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Abstract—Coupled inductor based boost converters suffer
from high switch current stress in steady state and transient
due to less self-inductance value in their winding. In this
work, a generalized switch current stress reduction technique
is proposed by modifying circuit topology of coupled inductor
based high step up boost converter (CIHBC). This is achieved
by half cycle resonating branch utilizing inductance of
coupled inductor. Further, applying the concept, a coupled
inductor boost converter is proposed for achieving high step-
up ratio with low switch current and voltage stress. The
operation of the proposed converter using resonating branch
is discussed in both continuous and discontinuous conduction
mode. The theoretical findings are verified through
simulation study in PSIM 9.1.1. A prototype converter of
100W output power is designed to prove the concept and for
performance analysis of the proposed converter.

Index Terms— Current Stress, Coupled Inductor, High Step-up
Boost Converter

|. INTRODUCTION

Currently high step-up DC-DC converters are widely used as an
interface converter in renewable sources like photovoltaic (PV),
fuel cell and in energy storage system [1]-[3]. Conventional boost
converters are not suitable in these applications as extreme high
duty-ratio is required [4] to meet the high gain, which increases the
conduction loss. Again, at high duty ratio, the problem of diode
reverse recovery and electromagnetic interference (EMI) increases
significantly [5]. Therefore, to achieve high step-up ratio and
efficiency at low duty cycle, there are many boosting techniques
like switched capacitor, voltage multiplier cell, interleaved
structures has been proposed [6-7]. However, all these voltage
lifting techniques suffer from large number of capacitor and power
diode usage, which increases the loss and degrades efficiency.

In recent years, coupled inductor based boosting technique [8-9]
has emerged utilizing magnetic coupling and has promising two-
degree solution of voltage lifting. But the leakage inductance
creates voltage spikes and increases the switch voltage stress.
Active and passive clamp based coupled inductor boost converter
circuit eliminates voltage spikes due to leakage inductance [10-11].
The application of voltage multiplier cell and switched capacitor
cell in coupled inductor-based boost converter are also found in
literature to minimize the leakage inductance effect with further
enhancement in voltage gain [12-13]. But the input current ripple of
these converters is high, which makes difficult to track maximum
power point (MPP) in PV application. Interleaving technique in
coupled inductor-based boost converter minimize input current
ripple [14]. Therefore, various high step-up coupled inductor based
boost converter topologies evolved which ensures high efficiency
operation with low input current ripple [15-21]. But all these
topologies use two current paths during switch “ON” time to store
energy either in inductor or in capacitor or both. Even though the
rms current is small, the cumulative current through the switch
creates extremely high peak current at the beginning or at the end of
the turn ‘ON’ time of the switch. An example implementation of

such topology is shown in Fig. 1 (a) [19], where there are two
current paths during the main switch ‘ON’ time. This creates large
switch current stress at the end of switch ‘ON’ time. Such high
current stress is a common problem to all high step-up coupled
inductor boost converter [22]. This is one of the major reasons of
non-reliable converter operation and fault. In addition, this requires
an expensive high current rating device. Considering this problem,
an extra L-D network-based solution is proposed in Fig. 1(b) [24],
where the peak of the current at the end of the switch ‘ON’ time is
reduces significantly, as shown in Fig. 1 (c).
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Fig. 1. Converter configuration of (a) switch ‘ON” time circuit by S.-M. Chen et al.
[19] (b) modified circuit proposed by TR Choudhury et al. [24], and (c) Main Switch
current [24].

However, this technique suffers from generality as well as it
degrades converter voltage gain and efficiency. The energy trapped
during switch ‘ON’ time in extra L-D network is wasted during
switch ‘OFF’ time. This reduces the efficiency and also increases
the component counts.

In this paper a generalized half cycle resonating branch utilizing
coupled inductor is proposed to minimize switch current stress. No
extra components are used in modifying the coupled inductor
circuit topology. This technique requires modification in existing
topologies in literature. Finally, a coupled inductor boost converter
is proposed using resonating branch which effectively improve
voltage gain, efficiency and switch current stress.

2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on June 08,2020 at 06:31:21 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.2998487, IEEE Journal

of Emerging and Selected Topics in Power Electronics

Il. CIRCUIT TOPOLOGY FOR SwWITCH CURRENT STRESS REDUCTION

The switch current stress reduction (SCSR) technique can be
achieved by changing existing circuit topology and without
adding any extra circuit element and keeping the good traits of the
original circuit. The high step-up coupled inductor-based boost
converters have common interlink, which provides multiple
energy storing path during switch ‘ON’ time. Minimum two
current paths are utilized to achieve high boosting factor as
proposed in shown in Figs. 2 (a) & (b) [21] and [22] respectively.

AN ST ST "")

(b)
Fig. 2. Converter configuration of (a) switch ‘ON’ time circuit by Y. Zheng et al.
[22], and (b) switch ‘ON’ time circuit by Y. Hsieh et al. [21].

