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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.

SMPS.

Figure 1: A sample 60W

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;


https://docs.rs-online.com/c9d0/0900766b8155f1f8.pdf

* 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.
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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.



Some terminology in Figure 2 can use some explanation:

[] Detail: Quadrant [ ST 2

A quadrant refers to one of AV
four areas divided by a ver-
tical voltage axis and a hor- Quadrant Il Quadrant |
izontal current axis; see Fig- Forward Regenerating Forward Motoring
ure 3.

>
Suppose the voltage and cur- I
eI Ee s jpuEning @ 0E Quadrant IlI Quadrant IV
motor. Reverse Motoring Reverse Regenerating

* In quadrant 1, both cur-

rent and voltage are pos-
itive, causing the DC mo- Figure 3: The four quadrants a chopper can

tor to accelerate forward, work in[LY06, FIGURE 1.1].
hence quadrant 1 is asso-

ciated with 1000000 OO0

o0.

* 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 1000000 000000000000,

* In quadrant 3, both current and voltage are negative, causing the DC motor
to accelerate backward, hence quadrant 3 is associated with 0000000 (000D
0om.

* 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 0000000 000000000000,

[ Detail: Zero-current switching (ZCS), zero-voltage switching (ZVS) [

Secs. 9.2-9.3], [ , p. 134, Sec. 9.7.1.1]

Power electronics works best with minimal switching loss.




i

One way to minimize switching loss ofa A
switch 1s to keep its voltage or current at
zero when it turns on and when it turns
off; see Figure 4. /\

7 4

II
A
A switching transition (usually turn-off)  HARD TURN-ON HARD TURN-OFF

that takes place with zero current is
called 000000000000 0O00CO0DOO (ZCS).

A switching transition (usually turn-on)

that takes place with zero voltage is o___ o~
called 000000000000 0DO000OODOO (ZVS) ZERO CURRENT ZERO CURRENT
TURN-ON TURN-OFF

Both ZCS and ZVS are 0000 0000000

i
J00 techniques for ensuring the turn-on iV J JCV

and/or turn-off transitions of a semicon-

ductor switching device coincide with the o\
zero crossings of the applied waveforms. ZERO VOLTAGE ZERO VOLTAGE
TURN-ON TURN-OFF

Switching devices themselves cannot T Ak Bl srbEing veRe

pIode 4L ar AU auiion in genenell, o8 e o iaeemn, GUIHD
and this i1s an advanced topic related to 4.83]

resonance and cannot be covered now.

Example 1

The so-called 0000000000000 000000000 in Figure 5, a type of inverter, is capa-
ble of _| ZCS and ZVS during turn-on, 2} ZVS during turn-off.
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Figure 5: (a) A quasi-resonant converter. (b) An example of observed IGBT
waveforms with soft switching characteristics. Image from [Inf21, Figure 6].

| LD piils

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.



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 Cuk and SEPIC,; all of which classical converters.

Figure 6 shows the PWM DC-DC converters of interest at a glance.
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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.

Forward L

+

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


https://lo.unisa.edu.au/mod/glossary/view.php?id=3065179&mode=entry&hook=41770

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”.

?{ Y Figure 7 shows the buck converter
O——— T —— . circuit.
(e |y
’ + +  The role of the switch is usually
Vs <> Vy § v, 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,

3(a)l. the diode is called a 00000 / 000010
/ 000000 / 0000000 / iooooooooeg /
0000000 00000 [Kazle, p. 22].

Figure 7: A buck converter [Har11, Figure 6-

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 10000000000 000000000 [ON 14, p. 51.

Given inductance L, capacitance C and load resistance R, the transfer function of

the LC filter 1s
h(s) (LC)-"

V(s)  s9+ (RC)PIs + (LC)PY’
where V4(s) and V4(s) are the Laplace transforms of the output voltage and reverse
diode voltage respectively.

(] Detail: Derivation of ( )

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

(1)

0

Vi(s) _ _ ooooo _ R _ (LC)

V5(s) Ls+ O (RCs+1)Ls+R s?+ (RC)PIs + (LC)PO”
00000

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.



