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SUMMARY

A study was undertaken to investigate the feasibility of utilizing a contactless
power transfer device to transfer electrical power in a spacecraft across a rotating
interface between the solar arrays and the spacecraft body. The power was between
100 KW and 1 MW with primary emphasis being at the 100 KW level. The study consisted
of three major tasks; Systems Study, Design Study, and Recommendations and Testing

Requirements.

The System Study was an analysis of several ac power transfer approaches: rotary
transformers and rotary capacitors, and a review of microwave methods. In addition,

dc to ac power conditioning techniques were analyzed. As a result of the System

Study, the rotary transformer was selected as the power transfer device, and the Schwarz

resonant circuit for the power conditioning.

The Design Study covered the design of a 100 KW rotary power transfer device, con-
sisting of a rotary transformer, power conditioning electronics, mechanical design,
drive mechanism and heat rejection system. This effort showed that a 100 KW power
transfer device is feasible and there are no fundamental reasons that it cannot be

achieved with present state-of-the-art technqiues.

The final task, Recommendations and Testing Requirements, covered a baseline brush
type slip ring, test program and recommendations. Testing could be a problem because
of the need for 100 KW electrical power; however, the use of back-to-back test methods
could alleviate the power requirements substantially. It was recommended that a 10
KW, 20 KHZ rotary transformer and power conditining electronics be built and tested to

demonstrate the concept of the rotary power transfer device.
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INTRODUCTION

The future requirements for spacecraft appear to be in the magnitude of 100 KW to

1 M. In spacecraft which have sun-oriented solar arrays, this power must be
transferred across the rotating interface between the solar arrays and the space-
craft body. Presently, power transfer across a rotating surface is usually

achieved by brushes sliding on slip rings. As the spacecraft power, voltage and

life requirements increase, other techniques for transferring power must be addressed.

The plan of this study was tn investigate alternating-current contactless power

transfer systems in the range of 100 to 200 KW with primary consideration being

given to the 100 KW level of power.

Brush-type slip rings are most commonly used for transferring power across a
rotating spacecraft interface. These are primarily direct current, low voltage
devices. Their most severe limitations are brush wear and brush debris. The brush
wear limits the operational 1ife while the debris can result in voltage breakdown

in the slip ring. A number of alternatives to slip rings have been proposed:

hard wired rotating coupling, power clutch, and liquid metal slip ring. Extensive
testing or application of these have not been accomplished. Rotary transformers and
to a lesser extent, rotary capacitors, have been also considered, generally having
power requirements up to several kilowatts. The major concern with rotary transformers
in this power regime was their size and weight together with the need for dc to ac
power conditioning electronics. However, the power requirements for future space-
craft indicate that contactless power transfer methods might be feasible, especially

when the total spacecraft power characteristics are considered.

xi/xii
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TASK I

SYSTEM STUDY
1.0 INTRODUCTION

Task I, System Study, is an analysis of two contactless power transfer techniques,
rotary transformer and rotary capacitor, and the requisite power conditioning
electronics. In addition, there is a review of microwave power transfer devices.
One of the ground rules for this study was to consider AC power transfer systems
rather than DC. Since the power is derived from spacecraft solar arrays, power
conditioning is necessary to convert the DC solar array power to AC in order to be
utilized by the rotary transformer or rotary capacitor power transfer device. The
design of the power transfer device is not independent of the power conditioning
because their electrical parameters are mutually interdependent: the design of the
power conditioning circuitry must always be considered in context with the design

of the power transfer device, and vice versa.

The System Study was evolutionary in nature with assumptions changing as work
progressed and as a fuller understanding of the problem areas and their solutions
became evident. For example, the initial approach assumed a 100 kW transfer device
operating with a square wave converter at a frequency of either 25 KHz or 50 KHz.

An analysis of this sytem indicated that the requisite rotary transformer would have
to be very long in relation to its diameter, because of the low leakage inductance
necessary for best converter operation. It was felt that the square wave might not

lead to an optimum system and that another approach might be more advantacgeous.

Discussions were held with LeRC and it was decided to use the recommendations of the
General Dynamics system study as the baseline for the contactless power transter
device. One of the features of their recommendation was the use of a resonant cir-
cuit for power conditionina which eliminated the stringent requirements for low

leakage inductance.
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The thermal design of the power transfer device was also addressed. This is a
critical area because thermal problems could be a design 1imiting aspect since in
a space environment the heat generated by losses must be thermally conducted to a
heat sink and then radiated. If the quantity of heat is large there will be large

thermal gradients and high internal temperatures.

As a result of the Task I, System Study, it appears that the most feasible approach
to contactless power transfer is the use of a rotary transformer in conjunction with
resonant circuit power conditioning. A frequency of 20 KHz is recommended although
higher frequencies could be used if there are overall system advantages. There are
no inherent limitations to the power levels, 25 kW modules as well as 100 kW or

larger ratings can be used.



2.0 REQUIREMENTS

The requirements that were used as general guidelines for the rotary power transfer

device study were as defined by LeRC:

1.

More specific system requirements were derived from the recommendations of the

General Dynamics study which were based upon their study of a 250 kW system.

Input Power from Solar Array

a) 100 kW - 200 kW

b) 120 - 1000 volts dc

Load Requirements

a) dc 300 - 3000V Electric Thrusters
b) dc 10,000 - 20,000V Communications

c) ac/dc 28 - 300V Industrial Processing
Efficiency - greater than 95 percent

Minimum weight

Lifetime - five years

Rotational Period - 90 minutes to 24 hours
lero gravity operation

Ability to withstand shuttle launch environment

were as follows:

Input voltage 440 volts
Output voltage 1,000 volts
Power per module 25 kilowatts
Input frequency 20 KHz
Power transfer device Rotary *ransformer
Rotary transformer
Primary windings Each module winding connected in
parallel
Secondary windings A11 module windings connected in

series. Two windings on secondary

for redundancy
Power conditioning Resonant circuit

These



These recommendations were used as a basis for power transfer device study with the

exception of frequency. The operating frequency was considered in the 20 KHz to

50 KHz range because of the possible weight saving attainable in the rotary trans-

former.
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3.0 POWFR TRANSFER ELECTRONICS

3.1 Introduction

The power transfer electronics studies were predicated on the results of a General
Dynamics study performed for NASA-LeRC, which recommend resonant A.C. power dis-
tribution. Figure 3-1 presents a block diagram of the parts of the system which
irvolve the rotary power transfer device. Figure 3-2 provides details of the 25KW
"module” assuming a series resonant converter. It was presumed that the rotary
cransformer primary would be an efficient place to obtain the series inductance
needec. The studies objectives were to determine circuit element values, power
losses, and sizing parameters to provide a basis for rotary transfer devices designs
and system effectiveness evaluation.

3.2 Summary Conclusions

Using a 20KHz switching frequency design as a basis, there is no advantage in the
electronics to go to higher frequencies. The basic parts for a set of electronics
for a 25K module would weigh about 15 pounds and have about 500 watts (2%) losses.
There are few obvinus advantages to the series resonant topology for the rotary
transfer elements; it will take detailed circuit simulations to evaluate a “non-
resonant” approach. There is no electronics *rick to make a rotary capacitor a
viable system approach.

3.3 Optimization Factors

In order to evaluate electronics designs in the system environment, the designs were
optimized for minimum weight (eguating cost to weight since there were no design,
development, or production difficulties caused by the optimization). Weight para-
meters for the electronics parts are explained in section 3.6. The weight was
optimized based on a system weight penalty of .0122 pound per watt. The .0122 1b/
watt (82 watt/1t) is derived from a heat rejection penalty of 4.75 1b/Kwatt and an
array source power weight (to offset the losses) based on 135 watt/1b (300w/Kgm).
The heat rejection facto~ is based on holding 80°C "baseplate” in Figure 2-19 of
Reference 1. The array factor is an engineering estimate.

3.4 Resonant Circuit Topology Discussion

The resonant, or Schwarz topology, is described in literature (References 2 and 3).
Its primary advantage is improved efficiency due to reduced switching losses because
the switching devices turn off at essentially zero current and turn ¢n at a current
considerably lower than the peak circuit current. This is accomplished by having a

1-5
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Chopping Rotary
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Figure 3-1. 250 Kilowatt Power Transfer System
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sinusoidal current waveform in a basically series resonant L-C circuit. By judicious
design of the circuit element values and control of the turn on time of the switches,
the resonant circuit is made to ring in a safe manner. The dominant capacitance in
the circuit must be the primary side, C1 in Figure 3-2, so the loads are required

to reflect a large capacitance. Likewise, the inductance must be design controlled,
so the reflected inductance must be either negligible or known and stable. For this
study, it was presumed that the system will reflect large capacitance and negligible
inductance. While the current is sinusoidal, the transformer primary and secondary
voltage waveforms are square.

Several basic principles control the circuit waveforms and component values. When

a set of switches turn on, it has the effect of putting a step function on a series
L-C circuit which has a set of initial voltage and current conditions as depicted in
Figure 3-3. If the loads truly reflect as capacitive and the other series resistive
elements are quite small (and they must be if there is to be high efficiency power
transfer), then the current will be an undamped sinusoidal waveform with a character-
istic frequency determined by the primary side L-C values. When the resonating
current goes through zero, the voltage on the transformer (instantaneously) reverses
and the current flows in the clamping diodes. This again, produces the effect of a
step voltage on the L-C circuit with an initial voltage on the capacitor. For normal,
full load operation, the capscitor voltage at the instant of primary current reversal,
is greater than VIN plus the reflected transformer voltage, so the current continues
to increase in the reverse direction. After some delay, the opposite set of switches
turn on and we are back to the beginning.

Using the above description and the waveform and definitions of Figure 3-4, the
circuit can be analyzed starting at the peak capacitor voltage, V], when the resonant
current reverses. Since the waveforms are always sinusoidal with a characteristic
frequency, F-resonance, it is convenient to define events in terms of degrees of that

resonant characteristic.

Then:
Iy = 0V sin (2 {T0) (M

- describes the current while the clamp diodes are conducting
from resonant current reversal until the next set of switches
turn on.

1-8
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Figure 3-3. Resonant Circuit



180° <Y

Y

Swi tches —J Swi tches —-T

1 and 4 turn ON 2 and 3 turn ON

Define:

Q= vREFL/VIN (=396/440)

§{= angle between rescnant current zero crossing and bridge switch
activation in terms of degrees.

e = the startup angle of the high power (switches conducting) portion
of the rescnant cycle.

V] = voltage across C1 when the resonant current IT] is zero before SW
1 and 4 turn ON.

IP = peak sinusoid current.

I, = primary current when power switches turn ON.

Figure 3-4. Waveform Description and Parameter Definitions
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I = [v,-vm(m)]\/{— (sinyY ) YR sin (t/VIC + o) (2)

where VA < /LNt V-V (1+Q)) cosy )2
[V,-Viy(1+Q)1€ sin 2y
- describes the current after the switches turn on until the current
direction again reverses.

+1

Since the half cycle waveforms must by symmetrical in steady state operation, at the
second current reversal the capacitor voltage must now be /V]/ﬁ but with opposite
polarity. Using ZSVC = %l//}Tldt and the fact that the half cycle ending voltage
is -V], an expression for V] can be obtained:

V] = 1/2 [V]-VIN(]+Q)] sin‘f ti. (1+cos o)
C vy (4] [-cos'Y ] (3)

-1 [V-V ) (14Q)] sinyY
2V1N+[V]-VIN(1+Q)] cos\Y

where @ = tan

Notice that equation (3) does not contain any L, or C, or power related terms; the
characteristics of V] and the current waveforms are a function of the circuit topology.
Table 3-1 presents the results of solving equation (3) by numerical methods.

Table 3-1. Peak Capacitor Voltages

Viy = 440 Viy = 660

\*L_ Q=0.9 Q = 0.606
Deg. V]—Volts e-Deg. V]-Volts o-Deg.
170 880 0.5 1322 2.5
135 888 2.5 1378 11.6
n3 901 4.0 1479 18.4
90 929 6.0 1749 28
77 960 7.6

67 1000 9.1

45 1265 14.5

! 35 1862 19

I-1



A 45°\y minimum is recommended (References 2 and 3), and, since that already repre-
sents over 2500 Vpp on the capacitor, this seems reasonable. 2500 volts of A.C. will
present some corona control challenges, but this level should not require technology
advances. Notice that the voltage rapidly increases if the VIN is unregulated. A

Q of .606 and a VIN of 660 provides the same 400 volt "output" as 440 volts in and a
Q of 0.9. Once the “{angle gets to 180°, the circuit goes into a different mode of
operation which was considered beyond the scope of this study to investigate, because
it does not appear to necessitate any changes to the circuit element values or higher
stress on the power transfer device. More detailed analyses, using computer simula-
tions would be needed to accurately evaluate the system and transfer device operation
in this mode.

Since the power delivered to the load is 400 volts (the transformer primary voltage)
times%idt and % idt = AVCAP » then the power delivered each half cycle is 400 x
Cx 2V] b3 1 . The correct C value for a given power level, V] (a function of VIN’

Vopym » and \me), and switching frequency (st) is:

Power
C = (4)
400 x 2V] X 2FSN

From equation 4 we see that for a given power, voltage, and switching frequency, C
y- Yy can only be increased by reducing Y
which is impractical due to circuit control problems. (Asq!-->0, you approach
applying a square wave excitation on a very underdamped series L-C circuit right at

can only be made smaller by increasing V min

its resonant frequency, which would produce enormous voltage and current waveforms.
The Y angle controls the amplitudes because it means the excitation frequency is a
little below the resonant frequency.) Therefore, the C in equation (4) is the
smallest practical value, which precludes making a rotary capacitor transfer device
viable by using a considerably smalier value.

The resonant and switching frequencies are related by‘f/and e (see Figure 3-4; since
a half cycle of the switching frequency corresponds to 'V +(180-6) degrees of the re-
sonant characteristic. Thus:

Y.

- e
Fres (’+ 180)st (5)

Using equation (5), and FRES = 1/(2 TTVQJE), and equation (4), the term tiﬁ:in
equations (1) and (2) becomes

— Y.e
\/%- = _TT(‘ * 180 | Power
QViN Yy

I-12



so the current equations can be written in terms of power, Q, and the parameters
determined by a selection of V.

The results of the above analysis provide values for capacitance, inductance, and
the current/voltage waveforms. Values for the parameters were determined to provide
design constraints (IRMS’ VRMS‘ Primary Inductance) for the rotary transformer where
the circuit inductance was developed by building in leakage reactance.

The factors contributing to power losses were studied and a model developed to

analyzc the effects of frequency, qgnﬁn, and switching electronics parameters on
system weight and losses. Since the capacitor function cannot be done with existing
components, it was assumed the ESR would be about 33% better than existing lower
voltage types of metalized plastic capacitors. A seriesed/parallel arrangement of
400 volt types would produce about 40 milliohm uf ESR. The 33% reduction to 30 milli-
ohm uf should result from using specially made higher voltage rated devices so the
seriesing factor will be reduced. The losses in the capacitor were computed by:

b -7.2 .03
L0SS = "RMS CT(uf)

Since a very small capacitor would result in large losses, the capacitor losses
were optimized by determining the capacitor weight corresponding to minimum system
weight penalty. It was assumed that the unit capacitance could be reduced while
holding the ESR uf factor approximately constant (for instance by shortening the
length) then adding more units in parallel to obtain reduced effective ESR.

One could then say the system weight pemalty is: Cyr x (kC) + PLOSS x .0122
where: .0122 is the system 1b/watt optimization factor

Cyp = 3 1o/pf (capacitance specific weight)

- 2
LOSS = "RMS

capacitance to optimized specific capacitance

I X 4%% ; where K is the ratio of basic specific

and P

As an example, if the specific capacitance was reduced 50%, K would be 2, the power
losses would be halved and the capacitor weight would be doubled. Substituting,
differentiating, and solving for the Kopt: -

Kyor = 'RMS /0,03 x 0.0122

OPT T \, 3
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Looking at the equation for capacitor weight and the losses, the C will cancel out
and these factors become only a function of IRMS' This means minimum system weight
is constant with frequency, since IRMS will be later shown to be a function of only

‘f’for a given power level. Therefore, when the capacitor loss factors tendency to
increase with higher frequency (because less capacitance is needed) is optimally
compensated for by adjusting the capacitor design, there is constant total system
weight penalty.

