IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

Received April 1, 2022, accepted May 5, 2022, date of publication May 17, 2022, date of current version May 23, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3175876

Modular Expandable Multiinput
Multioutput (MIMO) High Step-Up
Transformerless DC-DC Converter

ZAHRA SAADATIZADEH ", (Graduate Student Member, IEEE),
PEDRAM CHAVOSHIPOUR HERIS, (Graduate Student Member, IEEE),
AND H. ALAN MANTOOTH ", (Fellow, IEEE)

Electrical Engineering Department, University of Arkansas, Fayetteville, AR 72701, USA

Corresponding author: Zahra Saadatizadeh (zahras @uark.edu)

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 a modular structure using voltage multiplier cells (a switch, two diodes, a capacitor, and
an inductor). The proposed converter is useful for a wide range of applications and has the merit 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 de-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 using MIMO 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,
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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.

Il. 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, Ly, capacitors Cy, C3,
diodes D1, Dp1, Dg2, Dpa. The capacitors are large enough
to be considered the constant DC voltages across In the
proposed converter, by using the duty cycles of D and D;, the
first and second output voltages of V,1 and V,,;, 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/S-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 D; < D; is shown.

Moreover, it includes two switches S; and S, with the
operating duty cycles of D1 and D5, 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 < D> and D1 > D>. 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 < Dy and D; > Dj are illustrated in Figs. 4 and 5,
respectively.
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1) ANALYSIS FOR D; < D,

Considering Fig. 4, the proposed converter has three operat-
ing modes. Accordingly, the voltage across the inductor L;
during a switching period would be:

Vi
Vi—Vea

during Mode 1 (D1 Ty)

1
during Modes 2,3 (1 — D) T, M

VL1 =

As aresult, in the steady state, the voltage balance law for
the inductor L; can be written as follows:

v =D1Vi+ (1 =D1)(V;=Vc2)=0 )

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

Veo = [1/(1 = D1)]V; 3)

Considering Figs. 4(b) and 4(c), during modes 2 and 3, the
switch §; is OFF and the diodes D1, and D, are ON. As a
result, it can be written as follows:

Veir =Vea = Vi=[D1/(1 — D]V, @

Considering Fig. 4(a), during mode 1, the switch S and
diode D1, are conducting. The conversion ratio of first output
voltage over the input voltage for the first port (G; = V,1/V})
is obtained as follows:

G =Vo1/Vi=[Vc1 +Ve2)/Vi+11=2/(1 - Dy) (5)

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

Vi+ Vca  during Mode 1 (D1 Ty)
vipo =3 V; during Mode?2 [(D> — D1)T;] 6)
Vi— Ve during Modes3 [(1 — Dj) T;]
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FIGURE 3. Theoretical waveforms of the proposed converter during a
switching period for D, > D;.

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

Consequently, the conversion ratio of second output voltage
over the input voltage (G, = V,,/V;) is obtained as follows:

G2 = [D1Ve2/Vi+11/(1 = D2) = 1/[(1 = D1)(1 — Dy)]

®)

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

as followin

g equations:

Vs1 = Voo = Vo1/2  during [(1 — D) Ty)
VleZV()]—VCZZVO]/z durlng(l_Dl)TS

VDla
Vsa

Vb

VDZa

v02
Vo2 = Vo1/2  during Dy Ty

= Veor =Vy1/2 during Dy Ty
during Mode 3 [(1 — Dj) T;]

Voo + Voo = Vol/2 + Vo2
during Mode 1 (D1 Ty)

Vo2

Mode?2 [(Dy — D1)T5]

©))
(10)
(1D
(12)
13)

(14)

where considering Fig. 3, the interval time of (1 — Dp) Ty is
equal to the interval time of modes 2 and 3. D T 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 = (I — Io1)/ D1
Ip1p = Ip1 /Dy
Ipia = Ip1 /(1 — Dy

Isy = 112 = (12 — 12) /D2
Ipop = (Ip1 + 12 — 102)/(1 — Dy

Ipra = I =12/(1 — Dy

during D1 T
during D1T;

during (1 — Dy
during

)T
DT

during (1 — Dy)Ty

15)
(16)
a7
(18)

during (1 — D) T;

19)
(20)

Itis obvious that the average input current of i; would be equal
to [;; = Ir1+11>. Considering power balance law, the average
current of Iy would be obtained as follows:

It = Gilp1 + Galyp — It

vra = (Vi + Ve2)Dy + V(D2 — Dy) _ Dy, 2l
F(Vi— Vo)1 =Dy =0 (7) (1-D)(1—=Dy) ' 1-D
Ly i, D, jipu Ly i i
,m%\ Ly 2 ’wg\ L2 D?;Dz:
V2 - Vo -
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FIGURE 4. The equivalent power circuits of Modes 1, 2, 3 for D; < D,; (a) Mode 1; (b) Mode 2; (c) Mode 3.
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FIGURE 5. Mode 2 for D; > D,.

2) ANALYSIS FOR D; > D,

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

Vi+ Vea  during Modes 1, 2 (D2 Ty)
Vi2 = . (22)
Vi— Ve during Modes3 [(1 — D) T]

Consequently, applying the voltage balance law for the induc-
tor Ly results that the conversion ratio of second output volt-
age over the input voltage (G2 = V,2/V)):
G2 = [D2Ve2/Vi+11/(1 — D2)

=[1+D2/(1 = D]/l — D) (23)
The voltage stresses on switches and diodes during the time
interval that they are OFF is calculated as follows:

Vp2a=Vc2 + Vo2
_ ] VeatVer
Vo2

during Mode 1 (D3 Ty) (24)
during Mode 2 [(D|—D»>)T]

Vsa .
during Mode 3 [(1 — D1)Ts]

(25)
Also, in this operation, same as the operation of D; < Dj,
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 /7,1 would be obtained as follows:

D7l 21

T(1-DpU-Dy  1-D
(26)

I11=G1lp1 + Galpp — I12

3) DESIGN CONSIDERATIONS

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

Ly > (ViD1)/QIL1 f5) 27
Ly > (Vi = Vo)(1 — D2)/ 212 f5) (28)
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The inductors’ currents ripple is calculated as Aip; =
ViD1Ty/Ly and Aipp = (Vi — Voo )(1 — D2) Ts /L.
Therefore, it can be written that:

iL1—max = Ip1 £ Al‘Ll/z (29)
ir2—max = 12 £ Aigo/2 (30)

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

[(1 = Dy)/D1lly1  during (D1Ty)

Ico1 = . (3D
-1, during (1 — D) Ty

102

duri D> T
I = uring (D21) (32)
I — 1,0 = [D2/(1 — Do)l

during (1 — D) T,
1,1/D during (DT
ICl _ 01/ 1 url.ng( 1 A) (33)
—I,1/(1 — Dy) during (1 — D) Ty
=1 —12/(01 — D)1 — D1)/Dq

during D T,
Ier = uring Dy T (34)
Ipy — 12 /(1 — Dy)

during (1 — D) T;

By considering the hold-up time required for step-load
response, voltage ripple across each of the output capacitors
(AV¢,) and voltage ripple caused by the Equivalent Series
Resistance (ESR) of the output capacitors AV,; = AV +
AVco—Esr = AVco1 + rco1 Alce1- As a result, the minimum
values of the capacitors can be calculated as given in Table 1.

