
IEEJ Journal of Industry Applications
Vol.6 No.6 pp.395–400 DOI: 10.1541/ieejjia.6.395

Paper

Fast Calculation of AC Copper Loss
for High Speed Machines by Zooming Method

Hirokatsu Katagiri∗a)
Member, Hiroyuki Sano∗ Member

Kazuki Semba∗ Member, Noriyo Mimura∗ Non-member

Takashi Yamada∗ Member

(Manuscript received Jan. 12, 2017, revised June 16, 2017)

A model reduction method for finite element analysis such as the zooming analysis is conducted to calculate the
AC copper loss of high speed electric machines. In this paper, the accuracy of the zooming method is validated by
comparison with thorough analysis and the calculation speed in the zooming analysis is found to increase by 7.8 times
that of thorough analysis.

Moreover, the zooming method is applied to the analysis of the copper loss of a litz wire with respect to an interior
permanent magnet motor rotating at high speed. The copper loss of the litz wire could be calculated within a practical
computation time.
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1. Introduction

Due to the increasing capacity and rotating speed of elec-
tric machines, the cross-section area of winding is enlarged
such as the rectangular type and the frequency of the cur-
rent is increased (1). The localization of the current density
is caused due to the skin and proximity effects. Estimating
the AC copper loss accurately is required for improving the
efficiency of the electric machines.

To estimate the AC Copper loss, models with an electrical
conductivity and the accurate shape of wires are calculated
by using the finite element method (FEM) because the dis-
tribution of the current density in wire is not homogeneous.
Therefore, the number of elements and the calculation time
increases. In particular, the 3-D finite element analysis with
huge number of elements is needed in the copper loss calcu-
lation of litz wire, and it is difficult to calculate the analysis
within a practical computation time.

A model reduction method (hereafter called Zooming anal-
ysis) has been proposed for the reduction of the calculation
time (2) (3). In (2), the zooming method is applied to the copper
loss calculation of wires in the 2D finite element analysis.
In (3), the zooming method is applied to the electromagnetic
force calculation in 3D finite element analysis with nodal el-
ements. However, the zooming method has not been applied
to the copper loss calculation of wires in the 3D finite element
analysis with edge elements.

In this paper, the zooming method is applied for the AC
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copper loss calculation of an interior permanent magnet
(IPM) motor and compared with the thorough analysis. This
paper shows that the zooming method reduces the calculation
time while the accuracy is maintained. Moreover, the zoom-
ing method is applied to the analysis of the copper loss of
litz wire on the copper loss of an IPM motor rotating high
speed. The copper loss of litz wire can be calculated within a
practical computation time.

2. Analysis Method

2.1 Magnetic Field Analysis using FEM The equa-
tions of the magnetic field using the 3-D FEM, which are
given by the magnetic field vector potential A and the elec-
tric scaler potential φ (4):

rot(ν rot A) = J0 + Je + ν0 rot M · · · · · · · · · · · · · · · · (1)

Je = −σ
(
∂A
∂t
+ grad φ

)
· · · · · · · · · · · · · · · · · · · · · · · · (2)

div Je = 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3)

where J0 is the exiting current density, Je is the eddy current,
σ is the conductivity, ν is the reluctivity, ν0 is the reluctiv-
ity of the vacuum, and M is the magnetization of the perma-
nent magnet. In the FEM analysis, (1) and (3) are discretized
by using the Galerkin Method (5) and the matrix is solved by
ICCG method (4), which is linear iterative solver. If there are
materials with nonlinear magnetic properties such as irons in
the analysis region, it is necessary to iterate the calculation of
those equations by Newton-Raphson method.

In the case of the magnetic field coupled with the electrical
circuit (6), (1), (3) and the following equation, which are given
by circuit current I, are solved simultaneously:

V − RI − νcoil = 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4)

where V is the voltage source, R is the resistance, vcoil is the
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Fig. 1. Zooming analysis

induced voltage of the coil in the FEM region (7).
2.2 Zooming Analysis Figure 1 shows the concep-

tual diagram of zooming analysis. The zooming analysis per-
forms finite element analysis twice. In the first analysis (here-
after called whole analysis), in order to calculate whole field,
whole region is modeled. Using zooming method allows to
use rough mesh and to simplify the detailed shape. In the sec-
ond analysis (hereafter called partial analysis), a part of the
whole region whose field is calculated accurately is modeled.
In order to calculate results accurately, the fine element mesh
is used and the detailed shape is modeled. In the partial anal-
ysis, the vector potential obtained from the analysis of the
whole model is used as the Dirichlet boundary condition. It
means partial model boundary is given flux density of whole
model. The characteristics of the method are shown in this
appendix.
2.3 Application for Copper Loss Calculation of Mo-

tors The zooming method is used in order to calculate
AC copper loss for high speed machines. The whole model
and the partial model are made as follows.

