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Fresh from finishing off buck conversion (see knowledge base entry), let us move
on to boost and buck-boost conversions.
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1. Boost converter

“Boost converter” is another name for “step-up converter”. Figure 1 shows the boost
converter circuit.
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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

(6-24)

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

Solving for �iL for the switch closed,
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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.
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Figure 1: A boost converter [Har11, Figure 6-
8(a)].

Notice how the switch, diode
and inductor seem to have
been rotated counter-clockwise
in terms of their location, com-
pared to the buck converter,
while the output capacitor re-
mains “fixed”.

Like the buck converter, the
boost converter can operate in
CCM and DCM, but only CCM
will be discussed in this lec-
ture.

Example 1

This example is related to a boost converter available on Amazon.com, shown
in Figure 2.
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                                     1 Aerosemi Technology Co., Ltd 

MT3608 
AEROSEMI 

 High Efficiency 1.2MHz  
2A Step Up Converter                                                           

 

FEATURES 
• Integrated 80mΩ Power MOSFET 
• 2V to 24V Input Voltage 
• 1.2MHz Fixed Switching Frequency 
• Internal 4A Switch Current Limit 
• Adjustable Output Voltage 
• Internal Compensation 
• Up to 28V Output Voltage 
• Automatic Pulse Frequency Modulation 
 Mode at Light Loads 
• up to 97% Efficiency 
• Available in a 6-Pin SOT23-6 Package 
 

APPLICATIONS 
• Battery-Powered Equipment 
• Set-Top Boxed 
• LCD Bais Supply 
• DSL and Cable Modems and Routers 
• Networking cards powered from PCI 
 or PCI express slots 
 
 
 
 

TYPICAL APPLICATION 
 

 

       Figure 1. Basic Application Circuit 

 
 
 
The MT3608 is a constant frequency, 6-pin SOT23 
current mode step-up converter intended for small, 
low power applications. The MT3608 switches at 
1.2MHz and allows the use of tiny, low cost 
capacitors and inductors 2mm or less in height. 
Internal soft-start results in small inrush current and 
extends battery life. 
The MT3608 features automatic shifting to pulse 
frequency modulation mode at light loads. The 
MT3608 includes under-voltage lockout, current 
limiting, and thermal overload protection to prevent 
damage in the event of an output overload. The 
MT3608 is available in a small 6-pin SOT-23 
package. 
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GENERAL DESCRIPTION 
 

Figure 2: A commercially available
boost converter.

Figure 3: Circuit diagram of a refer-
ence boost converter design based on
the MT3608.

The converter uses the 1.2 MHz 28 V 2 A boost converter controller IC MT3608
from Aerosemi Technology Co., Ltd., which features an integrated 80 mΩ
power MOSFET.

The converter circuit in Figure 2 is similar to the reference design in Fig-
ure 3.

Next, let us analyze the operation of the boost converter in CCM. The same as-
sumptions for analyzing the buck converter in Lecture 4 Sec. 2 apply here.

1.1. CCM analysis

Figure 4 shows the equivalent circuits for the cases when the switch is closed, and
when the switch is open.
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Figure 3.1 PWM boost converter and its ideal equivalent circuits for CCM. (a) Circuit. (b) Equivalent circuit when the
switch is ON and the diode is OFF. (c) Equivalent circuit when the switch is OFF and the diode is ON.

The boost converter has poor ability to prevent hazardous transients and failures. If a high positive voltage surge
appears at the converter input, the input voltage exceeds the output voltage and the diode D1 is on for many cycles
due to cycle skip. This generates a large current spike through the diode, which may destroy the diode. A similar
problem exists at the initial turn-on of the converter when the input voltage is high and the output voltage is initially
zero and while the output voltage is lower than the input voltage until steady-state conditions are approached. One
way to protect the converter is to add a diode whose anode is connected to the input source VI and the cathode is
connected to the output filter capacitor C. When the output voltage is lower than the input voltage, the additional
diode and the filter capacitor form a peak rectifier and the energy flows from the input to the output of the converter
through the additional diode. When the output voltage becomes higher than the input voltage, the additional diode
is reverse biased and turns off and the boost converter begins normal operation.

The output power level of the boost converter is usually between 20 and 400 W. This converter is commonly
used as an active power factor corrector.

3.2.2 Assumptions

The analysis of the boost PWM converter of Figure 3.1(a) begins with the following assumptions:

(1) The power MOSFET and the diode are ideal switches.
(2) The transistor output capacitance, the diode capacitance, and lead inductances (and thereby switching losses)

are zero.
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Figure 3.1 PWM boost converter and its ideal equivalent circuits for CCM. (a) Circuit. (b) Equivalent circuit when the
switch is ON and the diode is OFF. (c) Equivalent circuit when the switch is OFF and the diode is ON.

The boost converter has poor ability to prevent hazardous transients and failures. If a high positive voltage surge
appears at the converter input, the input voltage exceeds the output voltage and the diode D1 is on for many cycles
due to cycle skip. This generates a large current spike through the diode, which may destroy the diode. A similar
problem exists at the initial turn-on of the converter when the input voltage is high and the output voltage is initially
zero and while the output voltage is lower than the input voltage until steady-state conditions are approached. One
way to protect the converter is to add a diode whose anode is connected to the input source VI and the cathode is
connected to the output filter capacitor C. When the output voltage is lower than the input voltage, the additional
diode and the filter capacitor form a peak rectifier and the energy flows from the input to the output of the converter
through the additional diode. When the output voltage becomes higher than the input voltage, the additional diode
is reverse biased and turns off and the boost converter begins normal operation.