TABLE 1. Minimum values of capacitors.

c, DT, U, /D) _ D\(=n,) (=1,,) .
- AV, {0.01V ¢, =1, /[D,(1-D)IY,
c, [, -1,,/(1-D)I(1-D,)
- {001V, —r.[l,,—1,,/(1-=D)]/ D1},
C,y pse =(U=DDI, 1[(0.01V o, =11, 1 D)f,]
Cor- Corrar =1/[0.01R,,(0.17)],
Cotomin =maxX (Cyy pis Cop pyr)
Cpy psw =D, 1,, 11001V, =101 ,,))f, ]
Cormin Corpir =1/[0.01R, (0.1/))],
Cpomin =maX (C,s | s »Coslrar)

4) SMALL SIGNAL ANALYSIS AND CONTROLLING SYSTEM
OF PROPOSED SIDO MOTHER-MODULE

a: CONTINUES Pl CONTROLLING SYSTEM

According to Fig. 4, it is assumed that the inductor currents
ir1, iL2, capacitor voltages vci, Ve, Vool Vo2 are the state
variables. The input voltage source v; is defined by source
vector uj,. The output voltages are vc,1, Vo2 should be
regulated. Accordingly, the state matrixes as follows:

sX = AX + Byv; + B1dy + B2 d> (35)
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FIGURE 6. Closed loop controller of the output voltages for the proposed
SIDO mother-module for D, > D;.

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

. [ 0 ]
[ L Vea
ir2 Ly
Vel 0
X=1._ , By= ,
Ve2 0
{}Col 0
L \7C02 _IL2
L Cpn
i Vea/La ]
Vea/ln
Veor =2 Vea +re(p2 —Ip1)
Ci
Bi = | Veor =2(Ver + Vi) —rep2 +11) | (36)
6))
[Vc1 + Ve + Vi — Veor — relpz]
2rcCot
- 0 -

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

C;=[000010] (40)
C,=[000001] 41)

Therefore, by adjusting the PI parameters K, and K; 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.

Get = Ky1 + Kij/s = 0.00001 +0.24/s  (42)
Gea = Ky + Kin/s = 0.0001 + 0.05/s (43)

In order to generate the drive signals for S1 and S in Fig. 6 the
PWM technique is used and D; and D, are respectively
compared with the saw tooth wave V,. When D; is higher
than V;, S| is in on-state. Moreover, S; is in on-state when D,
is larger than V;. 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
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FIGURE 7. Bode plots of the small-signal open-loop transfer functions
with PI voltage controller; (a) bode for (G¢q (s) x G;(s)); bode for
(Gc2(s) x G (9))-

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:

dlz\/kPl(VCul_VCuld)+kll/(VCOI_VCold)dt (44)

dr = \/ kpa(Vcor —Veord) +ki2 / (vcoz—Veora)dt  (45)

where, Vo4 and Veoog are the final stable values of the
capacitors voltages of vc,1 and vcy2. dy and d; 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, d; and d, 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;

el iL1 iL1d
e ir2 ir2d
es | _|ver | _|Yew | _ o 4
eq Ve vead
es Vol VCold
€6 VCo2 VCo2d

Accordingly, by derivation from above equation, it can be

resulted that & = x. Moreover, for simplifying the analysis of
state Matrixes with nonlinear equations, two extra variables
should be defined as follows;

z1=kj1 f (veo1 — Veora) dt =kiy /65 dt or z1=kj1es
47)

2=k / (veor — Veor—r) dt =ki2 / e dt or 3 =kpe6
(48)
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As aresult, equations (44)-(45) are rewritten as follows:

d = \/kples +k[1/€5 dt = \/kpies + z1 49)

dr = \/kpzeﬁ + kpo / eedt = \Jkpreg + 22 (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 error Matrix in (53) is obtained
by setting error matrix equal to O as follows;

Consequently, the linearization of the closed-loop system
about egguijibrium 1s obtained as follows;

- T
€] — €leo
€2 — €20
€3 — €300
n=Mny=M| > (55)
€5 — €500
€6 — €600
21 — 2o
| 22 — 2200 |

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 [A] — 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 D, > Dj.

m e ]
e'2 0 €loco B. ANALYSIS OF THE PROPOSED DUAL-INPUT,
e 0 €200 THREE-OUTPUT DITO DEVELOPED MODULE
€4 0 €300 The power circuit of the proposed dual input, thee output
es | = 8 . results eEquilibrium = i“oo c.onverte.r .is illustrated as Fig. 9. The proposed converter has
; 500 six conditions of duty cycles for 2 input, 3 output topology as
€6 0 €600 shown in the left column of Table 2. As a result, the calculated
: 0 Zloo equations for the output voltage of V,3 in six conditions of
<1 L 0] | <200 | duty cycle are illustrated in second column of Table 2.
L 22 According to the third row of Table 2, the output voltage
54) of V,3, is same for two conditions of D, > D > D3 and
1/Ly
1/L,
—1/Q2rcCy)
By = ,
(1-2D1)/Cy
Di/(2rcCor)
- 0 -
B 0 0 0 —(1 = Dy)/L4 0 0 ]
0 0 0 D1 /L, 0 —(1 —=Dy)/L,
A= | red=Dp/C1 reDi/Cr o =1/QreC) (1 =2D)/Cy Dy/C 0
rc(1=Dy)/Cy —rcDy/Cy (1 =2Dy1)/Cy -1/C D1/Cy 0
0 —D1/(2Co1) D1/Q2rcCo1) Di1/Q2rcCo1) —D1/Q2rcCot) — 1/(Ro1Co1) 0
0 (1 =D2)/Co2 0 0 0 —1/(R02Co2)
(37)
v Gy —
Gi(s) = <! = Gren=d&) _ 0o — a)y! (38)
1 1d=0,5=0 Gp(s)
v Gy
Gals) = —=2 = G- _ 0 p (o — 4y (39)
1 1d=0,7=0 Gp(s)
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D1 > D> > Ds. In this part, as an example, the theoretical

analysis of the two-input, three output converter with the duty shown in Fig. 10.