In the whole analysis, the eddy current in coils is not taken
into account. Therefore, the coils can be modeled as a bulk.
The whole model can be calculated by short calculation time
because the whole analysis can use the rough mesh in coil
region and to simplify the shape of wire. The exiting current
flows in the coil.

In the partial analysis, only wires and surrounding air are
modeled. It models the shape of each wire and the eddy cur-
rent in wires is calculated. In order to express the current
flowing between wires, the circuit is coupled with the FEM,
which is solved by (1), (3) and (4) simultaneously. In the par-
tial analysis, there are no materials with nonlinear magnetic
properties such as irons. Therefore, the calculating time be-
comes short because the nonlinear iterations are not needed.

3. AC Copper Loss Calculation of an IPM Motor

In this chapter, in order to show that the method reduces the
calculation time while the accuracy is maintained, the zoom-
ing analysis is conducted to calculate the AC copper loss of
the IPM motor (8) shown in Fig. 2(a), and the analysis condi-
tion is shown in Table 1. The result and the calculation time
are compared with the thorough model.
3.1 Analysis Model and Conditions The 2-Dimen-

tional transient finite element analysis is conducted with the
current input. Figure 2(a) shows thorough analysis model.
The thorough analysis means normal FEM analysis. The di-
ameter of the wires is 1.3 mm. The number of coil turns is 35
per one slot and the wires connected in serial. By changing

(a) thorough analysis

(b) zooming analysis

Fig. 2. Analysis models

Table 1. Analysis condition

the rotation speed from 500 to 10,000 r/min, six cases are
calculated. Figure 2(b)(i) shows the model of the whole anal-
ysis and the one of the partial model of one slot is shown in
Fig. 2(b)(ii). In the partial model, 6 slots are calculated. The
time interval is 1/192 of one cycle period. In the whole anal-
ysis, the coils are modeled as a bulk and each wire is modeled
in the partial analysis. The whole analysis does not take into
account the eddy current. Therefore, the six different speeds
of the partial analysis can be used the same result of the whole
analysis.
3.2 Results Figure 3 shows the distribution of copper

loss in the wires calculated by zooming analysis. The loss in
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Fig. 3. Distribution of copper loss (10,000 r/min)

Fig. 4. Copper loss characteristics

Table 2. Calculation time

wires can be calculated. The non-homogeneous copper loss
distribution in the wires caused by proximity effect and skin
effect can be calculated.

Figure 4 shows the copper loss characteristics. The rel-
ative error means the differences between the copper losses
calculated by the zooming analysis and that calculated by the
thorough model. The copper loss increases as the rotation
speed increases. The error of the zooming analysis compared
with the thorough model is no more than 1.2% if the rotation
speed increases under 10,000 r/min.

The calculation time is shown in Table 2. Those results
are obtained by the multithreaded parallel processing with 4
cores (9). The zooming analysis calculated six different speeds
in approximately 1/8 of the time of the thorough model be-
cause of the following advantages in zooming analysis.

1. The partial analyses of six different speeds can use the
same result of the whole analysis.

2. The number of unknowns decreases because the coil
of the whole model is modeled as a bulk and only the
slot is modeled in the partial model.

3. The number of ICCG iterations decreases because the
number of unknowns decreases in whole model, the
partial analysis does not need nonlinear iterations.

(a) whole analysis

(b) partial analysis (without air region)

Fig. 5. Analysis models of the litz wire model

4. The number of time steps is only one cycle period
in whole region analysis because there is no transient
state. In contrast, the number of time steps of the thor-
ough analysis and the partial analysis approximately
1.1 cycle periods in order to obtain steady states.

4. AC copper Loss Calculation of LITZ WIRE

In case of the copper loss calculation of the litz wire, the
3D FEM is needed to calculate eddy currents in twisted wires.
In this case, the meshes of the 3D FEM become too large, and
the calculation time in thorough analysis becomes too long by
thorough analysis.

