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Design and Analysis of High-Speed Permanent
Magnet Synchronous Generator With Rotor Structure
Considering Electromechanical Characteristics

Kyung-Hun Shin ¥, Tae-Kyoung Bang

Abstract—In high-speed permanent magnet synchronous gener-
ator (PMSG), the rotor design should not only ensure mechanical
stability at high speeds but also ensure the required electromagnetic
(EM) performance. This paper deals with the EM analysis and
design of high-speed PMSGs considering the rotor structure. In
particular, the effects of active power and output voltage due to
internal impedance from leakage flux are presented. The rela-
tionship between design variables of rotor and performance is
analyzed using three-dimensional static finite element analysis and
simplified equivalent circuit method. Based on the analysis results,
a model with improved EM performance using a nonmagnetic pad
is presented according to design parameters of rotor structure. The
EM performance and the mechanical reliability of the designed
model are validated by comparing the FE results with experimental
results.

Index Terms—End effect, electromagnetic analysis, finite
element analysis, permanent magnet synchronous generator.

1. INTRODUCTION

IGH-SPEED permanent magnet synchronous generators
(PMSGs) are gaining considerable attention from re-
searchers as well as the industry worldwide owing to their
many advantages, such as high efficiency, high power density,
simple mechanical construction, no excitation loss, and ease of
maintenance [1], [2]. As aresult of these advantages, high-speed
PMSGs are well-suited for such as home appliances, aerospace
technology, marine technology, and flywheel energy storage
systems [3]. Despite these advantages as mentioned earlier,
the rotor requires a complicated design process using electro-
mechanical analysis in order to secure required electromagnetic
(EM) performance and ensure mechanical stiffness for high
speed operation [4]-[12].
A high-strength material is used for the shaft coupling com-
ponent of the PMSG to ensure mechanical rigidity [4], [5].
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Schematic of the structure of a high-speed PMSG.

Fig. 1.

However, the magnetic properties of the high-strength material
can affect EM performance due to leakage flux [10]. The perfor-
mance of high-speed PMSGs deteriorates due to the increase in
the winding reactance and reduction of the flux linkage as aresult
of end effect [10], [11]. Therefore, it is essential to consider the
rotor shaft in the design and analysis of a high-speed PMSG.

This paper deals with how to analyze and improve a problem
in which a PMSG does not meet the required active power and
output voltage due to an increase in internal impedance of the
PMSG with leakage flux of the rotor shaft. The EM analysis was
carried out to compare two-dimensional (2D) and 3D models
without rotor shaft and 3D models with rotor shaft based on a
2D model that secures required EM performance and satisfies
the mechanical requirements. 3D FE analysis was performed
to derive the equivalent circuit (EC) parameters according to
the design parameters of the rotor shaft. For insight into the
relationship between EC parameters and EM performance, the
active power and output voltages are analyzed using a simplified
EC method. The improved model obtained from the parametric
study based on the EM analysis has been validated by the
mechanical analysis. The validity of the proposed analysis and
design method was verified using experimental results.

II. INFLUENCE OF END EFFECT OF HIGH-SPEED PMSGS ON
ELECTROMAGNETIC PERFORMANCE

Fig. 1 shows the schematic of the structure of a high-speed
PMSG. The PMSG consists of a 36-slots stator with distributed
winding and a two-pole parallel-magnetized PM rotor. The
PMs are retained within an Inconel 718 sleeve, which has
been pressed to the rotor to withstand centrifugal stress under
high-speed operating conditions. As previously mentioned, a
material (SCM 440) with high strength is used for the shaft
coupling component because of the stiffness of the shaft. The
specifications and requirements of high-speed PMSGs are listed
in Table I.
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TABLE I
SPECIFICATIONS OF THE HIGH-SPEED PMSG
Parameters Values Parameters Values
Outer radius of stator 132.5mm | Inner radius of stator 56.5 mm
Outer radius of PM 51 mm Thickness of sleeve 4 mm
Stack length of stator 210 mm Material for stator 25PN1500
Grade of PM N42SH Material for sleeve Inconel718
Slot number 36 Rated speed 15000 rpm
Rated active power 250 kW Rated voltage 600 Vims
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Fig. 2. Equivalent circuit for performance analysis of PMSG.

