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Introduction

The single—ended primary—inductor converter (SEPIC)
is a type of DC/DC converter that allows the electrical
potential (voltage) at its output to be greater than, less than,
or equal to that at its input. The SEPIC converter is
controlled by the duty cycle of the main switch Q1.

Like other DC-DC switch-mode power supply
converters, the SEPIC exchanges energy between inductors
and capacitors to convert from one voltage to another
voltage. Typical applications for a SEPIC regulator are [1]:

® Battery—operated equipment and handheld devices

L1 L2

® NiMH chargers

e | ED lighting applications

® DC power supplies having a wide range of input voltages
Any boost controller (External FET) or converter

(Internal FET) can be used to control a SEPIC regulator. We

will focus on a SEPIC controller for the rest of this

document. In figure (1) we have represented the SEPIC

controller with separate inductors, however these inductors

can be coupled inductors (see Appendix A). A simplified

schematic for a SEPIC regulator is shown in figure (1).
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Figure 1. SEPIC Converter

When transistor Q1 is conducting, the input inductor L1
is charged by the input voltage V;,,. Inductor L2 takes energy
from the coupling capacitor Ccp. The output current to the

load is supplied by capacitor Cout. The simplified schematic
while Q1 is conducting (ON state) is shown below in
figure (2).
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Figure 2. SEPIC Converter during ON State
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Depicted below in figure (3) is the simplified schematic capacitor Ccp. The currents through inductor L1 and
when transistor Q1 is off. When the main switch Q1 is off, inductor L2 provide current to the output capacitor Cout and
the diode is conducting and inductor L1 charges the coupling the load.
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Figure 3. SEPIC Converter during OFF State
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Figure 4. Steady State Waveforms for a SEPIC Converter in CCM Mode.
Vg7 is the Drain to Source (Vpg) of Transistor Q1.
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Duty Cycle
The voltage across inductor L1 (assuming no Ohmic
losses in the inductor) is shown below in figure (5):

Vi1

- Vin—VCcp—VD_Vout

Figure 5. Voltage across Inductor L1

Applying Volt—Second balance on inductor L1 we arrive
at:

DTSW TSW
]
— j vV, dt + f (Vin = Voo = Vo = Voudt| = 0
sSwW
DTsw
= DTawVip + (1 = D)TswVin = Voo = Vo = Vou) (. 1)

Given that the average voltage across inductors L1 and L2
equals 0, the average voltage across the coupling capacitor
Vep = Vin - Replacing Ve, with Vi, in equation (1) yields:

DV, + (1 = D)(-Vp — Vo =0

Therefore:
D Vour T VD
1-D Vi, (eq. 2)
Or:
_ Vout + VD
Vin + Vout + VD (eq- 3)

Where Vp is the diode forward voltage. From equation (3)
we notice that the maximum duty cycle occurs at Vi (in) and
the minimum duty cycle occurs at Viynay) - If we ignore the
diode drop, we arrive at the ideal duty cycle for the regulator:

VOUt

Vi, +V

out

Digeal =

(eq. 4)

Relationship between Input and Output Current

I 1,peak

I1,valtey

iCcp

=lL2,vatiey

‘/Lz,peak

Figure 6. Capacitor Ccp, Currents
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When Q1 is conducting, the coupling capacitor Ccp through the coupling capacitor Cep varies from I 7 peax t0
discharges through L2 therefore the capacitor current varies I.1,valley as shown in figure (6). Applying Ampere second
from = 3 yailey t0 ~I2 peak as shown in figure (6). Similarly, balance on capacitor Ccp yields:
when Q1 is off and the diode is conducting, the current

DTsw i Tsw di
1 Lo Iy
T_sw I - <|L2,valley + ? t - 0))dt + J (|L1,peak - T t - DTSW))dt =0
0 Tsw
DTSW V TSW V
1 in out
= T—SW I — (ILZ,vaIIey + L—2t) dt + I (|L1,peak - L_1 (t - DTSW))dt
0 DTgw
DTSW TSW

V, V,
1 Vi, in D Vi
= — j — <|L2,valley + L_2 t)dt + j <|L1,valley + L_1 DTsw — 1-DL. t- DTSW))dt