Generally, all the coupled inductor-based boost converters in
literature follow increasing switch current during ‘ON’ time as
shown in Fig. 3 (a). The increment in the current slope during
‘ON’ time can be restricted by using L-D branch [24] in series
with the main switch as shown in Fig. 3 (a) and (b).
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Fig. 3. Typical switch current waveform (a) with and without L-D network, and
(b) main switch with L-D network.

But in this approach, the main problem is the energy stored
during on time is entirely wasted in the diode and inductor. In
addition, to limit switch current stress below critical level
inductor (L) size should be high. High inductor value can limit
rise of switch current but increased % Li? energy and I°R loss in
the L-D loop degrade the voltage gain and efficiency.

The alternative solution to this problem is to shape the second
loop current so that the peak switch current can be minimized.
For this capacitor used in second loop can be utilized. In this
article half cycle resonating branch is used to store energy during
‘ON’ time as shown in Fig. 4 (a) & (b). In this approach the
second loop current follow sinusoidal pattern and its maximum
value depends on the values of loop elements. Two capacitors

(C4, Cy) diode (D) switch (S1) and coupled inductor secondary
inductance (L) during ‘ON’ time forms a resonating branch.
Capacitor C; make diode D, forward biased assisted by secondary
inductance (L) and capacitor C, stores energy. This branch
continues to circulate current through main switch till diode D, is
forward biased or main switch is ‘ON’. The current equation i,
can be derived as,

i, =V,

C, . cc
—sin(a,t) where C = ——, @)
L C.+C,

T= i =27, /LZCeq and t =m, /LZCeq
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Fig. 4. Proposed circuit solution: (a) switch ‘ON’ time converter circuit, (b)
resonating branch and switch current waveform, and (c) switch current waveform
with resonating current characteristics.

Now, if switch ‘ON’ time DT is made equal to t. (half cycle
resonating time) or vice versa, the switch current value is
minimum at turn ‘OFF’ instant and current stress (iswitch peak 1)
reduction range starts as shown in Fig. 4 (c).
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Fig. 5. Switch current stress for different resonating time (t;) with respect to switch ‘ON’ (DTs) time.
Current stress reduction further improves i.e.
iswitch_peak_3<iswitch_peak_2<iswitch_peak_l fOf tr > DTS as ShOWn in F'g 4
(c). But if t<DTs the switch current stress reduction fails and
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current stress behaviour resembles to fly back converter as shown
in Fig. 5. For very low t; value voltage gain drops rapidly as
sufficient energy could not be stored during the switch ‘ON’ time.
Thus, in proposed technique designing t. value is important to
maintain low switch current stress. The proposed technique can
be applied to any coupled inductor based high step-up boost
converter after topological modification. Applying the circuit
concept, a new coupled inductor based high step-up boost
converter is proposed as shown in Fig. 6.
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Fig. 6. Proposed coupled-inductor based boost (PCB) converter using
resonating branch.
I1l. PROPOSED CONVERTER OPERATION

The proposed converter as shown in Fig. 6 comprises of one
coupled inductor, three diodes, three capacitors and a power
electronic switch. The coupled inductor is modelled as ideal
transformer with magnetizing inductance L., and leakage
inductance Lk. In order to simplify the analysis, the following
conditions are assumed.
(@) The capacitor voltage ripple is considered to be small and

negligible.
(b) All power electronics switches are considered to be ideal.
(c) The coefficient of coupling (K) of coupled inductor is

I—m PP S
———and the turns ratio is 1 = —

m + le p
The analysis of the converter is done in both continuous conduction
mode (CCM) and discontinuous conduction mode (DCM)
discussed below.
A. CCM Operation
The operating principle of the proposed converter is divided into
four modes as per power flow in CCM. Fig. 7 shows the key
waveforms of the proposed converter and Fig. 8 indicates the circuit
diagram of each mode.
Mode 1 [to-ts]: In this mode the main switch (S;) is ‘ON’ and
capacitor C, is discharging through D,, C,, and S;. The discharging
current is isec as shown in Fig. 8 (a). The current will circulate till D,
is in forward biased. The leakage inductance is negligible compared
to magnetizing inductance. The constant load current is supplied by
the output capacitor Co. The magnetizing current (im) increased
gradually. The switch current is the summation of discharging
current (i) and primary current (igi) as shown in Fig. 8 (a). In this
mode the voltage and current equation can be written as,

considered as

Vi, =V, + Vi )
Ve, =NV, +V ©)
Ce
— 1 — q i
A =iy =i =V, sin(o,t) )
2
cC 1 = |
Where, Ceq:#,Tr :; =27, /LZCeq and t, =7 LZCEq
1 2 r

Ly _Iprimary ' _Ico =l

(®)
i :ipri +isec :im +(n+1)isec (6)

SwW
Mode 2 [ti-t2]: At t; the main switch (S;) is OFF. The polarity of Vi
changes which make D, forward bias and energy stored in the
leakage inductance (L) is transferred to capacitor C in this mode
[2]. The load current is supplied by the output capacitor Co. In this
mode the voltage across C; is constant.

