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Abstract

The proposed converter here is a dual-input DC-DC converter with bidirectional power
flow. One of the inputs is unidirectional, while the other is a bidirectional port for a battery.
The proposed converter can combine two alternating sources with different characteris-
tics. The demanded power of the load can be provided by each input source individually
or simultaneously. What is more, the unidirectional port can charge the battery as well as
power the output load. Due to the bidirectional capability, the energy returned from the
output can be stored in the battery which is suitable for electric vehicle (EV) applications.
Step-up capability, the low voltage stress on semiconductors, and the smaller number of
passive elements are the other advantages of the converter. Depending on the battery usage
status, four different operation scenarios are defined in the proposed converter. The con-
verter operation is described in each scenario and the mathematical analysis is presented.
Based on these, the experimental prototype is conducted to verify the characteristics and

1 | INTRODUCTION

Renewable sources are increasingly used due to environmental
concerns and technological advances [1-4]. However, the
intermittent nature of these sources and the unpredictability of
load demand poses a challenge to the widespread development
of these energy sources [5, 6]. Therefore, due to the inherent
change in the terminal voltage of these sources, the use of volt-
age converters between the source and the load/grid to control
the output voltage is inevitable [7]. On the other hand, the out-
put voltages of these sources ate so low that they are not suitable
for many applications. To increase the DC voltage values, DC-
DC converter interfaces must be used [8]. The dependence of
some renewable energy sources on the climate has led to a ten-
dency to combine different types of sources to provide power
with high quality and reliability for load feeding [9]. To meet
load demand and solve the challenge of the alternative nature
of renewable energy and the unpredictability of load demand,
usually power electronic converters are integrated with energy
storage systems. The multi-input (MI) converter is a solution
to meet the requirements of some applications that require the
integration of several types of input energy sources [10].

feasibilities of the convertet.

Reference [11] presents a bidirectional MI structure that
can operate independently in three modes of buck, boost, or
buck-boost. The need to use a high-inductance inductor which
leads to an increase in the size and weight of the converter,
as well as its inability to simultaneously transfer the energy of
input soutces to the output are the drawbacks of the converter.
The converter in [12] can operate in buck and boost modes with
bidirectional power control. The need to use an independent
inductor for each input source increases the volume and weight
of the converter for a large number of inputs. Two step-up
unidirectional three-input DC-DC converters are provided
in [13, 14], which have two unidirectional input ports and
one bidirectional port. The excessive number of current path
switches, higher losses, and inability to operate in the buck or
buck-boost modes are the main disadvantages of the structures.
An MI converter with bidirectional power flow is provided in
[15] which can operate in buck and buck-boost modes. This
structure requires a separate inductor for each input source,
which increases in size and cost. The MI converter with step-up
capability is presented in [16]. To increase the voltage gain, the
number of input sources is increased, which increases the num-
ber of components and in turn, the size, volume and weight of
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the converter. The impossibility of the converter to operating
as bidirectional is another drawback. A switched-capacitor-
diode-based MI converter with high voltage gain is presented in
[17] which utilizes a higher number of components. The lack of
common ground between the input and output ports is another
disadvantage of the converter. A non-isolated step-up MI con-
verter utilizing coupled-inductor and clamp circuit is presented
in [18] in which there is no common ground between input and
output ports. Besides, this converter cannot operate as a bidirec-
tional converter. A quadratic-based three-port converter with a
simultaneous power transfer of the input ports is presented in
[19] in which the battery port does not share common ground
with other input and output ports. On the other hand, the
power flow is not bidirectional. A high-voltage gain dual-input
DC-DC converter with bidirectional power flow is presented in
[20]. The impossibility of simultaneous power transfer of input
sources and the high voltage stress of the switches are the major
drawbacks of this converter. The converter in [21] is another
MI converter with high step-up and soft-switching capabili-
ties in which the bidirectional power flow is not provided. A
three-port bidirectional DC-DC converter presented in [22]
integrates a PV panel and a battery in a DC nanogrid. The most
important disadvantage of this converter is the lack of common
ground between the ports. Another coupled-inductor-based
three-port DC-DC converter with bidirectional power flow is
presented in [23]. In [24], a dual-input DC-DC converter is
presented in which the power flow is not bidirectional. Another
drawback of this converter is its inability to simultaneous power
transfer of the input sources. The couple-inductor-based three-
port DC-DC converter in [25] has high voltage gain, however,
the power flow direction is unidirectional. Furthermore, the
two inputs have no common grounding. Another dual-input
DC-DC converter with a high number of diodes is introduced
in [26]. In this converter, the bidirectional power flow is not
provided and the voltage stress across the semiconductors is
high. Reference [27] presents a bidirectional DC-DC converter
in which there are no common grounds between the ports.
Besides, charging of the battery is not provided via another
input or from the output energy. The high voltage stress on
the semiconductors is another drawback of this structure.
A high-voltage-gain DC-DC converter with dual input and
unidirectional power flow is investigated in [28] in which
the input ports do not share the common ground. The high
number of diodes and capacitors is another disadvantage of the
converter.

The novelty of the proposed converter is summarized as fol-
lows:

1. Bidirectional power flow capability by operating the con-
verter in buck mode.

2. Simultaneous and individual power transfer from the input
sources to the output load which states the flexibility of the
converter.

3. Battery charging by another input source (1/]) and the
energy returned from the output, preventing the battery
from complete-depleting and the energy from wasting,

4. Common grounding between the input and output ports.
This feature causes the converter to have high safety and
fewer protection problems and electromagnetic interference.
Besides, there is no addition dz/d#between input and output
grounds.

5. Voltage step-up capability which allows the proposed con-
verter to be used in renewable energy applications, with one
input being a battery and the other input being a photovoltaic
panel (PV) or fuel cell (FC).

