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RATIONALE 

The growing trends of reducing carbon dioxide emissions has led to development of high power and high energy system 
for electrification in aerospace applications where high voltages are required. Electrical insulation is a key element for safe 
and reliable operation of a high voltage system. This SAE Aerospace Information Report (AIR) is intended to provide 
comprehensive reference and background information pertaining to aging factors and aging mechanisms of electrical 
insulation materials used in a high energy system for powering an aircraft. 

INTRODUCTION 

Electrification plays a significant role to reduce greenhouse gas emissions, lower acoustic noise, and deliver fuel burn 
benefits on future aircrafts. In fact, around 215 types of electric-powered aircraft are currently being developed worldwide, 
and industry observers say electric airplanes will be commonplace before the end of the next decade. From the more electric 
aircrafts (MEA) to near zero-emission electrified aircrafts using an electrical propulsion system, the power demand is 
anticipated to increase from tens of kWs to tens of MWs and more. Electrical insulation systems (EIS) for high voltage (HV) 
and high-power electric components are required to deliver MWs of power while meeting the weight, space, and volume 
constraints. Several categories of high voltage levels above the present 0 to 270 VDC, to include ±270 VDC up to 1 kVDC 
and higher, are discussed in future aircraft designs. For example, AIR7502 has defined the HV categories for aircraft 
applications as shown in Table 1. 

Table 1 - Voltage level range definitions 

Voltage 
Level 

AC Nominal, 
V-RMS (LN) 

DC Nominal, 
VDC 

VL-1 Up to 42.4 VAC Up to 60 VDC 

VL-2 42.4 to 213 VAC 60 to 300 VDC 

VL-3 213 to 425 VAC 300 to 600 VDC 

VL-4 425 to 707 VAC 600 VDC to 1.0 kVDC 

VL-5 707 VAC to 3.6 kVAC 1.0 to 5.1 kVDC 

VL-6 Above 3.6 kVAC Above 5.1 kVDC 

where: 

LN = Line-to-Neutral 

LL = Line-to-Line 
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For multi-phase systems: 

• 3-phase system, LL = sqrt(3)*LN 

• Multiple channel 3-phase system, adjacent channels might see 2*LN since being 180 degrees out of phase is a 
possibility. 

• 6-phase system, LL = 2*LN 

The aging process of EIS in a low voltage (LV) power system (270 VDC or 235 VAC and below) are mainly driven by thermal 
and mechanical stresses. The apparent electrical failures in LV system are the result of EIS aging under thermal and 
mechanical loads, sometimes exacerbated by the environmental factors such as ultraviolet radiation and fluids. Many 
standards have been established for EIS evaluation and qualification in LV power system in aircraft under thermal and 
mechanical stresses. 

There are several publications that discuss the subject of high voltage design for airborne equipment [HI1, HI2, ESC, KUF], 
however, the degradation mechanisms of electrical insulation materials (EIM) and life prediction in HV components and 
equipment used in aircraft in general are not well understood. Key factors are the lower air density that may lead to partial 
discharge (PD) according to Paschen’s law, the impact of UV, gamma rays and cosmic radiation at different altitudes that 
may accelerate PD activity is less known. In addition, lower heat conduction is expected at high altitude due to the lower air 
density. The lower ambient temperature at higher altitudes coupled with lower heat conduction could result in a higher 
temperature gradient across the electrical insulation. In addition, resulting higher temperature at the conductors caused by 
Joule heating leads to a conductivity gradient across the insulation under DC stress, which may cause space charge 
accumulation and distortion of the electric field at the interface or in the bulk [CHO, FI1, KWU]. The impact of the space 
charge formation on field distortion in HV DC system in aircraft is not yet clear. In addition, very limited service experience 
is available for understanding the deleterious impact of partial discharges (PD) at different altitudes and its interactions with 
other stress factors such as thermal, mechanical, and environmental on the EIS life in aircraft.  

There is a wide range of HV applications of EIS at sea level in industry, and many industrial standards (for example, IEC 
60505) have been published for EIS evaluation and qualifications for HV components and equipment. Although these 
industrial standards may not be directly applicable to aerospace applications, these standards may serve as foundations 
for us to understand the HV impact on EIS in general. 

To meet future aircraft needs, it is imperative to understand the degradation mechanisms and aging processes of HV EIS 
at flight altitudes in order to design a reliable high voltage power system that is compatible with the airplane's thermal and 
mechanical environment to meet the stringent fault-free operation requirement.  

1. SCOPE 

The objective of this report is to serve as an introductory (educational) document to cover the potential failure mechanisms 
related to EIS in high voltage electrical component or HV electrical equipment in aircraft power systems. It has the following 
contents: (1) an overview of the current understandings of potential failure mechanisms related to EIS for high voltage and 
high-power application in aircraft; (2) main aging stressors and aging processes of EIS in electrical components used in the 
aircraft power systems and their common failure modes, and (3) the key indicators to assess the status of electrical insulation 
degradation and related testing needs. 

This document aims to assist HV power system designers in understanding the key considerations for EIS design and 
testing of HV components in aircraft, as well as the requirements for predicting their designed service life. Detailed testing 
guideline including testing methods will be provided in ARP7375, and life modeling in ARP7380. 
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2.3 List of Nomenclatures 

AC alternating current 

CT current transformer 

DC direct current 

DF dissipation factor 

DWV dielectric withstand voltage 

EIM electrical insulation materials 

EIS electrical insulation system 

ETFE ethylene tetrafluoroethylene 

EWIS electrical wiring and interconnection systems 

FEP fluorinated ethylene propylene 

FR4 flame retardant epoxy fiberglass laminate 

ft foot 

GaN gallium nitride 

GΩ giga ohms 

HV high voltage 

IEC International Electrotechnical Commission 

IGBT insulated-gate bipolar transistor 

IR insulation resistance 

Kft 1000 feet 

kV kilovolts 

kΩ kilo ohms 

LV low voltage 

MΩ mega ohms 
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PBT polybutylene terephthalate 

PD partial discharge 

PDEV partial discharge extinction voltage 

PDIV partial discharge inception voltage 

PEA pulsed electro acoustic 

PEEK polyether ether ketone 

PFA perfluoroalkoxy alkanes 

PI polyimide 

PMG permanent magnet generator 

PPS polyphenylene sulfide 

PTFE polytetrafluoroethylene 

PWM pulse width modulation  

RF radio frequency 

RPDEV repetitive PDEV 

RPDIV repetitive PDIV  

s second 

SiC silicon carbide 

TEAM thermal, electrical, ambient, and mechanical 

TFE tetrafluoroethylene 

TMS thermal step method 

TPE thermoplastic elastomers 

VS-PWM voltage source pulse width modulated 

XLPE crosslinked polyethylene 

Z impedance 
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