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Abstract: The oil-cooled back-wound high-speed permanent magnet generator (OBHPMG),
is suitable for the aerospace field, gas turbines, and flywheel energy storage due to its high
efficiency as well as high-power density. However, the high-power density operation of the
generator inevitably results in a significant temperature rise, particularly when inter-turn
short circuit faults (ISCFs) occur in the windings. In order to clarify the electromagnetic as
well as thermal characteristics of the OBHPMG under the different ISCF degrees, it is of great
significance to research the electromagnetic and temperature field variation characteristics
of the generator at various inter-turn short circuit faults degrees. Firstly, the electromagnetic
field of the 40 kW OBHPMG is investigated at normal operating in this paper, the rotor eddy
current densities as well as stator core magnetic flux densities distribution is determined.
Secondly, based on the model of the generator ISCF, the effects of the winding different ISCF
degrees on the rotor eddy current densities and stator core magnetic flux densities are further
explored in detail. The variation characteristics of the rotor current loss as well as stator core
magnetic flux densities under the winding different ISCF degrees are revealed. Finally, the
effect of the different ISCF degrees on the windings and permanent magnets temperature is
analyzed in depth by combining the variation mechanism of the electromagnetic loss. The
temperature variation characteristics of the OBHPMG with the different ISCF degrees are
obtained, and the cooling effect of the OBHPMG under the ISCF is clarified. It provides
a theoretical basis for clearly mastering the variations in the performance of the generator
under the windings ISCF in this paper.
Key words: closed oil-cooled back-wound high-speed permanent magnet generator, cooling
effect, electromagnetic as well as thermal characteristics, inter-turn short circuit faults
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1. Introduction

In recent years, the high-speed permanent magnet generator has been widely used in the
fields of military, medical treatment and mine rescue [1]. As the core equipment of the power
generation system, there are a number of significant advantages of the high-speed permanent
generator, such as small size, high-speed, high-power density and so on [2–4]. However, the losses
increase dramatically with the generator operating in high speed, which results the generator
temperature rise is too high. Especially the generator electromagnetic as well as temperature
field vary significantly when the windings inter-turn short circuited, which seriously affects the
operating efficiency of the generator and shortens its service life [5–7]. Meanwhile, accurately
mastering the electromagnetic as well as thermal characteristics of the OBHPMG at different
ISCF degrees is the basis to keep the generator operating stably and prolong its operating life.
Therefore, it is necessary to investigate the electromagnetic as well as temperature field variation
characteristics of the generator at different ISCF degrees.

The electromagnetic or temperature field of the generator under conventional cooling methods
has been extensively investigated and analyzed nationally and internationally. Xinggang Fan
et al. [8] investigated the ventilation and thermal performance of radial forced-air-cooled fractional
slot concentrated winding (FSCW) permanent magnet synchronous wind generator (PMSWG).
A new ventilation structure was proposed, and its impact on temperature and flow distribution
was analyzed using the computational fluid dynamics (CFD) method. The results showed that
the new structure could enhance heat dissipation. Kevin Bersch et al. [9] proposes a synchronous
generator optimization method combining thermal and electromagnetic. This optimization method
is applied to optimize the stator ventilation holes of a motor. The research results indicate that
the optimized motor windings exhibit reduced maximum temperature and average temperature.
Yanping Liang et al. [10] studied the influence of transposition angle on 3-D domain magnetic
field of stator bars in water-cooled turbo-generators. They confirmed that the transposition angle
of stator bars can affect the uniformity of magnetic-filed distribution in the slot. In addition, some
research on generator cooling is studied in other literature [11–13].

The motor is subjected to environmental influences such as mechanical vibration and moisture
during operation. Due to the high-power density of high-speed motors, the temperature rise of the
generator is relatively high. If the motor operates under these conditions for a long time, it is prone
to damage the insulation of the stator winding, leading to short circuits between turns [14, 15].
Sun Z.G. et al. [16] used analytical methods and finite element methods to calculate the changes
in self-inductance, mutual inductance, and inter-turn short-circuit currents of the faulty phase
windings under different short-circuit positions. P. Arumugam et al. [17] proposed a vertical
distributed winding structure and conducted analytical calculations on the inter-turn short-circuit
characteristics of the motor based on the distribution of magnetic field lines inside the slots under
this structure. Based on monitoring changes in three-phase line currents and phase voltages, Monia
Ben Khader Bouzid et al. [18] proposed a neural network method for automatic detection and
localization of inter-turn short-circuit faults in induction motor stator windings.

