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Abstract

Here, a single-input, dual output (SIDO) coupled inductor-based high voltage conver-
sion ratio DC-DC converter is proposed. The proposed converter has the capability of
operating as a SIDO converter in a way that the terminal of the input voltage source is
exchangeable among the three ports. Therefore, there are three different operation modes
for the proposed converter. The voltage conversion ratios of the high voltage ports over
the low voltage port can be improved by increasing the turn ratio of the coupled inductors.
The main advantage of the proposed converter is achieving high voltage gains with lower
number of components for the whole range of duty cycles comparing to the conventional
multi-port high voltage gain converters. Moreover, two output voltages of the proposed
converter can be simultaneously regulated on different constant levels with a good preci-
sion. In this study, the voltage conversion ratios, the inductors’ average currents, the voltage
and current stress on the switches are calculated theoretically. Finally, an experimental pro-
totype of 30 V input and 410, 260 V outputs with the power 510 W is implemented and
the results are verifying the theoretical ones.

Email: zsaadatizadeh@tabrizu.ac.ir

1 | INTRODUCTION

In recent years, the multi-port converters have been more intet-
ested for using in renewable energy systems such as photo-
voltaics (PV), fuel cells (FC), and also electric vehicles (EV)
[1-3]. In the renewable energy systems, it is important to intet-
face different levels of input and output DC voltages. As a
result, dual-input, single-output (DISO) converters in [4—7] and
single-input, dual-output (SIDO) converters in [8—11, 13-20]
and single-input, three-output converter in [12] are presented.
Multi-input converters are needed to be used in hybrid energy
sources [4—7]. Multi-output converters can be used in off-grid
solar home systems and should be able to supply the different
electrical consumers with different levels of voltages and pow-
ers [12, 14]. Moreover, in the grid connected renewable energy
sources, by using a series connected DC-AC inverter to the DC
output voltage of DC-DC converter, the AC Bus 220 or 400 V
with frequency of 50-60 Hz should be available for deliver-
ing power to the grid. On the other hand, considering that the

extracted voltages from the renewable energy sources are at low
levels, it should be better to increase the output voltage by using
high voltage gain DC-DC converters [8, 12—16]. The presented
multiport converters in [9-11, 17,18] have low voltage gains and
almost equal to the conventional boost or buck converters.

In order to increase the voltage gains in the multi-port con-
verters, there are several approaches. In some converters, by
using diode-capacitor cells, the output voltage is extended [8,
12]. In some cases, high voltage conversion ratio is achieved
by applying coupled inductors, then the output voltages can
be more extended by increasing the turns ratio of the coupled
inductors [14-10]. In the case of multi-port DC-DC convert-
ers, similar to other DC-DC converters, having the low volt-
age stress on the semiconductor components leads to have low
losses [8, 9, 12-16]. In the multi-output converters, the criti-
cal issue is to achieve the suitable precision of the output volt-
age regulations for all the output ports simultaneously under
the variations of the input voltage level or output load. In the
interleaved multi-port high voltage gain converters, there are at
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least two operating regions based on the duty cycle range. Then,
these converters have complicated voltage controlling schemes
[4, 6-11]. In [12], three high voltage gains are obtained using the
switched-capacitor modules. In this converter, the voltages of
the three output terminals cannot be regulated simultaneously.
Similarly, the presented converters in [8, 14, 20] cannot be easily
controlled, because these converters have just one controlling
parameter of the duty cycle, where they have two voltage func-
tions, which should be controlled. The presented SIDO con-
verter in [20] has the capability of operating in a way that the
terminal of the input voltage source is exchangeable between
each of three ports. This converter suffers from low voltage
gains, which is like the conventional boost and buck converters.
Among the multi-port converters, some converters have boost
and buck operations [21-24], buck and buck-boost operations
[25], boost, buck-boost and buck operations [26, 27]. The pre-
sented converter in [27] has the reduced number of components
but both of the input sources ate not able to operate and trans-
fer power at the same time.

In this paper, a new coupled inductor-based single-input, dual
output (SIDO) DC-DC converter is presented with the fol-
lowing merits; (i) the proposed converter has high voltage con-
version ratio, (i) the proposed converter has the capability of
operating as a SIDO converter in a way that the terminal of
the input voltage source is exchangeable among the three ports.
This ability has made the converter suitable for versatile appli-
cations, (i) there are three different operation modes for the
proposed converter including boost, buck and buck and boost
operations that have been explained in details separately, (iv)
the voltage conversion ratios of the ports can be improved by
increasing the turns ratio of the coupled inductors. As a result,
the applied duty cycles to the active switches are not high, even
if there is a high voltage gains needed at the load side, (v) com-
paring to the conventional SIDO converters, the proposed con-
verter can provide high voltage gains with smaller number of
components, (vi) the proposed converter has a good dynamic
response towards the fluctuations of loads ot the input voltage.
In this paper, the proposed converter is analysed theoretically.
Finally, the obtained analytical results, are reconfirmed by using
the experimental results.

2 | OPERATING PRINCIPLES OF THE
PROPOSED CONVERTER

The proposed converter is shown in Figure 1. Considering that
the proposed converter has the three DC-ports, three SIDO
operations exist for the proposed converter which can be mod-
elled as Figure 2.

The operations of the proposed converter are catego-
rized in Figure 2(a) and the power circuit of the proposed
SIDO converter with the three operation modes are shown in
Figure 2(b—d).

Considering Figure 2(b—d), in the proposed converter, each
of the three DC ports can be selected as the input voltage source
and other two ports can be considered as output ports. In the
proposed converter, the voltage 1] is lowest DC voltage and the

FIGURE 1 The power circuit of the proposed SIDO converter

voltages 1771, 7/, are higher voltages 1) < 1y, < 1741. In
the first operation of the proposed convertet, the input voltage
source is equal to 1} and two output loads are Ry and R/, as
shown in 2(b). Considering that the voltages 17,1 and 17, are
higher than the input voltage (1]), therefore, this operation can
be defined as stepped-up operation. In the second operation of
the proposed converter, the input voltage source is 7y and
two output loads are R;;, and Ry as shown in Figure 2(c).

