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ABSTRACT This paper presents a new multiple-input soft-switching DC-DC Cuk converter for clean and
renewable energy sources. The proposed converter can buck and boost the different voltages of renewable
energy sources to produce a constant DC output voltage in a DC microgrid. In the proposed converter,
edge-resonant soft-switching modules are used to perform better than the conventional multiple-input Cuk
converter. All switches in the edge-resonant soft-switching modules can realize zero-current switching
turn-on and zero-voltage switching turn-off. By using these modules, the proposed converter can achieve
lower current stress of the switches, wider soft-switching range, and higher power efficiency than the
conventional multiple-input Cuk converter. These advantages are achieved in the edge-resonant modules,
which optimize soft-switching states and costs. In addition, the soft-switching states can be easily achieved
because the edge-resonant soft-switching modules have a wide soft-switching range. Furthermore, the
proposed converter can independently transfer the generated power from renewable energy sources to the DC
microgrid. In this article, the operation principles and performance of the proposed converter are discussed
in detail. The theoretical analysis is validated by experimental results obtained from a laboratory-scale
prototype and full-scale real-time hardware-in-the-loop experiments.

INDEX TERMS DC-DC power converters, edge-resonant, multiple-input Cuk converter, zero-current
switching, zero-voltage switching.

I. INTRODUCTION

This paper introduces a new multiple-input (MI) soft-
switching DC-DC Cuk converter for renewable energy
sources, such as photovoltaic panels, wind turbines, and fuel
cells, in a DC microgrid. In the DC microgrid, the increasing
installation of renewable energy sources reduces the depen-
dency on fossil-based energy resources. Therefore, it can
mitigate environmental degradation. As depicted in Fig. 1,
the DC microgrid [1] may include renewable energy systems,
such as the photovoltaic (PV) system, wind turbine (WT)
system, and fuel cell (FC) system, energy storage system
(ESS), and loads. Because these renewable energy sources
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have different power electronic interfaces [2], each renewable
system requires different controllers.

Based on the power—voltage (P—V) curve of PV arrays [3],
the maximum power point tracking (MPPT) controllers of the
PV system, such as hill climbing and cuckoo search [4], are
used to harvest the maximum solar power. In the WT system,
the MPPT controllers, such as variable speed control [5],
are based on the power-speed curve of WTs [6], [7]. In the
FC system, the MPPT controller, such as the perturbation
and observation (P&O) [8], is operated by the P-V curve
of FCs [9].

After the maximum power of the renewable energy
resources is harvested, generated power can be delivered to
the DC bus through a multiple-input (MI) converter [10].
The conventional DC microgrid uses a combination of
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FIGURE 1. The architecture of a multiple-input converter for renewable
energy sources in a DC microgrid.

several single-input (SI) converters to deliver power from
local renewable energy sources to the main DC bus [11].
However, the disadvantages of the combined SI converters
are high costs and relatively complex configurations. To over-
come these disadvantages, MI converters have been increas-
ingly implemented in renewable energy systems. Using
a single MI converter is more advantageous in compact-
ness, power components, practicability, production costs,
and centralized control than using several combined SI
converters [10].

The MI converters of previous studies [12], [13], [14], [15],
[16], [17], [18], [19], [20] can be categorized into two types:
parallel-connected MI converters [12], [13], [14] and time-
sharing (TS) MI converters [15], [16], [17], [18], [19], [20].
The parallel-connected MI converters comprise parallel input
sources and a single output. All the input sources can deliver
power to the output simultaneously or alternately. However,
parallel-connected MI converters have complex structures
and high costs. On the other hand, TS MI converters, includ-
ing the MI buck converter [15], MI boost converter [16],
MI buck-boost converter [17], MI single-ended primary-
inductor converter [18], [19], and MI Cuk converter [20],
have lower cost and complexity than parallel-connected MI
converters.

In particular, the MI Cuk converter has higher structural
flexibility among the TS MI converters [21]. In addition, the
MI Cuk converter is a current source converter, wherein the
input interface includes an inductor for reducing the input
current ripple [22]. Hence, the input current ripple from input
sources, such as FCs and PV modules, can be reduced using
this converter. Although the MI Cuk converter is adopted in
various applications, such as the wind and PV hybrid power
systems [23], [24], its drawbacks of low power efficiency and
high current stress of the switches remain.

In order to overcome the aforementioned shortcomings of
the conventional MI Cuk converter, this paper presents a new
MI soft-switching Cuk converter. The proposed converter
employs edge-resonant soft-switching modules to realize
soft-switching topologies and exhibit improved performance
compared to the conventional MI Cuk converter. In the pro-
posed converter, the turn-on and turn-off states of all the
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switches can achieve zero-current switching (ZCS) and zero-
voltage switching (ZVS), respectively. Thus, the switching
loss of all the switches is reduced, and the overall effi-
ciency of the proposed converter is enhanced. In addition,
the current stress of the switches is an essential element that
affects the cost of implementation and parasitic components
of switches. The proposed converter significantly reduces the
current stress of switches compared to the conventional MI
Cuk converter. Furthermore, the proposed converter has a
wide soft-switching range that can easily realize good soft-
switching performance at various load conditions. In addi-
tion, the proposed converter can operate in the discontinu-
ous conduction mode (DCM) to achieve the soft-switching
operation. Moreover, the proposed converter can operate as a
conventional MI Cuk converter under light load conditions.

