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ABSTRACT In this paper, a Multi-Input Multi-Output (MIMO) high step-up transformerless DC-DC
converter is proposed. The proposed converter can expand the number of ports from both input and output
terminals. Also, it has amodular structure using voltagemultiplier cells (a switch, two diodes, a capacitor, and
an inductor). The proposed converter is useful for a wide range of applications and has themerit of interfacing
multiple hybrid voltage sources with each other to supply different loads with various voltage levels. All
the output voltages of the output ports can be regulated at the same time by tuning separate controlling
parameters. Since digital control has the benefit of (1) enhancing efficiency, (2) higher flexibility than analog
electronics, (3) ease of use, (4) improving reliability and stability in hybrid energy conversion applications,
this method of controlling implementation is adopted. The key contributions of this article would be
1) expandable modular MIMO converter with high performance for all range of duty cycles; 2) integration of
hybrid energy sources and delivering to multiple loads; 3) nonlinear digital controlling approach to achieve
fast transient response under the variation of input voltage sources and output loads, and 4) high voltage
gain with low normalized power stress on switches. To simplify the analysis, first, single-input, dual-output
(SIDO) mother-module, dual-input, three-output (DITO) and three-input, four-output (TIFO) developed
modules are carefully analyzed and then, the MIMO structure is explained. To verify the theoretical results,
a prototype of SIDO operation of the proposed converter with a digital controlling scheme is implemented
for 30V input voltage /150V, 250V output voltages with the total power of 450W. Furthermore, experimental
results of DITO operation with 30V and 40V input voltages/150V, 250V, 405V output voltages with the total
power of 800W are extracted.

INDEX TERMS Single-input/dual-output dc-dc converter, dual-input/three-output dc-dc converter, multi-
input/multi-output dc-dc converter, high step-up, expandable structure, voltage multiplier cells.

I. INTRODUCTION
MULTIPORT DC-DC converters (MPCs) are applicable in
versatile applications including photovoltaic (PV) energy sys-
tems [1], [2], microgrids with multiple sources and integrated
energy storage [3], battery systems [4], data centers [5], and
electric traction [6]. Fig. 1(a) shows the general application
of a DC-DC multiport converter. MPCs with the capability
of increasing the voltage levels to the standard levels of
different output loads are widely required [7]. Also, MPCs
increase the reliability of using these sources by interfacing
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multiple sources together since the renewable energy sources
are affected by the environmental changes [8]–[10].

Although several single-input single-output (SISO)
DC-DC boost converters can be used to interface each of
the sources to the loads as shown in Fig. 1(b), in that case,
the number of components, power loss, selected duty cycles
for the switches and costs will be considerably high. It is
noteworthy that the voltage gains of the conventional SISO
DC-DC boost converters are directly related to the duty
cycle of their switches and by adopting extreme duty cycles
when there is a voltage drop in the voltage source, the active
switches would experience severe voltage spikes [11]. One
DC-DC MIMO converter can be utilized instead of using
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FIGURE 1. (a) General application of a DC-DC multiport converter;
(b) Conventional schematic for integrating various input sources and
output loads applying SISO DC-DC converters; (c) Proposed schematic for
integrating various input sources and output loads applying MIMO DC-DC
converter.

several SISO converters to integrate multiple sources and
multiple output loads to optimize the performance of system
as shown in Fig. 1(c). Consequently, by usingMIMO convert-
ers, the components’ number and power conversion stages
can be decreased, also the power density can be increased.

Multiport DC-DC converters can be generally divided
into two main groups transformer-based and transformerless
boost MPCs. In [12]–[18], MPCs based on transformers and
coupled inductors are presented. The conversion ratios of
these converters are increased by adding the turn ratio of the
secondary windings of their utilized transformers or coupled
inductors. However, converters with transformers suffer from
the high volume, high voltage spikes on elements, and as
much as the operating powers of these converters increase,
the size of their transformers increases. Also, converters with
coupled inductors experience high input current ripples which
affect the life span of the renewable energy sources and cause
high leakage inductances and conduction losses.

To avoid the drawbacks of the coupled-inductor or
transformer-based DC-DC boost MPCs, simpler structures
are presented in [19]–[23]. The main drawback of these
converters is that their conversion ratios are directly depen-
dent on the duty cycles of their switches. By selecting high
duty cycles, the switches may experience voltage spikes,

especially in high power applications. To reduce the voltage
spikes on switches in transformerless DC-DC boost MPCs,
interleaved converters are presented such as in [24]. In these
converters by shifting phases between the switches, the volt-
age stress on active switches can be reduced. However, these
converters have the constraint of providing different conver-
sion ratios for different ranges of duty cycles. To achieve
high voltage gains in transformerless DC-DC boost MPCs,
converters with voltage multiplier (VM) cells have been pre-
sented such as in [25] and [26]. However, in these converters
there is no specific switch for each output port, as a result,
there is not enough controlling criterion to control each of
the output ports, separately. In [27], there has been a DC-DC
MIMO converter utilizing a single inductor presented. This
converter has low voltage gain. Also, in this converter, the
voltage sources and output loads are non-common grounded.
As a result, when one of the switches in one of the modules
is failed, the power cannot be delivered to other modules.

In [28], to improve transient responses in dc-dc converters,
the idea of proximate time-optimal digital control is applied
as a hybrid digital adaptive (HDA) controller. By HDA con-
troller, the currents of the inductor and capacitor are estimated
by an adaptive adjustment and are sent to HAD. This method
achieves optimal transient responses for a wide range of
step changes of the load with fixed input voltage. Due to
the development of microprocessor boards in recent years,
the implementation of these controlling schemes has become
easier. In [29], a digital control strategy has been employed
on a bidirectional fly-back converter. The presented digital
control scheme in [29] leads to high efficiency and fast
charge/discharge speed [30]. Implemented digital control
in [31] has been increased flexibility compared to analog
feedback systems.

