
0093-9994 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

 

Abstract—Flux reversal permanent magnet machines 

(FRPMMs) exhibit many advantages such as simple rotor 

configuration, high torque density, fast transient response, etc. 

However, the general analytical design procedure of FRPMMs 

has not been established. Thus, this paper mainly focuses on 

developing an analytical design methodology of three-phase 

FRPMMs. First, the sizing equations are derived based on a 

magneto motive force (MMF)-permeance model. Then, the 

influences of several key parameters in the sizing equation 

including slot-pole combination, airgap radius, electric loading 

and equivalent magnetic loading on the torque density are 

analyzed. Moreover, the feasible slot-pole combinations are 

summarized and the corresponding winding type of each 

combination is recommended in order to maximize the output 

torque. Besides, the detailed geometric design of stator and rotor 

are presented. Finally, the proposed analytical design procedure 

is verified by finite element analysis (FEA) and experiments on a 

12-stator-slot/17-rotor-slot FRPMM prototype. 

Index Terms-- Design procedure, flux reversal permanent 

magnet machine (FRPMM), sizing equation, finite element 

analysis (FEA). 

I. INTRODUCTION 

LUX REVERSAL permanent magnet machine (FRPMM)

was first introduced in 1997 with the purpose of

combining the advantages of switched reluctance machine 

(SRM) with robust rotor structure and permanent magnet (PM) 

machine with large torque density [1]. It exhibits many 

superior performances including simple construction, high 

fault tolerance, easy maintenance and fast transient response 

[2], [3]. Thus, FRPMM has been widely used in many 

applications such as electric vehicle propulsion [4], [5], 

low-speed servo systems [6] and direct-drive winding power 

generation [7]. Many researchers have done excellent work on 

the design and analyses of FRPMMs. First, for comparisons of 

FRPMM to other machine types, authors in [8] compared a 

FRPMM with a conventional fractional-slot concentrated- 

winding (FSCW) PM machine under the same geometric 

dimensions, electric loading and magnetic loading. It was  
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Fig. 1. Cross section of a FRPMM. 

claimed that the FRPMM has a larger power density but a 

lower power factor than the FSCW PM machine. Also, 

qualitative comparisons have been made between the FRPMM 

and some other brushless machines including doubly-salient 

PM machine (DSPMM), SRM, and brushless dc machine in 

terms of operation principle, inductance, torque capabilities, 

etc. [1]. Moreover, as stator-PM machines, performances of 

FRPMM, DSPMM and flux switching PM machine (FSPMM) 

have also been evaluated together in [9]. Then, for torque 

density improvement of FRPMMs, many new FRPMM 

topologies have been presented such as consequent-pole 

FRPMM [10], FRPMMs with separate PM excitation stators 

[11]-[14], etc. Besides, by utilizing full-pitch windings which 

have a higher winding factor, the power density and efficiency 

of FRPMM can be increased as well [15]. However, owing to 

the doubly slotted structure, some FRPMMs suffer from big 

cogging torque, which not only produces undesired vibrations 

and noises, but also deteriorates machine performances. Hence, 

the reduction of cogging torque is of great importance and it 

has been managed by skewing [16], rotor teeth pairing [17], 

rotor pole shaping [18], dummy slot [19], asymmetrical rotor 

teeth [20], etc. In addition, many efforts have been made on the 

investigation of operation principles of FRPMM. It was found 

that the FRPMM can be regarded as a conventional PM 

machine coupled with a fictitious gear [21]-[23]. In other 

words, the FRPMM has a similar torque production 

mechanism with the magnetic geared machine or vernier 

machine [24]-[27]. For the design issue of FRPMMs, the 

formulae for geometrical parameter calculations are presented 

based on the classic design method in [28]. Then, the effects of 

structural dimensions on average torque [3] and pulsating 

torque are analyzed in [29] with the employment of several 
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analytical equations. And authors in [30] introduces a design 

of a FRPMM using time-stepping finite element analysis 

(FEA). However, in most of those papers, the specific design 

of FRPMMs are mainly based on the classical design method 

[28], or FEA [10]-[20], [30], or the analytical method that 

cannot be directly applied and obviously show the influences 

of key parameters on torque [3], [29]. Therefore, in this paper, 

the specialized sizing equations for FRPMMs will be derived 

and the analytical design procedure will be developed, which 

can be directly employed in the initial design of FRPMMs and 

allows for fast calculations of machine dimensions. 

