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Abstract: A Single-Ended Primary-Inductor Converter (SEPIC) converter with an Inductor-Capacitor
(LC) regenerative snubber is proposed to reduce Electromagnetic Interference (EMI) for Electric
Vehicle (EV) applications. The switching energy is transferred through a capacitor to an inductor
which is coupled to SEPIC inductors. This technique reduces the number of components and also
returns some of switching energy to SEPIC converter. The mathematical analysis and optimization of
LC snubber with respect to number of turns is also presented. Spice simulations and experimental
results are provided to verify its performance. The proposed LC regenerative snubber reduces the
peak voltage by 16 V on the switching transistor during the switching transient. It is also indicated
that 8 dB reduction is achieved in the EMI measurements at ringing frequency and 10 dB reduction at
high frequency band.

Keywords: electric vehicle; SEPIC converter; snubber circuit; regenerative snubber; EMI suppression

1. Introduction

Over the past decades, research has been directed towards EV to improve the environmental
conditions [1]. EV systems depend on electric power as its energy source rather than the fuel like
in conventional vehicle systems. The main components of the EV system are battery for energy
storage, motor for traction, AC/DC converter to charge the battery and supply energy to the motor
from the battery, and DC/DC converter to provide energy to the low-power components in the EV
system. The current use of DC/DC converters with transformers or coupled inductors causes the
following problems in the EV system; high voltage stress across the the power switch, increasing
the converter area, and increasing the EMI [2]. To design a DC/DC converter for an EV system,
there are some constraints that should be considered: high efficiency, small volume, and low EMI [3].
Several typologies of DC/DC converters are used in EV applications such as Buck converter, Boost
converter, Buck-boost converter, and SEPIC converter.

SEPIC is considered a buck-boost DC/DC converter. It differs from the regular buck-boost
converter such that the output voltage polarity in the SEPIC converter is non-inverting [4].
SEPIC converter is designed using two separate inductors [5]. However, using two coupled inductors
rather than two separated inductors reduces the required inductance for the same inductor ripple
current in half [6,7]. SEPIC converter with two coupled inductors is shown in Figure 1, where L, and
Ly are the coupled inductors. Like most of the other DC/DC converters which contain a coupled
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inductors or transformer in their circuit, SEPIC converter suffers from the energy stored in the leakage
inductance of the primary inductor. This energy causes a voltage stress on the switch transistor during
the turn OFF period and may damage the Metal-Oxide Field-Effect Transistor (MOSFET) switch [8].
To prevent that damage, a snubber circuit is used to create an alternative path for that energy and
protect the MOSFET switch. Besides that, the ringing created from the resonance between the leakage
inductance of the primary inductor and the parasitic capacitance of the MOSFET switch, increases the
EMI of the converter at the ringing frequency [9]. In addition, to protect the switch from the energy
stored in the leakage inductance, snubber circuit reduces the EMI as presented in [10,11].

Cyp D1
|
|

Figure 1. Single-Ended Primary-Inductor Converter (SEPIC) converter with coupled inductors.

Snubber circuits are classified as dissipative and non-dissipative. The most commonly used
dissipative snubber is the Resistor-Capacitor (RC) snubber. It consists of a capacitor and a resistor
in series connected in parallel with the transistor [12]. In this type of snubber, during the turn OFF
period, the stored energy in the leakage inductance is transferred to the snubber capacitor through
the snubber resistor. In the turn ON period, the snubber capacitor discharges that energy through
the transistor. Another dissipative snubber is the Resistor-Capacitor-Diode (RCD) snubber, which
differs from the RC snubber by containing a diode in parallel with the resistor. The operation of the
RCD snubber is the same as the RC snubber operation, except in the RCD snubber during the turn
OFF period, the energy is transferred to the capacitor through the diode not through the resistor [13].
There is a trade off between the RC and the RCD snubbers. The RCD snubber decreases the power loss
during the turn OFF period compared to the RC snubber. However, the RC snubber achieves more
suppression for the over-voltage peak during the turn OFF period [14]. Connecting the snubber circuit
in parallel with the MOSFET switch causes more current stress on it [13]. By connecting the snubber
circuit in parallel with the primary inductor rather than the MOSFET switch, the current stress on the
MOSFET switch is avoided [15]. The performance of the snubber circuit does not change by connecting
it in parallel with the primary inductor. A SEPIC converter with RCD snubber is shown in Figure 2a.