There are very few reports on the electromagnetic as well as temperature field variation features
of the oil-cooled back-wound high-speed permanent magnet generator (OBHPMG) under the
windings ISCF. In this paper, based on the electromagnetics mechanics as well as heat transfer
theory, the 40 kW OBHPMG is regarded as the research object. Firstly, through investigating the
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electromagnetic field of the generator at high-speed operating, the rotor eddy current densities and
stator core magnetic flux densities distribution is determined. Secondly, through researching the
effects of the winding different ISCF degrees on the rotor eddy current densities and stator core
magnetic flux densities in detail, the variation characteristics of the rotor current loss as well as
stator core magnetic flux densities under the winding different ISCF turns are revealed. Finally,
the temperature variation characteristics of the OBHPMG with the different short circuit turns are
obtained by analyzing the effect of the different ISCF degrees on the windings and permanent
magnets and combining the variation mechanism of the electromagnetic loss. In addition, the
accuracy of the research analysis is demonstrated by comparing the mathematical calculations with
the electromagnetic and temperature rise experimental results. It provides a theoretical basis for
clearly mastering the variations in the performance of the generator under the windings inter-turn
short circuit in this paper.

2. Description of OBHPMG ISCF model

2.1. Closed oil cooling system of BHPMG
In order to achieve stable and reliable operation of the generator at high speed, a new closed

oil cooling structure aimed at the BHPMG is proposed. In the closed oil cooling structure, the
oil duct includes the back oil duct flowing through the back winding as well as the internal oil
duct flowing through the stator slot winding, and the oil duct exists only outside the oil baffle
ring. When the OBHPMG is in high-speed operation, the cooling oil flows into the oil inlet on the
lower right, flowing through the oil recess on the generator right side. It flows through the back
windings and stator windings, and enters into the back oil duct and internal oil duct. After cooling
the generator, the cooling oil flows out the oil outlet on the upper left. The closed oil cooling
system of the BHPMG is illustrated in Fig. 1.

Fig. 1. Closed oil cooling system of the BHPMG
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2.2. The model of OBHPMG ISCF
The electromagnetic as well as temperature field distributions of the OBHPMG at inter-turn

short circuit faults vary significantly, especially there are obvious differences in the electromagnetic
as well as temperature field distribution as the generator short circuit faults degrees increase. In
order to deeply analyze the variation characteristics of the electromagnetic as well as temperature
field of the generator at different ISCF degrees, the model of the OBHPMG ISCF is established,
as shown in Fig. 2. And the basic parameters of the OBHPMG as shown in Table 1.

Table 1. The OBHPMG basic parameters

Parameters (unit) Value Parameters (unit) Value

Number of turns per slot 5 Frequency (Hz) 333.33

Pole number 2 Stator outer diameter (mm) 135

Rotor type PM Stator inner diameter (mm) 73

Rated speed (rpm) 20 000 Rotor outer diameter (mm) 66

Slot number 36 Stator length (mm) 275

Fig. 2. The model of the OBHPMG ISCF

2.3. Description of OBHPMG global fluid-heat transfer coupling model
The oil movement inside the back oil duct and internal oil duct is very complicated especially

the generator is inter-turn short circuited. The fluid in the generator should be satisfied the basic
physical conservation laws, including the law of energy conservation, the law of momentum
conservation, as well as the law of mass conservation [19].
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Energy conservation equation:
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Momentum conservation and mass conservation equation:
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, (2)

where: ρ is the fluid density (kg/m3), µ is the dynamic viscosity, V is the velocity vector (m/s),
u, v, as well as w are the components of V in the x-axis, y-axis, as well as z-axis directions, P is
the static pressure on the fluid microelement (Pa), Su , Sv as well as Sw are the source items of the
momentum equation.

