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Designing An Open-Source Power Inverter (Part 16): Transformer Winding Design
For the Battery Converter—Efficiency Range And Winding Allotment

by Dennis Feucht, Innovatia Laboratories, Cayo, Belize

As this Volksinverter design series!!-13] moves forward, we continue the presentation of the transformer design
procedure for boost push-pull (BPP) power-transfer circuits. As with other discussions in this series, this
procedure applies both to a specific component in the Volksinverter design—the transformer in the battery
converter stage’s power transfer circuit (see Figs. 1 and 2), and more generally to other similar designs. The
transformer design procedure presented here, may also be applied more broadly to other transformer designs
in switched-mode power supplies, particularly low-Rg converters such as point-of-load (POL) converters.

While the recent part 15 of this series discussed core selection, this part addresses another aspect of the
magnetics design—winding area allocation. This represents the first part of the electrical (winding) design (Fig.
3).

The criteria for winding design are maximum power transfer across windings (primary to secondary) over a
specified current range, optimal winding loss, and spatially uniform loss distribution. The discussion in this part
determines the electrical parameters of the windings that will produce maximum power transfer, given the core
selection and the circuit’s operating conditions. The formulas derived here will allow us to determine wire sizes
and winding configurations in the next part.

Transformer winding (electrical) design is usually more complicated than core (magnetic) design because cores
have already been designed by core manufacturers, and magnetic design largely consists of core selection.
Although the same can be said of round plastic-coated magnet wire, wire sizes span a wider range than core
sizes, and wire bundle strand configurations portend even greater possibilities.
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Fig. 1. The Volksinverter’s system block diagram (left) and the BCV402 battery converter stage
block diagram (right).
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Fig. 2. The CA (boost) push-pull power-transfer circuit (BPP).

l

Magnetic Design

Iterate core size
Max transfer power

l turns N

Electrical Design

[terate wire size
Max power transfer

Fig. 3. General procedure for transductor (multi-winding magnetic component) design: magnetic
design chooses core size to maximize transfer-power density,; then winding design maximizes
power transfer across windings.

Optimal Efficiency Over Current Range

Fig. 4 graphs efficiency curves for primary-to-secondary winding power transfer versus primary current scaled
as a fraction of its full-scale or fs (short-circuit secondary) Vp/Rw value. At zero output voltage the secondary
port has zero power at a maximum current = Vp/Rw, and transfer efficiency n = P,/ Pp = 0. An open-circuit

output also has zero power near the zero-current extreme of the n range. n(0) # 0 because of core loss (in
equivalent core resistance Rc) from magnetizing current.

Nmax Moves left across the Fig. 1 plots as nmax increases. On any one plot n decreases from nmax more abruptly
as current decreases. np decreases above nmax (toward the right) nearly linearly with ip. The choice of n curve
depends on parameter Bp. The specified current range [iy, ipH] corresponds to a scaled-ip;. range in Fig. 4.

© 2024 How2Power. All rights reserved. Page 2 of 10


http://www.how2power.com/newsletters/

HOW=POWER

I WAL Y Focus on Magnetics
Your Power Design Newsletter Sponsored by Payton Planar

0.9

0.8

0.7
/ |~ \\

0.6 7 ~ N
0.05 R
il LR

n(UpeBp) 0.5

0.4 {

‘¥

"4.'0-1 .-."n”'\'

0.2

0.1

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
l »
V,/IR,
Fig. 4. Winding power-transfer efficiency as a function of primary current, scaled to maximum
(secondary short-circuit) value. Increased winding resistance Rwp decreases peak efficiency. Bp is

the primary winding resistance to core resistance ratio, shown lower than for the Volksinverter
transformer to exaggerate plot features for easier viewing.

How do we select an efficiency curve n(ip) that has its peak positioned optimally within the primary current ip
range? (At high n, primary-referred secondary current is’ ~ ip.) Put another way, where within the current range
of i, should peak efficiency nmax(ip) occur?

One optimization places the limits of the current range at equal minimum n with Nmax between them. Then over
the current range, n is guaranteed to be greater than the minimum of the current range limits. This choice of

Nmax positioning is optimal for current that is significant over the whole range where low n at minimum ip = ipL is
as important as at maximum ip = ipy. However, power transfer is lowest at ip. as is power loss, and n(ipL) is not
as important to maintain as at full-scale power transfer of n(ipw).

Another alternative is to position nmax around the mid-scale value of Vg and hence of Tp. Yet another is to set
n(ipH) = Nmax. By placing the fs current at nmax at the right end of the range in Fig. 4, the range is then to the
left of Nmax along the abrupt down-slopes of the n curves, with maximum variation in n over the current range.

