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A Novel Approach to Computing the Permanent Magnet Thickness in PMSMs

Duan weichuan! - Li Ming! - Lun shuxian!

Abstract

To address the low accuracy of empirical formulas and the time-consuming nature of finite-element (FE) parametric
sweeps for permanent magnet (PM) thickness in permanent magnet synchronous motors (PMSMs), a novel iterative
approach for calculating the PM thickness is presented. The method first establishes a FE model using an initial
thickness, extracts the leakage factor, reluctivity, and average air-gap flux density, and then iteratively updates the
thickness using the calculation formula. A 1600 kW, 250 r/min U-shaped interior PMSM is taken as the test case for
validation. The results indicate that the proposed method reduces the calculation time by about 75% compared to the FE
parametric sweep method, and yields identical thickness results. Both electromagnetic performance analysis and
prototype tests confirm that the proposed method enhances design efficiency without sacrificing accuracy, and is

applicable to the fast calculation of PM thickness for PMSMs.

Keywords PMSM- PM thickness- leakage coefficient- reluctivity- iterative calculation- FE analysis.

1 Introduction

In recent years, permanent magnet synchronous motors
(PMSMs) have been widely used in mining equipment,
marine propulsion, wind power generation, and electric
drives [1-4]. In PMSMs, the permanent magnet (PM)
thickness is a key structural parameter that affects both
motor performance and manufacturing cost. Therefore,
quickly and accurately calculating the PM thickness
while meeting electromagnetic performance
requirements is of great significance for shortening the
design cycle, reducing PM consumption, and improving
motor design efficiency.

At present, the -calculation methods for PM
thickness mainly include the empirical formula method
and the finite element (FE) parametric sweep method.
The empirical formula method calculates the PM
thickness based on the equivalent magnetic circuit theory.
In [5], an analytical method for calculating the air-gap
flux of interior PMSMs developed; by depicting the
relationships among PM flux, leakage flux, and air-gap
flux via an analytical model, it offers a fast calculation
concept for the initial design of PMSMs. The
aforementioned studies indicate that the empirical
formula method features fast computation speed and
requires few parameters, making it suitable for the initial
design stage of electric motors [6]. However, the
parameters in this method, such as the leakage
coefficient, reluctivity, and structural correction factor,
usually rely on empirical values, which can easily lead to
PM thickness calculation errors when the motor structure
is complex or when significant local magnetic saturation
occurs.

The FE parametric sweep method determines a
preferable PM thickness by building FE models under
different PM thicknesses and comparatively analyzing
the air-gap flux density, back-EMF, torque, and losses. In
[7], an axial-flux PMSM featuring
non-uniform-thickness magnets was studied; using the
PM thickness and pole-arc coefficient as optimization
variables, the effects of various structural parameters on
electromagnetic performance were examined, showing
that the FE method is capable of faithfully capturing the
influence of PM structure changes on motor behavior. In

[8], the structural optimization of a PMSM was
accomplished via parametric modeling and repeated FE
analyses, indicating that the FE sweep parametric
method is well suited for performance validation and
structural refinement of motors. The FE parametric
sweep method can reasonably account for motor
geometry, material nonlinearity, local saturation, and
leakage flux effects; however, it requires repeated
modeling, solving, and post-processing for multiple
design candidates, leading to a long computation cycle
and significantly increased computation time and design
cost [9-10].

To address the problems of insufficient accuracy in
the empirical formula method and the long computation
cycle of the FE parametric sweep method, this paper
proposes a PM thickness calculation method based on
the iteration of the leakage coefficient, reluctivity, and
average air-gap flux density. This method first builds a
corresponding FE model using an initial value of the PM
thickness, then extracts the main air-gap flux, total PM
flux, and magnetic potential differences across various
parts through FE post-processing to update the key
parameters; finally, the updated parameters are
substituted back into the PM thickness calculation
formula, and the relative error between the thickness
results of two consecutive iterations is used as the
convergence criterion, thereby rapidly determining the
PM thickness. This paper takes a 1600 kW, 250 r/min
low-speed high-torque U-shaped interior PMSM as the
research object to verify the proposed method. The main
structure of this paper is arranged as follows: Section 2
introduces the iterative PM thickness calculation method
proposed in this paper, including the definitions of key
parameters, the derivation of the PM thickness
calculation formula, and the calculation flow. Section 3
takes the 1600 kW, 250 r/min U-shaped interior PMSM
as an example, presents the iterative PM thickness results,
and compares them with those obtained from the
conventional empirical formula method and the FE
parametric sweep method. Section 4 analyzes the no-load
performance, load torque characteristics, and overall
performance under different thickness schemes. Section
5 verifies the accuracy of the FE model through
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prototype tests. Section 6 provides the conclusions of
this paper.