The output power level of the boost converter is usually between 20 and 400 W. This converter is commonly
used as an active power factor corrector.

3.2.2 Assumptions

The analysis of the boost PWM converter of Figure 3.1(a) begins with the following assumptions:

(1) The power MOSFET and the diode are ideal switches.
(2) The transistor output capacitance, the diode capacitance, and lead inductances (and thereby switching losses)

are zero.

Figure 4: Equivalent circuits of the boost converter in Figure 1: (a) when switch is
closed, (b) when switch is open [Kaz16, Figure 3.1].

During time interval (0, 𝐷𝑇], when the switch is closed,

• The diode is off.
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• The voltage across the inductor is

𝑣𝐿 = 𝑉𝐼 = 𝐿 d𝑖𝐿
d𝑡 .

Integrating the above gives us the inductor current:

𝑖𝐿(𝑡) − 𝑖𝐿(0) =
𝑉𝐼
𝐿 𝑡

⟹ Δ𝑖𝐿 = 𝑖𝐿(𝐷𝑇) − 𝑖𝐿(0) =
𝑉𝐼𝐷𝑇
𝐿 .

(1)

During time interval (𝐷𝑇, 𝑇], when the switch is open,

• The diode becomes forward-biased to carry the inductor current.
• The voltage across the inductor is

𝑣𝐿 = 𝑉𝐼 − 𝑉𝑂 = 𝐿 d𝑖𝐿
d𝑡 .

Integrating the above gives us the inductor current:

𝑖𝐿(𝑡) − 𝑖𝐿(𝐷𝑇) =
𝑉𝐼 − 𝑉𝑂
𝐿 (𝑡 − 𝐷𝑇)

⟹ Δ𝑖𝐿 = 𝑖𝐿(𝐷𝑇) − 𝑖𝐿(𝑇) =
(𝑉𝑂 − 𝑉𝐼)(1 − 𝐷)𝑇

𝐿 .
(2)

Figure 5 summarizes graphically the idealized voltage and current waveforms of
the boost converter.
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Figure 3.2 Idealized current and voltage waveforms in the PWM boost converter for CCM.
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Figure 3.2 Idealized current and voltage waveforms in the PWM boost converter for CCM.Figure 5: Idealized CCM voltage and current waveforms of the boost converter
circuit in Figure 4 [Kaz16, Figure 3.2].
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Either by equating (1) to (2), or by invoking the inductor volt-second balance prin-
ciple,

𝑉𝐼𝐷𝑇 = (𝑉𝑂 − 𝑉𝐼)(1 − 𝐷)𝑇 ⟹ 𝑉𝐼 = 𝑉𝑂(1 − 𝐷).

∴𝑉𝑂 = 𝑉𝐼
1 − 𝐷, 𝐷 = 1 − 𝑉𝐼

𝑉𝑂
. (3)

The preceding equation shows that if 𝐷 = 0 (i.e., switch stays open), 𝑉𝑂 = 𝑉𝐼.

• As 𝐷 increases, 𝑉𝑂 increases. The boost converter thus produces an output volt-
age that is greater than or equal to the input voltage.

• When 𝐷 → 1, in theory, 𝑉𝑂 → ∞, but in practice, due to losses, 𝑉𝑂 remains at a
finite albeit high value.

Substituting (3) and 𝑇 = 1/𝑓𝑠 into (1) and (2), we get

Δ𝑖𝐿 =
𝑉𝐼𝐷
𝑓𝑠𝐿

=
𝑉𝑂𝐷(1 − 𝐷)

𝑓𝑠𝐿
=
𝑉𝐼(𝑉𝑂 − 𝑉𝐼)
𝑓𝑠𝐿𝑉𝑂

. (4)

As usual, we are also interested in the average inductor current 𝐼𝐿. Since the
inductor is no longer connected to the load resistor (and output capacitor), 𝐼𝐿 no
longer equals the average load current. However, equating the input power to the
output power, we get

𝑉𝐼𝐼𝐿 =
𝑉2
𝑂
𝑅 =

𝑉2
𝐼

𝑅(1 − 𝐷)2
,

∴𝐼𝐿 =
𝑉2
𝑂
𝑅𝑉𝐼

= 𝑉𝐼
𝑅(1 − 𝐷)2

=
𝐼𝑂

1 − 𝐷, (5)

where 𝐼𝑂 is the average output current.
The maximum and minimum values of 𝑖𝐿 are thus

𝐼𝐿max = 𝐼𝐿 +
Δ𝑖𝐿
2 = 𝑉𝐼 [

1
𝑅(1 − 𝐷)2

+ 𝐷
2𝑓𝑠𝐿

] , (6)

𝐼𝐿min = 𝐼𝐿 −
Δ𝑖𝐿
2 = 𝑉𝐼 [

1
𝑅(1 − 𝐷)2

− 𝐷
2𝑓𝑠𝐿

] . (7)

For a maximum load resistance 𝑅𝐿max, the minimum inductance 𝐿min for maintain-
ing a continuous 𝑖𝐿 can be obtained by solving

𝐼𝐿min = 𝑉𝐼 [
1

𝑅𝐿max(1 − 𝐷)2
− 𝐷
2𝑓𝑠𝐿

] = 0.