The contributions of this study are as follows.

1) The proposed converter realizes good soft-switching
performance, which facilitates a decrease in switching
loss and increases power efficiency.

2) The current stress of switches can be significantly
reduced such that low-current-rated switches can be
used in the proposed converter.

3) The proposed soft-switching topology has a wide soft-
switching range. Thus, the proposed converter can eas-
ily achieve soft-switching topologies at various load
conditions.

Furthermore, the proposed converter can operate in step-up
and step-down. Therefore, the generated power from renew-
able energy sources can be independently transferred through
the proposed converter to the DC microgrid. As various
sources have their own voltage and current characteristics, the
proposed converter has practical applications.

This paper is organized as follows: Section II introduces
the circuit topology and presents an analysis of the oper-
ational principles of the proposed MI soft-switching Cuk
converter. The quantified analysis of the proposed converter is
discussed in Section III. Section IV presents the experimental
results of the proposed converter. Lastly, the conclusions of
this study are discussed in Section V.

Il. TOPOLOGY AND OPERATION ANALYSIS OF

THE PROPOSED CONVERTER

A. TOPOLOGY OF THE PROPOSED CONVERTER

Fig. 2 presents the proposed converter and edge-resonant
soft-switching module. As shown in Fig. 2(a), the pro-
posed converter consists of k& number of input cells and
a common output stage. For the convenience of analysis,
it is assumed that, for the input voltage of the input cells,
Vini > Vin2 > ... > Vi,k. Fig. 2(b) presents the edge-
resonant soft-switching module [25], which includes three
diodes (Dj, D», and D3), two active switches (SW; and SW>),
a resonant inductor (L, ), and a resonant capacitor (C;).

The operation principles of the proposed converter are
demonstrated by using a two-input case as an example,
as shown in Fig. 3. However, the proposed converter topology
is not limited to such a two-input case. As shown in Fig. 3, the
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FIGURE 2. Multiple-input soft-switching Cuk converter. (a) Circuit
schematic of the proposed converter. (b) Edge-resonant soft-switching
module [25].
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FIGURE 3. Two-input soft-switching Cuk converter.

proposed converter includes switches (Q;, Q2, O3, and Qy),
two pairs of resonant components (L,; and C,;, and L,» and
C,2), two capacitors (C; and C»), six diodes (Dy, D, ..., D¢),
a common output inductor (L,,), a common output capacitor
(Cy), and an output load (R). All the switches are assumed
to be ideal metal-oxide-semiconductor field-effect transistors
(MOSFETs) with body diodes. The proposed converter oper-
ates in the DCM with V;,; > Vj,». In addition, based on
the TS theory, a wire can directly connect Q> instead of the
diode (D7). However, when more than two input sources are
connected to the proposed converter, only the highest voltage
of the input source can use a wire instead of the diode (D7).

B. OPERATION PRINCIPLES ANALYSIS
Fig. 4 and 5 illustrate the equivalent circuit of each operation
mode and the theoretical key operational waveforms of the
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proposed converter, respectively. Fig. 4 illustrates the induc-
tor current flow (ir,;, iz2, and iy,,) for analyzing the proposed
converter operation. Moreover, the i7,; and if,, are the input
currents of the two input sources V;, ; and Vj, 5, respectively.
As shown in Fig. 5, one switching period (7§) contains ten
operation modes. The gate control signals Vs and Vg, of
the Q; and Q> have the same duty ratio (d;), and the gate
control signals V.3 and Vg of the O3 and Q4 have the same
duty ratio (d>).

Mode 1 (tg — t;; Fig. 4(a)): At the beginning of this mode,
the Q;, O, 03, and Q4 are turned on with ZCS, because the
L,; and L,, are fully discharged before the beginning of this
mode. Thus, the increase in current of the four switches can
be clamped. The L,; and L,; then start to resonate with the C,;
and C);, respectively. Consequently, the D;, D, D3, and D4
are reverse-biased. However, the i,» does not flow through
the Q4 and Ds because Vi, ; > Vj, 2, which results in the Ds
being reverse-biased. The Dy is also reverse-biased. In this
mode, the C; delivers power to the L,, and load. The if,;(¢)
and iz, (¢) can be calculated using

Vi V
i (1) = (%}ca‘) sin[wy (t —19)] fork =1,2,
(H

where Vi denotes the average voltage of the C; and C»,
Zy = m, and wy, = 1/5/Lix Cx fork =1, 2.

