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Abstract: When the machine is at high speed, serious problems occur, such as high fre-
quency loss, difficult thermal management, and the rotor structural strength insufficiency.
In this paper, the performances of two high-speed permanent magnet generators (HSP-
MGs) with different rotational speeds and the same torque are compared and analyzed.
The two-dimensional finite element model (FEM) of the 117 kW, 60000 rpm HSPMG is
established. By comparing a calculation result and test data, the accuracy of the model is
verified. On this basis, the 40 kW, 20000 rpm HSPMG is designed and the FEM is estab-
lished. The relationship between the voltage regulation sensitivity and power factor of the
two HSPMGs is determined. The influence mechanism of the voltage regulation sensitiv-
ity is further revealed. In addition, the air-gap flux density is decomposed by the Fourier
transform principle, and the influence degree of different harmonic orders on the HSPMG
performance is determined. The method to reduce the harmonic content is further proposed.
Finally, the method to improve the HSPMG overload capacity is obtained by studying the
maximum power. The research showed that the HSPMG at low speed (20000 rpm) has
high sensitivity of the voltage regulation, while the HSPMG at high speed (60 000 rpm) is
superior to the HSPMG at low speed in reducing the harmonic content and increasing the
overload capacity.

Key words: high-speed permanent-magnet generator (HSPMG), harmonic content, maxi-
mum power, overload capacity, voltage regulation

1. Introduction

The high-speed permanent-magnet generator has the advantages of small volume, high re-
liability, high efficiency, the small moment of inertia and fast dynamic response [1-4]. It has a
good application prospect in the fields of aerospace, a vacuum pump and flywheel energy storage
[5-7]. It is attracting more and more researchers’ attention.
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In order to reduce the stator core loss and external rectifier loss of the generator, it is necessary
to minimize the operating frequency at a given rotational speed. Therefore, the number of poles
chosen by the HSPMG is usually 2. Especially when the pole numbers is 2, the length of the
stator end windings will even be the same as the stator straight line winding. In addition, when
the generator runs at high speed, its frequency will exceed the first natural frequency [8]. When
the rotor is overlong, the mechanical strength of the rotor is decreased, and the rotor will be
deformed. However, the Gramme ring windings [9] can effectively shorten the rotor length for
better stiffness under high-speed rotation. The Gramme ring windings are shown in Fig. 1(a). One
side of the Gramme ring winding is embedded in the stator core slot, and the other side is placed
on the back of the stator yoke.

(Dimensions in [mm])

“Back windings

(@) ()
Fig. 1. The structure of the HSPMG (a); the two-dimensional FEM of the HSPMG (b)

In recent years, many researchers aim to the research of machine speed. Some scholars
have put forward a new method for machine speed detection [10] and instantaneous speed
measurement [11]. In addition, some scholars adjust the machine speed by current modulation
[12] and a back-propagation algorithm [13]. Furthermore, speed is very important for machine
performance research. The fast-filtering algorithm can be implemented based on speed jitter [14].
In order to achieve the purpose of torque control, speed can be used as a feedback signal in torque
control [15]. At the same time the speed can also be used as a control variable of the control
strategy, which provides a new idea for the research of wind turbine power control strategies [16].
It is worth mentioning that no similar study on the differences of the HSPMG performance at
different speeds has been found in many literatures.

In order to provide a theoretical basis for speed determination in the HSPMG design process,
the performances of two HSPMGs with different rotational speeds but the same torque are
compared and analyzed in this paper. The parameters, experimental platform, calculation result
and test data of the HSPMG are introduced in the second section. In the third section, the harmonic
content, the overload capacity and the relationship between the voltage regulation sensitivity and
power factor are compared and analyzed. Through the above research, some useful conclusions
are obtained, which could provide the basis for the further research on the HSPMG.
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2. Parameters and model of the HSPMG

2.1. Parameters and model

In this paper, two HSPMGs with the same rated torque and a rated speed of 20 000 rpm and
60000 rpm were analyzed and compared. The permanent magnet adopts radial magnetization
and it is mounted on the rotor yoke surface in an axially segmented way. The axial segmentation
is designed to reduce the eddy current loss [14]. However, the high speed of the HSPMG leads to
a great rotor surface linear velocity. It means that the rotor surface has a great centrifugal force.
Therefore, it is necessary to add a sleeve on the rotor surface to protect the permanent magnet.