2 PM Thickness Calculation Method
2.1 Empirical Formula Method

In the preliminary design of PMSMs, the PM thickness
can usually be estimated using an empirical formula
based on the equivalent magnetic circuit method. This
method models the main magnetic circuit of the motor as
an equivalent magnetic circuit consisting of the PMs, air
gap, stator and rotor cores, and leakage flux branches,
and derives the PM thickness calculation formula by
establishing the relationship between the magnetomotive

force of the PMs and that of the external magnetic circuit.

The empirical formula for calculating the PM thickness
can be expressed as [11]:

— :urKRKabm58 (1)

" o,(1-b,)
where 4, is the PM thickness; u,. is the relative recoil
permeability of the PM; Kz is the reluctivity; K, is the
structural correction factor; b, is the PM operating point
coefficient; oy is the leakage coefficient; and J. is the
air-gap length.

As can be seen from (1), the empirical formula
introduces the effects of leakage flux, core magnetic
potential difference, and structural influences into the
PM thickness calculation through parameters such as the
leakage coefficient, reluctivity, and structural correction
factor. This method features a simple calculation process,
can quickly obtain the initial value of the PM thickness,

and is suitable for the preliminary design stage of motors.

However, some parameters in the formula usually rely on
empirical values. When the motor structure, magnetic
circuit saturation level, or leakage flux distribution
changes, fixed empirical parameters cannot accurately
reflect the actual magnetic circuit state, which easily
leads to PM thickness calculation errors. Therefore,
although the traditional empirical formula method has
the advantage of fast computation speed, it still needs to
be combined with more accurate magnetic field analysis
results to correct the key parameters.

2.2 A Novel Computational Method

The PM thickness calculation method proposed in this
paper is an improvement upon the conventional
equivalent magnetic circuit method. Unlike the
traditional empirical formula method, this paper no
longer treats the leakage coefficient and reluctivity as
fixed empirical parameters; instead, they are regarded as
calculation parameters that vary with the PM thickness
and magnetic circuit state, and are updated using FE
post-processing results. More specifically, the calculation
of PM thickness in this method primarily involves the
leakage factor, reluctivity, average air-gap flux density,
remanent flux density of the PM, pole-arc factor, and
air-gap length. Among these, the leakage coefficient is
determined by the ratio of the total PM flux to the main
air-gap flux, reflecting the extent to which the PM flux
enters the main magnetic circuit of the air gap; the PM is

determined by the ratio of the total magnetic potential
difference of the external magnetic circuit to the air-gap
magnetic potential difference, reflecting the influence of
the core magnetic potential difference and local
saturation on the magnetomotive force requirement of
the PM; and the average air-gap flux density
characterizes the magnetic loading level of the motor.

(1). Leakage Coefficient
The total flux generated by the PMs does not

entirely enter the main air-gap magnetic circuit, but is
divided into the main air-gap flux and leakage flux,

which can be expressed as:
=D, +®, @

where @y, is the total PM flux, ®s is the main flux
entering the air gap, and ®, is the leakage flux of the PM.
To describe the utilization of the PM flux, the leakage
coefficient is introduced, which is defined as the ratio of
the total PM flux to the main air-gap flux [12]:

D ®
o=—M=l+—2 3)
D, D
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It can be seen from (3) that a larger leakage
coefficient indicates more leakage flux that does not
enter the main air-gap magnetic circuit, resulting in a
lower utilization rate of the PM flux. In the traditional
empirical formula, the leakage coefficient is usually
taken as an empirical value. In this paper, the total PM
flux and the main air-gap flux are respectively extracted
through FE post-processing, and the leakage coefficient
is iteratively updated so that it can reflect the leakage
flux condition under the actual motor structure.