Mode 2 (t] — t; Fig. 4(b)): At t;, the C)2 is completely
discharged, making the D3 forward-biased. In this mode, the
L,; is linearly charged with the Vj, , through the Dj3. Thus,
the i7,2(¢) can be expressed as follows:

Ver = Vin
Lr2

1 Vi
cos™! (LZ) 3)
oy Vin2 + Ve

where iz 2(t1) = +/Vc2 QVin2 + Vc2) / 22.

Mode 3 (t;—1t3; Fig. 4(c)): Attz, the C,; is fully discharged.
The D; and D; start conducting simultaneously. Therefore,
the iz, is shared by two branches Q;—D> and D;—Q>. During
this interval, the i7,;(¢) can be calculated using

ir2 (1) (t —1n)+ip2 (), )

h=t+

Vinl

(t — 1) +irr (1), 4

1 Vi
cos™! <$), 5)
wr1 Vin1 + Vi

where ir,1(t2) = «/Vc1 2Vin 1 + V1) /Zh.

Mode 4 (t3 —ty4; Fig. 4(d)): At t3,the Q; and Q> are turned
off under ZVS. This is because the C,; is placed in parallel
with the Q; and Q», which can clamp the voltage increase of
the Q; and Q». Consequently, the C,; is charged with the L,;
through the D; and D;. During this mode, the iy,;(¢) can be
determined by

Ziire (t
i1 () = Iy3sin [wrl (t —13) + tan”™" <”LV—‘(3))}
inl
(6)

i1 (1) =

rl

h =1+
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FIGURE 4. Equivalent circuits of the converter for each operation mode. (a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, (e) Mode 5, (f) Mode 6,

(g) Mode 7, (h) Mode 8, (i) Mode 9, and (j) Mode 10.

where Iy; = \/igr1 13) + (Vi /202, 13 = diT,, and
irr1(3) = (Vi 1/Ls1) (13 — 22) + iLr1 (12)-

Mode 5 (t4 — ts; Fig. 4(e)): At t4, the voltage of C,;
increases to a value that equals the summation of Vj, ; and the
voltage of L,;. Thus, the D, is reverse-biased. Meanwhile,
the D4 and Djs start conducting simultaneously. Subsequently,

the iz, is shared by two branches Q3 — D4 and D3 — Q4 — Ds.

VOLUME 10, 2022

In this mode, the C, starts to deliver power to the L, and
load instead of the C;. Accordingly, the iz,;(¢) and i,»(¢) are
calculated as

. Vini — Ve .
i1 () = mL—1 (t —t4) +ipr1 (1a), @)
. Vina .
i (1) = == (t = 14) + ir2 (1), ®)
Ly,
128383
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FIGURE 5. Key operational waveforms of the proposed converter.

1 Vi
th =13+ |:sin] (L2>
wr1 Zly3

—1 Vinl
o+ (Zl irrl (t3)>} ®

where ir;1() = /Iy = (Vin2/Z0)7 and ipo(ta) =
[(Vea = Vin2) /Lr2] (ta — 1) +ipr2 (11).

Mode 6 (t5s —ts, Fig. 4(f)): Atts, the Q3 and Qg are turned
off with ZVS. This is because the C,; is placed in parallel
with the Q3 and Q4, which can clamp the voltage increase of
the Q3 and Q4. Then, the C,; is charged with the L,, through
the D3 and D4. Meanwhile, the D, is forward-biased. The C,;
continues to charge with the L,;. In this mode, the L,, delivers
power to the load instead of the C». The if,;(¢) and if,»(¢) can
be computed using

Z1i t
iLr (1) = Iys sin [wrl (t —t5) — tan™! (M)]

Vinz
(10)
Y43 t
iLr2 (1) = Ixasin |:wr2 (t —t5) + tan™" <2’Lf—2(5))}
Vina
(11)
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where Iys = [, (5)+ (Vu2/Z0% 15 = doT.,
iLr1(ts) = [(Vin1 — V1) /Ll (s — 14) + ipr1 (1a), Ixa =

212 5) + (Vi 2/ 22, and ipat5)= (Vi 2/ L) (15— 1) +

ir2 (14).
At tg, the if,(t6) and i1,2(f) can be expressed as follows:

. Ver = Vinr\*
irr1(te) = \/1Y52 - <Z—1m) , (12)

. Ver — Vinz2 |
ir2(te) = \/IX42 - (Cz—zln) ) (13)

where 6 = 15 + (1/wy2) [sin™! (Voo — Vi) / (Zolxs)) +

tan~! (Vina/ (Zairr2 (15))) -

Mode 7 (ts — t7; Fig. 4(g)): At ts, the C,; and C,, are
fully charged and equal the V¢; and V2, respectively, making
the D> and Dy reverse-biased. Meanwhile, the Dg is forward-
biased. During this interval, the L,; and L,, discharge to the
C; and (3, respectively. This is similar to the functioning of
the conventional MI Cuk converter.

Mode 8 (t; — tg; Fig. 4(h)): At t;, the L,; is completely
discharged, making the D; reverse-biased. The if,; remains
zero until the next period starts.