∴𝐿min =
𝑅𝐿max𝐷(1 − 𝐷)2

2𝑓𝑠
. (8)

More often though, instead of 𝑅𝐿max, the desired (maximum) value of Δ𝑖𝐿 is used as
the design criterion. In other words, the required 𝐿 is determined by solving (4):
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𝐿 = 𝑉𝐼𝐷
𝑓𝑠Δ𝑖𝐿

=
𝑉𝑂𝐷(1 − 𝐷)

𝑓𝑠Δ𝑖𝐿
=
𝑉𝐼(𝑉𝑂 − 𝑉𝐼)
𝑓𝑠𝑉𝑂Δ𝑖𝐿

. (9)

While the inductor provides inertia to the current, the capacitor plays the same
role to the voltage.

Consideration of the capacitance value, 𝐶,
comes into play when we relax the small-
ripple approximation and consider the out-
put voltage ripple, denoted Δ𝑉𝑂.

The equivalent circuit of the boost con-
verter’s output stage in Figure 6 — taking
into account the capacitor’s ESR — and the
current/voltage waveforms in Figure 7 serve
as the basis for our analysis.

When the diode is off, the capacitor dis-
charges through the resistor, with current
that is 𝑉𝑂/𝑅 on average.

When the diode is on, the capacitor charges
from the inductor current which peaks at
𝐼𝐿max.
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Figure 3.6 Equivalent circuit of the output part of the boost converter.

and

Lmin =

⎧⎪⎪⎨⎪⎪⎩

RLmaxDmax(1 − Dmax)2

2fs
, for D <

1
3

RLmaxDmin(1 − Dmin)2

2fs
, for D ≥

1
3
.

(3.38)

3.2.7 Ripple Voltage in Boost Converter for CCM

The output part of the boost converter is shown in Figure 3.6. The filter capacitor in this figure is modeled by
its capacitance C and its equivalent series resistance (ESR) rC. Figure 3.7 shows current and voltage waveforms
in the converter output circuit. The dc component of the diode current flows through the load resistor RL. The ac
component of the diode current is divided between the capacitor branch and the load resistance branch. In practice,
the filter capacitor is designed in such a way that the impedance of the capacitor branch is much less than the load
resistance RL. Consequently, the current through the capacitor is approximately equal to the ac component of the
diode current.

The maximum peak-to-peak value of the capacitor current is

ICpp = IDMmax ≈ IImax =
IOmax

1 − Dmax
(3.39)

resulting in the peak-to-peak value of the voltage across rC

Vrcpp = rCICpp = rCIDMmax ≈
rCIOmax

1 − Dmax
. (3.40)

The peak-to-peak value of the output ripple voltage Vr is usually specified. Hence, the maximum peak-to-peak
value of the ac component of the voltage across the capacitance C is found as

VCpp ≈ Vr − Vrcpp. (3.41)

On the other hand, this voltage is approximately given by

VCpp =
ΔQmax

Cmin
=

IOmaxDmaxT

Cmin
=

VODmax

fsRLminCmin
(3.42)

where ΔQmax is the charge decrease during the time interval from zero to DT . Rearrangement of (3.42) gives the
minimum filter capacitance

Cmin =
IOmaxDmax

fsVCpp
=

DmaxVO

fsRLminVCpp
. (3.43)

Figure 6: Equivalent circuit of the
boost converter’s output stage, tak-
ing into account the capacitor’s
ESR, denoted 𝑟𝐶 [Kaz16, Figure 3.6].
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Figure 3.7 Waveforms illustrating the ripple voltage in the PWM boost converter.
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ΔVC

ΔVO

Figure 7: For analyzing voltage ripple: 𝑖𝐷 is diode current, 𝑖𝐶 is capacitor current,
𝑣𝐶 is the capacitor voltage, 𝑣𝑂 = 𝑣𝐶 + 𝑣𝑟𝑐 is the output voltage [Kaz16, Figure 3.7].
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Let us relate the capacitor voltage to the capacitor current given by

𝑖𝐶 = 𝐶
d𝑣𝐶
d𝑡 ⟹ 𝑖𝐷 − 𝑖𝑂 = 𝐶

d𝑣𝐶
d𝑡

⟹ ∫
𝑇

𝑡=𝐷𝑇
(𝑖𝐿 − 𝑖𝑂)d𝑡 = 𝐶Δ𝑉𝐶

⟹ (𝐼𝐿 − 𝐼𝑂)(1 − 𝐷)𝑇 = 𝐶Δ𝑉𝐶

⟹ (
𝐼𝑂

1 − 𝐷 − 𝐼𝑂) (1 − 𝐷) = 𝑓𝑠𝐶Δ𝑉𝐶

⟹
𝑉𝑂𝐷
𝑅 = 𝑓𝑠𝐶Δ𝑉𝐶,

where

Δ𝑉𝐶 ≈ Δ𝑉𝑂 − 𝐼𝐿max𝑟𝐶. (10)

Above, the current integral is approximated based on the plot of 𝑖𝐶 in Figure 7.
Rearranging the preceding equation, we get an expression for the required capac-
itance:

𝐶 = 𝐷
𝑓𝑠𝑅Δ𝑉𝐶/𝑉𝑂

. (11)

1.2. CCM design considerations

The design considerations for the boost converter is similar to those for the buck
converter in Lecture 4 Sec. 2.2, except consideration of the capacitor voltage over-
shoot (see Lecture 4 Eq. (13)) does not apply. Thus, we proceed to an example.

