Compensation for Current
Mode Control SEPIC
Converters

Introduction

SEPIC converters have a number of advantages. They allow
an input voltage higher or lower than the output voltage. The
input voltage and output voltage can be dc isolated by a ca-
pacitor. The use of a low side switch makes the switch driver
easy to implement. Unlike buck-boost and Cuk converters,
the output voltage of SEPIC converters is non-inverting.
Hence, SEPIC converters are useful in many applications.

This application note presents the design of compensators for
current mode control SEPIC converters. The LM3478 current
mode controller will be used. Detail procedures on designing
alag compensator will be presented in an illustrative example.

Basic SEPIC Converters
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FIGURE 1. A SEPIC Converter

A SEPIC converter is shown in Figure 1. It consists of two
inductors (L4, L,) and two capacitors (Cg, Cq1). Let v,y and
Vout be input and output voltages, vt and vg be voltages
across Cqyr and Cg, i 4 and i , be currents through L; and
L,, and R be the equivalent series resistance (ESR) of
Cout- Assume that the load is a resistor R, and that the
switch S, and the diode D, are ideal.

In the continuous conduction mode (CCM), when S, is turned
on, L, and L, are charged up by v,y and vg respectively, while
Cg and Cqyr are discharged by i, and the output current re-
spectively. When S, is turned off, L, and L, are discharged,
and Cg and Cg ;7 are charged up. The open loop small signal
model of a SEPIC converter is

Ny(s)d + N, (s)¥ ’
A(s) ()

Vout =
where

Na(s) = VinRour(1 + sRcCour)
jo_SD%L
(1 - DYRour

2
Nn(S) = 5(1'E)ROUT(1 + SRCcOUT) (1 + S L_ZCS)
D @)

3=
+ 82(L1 +L5)Cs - %
(1-DfRar] (3

A(s) = Dy + Dys + D,s2 + Dgs8 + D54 (4)

The coefficients of (4) will be listed in Appendix A. Also,
Ny(s) and N, (s) can be expanded to a polynomial as shown
in Appendix A. The duty cycle d is the ratio between the on-
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time and the switching period T, of the switch S. Its nominal
value is

_ V,

D = &
Vin * Vour (5)
Under current mode control, the current of S;, which is the
sum of i y and i ,, is fed to the controller during the on period
in order to determine the on-time of S,. The small signal mod-
el of a current mode control SEPIC converter is

5 - Ncc(S)TC + Ncv(s)‘{;IN
ouT Dcc(s)

where i is the current control signal. It can be converted into
a voltage control signal v by a resistor Rgy connecting be-
tween S, and the ground. Then the relationship between the
output voltage and the voltage control signal can be formu-
lated as follows:

Vout = Nec(s) Vo
oUT = 5 R
Dec(s)RsN 6)
where
D = Dgy + Dgys+ Dps2 + D588
+ Dgy84 +D 585 + DgSg, )
Nge = Ngo + NgyS+ Nps2 + Ngs8
+ Ngy8% + N85 + Nigs8, (8)

The coefficients of (7) and (8) will be shown in Appendix B.

Compensator Design

A compensator can be implemented by a transconductance
amplifier, with an open loop gain of g,, and an output
impedance of R, connecting to a resistor R and a capacitor
Cc in series to the ground, as shown in Figure 2. Let the
negative input of the amplifier is connected to a reference
voltage Vzer, and the positive input is connected to the output
voltage vq 7 through a resistor divider network implemented
by Rg; and Rg,, the transfer function relating v and v is

(R R+
c~ RF1+RF2 ouT REF gm RO i C1 CC1 )

By adding small signal perturbations, the AC equation can be
obtained as follows:

G = Re2 g 1+ 8R¢4Cy; S
€ Rey+ R, "™ 01+ 5(Rey + Ry)Cqy VT

(10)
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FIGURE 2. A Compensator Implemented by a
Transconductance Amplifier Circuit
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FIGURE 3. Frequency Response of a Lag Compensator

It can be shown from (10) that the compensator consists of a
dc gain of A, and a pole and a zero located at frequencies
fpc and f,¢. The three parameters can be formulated as

