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Abstract— This paper presents the development of a permanent 
magnet motor with soft magnetic composite (SMC) stator core 
for driving a dishwasher pump. The unique properties of the 
SMC, such as 3D magnetic isotropy and molding production 
technique, have been taken into account in the design. 3D 
magnetic field finite element analysis is carried out to accurately 
compute the motor parameters and an equivalent electrical 
circuit is derived to predict the motor performance. Analysis 
results show that the developed motor is appropriate. 
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I.  INTRODUCTION 
SMC (soft magnetic composite) materials and SMC 

electrical machines have experienced significant development 
in the past decade [1]. The main attractive features include 
great design flexibility brought by the material’s 3D magnetic 
isotropy and negligible eddy current loss, and great potential of 
low cost mass production brought by the powder metallurgical 
process. The application of SMC removes the restraints on the 
design and manufacturing of conventional electrical machines 
with laminated electrical steels, in which the magnetic flux 
must flow within the lamination plane because the flux 
component perpendicular to the plane may cause excessive 
core loss. A large amount of research work has been conducted 
by various researchers on designing and prototyping various 
types of electrical machines and the results appear quite 
promising [2-10]. Among the many types of electrical 
machines, those with complex structure and 3D flux path may 
take the most advantages of the material.  

In this paper, a small permanent magnet (PM) motor with 
SMC stator core is designed for replacing the induction motor 
in a dishwasher pump and hence the design aim is to produce 
the same output subject to the existing space envelop. By 
taking the unique properties of the SMC, such as 3D magnetic 
isotropy, the PM stator is designed axially longer than the 
stator and hence 3D numerical analysis of magnetic field such 
as finite element analysis (FEA) is necessary for accurately 
computing the field distribution and key motor parameters. An 
equivalent electrical circuit is derived to predict the motor 
performance. Optimization is conducted for minimizing the 
cost of effective materials. Furthermore, a phase variable 
model is built in Simulink for predicting the motor’s dynamic 

performance. The analysis results show that the designed motor 
could successfully drive the dishwasher pump. 

II. MOTOR PROTOTYPE 
Fig. 1(a) shows the schematic structure of the motor 

prototype (half), where the SMC stator core consists of 6 
cylindrical teeth and the PM rotor consists of 4 ferrite magnets. 
6 coils are wound around the stator teeth and are connected to 
form a 3-phase star winding, which is supplied by an inverter 
with the standard 240 VAC single phase power source. The 
major motor dimensions include 43 mm for the stator inner 
diameter, 100 mm for the stator outer diameter, 14 mm for the 
stator axial length, and 2.35 mm for the main air gap. The 
motor is designed to operate under a sensorless brushless DC 
control scheme, delivering an output of 60 W at 3000 rev/min. 

 (a)  (b) 

Figure 1.  Motor prototype: (a) schematic structure, (b) no-load field 
distribution 

To minimize the change for best utilization of the existing 
manufacturing devices and techniques, the PM rotor structure 
has been kept the same as that of the existing silicon steel 
pump motor, and the air gap is also kept as the original size of 
the silicon steel motor. It is assumed that the PMs are 
magnetized after the rotor assembly, which is magnetically 
equivalent to the Halbach magnet structure except that the 
magnet anisotropy was not aligned with the magnetization 
direction. 



In order to maintain the flux linkage of the stator winding, 
and hence the induced electromagnetic force, such that the 
inverter does not have to change, the cross section of the stator 
poles is changed to cylindrical with a diameter of 14 mm, 
which results in an area of 154 mm2. In order to attract as much 
rotor PM flux as possible to the stator poles, the cross sectional 
area of the stator pole shoes is increased to 16×18 mm2.  
Besides the magnetic consideration, the cross sectional area of 
the yoke is increased further to 6×14 mm2 for higher 
mechanical strength.  As shown in Fig.1(b), these measures 
have been successful in attracting the rotor PM flux and 
guiding the magnetic flux in the SMC stator core. 

III. MAGNETIC FIELD FEA AND PARAMETER COMPUTATION 

A. No-load Magnetic Field FEA 
Considering the 3D flux feature, 3D magnetic field FEA 

has been conducted to work out the magnetic field distribution 
and key motor parameters such as winding flux, back 
electromotive force (emf), cogging torque, core loss and 
winding inductance. For example, Fig. 1(b) illustrates the 
vector plots of magnetic field under no-load, where the vector 
length is proportional to the flux density magnitude. From the 
no-load field solution, the flux of the stator winding produced 
by the rotor PMs can be obtained as shown in Fig. 2. The peak 
value of the flux, which occurs when the axes of a rotor PM 
and a stator pole are aligned, is 0.076 mWb, and the peak value 
of air gap flux density is 0.33 T. Therefore, the same number of 
turns, 450 turns each coil, is chosen to maintain the same back 
emf as the silicon steel motor. 
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Figure 2.  Stator magnetic flux due to rotor PMs versus rotor position 

B. Calculation of Parameters 
The emf and torque constants, KE and KT, can be calculated 

once the flux linkage of the stator winding is available as the 
following: 

                              max

2 2E s
PK N φ

=  (1) 

                                   T EK mK=  (2) 

where P is the number of poles, Ns the number of turns of a 
stator phase winding, φmax the peak value of the magnetic flux 
linking the phase winding, and m the number of phases. For 

this SMC motor, the rated emf is 30.4 V at 3000 rev/min, and 
the rated torque is 0.19 Nm with a current of 0.66 A. 