 This paper is organized as follows. First, the structure and 

operation principles are introduced. Then in Section III, the 

sizing equations are analytically derived and the influences of 

several key parameters (slot-pole combination, airgap radius, 

electric loading and equivalent magnetic loading) in the sizing 

equation on the torque density are analyzed. Also, the effects 

of the airgap structural parameters on the power factor are 

investigated. Moreover, in Section IV, the geometric design of 

stator and rotor are introduced. And in Section V, the design 

procedure is illustrated. Besides, in order to check the validity 

of the proposed analytical design method, a case study is 

presented and a FRPMM prototype is tested. Finally, 

conclusions are drawn in Section VI. 

II. STRUCTURE AND OPERATION PRINCIPLE
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Fig. 2. Flux distributions of the 12-stator-slot/16-rotor-slot FRPMM: (a) Rotor 
position at 0 degree; (b) Rotor position at 5.625 degree (1/4 rotor slot pitch). 

The cross-section of a FRPMM is shown in Fig. 1. The 

FRPMM is composed of a simple reluctance rotor and a stator 

with a pair of PMs attached to the teeth surface. The slot-pole 

combination of three-phase FRPMMs are ruled by the 

following equation [31]:  
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where P is the winding pole pair, Zs and Zr are the number of 

stator and rotor slots, respectively. Therefore, the feasible 

slot-pole combinations can be summarized as Table I. In this 

table, SPP stands for slot per pole per phase and PR equals the 

ratio of Zr to P. Non-overlapping windings are frequently 

employed in FRPMMs due to their fault tolerance capability 

and easy manufacture, while some slot-pole combinations of 

FRPMMs are recommended to adopt overlapping windings to 

achieve a higher winding factor. Hence, the winding factors 

kwn and kwr are calculated based on non-overlapping windings 

and recommended winding types, respectively. To explicate 

the operating principle, a FRPMM with 2 pole-pair windings, 

12 stator slots and 16 rotor slots is taken as an instance. The 

flux distributions with different rotor positions are shown in 

Fig. 2. The magnetic field is generated only by the magnets, 

and the difference of the rotor positions corresponds to 5.625 

mechanical degrees (i.e. 1/4 rotor slot pitch). It can be 

observed that pole pair number of stator magnetic field is 2. 

Thus, a 2 pole-pair back-EMF can be yielded, and then the 

steady torque will be produced by the interaction between the 

2 pole-pair back-EMF and the 2 pole-pair armature field. 

Moreover, it can be seen that the axis of stator flux rotates by 

45 degrees due to the change of rotor position (5.625 degrees). 

In other words, the small rotor position displacement results in 

a large variation of stator flux distribution, which would 

introduce the vernier effect to FRPMMs. Besides, the ratio of 

the displacement between the rotor position and the stator flux 

equals the pole ratio (PR), which is 8 in the 

12-stator-slot/16-rotor-slot FRPMM. In addition, it should be 

noted that the rotating directions of rotor and stator fields are 

opposite, thus the stator currents ia, ib, ic should be in negative 

phase sequence. 

III. SIZING EQUATION OF FRPMM

A. Torque Equation 

The torque equation can be analytically derived through the 

analysis of the magnet MMF and airgap permeance function. 

In order to simplify the analysis, the following assumptions 

should be made beforehand: 

 The magnetic resistance of the iron part is neglected. 

 The airgap flux density only varies along the circumferential 

direction and does not change along the radial direction.  

 The FRPMM is supplied by symmetrical sinusoidal 

three-phase currents. 

 First, the definitions of several mechanical angles are 

illustrated in Fig. 1. The magnetic motive force (MMF) 

developed by the magnets can be expressed as [31]: 
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where F1 and F3 are the magnitudes of fundamental and 3rd 

harmonic respectively. They can be given as: 
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where Br, μr and hm are the remanent flux density, relative 

permeability and thickness of the magnets, respectively, αso is 

the slot opening ratio which equals the ratio of slot opening 

width to slot pitch. Then, the airgap flux density can be derived 

based on MMF-permeance model: 
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TABLE I 

 SLOT-POLE COMBINATIONS OF THREE-PHASE FRPMM 
Zs Zr 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 19 20 

