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ABSTRACT

A dominant design consideration in the
development of space-type power magnetic
devices is the application of reliable ther-
mal control methods in order to prevent
device failure due to excessive temperature
rises and hot spot temperatures in critical
areas. The resultant design must also yield
low weight, high efficiency, high reliabil-
ity and maintainability, and long life. A
transformer weight equation is developed to
show that the weight is directly propor-
tional to the 3/4th power of the kVA rating
and inversely proportional to the 3/4th
power of the product of the variables f,
Bm, Js, o, (FF), and (SF)c. A family
of curves, obtained when the normalized
specific weight is plotted as a function of
the transformer's kVA rating with frequency
as the parameter, show insignificant weight
savings for frequencies above 50 kHz. The
weight savings and high efficiency that
results by going to high frequency and
unique thermal control techniques is demon-
strated by the development of a 25 kVA, 20
kHz space type transformer under Lewis'®
power magnetics technology program. Earlier
work included heat pipe cooled inductors and
transformers in the 3 kVA range. Present
work in the area of power rotary trans-
formers is also discussed.

INTRODUCTION

The power circuits in future high power
space systems will in many cases require the
use of power transformers. The power trans-
former, whether fixed or rotary, provides
the means to transfer power at source volt-
age levels to load voltage requirements.

The requirement for isolation between source
and Toad is inherently provided by the power
transformer.

In the space environment, rejection of
the transformer's core and winding losses
must be accompiished almost solely by con-
ductive heat transfer to a radiator. The
development of thermal control methods which
eliminate potential hot spots and also give
predictable core and winding temperature
rises thus becomes a dominant consideration
in the design strategy of space-type power
magnetics. The resultant design must also
be such that the device has low specific

weight, high efficiency, high reliability
and long life.

Over the past decade, the NASA Lewis
Research Center has been actively engaged
in developing the technology of lightweight,
high efficiency and high reliability power
magnetic devices for aerospace power
systems. The characterization and testing
of these magnetic power components through
technology development programs is a pre-
requiste for consideration of the com-
ponent's use in future aerospace power
systems.

One of the first magnetic devices de-
veloped was a conduction cooled high volt-
age transformer for the cathode/collector
power supply of the 200 watt TWT used on the
Communications Technology Satellite (1).
This 500 VA, 11.3 kV output transformer
operated at 10 kHz at an efficiency greater
than 98 percent and weighed 0.82 kg for a
specific weight of 1.6 kg/kVA.

Another magnetic device development was
a conduction cooled 2.3 kVA, 10 kHz trans-
former for a 30-cm ion thruster power supply
(2,3). This 1.1 kV output transformer has
an efficiency of 98.6 percent, a weight of
1.8 kg and a specific weight of 0.78 kg/kVA.

A heat pipe cooled transformer having
identical electrical specifications of the
above conduction cooled transformer has an
efficiency of 98.2 percent, a weight of 1.2
kg, and a specific weight of 0.52 kg/kVA,
(4,5). A significant difference between
these electrically identical transformers is
that the conduction cooled transformer has a
temperature rise of 41° C while the heat
pipe cooled transformer has a temperature
rise of only 20 C. Thus, the heat pipe
transformer would have a higher rating than
2.3 kVA and a lower specific weight than
0.52 kg kVA if it were operated at the same
temperature rise as the conduction cooled
transformer.

The specific weight and efficiency of
power magnetic components is of primary con-
cern to space power systems' designers. In
this paper a transformer weight analysis is
performed and the results are used to plot a
family of curves of normalized specific
weight versus the kVA-rating. The paper
also describes a recent addition to low
weight, high efficiency power magnetics



technology which was the development of a
conduction cooled 20 kHz, 25-kVA, 200 V
input and 1500 V output, continuous duty,
single phase transformer (6,7). Rotary
power transformers for photovoltaic space
power systems are also briefly addressed.

