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Abstract

A mirrored modified hybrid switched inductor high gain dc-dc
boost converter is proposed in this paper. In this topology, in-
put voltage source is divided into two equal parts and they are
embedded in series with the converter inductors. This leads to
a reduction in voltage stress across the capacitors. In addition,
two mirrored boost converters with switched inductor are con-
nected to each other. By replacing a switched inductor with the
main inductor of the boost converter, the output voltage range
is developed. This delivers high voltage gain for the proposed
converter. The voltage gain, voltage stress across capacitors
and current ripple of inductors of the proposed converter are
compared with the conventional boost converter and hybrid
switched inductor boost converter. The accuracy and perfor-
mance of the proposed converter are reconfirmed through com-
paring simulation results of EMTDC/PSCAD software with the
mathematical calculations. The main advantages of the pro-
posed topology are high voltage gain, low voltage and current

ripples and particularly low voltage stress on the capacitors.

Keywords: Embedded voltage source, high gain,
hybrid dc-dc power converters, mirrored structure,
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Introduction

The share of renewable sources in the energy mix is
increasing as the role played by fossil fuels is being
reduced as a matter of public policy.

Renewable energy sources have low output voltage
level, which obliges systems designers to increase the
voltage gain of the converter. Designers should also
consider lowering the voltage stress and current ripple,
which can decrease the losses.

Novel topologies enhance the voltage gain of the con-
verters and decrease voltage stress and current ripple.
Series connection of diode-inductor (D-L) units [1],

switched-capacitor/switched-inductor [2] or switched-
capacitor dual switches [3] have been utilized in con-
verters to deliver high voltage gain and low voltage
stress on power switches in the context of a low duty
cycle [1]. In addition, a diode-inductor-capacitor (D-
L-C) unit alongside voltage multiplier cells decreased
the voltage stress across switches more than [1] and
increased voltage gain in the context of a low duty
cycle [4]. This converter includes a large number of
inductors and capacitors, as a result, these devices
result in losses to the converter. Multiple input con-
verters [5] offer special characteristics such as high
voltage gain, high reliability of converter and enhance-
ment of renewable energies. Moreover, special meth-
ods such as interleaved control mode were applied to
the converter in order to decrease the ripple of the out-
put voltage, the size of the filter, voltage stress and
the current ripple. In [6] power losses such as con-
duction and switching losses were decreased by using
the determined optimal value of the inductor current.
A bidirectional three-phase dc-dc converter was pre-
sented in [7]. In this converter, the voltage conversion
was doubled by using the Y-A connected transformer
and pulse width modulation (PWM) method. How-
ever, input and output current ripples are high. A
three level bidirectional dc-dc converter in [8] con-
sisted of half voltage stress on switches and double
frequency of the inductor current ripple. In [9] a dual
switch dc-dc converter with three-winding-coupled in-
ductor was presented in which low voltage stress was
achieved. A high step-up dual switches converter with
coupled inductor and voltage multiplier cell was pre-
sented in [10]. This structure is beneficial for re-
ducing the voltage stress and current stress of the
switch. In addition, two multiplier capacitors are, re-
spectively, charged during the switch-on period and
switch-off period, which increases the voltage con-
version gain. In [11] a high step-up converter with
a quasi-active switched-inductor structure was pre-
sented. In this converter, two sets of diode-capacitor
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circuits help to boost the voltage conversion gain and
alleviate voltage spike affected by the leakage induc-
tance to effectively limit voltage stress across the
power switch. Also, the coupled inductor provided
a high step-up voltage gain. Leakage inductor energy
from the coupled inductor, recycled with a passive
clamp circuit, led to reduced voltage stress in [12].
The voltage gain was increased using coupled inductor
and diode-capacitor units in [13]; [14]; [15]; [16]. The
reverse-recovery problem of diodes was reduced with
this structure. A non-isolated converter can improve
the voltage gain by connecting parallel modules with
90 degrees phase-shifted [17]. The voltage multiplier
method along with coupled inductor was utilized to
play the role of boost inductor in [18]. This method
was used to have a non-isolated converter based on a
conventional boost converter, which can provide high
step-up conversion as well as high efficiency. A high
voltage gain converter with tapped-inductor was pre-
sented in [19]. In this structure, the voltage stress on
switches, capacitors, and diodes was decreased and
the input and output filtering reduced by using the
interleaved control mode. The problem with this con-
verter is its diode losses. In [20] other types of boost
structures such as quadratic boost converters were
presented. Low voltage stress on the buffer capacitor
and high voltage gain were achieved by this topology.
In [21] using topologies of a hybrid switched capaci-
tor or switched inductor boost converter, the energy
of the inductors’ magnetic field and the stresses on
the switching devices were lowered.

