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In this paper, a new interleaved bidirectional buck-boost DC-DC converter is proposed. The input current of this converter is
continuous and has a low ripple, that cause reduction in the size of the input filter of the converter. Because of these features, this
converter is appropriate for renewable applications such as fuel cells and photovoltaic (PV) panels for obtaining maximum power
in which the continuity of the input current is essential. The operation principle of this converter is detailed, and its power losses
calculation shows the positive effects of the low input current ripple on its efficiency. The input current ripple of the proposed
converter and conventional interleaved buck-boost converter has been calculated in detail. In addition, the comparison results of
this converter with conventional interleaved buck-boost converters and other similar structures confirm that the proposed
converter without utilizing extra components achieves continuous input current with low ripple. Compared with other buck-
boost structures, the low input current ripple in the presented converter causes an improvement in its efficiency. An experimental

prototype is implemented in the laboratory to confirm the correctness of theoretical analyses.

1. Introduction

Today, bidirectional DC-DC converters are used in many
applications, such as electric vehicles, solar panels, fuel cells,
and other renewable energy sources. The used battery in
renewable sources can be charged using a bidirectional
converter and discharged in low and high loads, respectively
[1-4]. In applications such as fuel cells, electric vehicles, and
power factor correction, to increase the system’s life, it is
necessary to have a converter with a continuous input
current with a small ripple [5-7]. The DC-DC converter
plays a vital role in tracking the maximum power of a
photovoltaic source. If the input current of this converter has
a ripple, the obtained power from PV will fluctuate around
the maximum PowerPoint. The value of this oscillation is
directly related to the input current ripple of the converter.
Therefore, as the currents ripple increases, power oscillation
will be higher around the maximum power point [8, 9]. In

the conventional buck-boost converter, the converter’s input
current has a pulse form, which reduces the life of the used
components in the converter structure [10]. Usually, on the
input side of the converter, an inductor can be used to reduce
the ripple of the input current; because of the proper design
of the inductor, the input current can be continuous. In
converters such as Cuk, this method has been used to reduce
the ripple of the current. However, the number of circuit
elements is higher, and the resulting cost increases [11]. The
interleaved converter is used to increase the power trans-
ferred, increasing the efficiency and reducing the current and
voltage ripple [12-14]. The presented structure in [5] in-
cludes a two-phase interleaved buck converter and a two-
phase boost converter that has been connected in series
together. The input and output current ripple can be reduced
by using the boost and buck converter. Therefore, the
structure presented in [5] has a continuous input/output
current with low ripple. However, due to the series
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connection of the two interleaved converters, the efficiency
of the proposed converter in [5] decreases because the
number of converter elements is high, and additional
conductive losses in the converter are created [15]. In [16], a
converter has been introduced in a hybrid source storage
system with low input and outputs current ripple. This
converter can only operate in step-up mode and is not
applicable for both step-up and step-down applications. In
[17, 18], additional elements are used to reduce the ripple of
the converter’s current; however, due to the increase in the
number of elements in the current path, the power losses and
cost of the converter increase and the efficiency decreases. In
[19], an interleaved buck-boost converter has been pre-
sented. The presented converter is constructed of two
parallel conventional buck-boost converters, and the input
current ripple of this converter is considerable, and this is in
discontinuous mode. Also, this converter is not capable of
operating as a bidirectional converter, and this issue makes it
is not a suitable interface device between the battery port and
other ports. The presented structure in [20] operates as an
interleaved buck converter. In the structure of this converter
to achieve soft switching for one of the switches, an inductor
has been used, but the efficiency improvement is not con-
siderable. Also, like other mentioned converters, this con-
verter has a ripple in its input current. By switching the
switches in the input side of the converter, the input current
gets in discontinuous mode. The presented converter in [21]
operates as a buck converter, and this converter has more
elements in its structure and has five switches that cause the
conduction losses, and the switching losses of the converter
increase, so its efficiency decreases.

An interleaved buck converter is presented in [22], in
which the step-down ratio is improved. Still, the input
current is discontinuous, and the input current ripple ratio is
close to the conventional one. In [23], a ZCS interleaved
bidirectional buck-boost DC-DC converter is presented,
appropriate for energy storage applications. Although the
conventional interleaved converter has been improved with
the auxiliary resonant cells, the input current ripple is still
not improved. In addition, the power loss of the converter is
not much increased compared with similar structures.
According to [24, 25], the large current ripple causes to
increase in its RMS value, which produces extra power
losses, so the low input current has a vital role in the
converter losses. In [26], a SEPIC-based converter is pro-
posed to increase the voltage gain without using any coupled
inductors and isolated transformers. Nevertheless, this
noncoupled inductor converter still has a low voltage gain,
and its high number of passive components causes adverse
effects on the dynamic response of the converter. A new
buck-boost converter derived from conventional boost and
buck-boost converter is proposed in [27], but the stress
across one switch is high, and the voltage gain in the boost
range is limited.

In this paper, a new interleaved bidirectional buck-boost
DC-DC converter is presented in which, without using the
additional elements, the ripple of the input current is re-
duced. Due to the lack of an auxiliary circuit to reduce the
current ripple, the number of converter elements is less, and
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the losses of the converter get low. Due to the bidirectional
operation of this converter, it can be used in renewable
energy sources. The applied batteries in these sources can be
charged and discharged using this converter. Because the
battery is sensitive to currents ripple, the high-current ripple
will reduce its life. It should be noted that increasing the gain
is not the contribution of this paper. The paper detailed the
different operation modes for the proposed structure for
both forward and reverse power flow directions. In addition,
the design of converter elements has been done, the input
current ripple is calculated, and the converter efficiency is
fully analyzed. The small-signal model of the proposed
converter has been obtained, and the converter stability has
been investigated. In addition, a comparison has been made
between the proposed converter and other structures, and
finally, the experimental results have been presented.

