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Abstract—This paper describes the conductor eddy current loss 
that occurs in a permanent magnet type synchronous motor with 
a distributed winding stator using a rectangular copper wire 
designed for mild hybrid system applications for small vehicles.  
Compared with the conventional round wire inserter method, the 
space factor can be improved and the coil-end length can be 
shortened by applying a so-called hairpin windings using a 
pre-formed into hairpin shape of bar conductor, and as a result, 
DC current resistance of the armature winding can be reduced.  
However, since the conductor cross-sectional area tends to 
increases, the conductor eddy current loss generated by the space 
harmonics linkage becomes too large to ignore.  In order to study 
the reduction of the conductor eddy current loss, it is important to 
visualize the spatial leakage flux distribution which causes loss 
and finely analyze how the magnetic path is formed.  Therefore, 
analysis of the conductor eddy current loss distribution generated 
in the bar-wound conductor is performed using the CAE model 
that faithfully reproduces the coil-end shape of the actual machine. 
Furthermore, it was qualitatively clarified what ratio of 
conductor eddy current loss at various driving points.  Finally, the 
results of preliminary study on reduction of conductor eddy 
current loss are reported.       

Index Terms—Conductor eddy current loss, hairpin windings 
type permanent magnet synchronous motor, leakage magnetic 
flux.  

I. INTRODUCTION

ODAY, electrification is being promoted as a national policy 
in each country as a countermeasure for global 

environmental load reduction in the transportation equipment 
field.  The key components for the electrification technology of 
automobiles are a motor as the traction, a battery for energy  
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storage, an inverter for energy management, and control 
algorism to integrate them. Among these key technologies, the 
motor serving as the traction is very important component 
because it greatly affects the drive performance of the vehicle 
on which it is mounted. Today, an induction motors and a 
permanent magnet synchronous motors are widely used as 
motors for driving electric vehicles. A suitable motor is 
selected as either an induction machine or a synchronous 
machine depending on the driving performance of the electric 
vehicle and the application or the system of the hybrid vehicle. 
In the case of compact-size vehicles, in addition to securing the 
climbing performance and acceleration, space constraints at the 
time of on-vehicle installation and weight reduction of parts are 
very important. From the viewpoint of giving priority to torque 
density, in the case of a compact-size vehicle, a permanent 
magnet synchronous motor (PMSM) is usually employed.  In 
order to realize the high torque density of PMSM, shortening of 
the coil-end is important in addition to the adoption of the 
permanent magnet (PM) having a high residual magnetic flux 
density. In order to further increase the output, it is necessary to 
drive the motor at the high speed.  In the case of a compact-size 
vehicle, it is required to have both the high torque and the high 
output mentioned above.  Among the former, a concentrated 
winding stator can be considered as a method for shortening the 
coil-end length. But in the case of this stator type, since a large 
number of space harmonics are superimposed in this winding 
structure, the iron loss increases at high rotation speed, and 
motor efficiency decreases. In addition, the concentrated 
winding stator type is not suitable for small vehicle applications 
because the reluctance torque is lower than that of the 
distributed winding stator type.  As the technique for shortening 
the coil-end length in the distributed winding stator type, there 
is a bar-wound conductor type, so-called hairpin windings [1], 
[2]. In the case of the bar-wound conductor type, a flat 
rectangular copper wire preformed into a hairpin shape is 
contained in the slot, and then the open side is welded to form a 
coil. Therefore, the space factor can be improved and the 
coil-end length can be shortened as compared with the method 
of inserting, and as a result, DC copper loss can be reduced.  In 
particular, the PMSM applied the bar-wound coil type provided 
with the above-mentioned features maximizes the merit of high 
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torque density and small volume when mounted in a limited 
space such as an electric vehicles [3], [4]. This is great 
advantages compared to the conventional round-wire inserter 
method. Other hand, the use of a rectangular copper wire tends 
to increase the conductor cross-sectional area. The high torque 
density motor is designed to be driven in the magnetic 
saturation region of the magnetic steel sheet at a certain load or 
more, so the spatial leakage flux is easily to occur. This fact 
means that interlinking flux of spatial leakage flux is generated 
in the rectangular copper wire to cause conductor eddy current 
loss. When, the motor is designed to rotate at a high speed for 
higher output, the influence of its loss appears even more 
remarkably [5]. Since it is difficult to directly measure eddy 
current loss in hairpin coil, it is necessary to analyze finely in 
electromagnetic field analysis.  However, as far as the authors 
know, a large-scale electromagnetic field analysis with high 
spec workstation is required, so the method is limited to 
estimation of eddy current loss in the coil modeled simply [6], 
[7]. On the other hand, with regard to iron loss, as described in 
Ref. [8], [9], research on improvement of iron loss calculation 
accuracy has been actively conducted by new calculation 

