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INTRODUCTION

Powering today’s portable world poses many chal-
lenges for system designers. The use of batteries as a
prime power source is on the rise. As a result, a burden
has been placed on the system designer to create
sophisticated systems utilizing the batteries full poten-
tial.

Each application is unique, but one common theme
rings through: maximize battery capacity usage. This
theme directly relates to how efficiently the energy from
the batteries is converted and transferred to the system
load. No single method is ideal for all applications. Lin-
ear regulators, switched capacitor charge pumps, and
inductor based switchmode power converters are all
employed. Each method has its associated advan-
tages and disadvantages. It is the particular application
with its individual requirements that determines which
method will be the best to use.

This application note focuses on the fundamentals of
inductor based switchmode power converters. This is a
“grass roots” approach to understanding switchmode
power converters. Specifically, the basic buck circuit
topology and its associated waveforms will be exam-
ined both empirically and mathematically.

All known switchmode power converters can be
derived from combinations of the basic buck and / or
boost converters along with some form of transforma-
tion function. Roughly 85% of today’s switchmode
power converters are derived from the buck topology.

Understanding its operation is essential to switchmode
power converter design.

SWITCHMODE POWER CONVERTER

The simplest form of a switchmode power converter is
illustrated in Figure 1. The ideal switch opens and
closes at a frequency of 1/T, where T represents the
switch cycle period. The ratio of the on-time, or conduc-
tion time of the switch, to the period is referred to as the
duty cycle, D.

The resulting load voltage, V, is a chopped version of
the input. The load voltage looks like a series of pulses
having an amplitude equal to the source voltage, V.
The average, or DC, value of the load voltage is simply
the source voltage multiplied by the duty cycle.

Vowure) = VsxD

In this simple configuration, the load voltage is always
less than or equal to the source voltage with the same
polarity. The DC load voltage does not come without a
price. Substantial ripple is present not only in the load
voltage, but in the input source current as well. Most
applications can not take advantage of this type of con-
version without employing some type of low pass filter
to smooth the ripple.

Switched Circuit

Average voltage seen at the load

Ideal Switch
VS /—\ I
|deal ——  Current flows
Battery —T when switch 'O Load
is closed
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FIGURE 1: Simplest form of a switchmode power converter

© 2001 Microchip Technology Inc.

DS00793A-page 1



AN793

BASIC BUCK TOPOLOGY

By inserting a low pass filter between the switch and
the load, a basic buck topology is formed. As a result,
the buck converter (as the name implies) "bucks” or
chops the input source voltage to a lower magnitude
load voltage.

Figure 2A depicts the idealized buck converter. The
single pole double throw switch alternates between
positions 1 and 2. Figures 2B and 2C depict the switch
in each state. A practical realization of the ideal buck
topology is illustrated in Figure 2D.

During a switch cycle, the switch transitions between
positions 1 and 2. If a switch cycle begins in position 1,
the voltage across the inductor, L, is equal to the
source voltage, Vg, minus the load voltage, V. At the
end of the on-time, tgyy, the switch changes to position
2. The voltage across the inductor collapses, changing
polarity to a value equal to -V. The switch remains off
until the end of the period when the switch returns to
position 1 completing the cycle.
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Y'Y
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t- 1
Vo ——— cC—_ v, R
B
R
Cc
R
D

FIGURE 2: Ideal Buck Topology

Two scenarios are possible at the end of the cycle. The
first scenario occurs when all the energy stored in the
inductor has been transferred to the load, i_ equals
zero. This is known as discontinuous mode of opera-
tion. The second scenario occurs when current contin-
ues to flow at the end of the cycle, i equals some non-
zero value. This is known as continuous mode of
operation. The inductor current conduction mode plays
an important role in determining the conversion charac-
teristics and circuit performance.

For fixed values of L and D, the mode in which the con-
verter operates is determined by the load, R. As the
load increases in ohmic value, the operating mode will
change from continuous to discontinuous. Also, the
inductor value needed to maintain continuos mode
operation is directly proportional to the switch cycle
period. It is often desirable to operate a buck converter
only in the continuous mode. We will examine both
modes of operation in detail to get a better understand-
ing of why this would be desirable.