WEIGHT ANALYSIS

The weights of the magnetic devices -in
space power supplies are generally the
greatest percentage of the total weight.
Thus, every effort must be made to reduce
the magnetics weight and still achieve high
efficiency, high reliability and permissible
temperature rises in the core and windings.
The design variables which affect the weight
will now be investigated by means of the
following weight analysis.

The kVA rating of a single phase trans—
former is .

)
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The secondary RMS current den51ty
Je is by definition

1
__S 2
J —F— A/m

The substitution of Eq. (2) into
Eq. (1) gives
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The window area required fdr the
primary and secondary turns is
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If it is assumed that N
Ngbg then Eq. (4) can be wrlgten as
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By the use of this last result, Eq. (3)
then becomes

_Equation (6) can be written in the form
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"From this last equation it should be
noted- that for a specified kVA rating, the
window area decreases for increases in «a,
Js, and (V¢/Ng). High voltage trans- -
formers will ﬁave small values of a ‘and
thus it is seen that they will require
larger window areas for the same kVA rating
since more electrical insulation is
required. The limit. to which Jg can be
increased is dependent on the maximum allow-
able temperature rise of the.windings.

A m (7)

If it is assumed that the voltage drops
due to the primary and secondary winding
impedances are negligible respectively to
the primary input and secondary output volt-
ages, then by means.of Faraday's.Law we can
write ,

v V.
P _ S
N, 4(FF)Bmf (SF)C AC.: V/turn (8)
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Solving Eq. (8) for A, gives

O
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A comparison of Eq. (9) with Eq. (7)
shows that for a specified kVA rating that
as {Vg/Ng) increases, then the window
area decreases but the core cross—sectional
area increases. Since the weight and size
of a transformer are dependent on A, and
Ac, it would appear that increasing or
déecreasing (Vg/Ng) does not contribute
to any weight savings. An increase in
causes an increase in core weight, genera?ly
an increase in the mean-length of turn of
the primary and secondary winding, and thus
an increase in winding weight. A decrease
in Ay resuits in reduced core weight,
reduced mean-turn lengths and hence reduced
winding weight.

The substitution of Eq. (8) into
Eq. (6) gives

KVA = 2 a (SF)¢ (FF) JGBfAcAx10-3
(10)

Tﬁe tota]Itransformer weight, wT
includes the weight of the windings, W,
the weight of the magnetic core, Wc, and



the weight of the mechanical structural
elements, insulation, and cooling hardware,
Wy. The total weight is then defined as

WT =‘Ww + wC + WX kg (11)

The dimensions of the core and windings
can all be expressed in terms of a basic
linear dimension, d, and dimensionless scal-
ing constants, aj, a2, 33, . . . > Ape
That is, all the linear d1mens1ons of the
core and windings can be normalized with
respect to a particular linear dimension of
either the core or winding. This normalized
or reference dimension is then the basic
linear dimension d, and the ratio of a part-
icular core or winding dimension to the
basic dimension is the scaling constant for
that dimension.

For example, the basic dimension could
be the length of the core window. The win-
dow area would then be

Ay = (d)(ajd) = ajd® @2 (12)

where aj 1is the scaling constant of the
width of the window and ajd 1is the
width,

The weights of the core and windings
can thus be writteén in terms of the basic
dimension and the appropriate scaling con-
stants along with the density of the core or
winding., For the winding conductor,

Wy = DW(Up + Ug) kg (13)
where
Aw(MLT)p 3
U =0b =b N (MLT)p = 2 AL
p P]D p D( )p 2 "
(14)
_ aAw(MLT)s 3
US = bslS = bSNS(MLT)s = 5 m
(15)

The substitution of Egs. (14) and (15) into
€g. (13) gives

W
(16)

Let
(MLT)p = axd m (17)
{MLT)g = a3d m (18)

Now by means of Egs. (12), (17), and (18)
Eq. (16) becomes,

= kyDy d3 kg (19)
where
ky = eaj(a + az)

