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Permanent-magnet excitation machines (SPMMs) having mounted magnet
on the outer surface of their rotor are preferred for high-speed applications
such as turbochargers, mechanical turbo-compounding systems, racing
engines and fuel pumps, over other types of machines including induction
and switched-reluctance machines, since the SPMMs integrate the features
of high torque density, compact rotor structure, high reliability and simple
structure. However, in the SPMMs, due to the need for a retaining sleeve for
the rotor, a large magnetic airgap results and consequently a large magnet
thickness is required, hence the magnetic end-effect is relatively high. On
the other hand, the use of an overlapping distributed winding leads to a
significantly large end-winding length. Hence, the end-effect and the end-
winding influences on the performances of a high-speed SPMM is
considered in this paper. With a view to get the impact of the end-effect, a
comparison between three-dimensional (3D-FEA) results and counterparts
two-dimensional finite element analyses (2D-FEA) has been conducted.
Results show that, higher efficiency at low torque and low speed due to the
low electromagnetic losses and at high speeds due to the high flux-
weakening capability are seen when the influences of end-effect as well as
end-winding are taken into account.
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1. INTRODUCTION

High-speed electrical machines are being applied in considerable industrial applications like turbo-
compressors, turbochargers, and engine electrification applications. These machines must be able to
accomplish the electromagnetic as well as mechanical requirements at operating conditions of high
temperature and high-speed. Therefore, in comparison to the induction and switched-reluctance machines,
permanent magnet machines having mounted magnet on the outer surface of their rotor (SPMMs) would be
suitable candidates for such applications because they offer the merits of high torque density and a rotor of
relative mechanical integrity. Additionally, the SPMMs are distinguished by relatively low electromagnetic
losses and high torque capability. Moreover, they are delivering low back-electromotive force (EMF)
harmonics and consequently low torque ripple since overlapping distributed winding is normally employed

[1]-[4].
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However, to insure the rotor mechanical integrity at high speeds operating conditions, a retaining
sleeve should be used, this results in a large magnetic airgap. To overcome this, a relatively large permanent
magnet thickness is required and consequently a high permanent-magnet-end-leakage is anticipated, i.e. end-
effect. Which results in decreasing in the machine electromagnetic performance. Thereby, it has to be
considered in performance prediction [5]-[8].

Analytical methods that include the end-effect were reported in [5], [6]. Moreover, a lumped
parameter circuit was used to model the leakage flux in the end-region [7]. Despite the fact that in both
mentioned methods the results can be predicted relatively quickly, accuracy could be an issue in some
applications. Hence, end-effect could be predicted precisely using three-dimensional finite element
analysis (3D-FEA), though this method requires significant computing overhead [8]. Furthermore, several
research were investigated the impact of the end-effect on the performances of diverse PM machines
[9]-[16]. Sanada et al. [9] the impact of the end-effect in high-speed internal PM machine was examined.
Polinder et al. [10] introduced an analytical model of a SPMM taking into account the magnetic saturation as
well as the end-effect, whereas [11] investigated the influence of the end-effect on the torque-speed profile.
In addition, a comparison between 3D and 2D FEA results of doubly-salient machine has been conducted, to
highlight the impact of the end-effect [12], [13]. In [14]-[16] lumped-parameter-circuit and 3D-FEA were
used to develop and analyse A 3D-model of SFPMM, the model was experimentally validated.

A distributed overlapping winding configuration is preferred over its counterpart concentrated non-
overlapping since it results in low back-EMF harmonics and large winding factor [17]. However, such a
winding configuration leads to a large coil spin and therefore a large end-winding length and thus a large
increase in the copper loss is expected and therefore a significant influence on efficiency. Additionally, the
inclusion end-winding in the inductance calculation leads to higher values due to the end-winding and
leakage inductances. Therefore, similar to end-effect, neglecting the end-winding influence results in a large
error in the predicted results and therefore needs to be considered in performance prediction [18]. Moreover,
several studies and investigation focusing on the influence of the end-winding have been conducted [19]-[25].
Ban et al. [19] the end-winding leakage inductance is investigated analytically, and further investigation on
the end-winding inductance [20]. Analytical method for leakage inductance considering the end turn shape is
proposed in [21], [22]. Calculation methods investigating the effects of the end-winding and end-effect on the
machine torque performance in Potgieter and Kamper [23]. Furthermore, the torque-current characteristics are
studied with consideration of end-winding is reported in Henneberger et al. [24]. Finally, the influence of the
end-winding on the induced eddy current in the end-region of the machine is investigated in Silva et al. [25].

In current paper, the impact of the end-effect as well as the end-winding on the behavior of a high
speed SPMM is studied. 2D-FE and 3D-FE models of the under-investigation machine have been achieved
by ANSOFT MAXWELL SOFTWARE in order to predict the machine electromagnetic performances
including open-circuit results, developed electromagnetic torque, speed-torque curves, the electromagnetic
losses and efficiency map. A comparison between the 2D-FEA results and 3D-FEA counterparts is
introduced and the reasons for their differences are discussed. Additionally, an individual optimization
procedure using 2D- and 3D-FEA is made in order to obtain the influence of the end-effect and end-winding
on the optimum design values. Finally, the findings of this paper have been validated experimentally.