cycle condition of D>, > D; > D3 is given. The equivalent
power circuits of the proposed converter for the duty cycle

condition of Dy > Dj > Ds, during a switching period is

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

-7 0 0 0 —(1 —dy)/Ly 0 0
i1
R 0 0 0 di/La 0 —(1 —d)/Lr
12
Vel re(l=d)/Cy redi/C1 =1/QrcCr) (1 —2d1)/Cy di/C 0
Ver rc(1—=d)/Cy  —rcdi/Cy (1-2d)/C2  —1/Co di/Cy 0
VCol 0 —d1/2Co1) di/Q2rcCo1) di/Q2rcCo1) —di/(2rcCot) — 1/(Rp1Co1) 0
\%
Lreoad | 0 (1 = d2)/Cop2 0 0 0 —1/(Rp2Cp2)
iL1 1/Ly
ir2 1/L,
> vCi _1/(2rCCl) . (51)
1
ve2 (1 —=2d1)/C2
VCol di/2rcCor)
VCo2 0
‘1l 0 0 0 —(1 —dp/Ly 0 0
) 0 0 0 di/Ly 0 —(l—dy)/Ly
e | | ret—dp/Ccy redy/Cp —1/@reCy) (1-2dp)/Cy dy/C 0
o re(l—d))jCy —red)/Cy  (1=2d))/Cy  —1/Cy d1/Cy 0
o 0 —d}/2C1) dy/2reCpp) dy/2reCol) —dy [2reCop) — 1/(Ry1 Col) 0
. 0 (1= dy)/Cpp 0 0 0 —1/(RypCpp)
1/L
e iL1d /L,
() iL2d L@rech)
— ¥
x pl e 4| e by ! (52)
€4 vCad (1 —2dy)/Cy
es VCold
2
s VCond di/Q2rcCor)
0
r 0 0 0 —(1 = Jkpres +21)/Ly 0 0 007
0 0 0 Vkpres +21/L 0 —(1 = Jkpreg +2)/Ly 0 0
[ e:| 1 re( = Jkpres +2)/C1 re/kpres +21/Cy —1/@rcCy) (1 —2/kpres +21)/C) Vkpres +21/C 0 00
e
6.3 rc(l = \/kpres +21)/Cy  —rcykpres +21/Cy (1 =2\/kpjes +21)/Cy -1/Cy Vkpres +z21/Cy 0 00
ey
es -
e' 0 _Vkp1es +21 /kpres + 21 kpres +2 _Vkpies+z 1 0 00
6 2Co1 2rcCo) 2rcCo) 2rcCo1 Rp1Co1
B
L o 0 (1= /kpreg +22)/Con 0 0 0 % 1C 00
02%02
0 0 0 0 k1 0 00
L 0 0 0 0 0 kpa 0 0]
[ e1+iLia ] r 1L
e +irnd 8 1Ly
ce3 +veld 0 —1/@reCy)
. 0
x| etvea |, 0 +| A =2/kpres +20)/Cy |V (53)
5 Teod 0 VEp1es +21/CreCon)
e6 +VCo2d —kr1veold 0
z —k12vCo2d g
L 2 J - -
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FIGURE 8. Closed loop nonlinear digital controller for regulation of output voltages in the proposed SIDO

mother-module for D, > D;.

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

Duty cycle The Output voltage of third load [V, ]
conditions °
[Vx3+D1Vc2+Dch3]//(1_D3)
D3>DZ>D1 =[V02+Vi3_V,]/(1_D3)
=1/[(1-D;)(1-D,)(1-D,)]
D1>D2>D3 [V:3+D3(Vc2+Vc3)]/(17D3)
D,>D,>D, =¥ +[D;/(A-D)WV,+D,V ,}/(1-Dy)
D3>D1>D2 [VA3+D2(VC2+VC3)]/(1_D3)
D,>D,>D, ={V,,+[D,/(A-D)1V, +D,V,,}/(1-D,)
DZ>D3>D1 [V13+DIV(‘2+D3VC3]//(1_D3)
={V,,+[D,/(A-D)IV, +D;V,,}/ (1-D,)

Ve, =V, /(1-D)) Ves=Vo,

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

Ver+Ve3+ Vo3 =(Vo1 /2)+ Voo + Vo3
(D1 — D3)T;
VS3 — VC3 + V03 == V02 + V03 (56)
(D2 - Dl)Tx
V03
(I — D)T;
Vo1/2+ Voo for DiT;
Vpsb = Vpoa =
Voo for (D> — D1)T;
(57
Vsa | psr, = Voo + Ve + Vo = (Vo1 /2) + Voo + 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.
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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 = (13 —1p3)/D3 =113
Ipzg = 1p3/(1 = D3) =113

On the other hand, considering that the diodes D3}, and Do,
are turning ON in the same time interval. As a result, it can
be written that:

(59)
(60)

during D3T;
during (1 — D3)Ty

Itz — 13
1—D

Ip3p = during (1 — D2)T

(61)

_ . In
L2777 D,

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

I3 =13/(1 — D3) (62)
By simplifying (61), it can be resulted that
I12 = 1,3D3/[(1 — D3)(1 — Do)l + [1o2/(1 — D2)]  (63)

It is obvious that the average input current of i; would be
equal to I;; = Ir1 + Ir>. Considering power balance law
(P, = Pi1), results:

Votlo1 + Voaloz + Voalos = VoLt +I2) + Vislps (64)
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FIGURE 10. The equivalent circuits of proposed DITO converter during
Modes 1, 2, 3, 4 for D, > D; > D5; (a) Mode 1; (b) Mode 2; (c) Mode 3;
(d) Mode 4.
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TABLE 3. Output voltages of proposed converter for 3-input, 4-output
topology.

Duty.c_ycle The Output voltage of third load [V, ]
conditions ‘
D1‘2,4 > Dz(Ds = Dmin) [Vl4 +D3 (ch +VC3 +V04)]/(1*D4)
(6 states) =V, +D; Ve, +V,, +V )1/ (1-D,)
D, >D(D,=D,,) V4D Ve +Vey +V e )1/ (1-Dy)
(6 states) =i+ D, Vey+V oy +V,)1/(1-D,)

D;>D,>D,>D,
D,>D;>D,>D,

V4D, Ves +Ve)+DVe,1/(1-Dy)

=V,,+D,V,,+V,)+DV ,1/(1-D,)
Vis+DJVcy+DVey +DVe,1/(1-D,)
=V,,+D,V +D,V ,+DV.,]/(1-D,)
[Vx4+D3(Vc3 +VC4)+D1VC2]/(1_D4)

=V, +D;V,, +V )+ DV, 1/ (1-D,)
[Vi4+D3V('4+D2Vc3+D1ch]/(17D4)
=V.,+DV s+D,V ,+DV.,1/(1-D,)

D,>D,>D, >D,

D,>D,>D;>D,
D,>D,>D,>D,

D,>D,>D, >D,

D,>D, >D,>D,
D,>D,>D, >D,
D, >D,>D,>D,
Dy>D >D,>D,
D >D,>D,>D,
D,>D,>D >D,

Ve, =V, 1(=D)), Vey =V 0, Vi, =V,s

[Vx4+D3VC4+D2 (Vcs +ch)]/(1_D4)
=V, ,+DV +D,V,,+V.,)]/(1-D,)

3" 03

Viy+D,Vey+D, Vs +Ve,)1/(1-D,)
=V, +DJV s +D,V,, +V )1/ (1-D,)

Considering above equation, the average value of inductor
current /7 1, would be obtained as follows:

215 D1l
1-D;  (1—-Dy)1—Dy)
D3(1 — Dy + D1)ly3
(1 = D1)(1 = Da)(1 — D3)

I =

(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 aresult, 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
(Dy <Dy <Dz < --- <Dy).

