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Abstract: Super high speed permanent magnet generators (SHSPMG) usually operate at
high frequency. The external characteristic of the SHSPMG under condition of high fre-
quency operation is quite different from that of conventional generators. Therefore, it is
necessary to study the external characteristic of the SHSPMG. Based on the finite ele-
ment method, this paper studied the factors that affect the external characteristic of the
SHSPMG. Combining the vector method and the finite element method, the external char-
acteristic of the SHSPMG with the inductive load and the resistance load was studied. The
variation law of the generator terminal voltage with the change of the load and current was
obtained, and the key factors affecting the external characteristic of the SHSPMG were
determined. The influences of the armature resistance, power factor, frequency and perma-
nent magnet performance on the external characteristic of the SHSPMG were studied. The
influence mechanism of different parameters on the generator external characteristic was
revealed. The influence degree of each factor on the voltage regulation was determined.
The conclusions can provide reference for the design and research of the SHSPMG.
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1. Introduction

The super high speed permanent magnet synchronous generator has advantages of high power
density, high power generation efficiency [1–4], no need of a collector ring and brush device and
so on, and it can be connected with the driving device directly, so the SHSPMG is used widely
in a distributed generation system. The power generated by the SHSPMG is high-frequency,
which could not be used by users directly. Therefore, the power should be converted into direct
current through AC/DC converters and then be converted to alternating current through DC/AC
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converters. After the conversion, it could be used. However, in the conversion process, due to the
change of the controller control strategy, the output current and voltage will change. When loads
change, the generator performance will also change. At the same time, the voltage regulation of
permanent magnet generators is difficult [5]. The study on the generator external characteristic
is conducive to analyzing the voltage fluctuation caused by the load change during the generator
operation, and it is of great significance to master the running state and ensure the stable and
normal operation of generators.

In recent years, many researches have been carried out on the relationship between the cur-
rent and voltage of generators. In reference [6], the magnetic field of a high speed electrical
excitation flux-switching (EEFS) machine was analyzed and the structure was optimized. The
no-load operation performance including the external characteristic was analyzed. In reference
[7], a novel integrated brushless excitation method for a rotor-excited generator was proposed,
and the no-load, external regulation and excitation characteristics were analyzed. In reference [8],
a novel hybrid rotor structure of a brushless doubly fed machine was designed, and the no-load
characteristic is significantly greater compared with the traditional rotor structure. In reference
[9], a novel brushless coordinate structure hybrid excitation synchronous generator (HESG) with
AC excitation was proposed and the no-load characteristic, external behaviors and the regula-
tion characteristic were simulated. However, there are few studies on the external characteristic
aiming at the SHSPMG.

External characteristic is an important performance index of the SHSPMG, which determines
the generator stability. In order to pursue better generator performance and stable generator op-
eration, it is necessary to research the external characteristic of the SHSPMG. Therefore, the
change law of the external characteristic and the main factors affecting the external characteris-
tic are analyzed in this paper. Combining the vector method and the finite element method, the
external characteristic of the SHSPMG with different loads is studied. The variation of the gen-
erator terminal voltage with the load and current change is obtained, and the key factors affecting
the external characteristic of the SHSPMG are determined. Based on the influence of each per-
formance parameter on the generator external characteristic, the influence mechanism of each
factor on the generator external characteristic is analyzed and determined. The conclusions could
provide some useful reference for the design and research of the SHSPMG.

2. Model establishment and experimental verification

2.1. Generator model and basic parameters

In this paper, an 117 kW and 60 000 rpm SHSPMG is taken as an example, and based on
the actual generator structure, a two-dimensional finite element model is established, as shown
in Fig. 1.

