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Abstract — With the improvement of soft magnetic composite 
(SMC) material, electric machine design is no longer limited to the 
traditional iron lamination technology. The single extrusion 
fabrication process of the SMC material simplifies construction of 
machine armature core. Moreover, the isotropic material 
property can be exploited for various machine structure design, 
compared with the 2D flux distribution of typical iron laminations. 
In this paper, a drive system based on a novel multi phase 
modular permanent magnet machine is proposed. The concentric 
winding structure simplifies the stator structure with the benefit 
of less end winding loss, which also offers the potential of fault 
tolerant capability.  The performance of the drive system is 
analyzed and discussed with the simulation results provided. 
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I. INTRODUCTION 

The emergence of soft magnetic composite material has 
greatly changed the nature of the electrical machine 
construction process. The possibility of a “one-punch” module 
reduces the work effort in lamination and stacking. Less copper 
loss can be achieved with the concentric winding design due to 
the shorter end windings for the pole piece modules.[1]  The 
progressive improvement of soft magnetic composite (SMC) 
material property as illustrated in Figure 1. The isotropic 
property to create a 3D magnetic circuit creates possibilities for 
various novel electric machine designs. Some prototypes based 
on SMC have been reported[2-7], with[1] illustrating  typical 
machine designs of surface permanent magnet motor, and [8] 
small induction motors. 

In this paper, novel single phase and multiphase permanent 
magnet drive system based on SMC modules are proposed and 
compared. The machine stator is assembled by independent 
pole pieces fabricated from the SMC material, with each pole 
piece mounted by an independent concentric phase winding, 
which also simplifies the winding efforts in machine 
fabrication.  The rotor structure can be designed with surface 
permanent magnet (SPM) or internal permanent magnet (IPM) 
for different application requirement.  

For the single phase design, the machine winding achieves 
the maximum winding factor and minimum switching devices 

at the cost of air-gap length adjustment and current 
compensation for the starting and pulsating torque.  For the 
multiphase design, a five phase drive system is proposed with 
less torque ripple and potential for the phase fault operation 
capability, but at the cost of significant increase number of 
switching devices in the drive circuit. 

 
Fig. 1: Magnetic property of SMC 

II. MACHINE STRUCTURE 

In order to compare the effective usage of machine material, 
the winding factor Kw is typically defined as in [9]. A higher 
winding factor means higher utilization of the stator module, 
which includes stator winding and stator iron volume for the 
energy conversion, thus higher power density when the other 
factors are same. The general expression of Kwh with 
consideration of harmonic order h is expressed as: 

shhdhphwh KKKKK χ=  (1)

Kph, Kdh, Kxh, and Ksh are factors for pitch, distribution, slot 
opening, and skew. For the surface PM machine discussed in 
this paper, the distribution, skew and slot opening factors are 
unity due to the concentric winding, non-skew rotor structure 
and relative small slot opening design. Thus, the winding factor 
will be virtually determined by the pole pitch factor, which is 
generally defined as (2) [9]: 
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 The quantity W denotes the concentric winding span, and τp 
is the pole pitch. For the fundamental component, the 
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maximum winding factor is achieved when winding span is 
equal to the pole pitch, which leads to the single phase machine 
concept as illustrated in Figure 2. The square wave of back 
EMF also suggests the square waveform of current supply to 
achieve the maximum power density. 
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Fig. 2: Single phase surface PM machine concept 

However, the intrinsic starting problems of the single phase 
PM motor make it necessary to apply some variation on the 
stator teeth shape [10].  One of the suggested techniques is to 
create a tapered air-gap length by shaping the tooth tip depth. 
By making use of the cogging torque generated by the 
asymmetric reluctance centers around the tooth axis, the motor 
can pass the zero torque production point at the cost of 
flexibility in rotation direction. Figure 3 gives an example 
design based on the single phase machine concept with tapered 
stator teeth and the corresponding cogging torque property. 
The machine stator is an assembly of eight pole pieces 
fabricated from SMC material or even steel laminations. The 
air-gap length between rotor rare earth PMs and stator poles is 
varied from 0.7 mm to 1.3 mm. 

 
Fig. 3: Single phase machine example design and the cogging torque property

When the PM axes are aligned with the stator pole piece axes, 
which corresponds to the rotor position of 22.5 degrees, the 
machine still develops significant cogging torque to ride over 
the point with difficulty in the active torque production, where 
is usually the rotor position point for current commutation. 
With a rated square waveform current supply, the machine total 
torque property is simulated as shown in Figure 4.  Although 
the average torque is significantly higher than the rated torque 
of a typical 3 hp induction machine (GE-5K182BC218A) at 
1755rpm for the same effective machine volume, the machine 
torque fluctuations and the corresponding noise and vibration 
problems reduce its scope of application.  By pushing limit of 
the winding factor, the intrinsic pulsation problem that comes 
with this machine structure can be compensated by the active 
control on the current supply [11]. The compensating current 

waveform and the resulting machine torque are provided in 
Figure 5 for comparison.  

