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Soft magnetic composites (SMCs) are especially suitable for the construction of low-cost, high-performance

motors with 3-D magnetic fields. The main advantages of SMCs is that the iron particles are insulated by the

surface coating and adhesive used for composite bonding, the eddy-current loss is much lower than that in

laminated steels, especially at higher frequencies, and the hysteresis loss becomes the dominant component of

core losses. These properties enable machines to operate at higher frequencies, resulting in reduced machine

size and weight. In this paper, 3-D topologies are proposed that enable the application of SMCs to effectively

reduce losses in high-speed permanent magnet (PM) motors. In addition, the electromagnetic field

characteristics of the motor topologies are evaluated and compared using a non-linear finite element method

(FEM) based on 3-D numerical analysis, and the feasibility of the motor designs is validated. 
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1. Introduction

Soft magnetic composites (SMCs) produced by powder

metallurgy techniques possess a number of advantages

over the conventional laminated steels commonly used in

electrical machines, and have undergone significant recent

developments [1]. Compared with traditional silicon steel

sheets, SMCs have the following advantages. First, SMCs

are in general, magnetically isotropic because of their

powdered nature, and, are therefore suitable for the

construction of electrical machines that are subjected to 3-

D magnetic fluxes and have complex structures [2, 3].

This isotropic magnetic property opens up crucial design

benefits, and allows magnetic circuits to be designed with

3-D flux paths. Second, SMCs are manufactured for the

core of the motor as modules, so they are suitable for

motors with complex structures. In addition, the core can

be made by a press-molding process, which makes mass

production easy [3, 4]. Third, the iron particles are

insulated by the surface coating and adhesive used for

composite bonding, the eddy-current loss is much lower

than that in laminated steels, especially at higher frequ-

encies, and the hysteresis loss becomes the dominant

component of core losses. These properties may allow

machines to operate at higher frequencies, resulting in

reduced machine size and weight. Fourth, SMCs are

cheap, so their use can significantly reduce material costs

[5-7]. Fifth, SMCs are easy to recycle, and finally, alloy

powders such as Fe-Ni, Fe-Si, Fe-P, and Fe-Si-Al, which

are important as admixtures or for the special application

of these composites, can sometimes be used [8-13].

Therefore, in this paper, 3-D topologies are proposed that

use SMCs to effectively reduce losses in high-speed PM

motor. The electromagnetic field characteristics of the

motor topologies are evaluated and quantitatively com-

pared using a non-linear finite element method (FEM)

based on 3-D numerical analysis, and the feasibility of the

motor designs is validated.

2. Design Specifications of High-speed 
Permanent Magnet Motor

2.1. Magnetic properties of material

Fig. 1 shows the real magnetization properties of the

silicon steel and SMC used in a high-speed PM motor.
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The magnetic flux density and core loss were measured

using the sample sheet and test ring core provided by the

manufacturer, and the measured magnetization properties

were applied in the FEM analysis and design. Silicon

steel of type 50PN470 was used. This is produced by

POSCO, and has a maximum magnetic flux density of 1.7

T at 5000 A/m. The thickness of one steel sheet is 0.5

mm, and its density is 7700 kg/m3. SMC-I and SMC-II

are commercial powders. These have a maximum mag-

netic flux density of 1.42 T and 1.39 T at 5000 A/m,

respectively. Their density is 7570 kg/m3 and 7340 kg/m3,

respectively.

2.2. Motor specifications

Fig. 2 shows the prototype of the high-speed motor

with laminated silicon steel 50PN470. Fig. 2(a) shows the

laminated stator without winding, Fig. 2(b) shows the

laminated rotor, and Fig. 2(c) shows the stator, rotor, and

impeller assembly. The high-speed PM motor has 4 poles

and 6 slots, surface mounted type with a rated speed of

25,000 rpm and rated power of 0.85 kW. Its DC link

voltage is 310 Vdc and rated current is 8.3 Apk. Fig. 3

shows the 3-D shape of the high-speed PM motor, with

Fig. 3(a) shows 3-D geometry model, Fig. 3(b) shows 3-

D FE model, and Fig. 3(c) shows the cross sectional view.

