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Abstract: A three-level multi-input DC/DC converter is proposed to solve the problems of
complex interface circuit structure and high economic cost for multi-source access to the
joint power supply distribution system. In this structure, multiple dc sources are integrated
into a three-level DC/DC converter. In comparison with the two-stage counterpart, two
active switches and boost diodes are eliminated, while two blocking diodes are added to
block the reverse current from the dc-link capacitors. In addition, when the input inductors
work in the discontinuous conduction mode, power sharing among different input sources
can be achieved by properly selecting the inductance value. The working principle of
the converter is analyzed by introducing nine working modes in detail and deriving the
steady-state relationship expressions. The parameter range of the element is determined
and the design process of a group of dynamic parameter values is shown. Finally, the
power electronics real-time simulation platform is built based on StarSim HIL and the
corresponding experimental waveforms are given to verify the topology and analysis.
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1. Introduction

Recently, with the continuous development and application of renewable energy in distribution
systems, the research of new energy technology is becoming a hotspot [1,2]. However, most new
energy sources are greatly limited by climate conditions, with intermittent and fluctuating power
generation, unstable and discontinuous power supply, and other problems. Therefore, in order to
solve the above problems, many scholars have proposed multi-source access to the joint power
supply distribution system [3,4]. Among them, the traditional multi-source access distribution
system is that multiple input sources are connected to the dc bus through their respective single
input DC/DC converters. It has the disadvantage of having a large number of converters in the
system, which causes a high cost [5, 6]. In order to simplify the circuit structure and improve
the device utilization, a multi-input DC converter (MIC) is used to replace the original multiple
single-input DC converters to realize multi-source complementarity, which is of great significance
to promoting the grid connection of new energy [7].

The MIC topologies are divided into non-isolated and isolated. The traditional non-isolated
MIC can realize simultaneous or time-sharing power supply, which has a simple structure but
can’t achieve a high gain [8,9]. A non-isolated high gain MIC topology is proposed in [10], which
can achieve high gains and continuous input source current and adopt input sources with different
voltage and current characteristics, but its input sources are not easy to expand. There is no isolation
between input sources, lack of security protection, and circulation problem exists. An isolated
MIC has advantages in isolation protection and avoiding leakage and circulating current, with high
circuit safety, flexible distribution of input sources, and high-power density [11, 12]. An isolated
multiport DC/DC converter based on a high-frequency transformer is proposed in [13]. The
converter can be extended to n inputs, and its power can flow in both directions. However,
by increasing the input source, the number of transformer windings and the complexity of
their control also increase. An isolated MIC topology is proposed in [14], which has a small
number of structural components, but the voltage stress of switches is large, and the system loss
increases.

The switches of the two-level converter have high voltage stress and high requirements for
device withstand voltage, which is not conducive to improving the system power density and
reducing system cost [15-17]. Compared with the two-level converter, the voltage withstand
value of the three-level converter is half of the output voltage. The switching loss is reduced, the
overall efficiency is improved, and it is easy to modularize, parallelize, and expand. It is suitable
for power generation systems with various voltage levels and powers [18, 19]. A double input
half-bridge three-level converter is proposed in [20]. Compared with the double input full-bridge
converter, the half-bridge three-level unit reduces the voltage utilization of the high-voltage input
source and makes the duty cycle of the two units evenly distributed. It is suitable for situations
where the voltage amplitude of the two input sources are greatly different. The three-level unit
can also reduce the withstand voltage value of the switches, and the two freewheeling diodes
also reduce the voltage stress of the switches. However, the topology has a large number of
components, a high economic cost, and complex expansion.

In order to solve the above problems, a three-level multi-input DC/DC converter based on
multi-source access is proposed in this paper. The specific arrangement is as follows: section 2
analyzes the topological structure and its working principle; section 3 deduces the expression of
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the input-output relationship; section 4 determines the range of relevant parameters according
to the phase-shifting control principle of the converter; section 5 verifies the correctness of the
above theoretical analysis through simulation and experiment; finally, section 6 summarizes the
article.

2. Working principle

The topology of the three-level multi-input DC/DC converter proposed in this paper is shown
in Fig. 1. Vi; and V,; are the two input sources, respectively, S|, S», S3, and S4 are the power
switches, D3, D4, D5, and D¢ are the rectifier diodes, L is the filter inductance, C is the filter
capacitor, R is the load, and the turn ratio of the transformer is 1:N. The boost inductor and
four switches form two boost circuit structures, respectively. The secondary side rectifier can be
a half-bridge or full-bridge structure for low-voltage or high-voltage output. This paper is based
on the analysis of the input inductance in the discontinuous conduction mode (DCM) with two
input sources. In order to simplify the analysis, the working principle of the converter is discussed
based on the following assumptions:

1. The power switching devices are ideal and inductors, capacitors are ideal devices with

negligible parasitic effects.