A non-dissipative LC snubber is presented for flyback converter in [16]. The snubber action
is analyzed for four different operation modes. These modes differ from each other by when the
energy stored in the snubber capacitor is returned to the supply. In mode 1, no energy is returned to
the supply after stored it in the snubber capacitor during the turn OFF period. During the turn ON
period, the snubber capacitor is discharged through the snubber inductor and the transistor. In mode 2,
the energy in the snubber capacitor is returned to the supply during the turn ON period. In mode 3,
the energy is returned to the supply during the turn ON and the turn OFF periods. In mode 4,
the energy is returned to the supply in the turn OFF period. The voltage across the snubber capacitor
determines in which mode the snubber operates.

The LC snubber has an advantage over the RC snubber, because it is able to return the stored
energy in the leakage inductance through the snubber inductor to the supply rather than dissipating it
like the RC snubber. On the other hand, an extra inductor used in this type of snubber increases the
number of components. A SEPIC converter with an LC snubber is shown in Figure 2b.
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(b) LC snubber
Figure 2. SEPIC converter with a (a) RCD snubber and (b) LC snubber.

The regenerative snubber for flyback converter presented in [17,18] differs from the LC snubber,
because it is based on three coupled inductors rather than the regular two coupled inductors or
two winding transformer. The third coupled inductor or the auxiliary inductor is used as a snubber
inductor instead of using a separate inductor like LC snubber. That reduces the number of required
components and transfers the energy also to the secondary side during the turn ON period.

In this paper, a coupled inductor based LC regenerative snubber for SEPIC converter is proposed
to minimize the switching stress on the transistor, as shown in Figure 3. This method also reduces
the Electromagnetic Interference (EMI) which occurs due to the switching activity. The rest of the
paper is organized as follows. The operation of a SEPIC converter with regenerative snubber is
analyzed and design constraints for the snubber component values are determined in Section 2.
In Section 3, the advantages of regenerative snubber for SEPIC converter are verified by simulation
and experimental results. Finally, a conclusion about the results of using the regenerative snubber for
SEPIC converter is presented in Section 4.

2. Analysis of LC Regenerative Snubber for SEPIC Converter

For the SEPIC converter with regenerative snubber shown in Figure 3, there are four states in
each operation cycle, as shown in Figure 4. Two of these states are in t,,, which is the turn ON period,
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and the other two states are in t,¢¢, which is the turn OFF period. The snubber circuit is active at the
first state of the turn ON period from £ to ¢;, and at the first state of the turn OFF period from ¢; to t3.
At the second state of the turn ON period from #; to t; and at the second state of the turn OFF period
from f3 to t4, the SEPIC converter acts like a regular SEPIC converter without any effects from the
snubber circuit. In analyses, voltage drops across diodes and transistor are neglected. The leakage
inductance at the primary side and at the auxiliary winding are taken into account.

Regenerative snubber C
p

Figure 3. SEPIC converter with regenerative snubber.
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Figure 4. Waveforms for gate voltage, V¢, and iy, .
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2.1. Operating State of LC Snubber Circuit

As shown in Figure 4, the first state of the turn ON period starts at t) when the MOSFET switch is
turned on. In this state, D1 and D2 are off, D3 is on, and the voltage across Cs is V-, .- which is the
maximum voltage. During this state, Cs discharges through the MOSFET switch and L,y, where Ly is
the auxiliary inductor. In this state, as presented in [18] for the flyback converter, the voltage across
the auxiliary inductor is equal to the reflected voltage from the primary inductor only. However, in
the SEPIC converter, the voltage across L,y is equal to the reflected voltage from the primary and the
secondary inductors, this is one of the main differences between the regenerative snubber performance
in the SEPIC and in the flyback converters. This state ends at 1, when D3 becomes off and the current
through L, becomes zero. The equivalent circuit of the SEPIC with regenerative snubber in this state
is shown in Figure 5a. The equivalent circuit for the snubber circuit is shown in Figure 5b, where L;,,
is the leakage inductance at the auxiliary side and V;_ is the voltage across L.