In this paper, a mirrored switched inductor high gain
dc-dc boost converter with embedded voltage source
is proposed. The goal is to increase the voltage
gain while decreasing voltage stress and current rip-
ple. Analysis of the proposed converter in continuous
conduction mode (CCM) is presented. Performance
accuracy of the proposed converter is studied through
comparing the simulation results in EMTDC/PSCAD
software with the mathematical calculations.

Proposed Converter

The power circuit of the proposed converter is illus-
trated in Fig. 1. The proposed converter is formed
from two interleaved boost converters. This struc-
ture includes two inductors and three diodes. The
inductors of the boost converter are located in series
with the power sources 4. The inductors L; and L;
(¢ = 1,2) filter the current drawn from the dc sources;
this resolves the need for an additional filter [21].

The control signals of the switches S; and S; are
shown in Fig. 2.

Figure 1: Equivalent circuit of the proposed converter.

Assuming that the values of the inductors and the
capacitors areequal (L1 = Lo =Ly =Ly =L, C; =
Cy = C), the following equations can be obtained:

Ver=Vee = Ve (1)

(2)

V1 = VL2 = VL

(3)
According to the equivalent circuit of Fig. 1, the fol-
lowing equation is obtained:

Vpr1 = Vp2 = vy

Vo =Ve1 + Voo (4)
In the above equations, Vg, vy, v and V, are the
voltages across the capacitors, the inductors and the
output voltage, respectively.

Operating Modes

First Operating Mode (Time Interval T})

Fig. 3(a) shows the equivalent circuit of the proposed
converter for the first operating mode. The switches
S1 and Sy are turned on, the diodes Dy, Dy, D} and
D), are conducting and the diodes D3, D}, Dy and
Dgo are off. Therefore, the switching inductors Ly
and Ly as well as the switching inductors L} and L
are arranged in parallel. In this mode, the inductors L;
and Ly as well as the inductors L) and L} are charged
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Figure 2: The control signal.

by the voltage sources % By applying KVL and KCL
in the equivalent circuit illustrated in Fig.3(a), the
following equations are obtained:

f
ULLTL = VLT = VDS TL = VDB T = o (5)

Up1,71 = Up2, 11 = Vp1,71 =Up2r1 =0  (6)
(7)

where, vp and i, are the voltage across diodes and
the output current, respectively.

Upo1,71 = Vpo2,71 = Vo

Second Operating Mode (Time Interval T5)

The equivalent circuit of this mode is shown in
Fig. 3(b). In this operating mode, the switch S is
on and the switch S5 is turned off, the diodes D1,
Dy, D% and Dy, are conducting and the diodes Dj,
D), D3 and Dy, are off. Therefore, the switching

I Dy
(a) First operating mode (b)  Second operating mode
Dy Ly

(¢) Third operating mode (d)

Fourth operating mode

Figure 3: The operating modes of the proposed con-
verter.

inductors L1 and Lo are arranged in parallel, and the
switching inductors L} and L/ are arranged in series.
In this mode, the inductors Ly and Ly are charged by
the voltage source % and the inductors L} and L} are
discharged by the capacitor C5 and the voltage source
%. By applying KVL and KCL in the equivalent cir-
cuit shown in Fig. 3(b), the following equations are
obtained:

VL1,T2 = Up3,T2 = % (8)

VL2 = %(% - VC) )

Up1,72 = Up2,12 = Upr3 2 = Upoz,r2 =0 (10)
Up'1,12 = VD'2,T2 = —% (% - VC) (11)
vpo1,172 = Ve (12)

Third Operating Mode (Time Interval T3)

Fig. 3(c) shows the equivalent circuit of the proposed
converter for the third operating mode. The switch
S1 is turned off and the switch S5 is turned on, the
diodes D}, D}, D3 and Dy, are conducting and the
diodes Dy, Dy, D5 and Dys are off. Therefore, the
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switching inductors Ly and Lo are arranged in series,
and the switching inductors L} and L) are arranged
in parallel. Moreover, the inductors L and Lo are
discharged by the capacitor C; and the voltage source
¥ and the inductors L} and L) are charged by the
voltage source %. By applying KVL and KCL in the
equivalent circuit illustrated in Fig. 3(c), the following
equations are obtained:

1/V;
- (% _y, ) 13
Ur1,13 9 ( 9 C ( )
V

V1,13 = UpD’3,13 = El (14)
Vpr1,T3 = Upr2,T3 = Up3,13 = Vpor,r3 =0 (15)