In addition, the stator adopts a closed cavity o0il cooling mode to increase the heat dissipation
of the Gramme ring winding and stator core. Fig. 2 shows a stator end and a prototype of the
HSPMG. The basic parameters of the two HSPMG are shown in Table 1. Based on the actual
structure of the prototype, two-dimensional finite element models of the HSPMG are established,
as shown in Fig. 1(b).

Fig. 2. Prototype and stator end of the HSPMG

Table 1. The parameters of the two generators

Parameters Value Parameters Value
60000 117 Rated volt A% 670
Rated power (kW) pm ated voltage (V)
20000 rpm 40 Pole number 2
Number of turns 60 000 rpm 2 Core length (mm) 275
20000 rpm 6 Rotor type PM
60 000 rpm 1000 Stator outer diameter (mm) 135
Frequency (Hz)
20000 rpm 1000/3 Stator inner diameter (mm) 72
Slot number 36 Rotor outer diameter (mm) 66

In order to simplify the calculation, three hypotheses are made in this paper [17-18]:

1. It is assumed that the magnetic field is uniformly distributed along the axial direction in
the analysis of a two-dimensional transient field. It means that current density vector J and
magnetic potential vector A only have the component in the z-direction, J = J,, A = A;.
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2. Materials are isotropic. The permeability of the material is constant and the variation of
the permeability with the change of the temperature is ignored.
3. The influence of a displacement current is assumed to be ignored. It is considered that the
electromagnetic field of the generator is a nonlinear constant electromagnetic field.
Based on the above assumptions and electromagnetic field theory, the boundary value equa-
tion of a two-dimensional transient electromagnetic field generator is established by A, in this
paper [19]:

0’4, OA, oA,

@ 0x? " dy? =t po ot

T4, =0 : (1)
104, 1 0A.

20— o — =Js

where: Q is the calculation region, A, and J, are the magnetic vector potential and the source
current density in the z-axial component, respectively, J is the equivalent face current density
of the PM, o is the conductivity, I'; is the parallel boundary condition, I, is the PM boundary
condition, and p; and u; are relative permeability values.

In this paper, the electromagnetic field of an HSPMG is analyzed by the field-circuit coupling
method. The external circuit is shown in Fig. 3. In Fig. 3, region A is the winding resistance and
leakage inductance, region B is the load resistance and inductance.

Winding resistance and Load resistance and

leakage inductance inductance
Saaa VYW v
LwindingA R, L
5 W
LwindingB Ry Ly
W™ :
LwindingC  R¢ L¢ R; L Az

Fig. 3. External circuit of the HSPMG

2.2. Experimental testing and data comparison

The HSPMG prototype was tested to verify the correctness of the analysis results. The
experimental test platform and the experiment equipment are shown in Fig. 4. The terminal
voltage and the armature current are obtained when the generator is running at a speed of 6 000,
8000 and 10 000 rpm, respectively. The experimental data and the finite element model calculated
results are shown in Table 2. In Table 2, the terminal voltage is line voltage and the armature
current is line current. And the terminal voltage and the armature current are effective value.

From the data in Table 2, there is little difference by comparing the experimental data with
the model calculation results. The maximum difference of the terminal voltage between the test
data and the calculated results is 0.7 V, and the deviation is not more than 1.13%. The maximum
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High-speed
permanent magnet generator

Power analyzer -

Fig. 4. Test platform of the HSPMG

Table 2. Comparison of the test data and the finite element model calculated results

Terminal voltage Armature current
Speed Deviation Deviation
(rpm) Calculated Test data Calculated Test data
results results
6000 399V 39.6 V 0.75% 145A 144 A 0.69%
8000 531V 537V 1.13% 183 A 185 A 1.09%
10000 65.8V 65.1V 1.06% 224 A 22.1 A 1.34%

difference of the armature current between the test data and the calculated results is 0.3 A and
the deviation is not more than 1.34%. Through the above data, the accuracy of the finite element
model has been verified.

Fig. 5 shows the comparisons of the EMF waveforms obtained from the test and the finite
element method. It can be seen that the EMF waveforms obtained from the two methods are in

agreement. Due to the less harmonic content of the EMF, the waveform is almost sinusoidal.
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Fig. 5. The test EMF waveform (a); The finite element calculated EMF waveform (b)
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3. The influence of speed on HSPMG performance

3.1. The influence of speed on the HSPMG voltage regulation

The voltage regulation is an important parameter that reflects the performance of a generator.
It is a measure of the ability of a generator to keep a constant voltage at its terminals as load varies.
The small voltage regulation leads to small fluctuation of the generator output terminal voltage,
so the generator has a better running stability. However, the magnetic field of the PM generator is
produced by the PM and not adjustable, which leads to the voltage regulation difficult to change.
It can be seen that voltage regulation is an important parameter for studying the differences of the
two HSPMGs performance at different speeds.