2. Structure of the Proposed Converter and Its
Steady-State Analysis

Figure 1(a) shows the proposed bidirectional interleaved
buck-boost DC-DC converter structure. This converter uses
four switches with reverse-parallel diodes, two inductors,
and a capacitor. The input and output voltages are shown,
respectively, with Vi, and V,, and R represents the load
resistance. The converter switches work with the duty cycle
D, and the applied commands to the switches gate have a
180-degree phase difference with each other. The switches S;
and S, and the reverse-parallel diodes of switches S; and S,
are used to transmit the power from the input to the load.
For power flow in the reverse direction, the switches S; and
S4 are used, and this power passes through the reverse-
parallel diodes of switches S; and S,. The operation of this
converter in each direction of power flow has four modes; in
the following, different modes are given.

2.1. Forward Operation. The power transmission is through
the switches S; and S, and reverse-parallel diodes D3 and D,.
In this case, the converter has four modes, all of which are
listed in the following. The equivalent circuit for each mode
and related key waveforms are shown in Figures 1 and 2(a),
respectively.

Mode 1 [t, <t <t,]: during this mode, the switch S; and
diode Dj; are turned on, and the input voltage is applied to
the L, via the switch S; and magnetized it, and the inductor
current increases linearly. Also, the output voltage is in-
versely applied to L,, and its current decreases linearly. The
currents of the inductors are given by (1) and (2)
(Figure 1(b)):

V.

i (1) = L—l’t +ip, (t) (1)
Vv

iy (t) = _L_:t +ip5 (to)- (2)

The peak value of i; occurs at t;; therefore, using (1), the
value of the ripple of the ir, is obtained as follows:
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FIGURE 1: (a) Proposed converter and its equivalent circuits in different modes in forward operation: (b) mode 1, (c) modes 2 and 4, and (d)

mode 3.

\
AI,, =—-D.
u=rL (3)

When the switch S, is turned off at ¢, this mode ends,
and the next mode starts.

Mode 2 [t, <t <t,]: in this mode, the switch §; is turned
off, and the reverse-parallel diodes D, and Dj are directly
biased, and the stored energy in the inductors is demag-
netized to the load through these diodes. V;; and V;, are
equal to —V,, and the currents i;; and i;, decrease linearly.
The voltage of the switches S; and S, is clamped to V;+V,
(Figure 1(c)). When the switch S, is turned on at t,, this
mode ends, and the next mode starts.

Mode 3 [t, <t <t,;]: in this mode, the switch S, is turned
on, the reverse-parallel diode D, is directly biased, the
voltage of the inductor L, is equal to —V,, and the current iy
decreases linearly according to (4).

The input voltage is applied to the inductor L, via the
switch S5, and the current i;, increases linearly according to
(5) (Figure 1(d)):

Vv
iy (1) = _L_la (t=t,) +ip, () (4)

V.
i, (£) = L_Zl (t=ty) +ipy (1). (5)

The peak value of i}, occurs at 5. Therefore, using (5), the
value of the ripple of ir, is obtained as follows:

Vi p (©)
stZ .

When the switch S, is turned off at t3, this mode ends,
and the next mode starts.

AL =

Mode 4 [ty <t <t,]: at t5, the switch S, is turned off, the
reverse-parallel diode Dj is directly biased, and D, still is in
on state. Through these diodes, the inductors are demag-
netized to the load. The voltages v;, and v, are equal to -V,
and the currents i;; and i;, are decreased linearly. In this
mode, the voltage of the switches S; and S, is clamped to
Vi+V, (Figure 1(c)).

2.2. Reverse Operation. The load acts as an energy source in
this mode, and the power is transferred from the output to
the input source. For this purpose, the switches S; and S, are
turned off, and the command signals are applied to the
switches S; and S;. The power transmission is through
switches S; and S, and reverse-parallel diodes D; and D,.
Like the forward operation, the converter has four modes in
this mode. Figure 3(a) shows the circuit related to this
operation with the elements used to transfer power in the
reverse direction. The equivalent circuit for buck operation
and their key waveforms are shown in Figures 3(b) and 3(c)
and Figure 2(b), respectively.

Mode 1 [t, <t <t,]: during this mode, the switch S, and
the diode D, are turned on and the voltage V, is applied
through the switch S, to the inductor L; and charges it. In
this mode, the inductor current iy; increases linearly
according to (7). Also, the voltage V; inversely is applied to
the inductor L, and discharges it, and its current decreases
linearly according to (8) (Figure 3(b)):

v
i (t) = L—"t +ip, (t)s (7)
1

V.
iy () = _f;t +ip, (t)- (8)
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FIGURE 2: The key waveforms of the proposed converter elements in (a) forward buck operation and (b) reverse buck operation.

The peak value of i;; occurs at ;. Therefore, using (7), the
value of the ripple of if; is obtained as follows:

V.
Ai;, =—1D.
LTI 9

When the switch S, is turned off at ¢, this mode ends,
and the next mode starts.

Mode 2 [t <t<t,]: the switch S, is turned off in this
mode, and the reverse-parallel diodes D, and D, are turned
on. The energy stored in the inductors is discharged to the
input source through these diodes. The voltages v;, and v,
are equal to —V}, and the currents i, and i, decrease lin-
early. The voltages of the switches S; and S, are clamped to
v; +v, (Figure 3(c)). When the switch S; is turned on at t,,
this mode ends, and the next mode starts.

Mode 3 [t, <t<t;]: at t,, switch S; turns on, and the
diode D; is still in on state. The voltage V; through this diode
is inversely applied to the inductor L;, and its current de-
creases linearly according (10). Applying the voltage V, to

the inductor L,, its current increases linearly according (11)
(Figure 3(d)).

V.
ipg () = _L_ll (t=ty) +ip (£2)s (10)
\%4
iy () = L—o (t=ty) +ipy (1). (11)

2

The peak value of i;, occurs at t;. Therefore, using (11),
the value of the ripple of the iy, is obtained as follows:
%
Aip =—>D. (12)
b f sL2

When the switch S; is turned off at t;, this mode ends,
and the next mode starts.