But first lets step back and look at the pieces of the
buck topology. As stated previously, the buck topology
is a simple converter followed by a low pass LC filter.
By examining the circuit, we can see that Vg is the
average value of v4. Voltage v4 consists of both AC and
DC components. Since the average or DC value is
desired, the LC filter must sufficiently remove the
unwanted AC components. This implies that the corner
frequency of the filter must be much less than the
switching frequency.

1/T>1/(2nJLC)

Intuition tells us that a value for L can be chosen to
maintain continuous mode operation and C can then be
chosen to produce the desired amount of filtering. How-
ever, capacitors are not pure reactive devices and as a
result contain some equivalent series resistance, ESR,
that produces unwanted output voltage ripple in con-
junction with the inductor current ripple. A trade-off
must be made between inductor and capacitor values
in order to produce the desired performance. The fol-
lowing discussion will assume that the LC filter compo-
nents have been chosen adequately to remove the AC
components and the load will be considered DC.

Continuous Mode Operation

As was eluded to earlier, it is often desirable to operate
a buck converter in the continuous mode. Figure 3
depicts the circuit used to analyze both modes of oper-
ation. An input filter network has been inserted to mini-
mize the input current ripple so that Ig can be
considered essentially DC. Figure 4 depicts the wave-
forms associated with continuous mode operation.
Ideal circuit elements will be examined to mathemati-
cally derive a steady-state large signal representation
of the circuit. However, parasitic elements can easily be
inserted into the mathematical models to represent
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non-ideal characteristics of real circuit components,
such as inductor winding resistance or filter capacitor
ESR. Despite this limited approach, the models still
have more than adequate accuracy for practical design
purposes.

L4 it +v, -
Py Py L Py
B iantay
Vs iC1T _IZ')_ 4ip1 ic2 T vio
— ¢ Vi D4 C, A R
1 1

FIGURE 3: Circuit used to analyze modes of
operation
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FIGURE 4: Continuous mode waveforms

The examination will start with the inductor, L. An ideal
inductor is an energy storage element that can not sup-
port a non-zero average voltage. In other words, the
volt-time product of each switch state must be equal in
steady-state operation.

1 fon _ T (_ =
Tx[ o, Vo)dt-s-J’lON( Vo)dt} 0

(Vs= Vo) Xtoy = Vox (T—top)

Rearranging the equation we get:

From this equation, we determine that the switch duty
cycle is independent of the circuit elements and is
equal to the input-to-output DC transfer function, M.

Yo

M=_=
VS

Further examination of the circuit tells us that the aver-
age inductor current is equal to the DC load current.

_la+1p _ Vo

iL(A VG) 2 R

Where la is the minimum inductor current and Ib is the
maximum inductor current.

VO
la = Ib~ 2 x(T~10y)

V
Ib = la+ SL % ton

At this point, it is desirable to define the normalized
inductor time constant and solve for la and Ib. The nor-
malized inductor time constant is:

L
T, =——_
L™RXT

Solving for la and Ib, with the constraints of i avg), in
terms of the normalized inductor time constant and the
DC transfer function, produces the following results:

V _
,a:_ox[,_ﬂJ
R 2X1,

V _
b = —0><|:1+1 M}
R 2X1,

The switch conducts current only during the on-time.
The switch current, represented by iy, can be approxi-
mated by a trapezoid. The switch turns on and immedi-
ately takes over the current flow into the inductor at an
amplitude equal to la. The current ramps to a final
value equal to Ib. The average and RMS current values
will be that of the trapezoid waveform referenced in
Appendix A. Also, the average value of the switch cur-
rent is equal to the average value of the source current.
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The average value of the switch current will be:
. toyxUa+Ib)  MxV,
lruve) = T2 I

The RMS value of the switch current will be in the fol-
lowing form.

.  Jionx Ua’ + Tax b+ 1b7)
lr(rms) T T3

Substituting for la and Ib yields:

. Vo 1(1-M\?
lrrMms) T 7><\/M><[1+E(2XTL)J

The diode, D4, conducts current only during the time
when the switch is off. The diode current, represented
by ip4, can also be approximated by a trapezoid. The
diode begins conducting current at an amplitude equal
to Ib. The current ramps down to a final value equal to
la. The average and RMS current values will be that of
the trapezoid waveform.