Some simplifying assumptions were made to compute power losses in the switching parts
of the electronics. While the switches (transistors) are on, the current is assumed
to be a half cycle of a sinusoid. The VCE characteristic is approximately a resistor
defined as R = VCEB/IP wheie VCEP is the saturation voltage at IP, the peak value of
the sinusoidal current. The I%MS x R value is then 1/2 IP VCEP' The base drive
voltage was assumed to be constant and the drive was 1/8 of IC. This power is then
.637 IP/S X VBE' The clamp diode was assumed to have a constant voltage and the
current to have a triangular waveform from zero to an It’ so the power dissipation is
1/2 It X VF‘ The transistor turn on and diode turn off losses were estimated per
Figure 3-5. The transistor turn off losses associated with base drive were assumed

as 1/25 of the peak collector current being drawn off a 5 volt supply for the duration
of the transistor storage time. Accounting for the upper and lower part of the bridge
drive, the equation for power loss is:

) [ 637 180-6 I
P=2x {IP VSVCEP M- VBE) x (180-9 Ty ) PV L X TEre T g )

I

I P x tstorage x 2 Fsw
25

I REC x PREC]| x 2 Fsw + 5 x
_ReC

v t x PRISE +
2

IN

Where: 1 peak resonant current

P
IT current at switch turn

VCEP = switch drop at IP

V.. = switch base-emitter voltage

BE
VF = diode forward voltage

tRISE = switch current rise time

teec © diode reverse recovery time

I

REC diode peak reverse current

t = switch storage time

storage
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t

FSw = switching frequency

1]

Vv 440 volts

IN
e and \V per Figure 3-4 |

3.5 Non-resonant Switching Approach

It may be possible to remove the series capacitor and drive a minimum inductance
transformer with a somewhat pulse width modulated .quare primary waveform. Such an
approach would certainly work if all user loads reflected a high impedance (i.e. an
inductance). This approach requires minimum leakage inductance, but the pulse width
modulation capability (which also exists to modulate 4{1n the resonant aprroach)
would overcome voltage uncertainties and permit load and line regulation. Modest
values of parasitic inductance would not significantly raise losses if the reactive
kick is efficiently recaptured instead of dissipated. The clamping diodes on the
primary will accomplish this for the major stored parasitic energy, the primary leak-
age reactance.

The transformer primary voltage is now just 400 VRMS and the current about 65 ARMS.
Assuming about 90% duty cycle at full load and power losses for turn on and turn off,
per the transistor turn on diagram of Figure 3-5, the switching electronics power
losses would be:

( Ve Ip

P=2 1IPLVCEP*1TT x 9+ Wiy |7 (tpise + travL) |2Fsw
I

+5x §% X tstorage + 2 FSN}

where: IP = peak square current - 69 amp
= switch current fall time
F v )

teaLL
trise’ storage® Fswe Vine Veere Vee
series resonant definicions previously given.

V,. same as

If the primary current could be ramped on and off somewhat, using the leakage reactance
to advantage, the transistors may not have to turn on the full power current. This
could reduce the transistor dissipation, making the non-resonant approach more
attractive.

3.6 Size and Weight Factors

Both the resonant and non-resonant topnlogies will require an input filter to keep
the array load approximately ccnstant. For 0.1% (25 watt) loss, a sufficient in-
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ductance input choke will weigh about 1.5 pounds. Four hundred volt, low ESR
capacitors will cost about 0.075 pound per uf. The resonant design will require

about 45 uf and the non-resonant about 30 uf to stay within device current ratings.
Both designs will require 2 1/2 to 4 pounds of controlling electronics and wiring.

A basic 20KHz resonant design, when about 2 1/2 pounds, is included for the high

power capacitors, would contain about 15 pounds of parts. There will be additional
weight required to mount and cool these parts, but this weight will be determined by
the mechanical/thermal constraints of the actual usage. A low weight approach would
keep the electronics very close to the rotary power transfer device and would atiempt
to use the structure that supports and cools the transformer to also support and cool
the electronics to minimize system weight. Another approach would be removable
modules, located somewhat together to facilitate construction, test, and repair, which
would probably be the heaviest approach. Thus, the weight penalty for the electrunics
could be from 19 to 30 pounds. The volume needed to contain the electronics would
likewise have about a +33% uncertainty. In addition, if you add the array and radi-
ator penalty to cover the losses (.0122 1b/watt x 510 watt), the system weight penalty
is 25 to 36 pounds.

The above weights are for the transfer electronics; the system will require a master
clock and control function to control the different modules and provide the logic
for the regulation of the ultimate output.

3.7 Tradeoff Analyses Results

Starting with waveform definitions from equations (1) and (2), the terminal voltage
for a transformer containing the resonant circuit inductance was determined. This

was needed to determine the rotary transformer actual operating voltage. Figure 3-6
presents these waveforms. The RMS voltage and currents were determined graphically
from these waveforms. As was noted in section 3.4, the nominal design is a 9! min

of 45°C. A 35° Q/ min curve is given to show the large increase in voltage that pro-
duces. A ¥ of 45° is only 2 us at a switching frequency of 50KHz. The control elec-
tronics and switch storage times may need 3 us minimum delay, (based on current
technology), so 77° may be the smallest‘f’min obtainable if the switching frequency
was to be 50KHz. Accordingly, Figure 3-6 also shows the waveforms for a 77°'9/. To
illustrate what happens when a lighter load condition occurs, Figure 6 also shows the
waveform for a 45°‘*’min design actually operating at a q!of 170°. What happens is
the applied switching frequency has been reduced to 60% of the design (or full power)
switching frequency. The important thing to check here was the resulting VRMS applied
to the transformer at the lower actual frequency to determine the operating flux. The
170° actua]‘f means the power being transferred would be about 42% of the design load.
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Table 3-II presents the circuit element values and other design parameters for the
different desions that were studied. Notice that the current is only a function of

*{’for constant le’ Q, and power. Using these values, and assumed values for loss
contributing parameters as listed, the results of Table 3-1II were computed by the
methods described in sections 3.4 and 3.5. The top 3 sections are resonant approach,
the bottom 3 are the non-resonant approach. The worst case parameters reflect “spec”
values for conceivable parts without special test and selection. The nominal values
are what the parts would usually do. With the high cost of watts for this application,
it was presumed that part selection and test (for a somewhat higher price) would be
done to assure the worst case part would meet the nominal parameters.

The comparison analysis is based on the 20KHz, 45° \}/ resonant design. The other
designs are compared to the basi for delta weight by adding .0122 1b/watt for any
chopper or capacitor losses over 459 watts (subtracting weight for losses less than
459 watts), and any capacitor weight over 2.3 1b (subtracting 4.5 1b for the non-re-
sonant design to cover the input filter and power capacitor differences). This
comparison shows higher frequency offering no savings in the electronics, even if the
switch to FETs is made. The natural tendency for increased losses at higher frequency
in the transformer is not easily compensated for by weight reduction due to size con-
straints posed by the application in a high power rotary transformer. Thus, there
will not likely be enough weight saving in the rotary transformer to offset the
electronics and transformer system weight penalty for the higher power losses. The
only apparent potential for weight saving would be in non-resonant drive (a negative
Ain the comparison). Since the transformer voltage is also reduced, there may also
be weight saving in the transformer. This saving in the rotary device and electronics
rmay be offset, though, by weight penaltiec at the ultimate power user due to the
different voltage/current waveforms. Wnen considering the total weight of electronics,
rotary device, and heat dissipator, no significant differences can be found between
designs. A review of the loss equations shows that all factors are related to the
power being processed, the small base power needed for controls is negligible. Since
the capacitor weight and losses are also directly related to power (equation 4),

these comparisons are virtually independent of the power level.

3.8 Parts Investigation

To determine circuit feasibility and to develop parameters for the loss analysis,
current capacitor, diode, and transistor devices capabilities were examined.

The input D.C. fiitering application requires low E'-R capacitors capable of with-
standing 440 to 1000 volts. Currently, there are 'everal metalized plastic film
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Table

3-11. Trade-off Designs Parameters

Assumptions Study Results
Switching Resonant y IT1 at
Frequency Frequency 1 ] L C I Switch turn ON
KHz Deg. KHz Volts Deg. pho | ouf RMS Amps
20 45 23.4 1265 14.5 75 .62 70 27
20 35 21.8 1862 19 127 42 <70 33
25 45 29.2 1265 14.5 60 .49 70 27
50 45 58.5 1265 14.5 30 .25 70 27
50 77 69.3 960 7.6 16.2 | .33 74 17
Viy = 440V
Q=20.9

Pow = 25Kwatt
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types with ratings of 400 volts. Seriesing could be done to obtain satisfactory
performance and perhaps special devices could be obtained with about 1630 (D.C.) volt
ratings. The power coupling capacitor will require ultra low ESR and very high A.C.
ratings. The most likely best-dielectric material would te teflon, to obtain the

Tow losses and high temperature rating, raising the concern of radiation effects.
According to Component Research Co., teflon capacitors for a 2500 Vpn application

would require seriesing for voltage rating and the bare capacitors would weigh about

1.5 pounds per pf. Due to this type of capacitor's low weight but bulky characteristic,
the packaged weight (potting, wiring, and mechanical support) would be about 3.0

pounds per uf.

Switching devices are available today with sufficient voltage rating, or sufficient
current rating, but not both with fast enough switching characteristics. Devices such
as the Westinghouse D60OT or Power Tech PT-3515, have voltage ratings nearly adequate
it the system input voltage range is limited. These two devices could be used in the
resonant approach since splitting the capacicor function will provide current
splitting, so the devices would be effectively paraileled. It would take two devices
for each switch to approach the 25KW level. The same approach could be used to split
the current among more smaller, faster, and more derated devices. To stay with the
faster devices, it will still be necessary to corstrain the system input voltage. The
sat voltages, VBE’ and switching times used in the power loss analyses are consistent
with the large devices listed above. A promising device for reduction of switching
power losses is the power FET. The International Rectifier HEXFET devices have
voltage ratings approaching the 500 volt region. The devices appear to offer ease of
paralleling to obtain a desired ON resistance. For the loss analysis, it was simply
presumed that this rapidly advancing technology would soon be capable of providing a
10 milliohm ON resistance by paralleling an acceptably small number of devices. The
results showed that the devices speed (assumed consistent with the I.R. IRF350 device)
was so effective in reducing switching losses, that a higher ON resistance is pro-
bably competitive.

Power diodes for the clamping function with good speed are availasle at 400 volt
ratings (1N3913), and also with excellent speed (Unitrode UES806). It seems likely
that selection from these families will produce suitable devices if the input voltage
range can be constrained. The loss equations parameters were based on the UES806
characteristics.
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3.9 Future Study Recommendations

Basic weights of the electronics and rotary transforner are minimized around 20KHz
switching frequency and are proportional to the power being processed. The system
weight penalty will depend on power losses. To trade off resonant versus non-resonant
drive topologies, detailed <ircuit operation simulations are needed to better de-
termine chopping electronics and rotary transformer losses. A high power ( >2KW)
rotary transformer should be built to verify loss and reactance effects models. This
is necessary because a serious system design would seek to optimize the rotary trans-
former then design the switching frequency around the actual reactive characteristics
of the optimum transformer. System requirements must be refined concerning input
voltage range. Switching electronics device availability drops rapidly if input
voltage will swing 2 to 1 (up to 800 or 1000 volts). The resonant approach will re-
quire ultra low loss, high voltage capacitors. A feasibility prototype must be made
to accurately determine power loss factors. The single most promising development to
reduce system weigh. would be high speed switches, most likely FETs. Due to the
marketplace needs of switches for offline power supplies, devices rated at 360 to 400
volts are already available and will proliferate. There is much less commercial im-
petus to 500 to 1000 volt devices which are needed for this application if input
voltage variation must be tolerated. Therefore, device development may have to be
stimulated by technology development funding.

3.10 References

1. General Electric Co., "Preliminary Designs Development of 100KW Rotary
Power Transfer Device", SD Proposal No. C79138, 2 July 1979, Volume I

2. Schwarz, F. C., "An Improved Method of Resonant Current Pulse Modulation
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3. Schwarz, F. C., Klaassens, J. B., "A 95 Percent Efficient 1KW DC Converter

With An Internal Frequency of 50KHz", Proc. IEEE Power Electronics
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4.0 ROTARY_TRANSFORMER

The rotary transformer is a prime candidate for the power transfer device: its
principles of operation are well known, it is a relatively efficient device, it can
provide any desired voltage output, and there areno inherent difficulties for opera-
tion in a space enviromment. The rotary transformer transfers electrical energy
between its windings by electromagnetic induction. The windings are placed in
magnetic cores to minimize the excitation required and to increase their coupling.
The cores are separated by an air gap, made as small as possible to reduce losses,

and rotate relative to each other.

Rotational periods of between 90 minutes and 24 hours required for space applications
do not present any problems. However, very high rotational speeds might present

some mechanical problems or increase in losses.

4.1 CONFIGURATION

There were two baseline configurations which were considered for the rotary trans-
former: concentric cylinder and parallel cylinder. These are shown in Figures 4.1
and 4.2. An advantage of the concentric cylinder configuration is that the magnetic
forces between the primary and secondary cores are low, being a function of the
mechanical eccentricity of the gap between them and can be kept small. The secondary
winding is somewhat harder to wind than the primary because it is on the inside
diameter of the core. However, this can be overcome, at the expense of adding a
small air gap, by having a split secondary core and inserting the winding into one
half of the core. The two core halves would then be attached to each other. The
parallel cylinder approach is easier to wind; however, the axial magnetic forces
between them will be very large. Some reduction of these magnetic forces can be
attained by using multiple cores stacked linearly on the shaft and in the housing.

This adds mechanical complexity to the design.
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The selection of the rotary transformer core geometry is complicated by the ta..

that the magnetic flux in the core has to travel in two directions, radially and

axially.

This means that the magnetic core material must be either isotropic or

that two separate magnetic cores must be used to preclude magnetic flux from having

to traverse the air gaps between laminations.

The concentric cylinder approach was selected as being the most applicable for this

application for the following reasons:

1. Permits the use of modules as recommended by the General Dynamics study.

2. The failure of a module would not cause axial magnetic forces.

3. Easier to maintain small air gap clearances.

4.2 CORE MATERIALS

The primary requirements for magnetic materials are high permeability, high satura-

tion flux density and low losses. In the rotary transformer, the advantages of high

permeability for the core material is not as significant a factcr as in closed mag-
netic circuits because of the presence of the air. Two categories of materials were

ferrous and ferrite. The following is a

considered for the rotary transformer:

summary of the properties of candidate materials:

Magnetic Properties of

Candidate Core Materials

50% Ni - 50% Fe Amorphous Alloy Ferrite
p
roperties Oeltamax Metglas 2605 MY 60
(Arnold Engrg.) {A¥lied Chemical) | (Ceramic Mag., Inc.)
Satyration Flux (gauss) 16,000 15,000 4,500
Maximum Permeability 130,000 20C,000 10,500
Coercive Force (oersteds) A .04 .08
Core Loss (watts/1b)
f = 1000 hz/8 = 10,000 Gauss 8 .5, as cast 50 mw/cc
.1, annealed at 20 KHz,
2000 gauss
f = 10,000 Hz/B = 10,000 Gauss 80 50, as cast
25, annealed
Curie Temperature (°C) 430 375 185
Avatlability Wire, Ribbon & Sheet Riddbon Rods

I-27




Coke Loss

ohk\‘\.!u‘-\..u [P Y :.. .~;‘.

OF POOR QUALITY

2000

/METCLa g
- sORNMP

24 K

700 /
. A
—
» &
. /4

20
o

PO S S

0 /00 Jooo
FLUX Dews.ry -6€4uss

Figure 4.3.
I-28



The following summarizes the characteristics of the ferrite and ferrous materials.

Advantages Disadvantages
Ferrite Magnetically isotropic. Low operasing tempera-
Low losses at high ture, 125°C max. Low
frequency. operating flux density,
2500 gauss, max.
Ferrous High operating flux Large high frequency
density. High operating losses. Requires com-
temperature. plex magnetic core
structure,

MN60 ferrite material was selected rather than a ferrous material primarily because
of its isotropic characteristics and low losses that it exhibits at high frequencies.
It was recognized that the ferrite material did have shortcomings because of its low
flux capability and its temperature sensitivity. Figure 4.3 shows the core loss

as a function of frequency and flux density for MN60, 3C8 and Metglas.

4.3 WINDING DESIGN

The transformer winding can be fabricated as a wound coil of insulated round wire.
An alternative winding configuration would consist of a strip-wound coil having
conductors which are wide insulated thin strips. The optimum coil geometry is
based on criteria which include: eddy-current losses, fill-factor, and ease of

fabrication.

The strip-wound coil has the primary advantages of good fill factor and could have
low eddy current losses. This type of winding does have a potentially serious
disadvantage of producing high eddy current losses which would result from radial
components of leakage flux which cross the conductor. In addition strip-wound

coils are difficult to transpose if this were required to reduce the eddy current

losses.

A wound coil consisting of transposed insulated wire, 1itz wire, was assumed for
the rotary transformer. The major disadvantages of litz wire are its low fill
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factor and many conductors. However, because of the concern for eddy current
losses, possible radial components of leakage flux and ease of transposition,
it was felt to be superior than strip wound coils. It might be possible that
for rotary transformers having power ratings in excess of 25 Kw or those requir-
ing low inductance because of square wave operation, strip wound coils might be

better.

4.4 ROTARY TRANSFORMER DZSIGN

In the design study of rotary transformers there were many parameters which could
be varied. In order to be able to compare various designs and to keep the rumber
of variables to a minimum, guidelines were established.

1. Maintain minimum air-gap clearance to reduce the magnetizing current.

Assume minimum air-gap clearance of .01 inches.

2. Match the leakage inductance to that required by the power conditioning

to eliminate the need for external inductors.

3. Use MN60 ferrite. Do not exceed a core flux density of 2,500 gauss,
regardless of frequency. Do not exceed a temperature of 125%C in any

part of the core.

4. Use stranded insulated conductors, such as 1itz wire to reduce eddy

current losses. Conductors must be completely transposed.