2. The transformer has no leakage inductance, and its power loss is not considered.
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Fig. 1. Three-level multi-input DC/DC converter

The main working waveform of the converter is shown in Fig. 2. The switches S,—S3 and
S1—S4 have 180°phase shifts with respect to each other. The duty cycle D; of intermediate
switches S, and S3 is greater than 0.5, which provides a freewheeling path for the current on the
primary side of the transformer. When the converter works in DCM, its specific control scheme
is when S, and S3 are connected, respectively, the boost inductors are charged by different input
sources and when S; or Sj is closed, the energy in the inductance is transferred to the load. The
excess or insufficient energy is absorbed or compensated by the capacitance. At the same time,
the switching between S| and S, applies Vy./2, —Vq4c/2, and zero voltage to the primary side of
the transformer, respectively. The specific switching scheme is that S; is turned on immediately
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after S3 is turned off, and Sy is turned on immediately when S5 is turned off. At the moment when
S; is on and Sj is off, or the moment when S, and S4 exchange switch status, the dead time shall
be set to avoid a short circuit of capacitance due to the simultaneous conduction of the upper or
lower three switches.
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Fig. 2. The main working waveform of the converter

It can be divided into nine working modes in a switching cycle. The circuit structure of each
working mode is shown in Fig. 3. The specific circuit working diagrams of different switching
modes will be analyzed below.

Mode 1 [ < 1]

As shown in Fig. 3(a), S; is on, and S3 is off. The current of L; increases linearly under the
action of V1, and the excess energy is charged to C; through the body diode of S;. Thus, S; can
be turned on under zero voltage with proper time delay, the energy of L, is released to the load
through the primary winding of the transformer, L, charges C; at the same time, and —Vj./2 is
applied to the primary side of the transformer.

Mode 2 [ty <t < 11]

As shown in Fig. 3(b), when ¢ = 1y, the current of the L, is equal to the current on the primary
side of the transformer. At this moment, the energy in C; is discharged through the primary side
load of the transformer, and the current of C, is equal to the current of L,.
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Mode 3 [t <t < 7]

As shown in Fig. 3(c), when ¢t = #1, L continues to store energy under the action of Vi, Sy
and S, are turned on, the currents of L, and C, reach zero, and the load current is only provided
by C 1-

Mode 4 [t; <t < t3]

As shown in Fig. 3(d), S; is turned off, S, is continuously on, D7 is on, zero voltage is applied
to the primary side of the transformer, the output voltage is —Vp, and i ¢ decreases linearly.

Mode 5 [t3 <t < 14]

As shown in Fig. 3(e), when ¢ = t3, S, and S3 are on, L, stores energy under the action of
V,. The primary side current flows to the load through D7, the primary side voltage continues to
be zero, and the output inductance current continues to decrease under the action of the output
voltage.

Mode 6 [t4 < t < 15]

As shown in Fig. 3(f), when ¢ = t4, Sy is turned off, S4 is turned on, and the energy stored in
L is released into load and C;. C, discharges to the load, and the primary side of the transformer
is applied to V4. /2. L, continues to store energy under the action of V;.

Mode 7 [t5 < t < t¢]

As shown in Fig. 3(g), when ¢ = t5, the energy stored in L is completely transferred out, its
current reaches zero at DCM, and the load current is only provided by C.

Mode 8 [t < t < 17]

As shown in Fig. 3(h), S4 is turned off, the primary side current flows to the load through Dyg,
zero voltage is applied to the primary side of the transformer and the current in L, continues to
increase.

Mode 9 [t7 < t < 18]

As shown in Fig. 3(i), when ¢t = t7, S, is on, while S3 remains on, the primary side current
continues to circulate in Dg, and the currents of L; and L, increase linearly under the applied
input voltage.

Cz

(@) Mode 1 [ < 1]
Fig. 3
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(b) Mode 2 [ty < t < 1]
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Fig. 3. Switching mode circuit diagram
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3. Steady-state characteristic

3.1. Voltage expressions

The performance of the converter will be analyzed in detail below, which mainly includes
the steady-state performance of each storage element (such as Ly, L, C1, and C;). The currents
flowing through the boost inductors L and L are i | and i1, respectively. In addition, the voltages
passing through the capacitors C; and C, are V| and V,, respectively. In order to ensure that
overshoot will not occur due to switching, it is necessary to consider switching between S;, S3 and
S1, S4 to provide a proper freewheeling path and reversal of polarity. The relationship between
D1 and D (the duty cycle of Sy and S,) is as follows:

Dy=1-D,-Dg, (D

where Dy is the duty cycle of dead time.
For the transformer with a turn ratio of 1 : N, the following formula can be obtained:

Ve =Vo/N, (2)
Iy =NIy, 3)

where Vi, is the primary side voltage and I;; is the primary side current.