The voltage regulation is defined by the equation:

av=BU 100%, 2)
Un

where Ej is the non-load terminal voltage, U is the load terminal voltage, and Uy is the rated
terminal voltage.

The vector diagram of the HSPMG with a resistance-inductive load is shown in Fig. 6.

A

Fig. 6. The vector diagram of the HSPMG
with resistance-inductive load

where Ej is the air-gap synthesis electromotive force, R, is the armature resistance of each phase,

X is the leakage reactance of the generator armature winding, X,q is the direct axis reactance of

armature reaction, X,q is the quadrature axis reactance of armature reaction, [ is the load current

of the generator with inductive, 4 is the direct axis current, /q is the quadrature axis current, ¢ is

the power angle, ¢ is the external power factor angle, and i is the internal power factor angle.
The following formula can be obtained from Fig. 6.

U= \/Eg + I5X 3 cos? Y — I (R, sin @ — X cos ©)? — I (Rysing — Xy cos @), 3)

Using + IX4 @
Ucosg+1IR,’
Usind = [ Xq + I Xy cos(6 + ¢) — IR, sin(6 + ¢) = IgXq — IR, sin(6 + ¢). 5

¥ =06 + ¢ = arctan
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Because the armature resistance of the HSPMG is much less than that of synchronous reac-
tance, it can be neglected. When the armature resistance is not considered, the electromagnetic
power will be approximately equal to the armature terminal output power.

EoU
P =P, = m—— sin, (6)
Xq
PX,
U= ———F—, @)
mEgsin

where P, is the electromagnetic power, P is the armature terminal output power.

From (5) and (7) we can conclude that, there is a certain connection between the HSPMG
output terminal voltage and power angle. Fig. 7 shows the variations of the power angle, voltage
and voltage regulation of the two HSPMGs. In Fig. 7, the voltage is obtained by the FEM,
and the voltage regulation is calculated by Formula (2). Fig. 7 shows the vector diagram of the
two HSPMGs.

—— 20000rpm —— 60000rpm

0.9 0,92 0,94 0.96 0.98
Power factor

0.9 0.92 0.94 0.96 0.98 0.9 0.92 0.94 0.96 0.98
Power factor Power factor
(b) (©)

Fig. 7. The power angle variation of the two HSPMGs (a); The voltage variation of the two HSPMGs (b);
The voltage regulation variation of the two HSPMGs (c)

According to Fig. 7, under the rated power, the power angle and voltage regulation of the
two HSPMGs both decrease with the increase of the power factor. At any power factor the power
angle and voltage regulation of the HSPMG at lower speed are higher than those of the HSPMG
at higher speed. The variation of the power angle, voltage and voltage regulation is shown in
Table 3. In Table 3, range A represents the power factor from 0.9 to 0.94 and range B represents
the power factor from 0.94 to 0.98. PA represents the power angle, V represents the voltage, and
VR represents the voltage regulation.
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Table 3. The variation of the power angle, voltage and voltage regulation

20000 rpm 60000 rpm

Type Range A Range B Range A Range B

PA v VR | PA v VR | PA \% VR | PA \% VR
Decrease | 2.44° | OV | 9.8% | 1.26° | OV [8.3% | 1.41°| OV [69% [0.89°| OV |6.7%
Increase | 0° |38V | 0% 0° |32V | 0% 0° [27.1V| 0% 0° 261V | 0%

It can be seen that increasing the power factor significantly reduces the voltage regulation of
the HSPMG. In range A, the variation of the HSPMG voltage regulation at low speed is 42%
higher than those of the HSPMG at high speed. In range B, the variation of the HSPMG voltage
regulation at low speed is 23.9% higher than those of the HSPMG at high speed. Therefore, the
voltage regulation is more sensitive to the power factor change when the HSPMG is at low speed.
The reason can be obtained from Fig. 8. As shown in Fig. 8, when the same power factor is
increased, the variation of the power angle of the HSPMG at low speed is greater. It leads to the
output terminal voltage change more obviously, which results in the effect of reducing the voltage
regulation better.
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——The power factor is 0.94 & The power factor is 0.9 A jix
) . rd P o ¢—0.9
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Fig. 8. The vector diagram of HSPMG at 20 000 rpm (a); The vector diagram of HSPMG
at 60000 rpm (b)
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3.2. The influence of speed on the HSPMG air-gap flux density

The electromagnetic parameters such as the rotor loss and induction electromotive force de-
pend on the air-gap flux density distribution. Therefore, the air-gap flux density waveform directly
affects the generator performance. Because the stator slotting, the air-gap flux density contains
more tooth harmonics, which leads to the air-gap flux density waveform serrated obviously.