The average value of the diode current will be:

. (T—tpp) X (La+1b)  (1-M)xV,
'D1ave) T2 - R

The RMS value of the diode current will be:

v 2
; _'o 1(1-M
'pi(RMS) T | % J(l - M) x [1 +ﬁ(2_>< TL) }

The ripple current in the inductor can be used to deter-
mine the RMS current in the output capacitor. Based on
our assumption that our LC filter is adequate, the AC
component of the inductor current will flow into C, and
not into the load.

. _ (Ib-1Ia)
Learms) ~ T

Substituting for Ib and la gives:

. Vo [ 1-M
Lc2(rMS) R m
L

The input capacitor RMS current will take on the form
shown below:

2 2
. 1 +lalb+1b° M 2
icIeRMs) = \/Mx [%_j(mub) }

Again, substituting for Ib and la gives:

. Vo 1(1-MY
e - 2 ol S

2X1,

The root of the second term is generally small in com-
parison to the first term, so the input capacitor RMS can
be approximated by:

. _ Vo 2
Llci(rms) ~ R

As a rule of thumb, the RMS current of the input filter
capacitor can be approximated to be one half the DC
load current. Careful attention should be paid to the
currents found in the filter capacitors. The high ripple
currents in the filter capacitors cause internal heat build
up which could cause erratic operation or premature
destruction of the devices.

Discontinuous Mode Operation

Hopefully now the waveforms of the continuous mode
of operation are more clearly understood. Our attention
will now shift to the discontinuous mode of operation.
Although it is desirable to operate a buck converter in
the continuous mode, this goal is not always achiev-
able when dealing with a wide variation in load currents
or input voltages. At some point, the mode of operation
will shift to discontinuous, unless some means of pulse
frequency modulation is employed. The waveforms
associated with the discontinuous mode of operation
are shown in Figure 5.
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FIGURE 5: Discontinuous mode waveforms
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Again, our examination will start with the inductor. As
stated previously, the average voltage across the
inductor must be equal to zero.

. 5 v
1y U’"”(VS— Vo)dt+JJ‘ Vot + | ()dt} —0
T 0 Loy 5]

Vg=Vo)Xtoy = VoXt,

Where t, is the time from when the switch opens to
when the inductor current reaches zero.

By definition, the minimum inductor current, la, equals
zero. The maximum inductor current, Ib, can be found
in terms of the switch on-time.

di

V=Lx=
dt

Knowing the initial value of the inductor current is zero,
this equation can be rearranged to find the maximum
current.

V-1V
_"s7 7o
Ib = 7 X toy

As with the continuous mode, the average, or DC,
value of the inductor current is equal to the load cur-
rent. The average current of the inductor takes on the
form:

Ibx(ton+t) Vo

iL(AVG) - 2% T R

Substituting for Ib and t, yields a switch duty cycle

equal to:
ton 2X 1T,
T - M Tm

This equation indicates that the switch duty cycle in dis-
continuous mode is dependant on the inductor value,
DC transfer function, and load current. Also from this
equation, we can see that the boundary between con-
tinuous mode and discontinuous mode occurs where
the normalized inductor time constant equals one-half
one minus the DC transfer function.

_I-M
e T 5

The peak inductor current can be expressed in terms of
the normalized inductor time constant and the DC
transfer function.

= Vo, Pxd-m
R T,

As with continuous mode, the switch conducts current
only during the on-time. The switch current, repre-
sented by i, can be approximated by a triangular
waveform. The switch turns on and starts ramping cur-
rent up in the inductor from zero. The current ramps to
a final value equal to Ib. The average and RMS current
values will be that of the triangular waveform. Again,
the average value of the switch current is equal to the
average value of the source current.