In addition, the internal oil flowing of the generator is in turbulent state, as well as the k-ωSST
model [20–22] is used to calculate the complex turbulence in the fluid field. The k-ωSST model is
written as:
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For applications, these values are made dimensional using the following relations:
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(
uτ, k+w
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where: kw , ww are the boundary conditions, y+ is the non-dimensional variables, h+s is the wall
roughness height, and uτ is the friction velocity.
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3. Electromagnetic field analysis of OBHPMG at the different ISCF degrees

3.1. Impact of different ISCF degrees on the rotor eddy current loss of OBHPMG

When the ISCF occurs in the stator winding, the generator internal magnetic density shows an
asymmetric distribution under the short-circuit loop current, which causes variations in generator
losses. Meanwhile, the rotor eddy current losses vary significantly as the short-circuit fault degrees
increase. Therefore, it is necessary to analyze the rotor eddy current losses of the OBHPMG at
different short-circuit fault degrees.

The rotor eddy current losses are calculated as follows [23]:

Pe =
1
Te

∫
Te

k∑
i=1

J2
e∆eσ

−1
r lt dt, (9)

where: Je is the eddy current area unit current density, ∆e is the unit area, σr is the conductivity
of the rotor eddy current, lt is the rotor axial length, as well as Pe is the current loss.

The eddy current electric density distribution of the OBHPMG at different numbers of
short-circuit turns is shown in Fig. 3.

Fig. 3. The OBHPMG eddy current electric density distribution

From Fig. 3, it can be observed that during normal operation of the OBHPMG, the rotor eddy
current density is primarily concentrated on the rotor sleeve and the permanent magnets. However,
when the ISCF occur in the generator, the short circuit loop current gradually increases with the
ISCF degree increase. The air gap magnetic flux density gradually increases, and magnetic flux
density distribution gradually shifts, which further accelerates the asymmetric distribution of the
air-gap magnetic density. Therefore, the rotor eddy current densities gradually increase with the
gradual increase in the number of short circuits, as depicted in Fig. 3. The eddy current density is
already distributed throughout the entire rotor when there is a short circuit of 2 turns windings,
and the rotor eddy current density increases dramatically when there is a short circuit of 4 turns
windings. The maximum eddy current density occurs inside the rotor sleeve.

From the above analysis, the rotor eddy current density gradually increases with the degree of
inter-turn short circuit faults (ISCFs) in the windings. Especially, the rotor eddy current density
increases sharply when there is a short circuit of 4 turns windings, and the rotor eddy current losses
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are relatively high. In order to further analyze the effect of the short circuit fault degrees on the rotor
eddy current losses, the variation characteristics of the rotor eddy current losses as the different
windings short circuit turns and contact resistance. These characteristics are illustrated in Fig. 4.

Fig. 4. The variation characteristics of the rotor eddy current losses

Through the above analysis, the rotor eddy current density gradually increases with the windings
short circuit turns increase when the contact resistance (rf) remains the same. Therefore, it can
be seen from Fig. 4 that under the winding ISCF armature reaction, the rotor eddy current losses
increase with windings short circuit turns increase, showing a non-linear variation characteristic. As
the windings short circuit turns increase respectively from 1 turn to 2 turns, 2 turns to 3 turns, and 3
turns to 4 turns, the rotor eddy current losses increase respectively from 20.5 W to 37.7 W, 37.7 W
to 110.5 W, and 1105 W to 254.2 W, increasing respectively by 1.8 times, 2.9 times, and 2.3 times.

In addition, the rotor eddy current losses decrease with the contact resistance (rf) increase
when the number of the windings short circuit turns to keep the same, showing a non-linear
variation characteristic. When the windings short circuit turns are respectively 1 turn, 2 turns,
3 turns and 4 turns, as the contact resistance (rf) increase from 0.02 Ω to 0.18 Ω, the rotor eddy
current losses respectively decrease from 80.8 W, 437.7 W, 752 W, 932.4 W to 20.2 W, 33.7 W,
101.5 W, 239.7 W, decreasing by 75%, 92.3%, 86.5%, 74.3%. Through the above analysis, it can
be shown that the impact of the windings short circuit turns as well as contact resistance (rf) on
the rotor eddy current losses is obvious.