For the magnetic core,

We = DcAc Te kg (20)

where the geometrical cross-sectional area
of the core A 1is given by

AC = aq4das d2 m2 (21)
and where the core path length, Te, is
given by

TC = a6d m (22)

The substitution of Egs. (21) and (22) into
Eq. (20) gives :

We = kD d3 kg (23)

where

= 343535

The weight Wy can be represented as

NX
NX = —w‘; WT = kaT kg (24)

W
X
ko= 15«1
X (WT)

The substitution of Eqs. (19), (23), and
(24) into Eq. (11) gives,

where

WT = kTDy 43 kg (25)

where

T (T=k)

THe substitution of Egs. (12) and (21)
into Eq. (10) gives -

KVA = kya (FF)(SF)c JeByf d% x10-3

(26)



where
ky = 2 ajagas
Solving Eq. (26) for d and substituting this
result into Eq. (25) gives
3. 1/4
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Equation (28) provides the means to
. ~examine the variables which affect the total
“transformer weight. The first significant
thing to note is that the weight is not a
linear function of the kVA rating but rather
the weight varies as the 3/4th power of the
"kVA rating. This fact leads to the con-
clusion that as the kVA rating increases,
then the specific weight should decrease,
i./e., the higher the kVA-rating, the lower
the specific weight.

To reduce the weight of a transformer
with a specified kVA rating requires that
the denominator of the right member of
Eq. (28) increases. An examination of each
design variable in this denominator and its
upper limit will now.be investigated.

. (1) . The conductor space factor, a«, is
a fraction and thus its limit is one. In
reality though o« can only approach about
half its upper 1imit since the insulating
and cooling systems of the windings deter-
mine the value of this design variable. In
general, as the voltage rating increases,
then a decreases.

{2) The stacking factor, (SF)., of
the magnetic core is also a fraction and
its upper limit is one. The upper limit is

- approached by increasing the lamination
thickness but this leads to higher specific
core losses. For this variable then a
trade-off must be made between transformer
efficiency and weight.

(3) The form factor, (FF), is fixed
once the voltage waveform is selected. It
should be noted though that a sine wave
voltage transformer having a form factor of
1.11 will yield a Tower weight transformer

than a square wave vo1tage transformer

_ having unity form factor.

(4) An increase in the current den-
sity, Jg, will cause an increase in the
winding losses since the winding losses are
proportional to the square of the current
density.  The upper 1imit to which Jg
can be increased is determined by the allow-
able temperature rise of the windings. The
use of high thermal conductivity insulating
materials, multiple thermal paths for the
winding and core loss heat rejection, and

“minimum thermal interfaces and joints all:

promote reduction in temperature r1se and
thus a]]ow for increases in Js..

(5) The upper Timit of the magnetic
f Tux dens1ty, Bp, is its saturation value,
which is dependant on the choice of magnetic
material used for the core. The specific
core loss of a magnetic material is a non-
linear function of By and increases as
By increases. Thus, increases in B
result in core loss increases and thus
changes in this variable likewise require a
weight versus efficiency trade-off.

(6) The frequency upper limit in a
sense is unbounded and thus increases in
this variable provide the largest weight
savings. However, the specific core loss,
also a function of the frequency, increases
as the frequency increases. In order to
have manageable core losses at high fre-
quencies it is required that the magnetic
flux density be decreased. Thus, decreases
in WT achieved by increases in f can
be offset to a certain extent by the neces-
sary decreases in Bp. Also, as the fre-
quency increases, the ac winding resistance
increases due to skin and proximity effects
and thus causes increased winding losses.

From this weight analysis it is seen
that savings in weight can be achieved by
increases in several design variables, most
notably the frequency but that these savings
in weight can be at the expense of the ‘
transformer's efficiency. However, by
proper choice of the variables involved, it
is possible to achieve a transformer that
has both a very low weight and a very high
efficiency.