Tew 1
DTew ¥
IL1,pea\k
DT (I + V—i”DTSW) +(1-DT (I + —Vi”DTSW)
= TUPlsw| 'Laval - sw | L1 vall
valley 2L2 valley 2L1

IL2,p2p |L1,p2p
= —DTsw| lovaiiey + > + (1 = D)Tsw| L vaey + >

(eq. 5)
Where I, )2, is the peak to peak inductor current. iy, = qu dt
. I L2p2p . L1
From equation (5), {7,y + > is equal to the
i= | —v,dt
average current through inductor L2 (I;»). Following the j L, (eq. 10)
same approach for inductor L1 we conclude that Using KVL and assuming zero loss in MOSFET Q1, we
Lipp\ . ) arrive at the following expression:
Irypaney + — s the average current through inductor Vv
IN
i=—t+]1
L1 (I ;). Therefore: L, L1 valley (eq. 11)
-Dl,+(1-D), =0 Equation (9) attains its maximum when ¢ = DT, thus:
It D IN
L, 1-D (eq. 6) L1 peak = L_1DTSW + 11 valley (eq. 12)
At this point we have found a relationship between the Now the peak—to—peak current can be calculated as
average inductor cgrrents. Ass.umlng 100% efficiency we Lt p2p = ILt.posk — Lt valley
arrive at the following expression:
VD
Voutlout = Vinlin - N
D Lyfsw (eq. 13)
Vout Iin IL1 ideal . . .
V. L. 1. 1 b (eq. 7) Where f;,, is the switching frequency of the regulator and
in out L2 ideal qg. is defined as:
Using equation (2) and (7) the relationship between the 1
average input and output currents can be expressed as: fow = T (eq. 14)
sw
L= Digeai - Vou To design the SEPIC regulator we need to define the
nooy - Dideal out Vin (eq. 8) maximum allowed ripple in the inductors. A good rule of
thumb is to use 20% to 40% of the input current. Assuming
Inductor selection the allowed ripple through both inductors is 20% we arrive
When Q1 is conducting, the voltage across the inductor L1 at the following expression:
equals: - - o
q y Al = 4 pop = lin X 20% (eq. 15)
Iy
i hy (eq. 9)
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Solving equation (15) in terms of the output current I,
yields:

\Y
Al = loy— x 20%
in(min)
Using equation (13), the inductor value can be calculated
as:

(eq. 16)

Vin(min)
Al fow

If inductors L1 and L2 are coupled inductors, the value of
the inductance required is half of what would be needed
should there be two separate inductors [2]. Therefore, for
coupled inductors the value of inductance required is given

by:

Li=L,=L= max

(eq.17)

Vin,min
Lia =Ly = oAl f
L's

The peak current in inductor L1 can be expressed as:
Al

IL1,pea1k =1y + >

max

(eq. 18)

(eq. 19)

AL
"ty
Al

= —

*1 - Dpmax 2

Dmax 20%

=low—F= —x{1+——
1 — Drmax 2

Or in terms of the input and output voltages:

Vou + Vp (
o B (14

Dmax

(eq. 20)

= lout

20%)
(eq. 21)

in(min)

Similarly, the peak current in inductor L2 can be
expressed as:

Al

lopeak = lo + ==

pea 2 (eq. 22)
— | + ﬂ

out 2

O,

g (1422%)

ou (eq. 23)

The minimum or valley currents through L1 and L2
inductors can be defined as:
Al

Lt vatiey = lin 2 (eq. 24)

Al

I S
t
ou 2

L2valley = | (€q. 25)
Power MOSFET Selection (External FET)
The current through transistor Q1 is the sum of the

inductor currents while Q1 is conducting

igr® = i) + i) (eq. 26)
VlN Vin
= 14 valley + Tt + lovaley + Tt
A
= It vaey * liovaley + L t (eq. 27)

The maximum or peak current through the transistor can

be defined as:
la1peak = IL1 +1
,peal ,peak L2,peak (eq. 28)

The RMS current through transistor Q1 can be defined
as [3]:

Ts

_ 2 in~2 2
= \/ (hit vatiey + 2 vaiiey) Pmax + (L1 vaiey + I2,valiey) L DhaxTsw + Vin(min)E 3