Vip Vi TV =V, @

The time of released energy [2] tci=ts-t;=2(1-D)/(n+1) (8)
Vgs|  dTq (1-d)T, t
I 5 t
o~ > t

| Mode 1 [ Mode 2 [Mode 3| Mode 4]
to ty to t3 ts

Fig. 7. Key waveform of proposed converter in CCM.

Mode 3 [to-t3]: This mode starts after t,. The current through diode
D; starts decreasing and Ds is in forward biased in this mode. The
output capacitor Cy is in charging mode. Magnetizing current starts
decreasing. D; is reversed biased. Capacitor C, starts discharging
through Dj to the load. Voltage across capacitor C; is rising till Dy
is forward biased. The voltage and current equations in this mode
are

Vip +Vim Vi =V, )
Ve, NV, +V, =V, (10)
Iy, = g = iCO +1, (11)
i = e+, 12)

Mode 4 [ts-ts]: This mode starts after ts. In this mode diode D; is
reverse biased. Capacitor (Cy) is in charging condition. Magnetizing
current (im) falls at a constant rate. The diode D3 current is same as
coupled inductor secondary current (isc). The diode D3 current (igs)
is the summation of capacitor current and load current. In this mode
voltage and current equations are,

Vq +nv,, +Vc2 =V, (13)
Id3 =g = Ico *lo (14)
Iy — Nl = Ipr| (15)
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Fig. 8. Operation of proposed converter in CCM: (a) Mode 1 [to-t1] (b) Mode 2 [t1-t2] (c) Mode 3 [tz-t3] (d) Mode 4 [ts-ta].

B. DCM Operation Ly,

The operating mode of the converter in discontinuous mode in a Vik =—Vin :(1'k)Vin 17
switching cycle is shown in Fig. 9 through key waveforms. There I-m +le

are five modes in a switching period (Ts). Vv, = nkvin (18)
Mode 1 [to-t1]:

This mode starts when main switch is ‘ON’ as shown in Fig. 8(a).
The magnetizing current (im) is increasing linearly. The discharging Vgs
current (ig2) flows from C; , C, D, and S;.This current charges
capacitor C,. This current flows till diode D- is forward biased.
Mode 2 [ti-t2]:

This mode starts when main switch is turned ‘OFF’, diode D, D3
are reverse biased. The stored energy in leakage inductance is .
transferred to capacitor C; through diode D;. This mode ends when a2 : t
D; starts conducting and current through C; starts decreasing. i P ; ;

Magnetizing current (i) decreases linearly. di
Mode 3 [tx-t3]: i dBT
In this mode current through C, starts falling and Ds is in

conduction. D is reverse biased as shown in Fig. 8 (c). Capacitor
C, starts discharging through D; to load.

Mode 4 [ts-ts]:

In this mode capacitor C, is fully discharged and magnetizing
current (im) falls to zero value as shown in Fig. 8(d) t
Mode 5 [ts-ts]: i

In this mode the load current is supplied by the output capacitor
Co. The primary current as well as magnetizing current is zero.
All diodes are turned ‘OFF’ in this mode.

«~—DT— D, T

— T, > t

v
—

v
—

v
—

v
—

| Mode 1 [Mode 2 [Mode 3] Mode 47 Mode 5

to t t, ts ty ts
IV. PROPOSED CONVERTER ANALYSIS IN STEADY STATE . .
o Fig. 9. Key waveform of proposed converter in DCM:

A. Voltage Gain in CCM and DCM:
Ir;)tmodg 1 ;orm \';'g' S\Sa) ﬂl? f°"°‘”'”9 voltage Ifquatlfnskare Applying volt-sec balance in coupled inductor primary and
° da”le W elrt'e Lm(’j Lo d L arlet primary t\_/o Iage, €aKage  secondary inductance the output voltage and capacitor voltage
inductance voltage and secondary voltage respectively. equation is derived in CCM.

Lm L1 L +le in in VC1 _Tvin (]_9)

m
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Ve, = (HK+W) Vin (20)
k+4D(k -1)+2(2 -k
Voo =V = n ( 1_[3 ( )Vin (21)

Taking coefficient of coupling k=1, the voltage gain of the
proposed converter in CCM is derived from equation. (21).

_ Yo _N*2 22)
CCM Vm 1_D
v =V =(n+i)v. @)
“ 1p “ D) "

The converter voltage gain (Mccwm) is shown in Fig. 10 for different
coefficient of coupling (k).
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Fig. 10. Voltage gain of proposed converter in CCM for different coefficient
of coupling (k)

The voltage gain (Mccm) in CCM is compared with other existing
topologies in literature as shown in Fig. 11.
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Fig. 11. Voltage gain comparison of converter in CCM @k=1 and n=1

Similarly, the voltage gain in DCM mode can be derived for k=1,

n+2)(D+D
(004D ”
Da
From (24) the duty cycle D, can be derived which is,
v_(n+2)D
D =——-— (25)
v, (n+2)-v,