Example 2

This example was heavily expanded from [Har11, EXAMPLE 6-5]. A boost
converter is required to have an output voltage of 8 V and to supply a load
current of 1 A. The input voltage varies from 2.7 to 6 V. A control circuit ad-
justs the duty cycle to keep the output voltage constant. Suppose a switching
frequency of 200 kHz is selected.

1. Determine a value for the inductor such that the variation in inductor cur-
rent is no more than 40% of the average inductor current for all values of
𝑉𝐼.

2. Determine a value of an ideal capacitor such that the output voltage ripple
is no more than 2 percent.

3. Determine the maximum capacitor ESR for a 2 percent ripple.

Use the inductor and capacitor values in Appendix A.

Solution: Known values are 𝑉𝑂 = 8 V, 𝑅 = 𝑉𝑂/1 = 8 Ω, 𝑓𝑠 = 2× 105 Hz. Notice
there is a range of input voltages, and correspondingly there is a range of
inductor and capacitor values.

6



1. For each value of 𝑉𝐼, we can calculate 𝐷, 𝐼𝐿 and Δ𝑖𝐿. Based on the require-
ment that Δ𝑖𝐿 ≤ 𝑘𝐼𝐿 (𝑘 = 0.4), Eq. (9) tells us what the minimum 𝐿 should
be for any value of 𝑉𝐼, i.e.,

𝐿 = 𝑉𝐼𝐷
𝑓𝑠Δ𝑖𝐿

= 𝑉𝐼
𝑓𝑠𝑘𝐼𝐿

(1 −
𝑉𝐼
𝑉𝑂
) =

𝑅𝑉2
𝐼

𝑓𝑠𝑘𝑉2
𝑂
(1 −

𝑉𝐼
𝑉𝑂
) .

𝐿 turns out to be a cubic function of 𝑉𝐼.
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We can plot 𝐿 against 𝑉𝐼 as above, and pick the maximum 𝐿 for our answer,
but we all know from high-school calculus that is equivalent to differenti-
ating 𝐿 by 𝑉𝐼 and picking the value of 𝐿 that corresponds to the point where

d𝐿
d𝑉𝐼

=
𝑅𝑉𝐼(2𝑉𝑂 − 3𝑉𝐼)

𝑓𝑠𝑘𝑉3
𝑂

= 0, d2𝐿
d𝑉2

𝐼
=
2𝑅(𝑉𝑂 − 3𝑉𝐼)

𝑓𝑠𝑘𝑉3
𝑂

< 0.

When 𝑉𝐼 = 2𝑉𝑂/3 = 5.3̇ V (within the range of 2.7 to 6 V), d𝐿
d𝑉𝐼

= 0 and

d2𝐿
d𝑉2

𝐼
< 0, hence the value of 𝐿 corresponding to 𝑉𝐼 = 5.3̇ V is the desired

inductor value:
𝐿 =

𝑅𝑉2
𝐼

𝑓𝑠𝑘𝑉2
𝑂
(1 −

𝑉𝐼
𝑉𝑂
) = 14.81 𝜇H. (12)

Picking the closest larger value from Appendix A, 𝐿 should be 15 𝜇H.
2. For the required Δ𝑉𝐶/𝑉𝑂 = 0.02, Eq. (11) gives

𝐶 = 𝐷
𝑓𝑠𝑅Δ𝑉𝐶/𝑉𝑂

=
𝑉𝑂 − 𝑉𝐼
𝑓𝑠𝑅Δ𝑉𝐶

,

which is a monotonically decreasing affine function of 𝑉𝐼.
For the maximum value of 𝐶, pick the minimum 𝑉𝐼, which is 𝑉𝐼 = 2.7 V, and
the capacitor value turns out to be 𝐶 = 20.7 𝜇F. Picking the closest larger
value from Appendix A, 𝐶 should be 22 𝜇F.

3. Using Eq. (11), we can calculate Δ𝑉𝐶, and given Δ𝑉𝑂 = 𝑟𝑉𝑂 (𝑟 = 0.02), we can
then use Eq. (10) to calculate 𝑟𝐶 = (Δ𝑉𝑂 − Δ𝑉𝐶)/𝐼𝐿max for each 𝑉𝐼, where

𝐼𝐿max = 𝐼𝐿 +
Δ𝑖𝐿
2 = 𝑉𝐼 [

1
𝑅(1 − 𝐷)2

+ 𝐷
2𝑓𝑠𝐿

] =
−𝑅𝑉3

𝐼 + 𝑅𝑉𝑂𝑉2 + 2𝑓𝑠𝐿𝑉3
𝑂

2𝑓𝑠𝑅𝐿𝑉𝑂𝑉𝐼
.
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� It is important to keep 𝐿 as is in the expression above, rather than sub-
situting (12) into the expression above, since we picked a different value
than what (12) gives us. The same applies to 𝐶 below.
Continuing,

𝑟𝐶 =
Δ𝑉𝑂 − Δ𝑉𝐶
𝐼𝐿max

= [𝑟𝑉𝑂 −
𝑉𝑂
𝑓𝑠𝑅𝐶

(1 −
𝑉𝐼
𝑉𝑂
)] (

2𝑓𝑠𝑅𝐿𝑉𝑂𝑉𝐼
−𝑅𝑉3

𝐼 + 𝑅𝑉𝑂𝑉2
𝐼 + 2𝑓𝑠𝐿𝑉3

𝑂
)

= (
2𝐿𝑉𝑂
𝐶 )

−𝑉2
𝐼 + (𝑉𝑂 − 𝑟𝑓𝑠𝑅𝐶𝑉𝑂)𝑉𝐼

𝑅𝑉3
𝐼 − 𝑅𝑉𝑂𝑉2

𝐼 − 2𝑓𝑠𝐿𝑉3
𝑂
,

which is a rational function of 𝑉𝐼, as plotted below.
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The plot above shows that 𝑟𝐶 is minimum when 𝑉𝐼 is minimum (i.e., 𝑉𝐼 =
2.7 V), therefore 𝑟𝐶 = 2.89 mΩ.