Fig. 1. (Color online) Magnetization properties of core mate-

rial: (a) magnetic flux density, (b) core loss property at 1 kHz.

Fig. 2. (Color online) Prototype of the high-speed permanent

magnet motor with laminated silicon steel 50PN470: (a) lam-

inated stator without winding, (b) laminated rotor, (c) stator,

rotor, and impeller assembly.

Fig. 3. (Color online) 3-D shape of the high-speed permanent magnet motor: (a) 3-D geometry model, (b) 3-D FE model (c) cross-

sectional view.

Table 1. Specifications of high-speed motor with laminated sil-

icon steel.

Parameter Value (Unit)

Poles/Phases/Slots 4/3/6

Rated output power 0.85 (kW)

Rated speed 25000 (rpm)

Rated current 8.3 (Apk)

DC Link voltage 310 (Vdc)

PM Property Bonded NdFeB@0.7 (T)

Number of nodes 13,455

Number of elements 41,229
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Table 1 shows the specifications of the high speed motor

with laminated silicon steel.

3. Proposed 3-D Shape of High-speed Per-
manent Magnet Motor for Loss Reduction

3.1. Loss reduction design

Fig. 4 shows the 3-D topology of the designed models

(without winding) using SMCs. Table 2 shows the stator

concept of each model. For a fair comparison, each model

shares the following design criteria:

• Same external dimension of the motor;

• Same rated speed and output power;

• Same PM, rotor material; 

An SMC was applied to only the stator of the motor.

The rotor used conventional laminated silicon steel,

which has a higher density than the SMC. This ensures

structural stability, because it is rotating at high speed,

meaning the core loss in the rotor is lower than the total

core loss. As shown in Fig. 4 and Table 2, the teeth and

yoke of the stator were designed using the advantages of

SMCs, allowing the magnetic circuits to be freely design-

ed with 3-D flux paths. SMCs were used for the teeth and

the yoke of the proposed model I, and the shape of the

teeth was designed to reduce loss and to be compact in

terms of coil end winding. The coil end winding had a

length of 5 mm in the prototype laminated model and the

length of the teeth was determined to be 12 mm. Com-

pared to the laminated model, the weight of the coil could

be reduced by 50%. In addition, the area of the teeth was

reduced by 50% compared with the laminated model

because of the saturation of the magnetic flux density.

The shape of the proposed model II is the same as that of

the proposed model I, but the material of each yoke is

different. The yoke of the proposed model II used the

silicon steel. SMCs were used in both the teeth and the

yoke of the proposed model III, as in the proposed model

I. The design of the proposed model III also considered

the slot fill factor for loss reduction, and improved the

saturation of magnetic flux density generated in the pro-

posed models I and II. As a result, the teeth area of the

proposed model III was approximately equal to that of the

laminated model. Finally, in the proposed model IV,

chamfering was conducted using the teeth of the laminated

model. Moreover, the length of the yoke (z-axis) was

designed to be 20 mm, an attempt to reduce core loss by

reducing the weight of the yoke.

3.2. 3-D Numerical analysis results and performance

comparison

To accurately analyze the five high-speed motor models

with different stators, the electromagnetic field must be

calculated for the five-stator topologies. Thus, after the

motor has been properly modeled, the electromagnetic

Fig. 4. (Color online) 3-D topology of the designed models

(without winding) using SMC: (a) laminated model, (b) pro-

posed model I, (c) proposed model II, (d) proposed model III,

(e) proposed model IV.

Table 2. (Color online) Stator concept of each model. 

Laminated 

model

Proposed 

model I

Proposed 

model II

Proposed 

model III

Proposed 

model IV

Yoke 

material

Silicon 

steel
SMC

Silicon

steel
SMC SMC

Teeth 

material
Silicon steel SMC SMC SMC SMC

Teeth 

shape

(z-axis)

 Teeth area 132 64.2 64.2 130 124.2

Yoke length 

(z-axis)
22 22 22 22 20
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field of the five motor models was calculated at the rated

output power (Pout = 0.85 kW). At the same output power,

the coil diameter and number of turns was designed to

improve current density of the laminated model. As a

result, the proposed model I gave the biggest reduction of

the design models using SMC-I. This is a reduction of

17% compared with the laminated model. Fig. 5 shows

the Back_EMF waveforms (U-phase) of each model. Fig.