1/V;
UD1,13 = UD2,13 = — 5 (* - Vc) (16)

2\ 2
vpo2,T3 = Vo (17)

Fourth Operating Mode (Time Interval T})

The equivalent circuit of this mode is shown in
Fig. 3(d). In this mode, both of the switches S; and
Sy are turned off, the diodes D3, D%, Doy and Dgs
are conducting and the diodes Dy, Dy, D and Dj
are off. Therefore, the switching inductors L1 and Lo,
and the switching inductors L} and L) are arranged
in series. In this mode, the inductors L1 and Ly are
discharged by the capacitor C and the voltage source
¥ and the inductors L and L} are discharged by the
capacitor Cy and the voltage source % By apply-
ing KVL and KCL in the equivalent circuit shown in
Fig. 3(d), the following equations are obtained:

1/V;
ULLT4 = VLT = 5 (5 - VC) (18)
Up1,74 = VD2,T74 = UD’'1,T4 = VUD'2,T4 =
1/V;
—(5-ve) (o
(5 -ve) )
UD3,74 = Upr3,74 = Upo1,74 = Vpo2,7a =0 (20)

Determination of the Voltages and the
Voltage Gain

It is considered that the average voltage of the induc-
tor in the period T equals zero as:

/i@@ﬁzo (21)
0

By replacing the voltage of inductors determined for
the time intervals T to T2 in the above equation, we
have:

Vi 1V B
DT+ §<5 7v01)(1 _D)T=0 (22
Vi 1(Vi _
DT+ 5(5 - VCQ)(1 _D)T=0 (23)
Simplifying the two above equations, we have:
1+D\V;
VCl—VC2—VC—(1_D>5 (24)

Replacing the above equation in (4), the output volt-
age is obtained as follows:

%:Gigﬁz

1-D (25)

Based on (25), the voltage gain (B) of the proposed
converter, in the CCM mode, is calculated as follows:

V, 1+D
B_Vi——l_D (26)

The voltage gain (BB) and the voltage stress across
capacitors of a conventional boost converter are given
by:
poYo_Yo_ 1 _
Vi Vi 1-D
where, D is the duty ratio. To achieve high step up
conversion, the switch in the conventional boost con-
verter must operate at extreme duty ratio (D > 0.9).
By replacing the capacitor voltage Vi from (24) in
(9), (13) and (18), the voltages across the inductors
in the time intervals Ty to T, are obtained as:

(27)

D \V

Vp1,172 = VL1,13 = V1,74 = VL/1,T4 = *(m) 5

(28)

Similarly, by replacing the voltage of the capacitors

(Vo) from (24) in (7), (11), (12), (16), (17) and (19),

the voltage across the diodes in the time intervals T3
to Ty are determined as follows:

1+ D\V;
UD01,T1 = VD02,T1 = VD02,T3 = (m) 9 (29)
(~5)3
Vp’ =7 = = VU = —
D'1,T2 D1,T3 D1,T4 D’1,T4 1-D/3
(30)

Determination of the Currents

If the load is considered as pure ohmic, the current
flowing through the output load of the converter (i,)
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and its average (I, ay), in the time intervals T to T},
are obtained as:

Vo

i (31)

1o = Io,av =

Considering that the average current flowing through
the capacitor in the period T equals zero, we have:

T
/ ic(t)dt =0
0

Based on the above equation, the average current
flowing through the capacitors in the continuous con-
duction mode are obtained as follows:

(32)

*DIo,av + (1 - D)(ILi,av - Io,av) =0 (33)

*DIo,av + (]- - D)(IL’i,av - Io,av) =0 (34)

Simplifying the above equations, the following equa-
tion is obtained:

ILi,av = IL’i,av = (ﬁ)-[o,av for = ]-7 2

(35)
If the minimum and maximum currents flowing
through the inductor L; (i = 1,2) are defined as
I.ri and I3 1;, respectively and the currents flow-
ing through the inductor L} (i = 1,2) are defined as
Iy 1+; and I /4, the current ripple of the inductors
can be determined as follows:

Al =i — i =

;/flz = ‘(% —Vm)(lQ;LD)‘ fori=1,2(36)
Al =Ir 1 — L =
Z}? = ‘(% - VC?)(Z;LD)‘ fori=1,2(37)

The average value of the inductor current (I;ay)
can be calculated as follows:

Iiri +1214
Imv:% (38)
Iy i+ I i
Tiriay = w (39)

Considering (36), (37), (38) and (39), the minimum
and maximum currents flowing through the inductors
L; and L, can be obtained as follows:

2ILi,av - AIL@

5 (40)

Iini =

2ILi,av + AILl

_ (41)

Io i =

2o — Al

II,L’Z' = 2 (42)
21 2 AT 2
Lopi = Lfﬂ (43)

Based on the equations (1)-(43), voltage and current
waveforms of the proposed converter, in the continu-
ous conduction mode (CCM), are illustrated in Fig. 4.