When the converter is in steady-state operation, in one cycle 7, according to the volt second
balance principle of L; and L,, the change value of the inductor current is zero. Applying volt
second balance across L, the following formula can be obtained:

ViDi+ (1 =D1) (Vi = Ve =Vc1) =0, 4
Ve = a-Dy Ver. @)

Similarly, applying volt second balance across L,, the following formula can be obtained:

VoD +(1-D1) (Vo = Viy = Vie2) =0, (6)
— V2
Ve = 1Dy Ver . )

According to (5), it can be seen clearly when V| is powering the load, C; is discharging and
C is getting charged by i1 ;. In addition, (6) clearly shows when V, is powering the load, C; is
discharging and Cj is getting charged by ir.

The relevant expressions of Vg and D can be obtained:

NV +VWV,)

- (Vo1 + ch)) = ¥

N{Vi+V,
T 4(1-Dy)’

Vo=NXVyp=—|—7"=
0 X Vir ) (]—Dl)

i Vi _(i_ Vs
Dl_(l (Vtr+VC1)) (1 ((er+Vc1)))' ©
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3.2. Current expressions

When the converter is in steady-state operation, in one cycle 7', according to the ampere
second balance principle of Cj, the change value of capacitor voltage is zero, and the following
formula can be obtained:

=Dy (Ie — I1) + (1 = D) (I12) =0, (10)
Iip(Dy+D
ItrzLZ(;zB)HU. (11)
Similarly, following the ampere second balance principle of C,, the relevant expressions are
as follows:
=D, (I — I2) + (D2 + Dg) (IL1) =0, (12)
I (Dy+D
= (D2+Dy) (13)
D>
Finally, the relevant expressions of Iy and D, can be obtained:
I 1 (L + 1 D,+D
gz_((u 12) (D2 B)+1L1+IL2), (14)
n 2n D,
Dp x I Dp x I
D2=( B X /11 ):( B X /12 (15)
(I — Iy + I12) (Iy — Iy + I12)

From (11) and (13), it can be seen that the control of two input currents can be realized by

controlling the duty cycle of the switch so as to realize the maximum power tracking control. (5),
(7), (11), and (13) clearly show that the input power in DCM and continuous conduction mode
(CCM) is equal. According to the above analysis, the relationship between the output voltage and

output current can be synthesized by the average value as shown in (8) and (14).

3.3. Comparative analysis

Table 1 shows the comparison of some characteristics between the proposed converter and
the converters mentioned in references [14] and [20].

Table 1. Comparison between the proposed converter and some other converters

Variable name Convel;:lel['llzlioposed Convel;:lel['zlz)lioposed Coni;fle:ltl?: I[));gg:sed
sw1tch1]r(1§t2\:;;hstand Vie Vie/2 Vae/2
switches 4 8 4
diodes 6 8 8
inductors 4 1 3
capacitors 6 7 3
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Table 1 shows some characteristics comparison between the proposed converter (represented
by A in the following text) and the converters (represented by B and C, respectively in the
following text) in references [14] and [20]. Although A has two more diodes compared with B,
the withstand voltage value of A’s switches is obviously lower than B’s. As A has input inductance,
the ripple value of input current will also be significantly lower than C. In addition, although
the voltage withstand value of the switches of C is equal to that of A, the number of switches,
diodes, inductors and capacitors is more than that of A, which increases the cost of the converter.
Therefore, the converter proposed in this paper has more advantages in economic cost.

4. Parameters design

Proper component parameters are the precondition to ensure the normal operation of the
converter. The condition of D; > 0.5 can be obtained from section 2 and the remained 0.5 is
shared between D, and D which leaves a margin for the duty cycle D. Then the value of each
duty cycle can be determined according to the following formula:

DB =0.5- D2,max s (16)

where D3 max 1s the maximum value of D,.
1) Determination of L, D,, and Dg
The load side of the converter can operate in CCM or DCM. That is, the output inductance

current can be continuous or discontinuous, or the converter can transit to DCM under light load

conditions to reduce the size of the output inductance. The output inductance can be determined
by the following formula:

V3(0.5 = Dinin
2Py fs ’

where Py is the minimum output power of the converter in CCM, and D, is the minimum duty
cycle.
When the output inductance works in CCM, the following formula can be obtained:

0= 17)

NV,
D2,max = 0 5 (18)

dc,min

where N is the turn ratio of the transformer and V¢ mi, is the minimum value of DC-link voltage.
The equivalent duty cycle in DCM can be written as:

Dy = 19)

2 9
|%
RT, |[=% —1) -1
NVy
where T is the time period.