From Eq. (28) the normalized specific
weight is defined as,

0 3 314
(W%, )/ (kvA) = — ¥ 1x10 Kg/kVA 29
(el WuSCFF s 9 (29)

In Fig. 1 a family of curves of nor-
malized specific weight plotted against the
kVA rating are drawn for specified values
of Jg, «, (FF), Dy, and (SF)c. Each



curve of the family represents a given fre-
quency and for this frequency a value of

Bn 1is selected so as to avoid excessive
specific core losses. The curves clearly
illustrate that for a given frequency, the

normalized specific weight decreases as the

kVA-rating increases. Also, as the fre-
quency is increased, the normalized specific
weight decreases but the rate of decrease. -
diminishes as the frequency increases.

A comparison of the 20 kHz and 50 kHz
curves shows that minimal weight savings are
realized by going to 50 kHz. Thus, beyond
50 kHz the weight savings become insigni-
ficant.

. An identical family of curves can be
obtained for different specified values of
Js, «, (FF), Dy and (SF)c. For

example, if only Jg 1s changed, then
increases in Jg cause a downward shift
of the curves while decreases in Jg
cause an upward shift of the curves.

25-kVA SPACE-TYPE TRANSFORMER -

The significant weight and size re-
ductions which can be achieved by going to
high frequency operation and unique thermal
control technigues is clearly demonstrated
by the transformer shown in Fig. 2. This
25 kVA, 20 kHz, 200 V input-and 1500 V out-
put, conduction cooled, continuous duty,
single phase transformer was developed under
Lewis' power magnetics technology program.
This transformer wilil be described in some
detail because of its importance to the
space station, which has power levels con-
sistent with 25 kVA modules.

The electrical power loss of this 25
kVA transformer is 196 watts-for an effi-
ciency of 99.2 percent. Its weight is 3.2
kg (7 1b) for a specific weight of 0.13
kg/kVA (0.28 1b/kVA).. A comparable 25 kVA,
60 Hz commercial power transformer weighs
about 180 kg- (400 1b) for a specific weight
of 7.3 kg/kVA (16 1b/kVA). In Fig. 3 a com-
parison of the 25 kVA, 20 kHz space-type
transformer and a commercial 25 kVA, 60 Hz
commercial power transformer are.shown.

Table I gives a breakdown of the trans-
former's loss. From the table it should be
noted that the losses are fairly evenly dis-
tributed between the primary and secondary
windirg losses and the core loss. Table Il
gives a weight breakdown of the trans-
former's major elements. It is significant
to note that the sum of the weights of the
structural, and cooling components, insula-
tors, and mechanical fasteners comprise just
over 50 percent of the total weight.

The mechanical design of the trans-
former was based on the premise that it
would be mounted on a constant temperature
surface. Figure 4 shows the mechanical
structure of the transformer. The prin-
ciple elements of this structure are the
baseplate, the core clamps, and the coil
mounting plates and core supports which
attach to the base plate. Aluminum was used
to fabricate these structural components
since it has features that combine good
thermal conductivity, lightweight, and ease
of fabrication. The transformer's mechan-
ical structure not only provides the
required mechanical support for the core and
windings but it also provides, almost more
importantly, the multithermal paths for the
conduction cooling of the windings and core.

Figure 5 shows a coil plate assembly
along with the location of the primary and
secondary terminals, the magnetic core, and
other structural members. The core arrange-
ment is of the shell-type. Supermalloy C
cores with 0,025 mm (0.001 in) thick wound
tape material were used for the magnetic
cores, Four sets of core mounting supports
and clamps encompassing the exposed portions
of the magnetic core hold the core in a
fixed position. An insulated core tube fits
over the center leg of the core and this
tube passes through the center diameter hole
in all of the coil support plates. The
insulation on the underside of the exterior
core legs was removed in order to provide
more intimate thermal contact between the
cores and the core support surfaces. An
insulated pressure plate is placed between
the core clamp and the upper surface of the
exterior core legs. Top mounted screws in
the core clamps are adjusted to apply pres-—
sure to this insulated plate and the exte-
rior core legs. This arrangement of the
core clamps and supports thus provides the
core's mechanical support and the thermal
paths to transmit the core losses to the
baseplate.