In this paper, a transformerless MPC is presented. The
number of input and output terminals of the proposed con-
verter can be increased which makes the converter suitable
for a wide range of applications. The active and passive
components of the proposed converter would not experience
voltage stress caused by leakage inductances. Comparing the
four-input developed module of the proposed converter with
other conventional ones, the proposed converter has higher
voltage gain for ports with the least power stress on switches.
Moreover, the voltage gain of the converter is increased by
the utilized VM cell for each output port, therefore, extreme
duty cycles would not be applied to active switches to achieve
higher powers or compensating the output voltages. There is
a specific switch for each output port that can regulate the
output voltage to the desired demanded level by the load.
The voltage gain of each of the output ports is increased and
controlled by its own cell and the ports can be operated inde-
pendent from each other. Considering that the input voltage
sources might be different from each other with different gen-
erated voltage and current ratings and if they are renewable
energy sources such as photovoltaic cells (PVs), they might
not be available all the time and they might experience a
sudden drop in energy generation due to their dependency to
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FIGURE 2. The proposed converter and its expanded structure; (a) SIDO converter; (b) MIMO converter.

the environmental conditions, a nonlinear-based control that
can compensate for the transient drop or raise of power by
these sources is adopted.

II. THE PROPOSED CONVERTER
The basic power circuit of the proposed single-input, two-
output converter is shown in Fig. 2(a). The proposed converter
has the components of the inductors L1, L2, capacitorsC1,C2,
diodes Da1, Db1, Da2, Db2. The capacitors are large enough
to be considered the constant DC voltages across In the
proposed converter, by using the duty cycles ofD1 andD2, the
first and second output voltages of Vo1 and Vo2, respectively
are regulated at the same time for any constant voltages under
the input voltage or output loads variations. In this study,
at first, the proposed SIDO mother-module is analyzed and
then the results of the expanded form of the proposed con-
verter to 2-input/3-output, 3-input/4-output, 4-input/5-output
and also (N − 1)-input/N -output are given. The power circuit
of expanded multi-input, multi-output converter is illustrated
in Fig. 2(b). As an example, in Fig. 3 the switching pattern of
switches for D1 < D2 is shown.

Moreover, it includes two switches S1 and S2 with the
operating duty cycles of D1 and D2, respectively.

A. ANALYSIS OF THE PROPOSED SINGLE-INPUT,
DUAL-OUTPUT SIDO MOTHER-MODULE
The proposed converter can operate for two conditions of
duty cycles as D1 < D2 and D1 > D2. As a result,
it has different equations in these conditions which are
explained in the following sections. The equivalent circuits
of the proposed converter during a switching period for
D1 < D2 and D1 > D2 are illustrated in Figs. 4 and 5,
respectively.

1) ANALYSIS FOR D1 < D2
Considering Fig. 4, the proposed converter has three operat-
ing modes. Accordingly, the voltage across the inductor L1
during a switching period would be:

vL1 =

{
Vi duringMode 1 (D1Ts)
Vi − VC2 duringModes 2, 3 (1− D1)Ts

(1)

As a result, in the steady state, the voltage balance law for
the inductor L1 can be written as follows:

ṽL1 = D1Vi + (1− D1)(Vi − VC2) = 0 (2)

By simplifying the above equation, it is obtained as follows:

VC2 = [1/(1− D1)]Vi (3)

Considering Figs. 4(b) and 4(c), during modes 2 and 3, the
switch S1 is OFF and the diodes D1a and D2b are ON. As a
result, it can be written as follows:

VC1 = VC2 − Vi = [D1/(1− D1)]Vi (4)

Considering Fig. 4(a), during mode 1, the switch S1 and
diodeD1a are conducting. The conversion ratio of first output
voltage over the input voltage for the first port (G1 = Vo1/Vi)
is obtained as follows:

G1 = Vo1/Vi = [(VC1 + VC2)/Vi + 1] = 2/(1− D1) (5)

Considering Fig. 4, the voltage across the inductor L2 during
a switching period is calculated as follows:

vL2 =


Vi + VC2 duringMode 1 (D1Ts)
Vi duringMode 2 [(D2 − D1)Ts]
Vi − Vo2 duringModes 3 [(1− D2)Ts]

(6)
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FIGURE 3. Theoretical waveforms of the proposed converter during a
switching period for D2 > D1.

As a result, in the steady-state, it can be written that:

ṽL2 = (Vi + VC2)D1 + Vi(D2 − D1)

+ (Vi − Vo2)(1− D2) = 0 (7)

Consequently, the conversion ratio of second output voltage
over the input voltage (G2 = Vo2/Vi) is obtained as follows:

G2 = [D1 VC2/Vi + 1]/(1− D2) = 1/[(1− D1)(1− D2)]

(8)

Considering Fig. 4, the voltage stresses on switches and
diodes during the time interval that they are OFF is calculated
as following equations:

VS1 = VC2 = Vo1/2 during [(1− D1)Ts] (9)

VD1b = Vo1 − VC2 = Vo1/2 during (1− D1)Ts (10)

VD1a = VC2 = Vo1/2 during D1 Ts (11)

VS2 = Vo2 duringMode 3 [(1− D2)Ts] (12)

VD2b = VC2 = Vo1/2 duringD1 Ts (13)

VD2a =


VC2 + Vo2 = Vo1/2+ Vo2

duringMode 1 (D1 Ts)
Vo2

Mode 2 [(D2 − D1 )Ts]

(14)

where considering Fig. 3, the interval time of (1 − D1)Ts is
equal to the interval time of modes 2 and 3. D1 Ts is equal
to the time interval for mode 1. Considering Fig. 4, the aver-
age currents of switches and diodes during their conducting
interval time are calculated as following equations:

IS1 = (IL1 − Io1)/D1 duringD1 Ts (15)

ID1b = Io1/D1 duringD1Ts (16)

ID1a = Io1/(1− D1 during (1− D1 )Ts (17)

IS2 = IL2 = (IL2 − Io2)/D2 duringD2Ts (18)

ID2b = (Io1 + IL2 − Io2)/(1− D1 during (1− D1)Ts
(19)

ID2a = IL2 = Io2/(1− D2 during (1− D2 )Ts (20)

It is obvious that the average input current of ii would be equal
to Ii1 = IL1+IL2. Considering power balance law, the average
current of IL1 would be obtained as follows:

IL1 = G1Io1 + G2Io2 − IL2

=
D1Io1

(1− D1)(1− D2)
+

2Io2
1− D1

(21)

FIGURE 4. The equivalent power circuits of Modes 1, 2, 3 for D1 < D2; (a) Mode 1; (b) Mode 2; (c) Mode 3.
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FIGURE 5. Mode 2 for D1 > D2.