In this operation mode, the voltages 17, and 1/ are lower
than the input voltage source (I/7;1), therefore, it can be defined
as stepped-down operation. The proposed converter in the third
operation has the input voltage source equal to 7, and two
output loads of and Ry as shown in Figure 2(d). Considering
that one lower voltage (I7) and R;;; one higher voltage (I71)
than input voltage source (I7/1) is obtained at the output ports,
as a result, this operation is defined as stepped-up and stepped-
down operation.

Based on Figure 1, the power circuit of the proposed con-
verter includes switches S, 55, 53, Sy, 35, and capacitor Cj.
Moreover, it has the first coupling inductor with two-winding

transformer of 77, magnetizing inductance of L,

leakage
inductance of 7z and second coupling inductor with three-
winding transformer of 75, the magnetizing inductance of L,
and leakage inductance of L. The first and second windings
of the transformer 77 have 7, and 7 turns, respectively. As
a result, the turn ratio of the transformer 77 is considered as
m =ny/ ny1. In the same way, the turns ratio of second trans-
former is considered as 7, = ﬂyz/ﬂpz = ﬂtz/ﬂpz. The capacitor
C; is assumed to be large enough, so, the voltage across capaci-
tor C} would be constant as 1.

The switching pattern of switches and theoretical voltages’
and currents’ waveforms of the proposed converter in three
operation modes are shown in Figure 3.

The voltages across the components in the three operations
are same as each other. Therefore, in Figure 3(b,c) the wave-
forms of voltages are not shown to avoid showing repetitive
waveforms. Considering Figure 3(a—c), it can be seen that only
the direction of magnetizing inductors currents is changed in
three operations.
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FIGURE 2 The operations of the proposed converter; (a) flowchart; (b) boost operation; (c) buck operation; (d) boost-and-buck operation

As an example, for the practical application of the experi-
mental prototype of the converter, the input voltage source can
be selected as a 30 V FC and the higher output voltages are
V771 = 418.5V and 1, = 262.5 V. The output voltages can
be applied to DC/AC inverters (such as; LS Starvert iS7-750W
400V) to provide 220 V-AC at frequency of 50/60 Hz to supply
the grid or off-grid consumers. Furthermore, the experimental
prototype of the proposed converter can be utilized for some
applications of an electric vehicle or in Green houses.

3 | ANALYSIS OF THE PROPOSED
CONVERTER DURING A SWITCHING
PERIOD

Based on Figure 3(a—c), the conducting interval time for the
switch 5 is equal to D; 7] and the switch §, is ON when the
switch ) is OFF. The duty cycle of switches S5, S5 is equal to
D, and the switch Sy is conducting when the switches 53, S5 are
OFFE In the analysis of the proposed convertet, it is assumed
that D; > D,. Based on Figure 3, the currents of the induc-
tances L,,; and L, have the maximum values (/,; and /) at %
and # instants, respectively and minimum values (/; and /7,),
at 7. Based on Figure 3, the proposed converter has three
Modes during a switching period where the equivalent circuits

are shown in Figure 4.

Mode 1 [f) £ ¢ < #]: The equivalent power circuit of this
Mode is shown in Figure 4(a). During this Mode, the switches,
51, 85 and S5 are conducting, while the switches S, and 5, are
OFF. Therefore, it should be written as #y,,; = v74; = 1. Con-
sidering 7; 1 = I; 41, the voltage »;,, is obtained as v;,; =
Ve /(1 + L /L,1). Moreover, the voltage vz, is calculated as
V70 = (Vo — Ve — U%)/ny. Therefore, the currents of the
magnetizing inductances are written as:

i = Vel QU4 Ly /L) ¢ = 1) [ L0 + Iy @

it = [Vea = Ver = Vo) [nal ¢ =6) [Lo+1n ()

S, Mode 2 [# <t < 5]: Figure 4(b) shows the equivalent
power circuit of this Mode. In this Mode, the switches, §;
and §; are conducting, while the switches §,, S5 and S5 are
OFF. Consequently, the voltage #;,,, is calculated as v;,, =
—TVe1 /(1 + ny + £y). Therefore, the current 77,5, should be as
follows:

i == Ver/ A+ ng+ k) [Lpl ¢ —1)+ 1, (3)

whete, & = Ly /[L,2(1 + 7,)]. The inductor current 77, is
obtained from Equation (1).
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Switching pattern of switches and theoretical waveforms of proposed converter in three operation modes; (a) first operation; (b) second operation;

Equivalent circuit of the proposed converter during different modes in a switching period; (a) Mode 1; (b) Mode 2; (c) Mode 3.
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Mode 3 [, £ ¢ < #]: Figure 4(c) shows the equivalent power
circuit of this Mode. During this Mode, §, and §; are con-
ducting, while the switches S}, 53 and S5 are OFE. Based on
Figure 4(c), it can be concluded that 774 = 77,,1/(1 + ny).
Accordingly, the voltage #;,, is calculated as (I + 15 —
1)/ (L + n,q + £&1). As a result, the current 77, is calculated
as follows:

i = [(Ver + Ve = Vi) [ A+ ng + k) [ L] = 6) + 1y
©)

where, &1 = Ly /[L,1(1 + #,1)]. The voltage #;,, and current
77,5 1s calculated with the same equations as in Mode 2.

4 | VOLTAGE GAIN AND VOLTAGE ON
CAPACITOR

By considering the average voltage balance law of the inductors
in steady state, the average voltages of v/ ,1, v 5, 741 and vy 4
during single switching period should be equal to zero. There-
fore, the Equations (5)—(7) are as follows:

Dy 1% Ver+ Ve = Vin

= ——— 4 1-D =0 (5

YL 1+ L/él /Lwl ( 1) 1 + g + ’él ( )
_ Vi =Ver = Ve (L =Dy)(=Vey)

=D - =0 6

VL2 2 o + 1+ o + ’éZ ( )
_ - I =Dy)(1 + k) Iy

Do+ 00 =DV — =0 ()

1+ﬂJ2+/€32

By considering Equation (7), 1/ 1% can be calculated as
follows:

Vor/Ve = (L +ng + k) Dy [[(1 + k)1 = D5)]  (8)

As a result, the voltage conversion ratio of s is calculated as

follows:

G—Vm—l+ Dy 1+4ng+ 4 Dy, 1+no+ 4k

"YUV T =D+ 1,/L, 1-D, l1+k
®

Based on Equations (6) and (7), the voltage conversion ratio
of G, is calculated as follows:

VHZ _ 1+ (%) + /éZ _ T/ch
e (A=D)(+4k) Dy

G = (10)

By neglecting the leakage inductances of the coupled induc-
tors, the voltage conversion ratio equations can be simplified
as Gy = (1+ny)/1—Dy) and G =1+ [D; /(1 = D)1+
na) + (D] (1 = Dy)](1 + o).