6. Reduced peak voltage stress (PVS) of the semiconductor
devices. Lower PVS results in utilizing power switches with
small ON-state resistance and the diodes with lower nomi-
nal voltage which reduces the conduction and turn-on losses
and improves the efficiency.

7. Improved dynamic performance due to the lower number
of passive devices (inductors and capacitors). Good dynamic
performance allows the proposed converter to respond
more quickly to changes in input voltage, output load, or
duty cycles, and the range of change is negligible.

Based on the above-mentioned advantages, the proposed
converter can be a good candidate for electric vehicle (EV)
applications where the energy-returning from the output should
charge the battery. Furthermore, the proposed converter can
be applicable in renewable energy systems in which different
energy sources with different characteristics such as PV or FC
can connect to a unidirectional input port, and the other port is
the battery.

The paper is organized as follows: Section 2 is dedicated
to the operation principles of the converter. In Section 3 the
dynamic modelling is investigated. The control method and
design procedure are given in Sections 4 and 5, respectively.
An investigation of the semiconductors’ voltage and current
stresses is done in Section 6. A comparison of the converter
with other solutions is carried out in Section 7. Analysis of the
loss and thermal distribution is done in Section 8. The experi-
mental results of the laboratory prototype ate presented in Sec-
tion 9 and the last section concludes the paper.

2 | OPERATION MODES OF THE
PROPOSED CONVERTER

The power circuit of the proposed converter is shown in
Figure 1 In this converter, 1] is a unidirectional port and 1/,
is a bidirectional port. With proper switching of switches §;-5;,
77, and 75, output voltage and battery charge/discharge current
can be regulated.

Two power diodes (D;, D,), two inductors (L, L), and a
capacitor (C}) are also used in the proposed converter. D; pre-
vents current from returning to port 17]. Besides, D, is used
in the phase energy returning from the output which creates a
path for 7, current. In cases where the input source is PV, the
current ripple of the input source must be minimized to create
an accurate power balance between powers the input and the
output load. So, the CCM operation is analysed.
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FIGURE 1 Power circuit of the proposed DC-DC converter

FIGURE 2
subinterval 11

Equivalent circuits in the first scenario; (a) subinterval I, (b)

2.1 | Unidirectional power flow operation

In unidirectional operation, the power transfer direction is
from input soutces to the output load (R)). Depending on the
different switching schemes, different operation scenatios ate
obtained, which are discussed in detail below:

2.1.1 | First scenario (The load is powered by V)
In this scenario, R, is supplied only by 17, and the battery is
not used. During this scenario, | is permanently OFF, and
therefore, 7., is not used. In a switching period (7} there are
two switching subintervals as shown in Figure 2a b. These two
subintetrvals are examined in detail below:

Switching subinterval I (0 < 7 < dgy 7): According to Figure 2a
in this subinterval, S5 and §; are ON and S5 is OFFE. Besides,
the body diode of S, is directly biased, creating a path for 7 ;.
The voltage and current equations of 7.; and C, are as follows
in which 7y represents the ESR of L;:

Lyipg = Vi —nipy )

GV, =1, @

Switching subinterval IT (dy 7'< ¢ < T): At t=dg, 1} S5 and 5,
are turned off simultaneously, while due to the energy stored in
L4, the body diode of S, temains forward biased.

FIGURE 3
(b) subinterval II

Equivalent circuits in the second scenario; (a) subinterval I,

Besides, the body diode of S5 conducts to deliver the energy
of Ly to R,. Based on Figure 2b these equations are written:

Ly =V =V, = nip, 3

CV, =i —1, @

By applying the volt-second and current-second balance laws
to Ly and C,, the following equations are obtained:

Vi — iy

= dsy ®

(A =dw)ipg =1, ©)
2.1.2 | Second scenario (The load is powered by
V)

There are cases where the load should be supplied only through
the battery. For example, if 1] is the PV output voltage, PV
cannot supply the load at night. In such cases, the battery is
responsible for feeding the load. In this scenario, 7] is always
ON and 1, can be controlled by propetly controlling 3. This
scenario is divided into two subintervals as shown in Figure 3
and is analysed below:

Switching subinterval I (0 < 7 < dg37): In this subinterval,
71 and 5 are turned on while the other switches are OFFE So, 7,
increases linearly and leads to battery discharge. These equations
are written from Figure 3a

Lyisp = V), = nips @

GV, =, ®)

Switching subinterval II (437" < 7 < 7): As shown in
Figure 3b 77 is still ON while 5 is OFF in this subinterval. So,
the body diode of §; and S5 is directly biased to create a path for

77 5. The following equations can be obtained:

Ly, =V, =V, =i, )

GV, =i, —1, (10)
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FIGURE 4  Equivalent circuits in the third scenario; (a) subinterval I, (b) subinterval I, (c) subinterval IIT
By applying the volt-second and current-second balance laws .
GV, =1, (19)

to 1, and C,, the following equations are obtained:

V), —nip,
= 11
I, = dy €3))
(I —ds3)irn =1, (12

In this operating scenario, battery current and power ate
determined as follows:

iy =1, (13)
By = Vi, 14
2.1.3 | 'Third scenario (The load is powered by
I} and 1)

In this scenatio, the load is supplied by 1] and the battery.
Therefore, in this scenario, battery discharge occurs. By control-
ling 53, the battery discharge power can be adjusted. Figure 4a ¢
shows the equivalent circuits of the proposed converter during
this scenario.