Mode 4 [ty <t <t,]: at t3, the switch S; is turned off, the
reverse-parallel diode D, is directly biased, and D; is still in
on state. The energy stored in the inductors discharges to the
input source through these diodes. The voltages v;, and v;,
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FIGURE 3: (a) The proposed converter and its equivalent circuit in different modes in reverse operation: (b) mode 1, (c) modes 2 and 4, and

(d) mode 3.

TaBLE 1: Inductors applied voltage in forward and reverse boost
operation.

Case  Operation Model Mode2 Mode3 Mode 4
Y Forward V; V; V; -V,
2 Reverse v, v, v, -V;
Y Forward Vi -V, V; Vi
L2 Reverse v, -V v, v,

equal -V, and the currents i; and i;, decrease linearly. In
this mode, the voltages of the switches S5 and S, are clamped
to V;+V, (Figure 3(c)).

Also, in boost operation, the voltage and current of the
inductors in each mode for forward and reverse operation
are presented in Table 1. The key waveforms for these op-
eration modes can be obtained using this table.

2.3. Voltage Conversion Ratio. The voltage conversion ratio
of the proposed converter in both directions is similar to
each other; therefore, in this section, voltage gain is obtained
for one direction. In forward operation, using volt-second
law for an inductor and taking into account that t5-f, =t;-
to=D, the voltage conversion ratio of the converter is ob-
tained as follows:
Vv D

lo__ 7
V."1-D (13)

1

It can be seen from (13) that the voltage conversion ratio
of the proposed converter is the same as a conventional
buck-boost converter. Also, the voltage of the capacitor is
obtained as follows:

(14)

2.4. Discontinuous Conduction Mode. The presented con-
verter’s operation is divided into four modes in this mode.
Mode 1 and mode 3 in DCM, respectively, are the same as
that of mode 2 and mode 4 in CCM, and in mode 2, the
currents of switches S; and S, and diode Ds are zero. In
addition, in mode 4, the currents of semiconductors (except
D;) are zero. These modes and the related typical waveforms
are shown in Figures 4 and 5, respectively. The current ripple
of the inductors still is according to (9) and (12). If the
average value of the inductor current is greater than half of
its current ripple (according to equation (15)), then the
current of the inductor would be continuous.

I, A, VD
IL:—>—: ,
2(1-D)" 2 2Lf,

(15)

in which I; =1I;, =1, and L=L, =L,. By replacing (12) in
(15), the relationship between duty cycle (D) and constant
parameters (L, f, and R,) is obtained as follows:

L

2 fs
(1-D) <R—. (16)

([

By considering the normalized inductor time constant as
7, = Lf/R,, according to equation (16),  is a function of the
duty cycle. If the value of 7 is lower than its critical value (7}),
the operation of the converter will be in discontinuous
mode; otherwise, it will be in continuous mode. In Figure 6,
the curve 7, is shown. According to this figure, the operation
region of the proposed converter in CCM is larger than
DCM.
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L1

F1GURE 5: Typical waveforms of the proposed converter in DCM.

From Figure 6, it can be concluded that the boundary
normalized inductor time constant (7;,) for the presented
converter is the same as the conventional interleaved buck-
boost converter.

modes 2, (c) mode 3, and (d) mode 4.

0.2 0.4 0.6 0.8 1
Duty cycle (D)

FIGURE 6: Normalized inductor time constant versus duty cycle D.

In order to calculate the voltage gain in discontinuous
conduction mode, the volt-second balance principle of in-
ductors is used. This principle for inductor L, can be
expressed as follows.

1

T
. j V,dt=D,V,+D,V,+Dy(0)=0.  (17)
0

N

Thus, the voltage conversion ratio is obtained as follows:
Yo Du (18)
Vi Dy
According to Figure 5, in time interval D,T;, the ca-
pacitor, respectively, is charged and discharged by the in-
ductor and load. The DC output current is calculated as
follows:
1 (T, ) D,Ai; 'V,
L= [ s 0 i 1) = 25 22— z 09
Hence, by substituting (15) and (18) in (19), duty cycle D,
in the second mode can be obtained as follows:
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VD\D, _ D,V; (20)
Lfs DZRO’
L
D, = Rfs = /Ty (21)

where 7, = Lf/R,. Using (18) and (21), the voltage conversion
ratio can be derived as follows:

\%4 D
_9 _ 71 (22)
Vi T

Thus, the voltage conversion ratio of the presented
converter is the same gain as that of the conventional in-
terleaved buck-boost converter in DCM.

2.5. Switches Voltage Stress. As shown in Figures 1 and 3, in
forward and reverse operations, the voltage stress of switches
S-S, is calculated as follows:

v. Vo (23)

sw
According to (23), it concluded that the voltage across
switches in the proposed converter and the conventional
buck-boost converter are equal.

3. Converter Design

3.1. Inductor Design. Since the average current of the in-
ductors L, and L, are equal, the design for L, is given and the
design of the L, is similar to L;. In Figure 7, the waveform of
the current of inductor L, is shown in a critical condition. By
using this waveform, the minimum values of the inductors
L, and L, can be obtained. As shown in Figure 7, the in-
ductor current reaches its maximum value in time interval
DT,. Therefore, the maximum value of the current ripple of
inductor L, will be equal to

_ Vo (1 - Dmin)
e stl,min

As shown in (25), in the critical condition, the current of
the inductor L; is equal to half of the current ripple.

I _ Vo (1 B Dmin)
heB 2stl,min

Since the average current of the inductors is equal and
the average current of the capacitor C is zero,

Ii+1,=1I;, +1Ip,. (26)

Al (24)

(25)

The average currents of I;; and I, can be calculated as
follows:

1
I, =I,,=—9% 27
n =l =50 (27)
Using (25) and (27), the critical output current I, p is
obtained by

_ Vo(l - ljmin)2

I,5= 28
B stl, min ( )

L1

Vi,max
Ll
AiLl,max ——————— .
! Vo
Inpg f--L/4--- E— ———————— L
I
I
L t
D, T T

FIGURE 7: Current waveform of the inductor L; in boundary mode.

