
Received September 1, 2021, accepted September 14, 2021, date of publication September 17, 2021,
date of current version September 29, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3113729

A Novel Single-Input-Multi-Output Converter
for Flexible-Order Power-Distributive With
MPPT Capability
MUHAMMAD ZEESHAN MALIK 1, HASSAN M. H. FARH 2, ABDULLAH M. AL-SHAALAN 2,
ABDULLRAHMAN A. AL-SHAMMA’A 2,
AND HASSAN HAES ALHELOU 3, (Senior Member, IEEE)
1School of Electronics and Information Engineering, Taizhou University, Taizhou, Zhejiang 318000, China
2Electrical Engineering Department, College of Engineering, King Saud University, Riyadh 11421, Saudi Arabia
3School of Electrical and Electronic Engineering, University College Dublin, Dublin 4, D04 V1W8 Ireland

Corresponding author: Muhammad Zeeshan Malik (malik4one@yahoo.com)

This work was supported by Researchers Supporting Project number (RSP-2021/337), at King Saud University, Riyadh, Saudi Arabia.

ABSTRACT This article proposes a novel single-input-multi-output (SIMO) converter for photovoltaic
(PV) applications. The proposed structure produces multi-outputs with extended n stages. The voltage gain
of the proposed topology for each output is enhanced by adding the number of the stage which in turn
increases the power. The voltage across the switch is low, so it leads to using a lower RDS (ON) MOSFET.
Besides, the peak voltage of the switch and diodes is reduced by enhancing the number of the stage.
Thus, the proposed converter’s power loss is reduced. This structure can operate in continuous conduction
mode (CCM) and discontinuous conduction mode (DCM) of operations. The proposed structure is capable to
achieve maximum power point (MPP) using perturb and observe P&O) technique. To describe the foremost
advantages of the proposed converter, comparison results between the recommended topology and other
related structures in this field are presented. The dynamic analysis, and the principle of operation for n = 3,
4 stages are introduced. Finally, experimental results in CCM and DCM operations with 50 kHz switching
frequency are provided.

INDEX TERMS Step-up converter, single-input-multi-output converter (SIMO), photovoltaic, high gain,
CCM, DCM, PV application.

I. INTRODUCTION
Recently, multiport step-up converters are extensively used
in power electronics. The main advantages of the multi-
port converters consist of different output voltages [1], [2].
The outputs of this topology are used with different output
voltages and controlled by the proper design of the control
circuit, which reduces the input current ripple to a certain
extent, which reduces the size of the passive elements used
in the converter [3], [4]. The classical step-up converter is
the ordinary topology for voltage lifting. Nevertheless, for
output voltage higher than the input, the regulated duty cycle
should be set nearing 1. Also, power losses will be enhanced
by increasing duty-cycle which will lead to creating a low
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efficiency [5]–[7]. Therefore, need for one dc-dc converter
interface among the production sources and consumption
with high efficiency, high voltage gain and low current
ripple [8]. In [9], an interleaved topology is proposed with
a low input current. This topology has a high gain with a
low peak voltage of switches using voltage multiplier cells
(diode/capacitor, diode/capacitor/inductor). In addition, for
low- and high-power usages, a multi-output step-up con-
verter can distribute its output voltage between diverse series
of the output stage. This type of DC-DC converters can
be utilized alternatively for numerous single output struc-
tures. In [10], a multi-output converter is proposed which
standby flyback converter is integrated with ZVS multi-
output converter. A multi-output boost structure with a single
inductor and series regulated output voltages is presented
in [11]. Also, an uncomplicated control approach has been
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introduced to control its output voltages. This structure and
its control method are easily extended for multiple outputs.
Consequently, a boost dc-dc topology is employed between
the production source and consumption, forming a two-stage
conversion structure. For low-power usages, the input voltage
of the renewable applications is regularly a few dozen volts,
so need a high duty-cycle value. Therefore, the ESR of
the inductors and capacitors increases significantly. So, the
losses of the topology are increased and efficiency decreased
by increasing inductors and capacitors ESR and increasing
ON-state resistance of power MOSFET [12]. These sug-
gested topologies can work in ZVS in on-state, and ZCS is
the off-state switch. [13] proposes a high gain multi-input
transformer-less bidirectional structure. However, the peak
voltage across power diodes and power switches are high.
In [14], low voltage stress and low switching loss buck-boost
structure is suggested for renewable energy purposes. How-
ever, the appearance of the power switch on the input side
leads to a high current ripple. In [15], [16], some new
switched/capacitor (SC) and coupled/inductor (CL) based
structures are suggested. In SC structures, the voltage is
enhanced by the charging and discharging of the SCs. Also,
the voltage gain is enhanced by using the coupling inductor
and proper selection of the turn’s ratio value. Generally,
an extra snubber circuit is expected to receive the leakage
energy. In addition, the number of power components has
large, which will enhance the volume and the cost. Further-
more, these topologies have an influential disadvantage in
that high voltage stress might be happening at the power
switch due to the existence of a leakage of the coupling
inductor. The leakage of the coupling inductor leads to a
large spike at the power switch. So, the lossless passive
snubber is presented in [17] to anticipate efficiency, decline
by adding a snubber circuit. This structure has no power loss
generated by adding a snubber circuit. Also, it is capable to
achieve ZVS in MOSFETs with a decreased spike voltage
stress. However, it needs an extra switch and also the control
circuit of this structure is very complex due to the high
components count. Fig. 1 shows the PV/grid-tied/EV battery
system configuration.