6 

P 1 1 2 2 1 1 2 2 1 1 2 2 1 

SPP 1 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1 

PR 2 4 2.5 3.5 8 10 5.5 6.5 14 16 8.5 9.5 20 

kwn 0.5 0.5 0.866 0.866 0.5 0.5 0.866 0.866 0.5 0.5 0.866 0.866 0.5 

kwr 1 1 0.866 0.866 1 1 0.866 0.866 1 1 0.866 0.866 1 

12 

P 4 2 1 1 2 4 5 5 4 2 1 1 2 

SPP 0.5 1 2 2 1 0.5 0.4 0.4 0.5 1 2 2 1 

PR 0.5 2 5 7 4 2.5 2.2 2.6 3.5 8 17 19 10 

kwn 0.866 0.5 0.25 0.25 0.5 0.866 0.933 0.933 0.866 0.5 0.25 0.25 0.5 

kwr 0.866 1 0.966 0.966 1 0.866 0.933 0.933 0.866 1 0.966 0.966 1 

18 

P 7 6 5 4 3 2 1 1 2 3 4 5 6 7 8 8 7 

SPP 3/7 0.5 0.6 0.75 1 1.5 3 3 1.5 1 0.75 0.6 0.5 3/7 0.375 0.375 3/7 

PR 2/7 0.5 0.8 1.25 2 3.5 8 10 5.5 4 3.25 2.8 2.5 16/7 2.13 2.38 20/7 

kwn 0.902 0.866 0.735 0.617 0.5 0.492 0.167 0.167 0.492 0.5 0.617 0.735 0.866 0.902 0.945 0.945 0.902 

kwr 0.902 0.866 0.945 0.945 1 0.945 0.96 0.96 0.945 1 0.945 0.945 0.866 0.902 0.945 0.945 0.902 

PS: Non-overlapping windings are recommended. Others: Overlapping windings are recommended. 
kwn and kwr are fundamental winding factor calculated based on non-overlapping winding type and recommended winding types, respectively. 

( , ) ( ) ( , )s PM s g sB F P                  (5) 

where Pg(θs,θ) is the not the airgap permeance function but the  

rotor permeance function. Since the saliency of stator has been 

considered in Eqn. 2, the doubly-salient structure of FRPMM  

could be viewed as a unilateral salient structure on the rotor. 

The rotor permeance function is given as: 

  0 1( , ) cosg s r sP P P Z       (6) 

The coefficients P0 and P1 can be worked out using the 

analytical approach proposed in [32]. Hence, the airgap flux 

density B(θs,θ) could be rewritten as: 
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where B1=1/2F1P1, B3=1/2F3P1. It can be found that the pole 

pair number of the fundamental and third harmonics are 

different, i.e. Zs/2-Zr and 3Zs/2-Zr, respectively. But the 

absolute values of the speed for fundamental and third 

harmonics in Eqn. 7 are identical, i.e.  

( )r
r m

d Z
Z

dt
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where ωm is the mechanical angular speed of rotor. Thus, both 

the two harmonics will contribute to the production of 

back-EMF, whose frequency can be derived as Zrωm/2π. It is 

known that a steady-state torque can be achieved only when the 

frequency and pole pair of the back-EMF are the same with that 

of the winding MMF respectively. Therefore, if the frequency 

of phase current is set as Zrωm/2π (i.e. the rotation speed of 

winding MMF is synchronized with that of the airgap flux 

density) and the armature windings are wounded into P pole 

pairs, where P equals Zs/2-Zr or 3Zs/2-Zr, a steady-state torque 

can be obtained. Then, the no-load phase flux linkage can be 

expressed as: 

 2
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where rg is airgap radius, lstk is active stack length, Ns is the 

number of series turns per phase, and kwj is the winding factor 

of the jth harmonics. It should be noted that as the order of B1 

and B3 in Eqn. 7 are (Zs/2-Zr)/P and (3Zs/2-Zr)/P, respectively, 

they are tooth harmonics of each other, i.e. they have the same 

absolute values of winding factors in Eqn. 9 [29]. Then the 

back-EMF can be obtained as the derivative of the phase flux 

linkage: 
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where kw is the winding factor of {(Zs/2-Zr)/P}th harmonic, and 

the upper positive convention is for the condition when the 

winding factor of {(3Zs/2-Zr)/P}th harmonic equals that of the 

{(Zs/2-Zr)/P}th harmonic, and the lower negative convention is 

for the condition when the two winding factors are opposite. 

Since the reluctance torque of FRPMM is negligible, the 

electromagnetic torque under id=0 control can be expressed as: 

313
3

2 2

e p s g stk w r

s s
r r

BB
T I N r l k Z

Z Z
Z P Z P

 
  

  
        

     

  (11) 

where Ip is the peak value of phase current. It can be seen in Eqn. 