The average value of the switch current will be:
) _tonXIb MXV,
T4re) T Trx2 T TR

The RMS value of the switch current will be in the fol-

lowing form.
[t
. ON
= Jbx |=—==
Lr(RMS) T3

Substituting for Ib yields:
1

Vo (8 .2 [1-M]*
) = ZX|=xM"x
"T(RMS) R (9 [ TLMD

The diode, D4, conducts current from when the switch
is turned off until the inductor current has diminished to
zero. The diode current, represented by ip4, can also
be approximated by a triangular waveform. The diode
begins conducting current at an amplitude equal to Ib.
The current ramps down to a final value equal to zero.
The average and RMS current values will be that of the
triangular waveform.

The average value of the diode current will be:
; Vo
IDiave) = 7>< 27, % (1-M)

The RMS value of the diode current will be:
1

; _ Vo (s, Ju-m’]Y
DI1(RMS) R 9 T,

The RMS ripple current in the output capacitor is then
derived to be:

NI~

V _
. Vo rls_1-m
LC2(RMS) = fx[ §>< T —1}

And the RMS ripple current for the input capacitor is
derived to be:

1

1% _ 2

. Vo rfs.1-m >
’C1(RMS)*7X[ §>< _MJ
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Table 1 summarizes the circuit characteristics for both modes of operation.

TABLE 1:  Characteristic Summary
Varla_\bl_e Variable Continuous Mode Discontinuous Mode
Description
Input-to-Output DC M y y
Transfer Function Y Y
Vs Vs
Normalized Inductor T
Time Constant L L
RXxT RxT
Switch Conduction D
Duty Cycle M M x 2X1y
1-M
Minimum Inductor la
Current Vo [ - M
R T 0
L
Maximum Inductor Ib
Current V_OX[HJ—MJ Vo, [2x-Mm)
R 2X1; R T
Average Inductor iL(AVG)
Current V_o V_o
R R
Average Switch iT(AVG)
Current MxV, MxV,
R R
RMS Switch iT(RMS) ]
V 2 L
Current Yo, MX[IJFL(I—M)} Yo (8 1P x [1=M])?
R 12\2x%x1, 7 9 |
L
Average Diode iD1(AVG)
1-M)xV
Current ( R) Y Ox [2x1, x(1-M)
RMS Diode iD1(RMS) 1
V _ 2 y
Current _ 0y (1-M)><[1+i(1 M)} Vo (8 (1—M)3 !
R 12\2x 1, — X| =X
R |9 T,
Input Capacitor ic1(RMS) v - ;
Ripple Current 70y M[ 1M +L(1 —M) } y 3
R =M+ B, _Ox[ §x1‘M—M2J
R 9" 1,
Output Capacitor i
_P p C2(RMS) V, 1M 1
Ripple Current el X v s 1-M TP
R L/i2xr, O [ 2 x - 1}
9" 1,
Average Input Is(ave)
Source Current MxVo M;VO
R
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Continuous versus Discontinuous

So why is continuous mode preferred? As can be seen
by examining the waveforms and the mathematical
models, the peak current stresses on the circuit ele-
ments will always be less in continuous mode for a
given set of input and output conditions. The peak-to-
peak inductor current ripple is always less in continu-
ous mode for a given set of input and output conditions.
This directly corresponds to load voltage ripple and
stress placed on the filter components. Although the
input current to the converter is always pulsing, output
current pulses are much more controlled in continuous
mode.

Most applications are designed to be well beyond the
continuous-discontinuous boundary when operating at
full load. Some applications may transition into discon-
tinuous mode at light loads. This, however, generally
does not pose a problem to the system because stress
levels have been substantially reduced.

DESIGN EXAMPLE

A practical design example will be presented along with

A Microchip TC105303ECT was chosen as the control
IC setting the switching frequency to 300 kHz.

Figure 6 illustrates the practical design schematic.The
component values represent those chosen with the
TC105303 controlling the time sampled switching.
Node v, is a test point corresponding to the v{ wave-
forms from Figures 4 and 5.

