Modeling and Design of
Current Mode Control Boost
Converters

Introduction

This application note presents a detail modeling and design
of current mode control boost converters operating in the
continuous conduction mode (CCM). Based on the derived
small signal models, the design of a lag compensator for cur-
rent mode control boost converters will be detailed. The
LM3478 boost controller will be used in the example. Simu-
lation and hardware measurement of frequency responses
will be shown.
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FIGURE 1. An Open Loop Boost Converter

Figure 1 shows an open loop boost converter with an inductor
L,, a diode D, an output capacitor C; with an equivalent
series resistance Ryt It is assumed that the load is a re-
sistor Rgyr, and the switch Qq is ideal. Let vy, voyr, and
Veout be the input voltage, output voltage, and the voltage
across Cqr, i 4 be the current through L;, and V, be the
forward voltage drop of D, when D, is turned on. Under the
CCM, when Q, is turned on, the state equations are

d

vy =L,—=i
IN 1 ’
dt v 1
Y
ouT d
=-C — Veo
Rout OUT dt uT

Also, the output equation is

d
VourT = VcouT + COUT —t VCOUTRCOUT

d (3)
Similarly, when Q, is turned off, the output equation of (3) still

holds, while the state equations become

d.
vin = Ly gt Vb1 + vour,

vout
Rour

=i - COUTaVCOUT

o . d - ~ - -
Vin + Vin = Ly rn (It +i)+ (1 -D - d)Vpe + (1 - D - d)(Vour + vour),
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Modeling of an Open Loop Boost
Converter

To obtain a small signal model of boost converters, it is re-
quired to apply the averaging technique, perturbation, and the
linearization technique. First, by applying the averaging tech-
nique, the averaged state equations and output equation are

_ d - = = _
Vin = Ligring ¥ (1-d)Vpy + (1-divoyr, ©)

- d_
=(1-d)i1 - COUTaVCOUT,

7)

— _ d_
Vour = Vcout + ReoutCout gt veout
(8)
where d is the duty cycle, X is the averaged variable for the
variable x (which can represent v\, Vout, Veour and i q)-

Second, by applying small signal perturbations to (6) to (8),
i.e. let

x=X+¥,

where X and X are nominal (DC) and perturbed (AC) vari-
ables,

©)

(Vour + Vour)

= T LT d o ~
Roor (1-D - d)Is +i1)-Cour i (Veour +Veour).

(10)

_ - _ - d — -~
Vour *+ Vour = Veour * Veour + ReoutCour G(Veour + Veour) (11)

Third, by applying the linearization technique (assume that
the high order non-linear terms are small and negligible), a
set of DC and AC equations can be obtained as follows:

DC equations:
From (9)

Vin = (1 -D)Vp1 + (1 - D)Vour

Vour - Vin + Vo1

D=—=
Vour + Vb1 (12)
Also
Vo = Vin-(1 - D)Vpy '
out 7(1 _D)

For simplicity, consider that (1 - D)Vp, is small compared with
Vine
N Vin
Vour =&y
(1-D) (13)
From (10),
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- Vour
IL1 -
(1-D)Rour (14)
AC equations:
From (9),
Vin = SLyi g + (1 - DWVoyr - dVoup

sLyi s = Viy- (1- D)oy + dVgr

From (10),
v,
ouT _ ST ~
R~ (1-D)iiy-dl 4 -sCoyrVeour
ouT (16)
From (11),

Yout = Veout *+ sReoutCoutVeour,

~ _ Vour
VooUT= 4 4 SRCOUTCOUT, (17)
Substitute (13), (14), (15), and (17) into (16),
1+ SRCOUTC_OUT)VW La- SRCOUTE;OUT)V|N|: sk :|a-
(1-D) (1-D Rour(1 - D)?