FIGURE 1. Overall PV system structure for grid-tied and electric
vehicle (EV) charging applications.

In this article, a SIMO boost converter is suggested with
multi-output for the PV usages. The voltage gain of this
structure is higher than the classical step-up topologies. This
structure is widespread to n stages by adding the number of
VMCs. The presented converter uses a voltage multiplier unit
which is consists of a capacitor-inductor-diode (C-L-D) to
increase the output. The efficiency will be enhanced when
the number of stages multiplier units will be increased by
decreasing the voltage stress across semiconductors. Thus,
the power loss of the power switch is decreased using low
resistance ON-state. The suggested topology and operation
modes are analyzed in section 2. Finally, to verify the analysis
and the operation of the suggested converter, the laboratory
prototypes and the simulation results are.

II. SUGGESTED TOPOLOGY AND PRINCIPLE OF
OPERATION
Fig. 2(a) depicts the configuration of the recommended topol-
ogy. This topology is a multi-output converter with an input
dc supply, one power switch, and voltage multiplier units
include two capacitors, diode, and inductor. To simplify the
mathematical investigation, the following suppositions are
taken:
• Vin is invariable,
• Semiconductor devices are ideal,
• The capacitance of the used capacitors is large; thus,
their voltages are invariable

Fig. 2(d) exhibits the structure of the applied VMC to
enhance the voltage in each stage. The VMC consists of
a diode/capacitor/inductor which lifting the voltage in each
stage. The stored energy in the previous stage is added to
the next stage as a ladder. There are 2 operation modes in
one switching period (Ts). In the first mode (DTs), the power
switch is turned on and in the second mode ((1 − D) Ts),
the switch is turned off.

A. CCM OPERATION
The analysis of the suggested topology in CCM is described
in this section. Figs. 2 (c) and (d) show the equivalent configu-
rations in mode 1 and 2, respectively. According to Fig. 2(c),
the proposed converter has two modes which are described
as:

B. MODE 1 [0 ≤ t ≤ DTs ]
At t = 0, the switch is turned on and all semiconductor com-
ponents omitting Db are turned off. Inductors are magnetized
by the input voltage (Vi), so their currents (L1, L2, L3, . . . ,Ln)
are linearly increased. The stored energy capacitor Cb will
be transferred to capacitors Ca, and C1, C2, . . . ,Cn−1, Co1,
Co2, . . . ,Co(n−1) will be discharged in this mode:

VL1 = Vi (1)
VLk = Vi +

k−1∑
j=1

VCj + VCo1 − VCok

j = 2, . . . , (n− 1)& k = 2, 3, . . . , n

(2)
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FIGURE 2. Suggested converter, (a) The circuit of the recommended
topology, (b) Voltage multiplier unit in each stage, (c) Mode 1, (d) Mode 2.