Switching subinterval I (0 < 7 < d7): In this subinter-
val, /1 and I, are magnetized through 17 and the battery
is not used. Therefore, S| and S5 are ON and the other
switches are OFF. From Figure 4a the following equations are
obtained:

Ly + Lo)ipy = V4 = (1 + )iy 15)
GV, =—1, (16)

Switching subinterval I (dy 7'< 1 < dg3 T): At 4y = dy T, 5 is
turned off and 77 and S are turned on. Sj is still ON, and the
body diode of 5 is directly biased to conduct 7; ;. The following
equations can be written according to Figure 4b

Lyipy =1 — nipy 17

Lyiry =V}, = nipy (18)

Switching subinterval III (d¢3 7 < # < 7): In this subinterval,
the energy of 1| and L, is transferred to the output. Therefore,
S5 and S are turned off and the body diode of Sy conducts. As
shown in Figure 4c the following equations are obtained for the
voltage and current of Ly, 15, and C}:

Ly =V =V, = nip, (20)
Ly, =V, =V, =i, 1)
CV, =i +ip—1, (22)

Applying volt-second and current-second balance laws to 2y,
L,, C, and using 4 = 1-dy; results in the following equations:

1 +dr V), — rigg — nigo
I = 23
’ 2(1 = dyg3) @)

(I —=dg3)@ + i) =1, (24)

In this scenario, the load is supplied from 1] and the battery.
Therefore, the current and power taken from the battery are
calculated as Equations (25) and (26):

7y = driip (25)

B, = Vydriip, (20)

2.1.4 | Forth scenario (V; powers the load and
charges the battery)

In this scenario, I} not only supplies the load but also charges
the battery. Therefore, 47, can be controlled to adjust the charge
current/power of the battery. 1/, control can be done by con-
trolling 5. It is noteworthy that in this scenario, ) is always
ON. Figure 5a -c shows the equivalent circuits in this scenario.
Switching subinterval I (0 < #< d3 7): In this subinterval, 7.
and 1, are magnetized in series by 1. Therefore, all switches
except S; and ;3 are OFE The following equations can be
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FIGURE 5

written according to Figure 5a

Ly + Lo)ipy = (Ly + Lo)ig, = Vi — (n + r)igg @7)

v =—, 8)

Switching subinterval II (d7 < 7 < (dp+dg)T): At

t= dgxT, S5 is turned off and 75 is turned on. In this

subinterval, /.| and 7, have magnetized again and the pro-

cess of charging the battery is performed. Figure 5b shows
that:

Ly + L)y = Ly + Lop)ip, = Vi =V, — (r + n)irg (29)

GV, =-l, (30)

Switching subinterval III ((dp+ds3)T < ¢ < T): The energy

stored in /.y and Z, in the previous subintervals in this subin-

terval is transferred to the load. For this reason, the body diode

of §; conducts. From Figure 5c the following equations are writ-
ten:

Ly + Lo)ipy = Ly + L), = Vi =V, — (n +n)ing (31)

CV,=ip—IL,=ipp— 1, (32

According to the volt-second and current-second balance
laws, the following equations are obtained:

Vi —dpo V= (n + n)ipg

V=
1—dypy—dss

33)

(I =dpy—dg)ipy = (1 —dpy —dg3)i, =1, (34
In this scenario, load power is supplied from 1]. Besides, 1}
is responsible for charging the battery. Therefore, the current

and power delivered to the battery are calculated as relations in
Equations (35) and (30):

iy = dyoiry 35)

B, = =Vydroir, (36)

Equivalent circuits in the fourth scenatio; (a) subinterval I, (b) subinterval II, (c) subinterval 111

FIGURE 6

Equivalent circuits in bidirectional power flow operation; (a)
subinterval I, (b) subinterval 1T

2.2 | Bidirectional power flow operation
In this operation mode, the energy returned from the output is
stored in the battery. So, 75 is always ON. To test the bidirec-
tional capability of the proposed converter, the voltage source
17, is placed in the output port and by switching 5, 55, and s,
the energy is transferred to the battery. Figure 6a b shows the
subintervals in this mode.

Switching subinterval I (0 < 7 < d¢5 7): As shown in Figure 6a
S5 is ON in this subinterval to transfer the output energy to the
battery. Besides, 57, 5, and 75 are ON, and D is reverse biased.
Thus, 1., is magnetized. The following equations are obtained:

Loiry = Vi = V= naigs 37)

C;Vreg = jrqg — i (38)
Switching subinterval IT (dgs7' < ¢ < 1): Aty = dgs T, 51, 55,
and S5 are turned off while 75 is still ON. Besides, D, is directly

biased, creating a freewheeling path for 7;,. It is clear from
Figure 0D that:

Lyiry ==V, = nip, 39

Applying volt-second and current-second balance laws to 7,
and C, result in the following equations:

V,=dssV 5, —nirs (41)

Iy = dssip) (42)
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The current and power delivered to the battery are calculated
as Equations (43) and (44):

iy =1 (“43)

b= =V, (44)

3 | DYNAMIC MODELLING OF THE
CONVERTER

As mentioned in Section 2, the proposed converter includes
four scenatios. Different control variables are required in each
scenario to adjust the input source current and output voltage.
In the first and second scenarios, one duty cycle is selected,
while the third and fourth scenarios use two duty cycles. There-
fore, in the first and second scenarios, 1/, can be controlled
directly, while the other state variable (i, ; ot 7;,) is automati-
cally adjusted according to the power of the converter operating
point. In the third and fourth scenarios, 17, and 7; , and thus the
battery current is directly controlled and the state variable cor-
responding to the input source (7 ;) is adjusted automatically.
To obtain the dynamic model for each scenatio, 7; 1, 77 ,, and
1/, are selected as state variables. The state-space average model
(SSAM) is then used in each scenario as follows:

First scenario: In this scenario, dgy is selected as a control vari-
able that controls 17,. SSAM is obtained as follows:

Ly = Vi = =dsy)V,— nipy (45)

