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After gaining some understanding of the diodes and transistors that make up con-
verter circuits, it is now time to discuss one of four main types of converter circuits:
DC-DC converter circuits, or equivalently, chopper circuits.
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1. Introduction

From Lecture 1: DC-DC conversion refers to the con-
version of a DC input voltage to a DC output voltage
having a larger or smaller magnitude, possibly with
opposite polarity, or with isolation of the input and
output ground references.

Buck (step-down) and boost (step-up) converters are
the most basic.

Applications of DC-DC converters include
switch(ed)-mode power supply (SMPS), battery
charger, DC motor speed controller, and brushless
DC motor drive.

SA60 Power Supply Range

ENGLISH

Specifications:

•   60 Watt
•   Single output
•   High efficiency
•   Industry standard size 2”x 4” (110mm x 50.8mm x 29mm(h)
•   Open frame or cased option
•   Low cost
•   Low touch currents
•   Low standby power
•   Meets requirements of EN61000-3-2 PFC Class A
•   Meets requirements of EN55022 ‘B’ for conducted noise

Figure 1: A sample 60W
SMPS.

Development of DC-DC converters has spanned decades so far, and nowadays be-
sides conversion, these devices are meant

• to control the DC output voltage against load and line variations;
• to keep the AC voltage ripple on the DC output voltage below the acceptable

limit;
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• to provide isolation between the input source and the load, although isolation is
not always necessary;

• to protect the supplied system and the input source from electromagnetic inter-
ference (EMI);

• to comply with various international and national safety standards. 135Ordinary DC/DC Converters

5.2  FUNDAMENTAL CONVERTERS

Fundamental converters are exemplified by the buck converter, the boost converter, the buck–boost 
converter, and the positive output (P/O) buck–boost converter. Considering the input current 
continuity, we can divide all DC/DC converters into two main modes: continuous input current 
mode (CICM) and discontinuous input current mode (DICM). The boost converter operates in 
CICM, whereas the buck converter and the buck–boost converter operate in DICM.

D
C/

D
C

co
nv

er
te

rs

1G
Classical

converters

2G
Multi-quadrant

converters

3G
Switched-

component
converters

4G
Soft-switching

converters

5G
Synchoronous

recti�er
converters

6G
Multi-elements
resonant power

converters

Fundamental
circuits

Developed

Transformer

Voltage lift

Super-lift

Buck converter

Boost converter

Buck–boost converter

Positive output Luo-converter
Negative output Luo-converter
Double output Luo-converter
Cuk-converter
SEPIC

Forward converter

Push-pull converter
Half-bridge converter
Bridge converter

Fly-back converter

ZETA converter

Positive output Luo-converters
Negative output Luo-converters

7 Self-lift converter

Modi�ed P/O Luo-converter
Double output Luo-converter

Positive output cascaded boost converters
Negative output cascaded boost converters

Positive output super-lift Luo-converters
Negative output super-lift Luo-converters

Switched-capacitor converter

Multi-quadrant Luo-converter
Two quadrants converter

Four quadrants SC Luo-converter

Multi-lift

P/O multi-lift push-pull
Luo-converter

N/O multi-lift push-pull
Luo-converter

Switched-inductor converter

ZCS-QRC ----- Four quadrants zero-current switching Luo-converter

ZVS-QRC ----- Four quadrants zero-voltage switching Luo-converter

ZTC ----- Four quadrants zero-transition Luo-converter

2-elements

3-elements

4-elements
Double gamma-CL current source resonant inverter

Reverse double gamma-CL resonant power converter

Π − CLL current source resonant inverter

Flat-transformer synchronous recti�er converter
Synchronous recti�er converter with active clamp circuit
Double current synchronous recti�er converter
ZCS synchronous recti�er converter
ZVS synchronous recti�er converter

Transformer-type converters

Developed

Transformer-type converters

Four quadrants SI Luo-converter

Tapped-inductor converters

Voltage-lift SEPIC
Voltage-lift Cuk-converter
Voltage-lift D/O converters
Switched-capacitorized converters

Ultra-lift Luo-converter

FIGURE 5.1  DC/DC converter family tree.Figure 2: DC-DC converter family tree [LY18, FIGURE 5.1].

Six generations of DC-DC converter designs are currently identifiable as shown in
Figure 2.
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Some terminology in Figure 2 can use some explanation:

Detail: Quadrant [LY06, Sec. 1.2]

A quadrant refers to one of
four areas divided by a ver-
tical voltage axis and a hor-
izontal current axis; see Fig-
ure 3.

Suppose the voltage and cur-
rent are those powering a DC
motor.
• In quadrant 1, both cur-

rent and voltage are pos-
itive, causing the DC mo-
tor to accelerate forward,
hence quadrant 1 is asso-
ciated with

.

Introduction 3

During reverse braking process its armature voltage is still negative and its
armature current is positive. This state is called the reverse regenerating
operation quadrant IV operation.

Referring to the DC motor operation states; we can define the multiple-
quadrant operation as below:

Quadrant I operation: forward motoring, voltage is positive, current is
positive

Quadrant II operation: forward regenerating, voltage is positive, current
is negative

Quadrant III operation: reverse motoring, voltage is negative, current
is negative

Quadrant IV operation: reverse regenerating, voltage is negative, cur-
rent is positive

The operation status is shown in the Figure 1.1. Choppers can convert a
fixed DC voltage into various other voltages. The corresponding chopper is
usually named according to its quadrant operation chopper, e.g., the first-
quadrant chopper or “A”-type chopper. In the following description we use
the symbols Vin as the fixed voltage, Vp the chopped voltage, and VO the
output voltage.

1.2.2 The First-Quadrant Chopper 

The first-quadrant chopper is also called “A”-type chopper and its circuit

in Figure 1.2b. The switch S can be some semiconductor devices such as BJT,
IGBT, and MOSFET. Assuming all parts are ideal components, the output
voltage is calculated by the formula,

 (1.1)

FIGURE 1.1
Four-quadrant operation.

Quadrant II
Forward Regenerating

Quadrant III
Reverse Motoring

Quadrant IV
Reverse Regenerating

Quadrant I
Forward Motoring

V

I

V
t
T

V kVO
on

in in= =

© 2006 by Taylor & Francis Group, LLC

diagram is shown in Figure 1.2a and corresponding waveforms are shown

Figure 3: The four quadrants a chopper can
work in [LY06, FIGURE 1.1].

• In quadrant 2, current is negative while voltage is positive, causing the
forward-spinning motor to brake. Since the negative current can be used
for battery charging, quadrant 2 is associated with .

• In quadrant 3, both current and voltage are negative, causing the DCmotor
to accelerate backward, hence quadrant 3 is associated with

.
• In quadrant 4, current is positive while voltage is negative, causing the

backward-spinning motor to brake. Since the positive current can be used
for battery charging, quadrant 4 is associated with .

Detail: Zero-current switching (ZCS), zero-voltage switching (ZVS) [Har11,
Secs. 9.2-9.3], [LY18, p. 134, Sec. 9.7.1.1]

Power electronics works best with minimal switching loss.
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One way to minimize switching loss of a
switch is to keep its voltage or current at
zero when it turns on and when it turns
off; see Figure 4.

A switching transition (usually turn-off)
that takes place with zero current is
called (ZCS).

A switching transition (usually turn-on)
that takes place with zero voltage is
called (ZVS).

Both ZCS and ZVS are
techniques for ensuring the turn-on

and/or turn-off transitions of a semicon-
ductor switching device coincide with the
zero crossings of the applied waveforms.

Switching devices themselves cannot
provide ZCS or ZVS action in general,
and this is an advanced topic related to
resonance and cannot be covered now.