In Figure 5(a,b), radar chart and 3D plot of the voltage con-
version ratio of Port 2 with the calculated voltage gain of G)
considering the number of turn ratio of the coupled inductors

along with the duty cycle of the switches is shown to demon-
strate the effects of these parameters on the voltage gain of the
Port 2. From Figure 5(b), it can be seen that the Port 2 of the
proposed converter has the largest operational area (shown in
blue) for providing conversion ratios up to 20 times larger than
the input voltage. In the same way, Figure 5(c,d) show the volt-
age conversion ratio of Port 3 which is calculated as G, consid-
ering the number of turn ratio of the coupled inductors with the
duty cycle of the switches. From Figure 5(d), Port 3 of the pro-
posed converter has the large operational areas (shown in blue
and dark pink) for providing conversion ratios up to 10 times
(blue area) and from 10 to 20 times (dark pink) larger voltages
than the input voltage.

In Figure 5, the number of turn ratio of the coupled induc-
tors ate considered the same values as 7, = n, = #, and is
considered variable as #, =1, 2, 3, 4, 5, 6, 7, 8, 9. Consid-
ering Equations (9)—(10), for an example in first operation
mode, by using controlling parameter of duty cycle Dj, the
output voltage 17771 can be regulated. Moreover, by using the
controlling parameter of duty cycle 1,, the output voltage of
5 s regulated.

As a result, the output voltages 17,1 and 17/, can be eas-
ily regulated at each preselected value. For controlling out-
put voltages PI-controller is used. As shown in Figure 6, the
switching controlling pulses of the output voltages would be
produced.

5 | VOLTAGE STRESS ON SWITCHES

Considering Figure 4(c), the voltage stress on switch 5 during
Mode 3 [(1 — D;)7}] is obtained as follows:

I+ 41,) [GL — G D, = 1] | Vi
1 + 741 + ’éla G] ’

Vo= |1+
During(1 — DT, (11)

Moreovert, the switch 5, is turned off during Modes 1 (D, 7))
and 2 [(D; — D,) T)]. Therefore, the voltage stress on the switch
5, during Modes 1 and 2 is calculated as follows:

s 1 .
Vi, = [1 + (GQ + 2 CzD2> E] Vi + During D)1
1

’éZa
12)

7, 1 .
VYZ = [1 + </€11 - G2D2> a:l VH1 . Dﬁﬂﬂg [(Dl - DZ)Y;]
(13)
where, £, =1+ (L1 /L,0) and Ay, = 14 (Lo /L, 0).-

The switch §; is turned off duting Modes 2 and 3 [(1 —
D,)T]]. Therefore, Considering Figsure 4(b,c), the voltage stress
on switch 3 during Modes 2 and 3 [(1 — D,)7]] is written as
follows:

Vis = Vi /10 = Do) Gyl 2 During[(1 = D)7 (14)
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(@)

The voltage conversion ratios of the Ports 2 and 3 of the proposed converter (G, G;) over the number of turn ratio of coupled inductors and duty

cycle; (a) Radar chart for Gi; (b) 3D plot for Gi; (c) Radar chart for Gy; (d) 3D plot for G,

The voltage stresses on switch S, during Mode 1 [(D,7})] and
switch S5 during Modes 2 and 3, are obtained as follows:

Vs = Vo 2 During Dy T (15)

Vis = Va2 During(1 — D) 1 (16)

6 | AVERAGE CURRENTS OF
SWITCHES, INDUCTORS AND THE
OUTPUT CURRENTS

Referring to Figure 1, the average currents passing through the
switches S, 55, 53, Sy and S5 during a switching period in steady

state are calculated as follows:

Loy =10 + U+ n)ly = Dilp, am

Iy = =1 = D)pn /(1 + )] = I (18)

Iy =110+ (U + )l = [0 — (U + 1) 112/ Do) D,
(19)

Ly =I5 = Ippo (20)
As a result, in the boost operating mode, the normalized cur-

rent stress on switches based on the input current in the boost
operating mode is calculated as follows:

I = Dilp,n DU+ nq) (L[ V) /(1= Dy)
Sl — -
' P2 G (Pa/ V) + Go(Pa/ V72)
D1+ nq)(Py /G V) (1 = Dy) _ D+ nq)/(1 = Dy)
Gi(By /G V) + Gy (P Gy V) 26y
@1
Iy, =—1,/1 =1/22G)) (22)
_ 1 + ﬂjz D2 1
I3 =1 - D, <2G1 + 2G2> @3)
Ly, = Is, = =1/ =1/ 2G) (24)
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To calculate the normalized switches currents based on the
input current /; = (G, + Gy15) in the above equations, the
output powers of the converter £; and £ are considered equal
to each other (P = Pp).

Accordingly, the RMS value of switches currents are calcu-
lated as follows:

Lo1_puys, =

1 DI 2
— [ Usi ) e = Iy, /Dy

Di(1+n,)/(1 = D))

(25)

Ly rats,y = Ip, 1 — Dy = 1= Dy /G (26)

1 + [2%) D2 1
Il prype, = ——— | — + — D 27
S3-RMS = T2 <261 + 262) VD, @7
Iss—pyis, = Lsa, N1 — Dy = 1/ (2Go)\/1 = D, (28)

Iss_pass,n = L5,V Do = 1/ (2Gr)\/ D, 29

Therefore, the average magnetizing inductance current of
77,1 is calculated as follows:

Ipn = U+ n0)(=L)/ (1 = D) 30)

By considering the current balance law for the capacitor Cj,
the following equation can be written.

11 = Dy(ln] Do) + (D = Do),/ (1 + ng2)

+ (= D)pa) A+ n52) — L J(A + )] =0 OV

Accordingly, the average value of the inductor current of 77,5
is calculated as follows:

I ==+ n0)py + L )/ (1= Dy) 32

According to the power balance law in the proposed con-
vertet, fp at the low voltage side would be obtained as;

Iy = (Gl + Golrp) 33)

The average currents of DC voltages /71, /75, Iy in the above
equations are obtained based on the operation type.