GV, = —=dsy)ipy — 1, (46)
Second scenario: Similar to the first scenario, this scenario

uses dg3 to control 17, Using SSAM, these equations are
obtained:

Lyl =V, — (1 = dg3)V, = nsig, (47)

CV,= (1 —dg)io— 1, (48)

Third scenario: In this scenario, using 4,y and dg3 as con-
trol variables, 1/, and battery discharge power can be controlled.
Since dy = 1-dgq, the SSAM is obtained as follows:

Lipy = T U + Ladr)Vi = (A = )V,
(49)
T L [(Ly + Lodr)r + Li(1 = dpy)ny] gy
Lyio = L—1 v A =dr)W +drV,— (1 —dg)T,
(30)
_Ll +1, []‘2(1 —drn + (L, +]41d]-1)7'2] iro

CV,= (1 —ds3) iy +ip0) — 1, 6]

Fourth scenatio: In this scenario, 7; | and 7; , are equal. There-
fore, 771 and 1/, are selected as state variables. dy, and dg3 are
control variables that control the battery charge power and 17,
respectively. SSAM for this scenario is as follows:

. L
Ly = o+, [Vi = dpaV — (1 = dpy — di3)V,
— (r + r)irq] (52)
CV, = (1 —dpy — dy3)ipy — 1, (33)

According to the small-signal model [22], the input voltages,
state variables, and duty cycles consist of two parts: DC values
(7,X,D) and perturbations (7,%,d) as follows:

V="V+7 x=X+% d=D+d (54)

Assuming that the oscillations of the perturbations are neg-
ligible, by applying Equation (55) in Equations (45)—(53) and
ignoring the second-order sentences, a small-signal model is
obtained which it can be written in matrix form as follows:

% = A% + Bi
(35)
§=Cx+ D

In Equation (55), X, # and j are the vectors of state variables,
control variables, and output, respectively. 4, B, C'and D are the
matrixes of state, input, output, and feed-forward. Therefore,
the small signal-model is obtained as a matrix for all scenarios
as follows:

First scenatio:

_n Du-tl Y
e l:1 Ly B= 1:1
1=Dgy 1 I
c RC, G (56)
7/,1 . N
x=|_|.c=]0 1],D=0,i=dy,j=75,
y{/

n Dn-t |

a=| ole=|
1= Dy, 1 7,

G, R,C, G, (67)
~ ;[‘2 ~ ~ ~ ~
x=|_"|.c=[0 1],D=0,a=4dsj=7,

_yo
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Third scenario: follows:
_L1+L2DT1V_1—D71r 0 Dyy —1]
Ll +1y) " Li+1,° I,
4= 1—Dpy L, + LDy Dgy =1
- 0 Tt L T L+ I
qt+ 1Ly 2+ 1) 2
1= Dy 1= Dy 1
1,17 Lor, — Lyrp 5 12
Ll +1) Lily+L) " Ly (55)
1% vV, Lyry—Lory v,
B=|l———rt — -1 I
Ly+ 1L, L, Iyl +1y) Ly
0 _7L1 +1,
| &
771 . 3
_ 617"1 v, 0 0 1
X = Z’]‘2 ,Zt= - ’jz N ’C= ’Dz
L ’[)0
Fourth scenario:
i i i Yo =[B:AB: A2B: - A™B] (60)
41 + ) DTZ + DX?) —1
L+ 1, L+ 1, If the matrix rank is complete (equal to #+2), the system
A= 1= Do — D 1 ’ becomes completely state-controllable. The value of # for the
% Y first and second scenarios is # = 1. For the third and fourth
L ¢ oo scenarios, its value is # = 2. Therefore, for the first and second
v,-1, v, scenarios, the rank W~ should be 3 and for the third and fourth
Li+1, L+1, scenatios, it should be 4. Now, for each scenatio, additional inte-
B= 7 7 (59) gral states are considered as follows:
_% _% First and second scenarios:
| 0 0
B ru] B FTZ] _ l%] q@0) = r(t) =) = r(t) = 7,(2) (1)
X = - b ﬂ = ~ 9. = ~ 9
Yo s 12 Third and fourth scenarios:
] 0 1 0 0 ) _
C= D= Q) =n@)—n@) =n@)—2,0)
1 0 0 0 62)

4 | CONTROL SYSTEM OF THE
CONVERTER

As can be seen from Section 3, the control system in the first
and second scenatios consists of one control loop, while the
control system of the third and fourth scenarios consists of
two control loops. For this proposed converter, an integral
state feedback-based control method called the pole placement
method [23] is used. The controllability matrix is defined as

(1) = 1(t) = 22(0) = () = 772(2)

The state and output equations are rewritten according to the
new integral states as follows:

@) A ollxe| |8 0
I Y R | R B N GO 2 P B )
40 —C:0||q@®) 0 7
(63)
x()
iy =[C 0]
q(7)



JALILZADEH ET AL.

In Equation (65), the vector 7(7) is the input reference vector
defined for each scenario as follows:
First and second scenarios:

r@) = [V, (64)
Third and fourth scenarios:
) T
70 = | Vs iv2,er | (63)

The controllability matrix for the system defined in Equation
(63) () can be arranged as follows:

B i A¥ B i Al i o0
oo =|. + . |=

0 : —-c¥.| o : —c|lo : w.

