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Iron loss analysis and calculation of high
energy density permanent magnet machine

Yangyang Zhao1 , Xu Zhang1 , Peihao Zhu2,3 , Qingchun Zheng1,2,3∗

It is a research hotspot of electric propulsion system that a high energy density permanent magnet machine is used as
its main power. In general, the power system of electric propulsion consists of batteries, inverters and high energy density
permanent magnet machines and loads. Based on harmonic effect of PWM sine alternating current generated by inverter,
iron loss model of high energy density permanent magnet machine is established under inverter power harmonic, and iron
loss calculation flow chart of high energy density permanent magnet machine for electric propulsion system is shown. The
influences of different stator outer diameter and rotor inner diameter on iron loss are analyzed by using the finite element
method. Through the above analysis, a 30 kW high energy density permanent magnet machine was designed. Then the
noload test and iron loss separation test were carried out, verifying that the machine has very low core loss.
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1 Introduction

Electric propulsion systems applied in electric aircraft,
electric vehicles and electric ships use electric machines
as main power. Compared with internal combustion en-
gines, electric propulsion systems have a series of advan-
tages such as pollution-free, low noise and high efficiency.
Therefore, the study of electric machine technology for
electric propulsion system has important practical signif-
icance and good application prospects.

On account of the bottleneck of current battery tech-
nology, its energy density is still not high enough. In order
to enhance the endurance, reduce the weight and increase
energy density, the main drive electric machine of propul-
sion system needs to be as small as possible. To achieve
this goal, it is a research direction to choose permanent
magnet machine as its main drive.

Generally, the electromagnetic load of main drive elec-
tric machine of propulsion system is higher than ordinary
machine. As a result, the saturation degree of magnetic
circuit is higher than that of ordinary one. Therefore,
energy density and efficiency need be balanced. The en-
ergy density we proposed is a new evaluation index for
electric machines. Energy density is defined as the multi-
plication of power density and torque density to evaluate
the output performance of electric machine. It is neces-
sary to study the iron loss of high energy density per-
manent magnet machine, which directly affects the effi-
ciency. The traditional calculation method of iron loss of
electric machine is based on Steinmetz formula and its
extended equation [1-2]. Gordon R. Slemon and Richard

Bonert present a set of improved approximate models for
the calculation of iron loss, considering the magnets, slots
and poles [3-4]. Katsumi Yamazaki and Shukang Cheng
proposed new methods respectively to reduce harmonic
iron losses using rotor-shape optimization and magnet
shape optimization [5-6]. Feng Chai and Peixin Liang had
a research on prediction and calculation of iron losses in
spoke-type permanent magnet synchronous machines [7-
8]. Juha Pyrhonen had an in-depth study in iron loss anal-
ysis of permanent magnet synchronous machine based on
finite element analysis over the electrical vehicle drive cy-
cle, considering deep field weakening and short circuit
iron loss [9]. Nicolas Denis studied a stator core made of
nanocrystalline magnetic material, reducing core loss by
64 to 75% [10]. Mitja Breznik present that magnetic flux
density behaviour in laminated electrical sheets which af-
fects the results and precision of iron losses calculation
of permanent magnet machine [11]. Qi Li present an an-
alytical calculation method of iron loss for integral-slot
interior permanent magnet synchronous machine by iron
loss resistance, considering harmonic effect during flux
weakening [12]. Naoki Minowa had a research on iron loss
analysis of interior permanent magnet synchronous mo-
tors using dynamic hysteresis model represented by cauer
circuit and 1-D finite-element method [13]. The DC bus
voltage and harmonic components in the output voltage
of the inverter can generate current ripples increasing the
losses in the electric machine [14-15]. With a PWM DC-
AC inverter, the effect of load torque on iron losses was
studied by considering three different driving conditions,
including no-current, no-load and load conditions [16].
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Katsumi Yamazaki proposed a loss calculation method

considering minor hysteresis loops for permanent magnet

machines driven by pulse-width modulated inverters [17].

At present, few scholars have studied the loss analysis of

high energy density permanent magnet machines powered
by inverters.

The iron loss model of high energy density permanent

magnet machine is established in this paper. The har-

monic analysis, mathematical model and iron consump-

tion calculation process of inverter input side are shown.

Then the influence of size dimension of electric machine

on the iron consumption is quantitatively analyzed, which

is helpful to determine the size parameters. Finally, a high
energy density machine was developed and it has a pro-

found analysis in iron loss on calculated and experimental

values.

2 Iron loss model of high energy

density permanent magnet machine

2.1 Harmonic analysis of electric machine

For a conventional machine or a low energy density

electric machine, due to the low saturation degree of mag-

netic circuit, harmonic current is generally ignored in or-

der to simplify the calculation. It is considered that only

fundamental current flows through the winding, recogniz-

ing the inverter current as ideal sinusoidal one.