VCa = VCb (3)

VD1 = −VC1 − Vi (4)

VDj = VCoj − VCo1 −
j∑

k=1

VCk − Vi, j = 2, 3, . . . , n− 1

(5)

VDc = −VCa (6)

VDa = VCb − VCo1 (7)

The current flow of C1, C2, . . . ,Cn−1 can be attained as:

IC(j−1)on = Ioj, j = 2, 3, . . . , n (8)

The currents of C1 and C2 are terminated as:{
IC1(on) = Io1
IC2(on) = Io2

(9)

ICa(on) = −ICb(on) (10)

C. MODE 2 [DTs ≤ t ≤ Ts]
Based on Fig. 2(d), the switch is turned off and all diodes
omitting the diode Db are forward biased. All inductors are
discharged, so their currents (L1, L2, L3, . . . ,Ln) are linearly
decreased. The stored energy of capacitor Ca transfer to
capacitors Cb and Co1, also the capacitors C1, C2, . . . ,Cn−1,
Co1, Co2, . . . ,Co(n−1) will be charged in this mode.

VL1 = Vi − VCb (11)

VLk = −VCk , k = 1, 2, . . . , n− 1 (12)

VLk = VCo(k−1) − VCok , k = 2, 3, . . . , n (13)

VCo1 = VCa + VCb (14)

VDb = −VCa (15)

VS = −VCb (16)

Using the volt-second balancing law on inductors L1, L2,
L3, . . . ,Ln and employing (1), (2), (9) and (10), the voltage
of capacitors is calculated as:

VCj =
DVi
1− D

, j = 1, 2, . . . , n− 1 (17)

VCa = VCb =
Vi

1− D
(18)

VCo1 =
2Vi

1− D
(19)

VCoj =
2+ (j− 1)D

1− D
Vi, j = 2, 3, . . . , n (20)

Using (17), the voltage gain for all outputs in CCM opera-
tion (MCCM) is achieved as:

MCCM (j) =
VCoj
Vi
=

2+ (j− 1)D
1− D

, j = 1, 2, . . . , n (21)

Using the current-second balancing on C1, C2, C3,

. . . ,Cn−1 and using Figs. 1(a) and (c), equations (22)– (28)
are achieved:

IDa = IDc =
1

1− D

n∑
j=1

Ioj (22)
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IDb =
1
D

n∑
j=1

Ioj (23)

IDj =
1

1− D

n∑
k=j+1

Iok , j = 1, 2, . . . , n− 1 (24)

ICa(off) = −ICb(off) (25)

Io(i) =
1− D

(i− 1)D+ 2
Ii, i = 1, 2, . . . , n (26)

ILn = Ion
IL(n−1) = Io(n−1) + Ion
...

IL2 = Io2 + Io3 + . . .+ Ion

=
−D+ 1

2
Ii(

1

1+ D
2

+
1

1+ 2D
2

+ . . .+
1

1+ Dn
2

)

(27)

IL1 = IL2 + IC1(off) − IC2(off ) + Io1 + ICb(off ) (28)

The RMS current of the switch is achieved as:

IS(rms)

=

√√√√√ 1
TS

DTS∫
0

(IL1 − ICb(on) − ICo1(on) − Io1)2dt

= (1− D)(
1

D+ 2
+

1
2D+ 2

+. . .+
1

Dn+ 2
)Ii −

3D+ 1
2

Ii

(29)

The peak current ripple of L1, L2, . . . ,Ln can be terminated
as: 

1IL1 =
DVi
fSL1

1IL2 =
D(Vi + VC1 − VCo2)

fSL2
...

1ILn =

DVi + (
n−1∑
k=1

VCk )− Vo

fSLn

(30)

The peak currents flow of the inductors (the current at the
end of mode 1) L1, L2, . . . ,Ln are calculated:

IL1 = IL1(av) +
1IL1
2
= IL1(av) +

DVi
2fSL1

IL2 = IL2(av) +
1IL2
2
= IL2(av)

+
D(Vi + VC1 − VCo2)

2fSL2
...