The second-order low-pass filtering effect of the transfer function in (1) serves as
the basis for the 0000000000 DOO00ODOOONOO or IDODOOIONDON0 DOODOODOOOIOD [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
1s 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
X1.4015 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- Figure 8: A commercially available
age regulator bypass capacitor”, an huck converter.

example of which 1s shown in Fig-
ure 10.

e 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.



https://www.amazon.com/Adjustable-Converter-1-25-36v-Efficiency-Regulator/dp/B079N9BFZC/ref=pd_lpo_23_t_1/142-3076959-0325440
http://www.xlsemi.com/datasheet/xl4015%20datasheet.pdf
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Figure 9: Block diagram of the X1.4015 IC from XLSEMI.

The converter circuit in Figure 8 is similar to the reference design in Fig-
ure 10.
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Figure 10: Circuit diagram of a reference buck converter design based on the
XL4015.
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Note U0I0OIO00/0000000000I0 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
0000000000 0000000 Cooo (CCM) or LODDOOINOODOD DOODDOINOD OODOD (DCM).

e 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.



* Operation at the boundary between the CCM and DCM is called the 00000000 (1000
(CRM).

For the analysis of the buck converter and in fact all subsequent converters, the
following assumptions apply (see [Harl1, 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.

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.
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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 1/, = —V.
* The voltage across the inductor is
di;

UD=VD_VD=LE-



Integrating the above gives us the current through the switch and inductor:

0

. . 1 . Vi— VWV .
in(t) =ig(t) = zf vy dr + in(0) = — T 2t +i5(0),
000

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

t =DT:
(V= )DT

L

The difference Aiggoseq = in(DT) —i5(0) is the peak-to-peak 000000 0000000 through
the inductor when the switch is closed, and its expression follows from the pre-
ceding equation:

. (V—-W )DT
Alnglosed = - LD . (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

di;
= -1 =L=2.
U O dt
Integrating the above gives us the inductor current:
v [ V5(t — DT)
in(t) = — = dr + iy(DT) = —————"2 + i (DT).
L Jooon L

The difference Aipgpen £ i (T)—iy(DT) is the peak-to-peak 010000 0000100 through
the inductor when the switch is open, and its expression follows from the pre-

ceding equation:
) V(D —-1)T
All]open = % (3)

Steady-state operation requires in(T) = i(0), 1.e., Aiggesed + Alpopen = 0, Which
implies
(V= VDT | VoD = DT _

7 7 0.

”
V=DV, D=-2. (4)
v

If V fluctuates, V5 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 U0IIIO000OO
0000000 principle, a well-known concept in power electronics.

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

Starting with vy = L %, we know by integrating both sides,
1 ("
zf vp dt = ig(T) — in(0),
100




which is zero in steady state. The average value of vy is thus

1 O
VDaV = Tf Upg dt = 0, (5)
0ao

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

In the CCM,

1 ad 1 O 00 O
0 0 0

00 0oo 000 0oo
=¥ —-1)DT - (1 -D)T =0,

leading to (4).

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

_ (¥ =W)DT _ (%= W) _ ¥D(1=D) _ ¥(1=D)

= = 6
L FIV T 7T &

Aig

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.,

Il:] = I[l = ID == ‘{j/R (7)

The maximum and minimum values of iy are thus

Al 1 1-D
IDmaszD+TD=VD<E+ ZfDL)’ (8a)

Al 1 1-D
Iumin=ID—TD=VD<§— 2fDL)' (8b)

Figure 12 summarizes graphically the idealized voltage and current waveforms of
the buck converter.
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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 iy being continuous, i.e., Iy, > 0. In other
words, for a maximum load resistance Rp,,,x, the minimum inductance L., for
maintaining a continuous i can be obtained by solving

1 1-D
Inin = W — = 0.
Hoin . (RDmax 2Lmin.fﬁ)

‘I _ RI]maX(1 B D)
oo liin = 2]% o

9)

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

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

_¥D(-D) _ Vi(1-D)

Ai
. fil Lf:



_¥bdA-D) WaA-D)

Sl = ) = - 10
‘]EAID thlD ( )

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 AVA.

Let us relate the output voltage, which .

1s also the capacitor voltage, to the ca- i,
pacitor current given by AQ '7

I T I t
lD:CdstD:lD—lD= da_VtEl | 2 |
00000
— (ig — ig) dt = CAV4 (@
00

— TAiy/8 = CAVj
—> 1—D = 8fLCAV,/V.