A. Egquivalent Circuit Method

Fig. 2 illustrates the EC of a PMSG for one phase. In the figure,
E,), is the open-circuit voltage (back-EMF), V; is the terminal
voltage, I, is the phase current, 2}, is the armature resistance,
and X, is the synchronous reactance [13]. In general, the
synchronous reactance includes the self-reactance (X, ), the
mutual reactance (X404l ), and the leakage reactance (Xjeqr)-
Furthermore, the leakage reactance can be divided into the slot
leakage and the end leakage, and the end leakage is affected by
the structure of the rotor shaft.

Assuming that the PMSG operates at a constant speed and
unity power factor for resistive loads, the voltage and current of
the ECs can be given by (1) and (2) as follows:

R2
‘/t — B h load (1)
! \/(Rph + Rload)2 + (Xph)2
E
Ly = L )

\/(Rph + Rload)2 + (Xph)Q

where R4 is the load resistance and E,j, (= K.w) is the back-
EMF at a given operating speed.

Here, K. is the back-EMF constant (flux linkage) and w is
the synchronous speed.

Assume that the three phases of the PMSG are balanced and
the load resistance has a unity power factor (cos § = 1), its active
power can be expressed as follows:

P, ut — 3 Vierms - Iphfrms - cos 0 (3)

o
where V,_,.,s and I, ., s are root mean square (rms) values of
terminal voltage and current. From (1)—(3), the load resistances
that gives the rated active power can be determined as follows:
2 ted
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Fig. 3. Analysis model: (a) 2D FE model, (b) 3D FE model without shaft (3D
FE-1), and (c) 3D FE model with shaft (3D FE-2).

TABLE II
2D AND 3D FE STATIC ANALYSIS RESULTS WITH/WITHOUT ROTOR SHAFT
.. . Value
Description Unit DFE 3D FE-1 3D FE2
Flux linkage Wb 0.340 0.363 0.344
Inductance uH 229.8 353.1 475
Resistance mQ 10.2

It is clear from the EC method that the back-EMF, the phase
resistance, and the synchronous reactance are parameters that
influence the performance of the PMSG. Therefore, accurate
prediction of EC parameters is very important for EM analysis.

B. Influence of Rotor Shaft on Electromagnetic Performance

In general, 2D FE analysis can be performed within a few
hours. Nevertheless, 3D FE analysis involves a large number
of meshes; thus, a considerable amount of time is required to
analyze the machine performance.

In addition, performance analysis of PMSG requires more
time as the transient analysis process requires a combination of
both the EM field and the electric circuit. To overcome these
problems, the flux linkage and synchronous inductance were
calculated in this study using static 3D FE analysis, whereas the
phase resistances were calculated in [11]. 3D leakage effects in
PMSGs with/without rotor shaft can be determined using both
2D and 3D FE analyses by calculating the flux linkages and
inductances for different shaft geometries, as shown in Fig. 3.
The EC parameters obtained from 2D and 3D FE analyses
with/without shaft are listed in Table II. The flux linkage obtained
using 3D analysis approach is higher than that of 2D analysis
approach due to PM overhang [11]. Although the total flux
increased due to PM overhang, 3D analysis result considering
rotor shaft shows that the flux linkage is similar to that of 2D
analysis result due to the leakage flux.

In particular, it was observed that the leakage inductance of
the stator coil significantly increased as a result of the end effect
with the rotor shaft. Consequently, an increase in the reactance
due to leakage inductance causes a decrease in the active power
owing to reactance voltage drop. As shown in Fig. 4, 2D and
3D analyses without rotor shaft yielded an active power of over
250 kW at rated voltage of 600 V. In contrast, the active power
obtained from 3D analysis with rotor shaft is lower than 250 kW
at rated voltage.