(2). Reluctivity

In a PMSM, the magnetomotive force provided by
the PMs must overcome not only the air-gap magnetic
potential difference but also the magnetic potential
differences in the stator teeth, stator yoke, rotor yoke,
and magnetic bridge regions; therefore, the air-gap
magnetic potential difference is:

Fy==26 (4)
0
where F is the air-gap magnetic potential difference, Bs
is the air-gap flux density, J. is the air-gap length, and o
is the permeability of vacuum. In addition to the air-gap
magnetic potential difference, the external magnetic
circuit also includes the magnetic potential difference in
the stator teeth, stator yoke, rotor yoke, and the rotor
magnetic bridges or locally saturated regions. Therefore,
the total magnetic potential difference of the external
magnetic circuit can be expressed as:
F,=F+F +F +F, +F, (5)

ext
where Fj; is the magnetic potential difference of the
stator teeth, F), is the magnetic potential difference of the
stator yoke, F), is the magnetic potential difference of the
rotor yoke, and F} is the magnetic potential difference of
2



the magnetic bridge region. Therefore, the reluctivity can
be expressed as [13]:

F FE+F +F +F
Ky=—2t=l4——> 2 (6)
F, F,

s s

It can be seen from (6) that when the saturation
level of the core magnetic circuit increases, the magnetic
potential differences in the stator teeth, yoke, and
magnetic bridge regions increase, and the reluctivity also
increases accordingly. In traditional empirical formulas,
empirical values are usually adopted, making it difficult
to reflect the changes in magnetic potential difference
under different structures and magnetic loadings. This
paper extracts the magnetic potential differences in the
air gap and various iron core regions through FE
post-processing, and updates them accordingly to make
the PM thickness calculation closer to the actual
magnetic circuit state.

(3). Average Air-Gap Flux Density

The average air-gap flux density is usually
expressed as the main magnetic field level in the air gap
of the motor. For PMSMs, the average air-gap flux
density directly affects performance indicators such as
the no-load back electromotive force, PM flux linkage,
output torque, and power density. Therefore, in the
calculation of PM thickness, the average air-gap flux
density is an important calculation parameter and cannot
be simply treated as a fixed empirical value. where the
main air-gap flux per pole can be expressed as [14]:

O, =B, A, (7)

avg
where By is the average air-gap flux density, and A is
the equivalent air-gap area per pole. If the end effects are
neglected, the equivalent air-gap area per pole can be
approximately expressed as [14]:

A;=7L, ®)

where 7 is the pole pitch, and L. is the effective core
length. Therefore, the average air-gap flux density can be
expressed as:

() 5
B =y =, ©
J

avg
ef

As can be seen from (9), the average air-gap flux
density is jointly determined by the main air-gap flux and
the equivalent air-gap area per pole. In this paper, the
main air-gap flux per pole is extracted through FE
post-processing, and the average air-gap flux density is
calculated in combination with the motor geometry,
thereby enabling the average air-gap flux density to be
updated with changes in the PM thickness and magnetic
circuit state.

(4) Novel Formula for Calculating PM Thickness

Based on the parameter definitions presented above,
the formula for calculating the PM thickness is derived in
this section. For the main magnetic circuit under no-load
condition, the flux generated by the PMs enters the main
air-gap magnetic circuit after being affected by leakage

flux, while the PM magnetomotive force is used to
overcome the magnetic potential differences in the air
gap and various parts of the external magnetic circuit.
Since the definitions of the leakage -coefficient,
reluctivity, and average air-gap flux density have been
given previously, this section directly performs the
simultaneous derivation of the formula on this basis.
From the definition of the leakage coefficient, it is
known that the total PM flux and the main air-gap flux
satisfy:

®,, =ob, (10)

The total PM flux and the main air-gap flux are
respectively expressed as:

®, =B,4

m*Tm
q)§ = Bang5

1n
where B, is the flux density at the PM operating point,
An is the effective area of the PM per pole, and 45 is the
equivalent air-gap area per pole. Using the pole-arc
coefficient a, to represent the relationship between the
effective area of the PM and the equivalent air-gap area
per pole, obtain:

A, =a,d4; (12)

Substituting the above formulas into the flux
balance relationship, we obtain:
B,a A;=0cB

m"p angJ (13)
The demagnetization curve of the PM near the
operating point can be approximated as a linear

relationship:
Bm :Br +IUOIuer (14)

where B, is the remanence of the PM, up is the
permeability of vacuum, u. is the relative recoil
permeability of the PM, and H,, is the internal magnetic
field intensity of the PM. Since the PM operates in the
second quadrant of the demagnetization region, where
H,, <0, it follows that:

