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Abstract— Current pulse power alternator designs operate at high speeds 
and high current densities.  The field coil insulation systems for pulse 
power alternators must provide sufficient stand-off voltage while 
limiting the amount of thermal resistance for actively cooled designs, 
and also withstand the strain excursions experienced at full operating 
speed.  Repetitive cycling of the strain excursion overtime may induce 
cracks in the surrounding field coil matrix.  The primary insulation 
surrounding the field coil conductors must be able to stop crack 
propagation that may develop in the surrounding matrix material and 
provide voltage hold-off.  Thermally conductive thermoplastics are 
currently being investigated for the field coil matrix materials where 
decreased thermal resistance is necessary for actively cooled field coil 
designs. 

In order to evaluate conductor insulation and thermoplastic matrix filler 
quickly, small coupon motorettes were developed per previous designs.  
The motorettes simulate the hoop strain the conductors would 
experience due to rotor growth at high rotational speeds.  Once the 
motorettes had been mechanically loaded, the coupon was hi-potted to 
verify insulation integrity under strain.  This paper will discuss the 
design and testing of these motorettes to evaluate thermally conductive 
thermoplastics as filler material for the field coil matrix. 

I. INTRODUCTION 

 In previous designs for field coil insulation of pulse power alternators, the 
conductors were wrapped with a primary insulation system.  Then dry glass cloth was 
applied and potted by a vacuum-assisted resin transfer mechanism (VARTM).  The E-
glass matrix resulting from this process tends to have poor thermal conductivity, 0.2 to 
0.3 W/m/k.  For actively cooled rotor designs, the increased thermal resistance of the E-
glass hampers machine performance.  In addition, wrapping the conductor and 
performing VARTM is labor-intensive and time-consuming.   



 Thermally conductive thermoplastics are currently being investigated for 
encapsulating rotor field coil conductors of pulse power alternators.  The goal of 
achieving continuous duty performance with electrcially isolated cooling systems has 
dictated a need for thermally conductive, electrically insulative materials to fill the 
space between field coil conductors.  Ceramic-filled thermoplastics can achieve thermal 
conductivities three to five times greater than that of traditional epoxy glass resins.   
Thermal analysis has been performed that shows the benefits of increased thermal 
conductivities, and mockup motorettes have been encapsulated to verify compatibility 
of injection molding with field coil geometries and surrounding materials [1]. 

 In order to qualify thermoplastic fillers for the field coil matrix quickly, 
motorettes must be encapsulated and tested under strain and voltage potentials similar to 
those experienced by a field coil.  The loads and strains due to high rotational speeds 
translate into rotor growth and separation of conductors in the hoop direction.  The 
primary source of concern is the space in between the conductors.  On a previous 
compulsator design, motorettes were designed and tested to validate the insulation and 
epoxy potting compound used under mechanical loads [2].  The design for the 
motorettes to test transverse loads, or conditions in the hoop direction, from this 
previous work was used with thermally conductive thermoplastics replacing the epoxy 
potting compounds.   

II. INSULATION SYSTEM AND MOTORETTE DESIGN 

 The field coil conductors are initially wrapped with a primary insulation layer.  
This layer is designed to withstand two times the rated voltage plus 1 kV per NEMA 
standard for large primary windings [3].  The insulation must also withstand the high 
strains applied and resist crack formation that may develop in the field coil encapsulant.  
Although the higher strain capabilities and electrical performance of the thermoplastics 
could allow the removal of the primary insulation layer, which would greatly increase 
overall thermal performance, the prototype nature of these machines requires the 
primary insulation layer for safety.  Engineers assume there is no standoff capability 
provided by the surrounding field coil matrix. 

 Two primary insulation candidates were selected for consideration: Teflon® 
PTFE film and Kapton® CR.  The 0.051mm [2 mil] thick Teflon® film was used 
successfully during the previous round of testing with epoxy potted coupons.  The 
Teflon® film demonstrated great voltage hold-off capability and the high elongation 
(300%) of the material was superb for resisting crack propagation and handling strain; 
however, its thermal conductivity was poor ( rated at 0.25 W/m/k by the manufacturer).  
Kapton® CR is a  0.025mm [1 mil] thick film produced by DuPont and was chosen as an 
alternative to Teflon® for its better thermal properties.  Data provided by the 
manufacturer states that Kapton® CR has a thermal conductivity of 0.385 W/m/k, and 
has a better dielectric rating than Teflon®.  With three half-lap wraps used for each 
insulation material, the Kapton® CR film provides a much lower overall thermal 
resistance due to increased thermal conductivity and decreased thickness.  The main 
issue with the Kapton® CR film is the brittleness and ability to resist crack propagation.   