The initial design effort on rotary transformers was based on operation using a
square wave converter. E. Landsman in his paper "Rotary Transformer Design",
Power Conditioning Specialists Conference (PCSC) Record, 1970 pg 139, analyzed

the rotary transformer operating with square wave excitation. Based on Landsman's

analysis, square wave operation imposes a constraint to maintain low leakage
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inductance in the transformer. He indicates that the magnitude of his factor

K should be kept in the vicinity of 5, where K is defined as:

= T
K=z
1
T=7
T = winding time constant
T = winding leakage inductance

winding resistance

This result., in very tight limitations on the allowable radial depth of the winding.
The following table, based on Landsman, shows the total radial depth of primary

and secondary windings as a function of frequency to attain a magnitude of K equal

to 5:
Freguency Total Winding Depth
(KHz) (inches)
10 .051
25 .032
50 .023

These depths, necessary to keep the leakage inductance of the transformer small,
result in a very wide slot necessary to accommodate the primary and secondary
windings, and as a consequence, the transformer is long and has a small

diameter.

A second important parameter in the rotary transformer design is ihe air gap
clearance. This should be kept as small in order to reduce the magnetizing current
and also to reduce the leakage inductance. The air gap clearance was taken as

.010 inches based on mechanical considerations; however, it will be noted from

the above table, the air gap clearance is not insignificant compared with the

total allowable winding depth.
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In order to obtain a perspective, a number of rotary transformer designs were
sketched out. These ranged in power from 100 Kw to 25 Kw, frequency from 25 KHz
to 2.5 KHz, square and sine wave. Some of the results are presented in Table 1.
This table should be used as a guide in a general way rather than as a trade-off
study since all the designs were not carried out completely. The basic conclu-
sions of this design effort are as follows:

1. The transformer weight is an inverse function of Landman's K factor.
2. "High" efficiencies can be achieved.

3. Current densicies of 10,000 amps per square inch Fo not necessarily

cause heating probiems.

4. There is no great disadvantage to using four 2. Kw modules instead

nf one 100 Kw unit.

5. Eddy currents in the core (in addition to core losses) may become a

problem when large cores are used.

6. The power conditioning electronics requirements can impose severe

constraints on the rotary transformer design.

Because there did not appear to be any great advantages of square wave opera-
tion, discussions were held with LeRC and it was decided to base the rotary
transformer design upon the General Dynamics study of a 250 Kw system. In
addition, input current, voltage, wavesharp and inductance parameters as deter-
mined by the power conditioning system analysis were used for the rotary trans-

former. The rotary transformer requirements were as follows:
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Table 1. Rotary Transtorrer

(;L) (KLZ) (ampi/inz) (tuﬁns) {Eﬂloga&ﬁi) (1n2ges) (inckes) (1:s, E?f. K

100 25 (square) 1,000 4 .8 2.0 8 € 40 99.6 .01
10C 25 (square) 5,000 4 1.6 2.0 7 27 119 99.4 2.5
100 25 (square) 10,000 ] 1.6 2.2 8.5 9 86 98.7 10.6
100 2.5 (square) 10,000 3 2.0 3.2 12 11.5 221 99.5 7.9
100 2.5 (square) 10,000 4 2.0 3. 10 10 133 99.6 2.2
100 25 (Sine) 10,000 10 2.5 2.5 3 1.0 10 99.5 .45
25 25 (Sine) 10,000 2 3.0 2.8 8.3 3.5 N 98.4 10.2
25 25 (Sine) 10,000 10 3.0 2.5 4 2.0 4.0 99.6 .8

25 ) (Sine) 10,000 5 2.6 2.5 4 7.2 4.4 98.6 1.

~n



Input voltage

Output voltage

Power per module

Input frequency

Power transfer device

Rotary transformer
Primary windings

Secondary windings

Power conditioning

440 volts
1000 volts
25 kilowatts
20 KHz
Rotary transformer

Each module winding connected in parallel

A1l module windings connected in series

Two windings on secondary for redundancy

Resonant circuit

£ Input Current Inductance
switching (Amps, rms) (uH)
(kHz) Preliminary Final Preliminary Final
20 84 70 70 75
25 84 70 55 60
50 (Future 84 70 28 30
technulogy)
50 (Present 100 74 14 16.2
technology)

The characteristics of rotary transformers were investigated at two frequencies,

20 KHz and 50 KHz.

For the 50 KHz frequency, the "present technology" power

conditioning was used since it represented a smaller inductance than the "future

technology" even though the input current was larger.

The columns titled Preliminary and Final, in the above, results from additional

analyses performed on the

power conditioning circuitry.

Sample rotary transformer designs were made for 20 KHz and 50 KHz operation based

on the prel.minary requirements of the power conditioning system.

These designs

were done for the purpose of determining whether there were any substantial

advantages to either frequency.

may be obtained in size, weight or efficiency.
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20 KHz Rotary Transformer

Power
Frequency
Input Current
Output Voltage
Inductance

Qutside Diameter
Inside Diameter

Length

Weight

Core Material
“Average" Fiux Density

Primary winding

Secondary winding

Core Loss (IOOOC)o

I2R Loss (AC, 100°C) Primary
Secondary

Efficiency

50 KHz Rotary Transformer

Power
Frequency
Input Current
Output Voltage
Inductance

Qutside Diameter
Inside Diameter

Length

Weight

Core Material
“Average" Flux Density

Primary Winding

Secondary Winding

Core Loss (100°C)

iR Loss (AC, 100°C) Primary
Secondary

ttficiency

25 KN
20 KHz
84 amps
1,000 volts
70 uH

8.9
2.0"
2- 6“
22 1bs
MNGO
2,000 gauss

12 turns
1,428 #36 AMG

30 turns
510 #36 AWG
Redundant windings

100 watts

75 watts
120 watts
98.8%

25 KW
50 KHz
100 amps
1,000 volts
14 uh

7.5“
2.0"
2.2"
13.0 1bs
MNGO
1,500 gauss

6 turns
3,175 #38 AWG

15 turns
794 #38 AWG
Redundant windings

150 watts
130 watts
60 watts
98.6%



A comparison of rotary transformers at 20 KHz and 50 KHz indicates that there

is some weight advantage at the higher frequency but there is concern that the

core losses might be higher than indicated. The primary differences between

50 KHz as compared with 20 KHz operations are:

Operating flux density must be reduced because of core losses

Wire size must be reduced because of eddy current loss in winding.

[t is possible that a lower operating frequency than 20 KHz could result in

smaller and more efficient rotary transformers due to core loss and winding eddy

current loss.

A more detailed design was made of the 20 KHz, 25 Kw rotary transformer based

on the "Final" power conditioning circuit parameters:

Power
Frequency
Input Current

Input Voltage

Qutput Current
Qutput Voltage

Inductance

1-36

25 Kw
20 KHz
70 amps, rms

775 volts, square wave equivalent
(See Figure 4.4)

25 amps, rms
1000 volts
75 uH
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The transformer characteristics are summarized as follows (see also Figure 4.5):

Core

Flux

Qutside Diameter

Air-gap Diameter

Iaside Diameter

Air-gap Length

Width of pole

Depth of Slot, Primary
Width of Slot, Primary
Depth of Slot, Secondary
Width of Slot, Secondary

Densities

Air-gap

Primary Pole, Root
Primary Core
Secondary Pole, Root
Secondary Core

Winding

Primary Winding

Secondary Winding

Primarx Resistance
(1007C)

Secondary Resistance
(Redundagt Windings)
(1007C)

Primary Inductance
Secondary Inductance

(Referred to primary)
Total Inductance

9.0"
5.35%
2.0"
.o
. 6“
. 95"
1.3"
1.55"
1.3"

1240 gauss
1925 gauss
2020 gauss
985 gauss
1660 gauss

12 turns
1428 #36 AWG

12 turns
510 #38 ANG
Redundant Windings

.0053 ohms, dc
.0136 ohms, ac

.029 ohms, dc
.120 ohms, ac
19 uM
51 uH

70 uH
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Weight (1bs)

Primary Secondary
Copper 2.0 5.1
Core 5.4 10.3
Total 7.4 15.4
Losses
1%R 66 75
Core 51 38
Total 117 113
Efficiency 99%
Thermal
Primary
Sink Temperature 60°C
Core Temperature 100°C
Coil Temperature 105°C
Secondary
Sink Temperature 60°C
Core Temperature 63°C
Coil Temperature 66°C
Weight of Thermal Sink (Fig 4.6)
6 1bs/kw, 60°C)
Primary .8 1bs.
Secondary .8 1bs.
Area of TBerma] Sink (Fig 4.6)
(35 ftc/kw, 60°C) 2
Primary 4.4 ft2
Secondary 4.4 ft
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Total

7.1
15.7

22.8

141
89

230
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A design consideration which will impact the size, weight and efficiency of the
rotary transformer is the eddy curvent losses in the transformer winding. These
losses are due to skin effect in individual conductors and the effects of the
proximity of adjacent conductors with the proximity effects being the more
severe. The skin and proximity effect are lumped together and are considered as
AC 12R losses (IzRac), or eddy current losses from an analytical point of view,
the 12Rac is considered as being produced by the leakage flux of the transformer.
The eddy current losses can be reduced by using multiple standard insulated con-
auctors in parallel and transposing them. In practice, this is achieved by using

litz wire.

The eddy current loss in the transformer winding is given by H. W. Taylor, Journal

I.E.E.E., 1920, Vol. 58, p. 279,

17

2
D 2 D D
9~ 3790 .. .)-

R
ac 2
( IS“"‘—QOO...

—.:]-{»q

Rdc
2
D = hZfw
8.238

h = height of rectangular conductor, inches
f = frequency, hz

w = width of conductors in slot

s = total width of slot

q = number of conductors in height (radially)

For the rotary transformer, this equation can be simplified to

2

1449 g
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The eddy current losses in the rotary transformer were discussed with personnel
in the GE transfoimer group and large motor group. Although thcir experience
was more in the 60 Hz frequency regime, they felt that the approach to the
determination of eddy current losses in the rotary transformer was valid. The
following points were made:

1. There should not be a significant difference in the eddy current

loss by the use of round wire rather than the rectangular wire.

2. A transposed conductor such as 1itz wire should be used.

3. The use of thin flat strip conductors instead of round wire could
result in substantially higher eddy current losses if there is a

radial component of leakage flux relative to the conductor in the slot.

4. The eddy current loss is independent of the position of the winding
in the slot. The placement of a given winding will not change the
eddy current loss: a winding at the bottom of a deep slot will have
the same eddy current loss as the same winding placed at the top of

the slot.

The implication of (4) are quite important in achieving the requisite inductance
defined by the power conditioning. It allows changing the position of the primary
or secondary winding in an gversized slot o~ the use of a magnetic shunt technique
to trim the transformer inductance. It should be noted that there is a direct
relationship between rotary transformer inductance and its eddy current loss

since the eddy current loss is a function of inductance. This serves to complicate
the design of the rotary transformer because changes in inductance are accompanied

by changes in the winding eddy current losses.
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In order to ascertain its quantitative characteristics, the eddy current losses
in a sample rotary transformer design were examined. The transformer had the

following parameters:

Number of turns (primary) 18 turns
Wire #25 AWG
Number of turns in parallel m
Width of winding 3.0"
Width of slot 3.2"

q (number of conductors in height) 18
Frequency 20 KHz

The #25 wire was selected based on its copper diameter being .0179 inch which
compares with an effective skin penetration on each side of a flat conductor
of .0165 inch (total penetration = 2 x .0165 = .033 inch). The number of turns
in parallel, 111, was selected on the basis current density. For this case, it
was found that

;ﬁf = 14.3.

This represents an unacceptably high IZR loss. In order to reduce the Rac/Rdc’
a number of other cases were examined using the same slot dinensions but with
smaller wire sizes. Ac® 1ly, large slots would be required with the smaller
wire sizes because of their poorer spec: factors.

Parallel

N Wire Copper Diameter Turns Rac’Rdc
18 #25 .0179" m 14.3
18 #29 .0113" 280 6.4
18 #36 .005 " 1428 2.4

Thus, by using sufficient small wire. the eddy current loss can be reduced to
acceptable limits. It is not sufficient to use small wire, but a litz wire con-
struction must be used in which, ideally, every wire is rotated so as to occupy
every position in tte slot. In other words, merely reducing the wire size and
insulating every turn from each other is not sufficient to reduce the eddy
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current loss to the values shown above. It is also necessary to have complete

transposition of each turn.

Another source of eddy current losses is in the core of the rotary transformer.

The transformer are to be viewed as a shorted-circuit turn around the primary
winding through which current flows causing losses. These losses can be considered
as being E2/R where E is the induced voltage in the core and R is the resistance

of the core. Fortunately, the transformer core is fabricated of a ferrite

material which has very high electrical resistance and this reduces the losses
substantially. Since the electrical resistance of MN60 ferrite is quite high,
being 200 ohm cm as compared to 1.7 x 10‘6 ohm cm for copper, it would indicate
that the losses should be small. However, Ceramic Magnetics, Inc., the vendor

of MN60, has stated that they observed higher than anticipated losses in large
cores. The eddy current losses in the core are difficult to compute. The loss

can be approached from the aspect of the eddy current loss in a cylinder and in a
thin sheet. The cylinder corresponds to the cylindrical portion of the magnetic
circuit and the thin corresponds to the end disks. The eddy current loss in a solid

cylinder is

P = ("dBf)?Gs 10" watts/cm

and the loss in a thin sheet is

0. (nthlsz 1076 | ite e
Where P = eddy current loss, watts/cm3

B = flux density, gauss

f = frequency, Hz

p = electrical ranductivity, ohm-cm

t = thickness of sheet, cm

d = diameter of cylinder, cm
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The eddy current loss in the core is one component of the core loss, the other
being the volumetric core loss. The volumetric core loss is the core loss

usually published by vendors and is expressed in units of watts per unit volume
or watt. per unit weight and is given as a function of flux density. This data
is usually obtained from small test cores: the test core for MN60O is .917" 0D,

3 which is

.588" ID and .302", height and has a volume of approximately .1 in
small compared with a typical rotary transformer which about two orders of

magnitude larger.

Because of the possibly high core losses which may occur, it will be necessary
to determine the magnitude of these losses more closely using the actual core

geometry.

The rotary transformer was designed with two parallel windings on the secondary
to provide redundancy in the case of failure. The use of a redundant winding
results in a substantially larger transformer secondary since extra copper and
core must be provided, perhaps 5 1bs, or more, could be saved by eliminating
them. Evaluating the monitoring system whi:h senses and corrects faults could

result in a better fault protection approach.

The thermal requirements on the rotary transformer core which limits the allowable
core temperature to 125%C necessitates the use of heat pipes to transfer the

loss -, axially, to the heat sink with a minimum thermal gradient.

The question arises regarding the characteristics of a single 100 Kw transformer
relative to four 25 Kw transformers. A detailed analysis was not made of the 100 Xw

transfoirmer, however, some general statements can be made:
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Inductance
Diameter
Length
Weight

Efficiency

25 Kw

75 u

H

9" 0D

2.5"

22.8 1bs

99%

4 - 25 Kw
75 uH, each
9" 0D
10"

91.2 1bs
99%

100 Kw

18.8 uH
9" 0D
6.4"
63.3 1bs
>99%

The single 100 Kw rotary iransformer appears to have size, weight and some

efficiency advantage over four 25 Kw transformers.

This advantage stems from the

fact that only two pole pieces are required for the 100 Kw whereas eight pole

pieces are needed when four 25 Kw units are used.

in efficiency because of reduced pole piece core losses.

There will be a slight .ncrease

On the other hand, there

will be a tendency for the temperature of the coil to be higher because there will

be relatively less axial heat flow in the 100 Kw transformer.
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5.0 ROTARY CAPACITOR

Contactless power transfer can be achieved by the use of a rotary capacitor. The
power transfer is achieved by energy being stored in the electric field in the gap
between the capacitor electrodes. Since the quantity of energy stored in an electro-
stazic field is less than that stored in an electromagnetic field because of low
dielectric constaris and limitations on voltage gradients, electrostatic devices,
gererally, have not been considered viable alternatives to their electromagnetic
counterparts because a larger size is required to achieve the same power rating.

The rotar y capacitor is simple in construction since it requires only electrically
conducting disks separated by gaps: it does not require the windings or the mag-
netic core structure of the rotary transformer. [he limitation of the rotary capaci-
tor is on input voltage because of the allowable voltage gradient. The vacuum
environment of space is an excellent dielectric media for a rotary capacitor because
of the high dielectric strength of vacuum and because there are no dielectric losses

oresent.

Other possible dielectric media includes gases, liquids and solids. Gases, under
pressure, have high dielectric strength while liquid and solid dielectrics have
high dielectric constants. However, liquids and solid have significant dielectric
losses. Gaseous and liquid dielectrics could require rotary seals while solid

dielectrics would necessitate close mechanical clearances.

The requirement for a rotary seal for use with gaseous or liquid dielectrics can
be fulfilled by the use of a ferrofluidic rotary seal such as manufactured by
Ferrofluidics Corp. of Burlington, Mass. The ferrofluidic seal is used to seal
against vacuum and pressures up to 100 psi with negiigible leakage. The ferro-
fluidic seal is non-we>ring low friction, and consists of colloidal-size ferro-
magnetic particles suspended in a hydrocarbon fluid in the presence of a strong
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magnetic field. Ferrofluidic seals of this type have been successfully used by

GE/Space Division on components and test equipment as rotary vacuum seals.