B —-B
-H =—1t—n (15)
lu()ll'lr
From (12)-(15), we can derive:
B - O'Bavg
"«
-H, =—F— (16)
/’lo:ur

According to the equivalent magnetic circuit
method, the magnetomotive force provided by the PMs
should balance the magnetomotive force of the external
magnetic circuit:

F  =K,F; (17)

According to the definition of the reluctance
coefficient, the total magnetic potential difference of the
external magnetic circuit and the air-gap magnetic
potential difference can be expressed as:



B_ 0o
FVE _ g e
Hoy (18)
B(Zl’ 5(’
F::xt = KR —
Moy
Substituting the PM demagnetization curve

relationship and the external magnetic circuit magnetic
potential difference relationship into the magnetomotive
force balance equation, we obtain:

oB_
B B,.S
ap hm :KR avg“e (19)
/’lOILIr /’l()

From (19), the following can be derived after
rearrangement:

a ukK,B o
— pll'l) R™avg e (20)
a,B.-oB,,

h

m

From (20), it can be seen that the PM thickness
increases with the increase of the reluctance coefficient,
average air-gap flux density, and air-gap length;
meanwhile, an increase in the leakage coefficient reduces
the effective denominator, thereby increasing the
required PM thickness. To reduce the errors caused by
fixed empirical parameters, this paper treats Kz, o, and
Bay as fiterative parameters that vary with the PM
thickness. After the i-th FE calculation, Kz®, ¢, and
Bayg” are obtained and then substituted into the thickness
calculation formula to obtain the PM thickness for the
next iteration:

avg e

mo (i) p(i)
a,B,-c"B,,

o a,uKVBYS
GO pHrBr 1)

Therefore, the relative error between the thickness
results of two consecutive iterations is defined as:

LD _ 0
€ =" —5"x100%,& < ¢, (22)

m

When the condition is satisfied, the calculation
result is considered converged, and 4,,(*" is taken as the
final PM thickness. If the convergence condition is not
satisfied, the PM thickness is updated with 4,1, and the
FE calculation and parameter extraction are repeated
until the convergence requirement is met. At the same
time, for the formula to be physically meaningful, it must
hold that:

a,B.—oB,, >0 (23)

If this term is less than or close to zero, it indicates
that the average air-gap flux density is too high under the
current conditions of PM remanence, leakage coefficient,
and pole-arc coefficient, and the PM operating point is
no longer reasonable; therefore, the values of Bug, 0, 0y,
or B, need to be re-examined.

2.3 Calculation Flow of the Proposed PM Thickness

The iterative calculation flow for the PM thickness

proposed in this paper is shown in Fig. 1. Based on the
PM thickness calculation formula established above, this
flow achieves rapid calculation of the PM thickness by
continuously updating the leakage coefficient, reluctivity,
and average air-gap flux density.

[ Determine motor design specifications |

| Estimate the initial thickness of the PM |

—>| Establish the FE model of the motorl
v

Calculate the leakage magnetic coefficient, the average air-gap
flux density, and the reluctivity

[ Calculate the next permanent magnet thickness |

[Calculate the thickness error]

M e
Yes
[Determine the final permanent magnet thickness |

[ Finite-element verification |

L2
(Output the final permanent magnet thickness)

Fig.1. Flowchart of PM thickness calculation

As shown in Fig. 1, the calculation flow in this
paper first inputs the basic design parameters of the
motor and the parameters of the PM material. On this
basis, an initial PM thickness #4,” is obtained. This
initial thickness serves as the starting point for FE
modeling. Subsequently, a FE model is established
according to the current PM thickness #,”, no-load
magnetic field calculations are carried out, parameters
such as the total PM flux, main air-gap flux, air-gap
magnetic potential difference, and total external-circuit
magnetic potential difference are extracted, and the
leakage coefficient, reluctivity, and average air-gap flux
density for the current iteration are calculated
accordingly. These are then substituted into the PM
thickness calculation formula proposed in this paper to
obtain the thickness for the next iteration, /4,™. Since
changes in the PM thickness further affect the air-gap
flux density, leakage flux distribution, and local
saturation levels, a convergence check must be
performed on the results of two consecutive calculations.
When the relative error between £, ("D and 4, is less
than a preset threshold, the calculation is considered to
have converged, and #%,(*D is taken as the final PM
thickness; if the error does not meet the requirement, the
model parameters are updated with 4,(*D, and the FE
calculation and parameter extraction are repeated until
the convergence condition is satisfied. Through the
above process, the proposed method uses FE analysis for
the correction of key parameters, rather than directly
conducting a large-scale thickness sweep. Therefore, this
method not only retains the fast calculation speed
characteristic of the empirical formula but also utilizes
the FE results to correct errors caused by leakage flux,
magnetic saturation, and changes in the magnetic circuit
structure, providing a feasible calculation path for the
rapid determination of the PM thickness.