According to (28), the minimum values of the inductors
L; and L, are given by

L

R 1-Dyin)’
Lmin — L2 min — O’maX( mm) . (29)
’ ’ fs

3.2. Capacitor Design. The design of capacitor C is based on
the value of the voltage ripple of this capacitor so that the
ripple does not exceed its maximum permissible value.
Using (27) and (28), in the first mode of forward operation,
the capacitor current is given by

V.
i(t)=1,-i,({t)=1,+ L—"t —ip, (£)- (30)
2

The ac component of the output voltage is the sum of the
voltage across the capacitor ESR (r¢) and the capacitance C.
Using (6), (27), and (30), v, can be calculated.

Using the derivative of the voltage v, with respect to
time, the minimum value of v, is obtained. This occurs at a
minimum capacitance, given by

2R, (1 -D)* - f.L,(1-2 D)

¢z 2r R, f(1-D) (1)

4. Input Current Ripple

For D<0.5, in forward operation, the input current in
different modes is a function of the current of the inductors
and the load as described as follows:

i =ip +ipy — i, (32)

By using the currents equations of inductors L; and L, in
various modes, the following equation is obtained:

V. V . . .
<L_;7L—zu>t+lm (to) +i12 (o) = i fo<t<ty,
{J+J> (t B tl) +ip (tl) +ip, (t1) lyy 1) <t<ty,
L L,
- (33
vV, V
ot -t) vin () Hin(h) —i, G <t<ts
L
v, V X . .
«(L—" + L—") (t—t3) +ipy (t3) +ipn (t5) =iy t3<t<t,.
1 Ly



Using (33), the value of the input current ripple can be
calculated as follows:
. . V,|L,(1-D)-DL,
Al proposea = i (DTs) = ;(0) = f_j [T .
(34)

If Ly =L,=L, (26) can be simplified as follows:

Vo
i,proposed = ﬁ (1 -2 D) (35)

AI

For D> 0.5, in the case where the proposed converter

acts as a step-up in the forward operation, the inductor L,

and L, currents are given by the following equations,
respectively:

\% .
L_ft +igy (tp)s

i =1 (36)

ty<t<ts,

V.
_L_l (t-t) +in (), ts<t<ty,
1

(V
—2t+ip,(t), ty<t<ty,
L2

V, .
iy =1 _L_; (t=t) +ipp (), t<t<ty, (37)

\4
—2t+ip(8), t, <t<t,

L L2

If L, =L, =L, then using (36) and (37), in one switching
period, the input current equations can be calculated in all
modes as follows:

ZTV"Hi“ (to) +ip, (t0) — i tp<t<t &t,<t<ts

V-V,

i

(t—t) +ip () +in (b)) —i B <t<t,&t3<t <t

(38)
For the proposed converter in step-up mode, by using
(38), the input current ripple is obtained as follows:
2(1-D)(D-0.5)V,
DL,

Al (39)

i,proposed —

In a conventional two-phase interleaved buck-boost
converter, assuming L; = L, = L, the input current ripple for
D<0.5and D> 0.5 is calculated according to the following
equations:

v 1 ,1-D
ixconv — Y o Ro(l—D) 2st >

Al for D <0.5, (40)

Vi
AL oy = 7> for D>0.5. (41)

Using (35), (39), (40), and (41), the ratio of the input
current ripple of the proposed converter to the input current
ripple of the conventional interleaved buck-boost converter

International Transactions on Electrical Energy Systems

1
0.8
Aliproposed 0.6
AL cony 0.4
0.2

0 0 0.2 0.4 0.6 0.8 1

Duty cycle

Figure 8: The ratio of the input current ripple of the proposed
converter to the input current ripple of the conventional inter-
leaved buck-boost converter.

for D<0.5 and D>0.5 is obtained as (42) and (43), re-
spectively. According to (42), in step-down mode, by in-
creasing the power and frequency, the ratio of the input
current ripple of the proposed converter decreases with
respect to the conventional converter.

AIi,proposed _ 1-2D (42)
AIi,conv (Lfs/Ro(l _D)) +(1 _D)/z’
AIi,Proposecl _ 2D - 1. (43)

Al D

i,conv

The curve of the input current ripple ratio of the pro-
posed converter to the input current ripple of the con-
ventional interleaved buck-boost converter is shown in
Figure 8. According to this figure, this ratio is less than 1 for
all duty cycles, and the input current ripple of the proposed
converter in buck mode is less than the conventional in-
terleaved buck-boost converter.

According to the analyzes performed in Sections 2.5 and
4 and using equations (3), (15), (16), (42), and (43), the three-
dimensional curve of normalized inductor time constant
(1p) with respect to duty cycle (D) and input current ripple
ratio (Aiproposed/Aiconventiona) for the buck and boost op-
eration modes is provided as shown in Figure 9. The upper
and lower level of the surface corresponds to continuous
conduction mode (CCM) and discontinuous mode (DCM),
respectively. As can be seen, for different values of duty cycle
and 7, the input current ripple ratio (Aiproposed/Aiconven-
tional) 18 less than 1, representing that the presented con-
verter’s input current ripple is less than the conventional
interleaved buck-boost converter.

5. Power Losses Calculation

The operation of the proposed converter in the forward
mode is similar to the reverse mode. In other words, the
currents of the elements are the same in two operations, and
the same voltage is applied to the elements. Therefore, to
calculate the losses of the converter and its efficiency, the
equivalent circuit of the forward operation is used as shown
in Figure 10. In this circuit, the parasitic components of all
elements are shown. In this figure, Rp is equal to the re-
sistance of the diode in conduction mode, Vp is the diode
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FiGUure 9: Normalized inductor time constant with respect to duty cycle and input current ripple ratio: (a) buck operation and (b) boost

operation.