In order to verify the validity of the proposed analysis method,
the results of 3D FE analysis considering loss and saturation
at rated voltage are presented in Table III. Compared with the
proposed method, the active power analysis results obtained
from the FE analysis under the same load resistance conditions
are 2% (2D FE), 4.23% (3D FE-1), and 4.56% (3D FE-2),
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Fig.4. Generating characteristic analysis for AC load condition at 15,000 rpm.

TABLE III
2D AND 3D FE TRANSIENT ANALYSIS RESULTS WITH/WITHOUT ROTOR SHAFT
UNDER LOAD CONDITION

Description Unit Value
2D FE 3D FE-1 3D FE-2
Output voltage \4 606.25 582.37 612.04
Active power kW 281.64 294.89 212.09
Copper loss kW 2.20 2.62 1.20
Core loss kW 0.91 0.83 0.90
Eddy current loss kW 0.56 0.28 0.21

h ic pad
(Titanium Alloy)

Fig. 5. (a) 3D structure of PMSG with shaft and (b) design variables.

respectively. Because high-speed PMSG has a high operating
frequency, the saturation of the stator is taken into account at the
design stage, and the error between the FE method and the EC
method is reasonable because the ratio of copper loss to the total
loss ratio is large. Therefore, it is considered that the proposed
analysis method can be usefully used in the design stage that
requires a lot of analysis.

C. Parametric Analysis for Improving EM Performance
Considering Design Variables of the Rotor Shaft

It can be observed that the EM performance is significantly
affected by 3D leakage flux effect. Therefore, EM performance
analysis of high-speed PMSGs was carried out considering the
3D structure and the design parameters of the rotor shaft were
defined, as shown in Fig. 5. In order to secure the mechanical
stiffness, a nonmagnetic pad was used with titanium alloy and
the mechanical stability was verified through structural analysis.

Fig. 6 shows variations in the flux linkage and inductance
values for different non-magnetic pad thicknesses (Hpqq) and
shaft outer diameter values (Dgpq ft). The objective of the
improved design is to improve the active power, to meet the
required performance that over the output power of 250 kW
when the rated voltage of 600 V4 is satisfied.

Initial design point
linkage (Wb)
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Fig.6.  Analysis results considering the height of the nonmagnetic pad (H q)
and diameter of the rotor shaft (Dpqf¢): (a) flux linkage and (b) inductance.

Modal analysis: (a) initial and (b) improved rotor.

Fig. 7.

Non-magnetic pad

Fig. 8. Stress analysis results: (a) initial and (b) improved rotor.

III. VERIFICATION OF ROTOR DESIGN USING
MECHANICAL ANALYSIS

Despite improvement in the EM performance, the combi-
nation of two different objects can deteriorate the mechanical
properties.

Therefore, mechanical analysis of an electromagnetically im-
proved rotor is essential. The validity of the proposed design
method was verified through mechanical analysis of the im-
proved model using an initial model. Mechanical analysis can
be divided into modal analysis to predict the natural frequency
[7], stress analysis between the rotor PM and the sleeve [4], [6],
[7], and rotor dynamics analysis [12].

Fig. 7 shows the first, second, and third mode shapes obtained
from the modal analysis of the initial and improved models. At
the rated speed of 15,000 rpm, the fundamental frequency of
the PMSG is 250 Hz, and the modal analysis of the initial and
improved models shows that there is no match at any harmonic
frequency.