Your =
Ly

1 —————* ReoutCour|* s
+s |:ROUT(1 N D)Z couT OU'J

Modeling of a Current Mode Control

Boost Converter

Under current mode control, i 4 is fed back when Q, is turned
on to determine the on-time of Q, by comparing it to a current
control signal i;. A compensation ramp of slope -m is nor-
mally added to avoid sub-harmonic oscillation. Figure 2
shows the current waveform of an on period. The averaged
state equation is as follows:

2 L1Cour(Rour * Reour)

Rout(1 - DY (18)

A
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FIGURE 2. Inductor Current Waveform at the On Period

_ ' _ m, _
g =ic- mCdT dTg

W™
where
m. =N
17 L
1 (20)

is the slope of i ; during the on period. By adding small signal
perturbations to the above equation,

T -~ T LT =N T v ~ =
I +ir = c+lc-mc(D+d)Tsw-%(M1+m1)(D+d)A 1)
By applying the linearization technique (assume that the high
order non-linear terms are small and negligible), a set of DC
and AC equations can be obtained as follows:

DC equation:

It1 =Te - mcDTsw -—TSVZV M:D

(22)
where
.
1= L1
AC eqaution:
TU :T(; - chswa -@l\_/ha -TS—W 5!’?11
2 2 (23)
Define
Tsw
To=—7—
T2 (24)
T, =TSTW(2mC + My)
(25)
From (20), (23), (24), (25),
Tt =Tc - Tud - DT, .
L (26)
Substitute (13) into (15),
sLiis = Vin - (1- D)W, +E—v'”
1t = vin-(1- =
TR (1-D) 27)
Substitute (27) into (26),
~ =~ sLiDT,\ -
SL1IC+ (1 - D)VOUT -1+ VIN
1

d=

Vin '
— L4T
[(1 ) “ﬂ 28)

By substituting (28) into (18), the small signal model of the
current mode control boost converter can be formulated as
follows:

~

S oo Gne(S)Vin + GIC(S)iC,
ouT AS) 29)

where
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Gic(8) = Rour(1 - D)1 + SRourCoyr)

{(1 -D)Ty, 1 DT,

— + —-—=
v, Rour(1-DP L,

S|3T2 }
+ =
Royr(1 - DY

Gic(s) = Royr(1-D)(1 + SRCOUTCOUT)|:1 -s

IN

Ly i|
Rour(1 - DY

A(s) = 2+ Ryyr{1 - DTy, “v' D)

IN
(1-D)
* S{E-1 *+ ReoutRourCourlt - D){I Tw v,

+(Rour* 2Reour)Cour

(1-D)
*s? |:L1COUT (Rout * Reour)Tu v
IN

If the current i, is sensed by a resistor Rgy connecting be-
tween Q, and the ground, the current control signal i can be
converted to a voltage control signal v. The relationship be-
tween the output voltage and the voltage control signal can
be formulated as follows:

S = Gic(s) 3
ouUT = 7 " 'Cs
A(s)Rsn (30)
Principle Of a Lag Compensator
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FIGURE 3. Frequency Response of a Lag Compensator

A lag compensator consists of a pair of pole and zero at the
frequency fp and f,¢, with fo < . It also provides a dc gain
Ac. As shown in Figure 3, the lag compensator provides an
attenuation in magnitude at the high frequency. The degree
of attenuation is determined by the distance between fy and
fzc. It is because the magnitude is decreased at a slope of
20dB/decade between fy and f,. The lag compensator also
provides a phase lag. However, fo; and f,. can be placed at
a low frequency (much lower than the frequency of interest,
e.g. the cross over frequency fg) such that the lag compen-
sator nearly does not affect the phase at the high frequency.

vVeElg—5—V -V R +L
C=\Rp + Rpp TOUT ™ VREF 9m|Rg //{Rct SCor 1)

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; is found. The magnitude at f; can be
attenuated to 0dB by the lag compensator through proper de-
sign of fo and f,¢. As a result, the compensated system will
have a phase margin of ®,, and the cross over frequency will
be fs. An illustrative example will be presented to show the
design steps.
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FIGURE 4. A Lag Compensator Implemented by a
Transconductance Amplifier Circuit