R
F2
/\ i ——— g Fz
€ Ry *+Rg, ™ °
. 1
PC 2n(Ry, + Ry)Cq,
¢ 1

zc ™ 27‘R01CC1’

Since fp is always lower than f,¢, (10) is a lag compensator.
If Rgq is zero, (10) becomes a compensator with a dominant
pole. The frequency response of the lag compensator is
shown in Figure 3, the lag compensator provides an attenu-
ation in magnitude at the high frequency. The degree of
attenuation is determined by the distance between fp; and
fzc. It is because the magnitude is decreased at a slope of
20dB/decade between fp and f,. The lag compensator also
provides a phase lag. However, fp and f, can be placed at
a low frequency (much lower than the frequency of interest,
e.g. the cross over frequency f;) such that the lag compen-
sator nearly does not affect the phase at the high frequency.
The aim of designing a lag compensator is to provide a de-
sired phase margin for the compensated system. Starting
from a bode plot of an un-compensated system, and a re-
quirement of phase margin of ®_,, a new f; can be selected
at the frequency corresponding to 180° - ®,, of the un-com-
pensated system. Then the magnitude of the un-compensat-
ed system at f; can be found. The magnitude at f; can be
attenuated to 0dB by the lag compensator through proper de-
sign of fpc and f,.. As a result, the compensated system will

have a phase margin of ®,, and the cross over frequency will
be f¢.

lllustrative Example

The design of a current mode control SEPIC converter with a
nominal input voltage of 5V, an output voltage of 5V, and an
output current of 0.5A will be shown. It is suitable for applica-
tions requiring a 5V output from 4 batteries, which can be 4.8V
to 6V depending on whether 1.2V or 1.5V batteries are used.
In this case, the input voltage may be higher or lower than the
output voltage, and a SEPIC converter is a proper choice.
The major components of the SEPIC are listed in table 1. A
current mode controller LM3478 will be used. The parameters
of the LM3478, which can be derived from the datasheet, are
also listed in table 2.

Other parameters of (6) are calculated below.

From (5),
D=05
Also,
T oTsw_ 1
2 2 Zfsw
T,=1.25ps

The parameter m is determined by an internal compensation
ramp Vg_and an external compensation ramp determined by
an internal current of 40 pA passing through an external re-
sistor Rg, . It can be calculated by the following equation:

me = (Vg + 40 PA X Rg )fgu/Rgy = 3440000As!

T = TS_W (Zm + m + h)
M~ 2 cL L
= 8.979A
TABLE 1. Major Parameters of the Example SEPIC
Converter
Parameter Value
Vin 5V
Vour sV
Rour 10Q
L, 33 pH
L, 33 pH
Cs 1 uF
Cour 100 pF
Reout 0.05Q
fow 400 kHz
Rsn 0.02Q
RsL 2kQ
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TABLE 2. Parameters of the LM3478

Parameter Value
VRer 1.26V
Im 800 pQ-1
Ry Ay/g,, = 38/800 pQ-
=47.5kQ
VgL 92 mV

Hence, all parameters for calculating the small signal model
of (6) are obtained. A bode plot of (6) with the above param-
eters is shown in Figure 4.

Since Vot and Vger are 5V and 1.26V respectively, we can
design that

Req = 29.7 kQ
Re, = 10 kQ
From (10),
R
F2
A.=—"—=—9 R
0
c Rey+ Re, ™M
=957
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FIGURE 4. Frequency Response of the Un-Compensated
System

In this example, a phase margin of 90° is desired. From Figure
4, the corresponding frequency (the frequency at which the
phase is 180° - 90° = 90°) is 2.1 kHz (which will also be f; of
the compensated system), and the magnitude of the un-com-
pensated system at 2.1 kHz is 21dB. This implies that the
attenuation provided by the lag compensator is 21dB + A =
40.62 dB. Consequently, the distance between fp and f,¢
should be 2.031 decade (since the magnitude is 20dB/decade
in between fp and f,¢). To avoid affecting the phase at fg,
f,¢ is designed to be one decade before f, i.e. 210 Hz. Then
fpg should be 1.95 Hz. Hence,