3 Example Motor and Calculated Results

3.1 Parameters of the Example Motor

To verify the effectiveness of the iterative PM thickness
calculation method proposed in this paper, a low-speed
high-torque PMSM with a rated power of 1600 kW and a
rated speed of 250 r/min is selected as the case-study
object. This motor features a high-power rating, low
speed, and large output torque, and imposes high
requirements on the air-gap flux density, PM usage, and
torque density; changes in the PM thickness directly
affect the air-gap magnetic field, back EMF, and
electromagnetic torque. The motor adopts a multi-pole
multi-slot stator structure and a U-shaped interior PM
rotor structure, in which magnetic bridges, flux barriers,
and local saturation regions exist inside the rotor, making
the leakage flux distribution and the magnetic potential
difference of the external magnetic circuit relatively
complex. The leakage coefficient and reluctivity in the
conventional empirical formula cannot accurately reflect
such magnetic circuit characteristics, while the FE
parametric sweep method requires repeated modeling
and calculation for multiple thickness schemes.
Therefore, selecting this motor as a case study can
effectively validate the capability of the proposed
method to rapidly calculate the PM thickness under a
complex magnetic circuit structure. The main structural
parameters of this motor are shown in Table 1, and the
FE model is shown in Fig. 2.

Table 1. Partial Parameters of the Motor

Name Result
Rated power(kW) 1600
Rated voltage (kV) 3.6
Rated speed (r/min) 250
Rated torque (kN-m) 61.1
Number of slots 90
Number of pole pairs 10
Outer diameter of stator(mm) 1180
Inner diameter of rotor(mm) 865
Core length(mm) 750

Fig. 2. Finite-Element Model of the Motor
To reduce the complexity of FE modeling, the
following assumptions are made in the two-dimensional
transient electromagnetic field analysis in this paper:

1.End effects are neglected, the magnetic field is
assumed to be uniformly distributed along the axial
direction, and the current density vector and magnetic
vector potential vector have only the z-direction
component.

2.The stator and rotor core materials and the PM
material are all regarded as isotropic materials; the
nonlinear magnetization characteristics of the core
material are described by the B-H curve, and the
influence of temperature on material parameters is
neglected.

3. The influence of displacement current is ignored,
and the electromagnetic field of the motor is considered
to satisfy the quasi-static field assumption.

Based on the above assumptions, a two-dimensional
transient electromagnetic field model is established using
the magnetic vector potential method in this paper, and
its governing equation is [15]:

A
2(vaAz)+g(vaAz):—JZ+aca z (24)
ox  Ox Oy ot

where 4. is the magnetic vector potential in the
z-direction, v is the magnetic reluctivity, J. is the current
density in the z-direction, o is the electrical conductivity,
and ¢ is the time. By solving this model, the no-load
air-gap flux density, total PM flux, main air-gap flux, and
magnetic potential drops in various parts can be obtained,
providing a data basis for the subsequent iterative
calculation of the PM thickness [16].

3.2 Calculated Results of PM Thickness

Based on the PM material parameters and motor
structural dimensions, initial parameters such as the
remanence, relative recoil permeability, pole-arc
coefficient, and air-gap length of the PM are determined.
The initial PM thickness 4, is obtained through
estimation, and the corresponding FE model is
established. Under the no-load condition, the total PM
flux, main air-gap flux, and magnetic potential difference
in various parts are extracted, and the leakage coefficient,
reluctivity, and average air-gap flux density are
calculated. The no-load flux distribution at the initial
thickness is shown in Fig. 3. The above parameters are
substituted into the thickness calculation formula
proposed in this paper to obtain the next PM thickness
h™D, and the iteration is repeated until the convergence
condition is satisfied. The calculation results under
different iteration numbers are shown in Table 2.