According to different operation modes, N can be found from (18) or (19). Once D3 max and
Vie,min are determined, Dp can be obtained from (16).
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2) Determination of the DCM boundary and DC-link voltage

The input sources are controlled by D, and the voltage levels of the two input sources may be
different. Only one input source would be able to operate in CCM, while the other input source
would continue operating in DCM. If one of the input sources is switched to CCM, the inductive
current will be continuously output, and —Vy. will be forcibly applied to the other input source
to keep the voltage of latter at the same level. Hence, latter continues to provide same amount
of power in DCM while the remaining power will be provided by the input source operating in
CCM. This operation could be considered for applications where the output power of photovoltaic
power can be maximized to its limit value, and wind energy can provide the residual load power
demand.

The operation modes shown in Fig. 3 are based on the analysis in DCM. The input inductance
can be selected under any load, and the input inductance current reaches zero in D,>7T;. However,
if the interval lasts longer, depending on the selected parameters and output power, there may be
other operating modes not given in Fig. 3. Therefore, in order to define the boundary of CCM
and DCM, it is necessary to analyze this working mode. After the operation interval 7, even if
S4 is closed under the influence of Vy./2, L, will continue to charge C, through the diode of Sy
until Dy is turned on. The voltage of the primary side of the transformer remains at zero since
Dg conducts. The relevant waveform is shown in Fig. 4.

sf L,
S i [,

\/

Y

— —]
Sq ‘ | . S4 | _
| | I -
I 4RI I
Vx| vy { [ Vx| vy '
Vir | ¢ | : ItV Vx Vi | ¢ I : |rv Vy
ILx ] : > iLx I H -
t ;
\ Y t
Vx-Vde *--------- Vx-Vdc troeeeeee?

(a) Input inductor current reaches zero within (b) Input inductor current reaches zero within
D, Ty (D2 + Dix)Ts

Fig. 4. DCM/CCM boundary sample diagram

There D« denotes the duty ratio of the time interval in which inductor current decreases from
its peak value to zero when the boost switch is turned off. Vi provides input source voltage with
higher output power and i x represents inductive current.

In order to find the operating boundary point, it should be considered that the inductive current
reaches zero at the end of the switching period. The critical DC-link voltage can be found by the
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inductance voltage balance expression as follows:

Vdc,art

VxDlz(Vdc,an_Vx)DZ"'( _Vx)(l_Dl_DZ)o (20)

The lowest DC-link voltage that adopted for DCM operation can be expressed as:

Viear = % . @1

For DCM, the following condition shall be met: Vyc min > Ve, art-

3) Determination of L and L,

For the converter studied in this paper, the duty cycle of S, and S; is the same, which is equal
to D1. Therefore, the output power of each input source is proportional to the square of its input
voltage and inversely proportional to the inductance. The total power Py of the input source can
be expressed as:

VdCD T

2
Po=n ZL (vdc V) 22)

Therefore, power sharing can be realized by designing appropriate parameters for different
input sources. According to (22), there are many schemes to determine L. The bottom boundaries
for L, based on V,, min and output power are defined as:

2
P _ anCDl maxT Zn: Vn min (23)
- 2 1 L, (Vdc - Vn,min) .

The values of corresponding inductances can be determined according to different application
requirements. Such as in PV generation systems, the corresponding inductances can be determined
by the expected load distribution at the maximum power operation point.

In addition to finding all possible L; and L, combinations based on (23), the inductance
parameters value can also be determined by the power ratio between input sources under the
required input voltage. Under the maximum output power and minimum input voltage, the power
ratio of the second input source to the first input source is represented by y. Based on the selected
v, the inductive parameters value can be determined, as shown in Fig. 5.
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Fig. 5. Parameters curve variation diagram based on y value (Vi = V| wyin, V2 = V2 min)
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The design process of a constant value load with a constant input voltage source is relatively
simple. A set of design processes with dynamic parameter variables are shown below. The specific
parameters are as follows: Vi min = 110V, Vi max = 130V, Vomin = 100V, Vo max = 150V,
Vo =200V, fs = 50 kHz, Pior,max = 1.2 kW. The duty cycle D, of a typical bridge isolation
converter ranges from 0.25 to 0.48. Due to certain restrictions on the duty cycle of the proposed
converter, it can be set that D max 15 0.7 and D varies from 0.5 to 0.7. From (16), Dg is 0.2,
D max is 0.3. The critical DC-link voltage Vy. can be obtained from (21), and V¢ ar is 500 V.
Therefore, Ve min is determined as 500 V. According to (18), the transformer turn ratio is 0.75.
In this study, the value of y is 0.7, that is, when V| = V| min, V2 = V2 min, the output power of the
second input source is 500 W, and the output power of the first input source under the maximum
load is 700 W. The corresponding inductance parameter value can be determined from Fig. 5,
thatis, L1 = 108 pH, L, = 122 pH.