Mode 9 (tg — to,; Fig. 4(i)): At tg, the L, is completely
discharged, making the D3 reverse-biased. The if,» remains
zero until the next period starts.

Mode 10 (t9 — t19; Fig. 4(j)): At to, the L,, is completely
discharged, making the Ds reverse-biased. The Cy starts to
deliver power to the load instead of the L,,. The circuit works
in the DCM until the next period starts.

Ill. QUANTIFIED ANALYSIS OF THE

PROPOSED CONVERTER

A. CURRENT STRESS OF SWITCHES

To analyze the current stress of the switches, Q;, 0>, O3, and
Qg in the proposed converter are compared with those of the
conventional MI Cuk converter. In the conventional MI Cuk
converter, the switch (S;) connects to the V;;, ;, which is the
same condition as those of the Q; and Q5. The switch (S5>)
connects to the V;, 2, which is the same condition as those
of the Q3 and Qy. In the conventional MI Cuk converter,
the highest current stress of the switches occurs when one
input source transfers energy to the output load. Therefore,
the conventional MI Cuk converter exhibits a high peak cur-
rent, leading to high current stress of the switches. However,
in the proposed converter, the current sharing circuits (refer
to Fig. 4(c) and (e)) are used to split the input current into two
branches during the switch turn-on state. Therefore, the peak
current of the switches in the proposed converter is approxi-
mately half that of the conventional MI Cuk converter:

Ioi(peak) = 1p2(peak) = 0.5 X Isi(peak). (14)
IQ3(peak) = IQ4(peuk) =05 x ISZ(peak)a (15)

where Igipeak), 102(peak)> 103(peak)> and Ip4peak) TEPTESENt
the peak currents of Q;, Q», O3, and Qy4, respectively.
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FIGURE 6. Equivalent circuits of the edge-resonant soft-switching module
during one switching cycle.

Isi(peaky and Isp(peak) represent the peak currents of S; and S>,
respectively.

Therefore, the switches in the proposed converter can
select low-current-rated MOSFETSs, which is an advantage in
terms of reducing the cost of implementation and moderating
the effect of parasitic components of switches.

B. SOFT-SWITCHING PERFORMANCE

To determine the soft-switching performance, the operation
process of the edge-resonant soft-switching module is used
as an analysis example, as shown in Fig. 6. This is because all
edge-resonant soft-switching modules have the same opera-
tion process. It is assumed that the proposed converter realizes
the minimum output power (P, min) at the minimum duty
ratio (din) and the maximum output power (P, mqx) at the
maximum duty ratio (d,,,,). To achieve soft-switching states,
the switch turn-on time should be longer than the minimum
switching turn-on time.

As shown in Fig. 6, the SW; and SW> are turned on simul-
taneously, and the C, is discharged at State 1. If the proposed
converter operates at the d,,,, the SW; and SW> are turned
off simultaneously once the C, is completely discharged.
Subsequently, the L, is discharged to zero before the next
period starts. However, the current sharing branches (State 2)
are not operated during the switch turn-on time. Therefore,
the minimum zero-crossing time (f,,) of the iy, (includes
States 1, 3, and 4) can be expressed as

1 1 Vin
tmin = — — ), 16
min o, Ccos (Vin T Vm) (16)

where w, = 1/+4/L,C;; V,, represents the output of the edge-
resonant soft-switching module.

Compared with the d,;n, the dyq includes the current
sharing branches (State 2) before the switch turn-off state.
Therefore, the soft-switching range is based on the output
power range (P min — Po.max), indicating that the proposed
converter has a wide soft-switching range.
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C. VOLTAGE CONVERSION RATIO

The voltage conversion ratio is derived based on the power
balance between the total input power and output power.
To simplify this study, it is assumed that the time origin (9)
equals zero, and all the components are operating in the ideal
solution. Based on the operation analysis, the time integra-
tions of the i;,; and iy,» at each sub-mode can be calculated
using the expressions listed in Table 1. After summarizing
these equations from Table 1, the average input currents
(ir,7and ir,2) can be calculated as follows.

i1l = —1 ' i1-1dt = —1 E Y, 17
lrl Ts/ i r1at T, =10 ( )
9% : / ' i 2dl ! X (18)
iry = 2 irr = 2 i1 .

The relationship between the output load (R) and two input
power sources (Vj, ; and Vj, ») of the proposed converter can
be expressed as

2

— — Vg
Vin 1iLr1 + Vi 2iL2 = R (19)

where V,, denotes the output voltage of the proposed con-
verter.

Based on (17), (18), and (19), the voltage conversion ratio
of the proposed converter at the P, jq is determined as
follows:

4C 1Ly VoM + VerVip (W3

+2L Wiire (22) Vin 1 — M)

—4L Waigy1 (tg) My +4C%, Ve Vin g
4CraLaVeaMy + 2 (MaW3)?