The disadvantages of hard switching effects, as discussed before, can be practi-
cally eliminated by soft switching of power devices, as illustrated in Fig. 4.83. The
large overlap between the voltage and the current waves during switching creates a
large switching loss, thus reducing the efficiency of PWM converters. The main
idea in soft switching is to prevent or minimize the switching overlap so that the
switching loss is minimal. There are two principal types of soft switching: zero current
switching (ZCS) and zero voltage switching (ZVS). Consider the zero current turn-on
and turn-off shown in the figure. The turn-on current in a device can be slowed down
by a series inductance (series snubber). Most devices have limited di/dt ratings. With
such a delayed turn-on, the switching loss is very low. Similarly, the current can be
reduced to zero first before turning off the device. A small recovery current overlap-
ping with the voltage wave gives a small turn-off loss. A good example of ZCS is the
thyristor commutation in the phase-controlled converter. That is why thyristor con-
verter efficiency is so high. ZVS is explained at the bottom of the figure. A device
can be turned on, for example, when its bypass diode is conducting and then it takes
the forward current. The small voltage across the device will cause small turn-on loss.
Similarly, for ZVS turn-off, the bypass diode may also conduct when the device is
turned off. With a large snubber capacitor, if the device is turned off, voltage across
the device builds up slowly, causing a small tail current, as shown in the figure.
The stored energy in the snubber capacitor in such ZVS turn-off is absorbed by the
converter (not dissipated in the snubber resistor as in an RCD snubber). In ZVS
and ZCS, dv/dt and di/dt are usually low, as shown in the figure.
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FIGURE 4.83

Hard and soft switching of power semiconductor devices.

320 CHAPTER 4 Voltage-source converters

Figure 4: Hard switching versus
soft switching [Bos20, FIGURE
4.83].

Example 1

The so-called in Figure 5, a type of inverter, is capa-
ble of ZCS and ZVS during turn-on, ZVS during turn-off.

Application Note 8 of 29 V 3.01

2021-08-24 

Reverse-conducting IGBTs for induction cooking and resonant 

applications
Title_continuedResonant converter topologies for induction cooking applications 

In order to achive soft-switching operations for the power switches, resonant converters are used. These 
converters are built with resonant tanks to create an oscillatory current and voltage that lead to ZVS and/or 
ZCS operations. A resonant converter can be efficiently used in induction cooking applications, since the same 
oscillatory current can be used to produce soft-switching commutations, and at the same time to generate the 

magnetic field in the vessel for heating purposes. 

3.2 Quasi-resonant (QR) converter 

The schematic of a typical quasi-resonant converter [6] is shown in Figure 6a. The topology consists of a single
IGBT, with an antiparallel diode, which is connected to the resonant tank. The resonant coil is the same type

used to produce the magnetic field in an induction cooker. Typical switching waveforms of the IGBT are shown 
in Figure 6b. When the switch is on, the current flows first in the diode and then it moves to the IGBT as soon as 
it changes its polarity. During the commutation from diode to IGBT, the current becomes zero and voltage is 

always very low, therefore a ZVS and ZCS turn-on is achieved. At the IGBT turn-off, the current drops very fast, 

whilst the collector voltage increases much more slowly, as it is limited by the resonant capacitance. Therefore
a virtual ZVS operation can also be achieved at turn-off.

a) 

VBUS
Leq

Req

Cres

Resonant 
network

Q1 D1

Active 
Device

Application Note 9 of 29 V 3.01

2021-08-24 

Reverse-conducting IGBTs for induction cooking and resonant 

applications
Title_continuedResonant converter topologies for induction cooking applications 

b) 

Figure 6 Schematic of a quasi-resonant converter and typical IGBT waveforms . 

Figure 7 shows the four operating phases of a quasi-resonant converter during a switching cycle [8]: 

 Phase I: the first phase starts when the current in the inductor changes polarity, and consequently with the 

IGBT turn-on. During this phase, the inductor current (and therefore the IGBT current) increase almost 

linearly with a rate of rise given by the ration between bus voltage (VBUS) and the resonant inductor. The 

phase I ends when the IGBT turns off. 

 Phase II and III: in these phases, the current flows between the inductor and the capacitor. As a 

consequence, the inductor current and the capacitor voltage resonate with the natural frequency of the 

resonant tank. Phase II ends when the inductor current becomes negative whilst phase III ends when the 

voltage on the switch becomes negative, and the diode starts to conduct. 

 Phase IV: the diode turns on as soon as the voltage across the switch becomes slightly negative. In this 

phase, the current in the active device is negative (it flows from the emitter to the collector terminal) and it 

decreases in absolute value. The rate of change is almost constant and it is approximately equal to the rate 

of rise in phase I. 

ZCS + ZVS turn-on ZVS turn-off

(a) (b)
Figure 5: (a) A quasi-resonant converter. (b) An example of observed IGBT
waveforms with soft switching characteristics. Image from [Inf21, Figure 6].

Orthogonal to the classification in Figure 2 is the classification that divides high-
power DC-DC converters into

1. hard-switching PWM converters; and
2. resonant and soft-switching converters [Ras18, p. 275].

Only hard-switching PWM converters are covered in this course.
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Among the hard-switching PWM converter designs in Figure 2, we will be focusing
on the fundamental circuits (buck, boost, buck-boost) and two developed circuits,
namely Ćuk and SEPIC; all of which classical converters.
Figure 6 shows the PWM DC-DC converters of interest at a glance.

16 Pulse-Width Modulated DC–DC Power Converters

1.8 Topologies of PWM DC–DC Converters

Switched-mode technology employs a wide variety of topologies. Figure 1.17 shows a family of single-ended
PWM dc–dc converters, such as buck, boost, buck–boost, flyback, forward, Ćuk (boost–buck), SEPIC (single-
ended primary input converter), and dual-SEPIC [7] (also called zeta or inverse-SEPIC) converters. The SEPIC
converter is noninverting step-down/step-up converter. Its voltage ratio is MVDC = VO∕VI = D∕(1 − D).

The flyback converter is a transformer version of the buck–boost converter, and the forward converter is a
transformer version of the buck converter. The flyback and dual-SEPIC converters are identical on the primary side
of the transformer. Also, the Ćuk and SEPIC converters are identical on the primary side of the transformer. The
flyback and SEPIC converters are identical on the secondary side of the transformer. Also, the Ćuk and dual-SEPIC
converters are identical on the secondary side of the transformer.

Figure 1.18 depicts the multiple-switch PWM dc–dc converters: half-bridge, full-bridge, and push–pull convert-
ers. Switched-mode converters use duty-cycle control of a switching element to block the flow of energy from
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Figure 1.17 Single-ended PWM dc–;dc nonisolated and isolated converters.Figure 6: PWM DC-DC converters in nonisolated and isolated versions [Kaz16,
Figure 1.17]. Note the isolated version of the buck/boost converter is called the
flyback converter.

Figure 6 necessitates some discussion of isolation (see knowledge base entry) be-
fore a deep dive into chopper circuits.
Discussion of the buck converter follows in the subsequent section, while boost and
buck-boost converters are the subject of the next lecture.
For each type of converters, we will cover
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• The current and voltage waveforms for the major components of the converter.
• An expression for the output voltage ripple.
• Estimation of power losses and transistor gate-drive power (in the tutorials).
• Efficiency (in the tutorials).
• Design examples.

2. Buck converter

As introduced in Lecture 1, “buck converter” is another name for “step-down con-
verter”.

6.3 The Buck (Step-Down) Converter 199

Another way of analyzing the operation of the buck converter of Fig. 6-3a is
to examine the inductor voltage and current. This analysis method will prove
useful for designing the filter and for analyzing circuits that are presented later in
this chapter.