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

Figure 13: For analyzing voltage ripple:
(a) capacitor current ripple, (b) output
voltage ripple [Harl1, Figure 6-5].

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:

AV, 1-D 1-D

— , = : (11
V5 8fFLC 8 LAVL/ VA :

Show that equivalently

Air

=8fDAVD° (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 [Harl1, pp.
207-208], [ON 171, [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.



Switching frequency Both (10) and (11) ROHM
suggest increasing the switching fre- [EEIEEIECE

quency helps reduce the size of both the
inductor and capacitor at the expense of
increased switching loss and heat dissi-
pation.

12V to 76V input voltage range
3A output current

* A large heat sink may offset the size 1Ch Buck Converter

reduction for the inductor and capaci-

tor. Integrated FET

¢ Rule of thumb: Go above 20 kHz to BD9G341AEFJ

avoid audio noise. Try 50 kHz at

General Description

least to minimize both audio noise The BD9G341AEFJ is a buck switching regulator with
and sw1tch1ng IOSS, or otherwise 500 integrated  150mQ  power MOSFET. Current mode

architecture provides fast transient response and a simple
kHz for a good trade-off between small phase compensation setup. The operating frequency is
component size and efﬁciency For ex- programmable from 50kHz to 750kHz. Additional

protection features are included such as Over Current
ample, the buck converter controller Protection, Thermal shutdown and Under voltage lockout.

1IC BD9G341AEFJ from ROHM Semi- l’)r:;rl:]r;?zs\ggtl(t)ar.ge lockout and hysteresis can be set by
conductor i1s programmable from 50
kHz to 750 kHz.

Inductor value The inductor value should be larger than L_;, in (9) to ensure CCM
operation.
* Some designers select a value of L 25% larger than L ,;,.

* Other designers use different criteria, such as setting the inductor current vari-
ation Ai; to about 40% of the average inductor current I.

* Yet other designers select L such that Ai; is approximately 20% to 50% of the
maximum output current I, .., to provide a good trade-off between transient
response (recall (1)) and output ripple [ON 17, p. 2].

¢ A smaller Aij 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 the maximum 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 Rpop).
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 00000000000 000000000, or 0000O00DOO0 00OOOOO0IOM.


https://www.rohm.com/products/power-management/switching-regulators/integrated-fet/buck-converters-nonsynchronous/bd9g341aefj-product
https://www.rohm.com/products/power-management/switching-regulators/integrated-fet/buck-converters-nonsynchronous/bd9g341aefj-product

* 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 00000000000 00000000,

1VIN
J
linductor IOUT
‘ PMOS
—— CIN — —]
. —— SW ouT
J— DC-to-DC L YY)
Control Y L _O
[ VSW ouT
4{ NMOS %S
Icapacitorl I
Cour
r
TGND
L
E— V .

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, as low as
single-digit mQ.

The two MOSFETSs 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 MOSFETSs 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.



Capacitor value Many reference designs include an input capacitor (see C; in Fig-

ure 14), but we only discuss the output capacitor here (see Cy; in Figure 14).
* Discussion of input capacitor selection can be found in [ON 17, pp. 3—41].

The output capacitor must be selected

to withstand the peak output voltage,

to carry the required RMS current,

to limit the output voltage ripple AV, and

to satisfy the load transient response requirements.

A nonideal capacitor can be thought of as a capacitance in series with an 0000000000

000000 D00000DOo0 (ESR) and 0000000000 000000 1000000000 (ESL).

[0 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 dielectric material; it is frequency-dependent, temperature-depende:
and varies as the capacitor ages [Chil7].

By definition, a capacitor ESR is related to the frequency and capacitance

through
tan d

2rfC’

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

ESR =

e tand is called the 0000 0000000 or UIO0IOONNOO 0OO0OO, which measures the
quality of a capacitor in terms of its resistance-to-reactance ratio.

* tan d increases with frequency, as shown in Figure 15(a) for tantalum and
niobium oxide capacitors.

(a) Typical DF vs Frequency (b) Typical ESR vs Frequency
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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-

nt,




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 mQ) capacitors [Chil7]. For example,

e TDK’s hybrid polymer aluminum electrolytic capacitors are rated at 63 V
and have an ESR as low as 3.5 mQ at 20°C in a can measuring 16x30 mm.