N 2
Ligy = ﬁLlﬂ 1
a
N, N,
VL{zx = Va’:‘/ﬂl + Va:‘/ln (2)

L;, is the leakage inductance at the primary side, N,y is the number of turns for L;y, N, is the
number of turns for the primary side L,;, and N is the number of turns for the secondary side L;.
Suppose that the SEPIC is designed to have N, = N, the voltage of the leakage inductance at the

auxiliary side is obtained as
Nax

No

Vi =

2Vin. ®)

(b) Equivalent circuit for snubber circuit.

Figure 5. Equivalent circuit at the first state in the turn ON period for SEPIC and snubber circuit.
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The time constant w, for the equivalent circuit in Figure 5b is

1
Wy = - 4)
R VLG
The impedance of the leakage inductance Ly, is
N, L,
XLjgy = Z\;x C.’ @)
a S
The current through L, equals to
N,
. N, ! Comax .
lLlux (t) == T sim wot. (6)
The voltage across C; equals to
N, N,
VCS (t) = %2‘/”’! - (%2‘/171 - VCsmux) cos (,(Jgf. (7)
a a

when i;, (t) = 0, V¢, reaches V¢
by substituting that in (7)

As shown in (6) and Figure 4, i;, (t) = 0 when wot = 7,

smin*

o Nax
smin Nﬂ

The power consumption in D3 during this state is

Ve Vi — Vean- 8)

Pps = Ir,, VD3 )

where [, is the average current of Lj,, during this state. Vp3 is the voltage drop across D3.
Ip,,, equals to

1 b,
Iy, = f/to ir,, At (10)

where T is the switching time. After D3 turns off at t1, the second state in the turn ON period begins.
In this state, the snubber circuit does not affect the performance of the SEPIC and the converter acts
like regular SEPIC in the turn ON period until the turn OFF period starts at t, when the MOSFET
switch is turned off.

At the first state of the turn OFF period, the snubber is active. In this state, D1 and D2 are on, and
D3 is off. The equivalent circuit for the SEPIC converter and for the snubber circuit in this state are
shown in Figure 6a,b, respectively. V7, is the reflected voltage from the secondary side to the primary
side and it is equal to Vp. The voltage across C; at the beginning of this state is V. . This state ends
at t3 when V¢, reaches V¢, that happens when the current through the leakage inductance iy, = 0.

The time constant w, for the equivalent circuit in Figure 6b is

1
V Lla Gs ‘

The impedance of the leakage inductance L;, is

Wo = (11)

L
XL, = cl . (12)
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(a) Equivalent circuit for SEPIC.

(b) Equivalent circuit for snubber circuit.

Figure 6. Equivalent circuit at the first state in the turn OFF period for SEPIC and snubber circuit.

The current through the leakage inductance L;, equals to

i, (f) = I cos wot + VO;UZICSW sin wpyt (13)
where [ is the peak of the magnetizing current. Suppose that C; is selected to have V¢ .= = Vo,
the current through the leakage inductance L;, is written as

ir,, (t) = I cos wot. (14)
The voltage across C; equals to
Ve, (t) =Vo+1 \/7 sin w,t. (15)

From (15), Vi, reaches V.. at w,t = 7 and it equals to

Ve = Vo +1 \/ (16)

= Vp into account, substituting (16) in (8) leads to

By taking V¢

smin

N L
VCSWII" - ax Cla
S

(17)

The power consumption in D2 during this state is

Ppy =11, VD2 (18)
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where I}, is the average current of L;, during this state.Vp, is the voltage drop across D2. I, equals to

1 rts,
I, = = /t2 ir, dt. (19)

After the current through the leakage inductance L;, becomes zero at t3, D2 turns off and the
second state of the turn OFF period starts. During the steady state of this period, Cs charges to the
input voltage Vj,. This leads to that the voltage across MOSFET during this period equals to the
summation of the input voltage and the output voltage. In this state, the converter acts like regular
SEPIC converter in the turn OFF period without any effects from the snubber circuit until ¢4 when the
MOSFET switch is turned on again. All of these states are repeated in each cycle.