In order to improve the torque and power density of

main drive electric machine of electric propulsion system,
the magnetic circuit is critically saturated, so the effect of

harmonic magnetic field generated by harmonic current

will be prominent. In the calculation of iron loss of main

drive machine, the influence of harmonic current output

by the inverter should be considered.

2.2 Mathematical model of iron loss

For permanent magnet machines with high magnetic

saturation and inverter power supply, the traditional

equivalent magnetic circuit method is used to calculate

the magnetic density of the main propulsion motor, which
will produce a large error. There is a big error in calcu-

lating the iron loss of high energy density machine by the

traditional equivalent magnetic circuit method. In this

paper, a mathematical model of iron loss is presented.

Considering harmonic effect of output current of in-

verters, eddy current and hysteresis loss densities [1-2]

are given by
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The eddy current and hysteresis loss can be obtained
by converting the above calculation method in the fre-
quency domain to the time domain
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Iron loss can be calculated as PFe = Pe+Ph. Combined
with the magnetic density of the subdivision element cal-
culated by finite element method, the iron consumption
of the high energy density motor considering the inverter
harmonic can be calculated according to the flow chart
shown in Fig. 1.

Table 1. Basic parameters of electric machine

Electric machine parameter Numerical value

Rated power 30 kW

Rated voltage 260 V

Rated current 140 A

Rated frequency 400 Hz

Number of pole-pairs 10

Phase number 3

Stator slot number 21

Core length 80 mm

Total weight 16.8 kg

Rated energy density 12.69

2.3 Physical model

In this paper, a mathematical model of iron loss is
presented. The parameters of high energy density perma-
nent magnet synchronous machine analyzed in this paper
are as follows: the number of slots is 21, the number of
poles is 20, the maximum running speed is designed to
be 2400 revolutions per minute, and the embedded struc-
ture is adopted. Since the main drive electric machine
of electric propulsion system requires high energy density
during normal operation, the permanent magnet machine
adopts direct drive and semi-open ventilation structure. A
three-phase fractional slot concentrated winding perma-
nent magnet synchronous machine is designed. The basic
parameters of high energy density machine designed are
shown in Tab. 1.
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Fig. 1. Calculation process of iron loss of high energy density
machine

When the rated load is obtained through finite ele-

ment calculation, the magnetic density distribution of the

high energy density permanent magnet machine of elec-

tric propulsion system is shown in Fig. 2. It can be seen

that the highest magnetic density is located in the tooth

and yoke of electric machine and the highest magnetic

density reaches 1.4 T, which is close to the saturation of

magnetic density.

3 Iron loss analysis of high

energy density electric machine

3.1 Influence of stator outer radius on iron loss

The thickness of stator yoke and rotor yoke has great

influence on the magnetic density and energy density of

high energy density machine. Under the same output con-

ditions, when the thickness of yoke is larger, the magnetic

density of yoke decreases and saturation decreases, but

the volume and weight of electric machine increase. This

leads to the change of iron loss and also directly affects

the energy density of electric machine. Therefore, it is

necessary to study the effect of rotor yoke thickness on

iron loss.

Fig. 2. Magnetic density distribution of electric machine

Based on magnetic density data of each subdivision
unit calculated by the finite element method and the
calculation flow is shown in Fig. 1, the total iron loss,
eddy current loss and hysteresis loss at different rotor
yoke thickness of high energy density permanent magnet
machine powered by inverter are calculated.

The effect of the thickness of stator yoke on iron loss
was studied. When the finite element method is used to
calculate the magnetic density of machines with different
stator yoke thickness, the rotor parameters, the slot area
and tooth width of stator are kept unchanged and the
stator outer diameter is changed.

Figure 3 shows the relationship between the total iron
loss, the stator iron loss the rotor iron loss and the stator
outer diameter. It can be seen that for the total iron loss
and stator iron loss under no-load and load, as the outer
diameter of stator increases, their values increase first and
then decrease, and there is an extreme point. In designing
the thickness of stator yoke, this extreme point should be
avoided to reduce the iron loss. In addition, in order to
reduce the weight of electric propulsion system machine,
the thickness of stator yoke should be selected in the
range below the extreme point. For example, the radius
of stator outer diameter should be less than 110 mm in
Fig. 3. However, proper value of stator yoke thickness
should be combined with torque and power of electric
machine.

As can be seen from Fig. 3, for the same thickness
of stator yoke, compared with no-load, the total iron loss
and stator iron loss of load increased significantly, but the
rotor iron loss changed little. This is because the funda-
mental magnetic density increases obviously under load,
while the harmonic magnetic density also increases but it
is not obvious. The stator iron loss is mainly caused by
the fundamental magnetic density, while the rotor iron
loss is mainly caused by the harmonic magnetic density.
In addition, the iron loss of rotor increases with the in-
crease of the thickness of stator yoke, but the increase is
not obvious.