3.2. Impact of different ISCF degrees on the stator magnetic flux density of OBHPMG

According to the above analysis, the rotor eddy current electrical density as well as eddy current
losses vary significantly when there is an ISCF of the generator. In order to further research the
electromagnetic field variation characteristics under the generator inter-short circuit, it is necessary
to analyze stator magnetic flux density distribution when the OBHPMG inter-short circuit faults
occur. In addition, there are great variations in the stator magnetic flux density distribution of the
different parts under the generator inter-short circuit, especially the differences in stator yoke and
teeth magnetic flux density distribution are obvious. Therefore, the stator yoke and teeth magnetic
flux density distribution at inter-turn short circuit are respectively analyzed in detail, and the stator
yoke magnetic flux density distribution at different ISCF degrees is shown in Fig. 5.
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(a) Division of stator core area (b) Magnetic density distribution of stator yoke

Fig. 5. The stator yoke magnetic flux density distribution of the OBHPMG

From Fig. 5, it can be seen that the stator yoke magnetic flux density distribution is uniform
as well as symmetric about the origin when the generator operating in normally. The maximum
magnetic flux density of the stator yoke is 1.5 T, which is in an unsaturated state. However, the
short circuit current is great when the generator is inter-turn short circuited, and the large magnetic
field is generated in the stator yoke. The symmetry of the magnetic field is severely disrupted and
the magnetic flux density of the stator yoke is no longer symmetrical. Therefore, it can be seen
from Fig. 5 that the top magnetic flux density of the stator yoke decrease when the number of the
windings short circuit turns is 2 turns, as well as the bottom magnetic flux density increase. The
maximum magnetic flux density of the stator yoke reaches 1.8 T, which is in a local saturated
state. The magnetic flux density shows a great asymmetric as the number of the windings ISCF
turns increases to 4 turns, and the local saturated degrees of the stator yoke increase further. The
maximum magnetic flux density of the stator yoke reaches 2 T.

Fig. 6. The stator teeth magnetic flux density distribution of the generator
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According to the above analysis, the saturated degrees of the stator yoke gradually increase as
the number of the windings ISCF turns increase, as well as the asymmetric characteristics change
obviously. In order to further reveal the variation characteristics of the stator electromagnetic field
under generator ISCF, the magnetic flux density and flux lines distribution in the stator teeth were
analyzed in detail. The magnetic flux density and flux lines of the stator teeth under different
short-circuit degrees are shown in Fig. 6.

From Fig. 6, it can be seen that stator teeth magnetic flux density distribution is uniform as
well as it is in an unsaturated state when the generator operates normal. The magnetic flux density
of the stator teeth reaches 1.1 T. However, the magnetic density of the stator teeth corresponding
to the position of the ISCF slot reaches 1.6 T as the number of the windings ISCF turns increases
to 2 turns, increasing by 0.5 T. At the same time, the position of maximum stator magnetic density
is transferred from the yoke to the teeth. The saturated degrees of the stator yoke magnetic flux
density gradually increases as the number of the windings ISCF turns increases. Especially the
magnetic density of the stator teeth corresponding to the position of the ISCF slot reaches 2.1 T
as the number of the windings ISCF turns increases to 4 turns. When the generator is in normal
operation, the flux lines in the stator teeth are evenly distributed, and only a few magnetic lines
enter the stator slot. However, as the number of short-circuit turns increases, the stator teeth
gradually saturate, leading to a gradual increase in flux lines through the stator slot, particularly
when the short circuit is 4 turns.

4. Temperature field analysis of OBHPMG at the different ISCF degrees

According to the above analysis, it can be seen that the windings current increases rapidly
when the ISCF occur in the OBHPMG, as well as the electromagnetic field distribution is not
uniform. The generator losses are increased and the temperature rise is too high. In order to clarify
the cooling effect of the OBHPMG at ISCF, as well as to clarify the effect of the ISCF degrees on
the generator temperature rise, it is necessary to analyze the temperature variation characteristics
of the generator at ISCF.

4.1. Effect of the winding ISCF turns on the temperature of the OBHPMG

According to the above analysis, it can be seen that the short circuit current and the degree
of the current unbalance gradually increase as the winding short circuit turns increase. Thereby,
the harmonics and losses of the generator gradually increase, and the heat generation gradually
increases. This will further cause variations in the generator temperature distribution. Therefore, it
is necessary to analyze the effect of the winding ISCF turns on the temperature of the generator
at ISCF. The temperature distribution of the OBHPMG with the winding ISCF turns of 1 turn
as well as 4 turns is shown in Fig. 7.

