], (&) Mode 6 [tg-t7], () Mode 7 [¢7]

According to the working state of the switches, the operation
mode of the converter can be separated into seven distinct modes
during one switching period 75 as shown in Fig. 5, and its
corresponding equivalent circuits are shown in Fig. 6.

Modes 1 and 4 [#;—t5, t4—t5]: Switches S; and S, are turned on.
During this stage, the two input voltage sources charge the



inductors L; and L,, respectively. Both inductor currents are
increasing linearly, and the load is supplied by the capacitor C,; all
diodes are turned off.

Mode 2 [#y—t3]: Switch S, is turned off at #,. During this stage,
Dy, Dy, Dy, Dy, D1, Dyy are all turned off; D,y and D,3 are both
turned on. Capacitor C,; is charged from V-V to Vi through
Vings Lo, Co, Dy3, Cyq, and S;, while capacitor C,, is discharged
from V¢ to O through Vg, Ly, Cy, Dy, and C,. The voltage across
S, is increased from 0 to V¢, and the rate of change of voltage
across S, is the same as those across C,; and C,y, which can be
adjusted and limited by the capacitances C,; and C,,. This state
ends at 73.

Mode 3 [f3-t4]: During this stage, S; is turned on and S, is
turned off, Dy, Doy, Da1, Do, Da3, and D,y are all turned off; both
Dj Dy, are turned on. Part of the current of the inductor L, flows
through L), C,, Dy, the load, and Vj,,. The other part flows
through L), D,, Cy, Sy, and V. In this interval, C; and C, are
charged, while Cj is discharged.

Mode 5 [#5—tg]: Switch S; is turned off at #5. During this stage,
Dy, Dy, Doy, Dy, Dyp, D,y are all turned off; both D,; and D,y are
turned on. Capacitor C,; is discharged from Vi, to 0 through Vi,
Ly, Cy, Dy, and C,, while capacitor Cy; is charged from 0 to V¢
through Vini, Ly, Day, Co, and S,. Similar to mode 2, the rate of
change of voltage across S; can also be adjusted and limited by the
capacitances C,; and Cyp. This state ends at #4.

Mode 6 [tg—t7]: Switch Sy is turned off and S, is turned on.
Diodes Dj, Dy, Da1, Dap, Da3, and Dyy are all turned off; both Dy
and D, are turned on. In this stage, part of the current of the
inductor L; flows through L, Cy, Dy, the load, and V;,;. The other
part flows through L, Dy, Cy, Sy, and Vj,;. In this interval, C, and
C, are charged, while Cj is discharged.

Mode 7 [t7]: Vy is determined by Vi, and Dgp, while Vi is
determined by Vj,; and Dg; as shown in (3). As stated in the
assumptions earlier that if V> V¢, when S; is turned on, C, will
discharge to the capacitor C,; through D,3, C;, S, and S,. C,; will
increase from 0 to V»—Vy. Since the capacitance of C, is very
small compared to C; and C,, both the duration and influence of
this mode can be ignored.

2.2 Voltage gain expression

By analysing the steady-state condition of the proposed converter,
the volt-second balance can be applied to the inductors L; and L,
(modes 2, 5, and 7 are ignored due to their short occurrence time in
one switching cycle). Equations (1) and (2) can be obtained from
modes 1, 3, 4, and 6 (as shown in Figs. 6(a), (c) and (¢)):

(VCZ - Vim)(l - DS]) = VinDs, (1)
(Veo = Ver = Vin)(1 = Dsy) = Vi Ds,
(VC1 - Vinz)(l - DSz) = VinDs, (2)
(Veo = Ver = Vin)(1 = Dsy) = VinDs,
Then, it can be concluded from (1) and (2) that
_ Vin
VCl =1z Ds,
Vinl
Ve, = —— 3
C2 1— DSI ( )
_ _ Vim Vina
VO_VCO_l_DS] 1_D52

The same can be obtained with n VMs; the output voltage can be
expressed as

V_n+1{ Vina Vini
°T 2 \I—DSZ 1 = Ds,

), where n=1,3,5,7... 4)

2.3 Voltage stress of semiconductor devices

To simplify the analysis process, the voltage ripples of the
capacitors are ignored. The voltage stress across switches S and S,
can be expressed as follows:

_ Vini
Vsi 1 - Ds, (5)
Ve, = Vin
S2 1-Ds,

The voltage stresses of the output diodes D,; and D, are Vp,; and
Vpoas respectively, and the voltage stresses of the diodes Dy and D,
in the VM are Vp,; and Vp,p, respectively,