2) ANALYSIS FOR D1 > D2
The equivalent circuits of the proposed converter during first
and third modes for D1 > D2 are same as them for D1 < D2,
which are illustrated in Fig. 4(a) and 4(c), respectively. The
equivalent power circuit for second mode of D1 > D2
is shown in Fig. 5. Accordingly, the equations (1)-(5) are
obtained in the operation of D1 > D2 same as D1 < D2.
Considering Figs. 4(a), 4(c) and 4, the voltage across the
inductor L2 during a switching period is:

vL2 =

{
Vi + VC2 duringModes 1, 2 (D2Ts)
Vi − Vo2 duringModes 3 [(1− D2)Ts]

(22)

Consequently, applying the voltage balance law for the induc-
tor L2 results that the conversion ratio of second output volt-
age over the input voltage (G2 = Vo2/Vi):

G2 = [D2 VC2/Vi + 1]/(1− D2)

= [1+ D2/(1− D1)]/(1− D2) (23)

The voltage stresses on switches and diodes during the time
interval that they are OFF is calculated as follows:

VD2a=VC2 + Vo2 duringMode 1 (D2Ts) (24)

VS2=

{
VC2+Vo2 duringMode 2 [(D1−D2)Ts]
Vo2 duringMode 3 [(1− D1)Ts]

(25)

Also, in this operation, same as the operation of D1 < D2,
the equations (9)-(11) and (13) are obtained. Considering
Figs. 4(a), 4(c) and 4, the average currents of switches and
diodes during their conducting interval time are calculated
as equations (15)-(20). Considering power balance law, the
average current of IL1 would be obtained as follows:

IL1=G1Io1 + G2Io2 − IL2=
D2Io1

(1− D1)(1− D2)
+

2Io2
1− D1

(26)

3) DESIGN CONSIDERATIONS
In continuous conduction mode (CCM) operation of the pro-
posed converter, the average values of the currents passing
through the inductances L1 and L2 have to be higher than half
of their current ripples [IL > (1IL/2)]. Consequently, the
following inequalities have to be verified;

L1 > (ViD1)/(2IL1 fs) (27)

L2 > (Vi − Vo2)(1− D2)/(2IL2 fs) (28)

The inductors’ currents ripple is calculated as 1iL1 =
ViD1Ts/L1 and 1iL2 = (Vi − Vo2)(1− D2)Ts/L2.
Therefore, it can be written that:

iL1−max = IL1 ±1iL1/2 (29)

iL2−max = IL2 ±1iL2/2 (30)

For both conditions of D1 < D2 and D1 > D2, the average
currents of the capacitors are calculated as follows;

ICo1 =

{
[(1− D1)/D1]Io1 during (D1Ts)
−Io1 during (1− D1)Ts

(31)

ICo2 =


−Io2

during (D2Ts)
IL2 − Io2 = [D2/(1− D2)]Io2

during (1− D2)Ts

(32)

IC1 =

{
Io1/D1 during (D1Ts)
−Io1/(1− D1) during (1− D1)Ts

(33)

IC2 =


−[IL1 − Io2/(1− D1)](1− D1)/D1

duringD1 Ts
IL1 − Io2/(1− D1)

during (1− D1)Ts

(34)

By considering the hold-up time required for step-load
response, voltage ripple across each of the output capacitors
(1VCo) and voltage ripple caused by the Equivalent Series
Resistance (ESR) of the output capacitors 1Vo1 = 1VCo1 +
1VCo−ESR = 1VCo1 + rCo11ICo1. As a result, the minimum
values of the capacitors can be calculated as given in Table 1.

TABLE 1. Minimum values of capacitors.

4) SMALL SIGNAL ANALYSIS AND CONTROLLING SYSTEM
OF PROPOSED SIDO MOTHER-MODULE
a: CONTINUES PI CONTROLLING SYSTEM
According to Fig. 4, it is assumed that the inductor currents
iL1, iL2, capacitor voltages vC1, vC2, vCo1, vCo2 are the state
variables. The input voltage source vi is defined by source
vector uin. The output voltages are vCo1, vCo2 should be
regulated. Accordingly, the state matrixes as follows:

sX = AX + B0ṽi + B1d̃1 + B2 d̃2 (35)
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FIGURE 6. Closed loop controller of the output voltages for the proposed
SIDO mother-module for D2 > D1.

The state matrix A and matrixes B1, B2 are obtained as (36)
and (37), as shown at the bottom of the next page.

X =


ĩL1
ĩL2
ṽC1
ṽC2
ṽCo1
ṽCo2

 , B2 =



0
VCo2
L2
0
0
0
−IL2
Co2


,

B1 =



VC2/L1
VC2/L2

VCo1 − 2VC2 + rC (IL2 − IL1)
C1

VCo1 − 2(VC1 + Vi)− rC (IL2 + IL1)
C2

[VC1 + VC2 + Vi − VCo1 − rC IL2]
2rCCo1

0


(36)

As a result, the transfer functions of the output voltages vCo1
and vCo2 are obtained as (38) and (39), as shown at the bottom
of the next page, where

C1 = [ 0 0 0 0 1 0 ] (40)

C2 = [ 0 0 0 0 0 1 ] (41)

Therefore, by adjusting the PI parameters Kp and Ki of the
voltage loop controllers, the closed-loop system of the pro-
posed converter which is shown in Fig. 6, can achieve a better
stability performance.

Gc1 = Kp1 + Ki1/s = 0.00001+ 0.24/s (42)

Gc2 = Kp2 + Ki2/s = 0.0001+ 0.05/s (43)

In order to generate the drive signals for S1 and S2 in Fig. 6 the
PWM technique is used and D1 and D2 are respectively
compared with the saw tooth wave Vt . When D1 is higher
than Vt , S1 is in on-state. Moreover, S2 is in on-state whenD2
is larger than Vt . The bode diagrams of the open-loop trans-
fer functions with the PI voltage controllers in the step-up
operating mode can be obtained as shown in Fig. 7. The
amplitude margin and the phase margin are both greater

FIGURE 7. Bode plots of the small-signal open-loop transfer functions
with PI voltage controller; (a) bode for (GC1(s)× G1(s)); bode for
(GC2(s)× G2(s)).

than 0. Therefore, the closed-loop systems of the proposed
converter, which adopts the PI voltage controllers, can oper-
ate stably. As mentioned before, the poles of transfer function
are calculated before and were in the left half’s plane.

b: DIGITAL NONLINEAR CONTROLLING SYSTEM DESIGN
FOR THE PROPOSED SIDO MOTHER-MODULE
The proposed nonlinear control for the proposed converter is
written as following form:

d1=

√
kP1(vCo1−VCo1d )+kI1

∫
(vCo1−VCo1d ) dt (44)

d2=

√
kP2(vCo2−VCo2d )+kI2

∫
(vCo2−VCo2d ) dt (45)

where, VCo1d and VCo2d are the final stable values of the
capacitors voltages of vCo1 and vCo2. d1 and d2 are controlling
parameters for the two output voltages.