A possible configuraticn of the rotary capaciter is shown in Figure 5.1. This con-
figuration can be used with a vacuum, gaseous or 1iquid dielectric. It can be used
“with a solid dielectric by placing the solid dielectric in the inter-electrede gz).
The diameter, length and number of electrodes of the rotary capacitor are functions
of the dielectric constant, dielectric strength and dielectric losses of the media,

as well as the input voltage and frequency.

5.1 ENERGY STORAGE
In order to minimize the size-of the rotary capacitor, the quantity of energy stored

in its electric field must be as high as possible. The size of the rotary capacitor

is inverselv proportional to the stored energy. The energy stored in an electro-

static field is given by

H = _K.._z
e 8%
Where "e = energy, ergs/cc
K = dielectric constant
E = electric field intensity, statvolts/cm

It can be seen that the critical parameters for energy storage are dielectric con-
stant and electric field intensity. Both of these are characteristics of the die-
lectric material with the electric field intensity being the voltage gradient allow-
able without breakdown (dielectric strength). There are four material categories which
can be considered for the dielectric media: vacuum, gas, liquid, and solid. Table
5.1 shows the dielectric breakdown characteristics 3f a number of these diclectric

media. It is appropriate to obtain an insight into the electrostatic energy storage
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capacity of various materials, and to compare with the electromagnetic eneraqy

storage. This is shown in the table below:
Table 5.1. Dielectric Breakdown Characteristics
of Dielectric Media
Media Dielectric Constant] Breakdown Voltage | Stored Energy
(K) (kv/cm) (ergs/cc)
Vacuum 1 100 4,400
300 40,000
1000* 440,000
Air 1 atm 1 30 - 400
1 atm 1 75* 2,500
7 atm 1 250 28,000
Sulfur Hexafloride
(SFG) 1 atm 1 70 2,200
7 atm 1 350 54,000
Askarel 0il 4.8 35 2,600
4.8 350* 133,000
Forsterite 6 100 27,000
Titanium Digxide 90 100 400,000
Barium Titanate 10,000 75 25 x 10°
Electromagnetic u=1 B = 1000 gauss 40,000
p=1 B = 10,000 gauss 4 x 106
p=1 B = 20,000 gauss* 16 x 106

* Upper limits of dielectric and magnetic properties

It can be seen from this table that the energy storage capabilities of vacuum,
pressurized gases, fluids and solid dielectrics are significant compared with electro-
magnetic systems and do represent a viable alternative. It should be noted that the
breakdown voltage of dielectric materials is subject to a wide range of variation.
In general, it is dependent upon a great number of variables such as electrode size,

snape and spacing; electrode material and surface finish; humidity, temperature and
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waveshape and duration of applied voltage. Therefore, care must be exercised in the
comparison of various dielectrics and in the design of the rotary capacitor to select
values for the breakdown voltage that are appropriate for the geometry and operating

parameters of the system.

5.2 SKIN EFFECT
The use of high frequency for the rotary capacitor does not present problems with

regard to skin effect. The skin depth of a larger flat isolated conductor is given by

8 ='5033J7;

Where § = skin depth, per side, cm
p = electrical resistivity, ohm-cm
f = frequency, Hertz

The following table gives the skin depth per side for isolated aluminum conauctor:

(Hz) (cm) (inches)
1000 . 266 .105
2000 .188 .075
5000 119 .0469
10000 .0842 .033
25000 .0533 .021
50000 .038 .015

This indicates chat for higher frequencies the effective thickness of the conductor
is of the magnitude desired for mechanical purposes so that skin effect should not
be a problem. The effects of other conductors in close proximity would be to
decrease the effective skin thickness and thus increase the ac resistance, however,

they are far enough away so that their effects should be negligible.
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5.3 VACUUM DIELECTRIC

The use of a vacuum for the energy storage media for the rotary capacitor looks very
promising. It results in a high level of energy storage, does not require seals and
is not subject to degradation. Vacuum can be considered to exist when the breakdown
strength is independent of gas prassure. This occurs when the mean free path of a
gas molecule is large compared with the electrode spacing. From a dielectric strength

4 o 1076

point of view, vacuum exists below 10~ mm Hg. The breakdown voltage in vac-
uum is a function not only of the voltage gradient, but also of the absolute magnitude
of the voltage. Below 20 KV, breakdown is initiated by electron emission from the
cathode surface; gradients as high as 5000 KV/cm have been obtained from well polished
cathode surfaces and 50,000 Kv/cm from well polished anode surfaces. With higher
absolute voltage magnitudes, these high gradients decrease. The gradient at the
cathode decreases from 5000 KV/cm at 20 KV, to 1000 KV/cm at 100 KV. This phenomenon
does not affect the rotary capacitor since it is not anticipated to operate power

supplies at these voltage levels.

The voltage breakdown in vacuum is a function of the surface finish and electrode
material. For electrodes having surface areas of several square centimeters,

polished but not buffed, and separated by .1 cm, the breakdown voltages are as

follows:
Material Breakdown Voltages
(Kv/cm)
Steel 1220
Stainless Steel 1200
Nickel 960
Monel 600
Aluminum 410
Copper 37
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If the electrode surfaces are highly buffed, the breakdown voltage characteristics
can change. For example, buffed aluminum wiil produce a higher dielectric strength
than stainless steel. A general rule for the breakdown characteristics of electrodes
in vacuum i{s that the breakdown voltage is proportional to the melting temperature of

the electrode material.

The dielectric strength of vacuum is a function of the length of gap and area of gap.
Increasing the gap from .1 cm to 1.0 cm, decreases the breakdown gradient by a factor
of 3. Similarly, electrodes having an area of 1000 cm2 will have 1/3 of the dielectric
strength of that of small electrodes, such as shown in the above table. A general

rule for electrode area effects is that the breakdown voltage gradient varies as the
Togarithm of the area. Figure 5.2 shows the vacuum breakdown characteristics of a

one-inch diameter steel ball and a two-inch diameter steel disk.

The General Electric Switchgear Department has developed a proprietary dielectric
coating which can be applied to electrode surfaces. This serves to reduce local
areas of high voltage gradient resulting from discontinuities in the geometry of the
electrodes. The use of this coating permits operation at higher voltage gradients

fhan would be normally expected.

In summary, it appears that in the rotary capacitor operating in a vacuum, voltage
gradients of 100 KV/cm are obtainable, and, in addition, if care is exercised in the
design and selection of materials, ygrsiients of 300 KV/cm may be attained. This

makes the vacuum dielectric rotary capacitor a very encouraging possibility.

5.4 GASEQUS DIELECTRICS
The rotary capacitor could utilize a gas as the dielectric media. Gases have die-
lectric constants close to unity, display no dielectric losses and have low viscosi-

ties. If operated under pressure, their dielectric strengths increase and can
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axproach the strength of vacuum. There are a number of gases which could be con-
sidered for rotary capacitors such as air, nitrogen and electronegative gases CC]ZF2
cst and SF6. Sulfur hexafluoride is used extensively as a dielectric in electrical

ctrcuit breakers and is an effective supressant.

Gases are normally non-conducting; however, as the gas is subjected to an increasing
electric field intensity, a point will be reached at which the gas no longer acts as
an finsulator but will begin to conduct. The conduction process is not simple, mani-
festing itself in various modes such as corona, glow discharges, spark and arc
discharge. The breakdown phenomena in gases i+ more complex than in vacuum being not
only dependent upon electrode characteristics, but also upon the dielectric properties
of the gas. The breakdown of gases obeys Paschen's law which states that the breakdon

voltage is a function of the prcduct of the length of gap and the density of gas.

Tre following table shows properties of a number of gases, for various pressures and

electrode spacings.

Gas Dielectric Constant Breakdown Voltage Viscosity
(X) (KV/cm) (poise)
Argon 1.0005 8 220 x 1078
Nitrogen 1.0005 35 175 x 10_¢
Oxygen 1.0005 26 200 x 10_¢
Hydrogen 1.0002 20 90 x ]0_6
Air 1 atm 1.0005 30 (1 cm) 1€0 x 10
1 atm 1.0005 45 (.1 cm)
1 atm 1.0005 80 (.01 cm)
7 atm 1.0 250 (.1 cm)
14 atm 1.0 350 (.1 cm)
SF6 1 atm 1.0 70
7 atm 1.0 350 -6
CCLZF2 1 atm 1.0 70 250 x 10
C3F8 1 atm 1.0 70

The use of a gas, especially at high pressure, is not desirable in the rotary capacitor
becasue of the necessity for a rotating seal against the vacuum environment. Although

the breakdown voltage between planes increases with increasing pressure, much of this
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advantage is losi if there is a distortion of the electric fie'd. For example,

the voltage breakdown at high pressures between a point and a plane is substantially
less than would be obtained between planes because of the distortion of the electric
field. Electronegative gases such as CC]ZF2 and C3F8 have dielectric strengths great-
er than twice that of air; however, these gases are not stable, tending to dissociate
if subjected to ionization or arc-over, forming chemically active compounds which

could be detrimental.

5.5 LIQUID DIELECTRICS

Liquids are another category of dielectric materials which can be considered for the
rotary capacitor. Liquid dielectrics are extensively used in capacitors, high.voltage
cables, transformers and circuit breakers. The important electrical properties are
dielectric constant, dielectric strength and electrical conductivity. Liquid dielectrics
have higher dielectric constants than gases ranging between 2 and 5 for non-polar
fluids and up to 80 for polar fluids such as water, acetone and ethanol. Their break-
down voltages are slightly better than unpressurized gases and are quite dependent upon
temperature, frequency and electrode geometry. The electrical conductivity of liquids
is significantly higher than that of gases. " This is detrimental since it can result
in appreciable losses and heating. The electrical conductivity of non-polar liquids is
about four orders of magnitude less than that of highly purified polar liouids. The
high conductivity of polar liquids and their susceptibility to contamination protably
precludes their use. This is unfortunate since the polar 1iquids do possess signifi-
cantly high dielectric constants. The viscosity of liquid dielectrics will produce
mechanical drag; however, because of the low rotational speed of the rotary capacitor,
.C1 rpm to 1 rpd, this drag will not be appreciable unless the temperature approaches

the pour point of the fluid.
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The following table shows typical properties of a number of liquid dielectrics.

Dielectric Dielectric

Conductivity Viscosity
Constants Strength . o
(ohm/cm) (X) (KV/cm) (Poise at 100°K)

Transformer 011 10714 to 10716 2.2 100 10 x 1072

Askarels 10713 t0 10714 4.8 125 10 x 1072

‘$111cones 10" 2.8 100 100 x 1072

: -14 -16 -2
Fluorccpem1cals 10 to 10 1.9 150 3x10

The liquid dielectric would necessitate the use of a seal to prevent leakage. A
ferrofluidic seal could be used but care would have to be exercised to assure fluid
compatibility, and no mixing of the fluids since this could result in seal or capacitor

failure.

Pernag “he most serious deficiency of liquid dielectrics is the possibility of fluid
doterioration. This is a complex phenomenon which manifests itself ultimately as
voltage breakdown or increased conductivity. There are a number of theories to exnlain
the deterioration of fluid die]ectrics..The basic phenomenon is that under the in-
fluence of dielectric stress, various chemical and physical processes occur in the
dielectric fluid which causes a bridging of the gap between electrodes wit contami-
nation causing a breakdorn. The rate at which the processes proceed is a function of
the magnitude cf the electrical stresses, temperature and any impurities that accel-

erate the chemical activity.

5.6 SOLID DIELECTRICS

An approach that should be considered is the use of a solid dielectric as the enerav
storage media. These materials have dielectric strengths of the same order of maani-
tude as gases and liquids; however, their dielectric constants are higher being between

2 and 10 for ceramics and refractory materials while ferroelectric materials which are the
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electrostatic analogies of ferromagnetic materials display very high dielectric con-

stants and significant losses.

R rotary capacitor using a solid dielectric would have the dielectric placed in the
gap which separates the capacitor plates. The dielectric would be attached “o one
set of plates and have a minimuin clearance to the other set. Clearances reduce the
effectivenr<s of the solid dielectric since the voltage across it, and therefore,

the energy stored in it would be smaller.

The following table shows some typical electrical properties of solid dielectric

materials:
Volume . . Breakaown
Material Resistivity DEEIeijglc Voltage Los; Iggﬂent
(ohm-cm) % (KV/cm)
Alumina 10'2 9 160 - 500 5
Fosterite 104 6 100 4
Porcelain 10'3 6 100 - 250 75
Titanium Dioxide 10" 90 75 5
Titanates 108 210" | 15-12,000 | 20 -120 | 1 - 200

The application of solid dielectrics to the rotary capacitor is very appealing be-
cause ol the very high levels of energy storage capability achievable using high

dielectric constant materials. The energy storage of electrestatic systems using

these solid dielectrics approaches tha‘ of electromagnetic systems. However, the
materials which have high dielectric constants tend to have high dielectric losses,

and have dielectric properties which are sensitive to time, temperature and voltage.

Since the insulation resistance of a dielectric is often established by the surface
resistivity of the material rather than the volume resistivity, particular care

I-59



would have to be exercised in the electrical design of the rotary capacitor to
minimize conduction over the surface of the dielectric. Dielectric failure is
sometimes caused by mechanical failure resulting from electrostatic forces induced
by high dielectric stresses, by high field gradients resulting from sharp elec-

trodes, or by thermal breakdown.

5.7 ROTARY CAPACITOR DESIGN

Based on the study of vacuum, gaseous, liquid and solid dielectrics as the di-
electric for the rotary capacitor the most feasible appears to be vacuum. This

is because the operating space environment will be vacuum and the large voitage
gradients and low losses attainable in vacuum. The gaseous media requires seals;
liquid requires seals and is subject to deterioration; and solid dielectr c:
necessitate small mechanical clearances. The major disadvantages of va..um i_ i*:

low dielectric constant of 1.0.

The rotary capacitor is simpler to design than a rotary transformer because of the
fewer variables involved and the only losses are IZR losses in the capacitor plates.
The major concerns in the rotary capacitor design would be dielectric considera-
tions and mechanical dcsign. The dielectric gradient in the vacuum probably should
not exceed 100 kv/cm although 200 kv/cm might be attained. The clearances between
the moving plates and the stationary plates must be kept as small as possible con-

sistent with the allowable voltage gradient and mechanical criteria.

The basic design formula for a rotary capacitor is

36nCd x 10!

K

where A = area of capacitor plates, cm2
C = capacitance, farads
d = piate separation, cm

K = dielactric constant
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The weight of the rotary capacitor plates can be found from
W = nAts

where W = weight, 1bs.
n = number of plates
.t = thickness of plate, inches

§ = density of plate material, lbs/in3

It should be noted that a specific weight, pounds per farad, can be obtained.

This would be
11
%_3 36:de 10 nts

For a vacuum, the dielectric constant, K, is unity. It is desirable to keep the
plate separation to a minimum in order to reduce the area of plate required. How-
ever, for the dielectric and mechanical reasons stated above, there are limitations

to the minimum clearance between plates.

The required capac tance and operating voltage for the rotary capacitor is defined

by the power conditioning electronics and is as follows:

Fs C v
(KHz) (uF) (volts)
20 .62 1265
20 .42 1862
25 .49 1265
50 .25 1265
50 .33 960

It should be noted that because of the rotational requirements of the rotary capa-
citor, the capacitance defined above is the total capacitance of the rotary capacitor
and it consists of two capacitorz physically in series, each having a capacitance

of 2C.
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The general size characteristics of a rotary capacitor was determined based on

the following:

Frequency 20 KH2

Power 25 Kw

Capacitance (C) .62 uf, total
(2c) 1.24 uf, per path

Clearance between plates .0

Plate material Aluminum

Plate thickness .018"

The size and weight of the rotary capacitor plates as a function of the number of

plates is given below:

Plates per path Total 00 Length Weight
{Primary and Secondary) Plates {in) (in) (1bs) _
100 200 18.8 5.6 100
200 400 13.3 1.2 100
500 1,000 8.4 28.0 100

For this analysis, it was assumed that the plates were .018" thick. Actually, the
plates attached to the shaft might have to be thicker than .018" because they must be
supported on their interna! diameter, however, the cuter plates being supported on

their QD could be thinner.

The following table shows the rotary capacitor weight and voltage gradient with the

capacitance and voltage g-adient as a function of frequency and defined by the
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resonant power conditioning circuit parameters. The weight is that of the plates

alone and does not include shaft, housing, leads, etc.

fs C Weight Voltage Gradient
(KHz) (w)f (1bs) KV/cm)

20 .62 100 50

20 .42 68 75

25 .49 79 50

50 .25 40 50

50 .33 53 38

The specific weight of the rotary capacitor is approximately 161 1bs. per micro-

farad.

In the rotary capacitor, the cross sectional area of plate through which the
current flows is determined by mechanical considerations relating to the plate
thickness, rather than by electrical considerations as for the rotary transformer.
As a result, the current density and losses will be much lower in the rotary
capacitor. For example, taking the 200 plates per path design, the current density
at the root of the plate is as follows:

A = «Dt

A=2nx .08 =.113 ind

—
)

= 1%% = .7 amps/plate

= ;%Tj = 6.2 amps/in2

>

This low current indicates that much more than 25 Kw can be transferred through
this rotary capacitor without significant losses or heating occurring.

However, the power rating of this rotary capacitor cannot be increased because an
increase in power rating must be accompanied by an increase in capacitance due to

power conditioning circuit requirements.