ILn = ILn(av) +
1ILn
2
= ILn(av)

+

DVi + (
n−1∑
k=1

VCk )− Vo

2fSLn

(31)

where, the inductors average current is calculated as:

IL1(av) = Ii

IL2(av) =
1+ D
2

Ii
...

ILn(av) =
(
2+ D(n− 1)

1− D

)
Ii

(32)

Voltage ripple of the output capacitors is achieved as:

1Vo1 =
1Q1

2
=

1
2
×
TS
2
×

1
Co1
×
1IL1
2

=
DViTS

8fSL1Co1
1Vo2 =

1Q2

2
=

1
2
×
TS
2
×

1
Co2
×
1IL2
2

=
D(Vi + VC1 − VCo2)TS

8fSL2Co2
...

1Von =
1Qn
2
=

1
2
×
TS
2
×

1
Con
×
1ILn
2

=

[DVi + (
n−1∑
k=1

VCk )− Vo]TS

8fSLnCon

(33)

In equation (33), the minimum value of the capacitors will
be achieved by the selection of Dmin.

D. VOLTAGE STRESS
Based on Fig. 2(d) and (18), the peak voltage of the switch
(S) is as follows:

VS = VCb =
Vi

1− D
(34)

By combining (21) and (34), the peak voltage of the switch
(S) versus difference outputs is calculated as (35) (n is the
number of outputs):

MSwitch =
VSwitch
Von

=
n+M − 1
(n+ 1)M

(35)

By combining (4)-(7), (15) and (17)-(21), the normalized
peak voltage of power diodes (Da,Db,Dc,D1,D2, . . . ,Dn−1)
versus difference outputs can be obtained as:

MDiodes =
VDiodes
Von

=
n+M − 1
(n+ 1)M

(36)

The voltage and current of the suggested topology in CCM
operation are shown in Fig. 3.

E. DCM OPERATION
DCM analysis is described in this section. This operation
of the suggested topology has 3 modes. Since modes 1 and
2 in CCM are comparable to modes 1 and 2 in DCM. So,
these figures are not shown. In mode 3 of DCM operation,
the semiconductor devices are a turn-off.

The current of inductors is a constant value and the current
of all diodes is zero. Fig. 4 (a) and (b) show waveforms
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FIGURE 3. The waveforms at CCM operation.

in DCM operation and the equivalent circuit of mode 3,
respectively. Based on Fig. 2(a) and (22)-(25), the average
currents of inductor and diodes are as follows:

ID1 + ID2 + . . .+ ID(n−1) + IDa+IDc= IL1+IL2+. . .+ILn
(37)

ID1 = IL2 = Io2 + ID2
IL1 = Is + ID1 + Io1
ID2 = IL3 = ID3 + Io3
...

ID(n−2) = IL(n−1) = ID(n−1) + Io(n−1)
ID(n−1) = ILn = Ion
IDa = IDb = IDc = Io1 + Io2 + . . .+ Ion

(38)

Using (26) and (38), the following equations are obtained:

3(1− D)
4+ 2D

Ii + (1− D)(
1

2D+ 2
+ . . .+

1
nD+ 2

)Ii

+ . . .+
(1− D)4+ (2n− 3)D

2+ Dn
Ii

+
1− D

2+ (n− 1)D
Ii =

1
2
D′ID−PK

(39)



IL1 = Ii, ID1 = IL2 = (1− D)

× (
1

2+ D
+

1
2+ 2D

+ . . .+
1

2+ nD
)Ii

ID2 = IL3 = ID3 + Io3 = (1− D)

× (
1

2+ 2D
+ . . .+

1
2+ nD

)Ii
...

ID(n−2) = IL(n−1) =
(1− D)4+ (2n− 3)(1− D)D

D+ 2
Ii

ID(n−1) = ILn =
1

2+ Dn
Ii

IDa = IDb = IDc = (1− D)(
1
2
+

1
2+ D

+
1

2+ 2D

+ . . .+
1

2+ (n− 1)D
)Ii

(40)

FIGURE 4. DCM operation, (a) The waveforms, (b) Mode 3.