methods such as a play model modeling the magnetic 
characteristics of materials in recent years.   

In view of these problems, large-scale electromagnetic field 
analysis is performed using the CAE model that accurately 
models the coil shape of the real machine.  At some typical 
drive point of the electric motor, spatial leakage flux is 
visualized. In addition, the conductor eddy current loss is 
quantitatively grasped. Furthermore, in order to grasp which 
part of the bar-wound conductor, e.g., coil-end part or 
embedded slot part, has the large amount of conductor eddy 
current loss, the conductor eddy current loss was determined 
quantitatively at each of the two parts of the conductor part 
enclosed within the slots and that of the coil-end part.  Based on 
these results, preliminary research of eddy current loss 
reduction was conducted with divided bar-wound coil 
technique.  

II. FE-ANALYSIS MODELING 

A. Machine Design 
Fig. 1 (a) shows the CAE model for electromagnetic field 

analysis and Fig. 1 (b) shows the mesh model without 
air-region.  As can be seen by comparing this CAE model with 
the actual machine in Fig. 1 (c), it can be seen that the coil-end 
portion of the armature winding is strictly modeled. As a result, 
as can be inferred from the mesh model of Fig. 1 (b), the mesh 
model becomes enormous, and numerically, the number of 
nodes and that of elements in the meshed CAE model are 
1,452,615 and 2,962,666, respectively.  Here, the armature 
winding of the bar conductor is connected by so-called zig-zag 

               
         (a)  CAE model.                     (b)  Mesh model without air-region. 
 

     
(c)  Actual prototype.                       (d)  Zig-zag winding connection. 

          

 
(e)  U-phase coil connection diagram for 4-poles. 

Fig. 1.  CAE model and actual prototype. 
 

TABLE I   
MAIN SPECIFICATIONS OF PROTOTYPE. 

Number of rotor poles 8 
Number of stator slots 48 

Outer diameter of stator core 125 mm 
Radial-air-gap length 0.6 mm 
Stack length of core 51.8 mm 

Maximum rotational speed 15,000 r/min 
Maximum torque,  output 30 Nm, 10 kW 

Maximum armature current 150 Arms(Maximum), 75 Arms (Rated) 
Cooling method Water cooling in housing 

Number of armature coil-turn 8 turn / slot 
Armature winding connection 4 series - 2 parallel 

Conductor cross section  4.2 mm2 / coil 
Electric magnetic steel seat 35A230 

Permanent magnet N48TS-GR (Shinetsu chemical) 

 

 
Fig. 2.  P3 type hybrid system applied proposed motor.  
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winding as shown in Fig. 1 (d). The more detailed connection 
diagram for U-phase zig-zag winding is shown in Fig. 1 (e).  It 
is composed of the total of 8 turns per pole by winding 4 turns 
with short-pitch winding, then shifting it by 1 slot and winding 
in the same way.  Similarly, in the case of the V-phase and the 
W-phase, they are arranged with an electrical phase difference 
of 120 degrees.  Therefore, there is a slot in which coils of 
different phase are included in one slot.  The effect equivalent 
to skew can be obtained by connecting in series with the coil 
that is shifted by an electrical angle of 30 deg. In this case, it is 
equivalent to shift of one tooth with the mechanical angle of 7.5 
deg.  Table I shows the main specifications of prototype.  This 
is the motor developed for low voltage hybrid system 
(generally called P3 type) application as shown in Fig. 2.  As a 

