6.5 The Boost Converter

6.5 THE BOOST CONVERTER

The boost converter is shown in Fig. 6-8. This is another switching converter that
operates by periodically opening and closing an electronic switch. It is called a
boost converter because the output voltage is larger than the input.

Voltage and Current Relationships
The analysis assumes the following:

1. Steady-state conditions exist.

2. The switching period is 7, and the switch is closed for time D7 and open for
(1-D)T.

3. The inductor current is continuous (always positive).

4. The capacitor is very large, and the output voltage is held constant
at voltage V.

5. The components are ideal.

The analysis proceeds by examining the inductor voltage and current for the
switch closed and again for the switch open.
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Figure 6-8 The boost converter. (a) Circuit;
(b) Equivalent circuit for the switch closed;
(c¢) Equivalent circuit for the switch open.

Analysis for the Switch Closed When the switch is closed, the diode is reverse-
biased. Kirchhoff’s voltage law around the path containing the source, inductor,
and closed switch is

dif dip V;
L or YL _ s
dt dt L
The rate of change of current is a constant, so the current increases linearly while
the switch is closed, as shown in Fig. 6-9b. The change in inductor current is
computed from

vp=V,=L (6-24)

A _ AL _¥
At DT L
Solving for Ai, for the switch closed,
. VDT
(AZL)closed = (6'25)

L
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Figure 6-9 Boost converter waveforms. (@) Inductor voltage; (b) Inductor current; (c) Diode
current; (d) Capacitor current.

Analysis for the Switch Open When the switch is opened, the inductor current
cannot change instantaneously, so the diode becomes forward-biased to provide a
path for inductor current. Assuming that the output voltage V, is a constant, the
voltage across the inductor is

=rh-h=L o
diy K-,
dt L

The rate of change of inductor current is a constant, so the current must change
linearly while the switch is open. The change in inductor current while the switch
is open is

Al L _ A l L _ Vs - I/o

At (1 -D)T L

Solving for Ai,

V.— V)1 — D)T
(A iL)open = ( )é )

(6-26)
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For steady-state operation, the net change in inductor current must be zero. Using
Egs. (6-25) and (6-26),

(AiL)closed + (AiL)open =0
or | (K= 1) = D)T _
L L

0

Solving for V,
V(D+1—-D)—V,(1—-D)=0

4

V:
° 1-D

(6-27)

Also, the average inductor voltage must be zero for periodic operation. Express-
ing the average inductor voltage over one switching period,

V=VD+F-V)1-D)=0

Solving for V, yields the same result as in Eq. (6-27).

Equation (6-27) shows that if the switch is always open and D is zero, the out-
put voltage is the same as the input. As the duty ratio is increased, the denominator
of Eq. (6-27) becomes smaller, resulting in a larger output voltage. The boost con-
verter produces an output voltage that is greater than or equal to the input voltage.
However, the output voltage cannot be less than the input, as was the case with the
buck converter.

As the duty ratio of the switch approaches 1, the output voltage goes to
infinity according to Eq. (6-27). However, Eq. (6-27) is based on ideal compo-
nents. Real components that have losses will prevent such an occurrence, as
shown later in this section. Figure 6-9 shows the voltage and current waveforms
for the boost converter.

The average current in the inductor is determined by recognizing that the
average power supplied by the source must be the same as the average power
absorbed by the load resistor. Output power is

V2
B):?o: %lo

and input power is VI, = V_I,. Equating input and output powers and using
Eq. (6-27),

Vi _W/a-Dpy_  v?

R R (1—D)?

By solving for average inductor current and making various substitutions, /, can
be expressed as

Vil = R
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oV Ve Vi,
Ea-DyYR VR

(6-28)

Maximum and minimum inductor currents are determined by using the average
value and the change in current from Eq. (6-25).

JAE AU A S (6-29)
max AL T (1—=DPR 2L
Ai v, V.DT

= -t=—2= : (6-30)

Lo =1, = —~
mn=SL 2 (1—-DPR 2L

Equation (6-27) was developed with the assumption that the inductor current
is continuous, meaning that it is always positive. A condition necessary for con-
tinuous inductor current is for 7, to be positive. Therefore, the boundary be-

tween continuous and discontinuous inductor current is determined from

L=0=— s WDT
min (1-DyR 2L
V. _ V,DT V,D

of (1—DPR_ 2L 2Lf

The minimum combination of inductance and switching frequency for continu-
ous current in the boost converter is therefore

D(1 — D)’R
(L in =5 (6-31)
2
or L oin = D(lsz)R (6-32)

A boost converter designed for continuous-current operation will have an induc-
tor value greater than L, .
From a design perspective, it is useful to express L in terms of a desired Ai,

, _KDT _ %D
N

(6-33)

Output Voltage Ripple

The preceding equations were developed on the assumption that the output volt-
age was a constant, implying an infinite capacitance. In practice, a finite capaci-
tance will result in some fluctuation in output voltage, or ripple.

