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Abstract – This paper considers the design options to achieve 

the reliability of random-wound motors fed by silicon carbide 

inverters and used for the More Electrical Aircraft (MEA). 

Considering the inception of Partial Discharges as the most severe 

degradation process, the Partial Discharge Inception Voltage 

(PDIV) of non-impregnated and impregnated twisted pairs was 

measured feeding the twisted pairs with a silicone carbide inverter 

in a partial vacuum. The results show that the margins to ensure 

that partial discharges are not incepted during operation are tight 

and that switching to multilevel inverters and hairpin geometries 

might be necessary if the DC bus voltages will be raised above the 

current levels (±270 V). 

Keywords— More Electrical Aircraft, MEA, Actuators, 

Insulation, Partial Discharges, Wide bandgap inverters.  

I.  INTRODUCTION 

Aviation industry is moving forwards towards the complete 
electrification of auxiliary services aboard jetliners. This 
technological shift ensures energy savings by using bleedless 
turbines. Besides, electrical systems are more easily 
reconfigured, maintained, controlled, and monitored than 
pneumatic circuits (bleed system are particularly expensive to 
maintain and might introduce lubricant decomposition products 
in the cabin).  

To reduce the weight of the electrical circuitry, industry is 
trying to increase the operating voltage levels (currently, ±270 
V seems the highest level, but projects to go beyond this level 
are under consideration [1]). At the same time, the use of wide 
band-gap converters (based on SiC electronic switches) is under 
evaluation, as these devices could help reducing power losses 
and/or the weight of actuators [2] [3].  

Most actuators are based on random wound technology and 
concerns exist that using larger voltages at low pressures could 
cause partial discharge activity, particularly if the impulse 
voltages generated by the inverters are reflected at the actuator 
termination causing large overshoots [4]. This could lead to a 
fast degradation of the insulation and breakdown [5]. 

The actuators used in the More Electrical Aircraft (MEA) are 
insulated using the conventional technology available for low 
voltage industrial motors. Enameled winding wires, 
impregnating resins, liners, wedges, phase insulation, and 
sleeving are all off the shelf products. Therefore, the concepts 
expressed in [6] for industrial drives can be applied also to MEA 
actuators. The most relevant concept in [6] is that the inception 
of partial discharges can be treated as a failure. Therefore, it is 
of greater importance to determine how (a) reduced pressures, 

and (b) wide bandgap electronics can affect the Partial Discharge 
Inception Voltage (PDIV) 

Within the H2020 Clean Sky European project RAISE, we 
have investigated the feasibility of increasing the DC bus voltage 
coupled with the use of SiC inverters considering cruising 
altitudes of 15000 meters (minimum pressures from 150 mbar to 
200 mbar as shown in [7]). For this purpose, tests were carried 
out on twisted pairs at different pressures and with both 
sinusoidal and impulse voltages (7 ns rise time). The paper will 
discuss the conclusions of the project and suggestions to achieve 
increased dc bus level while maintaining reliability 

 

Figure 1 - joint probability density of atmospheric pressure and temperature 
encountered by commercial jetliners in 2015 [7] 

 

Figure 2 – Test cell used for to ensure proper PDIV detection at low pressures 

and under SiC voltage sources (=236 mm, height 314 mm) 
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II. TEST SETUP 

Tests were carried out in a vacuum cell (see Figure 2) on 

twisted pairs realized using commercial winding wires (=0.63 
mm, GR=2, THEIC-modified polyester-imide basecoat, 
polyamide-imide overcoat.)  

The test setup consists of a sealed inox steel tank. The tank 
is connected with the outside through: (a) 20 kV bushings, (b) 
fused silica windows, (c) BNC passthroughs, and (d) high 
current bushings (to heat the sample if desired). 

To detect PD, three different systems were used: 

• Conventional PD detection system. A Techimp 
PDBaseII detection system was used together with a 
Radio Frequency Current Transformer to detect the 
signals. A 1 nF coupling capacitor was used in parallel 
with the object under test. The conventional PD 
detection system was used only with Ac sinusoidal 
waveforms. 

• Optical system. The twisted pairs were placed in a 
position where a direct line of sight exists between the 
twisted pair and optical detection system. The optical 
detection system consists of a photon counting head 
(PCH) Hamamatsu H11870-09, and a Hamamatsu 
C8855-1 photon counting unit (PCU). The PCH 
provides is sensitive to UV, with a sensitivity peak at 
250 nm. The PCU output is a TTL signal released 
whenever a photon in the UV range reaches the 
photocathode. Thus, it is well suited to work in an 
environment characterized by high electromagnetic 
noise. The PCU provides an indication of the number of 
photons per unit time, where the reference time can be 
adjusted (1 second for the tests reported in the 
following). The system provides a background level 
(dark count) of photons which is much lower than that 
observed in the presence of PD activity. During the tests, 
when the photon count exceeds the dark count by a 
factor of two, PDIV is recorded. 