]) D] <D2<D3 < -
For this condition of duty cycles, k™ output voltage (V) is
obtained as follows;

< Dy

Vok =

k=3,4,...,N
(67)

Dy [Vik = Viee—1) + Vo—1)],

where considering Vix = Vik—1) = Vi, the above equation
can be summarized as follows;

Voke—1) k \4
V = ok~ = ! k=3,4,...,N 68
=T by ]'!]_Dj for (68)
J=
2)D]>D2>D3>~~>Dk

For this condition of duty cycles, k™ output voltage (V) is
obtained as follows;

k—1
1
Vok = Dy Vik + [Dy /(1 — D)1V + Di 23: Vo1
]=
k=3,4,...,N (69)
.7)) D],Dz,D3,D4, ...... ,DN_] > DN AND
D],Dz,D3,D4, ...... ,DN72,DN >DN,]

In these conditions of duty cycles (Dy = Dpjn) and (Dy—1 =
Dpin), N th output voltage would be obtained as follows;

[Vin + [Dmin/(1 — DD]V;

N

+Duin Y _ VoG-l (70)
j=4

VoN = ————
oN l—DN

In Fig. 11, the possibility of output voltages conversion
ratio considering the same input voltages and ascending duty
cycles (D1 < Dy < D3 < --- < Dy) 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 > Dy > D3 > --- > Dy), the inner output
ports will have higher conversion ratios. This feature makes
the proposed converter to be useful in versatile applications.
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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.

IIl. 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 (Gpor—1), second output port
(Gport—2), total voltage gain (G7), the total normalized max-
imum voltage stresses on the switches and diodes [X(Vs +
VD)max/Vo_max], number of switches (Ng), diodes (Np),
inductors (Ny), capacitors (N¢), coupled-inductors (N¢y) the
total components number (N7) are summarized in Table 4.
The total voltage gain (Gr) versus duty cycle is shown in
Fig. 12(a). The turn ratio of coupled inductors is considered
asn = 1.

Considering Fig. 12(a) the proposed SIDO mother-module
has higher voltage gain than the other conventional SIDO
converters. Gr in the presented converters in Table 4 can be
considered as Gt = V,1/V; + V,2/V;. Fig. 12(b) shows the
ratio of (Vs _max + Vb_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 x current) stress on
switches.

Duty cycle

over total components number (G7 /N7) 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 /N7 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—15 Gport—2+ Gport—2, - . .), total voltage gain (Gr), the
normalized maximum voltage stress on switch
[Vsmax/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
(nour), operating duty cycle range, number of switches (Ny),
diodes (Np), inductors (INy), capacitors (N¢), the total com-
ponents number (N7) 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. Gr in the presented con-
J=Nour

> Voi/Vi
Jj=1
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 (G /Nr) 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 Gr/Nr which verifies the proposed converter
has better performance comparing to two other converters.
The presented converters in Table 5 have different voltage

verters in Table 5 can be considered as G =

VOLUME 10, 2022

conversion ratios for the output ports (for the proposed four-
input converter the voltage gain of five output ports are as
Gport_l ’ Gport_Za Gport_?)a Gport_4’ Gp()rt_S)a in which, in one
port the voltage gain is higher than that for other ports of
the converter and it can be named as Gp,x. 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 Gpyax
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 V; =
30V and V,1/Vy = 150V /250 V, respectively. As a result,
by considering the used parameters in Table 7, the currents
and powers are calculated as P,; = 225 W and P,, =
250 W, 1,1 = 1.5 A and I, = 1 A. The average currents
of inductors are calculated as I, = 5(1,; + I,n) = 12.5A
and I1p = 1,2/0.3 = 3.33 A. Considering the input voltage
asV;=30V,D; =0.6V,T; =20 usec,Ip1 = 12.5 A, the
value of inductor L; should verify L; > 14.4 pH. On the
other hand, considering the D, = 0.7 V, I, = 3.33 A,
the value of inductor L, should verify L, > 198.2 uH.
As a result, the values of inductances L; and L, can be
selected as L1 = 100 pwH and L, = 500 wH for using
in the implemented prototype. The theoretical values for the
capacitors are calculated for the parameters of D; = 0.6 V,
D>, = 0.7V, rc = 0.03 @, f; = 50 kHZ from Table 1 as
Ci = 615 ufF, Cy = 224 uF, Col—min = 200 uF,
Coa—min = 80 uF, therefore, the values of capacitors can
be selected same as their values in Table 7.

The ripple of inductors’ currents is obtained as Ai;; =
36 A and Ai;p, = 2.64 A. Therefore, the maximum
and minimum value of inductor L; is calculated equal to
i11-max = 14.3 A and i 1_min = 10.7 A. And also, the
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TABLE 4. Comparison of high voltage gain single-input/dual-output converters.

Controllable output =
DC-DC _Fa . Vs G voltages at the same time | . Expandablectiom
C e | P ™| iz = 7 N. [Ny with separate parameters | MPut and output sides
onverters 1y, 27y, ‘nff’amy c‘;cl‘es ¢ (Ninput, N output)
[11) D/(1-D) =D/(1-D) 20 /(1-D) 2 3 3 - Yes No
[15] 1/ (1=-D) 1/D [/Q-Dy+1/D 3 2 4 2 No Yes
(16] 1/(1-D) 1/(1=-D) 2/(1-D) 2 2 2 1 Yes No
. . For N=1
17 2N /(1-D) D /(1-D) (24D)/(1-D) 4 3 2 No No
=1/D /D 2/D = 5 s ¥
[19] 0<D <05 0<D <05 0<D <05 2 2 - 2 * Yes No
/(2-2 - f(2-2 B 2=
[20] r@a-2h) | d=Dy/-2D) | (2-D)/(2-2D) 2 3 Yes No
05<D <l 05<D <l 0.5<D <1
[25-A] 1/ (1-D) —-1/{(1-D) 2/(1-D) 3 3 - No Yes up to four output
[25-B] 1/ (1-D) 2/(1-D) 3/(1-D) 3 3 - No Yes up to four output
[25-C] L/(1-D) 2-D)/(1-D) (3-D)/(1-D) 3 3 No Yes up to four output
=1/ =1/(2 - < Expandable only from
(26] 142D} LieD) =1/D 2 B 2 No output side (N output
. L
Proposed 2/(1-D,) (=D X1-D,) ! ! 5 5 4 Yes Yes
converter i 1-D, | 1-D, < = - :
0<D <D, <l )
TABLE 5. Comparison of high voltage gain four-input converters.