Buck converters and dc-dc converters in general, have the following proper-
ties when operating in the steady state:

1. The inductor current is periodic.

(6-3)

2. The average inductor voltage is zero (see Sec. 2.3).

(6-4)VL �
1
T 3

t�T

t

vL(l)dl� 0

iL(t � T ) � iL(t)    

Figure 6-3 (a) Buck dc-dc converter; (b) Equivalent
circuit for the switch closed; (c) Equivalent circuit
for the switch open.
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Figure 7: A buck converter [Har11, Figure 6-
3(a)].

Figure 7 shows the buck converter
circuit.

The role of the switch is usually
played by a power MOSFET, BJT or
IGBT.

The diode is to provide a path for the
transient current that arises when
the switch is opened. For its role,
the diode is called a /
/ / / /

[Kaz16, p. 22].

Compared to the idealistic buck converter circuit in Lecture 1, this circuit has a
built-in LC (LCR to be exact) low-pass filter.
The presence of this LC filter at the output of the converter make this converter a
kind of [ON 14, p. 5].
Given inductance 𝐿, capacitance 𝐶 and load resistance 𝑅, the transfer function of
the LC filter is

𝑉 (𝑠)
𝑉 (𝑠)

= (𝐿𝐶)
𝑠 + (𝑅𝐶) 𝑠 + (𝐿𝐶)

, (1)

where 𝑉 (𝑠) and 𝑉 (𝑠) are the Laplace transforms of the output voltage and reverse
diode voltage respectively.

Detail: Derivation of (1)

The impedance of the 𝐶//𝑅 branch is (𝑅 +𝐶𝑠) = 𝑅/(𝑅𝐶𝑠+1). Subsequently
applying the voltage divider rule gives us

𝑉 (𝑠)
𝑉 (𝑠)

=
𝐿𝑠 +

= 𝑅
(𝑅𝐶𝑠 + 1)𝐿𝑠 + 𝑅

= (𝐿𝐶)
𝑠 + (𝑅𝐶) 𝑠 + (𝐿𝐶)

.

The corner/natural frequency is thus (𝐿𝐶) , where the values of 𝐿 and 𝐶 are
chosen such that the corner frequency is much lower than the PWM switching
frequency.
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The second-order low-pass filtering effect of the transfer function in (1) serves as
the basis for the or [EM20,
Sec. 2.2], which asserts that if the output voltage is a sum of a constant component
plus a ripple arising rom the incomplete attenuation of the switching harmonics,
then the ripple is so small that it is negligible for the purpose of steady-state anal-
ysis.

Example 2

The motivation behind this example
is to convince ourselves the relevance
of even the simplest chopper, i.e., the
buck converter.

Figure 8 shows a buck converter avail-
able on Amazon.com.

The converter uses the 5 A 180 KHz
36 V buck converter controller IC
XL4015 from XLSEMI, the block di-
agram of which is shown in Figure 9.
• The VIN and GND are the supply

and ground pins respectively.
• The VC pin is for connecting a “volt-

age regulator bypass capacitor”, an
example of which is shown in Fig-
ure 10.
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Figure 8: A commercially available
buck converter.

• The FB pin is for feeding back the output voltage for tracking purpose.
Feedback is to be done through an external voltage divider. A feedback
threshold voltage of 1.25 V applies.

• The SW pin is connected to the drain terminal of a P-MOSFET switch.
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Figure4. XL4015 Typical Application Circuit (VIN=8V~36V, VOUT=5V/5A) 

Figure 9: Block diagram of the XL4015 IC from XLSEMI.

The converter circuit in Figure 8 is similar to the reference design in Fig-
ure 10.
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Figure4. XL4015 Typical Application Circuit (VIN=8V~36V, VOUT=5V/5A) Figure 10: Circuit diagram of a reference buck converter design based on the

XL4015.

Note / capacitors are recommended for the big capacitors
CIN and COUT. This type of capacitors are smaller and cheaper than ceramic
or air capacitors for the required capacitance and typically recommended for
power supplies, but they are vulnerable to the wrong polarity on their termi-
nals (see [Pow15], [Kaz16, p. 32]).

An analysis of a buck converter has to differentiate whether it is operating in the
(CCM) or (DCM).

• CCM if the inductor current flows for the entire cycle, DCM if otherwise.
• In the DCM, the inductor falls to zero and remains at zero for some time before

it starts increasing.
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• Operation at the boundary between the CCMandDCM is called the
(CRM).

For the analysis of the buck converter and in fact all subsequent converters, the
following assumptions apply (see [Har11, pp. 199–200], [Kaz16, Sec. 2.2.2]):
• The power MOSFET/BJT/IGBT and the diode are ideal switches.
• The transistor output capacitance, the diode capacitance, and the lead induc-

tances are zero and thereby switching losses are neglected.
• Passive components are linear, time-invariant, and frequency-independent.
• The output impedance of the input voltage source is zero for both DC and AC

components.
• The converter operates in steady state.
• The switching period is much shorter than the time constants of reactive com-

ponents.

Quiz 1

What is the settling time associated with the transfer function in (1)?

• The DC output voltage is constant based on the small-ripple approximation, but
the DC input voltage and the load resistance are variable.

2.1. CCM analysis

Denote by 𝐷 the duty cycle or duty ratio, then the equivalent circuit in Figure 11(a)
applies to time interval (0, 𝐷𝑇], when the switch is closed; while the equivalent
circuit in Figure 11(b) applies to time interval (𝐷𝑇, 𝑇], when the switch is open.
Additionally, denote by 𝑓 the switching frequency, so 𝑓 = 1/𝑇.

Buck PWM DC–DC Converter 23
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Figure 2.1 PWM buck 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.

where ton is the time interval when the switch S is closed and toff is the time interval when the switch S is open.
Since the duty cycle D of the drive voltage vGS is varied, so does the duty ratio of other waveforms. This permits the
regulation of the dc output voltage against changes in the dc input voltage VI and the load resistance RL (or the load

current IO). The circuit L-C-RL acts like a second-order low-pass filter whose corner frequency is fo = 1∕(2𝜋
√

LC).
The output voltage VO of the buck converter is always lower than the input voltage VI . Therefore, it is a step-down
converter. The buck converter “bucks” the voltage to a lower level. Because the gate of the MOSFET is not
referenced to ground, it is difficult to drive the transistor. The converter requires a floating gate drive. With the
input current of the converter being discontinuous, a smoothing LC filter may be required at the input.

The buck converter can operate in a CCM or in a DCM, depending on the waveform of the inductor current. In
CCM, the inductor current flows for the entire cycle, whereas in DCM, the inductor current flows only for a part of
the cycle. In DCM, it falls to zero, remains at zero for some time interval, and then starts to increase. Operation at
the boundary between CCM and DCM is called the critical mode (CRM).

Let us consider the buck converter operation in the CCM. Figures 2.1(b) and (c) shows the equivalent circuits
of the buck converter for CCM when the switch S is on and the diode D1 is off, and when the switch is off
and the diode is on, respectively. The principle of the converter operation is explained by the idealized current
and voltage waveforms depicted in Figure 2.2. At time t = 0, the switch is turned on by the driver. Consequently,
the voltage across the diode is vD = −VI , causing the diode to be reverse biased. The voltage across the inductor
L is vL = VI − VO and therefore the inductor current increases linearly with a slope of (VI − VO)∕L. For CCM,
iL(0) > 0. The inductor current iL flows through the switch, resulting in iS = iL when the switch is on. During this
time interval, the energy is transferred from the dc input voltage source VI to the inductor, capacitor, and the load.
At time t = DT , the switch is turned off by the driver.
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Figure 2.1 PWM buck 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.

where ton is the time interval when the switch S is closed and toff is the time interval when the switch S is open.
Since the duty cycle D of the drive voltage vGS is varied, so does the duty ratio of other waveforms. This permits the
regulation of the dc output voltage against changes in the dc input voltage VI and the load resistance RL (or the load

current IO). The circuit L-C-RL acts like a second-order low-pass filter whose corner frequency is fo = 1∕(2𝜋
√

LC).
The output voltage VO of the buck converter is always lower than the input voltage VI . Therefore, it is a step-down
converter. The buck converter “bucks” the voltage to a lower level. Because the gate of the MOSFET is not
referenced to ground, it is difficult to drive the transistor. The converter requires a floating gate drive. With the
input current of the converter being discontinuous, a smoothing LC filter may be required at the input.

