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EXECUTIVE SUMMARY

Electric power is equal to the product of voltage and current. For a given power, if a higher
voltage and lower current are used, the size of the cable and the inverter switching components
needed to carry the current can be reduced. The use of higher voltage also requires better and
thicker electrical insulation that reduces the available slot area for motor windings. One
mechanism of insulation breakdown is caused by corona that gradually erodes the insulation and
shortens the life expectancy of motors.

For motors in electric vehicles (EVs) and hybrid electric vehicles (HEVs), the back-
electromotive force (emf) at high speeds can be higher than the inverter output voltage, causing
corona. High voltage spikes due to inverter switching can also be a source of corona.

To determine how high the voltage can be raised for EV and HEV applications, this
investigation tests the voltage where corona initiates in a National Electrical Manufacturers
Association mush-wound stator and an HEV bobbin-wound stator. Table 1 summarizes test
results at 60 Hz. The phase-to-phase corona initiates at only 1638 Vrms for a mush-wound
stator. The phase-to-ground (or frame) corona initiates higher at 2650 Vrms. The bobbin-wound
stator shows slightly better performance than the mush-wound stator with a higher corona
initiating voltage of 3176 Vrms.

Table 1. Summary of test results of corona

Winding type Corona initiating voltage (Vrms)
Mush-wound stator Phase-to-frame 2650
Phase-to-phase 1638
Bobbin-wound stator | Phase-to-frame 3176
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INTRODUCTION

It has been suggested that to meet the FreedomCAR objectives for cost, size, weight,
efficiency, and reliability higher buss voltages be utilized in HEV and FC automotive
applications. The reasoning is that since electric power is equal to the product of voltage and
current for a given power a higher voltage and lower current would result in smaller cable and
inverter switching components. Consequently, the system can be lighter and smaller. On the
other hand, higher voltages are known to require better and thicker electrical insulation that
reduce the available slot area for motor windings. One cause of slow insulation breakdown is
corona that gradually erodes the insulation and shortens the life expectancy of the motor. This
study reports on the results of a study on corona initiating voltages for mush-wound and bobbin-
wound stators. A unique testing method is illustrated.

1. TEST SETUP

Figure 1 shows the corona test setup. A neon transformer with 120-15000 V per side with
the center tapped to ground was used to produce high voltages. Smooth sinusoidal utility power
is supplied to the primary winding of the neon transformer through a 120-V isolation
transformer. An inductor coil wound on a ferrite core was used to sense the corona discharging
current. The two terminals of the inductor coil are connected to ground and to the center tap of
the high-voltage winding of the neon transformer. The oscilloscope input probes were connected
across the inductor to pick up the corona discharging current signals. A current limiter was
connected in series with the high-voltage output to protect the high-voltage winding from over-
current from the neon transformer.

Silicone gel, silicone oil, or high-voltage putty were used to cover all exposed conductors at
the non-grounded high-voltage side to prevent corona produced by the instrumentation setup.
After the power to the setup was switched off, an insulated grounding pole was used to discharge
any energy stored in the setup before its reconnection. High-voltage gloves and insulation pads
were used for protection during the tests.



Current
limiter

FAANEZAN

ili Scope
Silicone gel | Insulation |
covers all
exposed
conductors at

K

non-grounded
high voltage
side

Center tab of high-
voltage winding

1:125, 15000V transformer

. _f'v'\_
[ ]
»—Q/)—< Insulation pad
120V
120 VAC isolation
variac transformer

0-120 Insulated
VAC grounding 2

pole =

True grounding

Switch off power, use grounding pole
before touching any connections.

Seal off test area. High voltage gloves
and insulation pads required.

Fig. 1. Corona test setup.

Figure 2 shows the current limiter and its connection to the high-voltage transformer. The
limiter was made of twenty 0.22-uF, 600-Vdc capacitors. Each capacitor was paralleled with a
1.24-MQ, 1-W resistor. Before corona occurs no discharging current exists in the circuit. The
corona initiating voltage is not affected by the capacitors. Use of the capacitors for current
limiting does not dampen the corona oscillations thus making corona detection more sensitive.
The current limiter was submerged in silicone oil.
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Fig. 2. Current limiter and high-voltage transformer.

In order to verify that the test setup did not produce a false corona signal before the high-
voltage lead was connected to the motor, the high-voltage lead end was covered with a high-
voltage putty. A clean trace, shown in Fig. 3, was observed while the high voltage was adjusted

through the range of 0 to 9000 Vrms.
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Fig. 3. Clean trace without corona from 0 to 9000 Vrms
with silicone-sealed lead end.

Figure 4 shows the corona occurring in the test setup as the high voltage reached 9162 Vrms
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Fig. 4. Corona initiating in test setup at 9162 Vrms with silicone-sealed lead end.
2. DISCHARGE TEST

Figure 5(a) illustrates a 0.287-in. gap between the electrodes used in the discharge test.
Corona discharges are seen in Fig. 5(b) taken with the use of a camera flash and in Fig. 5(c)
without a camera flash. It was observed corona began when the high voltage reached
10076 Vrms. The test room temperature was 22.7°C and the humidity was 38.6%. Significant
corona traces are shown in Fig. 6.

