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Abstract

Background/Obijectives: In this study, we investigate the distribution of windings with optimum performance from the performance
analysis according to the winding distribution of a high-speed permanent magnet synchronous generator (PMSG).

Methods/Statistical analysis: Electromagnetic parameters of the high-speed PMSG are derived using the finite element analysis. The
relationship between the winding coefficient and the electromagnetic parameter is defined, and the change in the parameters, according
to the winding distribution, is confirmed. The generating characteristics analysis is performed using the equivalent circuit method
(ECM), and the efficiency characteristics are analyzed from the ECM and the loss analysis.

Findings: This paper presents the influence of winding distribution on the electromagnetic performance of high-speed PMSGs. The
factors affecting the performance of the PMSG are back electromotive force (EMF), inductance, and resistance. As regards low-speed
PMSGs, back EMF and resistance generally have a large effect on performance. However, as regards a high-speed PMSG, the reactance
increases as the operating frequency increases. Therefore, inductance, as well as back EMF and resistance, are the main factors affecting
performance. We propose a method to select the optimal winding distribution based on the investigation of the influence of the winding
distribution on the electromagnetic performance using the ECM considering loss characteristics.

Improvements/Applications: Based on the analysis results, it is possible to use winding distribution as a design point in both the initial

and optimum designs of the high-speed PMSG.
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1. Introduction

Nowadays, the demand for alternative sources of energy, owing to
environmental pollution and energy depletion, is increasing, and
research on high-speed permanent magnet synchronous generators
(PMSGs) with high efficiency and power density is actively
underway[1]. Therefore, efficient and stable utilization of
alternative energy is an important issue. Owing to the
development of rare-earth permanent magnet manufacturing
technology with high energy density and the development of
robust structure, high-speed PMSGs are gaining considerable
amount of attention from many researchers and institutions
worldwide [2,3]. In addition, high-speed PMSGs have favorable
application prospects such as in household appliances, aircraft
engines, micro-gasturbines, flywheel applications, among others
[4]. As mentioned above, performance optimization of PMSGs,
which can be widely used in many applications as well as
research, is one of the main issues encountered during the design
stage.

Many studies have been actively conducted on the design and
performance optimization of PMSGs [5-7]. S.-M. Jang et al. have
optimized the performance of the PMSG using ferrite PMs to
optimize performance (minimize cogging torque) [5]. H. Zhang et
al. presented a study on the effects of stator geometry on
electromagnetic performance and losses. [6]. S.-H. Lee et al.
carried out performance optimization, such as cogging torque and
back electromotive force (EMF) total harmonic distortion(THD),
according to the thickness of the PM, PM ratio, and the

chamfering of the stator shoe as design parameters [7]. There are
no studies comparing electromagnetic characteristics and
generating characteristics by windings distribution. This
distribution directly affects the synchronous generator circuit
constant such as back EMF, resistance, and inductance. This paper
presents the influence of winding distribution on the
electromagnetic performance of high-speed PMSGs. The factors
affecting the performance of the PMSG are back EMF, inductance,
and resistance. As regards low-speed PMSGs, back EMF and
resistance generally have a considerable effect on performance.
However, as regards a high-speed PMSG, the reactance increases
as the operating frequency increases. Therefore, inductance as
well as back EMF and resistance are the main factors affecting
performance. In this paper, we study the distribution of windings
of high-speed PMSGs with optimum output performance.

2. Electromagnetic performance of high-speed
PMSG

Figure 1 illustrates the designed stator and rotor of the high-speed
PMSG. The high-speed PMSG has a 36-slot stator with a three-
phase distribution winding, a rotor consisting of a full PM, and a
sleeve to prevent scattering of the PM. It produces a better air-gap
flux density distribution and, hence, a more sinusoidal output-
voltage waveform. Moreover, material (SCM 440) with high
strength is used for the shaft coupling part owing to the stiffness of
its shaft.
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Figure 1: Structure of high-speed PMSG

2.1.  Electromagnetic
distribution

parameters by  winding

In electric machinery, the winding distribution can be divided into
distribution and concentrated winding. The distributed winding
method is mainly used in high-speed PMSGs for sinusoidal flux
distribution. The distributed winding method can be divided into
full and short pitch winding. Each winding method has advantages
and disadvantages. However, there are no published papers on
high-speed PMSG that comprehensively analyze the correlation
between winding distribution and electromagnetic performance.

Distributed short pitch winding has an advantage in which the
harmonic reduction rate is very large as the magnitude of the
harmonic decreases by the product of the distribution and short
pitch coefficient. However, the distributed short pitch winding
also causes a reduction in the magneto-motive force (MMF)
owing to the stator coil. This is called the winding coefficient and
is expressed as follows [8]

kw = kd : kp (1)

Where kq is the distribution coefficient and represents the ratio of
the magnitude of the distributed winding MMF to the concentrated
winding MMF, kp is the pith coefficient and represents the ratio of
the magnitude of the short pitch winding MMF to the full pitch
winding.