+Ve2Vin 2W3 + 2LoWaips (1)

X (Vin2 — M2) +4C2, Ve Vip 2
—v:=o, (20)

Vin IR
2L, 1M

Vin 2R

+
2L, M>

where M| = Vi1 —Viy 1, My = Voo — Vig 2, W1 = di Ty — 1o,
Wy =dyTs — tg,and W3 = 14 — 11.

In addition, based on the analysis of the soft-switching
performance, the voltage conversion ratio of the proposed
converter at the P, ,, can be determined. If the proposed
converter operates at the P, ,, modes 3 and 5 (refer to
Fig. 4(c) and (e)) will be eliminated among the operation
modes. This is because the current sharing circuits are not
operated at the P, i, (refer to Fig. 6). Thus, the Y2, Y4, X2,
and X3 are listed in Table 1 equal zero. The P, ,;, can be
calculated as follows.

Po,min - Vin IiLrI,min + Vin ZiLrZ,min
Vi 2C1VerVi
_ inl <2Cr]VC]+ rlvVCl1 ml)
T, Ver — Vi

N

V.
ik <2Cr2VC2 +
T

_ 2Cr1V62~1Vin 1fs + 2Cr2vézvin 2fs Q1)
Ver = Vin 1 Ver = Vinz

+

2C2VeaVig 2)
Ver — Vin2
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TABLE 1. Input current expressions in ten operational modes.

Mode Input Current iz

Input Current iz

1 L,
Y, = Jo i, dt =C.Ve,

2

)(1 :.[0 ierdt = C;chz

o Vi
3 Y, = L ,,dt = ?(les 1 )2

rl

—1p (tz)(les 1

)

X, = I: ierdt = %(Q -1 )2

r2

- ier (tl)(t4 - tl )

4 Y3:'|.:iLr1dt:C (V,,+7,,,)

inl

V.,=V
iL,]dt_ méL Cl

rl

5 Y, :_[t (dﬂ; _t4)2

- iLrl (t4)(d27; -

1)

I/in 2

X3 = J‘: iLert = (d27—; _t4 )2 _iLl‘Z(t4)(dzT-; _t4)

T2

6 SZL i, dt =C, ( V.- inZ)

Is .
X, = L ip,,dt =C,, Ve,

b, L, lLrl( )
N £ :L iyt :W
8
9 Y, =0
10

where ir,; min and ir,;2 min are the average values of ir,; and
irr2 at Py min, respectively, and f; is the switching frequency.

Thus, the voltage conversion ratio of the proposed con-
verter at the P, i, is determined as follows:

2R Cr]VgIVin] " CrZVgZVinZ
Veir—=Vinr  Vea2 = Vin2

)—ﬁ:& (22)

D. DESIGN CONSIDERATIONS OF THE
PROPOSED CONVERTER
This section discusses the design considerations of two pairs
of resonant modules L,; — C,; and L,» — C,». The other
parameters, such as the C;, C2, Ly, and Cy, can be designed
to be similar to those of the conventional MI Cuk converter.
Based on the analysis of the soft-switching performance,
the design considerations of the resonant modules can be
derived based on the P, ,,;, of the proposed converter. Thus,
on rearranging (21), the design consideration of C,; and C;»
can be expressed as follows:
Cn
CrZ

_ (Po,minVC2_Po,minVin 2 _2Cr2

2C2(Ver—

Vzanr (VCl —Vin ])
Vin Z)VCle lfs

(23)

To achieve ZCS at the switch turn-on state, L,; and L, are
required to completely discharge before the beginning of the
next period. Thus, Ts > #,;,, which is the discharging time
for the L,; and L,,. Hence, based on (16), the L,; and L,, can
be calculated as

1

Co [fs cos™! (

Ly < 3 fork =1, 2. (24)
Vin k

Vink+Vmk
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FIGURE 7. Laboratory-scale experimental setup.

Therefore, for the proposed converter designs the L,;, C,;,
L7, and C,;, the aforementioned equations can be used for
calculating. Other parameters, such as the C;, C», L,,, and
Cr, can be designed with the conventional MI Cuk converter.

IV. EXPERIMENTAL RESULTS

In this section, the proposed converter was built and tested
in the laboratory-scale prototype and full-scale real-time
hardware-in-the-loop (HIL) experiments. The laboratory-
scale experiment is to verify the operational principles of the
proposed converter. The full-scale real-time HIL experiment
further analyzes the proposed converter’s real-time perfor-
mance in renewable energy systems.

A. LABORATORY-SCALE EXPERIMENT VERIFICATION

To verify the operational principles, we experimented with
a two-input proposed converter that was fabricated with
a 100-W laboratory-scale prototype as depicted in Fig. 7.
We used two DC power supplies (i.e., Sorensen DCS20-150E
and Chroma 62100H-600) for the input power sources of the
proposed converter in the laboratory-scale experiment. The
prototype converter output was connected to a DC electronic
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[2 ps/div]

[2 ps/div]

TABLE 2. Parameters of a laboratory-scale experimental prototype.