feature of this hybrid system, the improvement of power 
performance and the improvement of fuel efficiency are 
obtained by using this motor to compensate for the torque loss 
at the time of shift of AMT (Automated Manual Transmission).  
By attaching the structure to the final stage of the AMT via a 
reduction gear, miniaturization is achieved with the low torque, 
high speed rotation type motor. This motor is an 
interior-permanent-magnet-synchronous-motor (IPMSM) with 
8 poles and 48 slots which number of slots per pole per phase q 
= 2. Another main specifications of this motor are listed in 
Table I. The bar conductor is a flat wire having an AIW 
insulating film and has a rectangular cross section of 1.6 mm * 
2.7 mm in size. The space factor of coil is 78.7 %, which is 
higher than that of the round wire inserter method. Since the 
armature winding has the short-pitch winding as shown in Fig. 
1 (e), the torque is lower than that of the full-pitch winding due 
to the decrease in the number of armature interlinkage magnetic 
fluxes.  However, the torque ripple can be greatly reduced by 
the zig-zag winding structure equivalent to the skew.   

B. Drive Characteristics of Actual Prototype 
Fig. 3 shows the experimental test results of the adjustable 

speed characteristics, the efficiency map in motoring, the 
armature current norm map, and the iron loss per copper loss 
ratio map using the actual machine of Fig. 1 (c). The test 
conditions are the DC bus voltage of 100 Vdc and the voltage 
utilization rate of 96 % upper limit, sinusoidal wave PWM 
modulation below the base rotation speed, and overmodulation 
and rectangular control above the base rotation speed.  Below 
the base rotation speed, the reluctance torque is actively used 
under MTPA (Maximum Torque Per Ampere) control, and 
when the driving point is higher than the base rotation speed, 
the dq-axis current vector is driven by the norm that gives the 
maximum torque keeping within the voltage limited ellipse.  
Here, the high efficiency area at the high speed range side is 
narrow compared with a general IPMSM, because it is easy to 
magnetically saturate in order to put top priority on 
miniaturization and weight reduction, but it is also designed 
with high torque density and output power density. Fig. 3 (c) 
represents the ratio of the copper loss (Wc) to the iron loss (Wi).  
When Wi equal Wc, the value of copper loss and that of iron loss 
are equal.  Also, Wi per Wc > 1.0 means a driving area with a 
high iron loss ratio, and vice versa means large copper loss area 
compared with the iron loss.  At the low rotation speed with 
high load condition, the copper loss is dominant (Wi per Wc 
<1.0) because the norm of armature current is large to get high 
torque with armature magnetic flux, so the efficiency decreases.  
It is understood that the space factor improvement of armature 
coil and shortening the circumferential length of the coil-end is 
important to reduce the copper loss.  Especially, in this motor 
model, the efficiency at the high rotation speed with low load 
condition is remarkably lowered.  Because it is the low-voltage 
hybrid system such as 100-Vdc, the armature current phase is 
greatly advanced in the high rotation speed range, and magnetic 
field is strongly weaken with negative d-axis current norm.  For 
the above reasons, the magnetic flux in the air-gap is greatly 
distorted and the iron loss is extremely increased.  Here, in the 

 
(a)  Efficiency map in motoring under DC bus 100 Vdc. 

 
(b)  Current norm map in motoring under DC bus 100 Vdc. 

 
(c)  Loss ratio map of iron loss and copper loss under DC bus 100 Vdc. 

Fig. 3. Experimental test results using actual prototype. 
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case of motor with a bar-wound conductor coil as shown in Fig. 
1, not only iron loss but also conductor eddy current loss due to 
spatial leakage flux is also concerned. However, it is difficult to 
directly measure this conductor eddy current loss separately 
from the copper loss caused by the fundamental content.  
Therefore, it is important to analyze this loss in detail using 
electromagnetic field analysis for the fuel consumption of 
electric vehicle.  