The buck converter can operate in a CCM or in a DCM, depending on the waveform of the inductor current. In
CCM, the inductor current flows for the entire cycle, whereas in DCM, the inductor current flows only for a part of
the cycle. In DCM, it falls to zero, remains at zero for some time interval, and then starts to increase. Operation at
the boundary between CCM and DCM is called the critical mode (CRM).

Let us consider the buck converter operation in the CCM. Figures 2.1(b) and (c) shows the equivalent circuits
of the buck converter for CCM when the switch S is on and the diode D1 is off, and when the switch is off
and the diode is on, respectively. The principle of the converter operation is explained by the idealized current
and voltage waveforms depicted in Figure 2.2. At time t = 0, the switch is turned on by the driver. Consequently,
the voltage across the diode is vD = −VI , causing the diode to be reverse biased. The voltage across the inductor
L is vL = VI − VO and therefore the inductor current increases linearly with a slope of (VI − VO)∕L. For CCM,
iL(0) > 0. The inductor current iL flows through the switch, resulting in iS = iL when the switch is on. During this
time interval, the energy is transferred from the dc input voltage source VI to the inductor, capacitor, and the load.
At time t = DT , the switch is turned off by the driver.

Figure 11: Equivalent circuits of the buck converter in Figure 7: (a) when switch
is closed, (b) when switch is open [Kaz16, Figure 2.1].

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

• The diode is reverse-biased at a voltage of 𝑉 = −𝑉 .
• The voltage across the inductor is

𝑣 = 𝑉 − 𝑉 = 𝐿 d𝑖
d𝑡 .
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Integrating the above gives us the current through the switch and inductor:

𝑖 (𝑡) = 𝑖 (𝑡) = 1
𝐿 ∫ 𝑣 d𝜏 + 𝑖 (0) =

𝑉 − 𝑉
𝐿 𝑡 + 𝑖 (0),

where 𝑖 (0) is the initial inductor current. 𝑖 (𝑡) reaches its maximum value at
𝑡 = 𝐷𝑇:

𝑖 (𝐷𝑇) =
(𝑉 − 𝑉 )𝐷𝑇

𝐿 + 𝑖 (0).

The difference Δ𝑖 closed ≜ 𝑖 (𝐷𝑇)−𝑖 (0) is the peak-to-peak through
the inductor when the switch is closed, and its expression follows from the pre-
ceding equation:

Δ𝑖 closed =
(𝑉 − 𝑉 )𝐷𝑇

𝐿 . (2)

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

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

• The voltage across the inductor is

𝑣 = −𝑉 = 𝐿 d𝑖
d𝑡 .

Integrating the above gives us the inductor current:

𝑖 (𝑡) = −
𝑉
𝐿 ∫ d𝜏 + 𝑖 (𝐷𝑇) = −

𝑉 (𝑡 − 𝐷𝑇)
𝐿 + 𝑖 (𝐷𝑇).

The difference Δ𝑖 open ≜ 𝑖 (𝑇)− 𝑖 (𝐷𝑇) is the peak-to-peak through
the inductor when the switch is open, and its expression follows from the pre-
ceding equation:

Δ𝑖 open =
𝑉 (𝐷 − 1)𝑇

𝐿 . (3)

Steady-state operation requires 𝑖 (𝑇) = 𝑖 (0), i.e., Δ𝑖 closed + Δ𝑖 open = 0, which
implies

(𝑉 − 𝑉 )𝐷𝑇
𝐿 +

𝑉 (𝐷 − 1)𝑇
𝐿 = 0.

∴𝑉 = 𝐷𝑉, 𝐷 =
𝑉
𝑉 . (4)

If 𝑉 fluctuates, 𝑉 can be controlled by adjusting 𝐷 dynamically through a feed-
back loop, as shown in Example 2.
An alternative, easier way of deriving (4) is by means of the inductor

principle, a well-known concept in power electronics.

Detail: Volt-second balance [Kaz16, Sec. 2.2.6], [EM20, Sec. 2.2]

Starting with 𝑣 = 𝐿 d𝑖
d𝑡 , we know by integrating both sides,

1
𝐿 ∫ 𝑣 d𝑡 = 𝑖 (𝑇) − 𝑖 (0),
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which is zero in steady state. The average value of 𝑣 is thus

𝑉 av =
1
𝑇 ∫ 𝑣 d𝑡 = 0, (5)

which expresses the volt-second balance principle: “volt-second” stored equals
to “volt-second” released.
In the CCM,

𝑉 av =
1
𝑇 ∫ 𝑣 d𝑡 + 1

𝑇 ∫ 𝑣 d𝑡 = (𝑉 − 𝑉 )∫ d𝑡 − 𝑉 ∫ d𝑡

= (𝑉 − 𝑉 )𝐷𝑇 − 𝑉 (1 − 𝐷)𝑇 = 0,

leading to (4).

Substituting (4) and 𝑇 = 1/𝑓 back into (2), and dropping the subscript “closed”, we
get

Δ𝑖 =
(𝑉 − 𝑉 )𝐷𝑇

𝐿 =
𝑉 (𝑉 − 𝑉 )

𝑓𝐿𝑉 = 𝑉𝐷(1 − 𝐷)
𝑓𝐿 =

𝑉 (1 − 𝐷)
𝑓𝐿 . (6)

The average inductor current 𝐼 must equal the average current in the load resistor
𝐼 , which is also the output current 𝐼 , since the average capacitor current must
be zero for steady-state operation, i.e.,

𝐼 = 𝐼 = 𝐼 = 𝑉 /𝑅. (7)

The maximum and minimum values of 𝑖 are thus

𝐼 max = 𝐼 + Δ𝑖
2 = 𝑉 (1𝑅 + 1 − 𝐷

2𝑓𝐿 ) , (8a)

𝐼 min = 𝐼 − Δ𝑖
2 = 𝑉 (1𝑅 − 1 − 𝐷

2𝑓𝐿 ) . (8b)

Figure 12 summarizes graphically the idealized voltage and current waveforms of
the buck converter.
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Figure 2.2 Idealized current and voltage waveforms in the PWM buck converter for CCM.Figure 12: Idealized CCM voltage and current waveforms of the buck converter
circuit in Figure 11 [Kaz16, Figure 2.2]. 𝑉 is the gate input signal for the switch.

All the analysis so far is predicated on 𝑖 being continuous, i.e., 𝐼 min > 0. In other
words, for a maximum load resistance 𝑅 max, the minimum inductance 𝐿min for
maintaining a continuous 𝑖 can be obtained by solving

𝐼 min = 𝑉 ( 1
𝑅 max

− 1 − 𝐷
2𝐿min𝑓

) = 0.

∴𝐿min =
𝑅 max(1 − 𝐷)

2𝑓 . (9)

Quiz 2

Above, why did we consider maximum resistance rather than minimum re-
sistance?