The total inductors peak current is calculated as:


ID−PK = IL1 + IL2 + IL3 + . . .+ ILn =

ViDTS
L

1
L
=

1
L1
+

1
L2
+

1
L3
+ . . .+

1
Ln

(41)



3(1− D)
4+ 2D

Ii + 4(1− D)(
1

2+ 2D
+ . . .+

1
2+ nD

)Ii

+ . . .+
(2n− 3)D
2+ Dn

Ii +
1− D

(n− 1)D+ 2
Ii

= (
ViDD′TS

2L
)

(42)

Using the volt-second law on inductors, D′ is obtained:


D′ =

2LIi
ViDTS

[
3(1− D)
4+ 2D

+ 4(1− D)

× (
1

2D+ 2
+ . . .+

1
nD+ 2

)

+ . . .+
(1− D)+ (2n− 3)D

2+ Dn
+

1− D
2+ (n− 1)D

]

(43)
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Using (42) and (43), the voltage gain in DCM operation is
obtained by (44):

MDCM =
D
ξ

ξ =
2LIi
ViTS

[
3(1− D)
4+ 2D

+ 4(1− D)

× (
1

2+ 2D
+ . . .+

1
2+ nD

)

+ . . .+
(1− D)+ (2n− 3)D

2+ Dn
]

(44)

F. INDUCTOR DESIGN
The inductor peak-to-peak current ripple1IL can be achieved
from Figs. 2 and 3. Assuming in Figs. 2 and 3 that
1IL = ri%IL , for inductor design is obtained as the following
equation:

L1 =
TDV 2

i

r1%Pi

L2 =
TR(1− D)DV 2

i

r2%IL2 [Pi(1− D)R− 2V 2
i ]

...

Ln =
TD[2+ (j− 1)D]× V 2

i

rn%Pi(1− D)

(45)

III. DYNAMIC MODEL AND CONTROL
To dynamic response analysis, the state-space averaging
model is applied in each operation mode by considering the
equations of modes and following assumptions:
• Semiconductors are ideal
• Vin is steady
• Inductors have the same value: L1 = L2= . . . = Ln−1 =
Ln = L

• Capacitors are equal.
With the abovementioned descriptions for the fourth stage
n = 4, there are thirteen state variables (for inductors and
capacitors). Where, u = Vi.

The state variables vector x is defined as:

x = [VC1 VC2 VC3 VCa VCb VCo1 VCo2 VCo3 VCo4
iL1 iL2 iL3 iL4 ]T (46)

According to Fig. 2(c), the output equations can be
expressed by (47)-(50), as shown at the bottom of the next
page. Also, the related matrixes are as (51)-(53), as shown at
the bottom of the next page.

x ′ = A1x + B1u (47)

IV. MPPT AND CHARACTERISTICS OF PV PANEL
Generally, PV panel’s technology is advanced with higher
efficiency and lower cost which leads to a huge enhance in
demand. Therefore, maximum power tracking (MPPT) of
the solar PV panel is an important issue in the discussion
of power management, attained through controlling the duty
ratio of the interface converter. Electric model of PV array

FIGURE 5. PV model of PV array.

FIGURE 6. P-I, I-V characteristics of the PV array under different
environmental conditions.

and P-I, I-V characteristics of the PV array for different
environmental conditions are shown in Fig. 6. where, Isc cell
short circuit current, I0 diode saturation current, Rs cell series
resistance, Tc environment temperature, G power density,
αsc short circuit current’s thermal coefficient, and βoc open-
circuit voltage’s thermal coefficient.

The P&O MPPT algorithm is used to track the maximum
power from the solar PV panel via controlling the duty ratio
of the proposed DC/DC converter topology in this paper.
Finally, the required power load by comparing the output
voltage and the reference voltage (Vo,ref) will be transferred
to the load. The PI has two coefficients: 1) gain and 2) time
constants.

V. COMPARISON STUDY
A comparison of the recommended topology and other
topologies is shown in Table 1 versus voltage gain, voltage
stress of semiconductors, total devices number, number of
switches and efficiency. Considering Table 1, it is obvious
that the voltage gain of the suggested topology is enhanced by
adding the VMCs (by enhancing n). The voltage stress across
semiconductors will be reduced by enhancing the number of
VMCs. In fact, can be said that the efficiency of the presented
structure will be high by decreasing the nominal power of
devices. The components count of the suggested topology
is 4n + 7, where n is the VMC number. So, the presented
topology has lower losses and costs.