After some algebraic manipulation, the equation for the
RMS current is given by:

1 D%ax

1

2
1
D — + 2
e (1 - Dmax out)

5 in(min)E 2
sw
(eq. 30)
Though less accurate, for a quick, back of the envelope
calculation, we can ignore the second summand in the
expression above which yields:

Qi,ms —

2

1
D —
e (1 - Dmax out)

Q1,rms =

(eq. 31)

TSW
2Vin z
— It valey T ILovaliey + Tt
W
0
4 D?nangw
(eq. 29)
Or in terms of the input and output voltages:
Mingmin) + Vout + Vo) Vout + Vp)
lat,ms = lout >
in(min) (eq. 32)

The power losses in the transistor Q1 can be divided into
two categories:
1. Conduction Losses
2. Switching or overlap Losses
The total power losses in transistor Q1 are equal to:

Pat = Peona T Psw

ar (eq. 33)

The conduction losses in the transistor is given by:

— 12
Pcond = 131,ms Ds(on)Prmax (eq. 34)

The switching losses are approximately equal to,

1

Psw = 5 Vpslar,peak(Trise + Tranfsw

2 (eq. 35)
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When Q1 is off, the voltage from drain to source can be
calculated using a KVL:

Vps = Voep + Vb + Vour (eq. 36)
Given,

VCCp = Vin(max)

Equation (36) can be expressed as,

Vps = Vinmay + Vo + Vou (eq. 37)
Therefore,

1
Psw = E(Vin(max) + Vp + Voot pear(Trise + Tran)fsw (eq. 38)

Where 7,5 & Ty5¢ are the rise and fall of the gate of Q1
and can be calculated as,
Q

gd
Trise = Isrc (eq. 39)
di
T = —
fal Tsnk (eq. 40)

Qgq is the MOSFET Miller plateau voltage gate charge,
and I, and I, are the source and sink currents of the gate
driver respectively. The rpson) is typically found in the
datasheet and should be selected at maximum junction
temperature. To ensure proper operation, the selected
MOSFET must have:

1. Breakdown voltage > Viymax) + Vp + Vour

2. Continuous current capability > I (rms)

3. Maximum junction temperature Tjuqax) > Por X
Roja + Tambient

4. Vgs > Gate drive voltage

It is important to mention that if a SEPIC converter is used
(internal FET) Ip;(rms) Will be the maximum current through
the device.

Ccp,rms,max

For simplicity we have assumed the average current
through the inductors. The RMS current can now be
expressed as:

ICp,rms,max = \/Dmaxlﬁz +( - Dmax)'ﬁ (eq. 46)

Employing equation (6), the expression above can be
simplified to:

D
= Dmaxlgut + (1 - Dmax)(lout&)
1- Dmax

Dmax

2
|

Cp,rms,max

°'V 1 — Dpax (eq. 47)
Or in terms of the input and output voltages:
L Vo\t;t +V,

Mmin (eq. 48)

Diode Selection
To ensure proper operation and avoid damaging the diode,
the diode selected must be able to withstand reverse voltages
equal to:
Vg = Vin(max) + Vout(max) (eq. 41)

The peak current through the diode is equal to the peak
current of transistor Q1 so the diode must be able to handle:

ID(peak) = IQ1,peak = IL1,peak + IL2,peak (eq. 42)

There’s also an average current that the diode must be able
to withstand:

IOUt
1-D (eq. 43)

Last but not least, the conduction loss in the diode is equal
to the diode average current times the forward voltage drop
in the diode therefore the diode package must be able to
dissipate up to:

Pp = IpVp(1 — D) =

Ip lin + lout =

(eq. 44)
To improve efficiency (or reduce losses in the diode) a
diode with a low forward voltage is recommended. Schottky
diodes are a good candidate due to their low forward voltage.
In summary, for proper operation the selected diode must
have:
1. Reverse voltage capability 2 Viyomax) + Vout(max)
2. Peak current capability 2 I peak)
3. Average current capability > I;;, + Iy,
4. Maximum junction temperature Tjnax) 2 Pp X
Roja + Tambient