In the first operation, based on Figure 2(b), the output cur-
rents [,y and [, areequalto [j = —Ipy = Vi /Ry and Iy =
—Ir;o = Vi /Ry, respectively. The output powers should
be written as 21 = Vig12/Rys1y Lo = Vips” [ Rppo. The total
output power (P,7) is equal to Py = Py + Pryp.

In the second operation, based on Figure 2(c), the output
currents /3 and 7, are equalto [y = —fp =1y /Ry and I, =
—Ir;o = Vypo/ Ry, respectively. The output powers would be
obtained as 2 = ng/Rg, Py = VHZZ/RHZ. The total output
power (£,7) is written as Py = Fy + Pyyp.

In third operation, considering Figure 2(d), the output cur-
rents I3 and 7; are equal to [z =—1I, =13 /R and I} =
—Irri = Vi /Ry, respectively. The output powers would be
obtained as Py = I/fZ/Rf and Py = VH12/RH1. The total
output power (P7) is equal to Py = P + Fyyq.

The currents’ ripple of the magnetizing inductances are
Aip,y = [Ve /(U + Lt /L))y T/ Ly and Adyp = [(Vign —
Ver — Vp) [ nolD> T/ L. The maximum and minimum val-
ues of the inductor current 7;,,; is calculated as 7y = /7,1 +
Nig i /2, In = Ir,q — Air,q /2, respectively. The maximum
and minimum values of the inductor current 7; 5 is written as
Ly = Ip,p + Bip,p/2a0d Iy = 11, — Adf 5 /2, respectively.

7 | DESIGN CONSIDERATIONS

In order to achieve continuous conduction mode (CCM) opera-
tion of the proposed converter, the average value of the currents
passing through the inductances Z,,; and Z,,, has to be higher
than the half of their current ripples. As a result, the following
inequalities has to be verified.

Ly > [(L=D)Dy Vel /2(1 + ns) (1) ] (3%

L, > (Vi = Ver = V) Dy (1 = 1)
"2 2ne (U + ne) (e + L) /,

(35

Considering [12], to obtain the more accurate designing of
capacitors, then, the peak-to-peak value of the total voltage rip-
ple which is mostly considered as Al = 0.0117 is equal to
sum of the voltage ripple across each capacitor (AT7) and volt-
age ripple caused by the ESR of capacitor (AL _ g = rcAl).
As a result, the minimum value of capacitors for the maximum
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TABLE 1  Minimum values of capacitors

C17m|n C17m1n =

C171_min For boost and buck-boost operations Cinlpse =

T,

112/ (DD T
0.01 Ver=rc U2/ A+n52)=112/ D)
1Dy 1; _ Dy
0011 p1—re 221 T Ry 0012 Ly

Rryy 1=Dy

Crnlzmr = (Ve /Ren) /1001031 0.1 )] = 1/[0.01R71 (0.1 f))[Crrt—min = max(Cryt | sz Crrtlzzr)]

. . 1o(1-D)T; 1-D
Ci2_min For boost and buck operations Crolpsg = o=1) — = 2 Cinlr = 1/[0-01R5(0.1 £)],
- - 0.01Vepra—r¢ [’% RHZ(OmfRC o
2 H2 2

[Crio—min = max(Cppal psry Crrzlzzir)]

_ {0=D)l3=Il1,n D1 =Dy +(1=Dy)/ (+n5)}1=D) T;

C¢_min For buck and buck-boost operations Ctlmin =

0.01 Vg —rc (Uﬂ;#

Ii2) “Celarr = 1/[0.01R¢ (0.1 /)],
L2

[Co—min = max(Ce | psr, Celar)]

FIGURE 7 Proposed ripple free single-input two-output converter

voltage ripple of them equal to Al = 0.01 I — rc Al are
calculated as given in Table 1. About the design of output capac-
itors, the hold-up time requirement for step-load response is
also considered [12].

8 | DEVELOPED CONVERTER WITH
INPUT CURRENT RIPPLE
CANCELLATION

In this part, the developed converter is proposed to eliminate
input current ripple of the main proposed converter thoroughly
for all ranges of duty cycles considering the method used in [29].
In the developed converter, two extra switches of §j; and S,
which have the duty cycles of Dyand 1 — D, respectively. The
duty cycle of Dy can be selected as the values between zero and
one Dy(0 < Dy < 1) regardless of the duty cycles Dy and D,.
Also. It has used two extra capacitors of Cj; and G5, respectively.
These capacitors are assumed to be large enough, therefore, the
voltages across them would be constant as 1, = 15, Ve =
17, respectively. As shown in Figure 7 one coupled inductor
with the inductance of Lp for the primary winding, L for the
secondary winding and A for the coupling inductance are used
to eliminate the input current ripple. The analytical results of the
proposed converter in Figure 7 are summatized as Table 2.

In this part, the required conditions of achieving zero input
current ripple at the low voltage side (7) are obtained during
a switching period. According to the Figure 1, the values of

inductances L1, L, My, can be replaced based on the used
parameters in Figure 1(b) as follows:

Lpl = Lml + L/él ’ L.vl = ”%1 Lwl ’ Mpyl = Mep1 = 151 Lml
(36)
The voltages across the windings of the first coupled inductor
in Figure 1(a) can be written as follows:

vipt = Lo (dipp [ dt) + My (dip [ dt) + My (dig s [/ db)
37)

v = My (dipy [ dt) + Loy (dipq [ dt) + My (dig /dt) (38)

Time Interval of 0 < 7 < Dy 7;:
In the proposed developed converter in Figure 7, during
mode 1 (switch 5 is on), the following equation can be written:

- M_“ =M - lo—
x T a5

Lp V; (39)
As a result, the voltages v7 5 and v7,1 are equal to 7.
Time Interval of D7) < ¢ < 7: In this state, based on
Figure 1(a), the switch ; is off, therefore, it would be written:

digp digg digp dipg
mL — JSLE N VA VAT
o TN & Ty i~ Ver (40)

Lp
It can be written that

' L=M
dis p B —LK,\LP—MZ f model (0 <7 < DTx) an)

4 i([/; — V) mode2 (D15 <t < 1)

Lglp—M?