From the voltage gain in DCM the boundary condition between
CCM and DCM can be derived which is shown in Fig. 12. The
voltage gain (24) in DCM can be rewritten as,

(26)

m

T =
m

L is the magnetizing inductor normalized time constant.

s

Therefore, the time constant at boundary condition (Ds=1-D) is,

_ D@-D)*

- 2 (27)
2(n+2)

Lmb

x10°

©
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Fig. 12. Boundary condition of the converter at n=2
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B. Voltage Stress in CCM:
The switch voltage stress (Vsw) of the converter is

V. V
Vg, = =—"2L (28)
1-D n+2
Similarly, the diode voltage stress converter is
A n+1
VDl = 12 and VDZ = VD3 = EVO (29)
The comparison of voltage stress is listed in Table-I.
TABLE |
COMPARISON OF VOLTAGE STRESS
Proposed [15] [22] [25]
Switch v n+M n+1+M n+M
Voltage 2 —YV
n+2 (1+2n)M (n+2)M (n+1)M
\'?(:ﬁgge n+1 n(n+M) y | e e
n+2 (1+2n)M (n+2)M (n+1)M

Therefore, low voltage switch rating can be selected which has low
on state resistance and conduction loss can be minimized. The
comparison of normalized switch voltage stress is shown in Fig. 13.
The switch voltage stress of the converter is less.

0.7
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g —[15]
306 —[22]
> —
= [25]
&
=
Sos
3
3 ~——
(9]
?EDOA \ —
= —
> T
503 = —
E
» —
0‘22 4 6 8 10 12 14 16 18 20

Voltage Gain (M)
Fig. 13. Switch voltage stress comparison of converter in CCM @k=1 and
n=2

C. Current Stress in CCM:
By applying the charge balance for the output capacitor (C,) the
average magnetizing current can be derived in CCM.

_ v (n+1) _ v, (n+D(2+n)

o > (30)
(1-D)R (1-D)°'R
The peak value of the magnetizing current (im) is
. . Al v (n+1)(2+n) v DT
I = +—= o (0 + X )+ s (31)

m_Peak m
- 2

(1-D)'R 2L,
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Therefore, the average switch current (isw) during ON time is

=i+ (i, ==Y i e
(1-D)'R
in eq 1

sin t

* 1-p\L, lLc.

As discussed earlier if the resonating current (isc) value is
maintained zero at the end of ON time i.e. DT :”"/cheq =t,

then the switch current (isw) value is minimum at turn OFF instant
and switch current stress reduction range starts. The switch
current at switch OFF transition will be same as peak current of
magnetizing current (iLm) as shown in Fig. 14.
Vv, (n+1)(2+n) N v, DT,

~ (@D)R 2L

Where ISec =1

swt=DT, (33)

N Peak Switch
Current

.
H
H
H
H

1 Switch Current at
: turn OFF

Iswitch

Reduction Region

S

=
MWt

Fig. 14. Switch current stress reduction region of converter in CCM

From the Fig. 14 it is clear that switch current value at turn OFF
time is minimum when t,=DT; as isc is zero and the peak switch
current can be minimized within DT¢/2 <t< DT,

This is the operating region where switch current stress can be
effectively minimized. As discussed in Section-Il, in this
technique no extra circuit element is used and it do not reduce
voltage gain and efficiency of the converter.

Applying analytical method in the equivalent circuit shown in
Fig. 8 (a) the switch current of the proposed converter can be
derived. The switch current (isw) is

L V. c
i () —— [—sin| ——t for
+L, 1-D\ L, LC.

(34)

V.
i(t)= T+
m + Ik

t>0

The value of the switch current is minimum at t, = DTs. For duty
ratio of 0.7, t,= 0.7Ts is the point where the switch current value at
turn off instant is minimum. The effective peak switch current
minimization starts from 0.25Ts to 0.7Ts as shown in Fig. 15. This
region is the effective switch current stress reduction region using
secondary resonating branch.

This technique is compared with L-D based solution [24] in p.u.
From the Fig. 15 it is clear that switch current stress can be
minimized using proposed technique.

3 r r .
= With L-D [24]
=== Swich Current at turn OFF instant

= Peak Switch Current
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Duty Ratio (D)

Fig. 15. Switch current stress comparison with L-D based solution [24].

0.6

The advantages of the proposed technique over L-D based solution
are (a) Switch current reduction in the higher duty-ratio operating
region, (b) no extra circuit element, (c) no adverse effect on the
voltage gain and efficiency.

Switch current stress comparison of single switch coupled
inductor-based boost converter is shown in Table-II.