More often though, instead of 𝑅 max, the desired (maximum) value of Δ𝑖 is used
as the design criterion. In other words, the required 𝐿 is determined by solving

Δ𝑖 = 𝑉𝐷(1 − 𝐷)
𝑓𝐿 =

𝑉 (1 − 𝐷)
𝐿𝑓 .

12



∴𝐿 = 𝑉𝐷(1 − 𝐷)
𝑓Δ𝑖 =

𝑉 (1 − 𝐷)
𝑓Δ𝑖 . (10)

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 output voltage
ripple, denoted Δ𝑉 .

Let us relate the output voltage, which
is also the capacitor voltage, to the ca-
pacitor current given by

𝑖 = 𝐶
d𝑣
d𝑡 ⟹ 𝑖 − 𝑖 = 𝐶

d𝑉
d𝑡

⟹ ∫ (𝑖 − 𝑖 )d𝑡 = 𝐶Δ𝑉

⟹ 𝑇Δ𝑖 /8 = 𝐶Δ𝑉
⟹ 1− 𝐷 = 8𝑓 𝐿𝐶Δ𝑉 /𝑉 .

Above, the current integral is approxi-
mated based on Figure 13(a).

Rearranging the preceding equation, we
get an expression for the ripple as a frac-
tion of the output voltage, as well as the
required capacitance:

204 CHAPTER 6 DC-DC Converters

Output Voltage Ripple

In the preceding analysis, the capacitor was assumed to be very large to keep the
output voltage constant. In practice, the output voltage cannot be kept perfectly
constant with a finite capacitance. The variation in output voltage, or ripple, is
computed from the voltage-current relationship of the capacitor. The current in
the capacitor is

shown in Fig. 6-5a.
While the capacitor current is positive, the capacitor is charging. From the

definition of capacitance,

The change in charge �Q is the area of the triangle above the time axis

resulting in

�Vo �
T � iL

8C

�Q �
1
2
a

T

2
b a

�iL

2
b �

T �iL

8

�Vo �
�Q

C

�Q � C �Vo

Q � CVo

iC � iL � iR

Figure 6-5 Buck converter waveforms. (a) Capacitor current;
(b) Capacitor ripple voltage.
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Figure 13: For analyzing voltage ripple:
(a) capacitor current ripple, (b) output
voltage ripple [Har11, Figure 6-5].

Δ𝑉
𝑉 = 1 − 𝐷

8𝑓 𝐿𝐶
, 𝐶 = 1 − 𝐷

8𝑓 𝐿Δ𝑉 /𝑉
. (11)

Quiz 3

Show that equivalently
𝐶 = Δ𝑖

8𝑓Δ𝑉 . (12)

2.2. CCM design considerations

Considerations should be given to the switching frequency, the inductor value and
the capacitor value, the switch and the diode, as discussed below (see [Har11, pp.
207–208], [ON 17], [ON 14]).

• PCB layout is of course a critical portion of any good power supply design.
Signals paths exist on a PCB that conduct fast changing currents or voltages
that can interact with stray inductances or parasitic capacitances to generate
noise or degrade the power supply performance.
However, datasheets commonly provide guidance on this, and this is outside the
scope of this introductory course.
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Switching frequency Both (10) and (11)
suggest increasing the switching fre-
quency helps reduce the size of both the
inductor and capacitor at the expense of
increased switching loss and heat dissi-
pation.
• A large heat sink may offset the size

reduction for the inductor and capaci-
tor.

• Rule of thumb: Go above 20 kHz to
avoid audio noise. Try 50 kHz at
least to minimize both audio noise
and switching loss, or otherwise 500
kHz for a good trade-off between small
component size and efficiency. For ex-
ample, the buck converter controller
IC BD9G341AEFJ from ROHM Semi-
conductor is programmable from 50
kHz to 750 kHz.

〇Product structure : Silicon monolithic integrated circuit  〇This product has no designed protection against radioactive rays 

. 

1/27© 2015 ROHM Co., Ltd. All rights reserved. 
TSZ22111 • 14 • 001 

www.rohm.com 
TSZ02201-0Q3Q0AJ00480-1-2 

 24.Dec.2020 Rev.005

12V to 76V input voltage range 

3A output current 

1ch Buck Converter 

Integrated FET 
BD9G341AEFJ 

General Description 
The BD9G341AEFJ is a buck switching regulator with 
integrated 150mΩ power MOSFET. Current mode 
architecture provides fast transient response and a simple 
phase compensation setup. The operating frequency is 
programmable from 50kHz to 750kHz. Additional 
protection features are included such as Over Current 
Protection, Thermal shutdown and Under voltage lockout. 
The under voltage lockout and hysteresis can be set by 
external resistor. 

Key specifications 

■ Input voltage

■ Ref voltage(Ta=25°C)

(Ta=-40 to 85°C) 

■ Max output current

■ Operating Temperature

■ Max junction temperature

12 to 76[V] 

±1.5[%] 

±2.0[%] 

3 [A] (Max.) 

-40°C to 85°C

150°C 

Package(s) 
HTSOP-J8 4.90mm x 6.00mm x 1.00mm 

Typical Application Circuit 

Figure 1. Typical Application Schematic 
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Datasheet

1 V

Inductor value The inductor value should be larger than 𝐿min in (9) to ensure CCM
operation.

• Some designers select a value of 𝐿 25% larger than 𝐿min.
• Other designers use different criteria, such as setting the inductor current vari-

ation Δ𝑖 to about 40% of the average inductor current 𝐼 .
• Yet other designers select 𝐿 such that Δ𝑖 is approximately 20% to 50% of the

maximum output current 𝐼 max, to provide a good trade-off between transient
response (recall (1)) and output ripple [ON 17, p. 2].

• A smaller Δ𝑖 results in lower peak and RMS inductor currents and a lower RMS
capacitor current, but requires a larger inductor.

The selected inductor must
• be rated at the RMS current;
• have a saturation current rating higher than themaximum peak current, so that

the core does not saturate at peak inductor current and self-heat excessively;
• have a low DC resistance to limit IR losses.

Switch and diode The switch is usually a MOSFET with a low 𝑅 (on).
Many buck converters use a second MOSFET in place of the diode in Figure 7.

• This double-switch circuit as shown in Figure 14 is associated with a control
scheme called , or .
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• When the low-side switch is on and the high-side switch is off, current flows
upward out of the drain of the low-side switch.

• The low-side switch is called a .

©  Semiconductor Components Industries, LLC, 2017

October, 2017 − Rev. 1
1 Publication Order Number:

AND9544/D

AND9544/D

Buck Converter External
Components Selection

The Buck Converter is used in SMPS (switched mode
power supply) circuits when the DC output voltage has to be
lower than the DC input voltage. It is extensively used when
high efficiency is required, especially in battery supplied
applications where it improves battery life and reduces
power dissipation.

This document describes step by step how to select the
external components that are used by the buck converter.
Although generally applicable, this selection method is in
particular of interest for the members of the NCP63xx and
NCV63xx family.

BUCK CONVERTER BASICS

A synchronous buck converter is comprised of two power
MOSFETs, an inductor and input/output capacitors
arranged as depicted in the Figure 1. The MOSFETs
maintain energy level in the inductor, and the on/off control
is synchronizing to regulate the output voltage.

Figure 1. Synchronous Buck Converter
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NMOS

PMOS

DC-to-DC

Control

SW

GND

LOUT

CIN

COUT

OUT

IPVIN Iinductor IOUT

VSW

Icapacitor

The PMOS connected between VIN and SW allows
charging the LC filter: when ON, it transfers energy from
input to output. The NMOS is off during this phase. When
the PMOS turns off, the NMOS is activated and the energy
stored in the inductor is provided to the output.