Ac, A, Ao, A
1 1
A A,
0.5 T, 0.5 T
0 t 0 t
DT (1-D)T DT (1-D)T
vL1 vLn
Vi Vi
2 2
0 t 0 t
-y - LI L
ir1 irn
L Iy /\/\/
I Al Iizn Alin
0 t 0 t
Up1 = UD2 Up'1:= VD2
()% ] ()% 171 |
0 t 0 t
Up3 Up'3
A A
2 2
0 t 0 t
UDo1 VD02
Ve Ve
1 ., S rirri,
io Vo
T La BV
0 t 0 t
T T

Figure 4: Voltage and current waveforms of the pro-
posed converter in the continuous conduction mode.

Comparison

The conventional boost converter, hybrid switched in-
ductor boost converter and the proposed converter
are compared in Table 1. The proposed converter,
which uses a mirrored structure with embedded volt-
age source, enjoys lower voltage stress across capaci-
tors and lower current ripple of inductors compared to
the other two converters. The voltage gain, voltage
stress across capacitors and current ripple of inductors
of the proposed converter with conventional boost
converter and the hybrid switched inductor boost con-
verter are illustrated and compared in Fig. 5. As is
shown in the figure, by using mirrored structure with
embedded voltage source in the proposed converter
both the voltage stress across capacitors and the cur-
rent ripple of inductors are decreased.
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Table 1: Salient features of the conventional, hybrid
switched inductor and the proposed boost converters

Vo _
i Ve Al = I — It
1 11 Vv, D
(;onven— 5 1-pVi i3
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Figure 5: (a) Variation of the voltage gain versus duty
cycle; (b) Variation of the voltage stress across capac-
itors versus duty cycle; (c) Variation of the current
ripple of inductors versus duty cycle for the proposed
converter, conventional boost converter and the hy-
brid switched inductor boost converter (Axelrod2008).

Simulation Results

The  proposed converter is simulated in
PSCAD/EMTDC software by applying the pa-
rameters in Table 2. In order to verify the accuracy
and performance of the proposed converter. The
results are reconfirmed by comparing them with
the mathematical analysis. Assumming B = 3 and
D = 0.5, the simulation results are illustrated in
Fig. 6.

By considering (25) and (31), in the time intervals T}
to Ty, the voltage and the current values are obtained
as V, = 144V and i, = 1.44A, respectively. Also,
based on (24), average value of the voltage across the
capacitors C7 and C5 in the time intervals T} to T}y
are calculated as Vioy = Vigo = 72V. By considering
(5), (8), (14) and (28), the voltage values across the

Table 2: The parameters used in the simulation

In- Switching  Proposed converter ~ Output

pu frequency load

% f Cy = L, = Ry
C> Lo

24 25 kHz 50 500 100 ©

\% uF uH

7 7oh— Vo
36f \ I ‘ 36
ok B ok
- - 216
—_— Vi/2
361 / 144

121 | T2+

— 7

0.00004 0.00006
+1.0001e-1

. 0 .
0.00004 0.00006 0.00000 0.00002
t[s] +1.0001e-1 t[s]

0 "
0.00000 0.00002

Figure 6: The simulation results of the proposed con-
verter considering B=3 and D=0.5.

inductors Ly and L} in the time intervals T} to Ty are
obtained as:

VL1, 71 = V1,71 = Vp1,72 = Vp,73 = 24

VL1, T2 = VL1,T3 = VL1,74 = Vpr1,74 = —24

According to (6), (8), (10), (12), (15), (17), (20),
(29) and (30), the voltage values across the diodes in
the time intervals T to T, are obtained as:

Up1,T1 = Up2,T1 = Up/1,T1 = Vpr2,r1 = 0
UD1,172 = VUD2,72 = VUD’3,T2 = VD02,T2 = 0
Upo1,T1 = Vp02,T1 = Vpo1,72 = Upo2,73 = 150
Up3,73 = Upo1,73 = Up'1,73 = Vpr2,73 = 0
UD1,T74 = UD2,74 = Up'1,74 = Upr2,74 = 90

UD3,74 = UD’3,74 = Up01,74 = Upo2,74 = 0

Up3, 71 = Up’3,T71 = UD3,72 = UD1,T3 = UD2,T3 = 50
VUp/1,72 = Upr2,72 = Up/3,73 = 50

By considering (36) and (37), the peak to peak value
of the current ripple of inductors Ly and L} are ob-
tained as Al;; = 0.96A and Al;; = 0.48A. By us-
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ing (35) and (40)—(43), the average current through
the inductors L; and L} and the maximum and the
minimum value of the current through them are ob-
tained as ILl,a'u = IL’l,av = 288A, 117[/1 = 24A,
IQ7L1 = 336A, Il,L’l = 2.64A and IQ,L’l = 3.12A.