However, this results in low n at zero-scale or zs current. Inverters typically operate near zs current for long
periods of time such as at night, and if n is very low they can accrue substantial loss in energy and battery
charge at low power. Consequently, an optimal nmax for off-grid inverter design positions nmax somewhere
within the load-current range.

The independent variable of n(ip, Bp) is ip. The other parameter, Bp, is the primary-winding-to-core resistance
ratio

ﬂp = pr/Rc ,Rw= pr + Rus’
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scaled to the primary-referred core resistance Rc of the transformer circuit model.[6] Each curve of Fig. 4 has a
fixed Bp value as parameter and as SBp decreases, the curve peaks rise upward and to the left. By setting the
winding referral ratio to the turns-ratio n = Np /Ns, the secondary winding resistance is referred to either of the
primary windings and splits equally between them as Rwp = Rws’. Then Rw = 2-Rwp or Rwp = 2-Rw. Secondary
winding loss is set equal to that of the two primary windings together so that the winding-to-core power-loss
ratio y at Nmax is

Ymax= P, /P, = Bp+ 1~ 1, fmax

Each boost push-pull (BPP) primary winding delivers half the transfer power and shares equal winding loss of
P,/2.

From the magnetic part of the Volksinverter transformer design, in part 15, the parameter that relates core
design to winding design for the ETD34-3C90 core is the primary winding turns N, = 6. The primary winding is
the reference winding of the design because it inputs the most power. The optimal primary-referred winding
resistance from part 15 follows from the core thermal model and maximum (allowed) core power loss;

(P.12) 0476 W - —
¥ max T(zc )z 'i“2 , PWzPC at Wmaxzﬂmaleaﬁpzo

p p

BPP primary per-winding resistance =R, = %

Winding loss |3W= Wmax: ISC =(Bp + 1) F_’W is set nearly equal to core loss ISC = 1.9 W to maximize power

transfer at Tp around nmax. Power is split equally (ISC /2) between primary and secondary windings for uniform

winding loss density. Each of the two primary windings is then allotted half (%2) of this amount or @max- ISC /4
overall. Maximum Tp over the Vg range is at Vgmin = 20 V where D’ = 0.500. The Volksinverter with an ETD34

design power goal of 500 W at Vgmin = 20 V has a fs RMS primary current followed by the winding resistance as
a design goal (opt);

| P, J P
=8 firD = 0 MOS0 T g0y S0OW _jgaia Rupont = POV _ 5 03m2 ~2 mQ
2 v, 2 20V 32,66V (15.31A)

In battery converters of off-grid inverters, load current range is typically two to three decades. For the
Volksinverter, the BCV402 ETD34 design range goal is 500 W full-scale (fs) to about 0.5 W to 5 W zero-scale
(zs). Over this range, locating nmax near fs minimizes fs power loss, though as nmax is increased in design by
reducing Rwp, its position moves nearer to zs. For a current range of 0 to 0.3 on the scaled-current axis of Fig.
4, as Rw (and hence Bp) decreases, the nmax peak moves to the left, toward zs current.

The reference [17] design formulas position the efficiency peak nmax so that minimum n is the same at the
limits of the current range. When applied in the Volksinverter design, additional characteristics of the method
are revealed.

The n curves converge at both high and low ends of the current range; to increase the range, lower Rwp is
required for more-efficient curves with higher nmax. For a given minimum n the widest range is achieved by the
most efficient curves.

The default choice in the calculation of Rwpopt is to place nmax near fs current, thereby reducing power loss at fs
power. This choice will be continued in the Volksinverter design, though the reader should be aware that if a
winding plan results in Rwp > Rwpopt, the n curve of operation has a lower nmax and is shifted toward the fs
current end of the range.
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BPP Winding Losses And Window Winding Allotment

The second task in winding design after choosing the winding configuration is to allot cross-sectional winding
areas Awx in the winding window to windings as fractions kwx of the total (bobbin or coil former) window area
Aw. In most power-transfer circuits with square-wave (two-level) waveforms, current density in the windings is
made uniform by equally dividing primary and secondary winding areas.

Apart from losses, the two winding-current polarities—those of primary and secondary—handle an equal
amount of power. Wire sizes are chosen for equal current area density in the windings. Equal winding areas
with equal winding loss uniformly distribute heat (but not temperature) in the window. BPP secondary
waveforms are two-level square-waves; the primary current waveforms are three-level.