 Numerous thermally conductive thermoplastics were reviewed as candidates for 
the field coil matrix filler.  The material needed to be able to withstand the predicted 
strain excursions that the field coil layer would see at speed from rotor growth and have 
high thermal conductivity.  In general, ceramic and glass fillers are added to the thermal 
plastics to increase thermal conductivity, but as higher levels of ceramics and fillers are 
added the materials become stiffer and more brittle.  Flat field coil mock-ups had been 
encapsulated on a previous research effort successfully with a Nylon 6 based 
thermoplastic manufactured by LNP Plastics, PTF-2155 [1].  This resin formulation has 
a thermal conductivity of 0.5 W/m/k.  The second resin formulation selected was Nylon 
46 based resin manufactured by NLP Plastics, STN-TF-212-11, with a higher thermal 
conductivity of 1 W/m/k.  The last resin formulation selected was an intermediate blend 
of Nylon 6 based resins available from NLP plastics.  A PTF-212-11 resin formulation 
was blended by a 50% weight ratio with PTF-2155 resin formulation.  The thermal 
conductivity for this formulation is estimated to be 0.7 - 0.8 W/m/k. 

  The motorette coupon design was based on the transverse coupon design 
performed previously [2] with dimensions changed to reflect current field coil spacing 
and aspect ratios.  Figs. 1 and 2 show these coupons as bare motorettes and as a final 
encapsulated coupon.  These coupons are designed to be pulled in one direction to 
simulate hoop strains experienced during rotor growth.  Two deep slots are milled into 
the conductor to create a gauge section to concentrate the load and minimize edge 
effects.  These slots are filled with G-11 spacers to support the insulation wrap during 
the fill process.  Once the conductors have been mechanically loaded, dc voltage is 
applied by a hi-potter for one minute to verify insulation integrity under load. 

    
Fig. 1.  Pair of aluminum  

transverse conductor samples 



 
Fig. 2.  Encapsulated transverse  

coupon motorette 

 

III. FEA ANALYSIS 

 In contrast to potting the conductors with epoxy, the thermoplastic encapsulant 
will not adhere to the conductors or surrounding insulation.  The encapsulant surrounds 
and contains the conductors, holding them in place.  At speed, the conductors will start 
to move relative to the encapsulant, and gaps between the insulation and side walls will 
open up in the hoop direction, while compression will be maintained in the radial 
direction from surrounding high-strength graphite bandings.  This phenomenon presents 
a large departure from how the previously potted coupons where measured and 
analyzed during testing.  Since the conductors are unbonded, there is no hoop strain 
component on the encapsulant between the conductors.  Instead, gaps between the 
conductors will open up, and conductor separation must be measured during the test. 

 Using results from midplane structural analyses of the rotor at speed, a 3D 
structural finite element analysis (FEA) model was constructed to analyze the designed 
transverse coupon.  The goal of the model was to determine loads required to separate 
the conductors the predicted amount and determine a method to measure displacement 
during testing.  The conductor was modeled as unbonded to the surrounding insulation 
and encapsulant with loads applied to the pin to simulate pull force.  The solid model, 
split along the symmetric plane, of the transverse coupon was created in Solidworks® 
and analyzed using COSMOS® DesignSTAR.  A displacement plot is shown in Fig. 3. 



 
Fig. 3.  Displacement plot of structural 3D FEA model  

used to determine load requirements for testing  
encapsulated transverse coupon samples. 

 The FEA analysis predicted loads of 6.7 to 8.9 KN (1,500 to 2,000 lb), 
depending on the modulus of the encapsulant, to achieve the required conductor-to-
conductor displacement.  Two methods of measuring displacement were identified from 
the FEA analysis.  The first method was to measure the strain at the free edge of the 
encapsulant in the gauge area.  The primary issue with this technique was the 
requirement to hi-pot the sample once load was applied.  If an electrical breakdown 
were to occur to the strain gauge, major damage could occur to the auxiliary 
measurement equipment and surrounding personnel.  The second method was to 
measure the displacement at the pull pins of the conductor.  This second method gave 
testers a direct reading of conductor displacement and allowed the measurement devices 
to be electrically isolated from the coupon. 