* More options can be found in [Chil7].

Therefore, AV across the output capacitor is the superposition of three compo-
nents:

1. ripple voltage across the capacitor (denoted AV ),
2. ripple voltage across the ESR (denoted AV5 ),
3.ripple voltage across the ESL.

Among the above, AV ;77 may dominate, while the inductance in the capacitor is
usually not a significant factor at typical switching frequencies.

The peaks of AV5; and AV4oop do not coincide, i.e.,
AVh < AVag + Ao,

where
A‘{][DDD == AlD . ESR == AlD . ESR,

but for worst-case provisioning, we can assume Al = AV + Aiy - ESR, and apply
Eq. (11) or (12) to calculate C. Note when applying (11) or (12), we substitute
AI{H:D == AI{I - AlD . ESR 1nt0 A‘/|v:|.

Besides the worst-case A1/, 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 14 overshoot within some desired threshold [ON 17, p. 3].


https://www.tdk-electronics.tdk.com/en/374108/tech-library/articles/products-technologies/products-technologies/extended-range-of-axial-hybrid-polymer-aluminum-electrolytic-capacitors/2808398

The scenario being considered is the .

transition from load to no load (seered |, : _Al.L
vertical line in Figure 16). The energy A0 '7

stored 1in the LC filter when the circuit | /1 | :
is loaded 1is ! 3 !
1 1 :
Eioad = 5CV + 5Ly )

The transition from load to no load trig-
gers a transient peak called 000000000 in
v, denoted by V4.

Suppose at the time of overshoot, the
inductor current is zero, 1.e., the en-
ergy stored in the inductor is completely Figure 16: Red vertical line designates
transferred to the capacitor. The energy the scenario when load is disconnected
stored in the LC filter at that instant is from the buck converter [Har11, Figure
6-5].

(b) !

1
Eroload = EC(VD + VDD)D-

The energy preceding the load change must equal the energy after the load change,
1.e., Ejyaqg = Enoloag- Rearranging the terms, we easily get

LIB max

— , 13
(Vf + V)P — V& {19

C'EIEI

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

Example 3

This example was adapted from [Har11l, 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-Q load resistor. The output voltage ripple, denoted AV5/V4, 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.

00000000: 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),
_RQ-D) _

L
2f;

78 uH.




Adding a 25% margin to the above leads to an inductance value of at least
97.5 uH. Based on the list of standard inductance values, L then needs to be
100 uH.

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

_ 1-D
8 LAV /V,

= 97.65 uF.

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

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:

Tnpms = A/ I (Allg) J By + < VD(}D D)) —1.97 A.

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

value of i:
1 V1 -D
Inems = V(Aip)?/12 = il ) _ 081 A.

Vi JL

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 =48 V.

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

* The maximum voltage across the inductor is max(V; — V4|,|-V5[) =30 V.

* The maximum voltage across the capacitor is /4 X 100.5% = 18.09 ~ 18 V.

Example 4

For a 1 MHz buck converter with ¥ =33V, /4 =11V,L =047 uH, I =3 A,
what should the output capacitance be to keep the load voltage overshoot
below 50 mV?

00000000: The duty cycle is D = V5/V; = 1/3. The peak output current is

Ai VH(1 — D)
Inpax = ID"'TD = I +2fT.
Therefore,
LIBmaX
m = 44.4 uF.

(G + V) -




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.

L

s o
L1 ‘
V) — 3+ § Vi —

—— D1 C T~ RL

l

(@) (b)

I
L—)

+Vs — +V, — +Vs — I
_ +
Vi — TID CT RL§ Vo V) — fVD CT RV,
— L v
(

(€)

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,— V7, and the diode becomes reverse-biased at 175, consistent with the equivalent
circuit in Figure 17(d).



_ ISM_
0
DT T )t I 1 _/
»
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>
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1
0 DT T t
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Figure 18: Idealized DCM voltage and current waveforms of the buck converter
circuit in Figure 17 [Kaz16, Figure 2.19].