Using a small-signal model, the dynamic response of the
suggested topology is investigated. For uniformity, inductors
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and capacitors are considered 500µH and 330µF, respec-
tively. Bode diagram of the suggested multi-port converter
with n = 3, 4 is depicted in Fig. 7. Regarding Fig. 7(b), the
closed-loop transfer function of Vo to D, GVod (s) is applied
which it is clear that the suggested structure have a stable state
in the desired range. Fig. 7(c) shows the P&O algorithm.

A. VOLTAGE GAIN
Figure 8(a) depicts the converters voltage gain versus D.
The voltage gain of the suggested topology is higher than
other topologies. The voltage gain and output voltage of the
presented topology (for all outputs) will be enhanced by n.
Finally, the power will be enhanced, so it can be useful
for different power levels. The proposed topology can be
achieved different power levels with lower duty-cycle values.

B. SWITCH NORMALIZED VOLTAGE STRESS
Figure 8(b) depicts the peak voltage on switch versus D.
The peak voltage of switch of the suggested topology for
n ≥ 3 is lower than other structures except for converter
in [27]. In addition, the suggested converter’s normalized
peak voltage on the power switch is decreased by a rising
of n.

C. DIODE NORMALIZED VOLTAGE STRESS
Regarding to Fig. 8(c) and Table 1, the peak voltage of the
diodes will be decreased by enhancing the number of VMCs.
In addition, it leads to an increase in the number of output
ports and the power level of the recommended topology.
Based on Table 1, the peak voltage of diodes is limited to
1/(n+1) when the voltage gain value is enhanced. Generally,
the losses of the recommended topology will be reduced by
decreasing the diode’s rated power. The overall cost of the
suggested topology depends on these values (stress of power
devices) which finally will be low.

VI. EFFICIENCY ANALYSIS
The power losses of the presented converter include power
switch (conduction and switching losses), diodes conduction
and forward voltage loss, capacitors ESR loss, and magnetic
components loss (conduction and core losses). The efficiency
of the presented converter can be calculated as (54):

η =
Po

Pin1 + Pin2
× 100% =

Po
Po + PLoss_tot

× 100% (54)

Considering abovementioned components losses, total
power loss can be expressed as follows:

PLoss_tot = PSwitchLoss + P
Diodes
Loss + P

CL
Loss + P

Capacitors
Loss (55)

A1 =
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1
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1
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1
C
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C

1
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1
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1
2rCC

0 0 0 0
0 −
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1
C −
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1
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(48)

B1 = [ 1
L

1
2L

1
2L

1
2L 0 0 0 0 0 1
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1
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1

2rC
1

2rC
]T (49)
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0 0 R
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0 R
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0 ] (50)

A2 =
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TABLE 1. The comparison between the recommended SIMO topology and other structures.

The power loss in power switches is obtained by (56):

PSwitchLoss = PSwitchingLoss + PConductionLoss (56)

where PSwitchingLoss and PConductionLoss are related to switching and
conduction losses of power switch and achieved as (57) and
(58), respectively:

PSwitchingLoss =
1
2
VS I

avg
S fs

(
tONS + tOFFS

)
(57)

PConductionLoss = rS
(
I rmsS

)2 (58)

The power losses of the diodes can be expressed as follows:

PDiodesLoss = PForward VoltageLoss + PConduction_DiodesLoss (59)

In (59), PForward VoltageLoss is forward voltage loss and calcu-
lated as (60). Also, PConduction_DiodesLoss is the total conduction
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FIGURE 7. Dynamic of the proposed topology, (a) Bode plot,
(b) Closed-loop control structure, (c) P&O flowchart.

TABLE 2. Characteristics of the suggested topology’s elements.

loss of diodes and obtained as (61).

