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Introduction

The single-ended primary-inductance converter (SEPIC)
is a DC/DC-converter topology that provides a positive
regulated output voltage from an input voltage that varies
from above to below the output voltage. This type of con-
version is handy when the designer uses voltages (e.g.,

12 V) from an unregulated input power supply such as a
low-cost wall wart. Unfortunately, the SEPIC topology is
difficult to understand and requires two inductors, making
the power-supply footprint quite large. Recently, several
inductor manufacturers began selling off-the-shelf coupled
inductors in a single package at a cost only slightly higher
than that of the comparable single inductor. The coupled
inductor not only provides a smaller footprint but also, to
get the same inductor ripple current, requires only half
the inductance required for a SEPIC with two separate
inductors. This article explains how to design a SEPIC
converter with a coupled inductor.

Basic operation

Figure 1 shows a simple circuit diagram of a SEPIC con-
verter, consisting of an input capacitor, Cyy; an output
capacitor, Cqr; coupled inductors Lla and L1b; an AC

on (top) and off (bottom)

Figure 2. SEPIC during CCM operation when Q1 is

coupling capacitor, Cp; a power FET, Q1; and a diode, D1.
Figure 2 shows the SEPIC operating in continuous con-
duction mode (CCM). Q1 is on in the top circuit and off in
the bottom circuit.

To understand the voltages at the various circuit nodes,
it is important to analyze the circuit at DC when Q1 is off
and not switching. During steady-state CCM, pulse-width-
modulation (PWM) operation, and neglecting ripple voltage,

Figure 1. Simple circuit diagram of
SEPIC converter
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the voltages as shown in Figure 3.

When Q1 is off, the voltage across L1b
must be Vyp. Since Cpy is charged to Vi,
the voltage across Q1 when Q1 is off is Vi + Vai
Vour, so the voltage across Lla is Viyp. When
Q1 is on, capacitor Cp, charged to Vpy, is con- Vour
nected in parallel with L1b, so the voltage
across L1b is —Viy.

The currents flowing through various cir- —Vin
cuit components are shown in Figure 4. When Vira I I I I Vour
Q1 is on, energy is being stored in Lla from (Vin < Vour) Vin
the input and in L1b from Cp. When Q1 turns
off, LL1a’s current continues to flow through Vin
Cp and D1, and into Cqyp and the load. Both Vi1a I I I I
Coyr and Cp get recharged so that they can (Vin> Vour)
provide the load current and charge L1b,
respectively, when Q1 turns back on.

ViN(max) * Vourt

Q1 Q1
ON OFF

Vib

Duty cycle

Assuming 100% efficiency, the duty cycle, D,

for a SEPIC converter operating in CCM is Figure 4. SEPIC component currents during CCM
given by

V, V,
D= out * VrwD , e
Vin + Vour + Vewn

Ts

Vin* Vour
where Viyp is the forward voltage drop of the

Schottky diode. This can be rewritten as Var| DxTs | (1-D)xTs

D _ Your+Vewp _ Inv 2)
1-D ViN Iour

la1(Peak)

e > Iin+ lout

D(max) occurs at Vigmin), and D(min) occurs lat
at VIN (max)*

Selecting passive components

One of the first steps in designing any PWM
switching regulator is to decide how much
inductor ripple current, Al;, to allow. Too

\\
much increases EMI, while too little may \\I [ —
|

~_ Iin + lout

result in unstable PWM operation. A rule of
thumb is to use 20 to 40% of the input cur- Icp
rent, as computed with the power-balance
equation,

I
AL, = 30%x - = 30% x Iy’ (3) [

In this equation, Iy from Equation 2 is divided
by the estimated worst-case efficiency, n, at
ViNemin) @04 Loy max) for a more accurate ey
estimate of the input current, Ijy"

In an ideal, tightly coupled inductor, with
each inductor having the same number of
windings on a single core, the mutual induc-
tance forces the ripple current to be split
equally between the two coupled inductors.
In a real coupled inductor, the inductors do
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not have equal inductance and the ripple currents will not
be exactly equal. Regardless, for a desired ripple-current
value, the inductance required in a coupled inductor is
estimated to be half of what would be needed if there
were two separate inductors, as shown in Equation 4:

VIN(min) x D(max)

Lla(min) = L1b(min) = %x (€Y

ALy, X 5w (min)

To account for load transients, the coupled inductor’s
saturation current rating needs to be at least 20% higher
than the steady-state peak current in the high-side induc-
tor, as computed in Equation 5:

6))

, L ’ 30%
I 1a(Pea) = Iin t = In (1+ 0)

Note that Iy, peax) = lour + Aly,/2, which is less than
I 1a(peak):

Figure 5 breaks down the capacitor ripple voltage as
related to the output-capacitor current. When Q1 is on,
the output capacitor must provide the load current.
Therefore, the output capacitor must have at least enough

Figure 5. Ripple voltage of output capacitor
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capacitance, but not too much ESR, to meet the applica-
tion’s requirement for output voltage ripple, AVgp;:
AV < Loyt X D(max)
RPL = C % f ]
OUT ™ *SW(min)

(6)
+ESR x I:ILla(Peak) + Ile(Peak)]

If very low-ESR (e.g., ceramic) output capacitors are used,
the ESR can be ignored and the equation reduces to

S IOUT X D(maX)

~ AVgpr, X fgw(min)

)

Cour

where fgy(pin) 18 the minimum switching frequency. A
minimum capacitance limit may be necessary to meet the
application’s load-transient requirement.