2.  SPM MACHINE

SPMM for high-speed application is used in this study. The rotor contains the PM, which is
enclosed by a retaining sleeve to preserve the rotor mechanical integrity at high-speeds. However, as stated
previously, such a sleeve increases the magnetic airgap which requires an increased magnet thickness and
therefore a significant high end-effect can be expected. Conversely, an overlapping distributed winding
configuration is employed in order to reduce the back-EMF harmonics and achieve high winding factor. It is
worth to mention that the presented results in this paper are per unit values.

3.  INFLUENCE OF END-EFFECT AND END-WINDING ON ELECTROMAGNETIC
PERFORMANCE

3.1. Open circuit (O. C.) condition

Figure 1 compares the 2D-FEA normal component of the flux density in the airgap and the 3D-FEA
counterpart. For the 3D model, the flux density in the airgap is predicted at the middle of the axial length of
the machine as well as at both ends. Clearly, the 2D- and the 3D-FEA results are analogous when the flux
density in the airgap is predicted at the middle of the 3D model, Figure 1(a). Whereas, due to the presence of
the end leakage, less value and higher airgap flux density distortion can be noted at both ends of the SPPM,
Figure 1(b). Likewise, lower back-EMF amplitude and total harmonic distortion (THD) are delivered when

Int J Pow Elec & Dri Syst, Vol. 13, No. 4, December 2022: 2033-2040



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2035

the end-effect is included, Figure 2 in which Figure 2(a) compares the waveforms, while Figure 2(b)
compares the FFTs of both 2D and 3D-EFA. This is because of the end permanent magnet leakage, which
results in reduction the fundamental and other order harmonics values of the back-EMF at the same average.
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Figure 1. Comparison of 2D-FEA and 3D-FEA flux densities of the airgap at middle of the axial length and
both end-regions (a) middle and (b) end-regions
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Figure 2. 2D-FEA and 3D-FEA back-EMF waveform and harmonics (a) waveform and (b) harmonics

3.2. Electromagnetic torque
Due to its small saliency ratio, the SPMM possesses a neglected reluctance-torque. Thereby, at
constant torque region operating circumstances, the electromagnetic torque of the machine can be found by (1).

3
T, = >Ny Wpmly )

Where Nr, Wem and g are pole pairs number, flux-linkage of the PM and quadrature-axis current. However,
under flux weakening region the torque of SPMM is (2).

3
T, = > Ne(¥pmlq + (La = Lg)laly) )

Where Lg and Lq are the inductances on the direct- and quadrature-axis, respectively, and 14 stands for direct-
axis current. Figure 3 compares the 2D-FEA and 3D-FEA electromagnetic torque of the SPMM under a load
condition of (1;=100A, l4 =0). corresponding to the back-EMF the 2D-FEA torque value is 3% higher than
that of the 3D-FEA. Furthermore, the waveform of the torque has considerably low ripples, since the total
harmonic distortion of the back-EMF waveform is low, as seen in Figure 2(b). Thereby, the difference in the
ripple of the torque between the 2D-FEA and 3D-FEA could be ignored.
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Figure 3. Electromagnetic torque waveforms

4.  IMPACT OF END-EFFECT AND END-WINDING ON TORQUE-SPEED CURVE
The (2) and (3) can be used to obtain torque speed characteristics (3).

Vph = \/(Rald - “)quq)z + (Ralq + “)Ldld_wllupm)z (3)

Where Vph is the phase-voltage supplied by the inverter and R represents the winding resistance of one phase
of the machine. Therefore, in order to analyses the torque-speed curve, PM-flux-linkage and the direct-axis
and quadrature-axis inductances are obtained by the 2D-FE and the3D-FE models. The full coupling method
proposed in [26] has been applied to consider the magnetic saturation and cross-coupling effects completely.

4.1. Permanent magnet flux Linkage and inductances

Figure 4 introduces the flux linkage of the permanent magnet under different quadrature-axis current
levels. The influence of saturation is not significant. Hence, the difference between both 2D-FEA and 3D-
FEA is the same at all the current levels. On the other hand, higher values of inductances are delivered by the
3D- compared to their 2D-FEA counterparts as introduced in Table 1. The reason is due to end-winding
inductance as well as the leakage inductance.
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Figure 4. 2D-FEA and 3D-FEA PM-flux-linkage for different quadrature-axis current levels

Table 1. Normalized Lq and Lq for different values of current predict by 2D- and 3D-FEA

Current D-axis inductance Q-axis inductance D-axis inductance Q-axis inductance
(2D-FEA) (2D-FEA) (3D-FEA) (3D-FEA)
1,=1, 1;=-100 1 0.9405 1.219 1.153
1,=33, 14=-83 1 0.9702 1.219 1.185
1,=50, 14=-50 1 0.9816 1.217 1.192
1,=83, 14=-33 1 0.9862 1.215 1.199
1,=100, l4=-1 0.9977 0.9885 1.203 1.199
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4.2. Torque- and power-speed curves