Considering Equation (38), the required condition to elimi-
nate input current ripple is resulted as following:

Lo
Li=M =K\Iilp = K= ‘/f (42)
1)

As a result, the required conditions for achieving zero input
current ripple at first stage is obtained as follows:

L.v' = Mp.rz' or ”‘rz'ZLmz' = ”‘rz'Lm' or g = 1 (43)
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TABLE 2  DC characteristics of proposed free ripple converter

Average low voltage side current of /o

Average current of inductors

Average current of switches

The maximum and minimum values of current 77,

The maximum and minimum values of current 77,

The maximum and minimum values of current 7; ,,;

Voltage conversion ratios

Voltage stress on switches

Voltage on capacitors

— (Gl +Golp)

e = =Gy (Gilpy + Galppo) = =

I = =Gl + Galpp) [ (1 — Dy)

Iy = U+ n0)(=Ln)/ (1 = Dy)

Iy = =+ n) U + 12 )/ (1= Dy)

Iy = %(Q I+ Galpa), Loj = = (Gl + Golppo)
Iy = Dl Lsg = Iss = o, Iso = Iy

Iys = L1 — (L4 n2)Ir12/ Do) Dy

Iy = Irn + (Ve /U4 Ly [L,)IDV I /2L,

In =T = Ve /U4 L /L, )IDV 121,

Bp =T, + [(Vie = Ver = Vo) [ nol Dy 121,
Iy = Iy = (Vi = Ver = Vo) [0l Do T/ 21,
i = I + (Ve DT/ 2L, )

By =1 — (VeiDT) [ (2L,,0)

_ Vi _ - — 14+ngp

= = G = Gy

- Vi 1 Dy (1+71,1) Dy (141,)
G=—=—(1+ =2

ﬂVt’/ . 1=Dq (1=Dy) (1=Dy)

= Gy G
Vit = Ve =Vin /Gyt During(1 — D),
Viy =V =Vin /Gy + During D, T;

[Gi=GaDa=1], Virt

Vag=[1+ * During(1 = D) T;

2, G

Voo=[1+ (G +ny — GzDz)é]Vm 2 During Dy 115 =
Vin/[(1 = D) Gi] & During[(1 = D) 1)

Vsg = Vo @ During D) T3

Vis = Vin @ During(1 = Do) T

Ver Dy(1+4)

= 2te) g v = 1= Dy) =
T = ooy ¢ vV 7il ( ) =17

My> # LyLy or Ly #0 (44)

(Lo + Lag) n0* Ly # (1 L,p0)? or Ly #0  (45)

Accordingly, the proposed developed converter in Figure 7,
not only eliminates input current ripple at the DC port with high
current (low voltage port) for whole ranges of duty cycles, but
also increase the voltage gains between input voltage and output
voltages (the voltage gains of proposed converter multiplied in
the voltage gain of conventional boost converter) by using five
elements ($,, 5,;, C1;, C5; and one coupled inductor).

9 | PERFORMANCE COMPARISON

Table 3 presents comparative results of the proposed converter
with other dc-dc single input, two-output converters from
different aspects including voltage gains of each port (Gy,,),
simultaneous control of output voltages (SCOV), maximum
normalized voltage stress on switches based on maximum
output voltage (V5 ,max = Vi—max/ V) max)> normalized cut-
rent stress for the switch with the maximum voltage stress
on it, (Isgrs.uls: 1s=15max), Maximum power for switches

of converter (I /5 pass »)max> Maximum normalized cur-
rent stress on switches based on average input current ripple
(Is RS, n—max = L5 RMS—max/1;)- The total voltage gain G- in the
two-output converters is defined as Gy = V1 /1, + I, /V; =
G + G,. Figure 8(a) shows the total voltage gain over duty
cycle. Based on Figure 8(a), G for the proposed converter is
higher than other conventional SIDO converters in Table 3.

On the other hand, the voltage gain of two output ports and
total voltage gain G of proposed converter and conventional
converters for the specified duty cycle of D = 0.6 and # =1
are calculated as column 3 of Table 3, which shows that G for
the proposed converter is obtained equal to Gy = 12 which
is higher than that for the other conventional dual output
converters.

Figure 8(b) shows the maximum normalized voltage stress
on switches over duty cycle. Based on Figure 8(b), Iy, m.y for
the proposed converter (which is the voltage stress on switch
S5,) is the medium value comparing to other conventional SIDO
converters in Table 3.

In the other hand, 5, ..y in the proposed converter is lower
than the presented converters in [9] and is higher than the pre-
sented converters in [8, 20, 28]). Figure 8(c) illustrates the not-
malized RMS current over the duty cycle for the switch which
has the maximum voltage stress (switch 5, in the proposed con-
verter). Based on Figure 8(c), /s s, 14=14,,,. for the proposed
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FIGURE 8 (a) Total voltage gain over duty cycle; (b) maximum normalized voltage stress on switches; (c) normalized current stress for the switch with the

maximum voltage stress; (d) maximum power for switches of converter; (¢) maximum normalized current stress on switches

converter has the minimum value comparing to other conven-
tional SIDO converters.

The cost of converters can be compared with their volt-
age and current stress on the semiconductors. If the current
and voltage stress on each semiconductor multiply together, an
equation will be achieved. By this equation (here called S and
defined as power of switch), the cost, voltage and current stress
on the semiconductors can be compared. As a result, the max-

imum value for the equation of power of switch S, can be

ax
written as follows:

Smax = (IRA’UW VS‘,iz)max = [J'RA/[S,ﬂ |52 I5=15 max T/;,ﬂ max (46)

Figure 8(d) is plotted to show that, the obtained maximum
power of switches (§;,,.( in the proposed converter (switch .,
in the proposed converter) has almost the minimum value com-
paring to other conventional converters of the same type for
the duty cycles higher than 0.3 regarding that the proposed con-
verter has the medium value for maximum normalized voltage
stress on switch based on Figure 8(b). Also, the maximum not-
malized current stress on switch (/¢ RMS = ) 19 plotted as Fig-
ure 8(e). Figure 8(c) shows that the proposed converter has the
medium value of /s g5, — max comparing to other conventional
converters of the same type.

In order to have a simple compatison in Table 3 and Figure 8,
all the duty cycles of the compared converters are considered

as a same parameter of the duty cycle D(0 < Dy =D, = D <
1). The turns ratio of coupled inductors is considered as 7 =
nyp = n=11n Figure 8.