Expan
dable
from

v Controlla “alggt
G —2 Operatin ble output
DC-DC port output
Converters é G P, g duty No| Nif Ne| Npfo voltages sidI;s
Vo=V, =V.=V ¢ cycle at the 5
1 =Via=Vis =V same time : (N
input,
N-
output
)
_V _i L ; Yes to
port_1 K lfDl lsz 17D4 ) N
G - 0.5<D, input
V. 1 1 1 pord and
23] =T T T 4 D,,D,, 7145 |2 Yes "
i 2 3 4
1-D D, <1 output
G = 7 And
"1-D M<N
v, D,
Gpm‘l 1= ol = .
Vi 1-D
G — V()Z _ DZ
port_2 = v _lsz 0<D Yes to
12 N
D .
[27] G = Vo _ D b D,,D,, 8 1 - 17 Yes input
L S o D, <1 and
D, N
(G Ry output
4D
G =——
1-D
Va2
port 1 V. 1-D,
v, 1
Gpm‘z 2= 2=
Vi (=D)(1-D,)
Voo _ 1 Yes to
Proposed G 2= V., (1-D)(1-D,)(1-D,) G« 0<DuD; N-1
four input, ) o1 ,Dy,D, 10| 5 5 |25 Yes input
Tt G - - T (1-D) d
converter T =D D)1= D1~ D) a=n Ds <1 N
_ 1 output
T (1= D)= D)1 = Dy)(1 = Dy)(1 - Dy)
Gr = G,,wu + GP.,,LZ + Gpuuj +
Gpmj + Gpw/75
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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.

G = v, Controllable
DC-DC port = Operating output
i G, Vi ) Ng| N N N N
Converters e Smax i, Mo duty cycle $ ’ ! ¢ T voltages at
Vi=Vo=Vy=V, the same time
SISO 2
CONVERTER GW*I “1-D ! 3 1 3
SISO 1
CONVERTER 2 Gpon2 = 1-D ! ! ! !
1 = -
SISO G’m” 3= Gparr—l Vs =V,3 0>D, >1 1 1 | 1
CONVERTER 3 1-D 2 Ve =V,, 2 3 0>D,>1 16 Yes
three-input 1-D Vo=l 0>D;>1
three-output
converter
using three G, =Gpw1—1 +Gpon—2 +Gpm1—3 3 5 3 5
SISO
converters
Vs 2
G,WU ==
v, 1-D,
V. 1
Proposed G 2 2# Zm Gz = Vs =V,s 05>D.5>D
- - _ _ >D,>D,
two-input, : ‘ : ! V=V, 3 3 T3 6| 3| 6 |18 Yes
three-output v, 1 oy _— >D >1
Gy = - 5=V,
converter port_3 V.~ (-D)1-D)(1-D,) s1 1
G, = Gpm‘l -1 +G,;mfz +Gpm173

maximum and minimum value of inductor L, is calculated
as ir2—max = 4.65 A and ifp_pin = 2.01 A. According to
Fig. 16, the experimental results of inductors currents can be
verified. The voltage stresses on switches and diodes are;
Vsi = Voo = Vo1/2=T5V|a-ppr, »
V52 = ng = 250 V| (17D2)Tx g .
Vpia = Voo = Vo1/2="T5V|p, 1, >
Vo1/2+ Voo = 325 V|p,1,
Vpoa =
Voo = 250V |(p,—pr1, -

The average currents of switches and diodes are;
18.33A, Ip1p = Ip1/D1 = 2.5Alp, 1, » -
Ip1a = lo1 /(1 — Dy) = 3.75Al0—pr, » -
Isp = I1p = 3'32A|D2T.v ).
Ipop = (o1 + 112 — 102)/(1 — D1) = 9.55A]1_p))r, » -
Ip2a = I2 = 3.33Al_py7, -

Isilp, 1, =

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
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TABLE 7. Experimental parameters.

Input voltages/output

VoIV, IV, =30V /150/ /2501
voltages

Output Powers P, /P,=225W |250W

ol o

Duty _ ~ -
cycles/Frequency D,=06, D,=07, fv =50 kHz
Capacitors C,, =C,,=C,=220uF , C, =100uF
Inductors L, =100uH , L, =500uH ,

Type: Toroid TDK PC40-T72
8,8, : IPW60R017C7

1> P >Day» Doy,  DSEL 120

R, /R,, =100Q/250Q

ol

For R, /R,, /R, =1000/ 2502/ 400

Switches/Diodes
Diodes D

Loads

nonlinear digital controller under variation of the output
powers. Where, from Fig. 18(a), the output power Py 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 Py, 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, kij; = 0.35, kpz = 0.002 and kjz = 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.
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FIGURE 15. Voltages on switches and diodes.

(Pcond,s) and diodes (Pcond,p), the switching losses for
the switches (Pg, s) and diodes (Pg, p), conduction power
loss of inductors (Pcond,1.1> Pcond,12), conduction power
loss of capacitors (Pcong,c), total power loss of switches
(Ps.10t), total power loss of diodes (Pp, 1), total conduc-
tion loss of inductors (Pconq.1), total conduction loss of
capacitors (Pconq,c) and total power loss of all components
(Pross) are calculated as shown in Table 8. The efficiency
of proposed converter is concluded as Eff = P,r/(Por +
Pross)- where P,r is output power that is written as P,y =
P,1 + P,y. As a result, the internal resistors of diodes (rp),
switches (rg), inductors (r7), capacitors (rc), forward drop
voltage of diodes (Vrp), forward drop voltage of switches
(VEs), maximum instantaneous reverse current (I/g) and rise
and full times of switches as (¢, and #;) are considered
for calculating power losses. At turning-off moment of
diodes, the diode current reverses for a reverse recovery
time (¢,,).

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 P,; = 0.9P,,. The total power is equal to
(0 < Por = Pyy+ Po1 = 1.9P, < 500 W). The power loss
calculation for the proposed converter is done for the output
power equal to P,y = 445 W. where, P,; = 211 W and
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FIGURE 17. Output voltages regulation under the input voltage variation;
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FIGURE 18. Closed loop nonlinear digital controller for regulation of
output voltages in the proposed SIDO mother-module for D, > D;. (a) the
output voltage V,; and power P,;; (b) the output voltage V,, and

power P,.
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P, = 233 W. Therefore, the total power losses of switches,
diodes, inductors, capacitors and total power loss are obtained
as PS,Tot = 0.446P0T, PD,TOt = 0.215 PoT, PL,Tot =
0.26 Por, Pc.1or = 0.075P,1, Pross = 31.83W, Por =
444 W 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.