TABLE Il
COMPARISON OF SWITCH CURRENT STRESS
Topol 8witgh
ogy Peak Switch Current Switch RMS Current Current Waveform Sg';gg‘\’,c SCSR
Switch Current
NUNGESCET,) IR N = I
= = | — e ds= f
sed (1-D)'R 1-D\ L, apy °\ 120i ) \n+3 o Re-0.0750
s 1d=31A,
0.17968 0.17972
Time (s)
2 s R Switch Current
[15] V,,(n+1+nD) 4 Vin DTy (l+n+ nD)\/B - 1( A ( 1-D ) ) IRFB4410ZP  NO
2 r +- _ 15 BF
(-D)R 2L, ap)  °\" 3li ) \14nemp 10 V=100V,
s Rs=0.072Q
° 1d=97A
0.25526 0.25528 0.2553
Time (s)
2 Switch Currrent IPA075N15
e Ya@+@+DD) Y, (D)4 (D) VDT, VDT _(n+2VD : . N o
2 = o ® V=150V,
(I-D)R (1-D)R 2L 2L, (1-D) " R=0.0075Q
. 1d=43A.

0.24542 0.24543

Time (5)

0.24544
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DR (DR 2L, 2L - @b ° 3 ; Re=0.0750
° . 1d=31A.
V. (@1+nD) Vv (n+1)(l+nD) V. DT. Vv DT i o IRF840
[24] n - )+ o )(3 )+ n_s 4 ~(nD+n+2)\/B. 1 1( Ai, ’ - vds:zi%vl,;eg YES
(1-D)'R (1-D)°R 20-D)L, 2L ~—(1_D) Iy +§ T o d18A
0.17996 0. 1;3:&: @ 018
The comparison of other coupled inductor based converter with 1
- 2 2
current proposal is performed at 200W. The base current for lorms = T«/D(a +ab+b) (36)
3
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normalizing process is considered as 6 A. The peak switch current
without L-D circuit [19] at 0.5 duty ratio and 200 W condition is 19.6
A. The same peak switch current is decreased to 15.6A using L-D
based circuit where L value is 12uH and converter operated at 50
kHz. The magnetizing inductance is 75uH.

The operating condition of the proposed converter should be t>DT;
to minimize switch current stress effectively as shown in Fig. 15.
Therefore, to meet switch current stress reduction range up to 0.7
duty ratio, the critical condition is 0.7Ts=t,. For switching frequency
50 kHz the half cycle resonating time (t;) is 14uSec. The secondary
side inductance (L) is 1.78uH and therefore the C; value can be

derived from t =n4/L C, which is 11uF. The capacitor values of C,

CC
C; are selected to be 25pF and 20pF to meet C, = ——=. With these
C,+C,
values simulation study is performed to verify switch current stress
reduction range and compare with L-D based solution as mentioned

in Fig. 15 and Table-II.

D. RMS Current Comparison:

The proposed half cycle resonant branch utilizing coupled inductor
inductance does not increase the RMS value of the switch current.
This can be theoretically demonstrated through graphical as well as
mathematical formulation from switch current waveform as shown in
Fig. 16.

|swilch70|d

a;

|swilch7Nevv

A\ 4

Ts 2
Fig. 16. Switch current waveform of conventional [19] and proposed converter
during turn- ‘ON’ time.

In Fig.16, the modified current waveform can be approximated as
shifted sinusoidal waveform compared to trapezoidal shape for
conventional converter [19], [15], and [22] as shown in Fig.16. The
area A; in Fig. 16 is the reduction whereas area A; is the addition.
Assuming the peak current is reduced by factor ‘m” where ‘a’ and ‘a;’
are approximately same, the expression for RMS current for the
modified waveform is given by,

, 1(b Y 4afb
lym=,/D| @8 +—|—-a] +—|—-a
2\m 7 \m

And for the existing trapezoidal wave the RMS current is

(35)

Therefore, for lower value of RMS current in the proposed waveform,
I > 37)

2rms 1rms

From, the inequality criterion of (37) the peak current scaling factor
(m) value can be mathematically derived which is 1.22. Therefore, 19
% reduction in peak current confirms equal RMS current or less as
per Fig. 16. However, the starting point of switch current value ‘a’ is
usually more in existing schemes compared to current proposal as
shown in Table-Il, which can be more advantageous. On the other
hand, if ending point ‘a;” is higher from ‘a’ the reduction factor may
increase from 1.22 value. Thus, it can be inferred that the RMS value
of current for the existing scheme can be definitely reduced as the
peak current is usually reduced by more than 20% from the existing
schemes.

E. Diode, Capacitor and Coupled Inductor Winding Current:
Diode average, RMS currents can be calculated from Fig. 7 in CCM.
The average value (38) of the diode D3 is same as average load
current (lo).

g3 =1, (38)
The RMS value of diode D3 is
43 Tleec A /1-D-Db (39)

Where Dy is derived from charge balance equation of simplified
capacitor current waveforms shown in Fig. 17.

I pri_Peak|------=-=s=nmnmemeaeg
. D,T
Ipr i(t) X |S X
Ipri_min t
[
Ha-DTs
ic1(t)

| |
VerSA(CafLa)) v | :
o) m

ico(t)

: time(t)
|

|
!
|
t1 tz t3 t4

Fig. 17. Simplified capacitor current waveform and primary winding current of
coupled inductor.

_ Ve

Dy = (40)

e (1 cos (210 ))x(%j

2mi L2
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The average and RMS current of diode D, is derived as shown in
equation (41) and (42) respectively.