Table 3 shows that the proposed converter and the con-
verter in [20] have the maximum number of operation modes
(Ngp = 3) and exchangeable place for the input voltage source
among cach of three ports. Moreover, the proposed converter
and presented converters in [9] and proposed converter have
the capability of simultaneous control of output voltages.

10 | EXPERIMENTAL RESULTS

In order to reconfirm the analytical results, the experimental
results are extracted for first operation (stepped-up mode) of
the proposed converter in Figures 8—10. The values of the dif-
ferent elements are summarized in Table 4. According to Equa-
tions (8)—(10), the capacitor voltage and output voltages for
the parameters in Table 4 are calculated as T = 157.5V,
Vi =418.5V and V= Vi /D, = 262.5 V. The output
voltages are almost equal to obtained values by experimental
results in Figures 8(b) and 9(a). So, considering Table 1, the
minimum values of used capacitors are calculated as Cj i, =
1141 °F, Ciyy min = 40 °F, Cpyp_min = 57 F. Moreover, con-
sidering Equations (21) and (22), the inductances Z,,; and
L,, to achieve CCM operation of the proposed converter,
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FIGURE 9  Experimental results of output voltages and currents of
inductors; (a) 7715 (0) Virz; (9) s (d) i

should verify the inequalities .,,; > 22.8 "H and
Therefore, the capacitors and inductances values are selected
as Table 4. In this operation, the output powers are theoret-
ically calculated as Py = VH12/RH1 =350.2 W and Py =
VHZZ/RHZ = 196.8 W. Therefore, the total output power of
converter based on theoretical analysis is equal to P, = 547 W.
Referring to Equations (11)—(16), the voltage stress on switches

S1, 5, 5354, S5 are calculated as follows:

L,,>13"H.

Stop @' (3 e e | &2
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FIGURE 10 Experimental results of voltages and currents of the
switches Si, 55, 53, 54 and Ss.

1 = 100V during the interval time of (1 — D) 75 =
0.3 7g,
592V duringD, Ty = 0.6 1
> =830 V' during(Dy — D) Ty = 0.1 75
3 =75V duting (1 — D,) 75 = 0.4 7§
s = 262.5V duting (1 — D,) 7y = 0.4 T
V54 = 262.5 V duting D, 75 = 0.675
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TABLE 4  Experimental parameters

13/ Vi /Virs = 30 /410 17 /260 17
Py =510 W, Ry = 500 Q Ry, = 350 Q
G = Gy = Cppp = 100uF

Dy =0.7,D, = 0.6, f, = 50kHz

Loy =L, =100pH, Ly = 3.96pH, Ly, = 304k, ng, = 2.3, ngy = 2.5, Type: Toroid TDK PC40-T51
S$i: IREP4668PbE (200V, 130A), S,: IXFK32N80Q3(300V, 32A), 53: NDPL18ON10B (100V, 180A), §y,5:

IXFK150N30X3(300V, 150A)

DC Voltages
Power/ILoad
Capacitors

Duty cycles/Frequency

As a result, the calculated values are reconfirmed by
the voltages stresses results in the experimental results in
Figure 10. The output currents are calculated as /; = —/;;; =
0.837A4, I, = =1y, = 0.75A4. Therefore, considering Equa-
tions (17) and (19), the average value of inductors’ currents
are calculated as /; 4 = 9.207A and /; ,, = 13.88A. The cur-
rent ripple of the magnetizing inductances ate calculated as
Aipy = (Ve ki )Di T/ L,y = 411 A and Aip,p = [(Vigo —
Ver = Vo) /[ no) Do T /L, = 3.6A. Accordingly, the maximum
and minimum values of current 77, are calculated as /,; =
11.262A and 7;; = 7.152A that are almost equal to the illus-
trated values by experimental results in Figure 9(c).

The maximum and minimum values of the current 7; ,, ate
calculated as [, = 15.68A and 7, = 12.08A that are similar
to the obtained result in Figure 9(d). The average currents
passing through the switches S, 55, S5, Sy and S5 during a
switching period at the steady state are calculated theoretically
as sy = Dily,1 = 644A, Iy = —(1 = D) [lp,n /(1 + nq)] =
—0837A, ]j:; = 1095A, ]54 = [SS = [HZ = —0.75A. Based on
the experimental results of the currents of switches in Figure 10,
their average values during a switching period are calculated
as Iy = 6.47A, I, = 0.785A4, I3 = 10.84 and /;5 = —0.7354
which are verified by theoretical values.

For controlling output voltages Pl-controller is used. The
output voltage regulations of the proposed converter under the
variation of the input voltage 7 increasing from 30 [V] to
40 [V] and decreasing to 20 [V] are extracted as shown in Fig-
ure 11. According to Figure 11, the voltage regulation of both
two output ports are achieved at the same time in an acceptable
way and the changes of the output voltages are not consider-
able by the changes of input voltage. Note that the spikes in
Figure 11 happens when a sudden change happens in the input
port. The implemented prototype of the proposed converter is
shown in Figure 12.

11 | POWER LOSS AND EFFICIENCY

In this section, the conduction and switching losses of proposed
converter ate calculated to obtain the efficiency. As a result, the
internal resistors of switches (ry), inductors (), capacitors (r),
forward drop voltage of switches (), rise time (#.) and fall
time (#/) of switches are considered for calculating power losses.

According to [12], conduction losses of switches (F;,4.5),
switching losses for the switches (7, s), total power loss of
switches (/% 7;), total conduction loss of inductors (F,,4.7.),

Inductors
Switches
Stop @ M—W—f_ aaeas | 6=
l.. ‘u L ll Jv ; " - ‘r ' A 1
VAoV | VoV, | VE20V
____________ P e e e e e e e e e e e e ]
oV, 1100V /div] e
CHi= 1000 mzses
M Pos:-12.58s
(a)
Stop @ [ Jnmnanar] o=