The material of the sleeve is the high strength austenitic steel (50Mn18Cr5). The alloy sleeve
(50Mn18Cr5) contains C by 0.5%, Mn by 18%, Cr by 5%, Si by 0.5%, and so on. The relative
permeability is 1, and the bulk conductivity is 1.31×106 S/m. The material of the core is the
silicon steel sheet DW310-35. The hysteresis loss coefficient Kh equals 305.82, the classical eddy
current loss coefficient kc equals 0.30, and the additional eddy current loss coefficient ke equals
0.64.The stator windings of the SHSPMG adopt back round structure, whose purpose is to reduce
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Fig. 1. The finite element model

the axial length of the rotor. One side of the winding coil is embedded in the stator iron core slot,
and the other side is placed in the middle of the yoke back of the stator core. Eight permanent
magnets are attached to the rotor surface. Permanent magnets are segmented in axial direction in
order to reduce the eddy current loss [10]. In order to prevent permanent magnets from falling
off during high speed rotation, a sleeve is needed on the surface of permanent magnets. The flux
line distribution of the generator under no-load condition at rated speed is shown in Fig. 2.

Fig. 2. Distribution of the flux lines
under no load condition

It could be seen from the distribution of the flux lines that there is one pair of magnetic pole,
which is consistent with the actual generator. Closed flux line loop is shaped in the magnetization
direction of the generator, through the permanent magnets, sleeve, air gap, stator teeth and stator
yoke.

The stator end of the SHSPMG and the prototype are shown as Fig. 3. The basic parameters
are shown in Table 1. In order to simplify the calculation, the following assumptions are made in
the electromagnetic analysis of the SHSPMG [11–12]:

1. The electromagnetic field of the generator varies less due to the slender core. Therefore, the
magnetic vector potential only has the component in z-direction in the analysis of the two-
dimensional transient field. At the same time, the magnetic flux leakage of the generator is
neglected.

2. Materials are isotropic. The permeability of the materials is uniform and the variation of
the permeability with the temperature is ignored.

3. Displacement current is ignored.
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Fig. 3. Prototype and stator end of the SHSPMG

4. The end effect considered in this paper includes the end winding resistance and the end
winding leakage inductance, which are employed in the field-circuit coupling calculation,
just as shown in Fig. 4.

The transient two-dimensional electromagnetic field calculation equation is as follows [13]:
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where: Ω is the calculation region; Az and Jz are the magnetic vector potential and the source
current density in the z-axial component, respectively; Js is the equivalent face current density
of permanent magnets; σ is the conductivity; Γ1 is the parallel boundary condition; Γ2 is the
permanent magnet boundary condition; and µ1 and µ2 are relative permeability values.

Table 1. Basic parameters of the SHSPMG prototype

Basic parameters Value Basic parameters Value

Rated power (kW) 117 Stator outer diameter (mm) 135

Rated voltage (V) 670 Stator inner diameter (mm) 72

Pole number 2 Rotor outer diameter (mm) 66

Rotor type PM Core length (mm) 275

Frequency (Hz) 1 000 Slot number 36

Parallel branch number 1 Thickness of permanent magnets (mm) 12.5

Winding connection type Y Thickness of sleeve (mm) 2

In this paper, the field-circuit coupling method is adopted to analyze the electromagnetic field
of the SHSPMG. The external circuit is shown in Fig. 4.
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Fig. 4. External circuit of the SHSPMG

where: LA, LB, and LC are the end leakage inductances, RA, RB, and RC are the winding resis-
tances, L1, L2, and L3 are the load inductances and R1, R2, and R3 are the load resistances.

2.2. Experimental test and data comparison

In order to verify the correctness of the finite element model, the SHSPMG prototype was
tested. Experimental equipment such as the power quality analyzer, the power analyzer and the
high speed torque and rotational speed sensor device was used. The test platform is shown in
Fig. 5. By experiment, the terminal voltage and the armature current of the generator running at
a speed of 6 000 rpm, 8 000 rpm and 10 000 rpm were obtained respectively. The experimental
data are compared with the finite element model calculated results, as shown in Table 2.