In this paper, we analyze the performance of the generator
according to the electromagnetic parameter changes based on the
short pitch coefficient of the PMSG with distributed winding. This
is shown in figure 2. The skew coefficient, owing to the skew of
the stator or the rotor, is not considered.

Figure 2: Structure of high-speed PMSG according to winding distribution: (a) coil pitch 13, (b) coil pitch 14, (c) coil pitch 15, (d) coil pitch 16, (e) coil

pitch 17, (f) coil pitch 18
2.1.1. Resistance

The resistance can be generally divided into the slot resistance, in
which the conductor is effectively distributed, and the end winding
resistance, which connects the conductor and the conductor. The
phase resistance is expressed as (2) [9].

L¢
Rph = Pc a. (2

Where L. is the length of the conductor, Ac is the area of the
conductor, and pc is the resistivity of the conductor.

For conductive materials, the resistivity is a function of
temperature and is expressed as (3).

Pc = Po {1+‘1(T_To )}:_: (3)

Where po is the resistivity at the temperature of To, likewise pc is
the resistivity at the temperature of T and O is the temperature
coefficient of resistivity.

The length of the conductor is calculated from the z-axis length of
the stator and the length of the end as shown in figure 3. The
length of the end is calculated from the average radius (reoit) from
the center of the generator to the coil and reoil_end from the coil

pitch. From this, the length of the conductor is expressed as (4).
Lo =2Lgy + 2Tcoil_end X 1T @)

The area of the conductor is obtained from the area of the wire and
the number of strands. The number of strands of the wire is
calculated from the slot area, the number of conductors, and the
area of the wire used for fabrication. The total length of the
conductor is represented by the sum of the lamination length of
the stator and the end turn. The equivalent winding diagram for
converting the conductor length of the end turn is shown in figure

(2) — v (L)
Figure 3: Stator resistance calculation model
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2.1.2. Back-EMF

The no-load (EMF) in one phase of the stator winding by PM flux
of the PM rotor is expressed as (5) [10].

Eph = ”‘/iprh(pf ke (5)

Where Npn is the number of the stator turns per phase, and kw is the
stator winding coefficient.

The back EMF, generated from the magnetic flux varying with
time, is an important parameter indicating the generation voltage
and the output characteristic in the high-speed PMSG. As shown
in (5), not only the rotational speed of the rotor and the number of
turns of the conductor but also the winding factor are important
factors in determining the magnitude of the back EMF.

2.1.3. Inductance

Synchronous inductance, in a synchronous machine, is calculated
by the sum of self and mutual inductance. Self-inductance can be
divided into air-gap and leakage inductance.

Here, the air-gap inductance can be expressed as (6); a main
parameter constituting magnetic inductance and mutual inductance
[10].

7 o NppDg Ly
Ly, =-——29 "k 6
g = Dhotilobay ©)

Where po is the permeability of vacuum, Dy is the diameter of the
air-gap, Lsw is the z-axis length of the stator, p is the number of
poles, and g is the length of the air gap.

2.2. Loss analysis according to winding distribution

Generally, the heat source of an electric machine is an electric loss.

This loss can be largely classified into copper and iron loss. The
copper loss is attributed to the current, flowing through the coil
and resistance. Iron loss can be divided into hysteresis loss and
eddy current loss, attributed to the hysteresis characteristic of the
material itself and induced voltage, respectively. It can also be
classified into rotor loss owing to non-sinusoidal distribution of
flux density, and bearing friction and windage loss as mechanical
losses.

It is critical to predict the loss and design of the electric machine
because loss in the electric machine is an important factor in
determining the operating condition or efficiency of the machine.
In particular, iron loss is a source of heat loss generated from an
iron core used in an AC power machine. It is an important factor
in efficiency as well as in designing an AC power machine. The
loss of the rotor is a major cause of rotor heat generation in
electric machine operating at high speeds, and this is very
important for the prediction of the rotor loss because it is very
difficult to cool or dissipate the rotor.

In this paper, the finite element analysis is used to calculate the
iron loss and the rotor offspring according to the winding
distribution and load resistance. To calculate the efficiency
according to the load resistances, the loss analysis results
according to load resistances were obtained by using the curve-
fitting method. The stator copper loss can be estimated from the
stator resistance and the current flowing through the stator. This is
accomplished by using the equivalent circuit method (ECM) in the
next chapter, according to the load resistance. The efficiency of
the generator was predicted by reflecting the results of the copper
loss according to the output current and load resistance.