2. Buck-boost converter

The buck-boost converter, as the name implies, can step down or step up the input
voltage.146 Pulse-Width Modulated DC–DC Power Converters
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4.2.2 Assumptions

The analysis of the buck–boost PWM converter of Figure 4.1(a) is based on the following assumptions:

(1) The power MOSFET and the diode are ideal switches.
(2) The transistor output capacitance and the diode capacitance as well as lead inductances (and thereby switching

losses) are zero.
(3) Passive components are linear, time invariant, and frequency independent.
(4) The output impedance of the input voltage source VI is zero for both dc and ac components.

4.2.3 Time Interval: 0 < t ≤ DT

During the time interval 0 < t ≤ DT , the switch is on and the diode is off. An ideal equivalent circuit for this time
interval is shown in Figure 4.1(b). When the switch is on, the voltage across the diode vD is approximately equal
to −(VI + VO), causing the diode to be reverse biased. The voltage across the switch vS and the diode current iD are
zero. The voltage across the inductor L is given by

vL = VI = L
diL
dt
. (4.1)

Hence, one obtains the current through the inductor L and the switch

iS = iL = 1
L ∫

t

0
vLdt + iL(0) = 1

L ∫

t

0
VIdt + iL(0) =

VI

L
t + iL(0) (4.2)

Figure 8: A buck-boost converter [Kaz16,
Figure 4-1(a)].

Figure 8 shows the buck-boost converter
circuit.

Notice how the diode and inductor have
swapped positions, compared to the buck
converter in Lecture 4 Figure 7, while
the switch and output capacitor remain
“fixed”.

Also notice the direction of the diode
is inverted, compared to the boost con-
verter in Figure 1.
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Figure 9 shows an alternative version of
the buck-boost converter, which consists
of a buck converter and a boost converter
in series.

The higher number of components of
this version means the earlier version is
more economical/practical.

Figure 9: An alternative version of the
buck-boost converter.

Example 3

This example is related to a buck-
boost converter available on Amazon.com,
shown in Figure 10.

The converter uses the 400 kHz 60 V
4 A buck-boost converter controller IC
XL6009 from XLSEMI (note XL6019 is
the newer version), which features an in-
tegrated depletion-mode N-MOSFET.

Figure 10: A commercially avail-
able buck-boost converter.

2.1. CCM analysis

Figure 11 shows the equivalent circuits for the cases when the switch is closed,
and when the switch is open.

146 Pulse-Width Modulated DC–DC Power Converters

iS

iL

RLC

vD +

VI

(a)

vL

+
L

+
VO

iD

RLCVI L

vS+

(c)

vL

iL

+
VO

(a)

RLC
vGS
+VI L

iS iD

iL

+
VO

Figure 4.1 PWM buck–boost converter and its ideal equivalent circuits for CCM. (a) Circuit. (b) Equivalent circuit
when the switch is ON and the diode is OFF. (c) Equivalent circuit when the switch is OFF and the diode is ON.

4.2.2 Assumptions

The analysis of the buck–boost PWM converter of Figure 4.1(a) is based on the following assumptions:

(1) The power MOSFET and the diode are ideal switches.
(2) The transistor output capacitance and the diode capacitance as well as lead inductances (and thereby switching

losses) are zero.
(3) Passive components are linear, time invariant, and frequency independent.
(4) The output impedance of the input voltage source VI is zero for both dc and ac components.

4.2.3 Time Interval: 0 < t ≤ DT

During the time interval 0 < t ≤ DT , the switch is on and the diode is off. An ideal equivalent circuit for this time
interval is shown in Figure 4.1(b). When the switch is on, the voltage across the diode vD is approximately equal
to −(VI + VO), causing the diode to be reverse biased. The voltage across the switch vS and the diode current iD are
zero. The voltage across the inductor L is given by

vL = VI = L
diL
dt
. (4.1)

Hence, one obtains the current through the inductor L and the switch

iS = iL = 1
L ∫

t

0
vLdt + iL(0) = 1

L ∫

t

0
VIdt + iL(0) =

VI

L
t + iL(0) (4.2)

146 Pulse-Width Modulated DC–DC Power Converters

iS

iL

RLC

vD +

VI

(b)

vL

+
L

+
VO

iD

RLCVI L

vS+

(b)

vL

iL

+
VO

(a)

RLC
vGS
+VI L

iS iD

iL

+
VO

Figure 4.1 PWM buck–boost converter and its ideal equivalent circuits for CCM. (a) Circuit. (b) Equivalent circuit
when the switch is ON and the diode is OFF. (c) Equivalent circuit when the switch is OFF and the diode is ON.