Component Selection
Inductor

Now, as with the ideal analysis, the design will start with
the inductor. As a rule of thumb, a good starting point is
to choose an inductor value producing a maximum
peak-to-peak ripple current equal to ten percent of the
maximum load current. This will limit the RMS current
in the output filter capacitor and, as a second order
effect, keep the core losses in the inductor reasonable.
The maximum peak-to-peak ripple current will occur
when the input source voltage is at its maximum poten-
tial. For this application with a single cell lithium-ion bat-
tery as the source, the maximum voltage will be 4.2V.

actual continuous mode and discontinuous mode V =Lx di
waveforms for comparison to the ideal situation of the dt
receding discussion.

i . i L= Vg-vox MXT_
The design parameters are given as follows: s o I,x 010

Input Source: Single cell

Lithium-lon (ﬂ’) w1
Load Voltage: 3.0V L =(42-30)x w = 100uH
) 0.250%0.10

Load Voltage Ripple: 1% peak-to-peak

Minimum Load Current: 10 pA

Maximum Load Current: 250 mA

L
» Vo
t|i C2
Iz.z uF
4
Vour SHDN
TC105303
EXT Voo GND Rss
o 1 2 g I c..
Qi |G = ;
A S
Ci *
10 uF =

FIGURE 6: Buck circuit realization
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The inductor must be selected to handle both peak and
RMS currents. In addition, winding resistance losses
can become significant at higher output currents reduc-
ing the systems efficiency.

Load Filter Capacitor

The next circuit element to choose is the load filter
capacitor. As another rule of thumb, a good starting
point is to set the filter characteristic impedance equal
to the load resistance.This will produce a voltage over-
shoot of the square root of two times the load voltage if
the converter is operating at full rated load and the load
is abruptly removed.

L
ZOEA/;*

2

L _doxXL 250’ x100x10°°

C=—5=—5 7= 3 =~ IurF
R v, 3.0

To verify the capacitor value, the load ripple voltage is
checked.The ripple voltage due to the capacitance
is:

ON VS - Vo

Av =Ly J’l"‘”i(t)dt _ xf X tdt
cC Jo cC Jo

ION

2
Ay L 42-30 F

I1x10° 100x10°°

=34mV

0

The ripple voltage exceeds the design parameter of 1%
peak-to-peak output voltage ripple. Therefore, the out-
put capacitor will be increased to 2.2 uF. This produces
an output voltage ripple of 15.5 mV and leaves about
14.5 mV of ripple due to capacitor ESR and for design
margin. For now, we will assume this value will work
and produce adequate results. Of course, now is the
time to conduct design trade-off studies and experi-
ment with different combinations of L's and C’s. The
values can be changed to reduce cost, size, or weight
to meet the needs of the particular application. These
values should suffice for our needs.

A second check of the capacitor value is the corner fre-
quency of the LC filter. As mentioned in the preceding
discussion, the filter capacitor corner frequency should
be much lower than the switching frequency. Usually
an order of magnitude or better is required to minimize
the load voltage ripple.

1 1
fc = =
IXAXNANLXC 5 sn s J100x 10 % 107°
fo= 10.7kHz

This concurs with our earlier conclusions, so this is the
value we will use for evaluation.

The capacitance value alone is not enough. The capac-
itor must be able to handle the worst case RMS current
and have the proper voltage rating.

Switch and Catch Diode

The switch and catch diode were chosen based on volt-
age and current rating. The switch, a P-channel MOS-
FET, ideally sees a worst case source-to-drain voltage
of the maximum input source voltage plus the forward
voltage drop of the catch diode. The catch diode sees
a worst case reverse voltage equal to the maximum
source voltage.

A trade-off must be made between the switch on-resis-
tance, gate charge, gate threshold, and physical size to
reduce both switching and conduction losses.

Input Filter Capacitor

The input capacitor is essential to the proper operation
of the circuit. The input capacitor is chosen by its RMS
current rating and voltage rating. The input filter induc-
tor was omitted from this design. However, some induc-
tance may be required in certain applications. The AC
component of the input current can radiate noise to
adjacent circuitry. A small amount of inductance
between the input source and input filter capacitor can
greatly isolate and attenuate the noise. Care should be
taken when adding impedance to the source. An inap-
propriate amount of impedance can cause loop insta-
bility and erratic operation.

Continuous Mode Validation

In order to verify the mathematical models, the circuit in
Figure 6 was constructed and analyzed. The single cell
lithium-ion battery was replaced by a desktop supply
and a variable electronic load was utilized. The supply
was set to a voltage of 4.2V.