TaBLE 2: Calculated losses of components.
' T Symbol Losses
f Pg e P, [(rps D/4R, (1 - D)*) + (f,C, R,/D?)]
Py P, [(RF,D4/4R0 (1-D))+ (Vp/2V )]
V.= P r,P,/4R,(1 - D)’
T P, D(1-2 D)r.P,/2R, (1~ D)
95.5
FiGgure 10: The equivalent circuit of the proposed converter with 3? 95
parasitic resistances and diodes conduction threshold voltage. 2 45
g 94.
‘S
conduction threshold voltage, r; is the equivalent series £ o4
resistance of inductor L, r, is the equivalent series resistance 935
of capacitor C, and rpg stands for the total resistance between
the drain and source in a switch when the switch is on. Using By s 10 is0 a0

definitions of the RMS and average values, the power losses
of the switch, diode, inductor, and capacitor are obtained as
listed in Table 2.

According to Figure 10, the total power loss is calculated
as follows:

Ploss = 2(PSwitch + PD + PrL) + Prc' (44)
Using (44) and Table 2, the converter efficiency is equal
to
P,

o

e Lo (45)
Po + Ploss

Output Power (W)
—m— Calculated Boost
—4— Measured Boost
—e— Calculated Buck
—— Measured Buck

FIGURE 11: Converter efficiency curve versus output power.

The efliciency curves versus output power of the pro-
posed converter in boost and buck modes are illustrated in
Figure 11. As can be seen from this figure, the measured
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efficiency is a little lower than the calculated losses. For
boost and buck operation modes, this converter at 50 W
load has a maximum efficiency of 95.6% and 95.4%, re-
spectively. For smaller and larger loads than 50 W, the
converter’s efficiency decreases because for loads less than
50 W and the switching losses are high. For loads greater
than 50 W, the conduction losses increase, and efficiency
decreases. In the rated power, the efficiency in boost and
buck modes is equal to 93.9% and 93.4%, respectively.
According to Figure 11, the efficiency of the theoretical is
slightly different with experimental one. In practice, due to
conduction losses and differences in the performance of
practical elements, different efficiencies will be obtained. In
general, the value of this difference is not so great and for
the presented converter is equal to 0.5%. For example, the
performance of the same power components (diode and
switch) cannot be exactly the same. This is related to the
internal structure and factory production of the compo-
nent. As a result of conduction losses, differences in the
internal structure of exactly the same power components
and errors due to measuring devices (such as internal
resistances or some external conditions of the environ-
ment, such as pressure, temperature, humidity, or mag-
netic field) are the most important factors that cause
differences between the experimental and simulation ef-
ficiency values.

6. Relation between Input Current Ripple and
Converter Efficiency

In addition, in the following, the effects of the input current
ripple on the converter efficiency are discussed, and the
relation between these two parameters is derived. The
current of inductor L,, switch S, diode D, and capacitor C in
different time intervals is as follows:

Ai .
D—TLstﬂLl(to), 0<t< DT,
i =1
Ai .
_(1_75)7"5 (t-DT,)+i, (DT,), DT <t<(1-D)T,
(46)
. DT —Lt+ip(t,), 0<t<DT,
ls—‘
L 0, DT <t<(1-D)T,,
(47)
0, 0<t<DT,,
ip =1 Aj
——L__(t-Dr)+i, (DT,), DT,<t<(1-D)T,
(I—D)Ts( s)+lL( s) s < <( ) s

(48)

in which the amplitude of i;(0) and i;(DTy) is obtained using
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I, A

i (to) = 2(1 D) T (49)

IO
20-D)

A'
i, (DT,) = lL (50)

Using (47), (49), and (50), the effective currents of the
switches S; and S, are obtained as follows:

DA## DI Ai DI?
Islrms ISZrms = [ L —— + ° 2°
: 12 2(1-D) 4(1- D)

The switch losses of the converter include two compo-
nents, including conduction losses and switching losses. The
component losses of Figure 2 are calculated and then
multiplied in 2 to obtain the proposed converter losses. The
conduction losses of the switches can be calculated by the
following:

(51)

DAi;  DIAi DI
PrDS — TDSI L _ o_ L 0 > (52)
! 12 2(1-D) 4(1- D)
The switching losses are also obtained as follows:
fSCS PURO
PSWSl Dlz (53)

The losses of the switch are equal to the sum of the
conduction and switching losses; therefore, the total losses
associated with the switches are equal to the following:

DAi;
Pgiten = 2( 7ps, 12 2(1-D)

DI,Ai;, DI >+fsCslPoRa>.
4(1- DY’ D’

(54)

Using (47), (49), and (50), the effective currents of diodes
Ds and D, are obtained as follows:

5D -2 1-1 I
Ip =1Ip = A‘Z( )+A'( °)+ ——
Dy = 1Dy, \j AT "\ 2(1-D)

(55)

The average currents of the diodes D; and D, are ob-
tained as follows:

Ip, =1Ip, == (56)

The power losses in Rp of diodes are equal to the
following:

(57)

Using (55), the power losses associated with the diode
conduction threshold voltage can be calculated as follows:
VFPo

PVF == 2V0 : (58)

The diode losses are equal to the sum of (57) and (58).
Therefore, the overall loss of diodes is equal to the following:
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2(5D-2\ . (1-1, I VP,
PDzz[RF)D4<Az§< 5 )+A1L< 5 ) 2(1113))* F ]

(59)

Equation (60) is used to calculate the power losses of the
equivalent series resistance of the inductance:

L A.z(6D—2)+A 1-D-1, DI, L
Lo = P23 "2(1-D) "a(1- DY 2(1-Dy
(60)
(. ./6D-2 1-D-1, DI L,
PrLl*rLl(A’L( 12 ) A1L2(1—D)+4(1—D) 2(1—D)>
(61)

In order to calculate the equal series resistance losses of
the capacitor C and the effective current of capacitor C,
equation (62) is used, and this loss is calculated as (63).