_ Vini

VDol - 1= DS]
_ Vina

Voo = 1" (6)
_ _ Vin Vini

Vo= Ve = T pg * T

The diode voltage stresses in the ZVT auxiliary circuit are

V,
Vpa = Vpa = 1_;%&
7
Vinz ( )
Va3 = Vpas = 1=Ds,
2

The analysis of the converter with n VMs is carried out in this
paper, and the voltage stress of the switch and the diode can be
obtained as follows:

_ Vini
Vs = —1 —Ds, (8)
Ve, = Viny
S2 —1 — DSz
_ Vini
VDol - 1= DSl
_ Vina
Vpor = 1= Ds (9)
Vi Vi
Vpr=Vp,=++=Vpn =Vpn= 1 _lrln)sz 1 —“lll)sl

2.4 Relationship of the two input currents and the current
stress of semiconductor devices

The average values of the inductor currents ij ; and i} , are denoted
as I and Iy, respectively. The average current of Dy, Dy, Dy,
D02’ Sl, and Sz, are denoted as IDI’ IDZ: IDOI: IDOZ’ ISI’ and Isz,
respectively. Ampere-second balance can be applied to the
capacitors C; and C, as

I1,(1 = Dsy)Ts = I,(1 — Ds))Ts (10)

The current relationship of the two input currents is as follows:
I1,(1 = Dsy) = I1.(1 — Dsy) mn
Equation (11) shows that by controlling the duty cycle of the

switches S; and S,, the two input currents can be controlled to

achieve the MPPT. The same conclusion can be obtained when the
converter consists of n VMs.



Table 1 Comparison with other structures

Topology Proposed converter Converter in [19] Converter in [20] Converter in [21]
number of switches 2 2 2 2
number of diodes 2+2n+4(2ZVT) 4 1+2n 1+n
voltage stress on switches Uin Uin Uin Uin
1-D 1-D 1-D 1-D
voltage stress on diodes Uiy 2uy, 2u;, 2u;,
1-D 1-D 1-D 1-D
voltage conversion ratio l+n 4 1+42n 1+n
1-D 1-D 1-D 1-D
ZNT yes no no no
adjust voltage conversion ratio yes no yes yes

Table 2 Parameters of experimental prototype

Component Model/value
S1, So IKW75N65ELS
D1, D2, D1, Do2, Da1, Da2, Da3, Dag IDT12S60C
Cq, Co 10 uF

Co 20 uF
Ca1, Ca2 20 nF

Ly, L2 320 uH
switch frequency 50 kHz
input voltage (Vin1/Vin2) 45V/40V

duty cycle (Ds1/Ds2) 80%/77.1%
load resistor (R) 200 Q
output voltage 400V
output power 800 W

The average value of the output current is /,; (12) can be

obtained according to the ampere-second balance of the capacitor
Co:

1, = Ipo: + Ipo: (12)

When the capacitance of C; is equal to C,, the average current of

diodes can be expressed as (13). The similar conclusion can be
obtained as (14) when the converter consists of # VMs:

1,
Ip, = Ip> = Ipoy = Ipox = 70 (13)

~

Ipy = Ip; = -+ = Ipn = Ipm = Ipoi = Ipo> = 70 (14)

The average current of the switches S and S, are denoted as [
and /g, respectively,

I, - (1 = Ds))
2

]Ll ) (1 — DSI)
2

Is, =1Ip, - Ds; +

(15)
Is; =1, - Ds, +

2.5 Design of the capacitors in the ZVT auxiliary circuit

Two factors need to be considered when optimising the design of
the capacitor value. First, the values of C,; and Cj,, should be as
small as possible to minimise their impact on the performance of
the converter. Second, the values of C,; and C,; also should be
large enough to achieve ZVT of the switches. In order to achieve
the above goals, the following two design criteria are used in this
paper.

1. In order to limit the change of converter performance due to
the ZVT circuit, the time of modes 2 and 5 should be <5% of
the whole switching period (the time of modes 2 and 5

correspond to the rise time of the terminal voltage of S; and S,,
respectively, defined as Atyise.time)-

Alrise—time <0.05- TS (16)
2. In order to ensure the effect of ZVT, the voltage rise time
Atyise-time Of the switches should be large enough than the turn-
off time of the IGBT (the turn-off time #,¢ can be obtained
from the datasheet). Also, Atise.time 1S designed to >3 times of

the #,¢ in this paper:

Al‘rise—lime b 3toff (17)

From mode 5, when S is turned off, C,; is discharged from Vi
to 0, while Cy is charged from 0 to V¢, (24) can be obtained.
Similarly, (25) can be obtained from mode 2:

Ca - Vor+ Coo - Vo = Iy - Abiise —timer (18)
Cal Ve + Ca2 Veor=1I,- Al‘rise—timez (19)

To simplify the design process, the values of C,; and Cj; can be set
equal as C,, and then (26) can be obtained. Atyse timel> Alrise-time2
means the time of modes 5 and 2, respectively,

Co-Ver + V)
Atiise timer = %
1

20
26, Ver 0
Atrise—timez = ]—
L2
Apparently, substituting (20) into (16) and (17), the capacitors of
C,1 and C,, could be designed.