PForward VoltageLoss =

Number of Diodes∑
j=1

VDj I
avg
Dj (60)

PConduction_DiodesLoss =

Number of Diodes∑
j=1

rd_Dj
(
I rmsDj

)2
(61)

FIGURE 8. Comparison results, (a) MCCM, (b) VS/Vo, (c) VD/Vo.

The magnetic components loss can be expresses as:

PLLoss = PCoresLoss + P
Conduction_L
Loss (62)

where PCoresLoss and PConduction_LLoss are calculated as (63) and (64),
respectively:

PCoresLoss =

Number of L∑
j=1

PCoresLj (63)

PConduction_LLoss =

Number of L∑
j=1

rL
(
I rmsLj

)2
(64)

Finally, the capacitors total conduction loss can be written
as follows:

PCapacitorsLoss =

Number of Capacitors∑
j=1

rCj
(
I rmsCj

)2
(65)
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FIGURE 9. The laboratory prototype (with n = 3,4), the current waveforms
of the inductor with n = 3 and the average input current, (a) The
laboratory prototype, (b) L1, (c) L2 and L3.

TABLE 3. Experimental results and simulation results of the proposed
converter with n = 3,4.

VII. EXPERIMENTAL RESULTS
To confirm the mathematical analysis, the experimental pro-
totypes (with n = 3 and n = 4) are built. The characteristics
of each element are given in Table 2. In this section, Figs. 9-12
illustrate the experimental results of the presented converter
of Fig. 2(a) for n = 3, 4 at CCM operation. Fig. 9(a)
shows the laboratory prototype of the suggested topology
for n = 3, 4.

Figs. 9 and 10 related to case n = 3 at CCM operation.
Fig. 9(b) illustrates the current waveform of L1. By observing
Fig. 9(b), the current of L1 is almost 15.5A. The ripple of L1
is 0.9% that is confirmed (32). Fig. 9(c) shows the current
waveforms of L2 and L3. By observing Fig. 9(c), the current of
L2 is 1.71A. The ripple of L2 is 15.8% that is confirmed (32).
The current of L3 is 0.94A. Also, the ripple current of L3
is about 28.7% which confirms (32). Fig. 10(a) exhibits the

FIGURE 10. The maximum voltage waveforms, (a) capacitors Co2 and Co3,
(b) capacitor C1, (c) switch S and diode D1.

FIGURE 11. The current waveforms of the inductor with n = 4 and the
average input current, (a) L1, (b) L2 and L3, (c) The input current.

voltage of Co2 and Co3 which are about 78V and 96V. The
obtained value for output voltages of the capacitor Co2 and
Co3 confirm (21).
Fig. 10(b) depicts the voltage of C1 which is 16V. The

measured value for VC1 confirms (17). Fig. 10(c) depicts
the maximum voltage of S and D1 which are about 30V
and 30V, respectively. This value verifies the equation (4).
Figs. 11 and 12 related to case n = 4 at CCM operation.
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FIGURE 12. The maximum voltage waveforms, (a) capacitors Co3 and Co4,
(b) capacitor C1, (c) switch S and diode D1.

Fig. 11(a) shows the current of L1 and L2. According to
Fig. 11(a), the current of L1 is 26.1A. The ripple current of
L1 is 0.75% that is confirmed (32). Also, the current of L2
is 2.83A. Ripple current of L2 is 8.7% that is confirmed (32).
Fig. 11(b) shows the current of L3 and L4. With regarding this
figure, the average current of L3 and L4 are almost 2.07A and
1.12A, respectively. Also, the ripple current of the inductors
L3 and L4 is about 13% and 24%, respectively. The input
current with n = 4 is shown in Fig. 11(c). Fig. 12(a) depicts
the voltage of the capacitors Co3 and Co4 which are about
96V and 114V. The obtained voltages of the capacitor Co3
and Co4 confirm (21). Fig. 12(b) exhibits the voltage of
C1 which is about 16V. The achieved value for VC1 con-
firms (17). Fig. 12(c) exhibits the maximum voltage of S
and the maximum voltage of D1 which are about 30V and
30V, respectively. By comparing Fig. 10(c) and Fig. 12(c),
the obtained maximum voltage value of the power switch S
is equal for n = 3 and n = 4. Therefore, the peak voltage of
the switch is reduced by enhancing the VMCS.