Fig. 5. (Color online) Back_EMF waveforms (U-phase): (a) Proposed model with SMC-I, (b) Proposed model with SMC-II.

Fig. 6. (Color online) Magnetic flux distribution of each

model using SMC-I: (a) laminated model, (b) proposed model

I, (c) proposed model II, (d) proposed model III, (e) proposed

model IV.

Fig. 7. (Color online) The core loss distribution of each model

using SMC-I: (a) laminated model, (b) proposed model I, (c)

proposed model II, (d) proposed model III, (e) proposed

model IV.
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6 shows the magnetic flux distribution of each model

using SMC-I, as obtained by the nonlinear FEM based on

3-D numerical analysis. As shown in Fig. 6, it was

confirmed that magnetic flux was saturated in the teeth of

the proposed models I, and II. Fig. 7 shows the core loss

distribution of each model using SMC-I. The quantitative

performance of the motors using each SMC is tabulated

in Tables 3, and 4. Table 3 shows the design results of

each model using SMC-I, and Table 4 shows those for the

each model using SMC-II. From Tables 3, and 4, it can be

seen that the input current needed for an output power of

850 W, is higher than in the laminated model. As shown

in Table 3, the proposed model I gave the biggest

reduction in losses of the design models using SMC-I.

This is a reduction of 35.3% compared with the laminated

model. In the design models using SMC-II, proposed

Table 3. Design results of each model using SMC-I.

Laminated model Proposed model I Proposed model II Proposed model III Proposed model IV

Input Current (A) 8.4 15.3 15.5 16.5 11.6

Number of turns 36 30 30 22 27

Coil diameter (mm) 0.8 1.2 1.2 1.2 1.2

Slot area (mm2) 151.5 169.2 169.2 121.1 151.5

Current density (A/mm2) 11.6 9.6 9.7 10.3 7.2

Torque (Nm) 0.32 0.32 0.32 0.32 0.32

Torque ripple (%) 17.09 8.13 9.23 19.58 15.85

Core loss (W) 39.0 27.9 29.6 32.8 33.0

Copper loss (W) 26.4 14.1 14.4 16.3 12.1

Efficiency (%) 92.9 95.3 95.0 94.5 94.9

Table 4. Design results of each model using SMC-II.

Laminated model Proposed model I Proposed model II Proposed model III Proposed model IV

Input Current (A) 8.4 16.0 16.0 16.7 11.7

Number of turns 36 30 30 22 27

Coil diameter (mm) 0.8 1.2 1.2 1.2 1.2

Slot area (mm2) 151.5 169.2 169.2 121.1 151.5

Current density (A/mm2) 11.6 10.0 10.0 10.4 7.3

Torque (Nm) 0.32 0.32 0.32 0.32 0.32

Torque ripple (%) 17.09 8.44 10.41 19.79 15.79

Core loss (W) 39.0 55.8 48.6 64.0 64.5

Copper loss (W) 26.4 15.4 15.4 16.8 12.3

Efficiency (%) 92.9 92.3 93.0 91.3 91.7

Fig. 8. (Color online) Torque waveforms: (a) Proposed model with SMC-I, (b) Proposed model with SMC-II.
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model II designed the best reduction in losses. However,

as shown in Fig. 5(b), the magnetic flux density was

saturated in the teeth of proposed model I. As shown in

Fig. 5(d), (e), proposed models III and IV designed

greater losses than proposed model I, but the saturation of

magnetic flux density was improved. It was confirmed

that the torque ripple is affecting the teeth shape. Fig. 8

shows the torque waveforms of each model.

4. Conclusions

In this paper, high-speed PM motor design using SMCs

has been described. Various 3-D topologies were proposed

to effectively reduce losses of in this motor by applying

SMC materials. In addition, the electromagnetic field

characteristics of the motor topologies were evaluated and

quantitatively compared using a non-linear FEM based on

3-D numerical analysis, and the feasibility of the motor

designs were validated. In future work, the results of this

study will be verified by comparing them with those from

a prototype motor.
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