The peak-to-peak output voltage ripple can be calculated from the capacitor
current waveform, shown in Fig. 6-9d. The change in capacitor charge can be
calculated from
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y
|AQ| = <R0>DT= CAY,

An expression for ripple voltage is then

V,DT _V,D
RC ~ RCf

AV, =

or =— (6-34)

where f is the switching frequency. Alternatively, expressing capacitance in
terms of output voltage ripple yields

C— D
CR(AV,/V)f

As with the buck converter, equivalent series resistance of the capacitor can
contribute significantly to the output voltage ripple. The peak-to-peak variation in
capacitor current (Fig. 6-9) is the same as the maximum current in the inductor.
The voltage ripple due to the ESR is

(6-35)

AV, gsr = Aicre =1 maxc (6-36)

Boost Converter Design 1

Design a boost converter that will have an output of 30 V from a 12-V source. Design for
continuous inductor current and an output ripple voltage of less than one percent. The
load is a resistance of 50 (). Assume ideal components for this design.

H Solution
First, determine the duty ratio from Eq. (6-27),

v 12
D=1-"=1-—-=06
v, 30

If the switching frequency is selected at 25 kHz to be above the audio range, then the min-

imum inductance for continuous current is determined from Eq. (6-32).

, _Dbd- D)*(R) _ 0.6(1 — 0.6)*(50)
o 2f 2(25,000)

=96 pH

To provide a margin to ensure continuous current, let L = 120 wH. Note that L and f are

selected somewhat arbitrarily and that other combinations will also give continuous current.
Using Egs. (6-28) and (6-25),

V; 12

SU=DMR) (1—067G0) PA

I
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Aip _ kDT _ (12)(0.6) oA
2 2L (2)(120)(10)"%25,000)

I = 1.5+ 12=27A

Iin =1.5-12=03A

The minimum capacitance required to limit the output ripple voltage to 1 percent is
determined from Eq. (6-35).

c=_ D _ 0.6
T R(AV,/V)f  (50)(0.01)(25,000)

=48 uF
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Boost Converter Design 2

A boost converter is required to have an output voltage of 8 V and supply a load current
of 1 A. The input voltage varies from 2.7 to 4.2 V. A control circuit adjusts the duty ratio
to keep the output voltage constant. Select the switching frequency. Determine a value for
the inductor such that the variation in inductor current is no more than 40 percent of
the average inductor current for all operating conditions. Determine a value of an ideal
capacitor such that the output voltage ripple is no more than 2 percent. Determine the
maximum capacitor equivalent series resistance for a 2 percent ripple.

H Solution

Somewhat arbitrarily, choose 200 kHz for the switching frequency. The circuit must be ana-
lyzed for both input voltage extremes to determine the worst-case condition. For V, = 2.7V,
the duty ratio is determined from Eq. (6-27).

, 2.
p=1-221-2"_ 663
v, 8

Average inductor current is determined from Eq. (6-28).

AR
_Jolo 3D _ 96 A
v, 27

L

The variation in inductor current to meet the 40 percent specification is then
Ai, = 0.4(2.96) = 1.19 A. The inductance is then determined from Eq. (6-33).

VD 2.7(0.663)
L=-""= =75 uH
Aip £ 1.19(200,000)

Repeating the calculations for V, = 4.2V,

v .
p=1-5_1_%2_ 41
v, 8

v, 8(1)
[[=22=""=190A
Loy 42

The variation in inductor current for this case is Ai, = 0.4(1.90) = 0.762 A, and
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V.D 4.2(0.475)
L=—"22= =13.1 pH
Ai, £ 0.762(200,000)

The inductor must be 13.1 pwH to satisfy the specifications for the total range of input
voltages.
Equation (6-35), using the maximum value of D, gives the minimum capacitance as

ce_ D _ D 3 0.663
T RARV)f T (B/LYAV/V)f (8/1)(0.02)(200,000)

=20.7 nF

The maximum ESR is determined from Eq. (6-36), using the maximum peak-to-peak
variation in capacitor current. The peak-to-peak variation in capacitor current is the same as
maximum inductor current. The average inductor current varies from 2.96 Aat V, = 2.7V
to 1.90 A at V/, = 4.2 V. The variation in inductor current is 0.762 A for V, = 4.2 A, but it
must be recalculated for V, = 2.7 V using the 13.1-wH value selected, yielding