The weights of 25 Kw rotary capacitors are in excess of those of rotary trans-
formers. A comparison is shown below.
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Weight (1bs)

Frequency Rotary Capacitor Rotary Transformer
20 KHz 100 23
50 KHz 40 13

Decreasing the plate separation of .01" would result in a reduction of capacitor
size but this would be at the expense of mechanical considerations. The rotary
capacitor also requires an inductor in its resonant circuit whose weight is signifi-

gant and is not included.

Based on these analyses, it does not appear that the rotary capacitor is a viable
alternative to rotary transformers as a rotary power transfer device because of its
weight and size disadvantages. One advantage of the rotary capacitor is its higher

efficiency which results from the lower IZR losses and no core losses.
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6.0 Microwave Rotary Power Transfer Devices

Rotary transformers and rotary capacitors are devices whose dimensions are very
small relative to the wavelength of the AC power. Devices such as oscillators,
magnetions and klystrons have dimensions large relative to the wavelength, see

Figure 6.1. When the wavelength is comparable to device dimensions, microwave

techniques have been developed for high peak power and modest average power

applications.

Microwave power transfer devices are sometimes called rotary joints. One type
occupies a volume along the rotating axis and another is an annular volume sur-
rounding and concentric with the axis, see Figure 6.2. The first type is called

axial rotary joint and the second, annular rotary joint.

Axial Roziary Joint

Axial rotary joints have been develeoped utilizing non-radiating waveauide modes such
as TEM (Transverse £lectromagnetic Mode},TMOI (Transverse Magretic '‘ode), TEm
Transverse Electrical Mode), and circularly ;olarizes TEn modes since all of these
have electromagnetic fields that are rotationally symmetrical. Another axial rotary
joint rot using a metallic waveguide is a beam waveguide propagating a circular

polarized beam. Each of these are discussed in the fcllowing paragraphs.

TEM Rotary Joint

The usual coaxial transmission line propagates the TEM (transverse electromagnetic)
mode between the inner cylindrical indicator and outer tuvular indicator. The maximum

power that can be carried based on breakdown considerations is given by:

E2 a2
Pmax = —m—- In (b/d) watts
Where E = maximum voltage gradient
a = inner conductor radius
b = outer indicator radius
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% a) Axial Rotary Joint

O b) Annular Rotary Joint

Figure 6-2. Microwave Rotary Joints
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Megavolts of power have been handled by TEM rotary joints for radar apnlications
under pulsed conditions, but the problem at hand represents a serious thermal and

herce loss problem.

The TEM losses are governed by conductor material, dimensions and frequency. The at-

tenuatior, in dB/unit length for a copper line is given by:

€1
S OVE dB/unit lenyth

a=2.99x 10 [F (%+‘5)

where

frequency, Hz

inner conductor radius

outer conductor radius

relative dielectric constant of medium between conductors

— T -
[ [ I { N /]

tow losses can be attained by using low frequencies and large diameter conductors.

A thermal design problem is the greater power loss and much greater loss density on
the inner conductor, and the more difficult task of heat removal from the inner con-
dquc tor. At the non-contacting gap, a resonant choke is placed in each of the con-
ductors to provide a low impedance. If the conductor diameters are made increasingl,
larger to achieve low loss there is 3 possibility of propacating the next higher order
TE]] made s¢ that a fractional shortest limit on the AC power wavelength ‘e is given
by

A_ = (a+b)

-

Ancther problem in the design of a rotary joinrt to operate in space vacuum is the
potential for a resonant multipactor discharge. This may occur in the main line or
even in the choke section. Aunique set of three conditions is required and this in-
vol.es dimen,ion, surface material and AC voltage. For resonant multipactor to occur,
an interior dimension parallel to the electric field should be between 1/10" and

1/50 wavelength. The conductor surface mater: al should be one that exhibitc a secondary
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electron emission coefficient which exceeds unity. Bare metals have values close to
unity but some when oxidized have very high values. Finally, the AC voltage should be

about 50 to 2000 volts for narrow and wide gaps ,respectively.

Between the microwave generator and rotary joint, it is likely that waveguides will be
employed and mode transducers will be required to couple to the rotary joint. These

transducers typically have greater losses than unperturbed transmission lines.

The TEM rotary joint to transmit exceedingly high average power with low loss should
be examined in detail to establish capability limits for the present application. As
mentioned above, a very serious problem is thermal effects,especially on the inner

conductor.

TMOI Rotarv Joint

The circuiarly symmetric transverse magnetic TMOI mode in circular wavequide has beer
often used in waveguide rotary joints for solar application when high peak powers

and low average powers are encountered. The frequency must be high encugh to be above
-utoff, and the frequency, f, in MHz, must exceed 4517/a where a is wavequide radius

in inches. The peak power level based on breakdown is given by

2
P =E2"62 }..c_-—
max 2790 Axg
where E = maximum voltage gradient
a = waveguide radius, inches
A = wavelength
Ao = mode cutoff wavelength - 2.61a
Ag = waveguide wavelenth

The maximum field intensity occurs at waveguide center when ) > J.5 Yoo For the
present application, attenuation is a very importart parameter and for the TMO] mode ,

the attenuatior for a vacuum fielc corper waveguide is given bv
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32
{
. - 0.00485 (e A)

a 372 J((AC/X)Z -1

ds/ft

where a = wavegquide radius in inches

Low loss can be achieved with large diameter wavequ'de, but a very large wavequide

wil. increase the possibility of undesired higher order modes.

Transducers are required to connect rectangular waveguide to the circular waveguide
TM@] mode. These transducers are subject to bandwidth and power limitations. A chok
of the same type as that for the TEM rotary joint is required to place a low imnedarc
1icross the gap. The thermal problem involves mostly outside surfaces which can be
radiatively cooled. Multipactor problems may occur in the choke region and must be

avoided by design.

-

AEO] Rotary Joint - The circular electric TEO] mode in circular waveguide has been

Jsed in rotary joints. The peak power level based on breakdown is given by

P =2x103 g2 42

max U‘/‘\g)

The attenuation of this particular mode in a fixed size guide decreasas incefinitely

with increasing frequency. The atternuation for vacuum filled cooper waveauide is

given by
- o.ogfél 1
a / v/ lrixc/x)z -1
wNere ‘o ® 1.64a = cutoff wavelength
a = wavelength radius
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A choke is not required for this rotary joint since the gap does not interfere with
currents. The thermal problems are less stringent because of the low loss mode. The
most severe design problem entails the transducer to launch the TEO] mode from rec-
tangular waveguide. An oversized waveguide and tape for a high power application

was designed and built by K. Timiyasu.*

Circularly Polarized TE]] Rotary Joint

The TEn mode in circular waveguide can be used provided it is circularly polarized.
Circular polarization requires a polarizer entailing a quartz-wavelength plate or
section. To propagate this mode, the wavelength » must be shorter thar the cut-off

wavelength ‘e given by
xh = 3.4] a
The peak power level based on breakdown is given by
= -3 2 2
Prax = 2 X107 E" a (x/xg)

The attenuation for vacuum-filled copper waveguide is

-1/2 1. 48372
. 0.00a23 () T+ g (/)
a /2 2
(xc/x) -1

3 = wavequide radius, inches

The thermal problem wili probably be more critical thar breakdcwn. A choke will be
required tc provide a low immedance across the joint gap .rn the circular waveguide.

In this choke a TE]] higher order coaxial Tine mode will be present.

* K. Tomiyasu, "17.5 ft-long multiconical taper for TEOI mode ir 29.7 in. diameter
wavequide at X->ands” ,Proc 1EE, Vol. 116, pp. 373-376, March 1969.
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Beam Wavequide Rotary Joint

Another class of axial rotary joint is one that involves a beam wavequide. This is
an unenclosed structure to transmit high power. This is similar to the method of
encrgy transmittal from a Solar Power Satellite System which sends microwave rower
over a beam from a geosynchronous satellite to Earth. For the proposed application
the distance will be essentially zero and the energy can be restricted to propagate
betwve~1 two antenpas facing and almost touching each other as in a confocal cavity.
The cavity must be coherently excited by multiple apertures. To permit rotary
motion the cavity mode can be TEO] or circularly polarized TEn mode. Illumination
taper will minimize radiation loss and eliminate the need for a choke. Each cavitv
end should be at least several wavelengths in diameter. The amount of power that can
be transmitted will not be limited by the confocal cavity rotary joint but by the

cavity excitation scheme. The thermal problem will be limited to the excitation region.

Annular Rotary Joints

A rotating joint that does not fill the axial region is called an annular rotary joint.
Such a joint has been developed for a radar application requiring high peak power

and relatively low average power.** The joint comprises two adjacent non-contacting
rings formed from rectangular waveguides. Coupling apertures transfer the power
between rings. The ring circumferential length is an integral number of wavelengths.
In an experimental model an insertion loss of about 0.3 dB was measured and this rep-

resents a six percent loss.

The on-ax1s beam waveqguide rotary joint men ioned earlier designed into a annular
configuratuion by using basically a TEO] mode 1in the confocal cavity and shaping
the cavity resonator walls with large cental openings to provide high efficiency

coupling.

** K. Tomiyasu, "A New Annular Waveguide Rotary Joint" Proc. 1RE, Vol. 44, pp. 548-
553, April 1956,
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7.0 CONCLUSIONS

As a result of Task I, System Study, the following conclusions can be drawn:

1.

The rotary transformer and rotary capacitor are feasible contractless

power transfer devices.
Rotary transformers are smaller than »oiavv capacitors.

There are no obvious advantages of either vesonant approach or non-

resonant (square wave) for the power conditioning electronics.

There is no advantage for the power conditioning to operate above

approximately 20 KHz.

Rotary transformer operation at 50 KHz as compared to 20 KHz results
in smaller size. Increised eddy current and core losses may be detri-

mental at 50 KHz.

The requirement for redurdant secondary windings on the rotary trans-

former results in a weight penalty.

Chopping electronic topologies result in inductance constraints on rotary

transformers causing them to have small diameters and long lengtts.

Chopping electronics constraints on minimum capacitances does not

permit reduction in rotary capacitor size.

Chopping electronic device ratings are sensitive to input volt-je range,

50% range has a serious effect.
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8.0 RECOMMENDAT IONS

The following recommendations are made for future des®:: :tudies:
1. Perform a detail design study on 25 Kw, 20 kiriz rotary tran-former

using resonant circuit power conditioning.

2. The requirement for redundant secondary windings on the rotary

transformer be eliminated.

3. System requirements concerning input voltage ranges be examined.

Considering the chopping electronics sensitivity to input voltage range.
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TASK II
DESIGN STUDY

1.0 INTRODUCTION
As part of the Systems Study, Task I, varfous types of devices were

analyzed for transferring electrical power across the rotating interface
betw en the solar arrays and the spacecraft body, among them were rotary
transformer, rotarv <apacitor, microwave and ionized gas techniques.

As a result of the Cystems Study, the rotary transformer was selected

as the most promising approach, the follow-on effort, Design Study,

Task II.

For the Task II effort, the design of a Rotary Power Transfer Device for
transferring 100 KW electrical power across a rotating spacecraft inter-
face was addressed. The power transfer device is a complete system and
includes a rotary transformer, power conditioning electronics, housing,
shaft, heat rejection methodology (heat pipes and radiators), and drive

mechanism.

A Rotary Power Transfer Device was designed as part of Task II and its con-
cept is feasible with no fundamental reasons why it cannot be implemented.
Figure 1.1 shows a conceptual Solar Array/Rotary Power Transfer Device
Configuration. It indicates how the power transfer device can be mechani-

cally integrated with solar arrays and into a spacecraft.

A summary of the Rotary Power Transfer Device characteristics is as

follows:

Overall Envelope 8.25" x 10.40" x 16.25"

(Excluding power conditioni -g) (2Y.0 cm x 26.4 cm x 41.3 cm)

Overall Weic 190.8 1bs. 86.6 Kg; w/o radiators
209.1 1bs. (94.9 xg) w/ radiators
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Rotary Transformer Type: Concentric Cylinder
Size: 6.43" diameter, 14.3" long
Weight: 46.4 1bs. (21.1 xq)

Power Conditioning Electronics 76.0 1bs. (34.5 Kg)
Efficiency
- Rotary Transformer 96.6%
- Power Conditioning 98.0%
Electronics
- Overall 96.6%

The geometry of the power transfer device is shown in Figure 1.2 (utline,

100 KW Rotary Power Transfer Device.

Two possible approaches were considered for the rotary transformer:
corcentric cylinder and parallel plate. Either configuration could be

used; but, the concentric cylinder was chosen because it would be easier

to fabricate and would have lesser thermal problems. The concentric cylinder
transformer has a relatively small diamete - and long length, while the
parallel plate transformer would have a larger diameter along with a

shorter length. Although the corcentric cy'inder approach appears easier

to implement in hardware, there is no inherent reason why the parallel

plate approach could not be achizved if its configuration were found to

be more appropriate to spacecraft constraints.

This Design Study task delineated a 100 KW Rotary Power Transfer Device
which is attainable and does not necessitate materials or techaiques
which are not presently state of the art. Althouvgh the rotary transformer
design was examined in some depth, a design optimization was not pursued

in detail. An optimization would include a trade-off between losses,
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temperature, heat rejection, materials, etc., and could result in a
significant improvement in the characteristics and performance of

the device. The design, Figure 1.3, 100 KW Rotary Power Transfer De-
vice, is generally conservative in approach with the tendency to over-

design in preference to having a marginal or underdesigned device.

¢



2.0 REQUIREMENTS

The requirements for the Rotary Power Transfer Device were derived

from LeRc and some of the recommendations presented by the General
Dynamics “Study of Power Management for Orbital Multi-100 KWE Appli-
cations", NASA CR 159834. In addition, the power conditioning electronic
circuitry imposes some constraints on the rotary transformer. The re-

quirements which were used as guidelines a-e as follows:

Input from Solar Array

Power 100 KW
Voltage 440 Volts

Qutput from Rotary Power Transfer Device

Voltage 1000 Volts

Frequency 20 KHz

rower Conditioning Electronics

Resonant Circuit (Schwarz)

Rotary Transformer

Power 100 KW

Input Voltage 400 Volts

Input Current 70 Amps

Output Voltage 1000 Volts
Frequency 20 KHz

Inductance 75 JMH
Configuration Concentric Cylinder

4-25 KW medules
Two parallel secondary windings per module

II-10



Rotational Period 90 minutes to 24 hours

Efficiency Greater than 95%
Environment Shuttle Launch

Temperature

- Non-operating -20° to 80°C
- Operating 80° Heat Sink | Rotary Transformer
60° Heat Sink, Power Conditioning Electronics
Life 5 Years
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3.0 CONFIGURATION

The rotary transformer transfers power across the rotary interface of

the spacecraft by electromagnetic coupling between the primary and
secondary winding. The 100 KW power transfer requirement could be achieved
by using a single rotary transformer having a full 100 KW capability.
However, from a system and transformer fabrication standpoint, it was
determined that 4 - 25 KW modules would provide a greater advantage.

The use of 4 - 25 KW modules would result in a somewhat larger size trans-
former than a single 100 KW unit. Figure 3.1, Rotary Transformer, 25 KW
Module, shows the configuration of a concentric cylinder transformer

module.

The primary, consisting of a core and winding, is mechanically attached
and electrically connected to the solar array. The secondary, also con-
sisting of a core and winding, is attached to the spacecraft and electri-
cal power is delivered from its winding to the spacecraft load. The power
from the solar array is converted from dc to ac by the power conditioning
electronics which is a Schwarz resonant circuit. The heat generatcd by
losses in the primary and secondary is removed by heat pipes to thermal
heat rejection surfaces. A drive module provides a rotational capability
from 1 revolution per day to 1 revolution every 90 minutes using a stepper

motor, speed reducer and clutch.
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3.1 ROTARY_TRANSFORMER DESIGN

The design of the rotary transformer involves four closely inter-related
major regimes: magnetic, electrical, mechanical and thermal. In addition,
the power conditioning circuitry imposes inductance and voltage parameters
on the ro+ y transformer. Because of the desire to keep the overall
rotary power transfer device small in size and weight, and the losses low,
the design procedure is somewhat complex and involves iterations among

the four regimes.

Both the primary and secondary of the rotary transformer consist essentially
of a core and winding. The cores are a ferrite material and are attached

to the shaft and housing by an epoxy. Since heat must be conducted across
this joint, a path of good thermal conductivity must be present. This

can be attained using a filied, thermally conductirg epoxy, or if the bond
line can be male small, an unfilled epory. The primary and secondary
windings are bobbin wound, impregnated and bonded into the cores. Heat
pipes placad in the shaft and on the housing remove the transformer heat

and carry it to the heat rejection surfaces. Figure 3.2, Rotary Trans-
formeir, Module Detail, shows the configuration of a rotary tranform--

module.

The rotary transformer design is treated in detail in the following sections.
Table 3.1 is a summary of the critical materials used, the reason for
their selection and their limitations. This will provide an insight into

the advantages and possible problems involved in their use.
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Table 3.1.