Comparing Fig. 6 with Fig. 4, the accuracy of the
simulations are reconfirmed. Moreover, the theoreti-
cal calculated values are emphasized by the simulation
results shown in Fig. 6.

The variations of the inductor current ripple, capac-
itor voltage ripple, duty cycle, frequency, inductance
and capacitance with respect to each other are de-
picted in Figs. 7-8. Fig. 7(a) illustrates the variations
of inductor current ripple versus the inductance and
the duty cycle for specific values of the input voltage
and the frequency. As the figure shows, the inductor
current ripple decreases with decreasing the duty cy-
cle and increasing the inductance. So, the effect of
the duty cycle on the inductor current ripple is higher
for lower values of inductance. Fig. 7(b) depicts the
variations of inductor current ripple versus the fre-
quency and the duty cycle for specific values of the
input voltage and the inductance. As the figure shows
the inductor current ripple decreases with decreasing
the duty cycle and increasing the frequency. In addi-
tion, it is observed that for a specified frequency, the
value of the inductor current ripple increases as the
duty cycle of the converter increases. Fig. 7(c) illus-
trates the variations of inductor current ripple versus
the frequency and the inductance for specific values
of the input voltage and the duty cycle D = 0.5. As
the figure shows, the value of the inductor current rip-
ple increases with decreasing both the values of the
frequency and the inductance. In addition, for higher
values of the inductance, the frequency has less im-
pact on the inductor current ripple.

Fig. 8(a) depicts the variations of the capacitor volt-
age ripple versus the capacitance and the duty cycle
for specific values of the capacitor current ripple and
the frequency. As the figure shows, the capacitor volt-
age ripple increases with increasing the duty cycle and
decreasing the capacitance. So, he effect of the duty
cycle on the capacitance voltage ripple is higher for
lower values of capacitance. Fig. 8(b) illustrates the
variations of the capacitor voltage ripple versus the
frequency and the duty cycle for the specific values of
the capacitor current ripple and the capacitance. As
the figure shows, the capacitor voltage ripple increases
with increasing the duty cycle and decreasing the fre-
quency. In addition, it is observed that for a specified
frequency, the value of the capacitance voltage ripple
increases as the duty cycle of the converter increases.
Fig. 8(c) depicts the variations of the capacitor volt-
age ripple versus the capacitance and the frequency

for specific values of the capacitor current ripple and
the duty cycle D = 0.5. As the figure shows, the ca-
pacitor voltage ripple increases with decreasing both
the values of the frequency and the capacitance. In
addition, for higher values of the capacitance, the fre-
quency has less impact on the capacitance voltage

ripple.

From Figs. 7-8, it can be observed that the greater the
values of the frequency, capacitance and inductance,
the lower the current and the voltage ripples. Also, it
can be observed that the lower the value of the duty
cycle, the lower the current and the voltage ripples.

Figure 7: Variations of the inductor current ripple ver-
sus (a) duty cycle and the inductance; (b) duty cycle
and the frequency and (c) frequency and the induc-
tance.
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Figure 8: Variations of the capacitor voltage ripple
versus (a) duty cycle and the capacitance; (b) duty
cycle and the frequency and (c) frequency and the
capacitance.

Conclusion

A mirrored modified hybrid switched inductor high
gain dc-dc boost converter was proposed in this pa-
per. Photovoltaic cells as dc voltage source, were di-
vided and embedded in the proposed converter. The
accuracy performance of the proposed converter was
reconfirmed through comparing simulation results in
EMTDC/PSCAD software with obtained mathemati-
cal analyses. Series input voltage source with induc-
tor trigger a reduction in voltage stress across capaci-
tors and a lowering of the current ripples of inductors.
Moreover, the results showed the proposed converter
had additional advantages such as high voltage gain,
maximum voltage transfer ratio for duty cycle 0.5,
low voltage and current ripples and elimination of the
requirement of an additional filter.
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