By inspecting Fig. 10(c) and Fig. 12(c), the peak voltage
of the diodes is reduced when the number of n is increased.
The waveforms of D2, D3, Da, and Dc are not depicted
because themaximum voltage stress value across these power
diodes is similar to diode D1. The peak voltage value of Db
is equal to D1, but the complement forwards each other. The
experimental and simulation results are compared in Table 3
which match each other.

Fig. 13 illustrates the experimental efficiency for D = 0.6.
Regarding Fig. 13(a), the maximum efficiency (96.71%) is
obtained with about 283W power level when n = 3. The

FIGURE 13. The efficiency for diverse power levels and total losses,
(a) The efficiency with n = 3, (b) The efficiency with n = 4, (c) Total losses
of each element.

efficiency of the suggested topology is 95.86% at 368W. The
minimum efficiency is equal to 93.25 % with n = 3 for all
power levels. Therefore, by noticing Fig. 13(a), the tolerances
efficiency limits to 3.21% for 550W power level. Fig. 13(b)
illustrates the efficiency versus different powers, when n = 4.
By observing this figure, the maximum efficiency is 96.57%
for 368W. Therefore, can be said that themaximum efficiency
is obtained in higher powers when the VMCs are increased.
Finally, the current and the voltage of the suggested topology
are enhanced by adding the VMCs. Thus, the power will
be enhanced. Power losses of each element are pictured in
Fig. 13(c). As can be seen in this figure, the major losses are
related to semiconductors.

Figure 14 shows the dynamic response for 50% changes at
the load’s current. Based on this figure, the output voltage
of the capacitor C4 is about 114 V and the output current
of this port is approximately 1.20 A. Then, with a sudden
change (50% changes) in load, the converter power enhances
to 1.80A in the output port of capacitorC4. The output voltage
of the converter, reaches 112.8 V after transient changes
of 400 m-seconds. Due to the high output power, the output
voltage is 1.2 V lower than the reference voltage which is
about 114 V. Therefore, the closed-loop system is stable and
the output voltage can be fixed in reference value.

The MPPT algorithm performance is verified with
Simulink. For this work, the proposed converter is simulated
with a Pmpp = 300 W (for irradiance = 1000 W/m2) PV
panel. Figure 15, shows the result of Simulink. As can be
seen in this figure, at 0 < t < 5 sec, the irradiance of the
PV panel is equal to 600 W/m2. For this value of irradiance,
the available power of the PV panel is 167 W and the MPPT
algorithm tracks the power at 160 W with 95.8 % efficiency.
At 5 < t < 10 sec, the irradiance is changed to 800 W/m2.
For this value of irradiance, the available power of the PV
panel is 260 W and the MPPT algorithm tracks the power at
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FIGURE 14. Dynamic response for 50% changes at the load’s current.

FIGURE 15. Simulink result to verify the performance of the MPPT
algorithm.

250.8 W with 96.5 % efficiency. Finally, at 10 < t < 15
sec, the irradiance is changed to 400 W/m2. For this value
of irradiance, the available power of the PV panel is 110 W
and the MPPT algorithm tracks the power at 99.89 W with
efficiency of 90.8 %.

VIII. CONCLUSION
A new high-efficiency SIMO converter is presented. The
suggested topology has a single power switch, so it has a
simplified control method. Based on the obtained results, can
be said that the power losses of the suggested structure are
reduced by enhancing the VMCs. Thus, by lower RDS(ON )
of the switch, the efficiency of the recommended topology
is higher than 93 % and finally the overall cost is decreased.
The efficiency is almost 93.25 % at rated power (550 W) for
n = 3 and 94.5 % for n = 4. Also, the output power can be
controlled by duty-cycle value, hence can be said that each
output can have a suitable power level for independent appli-
cations. To achieve a high voltage level for each output, this
topology could be widespread to n stages of VMCs. Hence,
each output power level will increase. The experimental and
mathematical results indicate that the proposed converter is
obtained low voltage stress and high overall efficiency at all
power levels. Therefore, the proposed converter could be a
good candidate for renewable usages.
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