(66)

If W, is considered a complete rank, the system defined in
Equation (63) is completely controllable if and only if the rank
of the matrix M is 2#n42. Therefore, there is a matrix K that
satisfies the following equation:

x() x()

ity =—-K| .. |==[K i K]| . (67)

q() q(*)

By placing Equation (67) in (63) the following equation is
obtained:

)] [A-BK. -BK|[x»)] [0

= . | e e 68
4() ¢ i 0 Jlaw] |7

The purpose of the problem is to find the vector #(#) through
the matrix K so that the eigenvalues of the closed-loop system
are in the desired locations. To do this, the MATLAB software
control systems toolbox is used. Figure 7 shows a block diagram
of the pole placement control method in four scenarios in which
L, current and 1 track the reference values of /7 5 ,,cand 1,5
respectively. Figure 8 shows a flowchart of a control system
designed for scenarios. First, 7,1, 17, Z,, and 17, are sampled.
In the scenario diagnosis unit, the operation scenario of the
proposed converter is detected by comparing the input power
(Py) and output power (P,). Besides, battery conditions such
as 1, i, and 17, ... are important for defining scenatios. For
example, when 2, < P and 1, < IV}, .., V7 supply the load and
charge the battery, this is called the fourth scenario. Depending
on the diagnosis unit, different scenarios are detected that
operate based on the corresponding block diagram shown in
Figure 7

FIGURE 7
first and second scenarios, (b) The third and fourth scenarios

Block diagram of the pole placement control method; (a) The

5 | DESIGN OF THE PROPOSED
CONVERTER

To prepare a laboratory prototype of the proposed three-port
converter, components such as /.; and L, must be designed in
such a way that the converter can operate in CCM. For this put-
pose, the average current of the inductor must be more than
half of its current ripple. Besides, C, is designed to minimize
the output voltage ripple. Table 1 presents the minimum values
of 14, 1, and C, in each scenatio.

The converter is designed according to these specifications:
=30V, 1V,=24V, IV,=96V, P,= 200 W and switch-
ing frequency /= 40 kHz. The values of duty cycles in each
scenatio are as follows: the first scenario dyy = 0.71, the sec-
ond scenatio dgz = 0.77, the third scenario dg3 = 0.75 and
dry = 0.80, the fourth scenatio dgz = 0.49 and dpp = 0.3.
According to the above specifications and using the rela-
tionships in Table 1 ;= Z,= 200 uH and C,= 100
UE are selected for the implementation of the laboratory

prototype.

6 | DEVICES VOLTAGE AND CURRENT
STRESSES

PVS of the devices is one of the important factors that is consid-
ered in the design of the converter and affects its cost and size.
This factor increases with increasing converter voltage gain. So,
another factor called normalized PVS (NPVS), which is defined
as NPVS = PVS /1, is considered. Table 2 shows the PVS and
NPVS of the devices and the scenario in which PVS occurs.
Figure 9 shows the NPVS of the semiconductors in terms of
different duty cycles, 1’7 = 30 V, and 1/, = 24 V. This figure
shows that for all duty cycles, the NPVS of 3, 55, 84, 75, and D,
is less than 1, which means that the PVS in these semiconduc-
tors is less than 17,.

For §; and S5, PVS is equal to the output voltage. For
duty cycles close to 1, the NPVS on 7] is higher than 1,
and the converter is not used in these duty cycles. Also,
the NPVS on D, for dg3 < 0.25 is higher than 1 which the
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FIGURE 9 NPVS on semiconductors (I} = 30 V and 1, = 24 V); (a) T,
and Sy, (b) Ty, (c) Dy, (d) Sy, S5, Sy, S5 and Dy

converter is not used in these duty cycles. Another factor
that extremely affects the size and cost of the converter is
the current stress of the components. To analyse the power
loss of the converter, at first, the average and RMS current
stress of the components should be calculated. These values
can be calculated using the RMS and average values defini-
tions. Because of avoiding redundant calculations, for instance,
the current stress of the devices is studied only in the sec-
ond scenario. For other scenarios, these values can be calcu-
lated easily using relevant definitions. Using Figure 3 and Equa-
tion (12), the average current of 7, and 7] is determined as
follows:

I
(69)

Ly =1 = T—dn

In this scenario, S5 is turned on only in subinterval 1. So, for
its average current, it can be said:

I3 =dg3lp, = ———1, (70

Furthermore, the body diodes of §; and S5 conducts the same
current in subinterval II. This equation states their average cur-
rent:

Ipss = Ipss = (1 —ds3) 1, =1, @)

Then, the RMS current of the devices according to the RMS
definition. For switch S5:

dg3 T 2
1 1 1/
=1/= 12, dt = —<—” ) diz T
\/T/O 12 T 1—d3-3 $3

7
=_5310
1 —dyg

1S3 s

(72)

Similatly, for switches S, and S5, the following equation can
be written:

T T 2
1 1 7
= 12 dr = —/ (—”) dt
r dg3 T " r dgsT 1= ds;

1
=—2 (73)

V1—dg

For capacitor C,, the RMS current is determined as follows:

jj'4,5rmy =

1 dg3 T r

. 2 2

iComs = A\| T / (=1) dr+ / (o= 1) dt
0 d

537

(74)

Based on the RMS definition, 7, RMS current is calculated
as follows:

U 2ms =

2 2
1 dsT (=1 . r i —h i — dysi
\J g [/“ < 4Y37l+ll> d[+/'[“’7 <(1_d83)Tf+ 1—dg df

(75)

In Equation (74), 7, and 7; denote the maximum and min-
imum values of the inductor current, respectively. After some
simplification, Equation (74) can be rewritten as Equation (76):

2 2
. . 1, 1 (dgsl
2 ms = M rms = (1_—%> + E < f]/; (76)

7 | COMPARISON STUDY

In this section, the proposed converter is compared with other
three-port converters in the literature. The capabilities of bidi-
rectional power flow, individual or simultaneous power transfer
of sources, number of used components (switch, diode, induc-
tor and capacitor), capabilities of voltage step-up, PVS on semi-
conductors etc., are selected as comparison factors and listed in
Table 3 Among the structutes presented in the table, only the
structure in [15, 22, 23, 27] and the proposed converter have
bidirectional power flow capability, which is one of the most
important advantages of the proposed structure.