Critical Materials

Design Regime

Material Reason for Selection Limitations
Magnetic MN 60 Ferrite a) Isotropic a) Flux 1ensity/temperature| -
Core b) Low core loss b) Coefficient of expansion
c) High permeability c) Low Thermal conductivity
d) Low Strength
Electrical Litz wire a) Low eddy current a) Coanections
Nyleze Toss
b) Solderable b) Life/temperature
Mechanical Inconel a) Coefficient of a) Fabrication
housing and expansion
shaft b) Non-magnetic b) Weight
c) Availability
Thermal Inconel heat a) Coefficient of a) Weight

pipes, curved

Radiator

Thermally
conducting

epoxy

expansion
b) Thermal gradients

Thermal dissipation

Thermal conductivity

b) Availability

a) Size, weight

a) Shear strength
b) Bond .line thickness

!
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3.1.1 CORE DESIGN

The primary and secondary cores are fabricated from a manganese zinc
ferrite, MN60O, made by Ceramic Magnetics, Inc. A more detailed study
of various core materials may show that, while there may be

a ferrite which has more desirable characteristics such as flux density/
temperature, thermal conductivity and thermal expansion,

the MN60 will perform satisfactorily in this application. MN60 was
specifically chosen because of its low core loss and its being magneti-
cally isotropic. Some of the magnetic, thermal and mechanical pro-
perties of MN60 impose constraints on the rotary transformer design.
These constraints are not unique to MN60 but are generally inherent in
ferrite materials.

Some specific properties of MN60 and their effects on the design are

as follows:
PROPERTY EFFECTS
Maximum operating flux density is Core size affected by operating temperature.
a function of temperature. Thermal run-away could occur. Monitor
operating temperature.
Temperature Bmax
(%) {(Gauss)
75 3500
100 3000
125 ~ 2400
150 ~ 1400
185 0 (Curie
point)
Coefficient of thermal expansion. Housing, shaft heat pipes can?ot ?e
_ -6 fabricated from aluminum or titanium,
A= N.5x10 /bc Inconel used.
Low thermal conductivity. Large circumferential thermal gradients
2,0 in secondary core if few heat pipes used
K=3.6 BTUhr/ft"/7F/ft circumferential heat pipes necessary,
Mechanically weak Minimum allowable thickness, 0.2".

Secondary core thicker than necessary
for magnetic reasons.
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The flux/temperature constraints of MN60 could be alleviated by using MN67.
MN67 material has a higher Curie temperature, and higher flux carrying capability

than MN60, however, its core losses are higher.

MN_60 MN 67
Bmax at 125°C 2500 gauss 3700 gauss
Curie temperature 185°¢C 280°%¢C
Core Loss at 4 mw/cc 20 mw/cc

9.6 KHz, 1000 gauss

The substantially higher losses in MN 67 might preclude its use even though

its temperature characteristics are significantly better than MN 60.

The primary and secondary cores are shown in Figure 3.3.

The cores are basically cylinders with a slot on the outside diameter of the
primary and on the inside diameter of the secondary to accomodate the primary and
secondary windings, respectively. To facilitiate the assembly of the windings,
the cores are not integral pieces but have a separate pole. The poles are
epoxied to the other portion of the core after the windings are in place with
core being exercised not to have an excessive gap between them. The primary

and secondary leads are brought out through slots cut in the cores. Lead slots
cannot be in adjacent primary and secondary poles, but must be placed in opposite
ones to keep the air gap reluctance constant independent of rotational position
and preventing the presence of a large reluctance torque. The inside diameter
of the primary core, 2.5 inches, was determined by the shaft diameter, which,

in turn, was established by the room in the shaft required for the primary leads

and heat pipes.
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An air gap length of .025" was selected based on mechanical and magnetic
considerations. A somewhat larger air gap probably could be used without

substantial effect on the magnetic circuit.

Table 3.2 shows the magnetic characteristics of the rotary transformer.

As will be noted, the flux densities are all below the design limitation of
2500 gauss. The maximum flux density (2080 gauss) occurs at the base of
the primary pole (root) while the lowest (1140 gauss) is at the secondary
pole root. The flux density in the secondary yoke is 1650 gauss. This flux
density is determined by the minimum allowable thickness of core material,
0.2". The low flux density in the secondary pole is the result of the
inherent pole geometry. Increasing the overall flux density levels would
result in a reduction in weight but would be accompanied by an increase

in core losses. Some increase in core losses might be acceptable because
the core losses are smaller than the copper losses and represent only 18%

of the transformer losses.
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Table 3.2.

Magnetic Characteristics

FLUX DENSITY LENGTH AMPERE TURNS
(GAUSS) (CM, APPROX)
Primary Yoke 2000 6.6 1.3
Primary Pole 1925 (avg) 1.1 2
2080 (root)
Secondary Yoke 1650 6.6 1.2
Secondary Pole 1460 (avg) 4.3 7
1140 (root)
Air gap (2) 1620 a27 206
Primary Core Gap 2000 .005 (.002") 10.2
Secondary Core Gap 1650 .005 (.002") 8.2
TOTAL AMPERE TURNS 227.8
TOTAL AMPERE TURNS 1.1
AIR GAP AMPERE TURNS :
TOTAL CORE AMPERE TURNS _ o
AIR GAP AMPERE TURNS :
Weight of Primary Core 2.1 1bs.
Weight of Secondary Core 3.3 Tbs.
Primary Core Loss 22 Watts
Secondary Core Loss 37 Hatts
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3.1.2 WINDINGS

The power input to the rotary transformer primary winding comes from the solar
array after having been converted from dc to 20 KHz ac by the power con-
ditioning electronics. The output power is provided by the secondary
winding which feeds into the spacecraft. Two parallel secondary windings
have been incorporated to permit some degree of redundancy. Complete re-
dundancy is not provided since a full 25 KW module power drawn on a single
winding would result in overheating the secondary. Complete secondary wind-
ing redundancy would necessitate an additional secondary winding and an
increase in weight and size. Some of the winding characteristics which

have to be addressed are number of turns, wire size, insulation, heating
and method of lead connection. In this application, the requirements of
the resonant circuit power conditioning imposes a constraint of having

the rotary transformer input inductance fixed at 75 41 H.

Generally, increasing the number of primary turns serves to increase the
inductance, number of secondary turns, copper losses and winding area; at
the same time, it decreases the core cross section area and flux density.

A trade-off has to be made to determine the best winding design.

Because of the high frequency operation of the transformer, and to keep
the eddy current losses small, the primary and secondary windings will be
made of stranded, insulated, transposed conductors in the form of Litz
wire. Two major disadvantages of using Litz wire are the reduction in
winding space factor and a more complicated connection being required to
the power leads. The winding wire insulation will be a heavy polyurethane
with nylon overcoat such as manufactured by Phelps Dodge under the trade

name Nyleze. This is a solderable magnet wire with good windability
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PRIMARY WINDING

Turns per winding

Wire

Turn Size

Turns per layer
Number of layers
Resistance at 135° C

2

IR @135° C

ac

SECONDARY WINDING

Turns per winding
Windings in parallel

Wire

Turn Size
Turns per layer

Number of layers

Resistance at 135°C

2
I"R,. @135° C

WINDINGS
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576 Strands, Litz

-#36 Awg. Heavy Nyleze

.165" by .165"
12
2
.024 ohms, dc
.030 ohms, ac

147 watts

60
2

225 strands, Litz
#38 Awg, Heavy Nyleze

.084" by .084
10, each winding

6

.331 ohms dc, per winding
.417 ohms ac, per winding

130 watts



and is compatible with most impregnants. The temperature-life

characteristics are conservatively given by the vendor as follows:

TEMPERATURE LIFE
(°C) HOURS YEARS
155 8,000 .9
145 20,000 2.3
135 35,000 4.0
138 44,000 5.0
130 80,000 9.0

As will be seen in Section 3.2, Thermal Analysis, the winding temperature
will be approximately 138°C, based on a 80°C radiator, so that, as far
as the winding is concerned, the 5 year life requirement can be achieved.
The coils are wound on bobbins with irsulation between layers and impreg-
nated with epoxy to provide mechanical rigidity, electrical insulation

and a good heat conduction path.

Attaining the input inductance requirement of 75 «H represents a unique
problem. One method for doing this would be by defining the number of
turns and winding geometry. However, this is not amenable to easy adjust-
ment of inductance to compensate for small unit to unit variations; or

for large variations necessary for a different application. It is proposed
that a magnetic shunt be used to attain the required inductance. The mag-
netic shunt would consist of a ring placed in the secondary core slot
adjacent to the air gap as shown in Figure 3.2.The ring would consist of a
"powdered" iron of appropriate permeability, thickness, and gap which could
be varied to obtain the requisite inductance. The ring is shown as being
in the secondary core for somewhat easier assembly; it could have been

placed in the primary.
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The electrical characteristics of the primary and secondary windings

of a 25 KW rotary transformer module are as follows:

Resistance Inductance
(ohms, at 135°C) (/AH)
Primary .024, dc 19
.030, ac
Secondary .331, dc, per winding 30, w/o magnetic shunt

.417, ac, per winding 56 w/ magnetic shunt

(secondary has two
identical windings)

The primary and secondary winding designs are given in Table 3.3. Dis-
cussions held with personnel of New England Electric Wire Company, Lisbon,
N.H., indicate that there should be no problem procuring the Litz wire

in the size and stranding required. Although a square Litz wire geometry
is defined, it is possible to achieve aspect ratios up to 6:1. This large
an aspect ratio is not desirable for the rotary transformer because of the
larger bend and radius, 2:1 to 3:1, needed. Smaller wire diameters than
#38 AWG can be manufactured but tend to be more subject to breakage. If
the winding eddy current losses are found to be greater than anticipated,
smaller wire diameters would be required. An alternative to smaller wires

would be a change in coil geometry to one having a smaller radial thickness.

Figure 3.4, Assembly, Primary 25 KW Transformer Module and Figure 3.5,
Assembly, Secondary, 25 KW Transformer Module, shows the configurations

of the primary and secondary windings and cores.
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3.1.3 LEADS

The power leads to the primary winding and from the secondary will consist
of insulated, stranded conductors. The primary will use #10 wire and the
secondary will use #14 wire. In addition, the leads will be shielded and
used as twisted pairs in order to keep electromagnetic interference to a
minimum. The priwary leads are placed in longitudinal slots in the shaft
and held in pocition with an alumina filled epoxy which also serves as a
heat conducting media. The secondary leads are clamped to the transformer

housing.

3.1.4 HOUSING

From the aspect of weight, availability and ease of fabrication, it would
be desirable to make the housing from aluminum and attach the transformer
cores and heat pipes to it with an epoxy. However, a problem arose because
of the differences of coeffi;cients of expansion of the cores, housing
material and heat pipe material; and the neces:.ty for transferring the
heat from the ferrite cores to th2 heat pipes across epoxy bonds. It was
originally assumed that thermally conducting epoxy was desirable in order
to reduce the temperature gradients. Since thermally conducting epoxies
are filled, usually with alumina, they are rigid and require a thick bond
in order to withstand thermal differential expansion between the parts. A
thick bond, even using thermally conductive epoxies, can resuit in high
temperature gradients. The alternative approach is to use an unfilled
epoxy with a thin bond-Tine. A thin bond of epoxy results in a better
mechanical design and comparable or improved thermal characteristics.
However, the use of a thin bond-line necessitates closely matching the

thermal expansion of the core, housing and heat pipes.
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Studies were made based on using various combinations of the following

materials:
¢ Housing Rluminum, Titanium & Stainless Steel, Inconel
o Heat Pipe Aluminum, Titanium | Stainless Steel, Inconel

The thermal expansion coefficients and thermal conductivities for these

materials, up to 100°C are:

Thermsl Expansion Thermal CEnductivity
(Per “C) BYU hr/ft</9F/1in

MN 60 Ferrite 11.5 x 10°° 43.5
Inconel 702 12.1 x 1078 81.0
722 12.1 x 1078 102.0
X 750 12.6 x 10~ 83.0
Aluminum 6061 23.4 x 1078 1070
Stainless Steel 302 17.3 x 10°° 113.0
305 16.5 x 10°° 113.0
300  14.9 x 1078 108.0
30 14.4 x 1078 98.0
Titanium 6A1-8V 9.0 x 1075 50.0

Figure 3.6 shows the possible combinations of materials and epoxy bond thick-
nesses. It appears that the best approach consists of using an Inconel housing
and Inconel heat pipes. Another approach would be the use of stainless steel
housing and heat pipes. The Inconel system provides a better match of thermal
conductivity to the ferrite than a stainless steel system. Figure 3.7 , Housing,
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could be used with either Inconel or stainless steel material.

A concern is the ready availability of Inconel of the requisite size
for the housing, and of Inconel heat pipes. If it is found that

the procurement of Inconel parts presenté serious problems, a viable
alternative would be the utilization of stainless steel. The pre-
ferred grades of Inconel and stainless steel from the aspects of
thermal expansion and thermal conductivity are: Inconel 722 or 702;

or 310 stainless steel.

The major disadvantages of Inconel, in addition to availability, are
its density, difficulty of fabrication and poor thermal conductivity:;

however, it does permit the use of an unfilled epoxy.

Another aspect of consideration was that the use of titanium or alumi-
num heat pipes in conjunction with methanol, the preferred heat pipe
fluid, was not recommended by vendors because of material compati-

bility problems.
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3.1.5 ADHESIVES

Epoxy adhesives are used in the rotary transformer to bond various parts

together and to function as a heat conducting joint between the parts. Their
proper performance is vital to the operation of the rotary transformer. Should
there be a failure in their heat conducting capabilities, the temperature
gradient across the joints would become high causing the transformer temperatures

to become excessive.

Two types of adhesives were considered for use in the rotary transformer unfilled
epoxy adhesives and filled epoxy adhesives. Filled epoxies were considered
because of their higher thermal conductivity than the unfilled. There are two
types of filled epoxies: electrically insulating and electrically conductive.
Electrically insulating epoxies are typically filled with alumina while conducting
epoxies are filled with silver. Although the silver filled are some highly
conductive than the alumina, their bond strength was poorer and were not
recommended for the rotary transformer. Unfilled epoxy adhesives have higher
bond strength than the filled epoxy but have lower thermal conductivities.
Another aspect is that filled epoxies necessitate a bond line thickness of at
least .010" because of the inherent size of the filler particles. Unfilled

epoxies can have substantially thinner bonds.
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Discussions were held with a number of vendors to obtain their recommendations
for epoxies. These vendors included Emerson & Cumming, Canton, Mass.;

Furane Products Division, M&T Chemicals, Inc., Los Angeles, Calif.; and,

Aremco Products, Ossining, New York. Based on these discussions, two

Emerson & Cumming adhesives, Eccobond 285 and Eccobond 45, were selected for the
rotary transformer. Eccobond 285 is an alumina filled epoxy while Eccobond 45
is unfilled.

The following is a summary of the characteristics of the candidate adhesives

for use in the rotary transformer:

ECCOBOND 285 ECCOBOND 45
ALUMINA FILLED EPOXY UNFILLED EPOXY
Shear Bond Strength (psi) 2100 3100
Flexibility Rigid Adjustable
Thermal Conductivity 10.4 2.5
(BTU/hr/£t2/9F/in)
Thermgl Expansion Coefficient 15 30
(10°/0¢)
Vielectric Strength 420 400
(volts/mil)
Service Temperature 177 121
(°C max)

The adhesives will be used in the rotary transformer as follows:

ADHESIVE
Primary
Core to Shaft Eccobond 285 (Filled)
Winding Eccobond 45 (Unfilled)
Bobbin to Core Eccobond 285 (Filled
Heat Pipes to Shaft Eccobond 285 (Filled
Leads to Shaft Eccobond 285 (Filled
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Secondary Adhesive

Core to Housing -Eccobond 45 (Unfilled)
Winding Eccobond 45 (Unfilled)
Winding to Core Eccobond 285 (Filled)
Heat Pipes to Housing Eccobond 45 §Unfilled
Magnet Shunt to Bobbin Eccobond 45 (Unfilled

Further study might show that other adhesives would be more applicable
to the rotary transformer because of more desirable and better shear
strength, thermal conductivity, temperature or fabrication characteristics.

However, those selected should perform as required.

The following table shows the shear stress as a function of epoxy
thickness for Eccobond 45, an unfilled epoxy. It can be seen that
the use of an Inconel housing with the ferrite core results in the
thinnest epoxy bondline. If a filled epoxy were used, the comparable
thickness would be greater because of its higher shear modulus and

lower shear strength

EPOXY

PARTS EPOXY THICKNESS SHEAR STRESS
(INCHES) (ps1)
Ferrite Core/Inconel Housing .006 3000
.012 1500
Ferrite Core/310 Stainless Housing .029 3000
.058 1500
Ferrite Core/Titanium Housing .025 3000
.050 1500
Titanium Housing/Stainless Heat Pipe .42 3000
.84 1500
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3.2 THERMAL DESIGN

The thermal design of the rotary transformer is of great importance
because it defines the overall size and weight of the Rotary Power
Transfer Device. Heat is generated in the transformer windings and

in the cores. The magnitude of these losses are controllable:
decreasing the current density in the windings and decreasing the

flux density in the cores will reduce the losses, but at the expense

of size and weight. There are two temperature limits associated

with the rotary transformer: winding temperature and core temperature.
The winding temperature is life-limited, the higher the temperature,
the shorter the life. As discussed in Section 3.1.2, Windings, the §
year life requirement will be attained if the winding temperature

is kept below 138°C, while a 145°C winding temperature will have a life
of 2.3 years. The core temperature is limited to 125°C by the flux
carrying capability of the ferrite core material. Higher core tempera-
tures than 125°C result in lower effective permeability which increases
the magnetizing current which, in turn, increases the losses and, thus,

the core temperature is increased further.