Components Value Unit
= y Output power 100 [W]
p— Input voltage Vi, and Vi, 2 60 and 12 [V]
Output voltage V, 48 [V1]
[5 AJdivV] Resonant inductor L,; 90 [uH]
W2 i Resonant inductor L,» 56 [nH]
u i Resonant capacitor C,; 12 [nF]
ZVS turn-off ZCS turn-on ZVS-turn-oft ZCSturn-on Resonant capacitor Cz 2 [nF]
b Capacitors C; and C> 16.4 [wF]
@ ® Output inductor Ly, 61.2 [uH]
[iv] [2 ps/div] | 12 ps/div] Output capacitor Cy 990 [1F]
Switching frequency f; 100 [kHz]
MOSFETs AOT2502L N/A
V0, [100 V/div] Vo, [100 V/div]
/ y ; ] e o ~ j
e b red / | [2 ps/div] | [iy1 [Z R7dIV]
1 IS AV |
Ny ] ey \
9 ~ V100 Vdiv
ZVS turn-off — ~ZCS turn-on ZVS turn-off ~ ZCS turn-on ‘ ‘ y’ Vet iy} ‘I"
pm—V_ [100 V/diy pm—— ' /
© @ E
1, [5 Aldiv s
FIGURE 8. Experimental waveforms of the proposed converter switches: B AL fts-Avdivy
(a) Q;. (b) Q2 (¢) Q3, and (d) Q4. !
(a) (b)
[2 ps/div] [2 ps/div] FIGURE 10. Experimental waveforms of the conventional MI Cuk
1 converter switches. (a) S; and (b) S,.
VM,VN 4 | " V«N’VN !
[ 10 V/d‘iv]f e [~ (10 V/dwv] i
[ Al Y e B : 5 . .
Fig. 8(a) and (b), the Q; and Q> are simultaneously turned
I, [TA7div] : on with ZCS. This is because the L,; clamps the current
lphladiud increase of the Q; and Q». During the turn-off process, the
C,; clamps the voltage increase of the Q; and Q> such that
@ ® the Q; and Q» are turned off with ZVS. In Fig. 8(c) and (d),

[2 ps/div]
[10 V/div]

Vu\:’vw r——+——
ITI0 V7div] g

. A

Ll Ak

I TTA7dV]

Lm

(©)

FIGURE 9. Experimental waveforms of the proposed converter inductors.
@) Lyz, (b) Lz, and (<) L.

load (i.e., Maynuo® M9715B). The prototype converter has
two input sources (i.e., 60 V and 12 V) and an output voltage
of 48 V as an example for illustrating the switches’ and induc-
tors’ waveforms in Fig. 8 and 9. Table 2 lists the components
of the prototype circuit.

Fig. 8 presents the gate signal, voltage, and current wave-
forms of the Q;, O, O3, and Q4, with gate-source voltages
of the Vg1, Vis2, Vis3, and Vg, respectively. As shown in
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the Q3 and Q4 are simultaneously turned on with ZCS. This
is because the L,» clamps the current increase of the Q3
and Q4. However, the i;,» does not flow through the Q4 at
the initial state. This is because V;,; > V;, 2, which causes
the Ds to be reverse-biased. During the turn-off process, the
C,, clamps the voltage increase of the Q3 and Q4 such that
the Q3 and Q4 can achieve ZVS. Therefore, the switching
loss is significantly reduced because of the soft-switching
implementation. Fig. 9 presents the waveforms of the iz,
ir;2, and ir,. During the turn-off process, the L,; and L,
are completely discharged, which ensures that four switches
realize ZCS at the beginning of the next period. The L,,
is completely discharged to verify the performance of the
proposed converter in the DCM.

To compare the current stress of the switches, the con-
ventional MI Cuk converter was built, and experiments were
performed with the same components and operating condi-
tions. The switch (S7) in the conventional MI Cuk converter
is connected to the input source (60 V), which is the same
condition as those of the Q; and Q. Meanwhile, the switch
(S2) in the conventional MI Cuk converter is connected to the
input source (12 V), which is the same condition as those of
the O3 and Qy4. Fig. 10 presents the waveforms of the §; and
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FIGURE 11. Full-scale real-time hardware-in-the-loop experiment setup.

S>, having gate-source voltages Vzs5 and Vg6, respectively.
On comparing Fig. 8 and 10, the peak current in the S is
significantly greater than that in the Q; and Q». Similarly,
the peak current in the S is significantly greater than that
in the Q3 and Q4. Therefore, the proposed converter can
significantly reduce the current stress of switches.

B. FULL-SCALE REAL-TIME HARDWARE-IN-THE-LOOP
EXPERIMENT

To analyze the proposed converter’s operation in renewable
systems, a 100-kW DC microgrid HIL experiment model was
built and tested, as depicted in Fig. 11. In this HIL experiment,
the DC microgrid model was built in MATLAB/Simulink and
complied with the RT-LAB software. Then, the behaviors of
the 100-kW DC microgrid operation were verified with the
OPAL-RT OP5700 real-time HIL simulator.