Another important advantage of the proposed structure is
the simultaneous transfer of power from input sources, which
can be seen in other structures in the table except for the con-
verter in [22, 24, 27]. In the proposed converter, the energy stot-
age device can be recharged by another source, a feature that can
also be seen in the converters of [19, 2225, 27]. The number
of components used in the proposed structure is the same as
the number of components in the structure in [18, 19, 26]. The
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structures of [17, 28] use more components and the structures
of [15, 16, 22-25, 27] use fewer components than the proposed
structure. PVS of the switches and diodes is another factor that
should be compared between the structures of Table 3 To have
a better comparison between the proposed converter and the
converters in literature in terms of PVS, it is supposed that all
the converters have the same conditions (17 =30V, 1/, = 24
V, I,= 96 V). Considering this, the values for PVS on semi-
conductors have been included in Table 3 As can be seen, only

scenario)
94 (3rd scenatio), 92.4 (4th

91.7 (1st scenario), 95 (2nd
scenario)

Proposed

the switches 3 and S5 experience the voltage stress of 1/, while
the other switches of the proposed converter have PVS lower
than the output voltage. The switches 7j and @ in [15], §; in
[19], 84 in [23], and S5 in [24] have also the PVS equals to 1. it
is noticeable that the switches §,; and S, in [23] and 5 in [24]
endure the PVS higher than the output voltage. The PVS on
diodes of the proposed converter is lower than 17,. The diodes
of the other structures such as Dj in [19] and Ds in [24] experi-
ence the PVS equal to 1/,. Furthermore, the PVS on diode D,
in [25] and D in [26] is higher than the proposed converter and
these diodes must endure the voltage stress more than 1.

[28] with

[27] n»=1
v
NA NA
93.2  96.35

(boo

94.5

(buc

[26] with z =1

v
NA
v

1
95.4

All structures in the table have the voltage step-up ability
and expansion of the number of inputs. In DC-DC convert-
ers, where there is a common ground between the input and
output ports, they have high safety and fewer protection prob-
lems and electromagnetic interference. Besides, there is no addi-
tion dz/d# between input and output grounds [19]. Among the
structures in the table, only the structutes of [15, 16, 23, 24, 20],
and the proposed converter have common ground character-

[25] with = = 1.9,
n =3.8

v

NA

X

3

95.38

[24] with
n=035

v
NA
v

4
97.22

istics. The last row of the Table 3 compares the efficiency of
the proposed converter with other converters. As it is clear, the
efficiency of the proposed converter in the first to fourth sce-
narios varies between 91.7-95%, which is higher than the effi-
ciency of the converters in [16, 17, 19, 27]. Furthermore, the
proposed converter efficiency is almost equal to the efficiency
of the converters in [15, 18, 25, 26]. As the main results of the
comparisons, the proposed converter contains positive points

[23] with 2 = 2.4

v
NA
v

4
975

[22]
4
NA
X

1
NA

in terms of the main quality factors. The positive points can be
considered with the acceptable number of used components,

[19]
91-93

the possibilities of bidirectional power flow, simultaneous and
individual power transfer of input sources, charging the battery
by another input source, the existence of common ground, and

2.35

its high efficiency. It is worth noting that none of the converters

compared at the same time have these advantages, and each of

[18] with

ny/ny
95.9

them has one or two drawbacks compared to the proposed con-
verter. So, the proposed converter can be presented as a step-up
converter with significant positive points for hybrid systems.

[171

v
v
X
1
9

[16]

v
v
v
1

90

8 | THERMAL AND LOSS ANALYSIS

charging)
95.5 (charg-
ing)

Power components dissipate a large amount of power which is

[15]

Structures

converted to heat and results in increasing the junction temper-

1

(Continued)

ature (7)) of the component. This temperature should not be
higher than the maximum junction temperature (7,,,,), since,
permanent damage to the device will occur. In a semiconduc-

power (%)

tor, the dissipated heat is conducted away from the junction to

TABLE 3

Parameter

Step-up

Extension

Common ground v/

No. of scenarios

Efficiency in rated 93.5 (dis-

the case, from the case to the heat sink, and from the heat sink to
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the ambient. The rise in the junction temperature is determined

by [31]:

AT/’a = T/ - 7:1 = R/apa’ = (R/f + R, + Rm)Pzz’ (77)

In Equation (77), Py is the power dissipation, R;,, R;, &,

and R,, are the thermal resistances of junction-to-ambient,

junction-to-case, case-to-sink, and sink-to-ambient, respectively.

From Equation (77), the maximum power dissipation is as
q > p p

follows:
Z} max ];
By max = R—ja (78)
Tas Ry, and the maximum safe power dissipation

Pjo = Pjrareq) of semiconductor components rated at the case
temperature 7, = 7,,= 25 °C are given in the datasheets. It is
noticed that 7, = 7, = 25 °C is for the conditions in which the
cooling of the case is ideal and thermal resistance between the
case and ambient is zero. In these situations, the rated power is
determined as follows:

T max — 1,

J max a0
Foo = Fyrarea) = — (79
i
The power MOSFETs used in the proposed converter
are of type IRFP260N with 7;,..= 175 °C, 7,= 30 °C,

max "~

R,= 05 °C/W, R,= 024 {’C/\X/ and R,= 5 °C/W.
For this MOSFET, the maximum power dissipation is
achieved P, = 25.26 W. For IGBTs of type BUP400 with
T =150°C, T, =30 °C, R, = 1.25°C/W, R,, =1 °C/W and
R,,= 5 °C/W, the value of Py, = 16.55 W is calculated. The
power diodes MUR1560 used for the proposed converter with
characteristics of 7),,,.= 175 °C, 7, = 30 °C, R, = 1.5 °C/W,
R,=1°C/W,and R, =5 °C/W, maximum power dissipation
is determined as P, = 19.33 W.