The heat rejection system consists of heat pipes attached to the rotary
transformer primary and secondary which transfer heat to thermal
radiators. Heat generated in the cores and windings is transferred

by conduction to the heat pipes. The heat pipes would normally be
stainless steel with methanol being the working fluid. However, be-
cause the shaft and housing are fabricated from Inconel and because

of thermal expansion considerations, Inconel appears to be a better
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heat pipe material. Although Inconel has not been used as a heat
pipe material, there does not appear to be any inherent reason why
they could not be fabricated and used with the methanol working
fluid. |

The primary and secondary losses in the rotary transformer are 680
watts and 668 watts, respectively. Four heat pipes having a diameter
of 1/2 inch have sufficient capacity to remove these losses. Placing
four 1/2 inch diameter heat pipes in the shaft, see Figure 3.8, Shaft,
will remove the primary losses quite satisfactorily. However, if four
1/2 inch heat pipes are placed on the secondary housing, a problem
arises because of a significant circumferential thermal gradient. This
results from the fact that the four heat pipes are widely spaced around
the housing, being approximately 5 inches from each other. In addition,
the thermal conductivity of the ferrite cores and the Inconel housing

is relatively low.

The large circumferential spacirg, coupled with a poor circumferential
conductivity, can produr- [ocal hot spots in the winding and core.
Increasing the number of heat pipes from four to eight does reduce the
gradient, but not to acceptable levels of temperature. However, by
using four curved heat pipes, each 3 inches wide, see Figure 3.9
Secondary Heat Pipe, 60% of the housing surface is covered and the
circumferential temperature gradient is practically eliminated. Dis-
cussions were held with personnel of McDonnel Douglas, St. Louis, and
they indicated that, although it has not been done, there were no
fundamental problems in fabricating the required curved heat pipes

from Inconel.

1137



, | 2.500
DIA

- .50 DIA HeAT

PIPE.
INCONEL 722
METHANOL

' PRIMARY LEADS
ENCAPSULATE WITH #\O\MS\-\:g\_DED
ALUMINA FILLED ,
EPOXY) ECCOBOND 257 T™WISTED PAIR

SHAFT
MATERIAL ¢ INCONEL 722

FIGURE 3.8

II-38



==
=

<
<

270

MOUNT ING
FLAN GE 3 & PLACES

SECONDARY HEAT PIPE — 4 KEQUIRED
MATERIAL (- INCONEL 722 /MeTHANOL

FIGURE 3.9
11-39



The temperatures of the rotary transformer primary and secondary
cores and windings were calculated. This was done based on a 60°C
radiator temperature and an 80°C radiator temperature. The 60°C
radiator temperature will result in lower rotary transfoimer temper-

atures, but will be larger and heavier than an 80°C core.

The thermal conductivities of the materials used in the rotary

transformer, as well as some alternative ones, are as follows:

BTU/hr/£t2/OF/in
MN 60 Ferrite 43.5 *
Inconel 722 102 *
702 81
Bobbin, Melamine glass 2.4 *
Textolite 1.8
Winding 60 *
Epoxy Eccobond 45 2.5 *
Eccobond 285 10 *

* Used in Rotary Transformer

The temperatures of the primary and secondary cores and windings were::

Primary Secondary
60°C 80°C 60°C 80°C
Radiator Radiator Radiator Radiator
Core 95°C  115°C Core 96°C 116°C
(22 watts) (37 watts)
Winding 118°C 138°C Winding 110°C 130°C
(148 watts) (130 watts)
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The thermal calculations show thai the primary and secondary core
temperatures are both below the 125°C maximum with either 60°C

or 80°C radiators. The primary winding témperature is higher than
the secondary winding temperature. If an 80°C radiator is used
with the primary, its temperature, 138°C, will result in an esti-
mated winding 1ife of 5 years which is specified.

The sources of largest temperature gradients in the rotary trans-

former were as follows:

Primary: Bobbin, Ferrite Core

Secondary: Winding, Winding to Core Epoxy Bond

Consideration should be given to the thermal radiators since they
will contribute to the overall weight of the rotary power transfer
device. Table 3.4 gives the radiator size and weight based on two

different base temperaturass, 60°C and 80°C.
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Table 3.7,

Thermal Radfators

Primary (680 watts)
Secondary (668 watts)
TOTAL

Power Conditioning
Electronics (2000 watts)

Overall Total

60°C Base 80°C Base

Size (fgzs Weight (1bs) Size (f£7§' Weight (1bs)
(33 1%/ | (5.9 Tbs/kw)  [(26 ££Pr | (4.8 1bs.7yy)

22.4 4.0 17.7 3.3

22.3 3.9 17.4 3.2

44.7 7.9 (3.6 Kq) 35.1 6.5 (3.0 Kg)

66 11.8 (5.4 Kg) 52 9.6 (4.4 Ka)
101.7 19.7 (9.0 Kq) 87.1 16.1 (7.4 Ka)




3.3 DRIVE MECHANISM

A solar array drive mechanism developed by General Electric is appli-
cable for use as the drive on the Rotary Power Transfer Device. This
solar array drive is space qualified and has been flown successfully

on a number of spacecraft including Nimbus, ERTS and BSE. The major
parts of the solar array drive are the stepper motor, harmonic drive
speed reducer, spur gear set and wrap spring clutches. The drive con-
tains two completely redundant unidirectional drives interconnected

by two wrap spring clutches which permit either or both drives to be
energized with a resultant output torque of 20 ft. 1bs. and 40 ft. 1bs.,
respectively. Rotational speeds between one revolution per day to one

revolution every 90 minutes can be achieved.

The stepper motor is a brushless permanent magnet DC stepper motor having
a two phase winding and a 1.8° step angle. The stepper motor was
selected because of its reliability and simplicity of constructfon. It

contains no brushes or commutators or rubbing mechanical parts.

The harmonic drive produces a speed reduction of 100:1; it is simple,
having only three major parts: the circular spline, the flexspline and

the wave generator. The 100:1 ratio avoids excessively fine teeth and

is the upper limit recommended by the manufacturer. The materials used in

the harmonic drive are 321 and 17-4 PH CRES.

The spur gear set has a 6.05:1 gear ratio. It consists of a 19-tooth
pinion and a 115-tooth output gear having a 20 diametrical pitch, 20

degree pressure angle, and class 12 gears. The pinion material is
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nitrided steel and the output gear is hard anodized 7075 -T6 alumi-
num. The dissimilarity of the materials prevents cold welding should
there be a lubrication failure and a breakdown of the metallic coatings.

The assembly is dry lubricated. The only exception is a small quan-
tity of Krytox grease in the harmonic drive. The bearings, wrap spring
clutch and sput gear sets are all lubricated with bonded moly disulfide
films.

The drive characteristics are as follows:

Motor
1 revolution per day 1 vatt
1 revolution per 90 minutes 4 watts
Height 6.6 1bs.
Electronics
5 vdc and 28 vdc available
Power 1 watt
Weight 1 1b.
Autonomous power supply
Power 10 watts
Weight 10 1bs.
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4.0 RESULTS

The Rotary Power Transfer Device is a feasible technique for trans-
ferring power in the 100 KW to 200 KW régime across a rotating space-
craft interface. The rotary transformer does not necessitate materials or
techniques which are not currently available. The rotary transformer

was designed conservatively; a design optimization and a materials study
could result in weight and size reduction. A reduction in weight could

be achieved if, for example, titanium or aluminum could be used instead
of Inconel for the shaft and housing. Also, a more detailed thermal
analysis could show how the transformer could be made smaller with

no increase in core or winding temperatures.

A listing of the characteristics of the Rotary Power Transfer Device

is summarized, both at the component and system levels. This summari-
zation covers weight, size, losses and efficiency. In order to pro-
vide figures of merit that will permit analysis and comparison, a
tabulation of weight/power ratios is given for the power transfer

device from the component and assembly levels to the complete system.
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4.1 MWEIGHT

A weight breakdown was made for the Rotary Power Transfer Device

and the results are given below.

Rotary Transformer

The power transfer device consists of 4 - 25 KW transformer modules.
The weight of a single 25 KN module and of the fcur modules is as

follows:

25 K Rotary Transformer Module

Primary Secondary Total
(1bs) (1bs) (ibs)
Copper 1.1 1.8 2.9
Core 2.1 3.3 5.4
Epoxy, Shunt 1.0 1.3 2.3
Miscellaneous .5 .5 1.0
Total 4.7 6.9 11.6 (5.3 Kg)

100 KW Rotary Transformer, 4 - 25 KN Modules

Primary 18.8 1bs.
Secondary 27.6 1bs.
Total 46.4 1bs. (21.1 xg)
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Mechanical Parts
The weight of the mechanical parts which includes housing, shait, heat

pipes, etc., for this device is:

Housing 8.4 1bs.
Shaft 11.8 1bs.
Leads 2.0 1bs.
End Mounts 7.0 1bs.
Heat Pipes 8.6 1bs.
Bearings .7 1bs.
Hardware 2.0 1bs.
Misc. 3.0 1bs.
Total 43.5 1bs. (19.7 Kq)

Drive Mechanism

The weight of the drive mechanism and its associated control is:

Mechanism 6.6 1bs.
Control
5 & 28 volts 11
provided
Autonomous 10 1bs.
Total
5 & 28 vwlts 7.6 1bs (3.5 Kq)
provided

Radiators
The weight of radiators required for the rotary transformer losses is

60° C Base 7.9 1bs. (3.6 Kq)
80° C Base 6.5 1bs. (3.0 Kg)

The 80° C base radiators appear satisfactory from the aspect of trans-
former temperatures.
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Power Conditioning

The weight of power conditioning electronics is estimated as

being:

25 KW module 19 1bs. (8.6 Kg)
100 KW 76 1bs. (34.5 Kg)

The radiator weights for 100 KX are:
60°C Base 11.8 1bs. (5.4 Kg)
80° C Base 9.6 1bs. (4.4 Kg)
A 60° C base radiator was selected tor the power conditioning.

100 KW Rotary Power Transfer Device

Component Cumulative
(Lbs) Total -(Lbs.)
Rotary Transformer 46.4 (21.1 kg)
Housing, Shaft, Heat Pipes,etc. 43.5 (19.7 kg)
Rotary Transformer Assembly 89.9 (40.8 kg)
Radiators (80° C Base) 6.5 (3.0 kg) 96.4 (43.8 kq)
Drive 7.6 (3.4 kg) 104.0 (47.2 kg)
Power Conditioning Electronics 76.0 (34.5 kg)
Radiator (60° C Base) 11.8 ( 5.4 kg)
Rotary Power Transfer Device 191.8 (87.1 kg)
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4.2 SIZE

Diameter Length
(Inches) (Inches)
Rotary Transformer
25 KW Module 6.25 2.9
100 KW Assembly 7.43 14.3
Rotary Power Transfer Device 7.43 16.25
Overall Envelope 8.25" x 10.40" x 16.25" Long
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4.3 LOSSES, POWER and EFFICIENCY

Rotary Transformer

Losses, Watts

25 KW Transformer Module

Primary Secondary Total
Copper 148 130 278
Core 22 37 59
Total 170 167 337

100 KW Rotary Transformer, 4 - 25 KW Modules

Primary 680 watts
Secondary 668 watts
Total 1348 watts
Efficiency 98.6%
Mechanism
Power
5 volts and 28 volts provided 5 watts
Autonomous 15 watts

Power Conditioning

Losses
25 KW Module 500 watts
100 KW 2000 watts
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Power Conditioning - continued

Efficiency 98%

Overall System 100 KW

Rotary Transormer, Power Conditioning

and Drive Lo.s

Efficiency

4.4 WEIGKT,/POWER RATIOS 100 KW

Rotary Transformer
Rotary Transformer Assembly

Rotary Transformer Assembly
and Radiators

Rotary Transformer Assembly,
Radiators & Drive

Power Conditioning Electronics
Radiator

Rotary Power Transfer Device
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3353 watts
98.6%
KW
Lbs. (Kg) 8
46.4 (1.1 Kg) 2.2
89.9 (40.8 Kg) 1.1
96.4 (43.8 Kg) 1.04
104.0 (47.2 Kg) .96
76.0 (34.5 Kg) 1.32
1.8 ( 5.4 Kg)
191.8 (87.1 Kg) .52

KW
L

4.7
2.5
2.3

2.1
2.9

1.1

K

.21
.41

.47

.35

.87



5.0 CONCLUSIONS

The following conclusions can be made based on the Design Study, Task II.
1. The rotary transformer is a feasible power transfer device.
2. The concentric cylinder is easier to implement than the parallel

plate approach.

3. The parallel plate configuration is a via.le alternative to the

concentric cylinder.

4. The Rotary Power Transfer Device has an envelope of 8.25" x 10.40" x
16.25"; and a weight of 190.8 1bs (86.6 Kg) without radiators, and
209.1 1bs. (94.9 1bs.) with radiators.

5. The rotary transformer assembly, made up of 4-25 KW modules, is
6.43 " diameter, 14.3 " long; weighs 41.5 1bs. (18.8 Kg), without
heat pipes; and 50.1 1bs (22.7 Kg) with heat pipes.

6. The power conditioning electronics is based on a Schwarz resonant

circuit and weighs 76 1bs.

7. The overail cfficiency of the 100 KW Rotary Power Transfer Device
is 96.6%, the rotary transformer is 98.6%, and the power condition-
ing is 98.0%

8. Trade-off studies in the magnetic, electrical, mechanical and
thermal design could result in a significant size and weight re-

duction.

9. The use of ferrite imposes temperature limitations on the cores.
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10.

1.

12.

13.

Differential thermal expansion indicates the use of Inconel

for housing, shaft and heat pipes.

Poor thermal conductivities of Inconel and ferrite necessitate

the use of curved heat pipes to prevent hot spots.

Unfilled epoxies result in a better thermal and mechanical
design than filled epoxies because of better shear strength

and thinner bond-1ines.

The drive will be provided by a qualified solar array drive

mechanism.

11-53/54



APPENDIX

1I-55/56



Design Formulas

"Flux Density
E
B=grg x 10°

B = flux density, gauss
E; = square wave equivalent of input voltages, volts
f = frequency, Hz

N = number of turns in primary.

A = cross section area, cm2

t
j' 2 ecdt
Y

Winding Area

A

Aw winding area, coil only, 1n2 (Does not include area
required for bobbin, insulation, connections)

N = number of turns
a8 = area of insulated strand, 1n2
s = number of strands

FF = coil fil11 factor, approximately .6
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Resistance

Rdc =p “—R'l—T » primary or secondary

Rdc = dc resistance, ohms
N = nu~ber of turns, primary or secondary

MLT = mean length of turn, inches

A = cross-section area of turn, in2

p = electrical resistivity, at operating temperature, ohm in/'m2
R 2
ac  _ 2,D_ 17 .2 _D D
Re ~ "9 lswm Y - - )t -

Rac = ac resistance of winding
2
o= [ Hrw
8.23S

h = height of rectangular conductor, inches

f = frequency, hz

w = width of conductors in slot

s = total width of slot

q = aumber of conductors in height (radially)

For the rotary transformer, this equation can be simplified to

fac

Rdc

2

w|o

=]+q
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Inductances

Primary
d d
. -8 \2 1p, "2
L, = 1.257 x 107 " M1 [52+-2)
Secondary o
d d
. -8 \2 1s , T2 P
Ls 1.257 x 10 " N llTs [-5;-+ el - ]
where
Lp = primary inductance, henries
N = number of turns, primary
H.Tp = mean length of turn, primary, cm
dln = depth of primary slot occuplied by winding, cm

de = depth of primary sloth not occupied by winding, cm
w = width of sloth, cm

MLT_ = mean length of turn, secondary

d;, = depth of secondary slot occupied by winding, cm

dZS = depth of secondary slot not occupied by winding, cm

d_ = depth of shunt, cm

u = permeability of shunt

L =1.257 x 1078 &2 A
g~ " ’&g;

L_= air gap inductance, henries
A_ = area of gap, cm

t_ = length of gap, cm
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Inductances (continued)

Magnetizing
L

" E

S

L. = magnetizing inductance, henries
ks = saturation factor

. ampere turns for magnetic circuit
ampere turns for air gap
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TASK III
RECOMMENDATIONS AND TESTING REQUIREMENTS
1.0 INTRODUCTION
As part of Task Il1I, Recommendations and Testing Requirements, the following

subjects were covered:

1. Baseline Slip Ring

2. Testing

3. New Technology or Components
4

. Recommendations

The baseline slip ring involved the determination of the characteristics of a
conventional brush-type slip ring that the same requirements as the power transfer
device, and comparing it with the power transfer device. In testing, some of the
problems and possible solutions associated with the performance and life test aspects
are reviewed, and the faci™ [ty and instrumentation requirements are delineated. New
technologies or components cover developments necessary for the ratory transformer
and power conditioning electronics. Recommendations are given for future effort for

the power transfer device.
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2.0 BASE LINE SLIP RING

In order to obtain an idea of the comparative characteristics, Polyscientific
Corp.. Blackburg, VA. provided an estimate of a slip ring which would be applicable to
transferring 100 KN electrical power in 25 KW modules. Polyscientific has broad

experience in the design of power slip rings for spacecraft applications.