VOLUME 10, 2022



Z. Saadatizadeh et al.: Modular Expandable MIMO High Step-Up Transformerless DC-DC Converter I E E EACC@SS

stop # ‘ . ;. 1) stop

Eff (%) oo :

Vs (5007 div]

V 5o 500V /div:

94

= L e L= 5080

Stop  § r A o -] Step 4

92 rExperimental m

Theoritical =

VooV s [250F /dliv ] V., [200V /div

90
100 200 300 400 500 Switches@® Capacitorslll e Siggpiessippesnd  Bpegge
@) PﬂT Inductors @B D. (it()))des - FIGURE 21. Voltages on switches and diodes.
a
FIGURE 19. Efficiency of proposed converter versus output power and — e ) p—
power loss distribution; (a) Experimental and theoretical efficiency; Ll n H
(b) Power loss distribution for P,y = 450 W. o
is3[24 /div]
FIGURE 22. Currents of inductors, switches and diodes.
P2, duty cycles Dy, D3, inductors Lj, L, 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
FIGURE 20. Implemented prototype of the proposed converter. 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
B. EXPERIMENTAL RESULTS OF THE PROPOSED DITO currents and powers are calculated as P,; = 225 W, Py =
DEVELOPED MODULE o 250 W, Pp3 = 410 W, I,; = 1.5 Al = 1 Aand I,3 =
The used experimental parameters are given in Table 9. 0.98 A. The average currents of inductors are calculated as

The input voltages and output voltages are consid- Ip) =20Aand I;o = 6.71A, I;5 = 21,3 = 2.02A.

ered as Vp/Vis = 30V/40V and V,1/Ve2/Ve3 = The voltage stresses on switch and diodes in the third stage;

150V /250 V /405 V, respectively. It is obvious that the

output voltages V,1, V,2, output loads R,1, Ry2, powers Py, Vsi1 |(1_D])Ts = Vpip | (-ppT, = Vo1/2=T15V,

. cutp g (Rt} . utps g (R )
|— rudut | — "2 — “rudii)
70 70 o -
2o M 00~
Z Z ﬂ
100 100
" o]
. f

ot tane (ot ot wottane (492 B cutp. cltege (Vo3

— Wb s — i Mesun s : — Wt v

(@) (b) ‘ ©

FIGURE 23. Three output voltages regulation under the output powers variation; (a) the output voltage V,; and
power P, ; (b) the output voltage V,, and power P,;; (c) the output voltage V,3 and power P,3.
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TABLE 8. Power loss calculation for all components of the proposed
converter.

1 por. R L I,
Peona st :Fjo V psiisy +rsis )dt =[V g, + 15 F][Sl
s

1

P sz =W ps2+ 1515,/ D)),
Conl(i)l:s:tion Peoa o = Vi ¥ p1 I DIy
Pomz pia =V mia * 1ol pi  A1=D)U
P(‘aml,DZh =V o 1l py / 1=D )
Peod p2a = +1lps [ A=D)) ),
1 [ pron I t, +t
PYW'SIZF(IO Vslsldl+_[ blléldt) =fs “DS]]#
Rw.sz =fsVsz(1s2 /DZ)([r +1; )/6
Switching _ 1w fV pwlt,
o Pon =7 [y o ydr =5pumice
SV pidrt,
P\u Dla — § DI6
F, D2b =fV ol rtn 16, Py pr =V p2el xt, /6
Total
switches loss Ps,rm = P(m,d,n +Pumd52 +P, S1 +P, 52
Total diodes P, DTot = F Cond ,D1b +F Cond ,Dla +F Cond D 2b + P('(md .D2a

loss +P., o TP, Dla +P, D2b +P, D2a
Totallosses | P, .\ =r1,’, Peoyrr=rl1,",
of the
inductors P, i = Feoa L1 + P L2

1 70 .
Peoac = F_[O V("('zdt
Peoacr =1, /D])ZDI +rll, /(1_D1)]2 (1-D))

Total PC(md,CZ =r{ll,,~1,,/A-D)I1-D,)/ D, }ZDI +

capactors rll, ~1,,/(-D)FA-D,)
Pryacor =Te {lA=D)/ DU, 2D, +1.1,7(1-D,)
Pronicor =1c1,," Dy +1:[1,,D, | 1-D,)I(1-D,)
PCjol = PCond Cl1 + PCond C2 + PComi Lol + PCuﬂd Co2
Tota]lOIS);J Y Prow =Pigu +Pog +Pegu +Pigy
Vsal—pyy1, = Voo =250V,

Vb1a |01 7, = Vpob |D1 7, =Vo1/2=T5V],

Vo1/2 + Vo =325V . for DTy
Vpsb = Vpoa =
Vyp =250V : for (D2—D1)Ts,
Vp3a |ps1, = Vea + Ves + Vs =730V
Veo+Ve3+Ve3 =730V (D1 —D3)T;
Vo3 =405V (1 —Dy)Ty

The average currents of switches and diodes are;

Isilp,1, = 30.83 A,

Iptlp, 1, = Io1/D1 = 2.5A,

Iptala—pyr, = Io1/(1 — D) = 3.75A, Is2|p,7, = 8.15A,
Ipos |(1—pp1, = Uot + 112 — 1,2)/(1 — D) = 18.05 A, .
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TABLE 9. Simulation parameters.

Input voltages/output
voltages

Output Powers P, /P, /P, =225W /250 /4100
D, =06, D,=0.7, Dy=05, f. =50 kHz

ViyIVis IV IV, IV =30V [40V /1501 /250 / 405V

Duty cycles/Frequency

Capacitors C,=C,, =Cy=C,,=220uF , C, =100uF
Inductors L, =100uH , L, =500uH . L, =2mH
Loads For R,/ R,,/R,;=1000/250Q/400Q

Ip2a|1—pay1, = Io2/(1 — D2) = 3.33A,
Is3|p,r, = L3 = 2A

Ipzal(1—pyr, = 13 = 2A
Ip3plpsr, = D3l13/(1 — Dy) = 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 P,; 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 P>
decreasing suddenly at t = 0.4[sec], from 250W to 125W
and increasing to 250W at t = 0.8 [sec]. Furthermore, power
Py3 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 kp; = 0.002, kj; = 0.3, k2 = 0.00000002 and ki =
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 increased which makes 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.