It is seen that the nonlinear control equations are the square
root form of the linear PI controllers. where, d1 and d2 are
always positive. The proposed control strategy in (44)-(45)
leads to a stable closed-loop system. The output voltage’s
error will be close to zero under the variations of output load
or input voltage. To demonstrate this capability, at first the
average error closed-loop dynamics are obtained and then the
stability analysis is resulted. Consequently, considering (36),
the state error matrix would be written as follows;

e1
e2
e3
e4
e5
e6

 =

iL1
iL2
vC1
vC2
vCo1
vCo2

−

iL1d
iL2d
vC1d
vC2d
vCo1d
vCo2d

 = x − xd (46)

Accordingly, by derivation from above equation, it can be
resulted that

•
e =

•
x. Moreover, for simplifying the analysis of

state Matrixes with nonlinear equations, two extra variables
should be defined as follows;

z1= kI1

∫
(vCo1 − VCo1d ) dt=kI1

∫
e5 dt or

·
z1=kI1e5

(47)

z2= kI2

∫
(vCo2 − VCo2−r ) dt=kI2

∫
e6 dt or

·
z2=kI2e6

(48)
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As a result, equations (44)-(45) are rewritten as follows:

d1 =

√
kP1e5 + kI1

∫
e5 dt =

√
kP1e5 + z1 (49)

d2 =

√
kP2e6 + kI2

∫
e6 dt =

√
kP2e6 + z2 (50)

Considering the equations (36)-(37), the state equations for
time domain can be written as (51), as shown at the bottom
of the next page. Consequently, the state equations for error
dynamics can be concluded as equation (52), as shown at the
bottom of the next page.

As a result, by replacing (49)-(50) into (52), it would be
written as equation (53), as shown at the bottom of the next
page. The equilibrium point of errorMatrix in (53) is obtained
by setting error matrix equal to 0 as follows;



·
e1
·
e2
·
e3
·
e4
·
e5
·

e6
·

z1
·
z2


=



0
0
0
0
0
0
0
0


, results eEquilibrium =



e1∞
e2∞
e3∞
e4∞
e5∞
e6∞
z1∞
z2∞


(54)

Consequently, the linearization of the closed-loop system
about eEquilibrium is obtained as follows;

·
η = Mη = M



e1 − e1∞
e2 − e2∞
e3 − e3∞
e4 − e4∞
e5 − e5∞
e6 − e6∞
z1 − z1∞
z2 − z2∞



T

(55)

Considering (53)-(55), the closed-loop system can be simpli-
fied as given in APENDIX, which will be asymptotically sta-
ble if all the eigenvalues lie in the left-half complex plane. The
eigenvalues of the closed loop system are given by the char-
acteristic equation of |λI −M | = 0. Fig.8 shows schematic
of the closed loop nonlinear digital controller for regulation
of output voltages in the proposed SIDO mother-module
for D2 > D1.

B. ANALYSIS OF THE PROPOSED DUAL-INPUT,
THREE-OUTPUT DITO DEVELOPED MODULE
The power circuit of the proposed dual input, thee output
converter is illustrated as Fig. 9. The proposed converter has
six conditions of duty cycles for 2 input, 3 output topology as
shown in the left column of Table 2. As a result, the calculated
equations for the output voltage of Vo3 in six conditions of
duty cycle are illustrated in second column of Table 2.

According to the third row of Table 2, the output voltage
of Vo3, is same for two conditions of D2 > D1 > D3 and

B0 =



1/L1

1/L2

−1/(2rCC1)

(1− 2D1)/C2

D1/(2rCCo1)

0


,

A =



0 0 0 −(1− D1)/L1 0 0

0 0 0 D1/L2 0 −(1− D2)/L2

rC (1− D1)/C1 rCD1/C1 −1/(2rCC1) (1− 2D1)/C1 D1/C1 0

rC (1− D1)/C2 −rCD1/C2 (1− 2D1)/C2 −1/C2 D1/C2 0
0 −D1/(2Co1) D1/(2rCCo1) D1/(2rCCo1) −D1/(2rCCo1)− 1/(Ro1Co1) 0

0 (1− D2)/Co2 0 0 0 −1/(Ro2Co2)


(37)

G1(s) =
ṽCo1
d̃1

∣∣∣∣
d̃2=0,ṽi=0

=
GvCo1−d1(s)
Gp(s)

= C1B1(sI − A)−1 (38)

G2(s) =
ṽCo2
d̃1

∣∣∣∣
d̃1=0,ṽi=0

=
GvCo2−d2(s)
Gp(s)

= C2B2(sI − A)−1 (39)
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D1 > D2 > D3. In this part, as an example, the theoretical
analysis of the two-input, three output converter with the duty
cycle condition of D2 > D1 > D3 is given. The equivalent
power circuits of the proposed converter for the duty cycle

condition of D2 > D1 > D3, during a switching period is
shown in Fig. 10.