Prewound pie or pancake single layer
coils are bonded to coil mounting plates
with a thin insulating film placed_between
coil and plate. Each pie coil's IR
losses are uniformly transmitted directly
to its mounting plate which conducts the
heat directly to the heat sink baseplate.

A primary coil is mounted to one face of

the mounting plate and a secondary coil to
the opposite face. This arrangement leads
to very good magnetic coupling and, hence,
low leakage inductance. The equivalent
leakage inductance measured at the secondary
winding with the primary winding shorted was
57 uH so that the calculated equivalent
leakage inductance referred to the primary
is 1.0 uH. The metal mounting plates also



provide a natural electrostatic shield bet-

ween the windings. In Figs. 4 and 5 it

should be noted that each mounting plate is

slit from its top edge to its center hole to

prevent the plate from acting as a shorted
urn

The eight individual primary pie coils
are connected in parallel while the -eight
secondary pie coils are connected in series.
The turns ratio of the secondary to primary
turns is 7.5 and the volts per turn 1s 16 7
V/turn,

Segmented hollow copper spacers are
used to construct both the primary and sec-
ondary bus bar assemblies. To reduce the
size and weight of the primary bus-bar
assembly, the external primary connections
are made to both ends of the primary ter-
minal assemb11es

The transformer was tested under short
circuit conditions at 60 Hz. The primary
winding was short-circuited and the im-
pedance voltage applied to the secondary.
Under these conditions full power rated
current flowed through the windings. For
this test the transformer was instrumented
with 16 thermocouples to identify hot spot
temperatures and also-to obtain a tempera-
ture profile of the windings. The max1mum
temperature rise of the coils was 452 C.

Even though the leakage 1nductance of
this transformer is very low, at 20 kHz
under short circuit conditions the leakage
reactance becomes the predominant term in
the . 1mpedance so that the phase angle ap-
proaches 90° and the power factor approaches
zero. Limited success was achieved in con-
ducting 20 kHz short-circuit tests since the
amplifier used could not cope with this type
of Toad.

To conduct full load high frequency
complex waveform tests will require special
test circuits and specially designed linear
power amplifiers, Presently under develop-
ment at NASA Lewis is a 25 kVA solid state
amp]ifier with variable output frequency and
gain and capable of operat1ng into 1ow power
factor loads.

ROTARY TRANSFORMER

Future high power spacecraft such as
the space station will require the transfer
of large quantities of power across a rotat-
ing interface. S1lip rings and roll rings
are potential candidates as the rotory power
transfer device but the rotary transformer
is also a strong candidate since it is con-
tactless and thus offers the desirable char-
acteristics of high reliability, long life-

time, and low noise. The rotary transformer
becomes an even more attractive candidate if

‘an ac distribution system is used.

Low power rotary transformers in the
range of 1 kVA and operating frequencies up
to 20 kHz 'have been developed (8 to 11). -
Design studies have been conducted for a 20
kHz rotary transformer with an axial gap
geometry (12) and a radial gap geometry-(13)
for 25 to 100 kVA levels. Present studies
include the design characterization of
various rotary power transformer geometrical
configurations and how these characteristics
affect the design of high frequency and high
power inverters.. The fabrication of a 25
kVA, 20 kHz rotary power transformer for
proof of concept tests and device character-
ization will begin in the near future.

CONCLUSION

The transformer weight equation shows
that the weight is directly proportional to
the 3/4th power of the kVA rating and
inversely proportional ‘to the 3/4 power of
the product of the variables f, By,

Jg, o (FF), and (SF).. The welght

equation is also used to define the nor- .
malized specific weight. The family of
curves, obtained when the normalized
specific weight is plotted as a function of
the transformer's kVA rating with frequency
as the parameter, shows insignificant weight
savings for frequencies above 50 kHz.