Duty Cycle

Continuous mode operation was analyzed at full load
current, 250 mA. The output voltage was measured to
be 2.90V. Figure 7 is a scope plot of voltage node v;.
Ideally, the voltage at this node would swing from a high
value of 4.2V when the switch is on to zero volts when
the switch is off. The discrepancy shown here is a result
of non-ideal circuit elements. Conduction losses in the
switch and diode cause the variations. The measured
duty cycle of 78.5% is a direct result of the circuit
losses. In the ideal situation, efficiency is 100%. The
change in duty cycle directly correlates to the efficiency
of the system. Therefore, the efficiency of the system,
1. is equal to:

VO
n-= x 100
V¢ X Actual Duty Cycle
n=—2%__100~880%
4.20%0.785
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By adding the diode forward voltage drop, the 380 mV
swing below ground, to the load voltage in the mathe-
matical model, the predicted duty cycle becomes 78%.
Comparing this to the actual measured duty cycle indi-
cates that the majority of the inefficiency is due to the
non-ideal characteristics of the diode. As the load cur-
rent increases, switch conduction losses, inductor core
and winding losses, etc. begin to make more of a con-
tribution.

The efficiency of the system, especially at lower output
voltages, can be improved by as much as 25% by using
a method known as synchronous rectification. Syn-
chronous rectification is accomplished by shunting the
diode with a switch that is turned on when the diode
should be conducting current. The switch conduction
losses should be much less than the diode conduction
losses resulting in improved efficiency.

Inductor Current and Voltage

The second scope plot, Figure 8, shows the current
and voltage waveforms for the inductor. We will start by
examining the voltage. The voltage across the inductor
with the switch-on is, ideally, V4 - Vo, or in our applica-
tion, 1.3V. We have very good correlation. When the
switch is off, the voltage should ideally be -Vg. Our
measurement indicates -3.4V approximately. The addi-
tional -0.4V is, again, due to the non-ideal characteris-
tics of the diode and losses associated with the
inductor itself.

The ideal minimum and maximum of the inductor cur-
rent can be found in Table 1. Ideally, la is 235 mA and
Ib is 265 mA. Therefore, the peak-to-peak inductor cur-
rent ripple is 30 mA. The average inductor current is
simply equal to the load current, I (ayg) equals 250 mA.
Measured results show a strong correlation. The mini-
mum and maximum measured inductor currents are
230 mA and 270 mA with a peak-to-peak inductor cur-
rent ripple of 40 mA. The average inductor current was
measured as 250.3 mA. These values indicate a strong
enough correlation to validate our mathematical mod-
els. The errors are a result of parasitics in the circuit
including the inductor winding resistance, core loss,
and tolerance of the inductance.

Tek EJH 100M5/s 25 Acqs
LT
5

C2 Freq
298.24kHz

| c2+Duty
76.5 %

€2 High
418V

C2 Low
—380mVv

¥ 100V & M1.00ps ChZ 7 1,30V

FIGURE 7: Continuous mode node voltage

Tek ETJH 100M5/s 8 Acqs
I 1
[ 1
................... T s
WWWNMN e
C3 Min
} 230mA
[l 17| S S C3 Pk—-Pk
: 40mA
C3 Mean
....... 250.3mA
3
M 1.004s Ch3 7 247mA
Ch3 50.0mA
Math1 1.00V 1.00us

FIGURE 8: Continuous mode inductor current and
voltage

Load Voltage Ripple

The last performance parameter that we will verify is
the load voltage ripple. Ideally, the load voltage ripple
was determined to be 15.5 mV peak-to-peak. Figure 9
shows the load voltage ripple along with the inductor
current. Remember, we are assuming the AC compo-
nent of the inductor ripple current flows into the filter
capacitor and not into the load.

The measured peak-to-peak load voltage ripple is
21.2 mV. Again, we have good correlation with our
mathematical model. Therefore, we can be assured
that our assumptions were correct. The discrepancy is,
in part, due to the ESR of the filter capacitor. We still
have adequate design margin.