2.6 Comparison with other structures

Numerous VM circuits have been developed and combined with
the conventional boost converter to achieve many dual-input high
step-up DC/DC converter topologies as given in [19-21].
Performance comparison among these converters and the proposed
converter is given in Table 1. If the voltage conversion ratio is set
to be equal, the number of switches of the proposed converter is
same as that of the other converters presented in Table 1, and the
number of diodes of the proposed converter is larger than that of
others. However, not only the voltage stress on diodes of the
proposed converter is lower than other structures, but also ZVT has
been achieved.

3 Experimental verification

In order to validate the above theoretical analysis, an 800 W
experimental prototype has been designed; the parameters of the
prototype are shown in Table 2.

Fig. 7a shows the waveforms of i, iL2, Vg1, and Vesp. The
output voltage V, is equal to 400 V from the measured results in
Fig. 7b which is consistent with the theoretical calculation. Fig. 7¢
contains the waveforms of V¢, Vo, Vieal, and Vign; the measured
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Fig. 7 Experimental waveforms
(a) Inductor currents and duty cycles, (b) Input voltages and output voltage, (¢) V1, V2, VCal, and Va2, (d) S| current and voltage without the ZVT auxiliary circuit, () S1
current and voltage with the ZVT auxiliary circuit, (f) Sy current and voltage without the ZVT auxiliary circuit, (g) Sp current and voltage with the ZVT auxiliary circuit
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Fig. 10 Proposed DMPPT control algorithm

results are all consistent with the theoretical analysis. Figs. 7d and f

show the voltage and current waveforms of S; and S, when they
were turned off without the proposed ZVT auxiliary circuit, and
Figs. 7e and g show their waveforms when S; and S, were turned
off with the proposed ZVT auxiliary circuit. Obviously, with the
help of the auxiliary circuit, both switches S; and S, have achieved
ZVT. Therefore, the efficiency of the converter has been
significantly improved. Moreover, the oscillations of the voltage
waveforms during the switch turn-off process have been effectively
mitigated, which will help to reduce the EMI effects of the
converter.

Fig. 8 shows the efficiency graph of the proposed converter
with and without the proposed ZVT auxiliary circuit at different
output power levels. As the output power increases, both efficiency
curves reach their respective maximum values around the output

6

Table 3 Parameters of PV panel

Parameter Value
maximum output power 200 W
open circuit voltage (Voc) 456V
short current (/g¢) 58A
the maximum power point voltage (Vi) 36.9V
the maximum power point current (/i) 542 A

power of 800 W, which are recorded as 96 and 93% with and
without ZVT, respectively. Within the variation range of the output
power, the efficiency of the converter is increased as a result of the
proposed ZVT auxiliary circuit.

4 Dual-input maximum power point tracking
4.1 DMPPT implementation scheme

DMPPT control strategy of the proposed converter has been
designed based on the incremental conductance method. Fig. 9
shows the proposed DMPPT control block diagram. First, the input
voltage and current are sampled. Then the input power of two PV
panels is determined by multiplying the voltage and current
measurements. Finally, depending on the value of the incremental
conductance, the required duty ratio is obtained based on the
following conditions.

Based on the incremental conductance method [23], (21) can be
obtained:

Al 1 .
AV TV working on the MPP
Al 1 .
INERTA working on the left of MPP 21
Al 1 . .
N working on the right of MPP

Obviously, from (21), when AI/AV is equal to —I/V, the PV panel
works at the MPP. If AI/AV is larger than —//V, the PV panel works
on the left of the MPP, and then the duty cycle of the switch needs
to be increased. If AI/AV is smaller than —//V, the PV panel works
on the right of the MPP, and then the duty cycle of the switch needs
to be reduced. The DMPPT algorithm for the proposed converter
based on the incremental conductance method has been designed as
shown in Fig. 10.

4.2 DMPPT experimental results

The PV panels used in the experiment were Lvchen-M200; Table 3
shows its rated parameters.

It is important to detect the maximum power of the PV panel
under the environmental radiation and temperature conditions,
which can provide a reference to verity whether the MPP is
achieved by the proposed DMPPT control strategy. By changing
the load resistance value, the output power of the PV panel can be
obtained by multiplying the output voltage and current of the PV
panel. The experimental results are shown in Fig. 11.