The harmonics cause the electromagnetic torque fluctuation, which leads to the generator
vibration and noise. In addition, the high speed of the HSPMG increases the relative motion
between the harmonic magnetic field and the rotor, which increases the eddy current loss and
cause heat in the sleeve. Therefore, the harmonics not only reduce the efficiency of the generator,
but also lead to the demagnetization of the permanent magnet. It is necessary to study the air-gap
flux density.

In addition, the air-gap flux density waveform is obtained based on the FEM. By the Fourier
transform principle, the air-gap flux density is decomposed when the power factor of the HSPMG
is 0.94 and the speed is 20 000 rpm. The waveform of the air-gap flux density, the waveform of
the fundamental and the waveform of the harmonics are shown in Fig. 9.
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Fig. 9. The waveform of the air-gap flux density, the waveform of the fundamental
and the waveform of the harmonics

Because the generator winding is of the Y type, three and three multiples of the harmonics
could not flow in the generator, so the 3t 9th harmonics and so on could be ignored. The data
after the decomposition of the air-gap flux density is shown in Fig 10. Fig. 10 is each harmonic
amplitude of the two HSPMGs under different power factors. As shown in Fig 10, the amplitudes
of the 5™, 11" and other harmonics gradually decrease with the increase of the power factor,
while the amplitudes of the fundamental and 7" harmonics gradually increase. Fig. 11 shows the
ratios of the 5™, 7t and 11™ harmonics to fundamental under different power factors. The ratios
of the harmonics to fundamental of the two HSPMGs and the multiple relationships are shown
in Table 4.

As shown in Table 4, the ratio of the 7 harmonic to fundamental of the two HSPMGs is the
same, which indicates that the influences of the 7 harmonic on the two HSPMGs performance
are the same. However, the ratios of the 5™ and 11" harmonics to fundamental of the HSPMG at
low speed are higher than those of the HSPMG at high speed. Especially when the power factor is
0.9, the 11" harmonic to fundamental of the HSPMG at low speed is 2.31 times of the HSPMG at
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Fig. 11. The ratio of harmonics to fundamental of the two HSPMGs

Table 4. The ratios of harmonic to fundamental of the two HSPMGs and the multiple relationships

Harmonic order 5th 7th 11th
Power factor 0.9 0.94 0.98 0.9 094 | 098 0.9 094 | 098
20000 rpm 17.8% | 14.6% | 12.7% | 4.2% | 4.2% | 4.2% | 9.7% | 4% | 3.3%
60 000 rpm 14.7% | 13.6% | 12.1% | 4.2% | 4.2% | 4.2% | 4.2% | 3.6% | 3%
Multiple relationship 1.21 1.07 1.05 1 1 1 2.31 1.11 1.1

high speed. Therefore, the 5™ and 11" harmonics are the main reasons leading to the differences
of the two HSPMGs performance.

When the power factor is 0.9, 0.94 and 0.98, compared with the HSPMG at low speed, the
ratio of the 5" harmonic to fundamental of the HSPMG at high speed decreases by 4.3%, 1%
and 0.4% respectively, and the ratios of the 11" harmonic to fundamental of the HSPMG at high
speed decrease by 5.5%, 0.6% and 0.3% respectively. Therefore, in the design process of the
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HSPMG, when the power factor is determined, the higher the speed of the HSPMG is designed,
the more favorable it is to reduce the harmonic content.

In addition, when the speed of the HSPMG are 20 000 rpm and 60 000 rpm, compared with
that when the power factor is 0.9, the ratio of the 5™ harmonic to fundamental of a power factor of
0.98 decreases by 5.1% and 2.6%, and the ratio of the 11" harmonic to fundamental of a power
factor of 0.98 decreases by 6.4% and 1.2%. Therefore, in the design process of the HSPMG,
when the speed is determined, the lower the power factor of the HSPMG is designed, the more
favorable it is to reduce the harmonic content.