C. Electromagnetic Field Analysis Method 
In this section, among the experimental test results described 

in the previous section, it is clarified by large-scale 
electromagnetic field analysis what proportion of the conductor 
eddy current loss occupies in the total loss.  As already 
mentioned, it is difficult to perform direct loss isolation of 
conductor eddy current losses.  As a measurement method, first, 
a motor designed to have the same space factor using a flat wire 

of litz wire specification have to newly prepared.  It is 
conceivable to measure the eddy current loss in bar-wound coil 
indirectly from the difference in temperature rise of the 
armature winding when driven under the same drive condition, 
that is the measurement of difference in Joule loss.  However, 
since verification of analysis accuracy is the most important 
matter, it is the future study as the most important examination 
matter.  

As an electromagnetic field analysis method in this paper, 
the parallel computing using domain decomposition method 
which is proposed in Ref. [10] was applied.  Furthermore, this 
large-scale electromagnetic field analysis was conducted using 
the super computer that is K-computer of RIKEN in Japan. This 
super computer is capable of massively parallel computation 
[11]. Using the performance of K-computer, the 
electromagnetic field analysis in this paper was calculated in 
480 parallels. To evaluate conductor eddy current loss 
separately from other losses, the following method was used in 
this analysis.  The electromagnetic field analysis is calculated 
in two modeling methods, in the case where the current density 
inside the wire is forcibly made uniform and in the case where it 
is made ununiform. The former does not take the conductor 
eddy current into consideration by fixing the current density 
vector in the conductor by predefining the resistance value.  On 
the other hand, in the latter, electrical conductivity is defined, 
and the direction and value of the current density vector are 
simultaneously executed with the calculation of the 
electromagnetic field distribution. The eddy current loss 
generated in the bar-wound coil can be elucidated from the 
difference between the above two analysis results.  On the other 
hand, iron loss calculation is performed based on the classical 
iron loss calculation method. The eddy current loss coefficient 
ke and the hysteresis loss coefficient kh used for iron loss 
calculation are based on values measured in the past, and are in 
a map reference format so as to change depending of frequency 
and magnetic flux density. The ke is defined in the range of 0.15 
~ 0.75 depending on the magnetic flux density and the 
frequency, and the kh is similarly defined in the range of 51.2 ~ 
243.2, respectively.          

III. ELECTROMAGNETIC FIELD ANALYSIS RESULTS 

A. Torque Analysis Accuracy 
In this paper, detailed electromagnetic field analysis is 

performed at typical driving points listed in Table II. In this 
table, the rotation speed of 3,183 r/min is the operating point 
being driven at the base rotation speed and under MTPA 
control.  On the other hand, since the rotation speeds of 9,000 
r/min and 15,000 r/min are driven within the voltage limiting 
ellipse because of the field weakening region, the current phase 
is greatly advanced. Then, Table III compares the measured 
torque and the analysis torque at each drive point. From this 
table, it can be seen that the analysis accuracy is as high as 
about 10 % at rotation speeds of 3,183 r/min and 9,000 r/min.  
On the other hand, at a rotation speed of 15,000 r/min, the 
analysis value is over-calculated at a torque about 21.6 % 
higher than the measured value.  It is considered that this factor 

Table II   
FE-ANALYSIS CONDITIONS AT TYPICAL OPERATING POINT. 

Speed (r/min) Armature current (Arms) Current phase (deg) 
3,183 137.3 44.0 
9,000 56.0 73.0 

15,000 127.0 81.5 

Table III  
 COMPARISON WITH MEASURED AND ANALYSIS RESULTS WITH CONDUCTOR 

EDDY CURRENT LOSS CONSIDERATION. 
Speed (r/min) Measured (Nm) FEA (Nm) 

3,183 30.0 31.6 
9,000 5.0 5.6 
15,000 6.9 8.8 

 

 
(a)  3,183 r/min. (137.3 Arms and β = 44.0 deg) 

 
(b)  9,000 r/min. (56.0 Arms and β = 73.0 deg) 

                                      
(c)  15,000 r/min. (127.0 Arms and β = 81.5 deg) 