In this chapter, the zooming method is applied to the cop-
per loss calculation of litz wire on the IPM motor rotating
high speed in order to reduce the calculation time.
4.1 Analysis Model and Conditions Figure 5 shows

the analysis models of litz wire model. The model is the same
as that of chapter III without wires.

In the whole analysis as shown in Fig. 5(a), the coils are
modeled as a bulk. The model is 1/3 of whole region, which
corresponds to one twist pitch, by the symmetry of axial di-
rection. The magnetic field of the coil slot is synchronous
field. Therefore, the copper losses of those slots are almost
the same. In the partial analysis, the wires of 1 slot are mod-
eled as shown in Fig. 5(b). The number of turns per one slot
is 18. The coil consists of 4 wires. The wires connected in
parallel. The wire arrangement in one slot is shown in Fig. 6.
The wire of the same number means same wire. The diam-
eter of the wires is 0.7 mm. The twist pitch is 20 mm. The
rotation speeds are from 500 to 10,000 r/min.

In order to clarify the effects of litz wire, the IPM motor
with no twisted wires (hereafter called parallel wire model)
is analyzed. The other conditions and the other model shape
of the parallel wire model are same as those of the litz wire
model. In the parallel wire model, the 2-D finite element
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Fig. 6. The wire arrangement of one slot

Fig. 7. Input current waveform in W phase (10,000 r/min)

Table 3. Calculation time and number of elements in litz
wire model

analysis is used because the symmetry of the axial direction.
The coil current is the three-phase AC. The current wave-

form in W phase is shown in Fig. 7. The coil current is si-
nusoidal waveform with high harmonics caused by the in-
verter. The frequency of the fundamental harmonic and the
carrier harmonics are 333 Hz and 10 kHz at 10,000 r/min, re-
spectively.
4.2 Results Figure 8 shows the current of each wire.

The figure’s number means the current of the same number’s
wire in Fig. 6. In parallel wire model, the currents of the wire
differ from each other. The reasons are follows. The electro-
motive force causes the magnetic flux between the wires. The
current flows between the wires due to electromotive force,
which is called as circulating current. In parallel wire model,
the currents of the wire differ from each other due to circu-
lating current (10). In contrast, in the litz wire model, the mag-
netic flux between the wires is canceled by the twist. There-
fore the currents of the wire are almost the same. The total
currents of parallel wire and litz wire are the same.

The copper losses are shown in Fig. 9. Under 5,000 r/min,
the copper loss of litz wire model is larger than that of parallel
wire model because of the DC resistance. In 10,000 r/min, the
copper loss of the litz wire model decrease by 9% compared
with that of the parallel wire model because of canceling out
circulating current.

Table 3 shows the number of elements and the calcula-
tion time in the litz wire model. Those results are obtained
by the multithreaded parallel processing with 8 cores. The
number of elements of whole model is less than that of the

(a) litz wire model

(b) parallel wire model

Fig. 8. Current waveform in strands of W phase
(10,000 r/min)

thorough model whole model because the coils are modeled
as a bulk. The number of elements of partial model is less
than that of the thorough model because of using the sym-
metry. The calculation time of the zooming analysis is 1/133
of that of the thorough analysis. The calculation time of the
zooming analysis is 14.0 hours. The eddy current loss of the
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Fig. 9. Copper L oss (W)

litz wire model can be calculated by the zooming analysis at
8.42 hours.

5. Conclusion

The zooming method is applied to the AC copper loss cal-
culation of an IPM motor and the results is compared with
the thorough analysis. It shows that the method reduces the
calculation time while the accuracy is maintained. Moreover,
we show the copper loss of the litz wire model can be calcu-
lated by the zooming analysis within a practical computation
time.

The error of the zooming analysis compared with the thor-
ough model was less than 1.2%. The zooming analysis can
be reduced the number of elements, nonlinear iteration, the
number of time steps of whole region, the number of calcu-
lation cases of whole region. Therefore, the zooming anal-
ysis calculated six different speeds in approximately 1/8 of
the time of the thorough model. The calculation time of litz
wire model of the zooming analysis was 14.0 hours by using
8 cores of Xeon E5-1660 v3 CPU.
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Appendix

In this appendix, the characteristics of zooming method,
which uses the Dirichlet boundary condition, is described by
the numerical approach.

In this method, the results of the partial analysis is the same
as those of the thorough analysis if the materials properties
and source current of the partial analysis are the same as those
of the thorough analysis.