According to the duty cycle D and the dynamic variation range of input voltage of different
input sources, the dynamic variation of the corresponding output power is shown in Fig. 6.

200 | -
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0.65 \.\ 130

0.6 R -’-__FAJZO 125
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Dy 0 T 115 \)
11’(01) 05 110 u‘\\Jo\‘age VA
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1500 -
1000

500 .

P2 (W)

07

() D} min = 0.5, D1 max = 0.7, Va.min = 100 V, V. pnax = 150 V

Fig. 6. Power dynamic changes of different input sources under DCM
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As can be seen from Fig. 6, the first input source provides 700 W and the second input source
provides 500 W to meet the load demand of its minimum input voltage. When the voltage of the
input source reaches the maximum value, the power ratio reaches 1.23, so the choice of y depends
entirely on application requirements and can be adjusted flexibly.

When Vi = Vi min, V2 = Va.min, Vde.min = 500 V, Vie.max = 800V, the relationship between
the total power provided by the input source and the duty cycle and DC-link voltage is shown
in Fig. 7.

Fig. 7. Output power change dynamic diagram under DCM

Consistent with the theoretical analysis, when the output voltage is constant, the higher the DC-
link voltage, the lower the output power. Therefore, the output power capability of the converter
under different DC-link voltages can be evaluated, and the total output power can be adjusted for
the given reference DC-link voltage. The above analysis only shows the design framework based
on DCM. As mentioned earlier, one of the input sources can be switched to CCM and provides
the remaining required power, which may be preferred in fuel cell applications.

5. Verification and analysis

5.1. Simulation verification

In order to verify the working principle of the proposed converter, the converter with different
parameters is simulated in MATLAB/Simulink. The first group of simulation is conducted for
different input voltages with the same boost inductors, while the second group of simulation is
conducted for the same input voltage with different boost inductors. D is taken as 0.6, D, is
taken as 0.35, and the switching frequency f is 50 kHz. The first group of specific simulation
parameters are shown in Table 2.

The first group simulates different input voltages with the same input inductance to obtain the
voltage and current waveforms of the primary side of the transformer and various components,
as shown in Fig. 8.
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Table 2. The first group of simulation parameters

Parameters Value

Vi 150 V

Va 50V
Li/L, 100 pH
C1/Cy 100 pF
Ly 330 pH
Co 220 pF

Vo 750 V

-400 Ve

I wi ull s

PP

400 Viz > Via
0 10 20 30 40 50 60
t/us

(a) Transformer primary side voltage and boost inductance voltage

0 10 20 30 40 50 60
t/us

(b) Transformer primary side boost inductor current

iIA

0 10 20 30 40 50 60
t/us

(c) DC-link capacitance current

Fig. 8
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0 10 20 30 40 50 60
t/us

(d) DC-link capacitance-voltage fluctuation

Fig. 8. Waveforms of V|1 =150V, V, =50 V, L{ = L, = 100 pH

As can be seen from Fig. 8(a), even if the input voltage is different, the contribution of output
power is the same under the same boost inductance. As can be seen from Fig. 8(b), V| > V3,
Ly = Lo, the peak current of L is 17.5 A, and the peak value of L; is 6 A, thatis, iL, pk > iL2, pk-
As can be seen from Fig. 8(c), the charging and discharging currents of C; and C; are different,
that is, ic; > ico, which results in voltage fluctuation between the two DC-link, as shown in
Fig. 8(d). For the proposed converter, it can be realized by adding the compensation signal to
the duty cycle of S and S4, which will extend or shorten its effective duty cycle and realize the
capacitor voltage balance.

The second group of specific simulation parameters are shown in Table 3:

Table 3. The second group of simulation parameters

Parameters Value
Vi/Va 150V
Ly 200 pH

L, 100 pH
C1/Cy 100 pF
Ly 330 pH

Co 220 pF

Vo 750 V

The second group simulates the same input voltage with different input inductances to obtain
the voltage and current waveforms of the primary side of the transformer and various components,
as shown in Fig. 9.