© 2001 Microchip Technology Inc.
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Tek ETJH 100M5/s 11 Acqs
[T
[

C1 Max

C1 Min
\ f

—4.4my

i C1 Pk-Pk
: 4 21.2mv
EF—m.u'mvw
Ch3 50.0mA

M 1.00ms cm:f' 9.2mv
FIGURE 9: Continuous mode load voltage ripple
and inductor current

Discontinuous Mode Validation

As the load is increased in ohmic value, it is possible
that the system will change to discontinuous mode of
operation. Solving for the boundary condition between
continuous mode and discontinuous mode yields a
load current of approximately 15 mA. The transition
was measured at approximately 14 mA. The load cur-
rent was lowered to 5 mA, placing the system well into
the discontinuous mode for validation of the mathemat-
ical model.

Duty Cycle

Figure 10 is a scope plot of the v4 node voltage. The
ringing present when the inductor has, ideally, trans-
ferred all its energy to the load is the result of a small
amount of residual energy circulating between the
inductor and the capacitance of the switch, diode, and
any stray parasitic capacitance. The frequency of the
ring is:
1
2xnx JLx(Cgpt Cp+ Corpyy)

Fring =

This is not a sign of instability in the system. The ringing
does not cause any harm in the system and trying to
suppress it only wastes power.

From Table 1, the ideal duty cycle was calculated to be
approximately 0.40. The measured duty cycle is 0.42
showing very good correlation to the model.

Inductor Current and Voltage

The next scope plot, Figure 11, shows the voltage and
current waveforms for the inductor. Again, we will start
by examining the voltage across the inductor. The volt-
age across the inductor when the switch is on is the
same as in continuous mode, 1.3V. Good correlation is
shown. As the inductor transfers energy to the load, the
voltage across the inductor is measured as -(Vg + V)
where Vg represents the forward voltage drop of the
catch diode. After the energy has been transferred to
the load, the ringing seen previously is present.

The ideal maximum inductor current can be found in
Table 1. Ideally, Ib is calculated to be 17.3 mA. The
average inductor current is ideally equal to the DC load
current. The measured results of 22.8 mA and
5.09 mA, respectively, indicate a strong correlation to
the mathematical models.

Tek ST 100M5/s 321 Acqs
L
E

W 700V & M 1.000s ChZ 7 1.30V

FIGURE 10: Discontinuous mode note voltage, V,

Tek G 100MS/s 5 Acgs
T
E

C3 Max
22.8mA

C3 Min
—10.8maA

C3 Pk-Pk
33.6mA

C3 Mean
5.09mA

) M 1.00Ms Ch3 7  S.0mA 14 Jun 2001
Ch3 20.0mA 15:52:30
Math 1 1.00v 1.00ps 3

FIGURE 11: Discontinuous mode inductor current
and voltage
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Load Voltage Ripple

Figure 12 shows the measured load voltage ripple
along with the inductor current.

The measured peak-to-peak load voltage ripple is
20.0 mV. Again, we have adequate design margin. Our
assumptions were correct and our ideal mathematical
models can be used to predict practical circuit applica-
tion performance.

Tek ETJH 100M5/s 656 Acqs
[T
[

C1 Max
15.8mv

AN GIEANE ol
o Y

To.0mvva “WT.000s ChT 7 0.2mv
Ch3 20.0maA

FIGURE 12: Discontinuous mode load voltage ripple
and inductor current

CONCLUSION

Buck switchmode power convertors are used to step-
down a given source voltage to lower magnitude load
voltage with the same polarity. Buck switchmode power
converts find a home in many portable battery operated
applications due to their highly efficient means of power
conversion.

A grass roots approach to understanding the buck cir-
cuit topology was presented. Mathematical models for
an ideal converter were derived and shown to correlate
well with a practical design. Parasitic circuit elements
can easily be added to the models for a more accurate
prediction of circuit performance.
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APPENDIX A: CURRENT WAVEFORM APPROXIMATIONS

divided by the period

Note: For the current waveform approximations,
D is the duty cycle defined as the on-time

t
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Diode RMS and Average Approximations

The catch diode currents can be approximated by uti-
lizing the switch approximations. For continuous mode,
the duty cycle should be substituted for by (1-D). For
discontinuous mode, toy in the duty cycle equation
should be substituted for by the time it takes for the cur-
rent to ramp to zero, t,.
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