2.2. Components Sizing

During the first state of the turn ON period, V¢, drops to IX?; 2V;,, after that D3 turns off. Moreover,

during the turn OFF period to make D1 on, V., should be greater than V5 [18]. From that, and by
solving the following inequality,

VCS > Vo (20)
N,
N2V > Vo (21)
Vo
_ 2

Furthermore, by solving the following inequality using (16) and (17),

Vcsmax > Vcsmin (23)
Na(Vo + 151,/ 42 )
=, 2
Ny < 2V, (24)
Moreover, as mentioned in Section 2 that C; should be selected to have V¢ .= Vp, by solving
the following inequality taking (20) into consideration and using (17),
Csmin Z VO (25)
Ngx I Ll

—=2V:, — = = >V 26
N,Z in 7 Cs = VO ( )

I’L
Cs > o (27)

4(2Vin N, VO)

’L

Cs i (28)

E =
4Vo? (2R 152 —1)?

where D is the duty cycle. In the first state of the turn ON period, V¢, reaches V¢ . when w,t = 7,
which means half of the time constant. This should happen within the turn ON period, this leads to

N,
T 1\?: \/L1,Cs < ton (29)

fonNayp 1
ﬂNgx Lla'

Cs < ( (30)

By using (22) and (24), the upper and lower limits for N, are determined. Moreover, by using
(28) and (30), the upper and lower limits for Cs are obtained. From the previous constraints, the value
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of the leakage inductance of the primary L;, is very critical and important to determine the limits of Cs
and Ngy. To calculate the leakage inductance value, the value of the parasitic capacitance of the switch
should be known. If it is not known, to calculate it, the frequency of the ringing should be measured.

It equals to
1

frmgl - 2T /7CparLlu
where Cp,; is the parasitic capacitance. After measuring the ringing frequency, an additional capacitor

should be connected in parallel with the parasitic capacitance and then new ringing frequency should
be measured. The new frequency equals to

(31)

1
fringZ = (32)
27 (Cpar + Cadd)Llﬂ

where C,; is the additional capacitor. By using (31) and (32), the parasitic capacitance is calculated
and it equals to
C
Cpar = ——t5—. (33)
(frzvngl ) -1
ring2

After calculating Cpqr, the leakage inductance L, is calculated by rearranging (31)

1
L =

e 34
! (znfringl)chur ( )

3. Simulation and Experimental Results

LTSpice is used to simulate the SEPIC converter with regenerative snubber. Component parameters
used in the simulation are shown in Table 1. The simulation setup is shown in Figure 7.

Table 1. Simulation and experimental parameters.

Vi Vo Na L, L, Cpur Cp fs Ro
2228V 24V 7 47uF 275nH 23nF 17uF 200kHz 4.4

La Kilalblax1 c p1
Vin \P : N Vo

%
4.7y 17 VS60 Ro
4.4

D2 Co

Vin °J)Lb
~ u _L
PMEG10020ELRX 4.7p 1.4m
27.5n

L
"]

"
.tran 0 2.9005m 2.897m .5m
10n .param FD=2050?(4
.param F=
PMEG10020ELRX PULSE(0 10 0 1n 1n {D/F} {1/F}) “include irfp150n.spi
° Lax —! Cpar .model PMEG10020ELRX D(IS = 1.2E-009
25 Vdrive [ M1 - N =1BV =117 IBV = 0.0155 RS = 0.4
= +_lirfptson | 23" CJO = 1.106E-010 V3 = 0.56 M = 0.47
FC=0TT = 0 EG = 0.69 XTI = 2)
.model VS60 D (IS=1.0000E-9 N=1.1218
RS=2.1552E-3 IKF=.63792 XTI=2
7 CJ0=2.0206E-9 M=.52346 V1=.3905
ISR=14.414E-9 NR=4.9950 BV=250
IBV=100.00E-6 TT=21.246E-9)

D3

Figure 7. Simulation setup for SEPIC converter.

From the design constraints illustrated in the Section 2, the values of Ny and C; are related to
each other. From (22), the lower limit for N, is

1%
Nax > ﬁm = 35. (35)
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By drawing (24) using the above constraint for the lower limit of N, as shown in Figure 8,
the chosen pair of C; and N,y values should be under the graph. To avoid the sensitive areas,
the optimum values of Cs; and N,y are found to be in the area under the graph and bounded by
Cs =25 nF and Ny = 6.5. The chosen pair for (Cs,N,y) is (10 nF, 5).

11

10 .

Nax values

4 Il Il Il Il Il
0 0.1 02 03 04 05 06 07 08 09 1

Cs values(F) x107

Figure 8. Values of Cs and Njy.