Fig. 4. Three-dimensional magnetic flux lines simulated by FE-analysis. 
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is due to iron loss analysis accuracy caused by time harmonics 
generated by the motor control factor.  The analysis is 
simulated with a pure sinusoidal current source, but actually, 
this motor is controlled with rectangular voltage control at 
15,000 r/min, it seems that the iron loss due to time harmonics 

is not counted.  When simulating FE-analysis while considering 
the eddy current loss and satisfying sufficient convergence 
conditions, the electromagnetic field analysis model shown in 
Fig. 1 requires enormous analysis time even if the analysis 
method of Ref. [10] is used.  In addition to this, increasing the 
number of analysis steps in order to consider time harmonics 
will result in unrealistic analysis time even with the 
supercomputer performance.  This improvement method is for 
further study.   

B. Spatial Leakage Magnetic Flux and Uniform Current in 
Armature Coil 

Next, by visualizing the spatial leakage magnetic flux with 
electromagnetic field analysis, it is evaluated quantitatively the 
loss while understanding how the eddy current is generated in 
the bar-wound coil. Fig. 4 shows the results of visualizing the 
spatial leakage flux at each drive point in Table II.  As can be 
confirmed from this figure, it can be seen that the spatial 
leakage magnetic flux increases as the current phase angle 
advances, as it is in the flux weakening region.  As the current 
phase angle advances, the magnet flux and the armature flux 
face each other.  Here, for the motor with a high torque density 
design, a magnet having a high coercive force is selected due to 
the thermal factor and the convenience of the reverse salient 
pole design.  Therefore, the magnet flux leaks spatially in axial 
direction by opposing the two magnetic flux vectors.  These 
result can also be confirmed by the visualization of the leakage 
flux in Fig. 4.  Interlinking of the spatial leakage flux with the 
bar-wound conductor causes conductor eddy current loss.  Then, 
it was confirmed by visualizing the eddy current density vector 
as shown in Fig. 5 as to how this leaked magnetic flux affects 
the current density distribution in the conductor by linking to 
the bar-wound coil.  Here, the darker the color, the higher the 
conductor eddy current loss density.  Since the eddy current 
density contour levels shown in Fig. 5 are made to coincide 
with each other, it can be seen that the contours become darker 
in proportion to rotation speed increases.  Further, since the 
contour of the conductor portion in the stator slot is thickened 
from the same figure, the eddy current density in the conductor 
in the slot is also compared in the radial cross-sectional 
enlarged view. As a result, the difference in density of the 
conductor in the slot is significantly larger than the difference 
in density of the eddy current density in the conductor at the 
coil-end.  In addition, from this figure, it can be confirmed that 
the conductor eddy current distribution is concentrated on the 
coil part enclosed into the slot, particularly in the vicinity of the 
air gap at the constant torque drive of 3,183 r/min. It is 
considered that the concentration of this current density is 
caused by the leakage magnetic flux which shorts between the 
stator teeth interlinking with the conductor.  On the other hand, 
at 9,000 r/min and 15,000 r/min under the flux weakening 
region, it can be confirmed that the conductor eddy current 
distribution is also generated in the coil-end section. With 
respect to MTPA, in the flux weakening region, it can be 
confirmed that the distribution of the conductor eddy current is 
generated not only at the tip of the stator teeth but also in the 
stator.  It is considered that the cause is that the amount of 

 

Expansion  
(a)  3,183 r/min. (137.3 Arms and β = 44.0 deg) 

 
 

Expansion 
 

(b)  9,000 r/min. (56.0 Arms and β = 73.0 deg) 
 

 
 

Expansion  
(c)  15,000 r/min. (127.0 Arms and β = 81.5 deg) 

Fig. 5. Conductor eddy current density distribution. 
 

 
Fig. 6. Breakdown of conductor Joule loss with respect to rotation speed. 
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magnetic flux shorting in the stator teeth is increased due to flux 
weakening control.     