Main flux

Flux leakage

Fig. 3. No-load magnetic flux distribution under the

initial PM thickness.

As shown in Fig. 3, the magnetic flux lines mainly
originate from the rotor PMs, pass through the air gap
into the stator teeth, and close along the stator yoke,
forming the main magnetic flux path, which is mainly
concentrated in the air-gap region corresponding to the
PMs and near the stator teeth. Meanwhile, the figure
shows locally closed magnetic flux lines at the ends of
the PMs, near the rotor magnetic bridges, flux barriers,
and between adjacent PMs, indicating that a portion of
the flux does not enter the main air-gap circuit but forms
leakage flux within the rotor. This leakage phenomenon
reduces the utilization rate of the PM flux; therefore, it is
necessary to introduce a leakage coefficient in the

| . thickness c.alculation and update it through FE
0 ’ post-processing[17].
Table 2. Iterative calculation results of PM thickness.
Name 1 2 3 4 5 6 7
hn 1339 1420 1497 1572 1633 1680  17.06
o 1239 1223 1207 1194 1182  1.173  1.186
Ke 1279 1300 1317 1340 1360 1376  1.404
r 1.08 1.08 1.08 1.08 1.08 1.08 1.08
op 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Je 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Bavg 0.644 0.656 0.666 0.675 0.683 0.689 0.682
B 1.23 1.23 1.23 1.23 1.23 1.23 1.23
e 5.75 5.70 5.14 4.77 3.74 2.80 1.52
As can be seen from Table 2, with the increase in Sweep formulas method
the number of iterations, the leakage -coefficient Time(s) 1200 10 300
gradually changed from 1.239 to 1.186, the reluctance Thickness(mm) 17.00 17.82 17.00

coefficient increased from 1.279 to 1.404, the average
flux density fluctuated slightly within the range of
0.644-0.689 T and finally stabilized at about 0.682 T, and
the PM thickness increased from the initial 13.39 mm to
17.06 mm, with the magnitude of thickness change
gradually decreasing. The relative error between two
consecutive iterations decreased from 5.75% to 1.52%,
satisfying the convergence criterion of 2% set in this
paper. The proposed method can continuously correct the
leakage coefficient, reluctivity, and average flux density
through the FE post-processing results, enabling the PM
thickness to converge step by step [18-19]. The final
calculated thickness is 17.06 mm, and it is taken as 17.00
mm after considering the actual machining accuracy. To
further verify the rationality of the calculation method
proposed in this paper, a comparative analysis is
conducted among the FE parametric sweep method, the
traditional empirical formula method, and the proposed
calculation method. The calculation results of the three
methods are shown in Table 3.

Table 3. Comparison of thickness results among
different calculation methods.

Name FE Parametric Traditional Paper's

As can be seen from Table 3, the PM thickness
obtained by the FE parametric sweep method is 17.00
mm, and because repeated modeling and solving are
required for multiple thickness schemes, the calculation
time reaches 1200 s. The traditional empirical formula
method takes only 10 s to calculate, and the calculated
thickness is 17.82 mm, which is larger than the FE
parametric sweep result. The proposed method yields a
calculated PM thickness of 17.06 mm, which is taken as
17.00 mm after considering the actual machining
accuracy, consistent with the result of the FE parametric
sweep method; in contrast, the calculation time of the
proposed method is 300 s, which is 75% shorter than that
of the FE parametric sweep. Since the final adopted
values of both the FE parametric sweep method and the
proposed method are 17.00 mm, they are treated as the
same  thickness scheme in the subsequent
electromagnetic performance analysis, and will be
compared with the 17.82 mm scheme obtained by the
traditional empirical formula method.

4 Comparative analysis of electromagnetic
performance for different calculation schemes.

4.1 No-Load Performance

6
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Comparison

No-load electromagnetic performance serves as an
important basis for evaluating the rationality of the PM
thickness. To verify the effectiveness of the 17.00 mm
thickness scheme obtained by the proposed method, it is
compared with the 17.82 mm scheme derived from the
traditional empirical formula method, and the flux
density distribution, air-gap flux density waveform, and
no-load back-EMF waveform are extracted under the
same no-load operating condition. The no-load flux
density distributions for the two thickness schemes are
shown in Fig. 4, and the air-gap flux density waveform
and no-load back-EMF waveform are shown in Fig. 5.