The optimal area allotments with three-level current waveforms are different and we will need to derive them.
The two primary windings share equal winding areas of Awp /2 in the window winding-area allotment because
they are functionally identical, operating the same for opposite halves of the switching cycle. The secondary
winding is allotted Aws. Allotment of the total bobbin window area Ay is thus

A\Np:kwp’A\N ; A\Ns:kws'AN

Primary and secondary winding losses are

2
_ ~ I
2 9 ' ' 2
PWp :Z'Ip ’pr :2'(7'1/1+D] ‘pr Z%(l-I—D )Ig -pr

_ R
Pus = (-1, -yD")? Ry =n2-I§-D‘{%J=D'-I§-RWp

Secondary winding loss is referred to the primary winding by turns ratio n = % from the magnetic design, and
the additional constraint of Rws = Rwp /n?is Rwp referred to the secondary winding by n 2; turns ratio n relates
primary and secondary wire or bundle turns.

For uniform winding-loss area density, the winding-area ratio

The table shows the results over the BPP input voltage range with circuit design parameters from Table 1 of
part 15.
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Table. Optimal winding areas over Vg range with avg Pg = 333 W.

Vo, V| I, A | D' _%:1;3 =%=% Kus %=
20 16.66 | 0.500 1.50 0.600 0.400
25 13.32 | 0.625 1.30 0.565 0.435
30 11.1 | 0.750 1.167 0.538 0.462

Optimal BPP allocations are given as kwp-Aw to the primary windings and kws-Aw to the secondary winding. The
allocation is shown in Fig. 2. The common dimension of ww relates kwp directly to the height dimension.

Secondary

i
Fig. 5. Cross-sectional area allotments of BPP primary windings have kwy and secondary winding
has 1 - kwp = kws. The core center-leg is beneath the primary area. Primary winding areas are
adjusted to maximize packing factor. Area dimensions of the combined primary windings are ww
by kwp Aw.

Winding-loss density varies with duty-ratio as a design parameter and consequently with where we place the
operating-point. At the previously determined midrange operating-point, D’ = 0.625 and loss-ratio Y = 1.3. The
BPP winding loss-ratio Y is graphed in Fig. 6.
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Fig. 6. Ratio of primary-to-secondary winding losses as a function of D’ = 1 - D. The midrange
value of winding-loss-ratio Y = 1.3 is near the equal-switch-loss value of D’opt ~ 0.618.

The value of D'opt ~ 0.618, derived in Volksinverter part 11, is optimum for equal active and passive switch loss
near midrange.[11 The choice of equal switch-loss at D’opt = 0.618, and Vg = 24.72 V is near midrange

© 2024 How2Power. All rights reserved. Page 6 of 10


http://www.how2power.com/newsletters/

HOW=POWER

I Ild i ¥ Focus on Magnetics
Your Power Design Newsletter Sponsored by Payton Planar

Vg at Vgmid = 25 V where Y = 1.3. Winding loss is greatest at maximum current at Vgmin = 20 V. Consequently,
the winding areas have been allotted for optimal areas at the greatest winding loss; Y(Vgmin) = Ymin = 1.50 and
kwp = 0.6 is chosen as the winding area allotment. Then over the operating range, Y < Ymin, and the secondary
winding has greater power loss than that of the primary.

Area allocation based on uniform power-loss density does not necessarily accomplish the goal of equal winding
temperatures. The secondary winding is adjacent to surrounding air and is cooled by it to a lower temperature
than the primary winding buried beneath it and conducting heat from core loss of the center leg. However, most
of the heat from the primary winding and core beneath it will exit to ambient through the secondary winding,
heating it more than it heats itself.

Copper thermal conductivity is about 95 times that of ferrite core material. Windings have kpx-Awx of copper
area with the rest being air and wire insulation. Even so, windings consisting of air and insulation interspersed
with conductor are much more thermally conductive than core material and have less AT across them for the
same heat flow.

A more rigorous thermal design of the transformer would include secondary thermal conduction of both ISWs and

PWp through the secondary winding. With the secondary winding closest to ambient, the two effects oppose for

temperature rise, and for this design, only the uniform power-loss density criterion at maximum winding loss is
chosen for Y = Ymin.

Static Winding Current And Power

Magnetics design has two thermal models, one for the core (in Volksinverter Part 15) and one for the winding.
The winding thermal model is the wire ampacity density J, scaled by [18]

Wire current-density thermal size factor = 3/30 =(A- ANlcmA')’l/S, 30 = 4.5 A/mm?2, 25 °C, Cu

(Ampacity is a wire static (0 Hz) current limit.) The factor is scaled forj/jo =1 at A-Aw = 1 cm?*. As cores

increase in size, heat is buried more deeply in the larger windings and internal temperature rises. 3/50
thermally adjusts allowable current density for winding size. Then for an ETD34 core size (for which
AAw = 1.194 cm?), J/J, = 0.978.