Figure 2. Synchronous Buck Converter Waveforms
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The PMOS is commonly named High Side Switch (HSS)
and the NMOS is Low Side Switch (LSS) or synchronous
rectifier.

Figure 2 illustrates the voltage and current waveforms of
the buck converter. This will help to understand the rest of
this document

D �
TON

TON � TOFF

�
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TSW

� TON � FSW

TOFF �
1 � D

FSW

and TON �
D

FSW

(eq. 1)

www.onsemi.com

APPLICATION NOTE

Figure 14: A synchronous buck converter [ON 17, Figure 1]. Note the PMOS can
be replaced with a NMOS.

The advantage of synchronous rectification is that the synchronous rectifier will
have a much lower voltage drop across it compared to a diode, resulting in higher
circuit efficiency.

• This is especially important for low-voltage, high-current applications.
• A Schottky diode would have a voltage of 0.3 to 0.4 V across it while conducting,

whereas a MOSFET will have a lower voltage drop due to an 𝑅 (on) as low as
single-digit mΩ.

The two MOSFETs must not be on at the same time, otherwise a short circuit will
form across the source, so a “dead time” is built into the switching control, where
one MOSFET is turned off before the other is turned on.
A diode should be placed in parallel with the second MOSFET to provide a con-
ducting path for inductor current during the dead time when both MOSFETs are
off.

• This diode may be the MOSFET body diode, or it may be an extra diode, most
likely a Schottky diode, for improved switching.

• The synchronous buck converter should be operated in the CCM, because the
MOSFET would allow the inductor current to go negative.

Whether or not synchronous rectification is used, the low-side MOSFET or diode
must
• withstand the maximum voltage stress when off,
• withstand the maximum current when on,
• have high enough temperature rating, or be paired with a heat sink.
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Capacitor value Many reference designs include an input capacitor (see 𝐶 in Fig-
ure 14), but we only discuss the output capacitor here (see 𝐶 in Figure 14).

• Discussion of input capacitor selection can be found in [ON 17, pp. 3–4].

The output capacitor must be selected
• to withstand the peak output voltage,
• to carry the required RMS current,
• to limit the output voltage ripple Δ𝑉 , and
• to satisfy the load transient response requirements.
A nonideal capacitor can be thought of as a capacitance in series with an

(ESR) and (ESL).

Detail: ESR
Resistance losses occur in all practical forms of capacitors due to resistance
in components and contacts, viscous forces within the dielectric, defects pro-
ducing bypass current paths, etc [AVX21]. The ESR captures the effect of
these losses.
The nature of ESR in capacitors is anything but straightforward — it is re-
lated to the dielectricmaterial; it is frequency-dependent, temperature-dependent,
and varies as the capacitor ages [Chi17].
By definition, a capacitor ESR is related to the frequency and capacitance
through

ESR = tan 𝛿
2𝜋𝑓𝐶,

where tan 𝛿 is the ratio of the power loss to the reactive power at a sinusoidal
voltage [AVX21].

• tan 𝛿 is called the or , which measures the
quality of a capacitor in terms of its resistance-to-reactance ratio.

• tan 𝛿 increases with frequency, as shown in Figure 15(a) for tantalum and
niobium oxide capacitors.
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Technical Summary and Application Guidelines

1.3	 DISSIPATION FACTOR AND
TANGENT OF LOSS ANGLE (TAN D)

1.4	 IMPEDANCE, (Z) AND EQUIVALENT
SERIES RESISTANCE (ESR)

1.3.1 Dissipation factor (D.F.). 
Dissipation factor is the measurement of the tangent of the loss 
angle (tan ) expressed as a percentage. The measurement of DF 
is carried out using a measuring bridge that supplies a 0.5V rms 
120Hz sinusoidal signal, free of harmonics with a bias of 2.2Vdc. 
The value of DF is temperature and frequency dependent. 
Note: For surface mounted products the maximum allowed DF 
values are indicated in the ratings table and it is important to note 
that these are the limits met by the component AFTER soldering 
onto the substrate. 

1.3.2 Tangent of Loss Angle (tan δ). 
This is a measurement of the energy loss in the capacitor. It is 
expressed, as tan  and is the power loss of the capacitor divided by 
its reactive power at a sinusoidal voltage of specified frequency. 
Terms also used are power factor, loss factor and dielectric loss. 
Cos (90 - δ) is the true power factor. The measurement of tan δ  
is carried out using a measuring bridge that supplies a 0.5V rms 
120Hz sinusoidal signal, free of harmonics with a bias of 2.2Vdc. 

1.3.3 Frequency dependence of Dissipation Factor. 
Dissipation Factor increases with frequency as shown in the 
typical curves that are for tantalum and OxiCap® capacitors 
identical:
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1.3.4	 Temperature dependence of Dissipation Factor.
Dissipation factor varies with temperature as the typical curves 
show. These plots are identical for both Tantalum and OxiCap®

capacitors. For maximum limits please refer to ratings tables.

This is the ratio of voltage to current at a specified frequency. Three 
factors contribute to the impedance of a Tantalum capacitor; the 
resistance of the semiconductor layer; the capacitance value and 
the inductance of the electrodes and leads. 
At high frequencies the inductance of the leads becomes a 
limiting factor. The temperature and frequency behavior of 
these three factors of impedance determine the behavior of the 
impedance Z. The impedance is measured at 25°C and 100kHz 

1.4.2 Equivalent Series Resistance, ESR. 
Resistance losses occur in all practical forms of capacitors. 
These are made up from several different mechanisms, including 
resistance in components and contacts, viscous forces within 
the dielectric and defects producing bypass current paths. To 
express the effect of these losses they are considered as the 
ESR of the capacitor. The ESR is frequency dependent and can be 
found by using the relationship; 

Where f is the frequency in Hz, and C is the capacitance in farads. 
The ESR is measured at 25°C and 100kHz. 
ESR is one of the contributing factors to impedance, and at high 
frequencies (100kHz and above) it becomes the dominant factor. 
Thus ESR and impedance become almost identical, impedance 
being only marginally higher. 

1.4.3 Frequency dependence of Impedance and ESR. 
ESR and Impedance both increase with decreasing frequency. At 
lower frequencies the values diverge as the extra contributions to 
impedance (due to the reactance of the capacitor) become more 
significant. Beyond 1MHz (and beyond the resonant point of the 
capacitor) impedance again increases due to the inductance of 
the capacitor. Typical ESR and Impedance values are similar for 
both tantalum and niobium oxide materials and thus the same 
charts are valid for both for Tantalum and OxiCap® capacitors.

052919
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Technical Summary and Application Guidelines

1.3	 DISSIPATION FACTOR AND
TANGENT OF LOSS ANGLE (TAN D)

1.4	 IMPEDANCE, (Z) AND EQUIVALENT
SERIES RESISTANCE (ESR)

1.3.1 Dissipation factor (D.F.). 
Dissipation factor is the measurement of the tangent of the loss 
angle (tan ) expressed as a percentage. The measurement of DF 
is carried out using a measuring bridge that supplies a 0.5V rms 
120Hz sinusoidal signal, free of harmonics with a bias of 2.2Vdc. 
The value of DF is temperature and frequency dependent. 
Note: For surface mounted products the maximum allowed DF 
values are indicated in the ratings table and it is important to note 
that these are the limits met by the component AFTER soldering 
onto the substrate. 

1.3.2 Tangent of Loss Angle (tan δ). 
This is a measurement of the energy loss in the capacitor. It is 
expressed, as tan  and is the power loss of the capacitor divided by 
its reactive power at a sinusoidal voltage of specified frequency. 
Terms also used are power factor, loss factor and dielectric loss. 
Cos (90 - δ) is the true power factor. The measurement of tan δ  
is carried out using a measuring bridge that supplies a 0.5V rms 
120Hz sinusoidal signal, free of harmonics with a bias of 2.2Vdc. 