Employing the predicted PM flux-linkage and inductances by FEA in (2) and (3), the torque- and
power-speed curves are obtained and shown in Figure 5, where Figure 5(a) is comparing 2D-FEA and 3D-
FAE torque-speed profile, while Figure 5(b) presents a compression between 2D-FEA power-speed
performance and its 3D counterparts. A lower constant torque region is observed in the 3D-FEA, however a
slightly lower base speed and significantly wider flux weakening region is found. The reason is due to higher
inductances and lower flux-linkage of the PM, which result in increasing the flux weakening factor [27].
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Figure 5. Torque-speed and power-speed curves (a) 2D- and 3D-FEA torque-speed curves and
(b) 2D- and 3D-FEA power-speed curves

5.  INFLUENCE OF END-EFFECT AND END-WINDING ON ELECTROMAGNETIC LOSSES
AND EFFICIENCY
5.1. Copper loss
The DC copper loss in electrical machines is found by (4).

315 pNpppcule
Ppe=—"7"—" 4
AsKp

Where Iy is the current per phase, Npn represents the turn number per phase, pe indicates the copper
resistivity, I referred to the coil length, As is the area of the slot, and K, is for the packing factor. Normally,
the length of the coil is calculated analytically since accurate mathematical approaches to obtain the coil spin
length are available in literature. The length of the coil including the end-winding spin can be calculated
analytically using (5).

le =2(lgx + 21 (%) (Rins + 1) + 1cp) 5)

N
Where | is the axial length, Ngs is the number of slots of the coil spin, N;s is the number of slots, Rins is the
stator inner radius, Is is the length of the slot, and I, is the length of the coil bend. When the end-winding
length is ignored (2D copper loss), the coil length is equal to twice the axial length of the machine, whereas
3D copper loss is found when the end-winding is considered. However, it is worth to mention that the AC
copper loss component which consists of skin and proximity effects is excluded from this study since this

machine is modelled with significantly reduced AC loss and therefore it can be neglected.

5.2. Core and rotor losses
Generally, Steinmetz equation, (6) is applied to determine core loss in electrical machines.

Pcore=kh(B:f)*B*fz'l'kc(Brf)*B*f (6)

Where B and f are the flux density and frequency, respectively. ky, and k. are the hysteresis and eddy factors
of the used core material, respectively. Figure 6 presents the core loss of the SPMM at 100 K under different
currents. When the current levels are below 100 A, the 3D-FEA predicted core loss is lower than that of the
2D-FEA this is because of the leakage effect, which reduces the magnetic-flux density in the core of the
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machine. However, at higher current levels, i.e. above 100 A, due to the influence of the induced flux by the
end-winding in the end region of machine the 3D-FEA core loss exceed the 2D-FEA counterpart [25].

On the other hand, the induced eddy current in the conductive components, i.e. magnets, retaining
sleeves and shaft, in the SPMM results in induced eddy current loss, such loss can be found by (7).

Jnl?
Peddy =Xn {fvol | o dv} (7
Where J and o represent induced current-density in conductive volume, the material conductivity,
respectively. When both end-effect and end-windings are considered, i.e. 3D-FEA, lower eddy losses are
observed, as shown in Figure 7. This is because of the both flux-leakages, which includes the end-effect
leakage and stator flux-leakage that lead to decrease the induced eddy current and therefore lower loss
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Figure 6. 2D-FEA and 3D-FEA Core loss Figure 7. 2D-FEA and 3D-FEA rotor losses

5.3. Efficiency map
The efficiency at different current levels and speeds is found by employing the FEA predicted core
and rotor losses as well as the calculated copper loss in:

_ Pem—Pcore—Peddy

= Pem+Ppc (8)
where Pen is the electromagnetic power (T,) Figure 8(a) and Figure 8(b) presents the efficiency map using
the core and rotor losses obtained by 2D-FEA and 3D-FEA, respectively. Higher efficiency at lower torques
and speeds is observed since lower losses are obtained and since the power level is low therefore the losses
influence on the efficiency is noticeable. Additionally, higher efficiency at higher speed levels is found, due
to the influence of flux-weakening, since the large inductance increases the output torque and consequently
power as well as lower core and magnet losses is observed at these levels due to the influence of flux
weakening.
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Figure 8. Efficiency map for (a) 2D-FEA predicted efficiency and (b) 3D-FEA predicted efficiency
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6. CONCLUSION

The impact of the end-effect and end-winding on the open-circuit, developed electromagnetic
torque, torque-speed profiles, the electromagnetic losses as well as efficiency on the high-speed SPMM are
studied in this paper by the means of 2D-FEA and 3D-FEA. It is found that when such effects are included in
the prediction method, lower torque and higher flux weakening capability are observed. On the other hand,
higher efficiency at low speeds-low torques and high speeds regions is observed due to the influence of end-
effect and end-winding on the core and magnet losses, and the flux weakening capability.
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