Power Conversion Synthesis—
Part 1: Buck Converter Design

By Ernest H. Wittenbreder, Jr., Technical Witts Inc,,
Flagstaff, Ariz.

A new buck converter design with improved
terminal current and common mode noise re-
sults from the synthesis of power conversion cir-
cuits with nonpulsating input and output termi-

nal currents.

educing emissions is a common goal when

- it comes to synthesis of power conversion

circuits with nonpulsating input and out-

. put terminal currents. Emissions can result

from pulsating currents due to magnetic

coupling of the high dI/dt transmitting loop to nearby re-

ceiving loops. Noise mechanisms for a buck converter are

shown in Fig.1. The loop containing switch, Q, rectifier, D,

and input capacitor, C,, experiences high dI/dt due to
switch current pulses.

A receiving loop will have an induced EMF:
EDM =M x % (1)

Where:
M = Mutual inductance between the transmitting loop
and the receiving loop
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Fig. 1. Buck converter illustrating sources of electromagnetic emissions.

Noise induced in the receiving loop is typically differ-
ential mode noise. You can reduce the emissions by using a
ground plane, and placing components and copper traces
to minimize loop areas of both the transmitting and re-
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ceiving loops.

Another source of differential mode emissions results
from pulsating switch currents creating spikes across the
equivalent series inductance (ESL), Loy of the input ca-
pacitor. Voltage spikes occurring at the switching instants
appear across the input capacitor, C, , due to high dI/dt
and ESL:

dI

Vspike = Lexy X at

(2)
A lesser source of differential mode noise is the
capacitor’s equivalent series resistance (ESR). The effects
of pulsating current, ESL, and ESR are illustrated in Fig.
2(a). At the output terminal of Fig. 1 emissions are low
because current at the Z terminal is nearly dc, as illustrated
in Fig. 2(b) and because the Z terminal current is
nonpulsating due to the Z terminal inductor.

Key Point No. 1: Any current flowing through an induc-
tor is nonpulsating, since a step current through an induc-
tor implies an infinite voltage applied to the inductor.

Often, the most hideous source of noise emissions is
common mode noise resulting from high transient volt-
ages, i.e., high dV/dt. Circuit node A in Fig. 1 is a point of
high dV/dt, as illustrated in Fig. 2(d). Parasitic capacitance
at node A will transfer charge to other conducting surfaces.
Common mode noise manifests itself as displacement cur-
rents in the parasitic capacitors formed by conducting sur-
faces with high dV/dt, so that:

Iem = Cpara % d(\i]—tA
Where:
I,,= Displacement current
C,,xs= Total parasitic capacitance
dV, /dt= Rate of voltage rise or fall at node A.

For Fig. 1:
vy Vi

dt ~ TTr

(3)

(4)
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POWER CONVERSION SYNTHESIS
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Fig.2. Waveforms of the circuit in Fig. 1, (a) input capacitor C,,

voltage, (b) output choke current,

(c) switch Q current, (d) diode D current, (e) node A voltage, (f) common mode current

generated at node A.

Where:
V = Input source voltage

TTR= Transition time

The waveform for node A is illus-
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Fig. 3b. Synthesis process: with the output choke

split into two separate series connected windings.
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Fig.3¢. Synthesis process: with the new series

winding split into two separate parallel
connected windings.
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trated in Fig. 2(e). Common mode
noise is minimized by reducing sur-
face areas of unshielded conductors
connected to the node A. Common
mode currents resulting from para-
sitic capacitance at node A are illus-
trated in Fig. 2(f).

Converter Synthesis

Fig. 3(a) illustrates a buck converter.
In Fig. 3(b), we split the inductor
winding into two series connected
windings.

Key Point No. 2: A series or parallel
combination of circuit elements of the
same type can be replaced by an
equivalent single circuit element of
the same type and a single circuit ele-
ment can be replaced by a series or
parallel combination of circuit ele-
ments of the same type in the reverse
process.