. Vg [Ceq

i == (41)
d2(avg) - |_2
2
DT,
. 1 ¢ Ceq 2n
i == | | V. [—sin| —t || dt (42)
RIS Ts ‘l'). ' L2 (Ts ]

The average and RMS current of diode D; is derived as shown in
equation (43) and (44) respectively.
n+2

i ~—iD
d1(avg) 1-D 0~b

s = iy [Dy
=—I
airms) = oo

The RMS current (45) of the primary winding of the coupled inductor
is given by

(43)

(44)

2
i
(x2+X(x-'m,mm)(1-D)+(Xp%'”)(1-o)+ (45)
byirms) = . 2 )
+kF(l—cos(2nD))+leﬂD.7sm4nD)
© \L, 2n° L, 4n
n+2
Where, X = —i,
1-D

Similarly, RMS current (46) of the secondary winding of the coupled
inductor is given by

2

. Vv
i =, [i. x(1-DD, ) +—
sec(RMS) b an Lz 4
The RMS current of capacitors C,, C; and C; are mentioned in
equation (47), (48) and (49) respectively.
2

Ceq _ sindnD
—D- (46)

. v, C sindnD
— |:2 cl eq
= DD )4+ —t 8 p.
le, (RMS) = [fsec X (1pD,) o L D - (47)
V2 sindnD
1 - 2 cl € ~_
ICl (RMS) — Iprifmin X (Db ) + an L D 4r (48)
iC0 (RMS) :\/is X (D+Db ) + (isec g )2 (1'D_Db ) (49)

V. SIMULATION AND EXPERIMENTAL RESULTS

The proposed converter is simulated in PSIM 9.1.1 and tested to
check the performance using parameters of 100 W prototype
hardware as mentioned in Table-11l. The switching frequency is 50
kHz of the proposed converter. The voltage gain of the proposed DC-
DC converter changes from ideal gain due to parasitic elements. The
voltage gain (50) of the converter taking parasitic elements is,

2+n 2y,

Vo _ 1-D v, (50)
Vin 1+1[Ar"”+ Brsi+crs—w+ Di+ Er°'—2+ Fr“j

1-D R, R, R, R, R, R,
Where, the parasitic parameters of the converter are: r,=18mQ,
rsec:24mQ, I'SWZSSIIIQ, Td1, ld2, rd3:12mQ, Vin:12V, Vd:O.61V, I']:Z,
R=51.84Q @ 100W and R, =86.4Q @ 60W.
The coefficients of voltage gain are:

2(2 n’ (2 2+n 2+n
a2 sy ) o 2en
1-D 1-D 1-D 1-D
D(2+n)

E=n,andc=n(1-D)+
The voltage gain of the proposed converter is plotted ideally (22) as
well as by taking the parasitic values (50) as mentioned and shown in
Fig. 18. (a). The practical reading of output voltage is matched with
the voltage gain taking parasitic values as shown in Fig. 18 (b).

50 .
For RL=51.84 Ohm
40 - Ideal Gain
£ For RL=86.4 Ohm
Q© 30+
[0}
on
S20) \
(]
= ol /
0 L L L L
0 0.2 0.4 0.6 0.8
Duty Ratio (D)
(®
10 T :

Taking effect of parasitic element

at RL=51.84 Ohm
—v— Practical Data

Voltge Gain

0 L L L
0.2 0.3 0.4 0.5 0.6
Duty Ratio (D)
(b)

Fig. 18. Proposed DC-DC converter (a) voltage gain taking parasitic values with
different load, and (b) voltage gain comparison with parasitic values and practical
data.

Duty cycle is from 0.4-0.6 to verify different switch current and stress
reduction which is the inherent feature of this converter. The half
cycle resonating branch current timing is main important so that for
almost entire operating region the switch current reduction is possible
without sacrificing the voltage gain and efficiency.

TABLE-III
SIMULATION AND HARDWARE PARAMETERS

Converter Specification

Input Voltage = 12 V Power Output = 100 W Output Voltage = 72 V
Duty Ratio = 0.5 Switching Frequency=50 kHz Load Resistance = 50 Q
Design Parameters Value Part Number
Coupled Inductor Lm = 44 pH, Turns Ratio 25:25 | Ferrite Core PQ 32/30
(n=1), Lieakage = 8.26 uH
Switch (S1) FQP34N20 (Ve = 200 V, Re = FQP34N20
0.075Q, 14=31L A.) @ 200W
Diodes (Ds, D2, D3) FRD IN5401
Capacitor C1 10 uF
Capacitor Cz 1.3uF
Capacitor Co 100 uF

As discussed in previous section, the converter operation is divided
into two main sections i.e. CCM and DCM. The Switch current
reduction is tested in CCM as well as in DCM. In CCM the switch
current reduction is again divided into three subsections which are (a)
DTs<t (b) DTs=t (c) DTs>t In all three modes, the switch current
reduction is effectively achieved in (@) DTs < t; (b) DTs = t; as shown
in simulation result in Fig. 19.