(b) (©)

Fig. 5. Testing produces discharge through 0.287-in. gap at 10076 Vrms
(temperature of 22.7°C, humidity at 38.6%0).
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Fig. 6. Corona discharging through 0.287-in. gap at 10076 Vrms.
3. CORONA VOLTAGE TESTS ON MUSH-WOUND STATOR

Figure 7 shows the electrical connections made for the mush-wound stator corona test. The
motor being tested is a 5-hp, 460-V, 3-phase, class-F insulation, 1.15 service-factor, 184-T
frame, National Electrical Manufacturers Association design-A motor labeled “EPAct high
efficient motor.” This motor represents a typical 480-V commercial motor. If the motor is fed
by a sinusoidal pulse-width-modulated (PWM) inverter, the 480-Vrms value corresponds to a

480 - 2 = 679 dc bus voltage. The high-voltage transformer, seen on the right side of the
picture, has terminals sealed with silicone gel. The high-voltage transformer lead is connected to
the capacitor current limiter submerged in silicone oil. The other end of the capacitor current
limiter is connected to the motor lead and sealed with high-voltage putty. The inductor used to
sense the corona oscillation current signal is shown on top of the motor.



Fig. 7. Connection for mush-wound stator corona test.

Figure 8 shows the electrical connections for the phase-to-phase and phase-to-ground corona
tests. Phase leads were connected to ground to create a potential difference between the targeted
phase and the other phases. The leads of the targeted phase are sealed with silicone gel to prevent
any corona produced by the bare copper.

Fig. 8. Phase leads connected to ground for a combined phase-to-phase and phase-to-ground test.

Figure 9 shows that corona initiates at 1638 Vrms for the phase-to-phase windings and
phase-to-ground tests on a 460-Vrms mush-wound stator.
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Fig. 9. Corona initiating at 1638 VVrms for phase-to-phase and phase-to-ground test.

Figure 10 shows that for the phase-to-ground corona test, the other phase leads are not
connected to ground. The potentials of the other phases are floating since there is no connection
to any source. The leads of the targeted phase are sealed with high-voltage putty to prevent any
corona from being produced by the bare copper.
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Fig. 10. Two (2) phase leads floating for a phase-to-ground test of a mush-wound stator.



Figure 11 shows that corona begins at 2650 Vrms for the phase-to-ground test on a 460-Vrms
mush-wound stator.
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Fig. 11. Corona initiating at 2650 Vrms for phase-to-ground test of a mush-wound stator.
4. CORONA VOLTAGE TEST ON BOBBIN-WOUND STATOR

Figure 12 shows the corona test on an HEV bobbin-wound stator. Unlike a mush-wound
stator, there is no other phase coil laid directly on top of a phase coil for the bobbin-wound
stator. Therefore, the phase-to-phase insulation is not a major concern.



Fig. 12. Bobbin-wound stator phase-to-ground corona test.

For all motors, there is an insulation issue between turns. For 460 Vrms motor, the turn-to-
turn insulation is dependent upon the magnet-wire coatings, which are available in different
temperature ratings. Because the bobbin coil can be systematically wound, the first turn never
touches the last turn in a coil. The turn-to-turn voltage stress is less than that of mush-wound
coils.

It is no surprise that the phase-to-ground corona of a bobbin-wound stator, initiating at
3176 Vrms, is higher than that of a mush-wound stator (1638 Vrms phase-to-phase and
2650 Vrms phase-to-ground), as shown in Fig. 13.



CH1 50 . 8nldiv

[ERI

Edge CHI
(4 20050303 10:06:51) flitD -6, BAL 20050303 18:09:108

Fig. 13. Corona initiating at 3176 Vrms for phase-to-ground test of bobbin-wound stator.
5. CONCLUSIONS

This study addresses the question of how high the voltage can be raised for the operation of
electric motors. Two common motors, the mush-wound motor with overlapping phase windings
and the bobbin-wound motor without overlapping phase windings, were tested. A unique corona
detector, developed at ORNL, was used to measure the voltage where corona initiates in the two
motors.

Table 1 in the Executive Summary summarizes test results at 60 Hz.

The conclusions given in this report were obtained through tests using a sinusoidal voltage
without any voltage spikes. In practice, motors fed by inverters will generate significant voltage
spikes that must be taken into consideration. The fundamental voltage values of the motors
tested for corona-free operation must be lower than the corona initiating sinusoidal voltages
given in this report. How much lower depends on the output voltage quality of the inverter.

In conclusion, the dc-bus voltage, the magnitude of the back-emf, the insulation, winding

space, and the voltage where corona begins must all be considered in determining the voltage
level and voltage-related issues of EV and HEV inverters and motors.
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