Next, when the bar-wound conductor is divided into two 
parts, the coil-end part and the inside of the slot, it is 
quantitatively evaluated what proportion of the conductor eddy 
current loss occupies at each part. The results are graphed in Fig. 
6.  For the purpose of grasping the conductor eddy current 
numerically, the analysis method described in Section II-C is 
used to make bar graphs for each case where the conductor 
eddy current is considered and not considered. From this figure, 
it can be confirmed that the Joule loss is increased by the 
generation of the conductor eddy current loss in addition to the 
copper loss at each drive point. Numerically, due to the 
conductor eddy current loss, the copper loss is 106.1 % at 3,183 
r/min, the copper loss is 141.3 % at 9,000 r/min, and the copper 
loss is 212.3 % at 15,000 r/min, respectively. The conductor 
eddy current loss dramatically increases with respect to rotation 
speed increases. From this figure, it can be seen that the 

increase of the eddy current loss generated by the 
three-dimensional leakage flux in the conductor enclosed in the 
slots is more significant than that of the coil-end portion.  Next, 
under the condition in which the conductor eddy current loss is 
taken into consideration, the copper loss is compared 
numerically between the conductor inside the slot and the 
conductor at the coil-end.  Assuming that the copper loss in the 
slot is Wcs and the copper loss in the coil-end is Wce, and 
evaluated as Wcs / Wce for conductor eddy current loss effect 
analysis, Wcs /Wce = 146.7 % at 3,183 r/min, Wcs / Wce = 198.1 % 
at 9,000 r/min, and Wcs /Wce = 280.6 % at 15,000 r/min, 
respectively. Fig. 7 shows the armature current vector 
trajectory with respect to rotation speed and load condition. Fig. 
8 shows the magnetic flux density distribution and the current 
density distribution in the bar-wound coil at the rotation speed 
of 15,000 r/min.  As can be seen from Fig. 7, at this rotation 
speed, it can be seen that the magnetic flux of the magnet and 
the armature magnetic flux are opposed to each other, and the 
magnetic flux crossing the stator teeth is generated.  In 
particular, it can be confirmed that the large amount of leakage 
flux traverses between stator teeth in the vicinity of the air-gap.  
It can be seen that the leakage magnetic flux crossing between 
the stator teeth generates the conductor eddy current vector as 
shown in Fig. 8 (b).                    

C.  Motor Loss Analysis 
In this section, the ratio of the eddy current loss in bar-coils 

generated by the eddy current distribution visualized in the 
previous section to the total loss is grasped numerically.  The 
iron loss was calculated with the analysis method in Section 
II-B. Fig. 9 shows the results of the iron loss compared with 
simulated values and measured values at 15,000 r/min.  For the 
reference, the iron loss values calculated by two-dimensional 
magnetic field analysis are also included. The iron loss of actual 
measurement is calculated by the following method.  The 
output power Wo is the result of converting the torque measured 
by a torque meter (T10FS manufactured by HBM) into an 
output. The copper loss Wc is a value calculated from the 
current measured by the power meter (WT1800) and the 
temperature-corrected winding resistance. The iron loss Wi is 
obtained by subtracting the sum of the mechanical loss at 
no-load and Wc from Wo. Therefore, it should be noted that the 

  
Fig. 9.  Detailed loss analysis result at 15,000 r/min. 

 

 

   
Fig. 7.  Measured dq-axis current vector trajectory in motoring. 

 

 
(a)  Magnetic flux density vectors with β = 81.5 deg at 15,000 r/min. 

 
(b)  Magnetic flux density and eddy current vectors in bar-wound 

armature windings at 15,000 r/min. 
Fig. 8.  FE-analysis results at 15,000 r/min. 
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measured core loss includes conductor eddy current loss and an 
increase in mechanical loss under load. Here, the separation of 
the conductor eddy current loss in the actual measurement is 
difficult to directly measure. For example, since it is necessary 
to measure indirectly from temperature rise etc., the 
measurement method will be a future work.  According to Fig. 
9, the total loss is closer to the actual measurement in the 
three-dimensional analysis than in the two-dimensional 

analysis. The difference between the three-dimensional 
analysis result and the actual measurement is considered to be 
because the iron loss due to the time harmonics caused by the 
PWM voltage is not taken into consideration. On the other hand, 
as a fact that becomes clear from Fig. 9, the conductor eddy 
current loss at 15,000 r/min is about 16 % of the total loss in 
3D-FE analysis and can not be ignored.              