As can be seen from Fig. 9(a), even if the same voltage is applied to the boost inductor,
the contribution of the corresponding output power is different due to the different inductance
selected. As can be seen from Fig. 9(b), the peak current of L is 9 A, and the peak value of L; is
17.5 A, that s, i1, pk < 712, pk- As can be seen from Fig. 9(c), due to the asymmetry of the input
source, the capacitance current is different, and the charge-discharge current of C; is less than
C,, resulting in the generation of capacitance voltage ripple.
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Fig. 9. Waveforms of V| =V, =150V, L =200 pH, L, = 100 pH

The third group is to simulate and verify the dynamic change process of two input source volt-
age values. D and D, are adjusted to 0.7 and 0.25. The parameters are as follows: V| min = 60V,
Vimax =70 V, Vo min =70 V, Vo max = 110 V, Ly = Ly = 87 pH. C; = C, = 470 pF, Cy = 220 pF,
Lo = 200 pH. The turn ratio N of the transformer winding is 1, and the switching frequency is

50 kHz. Under the same operating conditions, different input sources are simulated and verified,
and the relevant voltage and current waveforms are obtained as follows.
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As shown in Fig. 10, the two input source voltages are set to 70 V. It can be seen that two
boost inductors provide a peak current of 9.5 A and share the required power of the load equally.

» Vic
Ve
—

20A/div |
200V/div i

Fig. 10. Waveforms of D1 =0.7, D, =0.25,V; =70 V, V, =70 V

As shown in Fig. 11, when the voltage of the second input source is set to 100 V, the peak
current of inductor L, increases to 14.5 A. At the same time, it can be calculated that the power
ratio of the second input source to the first input source becomes 2.15.

|||—V‘ s

: v
20A/div
200V/div

Fig. 11. Waveforms of D| = 0.7, D =0.25,V; =70 V, V, = 100 V

As shown in Fig. 12, V] = V| pin = 60 V and V5 = V nin = 110 V. The voltage waveforms
of the primary side, DC-link of the transformer and the current waveform of the boost inductor
are given. The peak current of inductor L, increases to 17.5 A, the peak current of inductor L
decreases to 7 A, and the calculated power ratio changes to 3.75. Above all, we can clearly see
the difference between the power provided by different input sources.

Voo
~Ve

Fig. 12. Waveforms of D1 =0.7, D, =0.25, Vi =60V, V, =110 V

5.2. Experimental verification

In order to verify the correctness of theoretical analysis and the feasibility of the proposed
converter, we built a semi physical experiment platform as shown in Fig. 13. The real-time
simulator forms a closed loop with the DUT through I/O signal or communication to test the
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weak current control board (usually the DSP board), which is also called the simulation test of
Hardware-In-the-Loop (HIL). The upper computer is on the left, the white box in the middle is

Starsim HIL and the oscilloscope is on the right.

:z |
i B s

Upper Com puter

Fig. 13. Semi physical experiment platform

This paper mainly considers two different duty ratios. Figure 14 shows the experimental
waveforms of the switch pulse with duty ratios D| = 0.7, D, = 0.25.

s 10V/div
™S

gl o e ]

0
S A

5us /div

Fig. 14. Experimental waveforms of gate signals when D = 0.7, Dy = 0.25

The first set of experimental parameters is as follows: Ly = L, = 87 pH. V; =V, =70V,
D, =0.6, D, =0.35, fy = 50kHZ, C; = C, = 470 pF, Cy = 220 pF, Ly = 220 pH. Figure 15
shows the waveforms of boost inductance current.

------- 5V/div
: ———5V/div
i A
H / <
e el
5us /div

Fig. 15. Experimental waveforms of transformer primary side boost inductor current
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As shown in Fig. 15, the two input source voltages are set to 70 V. It can be seen that the
two boost inductors provide the same peak current 9.5 A and equally share the required power of
the load. Additionally, the experimental value is slightly smaller than the theoretical value. The
reason may be that the software simulation environment is ideal and the actual conduction loss
of the inductor is not considered.

Figure 16 shows the experimental waveforms of boost inductance current. It can be seen that
different switching modes of the light switch will cause the primary side of the transformer to
bear three levels: V4. /2, —Vgc/2 and zero.

-------125V/div
Ve
Vst L‘”"‘ o va.,,,_ a4
B - | ‘l-" b b -
i LB L
5us /div

Fig. 16. Experimental waveform of transformer primary
side voltage

The second set of experimental parameters is as follows: L1 = L, = 87 pH. V; = 70V,
V, =90V, D, =0.7, Dy =0.25, fy =50 kHZ, C; = C, = 470 pF, Cy = 220 pF, Ly = 200 pH.
Figure 17 shows the waveforms of boost inductance current.