     
Fig. 4: Simulation of square wave current supply and machine torque 

     
Fig. 5: Simulation of current compensation and machine torque 

Although the machine torque can be improved by current 
compensation, the torque curve contains a sag point where the 
machine stator current is in the commutation process.  By 
proper design of the machine pole shape, the torque value at 
this sag position can still be enhanced, but this necessity 
depends on the application requirement. In most cases, efforts 
are usually focused on the reduction of cogging torque. While 
in this case, the cogging torque helps the operation of machine.  
The current compensation also increases the stress on the 
switching devices due to the maximum value and the 
significant harmonic components, which also directly impacts 
the health of the capacitors on the DC bus. Moreover, due to the 
pulsating MMF when the machine is operated in single phase 
manner, the synchronism of the rotor and the excitation phase 
angle is a concern. The information on rotor position is 
necessary for the properly applied current phase, with the 
current amplitude controlled by the feed back from current 
tracking devices as a common practice.  

A single phase machine benefits from its simple machine 
structure based on SMC modules.  The pole piece number can 
be selected with flexibility for different power rating 
requirements. From an investigation of an example design, the 
SMC based modular single phase machine can be shown to 
achieve significant higher power density compared with the 
commercial induction machine. With the large scale fabrication 
base, the machine cost can be further reduced.  The drive circuit 
can also be optimally implemented by only two switching 
devices.  All these merits make it attractive for the low cost 
applications.  However, as mentioned before, the increased 
complexity of current controller and the intrinsic machine 
torque pulsation and the corresponding noise and vibration 
problems may also limit its application range.  Thus, the 



 

 

multiphase modular machine structure is proposed and 
compared with the single phase machine.  

Due to the fact of modular structure of stator, each module 
can be wounded by a concentric winding separately, which not 
only simplifies the labor effort on windings, but also offers 
flexibility of multi phase number and control strategies. In 
Figure 6, a stator module is illustrated based on this design 
concept. The module further benefits from the SMC’s 
flexibility of 3D flux path for its extension of pole shoe and 
yoke sections, as discussed by other researchers.  With the same 
total machine volume, this stator module can make full usage of 
the machine air-gap space, enhancing machine’s torque 
production. 

 
Fig. 6: Stator module concept 

 In Figure 7, a five phase machine concept is illustrated 
based on the modular machine structure.  The theoretical flux 
linkage and back EMF curves are also depicted for two of the 
phases, with π/5 electrical angle shift between phases. The 
fundamental winding factor 0.951 can be directly obtained 
from (2). 
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Fig. 7: Six pole five phase surface PM machine concept 

Although the winding factor is not as high as the full pitch 
single phase machine suggested before, the machine can be 
operated more easily with acceptable power density 
performance. (3) ~ (6) describe the machine’s governing 
equations of general operation. 

[ ] [ ] [ ][ ] [ ]λ
dt
direv ++=  (3)

where v, e, i, λ denotes the vector of phase terminal voltage, 
back EMF (emf), current, and flux linkage. 

[ ] [ ] [ ]iL ⋅=λ  (4)
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(5)

Based on the classic energy conversion, the machine torque 
and speed production equals the power input from the inverter 
side as (6), if the resistance and other losses are neglected. 

[ ] [ ]ieT T
me ⋅=⋅ω  (6)

In this study, two typical rotor structures, surface permanent 
magnet (SPM) and internal permanent magnet (IPM), are 
discussed, as these two typical machine topologies illustrated in 
Figure 8. The SPM machines are widely used in industry 
applications for its low cost and high performance, but with the 
difficulties in the expended speed operation for its limited field 
weakening capability, due to the fact the flux from the PMs 
cannot be turned off and the current capability limited by the 
supply.  However, the IPM machine exhibits impressive field 
weakening capability for the relatively higher machine 
inductance due to the less effective air-gap length. 

                       (a)                                                            (b) 
Fig. 8: Six pole five phase machine concept. (a) SPM. (b) IPM 

For the SPM rotor design as illustrated in Figure 8, the 
inductance matrix L exhibits low coupling between phases due 
to the low mutual inductance, which benefits dealing with 
phase fault operation. This typical design leads to the L matrix 
(mH) as described in (7) simulated by software package 
Maxwell.  On the diagonal of the matrix L in (7), the self 
inductance exhibits quite similar values due to the large air gap 
taken by the PMs. While for the off-diagonal terms, the mutual 
inductances are relatively coupled stronger with the adjacent 
phase windings for the shorter flux path, although this kind of 
coupling is still weak with the coupling coefficient of 0.236 and 
0.174 for the adjacent and non-adjacent phase coupling. 
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(7)