For our analysis, this time, we will invoke the inductor volt-second balance princi-
ple straightaway. Based on the vy plot in Figure 18,

(V.= )DT = WoD. T,

D
D+ Dy

178 . (14)

The problem becomes relating Dy 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
0=V =1S0 = i) =

V-V
— Jt+i5(0).
L N,

0o
At t = DT,
in(DT) = (V. — V4)DT/L.

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

di, . v, | v, VDT
g =-—-1{ = LE == lD(t) = _f(t —DT) + lD(DT) = _ft + 7




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
in(t). However, there is useful information to be gained from the average of i ()
over the period T. This average must be the same as the DC load/output current

(V4/R), i.e.,
1 [ ~00 1000d,00
/000 oo

1 [ ~00 V- 1000400 74 VDT
=— 4 tdt + ——t+ ——|dt
T e L : L L

0oo
1 0y, BOCOE D4 DT
ZT‘ D tdt + AR T dt
100 1000
TVD T 5
2L LDt oz PP =g
2 . .
Therefore, D5 + DD; — RT = 0, implying
—D ++/D" + 8fL/R
p, = 2+ VD +8FL/R (15)

2

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

178 =Iﬁ( 2D ) (16)
D ++/D" + 8f,L/R

Note that since D; < 1 — D, provided D > 0,
D+D; 1 D

D+D; <1
thh<l="p 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 [Har1l, EXAMPLE 6-9]. Suppose for the buck con-
verter, , =24V, L =200 uH, R =20 Q, C = 1 mF, f, = 10 kHz, D = 0.4. Show
that the inductor current is discontinuous, and determine the output voltage
V.

00000000: 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 ;, is negative by applying (8b) and (14):

D 1 1-D
Dmin D<D+DD)(R 2qu> 3915 <0 4,

confirming the inductor current is discontinuous.




The output voltage is given by 174 = VD(

= 13.9151 V.
D+DD) 3.9151 V.
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A. Standard inductor and capacitor values

The following tables were sourced from RFCafe.com.

‘ Standard Inductor Values from RFCafe.com

.
7 T " T
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


https://doi.org/10.1016/C2016-0-00847-1
https://www.rfcafe.com
https://www.rfcafe.com/references/electrical/inductor-values.htm

CAPACITOR COLOR CODE

Aignificant Drecimnl Veltage
Culur igure Multiplier Tolerance Rating
Black 0 1
Erown 1 10 15 100 wolts
Red z 100 2% 200 volts
Orangs @ 1,000 3% 300 volta
Fellow 4 10,000 47 400 volts
Grasn & Pl [ 500 walts
Blue = 1000000 %% 300 wolte CERAMIC Wﬁﬂm.m WBL_'
Vielet ki 10,0060, 000 Teh T00 wolta Hignifican ﬁ: ‘Cowinchet
Gray 8§ 100,000,000 5% 800 volts P el - L
White & 1,000, 04040, 600 %% B wvalts Black 0 1 =30 =44 [
Gold 0.1 5 1000 valts Brown 1 10 * 1 *0 1lguf —30
=Silver 001 108 TG volts. Rad 3 100 = 8 —&i
No Color % B0 walts Orange 3 1,000 pal =150
Fellow 4 —om
Green & 5 E0bgl —530
[ —470
Viclat —TE0
d {:) q Liray ] 04t T k. 30
y White 8 0.1 10 Eldpef 350 50

firsh significant Rgure
wscand wgnificant figure ——— decimal multiplier

RMA T-dot 500-valt. L 20% toleromce only A Firsh significant figurs
B sscond significant Agurs

—lc‘lm m

™ [ capachancs belaranes

=

temperature seeMialent
first significant figurs socond significant Rigun

third gignidcant fgurs

'I!'Ilt N'H'l'il'n Eanids vn.- Hals

Dameripton
decimal multipliar ark 20l = I were cemp,
S telurance PR Tl SR R R R g
RMA b-dat
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.

1000 0.01 1000 10,000
11 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
51 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


https://www.rfcafe.com/references/electrical/capacitor-values.htm

Common Capacitor Working Voltages (DC), by Capacitor Type

Mylar Mylar
Ceramic Electrolytic Tantalum (Polyester) (Metal Film)
1o0v 1ov

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


https://www.rfcafe.com/references/electrical/capacitor-values.htm
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