Considering Fig. 10, the voltage stress on switch and
diodes in the third stage of DITO converter, during the



·

iL1
·

iL2
·

vC1
·

vC2
·

vCo1
·

vCo2


=



0 0 0 −(1− d1)/L1 0 0

0 0 0 d1/L2 0 −(1− d2)/L2

rC (1− d1)/C1 rCd1/C1 −1/(2rCC1) (1− 2d1)/C1 d1/C1 0

rC (1− d1)/C2 −rCd1/C2 (1− 2d1)/C2 −1/C2 d1/C2 0

0 −d1/(2Co1) d1/(2rCCo1) d1/(2rCCo1) −d1/(2rCCo1)− 1/(Ro1Co1) 0

0 (1− d2)/Co2 0 0 0 −1/(Ro2Co2)



×


iL1
iL2
vC1
vC2
vCo1
vCo2

+


1/L1
1/L2

−1/(2rCC1)
(1− 2d1)/C2
d1/(2rCCo1)

0

Vi (51)



·
e1
·
e2
·
e3
·
e4
·
e5
·
e6


=



0 0 0 −(1− d1)/L1 0 0
0 0 0 d1/L2 0 −(1− d2)/L2

rC (1− d1)/C1 rC d1/C1 −1/(2rCC1) (1− 2d1)/C1 d1/C1 0
rC (1− d1)/C2 −rC d1/C2 (1− 2d1)/C2 −1/C2 d1/C2 0

0 −d1/(2Co1) d1/(2rCCo1) d1/(2rCCo1) −d1/(2rCCo1)− 1/(Ro1Co1) 0
0 (1− d2)/Co2 0 0 0 −1/(Ro2Co2)



×





e1
e2
e3
e4
e5
e6

+


iL1d
iL2d
vC1d
vC2d
vCo1d
vCo2d




+



1/L1

1/L2

−1/(2rCC1)

(1− 2d1)/C2

d1/(2rCCo1)

0


Vi (52)



·
e1
·
e2
·
e3
·
e4
·
e5
·

e6
·

z1
·
z2


=



0 0 0 −(1−
√
kP1e5 + z1)/L1 0 0 0 0

0 0 0
√
kP1e5 + z1/L2 0 −(1−

√
kP2e6 + z2)/L2 0 0

rC (1−
√
kP1e5 + z1)/C1 rC

√
kP1e5 + z1/C1 −1/(2rCC1) (1− 2

√
kP1e5 + z1)/C1

√
kP1e5 + z1/C1 0 0 0

rC (1−
√
kP1e5 + z1)/C2 −rC

√
kP1e5 + z1/C2 (1− 2

√
kP1e5 + z1)/C2 −1/C2

√
kP1e5 + z1/C2 0 0 0

0 −

√
kP1e5 + z1
2Co1

√
kP1e5 + z1
2rCCo1

√
kP1e5 + z1
2rCCo1

−

√
kP1e5 + z1
2rCCo1

−
1

Ro1Co1
0 0 0

0 (1−
√
kP2e6 + z2)/Co2 0 0 0 −

1
Ro2Co2

0 0

0 0 0 0 kI1 0 0 0

0 0 0 0 0 kI2 0 0



×



e1 + iL1d

e2 + iL2d

ce3 + vC1d

e4 + vC2d

e5 + vCo1d

e6 + vCo2d

z1
z2



+



0
0
0
0
0
0

−kI1vCo1d

−kI2 vCo2d


+



1/L1

1/L2

−1/(2rCC1)

(1− 2
√
kP1e5 + z1)/C2√

kP1e5 + z1/(2rCCo1)
0
0
0


Vi (53)
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FIGURE 8. Closed loop nonlinear digital controller for regulation of output voltages in the proposed SIDO
mother-module for D2 > D1.

TABLE 2. Output voltages of proposed converter for 2 input, 3 output
topology.

time interval that they are OFF is calculated as following
equations:

VS3 =



VC2+VC3+Vo3= (Vo1/2)+Vo2+Vo3

(D1 − D3)Ts

VC3 + Vo3 = Vo2 + Vo3

(D2 − D1)Ts
Vo3

(1− D2)Ts

(56)

VD3b = VD2a =

{
Vo1/2+ Vo2 for D1Ts
Vo2 for (D2 − D1)Ts

(57)

VD3a
∣∣D3Ts = VC2 + VC3 + Vo3 = (Vo1/2)+ Vo2 + Vo3

(58)

The voltage stress on switches and diodes in the first and
second stages of the proposed DITO converter during their
conducting interval time are calculated as (9)-(14) for SIDO
converter.

FIGURE 9. The proposed DITO converter.

Considering Fig. 10, the average currents of switch and
diodes in the third stage of the proposed converter during
their conducting interval time are calculated as following
equations:

IS3 = (IL3 − Io3)/D3 = IL3 duringD3Ts (59)

ID3a = Io3/(1− D3) = IL3 during (1− D3)Ts (60)

On the other hand, considering that the diodes D3b and D2a
are turning ON in the same time interval. As a result, it can
be written that:

ID3b =
IL3 − Io3
1− D2

= IL2 −
Io2

1− D2
during (1− D2)Ts

(61)

The average value of inductor current in the third stage is
obtained as follows:

IL3 = Io3/(1− D3) (62)

By simplifying (61), it can be resulted that

IL2 = Io3D3/[(1− D3)(1− D2)]+ [Io2/(1− D2)] (63)

It is obvious that the average input current of ii would be
equal to Ii1 = IL1 + IL2. Considering power balance law
(PoT = PiT ), results:

Vo1Io1 + Vo2Io2 + Vo3Io3 = Vi2(IL1 + IL2)+ Vi3IL3 (64)
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FIGURE 10. The equivalent circuits of proposed DITO converter during
Modes 1, 2, 3, 4 for D2 > D1 > D3; (a) Mode 1; (b) Mode 2; (c) Mode 3;
(d) Mode 4.

2Io1Vi2
1− D1

+
Io2Vi2

(1− D1)(1− D2)

+ (Vi3 +
D3

1− D1
Vi2 + D3Vo2)

Io3
1− D3

= Vi2IL1 + Vi2

[
D3Io3

(1− D3)(1− D2)
+

Io2
(1− D2)

]
+Vi3

Io3
1− D3

(65)

TABLE 3. Output voltages of proposed converter for 3-input, 4-output
topology.

Considering above equation, the average value of inductor
current IL1, would be obtained as follows:

IL1 =
2Io1

1− D1
+

D1Io2
(1− D1)(1− D2)

+
D3(1− D2 + D1)Io3

(1− D1)(1− D2)(1− D3)
(66)

Consequently, the average currents of switches and diodes in
the first and second stages of the proposed converter during
their conducting interval time are calculated as (15)-(20) for
SIDO converter.

C. ANALYSIS OF PROPOSED THREE-INPUT,
FOUR-OUTPUT (TIFO) DEVELOPED MODULE
The proposed converter has twenty forth conditions of duty
cycles for 3-input, 4-output topology as shown in the left
column of Table 3. As a result, the calculated equations for the
output voltages in each condition of duty cycles are illustrated
in second column of Table 3.