                 
                                  (a) Original.                      (b) Divided into 2.                                  (c) Divided into 4.               (d) Divided into 6.   

Fig. 10. Bar-wound coil-split model in radial-direction. 
 

 
                       (a) Original.                        (b) Divided into 2.                              (c) Divided into 4.                              (d) Divide into 6.   

Fig. 11. Current density distribution with respect to coil-divided number at 15,000 r/min. (radial direction) 
 
 

                     
                           (a) Original.                       (b) Divided into 2.                                     (c) Divided into 4.                   (d) Divide into 6.   

Fig. 12. Bar-wound coil-split model in circumferential-direction. 
 

 
                       (a) Original.                          (b) Divided into 2.                               (c) Divided into 4.                                (d) Divide into 6.   

Fig. 13. Current density distribution with respect to coil-divided number at 15,000 r/min. (circumferential direction) 
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D. Preliminary Study of Conductor Eddy Current Loss 
Mitigation 

The results in the previous section revealed that the 
conductor eddy current loss ratio in the conductor where is 
enclosed in the slot is large.  As well-known knowledge, when 
the eddy current loss is generated in the conductor, the 
distribution of the main current flowing thorough the coil 

conductor becomes non-uniform due to the eddy current.  In 
general, the skin thickness δ due to the skin effect can be 
expressed by Eq. (1).  From this result, current concentrates on 
the edge of the portion close to the opening of the slot due to the 
harmonic magnetic flux.   

1=
f

δ
π µσ

                                    (1) 

Here, f is a frequency, µ is a permeability, σ is an electrical 
conductivity, respectively.  

In this section, basic research on conductor eddy current loss 
reduction is conducted by increasing the number of conductor 
divisions in the slot.  In other words, it aims at shorting the eddy 
current path by dividing the cross-sectional area of the 
conductor into a lot of number.  So, shortening the eddy current 
loss path can reduce the conductor eddy current loss, while the 
number of conductor divisions leads to an increase in the 
percentage of insulating coating on the conductor.  As a result, 
when the number of divisions is excessively increased, the 
conductor cross-sectional area is reduced, and it is predicted 
that the copper loss is increased due to the increase in conductor 
resistance.  In this preliminary study, the insulation coating 
thickness (0.1 mm) is not changed so that the withstand voltage 
performance does not change.  There are two ways in which the 
number of coil divisions is increased in the circumferential 
direction and in the radial direction.  Here, the relationship 
between the number of coil division and conductor copper loss 
is clarified by two-dimensional analysis for rapid simulation.  
Specifically, as shown in from Fig. 10 to Fig. 13, the number of 
divisions was changed to 2, 4 and 6 with respect to the original 
model of Fig. 1.  Here, only the number of divisions of the 
armature coil is changed, and other design items such as the 
core shape are not changed.  As shown in Fig. 14, the armature 
connection were made to increase in parallel with respect to the 
number of divisions increase.  Thus, with respect to the original 
model of Fig. 1 (e), as shown in Fig. 14 (a), one hairpin winding 
is changed to two parallel connections with a cross-sectional 
area of approximately half.   

Fig. 11 and Fig. 13 visualizes contour plots of the current 
density distribution at 15,000 r/min.  Here, the darker the color, 
the higher the current density.  From this figure, the partial 
concentration of the current density distribution can be reduced 
in proportion to the divided-number increases.  The result of 
quantitatively evaluating the above is shown in Fig. 15.  It can 
be numerically confirmed that the conductor eddy current loss 
can be reduced by increasing the number of coil divisions.  On 
the other hand, the conductor resistance increases as the 
insulating coating ratio increases, and as a result, when the 
number of divisions is increased too much, the copper loss 
tends to increase. From these results, it is understood that the 
bisection of the coil results in a minimum of Joule loss of the 
bar-wound conductor.  Furthermore, an interesting result is 
obtained from Fig. 15 that there is a difference in the increasing 
tendency of Joule loss between circumferential division and 
radial division.  From this figure, it is understood that it is better 
to increase the number of divisions in the circumferential 
direction. The following two reasons can be considered.  First, 

 
 

Fig. 14.  U-phase coil connection diagram for 4-poles with dividing into 2 
parallel. 
 