In Fig. 3(c), we split one of the two
series windings into two parallel
windings with equal turns.

Key Point No. 3: If there are two in-
ductors in the same circuit and the ac
winding voltages of the two inductors
are proportional to their turns ratio
at all times, then the two inductors can
be wound on a single common mag-
netic core.

The two parallel windings must
have the same number of turns for the
connection illustrated in Fig. 3(c).
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POWER CONVERSION SYNTHESIS

In Fig. 3(d), we disconnect the two
parallel windings at their undotted
terminals. In the Fig. 3(d) circuit the
coupled inductor is akin to a flyback
transformer and the high loop con-
tains the windings, L, and L,

Key Point No. 4: A series combina-
tion of circuit elements can be ar-
ranged in any order with no effect on
circuit performance provided that the
polarities of components are pre-
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Fig.3d. Synthesis process: with the parallel
windings disconnected at the undotted terminals.
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Fig.3e. Synthesis process: with the positions of
series connected switches and windings reversed.
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Fig. 3f. Synthesis process: with a capacitor
connecting the dotted terminals of the X and Y
terminal windings.
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served if their positions are changed.

Key point No. 4 suggests that we
can reverse the positions of switches
and windings that are series con-
nected in Fig. 3(d), as illustrated in
Fig. 3(e).

Key Point No. 5: The time average
voltage across a winding of a trans-
former or inductor is zero.

Key Point No. 6: If a transformer
or coupled inductor has two windings
with the same number of turns for
which there is a constant dc voltage
difference between the undotted ter-
minals of the windings, then a capaci-
tor can be connected between the dot-
ted terminals of the windings and the
dc applied voltage to the capacitor will
be equal to the dc difference voltage
between the undotted terminals. The
capacitor will be a preferred path for
ac currents, so that by adding the ca-
pacitor the ac currents in the two
windings will be reduced.

Key point No. 6 suggests that we
can connect a capacitor, C,, as illus-
trated in Fig. 3(f), between the dotted
terminals of the L, and L, wind-
ings. Key point No. 5 suggests that the
dcapplied voltage to capacitor C,, will
be equal to the input dc source volt-
age. Capacitor C, provides a pre-
ferred path for ac pulsating switch
currents, so that the L, and L,
windings are no longer in the high
dl/dtloop. The L,  and L, windings
are the preferred paths for dc currents,
so that the L, , and L, winding cur-
rents are nonpulsating. The circuit
of Fig. 3(f) achieves nonpulsating
terminal currents at all three termi-
nals, so that voltage spikes generated
at the input capacitor in Fig. 1 are
eliminated for Fig. 3(f).

Circuits with nonpulsating termi-
nal currents have been known for
some time, but the Fig. 3(f) circuit
provides an additional benefit, much
reduced common mode noise. Fig.
3(g) illustrates the Fig. 3(f) circuit
without the magnetic coupling be-

tween windings. With the windings
uncoupled the inductors can be any
size and value desired. The major noise
sources are illustrated in Fig. 3(g).

There are now three circuit nodes
with high dV/dt, nodes A, B, and C,
however, the wave form at node C is
180° out of phase from the waveforms
atnodes A and B. Also, the magnitudes
at all the nodes are much less than in
the case of the Fig. 1 circuit. We can
assume that the windings are mag-
netically coupled and each of the
windings have the same number of
turns. Then, with switch S, on, the
voltage at node A will be half way be-
tween the X terminal voltage and the
Z terminal voltage, as illustrated in
Fig. 4(a). Therefore, the voltage at
node A will be:
% x(Vx +Vz) (5)

Where:

V, = X terminal voltage
V,= Z terminal voltage.