Fig. 5. The test platform

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

Speed (rpm) 6 000 8 000 10 000

Calculated results
Terminal voltage (V) 39.9 53.1 65.8

Armature current (A) 14.5 18.3 22.4

Test data
Terminal voltage (V) 39.6 53.7 65.1

Armature current (A) 14.4 18.5 22.1

It could be seen from the data in Table 2 that the experimental data are in good agreement
with the model calculated results, which verifies the accuracy of the finite element model.
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3. Analysis of influence factors of the inherent voltage
regulation rate (IVRR)

The external characteristic is one of the most important characteristics of the SHSPMG.
Many factors affect the external characteristic. In order to get better generator performance, it is
necessary to analyze the influence factors on the external characteristic of the SHSPMG.

The IVRR of the generator is usually used as a performance index to measure the external
characteristic. IVRR is one of the most important performance indexes of the SHSPMG, and
the numerical value of the IVRR has important reference value for the generator performance.
The smaller the IVRR value is, the better the stability of the output voltage is. Therefore, by cal-
culating the IVRR of the generator, the external characteristic of the generator can be reflected
effectively. However, for SHSPMG, it is difficult to control the output voltage and power factor,
because the magnetic field of permanent magnets is difficult to adjust, which limits its appli-
cation scope. At the same time, the SHSPMG usually operates under high frequency condition,
and the requirement of the controller output voltage is more stringent than that of the lower speed
generators. In order to improve the SHSPMG performance and obtain better performance index,
it is necessary to study the IVRR of the SHSPMG. Many factors can affect the IVRR, and the
influence degree of each factor is different. Therefore, it is of great significance to study and ana-
lyze the factors that affect the IVRR, and it is beneficial to the operation stability and application
of the generator.

The IVRR of the generator is the variation of the terminal voltage with the load change [14],
shown as Formula (2)

∆u% =
E0 −U

UN
% , (2)

where: U is the generator output voltage, UN is the generator rated voltage, E0 is the no-load
electromotive force.

The vector diagram of the SHSPMG is shown as Fig. 6.

Fig. 6. The vector diagram of the SHSPMG

where: E0 is the phase electromotive force, U is the phase voltage, I is the phase current, R1 is
the armature resistance of each phase, X1 is the armature winding leakage reactance, Xad is the
direct axis reaction armature reactance, Xaq is the quadrature axis reaction armature reactance, Id
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is the direct axis current, Iq is the quadrature axis current, θ is the power angle, φ is the external
power factor angle, and ψ is the internal power factor angle.

The following relations can be obtained from the vector diagram of the permanent magnet
synchronous generator.

(U sinφ + IX1)
2 +(U cosφ + IR1)

2 = (E0 − IdXad)
2 + I2

q X2
aq cos2 ψ , (3)

ψ = arctan
U sinφ + I(X1 +Xaq)

U cosφ + IRa
, (4)

U =
√
(E0 − IdXad)2 + I2

q X2
aq cos2 ψ − I2(R1 sinφ −X1 cosφ)2

− I(R1 sinφ +X1 cosφ)
. (5)

Lower IVRR can be achieved by increasing the output voltage. In order to increase the output
voltage, on one hand, the demagnetization magnetic flux caused by the armature reaction should
be reduced as much as possible, on the other hand, the armature resistance and leakage resistance
voltage drop should be reduced.

Based on the above analysis and combined with the characteristics of the SHSPMG, the
following factors are taken into account respectively to analyze the influence of each parameter
on the external characteristic and the IVRR of the SHSPMG.

3.1. Influence of the armature resistance on the IVRR of the SHSPMG

The armature resistance has a significant influence on the output voltage of the SHSPMG. In
order to study the IVRR of the generator with different armature resistance values, by using the
finite element method, the no-load back electromotive force (EMF) and the output voltage of the
generator with different values of the armature resistance are calculated. When the power factor
is 0.8 and the frequency is 1 000 Hz, the IVRR with different armature resistance values is shown
in Table 3.