The simulation results of the voltage across the MOSFET switch of the SEPIC converter without
regenerative snubber and with non-coupled and coupled regenerative snubber for V;, =24 V are
shown in Figure 9. To ensure that the regenerative snubber has the same effect on the SEPIC
converter with different values of Vj,, the voltage across the MOSFET switch without snubber
and with snubber for V;,, =28 V and V},, = 22 V are depicted in Figures 10 and 11, respectively.
Without coupling of snubber inductance to SEPIC inductors, the improvement is limited, as shown in
Figures 9b, 10b, and 11b. The coupling between snubber inductance and SEPIC inductors contribute
significant reduction of ringing, as shown in Figures 9¢, 10c, and 11c. Comparison between simulation
results is shown in Table 2 where Avg. P is the average power consumption in the MOSFET during
turn OFF period, D is the duty cycle, Vy;, is the voltage overshoot across the MOSFET, and Vj; is
the steady-state voltage across the MOSFET during turn OFF period. Using the regenerative snubber,
the average power consumption in the MOSFET, the overshoot voltage during the turn OFF period
and the required time to reach the steady state are all reduced.

Table 2. Simulation results comparison.

Vie=24V V,, =24V V,, =28V V,, =28V V, =22V V, =22V

without with without with without with
Snubber Snubber Snubber Snubber Snubber Snubber
Vo 24V 24V 24V 24V 24V 24V
Avg. P 29423 W 1.8745 W 2.0223 W 1.694 W 3.6135 W 1.8785 W
D 0.544 0.544 0.493 0.493 0.575 0.575
Vitsos 100 V 72.86 V 100 V 734V 100 V 73V

Visss 492V 49V 515V 53V 472V 47V
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100 V(ds) 77 V(ds) 77 V(ds)
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80 II 6 I 63
70 ) 5 5
0 N 4 N 4 i
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50" 1 Au . 42
. I 1 !
It 28
30 fl o 28
20 | 14 21
A —
0 0 7
~10 -7 0
0.0ps 0.4ps 0.8us 1.2us 1.6us 2.0us 2.4ps 2.8us 3.2us 0.0ps 0.4ps 0.8us 1.2us 1.6ps 2.0ps 24ps 2.8us 3.2ys 0.0ps 0.4ps 0.8us 1.2us 1.6us 2.0ps 2.4ps 2.8us 3.2ys
(a) Vs without snubber (b) V5 without coupled snubber (c) Vs with coupled snubber

Figure 9. Simulation results for the voltage across the MOSFET switch “V;, =24 V”.
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(a) V5 without snubber (b) V5 without coupled snubber (c) Vs with coupled snubber

Figure 10. Simulation results for the voltage across the MOSFET switch “V;, =28 V”.
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(a) Vs without snubber (b) V5 without coupled snubber (c) Vs with coupled snubber

Figure 11. Simulation results for the voltage across the MOSFET switch “V;;,, =22 V”.

For the experiment, a prototype for SEPIC converter is built, as shown in Figure 12. The voltage
across the MOSFET switch in the turn OFF period without the regenerative snubber and with
the regenerative snubber experimentally for V;, = 24 V are shown in Figure 13a,b, respectively.
The regenerative snubber reduces the stress on the switch by reducing the ringing and suppressing
the voltage surge by 16 V. Moreover, the voltage across the MOSFET switch of the SEPIC during
the turn OFF period with snubber and without snubber for different input voltages are shown in
Figures 14 and 15, respectively. The voltage on the MOSFET switch without coupled inductance in the
regenerative snubber is shown in Figure 16b. Although the peak voltage is reduced compared to the
one without snubber circuit, the time for settling due to the ringing does not change significantly.
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Figure 12. Prototype for SEPIC converter.
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Figure 13. Experimental results for the voltage across the MOSFET switch “V;, =24 V”.
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Figure 14. Experimental results for the voltage across the MOSFET switch “V;;, =28 V”.
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Figure 15. Experimental results for the voltage across the MOSFET switch “V;, =22 V”.
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Figure 16. Experimental results for the voltage across the MOSFET switch “V;,, =24 V”.