Simulation was carried out taking switching time is 20us. At D = 0.5
and DT = t; the switch current value is minimum at turn OFF instant
as shown in Fig. 19 (a).

2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on June 08,2020 at 06:31:21 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.2998487, IEEE Journal

of Emerging and Selected Topics in Power Electronics

Switch Current(A) Tek  .JL. I 1 Pos: 3.000us EE CREE M Pos: 30005 oHe
20 VchOV/le Enl%age Ve,:5V/div Couplage
15
‘V iz
v Vo:[20V/div] s Vos:20V/div (el
5 = w —
S?B:e 2 b Sonde
0 2 Tension T;r?s?nn
0.02684 0.02685 0.02686 0.02687 Inverser Inveiser
Time (s DEsact, DiEsait,
( ) CH2 20.0 M 5.00 us CH2 7 BETY CHz 20.0v M S00us CHz2 .~ 6E7Y
(a) 17-0c1-13 1324 <10Hz 17-0ct-1919:27 49.7514kHz
Switch Current (A) (©). (d)
12 A A Fig. 20. Proposed Converter operation in CCM at (DTs<t;) (a) Input current and Switch
10 / / current (b) Capacitor Voltage V¢ (c) Capacitor Voltage V¢, and output voltage V,.(d)
8 Switch voltage V
o/ / ’
‘21 / / Tek .. & Stop - M Pos: -400.0ns CH2 Tek L. : Stop 1 Post 30005 CH2
Couplage Couplage
0 -]
0.02684 0.02685 0.02686  0.02687 e e
Time (s) 100MHz 00hHz
(b) Voiv Voﬁiiv
3 Laros] Girog]
Switch Current (A) ’ 4 4=
108
25 i Tension i T;r?:\‘nn
2 \, w i
10 CH2 10.0% M 5005 CH2 7 BETY CH2 10.0% M 250us CH2 7 BETY
5 17-0c1-13 13:43 43,751 4kHz 17-0ct-13 1316 43.7514kHz
(). (b)
0 Tek . @ Stop M Pos: 25,2008 CH2
+
0.02684  0.02685 . 0.(0?686 0.02687 B
ime (s
. . i © Limnite Bande
Fig. 19. Switch Current in CCM (a) for [DTs = tr] (b) for [DTs < t] (c) for [DTs>
t]. i 100MHz
y\/j Yolts/div
i A A i b !
For DTs<t, the switch current stress is low as shown in Fig. 19 (b) but ' -
. A - Onoe
for DTs>t; the switch current stress is almost same with other 10%
Tensian

topologies which is shown in Fig. 19 (c). Therefore, selection of t;
should be such that in the operating duty range i.e. 0.4-0.7 the
converter on time is exactly same as t; or less than t.. As the switching
time is 20pSec. For 0.5 duty ratio at DTs = t, the half cycle resonating

time is 10 ps. Therefore, from equation, t, =7t,/LZCeq the equivalent

capacitor is determined. By increasing the capacitance (Ceq) value t;
can be increased. Taking C1, C, 10 uF the resonating time is increased
to check the switch current during DT; < t,. condition. Prototype of
100 W converter is designed and tested at 0.5 duty ratio. For 12 V
input the switch voltage stress is around 24 V as shown in Fig. 20 (d)
for D = 05, n =1 and DT < t. The input current, switch current
under this condition is shown in Fig. 20 (a) which shows a good
match with the simulation. The capacitor voltages Vci ,Vc. are shown
in Figs 20 (b) and (c) respectively which matches with calculated
value as per equation (23) and simulation.
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Fig. 21. Switch current waveform of (a) proposed converter (5A/div) in CCM at DTs=t,
(b) L-D network (5A/div) solution [24] (c) proposed converter (10A/div) in CCM at
DTs>t, , and (d) comparison of switch current stress [A-Proposed technique peak, B-
Peak current of coupled inductor boost, C, D, E-Peak current (5A/div) with increasing
inductance value L-D network-based solution.

Again, at C; 10pF and C, at 1.3pF the resonating time t; can be
made exactly same as 10usec. Therefore, DTs=t, can be achieved at
0.5 duty ratio at 50 kHz. At this condition the switch current value at
turn OFF instant is minimum but stress is greater than DTs<t;
condition as shown in Fig. 21 (a). For L-D based solution of switch
current stress reduction depends on value of inductance. For larger
inductance switch current stress is less and same as current proposal
as shown (point A, E) in Fig. 21 (d). But for low inductance value the
peak switch current is more (Point C, D) than current proposal as
shown in Fig. 21 (d). The switch current at turn OFF transient is more
compared to current proposal. The prototype converter is designed for
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100W. The input voltage is 12V and in the ideal condition the
average input current is 100/12=8.33 A. Therefore, the base value of
current is considered as 8.5 A for calculation and comparison of peak
current in the manuscript. The base inductor value is Ln=44uH as
mentioned in Table-1Il. For comparison with L-D based solution, the
converter proposed in [24] is operated at 100W and in same input
voltage, duty ratio (D=0.5) where the initial L value is 10.5uH at 50
kHz is mentioned in Table-1V.