4.2.2 Assumptions

The analysis of the buck–boost PWM converter of Figure 4.1(a) is based on the following assumptions:

(1) The power MOSFET and the diode are ideal switches.
(2) The transistor output capacitance and the diode capacitance as well as lead inductances (and thereby switching

losses) are zero.
(3) Passive components are linear, time invariant, and frequency independent.
(4) The output impedance of the input voltage source VI is zero for both dc and ac components.

4.2.3 Time Interval: 0 < t ≤ DT

During the time interval 0 < t ≤ DT , the switch is on and the diode is off. An ideal equivalent circuit for this time
interval is shown in Figure 4.1(b). When the switch is on, the voltage across the diode vD is approximately equal
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diL
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Figure 11: Equivalent circuits of the buck-boost converter in Figure 8: (a) when
switch is closed, (b) when switch is open [Kaz16, Figure 4.1]. Note the polarity of
𝑉𝑂.

During the time interval (0, 𝐷𝑇], when the switch is closed,
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• The diode is reverse-biased at 𝑣𝐷 = −𝑉𝐼 − 𝑉𝑂.
• The voltage across the inductor is

𝑣𝐿 = 𝑉𝐼 = 𝐿 d𝑖𝐿
d𝑡 .

Integrating the above gives us the inductor current:

𝑖𝐿(𝑡) − 𝑖𝐿(0) =
𝑉𝐼
𝑡 𝑡

⟹ Δ𝑖𝐿 = 𝑖𝐿(𝐷𝑇) − 𝑖𝐿(0) =
𝑉𝐼𝐷𝑇
𝐿 .

(13)

During the time interval (𝐷𝑇, 𝑇], when the switch is open,

• The diode becomes forward-biased to carry the inductor current, when 𝑖𝐿 starts
falling, causing 𝑣𝐿 to become negative.

• The voltage across the inductor is

𝑣𝐿 = −𝑉𝑂 = 𝐿 d𝑖𝐿
d𝑡 .

Integrating the above gives us the inductor current:

𝑖𝐿(𝑡) − 𝑖𝐿(𝐷𝑇) = −
𝑉𝑂(𝑡 − 𝐷𝑇)

𝐿

⟹ Δ𝑖𝐿 = 𝑖𝐿(𝐷𝑇) − 𝑖𝐿(𝑇) =
𝑉𝑂(1 − 𝐷)𝑇

𝐿 .
(14)

Figure 12 summarizes graphically the idealized voltage and current waveforms of
the buck-boost converter. Note the average switch current 𝐼𝑆 is a fraction 𝐷 of the
average inductor current 𝐼𝐿, i.e., 𝐼𝑆 = 𝐷𝐼𝐿.
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Figure 4.2 Idealized current and voltage waveforms for the PWM buck–boost converter for CCM.Figure 12: Idealized CCM voltage and current waveforms of the buck-boost con-
verter circuit in Figure 11 [Kaz16, Figure 4.2].

Either by equating (13) to (14), or by invoking the inductor volt-second balance
principle,

𝑉𝐼𝐷𝑇 = 𝑉𝑂(1 − 𝐷)𝑇.

∴𝑉𝑂 = 𝑉𝐼
𝐷

1 − 𝐷, 𝐷 =
𝑉𝑂

𝑉𝐼 + 𝑉𝑂
. (15)

If 𝐷 < 0.5, then 𝑉𝑂 < 𝑉𝐼 (buck), but if 𝐷 > 0.5, then 𝑉𝑂 > 𝑉𝐼 (boost).
Substituting (15) and 𝑇 = 1/𝑓𝑠 into (13) and (14), we get

Δ𝑖𝐿 =
𝑉𝐼𝐷
𝑓𝑠𝐿

=
𝑉𝑂(1 − 𝐷)

𝑓𝑠𝐿
=

𝑉𝐼𝑉𝑂
𝑓𝑠𝐿(𝑉𝐼 + 𝑉𝑂)

. (16)

As usual, we are also interested in the average inductor current 𝐼𝐿. Equating the
input power to the output power, and since 𝐼𝑆 = 𝐷𝐼𝐿 (see the plot of 𝑖𝑆 in Figure 12),
we have

𝑉𝐼𝐼𝑆 =
𝑉2
𝑂
𝑅 ⟹ 𝐼𝐿 =

𝑉2
𝑂

𝐷𝑉𝐼𝑅
.

∴𝐼𝐿 =
𝑉𝐼𝐷

𝑅(1 − 𝐷)2
=

𝐼𝑂
1 − 𝐷. (17)
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The maximum and minimum values of 𝑖𝐿 are thus

𝐼𝐿max = 𝐼𝐿 +
Δ𝑖𝐿
2 = 𝑉𝐼𝐷[

1
𝑅(1 − 𝐷)2

+ 1
2𝑓𝑠𝐿

] , (18)

𝐼𝐿min = 𝐼𝐿 −
Δ𝑖𝐿
2 = 𝑉𝐼𝐷[

1
𝑅(1 − 𝐷)2

− 1
2𝑓𝑠𝐿

] . (19)

For a maximum load resistance 𝑅𝐿max, the minimum inductance 𝐿min for maintain-
ing a continuous 𝑖𝐿 can be obtained by solving

𝐼𝐿min = 𝑉𝐼𝐷[
1

𝑅𝐿max(1 − 𝐷)2
− 1
2𝑓𝑠𝐿

] = 0.