• UHF system. The UHF signal was detected using an 
SMA-mounted passthrough [8]. The output of the 
sensors was sent to a spectrum analyzer Tektronix 

RSA306B (9 kHz → 6.2 GHz). The presence of PDs 

was inferred through a significant change in the 
spectrum of the signal when compared with the 
spectrum of the background signal (generally above 250 
MHz).  

Tests were carried out to compare the sensitivity of the three 
different systems. For AC sinusoidal waveforms, the three 
systems offer comparable sensitivities at all pressures. A 
difference however can be observed. The photon count rate is 
much larger at reduced pressures due to the reduced absorbance 
of the air, meaning that its sensitivity becomes larger at low 
pressures. On the contrary, the UHF sensor signal becomes 
lower at lower pressures. This is associated with the fact that PD 
pulses tend to loose frequency content as pressure decreases, an 
evidence observed already in [9, 10] and explained as a gradual 
transition from streamers to Townsend partial discharges. 

These differences become more important when using 
inverters with elevated dV/dt. In this case, the sensitivity of the 
UHF system is inadequate to detect any PD below 200 mbar. 
One further advantage of the optical sensor is that its sensitivity 
increases with the repetition rate of the partial discharges as the 
count rate becomes larger. Therefore, the larger the switching 
frequency of the inverter, the larger the detection sensitivity. 

III. RESULTS AND DISCUSSION 

Dependence of PDIV on pressure 

The dependence of PDIV on pressure was tested using 50 Hz 
and 10 kHz sinusoidal waveforms (used as a reference), and 10 
kHz bipolar voltage impulses. The voltage impulses had a rise 
time of 7 ns and an overshoot factor (ratio between peak voltage 
and DC bus voltage) equal to 1.67. The results of the tests are 
summarized in Figure 3.  In all cases, the optical detection 
system was used to measure the PDIV. 

 

Figure 3 – Dependence of PDIV on applied pressure for two different voltage 
waveforms. 

 

Figure 4 Comparison of PDIV values estimated by the model fitting the 
experimental data in Figure 3 with estimates obtained from the streamer 
inception criterion  

A few points can be inferred from Figure 3: 
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• At 150 mbar, the PDIV under sinusoidal voltages  
is 482 V, 59% of its value at 1000 mbar. 

• A quadratic model in logp (being p the pressure) 
describes in a reasonable way the experimental 
results in a wide range of pressures (from 50 mbar 
to 1000 mbar). Figure 4 reports the PDIV values 
estimated using the quadratic model in logp  and 
those obtained using a software based on the 
application of the streamer inception criterion [11]. 
Starting from about 100 mbar, the results start to 
diverge. This can be ascribed to the transition from 
streamers at high pressures to Townsend at lower 
pressures not modeled in the software. 

• With sinusoidal voltage waveforms, increasing the 
frequency from 50 Hz to 10 kHz has no impact on 
the PDIV. 

• Comparing the PDIV obtained using sinusoidal 
waveforms with those achieved using inverter 
voltage waveforms, it can be observed that the 
PDIV achieved by the inverter is always above 
(below) that achieved by sinusoidal waveforms if 
the peak voltage (DC bus voltage) is used to 
summarize the voltage impulse. This behavior can 
be explained considering the shape of the voltage 
(large overshoot) and the statistical time lag 
between the time the PDIV is reached and the time 
the PD is incepted. Using impulse voltages with 
lower slew rate but no overshoot (with the peak 
voltage equal to the DC bus voltage), the PDIV 
achieved by sinusoidal waveform and inverter 
impulses were the same. 

• The Paschen law is not fit to describe the PD 
inception mechanism (see Figure 5).  

 

Figure 5 Comparison of PDIV values estimated by the model fitting the 
experimental data in Figure 3 with estimates obtained using the Paschen law for 
different values of the distance between the electrodes is assumed as a fitting 
parameter) 

IV. PERSPECTIVE FOR APPLICATION OF WIRE-WOUND 

STATORS TO THE MEA 

In the following, reference will be made to the standard IEC 
60034-18-41 [6] to understand whether the insulation of a 
random wound motor is adequate to be used in a drive 

employing a SiC inverter and operating at the crusing altitudes 
of a commercial aircraft.  