3.3. The influence of speed on the generator maximum power

The maximum power reflects the overload capacity of the generator. At the moment of
overloading, it is usually hoped that the generator will send out enough power to maintain the
power grid stable. Therefore, when the generator is designed, its maximum power is always as
large as possible. In order to analyze the overload capacity of the two HSPMGs simply, the
overload rate (OLR) is defined as follows:

Poax — P
OLR = % - 100%, (8)

where Pp,x is the maximum power, Pis the rate power.
The maximum powers of the two HSPMGs under a different power factor are obtained by the
FEM. The maximum power and OLR of the two HSPMGs are shown in Table 5.

Table 5. The maximum power and OLR of the two HSPMGs

Power 60000 rpm 20000 rpm

factor Prax OLR Prmax OLR
0.9 131.1 Kw 12.05% 41.3 Kw 3.25%
0.92 138 Kw 17.9% 434 Kw 8.5%
0.94 146.1 Kw 24.9% 45.7 Kw 14.25%
0.96 155.8 Kw 33.2% 48.6 Kw 21.5%
0.98 169.2 Kw 44.6% 52.5 Kw 31.25%

As shown in Table 5, when the speed of the HSPMG are 20 000 rpm and 60 000 rpm, compared
with that when the power factor is 0.9, the OLR of a power factor of 0.98 increases by 32.55%
and 30%. Therefore, in the design process of the HSPMG, when the speed is determined, the
higher the power factor of the HSPMG is designed, the more favorable it is to increase the OLR.

In addition, at any power factor, the OLR of the HSPMG at high speed is significantly higher
than that of the HSPMG at low speed. When the power factor is 0.9, 0.94 and 0.98, compared
with the HSPMG at low speed, the OLR of the HSPMG at high speed increases by 8.8%, 10.65%
and 13.35% respectively. Therefore, in the design process of the HSPMG when the power factor
is determined, the higher the speed of the HSPMG is designed, the more favorable it is to increase
the OLR.
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4. Conclusions

In order to compare and analyze the performances of the two HSPMGs with different rotational
speeds but the same torque, the voltage regulation, air-gap flux density and maximum power of
the two HSPMGs at low speed (20000 rpm) and high speed (60000 rpm) are studied. The
conclusions are as follows:

1. At any speed, increasing the power factor can reduce the HSPMG voltage regulation.
However, the voltage regulation is more sensitive to the power factor change when the
HSPMG is at low speed. Especially when the power factor is increased from 0.9 to 0.94,
the variation of the HSPMG voltage regulation at low speed is 42% higher than those of the
HSPMG at high speed. Therefore, changing the power factor is an effective way to reduce
the voltage regulation when the HSPMG is at low speed.

2. By the Fourier decomposition, the ratio of the 7 harmonic to fundamental of the two
HSPMGs is the same. However, the ratios of the 5™ and 11™ harmonics to fundamental of
the HSPMG at low speed are higher than those of the HSPMG at high speed. Especially
when the power factor is 0.9, the 11" harmonic to fundamental of the HSPMG at low speed
is 2.31 times of the HSPMG at high speed. Therefore, the 5" and 11" harmonics are the
main reasons leading to the differences of the two HSPMGs performance.

3. In the design process of the HSPMG, when the power factor is determined, the higher the
speed of the HSPMG is designed, the more favorable it is to reduce the harmonic content.
Especially when the power factor is 0.9, compared with the HSPMG at low speed, the ratios
of the 5™ and 11" harmonics to fundamental of the HSPMG at high speed decrease by
4.3% and 5.5%.

4. In the design process of the HSPMG, when the speed is determined, the lower the power
factor of the HSPMG is designed, the more favorable it is to reduce the harmonic content.
Especially when the speed of the HSPMG is 20 000 rpm, compared with that when the
power factor is 0.9, the ratios of the 5 and 11™ harmonics to fundamental of the power
factor of 0.98 decreases by 5.1% and 6.4%.

5. In the design process of the HSPMG, when the speed is determined, the higher the power
factor of the HSPMG is designed, the more favorable it is to increase the OLR. Especially
when the speed of the HSPMG is 20 000 rpm, compared with that when the power factor
is 0.9, the OLR of a power factor of 0.98 increases by 32.55%. In addition, when the power
factor is determined, the higher the speed of the HSPMG is designed, the more favorable
it is to increase the OLR. Especially when the power factor is 0.98, compared with the
HSPMG at low speed, the OLR of the HSPMG at high speed increases by 13.35%.
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