VD 27(0.663)

Ai, = =
LTI F T 13.1(10)7%(200,000)

=0.683 A

Maximum inductor current for each case is then computed as

Ai 0.683
It max27v =1 + % =296+ — = 330 A

Ai 0.762
Ip max,a0v =1 + % =190+ — =228 A

This shows that the largest peak-to-peak current variation in the capacitor will be 3.30 A. The
output voltage ripple due to the capacitor ESR must be no more than (0.02)(8) = 0.16 V.
Using Eq. (6-36),

AV, gsg = Aicre =11 maxtc =3.3r¢=0.16 V

which gives

0.16 V
=—=48m()
€T 33 m
In practice, a capacitor that has an ESR of 48 m{) or less could have a capacitance value

much larger than the 20.7 wF calculated.

Inductor Resistance

Inductors should be designed to have small resistance to minimize power loss
and maximize efficiency. The existence of a small inductor resistance does not
substantially change the analysis of the buck converter as presented previously in
this chapter. However, inductor resistance affects performance of the boost con-
verter, especially at high duty ratios.
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For the boost converter, recall that the output voltage for the ideal case is

y = 4
° 1-D
To investigate the effect of inductor resistance on the output voltage, assume that
the inductor current is approximately constant. The source current is the same as
the inductor current, and average diode current is the same as average load cur-

rent. The power supplied by the source must be the same as the power absorbed
by the load and the inductor resistance, neglecting other losses.

(6-37)

R=F,+R,

6-38
Vi, =V,Ip+1ir, (6-38)

where 7, is the series resistance of the inductor. The diode current is equal to the
inductor current when the switch is off and is zero when the switch is on. There-
fore, the average diode current is

Ip=1(1—-D) (6-39)
Substituting for /7, into Eq. (6-38),
Vi, =V,I,(1 = D)+1ir,
which becomes
Vo=V,(1—-D)+1I;r; (6-40)

In terms of V, from Eq. (6-39), [, is

Ip Vo/R
[ =———= 6-41
““1-p 1-D (6-41)
Substituting for /; into Eq. (6-40),
Vort
Vo=—"———+V,(1-D
SRy T D)
Solving for V,
V; 1
Vo:< - >< ) ) (6-42)
1-D/\1+r,/[R(1 —D)]

The preceding equation is similar to that for an ideal converter but includes a cor-
rection factor to account for the inductor resistance. Figure 6-10a shows the output
voltage of the boost converter with and without inductor resistance.

The inductor resistance also has an effect on the power efficiency of con-
verters. Efficiency is the ratio of output power to output power plus losses. For
the boost converter
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Figure 6-10 Boost converter for a nonideal inductor.
(a) Output voltage; (b) Boost converter efficiency.

P, Vo/R
n= =2 2 (6-43)
P0+Ploss VO/R+ILFL
Using Eq. (6-41) for /,,
VZ/R 1
o/ (6-44)

" VZR+ (/R =Dy, 1 +r,[R(I — DY]

As the duty ratio increases, the efficiency of the boost converter decreases, as
indicated in Fig. 6-105b.



6.6 The Buck-Boost Converter

6.6 THE BUCK-BOOST CONVERTER

Another basic switched-mode converter is the buck-boost converter shown in
Fig. 6-11. The output voltage of the buck-boost converter can be either higher or
lower than the input voltage.

Voltage and Current Relationships
Assumptions made about the operation of the converter are as follows:

The circuit is operating in the steady state.

The inductor current is continuous.

The capacitor is large enough to assume a constant output voltage.
The switch is closed for time DT and open for (1—D)T.

The components are ideal.

Nk e =
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Figure 6-11 Buck-boost converter. (a) Circuit;
(b) Equivalent circuit for the switch closed;
(c¢) Equivalent circuit for the switch open.
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Analysis for the Switch Closed When the switch is closed, the voltage across
the inductor is

di;
ey
dip _,
d L

The rate of change of inductor current is a constant, indicating a linearly increas-
ing inductor current. The preceding equation can be expressed as

Nip_ Aip_¥,
At DT L
Solving for Ai, when the switch is closed gives

V.DT

(A lL)closed = T (6'45)

Analysis for the Switch Open When the switch is open, the current in the
inductor cannot change instantaneously, resulting in a forward-biased diode
and current into the resistor and capacitor. In this condition, the voltage across
the inductor is