Reverse protection diode and SEPIC diode are selected as PN junction diode. Although PN
junction diode has higher forward voltage drop than a schottky diode, it has lower reverse current
leakage at high temperature. The voltage drop on these diodes is around 0.9 V. Therefore, for a 4.4 ()
load these diodes contribute 11 W of power loss. The ferrite core is based on N87 material and has
4 W of power loss. The power loss due to the series resistance of inductors is 1 W. The conduction
and switching losses of the MOSFET switches are 1 W and 3 W, respectively. The gate driver circuit
including its low-dropout regulator contributes 1.5 W of power loss. The rest of the circuit contributes
less than 0.5 W. Therefore, for 4.4 () load the output power is 131 W and total power loss is 22 W. This
results in 85 % efficiency. Since snubber circuit improves switching losses which is only 14 % of the
total loss, the effect of snubber circuit on the efficiency is limited.

To measure EMI for the SEPIC converter, Rohde & Schwarz FSHS8 spectrum analyzer is used.
The SEPIC converter without regenerative snubber has a peak at the ringing frequency which is
20 MHz, as shown in Figure 17a. After using the regenerative snubber as shown in Figure 17b, the peak
at the ringing frequency is suppressed by 8 dB. On the other hand, another peak appears at 29.75 MHz,
but still less than the peak without regenerative snubber by 2.8 dB.
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Figure 17. EMI for the SEPIC converter “V;, =24 V”".

The EMI for the SEPIC without regenerative snubber and with regenerative snubber for input
voltage V;, = 28 V and 22 V are shown in Figures 18 and 19, respectively. For V;,, = 28 V as shown
in Figure 18a, the converter has a peak of 48.6 dB at the ringing frequency. In Figure 18b, using the
regenerative snubber reduces that peak to 40 dB. Moreover, at high frequency, the EMI is reduced by
10 dB. The same thing happens for V;;, =22V, as shown in Figure 19, where the converter has a peak
of 50.4 dB at the ringing frequency. Using the regenerative snubber reduces the peak at the ringing
frequency to 42.3 dB. Moreover, EMI at high frequency is reduced by 10 dB. EMI for SEPIC with
non-coupled regenerative snubber is shown in Figure 20 which does not reduce the EMI compared
to the coupled regenerative snubber. Performance measurement results with regenerative snubber
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and without regenerative snubber for different input voltages V;, = 24V, 28 V, and 22 V and with
non-coupled regenerative snubber for V;,, = 24 V are summarized in Table 3.

Table 3. Performance measurement results.

Vin =24V Vin =24V Vih =24V Vip =28V Vip =28V Vip =22V Vip =22V
without Coupled reg. Non-Coupled reg. without Coupled reg. without Coupled reg.
Snubber Snubber Snubber Snubber Snubber Snubber Snubber
Input current 6.4 A 6.4 A 64 A 55A 55A 7A 7A
Vo 24V 24V 24V 24V 24V 24V 24V
Viisos 90.8 V 748V 70.0 V 932V 764V N0V 70.8 V
Efficiency 85% 85% 85% 85% 85% 85% 85%
EMI at
ringing frequency ~ 48.9 dBpV 40.3 dBuV 51.6 dBuV 48.6 dBuV 40 dBuVv 50.4 dBuVv 42.3 dBpVv
20 MHz
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@ Ref: 80.0 dBpV *RBW: 100 kHz « SWT: 50 ms Trace: Average Ref: 80.0 dBpV *RBW: 100 kHz » SWT: 50 ms Trace: Average
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Figure 18. EMI for the SEPIC converter “V;, =28 V”.
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Figure 19. EMI for the SEPIC converter “V;, =22 V”.
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Figure 20. EMI for the SEPIC converter “V;, =24 V”".
4. Conclusions

An LC regenerative snubber for SEPIC converter for EV applications is proposed. The operation
of the SEPIC converter with regenerative snubber is analyzed. Determination and sizing for the
components of the regenerative snubber are presented. The effects of using the proposed snubber
on the SEPIC are verified by simulation and experimental results. The peak of the voltage stress on
MOSFET switch of the SEPIC converter is reduced by 16 V. An improvement on the EMI performance
of the SEPIC converter is achieved by 8 dB reduction at the ringing frequency. Moreover, EMI is
reduced at high frequencies by 10 dB. Using the proposed snubber does not affect the efficiency of the
SEPIC. The values of the snubber capacitor and inductor are sensitive, they should be selected to have
enough margin not to be affected by the parasitic capacitance and the leakage inductance values.
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