2.3. Generating characteristic analysis

- 3 Load Sank
Figure 4: Equivalent circuit of high-speed PMSG

Generater

Figure4 shows the equivalent circuit of a high-speed PMSG. In the
figure 4, Eo(=Ke-w) is the back-EMF at operating speed, Rpn is the
armature resistance, Lsis self inductance, Mis mutual inductance,
Vi is the terminal load voltage, Iph is the phase current, and o is the
angular velocity, respectively.

For the case when the generator works at an arbitrary operating
speed and power factor is constant, output voltage and current can
be extended as follows

Rzoa +Xzoa
Vi = Eph foag ——load Z (M
(Rph+Rload) +(Xs +Xload)
E
Ln = : ®)

2 2
J(Rph+Rload) +(Xa +Xload)

Where Xioad(=-Lioad) is the reactance component of the load and
Xs(=w-(Ls+M))is the synchronous reactance.

For the case when Xioad in (9) and (10) set 0, namely, if the load
assumes only resistance load, they can be rewritten as follows

RZ
V. =E load 9
' P (Rph+Rload)z +(Xs )2 ( )

B (10)

L=
? (Rph+Rload)2 +X5?

Therefore, output power can be expressed as follows

Pour =3~ Vt,rms ' Iph,rms (11)

From the viewpoint of electromagnetic efficiency, input power
can be expressed as the sum of output power and loss. Therefore,
it can be expressed as (11).

Pin =3 Vt,rms ) Iph,rms + Pcopper + Pcore + Protor + Pmech. (12)

Where Pcopper is the stator copper 10ss, Pcore is the stator iron loss,
Protor is the rotor loss, and Pmech is the mechanical and stray loss.

3. Results and Discussion

3.1. Electric circuit parameters

Table 1 describes the predicted electrical parameters of high-speed
PMSG. As mentioned in previous sections, resistance, back EMF,
and inductance are affected by the winding factor. Moreover, as
shown in figure 5, back EMF characteristics are analyzed in
proportion to the speed. The electrical parameters reported in table
1 are employed for the prediction of generating characteristic
analysis such as output power, terminal voltage, phase current, and
efficiency leveraging ECMs.

Table 1: Analysis of electromagnetic performance according to coil distribution

Coil pitch 13 Coil pitch 14

Coil pitch 15

Coil pitch 16 Coil pitch 17 Coil pitch 18

Back-EMF

(@15Krpm) 340.61

353.3 363.35

370.66 375.1 376.92
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Inductance [uH] 160.69 179.3 197.52 214.98 230 243.2
Resistance
[mOhm] 8.7 9.3 9.8 10.2 10.8 11.6
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Figure 5: Back-EMF according to rotor speed Figure 8: Core loss
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Figures 6 and 7 illustrate the load characteristic in rating speed = 2
condition and the speed characteristic of rating resistance load 5 ?
condition of targeted analysis model, respectively. Generating —15]
performances obtained using back EMF constant, phase resistance, £
and synchronous inductance. =
P-V curve &
700 0.5
|
7600 —— e ———
g 0 o o o
= 200! ot 20 40 60 80 100
,-:-' ; :(L::: g:z: :': Load Resistance [Ohm]|
b ¢ Fi 'R |
,.5:_“"‘" Coil pitch 15 igure 9: Rotor loss
:5‘ 1001' —Coil pitch 16 12
| ~=Coll pitch 17 O FEM-Copper lns
2 200 “Calt plich 18 _ w? —ECM-Copper loss |
B .| z
S 100! = 8|
e - - - : = 6
0 100 200 300 400 =
Power|W]| g4
Figure 6: Power-voltage curve according to coil pitch 3
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% As shown in figure 11, efficiency is calculated from the loss and
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The electromagnetic loss analysis can be obtained as shown in = gs| Coll pitch 15
figure 8 —figure 10. For each load resistance, the finite element 2 = Coil pitch 16
analysis was performed at the rated speed to derive the loss value. _‘i“': PREn 17
The curve-fitting method was used to predict the loss at all load 80 ot o asckond

resistances. The nominal current is predicted using the ECM. The

stator copper loss is calculated from the calculated resistance
value.
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Figure 11: Efficiency according to coil pitch

4. Conclusion

This study presents the electromagnetic parameters and
electromagnetic performance of a high-speed PMSG according to
the winding distribution. The relationship between the
electromagnetic parameters and the winding factor, according to
the distribution of windings, of the stator, was analyzed. These
results were analyzed by generating characteristic analysis using
the ECM. Based upon the results, the high-speed PMSG has a
large voltage drop component owing to the inductance. This is
compared to the conventional PMSG and was observed to have a
great influence on the performance characteristics. In addition, it
is possible to select the winding distribution with optimal
efficiency by performing loss analysis according to each winding
distribution. The proposed analysis results demonstrate that the
design of the high-speed PMSG is an important factor in
determining its performance.
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