,
diy _V,
dt L

Again, the rate of change of inductor current is constant, and the change in current is
Aip,  Aip Y,
At (1-D)T L

Solving for Aij,

V(1 —D)T

( A iL)open = L

(6-46)

For steady-state operation, the net change in inductor current must be zero over
one period. Using Egs. (6-45) and (6-46),

(A iL)closed + (A iL)open =0

VSDT+ V(1 —D)T:O
L L

V——V<[)> 6-47
o s\1=D (')

Solving for V,
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The required duty ratio for specified input and output voltages can be expressed as

NIA

=1l 6-48
G+ (7)) (6-4%)

The average inductor voltage is zero for periodic operation, resulting in

V,=V,D+V,(1-D)=0

Solving for V, yields the same result as Eq. (6-47).

Equation (6-47) shows that the output voltage has opposite polarity from the
source voltage. OQutput voltage magnitude of the buck-boost converter can be less
than that of the source or greater than the source, depending on the duty ratio of the
switch. If D > 0.5, the output voltage is larger than the input; and if D < 0.5, the out-
put is smaller than the input. Therefore, this circuit combines the capabilities of the
buck and boost converters. Polarity reversal on the output may be a disadvantage in
some applications, however. Voltage and current waveforms are shown in Fig. 6-12.

Note that the source is never connected directly to the load in the buck-boost
converter. Energy is stored in the inductor when the switch is closed and trans-
ferred to the load when the switch is open. Hence, the buck-boost converter is
also referred to as an indirect converter.

Power absorbed by the load must be the same as that supplied by the source,
where

max *
Aiy
[min i
Closed | Open |
DT T t
(@)
VL
Vs —
t
V,+

(b)

Figure 6-12 Buck-boost converter waveforms.
(a) Inductor current; (») Inductor voltage; (¢) Diode
current; (d) Capacitor current.
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AQ
(@
Figure 6-12 (continued)
V2
o
a3
Fy= Vil
Ve
&
Average source current is related to average inductor current by
I,=1;D
resulting in
Vs
&P

Substituting for V, using Eq. (6-47) and solving for /;, we find

Vi _ b VD
I = ===

= =—2=—""5"_ 6-49
V,RD V.D R(l-— D) (6-49)

Maximum and minimum inductor currents are determined using Egs. (6-45) and
(6-49).

Ai; V.D V.DT
[ =1 +—Lt=—" + - 6-50
mx LT 9 U R(1I—-DY 2L (6-50)
Ai V.D V.DT
g =1, — L =—= : (6-51)

2 RU-DY? 2L
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For continuous current, the inductor current must remain positive. To deter-
mine the boundary between continuous and discontinuous current, [, is set to
zero in Eq. (6-51), resulting in

_ 2
(Lf)min = (1 ZD) R (6-52)
(1 — D)*R
or Lmin = T (6_53)

where fis the switching frequency.

Output Voltage Ripple

The output voltage ripple for the buck-boost converter is computed from the
capacitor current waveform of Fig. 6-12d.

|4
|AQ| = (”)DTZ CAY,

R
Solving for AV,

V,DT V,D

A % = =
RC  RCf
Al _ D (6-54)
or =— -
Vo RCf

As is the case with other converters, the equivalent series resistance of the
capacitor can contribute significantly to the output ripple voltage. The peak-to-
peak variation in capacitor current is the same as the maximum inductor current.
Using the capacitor model shown in Fig. 6-6, where /; .. is determined from
Eq. (6-50),

AV, gsr = Aicre = I max7c (6-55)
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Buck-Boost Converter

The buck-boost circuit of Fig. 6-11 has these parameters:

V., =24V
D =04
R =50
L =20pH
C =80 uF

f =100 kHz
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Determine the output voltage, inductor current average, maximum and minimum values,
and the output voltage ripple.

H Solution
Output voltage is determined from Eq. (6-47).

D 0.4
z=—z(——>=—m< >=—mv
1-D 1-04

Inductor current is described by Egs. (6-49) to (6-51).

V.D 24(0.4
[ =——"= ()2=SBA
R(1—D)y 5(1—04)
V.DT 24(0.4
Aip =" = 04 =48A

L 20(10)~%(100,000)

Ai, 438
[L,max :[L +T: 5.33 +7 =733 A

Ai 48
@mH=Q—4£fﬂ33—7T=Z%A

Continuous current is verified by 7_. > 0.

min

Output voltage ripple is determined from Eq. (6-54).

AV, D 0.4
v, RCf (5)(80)(10)~°(100,000)

=0.01=1%