The relationship between the stator eddy current loss,
the rotor eddy current loss and the thickness of stator
outer radius is shown in Fig. 4. The relationship between
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Fig. 3. Relation between stator outer radius and iron loss Fig. 4. Relation between eddy current loss and stator outer radius

Fig. 5. Relation between hysteresis loss and stator outer radius Fig. 6. Relation between rotor inner radius and iron loss

Fig. 7. Relation between eddy current loss and rotor inner radius

stator hysteresis loss, rotor hysteresis loss and the thick-
ness of stator yoke is shown in Fig. 5. It can be seen that
the stator eddy current loss and hysteresis loss have maxi-
mum value while the rotor eddy current loss and hystere-
sis loss increase with the increase of the yoke thickness
with a small slope.

By comparing Fig. 4 and Fig. 5, for the same stator
outer diameter, the eddy current loss of stator is much

larger than the hysteresis loss. Therefore, it can be seen
that the eddy current loss is the main part of iron loss.
Therefore, when designing stator and rotor of high energy
density permanent magnet machine, a laminated struc-
ture as thin as possible should be adopted to reduce the
iron loss.

3.2 Influence of rotor inner radius on iron loss

The effect of the thickness of rotor yoke on iron loss
was studied. When the finite element method is used to
calculate the magnetic density with different inner diam-
eters of rotor, the stator parameters, rotor outer diameter
and permanent magnet thickness are kept unchanged and
the rotor inner diameter is changed. The total iron loss,
stator iron loss and rotor iron loss are calculated as shown
in Fig. 6. It can be seen that the total iron loss and rotor
iron loss increase with the decrease of rotor yoke thick-
ness, while the stator iron loss remains unchanged. When
the thickness of the rotor yoke decreases to a certain ex-
tent, the speed of total iron loss and rotor iron loss in-
crease will be accelerated. Therefore, when selecting the
inner diameter of rotor, it should not be too small to avoid
the demagnetization failure caused by the rapid increase
of iron loss and high temperature rise of rotor.
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Fig. 8. Relation between hysteresis loss and rotor inner radius

Fig. 9. High energy density permanent magnet machine

Fig. 10. Calculated and experimental values of iron consumption
at different load rates

The relationship between the stator eddy current loss,
the rotor eddy current loss and the thickness of rotor in-
ner radius is shown in Fig. 7. The relationship between
stator hysteresis loss, rotor hysteresis loss and the thick-
ness of rotor inner radius is shown in Fig. 8. It can be
seen that the stator eddy current loss and hysteresis loss

remain unchanged, while the rotor iron eddy current loss
increases with the increase of rotor inner radius, but rotor
hysteresis loss does not change significantly.

In order to reduce the iron loss of electric machine,
according to the above analysis, the radius of stator outer
diameter can be selected as 107.5 mm and the radius of
rotor inner diameter as 64 mm for the electric machine in
this paper.

3.3 Analysis of iron loss of high energy density machine

under different loads

The rated power of the prototype studied in this paper
is 30 kW, and enclosed stator structure and transparent
rotor structure are adopted. The developed prototype is
shown in Fig. 9.

In this paper, the experimental platform of high energy
density permanent magnet machine for electric propul-
sion system is built for no-load and load experiments.

The high energy density permanent magnet machine
of electric propulsion system is tested and the core loss
test results of prototype are obtained respectively under
no load and load. As shown in Fig. 10, simulation analysis
and measured data of iron loss of prototype under load
rates of 0%, 50%, 75% and 100% are shown. Among them,
the maximum error between the calculated iron loss value
and the experimental value is the rated load stage, with
an error of 15.52%. The smallest error is in no-load stage
and the error reaches 12.98%.

4 Conclusion

Firstly, the harmonic effect of inverter output is an-
alyzed and the magnetic field character of high energy
density permanent magnet machine is analyzed. Then the
iron loss analysis model is established. The calculation
process of iron loss of electric machine is presented. The
main conclusions are as follows.

The magnetic density of the high energy density per-
manent magnet machine is up to 1.4 T, and the highest
position is on the stator teeth.

Eddy current loss is the main component of iron loss
of high energy density permanent magnet machine in
electric propulsion system. With the increase of stator
outer diameter, stator eddy current loss first increases
and then decreases, while rotor eddy current loss is not
obvious. Hysteresis loss increases first and then decreases.

With the increase of rotor diameter, the iron loss of
high energy density permanent magnet machine in elec-
tric propulsion system increases slightly, but the change is
not obvious. Among them, rotor eddy current loss tends
to increase.
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