The losses of the stator back windings are significantly higher than the stator winding when
the ISCF occur in the OBHPMG, and the heat generation is particularly concentrated on the
back windings. Therefore, it can be seen from Fig. 7 that the generator maximum temperature is
distributed on the back windings. And as the number of the winding ISCF turns increases 1 turn to
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Fig. 7. Temperature distribution of the generator with different ISCF turns

4 turns, it increases from 67.4◦C to 206.8◦C, increasing by 3.07 times. At the same time, the axial
temperature difference of the rotor shaft is greater as the number of thewinding ISCF turns increases.

From the above analysis, the OBHPMG temperature rise is low when the winding ISCF turns
are 1 turn, as well as the generator can be operated normally under the closed oil cooling system.
The OBHPMG not only can operate at high speed, but also it can still run when the generator
inter-turn short-circuited. As can be shown the closed oil cooling structure is quite novel and unique.

4.2. Effect of the winding ISCF turns on the windings temperature of the OBHPMG

According to the above analysis, it can be seen that the OBHPMG temperature distribution
varies obviously as the number of the winding ISCF turns increases, as well as especially the
short circuit windings temperature of the OBHPMG varies significantly. Therefore, it is necessary
to analyze the winding temperature field under the different winding ISCF turns in detail. The
winding temperature distribution of the generator at short circuit winding turns of 1 turn and
4 turns are shown in Fig. 8.

Fig. 8. Stator slot windings temperature distribution with the different winding ISCF turns
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Fig. 9. Back windings temperature distribution with the different short circuit winding turns

According to the stator slot windings temperature distribution analysis in Fig. 8, it can be seen that
the blade end temperature of the short circuit windings is higher than other normal windings at the short
circuit winding turns of 1 turn and 4 turns due to the heat of short-circuit windings is too concentrated,
the short circuit windings maximum temperature reaches respectively 66.6◦C and 107.7◦C.

In addition, the back windings temperature distribution also varies obviously as the short
circuit winding turns increase. In order to further analyze the impact of the winding ISCF turns on
the winding temperature of the OBHPMG at ISCF, the back windings temperature distribution
with the winding short circuit turns of 1 turn as well as 4 turns is shown in Fig. 9.

From Fig. 9, it can be seen that as the number of the winding ISCF turns increase 1 turn to
4 turns, the back windings maximum temperature increases from 65.6◦C to 146.3◦C, increasing
by 2.2 times. At the same time, the temperature at the end of the short-circuited winding is higher
than that at the ends of the other windings.

In addition, as the impact of the heat conduction between the stator as well as the short circuit
windings increase when the winding ISCF turns is 1 turn, the temperature of stator and ISCF
windings are too high, and the temperature difference between them is small. However, the impact
of the heat conduction between the stator and the short circuit windings gradually decreases as the
winding short circuit turns increase to 4 turns, the temperature difference between them is great.

4.3. Effect of thewinding ISCF turns on thepermanentmagnet temperature of theOBHPMG
From the above analysis, it can be seen that there is a significant variation in the short circuit

windings and permanent magnet temperature distribution with the different winding ISCF turns.
At the same time, the performance of permanent magnets is a key factor affecting the operation
of the OBHPMG. The permanent magnet temperature distribution of the OBHPMG with the
winding short circuit turns of 1 turn and 4 turns is obtained to further clarify the effect of the
different winding ISCF turns on the generator temperature. It is shown in Fig. 10.

From Fig. 10, it can be seen that the maximum temperature of the permanent magnets is
concentrated in the middle region under the different numbers of the windings short-circuited
turns. As the winding short circuit turns increase from 1 turn to 4 turns, the maximum temperature
of the permanent magnet increases from 57.8◦C to 151.1◦C, increasing by 2.6 times.
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Fig. 10. Permanent magnet temperature distribution with the different ISCF turns

At the same time, as the heat conduction between the rotor shaft and the end bracket gradually
increases when the winding short circuit turns increase from 1 turn to 4 turns, the permanent magnet
temperature difference along the axial gradually increases. It can be seen that the heat conduction
between the rotor shaft and the end bracket is more intense when the temperature is higher.