CH1=: 19@l) M 2.5

FIGURE 11 The output voltages regulation under the input voltage 1
variation

i Switching Control Board i

FIGURE 12 Implemented prototype of the proposed converter
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TABLE 5 Power loss calculation for all components of proposed

converter
1 I . .2
Foona_s - Jo (Vesis + rgis™y di = (Vs + rels_on) s
) 1 , 1 .
Loy s Ly, 5 = 3 SsVsislizmt, + Efs Vsisliznprty
Py 13 Py i = Fend,s + Par s
2 2
Lemd,1. Leodr. = 10adpm”™ + 1ol
I)C'ore ABLml = [Vt’Dl ]:] /irle[ SO, P(,l in [kwr/mz] from
datasheet
ABr,p = [(Vi = Ver = Vo) [ nol DT/ NoA,
50, By in [kW/m?] from datasheet,
I)Cbrefiotu/ = (1)(,1 +])(2) T/e
1 T .2
Feoa,c Femac = 7 Jy rcictdr
A
Py 55 L= ficiency Pross = B i + Fopa,c + Foond, . + Foores
E fficency = P,/ (P, + Pr)
Eff
lr T i i Capacitors
0.08 Proposed | Analytical 2.45
' Converter | Experimentalm m 4%
0.96 F
0.94F =
n
0.92
0.9
0 100 250 400 550

PoT @

(@ ®)

FIGURE 13 (a) Efficiency of proposed converter versus output power;

(b) power loss distribution among switches, inductors and capacitors for the
output power equal to £, = 510 W

total core loss of inductors (/7 ), total conduction loss of
capacitors ([,,.c) and total power loss () are calculated as
shown in Table 5. Figure 13(a) shows the efficiency of the pro-
posed converter versus output power. The power loss distribu-
tion of the proposed converter among switches, inductors and
capacitors for the output power of £, = 510 W is illustrated in
Figure 13(b).

The switches are considered as Table 2. Therefore, the
parameters of switches are as Vg = Vg = Vigs = Vigy =
0.7V, Vi3 =075V, ryy =8mQ, rp =270mQ, ry;=
25 mQ, rgy =155 = 6.6 mQ, 1,51 = 105ns, #1531 = T4us, t,5 =
13ns, 250 = 1005, 1,55 = 320 ns, 155 = 130ns, 1,54 = 1,55 = 32ns,
t154 = ¢35 = 14ns. Moreover, the internal resistors of capacitors
and inductors are considered as 7o = 0.5 Q and r;, =0.1Q,
respectively.

12 | SIMULATION RESULTS OF THE
PROPOSED DEVELOPED CONVERTER

The used simulation parameters of the proposed developed rip-
ple free converter are shown in Table 6. Table 7 illustrates the
analytical results of voltages on switches, capacitors, average
currents of switches, average input current and output voltages

TABLE 6 Simulation parameters for the proposed developed converter

L,;=50uH, Ly; = 5uH, n,; = 1uH Ve, =12V

Cy = Cp = 100uF Dy =0.6

TABLE 7  Theoretical analysis results of the proposed developed

converter

Voltage or

current

parameters Calculated theoretical values of parameters
leis I I = =Gl + Galppp) [ (1 = Dy) = 44.84,

L Lsiilo<i<pr, = lpi = 44.84,
Ioilpr<i<t = Ipi = 44.84

Ve Ve Veru=Ve =12V, Vg = 1 =301
Vi, Vi Vipp = 26017,175 = 418.517
Vstis Vi Vy; =30V during DTy < # < Ty Vi, = 30 17

during 0 < 7 < DT

of the proposed ripple free converter according to the given
parameters in Table 6.

The calculated results of capacitot’s voltages and output volt-
ages which are shown in Table 7 can be verified by simulation
results in Figure 16.

The voltage stresses on switches which are calculated in
Table 7 during first (0 < # < D7) and second (D7 < ¢ < T5)
modes, respectively, are verified by Figure 15.

Based on Table 7, the analytical results of average currents
of switches are shown which are almost equal to the obtained
average currents of switches by simulation results in Figure 15.
For example, according to Figure 15(a,b), the obtained aver-
age current of switches §;; and 5,; by simulation results are as
Lsiilo<r< p7 = 43.64, I53il0<s< pr = 43.6A4 (verify calculated
analytical tesults from Table 2 eqﬁal to I51lo<r< pr; = 44.84,
Loil pr<i< 7. = 44.84). The average value of inductor’s cur-
rents from Table 7 is verified by Figure 14. The input cur-
rent waveform is shown in Figure 14(c) which as it can be
seen it is almost free ripple DC current with average value of
I; = 43.53 A from simulation results (verify theoretical analysis
which is seen in Table 7 equal to /; = 44.8.4).

Figure 14 shows the Simulation results of currents of input
side of proposed developed converter to confirm how the
developed converter achieve zero input current ripple. By con-
sidering the developed converter in Figure 7, the sum of magne-
tizing inductor current (77 ,,;) and current of first winding of cou-
pled inductor (77;;) would be constant DC value equal to input
current of 7; as shown in Figure 14. Figure 15 shows the simula-
tion results of voltage stresses on switches. Figure 16 shows the
simulation results of voltages of capacitors and output voltages.

13 | CONCLUSION

In this paper, a SIDO high voltage gain coupled inductor- based
DC-DC converter is proposed. The proposed converter can be
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FIGURE 14  Simulation results of currents of input side of proposed
developed converter; (a) magnetizing inductor current (77,,,); (b) current of first
winding of coupled inductor (i7,); (c) input current of /; and its ac magnitude
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FIGURE 15 Simulation results of voltage stresses on switches

operated in three different single-input/two-output structures.
In this converter, the input voltage source can be replaced by
any of each three ports. The voltage conversion ratios can be
increased by increasing the turns ratio of the coupled induc-
tors. The proposed converter has achieved high voltage gains
with low number of components comparing to the conventional
multi-port, high voltage gain converters. Moreover, two output
voltages of the proposed converter can simultaneously be regu-
lated on different constant levels. In this study, the voltage con-
version ratios and the voltage and current stress on switches of
the structure is analysed theoretically. Additionally, to demon-
strate the validity of calculation results, a 30 V/410 V/260 V

= VIV
30
0
075 150
_ (a)
w0 VOV (@ VHI[V] (@ vi2(V] ,‘
250 ‘
0
075 150
(b)

FIGURE 16 Capacitor’s voltages and output voltages; (a) 1o, = 1; (b)
input voltage I'; = 1;, output voltage of 171 and output voltage of 17/,

with 510 W prototype is implemented in laboratory for stepped-
up operation mode.