Table 3. The IVRR with different armature resistance values

Armature resistance value (Ω) 0.2 0.4 0.6 0.8 1

IVRR 22.26% 26.52% 30.67% 34.53% 38.51%

In Table 3, the IVRR is 22.26% when the armature resistance is 0.2 Ω. The IVRR is 30.67%
when the armature resistance is 0.6 Ω. When the armature resistance increases to 1 Ω, the IVRR
increases to 38.51%, which increases by 73% compared with the value when the armature re-
sistance is 0.2 Ω. When the power factor and the frequency are constant, the IVRR increases
obviously with the increase of the armature resistance. The reasons are analyzed as follows. The
change of the armature resistance will have an effect on the armature reaction, which causes the
air gap magnetic field distortion. When the armature resistance increases, the demagnetization
caused by the armature reaction is more obvious, so the output voltage value is reduced. Accord-
ing to the above analysis, it can be concluded that reducing the armature resistance can reduce
the IVRR of the SHSPMG effectively.
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3.2. Influence of the frequency on the IVRR of the SHSPMG

The SHSPMG usually operates at high frequency, and the speed can even up to tens of
thousands hertz per minute. In such high speed running state, the external characteristic of the
SHSPMG must be different from the general speed generators. At the same time, the no-load
back EMF of the generator is related to the frequency closely, and the no-load back EMF is
different obviously at different speeds.

By using the finite element method, the external characteristic curves of the SHSPMG with
a power factor of 0.8 and a frequency of 500 Hz and 1 000 Hz are obtained, as shown in Fig. 7.

Fig. 7. External characteristic curves of the SHSPMG with a power factor
of 0.8 and a frequency of 500 Hz and 1 000 Hz

In Fig. 7, the external characteristic curve of the SHSPMG with inductive load shows a down-
ward trend. The output voltage decreases with the increase of the output current. When the output
current is the same, the output voltage of the SHSPMG with 1 000 Hz is higher obviously than
that with 500 Hz. Calculated by the IVRR formula, the generator IVRR is 9.63% and 19.37%
when the frequency is 500 Hz and 1 000 Hz respectively. The IVRR of the SHSPMG operating at
1 000 Hz is higher obviously than that operating at 500 Hz. That is, the IVRR in high frequency
operation state is higher than that in low frequency state. Therefore, under the high frequency
operation, it is necessary to adopt an appropriate method to control the output voltage of the
SHSPMG, in order to ensure the IVRR not too high.

Combined with the analysis of the influence of armature resistance on the voltage regulation,
the IVRR with different armature resistance values is calculated when the frequency is 500 Hz
and power factor is 0.8. The IVRR is shown in Table 4.

Table 4. The IVRR with different armature resistance values

Armature resistance value (Ω) 0.2 0.4 0.6 0.8 1

IVRR 13.37% 17.39% 21.07% 24.28% 26.85%
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When the frequency is 500 Hz, the IVRR also increases with the increase of the armature
resistance. Combined with the data in Table 3 and Table 4, it is concluded that the IVRR when
the frequency is 1 000 Hz is higher than that when the frequency is 500 Hz, as shown in Fig. 8.

Fig. 8. The IVRR of 1 000 Hz and 500 Hz with different armature resistance values

The validity of the influence law of the armature resistance and frequency on the IVRR is
verified further.

3.3. Influence of the power factor on the IVRR of the SHSPMG

Power factor is an important performance index of the SHSPMG. By using the finite element
method, the external characteristic curves are obtained when the frequency is 1 000 Hz and the
power factor is 0.8 and 1 respectively, as shown in Fig. 9.

Fig. 9. External characteristic curves of the SHSPMG with the fre-
quency of 1 000 Hz and power factor of 0.8 and 1

In Fig. 9, when the power factor is 1, the external characteristic curve of the generator is
higher than that when the power factor is 0.8. When the output current is the same, the higher
the power factor is, the larger the output voltage is. Accordingly, the IVRR is smaller. When the
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power factor is 1, the IVRR is lower obviously than that when the power factor is 0.8. When
the output current is small, the output voltage difference between the power factor of 0.8 and 1
is smaller. With the increase of the output current, the output voltage when the power factor is
1 is higher obviously than that when the power factor is 0.8. When the armature resistance and
generator frequency are fixed, the increase of the power factor is conducive to reducing the IVRR
of the SHSPMG. Therefore, improving the power factor of the SHSPMG has a significant effect
on reducing the IVRR.