Y7
Y

5us /div

Fig. 17. Experimental waveforms of transformer primary
side boost inductor current

As shown in Fig. 17, when the second input source voltage is set as 90 V, the peak current
of inductor L; increases to 12.5 A. The voltage value at the original side of the transformer also
changes, as shown in Fig. 18.
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Fig. 18. Experimental waveform of transformer primary
side voltage

6. Conclusion

In this study, a new multi-input DC/DC converter is proposed, which has the same number
of active switches as the three-level isolated DC/DC converter, and does not need to introduce
additional switching actions. The circuit analysis and design consideration have been provided in
detail. With a proper selection of input inductors, autonomous load sharing can be achieved. To
verify the operation of the converter, simulations of different parameters have been performed.
A semi physical experiment platform has been built and tested under varying input voltages and
duty cycles. The results prove the effective integrated operation of input sources with a three-
level multi-input isolated DC/DC structure, by operating four switches in a phase-shifted manner
without introducing control complexity. Compared with the MIC topology proposed in [14]
and [20], the converter has the advantages of a simple structure, a small number of components,
easy expansion, low voltage withstand value of the switch tube, and low cost of the interface
circuit.

References

[1] Abrar Mohamed Hafizo, Abdelrahman M. Ezzat, Hesham Temraz, Economic dispatch in power system
networks including renewable energy resources using various optimization techniques, Archives of
Electrical Engineering, vol. 70, no. 3, pp. 643-655 (2021), DOI: 10.24425/aee.2021.137579.

Sultanov Makhsud Mansurovich, Arakelyan Edik Koirunovich, Boldyrev Ilia Anatolevich, Lunenko
Valentina Sergeevna, Menshikov Pavel Dmitrievich, Digital twins application in control systems for
distributed generation of heat and electric energy, Archives of Electrical Engineering, vol. 42 no. 2,
pp- 89-101 (2021), DOI: 10.24425/ather.2021.137555.

[3] Lukaszewski A., Nogal L., Multi-sourced power system restoration strategy based on modified
Prim’s algorithm, Archives of Electrical Engineering, vol. 69, no. 5 (2021), DOI: 10.24425/bpasts.
2021.137942.

[4] Wang Hui, Chen Yao, Zeng QingDian et al., A multi-working and high-gain multi-port DC/DC
converter, China Electrical Engineering Journal (in Chinese), vol. 39, no. 7, pp. 2155-2166 (2019),
DOI: 10.13334/j.0258-8013.pcsee.180693.

[5] Li Kai, Zhao ZhengMing, Yuan LiQiang et al., Research on multi-port electronic electronic trans-
formers facing the communication and DC hybrid distribution system, High voltage technology (in
Chinese), vol. 47, no. 4, pp. 1233-1250 (2021), DOI: 10.13336/j.1003-6520.hve.20201250.

[2

—


https://doi.org/10.24425/aee.2021.137579
https://doi.org/10.24425/ather.2021.137555
https://doi.org/10.24425/bpasts.2021.137942
https://doi.org/10.24425/bpasts.2021.137942
https://doi.org/10.13334/j.0258-8013.pcsee.180693
https://doi.org/10.13336/j.1003-6520.hve.20201250

80

N

www.czasopisma.pan.pl ?ﬂ www journals.pan.pl

Jingjing Tian et al. Arch. Elect. Eng.

(6]

(7]

(8]

(9]

(10]

(1]

[12]

[13]

(14]

[15]

[16]

(17]

[18]

(19]

(20]

Lu Hai, Yang Yang, Li YaoHua et al., A multi-port converter and its energy collaborative management
of renewable energy access, Journal of Hunan University (Natural Science Edition) (in Chinese),
vol. 48, no. 2, pp. 103-111 (2021), DOI: 10.16339/j.cnki.hdxbzkb.2021.02.013.

Zhao ZhiFang, Ren ChengYao, Control method of Brushless DC motor based on new three-level
inverter, China Southern Power Grid technology (in Chinese), vol. 13, no. 5, pp. 16-21 (2019),
DOI: 10.13648/j.cnki.issn1674-0629.2019.05.003.

Adam G.P., Gowaid L.A., Finney S.J., Holliday D., Williams B.W., Review of dc—dc converters for
multi-terminal HVDC transmission networks, IET Power Electronics, vol. 9, no. 2, pp. 281-296 (2016),
DOI: 10.1049/iet-pel.2015.0530.

Pawan Kumar Pathak, Anil Kumar Yadav, Sanjeevikumar Padmanaban, Fuel cell-based topologies and
multi-input DC—DC power converters for hybrid electric vehicles: A comprehensive review, IET Gener-
ation, Transmission & Distribution, vol. 16, no. 11, pp. 2111-2139 (2022), DOI: 10.1049/gtd2.12439.
Shahin Mohammadi, Morteza Dezhbord, Milad Babalou et al., A New Non-Isolated Multi-Input DC—
DC Converter with High Voltage gain, International Power Electronics Drive Systems and Technologies
Conference (PEDSTC), pp. 515-520 (2019), DOI: 10.1109/PEDSTC.2019.8697541.