With an internal permanent magnet design for the rotor 
structure, the effective air-gap length could be reduced 
significantly, resulting in a relatively higher machine 
inductance matrix as shown in (8).  It can be observed that the 
self-inductances of the IPM rotor design are significantly 
increased. Moreover, the self inductance varies noticeably due 
to the d-q axis effect, which can be neglected in the SPM rotor 
structure.  The d-axis inductance Lq = 26.22mH, with Ld = 



 

 

18.11mH for this typical design.  The adjacent phase coupling 
is quite similar with SPM for the coupling coefficient 0.266, 
although the inductance value is nearly tripled. The coupling 
between the non-adjacent phases is further reduced to around 
0.164.  
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(8)

As discussed before, it is difficult to operate SPM machine in 
the extended speed range due to the limited filed weakening 
capability of this machine due to the limited controllability of 
flux which depends on the inductance and current product L·i.  
With an IPM design, the higher inductance makes it feasible to 
obtain an extended speed operation in field weakening range. 
Moreover, the lower air gap flux distribution favors IPM 
machine for in the high speed range as shown in Figure 9.  In 
these two typical SPM and IPM rotor designs, rare earth 
(NdFeB) is used for the simulation. The thickness of PMs in the 
SPM design varies from 3.5mm to 6mm, while for IPM, 3mm 
PMs are inserted into the slots.  The average air gap flux density 
per pole of IPM design is nearly halved compared with the 
SPM design.  Due to the existence of saturated bridges on the 
rotor side structure, significant flux bypassed the main flux 
path as purely leakage. To design an IPM rotor with specified 
d-q axis reactance under wide range operation is still a 
challenging task for the variable load conditions and 
corresponding saturation level. The saturation bridges are 
designed with considerations for both electromagnetic and 
mechanical stresses, especially when the machine is operated in 
the high speed range. 

Fig.9: Air gap radial flux distribution for SPM and IPM 

One of the main merits of this modular machine structure is 
its fault tolerant capability and easy replacement of modules. 
The concentric winding is wound on each stator SMC module, 
resulting in an independent control unit with the feature of 
replacement in case of unit failure. Each unit is also controlled 

by the independent switching devices, with the option of 
mounting control module with the machine module at 
acceptable cost.  In normal operation, the machine’s square 
wave current is in phase with the back EMF.  In case of phase 
winding failure, a compensation implemented by control 
strategy helps to maintain the machine torque. 

 Most of the phase faults are directly related with the 
winding failure, i.e., open circuit and short circuit.  Open circuit 
is quite common for the terminal connection failure, and also, 
the switching device failure. In Figure 10, the five-phase SPM 
machine with different open circuit cases are simulated. 
Generally, the average torque is directly proportional to the 
phase number in service with the same control strategy 
assumed for the normal operation. It is a common practice to 
boost the torque loss by applying compensating current in the 
normal phases. 

 

Fig.10: Square wave phase current and machine torque under various open 
circuit failures 

 However, when the winding failure is short circuited, 
which is usually related with the insulation defect, it is still a 
tough task to mitigate the failure for the huge current 
circulating in the shorted winding.  With the IPM design, it is 
possible make use of the specifically injected current of the 
normal phase windings to reduce the flux linkage of the shorted 



 

 

winding. Thus, the failure could be tolerated and the machine 
can still be operated under limited conditions.  

III. CONCLUSION 
In this paper, a novel modular PM machine with fault tolerant 

capability is discussed. The single phase design can make full 
usage of the machine material for its highest winding factor, but 
it is vulnerable to starting problems which cannot be avoided 
by normal machine design. The machine can be operated with a 
trade-off between specially designed air-gap length and 
complexity of the control circuit. Thus, the multi-phase 
modular concept is proposed for the applications require fault 
tolerant capability with comparable power density. A five 
phase modular machine with SPM and IPM rotor structure is 
studied. From the preliminary simulation results, 5 phase 
modular machine exhibits satisfactory torque capability both in 
normal operation compared with a typical 3 HP induction 
machine and under a fault condition with one or two phase leg 
loss. The prototype machine is under construction.  The testing 
results will be reported in a future paper. 

 
 

APPENDIX 
5 phase SPM machine parameters 

 
Parameters IM (GE/3HP) 5 Phase SPM Motor

OD 190mm 120mm 

ID 120mm 72mm 

RPM 1750 1800 

Machine Length 70mm(iron)/150mm(full) 140mm 

Torque (T) 11.87Nm 13.26Nm 

Effective Volume 4.2529×10-3 m3 1.5834×10-3 m3 

Torque Density 2.791×103 Nm/m3 8.374×103 Nm/m3 

Cogging Torque 0 3.01% of rated 

Torque Density Ratio 5 phase PM / IM = 3.0 
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