B [tesla]
Max: 2.887
2700
-2 430
2.187
1.944
1.7
1458
1.215
0972
0.729
04686
0243

.D 000

Min: 0.000

b
P

(a). 17.00mm

B [tesla]

Max: 2.717
2720

.2 448
2.203
1.958

1.714
1469

1.224
0479
0490
‘ 0.245
0.000

0.734
Min: 0.000

(b). 17.82mm
Fig. 4. No-load flux density distributions under different

thickness schemes.

As shown in Fig. 4, comparing Fig. 4(a) and Fig.
4(b), when the PM thickness increases from 17.00 mm to
17.82 mm, the maximum flux density rises from 2.687 T
to 2.717 T, an increase of merely 0.03 T. This indicates
that increasing the PM thickness has little influence on
the overall flux density distribution and does not
significantly enhance the main air-gap magnetic field.
Meanwhile, the 17.82 mm scheme exhibits a slightly
higher local maximum flux density, indicating that a
larger thickness aggravates the local saturation near the
stator tooth tips and rotor magnetic bridges. In contrast,
the 17.00 mm scheme maintains an effective main
magnetic circuit while exhibiting a lower local flux

density level. Therefore, the 17.00 mm thickness scheme
obtained by the proposed method possesses better
rationality [20].

20F = 17.82mm

Air gap flux density(T)

'2~0 1 L 1 1 L L 'l
0 5 10 15 20 25 30 35
Position(deg)

(a). Air-gap flux density waveform

— 17.82mm
= 17.00mm

Phase A no-load back electromotive force(kV)

0 5 10 15 20
Time(ms)

(b). No-load back-EMF waveform

As can be seen from Fig. 5, in Fig. 5(a), the
amplitudes and waveform trends of the air-gap flux
density for the two schemes are basically consistent,
indicating that the 17.00 mm scheme can already
establish an effective main air-gap magnetic field. In Fig.
5(b), the no-load back-EMF waveforms and peak values
of the two schemes are also relatively close, indicating
that further increasing the PM thickness has a limited
effect on improving the PM flux linkage and induced
electromotive force. Therefore, the 17.00 mm thickness
scheme obtained by the proposed method has already
met the no-load performance requirements, while the
17.82 mm scheme obtained by the traditional empirical
formula does not bring significant performance
improvement.

4.2 Load Electromagnetic Performance Comparison

The on-load electromagnetic performance serves as an
important basis for evaluating whether the PM thickness
scheme meets the output requirements. To verify the load
performance of the 17.00 mm scheme obtained by the
proposed method, FE calculations are performed on both
the 17.00 mm and 17.82 mm schemes under rated
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conditions, and their electromagnetic torque waveforms,
average torque, and torque ripple are compared. The load
torque waveforms under the two thickness schemes are
shown in Fig. 6.
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Fig. 6. Analysis of torque characteristics under different

thickness schemes.

As shown in Fig. 6, at the same current, the torque
waveform trends are nearly identical for the two
thickness designs; the 17.82 mm design yields an
average torque of 62.18 kN-m, while the 17.00 mm
design produces 61.66 kN-m. Compared with the 17.00
mm scheme, the average torque of the 17.82 mm scheme
is increased by only about 0.84%, representing a
marginal improvement. Meanwhile, the torque ripple of
the 17.82 mm scheme is 2.81%, which is slightly higher
than the 2.74% of the 17.00 mm scheme. Therefore,
under the same current, increasing the PM thickness
yields limited improvement in average torque and does
not reduce torque ripple. The 17.00 mm scheme can
meet the rated torque output requirement and has lower
torque ripple, indicating that this thickness scheme
possesses better rationality.

4.3 Comprehensive Performance Comparison of the
Motor

To further evaluate the comprehensive performance of
different PM thickness schemes, this paper compares
three aspects: PM utilization, losses, and efficiency.
Since the number of PMs, magnet width, and core length
remain the same for both schemes, the PM volume is
primarily determined by the thickness. Therefore, Apys is
adopted as the evaluation indicator for PM material
utilization, and its expression is [21]:

(25)

Therefore, the comprehensive performance
comparison of the motor under different thickness
schemes obtained through FE calculation is shown in
Table 4.

Table 4. Comprehensive performance comparison of the

motor under different thickness schemes.