An ETD34 horizontal Ferroxcube bobbin has Aw = 123 mm?2. The maximum static field current in a conductor-
filled winding window (for Cu wire) and an ETD34 core size constrained by the winding thermal equation is

Nlw=(J/3,)-J -Aw = (0.978)-(4.5 A/mm?)-(123 mm?) = 541 A
NIw designates a constant current though it results from RMS current 5 - Aw as the equivalent static current
that would cause the same amount of heating. (The RMS value of constant current is its constant value.)
Large wire has the required ampacity for the primary winding but large-size (high-&;) winding solutions are
uncommon (as we will see in part 17); multiple strands of smaller wire are common, twisted into a bundle.
Round strands within a bundle pack the same as round bundles to each other.
Then for the least (worst-case) kp layer configuration, layers are aligned, and intrabundle packing kpp = kpr =

0.7854. Twisting enlarges a bundle, resulting in a conductive bundle cross-sectional area expansion of kew. An
initial estimate can be made of packing factor as

Kp = Kot -Kob-Kpu-Kew = (0.7854)-(0.7854)-(0.856)-(0.98) = 0.517 , Kow(# 17) = 0.856

Wire size of #17 AWG is a guess, needed to approximate a value for kp. This is only an estimate because we

have not yet determined wire size, and porosity kpw varies with round-wire size, from 0.910 for #8 AWG wire to
0.581 for #42. It reduces conductor area as insulation spacing between adjacent wires.
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The estimated maximum static primary RMS current with these geometric winding constraints is

3 kup NI, K, (0.3)-(541A)-(0517) _ 83.91A

N, 6

Primary current (each side) = |~,D = =13.98A

This estimated current is a maximum theoretical value that falls short of the value (page 4, middle) required for
a design power of 500 W:

~ 1 P, V1+0500 P 500 W
T _9. liD =_9. O A9 (0612) = _1531A
P 2 2ov( ) 32.66V

The most power that can be expected is found by solving this equation for I3g and substituting Tp = 13.98 A;

= = 2

g g'p'\/ﬁ

The winding resistance goal for this design power is

= (20 V)-(13.98 A)/(0.612) = 457 W

0.476 W _ 0.476 W

W2 (13.98A)°

R =2.44 mQ

Maximum BPP input (inductor) current is

2 g g
| g max = 1, ~ (1.633) -1, = 22.83 A

I L+ D

The no-loss maximum static secondary current and power are

max iy =N-D vl gmax = (1/4)-(0.500)-lgmax = (0.125)-Igmax = 2.85 A = Py'= (160 V) -i, = 457 W

With no power loss in winding transfer, |3g0 = F_’SO' because the max i, equation is based on the transfer

function; substitute Vgmin = n-D'min and the two power-loss expressions are equal.

The packing factor of secondary winding layers is based on another guess for kpw, and assuming no bundling
(single strand, kpp = 1, kew = 1) is

The maximum achievable secondary RMS current is thus

Kus -Kps NI, (0.4)-(0.628)-(541A) 135.9A
N, -(1/n) 6-4 24

max i, = =5.66 A

The secondary winding can handle an output power at a constant Vo = 160 V, by Watt’s Law, of Vo multiplied by
the maximum average current (where D'min = 0.5 = D" at Vgmin = 20 V),
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/D' = (5.66 A)-(0.707) = 4.00 A= P, = (160V)-i, =640 W

Secondary power ISSO is significantly greater than the primary power referred to the secondary as Isso' . The

discrepancy between the two F_’sO values is the factor 640 W/457 W = 1.40. It is expressed at Vymin by the ratio

Po__ VPmn ks kps:(

=~
=~

PSOI Dlmin

V1+ Dlmin

wp pp

)

DImin Y

P o k

ES‘{: 2. D—m,'” || 21 =(1.155)-(1.215) = 1.40, min Vg = 20 V
0 1+ D min kpp

1+D'
DI

min

P = . , 1 =
kpp 1+ D'y kpp

min

At midrange, it is (1.240)-(1.215) = 1.51. This shows that the secondary winding can transfer more power than
the primary winding because both factors in the secondary power ratio are greater than one. The second factor
is from a higher kp of the secondary turns because its kpp = 1 is a single strand of wire; the first factor exceeds
one because of the difference in primary and secondary current waveshapes. Also, power loss increases by the
square of current while transfer power is linear with is (because Vs is held constant). Consequently, the
additional secondary area required for uniform winding loss gives the secondary more transfer power capability.
This tends to compensate for primary heat loss through the secondary winding.

These design formulas give the winding area and resistance as parameters for proceeding to the design of the
primary and secondary windings, continued in the second part of the converter transformer winding design.
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