VOLUME 10, 2022



Z. Saadatizadeh et al.: Modular Expandable MIMO High Step-Up Transformerless DC-DC Converter

IEEE Access

de -0 dep o dep 0 3¢ _ —( - Jkpies +2z1)
deg - dep - de3 - dey - Ly
den den den den
—= =0 —= =0 —~ =0 —= = Jkpyes +21/L
de, dey de3 dey P1es +i1/l
dey ey _ de3 _
5o = (1= VEpres +21) /€4 dez = reEpres +21/C a 1/ (2rcCy) B = (1-2/kpres+21) /€y
— dey dey de; dey
M = 4 _ _ - Je4 _ %4 _ (1 B Je4 _
hel =1C (1= Jepres +21) /¢y 3oy = 1C\lpres Ta1/C2 52 (1=2fkpres+21) /C her = 1/C2
0 B /kP135+Zl /krl es+271 /krles +21
2Cy; 2rcCqy 2rcCyr
0 (1= Vkpree +22) /Cly 0 0
0 0 0 0
L 0 0 0 0
& _ (eq +ve24)kpy @ _ (eq +veoq)kp1
des  2Ly./kpjes +z| des 2Ly /kpres+2z
063
e ]—2‘//(13165 +21)/Cy
€]
de3 _ —(eatvcaa)kpr N kpd (e5 +vcol a) L YEpies £3
des C]\/k les +21 201\/ Jes +2 €
X deq _ kpi (s +veold) —kpy (e3+vcis) | rckpi (e +irns)  rckpr(er +iL1 d)
— + Jkpres +21/Co + - -
des 2 [k p1es +21C) [kpies +21/Ca 2 fky1e5 +21Cy 20 Jpres + 21
CYReres ) (e5 +veold ) k1 (eq +ve2 a) Lt (e3+vera)  Hpilea+iraa)
2rcCol Rp1Co1 4rcCor./k p1e5 +21 4’CC01\/kpl"5 +21 4rCC01\/kp1('5 +z1  4Cy /kple5 +z1
kQ
0
der dey __(eatvead) der _, 7
deg 921 21y fkppe< +121 dzp
bey __1-VEmegtn  kry (6 deg _ (eatveda) dey __(e6tvepnd)
deq I, 2Ly /k3. 2 2Ly fpyes +2 i 2Upykmes 2
%3 _ de3 _ e —1(e; +214) (e2 +ir2a) —(e4a +vead) 5 +veold %3 _
deg 9z 2C1ykpres +2 2Ckpres +21 - Crykpres +z1 2C1/kpres +3 923
. 1 . L B .
x deg _ doy _ “Meitinag) | —(otipa)  —(3tveid) | _estvcou B _y @D
deg 9z 2C; fkpres +z1 201\/kp1e5 +21 Cz\/k],leS +21 2C2krres +2 dzp
o des __—lestvcora) | latveod)  (estveid) o (atiaag) ey _
iz 4’CC01\/1‘P| e5+71 4rCC01\/kpl e5 +z1 4rCCu1\/kp125 +21 4C,,]\/kl,le5 +2z1 9z
1 7kP2("2+"L2d)C2 0 —(e2+ir24)
Rp2Cor  2/kpaes+7) ° 2 fkppeg +22)Con
0 0 0
kpo 0 0 ]
REFERENCES [5] E.Candan,P.S. Shenoy, and R. C. N. Pilawa-Podgurski, “A series-stacked

[1] Y. Chen, P. Wang, Y. Elasser, and M. Chen, “Multicell reconfigurable power delive:y architecture with isolated differential power conversion for
multi-input multi-output energy router architecture,” IEEE Trans. Power data centers,” IEEE Trans. Power Electron., vol. 31, no. 5, pp. 3690-3703,
Electron., vol. 35, no. 12, pp. 13210-13224, Dec. 2020. May 2016. _ _

[2] A. K. Bhattacharjee, N. Kutkut, and I Batarseh, “Review of [6] C. Gu, Z. Zheng, L. Xu, K. Wang, and Y. Li, “Modeling and control
multiport converters for solar and energy storage integration,” of a multiport power electronic transformer (PET) for electric traction
IEEE Trans. Power Electron., vol. 34, no. 2, pp.1431-1445, applications,” IEEE Trans. Power Electron., vol. 31, no. 2, pp. 915-927,
Feb. 2019. Feb. 2016.

[3] S. Falcones, R. Ayyanar, and X. Mao, “A DC-DC multiport_convener- [7] Z.Saadatizadeh, P. C. Heris, E. Babaei, and M. Sabahi, “A new nonisolated
based solid-state transformer integrating distributed generation and stor- single-input three-output high voltage gain converter with low voltage
age,” IEEE Trans. Power Electron., vol. 28, no. 5, pp.2192-2203, stresses on switches and diodes,” IEEE Trans. Ind. Electron., vol. 66, no. 6,
May 2013. pp. 4308—-4318, Jun. 2019.

[4] Z. Zhang, H. Gui, D. Gu, Y. Yang, and X. Ren, “A hierarchical active [8] R. Faraji and H. Farzanehfard, “Soft-switched nonisolated high step-up

balancing architecture for lithium-ion batteries,” IEEE Trans. Power Elec-
tron., vol. 32, no. 4, pp. 2757-2768, Apr. 2017.

VOLUME 10, 2022

three-port DC-DC converter for hybrid energy systems,” IEEE Trans.
Power Electron., vol. 33, no. 12, pp. 10101-10111, Dec. 2018.

53141



IEEE Access

Z. Saadatizadeh et al.: Modular Expandable MIMO High Step-Up Transformerless DC-DC Converter

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Z. Saadatizadeh, E. Babaei, F. Blaabjerg, and C. Cecati, “Three-port high
step-up and high step-down DC-DC converter with zero input current
ripple,” IEEE Trans. Power Electron., vol. 36, no. 2, pp. 1804-1813,
Feb. 2021.

Z. Saadatizadeh, P. C. Heris, X. Liang, and E. Babaei, ‘““Expandable non-
isolated multi-input single-output DC-DC converter with high voltage gain
and zero-ripple input currents,” IEEE Access, vol. 9, pp. 169193-169219,
2021.

G. Chen, Z. Jin, Y. Deng, X. He, and X. Qing, “Principle and topology
synthesis of integrated single-input dual-output and dual-input single-
output DC-DC converters,” IEEE Trans. Ind. Electron., vol. 65, no. 5,
pp. 3815-3825, May 2018.

S. S. Dobakhshari, S. H. Fathi, and J. Milimonfared, “A new soft-switched
three-port DC/DC converter with high voltage gain and reduced number
of semiconductors for hybrid energy applications,” IEEE Trans. Power
Electron., vol. 35, no. 4, pp. 3590-3600, Apr. 2020.

Y.-E. Wu and I.-C. Chen, “Novel integrated three-port bidirectional
DC/DC converter for energy storage system,” [EEE Access, vol. 7,
pp. 104601-104612, 2019.

G. Chen, Y. Liu, X. Qing, and F. Wang, “‘Synthesis of integrated multiport
DC-DC converters with reduced switches,” IEEE Trans. Ind. Electron.,
vol. 67, no. 6, pp. 4536-4546, Jun. 2020.

E. Babaei, Z. Saadatizadeh, and P. Chavoshipour Heris, “°A new topology
for nonisolated multiport zero voltage switching DC-DC converter,” Int.
J. Circuit Theory Appl., vol. 46, no. 6, pp. 1204-1227, Jun. 2018.

N. Nupur and S. Nath, “Minimizing ripples of inductor currents in cou-
pled SIDO boost converter by shift of gate pulses,” IEEE Trans. Power
Electron., vol. 35, no. 2, pp. 1217-1226, Feb. 2020.

Y. Hu, W. Xiao, W. Cao, B. Ji, and D. J. Morrow, “Three-port DC—
DC converter for stand-alone photovoltaic systems,” IEEE Trans. Power
Electron., vol. 30, no. 6, pp. 3068-3076, Jun. 2015.

P. C. Heris, Z. Saadatizadeh, E. Babaei, and M. Sabahi, “New high step-
up two-input-single-output converter with low-voltage stresses on switches
and zero input currents ripple,” IET Power Electron., vol. 11, no. 14,
pp. 2241-2252, Nov. 2018.

H. Wu, K. Sun, S. Ding, and Y. Xing, “Topology derivation of nonisolated
three-port DC-DC converters from DIC and DOC,” IEEE Trans. Power
Electron., vol. 28, no. 7, pp. 3297-3307, Jul. 2013.