 
Fig. 15.  Joule loss in bar-wound coil with respect to coil-split number. 

 

    
      (b)  Original model.                       (c)  Model divided into 2 in the  

circumferential direction. 
Fig. 16. Armature winding connection per pole. 

 

   
(a)  Pre-forming process.   (b) Inserting process.   (c) Welding process. 

Fig. 17.  Assembly procedure of bar-wound coil stator . 
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it is a factor in the production of the bar conductor.  Fig. 16 
shows the original model and the 3D-CAD model divided in the 
circumferential direction.  As shown in this figure, when the 
number of divisions increases more than two, the difficulty of 
forming and assembling the hairpin shape coil becomes 
remarkably high.  In particular, if the number of divisions is 
increased in the radial direction, edgewise winding with the 
high aspect ratio, and there is a concern about damage to the 
insulating coating during pre-forming.  Therefore, it is 
necessary to increases the thickness of the insulating coating as 
compared with the case of circumferential division.  At this 
time, when increasing the number of divisions, the fillet at the 
corner of the coil is set to a constant value.  When forming a 
rectangular copper wire, form a shape through a die and then 
apply an insulating coating.  Thereafter, as shown in Fig. 17, the 
conductor bar coil is pre-formed into the hairpin shape by a 
forming jig, and then inserted into the stator slot, and the open 
side is welded to form a coil.  In this process, it is necessary to 
make the fillet at the corner a certain value or more due to the 
restriction of mechanical strength when forming through 
tensioning and passing through a die and the restriction of 
insulation coating breakage protection at the time of 
pre-forming.  As a result, in the case of increasing the number 
of divisions in the radial direction and in the case of increasing 
the number of divisions in the circumferential direction, 
differences occur in the wire cross section.  This factor causes a 
difference in conductor resistance.  The second factor is the 
difference in magnetic resistance to leakage flux passing 
through the slots.  In particular, as visually confirmed in Fig. 5, 
the conductor eddy current loss in the slot is largely affected by 
the leakage flux passing through between the slots.  Therefore, 
by increasing the number of divisions in the circumferential 
direction, the magnetic resistance becomes high due to the 
effect of the insulating coating against the leakage flux passing 
through the slots.  From these facts, as for the effect on the 
number of divisions of the coil, it is understood that the Joule 
loss reduction effect is larger in the circumferential direction 
than in the radial direction.  As described above, the effect of 
reducing the conductor eddy current loss by dividing the 
armature winding could be obtained.  On the other hand, there 
is the concern that the circulating current may be generated 
when the gap between the rotor and the stator due to 
eccentricity occurs or when the three-phase current becomes 
unbalanced.  In the future, it will be necessary to consider the 
above effects.   

IV. CONCLUSION

In this paper, in the permanent magnet type synchronous 
motor using the bar-wound conductor coil for low voltage 
hybrid vehicles, visualization and quantitative evaluation of the 
eddy current generated in the bar-wound coil were performed.  
Using the CAE model that faithfully reproduces the coil 
formation of the actual machine, it was clarified how the spatial 
leakage flux changes with respect to dq-axis current vector. 
Furthermore, when the coil was divided into two parts, the 
coil-end part and the part contained in the slot, the latter 
revealed that the eddy current loss was larger.  Then, the try to 

reduce conductor eddy current loss, it is confirmed that the 
effect of changing the number of divisions in the 
circumferential direction or radial direction is confirmed by 
CAE, and it was revealed that the method of dividing into two 
in the circumferential direction is the most effective.      

Future plans are to pursue in depth the specific method of 
reducing the conductor eddy current loss of the bar-wound coil 
while incorporating various factors, e.g., circulating 
current suppression and manufacturability that were not 
considered in this preliminary study.     
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