A comprehensive study of the efficiency is described here.
For this purpose, the MOSFET switches are modelled with
an ON-state resistance (rpg) and the IGBT switches are mod-
elled with a resistance (r¢z) in series with a DC voltage source
(Veg)- The diodes are modelled with a resistance (7p) in series
with a DC voltage source representing voltage drop (7).
The equivalent series resistance (ESR) of inductors (r;) and
capacitors (7¢) is also considered. The calculation of the effi-
ciency for all scenarios is similat. So, to avoid redundant equa-
tions, for instance, the efficiency is calculated only for the
second scenario. The total power loss (P;,) is considered as

follows:
PLa.r.f: rL+PfC+PS+PD (80)
P, P, Pg,and Pp, designate the losses correlated with ESRs

of inductors, ESRs of capacitors, switches, and diodes, respec-
tively. The ESR losses of inductors are evaluated as follows:

By =Py =nig, 81)

For efficiency study, the current ripple of the inductors is
neglected. Consequently, the RMS values of inductors currents
are equal to average values. So, according to Equation (69), the
currents through inductors are approximated as below:

4
(82)

) = —
L.2,rms 1 — dSS

Substituting Equation (82) in (81), the ESR losses of the
inductor is calculated. The capacitor ESR losses are written as
follows:

Be=Ph¢ = ’Coié,,,ﬁm (83)

The RMS value of the current through the capacitor is given
in Equation (74). Substituting this value in Equation (83), the
ESR losses of the capacitor are obtained. The power losses of
the switches are expressed as follows:

Py = Bps+ Bcp + Prop + Py (84)
In Equation (84), P,ps, P.cp, and Py indicate the conduc-

tion losses of the switches. Py represents the switching losses
of the switches. P,/g and P, are calculated as follows:

_ .2 2 2
Bps = TDS3253 s + TDSA254, s + 7pss 255, rms (85)

_ 2
Ber: = 1eEmiyy (86)

753 pss+ k55, s are the RMS values of the currents through
the switches which are given in Equations (72) and (73). Py
for the switch 77 is calculated as follows:

Poee = Veeriln 87

Besides, the switching losses (Pyyp) ate evaluated as follows:

4
1
Py = z 5/ sl Coni + 1op70) (88)
=

In Equation (88), f, v, and /; are the switching frequency, volt-
age across the power switch S, and the average current of the
switch. 7,, and 7, denote respectively the current rise and fall
times of switches given in the switch datasheet. Eventually, the
efficiency of the converter is calculated as follows:

= L X 100 = Vil X 100 89
"=5+n,, T T n, ®9)

9 | EXPERIMENTAL RESULTS

As mentioned in Section 2, the performance of the proposed
converter is generally divided into two modes of unidirectional
and bidirectional power flow. On the other hand, the unidirec-
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FIGURE 10 Laboratory image of the converter with experimental setup

tional mode has four operation scenarios. In this section, for
instance, the experimental results of the proposed converter are
presented in three scenarios related to unidirectional mode and
also in bidirectional mode. Figure 10 shows a laboratory sample
of the proposed converter with an experimental setup. The
parameters used in the proposed converter are given in Table 4

9.1 | Unidirectional power flow operation
Depending on the status of the battery usage, this mode is
divided into four scenarios. For instance, the experimental
results for three scenarios are given below:

9.1.1 | First scenatrio

In this scenario, dg4 is used to adjust 1/, and its value is set to
dgy = 0.71. The experimental waveforms of the converter are

shown in Figure 11 As Figure 11 shows, 17, is set to 96 V. The
experimental waveforms »¢4 and »¢s are shown in Figure 11b
c. It is clear from Figure 11b that the PVS on S} is around 55
V. Besides, according to Figure 11c PVS on S5 is about 95 V.
These two switches withstand the maximum voltage stress in
this scenario. Figure 11d shows the experimental waveform of
77 1. According to this figure, the average value of the cutrent is
equal to 7.2 A and the peak-to-peak current ripple is equal to 2.3
A. Based on these data, it can be said that the current ripple of
1] is about 32% and the power delivered by this soutce is equal
to 216 W.

9.1.2 | Second scenario

In this scenatio, dy3 is used to adjust the output voltage. The
value of this duty cycle is set to 0.77. The experimental wave-
forms of the converter are shown in Figure 12 1/, waveform
is shown in Figure 12a which is similar to the first scenario
showing the voltage 96 V on C;. The voltage waveform of 75 is
shown in Figure 12b This figure indicates that the PVS on 75 is
74 V. This switch withstands the maximum voltage stress in this
scenario. Figure 12¢ shows the voltage waveform across Dy. It
is clear from this figure that the PVS on D is about 32 V, which
is the maximum stress that /); can withstand in the proposed
converter. As can be seen, 7, is continuous and the average value
and peak-to-peak current ripple are 9 and 2.1 A, respectively.

9.1.3 | 'Third scenario

In this scenatio, the 1/, and 7;, are regulated by 4y and dgs,
respectively, and for this purpose, 474 = 0.86 and d3 = 0.75. 1,
waveform is shown in Figure 13a As this figure shows, similat to
the previous scenarios, the amount of 17, has been stabilized by
adopting the above duty cycles in the 96 V. Figure 13b ¢ shows
the experimental waveforms of v¢; and vs.

As can be seen from the figures, the PVS of these switches
is 74 and 95V, respectively. §; withstands the maximum voltage
stress in this scenario. In addition to this scenario, S5 also expe-
riences maximum voltage stress equal to this value in the first
scenario. The battery discharge current is shown in Figure 13d
It can be seen that the average value of this current is about
3.6A. In this scenario, the battery power is about 85.7 W.