IoulVD

Coupling Capacitor Selection

To calculate the amount of RMS that coupling capacitor
Ccp must withstand, we need to calculate the RMS current
in the capacitor. The RMS current can be calculated as [3]:

DTSW TSW
TLSW j 12,dt + f 2,dt
0 DTsw (6. 45)
The coupling capacitor must be able to handle voltages
equal to:
Vin(max)

The peak-to—peak voltage across the capacitor can be

calculated as:
TSW

1
— I dt
Ccp in
DTsw
- Dmax)Tsw

Ccp

AVCcp =

li,(1

(1 - Dmax)Tsw
Ccp

Dmax

out
1- Dmax

IoutDmaX

Ccepfsw

(eq. 49)
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The ripple across the coupling capacitor Ccp, is
determined by its capacitance and its equivalent series
resistance (ESR). Assuming a linear relationship between
the two sources of ripple we arrive at:

IoutDmaX

Ccepfsw

AVcCp = + ESR x max(lu’peak, |L2,peak)

Thus, the coupling capacitor can be calculated as:

IOuleaX
Ccp =
AVCcpfSW (eq. 50)
Similarly, the maximum ESR can be calculated as:
AVCCp

ESR =

max(lLLpeak! |L2,peak) (eq. 51)

It is recommended to use a ceramic capacitor to keep the
ESR losses as small as possible.

Output Capacitor Selection

Looking at figure (4), when transistor Q1 is conducting,
the current through the output capacitor equals /,,;,; since the
capacitor is the only element providing current to the output.
When transistor Q1 is off the current through the Cout is the
sum of the inductors L1 and L2 current minus the load
current. Assuming average currents for simplicity, the
output capacitor RMS current can be expressed as:

DTsw Tsw
1 2 2
ICout,rms,max = T_ j Ioutdt + j (IL1 + IL2 - Iout) dt
sw
0 DTgw
(eq. 52)
From equation (7) I, = I1 > therefore
DTsw Tsw
1 2 2
ICout,rms,max = ICcp,rms,max = T_ J IL2dt + J IL1dt
sw
0 DTgw
Dmax
Icoutrms = lout
' 1- Dmax (GQ- 53)

Or in terms of the input and output voltages:
Vout + VD

=low [—V——
VINmin (eq. 54)

The ripple across the output capacitor Cout, is determined
by its capacitance and its equivalent series resistance (ESR).
Assuming a linear relationship between the two sources of
ripple we arrive at:

IoutDmaX

Coutfgy,
Thus, the output capacitor can be calculated as:

AVCout = + ESR x (|L1,peak + IL2,peak)

Cout = —20m=

AV fsw (eq. 55)

Similarly, the maximum ESR can be calculated as:

AVCout

ESR =
(eq. 56)

It is recommended to use a ceramic capacitor to keep the
losses small.

IL1 ,peak + IL2,pee:1k

Input Capacitor
The input capacitor sees moderately low RMS current
thanks to the input inductor. The RMS current in the input
capacitor is given by:
Al

-

1|

ICin,rms =

Vi1

N

(eq. 57)

www.onsemi.com

7


http://www.onsemi.com/

Design Example
Input voltage: 3.75-9.0 V
Output voltage: 5.5V
Output current: 1.25 A
Frequency: 2 MHz
Assuming a diode drop of 0.5 V
Temperature: 85°C
Device selected onsemi NCV898031

VIN_IC VIN_IC

o7}
100 nE|:
L Vin Vou 7447783033 7447783033

L2 3.3 uH

3.3 uH

AND90136/D

L1

V() cin==47VF

25V
-
R5 240 Ohm ~
NCV898031
VDRV GDRV
= VIN_IC

Cs = VIN GND

1 uF
. VC ISNS
R4 VFB EN/SYNC

500 Ohm Cc2

Ct _|_4.7 nF
R1
47 nF—l_ v’\/\IA

MBRS320T3G
oVout=55V@1.25A
D1
_| cout { Load
= §4.4 Ohm
4.7 uF
0.5 Ohm'' 22 uF 25V
1

=<4  3Ro 71.7kOhm
20 kOhm

Figure 7. Simplified Application Schematic (Simulation Test Bench)