IV. TEST FIXTURE SETUP AND RESULTS 

 A stand-alone pull test fixture was designed and built to test the encapsulated 
transverse coupon samples.  The pull fixture was designed to apply 15 KN of load to the 
test coupon and withstand a 30 kV potential at the testing region.  Fig. 4 shows the test 
stand fixture.  Two isolation breaks, (G-11 insulation plates sandwiched between steel 
pistons ) were located on either side of the test coupon in order to isolate the coupon 
electrically from the surrounding test fixture when load was applied.  An Omega 5K 
load cell was used to measure applied load, which was generated by tightening the bolt 
at the top of the assembly.  The conductor-to-conductor displacement was measure by 
two Bently Nevada probes located on either side of the test coupon by G-11 plates.  The 
G-11 plates are bolted down to the shoulder of the pull pins for a reference surface and 
allow the Bently probes to be located away and electrically isolated from the test 



coupon.  Two probes are used to give a dual displacement measurement during the test 
that is averaged to give a final measured displacement.  Two ball joints are also located 
on either side of the test coupon to account for any misalignment in the applied pull 
force. 

 The transverse coupon is positioned in the test setup, and load is slowly applied 
in steps until the correct conductor-to-conductor displacement is achieved.  During this 
process, load and displacement are measured and recorded.  Once conductor-to-
conductor displacement has been achieved, dc voltage is applied to the coupon for one 
minute.  If no electrical breakdown occurs, the sample is considered to pass and the load 
is then released for the next coupon to be tested.   

 Table 1 shows a summary of the test results.  Overall, the coupons potted with 
the Nylon6- based resin formulations performed as expected.  The loads applied were as 
predicted and all coupons passed the hi-pot requirement under load.   

 

Fig. 4.  Stand-alone test stand fixture designed to apply simultaneous  
pull force and electrical potential to transverse coupon sample 



TABLE 1.  RESULT SUMMARY OF TRANSVERSE COUPON TESTING 

 
Resin 

Formulation 

 
 

Insulation 

Applied
Force 
(KN) 

Displace-
ment 
(mm) 

 
Hi-Pot
(kV) 

Resis- 
tance 
(µΩ) 

Pass % 
(Failure 

Mechanism)

Kapton® CR 6.76 0.18 15.0 1,039 100% PTF 2155 

Teflon® 6.92 0.19 15.1 935 100% 

Kapton® CR 10.54 0.15 15.0 1,033 50%  * STN-TF-212-11 

Teflon® 8.93 0.18 15.0 868 88%  * 

Kapton® CR 7.74 0.18 15.0 989 100% PTF 212-11/2155 blend 

Teflon® 7.32 0.18 15.3 1,023 100% 

* mechanical 
 

 The coupons encapsulated with the Nylon46-based resin STN-TF-212-11 did 
not perform as well.  Over half of the coupons encapsulated with this resin formulation 
developed cracks at knit lines (where the resin flows merge in the mold) upon cool 
down.  Of the coupons that where tested, up to 25% higher loads were required to 
achieve the required conductor displacement.  The samples wrapped with Kapton® CR 
film also experienced higher stiffness than the samples wrapped with Teflon® PTFE 
film.  Half of the samples wrapped with the Kapton® CR film failed mechanically.  All 
of the samples that did reach the required conductor displacement passed electrically. 

V. CONCLUSION 

 The test results show that the electrical insulation of the wrapped and 
encapsulated coupons performs as designed.  No degradation to the primary insulation 
layers occurred during encapsulation of the coupons, and the layers withstood the 
applied mechanical loads.   

 The issue now becomes the mechanical performance of the encapsulated layers.  
As more ceramic filler is added to the thermoplastic to increase thermal conductivity, 
the flexibility and elongation of the resin formulation is decreased.  During earlier 
encapsulation tests with flat mock-up field coils, thermally conductive Nylon46-based 
resin formulation was attempted with poor results.  During this testing with the 
transverse coupons, the STN-TF-212-11 resin formulation, (also Nylon 46 based, but 
with lower filler content) also demonstrated poor mechanical results.  The Nylon6-
based blended resin increased the filler content of the proven PTF 2155 resin while 
maintaining good mechanical and electrical performance. 

 More work and research is required to determine the optimal resin content and 
maximum thermal conductivity that can be reached for field coil applications.  
Maximizing the resin content without sacrificing mechanical performance will greatly 
improve the thermal performance for future pulse power alternator designs.  The testing 
and methods presented in this paper are a quick and effective way to verify mechanical 
and insulation performance for other resin formulations.  
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