∴𝐿min =
𝑅(1 − 𝐷)2

2𝑓𝑠
. (20)

More often though, instead of 𝑅𝐿max, the desired (maximum) value of Δ𝑖𝐿 is used
as the design criterion. In other words, the required 𝐿 is determined by solving
(16):

𝐿 = 𝑉𝐼𝐷
𝑓𝑠Δ𝑖𝐿

=
𝑉𝑂(1 − 𝐷)
𝑓𝑠Δ𝑖𝐿

=
𝑉𝐼𝑉𝑂

𝑓𝑠Δ𝑖𝐿(𝑉𝐼 + 𝑉𝑂)
. (21)

While the inductor provides inertia to the current, the capacitor plays the same
role to the voltage.

Consideration of the capacitance value, 𝐶,
comes into play when we relax the small-
ripple approximation and consider the out-
put voltage ripple, denoted Δ𝑉𝑂.

The equivalent circuit of the boost con-
verter’s output stage in Figure 13 — tak-
ing into account the capacitor’s ESR — and
the current/voltage waveforms in Figure 14
serve as the basis for our analysis.

When the diode is off, 𝑖𝐷 = 𝑖𝐶 + 𝑖𝑂 =
0 ⟹ 𝑖𝐶 = −𝑖𝑂, i.e., the capacitor dis-
charges through the resistor, with current
that is −𝐼𝑂 = −𝑉𝑂/𝑅 on average.

When the diode is on, the capacitor charges
from the inductor current which peaks at
𝐼𝐿max.

𝑟𝐶
+

−
𝑣𝑅𝐶

𝐶
+

−
𝑣𝐶

𝑖𝐶𝑖𝐷

𝑅𝐿

+

−

𝑉𝑂

𝑖𝑂

𝐿

𝑖𝐿

Figure 13: Equivalent circuit of the
buck-boost converter’s output stage,
taking into account the capacitor’s
ESR, denoted 𝑟𝐶.

Let us relate the capacitor voltage to the capacitor current given by
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Figure 14: For analyzing voltage ripple:
𝑖𝐷 is diode current, 𝑖𝐶 is capacitor cur-
rent [Kaz16, Figure 4.7].

𝑖𝐶 = 𝐶
d𝑣𝐶
d𝑡 ⟹ 𝑖𝐷 − 𝑖𝑂 = 𝐶

d𝑣𝐶
d𝑡

⟹ ∫
𝑇

𝑡=𝐷𝑇
(𝑖𝐿 − 𝑖𝑂)d𝑡 = 𝐶Δ𝑉𝐶

⟹(𝐼𝐿 − 𝐼𝑂)(1 − 𝐷)𝑇 = 𝐶Δ𝑉𝐶

⟹ (
𝐼𝑂

1 − 𝐷 − 𝐼𝑂) (1 − 𝐷) = 𝑓𝑠𝐶Δ𝑉𝐶

⟹
𝑉𝑂𝐷
𝑅 = 𝑓𝑠𝐶Δ𝑉𝐶,

where

Δ𝑉𝐶 ≈ Δ𝑉𝑂 − 𝐼𝐿max𝑟𝐶. (22)

Above, the current integral is approx-
imated based on the plot of 𝑖𝐶 in Fig-
ure 14. Rearranging the preceding
equation, we get an expression for the re-
quired capacitance:

𝐶 = 𝐷
𝑓𝑠𝑅Δ𝑉𝐶/𝑉𝑂

. (23)

Notice how (23) is the same as (11).

2.2. CCM design considerations

The design considerations for the boost converter is similar to those for the buck
converter in Lecture 4 Sec. 2.2, except consideration of the capacitor voltage over-
shoot (see Lecture 4 Eq. (13)) does not apply. Thus, we proceed to an example.

Example 4

This example was adapted from [Har11, EXAMPLE 6-6]. A buck-boost con-
verter has the following parameters: 𝑉𝐼 = 24 V, 𝑅 = 5 Ω, 𝐿 = 20 𝜇H, 𝑓𝑠 =
100 kHz.

1. Determine the duty cycle to achieve 𝑉𝑂 = 8 V.
2. Determine whether the converter is operating in CCM.
3. Neglecting capacitor ESR, determine the minimum capacitor value to keep

the output voltage ripple to at most 2 percent. Use the capacitor values in
Appendix A.

Solution:

1. From (15), 𝐷 =
𝑉𝑂

𝑉𝐼 + 𝑉𝑂
= 0.25.
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2. From (19), 𝐼𝐿min = 𝑉𝐼𝐷[
1

𝑅(1 − 𝐷)2
− 1
2𝑓𝑠𝐿

] = 0.6333 A. So the converter is
operating in CCM.

3. Given Δ𝑉𝐶/𝑉𝑂 = Δ𝑉𝑂/𝑉𝑂 = 0.02, from (23), 𝐶 = 𝐷
𝑓𝑠𝑅Δ𝑉𝑂/𝑉𝑂

= 25 𝜇F. From
Appendix A, we can pick 𝐶 = 33 𝜇F.

3. References

[Har11] D. W. Hart, Power Electronics, international ed., McGraw-Hill Education, 2011. Available
at https://ebookcentral.proquest.com/lib/unisa/detail.action?docID=6120974.

[Kaz16] M. K. Kazimierczuk, Pulse-width modulated DC-DC power converters, 2nd ed., John Wiley
& Sons, 2016. https://doi.org/10.1002/9781119009597.