5D —
Ic,rms= I - Ai < 6

5D -2
P, = (I—A( .

., (62)

>+AiL(1—IO)+(f°D)

I,
)+AiL( -1,)+ (1—D))
(63)

The total power losses of the converter are obtained
using the following:

Ploss = PSwitch + PD + PrL + Pr[' (64)

Using (54), (59), (61), (63), and (64), the converter ef-
ficiency is equal to the following:

PO
Nn=45—T_p5
Po + Ploss
(65)
— PO
P, +aAil +bAi; +¢
where
rDle+ <5D 2)+r (6D—2)_ (SD 2)
F.D, 6 L, 12 c 6
(66)
DI, D-1,
b-("’Dsl(l )+RFD4( I)+”L,2(1 D) r.(1 _Io)>’
(67)

DI? L I L
= ﬁ(’ml +5) py (Reo 3

+ 2f5C512PoR0 + VP +r. I
D 2V,

(68)

Using (33), the relation between input current ripple and
inductor current ripple is obtained as follows:

11

FIGURE 12: Single-phase equivalent circuit of the proposed con-
verter with parasitic elements.

Ai; =i (t) —i;(tg) = iy (t1) +ipa (ty) -
= Aipy +ip () —ip (to)-

iLl (tO) - iLZ (tO)

(69)

According to Figure 2, ij,(t;) —ira(tp) has a negative
value, so the input current is less than the value of the
inductor current ripple. Also, according to equation (69), the
input current ripple is directly related to the inductor
current ripple. Therefore, with the increase in the input
current ripple, the inductor current ripple also increases. The
effective value of the component current increases, and as
proved in equations (54), (59), (61), and (63), the converter
losses increase, and according to (65), the converter effi-
ciency decreases.

7. Dynamic Modeling

In this section, the dynamic model of the proposed converter
is presented. Since the input current is divided equally
between phases, the equivalent circuit is used to model the
proposed converter [18]. Modeling for the equivalent circuit
of the converter in forward operation is performed. For this
purpose, according to Figure 12, a phase has been used in
which the actual model of the inductor and capacitor is used.
In Figure 12, L =L,/2 and r; = r7;/2 and the switch S, is in on
state for DT, during a switching period and for (1 — D)T; is in
off state. In these intervals, the equations for the inductor
voltages and capacitor currents are given by

Vi—rpi, 0<t<DT,
v (t) = (70)
-V, —rpi;, DT <t<T,,
(1) , 0<t< DT, 71)
1 =
‘ I,—i;, DT <t<T,.

In order to achieve the average model of the converter,
an average method for states variables is used. By applying
this method on (70) and (71), the average model of the
proposed converter is obtained as follows:

dqi V; 1-d

fieg =B Vg, 1240, (72)
d 1 Vi d

a2 4 - =Dy o3
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The relationship between the output voltage and the
states variables is also in a steady state and is given by

Vo ={v) -V, (74)
To analyze the system’s dynamic behavior, a small-signal

model is used. To obtain the small-signal model, the fol-
lowing states space equations are used:

X = AX + Bii = f (x,u),
y =CXx+Diui = h(x,u),

(75)

where x, u, and y denote states variables, input, and output,
respectively, and A, B, C, and D are matrices and calculated

by
of (x,u) of (x,u)
ax xe,ue au xe,ue

A B

[ } . e

CcD oh(x,u) oh(x,u)
ax xe,ue au xe,ue

In (76), u, and x, represent the equilibrium points for

state variables and inputs, respectively. Using (72)-(76), the
following equations are obtained:

diy o 1-D 1V

dr L L rL ] L L ri]
= =+ b

dic| | 1-D 1 vl | 1 I |ld

it C RC RC C

(77)

el E ] o

Considering (75), the output-to-input transfer function
is obtained as follows:

G=C(SI-A) 'B+D. (79)

Using (77)-(79) and Laplace transforms, the output
voltage transfer functions to the input voltage and the output
voltage to the duty cycle are obtained as follows, respectively:

L*Cs+R,L’C* = (1 - D)R,LC - 1,
R,LC(1 - D)*s* + R, (1 — D)*(r.C—1)s—r, (1 - D)*
(80)

Gy (s) =

R,CI;s +R,Cr I, — R,V (1—D)
R,LC(1 - D)’s* + R, (1 - D)*(r.C~1)s—r, (1~ D)*
(81)

Gy,a(s) =

The amplitudes of the variables in equations (80) and
(81) and the ESR of inductors L, and L, and capacitor C are
listed in Table 3. The Bode diagram for transfer functions
(56) and (57) is shown in Figure 13(a) and Figure 13(b),
respectively. This figure shows that proposed converter has a
positive phase margin and gain margin for all transfer
tunctions that approve the proposed converter’s stability.
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TaBLE 3: Used parameters in experimental prototype.

Parameters Values
Input voltage (V;,,) 50V
Output voltage (V,) ]];:g; 3755\\]/
Output power (P,) 200 W
Switching frequency (f;) 30kHz

Seri capacitance C(r¢)
Inductor Ly, L, (r7)

100 uF (79mQ)
450 4H (100mQ)

Duty cycle (Buck), D 0.41
Duty cycle (Boost), D 0.6
Switches IRFP260n

8. Comparison of the Proposed Converter with
Other Structures

To confirm the advantage of the proposed converter, it has
been compared with the conventional interleaved buck-
boost converter (CIBBC) and other structures. Different
indexes such as the number of components, input current
ripple, and continuity or discontinuity of the input current
are used for comparison, and the results are listed in Table 4.