1) OPERATION OF THE PROPOSED CONVERTER WITH
RENEWABLE ENERGY SOURCES

In this HIL experiment, the proposed converter is con-
nected to three renewable systems, including the PV system,
WT system, and FC system. The specifications of these
system components are listed in Table 3. In the PV system,
PV arrays consist of twenty-eight strings in parallel connec-
tion, and each string consists of ten PV modules in series
connection. The PV module is modeled with a 200-W AP200
module, as listed in Table 3. Moreover, a boost converter
with the global MPPT (GMPPT) control is used in the PV
system. Owing to the characteristic of PV arrays, the GMPPT
algorithm, which is the cuckoo search with levy flight [4],
is adopted to harvest the maximum power of PV arrays in
this real-time HIL experiment.

In the WT system, a 24-kW WT system consists of four
parallel-connected WT systems, and each WT system is built
based on a 6-kW WT [26], a 6-kW permanent magnet syn-
chronous generator (PMSG) [27], a three-phase rectifier, and
a buck converter. Moreover, the variable speed control [5]
is adopted for harvesting the maximum wind power under
different wind speeds.

In the FC system, FCs consist of four parallel-connected
FC stacks. The FC stack is modeled with a 5-kW proton-
exchange membrane FC H-5000 [28]. Moreover, a boost
converter with the MPPT control is used in the FC system.
To harvest the maximum power from the FC system, the P&O
algorithm [8] is adopted in this HIL experiment.
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TABLE 3. Specifications of renewable energy sources connected in the
proposed converter in the HIL experiments.

Sources Components Value Unit
Open circuit voltage 333.2 [V]
PV Short circuit current 2223 [A]
arrays Power at MPP 55.67 [kW]
Voltage at MPP 263.7 [V]
Current at MPP 211.1 [A]
Open circuit voltage 333 [V]
PV Short circuit current 7.9 [A]
module Power at MPP 198.83 [W]
Voltage at MPP 26.37 V1]
Current at MPP 7.54 [A]
Rated power 24 [kW]
WT Base wind speed 12 [m/s]
Air density 1.225 [kg/m®]
Blade pitch angle 0 [degree]
Rated power 24 [kW]
Rated speed 153 [rad/s]
Stator phase resistance 0.425 [Q]
PSMG Armature inductance 0.395 [mH]
Magnet flux linkage 0.433 [Wb]
Number of pole pairs 5 N/A
Low-voltage shutdown 60 [V]
Over-current shutdown 360 [A]
FCs Rated power 20 [kW]
Nominal voltage 72 [V]
Nominal current 280 [A]
Maximum temperature 65 [°C]

Fig. 12(a) illustrates the power of the PV system (Ppy),
WT system (Pwr), FC system (Ppc), and the sum of the
three systems’ power (Pjyq). In this HIL experiment, the
irradiance of PV arrays is changed from 1000 w/m’ to
400 w/m? and returned to 1000 w/m?. The temperature of
PV arrays is kept 25 °C. WTs are operated from 12 m/s of
wind speed to 4 m/s and returned to 12 m/s, and FCs are
operated from 60 liters per minute (L/min) of fuel flow rate
to 30 L/min and returned to 60 L/min. Fig. 12(b), (c), and (d)
show the voltage and current of the PV arrays (Vpy, Ipy),
WTs (Vwr, Iwr), and FCs (Vgc, Irc), with the correspondent
input voltage and current of the proposed converter. It was
verified that the proposed converter can operate with different
renewable energy systems. Therefore, the proposed converter
has practical applications for renewable energy sources.

2) OPERATION OF THE FULL-SCALE PROPOSED CONVERTER
This section presents the HIL experiment results of the full-
scale proposed converter with a three-input-source (500 V,
230V, and 150 V) circuit and a 400-V output voltage as an
example for illustrating the switches’ waveforms, the power
efficiency, and the power loss of the proposed converter,
as shown in Fig. 13, 14, and 15. Three renewable energy
sources, including the PV, WT, and FC systems, were used
as the proposed converter’s input sources. The 400-V output
voltage was considered as the DC bus voltage. The compo-
nents of the full-scale proposed converter are listed in Table 4.
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FIGURE 12. HIL experimental waveforms of renewable energy sources.
(a) power of renewable energy sources. (b) voltage and current results of
the PV system, (c) voltage and current results of the WT system, and

(d) voltage and current results of the FC system.
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FIGURE 13. Full-scale real-time HIL experimental waveforms of the

proposed converter switches: (a) Q; and Q,, (b) Q3 and Q4, and
(c) Q5 and Qg.

Fig. 13 presents the voltage and current waveforms of the
01, 02, 03, Q4, Os, and Qs. The Q; and Q, are connected
to the 500-V input source. Meanwhile, the Q3 and Q4 are
connected to the 230-V input source. The Qs and Qg are
connected to the 150-V input source. As shown in Fig. 13,
all switches are turned on with ZCS. This is because the
resonant inductor (L,;) clamps the current increase of the
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TABLE 4. Parameters of the full-scale converter in the real-time HIL
experiments.