The number of turns and the wire diameter of the stator 
winding can be chosen through a comprehensive consideration 
of the terminal voltage, efficiency, and available space for the 
stator windings. For this SMC motor, they are chosen as 450 
turns per coil, or 900 turns per phase winding, and 0.36 mm 
enamelled copper wire. The fill factor is 48%, slightly higher 
than that of the existing silicon steel motor. The corresponding 
stator phase winding resistance is 11.3 Ω. 

The self and mutual inductances were calculated as 19.70 
mH and 6.02 mH, respectively, by a modified incremental 
energy method [11]. The numerical procedure of this method is 
as the following: (1) For a given rotor position, perform a non-
linear analysis considering the saturation due to the rotor PMs; 
(2) Save the incremental permeability in each element; (3) 
“Switch off” the rotor PMs, and perform a linear field analysis 
with the saved permeabilities under perturbed stator current 
excitations, i.e. assigning the 3 phase winding currents as 
(ia,ib,ic) = (Δi,Δi,0), (Δi,0,Δi), (0,Δi,Δi), (Δi,0,0), (0,0,Δi), and 
(0,Δi,0), respectively; (4) Calculate the value of the 
incremental magnetic co-energy for each current excitation; (5) 
Calculate the self and mutual incremental inductances by 
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Due to the structural symmetry, it is only required to rotate 
the rotor for half of a pole pitch to find out the relations 
between the self and mutual inductances and the rotor position. 
For this particular motor, the inductances are found 
approximately constant.  

The core loss is an important factor in SMC motor design. 
In the finite element analysis, the motor total core is calculated 
by summing up the core loss of each element, and in each 
element, the core loss attributed to hysteresis, eddy current and 
anomalous losses. For accurate prediction of core losses, the 
locus of the rotating magnetic flux density vector is calculated 
by rotating the rotor for a tooth pitch, and the Fourier series is 
employed to analyze the effect of harmonics. The method for 
accurate prediction of core losses in SMC motors with 3D 
magnetic fields is presented in detail in [12-13]. The core loss 
of this SMC pump motor is 2.89 W at 3000 rev/min. 



The cogging torque versus rotor position was also 
calculated, but it was found very small with a maximum value 
of 0.01 Nm. 

C. Design Optimization and Cost 
A hybrid optimization technique using 3D finite element 

analysis with increasing accuracy [14] was employed to 
optimize the stator dimensions for lowest material cost. For this 
SMC pump motor, only the effective material cost was 
calculated, whereas the manufacturing cost was not included as 
it is not very clear at this stage. The effective material cost for 
this SMC pump motor is AUD2.00, assuming AUD2 per kg for 
SMC, AUD7.5 per kg for enameled copper wire, and AUD4 
per kg for ferrite PM. 

D. Temperature Rise 
A simple thermal analysis based on thermal circuit was 

conducted to verify the temperature rise of the motor. Fig. 3(a) 
shows the simple thermal network used for this analysis. The 
thermal conductivities are chosen as 380 W/mK for copper, 20 
W/mK for SMC, 0.15 W/mK for insulator, and 0.027 W/mK 
for air. The convection coefficient on the motor surface is 
chosen as 97.10 W/(m2K) [15], and the thickness of the 
insulator is assumed to be 1 mm.  Fig. 3(b) shows the thermal 
resistances and the temperature rises at various parts of the 
motor.  As shown, the temperature rise is 90 oC in the middle 
of the stator coil, and 65 oC in the middle of the stator pole. 

 
(a) 

 
(b) 

Figure. 3.  (a) A simple thermal network, and (b) thermal resistances and 
temperature rises in various parts of the SMC pump motor 

IV. MOTOR PERFORMANCE PREDICTION 
Fig. 4 illustrates the per phase equivalent electrical circuit, 

where Ea, Ra, and Ls are the back emf, stator winding 
resistance, and synchronous inductance which equals the self 

inductance plus half of the mutual inductance, and Va and Ia are 
the stator terminal voltage and phase current, respectively. The 
optimum brushless DC operating mode, i.e. Ia is in phase with 
Ea, is assumed for this SMC pump motor and the steady-state 
mechanical characteristic, i.e. the relation between the rotor 
speed and electromagnetic torque, can be derived as 
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where m=3 is the number of phases, and P=4 the number of 
poles. Fig. 5 illustrates the torque/speed curves of the SMC 
pump motor with different values of terminal voltage. 

 
Figure 4.  Per phase equivalent electrical circuit 

 
Figure 5.  Torque/speed curve of SMC pump motor 

The input power, output power, and efficiency can be 
computed by 

             2
in em cu a a a aP P P mE I mI R= + = +  (5) 

                      out em Fe mecP P P P= − −  (6) 

                                /out inP Pη =  (7) 

Fig. 6 illustrates the curves of the input and output powers 
and efficiency versus the torque and rotor speed when the 
terminal voltage is 39.6 V (rms), respectively, of the SMC 



pump motor. In the optimum brushless DC operating mode, 
this SMC pump motor can output 60 W with an efficiency of 
73% at 3000 rev/min when the terminal voltage is 39.6 V 
(rms). 

 
(a) 

 
(b) 

Figure 6.  Input and output powers and efficiency of SMC pump motor 
versus (a) torque, and (b) rotor speed 

V. CONCLUSION 
To investigate the application of SMC material in industry, 

this paper reports the design and analysis of a PM SMC motor 
for driving a dishwasher pump. The unique properties, such as 
magnetic isotropy and molding process, of the SMC have been 
taken into account in the motor design. 3D magnetic field finite 
element analysis is conducted to accurately determine the 
magnetic field distribution and key motor parameters. An 
equivalent electrical circuit is derived for predicting the motor 
performances and the results show that the designed motor 
would be successful for driving the dishwasher pump. 
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