As shown in Table 4, the proposed converter in all
operation modes has a continuous input current. However,
the input current of the conventional interleaved buck-boost
converter and presented structure in [19] for buck operation
is discontinuous, and the presented structures in [20-22]
have a discontinuous input current for all duty cycles. In
addition, the ratio of the input current ripple of the proposed
converter  versus other  structures  (A;proposed/Aix
{x=CIBBC, [19, 20]}) is provided in Figure 14, in which
Figures 14(a) and 14(b) refer to the buck and boost mode,
respectively.

A ratio of less than 1 indicates that the input current of
the proposed converter is less than that of other converters.
According to Figure 14(a), in the proposed converter, the
input current ripple for D < 0.5 is minimal compared with
other structures. As the duty cycle increases, the input
current ripple ratio decreases so that the converter’s input
current ripple canceling capability occurs in the duty cycle
equal to 50%. A ripple less current has been drawn from the
power source in this duty cycle.

According to Figure 14(b), for D>0.5, the input
current of the proposed converter is minimal and close to
zero in comparison with the structure [19], and this ratio
of the input current compared with the conventional
interleaved buck-boost converter is less than 1. Therefore,
for all duty cycles, the input current ripple of the proposed
converter is less than that of other converters. All com-
ponents used in converters structures have internal re-
sistance, which contributes to the losses and efficiency of
the converter.

The higher the RMS values of current passing through
the resistor, the greater the losses because the power loss in a
resistor is directly related to the square of the current passed
through it. As mentioned in [24, 25], the large current ripple
causes the RMS value of the current to increase, which
produces extra power losses. In structures presented in
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FIGURE 13: Bode diagram of the proposed converter for the output voltage transfer function to the (a) input voltage; (b) duty cycle.

[21-23], the input current is discontinuous, and the RMS
value of current passing through the components increases.
Since the number of components in the current path in
structures [21-23] is more than the proposed converter and
because of the high value of their RMS input current, the
efficiency of the proposed converter is higher than that of the
structures [21-23] and others except [19]. In the converter
presented in [19], an additional inductor is used for soft
switching, which reduces the switching losses and increases
the converter’s efficiency. However, the presented converter
in [19] has a discontinuous input current for duty cycles less
than 50%. The practical applications of the proposed con-
verter are as follows: power supply for portable devices
where the battery is discharging, obtaining the I-V curve in
PV panels. In addition, the proposed converter can be used
for renewable energy applications because of drawing
continuous current from the DC source. Large current ripple
causes, as a result, the RMS value of the current to increase
that produces extra power losses and higher temperatures
that advance the degradation of the renewable energy
source. Furthermore, the maximum renewable source power
can be extracted using a converter with a continuous input
current [24, 25].

Figure 15 illustrates the normalized input current ripple
with respect to the average value of the input current for all
the converters. According to this figure, converter [21] has
the highest input current ripple. For D<0.5, the input
current ripple of the proposed converter is lower than the
converters [19-23] and CIBBC. Also, for D> 0.5, the input
current ripple of the converter [26] gets higher than the
presented converter and the presented converter acts better
than others. In other words, as shown in Figure 15, the curve
of the presented converter is placed lower than others; this
illustrates that the presented converter has low input current
ripple in comparison with [19-23] and CIBBC. The input
current ripple ratio of the converter [27] in comparison with
the proposed converter is less; however, the voltage con-
version ratio of this converter in comparison with the
presented converter and the conventional one for buck
operation mode is not improved. Also, the high voltage
stress in the components of the converter [27] causes a
decrease in its efficiency.

In order to analyze the harmonic oscillation in the case of
the presented converter and conventional interleaved buck-
boost converter, the time-domain waveforms of i; ,,oposed
and i; cippc for the same condition are shown in Figure 16.
One large DC component and the other smaller AC com-
ponents from the provided frequency spectrums exist at the
switching frequency and other frequencies. This indicates
that except for switching frequency, more than one har-
monic are distorted the waveforms. According to
Figure 16(a), in the presented converter, besides fs, three
new harmonics appear in the frequency spectrum, i.e.,
f1=953Hz and f2=2f1=1906 Hz, and in frequency spec-
trum of the conventional converter as shown in Figure 16(b),
fl=714Hz, f2=2f1=1428Hz, f3=f1+f2=2142, and
fA=fl+fs=30714Hz. Among these harmonics, in the
presented converter, f1 and fs have the most dominate role in
the harmonic oscillation, whereas other harmonics do
negligible role. However, in conventional interleaved buck-
boost converter, the magnitude of harmonics in f1, f2, and fs
is more than the presented one. Besides, two new harmonics
at f3 and f4 appeared in the frequency spectrum of the
conventional converter. The asymmetric waveform distor-
tion in the conventional converter mainly results from f3
and f4 (the interactions between harmonics at frequencies f1,
f2, and f1, fs). It is obvious that the harmonics f1 and f2 in
waveform of i; pop0seq are dominated by both even and odd
signal components. In the conventional converter, har-
monics of i; cippc are dominated by odd signal components.

Total harmonic distortion (THD) for the input current is
defined as the effective value of all harmonics divided by the
effective value of its fundamental current.

Distortion is defined as follows:

B+ B+ B+ 4D

I,

THD = (82)

where I}, is the effective current of the hth harmonics and I, is
the effective value of the current in the fundamental fre-
quency. In the case of harmonic absence, the THD will be
equal to “0”. Using (82) and the harmonics of Figure 16, the
THD amplitudes for the presented converter and conven-
tional interleaved buck-boost converter are obtained as 0.12
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FiGure 14: Input current ripple ratio in (a) buck operation and (b) boost operation.
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F1Gure 15: Normalized input current ripple to the average value of
the input current.

and 0.277, respectively. So, the proposed converter’s low
THD amplitude compared with the conventional one
confirms its better performance.

C>2 X 6.125 x (1 — 0.385)* — 30000 x 450 x 10™® x (1 — 2 x 0.385)

The practical THD value of the input current was ob-
tained as 0.127. The slight difference in the practical and
theoretical THD is because more numbers of harmonics are
considered in the practical calculation.