The safety factor (yield strength/maximum stress) of the PM
and sleeve is required to be at least 1 [4], [14]. Especially in
the case of high speed PMSGs, it is required to secure a high
safety factor because the reliability of the rotor is required at
high rotational speeds. Fig. 8 shows the stress analysis results
of the initial and the improved rotor. According to the material
properties as shown in Table IV and rated speed conditions, the
safety factors of the PM and the sleeve of the two models are
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TABLE IV
MATERIAL PROPERTIES FOR ROTOR STRUCTURE

Description | Density | Poisson’s Young’s Yield
Material [kg/m?] ratio modulus strength
[GPa] [MPa]
Sm>Coi7 8,300 0.24 120 35
Inconel 718 8,190 0.284 205 1,100
SCM440 7,850 0.29 205 675
Titanium alloy 4,400 0.33 114 820
3000 3000
2500 =X 2500 —IX
= —e—1BW - —e—1BW
= 2000 ——2FW = 2000 ——2FW
B —A—3BW = —A—3BW
£ 1500 ——4BW £ 1500 4B}
- 13 = v
500 Critical speed: 500 Critical speed:
o ated speed: 58660 rpm * 58475 rpm
0 “¥ 15000 rpm 0
0 15 3 45 6 75 0 15 3 45 6 75
Rotating speed [rpm] x10* (a) Rotating speed [rpm]| %10% (b)
Fig. 9. Campbell diagram: (a) initial and (b) improved design.
PM with Inconel 718 sleeve
Fig. 10.  Manufactured high-speed PMSG.

more than 2.5, indicating that it is mechanically stable. Similarly,
the safety factor of the rotor structure (SCM 440 and Titanium
alloy) also has a value greater than 2.

Finally, the mechanical speed of the high-speed PMSG is
limited by the critical speed [12]. As shown in Fig. 9, the
rated speed of the initial and improved models is sufficiently
low compared with the critical speed. It can be seen that the
critical speed is similar to the initial design in the rated operating
conditions despite the change in the material and design of the
rotor structure.

From the analysis results, it can be observed that the improved
model has stable mechanical properties without problems such
as bearing fatigue failure and rubbing.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

The improved design model based on electro-mechanical
analysis results was manufactured, as shown in Fig. 10. The
improved rotor structure that ensures mechanical stability has a
non-magnetic pad thickness and a rotor shaft diameter of 9 mm
and 60 mm, respectively.

Table V presents the analysis and measurement results of
the EC parameters of the improved design and prototype. The
analysis results of the flux linkage and inductance of the high-
speed PMSG considering the rotor shaft are in good agreement
with measured results; the errors are 0.3% and 4%, respectively.
An experimental setup was constructed to verify the validity
of the proposed design and the analysis method, as shown in
Fig. 11. The drive motor provides a constant speed and the input
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TABLE V
IMPROVED AND MEASURED VALUES OF HIGH-SPEED PMSG
o . Value
Description Unit
Improved Meas.
Flux linkage Wb 0.358 0.359
Inductance uH 368.3 354
Resistance mQ 10.2 10.82

Torque
Sensor

V,LP, pf

Power Analyzer

Fig. 11. Experimental setup.
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Fig. 12. Generating characteristics at different AC load and rotor speed
conditions: (a) power—voltage curve and (b) current—voltage curve.

power was determined by the load of the PMSG. To evaluate
the output of the PMSG itself, the EM performance can be
measured by connecting the resistance of each phase to the wye
connection. The results of the generating characteristic of the
improved model and the prototype at different load resistances
and operating speeds are shown in Fig. 12.

The error of the measurement results is within 5% of the
analysis results. From the results, it can be confirmed that the
analysis and design results presented in this paper are reliable
even under various load resistance and speed conditions.

V. CONCLUSION

This paper presents the electro-mechanical performance anal-
ysis and design method of a PMSG considering the rotor shaft.
Compared with 2D FE analysis results, results of 3D FE analysis
with rotor shaft show a decrease in the back-EMF and an
increase in the leakage inductance, which can be attributed to
performance deterioration. Therefore, the EM parameter map
was derived based on the design parameters of the rotor shaft
using 3D FE static analysis and the performance of the high-
speed PMSG was analyzed using the EC method. Mechanical
analyzes were performed to verify the mechanical reliability of
the optimized rotor shaft. The validity of the proposed design
and analysis results was verified using experimental results. The
proposed method can be used for the design and analysis of
high-speed electrical machines.
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