Step 1: Calculate the Duty Cycle
Vout + VD

Dmax =
Vin(min) + Vout + VD

- 55405 05 = 0.6154
3.75 + 55 + 0.5

D. = Vout+VD

min

Vin(max) + Vout + VD

55+ 05

=227  _ 04
9.0 + 55 + 05

Step 2: Inductor Selection
Calculate the inductor ripple current:
\Y
Al = o —2 X 20%

in(min)

125 x 22 & 20% — 0.3667 A
3.75

Now the inductance L1 and L2 can be calculated:

Vin(min)
" Alfe
3.75
~ 0.3667 x 266

Li=L,=L

max

x 0.6154 = 3.1469 pH

Waurth Elektronik 7447783033: 3.3 uH, 4.1 A, and 18 mQ
is selected for L1 and L2. Based on the inductor selected, we
can calculate the actual inductor ripple as:

Vin(min)
AIL = Dmax = 0.3497 A
Lfsw
) Al Vin(min)
Ripple = — X 100 = 19.07%
out out

The peak L1 current can be calculated as:

Vout + Vp 19.07%
IL1,peak = lout X (1+ P
in(min)
5+ 0. 19%
=125 XMX (1 + 9/) = 21907 A
3.57 2
And the peak L2 current can be calculated as:
19.07%
IL2,peak = o X |1+ _2

1.25 x (1 +%) = 1.3692 A
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Step 3. Power MOSFET Selection
The peak current through the MOSFET equals:

|Q1,peak = IL1,pea1k + IL2,peak
= 2.1907 + 1.3692 = 3.5599 A

Calculate the rms current through the MOSFET:

2

Q1(rms) =

]
Dmax|: (mlout)

1

+ _V2 lDrzn_ax
3 in(min) L2 Fgw

- [o06154 x (+
1-06154

= 2.5544 A
Breakdown voltage:
Vapss > Vinmax T Vour + Vb
>9+55+05
> 15V

Assuming an rpgon) of 10 m&, the conduction power
dissipation can be calculated:

2
181, rms"Ds(ON)Pmax
2.55442 x 10e-3 x 0.6154 = 40.2 mW

Similarly, assuming a 7,5 & Tfy of 10 ns each, the
switching power loss can be calculated:

Peona =

1
Psw = E(Vout + Vp + Vinma) a1 peak(Trise + Tranfsw

= % x 15 x 3.5599 x (10e-9 + 10e-9) x 2e6 = 1.0680 W
Now the total power dissipation can be calculated:
= Poong + Psw

40.2e-3 + 1.0680 = 1.1081 W

Pas

Vgs has to be greater than the gate drive voltage for
NCV898031 which is equal to 6.3 (typ). The onsemi
MOSFET NTTFS5C471NL N-Channel, 40 V, 12 A, 9 mQ
was selected using onsemi Product Recommendation
Tool+. For NTTESSC471NL, the Rgj4 = 50 C/W and the
Ti(max) = 175 C therefore

T

j(max)
175 > 1.1081 x 50 + 85
175°C > 140.4°C

> F’Q1 x l:IKE)JA + Tambient

Step 4: Diode Selection
The peak current for the diode is equal to:
Ippeak = lat,peak = IL1peak + L2 peak
= 2.1907 + 1.3692 = 3.5599 A
The reverse voltage for the diode equals:
Vinmax) + Y (outmax)
=9.0+55 =145V
The average current for the diode equals:

- lout 125
b= =
1-Dp, 1-04

= 2.0833 A

X 1.25) +

2 3752 1
X

3 3.3e-62

0.61542
X
2e62

Atlp = 2A (@ 100 C), the forward diode drop Vp =~0.35,
therefore the power dissipated in the diode equals:

Po = loutVp
= 1.25 X 0.35 = 0.4375 W

The onsemi Diode MBRS320T3G, Schottky Power
Rectifier, Surface Mount, 3.0 A, 20 V is selected. For the
selected diode the Rgj4 =30 C/W

T

i

> Pp X Rgya + Tambient

max)

150 > 0.4375 x 30 + 85 = 98.125
150°C > 103.75°C

Step 5: SEPIC Coupling Capacitor Selection
The RMS current through the capacitor is given by:

| Vout + VD

ICcp,rms =
min

105 /55 + 05 _
3.75

For 5% ripple, the minimum capacitance can be
calculated as:

1.5811 A

IoutDmaX

Cogp 2 ——
CP 70,05 X Vinminfsw

- 1.25 x 0.6154
~ 0.05 x 3.75 x 2e6

Waurth Elektronik 885012209026 3.3 uF, 25 V, and
3.69 mQ2 @ 2 MHz is selected for Ccp. Given we have
selected a ceramic capacitor with low ESR, we will ignore
the ESR requirement.