A summary of the Polyscientific slip ring design is as follows (see Appendix):

Power 100 KW
4-25 KW Modules
Voltage 400 VDC
Current 62.5 Amps Per Module
250 Amps, Total
Life 5 Years
Rings
Number 8, Total
4 Positive, 4 Negative
Material Coin Silver (9 Ag-10 Cu)
or Hard Silver Electrodeposit
Brushes
Number 8 Per Ring
Current Density 62.5 Anps/ip’, Normal
150 Amps/in~, Emergency
Material Silver, Molydisulfide and
Graphite
Contact Drop .090 Yolts
Drive Torque 8 in-1bs.
Power Loss 45 Watts
Size
Length 11 Inches
OQutside Diameter 5.5 Inches
Weight 13 Lbs (5 Kg)
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A comparison of the weight and losses of the slip ring with cumulative assembly
build-ups of the Rotary Power Transfer Device is shown in Table 1. As would be
expected, the rotary transfer device is heavier and has greater losses than a brush-
type slip ring. However, only compairson between should be done at the system level
and consider the overall effects on the spacecraft of the weight and power character-
istics. The study by General Dynamics of power managment for multi-100 KW applications
shows that the use of a rotary transformer results in net advantages at the spacecraft

level.
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P-I111

Rotary Transformer
Rotary Transformer Assembly

Rotary Transformer Assembly
& Radiators

Rotary Transformer Assembly
Radiators & Drive

Power Conditioning Electronics
Rotary Power Transfer Device

S1ip Ring

Table 1.
Comparison of 100 KW Rotary Power Transfer

Device & Slip Ring

Diameter Length Vosume

(Inches) (Inches) In
6.25 12.8 393
7.43 14.3 620

8.4" x 10.4" x 16.75" Envelopes
(Not Including Radiators)

11.0 5.5 261

Weight
(Lbs)

46.4
89.9
9.4

104.0

76‘0
191.8
13

Power Loss

(Watts)
1348

1353

2000
3353
45



3.0 TESTING

Testing of the Rotary Power Transfer Device presents a challenge because of
the uniquness of the device, the high power and high frequency involved. The
power transfer device basically consists of power.conditioning electronics to change
dc power to 20 KHz ac and a 100 KW rotary transformer; also, heat pipes are used to
remove the heat from the i tary transformer and a drive mechanism to provide rotation
capability for the transformer. In order to obtain fullest understanding of the
performance of the power transfer device, the characteristics of the power condition-
ing electronics and rotary transformer should be determined, first, individually, and
ther together. The test program is not showed as being particularly difficult; how-
ever, detailed planning will be required.

The tests on the rotary transformer should include the following:

Electrical Parameters
Resistance & Inductance

Loss Characteristics
Copper Loss & Core Loss

Load Test
Efficiency
Regulation
Temperature
Dielectric Test
Insulation Resistance
Dielectric Strength
Electromagnetic Interference

Torque

In addition, the rotary transformer tests should be tested with the power condition-

ing electronics to provide overall characteristics. These tests would cover:
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Loss Characteristics
Load Test

Electromegnetic Interference

A technique that could be considered for the load tests on the rotary trans-
former alone would be the “back-to-back" method. This consists of using two similar
transformers and loading one on the other and with the only power required being
that to supply the losses. The primaries of the transformers are connected parallel
to the supply; the secondaries are connected in series opposition. Load current is
circulated through the windings by introducing comparatively small, low-voltage
ac power from a second supply. This technique could be used since there are 4-25 KW
transformer modules in the power transfer device. The back-to-back method appears
very promising because it reduces the power required per test so that special high
power cest facilities are not necessary. However, a careful review and check-out
of this procedure is necessary to establish its validity in this application which

includes both a rotary transformer and power conditioning electronics.

Getting electrical power to the rotating primary winding during test can be
achieved several ways:
1. Allow the input leads to wind up and then reversing the direction
07 the motor drive to unwind them.

2. Use conventional slip rings.

The first approach appears more promising since it does not entail the procurement

of high power slip rings for vacuum operation.
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3.1 FACILITIES
The major facilities required for testing the Rotary Power Transfer Device
include the following:
Power
120 KW 440 Volts dc
Power Control Equipment
Circuit Breakers
Switches
Load Banks
Thermal Vacuum Chamber

Electromagnetic Incerference

Dielectric Test

The major facility requirement for testing the rotary power transfer device
is the power required: 100 KW, 440 volts dc. This is a high power, however, it is
available; for example, the General Electric High Power Laboratory in Philadelphia,
Pa., has a capacity of 7500 amps at 700 volts dc, which is in excess of the requirements
of the power transfer device. However, it would be appropriate to determine if the
back-to-back test method or other test techniques could be used so that this power

requirement could be alleviated and permitting more flexibility in testing.

3.2 INSTRUMENTATION

The instrumentation necessary to test the Rotary Power Transfer Device would

include:
DC Voltage 500 Volts
Current 65 & 250 Amps
Power 25 & 100 KW
AC Voltage 1000 Volts
Current 25 & 100 Amps
Power 25 & 100 KW
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EMI

Temperature

Torque

Impedance Bridge

Oscilloscopes

Recorders
3.3 LIFE TESTING

Life testing of the Rotary Power Transfer Device does not appear to present any

unique problems. The life test should be run in thermal vacuum with full load on
the rotary transformer under rotational conditions. The Rotary Power Transfer
Device would be fully instrumented to record input and output power characteristics
and temperatures. Controls would be provided to shut down if rotary transformer
temperatures become excessive or if the power parameters become anomolous. A life test
should be preceeded by tests which would simulate launch environments. Consideration
should be given to an accelerated life test. This is not difficult on mechanical
components which can be run a higher speeds to demonstrate 1ife capability. The life
of electrical components is temperature limited, however, a temperature over 125°C
on the rotary transformer cores will result in a degradation of performance while

at the excessive temperatures. A test technique would have to be evaluated for

performing valid accelerated life test on .ne rotary transformer.

Full load characteristics on the transformer can be achieved by using the
back-to-back method. An alternative method would be to run the transformer with
the secondary short-circuited producing full load current in both the primary and
secondary. However, since under short circuit with low input voltage, the core
loss and magnetizing current are low, the input current would have to be increased
somewhat so that copper losses would be equal to the normal full load copper losses

plus core losses.
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4.0 NEW TECHNOLOGIES OR COMPONENTS

No new technologies or components are required to fabricate and test the rotary
transformer. This can be done within the present state of the art. There are some
areas that might necessitate some further investigation. If further investigation is
not undertaken, the rotary transformer still could be built. The areas for further

study and the alternatives are as follows:

Component Area of Investigation Alternatives
Heat Pipes Fabrication of Curved Inconel (a) Additional circular
heat pipes. heat pipes.
(b) Flat heat pipes.
Windings Coil Connections. Increased transformer
length.
Magnetic Shunt Attainment of Permeability. (a) External trimming
inductance.
(b) Increased transformer
size.

The primary area of concern in the rotary transformer would be the magnetic
shunt. There is no fundamental concern that a magnetic shunt of the proper magnetic

characteristics can be attained; however, some development work would be required.

In the power conditioning area there could be some component development desirable.
The resonant converter requires low loss high voltage capacitors and a prototype would
be us2ful to determine loss characteristics, carona susceptibility and operational
life. Either large capacity FET power switches should bz developed; or, as an
alternative, circuit arrangements for large scale paralleling of current technology
devices should be investigated in order to take advantage of the reduced switching
losses that can be obtained by using such high speed devices. Other facets of power
conditioning design which should be addressed are carona and the thermal problems

resulting from the high power involved.
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5.0 RECOMMENDATIONS

This study has shown that the rotary transformer using a reronant converter is

a feasidle anproach for transferring power in the 100 KW regime across a rotating

spacecraft interface. It is recommended that a number of topics be pursued in more

detail; these are:

1.

(7N
.

Perform design study of parallel plate rotary transformer and compare
with concentric cylinder approach.

Investigate ferrite core meterials, epoxy adhesives, magnetic shunt and heat
pipes for rotary transformer.

Investigate low-loss high-voltage capacitors, FET power switches, circuit
paralleling, corona and thermal aspects of power conditioning electronics.

Fabricate and test a 10 KW rotary transformer and power conditioning
electronics.
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APPENDIX

Slip Ring Capsule Assembly For Transferring
_100 KW of Power in Space

Summary

A slip ring capsule assembly may be used tc reliably and effic-
iently transfer 100 KW of power in space. This can be accomplished by
‘using flight provea designs and materials.

Background

As part of NASA contract KAS3)~22266 on power management techmnology,
General Electric Space Systems asked that Poly-Sciemtific evaluate the
feasibility of producing a slip ring capsule assembly that would transfer
100KW of power for 5 years. The capsule would operate in space and turn
one to sixteen revolutions per day. To aseist in their analyses, GE
suggested that the capsule be designed in 25KW sectioms.

Design

For purposes cf this analysis a slip ring capsule with no bore has
been asgumed. A section was taken tc be a pair of rings (positive and
negative) and associated brushes. Poly-Scientific, following a GE
suggestion, has assumed that the operating voltage would be 400 VDC,
thus each 25KW section would be required to carry 62.5A. The 100 KW
capsule would have four positive rings at one end of the capsule and
four negative rings at the other. The overall capsule would be cylimdrical
in shape, approximately 11 inches (280 mm) long and 5.5 inches (140 mm)
in diameter. The average ring pitch would be about 1 1/8 inches (29
am) . Extra distance would be provided between high and low voltage
contacts.

Bach of the rings would have eight brushes that would operate at
62.5 uperealinz (.10 sz). The brushes could carry more than 150
auperea/inz (.23 HA/nz) under emergency conditions. P-S has tested (1)
this brush material for 2 years at 100 auptu.-esli.n2 (.16 HA/-Z). At the
62.5 ampere/ in? current density, the comtact drop would be approximately
C 090 volts (3). Thus, the total power lost in the 100KW capsule due
o positive and negative contact drop would be approximately 45 watts
(250A X 0,090V x 2), :

I1I1-11



ORIGINAL PAGE 1S
O;POORQUN'"Y

Based on a brush coefficient of fricticn of 0.2, the capsule torque
would be approximately 8 in-lbs (0.9 Nm) The torque of the besrings
would be negligible compared to the contact torque. Thus, each 25XW
gsection vill contribute about 2 in-lbs (.2 MNm).

The contact materials would be silver alloys. The ring material
could be e1t§§t coin silver (90 Ag -~ 10Cu) or a hard silver electro-
‘deposit. The brush material would be a composite of silver, molybdemum
disulfide and graphite. Silver alloy rings snd silver/molybdenuas-disul-
fide/g-aphite brushes have been used successfully on many space programs.

Mogt of the composite materials listed un the attached list of
space slip rings and Poly-twists are silver/molybdemm-disulfide/graphite
composites.

The weight of the 100KW slip ring capsule is estimated to be 13 lbs
(5 Kg).

One must be aware that 400VDC is above the minimum breakdown
voltage of the Paschen curve. This should present no problems unless
the slip ring assembly is to be operated at a local internal pressure
greater than 10~3 corr. 1f operation above 10”3 torr 1s required, the
voltage should be less than 200 VDC to prevent harmful electrical discharges.

In five years of operation at 16 revolutions per day the brush wear
will be very slight (less tham 0.0004 inches). This is based on a wear
rate of 2 X 10~ inches of brush wear per inch of ring travel (1). The
actual wear rate is expected to be much less then 2 X 1077 (Q.8., 10710
after tﬁe initial wear-in period.

The production of a 100KM slip ring assembly is well within the
capability of Poly-Scieutific (2).

ALeph~ R Cols

Sctephen R, Cole

)

Senior Engincer
8/°6/8¢
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(1) Lewis, K. E., S. R. Cole, E. W. Glossbrenner, and C. B. Vest.
"Priction, Wear and Noise of Slip Ring and Brush Conracts for
Synchronous Satellite Use". Proceedings of the European Space
Tribology Symposium, Frascati, Italy, April $-11, 1975.

(2) "Poiy-Scientific's Role in Space,” E. W. Glossbremner, Published
by P-S for industry use, 1970.

(3) Shobert, E.I., Carbon Brushes, The Physics and Chemistry of
Sliding Contacts, Chemical Publishing Company, Inc., Wew York,
1965.
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QUALITY
SPACE SLIP RINGS & POLY-TJTSTS
PRELIMINARY POLY-SCIENTIFIC DATA

P/N Application Customer Type Mat'l Use Hotes
FK1806,7 Nimbus Sad TRW Sep P Au/Au F
D1836 Tiros BBRC Cap Au/Au ¥
8Qi946 Rot Defioad Cap Comp F
ET2010  OSD BBRC Cap Au/Au F
EW2063 Apollo Aat Dalmo Victor Cap Comp ¥
FL2076 INT IV A BAC Sep Comp F
BN2098 Mars Probe (44 Cap Comp F
D2142 Nimbus S.A. Bendix Cap *.2mD T Qual, oo flight
DP2i65 Study NASa Cap Comp 1
ETZ1Sy Scoop BBRC Cap Avtf F
D2255 Skylab Bendix Co?D Aufaa T Gnd.En-., WASA
FEZ35s Viking TR% W Comp 3
BC:351  Vikirg Itek PT Tape 14
ET2244 Am Exp B3aC PT Tape ¥
ET2374  Atm Exp BBAC Cap Au/au ¥
¥L2391 0s0 HAC Cap Au/Au(comp) P
AS2431 Don Sat RCA Sep Comp 3
ET2445 CTS BBRC Cap Au/Au 3
FE2450 FLT SAT COM BBRC Sep P Au/Au  J
FK2470 Solar Array TRY Cap Coap T
D2594 oG Bendix Cap au/au ?
BT2604 Not Defined BBRC Cap Au/Au ?
2614 Bot Defined LMSD sW An/Au F
DQ2615 Solar Array LMSD Cap Comp 4
DP2516 C.M.G. BASA Cap * IBF
FLIO17 Boc Defined HAC Sep SR Comp ?
D26354 ELMS Bendix Cap Comp -
AS2646  TEL SAT RCA Cap Au/Au | 4
JP2650 _OTS BSD Sep Comp T
BR2655 BSE GE Cap < Comp TBr
JQ2662 M2:o/Jup/Sat Johns Hop. T Tape F
ET2687 GPS BRRC Cap Comp F 2
F2728 TAMS . Spexxy PT Tape p v\ g
F2729 TAMS Sperry PT Tape v 4
DP2736 Weather HASA T Tape 4
Satellite
AC2737 Kot Defined - Cap Comp  J
PQ2769 Sea Sat. 1MSD Cap Comp ?
BT2793 P78-2 BBRC Cap Au/Au 4
DW2794 Shuttle Martin Sep P Comp TBF
F27956 Bot Defined Sperry Sep Au/Au T
HG2799 Shuttle Spar . Cap Coiup TBF
KR2812 Shuttle ITT Sep Comp 18y
ET2816 SAGE BBRC PT Tape 4
KuU2832 INT V FACC Sep Comp F
DQ2835 Test LMSD Cap Comp T
¥K2857 TDRSS TRW Sep Au/Au P
LE2897 Not Defined Vought Corp. Cap Au/An TBF
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FL2907 : Hughes Sep Comp r
ANIR-C,D

Cv2929 Space Shuttle MDAC Cap Au/Au TP

AS2940 Not Defined RCA Csp Au/An .

FL2963 SAS; Hughes Sep Comp TBF
ANIK-C,D

JQ2972 GALILEO Johns Hop. PT Tape IBF

KU3005 INSAT 1 FACC Sep Conp. ™mF

FL3039 LEASAT Rughes Sep Comp. TAF

ET3040 P-80 Sat. Ball Bros. PT Tape ™F

A305) HOE Honeywall PT Tape TBF

AS3068 SATCOM RCA Cap As/Au r

ET3113 PAM Ball Bros. Cap Au/Au TP

- (Space Shuttle)

BD3115 ERBE Barnes T Tape P

FK3135 ERBE TRY PT Tape 18F

Sep-Separate An/Au-Gold alloy riags & brushes - P-Flown

P-Pancake Comp-Composite brush TBF-To e flown

PT-Poly-twist Tape~No contacts, tape conducts T-Test

SW-Switch *Composite on power ckt.

Cap—-Capsule Au/Au-inner signal ckt.

(7/30/80)

III-15



PART IV

CONCLUSIONS



PART 1V

CONCLUSIONS

Based on this Preliminary Design Development Study, the following

conclusions can be made:

l. A rotary transformer is a feasible device for transferring
100 KW power across a rotating spacecraft interface;
no basic difficulities are forseen in transferring
power up to 1 MW.

2. The concentric cylinder (axial air-gap) is the preferred

transformer configuration.

3. There is no obvious advantage for using either resonant
or non-resonant (square wave) circuitry for the power

conditioning electronics.

4. There is no advantage to for the power conditioning to
operate above 20 KHz; however, the rotary transformer

would be smaller at higher frequencies.

5. A rotary transformer will be larger and heavier than a
brush-type slip ring.

6. Power requirements for testing can be reduced by using
the back to back transformer test technique.

7. A model 10 KW, 20 KHz rotary transformer and power

conditioning electronics wuold demonstrate the rotary
power transfer concept.
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