1.3.3 Frequency dependence of Dissipation Factor. 
Dissipation Factor increases with frequency as shown in the 
typical curves that are for tantalum and OxiCap® capacitors 
identical:
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1.3.4	 Temperature dependence of Dissipation Factor.
Dissipation factor varies with temperature as the typical curves 
show. These plots are identical for both Tantalum and OxiCap®

capacitors. For maximum limits please refer to ratings tables.

This is the ratio of voltage to current at a specified frequency. Three 
factors contribute to the impedance of a Tantalum capacitor; the 
resistance of the semiconductor layer; the capacitance value and 
the inductance of the electrodes and leads. 
At high frequencies the inductance of the leads becomes a 
limiting factor. The temperature and frequency behavior of 
these three factors of impedance determine the behavior of the 
impedance Z. The impedance is measured at 25°C and 100kHz 

1.4.2 Equivalent Series Resistance, ESR. 
Resistance losses occur in all practical forms of capacitors. 
These are made up from several different mechanisms, including 
resistance in components and contacts, viscous forces within 
the dielectric and defects producing bypass current paths. To 
express the effect of these losses they are considered as the 
ESR of the capacitor. The ESR is frequency dependent and can be 
found by using the relationship; 

Where f is the frequency in Hz, and C is the capacitance in farads. 
The ESR is measured at 25°C and 100kHz. 
ESR is one of the contributing factors to impedance, and at high 
frequencies (100kHz and above) it becomes the dominant factor. 
Thus ESR and impedance become almost identical, impedance 
being only marginally higher. 

1.4.3 Frequency dependence of Impedance and ESR. 
ESR and Impedance both increase with decreasing frequency. At 
lower frequencies the values diverge as the extra contributions to 
impedance (due to the reactance of the capacitor) become more 
significant. Beyond 1MHz (and beyond the resonant point of the 
capacitor) impedance again increases due to the inductance of 
the capacitor. Typical ESR and Impedance values are similar for 
both tantalum and niobium oxide materials and thus the same 
charts are valid for both for Tantalum and OxiCap® capacitors.
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Figure 15: Frequency-dependency of dissipation factor and ESR for tantalum
and OxiCap (niobium oxide) capacitors [AVX21].

• While increasing 𝑓 reduces ESR (see Figure 15(b)), increasing 𝑓 can cause
ESL to become dominant, let alone increase the dissipation factor and switch-
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ing loss. This suggests a range of frequencies that provide the optimal
trade-off.

ESR values are usually measured and quoted for a temperature of 25 C and
a frequency of 100 kHz or higher.
Nowadays, there is a wide range of electrolytic technologies for producing
low-ESR (low tens of mΩ) capacitors [Chi17]. For example,

• TDK’s hybrid polymer aluminum electrolytic capacitors are rated at 63 V
and have an ESR as low as 3.5 mΩ at 20 C in a can measuring 16×30 mm.

• More options can be found in [Chi17].

Therefore, Δ𝑉 across the output capacitor is the superposition of three compo-
nents:
1. ripple voltage across the capacitor (denoted Δ𝑉 ),
2. ripple voltage across the ESR (denoted Δ𝑉 ),
3. ripple voltage across the ESL.
Among the above, Δ𝑉 may dominate, while the inductance in the capacitor is
usually not a significant factor at typical switching frequencies.
The peaks of Δ𝑉 and Δ𝑉 do not coincide, i.e.,

Δ𝑉 < Δ𝑉 + Δ𝑉 ,

where
Δ𝑉 = Δ𝑖 ⋅ ESR = Δ𝑖 ⋅ ESR,

but for worst-case provisioning, we can assume Δ𝑉 = Δ𝑉 +Δ𝑖 ⋅ESR, and apply
Eq. (11) or (12) to calculate 𝐶. Note when applying (11) or (12), we substitute
Δ𝑉 = Δ𝑉 − Δ𝑖 ⋅ ESR into Δ𝑉 .
Besides the worst-case Δ𝑉 , we can also dimension 𝐶 to cater for the worst-case
load/output voltage overshoot, i.e., we can determine the minimum capacitance
required to keep 𝑉 overshoot within some desired threshold [ON 17, p. 3].
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The scenario being considered is the
transition from load to no load (see red
vertical line in Figure 16). The energy
stored in the LC filter when the circuit
is loaded is

𝐸load =
1
2𝐶𝑉 + 1

2𝐿𝐼 max.

The transition from load to no load trig-
gers a transient peak called in
𝑣 , denoted by 𝑉 .

Suppose at the time of overshoot, the
inductor current is zero, i.e., the en-
ergy stored in the inductor is completely
transferred to the capacitor. The energy
stored in the LC filter at that instant is

𝐸noload =
1
2𝐶(𝑉 + 𝑉 ) .

204 CHAPTER 6 DC-DC Converters

Output Voltage Ripple

In the preceding analysis, the capacitor was assumed to be very large to keep the
output voltage constant. In practice, the output voltage cannot be kept perfectly
constant with a finite capacitance. The variation in output voltage, or ripple, is
computed from the voltage-current relationship of the capacitor. The current in
the capacitor is

shown in Fig. 6-5a.
While the capacitor current is positive, the capacitor is charging. From the

definition of capacitance,

The change in charge �Q is the area of the triangle above the time axis

resulting in
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Figure 6-5 Buck converter waveforms. (a) Capacitor current;
(b) Capacitor ripple voltage.
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Vos

Figure 16: Red vertical line designates
the scenario when load is disconnected
from the buck converter [Har11, Figure
6-5].

The energy preceding the load change must equal the energy after the load change,
i.e., 𝐸load = 𝐸noload. Rearranging the terms, we easily get

𝐶 =
𝐿𝐼 max

(𝑉 + 𝑉 ) − 𝑉
, (13)

where the subscript “LT” (load transient) is meant to differentiate 𝐶 above from
𝐶 in (11) and (12).

Example 3

This example was adapted from [Har11, EXAMPLE 6-2]. Design a buck con-
verter of the form in Figure 7 to produce an output voltage of 18 V across
a 10-Ω load resistor. The output voltage ripple, denoted Δ𝑉 /𝑉 , must not
exceed 0.5%. The DC supply is 48 V. Design for continuous inductor cur-
rent. Assuming ideal components and switching frequency 𝑓 = 40 kHz, de-
termine/specify the values of the inductance 𝐿 and capacitance 𝐶, the RMS
current in the inductor and capacitor, and the peak voltage rating for each
device (i.e., switch, diode, inductor and capacitor).

For 𝐿 and 𝐶, choose from the standard values in Appendix A.

: The duty cycle can be simply obtained as 𝐷 = 𝑉 /𝑉 (numerical
value inconsequential for now).

The inductance 𝐿 needs to be high enough to guarantee CCM, so by applying
(9),

𝐿 = 𝑅(1 − 𝐷)
2𝑓 = 78 𝜇H.
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Adding a 25% margin to the above leads to an inductance value of at least
97.5 𝜇H. Based on the list of standard inductance values, 𝐿 then needs to be
100 𝜇H.

The required capacitance 𝐶, based on (11), is then

𝐶 = 1 − 𝐷
8𝑓 𝐿Δ𝑉 /𝑉

= 97.65 𝜇F.

Based on the list of standard capacitance values, 𝐶 can be exactly 100 𝜇F.

The inductor current, 𝑖 , has the offset triangular waveform shown in Fig-
ure 12. From Tutorial 4, we know how to calculate the RMS value of 𝑖 :

𝐼 rms =√𝐼 + (Δ𝑖 )
12 =

√
(
𝑉
𝑅 ) + 1

12 (
𝑉 (1 − 𝐷)

𝑓𝐿 ) = 1.97 A.