D. ANALYSIS OF PROPOSED N − 1 INPUT, N OUTPUT
CONVERTER
In the proposed converter, the number of input ports
and output ports can be increased. As a result, consider-
ing Tables 2 and 3, the output voltages of the proposed
N − 1 input, N output converter in Fig. 2(b) for some
duty cycle conditions can be calculated as the following
equations.
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FIGURE 11. The possibility of output voltages conversion ratio
considering the same input voltages and ascending duty cycles
(D1 < D2 < D3 < · · · < Dk ).

1) D1 < D2 < D3 < · · · < Dk
For this condition of duty cycles, kth output voltage (Vok ) is
obtained as follows;

Vok =
1

1− Dk
[Vik − Vi(k−1) + Vo(k−1)], k = 3, 4, . . . ,N

(67)

where considering Vik = Vi(k−1) = Vi, the above equation
can be summarized as follows;

Vok =
Vo(k−1)
1− DN

=

k∏
j=1

Vi
1− Dj

for k = 3, 4, . . . ,N (68)

2) D1 > D2 > D3 > · · · > Dk
For this condition of duty cycles, kth output voltage (Vok ) is
obtained as follows;

Vok =
1

1− DN

Vik + [Dk/(1− D1)]Vi + Dk
k−1∑
j=3

Vo(j−1)


k = 3, 4, . . . ,N (69)

3) D1,D2,D3,D4, . . . . . . ,DN−1 > DN AND
D1,D2,D3,D4, . . . . . . ,DN−2,DN > DN−1
In these conditions of duty cycles (DN = Dmin) and (DN−1 =
Dmin), N th output voltage would be obtained as follows;

VoN =
1

1− DN
[ViN + [Dmin/(1− D1)]Vi

+Dmin

N∑
j=4

Vo(j−1)] (70)

In Fig. 11, the possibility of output voltages conversion
ratio considering the same input voltages and ascending duty
cycles (D1 < D2 < D3 < · · · < Dk ) is shown. From Fig. 11,
it can be obtained that the conversion ratio of the converter
increases in the outer output ports. In contrast, for descending
duty cycles (D1 > D2 > D3 > · · · > Dk ), the inner output
ports will have higher conversion ratios. This feature makes
the proposed converter to be useful in versatile applications.

FIGURE 12. The comparison results of proposed SIDO mother-module
with conventional SIDO converters versus duty cycle (D); (a) total voltage
gain; (b) the total normalized voltage stress on switches and diodes; (c)
total voltage gain over total components number.

III. COMPARATIVE RESULTS
The proposed converter with SIDO structure and the other
conventional two-output converters are compared in Table 4
and their DC characteristics including voltage conversion
ratio of first output port (Gport−1), second output port
(Gport−2), total voltage gain (GT ), the total normalized max-
imum voltage stresses on the switches and diodes [6(VS +
VD)max/Vo_max], number of switches (NS ), diodes (ND),
inductors (NI ), capacitors (NC ), coupled-inductors (NCI ) the
total components number (NT ) are summarized in Table 4.
The total voltage gain (GT ) versus duty cycle is shown in
Fig. 12(a). The turn ratio of coupled inductors is considered
as n = 1.
Considering Fig. 12(a) the proposed SIDOmother-module

has higher voltage gain than the other conventional SIDO
converters. GT in the presented converters in Table 4 can be
considered as GT = Vo1/Vi + Vo2/Vi. Fig. 12(b) shows the
ratio of 6(VS_max + VD_max)/Vo_max, which the proposed
SIDO mother-module has the medium value comparing to
other compared converters. The ratio of total voltage gain
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FIGURE 13. The comparison results proposed four-input converter with
conventional four-input converters versus duty cycle (D); (a) total voltage
gain; (b) total voltage gain over total components number; (c) the
maximum voltage gain from one of output ports in the multi output
converters; (d) the total normalized power (voltage × current) stress on
switches.

over total components number (GT /NT ) would be a fair factor
to be compared as Fig. 12(c). Considering Fig. 12(c), the
proposed SIDO mother-module has almost higher value of
GT /NT than the other converters, which verifies the proposed
SIDO mother-module has better performance comparing to
other converters in Table 4.

The proposed converter with four input structure
and the other conventional four input converters are
compared in Table 5 and their DC characteristics
including voltage conversion ratio of each output port
(Gport−1, Gport−2, Gport−2, . . .), total voltage gain (GT ), the
normalized maximum voltage stress on switch
[VS max/Vo_max], the average conducting current stress on
the switch with maximum voltage stress IS(Vsmax), the nor-
malized maximum power on switch, number of output ports
(nout ), operating duty cycle range, number of switches (NS ),
diodes (ND), inductors (NI ), capacitors (NC ), the total com-
ponents number (NT ) are summarized in Table 5. The total
voltage gain (GT ) versus duty cycle is shown in Fig. 13 (a).
Considering Fig. 13 (a) the proposed four-input converter
has the highest voltage gain comparing to two other con-
ventional four-input converters. GT in the presented con-

verters in Table 5 can be considered as GT =
j=nout∑
j=1

Voj/Vi.

By considering that, the voltage gain would be increased
by using more components. As a result, the criteria of total
voltage gain over total components number (GT /NT ) would
be a fair factor to be compared as Fig. 13 (b). Considering
Fig. 13 (b), the proposed four-input converter has high-
est value of GT /NT which verifies the proposed converter
has better performance comparing to two other converters.
The presented converters in Table 5 have different voltage

conversion ratios for the output ports (for the proposed four-
input converter the voltage gain of five output ports are as
Gport_1, Gport_2, Gport_3, Gport_4, Gport_5), in which, in one
port the voltage gain is higher than that for other ports of
the converter and it can be named as Gmax. Consequently,
in Fig. 13(c), the maximum reachable voltage gain of the pre-
sented converters in Table 5 is compared. It is resulted that the
proposed four-input converter has the highest value of Gmax
comparing to two other conventional four-input converters in
Table 5. Fig. 13 (d) shows the normalized maximum power
stress on switch, in which the proposed four-input converter
has the minimum value comparing to other compared four-
input converters in [22] and [28]. Consequently, the high cost
related to selecting the switches with high power avoided for
the proposed converter. Fig. 14 shows the two-input, three-
output version of the proposed multiport DC-DC converter
and its equivalent three single-input, single-output DC-DC
converters. From Table 6, one can see that the proposed
converter can provide much higher conversion ratio with the
same voltage stress on switches in comparison with the usage
of three SISO DC-DC converters with the same structures as
the ones used in the proposed converter.