Combined with the analysis of the influence of the armature resistance and frequency on
the IVRR, when the frequency is 500 Hz and 1 000 Hz respectively, the IVRR with different
armature resistances is also calculated, as shown in Table 5. In Table 5, the power factor of the
SHSPMG is 1.

Table 5. The IVRR when the frequency is 500 Hz and 1 000 Hz

Armature resistance (Ω) 0.2 0.4 0.6 0.8 1

IVRR (1 000 Hz) 9.99% 15.18% 20.36% 25.54% 30.73%

IVRR (500 Hz) 7.62% 12.80% 17.98% 23.16% 28.34%

In Table 5, when the armature resistance increases, the IVRR increases. The higher the fre-
quency is, the higher the IVRR is. The validity of the influence of armature resistance and fre-
quency on the IVRR is further verified.

3.4. Influence of the permanent magnet performance on the IVRR of the SHSPMG

The magnetic field intensity generated by permanent magnets is different with different per-
manent magnet performance, which has a fundamental influence on the magnetic field distribu-
tion. At the same time, the demagnetization effect caused by the armature reaction of permanent
magnets with different performance parameters is different. Therefore, it is necessary to study
the influence of permanent magnet performance on the IVRR.

Table 6 shows the parameters of different samarium cobalt permanent magnets. The rema-
nence and coercivity of the permanent magnet NSC811 is the largest, and the performance is the
best. The permanent magnet performance of the permanent magnet NSC660 is the worst among
the permanent magnets in Table 6.

Table 6. Permanent magnet performance parameters

Type of permanent magnets NSC660 NSC700 NSC790 NSC811

Br (T) 0.87 0.92 1.04 1.07

Hc (A/m) −660 000 −700 000 −790 000 −811 000

Keeping the other conditions constant, the no-load electromotive force and the output voltage
of the SHSPMG with different permanent magnet materials are calculated. The IVRR of the
SHSPMG with different types of permanent magnets is calculated and analyzed. Based on the
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finite element method, the IVRR of the SHSPMG is obtained when the frequency is 1 000 Hz
and the power factor is 0.8. Fig. 10 shows the IVRR of the SHSPMG with different kinds of
permanent magnets.

Fig. 10. The IVRR of the SHSPMG with different kinds of permanent magnets

The coercivity of the permanent magnet NSC660 is 6.6×105 A/m, and the remanence is
0.87 T. When adopting the permanent magnet NSC660 whose performance is relatively poor,
the IVRR of the SHSPMG is 19.25%. The coercivity of the permanent magnet NCS811 is
8.1×105 A/m, and the remanence is 1.07 T. Compared with the permanent magnet NSC660,
the permanent magnet NSC811 has stronger magnetism and better permanent magnet perfor-
mance. When adopting the permanent magnet NSC811, the IVRR of the SHSPMG is reduced to
18.56%. The performance of permanent magnets enhances with the increase of remanence and
coercivity, and with the enhancement of the permanent magnet performance, the IVRR of the
SHSPMG decreases gradually.

By adopting the permanent magnet material whose coercivity is larger and the recoil perme-
ability is smaller, the anti-demagnetization capability of permanent magnets could be improved
and then the demagnetization flux caused by the armature reaction could be reduced. On the other
hand, adopting the materials with larger remanence could increase the rotor leakage permeance,
and then the demagnetization caused by the armature reaction could be weakened. The output
voltage of the generator could be improved effectively by reducing the demagnetization effect of
the armature reaction on permanent magnets. Thus, the IVRR of the SHSPMG is reduced, and
the operation stability of the SHSPMG is improved.