Hao He, Daolian Chen, Yanhui Qiu et al., Multi-winding Boost Multi-input DC-DC Converter Type
Distributed Generation System, 2019 10th International Conference on Power Electronics and ECCE
Asia (ICPE 2019-ECCE Asia), DOI: 10.23919/ICPE2019-ECCEAsia42246.2019.8796858.

Karthikeyan V., Gupta R., Multiple-input configuration of isolated bidirectional DC-DC converter for
power flow control in combinational battery storage, IEEE Trans. Ind. Inf., vol. 14, no. 1, pp. 2-11
(2017), DOI: 10.1109/T11.2017.2707106.

Zhigang G., Fenlin J., Isolated multi-port DC-DC converter based on a high frequency transformer,
In: 2015 18th International Conference on Electrical Machines and Systems (ICEMS), pp. 564-568
(2015), DOI: 10.1109/ICEMS.2015.7385098.

Reddi N.K., Ramteke M.R., Suryawanshi et al., An isolated multi-input ZCS DC-DC front-end-
converter based multilevel inverter for the integration of renewable energy sources, IEEE Trans. Ind.
Appl., vol. 54, no. 1, pp. 494-504 (2017), DOI: 10.1109/TIA.2017.2753160.

Athikkal S., Kumar G.G., Sankar A. et al., A non-isolated bridge-type DC-DC converter for hy-
brid energy source integration, IEEE Trans. Ind. Appl., vol. 55, no. 4, pp. 4033—4043 (2019),
DOI: 10.1109/TIA.2019.2914624.

Lin GuoQing, Zhang Zhou, A Dual-input High-Gain DC-DC Converter, Electric Machines and
Control (in Chinese), vol. 25, no. 1, pp. 103-114 (2021), DOI: 10.15938/j.emc.2021.01.011.
Mohamed B. Debbat, Hafid A. Bouziane, Rochdi Bachir Bouiadjra et al., Sliding mode control of two-
level Boost DC—DC converter, 2015 4th International Conference on Electrical Engineering (ICEE),
DOI: 10.1109/INTEE.2015.7416746.

Erdal Irmak, Naki Giiler, Model predictive control of grid-tied three level neutral point clamped inverter
integrated with a double layer multi-input single output DC/DC converter, 2018 IEEE 12th Interna-
tional Conference on Compatibility, Power Electronics and Power Engineering (CPE-POWERENG
2018), pp. 2166-9546 (2018), DOI: 10.1109/CPE.2018.8372538.

Miao Lu, Lin WinXing, Yao LiangZhong et al., Multi-end mouth DC-DC transform power automatic
balance control, China Electrical Engineering Journal (in Chiese), vol. 36, no. 17, pp. 4637-4647
(2016), DOI: 10.13334/j.0258-8013.pcsee.151684.

Liu FuXin, Ruan Jie, Ruan XinBo et al., Isolated multi-input DC converter using alternating pulse
power supply unit, Journal of electrotechnics (in Chinese), vol. 27, no. 7, pp. 174-183 (2012),
DOI: 10.19595/j.cnki.1000-6753.tces.2012.07.023.


https://doi.org/10.16339/j.cnki.hdxbzkb.2021.02.013
https://doi.org/10.13648/j.cnki.issn1674-0629.2019.05.003
https://doi.org/10.1049/iet-pel.2015.0530
https://doi.org/10.1049/gtd2.12439
https://doi.org/10.1109/PEDSTC.2019.8697541
https://doi.org/10.23919/ICPE2019-ECCEAsia42246.2019.8796858
https://doi.org/10.1109/TII.2017.2707106
https://doi.org/10.1109/ICEMS.2015.7385098
https://doi.org/10.1109/TIA.2017.2753160
https://doi.org/10.1109/TIA.2019.2914624
https://doi.org/10.15938/j.emc.2021.01.011
https://doi.org/10.1109/INTEE.2015.7416746
https://doi.org/10.1109/CPE.2018.8372538
https://doi.org/10.13334/j.0258-8013.pcsee.151684
https://doi.org/10.19595/j.cnki.1000-6753.tces.2012.07.023

	Jingjing Tian, Jiaoping Qu, Feng Zhao, Xiaoqiang Chen, Ying Wang, Yang GanTopology analysis and parameter design of three-level multi-input DC/DC converter based on multi-source access
	Introduction
	Working principle
	Steady-state characteristic
	Voltage expressions
	Current expressions
	Comparative analysis

	Parameters design
	Verification and analysis
	Simulation verification
	Experimental verification

	Conclusion