9. Experimental Results

In order to confirm the theoretical analyses of the proposed
converter, a 200 W prototype is built in the laboratory. This
prototype is shown in Figure 17. The specifications of the
circuit and components are presented in Table 3.

To calculate the practical value of inductances according
to equation (29), the maximum value of load resistance and
the minimum value of duty cycle are 35ohms and 0.385,
respectively. The operating frequency of the converter is also
equal to 30 kHz. By substituting these values in equation (2),
the minimum value of inductors is obtained as 440 yH, of
which 450uH has been selected for the experimental

prototype.

~35x(1-0.385)°

1, min = L2,min - 30000 (83)

L ~440 yH.

The value of capacitor C is obtained based on the
minimum value of load resistance, which can be calculated
using equation (31). Using this equation and the value of the
parameters provided in Table 3, the minimum value of the

capacitor C is equal to 86 uF.

(84)

2% 79 % 107 x 6.125 x 30000 x (1 — 0.385)

Therefore, for the implemented prototype, a 100 uF
capacitor has been selected.

Figure 18(a) shows the PWM gate signals of the switches
S1 and S,, and these switches operate with the duty cycle of
0.41.

The switches S; and S, are in the off state in forward buck
operation, and their reverse-parallel diodes transfer the
power to the load. Command signals for the gates of the

=86 uF.

switches S; and S, are shown in Figure 18(a). According to
(13), for input voltage 50 V and duty cycle 0.41, the output
voltage should be 35V. The correctness of this analysis is
confirmed in Figure 18(b). In addition, boost operation
mode with 75V output voltage is provided by the duty cycle
of 0.6 of power switches. The experimental waveforms are
given in Figures 18(c) and 18(d) that confirm the mentioned
values.
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FIGURE 18: The experimental waveform for (a) Vgs; and Vs, in buck mode; (b) the input and output voltages in buck mode; (¢) Vs, and
Vis2 in boost mode; (d) the input and output voltages in boost mode.

As mentioned in previous sections, this converter has a
continuous input current with low ripple. For duty cycle
equal to 0.41, the input current ripple of this converter
according to (35) is about 1 A which this ripple agrees with
the experimental input current ripple at Figure 19. The

conventional interleaved buck-boost converter has a closer
input current ripple to the proposed one among the com-
pared converters. The practical value of the input current
ripple of conventional interleaved buck-boost converter is
obtained as a coeflicient of the proposed converter input
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FIGURE 19: The experimental waveform of the input current for (a) forward buck operation, (b) forward boost operation, (c) reverse buck
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F1GURE 20: The experimental waveform of (a) inductors current in buck mode; (b) inductors voltage in buck mode; (c) inductors current in

boost mode; (d) inductors voltage in boost mode.

current ripple. In the same condition, the ripple ratio of the
input current in the conventional converter to the proposed
converter is 2.5, which indicates that the proposed converter
has less ripple than it. Also, the experimental results for
forward boost, reverse buck, and reverse boost operation
have been presented, respectively, in Figures 19(b)-19(d). In
forward boost operation, the switches S; and S, operate with
D=0.6, and in reverse buck and reverse boost operation, the
switches S; and S, operate with D=0.41 and D=0.6,
respectively.

In forward buck operation, the current of the inductors
L, and L, is equal to each other and, according to (27), is
about 4.87 A, and the experimental results of Figure 20(a)

reconfirm these amounts. As shown in this figure, the
current ir; increases and decreases linearly when switch §; is
turned on and turned off, respectively, and the current iy,
vice versa. In boost operation mode, according to equation
(27), the average value of inductor L, and L, should be equal
to 3.3 A; the correctness of this current is demonstrated in
Figure 20(c). In time intervals that switches are turned on,
the currents of inductors increase, and in the off state of
switches, the inductors’ currents decrease (Figures 20(a) and
20(c)). The applied voltage to the inductors L; and L, in buck
and boost operation modes is shown in Figures 20(b) and
19(d), respectively. The applied voltages to the inductors L;
and L, are shown in Figure 20(b). According to theoretical
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analyses, when switch S; is turned on, the voltage applied to
L, is v;; =50 V; otherwise, v;; =35 V. When S, is turned on,
the voltage applied to L, is v;, =50V, and in off-state time
intervals of the mentioned switch, v;, is equal to 35V.
Figure 20(b) confirms the correctness of these analyses.

According to equations (1) and (2), the proposed con-
verter in the duty cycle of 0.5 has the property of eliminating
the input current ripple. The switch’s duty cycle has been set
to the mentioned value to demonstrate this capability in the
experimental prototype. Experimental waveforms of the
switch’s command and input current are shown in Figure 21.
As can be seen, in this duty cycle, the input current ripple is
zero, which confirms the theoretical analysis.

In order to observe the dynamic behavior of the pro-
posed converter, the step response of the system is shown in
Figure 22. This step response is obtained by changing the
duty cycle suddenly from 0.4 to 0.55. It can be seen that the
recovery time for the proposed converter is 35 ms.

10. Conclusion

In this paper, an interleaved nonisolated bidirectional buck-
boost DC-DC converter is proposed. The operation principle
of this converter, design consideration, and its dynamic
modeling are detailed completely. Unlike conventional in-
terleaved buck-boost converter that has discontinuous
current for buck mode, the input current of this converter is
continuous. It has a low ripple for both buck and boost
modes. The analyses showed that the ratio of the input
current ripple of the proposed converter to the conventional
interleaved converter and other similar interleaved con-
verters for all duty cycles is much less than 1. Also, this
converter has low components in comparison with similar
converters. Other properties of the proposed converter are
low current stress of the components, the small size of the
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input filter, power flow in two directions, improved effi-
ciency, and increased life of the component. This structure
has a maximum efficiency of 95.6%, and finally, a prototype
approved the theoretical analysis.
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