1/Rg1Coy = 21T X 210 Hz

1

———— =21t x1.95Hz
(Rgq + Ry)Coy
1
=—-R,C
RoCc1=2rx1.95 Hz ~ 1-Ct
Cgy=1.7 uF
Rg, = 4450

Finally, select Rgy = 442Q and C; = 2.2 pF. The frequency
response of the compensated system is shown in Figure 5. It
can be found that the 0dB point is at around 2.5 kHz, and the
phase margin is around 90°.
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FIGURE 5. Frequency Response of the Compensated
System with 90° Phase Margin
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Conclusion

This application note details the design of a lag compensator
for current mode control SEPIC converters operating in the
continuous conduction mode. Based on the open loop bode
plot, a lag compensator with 90° phase margin has been de-

Appendix A

The coefficients of (4) are listed as follows.

Do = Rout(1-D)?,

From (2), Ny(s) can be expended as follows.

No = VinRour,

“(1-DY

From (3), N,(s) can be expended as follows.

N1 = ViNRcRoutCourt - a

N3 = Vin(Ls + L2)RcRoutCsCour - ]

N, =D(1 - D)R

signed as an illustrative example. The design of compensator
depends on a number of practical concerns including the re-
quirement of transient response, robustness, and the effect
of noise. Application engineers are suggested to design prop-
erly based on practical situations.

A(s) =Dy + Dys + Dys2 + Dgs3 + D54,

D1 = Ly + (1-D)*ReRourCour,

Dz = Lm(Rc + Rour)Cout + (1 - D)(L1 + L2)RoutCs,
Ds = LiL2Cs + (1 - DY*(L1 + L2)RcRoutCsCour,

D, = L1L2(Rc + Rout)CsCour,

Lw = D?L¢ + (1 - D)L

Ng(s) = Ng + Nys + N,s2 + N3s8 + N,s4,

D? _
T =2 V]NL1 )

_ D2
N2 = Vin(L1 + L2)RoutCs - a

By VinL1RcCour,

Lﬁ)z VinL1L2Cs,

D _
N4 = - ——= VinL1LoRcCsCour-

Nn(s) = NnO + Nn1s + NnZS2 + ansa’

Noy = D(1 - DIReRoyrCoyr:
Np, = (1-D)LRoyrCs:

Npg = (1 - DILRcRoyrCsCour
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Appendix B
The coefficients of (7) are listed as follows.
Dcc = Dgps + Dgy8 + D582 + D583 + Dy84 + D585 + D88,
Dgo = CyoDy + Cy1Dg - CyoNy - Cy4No,
D1 = CyoDp + Cy1Dq + CyoDg — CyoN, — Cy4Ny = C5Ng
Dz = CyoDg + Cy1Dz + CyDy = CyaDy - CygNg — CNy — C 0N,
Dgs = CyoDy + Cy1D3 + CyoDp — CyaDy - CyoNy = Cy{N3 = C\oN,
Dgy = CyyDy + CyoD3 + Cy3Dp — Cy4N, = CNg
Des = CyoDy + CyaD3 — C\oNy

Des = Cy3Dy
_leL1|—2
“"(1-D)
Car = LyLobyT, +i[(1 D)L, - DL,V, L[T +L]
d1 1lolmim (1_5) 2 1JViNL1) T2 ROUT(1-B)’
VinLiL D?
Cd2 = N 1_2 |:(L1 + LZ)CS - L1T2 4_:|,
(1-D) Rout(1 - D)
Cgs = L{’L"CsTw
Cwo = (1-D)L4Ly,
CV1 = 5L1(LM - BL1)T2,
Cpo= (1 - 5)L1L2 (L1 + Lz)Cs,
T, = % » Tsw is the switching period,
M= TS_W (2mc + Vﬂ + \:ﬂ) -mcis the slope of a compensation ramp,
2 1 2

The coefficients of (8) are listed as follows.
Nge = Ngo + NgyS+ Nps2 + Ngs8 + N 8% + N5s5 + N 486,
No = CeoNos
Ngq = CeoNy,
Ng = CoNy + CoNo,
Ngg = CeoNg + CeaNy,
Ngs = CoN, + CoNo,

Ngs = CcoNg,

Neg = Cc2N4’
where

Ceo = LiLoly,

Cq =L42L,2Cs.
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