IV. EXPERIMENTAL RESULTS
The proposed converter is implemented in Labora-
tory and the experimental results which are shown in
Figs. 15-17 and 21-22 verify the accuracy performance of
the proposed converter and the calculated theoretical results
for SIDO and DITO operations, respectively. The used exper-
imental parameters are given in Table 7.

A. EXPERIMENTAL RESULTS OF THE PROPOSED SIDO
MOTHER-MODULE
The input voltages and output voltages are considered as Vi =
30V and Vo1/Vo2 = 150V/250 V , respectively. As a result,
by considering the used parameters in Table 7, the currents
and powers are calculated as Po1 = 225 W and Po2 =
250 W , Io1 = 1.5 A and Io2 = 1 A. The average currents
of inductors are calculated as IL1 = 5 ( Io1 + Io2) = 12.5A
and IL2 = Io2/0.3 = 3.33A. Considering the input voltage
as Vi = 30 V , D1 = 0.6 V , Ts = 20 µ sec, IL1 = 12.5 A, the
value of inductor L1 should verify L1 > 14.4 µH . On the
other hand, considering the D2 = 0.7 V , IL2 = 3.33 A,
the value of inductor L2 should verify L2 > 198.2 µH .
As a result, the values of inductances L1 and L2 can be
selected as L1 = 100 µH and L2 = 500 µH for using
in the implemented prototype. The theoretical values for the
capacitors are calculated for the parameters of D1 = 0.6 V ,
D2 = 0.7 V , rC = 0.03 �, fs = 50 kHZ from Table 1 as
C1 = 61.5 µF , C2 = 224 µF , Co1−min = 200 µF ,
Co2−min = 80 µF , therefore, the values of capacitors can
be selected same as their values in Table 7.

The ripple of inductors’ currents is obtained as 1iL1 =
3.6 A and 1iL2 = 2.64 A. Therefore, the maximum
and minimum value of inductor L1 is calculated equal to
iL1−max = 14.3 A and iL1−min = 10.7 A. And also, the
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TABLE 4. Comparison of high voltage gain single-input/dual-output converters.

TABLE 5. Comparison of high voltage gain four-input converters.
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TABLE 6. Comparison of proposed multiport dc-dc converter (for e.g. 2-input, 3-output version) with three single-input, single-output with the same
application and the same derived structures.

maximum and minimum value of inductor L2 is calculated
as iL2−max = 4.65 A and iL2−min = 2.01 A. According to
Fig. 16, the experimental results of inductors currents can be
verified. The voltage stresses on switches and diodes are;

VS1 = VD1b = Vo1/2 = 75 V | (1−D1)Ts ,

VS2 = Vo2 = 250 V | (1−D2)Ts , .

VD1a = VD2b = Vo1/2 = 75 V |D1 Ts ,

VD2a =

{
Vo1/2+ Vo2 = 325 V |D1Ts

Vo2 = 250V | (D2−D1)Ts .

The average currents of switches and diodes are;

IS1|D1 Ts = 18.33A, ID1b = Io1/D1 = 2.5A|D1 Ts , .

ID1a = Io1/(1− D1) = 3.75A|(1−D1 )Ts , .

IS2 = IL2 = 3.32A|D2Ts , .

ID2b = (Io1 + IL2 − Io2)/(1− D1) = 9.55A|(1−D1)Ts , .

ID2a = IL2 = 3.33A|(1−D2)Ts .

A comparison between measured results in Figs. 15 and 16
and the theoretical results shows that they verify each other
to a great extent. Both two output voltages can be controlled
simultaneously as shown in Fig. 17. For controlling the out-
put voltages, the microcontroller STM32F4DISCOVERY is
used. The output voltage regulations of the proposed con-
verter under variation of the input voltage, increasing sud-
denly from 30 V to 40 V and dropping to 20 V are extracted
to demonstrate this capability of the circuit.

Fig.18 shows the output voltage regulations of the pro-
posed SIDO mother-module by using the closed loop

TABLE 7. Experimental parameters.

nonlinear digital controller under variation of the output
powers. Where, from Fig. 18(a), the output power Po1 is
decreasing suddenly at t = 0.3[sec], from 225W to 112W
and increasing to 225W at t = 0.7[sec]. Moreover, based
on Fig. 18(b), power Po2 is decreasing suddenly at t =
0.4[sec], from 250W to 125W and increasing to 250W at
t= 0.8 [sec]. The values of used controlling parameters are as
kp1 = 0.0000000001, ki1 = 0.35, kp2 = 0.002 and ki2 = 0.3.
Considering Fig. 18, during variations of the output power of
each of two output ports at different moments, the two output
voltages are remained at the stable value.

Efficiency of the proposed SIDO mother-module depends
on several parameters. conduction losses of switches
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FIGURE 14. The combination of the two-input, three-output version of
the proposed multiport DC-DC converter from three single-input,
single-output DC-DC converters.

FIGURE 15. Voltages on switches and diodes.

(PCond,S ) and diodes (PCond,D), the switching losses for
the switches (Psw,S ) and diodes (Psw,D), conduction power
loss of inductors (PCond,L1, PCond,L2), conduction power
loss of capacitors (PCond,C ), total power loss of switches
(PS,Tot ), total power loss of diodes (PD,Tot ), total conduc-
tion loss of inductors (PCond,L), total conduction loss of
capacitors (PCond,C ) and total power loss of all components
(PLoss) are calculated as shown in Table 8. The efficiency
of proposed converter is concluded as Eff = PoT /(PoT +
PLoss). where PoT is output power that is written as PoT =
Po1 + Po2. As a result, the internal resistors of diodes (rD),
switches (rS ), inductors (rL), capacitors (rC ), forward drop
voltage of diodes (VFD), forward drop voltage of switches
(VFS ), maximum instantaneous reverse current (IR) and rise
and full times of switches as (tr and tf ) are considered
for calculating power losses. At turning-off moment of
diodes, the diode current reverses for a reverse recovery
time (trr ).

The theoretical calculated and experimental efficiency
curves of proposed converter versus output power are plotted
as illustrated in Fig. 19(a) where, in this figure the output
powers ratio is as Po1 = 0.9Po2. The total power is equal to
(0 < PoT = Po2 + Po1 = 1.9Po2 < 500 W ). The power loss
calculation for the proposed converter is done for the output
power equal to PoT = 445 W . where, Po1 = 211 W and

FIGURE 16. Currents of inductors, switches and diodes.