5. Experimental verification

In order to verify the model analysis accuracy, the experimental platform is built to carry
out experiments on the generator electromagnetic performance as well as temperature rise. The
experimental equipment mainly includes a drive power supply, two HPMG, a power analyzer,
and an oil cooling system. The prototype is equipped with a high-precision temperature sensor to
measure the generator internal temperature distribution and a Fluke infrared tester to display the
generator external temperature distribution. The experimental platform as shown in Fig. 11.

In the experiment, one HPMG is used as the prime mover to drive another HPMG as the
experimental prototype, and the prototype no-load induced electromotive force (EMF) is collected
under the rotational speed of 6000 r/min, and the comparison of EMF waveforms obtained from
the experiment as well as simulation is shown in Fig. 12.

From Fig. 12, it can be seen that the experimental no-load reverse EMF value is 161.3 V
when the generator rotational speed is 6000 r/min, as well as the simulation value is 158.6 V. The
difference between the two comparisons is 1.7%, and the waveforms are consistent. As it can be
seen that the electromagnetic model analysis is accurate.

The prototype adopts internal and external circulation oil-cooled structure, in which the role
of the oil cooler is to provide cooling medium for the motor oil circulation flow. The oil inlet
is detected by a flow meter and the inlet flow is controlled by adjusting the flow valve. The
temperature measurement system consists of a temperature sensor, an infrared thermal imager
and a data acquisition device. In order to accurately measure the temperature inside the motor,
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Fig. 11. The experimental platform

(a) Experimental waveforms (b) Simulation waveforms

Fig. 12. The comparison of EMF waveforms

KTY84-150 temperature sensors were placed. The temperature sensors inside the motor are located
on the windings and stator. Measuring the resistance of temperature sensors using a multimeter.
The temperature rise of the generator stabilizes after 140 minutes.

Conduct temperature rise experiments on the prototype. In the temperature rise experiment,
the prototype surface temperature and at different positions inside the prototype temperature is
measured by the Fluke infrared tester and temperature sensor after the prototype temperature rise
is stabilized. The experiment test and simulation results are shown in Fig. 13.
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(a) Experimental temperature (b) Simulation temperature

Fig. 13. The comparison of generator temperature

From Fig. 13, it can be seen that experimental prototype surface and winding temperature
are respectively 49.8◦ and 60.3◦, and the simulation values are respectively 48.4◦ and 57.3◦. The
difference between the two comparisons are respectively 2.9% and 5.2%, and the temperature
distribution is consistent. As it can be seen that the temperature model analysis is accurate.

6. Conclusions

In this paper, the 40 kW OBHPMG is regarded as the research object. At the same time, the
electromagnetic field of the OBHPMG is investigated, and the effects of different ISCF degrees on
the rotor eddy current densities, eddy current losses, and stator core magnetic flux densities are
explored. In addition, the temperature variation characteristics of the OBHPMG with the different
ISCF degrees are further compared and analyzed by combining the electromagnetic loss variations.
More detailed conclusions can be summarised as follows.

1) The rotor eddy current density as well as the rotor eddy current losses both increase with
windings ISCF turns increase, showing a non-linear variation characteristic. As the windings
ISCF turns increases from 1 turn to 4 turns, the rotor current density increases sharply, as well
as the rotor eddy current losses increase from 20.5 W to 254.2 W, increasing by 12.4 times.

2) The asymmetric characteristics of the stator yoke magnetic flux density gradually increase
with the degrees of the generator ISCF increase, as well as the saturated degrees of the
stator yoke and teeth increase. The magnetic flux density shows a great asymmetric as the
number of the windings ISCF turns increases to 4 turns, and the saturated degrees of the
stator yoke and teeth both increases. The maximum magnetic flux density of the stator yoke
reaches 2 T, as well as the magnetic density of the stator teeth corresponding to the position
of the ISCF slot reaches 2.1 T.

3) The OBHPMG temperature gradually increases with the degrees of the genetator ISCF
increase, especially the temperatures of the windings and permanent magnet vary most
obviously. As the windings ISCF turns increase from 1 turn to 4 turns, the maximum
temperature of the stator slot windings, back windings, as well as permanent magnet
respectively increase from 66.6◦C, 65.6◦C, and 57.8◦C to 107.7◦C, 146.3◦C and 151.1◦C,
increasing by 1.6 times, 2.2 times, and 2.6 times. In addition, the generator under the closed
oil cooling can still operate at high speed when the winding is inter-turn short circuited.
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