With switch S, off and switch S, on,
the voltage at node B will be half way
between the Z terminal voltage and
the Y terminal voltage:

T x(Vz+Vy) ©

Where:

V, =Y terminal voltage

The node A voltage will be equal
to the node B voltage plus the capaci-
tor C, voltage which is just the input
voltage. Hence, the voltage swing for
the node A is: (see Equation 7, below)

Where:

AV, = Voltage swing of node A in Fig.
3(f)

The voltage swing for node A in
Fig. 3(f) is half of the voltage swing
of node A in the Fig. 1 circuit and rate
of voltage rise or fall for Fig. 3(f) is:

dVa Vi
dt - 2XTTR (8)

Since node B is capacitively coupled
to node A, the voltage swing for node

I'1

Fig.3g. Synthesis process: with the windings
uncoupled from each other.
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AV =[(Vx—Vy) + ;—x (Vz+Vy)] —%x (Vx +Vz) =L x (Vx-Vy) = 15x g

2

Equation 7.
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B will be equal to the voltage swing for ~ current from nodes A and B and:
node A. Node C has a voltage swing 3 Terminal network with Z terminal
equal in magnitude to the voltage Ne_ Vi (9) X>—1" current commonto awinding | <2
swing for nodes A and B, but the wave dt 2 xTrr L
form at node C is 180° out of phase, Compare Fig. 2(e) with Figs. 4(a), Y
so that common mode current from 4(b) and 4(c). The amount of cancel-
the node C cancels common mode  lation depends on the parasitic capaci- x> igmv%rskt\?vritmhml 7 '—z. .
tance associated with the nodes. If Z terminal winding
nodes A and B have higher parasitic *
(@) capacitance than node C then we can Y
Vy - add a neutralizing capacitor(s) or we
can adjust the turns ratio between the Sameo ?kt\?vritmhml 7 o Lz ,
Va Z terpnnal x./vm'dlng and thF XandY X qurminal winding
0 ¢ terminal windings to achieve com- L
plete cancellation. If the windings are @
(b) coupled, the X and Y terminal wind-
VB | | ings must have equal turns. L Same 3 terminal Ly
0 t By increasing the Z winding turns X >—Tvhs] networkwithout |2 yi5e—<7
with respect to the X and Y winding 1| Z terminal winding L
turns, the voltage swing at node C I -7 X %
© increases in magnitude and the volt- Cxy
Ve age swings at nodes A and B decrease =
Vy - in magnitude. The ratio of the Z +
winding turns to the X and Y wind- B -
V27 ing turns can be adjusted to achieve -
0 ; the maximum amount of common =

mode noise cancellation.

(d) Fig. 5 is a summary outline of the
synthesis method introduced here.
The outline suggests that the synthe-
sis method is applicable to any three

Fig.5. A generalized synthesis method for
transforming a three terminal network with a
winding network connected in series with the Z
terminal to a new three terminal network with
improved terminal current properties,

terminal network with a winding in
series with the Z terminal of the three
terminal network. The synthesis
method is applicable, in general, to
any three terminal network of the type

improved ac performance, and improved
common mode noise performance.

indicated and, although Fig. 5 illus-
trates the synthesis method for a

single winding in series with the Z
terminal, the method applies to wind-

0 ' (TBMA ing networks in series with the Z ter-
¢ lcme 0 0 minal. In Part 2 of this series, we’ll
Y o i r

show how the synthesis method can
ls1 be simply extended to achieve three
’/ () terminal networks with zero ripple for

| | | | love all three terminals, what might be con-
sidered a true near-zero emissions to-

) pology. The reference below describes
and illustrates some of the new cir-
cuits we will be describing. PETech

ICMNET
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Fig.4. Wave forms of the fig. 3(f) circuit, (a) node A voltage, (b) node B voltage, (c) node C
voltage, (d) Z winding current, (e) X and Y winding currents, (f) S, switch current, (g) S,
switch current, (h) common mode noise current generated by nodes A and B, (i)
common mode noise current generated by node C, (j) total net common mode noise
current from nodes A, B,and C.
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