The capacitor current, 𝑖 , has the zero-mean triangular waveform shown in
Figure 13. Reusing the same technique for calculating 𝐼 rms, we get the RMS
value of 𝑖 :

𝐼 rms = √(Δ𝑖 ) /12 = 1
√12

𝑉 (1 − 𝐷)
𝑓𝐿 = 0.81 A.

Now we are ready to determine the voltage ratings based on the waveforms
in Figure 12:
• The switch experiences its maximum voltage when it is turned off, which

is 𝑉 = 48 V.
• The diode experiences its maximum voltage when the switch is turned on,

which is −𝑉 = −48 V.
• The maximum voltage across the inductor is max(||𝑉 − 𝑉 || ,||−𝑉 ||) = 30 V.
• The maximum voltage across the capacitor is 𝑉 × 100.5% = 18.09 ≈ 18 V.

Example 4

For a 1 MHz buck converter with 𝑉 = 3.3 V, 𝑉 = 1.1 V, 𝐿 = 0.47 𝜇H, 𝐼 = 3 A,
what should the output capacitance be to keep the load voltage overshoot
below 50 mV?

: The duty cycle is 𝐷 = 𝑉 /𝑉 = 1/3. The peak output current is

𝐼 max = 𝐼 + Δ𝑖
2 = 𝐼 +

𝑉 (1 − 𝐷)
2𝑓𝐿 .

Therefore,

𝐶 =
𝐿𝐼 max

(𝑉 + 𝑉 ) − 𝑉
= 44.4 𝜇F.
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2.3. DCM analysis

The buck converter of Figure 7 can also operate in the discontinuous conduction
mode (DCM). An advantage of the DCM is the requirement for the inductor can be
reduced.
Figure 17 shows the equivalent circuits for the cases when the switch is closed,
when the switch is open, and when conduction ceases.56 Pulse-Width Modulated DC–DC Power Converters
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Figure 17: (a) The buck converter in Figure 7 repeated here, and its equivalent
circuit (b) when switch is closed, (c) when switch is open, (d) when conduction
ceases [Kaz16, Figure 2.18].

The idealized voltage and current waveforms in Figure 18 are similar to those in
Figure 12, except during time interval ((𝐷 + 𝐷 )𝑇, 𝑇], current conduction ceases.
Moreover, during this time interval, the voltage across the switch falls from 𝑉 to
𝑉 −𝑉 , and the diode becomes reverse-biased at 𝑉 , consistent with the equivalent
circuit in Figure 17(d).
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For our analysis, this time, we will invoke the inductor volt-second balance princi-
ple straightaway. Based on the 𝑣 plot in Figure 18,

(𝑉 − 𝑉 )𝐷𝑇 = 𝑉 𝐷 𝑇,

𝑉 = 𝐷
𝐷 + 𝐷 𝑉. (14)

The problem becomes relating 𝐷 to the other circuit parameters, which we can
achieve by studying the inductor voltage, using the same technique for CCM anal-
ysis in Sec. 2.1.
During time interval (0, 𝐷𝑇], when the switch is closed and the diode is off, the
voltage across the inductor is

𝑣 = 𝑉 − 𝑉 = 𝐿 d𝑖
d𝑡 ⟹ 𝑖 (𝑡) =

𝑉 − 𝑉
𝐿 𝑡 + 𝑖 (0)⏟ .

At 𝑡 = 𝐷𝑇,
𝑖 (𝐷𝑇) = (𝑉 − 𝑉 )𝐷𝑇/𝐿.

During time interval (𝐷𝑇, (𝐷+𝐷 )𝑇], when the switch is open and the diode is on,

𝑣 = −𝑉 = 𝐿 d𝑖
d𝑡 ⟹ 𝑖 (𝑡) = −

𝑉
𝐿 (𝑡 − 𝐷𝑇) + 𝑖 (𝐷𝑇) = −

𝑉
𝐿 𝑡 +

𝑉𝐷𝑇
𝐿 .
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During time interval ((𝐷+𝐷 )𝑇, 𝑇], when the switch is open and the diode is off, as
the inductor current has run out, there is no useful information to be gained from
𝑖 (𝑡). However, there is useful information to be gained from the average of 𝑖 (𝑡)
over the period 𝑇. This average must be the same as the DC load/output current
(𝑉 /𝑅), i.e.,

1
𝑇 {∫ 𝑖 (𝑡)d𝑡 +∫

1

𝑖 (𝑡)d𝑡}

=1𝑇 {∫
𝑉 − 𝑉
𝐿 𝑡d𝑡 +∫

1

[−
𝑉
𝐿 𝑡 +

𝑉𝐷𝑇
𝐿 ]d𝑡}

=1𝑇 {∫
𝑉 𝐷
𝐿𝐷 𝑡d𝑡 +∫

1

[−
𝑉
𝐿 𝑡 +

𝑉 (𝐷 + 𝐷 )𝑇
𝐿 ]d𝑡}

=
𝑇𝑉
2𝐿 𝐷 +

𝑇𝑉
2𝐿 𝐷𝐷 =

𝑉
𝑅 .

Therefore, 𝐷 + 𝐷𝐷 − 2𝐿
𝑅𝑇 = 0, implying

𝐷 =
−𝐷 +√𝐷 + 8𝑓𝐿/𝑅

2 . (15)

Substituting expression of 𝐷 above into (14), we get

𝑉 = 𝑉 ( 2𝐷
𝐷 +√𝐷 + 8𝑓𝐿/𝑅

) . (16)

Note that since 𝐷 < 1 − 𝐷, provided 𝐷 > 0,

𝐷 + 𝐷 < 1 ⟹ 𝐷+𝐷
𝐷 < 1

𝐷 ⟹ 𝐷
𝐷 + 𝐷 > 𝐷,

which means for the same duty cycle, the buck converter in DCM can produce a
higher output voltage than if it is in the CCM.

Example 5

This example is based on [Har11, EXAMPLE 6-9]. Suppose for the buck con-
verter, 𝑉 = 24 V, 𝐿 = 200 𝜇H, 𝑅 = 20 Ω, 𝐶 = 1 mF, 𝑓 = 10 kHz, 𝐷 = 0.4. Show
that the inductor current is discontinuous, and determine the output voltage
𝑉 .

: To determine whether the inductor current is discontinuous, we
can check whether 𝐷 is less than 1 − 𝐷 by applying (15). 𝐷 turns out to be
0.2899, smaller than 1 − 𝐷.
Alternatively, we can check if 𝐼 min is negative by applying (8b) and (14):

𝐼 min = 𝑉 ( 𝐷
𝐷 + 𝐷 ) (1𝑅 − 1 − 𝐷

2𝐿𝑓 ) = −1.3915 < 0 𝐴,

confirming the inductor current is discontinuous.
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The output voltage is given by 𝑉 = 𝑉 ( 𝐷
𝐷 + 𝐷 ) = 13.9151 V.
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A. Standard inductor and capacitor values

The following tables were sourced from RFCafe.com.
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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
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have its wavelength electronically shifted
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International Electron Device Meeting
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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        

 

Common Capacitor Working Voltages (DC), by Capacitor Type

Ceramic Electrolytic Tantalum
Mylar

(Polyester)
Mylar

(Metal Film)

 10V 10V   

16V 16V 16V   

  20V   

25V 25V 25V   

 35V 35V   

50V 50V 50V 50V  

 63V    

100V 100V  100V  

 160V    

   200V  

 250V   250V

 350V    

   400V 400V

 450V    

600V     

    630V

1000V     
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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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