From Figure 3, the PDIV of the twisted pairs at 150 mbar is 
482 V. This value can be taken as the worst case for the PDIV, 
assuming that the build-up of the impregnating resin is 
insufficient in some points of the winding. As a matter of fact, 
the impregnation resin improves the PDIV by filling the spaces 
in the insulation. However, when dealing with the end-winding, 
the resin can drip off the wires when the stator is moved from 
the impregnation tank to the oven. Figure 6 shows PDIV results 
obtained on Vacuum Pressure-impregnated and non-
impregnated twisted pairs, at room temperature and at 140°C. A 
low viscosity polyester impregnating resin was used. The results 
indicate that: 

a. The resin improves the PDIV at room temperature. 
However, the sparsity of the results suggests that, in a 
complete stator, weak points with poor PDIV (close to 
that of non-impregnated twisted pairs) might exist. 

b. At higher temperatures, the improvement offered by the 
resin seems limited. 

 

Figure 6 PDIV of impregnated and non-impregnated twisted pairs at room 
temperature (RT) and 140°C. 

If the PDIV measured on twisted pairs is used as a reference, 
to evaluate whether the insulation is suitable for the intended 
application, the PDIV should be larger than the jump voltage 
applied during operation multiplied by enhancement factors to 
take into account the effect of aging and fact that the PD 
extinction occurs at voltages lower than the PDIV. These two 
factors are equal to 1.1 and 1.25, respectively. A further factor 
equal to 1.2 will be used to model the effect of increasing 
temperatures. So, in total EF=1.1×1.25×1.2=1.51 [6]. 

Without knowing the cable characteristic impedance and 
motor surge impedance, it is possible to estimate the turn/turn 
stress in a MEA drive using [6]. MEA drives have typically a 
split ±270 V DC bus. For a two-level inverter, the peak value of 
the jump voltage can be estimated as:  

0.7
j dc

U U OF=    (1) 

In practice, since one phase voltage shifts e.g. from -270 V to 
+270 V, the jump voltage will be 378×OF. To evaluate whether 
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the system could be used, this value should be multiplied by 
EF=1.51, leading to 578×OF.In practice, if the first and last turn 
of the first coil in the winding are in contact, it is impossible for 
the insulation system to operate in the absence of partial 
discharges for long enough to ensure the reliability. 

To ensure a proper operation, it seems that the only possible 
way is to use multilevel inverters. As an example, Table I shows 
the jump voltage levels calculated using [6]. The same level 
shows the product of the jump voltage time the product of the 
enhancement factors (1.51). Considering the short rise time of 
SiC inverters (e.g. 15 ns), full reflection can happen with short 
cables. Using the approximate relationship to calculate the 
minimum cable length able to provide a full reflection (lcritical),  

( )/ 2 7.5 0.16 1.2 m
critical rise

l t v  =  =  (2) 

where v is the propagation velocity of electromagnetic waves in 
the cable, taken as 0.16 m/ns. As can be seen, using three level 
inverters ensures that the system operates reliably if and only if 
the overshoot factor does not exceed 1.5. Above this level, there 
is a concrete risk that the insulation system becomes site of PD 
activity during operation.  

For a three-level inverter there is no risk of partial discharge 
inception except for a complete reflection (OF=2). However, 
one should consider the more complex topology of the inverter 
which leads to lower reliability, and larger losses during 
operation. 

Table 1: Jump voltage for a ±270 V DC bus inverter as a function of inverter 
levels and for different overshoot factors 

Inverter  

Levels 
2   3   

Overshoot  

Factor 
1.1 1.5 2 1.1 1.5 2 

Uj (V) 416 567 756 208 284 378 

Uj × EF (V) 628 856 1142 314 428 571 

 

V. CONCLUSIONS 

The applicability of the random wound winding technology 
to aircraft actuator has been investigated in this paper. Coupling 
this technology with SiC inverters might prove challenging, 
since full reflection of the inverter impulse voltage can occur 
with very short cable lengths (< 2m). Impregnation can help to 
improve the performance of the insulation. However, its 
contribution to PDIV is somewhat erratic when considering the 
end-winding. Besides, resin performance at operating 
temperatures does not seem to be fully satisfactory. To achieve 
a reliable actuator, able to operate at low pressures typical of 
aircraft, enabling technologies could be multilevel inverters 
and/or hairpin stator technology. 
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