A. Ganjavi, H. Ghoreishy, and A. A. Ahmad, “A novel single-input dual-
output three-level DC-DC converter,” IEEE Trans. Ind. Electron., vol. 65,
no. 10, pp. 8101-8111, Oct. 2018.

Q. X. Tian, G. H. Zhou, M. R. Leng, G. D. Xu, and X. Y. Fan, “A noniso-
lated symmetric bipolar output four-port converter interfacing PV-battery
system,” IEEE Trans. Power Electron., vol. 35, no. 11, pp. 11731-11744,
Nov. 2020.

T. Jalilzadeh, N. Rostami, E. Babaei, and S. H. Hosseini, “Bidirectional
multi-port DC-DC converter with low voltage stress on switches and
diodes,” IET Power Electron., vol. 13, no. 8, pp. 1593-1604, Jun. 2020.
P. Mohseni, S. Hossein Hosseini, M. Sabahi, T. Jalilzadeh, and
M. Maalandish, “A new high step-up multi-input multi-output DC-DC
converter,” IEEE Trans. Ind. Electron., vol. 66, no. 7, pp. 5197-5208,
Jul. 2019.

P. C. Heris, Z. Saadatizadeh, and E. Babaei, ‘A new two input-single output
high voltage gain converter with ripple-free input currents and reduced
voltage on semiconductors,” IEEE Trans. Power Electron., vol. 34, no. 8,
pp. 7693-7702, Aug. 2019.

Y. Ye and K. W. Eric Cheng, “Single-switch single-inductor multi-
output pulse width modulation converters based on optimised switched-
capacitor,” IET Power Electron., vol. 8, no. 11, pp. 2168-2175, Nov. 2015.
A. Nami, F. Zare, A. Ghosh, and F. Blaabjerg, “Multi-output DC-DC
converters based on diode-clamped converters configuration: Topology
and control strategy,” IET Power Electron., vol. 3, no. 2, pp. 197-208,
Mar. 2010.

X. Lucia Li, Z. Dong, C. K. Tse, and D. Dah-Chuan Lu, “Single-inductor
multi-input multi-output DC-DC converter with high flexibility and simple
control,” IEEE Trans. Power Electron., vol. 35, no. 12, pp. 13104-13114,
Dec. 2020.

A.Babazadeh and D. Maksimovic, “Hybrid digital adaptive control for fast
transient response in synchronous buck DC-DC converters,” IEEE Trans.
Power Electron., vol. 24, no. 11, pp. 2625-2638, Nov. 2009.

P. Thummala, D. Maksimovic, Z. Zhang, and M. A. E. Andersen, “Digital
control of a high-voltage (2.5 kV) bidirectional DC-DC flyback converter
for driving a capacitive incremental actuator,” IEEE Trans. Power Elec-
tron., vol. 31, no. 12, pp. 8500-8516, Dec. 2016.

53142

[30] S. A. Gorji, H. G. Sahebi, M. Ektesabi, and A. B. Rad, “Topologies and
control schemes of bidirectional DC-DC power converters: An overview,”
IEEE Access, vol. 7, pp. 117997-118019, 2019.

[31] M. Rodriguez, G. Stahl, L. Corradini, and D. Maksimovic, “Smart DC
power management system based on software-configurable power mod-
ules,” IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1571-1586,
Apr. 2013.

ZAHRA SAADATIZADEH (Graduate Student
Member, IEEE) received the M.S. and Ph.D.
degrees (Hons.) from the Faculty of Electrical
and Computer Engineering, University of Tabriz,
Tabriz, Iran, in 2015 and 2020, respectively. She
was a Visiting Scholar at Aalborg University,
from 2019 to 2020. She is currently a Postdoc-
toral Fellow at the Department of Electrical Engi-
neering, University of Arkansas, Fayetteville, AR,
USA. Her research interests include the analy-
sis, modeling, design, control and implementation of power electronic
converters, coupled-inductor/switched-capacitor-based converters, bidirec-
tional converters, high step-up/high step-down converters, multiport con-
verters, and photovoltaic systems for different applications. She has been
selected and awarded by the Iran’s National Elite Foundation (INEF)
from 2018 to 2021. She is the Winner of the Grand Student Scientific Award
(Ali Poolad Award) in December 2019.

PEDRAM CHAVOSHIPOUR HERIS (Graduate
Student Member, IEEE) was born in Tabriz, Iran,
in 1988. He received the B.S. degree in power
electronic engineering from the Azad University of
Tabriz, Tabriz, Iran, in 2011, and the M.S. degree
— from the Science and Research Branch, Univer-
\V sity of Tehran, Tehran, Iran, in 2016. He is cur-
rently a Research Assistant with the Department
‘ of Electrical Engineering, University of Arkansas,
Fayetteville, AR, USA. His research interests
include the analysis, modeling, design, control, and implementation of power
electronic converters and their applications, coupled-inductor-based convert-
ers, photovoltaic systems, multiport converters, and modular converters.

H. ALAN MANTOOTH (Fellow, IEEE) received
the B.S.E.E. and M.S.E.E. degrees from the Uni-
versity of Arkansas, Fayetteville, AR, USA, in
1985 and 1986, respectively, and the Ph.D. degree
from the Georgia Tech, Atlanta, GA USA, in 1990.
He then joined Analogy, a startup company in
Oregon, where he focused on semiconductor
device modeling and the research and develop-
ment of modeling tools and techniques. In 1998,
he was the Faculty of the Department of Electrical
Engineering, University of Arkansas, where he is currently a Distinguished
Professor. He helped establish the National Center for Reliable Electric
Power Transmission (NCREPT) at the UA, in 2005. He is also the Executive
Director of the NCREPT as well as two of its centers of excellence: the
NSF Industry/University Cooperative Research Center on GRid-connected
Advanced Power Electronic Systems and the Cybersecurity Center on
Secure, Evolvable Energy Delivery Systems funded by the U.S. Department
of Energy. In 2015, he also helped to establish the UA’s first NSF Engineering
Research Center entitled Power Optimization for Electro-Thermal Systems
that focuses on high power density systems for electrified transportation
applications. He has co-founded three companies in design automation (Lyn-
guent), IC design (Ozark Integrated Circuits), and cybersecurity (Bastazo) as
well as advising a fourth in power electronics packaging (Arkansas Power
Electronics International) to maturity and acquisition as a Board Member.
His research interests include analog and mixed-signal IC design and CAD,
semiconductor device modeling, power electronics, power electronics pack-
aging, and cybersecurity. He holds the 21st Century Research Leadership
Chair in Engineering. He is also the Senior Past-President of the IEEE Power
Electronics Society and an Editor-in-Chief of the IEEE OPEN JOURNAL OF
Power ELEcTRONICS. He is a member of Tau Beta Pi, Sigma Xi, and Eta Kappa
Nu, and a Registered Professional Engineer in Arkansas.

e @

= =)
L - J

VOLUME 10, 2022