It may become necessary to place an RC damping network
in parallel with the coupling capacitor if the resonance is
within ~1 decade of the closed—loop crossover frequency.
The capacitance of the damping capacitor should be
~5 times that of the coupling capacitor. The optimal
damping resistance (including the ESR of the damping
capacitor) is calculated as:

L1+ L2
Ccp

See reference [4] for more details.

= 2.05 uF

Rdamping
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Step 6: Output Capacitor Selection
The RMS current through the capacitor is given by:

I Vout + VD

ICout,rms =
min

_4ps [65105 _
3.75

For 2% ripple, the minimum capacitance can be
calculated as:

1.5811 A

IoutDmaX
Ceout = 502 x V1
. out'sw
. 1.25 x 0.6154 > 3.4965 \F
0.02 x 5.5 x 2e6
Waurth Elektronik 885012208068 4.7 uF, 25 V, and

3.73 mQ @ 2 MHz is selected for Cyy. Given we have
selected a ceramic capacitor with low ESR, we will ignore
the ESR requirement.

Step 7: Input Capacitor Selection
The RMS current through the input capacitor is given by
Waurth Elektronik 885012208068 4.7 uF, 25 V, and
3.73 mQ2 (@ 2 MHz is selected for Cin.

Selecting the input capacitor needs special considerations
such as:

Al

2

ICin,rms =

® Electromagnetic Interference (EMI). An EMI filter might
be needed to mitigate EMI.

® Negative impedance of the converter.
impedance can lead to oscillations.
These items must be addressed in the physical circuit thus

it lies beyond the scope of this application report.

Negative

Simulation Results

To corroborate our analytical waveforms and ensure
proper operation, simulations where carried out using the
NCV898031 SIMPLIS model and the schematic in
figure (7) for the following conditions:

Input voltage: 6.0 V

Output voltage: 5.5 V

Output current: 1.25 A

Frequency: 2 MHz

Vol /v

MO\S‘{'

2.5

1.5

Q1 /A

0.5

VD1V

-10

3.0

20

D1/ A

1.0

0.0

18

L1/ A

14

1.0

1.2

0.8

L2/ A

0.4

0.0

1.0 |-

0.0

ICcp /A

-1.0 —

1.0544

1.0546 1.0548

time/mSecs

1.0550 1.0552 1.0554

200nSecs/div

Figure 8. Transient Simulation Results
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Figure 9. Open Loop Response
There are also more average models that can be found on the product page for NCV898031 under the
downloaded to simulate the loop response of the circuit and technical Documentation & Design Resources:

measure the stability of the design. All the models can be

Technical Documentation & Design Resources

Design & Development Tools (1) Videos (1)
Simulation Models (3) Evaluation Board Documents (5)
Data Sheets (1) FAQ (2)

Package Drawings (1)

Figure 10.
Resources: [2] onsemi Application note DN06033/D, NCP3065
1. Find the best product for your application using SEPIC LED Driver for MR16,
onsemi Product Recommendation Tool+ (PRT+) https://www.onsemi.com/pub/Collateral/ DN06033-D.
2. Simulate the performance for your regulator using PDF
onsemi WebDesigner+ (WD+) [3] Ioinovici, A. (2015). Power electronics and energy

conversion systems: ac. John Wiley.
[4] NCV898031 Data sheet, https://www.onsemi.com/pdf/

datasheet/ncv898031—d.pdf
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Appendix A

Using coupled inductors leads to a design with better inductors. One issue with coupled inductors is that it’s
integration, less components, and lower inductance harder to find high power off-the-shelf coupled inductors as
requirement when compared to using two separate compared to single inductors.
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