TABLE-IV
COMPARISON OF SWICH CURRENT REDUCTION METHOD

L-D Based Solution Peak Switch Current Voltage gain and Efficiency ()
@ Duty (D)= 0.5 Decrement

For L =0.24 p.u. 1.5 p.u. Gain= 5-6%, n=4-5%
For L=0.14 p.u. 1.8 p.u. Gain=3-5%, n=3%
For L=0.10 p.u. ~2.6 p.u. Gain= 2-3%, 1=2.5%

Peak Switch Current
@ Duty (D)= 0.5

Current Proposal Voltage gain and Efficiency ()

Decrement

At DTs=tr 1.54 p.u. No Decrement
At DTs<tr 1.37 p.u. No Decrement
At DT>ty 2.81p.u. Switch current reduction fails

But in the current topology if DTs>t, then the current stress reduction
fails as shown in Fig. 21 (c). Therefore, designing circuit element of
C; and C, with coupled inductor secondary inductance is very
important to achieve true switch current reduction with the operating
duty range i.e. 0.4-0.7. The current proposal no extra element is used
as well as voltage gain and efficiency are not hampered.

From Fig. 15 theoretically it is derived that from 0.25 to 0.7 duty ratio
the switch current stress reduction is possible without wasting extra
energy like using L-D network and voltage gain loss. The switch
current reduction is also valid for DCM operation of the converter.
Converter proposed in [19] is considered as conventional for
comparison with current proposal at DCM. From Fig. 22 it is clear
that in the DCM the switch current peak value is less.
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- P - +
IAI % Conventional " lpeak Conventona- i | Couplage Al Couplage
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16-0ct-13 2113 16-0c1-13 21:23
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Fig. 22. Converter operation in DCM at (DTs<tr) (a) switch current (b) input
Current. @ 10 kHz.

RMS current is the dominating factor while determining loss and
efficiency for any converter. The RMS current of the current proposal
is comparable with L-D based solution [24] and other topologies.
Thermal image of the main switch is captured using thermal imager
to show the closeness of RMS current between current proposal and
L-D based solution [24] at rated 200W condition as shown in Fig. 23
(a) and (b)

Theoretical loss calculation is performed on proposed DC-DC
converter at 100W based on selected components summarized in
Table-Ill to estimate losses, efficiency and shown in Fig. 24. Losses
in coupled inductor and diode is more in the loss distribution.

(b)
Fig. 23. Thermal image of switch in (a) L-D based switch current stress reduction
proposed in [24] (b) proposed DC-DC converter.

u Switch (Conduction
and Switching
Loss)

Diode (Conduction
and switching loss)
Coupled Inductor
(Winding and Core
Loss)

Capacitor

Loss Distribution of Proposed DC-DC Converter

Fig. 24. Loss distribution of proposed DC-DC converter.

Based on the theoretical calculation [26] taking hardware
components as mentioned in Table-1ll, estimated efficiency is
compared to measured efficiency at different power points through
power quality analyser APLAB-PQA2100E as shown in Fig. 25. The
difference between theoretical estimated efficiency and practical
measurement is due to ignorance of different circuital parameters like
skin effect, proximity effect, exact transient time for switching events
etc. Current waveforms are also considered as ideal for theoretical
calculation which create differences in measured and calculated
efficiency.
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Fig. 25. Estimated and measured efficiency of the proposed DC-DC converter.

At 100W, the measured efficiency is 93.2%. Better-graded wires can
be used in the inductor to further improve the efficiency. The
discrepancy is caused by ignoring the leakage inductance, small-
ripple assumption and measurement error. Efficiency comparison
with other converter as shown in Fig. 26 is also performed to show
that there is no sacrifice on efficiency especially when compared with
proposal [24]. The converter in [22] has better efficiency i.e. ~1%
compared to current proposal. However, this difference is marginal
and current proposal is better in terms of voltage gain, switch current
stress minimization.
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Fig. 26. Efficiency of the proposed converter operation in CCM at (DTs<tr) and 50
kHz.

VI. CONCLUSION

Generally, in a single switch type high step-up coupled inductor
based boost converter, multi loop current paths are used to lift the
voltage gain particularly at a duty less than 0.5. This increase the
switch current stress due to low inductance of the coupled
inductor. Considering this, a half cycle resonating branch is
introduced in this article to utilize the inductance of the coupled
inductor without increasing the circuit component and complexity.
This improves the current stress on the main switch of the coupled
inductor based single switch high step-up boost converter. This
technique can be used to modify all the existing circuit topologies,
resulting in the better performance in terms of voltage gain,
efficiency and current stress. The measured efficiency of an
example DC-DC converter is 93.2% at 100W, which is close to
the proposal [22].

Additionally, the proposed technique performs superior than [24]
as it can reduce the current stress up to 22% without sacrificing
the voltage gain and efficiency. Moreover, this technique does not
increase the RMS current, which improves the converter life span
and reliability.
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