A lag compensator can be implemented by a transconduc-
tance amplifier, with an open loop gain of gm and an output
impedance of R, connecting to a resistor R, and a capacitor
Cc4 in series to the ground, as shown in Figure 4. Let the
negative input of the amplifier is connected to a reference
voltage Vger, and the positive input is connected to the output
voltage v 7 through a resistor divider network implemented
by Rg; and Rg,, the transfer function relating v and v is

Rr2

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

Ve=R Rﬁa 9mRo 3 +1s(+RSRi1§C)1C Your
F17 Rp2 c1 T Rolbey 32)
Hence,
Rr2
Ac = Rri+Rea gmRo,
T E—
21m(Rc1 + Ro)Cet
1

fec = 2nRc1Ce1
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lllustrative Example

The design of a current mode control Boost converter with a
nominal input voltage of 5V and an output voltage of 12V and
an output current of 0.5A will be shown. The major compo-
nents 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.

TABLE 1. Major Parameters of the Example Boost

Converter
Parameter Value
Vi 5V
Vour 12v
Rour 24Q
L, 10 pH
Cout 150 pF
Rcout 0.05Q
fsw 400 kHz
Rsn 0.05Q
RsL 604Q
TABLE 2. Parameters of the LM3478
Parameter Value
Vier 1.26V
Im 800 pQ-1
Ro Ay/g,, = 38/800 pQ-"
=47.5kQ
VgL 92 mV

Other parameters of (30) are calculated below.
From (13),

D =0.5833
From (24),

SW

T,=125ps

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:

mc = (Vg + 40 pA x Rg )fgu/Rgn = 929280As-1
From (25),

V
el )
= 2.9482A

Hence, all parameters of (30) are obtained. A bode plot of (30)
with the above parameters is shown in Figure 5. The DC gain,
zeros, and poles are

DC gain: 36.39dB
Zeros: 53 kHz, 66 kHz (right half plane zero)
Poles: 133 Hz, 65 kHz
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FIGURE 5. Frequency Response of the Un-Compensated
System

The design of the lag compensator can be achieved by fol-
lowing (32). Since V1 and Vger are 12V and 1.26V respec-
tively, we can design that

Rey = 84.5kQ
Rp, = 10 kQ
From (32),

__Ree
" Rr1+Re2
=4.02

=12.09 dB

AC Om RO

In this example, a compensated system with a phase margin
of around 90° is desired. From Figure 5, f; can be selected
as 3.5kHz (the frequency at which the phase is around 180°
- 90° = 90°). The attenuation required is 7dB + A = 19.09dB,
which implies that the distance between f, and f, should be
0.96 decade. Select f,. to be 350 Hz, i.e. one decade lower
than fg, then fp should be 38.3 Hz.

1/Rg4Cgq = 21T x 350 Hz
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FIGURE 6. Frequency Response of the Compensated
System with 90° Phase Margin

Finally, select R, = 5.9 kQ and C; = 100 nF. The frequency
response of the compensated system is shown in Figure 6. It
can be found that the 0dB point is at around 4 kHz, and the
phase margin is around 95°.

Conclusion

This application note details the modeling of an open loop and
a current mode control boost converter under the continuous
conduction mode. The principle and design of a lag compen-
sator have also been addressed. An example has been pre-
sented to illustrate the design. A lag compensator has been
designed for a compensated system with around 90° phase
margin.

The selection of a desired phase margin affects the transient
response of the output voltage. Moreover, some practical
systems are suffered from noise, and transient responses are
not a major concern. A lower cross over frequency may be
required. In this case, the application of the dominant pole
compensation method may be more appropriate. The lag
compensator can be easily changed to a compensator with a
dominant pole by setting R, to zero, i.e. to eliminate the zero.
Application engineers are suggested to design properly
based on practical situations.
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