A. Standard inductor and capacitor values

The following tables were sourced from RFCafe.com.

HPE Invents 1st Memristor
Laser

"Researchers at
Hewlett Packard
Labs, where the
first practical
memristor was
created, have
invented a new variation on the device -
a memristor laser..."

About RF Cafe

Copyright: 1996 - 2024
Webmaster:

Kirt Blattenberger,
    BSEE - KB3UON
RF Cafe began life in 1996
as "RF Tools" in an AOL
screen name web space
totaling 2 MB. Its primary
purpose was to provide
me with ready access to
commonly needed
formulas and reference
material while performing
my work as an RF system
and circuit design
engineer. The World Wide
Web (Internet) was
largely an unknown entity
at the time and bandwidth
was a scarce commodity.
Dial-up modems blazed
along at 14.4 kbps while
typing up your telephone
line, and a nice lady's
voice announced "You've
Got Mail" when a new
message arrived...
All trademarks,
copyrights, patents, and
other rights of ownership
to images and text used
on the RF Cafe website
are hereby acknowledged.
My Hobby Website:
AirplanesAndRockets.com

Standard Inductor Values

Inductors are one of the four fundamental types of passive electronic
components; the other three are the resistor, the capacitor, and the
memristor. Inductors take the form of wound coils of wire, straight
sections of wire, printed elements on circuit boards and on integrated
circuit (IC) substrates. Molded bodies with radial and axial lead, and
surface mount soldering pads are common, as are coils made from wire
wrapped around magnetic and air cores with flying leads. The basic unit of
inductance is the Henry (H).
These inductor values are the most commonly found (CoilCraft has a large
selection).

Standard Inductor Values from RFCafe.com

nH, µH nH, µH nH, µH nH, µH

1.0 10 100 1000

1.1 11 110 1100

1.2 12 120 1200

1.3 13 130 1300

1.5 15 150 1500

1.6 16 160 1600

1.8 18 180 1800

2.0 20 200 2000

2.2 22 220 2200

2.4 24 240 2400

2.7 27 270 2700

3.0 30 300 3000

3.3 33 330 3300

3.6 36 360 3600

3.9 39 390 3900

4.3 43 430 4300

4.7 47 470 4700

5.1 51 510 5100

5.6 56 560 5600

6.2 62 620 6200

6.8 68 680 6800

7.5 75 750 7500

8.2 82 820 8200

8.7 87 870 8700

9.1 91 910 9100

Related Pages on RF Cafe
- Inductors & Inductance Calculations
- Inductance Conversions
- Standard Inductor Values
- Inductor Vendors

Please Support RF Cafe by
purchasing my 
ridiculously low−priced
products, all of which I
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Standard Capacitor Values & Color Codes

Over time, a series of standard capacitor values have evolved, just as with
resistors and inductors. Capacitors are available in a huge range of
package styles, voltage and current handling capacities, dielectric types,
quality factors, and many other parameters. Still, they largely hold to this
range of values.
Capacitors are one of the four fundamental types of passive electronic
components; the other three are the inductor, the resistor, and the
memristor. The basic unit of capacitance is the Farad (F).
In order to obtain other values of capacitance, it is necessary to use
parallel and/or series combinations. Often, complex combinations are used
in order to satisfy multiple requirements such as handling large voltages
while still providing the correct amount of capacitance.
If it is necessary to provide occasional tuning of a circuit, then it is
necessary to use a variable capacitor. That can take the form of a
manually adjusted capacitor, or an electrically tuned capacitor like a
varactor diode (varicap).

          Old Capacitor Color Code Chart                        Old Ceramic Axial Lead Capacitor Color Code Chart

These are the most commonly available capacitor values.
Tolerances are highly dependent on dielectric and package type.

pF pF pF pF µF µF µF µF µF µF µF

1.0 10 100 1000 0.01 0.1 1.0 10 100 1000 10,000

1.1 11 110 1100        

1.2 12 120 1200        

1.3 13 130 1300        

1.5 15 150 1500 0.015 0.15 1.5 15 150 1500  

1.6 16 160 1600        

1.8 18 180 1800        

2.0 20 200 2000        

2.2 22 220 2200 0.022 0.22 2.2 22 220 2200  

2.4 24 240 2400        

2.7 27 270 2700        

3.0 30 300 3000        

3.3 33 330 3300 0.033 0.33 3.3 33 330 3300  

3.6 36 360 3600        

3.9 39 390 3900        

4.3 43 430 4300        

4.7 47 470 4700 0.047 0.47 4.7 47 470 4700  

5.1 51 510 5100        

5.6 56 560 5600        

6.2 62 620 6200        

6.8 68 680 6800 0.068 0.68 6.8 68 680 6800  

7.5 75 750 7500        

8.2 82 820 8200        

9.1 91 910 9100        
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quality factors, and many other parameters. Still, they largely hold to this
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memristor. The basic unit of capacitance is the Farad (F).
In order to obtain other values of capacitance, it is necessary to use
parallel and/or series combinations. Often, complex combinations are used
in order to satisfy multiple requirements such as handling large voltages
while still providing the correct amount of capacitance.
If it is necessary to provide occasional tuning of a circuit, then it is
necessary to use a variable capacitor. That can take the form of a
manually adjusted capacitor, or an electrically tuned capacitor like a
varactor diode (varicap).
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These are the most commonly available capacitor values.
Tolerances are highly dependent on dielectric and package type.
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