NOMENCLATURE

I Lowest DC voltage in port 1
Vi1 Medium DC voltage in port 2
Vir2 Highest DC voltage in port 3
Dy Duty cycle of Switch 5
D5 Duty cycle of Switch S,
Dy Duty cycle of Switch Sj; in the developed
converter
I A complete switching period
Js Switching frequency
51 > 5\23 S3> S4 Switches

(i Capacitor
7y Transformer of first coupling inductor
L,1  Magnetizing inductance of first coupled
inductor
Ly1 Leakage inductance of first coupled inductor
75 ‘Transformer of Second coupling inductor
»2  Magnetizing inductance of second coupling
inductor
Ly Teakage inductance of second coupled induc-
tor
"yl Number of turns of the first windings of the
transformer 7;
Number of turns of the second windings of
the transformer 7
"p2 " Number of turns of the first windings of the
transformer 75
/2 Number of turns of the second windings of
the transformer 7,
Turn ratio of the transformer 7]
Turn ratio of the transformer 7,
V'c1 Voltage across capacitor C;
I;1 Maximum value of the current of L, at %
and #
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I

I
i
U2
’In
VI m2
VL k1
Vrk2
U7
;I 2
T 1

Vri2

i515 i515 i1, Is1
and Z._S‘l
L5y

lYl Wi

Ls1_pats,

L5y

I55,

Lo RS0

I3

]J'S,W

Maximum value of the current of 1.,, at %
and #s

Minimum value of the current of 7.,,; at %,
Minimum value of the current of 1., at %
Current of the magnetizing inductance of the
first coupling inductor

Current of the magnetizing inductance of the
second coupling inductor

Voltage across the magnetizing inductance of
the first coupling inductor

Voltage across the magnetizing inductance of
the second coupling inductor

Voltage across the leakage inductance of the
first coupling inductor

Voltage across the leakage inductance of the
second coupling inductor

Average voltage across the magnetizing
inductance of the first coupling inductor
Average voltage across the magnetizing
inductance of the second coupling inductor
Average voltage across the leakage induc-
tance of the first coupling inductor

Average voltage across the leakage induc-
tance of the second coupling inductor

The voltage conversion ratio of port 2 over
port 1

The voltage conversion ratio of port 3 over
port 1

Voltage gains of each port

The voltage stress on switch §;

The voltage stress on switch 5,

The voltage stress on switch S5

The voltage stress on switch S

The voltage stress on switch S5

Currents passing through the switches at each
moment

Average current passing through the switch
81 during a switching period in steady state
Normalized average current passing through
the switch 5; based on input current for boost
operation

Normalized RMS current passing through
the switch 5 for boost operation

Average current passing through the switch
5, during a switching period in steady state
Normalized average current passing through
the switch 5, based on input current for boost
operation

Normalized RMS current passing through
the switch 5, for boost operation

Average current passing through the switch
S3during a switching period in steady state
Normalized average current passing through
the switch S5 based on input current for boost
operation

153 RS,
Ly

Isq,

s

Iss ,
Lss_Rts,n

]Ll// 1

[L;//Z

ic

Y

13

A Z.Lwl

A Z.LI/ZZ

Normalized RMS current passing through
the switch 53 for boost operation

Average currents passing through the switch
S, during a switching period in steady state
Normalized average current passing through
the switch S based on input current for boost
operation

Average currents passing through the switch
S5 during a switching period in steady state
Average currents passing through the switch
S5 based on input current for boost operation
Normalized RMS current passing through
the switch S5 for boost operation

Average magnetizing inductance current of
magnetizing inductance of first coupled
inductor

Average magnetizing inductance current of
magnetizing inductance of second coupled
inductor

Average current passing through the capaci-
tor C;

Average current passing through DC voltage
port 1

Average current passing through DC voltage
port 2

Average current passing through DC voltage
port 3

Output current of port 1 in boost operation
Output current of port 2 in boost operation
Output current of port 3 in boost operation
Input power from port 1

Input Output power from port 2

Input power from port 3

Total output power

Currents’ ripple of the magnetizing induc-
tance 1,1

Currents’ ripple of the magnetizing induc-
tance 1,5
Peak-to-peak value of the total voltage ripple
of the capacitors

Average value of the voltage across the capac-
itors

The voltage ripple across the capacitors
Voltage ripple across the capacitors caused by
the ESR of capacitors

Inner resistance of the capacitors

Current ripple of the capacitors during
Average voltage across the output capacitor
in port 1

Average voltage across the output capacitor
in port 2

Average voltage across the output capacitor
in port 3

Minimum designed capacitance value for the
capacitor C
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CH17 min

CriilEsr
Crnl e

Cri2_min

Cral sy

Croolrr

7515 7525 7535 754
and rg5

s

rc

Vists Visas
VFX?}) V]‘T4 and
Viss

5515 525 Bis3s
Z;54 and 7,5
1515 2 f525 74535
?r54 and 755
t

.
7
LFomd_s
Py s
P 7
Foma,1.
Y Core_total

Pc1 and PCZ

Minimum designed capacitance value for the
output capacitor at port 1

Minimum capacitance value for the output
capacitor at port 1 considering Equivalent
Series Resistance (ESR)

Minimum capacitance value for the output
capacitor at port 1 considering Total holding
Time (THT)

Minimum designed capacitance value for the
output capacitor at port 2

Minimum capacitance value for the output
capacitor at port 2 considering Equivalent
Series Resistance (ESR)

Minimum designed capacitance value for the
output capacitor at port 2 considering Total
Holding Time (THT)

Minimum designed capacitance value for the
output capacitor at port 3

Minimum designed capacitance value for the
output capacitor at port 3 considering Equiv-
alent Series Resistance (ESR)

Minimum designed capacitance value for the
output capacitor at port 3 considering Total
Holding Time (THT)

Output load at port 1

Output load at port 2

Output load at port 3

Average current passing through the switches
Average current passing through the switches
at the turning on moment

The internal resistors of switches Si, 55, 55, 54
and S5

The internal resistors of inductors

The internal resistors of capacitors

Forward drop voltage of switches S, 55, 53,
Sy and S

Rise time of switches S, 55, 55, $4 and S5
Fall time of switches 51, 5>, 53, 54 and S5

Fall time of switch

Rise time of switch

Conduction losses of switches
Switching losses for the switches
Total power loss of switches

Total conduction loss of inductors
Total core loss of inductors

Total conduction loss of capacitors
Total power loss

Losses of the cores of the inductors
Flux density of inductors

Power density of inductors [kW,/m?]
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