The output capacitor must have an RMS current rating
greater than the capacitor’s RMS current, as computed in
Equation 8:

3 D(max)
I mMs) = TouT X T-D(max)

€))

“ Ts >
\‘ \‘ In
IcOUT
DxTs | (1-D)xTs
—lour
Vesr * (I + IL4p = lour)

\/ \I

AVRpL_ESR |
Vesr * lout i
AVRPL_Cour TN N —
AVrpL = AVRpL Esr * AVRpL_Coyr
/I o
Vout Ac \I
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The input capacitor sees fairly low ripple currents due
to the input inductor. Like a boost converter, the input-
current waveform is continuous and triangular; therefore,
the input capacitor needs the RMS current rating,

Al
Lo rus) = Nk

The coupling capacitor, Cp, sees large RMS current rela-
tive to the output power:

, |1-=D(max)
o, crvs) = N\

From Figure 3, the maximum voltage across Cp is

€))

(10)

Va1 @ax) ~ VLibmax = Viv + Your — Vour = Vix-
The ripple across Cp is
_ IOUT X D(maX)

= 11
A%, Cp X fgw b

Selecting active components
The power MOSFET, Q1, must be carefully selected so
that it can handle the peak voltage and currents while
minimizing power-dissipation losses. The power FET’s
current rating (or current limit for a converter with an
integrated FET) will determine the SEPIC converter’s
maximum output current.

As shown in Figure 3, Q1 sees a maximum voltage of
ViNmax) + Your- As shown in Figure 4, Q1 must have a
peak-current rating of

Iqicpeary = Iniacpear) FLib(peak) = In" +lour + AL, (12)

At the ambient temperature of interest, the FET’s power-
dissipation rating must be greater than the sum of the
conductive losses (a function of the FET's rpg(o,) and the
switching losses (a function of the FET’s gate charge) as
given in Equation 13:

2
Pp_q1 = IQuirms) X Ipscon) X PMax) + L pear) 13)

thie +1
> Rise Fall XfSW?

X [ ViN(min) + Vour + Vewp J 5

where tpy, is the rise time on the gate of Q1 and can be
computed as Q1’s gate-to-drain charge, Qqp, divided by the
converter’s gate-drive current, Ipgy. Q@1's RMS current is

’

Iy

IQirMs) = m-

(14)
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The output diode must be able to handle the same peak
current as Q1, Iy (peqr)- The diode must also be able to
withstand a reverse voltage greater than Q1’s maximum
voltage (ViNimax) + Vour + Vewp) to account for transients
and ringing. Since the average diode current is the output
current, the diode’s package must be capable of dissipat-

ing up to PD7D1 = IOUT X VFWD'

Design example

A DC/DC converter is needed that can provide 12 V at
300 mA (maximum) with 90% efficiency from an input
voltage ranging from 9 to 15 V. We select the TPS61170,
which has a 38-V switch, a minimum switch-current limit of
0.96 A, and a 1.2-MHz nominal (1.0-MHz minimum) switch-
ing frequency. The maximum output voltage ripple allowed
is 100 mVpp. The maximum ambient temperature is 70°C,
and we will use a high-K board. In Reference 1, Ray Ridley
explains how to compensate the control loop at the link.
Table 1 summarizes the computations using the equa-
tions given earlier. Equations 8 through 11 are not shown
because ceramic capacitors with low ESR, high RMS cur-
rent ratings, and the appropriate voltage ratings were
used. Figure 6 shows the schematic. Figure 7 shows the
design’s efficiency with a Coiltronics DRQ73 inductor and
a Wurth 744877220. Figure 8 shows the device operation
in deep CCM.
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Table 1. Computations for SEPIC design example
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DESIGN EQUATION COMPUTATION SELECTED COMPONENT/RATING
Passive Components
12V+05V
D =———————=058
0 maX) = V8 V05V N/A
, 03AX12V
Al =1y X30%=—————%x30%=0.44 Ax30%=0.13 A
(2) and (3) L=IN = oV x90% o o N/A
1 9 Vx0.58
Lla=LTb=—x—————=20.1pH
@ ‘ 2 013 AIMHz P
" Coiltronics DRQ73: 22 yH, 1.6 A, and 110 mQ
(5) L1a(peak) =0.44 Ax (1+302 °j:0.51 A
0.3 Ax0.58
7 Coyr2——————=174F 4.7-pF, 25-V X5R i
) 0UT= 0 1V x1 MHz g v ceramic
Active Components
(12) lai(peak) =044 A+0.3 A+0.13 A=+0.87 A
(14) Q1(RMS) Joss TPS.61 170 \-Nlth 0.96-A-rated switch. Capable
of dissipating 825 mW at 70°C.
13) Pp 01 =(0.58 A)*x 0.3C2x 0.58 +0.87 A
X(9V+12V+0.5V)x10nsx1 MHz =246 mW
— Pp p1=03 Ax 05 V=150 mW MBA140: 1 A, 40V
Figure 6. SEPIC design with 9- to 15-V V,, and 12-V Vg, at 300 mA
Vin = L1a C4 Vour =
9to 15V 22 pH 1uF D1 12 V at 300 mA
o—e YY)
Cin l 22'-13 Cout
4.7 uF .
H I TPS61170 H 4.7 WF I R1
87.6 kQ
— VIN sw — —
CTRL FB
4.99 kQ
COMP GND R2 §
10 kQ
C3
22 nF:I:
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Figure 7. Efficiency of example SEPIC design
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Figure 8. Operation at V;,y =9 V and Igyr = 200 mA
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