The weight savings and high efficiency
that can be achieved by going to high fre-
quency and unique thermal control techniques
were demonstrated-by the development of a
25 kVA space-type transformer developed
under Lewis' power magnetics technology
program. Power magnetics technology will
continue to be developed in the 100 kVA
range for the near term and the 1-MVA range
for the longer term. Anticipated additional
NASA technology to be developed includes
both high temperature (300° to 500°-C) and
radiation resistant power magnetics. The
magnetic technology developed should be

" applicable to both photovoltaic and future

high power rotating space-power systems.

SYMBOLS

A geometrical cross-
sectional area of
magnetic core, m

Aw core window area, m
35 a2,.. - g sca!1ng eonstants,
dimensionless

dimensionless



1p, s

(MLT) 5, (MLT)
Np» N

(SF)¢

Up, Usg

maximum magnetic flux
density, T

primary and secondary
conductor wire cross-
sectional area,

respectively, m°3
core density, kg/m

winding conductor
mategial density,
kg/m

basic or reference linear
dimension, m

form factor; the ratio of
RMS to average voltage,
dimensionless

frequency, hi

secondary RMS current, A

secondary RMS Surrent
density, A/m

constants defined in text

' mean path length of

magnetic core, m
primary and secondary
winding conductor
lengths, respectively,
primary and secondary
winding mean length
of turm, respectively, m

E

number of primary and
secondary turns,
respectively,
dimensionless

core stacking factor;
fraction of core
volume filled with
magnetic material,
dimensionless

primary and secondary
winding conductor ‘
vg]ume, respectively,
m

primary and secondary RMS
voltage, respectively,
v

core weight, kg

winding weight, kg

total transformer weight,
kg

weight of transformer's
mechanical structure,
insulation, and cooling
hardware, kg

window space factor;
fraction of window
filled with bare wire
conductor, dimension-
Tess

10.

12.
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TABLE I. - 25 kVA TRANSFORMER LOSS

AND EFFICIENCY

Description Loss Percent of total
W. - percent

Pri. Wdg I%R 74 37.8

Sec. Wdg IR 62 31.6

Total IR 136 69.4

Core Loss 60 30.06

Total transformer Loss - 196 watts.
Total transformer efficiency - 99.2 percent

TABLE II. - 25 kVA TRANSFORMER WEIGHT BREAKDOWN

Description Weight Percent total weight
kg (TDb) percent
| Magnetic core 0.70 (1.53) 22.0
Coils and bus bar assembly| 0.87 (1.92) 27.6
Structural components 1.14 (2.50) 36.0
Insulators 0.21 (0:47) 6.8
Mechanical fasteners 0.24 (0.53) 7.6
Total weight 3.16 (6.95) 100

Specific weight - 0.13 Kg/kVA (0.28 1b/kVA).
Specific power - 7.92 kVA/kg (3.6 kVA/1b)}.




NORMALIZED SPECIFIC WEIGHT, (Wq/kg)/kVA, kg/kVA
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Figure 1, - Nor malized specific weight as a function of trans-
former KVA rating, a = 0,25; Js = 2.63 x 100 A/m2; (SF), =
0.9; (F.F) =1.11; D, = 8.89 x 10% kg/m>,
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25-KVA TRANSFORMER

SINGLE -PHASE
TTL/NASA-LeRC | COMMERCIAL
| WEIGHT (LBS) 7 400
EFFICIENCY (%) 99.2 973
2 _ TEMPERATURE RISE (C) 50 85
L & ' | FREQUENCY (H2) 20,000 60
t LOW VOLTAGE (VOLTS) 200 120/240 |
e HIGH VOLTAGE (VOLTS) 1500 3850/4160/4470

C-82-2454
Figure 3. - Comparison of space and commercial 25 kVA single-
phase transformers.



Figure 4. - Mechanical structure of 25 kVA, 20 kHz transformer.
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Figure 5. - Coil plate assembly for 25 kVA,

20 kHz transformer.
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