4. Analysis of the influence degree of the parameters
on the external characteristic

According to the analysis of the above chapters, the IVRR could be adjusted by changing
the parameters of the SHSPMG. However, the influence degree of different parameters on the
external characteristic is different. Therefore, it is necessary to analyze the influence degree of
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each parameter on the IVRR, in order to adjust the parameters specifically and regulate the IVRR
quantitatively and effectively. In the analysis, the value of the parameter before adjustment is XB
and the value of the parameter after adjustment is XA. The parameter adjustment rate (PAR) is
defined as follow:

R =
|XA −XB|

XB
×100%. (6)

According to the definition of the PAR, the IVRR difference of different parameters before
and after adjustment with the corresponding PAR is calculated, shown as Table 7. The permanent
magnet performance is measured by the remanence value.

Table 7. The IVRR difference before and after parameter adjustment

Parameters XB XA PAR IVRR difference before
and after adjustment

Armature resistance 0.2 Ω 0.4 Ω 100% 4.26%

Frequency 500 Hz 1 000 Hz 100% 9.74%

Power factor 0.8 1 25% 14.08%

Permanent magnet performance 0.87 T 1.07 T 23% 0.69%

As shown in Table 7, the degree of several influence factors affecting the voltage adjustment
rate is quantified. For armature resistance, when the value of the armature resistance changes
from 0.2 to 0.4, the PAR is 100%, and the IVRR difference before and after adjustment is 4.26%.
When the value of the frequency changes from 500 Hz to 1 000 Hz, the PAR is 100%, and the
IVRR difference before and after adjustment is 9.74%. When the power factor changes from 0.8
to 1, the PAR is 25%, and the IVRR difference before and after adjustment is14.08%. When the
remanence of the permanent magnet changes from 0.87 T to 1.07 T, the PAR is 23% and the
IVRR difference before and after adjustment is 0.69%.

Although the PAR of the armature resistance and the frequency is 100% and the PAR of the
power factor is 25%, the variation of the IVRR caused by the adjustment of the power factor
is the maximum, and the variation value before and after adjustment is 14.08%, which shows
that the power factor has the greatest influence on the external characteristic with the same PAR.
However, for permanent magnet performance, when the PAR is 23%, the difference between
the IVRR before and after adjustment is only 0.69%. Compared with the influence of the power
factor on the IVRR, the permanent magnet performance has little effect on the IVRR.

5. Conclusions

In this paper, the external characteristic of the SHSPMG is studied. Based on the finite el-
ement method, the influence of performance parameters on the external characteristic of the
SHSPMG is researched, and the influence degree of different parameters on the external charac-
teristic is compared and analyzed. The following conclusions are obtained:
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1. With the increase of the armature resistance, the output voltage of the SHSPMG is reduced.
When the power factor and the frequency are constant, the IVRR of the SHSPMG increases
obviously with the increase of the armature resistance. When the armature resistance is 0.2,
the IVRR is 22.26%. When the armature resistance increases to 1, the IVRR increases to
38.51%, and the IVRR increases by 73% compared with that when the armature resistance
is 0.2.

2. The IVRR under low frequency operation is lower obviously than that under high fre-
quency operation. The IVRR of 500 Hz and 1 000 Hz is 9.63% and 19.37% respectively.
When the frequency increases from 500 Hz to 1 000 Hz, the IVRR is doubled.

3. The IVRR when the power factor is 1 is lower than that when the power factor is 0.8. When
the power factor is 1, the IVRR is 5.29%, and when the power factor is 0.8, the IVRR is
19.37%. When the power factor is 1, the IVRR is about 3.66 times of that when the power
factor is 0.8. Improving the power factor can reduce the IVRR effectively.

4. The permanent magnet performance can affect the IVRR. With the enhancement of the per-
manent magnet performance, the IVRR of the SHSPMG decreases gradually. The IVRR
could be reduced by adopting materials with larger coercivity and remanence. When the
remanence increases from 0.87 T to 1.07 T, the IVRR is reduced from 19.25% to 18.56%.

5. Through the analysis of the influence degree of different parameters on the external char-
acteristic, it is concluded that the power factor has the greatest influence on the external
characteristic, and the influence of changing the permanent magnet performance on the
voltage regulation rate is not obvious compared with the power factor, frequency and ar-
mature resistance.
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