FIGURE 17. Output voltages regulation under the input voltage variation;
(a) the output voltage Vo1; (b) the output voltage Vo2.

FIGURE 18. Closed loop nonlinear digital controller for regulation of
output voltages in the proposed SIDO mother-module for D2 > D1. (a) the
output voltage Vo1 and power Po1; (b) the output voltage Vo2 and
power Po2.

Po2 = 233 W . Therefore, the total power losses of switches,
diodes, inductors, capacitors and total power loss are obtained
as PS,Tot = 0.446PoT , PD,Tot = 0.215PoT , PL,Tot =
0.26PoT , PC,Tot = 0.075PoT , PLoss = 31.83W , PoT =
444W respectively. As a result, the power loss distribution
among the different components is shown in Fig. 19(b). The
implemented prototype of the proposed converter in Labora-
tory is shown in Fig. 20.
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FIGURE 19. Efficiency of proposed converter versus output power and
power loss distribution; (a) Experimental and theoretical efficiency;
(b) Power loss distribution for PoT = 450 W .

FIGURE 20. Implemented prototype of the proposed converter.

B. EXPERIMENTAL RESULTS OF THE PROPOSED DITO
DEVELOPED MODULE
The used experimental parameters are given in Table 9.
The input voltages and output voltages are consid-
ered as Vi2/Vi3 = 30 V/40V and Vo1/Vo2/Vo3 =

150V/250 V/405 V , respectively. It is obvious that the
output voltages Vo1, Vo2, output loads Ro1, Ro2, powers Po1,

FIGURE 21. Voltages on switches and diodes.

FIGURE 22. Currents of inductors, switches and diodes.

Po2, duty cycles D1, D2, inductors L1, L2 in first and second
stage of DITO operation are same as SIDO operation. As a
result, the voltages on switches, diodes, and capacitors in first
and second stage of DITO operation are obtained same as
SIDO operation. The voltage waveforms of third stage in
DITO operation, are shown in Figs 21 and 22. As a result,
by considering the used parameters in Table 9, the output
currents and powers are calculated as Po1 = 225 W , Po2 =
250 W , Po3 = 410 W , Io1 = 1.5 AIo2 = 1 A and Io3 =
0.98 A. The average currents of inductors are calculated as
IL1 = 20A and IL2 = 6.71A, IL3 = 2Io3 = 2.02A.
The voltage stresses on switch and diodes in the third stage;

VS1
∣∣ (1−D1)Ts = VD1b

∣∣ (1−D1)Ts = Vo1/2 = 75V ,

FIGURE 23. Three output voltages regulation under the output powers variation; (a) the output voltage Vo1 and
power Po1; (b) the output voltage Vo2 and power Po2; (c) the output voltage Vo3 and power Po3.
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TABLE 8. Power loss calculation for all components of the proposed
converter.

VS2| (1−D2)Ts = Vo2 = 250V ,

VD1a
∣∣D1 Ts = VD2b

∣∣D1 Ts = Vo1/2 = 75 V | ,

VD3b = VD2a =

{
Vo1/2+ Vo2=325V : for D1Ts
Vo2=250V : for (D2−D1)Ts,

VD3a
∣∣D3Ts = VC2 + VC3 + Vo3 = 730V

VS3 =


VC2+VC3+Vo3=730V (D1−D3)Ts
VC3 + Vo3=655V (D2 − D1)Ts
Vo3 = 405V (1− D2)Ts

The average currents of switches and diodes are;

IS1|D1Ts = 30.83A,

ID1b|D1Ts = Io1/D1 = 2.5A,

ID1a|(1−D1)Ts = Io1/(1− D1) = 3.75A, IS2|D2Ts = 8.15A,

ID2b
∣∣(1−D1)Ts = (Io1 + IL2 − Io2)/(1− D1) = 18.05A, .

TABLE 9. Simulation parameters.

ID2a
∣∣(1−D2)Ts = Io2/(1− D2) = 3.33A,

IS3|D3Ts = IL3 = 2A

ID3a|(1−D3)Ts = IL3 = 2A

ID3b|D3Ts = D3IL3/(1− D2) = 3.33A

A comparison between measured results in Figs. 21 and 22
and the theoretical results shows that they verify each other
to a great extent.

Fig. 23 shows the output voltage regulations of the pro-
posed DITO converter by using the closed loop nonlin-
ear digital controller under variation of the output powers.
From Fig. 23(a), the output power Po1 decreasing suddenly
at t = 0.3[sec], from 225W to 112W and increasing to
225W at t = 0.7[sec]. Moreover, in Fig. 23(b), power Po2
decreasing suddenly at t = 0.4[sec], from 250W to 125W
and increasing to 250W at t = 0.8 [sec]. Furthermore, power
Po3 is decreasing suddenly at t = 0.5[sec], from 820W to
410W and increasing to 820 W at t = 0.9[sec] according
to Fig. 23(c). The values of used controlling parameters are
as kp1 = 0.002, ki1 = 0.3, kp2 = 0.00000002 and ki2 =
0.08, kp3 = 0.001 and ki3 = 0.08. Considering Fig. (21),
it can be seen that even by changing the out put load of each
of three output ports at different moments, the three output
voltages are remained at the stable value and the variations of
output voltages under the variation of three output loads are
negligible.

V. CONCLUSION
In this paper, a transformerless multiport converter is pre-
sented. The number of input and output ports of the proposed
converter can be increasedwhichmakes the converter suitable
for a wide range of applications. The proposed converter has
higher voltage gain for ports with the low power stress on
switches. Moreover, high duty cycles would not be applied
to the switches to obtain higher powers or stabilizing the
output voltages. The voltage gain of each of the output ports
is increased and controlled by its own cell and the ports can
be operated independent from each other. Also, a nonlinear-
based control that can compensate for the transient drop or
raise of power by these sources is adopted.

APPENDIX
Equation (A.1), as shown at the top of the next page.
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∂ ė2
∂e3
= 0

∂ ė2
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∂ ė3
∂e1
= rC

(
1−

√
kP1e5 + z1

)
/C1

∂ ė3
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∂ ė3
∂e3
= −1/

(
2rCC1

) ∂ ė3
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