In order to clarify the above, we submit that the solution is
uniquely determined if the vector potential on the boundary
of the partial analysis is determined.

The analysis region is made by the same material with lin-
ear magnetic permeability μ and linear electrical permeability
σ.

The equation of the Maxwell-Ampere’s law and the Fara-
day’s law of induction can be written as follows, which are
given by the magnetic field H and the electric field E.

rot H − σ∂E
∂t
= J0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · (A1)

rot E +
∂(μH)
∂t

= 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · (A2)

It is assume that two solutions of E and H satisfied with
(A1) and (A2) exist in the condition of using the same initial
value. Let two solutions of E be E1 and E2, and let the differ-
ence of those be Ed. Let two solutions of H be H1 and H2,
and let the difference of those be Hd .

Ed = E1 − E2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (A3)

Hd = H1 − H2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (A4)

The following equation is satisfied because the set of E1

and H2 and the set of E2 and H2 are satisfied with (A1) and
(A2), respectively.

rot Hd − σ∂Ed

∂t
= 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · (A5)

rot Ed +
∂(μHd)
∂t

= 0 · · · · · · · · · · · · · · · · · · · · · · · · · · (A6)

The following equations can be obtained by taking an inner
product with Ed and Hd on the both sides of (A5) and (A6),
respectively.

Ed · rot Hd − Ed · σ∂Ed

∂t
= 0 · · · · · · · · · · · · · · · · · · · (A7)

Hd · rot Ed + Hd · ∂(μHd)
∂t

= 0 · · · · · · · · · · · · · · · · · (A8)

The following equation can be obtained by subtracting
(A7) from (A8).

Hd · rot Ed + Hd · ∂(μHd)
∂t

= Ed · rot Hd − Ed · σ∂Ed

∂t
· · · · · · · · · · · · · · · · · · (A9)

The vector formula is shown as follows (11).

div(F × G) = G · rot F − F · rot G · · · · · · · · · · · · · (A10)

where F, G means vectors.
The following equation can be obtained by (A9) and (A10).
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1
2
∂

∂t
(μHd · Hd+σEd · Ed)=div(Hd × Ed) · · · · · (A11)

The following equation can be obtained by integrating
(A11) on the analysis region D.

1
2
∂

∂t

∫
D

(μHd · Hd + σEd · Ed)dV

=

∫
D

div(Hd × Ed)dV · · · · · · · · · · · · · · · · · · · · · (A12)

The following equation is the necessary and sufficient con-
dition that Ed and Hd be zero in all regions of D.∫

D
(μHd · Hd + σEd · Ed)dV = 0 · · · · · · · · · · · · · (A13)

The following equation can be obtained by taking the time
derivative of (A13).

∂

∂t

∫
D

(μHd · Hd + σEd · Ed)dV = 0 · · · · · · · · · · (A14)

(A13) is satisfied at initial time because of using the same
initial value. Therefore, if (A14) is satisfied in all time, then
(A13) is satisfied in all time.

In order to satisfy (A14) in all time, it is necessary to be
zero in the right side of (A11) zero. Thus, the condition to de-
termine E and H uniquely is obtained in the following equa-
tion.∫

D
div(Hd × Ed)dV = 0 · · · · · · · · · · · · · · · · · · · · · · (A15)

Using divergence theorem in (A15), the following equation
can be obtained.∫

∂D
(Hd × Ed) · ndS = 0 · · · · · · · · · · · · · · · · · · · · · (A16)

where ∂D is the boundary of D, n is the outward normal vec-
tor.

The following equation can be obtained by deforming
(A16).∫

∂D
(Ed × n) · HddS = 0 · · · · · · · · · · · · · · · · · · · · · (A17)

Hence, if E on the boundary is determined uniquely, E and
H are determined uniquely.

E is expressed by A and φ in A-φ method as following
equation.

E = −
(
∂A
∂t
+ gradφ

)
· · · · · · · · · · · · · · · · · · · · · · · · · (A18)

Therefore, if the tangential component of A and φ is deter-
mined on the boundary, E and H are determined uniquely. If
the materials on the boundary of the partial analysis are air,
it is necessary to determine only the tangential component of
A because φ is zero on the boundary.

From the above, in this zooming method, the results of the
partial analysis are the same as those of the thorough analy-
sis if the materials properties and source current of the partial
analysis are the same as those of the thorough analysis.
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