Under the environmental conditions during the test, the
maximum power of the PV panel is recorded ~77 W from the
measured results in Fig. 11. DMPPT experiment results of the PV
panels land 2 are illustrated in Fig. 12. Before changing the
radiation intensity, both PV panels 1 and 2 work at the MPP. At t=
6 s, the radiation intensity of the PV panel 1 is reduced by using a
coloured glass, as can be observed from the results that the output
power drops rapidly. At z=10s, the coloured glass has been
moved, and then the PV panel 1 returns to the MPP immediately.
The PV panel 2 shows similar results. Apparently, the above results
show that the proposed DMPPT control strategy is effective and
the whole system can track the MPP quickly when the radiation
intensity changes.
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5 Conclusion

A ZVT non-isolated high-voltage gain dual-input DC/DC converter
with the corresponding DMPPT control algorithm has been
proposed in this paper for PV power generation. Theoretical
analysis and experimental results show that the efficiency of the
converter can be improved by the proposed ZVT auxiliary circuit;
at the same time, two PV panels can be connected to the proposed
converter together, and both of them can track MPP
simultaneously. Apparently, not only the cost of the PV power
generation system can be reduced, but also the conversion
efficiency of the converter can be improved by the proposed
circuit.
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8 Appendix

The operation principle and the voltage conversion gain of the
proposed converter working in DCM have been analysed as
follows.

8.1 Operation principle

Compared to CCM, there are two additional operation modes in
DCM as shown in Fig. 13. The operation mode of the converter
can be separated into nine distinct modes during one switching
period Tg as shown in Fig. 14. The two additional operation modes
are analysed as follows.

Mode 4 [t4—t5]: S; is turned on and S, is turned off, and at #4,
the inductor current of L, is decreased to zero. During this stage,
the input voltage sources Vj,; charge the inductors L;, the inductor
current of L; increases linearly, the load is supplied by the
capacitor C,, and all diodes are working in oft-state.

Mode 8 [fg—t9]: S, is turned on and S; is turned off, and at g,
the inductor current of L is decreased to zero. During this stage,
the input voltage sources Vj,, charge the inductors L,, the inductor
current of L, increases linearly, the load is supplied by the
capacitor C,, and all diodes are working in off-state.



8.2 Voltage conversion gain

By using the volt-second balance to L; and L, (modes 2, 6, and 9
are ignored due to their short occurrence time in one switching
cycle). The following equations can be deduced:

(VC2 - Vinl) - Dy = VinDs, (22)
(Veo = Ver = Vin) - Dan = ViniDs,
(VC1 - Vinz) - Dty = Vi Ds, (23)
(Veo = Ver = Vin) - Darn = VineDs,
D, =t —t <1-—Ds, (24)
Di=t—-1t<1-Ds,
Following (22)—(24), (25) can be obtained as
D
VC] = m2 (1 + DASIZZ)
D.
Ver=Vin- 14 52| (25)
D D
Veo =Veo = Vin - (1 + D_As;) + Vino - (1 + DAS;)

The duty cycles Dg; and Dgp are the control signals of the
converter and can be considered known. However, D, and Dy
are unknown, and hence the other two equations are needed to
eliminate D, and Dy, to get the voltage conversion ratio.

The peak-to-peak current ripple and average current of the
inductors L; and L, can be calculated by (26). Based on the
capacitor charge balance of C; and C,, (27) can be obtained.
According to the balance of input and output power of the
converter, (28) can be deduced:

Aiy, = Vini 'fSI - T
1
Ale sz ZSz T
. (26)
I = Aigy - (Dv + Dsy) _ Vini - Dsi - T - (Dyi + Dsy)
L= 2 - 2L,
Air, - (Dyy + Dsy) — Vina - Do - T + (Do + Ds»)
I, = 3 = 20,
Aip, - Dy = Aip, - Dy, 27
Ve
le ILI + Vlnz 1L2 (28)

R

Substituting (27) and (28) into (26), (29) and (30) can be deduced,
respectively,

Vini * Dsi - Dyn _ Viny - Dsy - Dy
T = T (29)
Vini * Dsi - Ts - (Dyiy + Ds))  Viny - Dsy - Ty - (Dyg + Ds)
2L + 21, 30
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Fig. 13 Two additional modes when the converter is operating in DCM
(a) Mode 4 [14-t5], (b) Mode 8 [18—19]
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Fig. 14 Key waveforms of the proposed converter working in DCM during
one switch period

Apparently, by using (25), (29), and (30), the output voltage of the
proposed converter in DCM can be obtained as follows: (see (31))

Vo=

Vin + Vin) +{(Vins + Vi) + Q(Vin D3, TsRL, + VinsD3,TsRL)/L,Ly)
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