Name 17.00mm 17.82mm
PM loss (kW) 389 40.7

Iron loss (kW) 88.4 89.1
Copper loss (kW) 23.6 23.6
Efficiency (%) 91.38 91.25
PM utilization factor (N'm)/cm’)  14.39 13.84

As shown in Table 4, under the same current
condition, the copper losses of the two schemes remain
identical at 23.6 kW. Compared with the 17.00 mm
scheme, the increased magnetic loading of the 17.82 mm
scheme causes the iron loss to rise slightly from 88.4 kW
to 89.1 kW, while the PM eddy-current loss increases
from 38.9 kW to 40.7 kW. Consequently, the efficiency
decreases from 91.38% to 91.25%. In addition, the PM
utilization factor decreases from 14.39 to 13.84 N-m/cm?,
indicating that the torque improvement is lower than the
increase in PM volume. Therefore, the 17.00 mm scheme
provides lower losses, higher efficiency, and better PM
utilization.

5 Experimental Verification

To verify the accuracy of the FE model and support
the electromagnetic performance analysis results
presented earlier, a prototype of a 1600 kW, 20-pole
90-slot U-shaped interior PMSM was manufactured
according to the 17.00 mm PM thickness scheme in this
paper. The geometric dimensions, winding parameters,
PM material, and core material of the prototype were
kept consistent with the FE model to ensure the
comparability between the experimental and simulation
results. Fig. 7 shows the physical structures of the stator
laminations and rotor assembly of the prototype, and Fig.
8 presents the test platform and main test equipment.
This chapter verifies the accuracy of the finite element
model in predicting the electromagnetic performance of
the motor by comparing the experimental and simulation
results of the rated torque and peak torque, and further
demonstrates the engineering feasibility of the 17.00 mm
PM thickness scheme obtained in this paper.
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Fig. 7. Motor structure
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Fig. 8. Test platform

The experiment was carried out in accordance with
the load test method specified in IEC 60034-2-3:2024
standard [21]. The main test equipment included a 30
kN'm torque-speed sensor, a broadband current clamp
meter, a digital thermometer, a DC low-resistance tester,
and a high-power variable-frequency drive system,
which were used to measure parameters such as the
torque, speed, current, voltage, and temperature rise of
the motor under various operating conditions. As shown
in Fig. 8, the test platform adopted a variable-frequency
drive system to drive the 1600 kW prototype, and used a
2000 kW three-phase asynchronous motor as the load,
which was connected to the tested motor through a
two-stage gearbox. The rated speed of the tested
prototype was 250 r/min, and the rated torque was 61.1
kN'm; after conversion through the two-stage gearbox,
the load-side speed was 1250 r/min, corresponding to a
torque of 12.25 kN'm. The test platform was equipped
with an asynchronous load motor with a rated torque of
12.7 kN'm and a 30 kN'm torque meter, which could
meet the rated and peak torque testing requirements of
the prototype. According to the test requirements, the
rated torque of the motor under test was 61.1 kN-m, and
the peak torque was required to be no less than 150% of
the rated torque. Table 5 presents the comparison results
between the experimental torque values and the finite
element simulation values of the prototype. As can be
seen from Table 5, the simulation errors for the rated
torque and peak torque are 0.90% and 0.76%,
respectively, both of which are within the permissible
engineering range. The experimental results agree well
with the simulation results, indicating that the established
finite element model can accurately predict the torque
performance of the motor, and also providing a reliable
basis for the simulation comparison and analysis of
different PM thickness schemes presented earlier.

Table 6. Comparison between measured and simulated

torque
Name Tn Tmax
Test (kN-m) 61.10 91.70
Simulation (kN'-m) 61.66 92.40
Error (%) 0.90 0.76

6 Conclusion

This paper proposes an iterative PM-thickness
calculation method and validates it on a 1600-kW,
250-r/min interior PMSM. By updating the leakage
coefficient, reluctivity, and average air-gap flux density
through FE post-processing, the proposed method
obtains the same final PM thickness as the FE parametric
sweep while reducing the computation time by
approximately 75%. Moreover, the resulting 17.00-mm
scheme maintains comparable no-load and load
performance to the 17.82-mm scheme, while achieving
lower iron and PM eddy-current losses, higher efficiency,
and better PM utilization, thereby demonstrating
improved computational efficiency and overall design
rationality.
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