Components Value Unit
Output power 100 [kW]
Input voltage Vin 1, Vin2, and Vi s 500, 230, and 150 [V]
Output voltage V, 400 [V]
Resonant inductor L, 45 [uH]
Resonant inductor L, 90 [nH]
Resonant inductor L,3 40 [uH]
Resonant capacitor C; 1 [nF]
Resonant capacitor C2 0.1 [nF]
Resonant capacitor Cr3 0.2 [nF]
Capacitors Ci, C2, and Cj 16.4 [WF]
Output inductor Ly 25 [uH]
Output capacitor Cy 10 [mF]
Switching frequency f; 10 [kHz]
IGBTs FZ1200R45HL3 N/A
207T= :
EAIGBTs 4 Diodes
16 | | E@ Inductors 7
=12 ///
£
5 8
z
£
4
0

Proposed converter MI Cuk converter

FIGURE 14. Power-loss breakdown comparison of the proposed and the
conventional converters at the full-scale real-time HIL experiment.
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90: —— MI Cuk converter
2 804
=]
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60 . - .
0.6 0.8 1 1.2

Output power [p.u.]

FIGURE 15. Power-efficiency comparison of the proposed and the
conventional converters under various output-power conditions in the
HIL experiment.

corresponding switches. During the turn-off process, the res-
onant capacitor (Cy) clamps the voltage increase of the cor-
responding switches such that the corresponding switches are
turned off with ZVS. Therefore, the switching loss is signifi-
cantly reduced because of the soft-switching implementation.

Fig. 14 presents the calculated power loss breakdown
when the output power is 100-kW. As shown in Fig. 14,
the main power loss in the proposed converter is the diodes
loss. Because the proposed converter achieves soft-switching
topology, the switching loss is reduced. In addition, to achieve
the soft-switching performance, the number of diodes is
increased in the proposed converter. Thus, the diodes loss
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TABLE 5. Comparative analysis.

Converter [29] [30] [31] [20] Proposed converter
Number of input sources N N N N N
Number of switches N+1 N+2 N+1 N 2N
Number of inductors 2 1 N+1 N+1 N+1
Number of capacitors 1 1 2 N+1 2N+1
Number of diodes N+2 N 2 N+1 3N
Current stress of switches High Medium Medium Medium Low
Soft-switching of switches No No Yes No Yes
Topology Boost buck-Boost Boost buck-Boost buck-Boost
Independent power flow Yes Yes Yes Yes Yes
Extension capability Low High High High High

comprises a large portion of the power loss in the proposed
converter. However, the main power loss in the conven-
tional MI Cuk converter includes the diodes loss and MOS-
FETs loss, which is caused by the hard-switching condition.
Finally, the total power loss of the proposed converter is less
than that of the conventional MI Cuk converter.

Fig. 15 illustrates the power efficiency of the proposed
converter and conventional MI Cuk converter with the full-
scale real-time HIL experiments. As illustrated in Fig. 15, the
power efficiency is limitedly promoted under light load con-
ditions. This is because the switching loss has a small portion
of the total loss under the light load conditions. However, the
switching loss is majorly observed when the output power is
increased, thereby improving the power efficiency of the pro-
posed converter. This means that the power efficiency could
improve on using soft-switching topologies under heavy-load
conditions.

Table 5 presents a comparative analysis of the dual-input
hybrid step-up converter [29], the MI converters [30], [31],
the conventional MI Cuk converter [20], and the proposed
converter. As shown in Table 5, the current stress of switches
in the proposed converter is lower than the MI converter
in [20], [29], [30], and [31]. This is because the proposed
converter adopts the current sharing circuit to reduce the cur-
rent stress of each switch. For the soft-switching of switches,
the dual-input converter [29], the MI converters [30], and the
conventional MI Cuk converter [20] are incapable of realizing
the soft-switching performance. The MI converter [31] only
achieves ZVS turn-on. The proposed converter can realize
ZCS turn-on and ZVS turn-off. In addition, all converters
can independently transfer the power from input sources to
the DC microgrid. Moreover, the input sources can be simply
extended in [20], [30], and [31], and the proposed converter.
Thus, renewable energy sources can easily be connected and
transfer the generated energy to the DC microgrid.

V. CONCLUSION

This study proposed a new MI soft-switching Cuk converter
for renewable energy applications. Compared to the conven-
tional MI Cuk converter, the proposed converter exhibited
improved performance by employing edge-resonant soft-
switching modules. A detailed analysis of the operational
principles and characteristics was performed with a two-input
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MI soft-switching Cuk converter. The experimental results
confirmed that the proposed converter achieves the soft-
switching topology during the switch turn-on and turn-off
states. Based on the experimental results, the proposed con-
verter had lower current stress of switches and higher power
efficiency than the conventional MI Cuk converter. Further-
more, the proposed converter had a wide soft-switching range
and could operate similarly to the conventional MI Cuk con-
verter under light-load conditions.
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