TABLE 4  Parameters of the proposed converter

Parameter Value or part number Parameter Value or part number

141 30V C, 100 uF Electrolytic
1 24V (two 12V, 7 Ah batteries in series)

P, 200 W
L, 1, 200 uH Ferrite cores , 96V
EE-42/21/15

Diodes MUR1560 5,—55 MOSFET IRFP260N
Vi 40 kHz T, 1, 5 IGBT BUP400
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V, (100 Vdiv)

Time: 5 psec/div Time: 5 psec/div

a b

FIGURE 11

v, (100 V/div)

Time: 5 ;usec/div

Time: S psec/div
a b
FIGURE 12
9.2 | Bidirectional power flow operation

In this mode, 1/ is disabled and therefore L is not used at
all. The duty cycle dy5 is used to control L, current, which
is the same as the battery current, and for this purpose,
dgs = 0.26. The experimental waveforms in the bidirectional
mode are shown in Figure 14 Figure 14a b shows L, cur-
rent and the battery charge current. These two figures show
that the current of the battery and the inductor are equal and
in opposite directions. The average value of these two cur-
rents is about 2 A. Figure 14c shows the average voltage of
the battery. As can be seen, the average voltage of the bat-
tery is higher than 24 V, which indicates that the battery is
charged.

Figure 15a and b illustrate the converter operation during

the transient time when the operating scenarios are switched
between the first and third scenarios. At first, the output port
(R;) is supplied by half of the nominal power and the port

¥, (100 V/div)

Time: 5 psec/div Time: IQ psec/div
a b

FIGURE 13

c

Experimental waveforms in the first scenatio; (a) 17, (b) switch §; voltage, (c) switch S5 voltage, (d) inductor L; current

Time: S usec/div Time: 5 psec/div

c d

Experimental waveforms in the second scenario; (a) 1, (b) switch 7} voltage, (c) diode D; voltage (d) inductor £, current

1} provides the load required power (first scenario). In other
words, it is clear from Figure 15b that the battery is not used
in this case and the whole power of the load is provided by the
Ly current. Then, a sudden-step change in the output power
occurs from half load to full load. Therefore, /.| current is
increased compared to the first scenario and the battery port
(1) is responsible for compensating the rest of the load power.
As a result, the converter operates in third scenario. It is obvi-
ous from these figures that due to closed-loop control of the
system, the output voltage is constant during these transitions
and its variations are negligible.

The efficiency curves versus different output powers [105—
200 W] for each scenario are depicted in Figure 16 Based on
this figure, the converter efficiency in the 1st scenario is the low-
est and in the 2nd scenario is the highest value. The maximum
efficiency for the 1st to 4th scenario is 93%, 96.75%, 95% and
94.33%, respectively. The full load efficiency values are men-
tioned in Table 3.

i» (10 A/div)
gV |7 | ot T ca e s o

Time: 5 psec/div Time: 10: psec/div

C

Experimental waveforms in the third scenario; (a) 17, (b) switch S} voltage, (c) switch S5 voltage (d) battery current
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Time: S usec/div
a

FIGURE 14

¥, (100 V/div)

Lo QA/div)
et -t 3rd gcenario TSt et
1t scenario 15t scenario

¥ (10 Ald)
[ scenario 3dscenario 1™ scenario

Time: 10 msec/div

Time: 10:msec/div

a b

FIGURE 15
first and third scenarios; (a) output voltage (1) and current (/,), (b) current of

Experimental waveforms during the transition between the

inductor Iy (71) and battery (4,)

98
97
= e, 2" scenario
S 96 :
2 95 3" scenario
=
g
= 94 . ) h scenario
o 93 1* scenario
9105 1115 118 125 134 1435 156 168.5 185 200
Output power (P,)
FIGURE 16 Efficiency curves in different scenarios and under different

load conditions

10 | CONCLUSION

In this study, by conducting scientific research in continuation
of previous works in the field of multi-port DC-DC converters,
the result was to introduce and propose a new structure for non-
isolated multi-port DC-DC converters. In the proposed struc-
ture, it is possible to charge and discharge the battery through
the energy returned from the output. Also, the proposed struc-
ture has a high degree of flexibility, allowing the simultaneous
and separate transfer of power from input sources as well as the
possibility of charging the battery by another input. The func-
tionality of the proposed converter in CCM was fully described
and the static relationships governing it were extracted. The
result is that the converter act as a boost converter in transfer-
ring power from the input to the output and as a buck converter
in transferring power from the output load to the battery. Then,

Time: 5 psec/div

Time: 10: psec/div

c

Experimental waveforms in the bidirectional operation; (a) inductor L, current, (b) battery current, (c) battery voltage

the minimum size of inductors and capacitor was determined
to operate the circuit in CCM and to satisfy the allowable ripple
of the output capacitor. The voltage stress of semiconductor
elements was calculated. As a result, the proposed converters
also have the advantage of lower semiconductor voltage stress,
which has a significant effect on improving efficiency. Another
important point is that the current of input sources is con-
tinuous. A small-signal model was obtained for the proposed
structure. Based on the obtained small-signal dynamic model, a
simple integral state feedback control system was designed. As a
result of this control scheme, voltage and current control loops
in different scenarios were considered. The proposed converter
was also compared with other multi-port converters available
in the references. Based on the results of compatisons, it was
found that the proposed converter has good performance com-
pared to other converters in terms of various factors, although it
also has weaknesses. According to these comparisons, the pro-
posed structure can be used in PV /Battery systems with signif-
icant positive points. The proposed structure was implemented
and tested in the laboratory. According to the laboratory results,
it was found that the performance of the proposed converter in
different scenarios follows the results of theoretical analysis.
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