11 that Te is proportional to pole ratio PR (=Zr/P), i.e. the torque 

production mechanism of FRPMM is similar to that of vernier 

or magnetic geared machines. However, a larger PR does not 

always result in a higher average torque because Te is also 

inversely proportional to (Zs/2-Zr)/P and (3Zs/2-Zr)/P, which 

are greatly affected by PR. Although the general torque 

equation has been achieved as Eqn. 11, significant design 

parameters such as electric loading, mechanical loading have 

not been reflected in the torque expression. Hence it is desirable 

to break Eqn. 11 to several basic factors which can be directly 

applied in the initial design stage.  

The electric loading can be given as: 

6

2 2

s p

e

g

N I
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r
   (12) 

Then, the equivalent magnetic loading of three-phase FRPMM 

Bm is defined as: 
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So, the torque expression in Eqn. 11 can be rewritten as: 
22e g stk w r e mT r l k Z A B      (14) 

Thus, the rotor volume Vr, which equals πlstkr
2 

g , can be obtained: 

2

e
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and then the airgap radius rg and the stack length lstk can be 

derived as: 

 3
g r lrr V k    (16) 

23
stk r lrl V k            (17) 

where klr is the ratio of airgap radius rg to stack length lstk. 

 It can be found in Eqn. 14 that the key parameters affecting 

the torque density are airgap radius rg, slot-pole combinations, 

electric loading Ae and equivalent magnetic loading Bm, which 

should be determined at the initial stage of the design process. 

Thus, the influences of the above key parameters on average 

torque will be investigated as the following part. 

B. Influence of Slot-Pole Combinations on Torque 

Fig. 3 investigates the effect of stator and rotor slot number 

combinations on the torque density when non-overlapping 

winding type and recommended winding type are employed, 

respectively. The detailed parameters of the models are listed in 

Table II. Since the airgap radius rg and electric loading Ae are 

kept constant for these models, the main parameters affecting 

the output torque are winding factor kw, pole ratio PR and 

equivalent magnetic loading Bm. It can be seen in Fig. 3(a) that 

the torque initially increases with Zr as a result of a larger 

PR*kw, and then it decreases since the flux modulation effect 

and Bm are reduced with more rotor slots. When the stator slot 

number are 6, 12 and 18, the optimal rotor slot number for 

maximal torque of FRPMMs with non-overlapping windings 

are 8, 14 and 21, respectively. However, in Fig. 3(b), when 

recommended windings are adopted, the optimal rotor slot 

number are 6, 17 and 10, respectively. As the winding factors 

kw approximate to 1, the output torque are mainly influenced by 

PR and Bm. Since PR varies more dramatically than Bm under 

the given machine dimensions, the change trend of the average 

torque in Fig. 3(b) resembles that of PR in Table II. Moreover, 

it should be noted that the variation trends of the torque-Zr 

curves with different stator slots are similar, while the curve 

moves rightwards as the stator slot number Zs increases. 

TABLE II 
 PARAMETERS OF THE FRPMM MODELS 

Parameter Value Parameter Value 

Stator outer diameter 170mm Stack length 100mm 

Stator inner diameter 105m Airgap length 0.5mm 

Stator slot opening ratio 0.25 PM thickness 2.5mm 

Rotor slot opening ratio 0.65 Magnet remanence 1.21T 

Series turns per phase 80 Rated current 5.3A 

Rated speed 600rpm Remanent permeability 1.065 
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Fig. 3. Effect of stator and rotor slot combinations on torque: (a) 

non-overlapping windings; (b) recommended windings. 
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Fig. 4. Effect of airgap radius rg on optimal rotor slot number when split ratio is 

0.6. 
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Fig. 5. Effect of airgap radius rg on torque when stator outer diameter is 
170mm. 

C. Influence of Airgap Radius on Torque 

Fig. 4 focuses on the effect of the airgap radius rg on optimal 

Zr at 6, 12 and 18 stator slots, respectively. It can be seen that 

when rg is small, the optimized rotor slot number is low due to 

the large pole leakage flux. However, when rg increases, the 

optimal Zr rises as a result of the reduced leakage flux. 

Moreover, the influences of airgap radius on output torque are 

investigated in Fig. 5. It should be noted that when increasing rg, 
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the stator outer diameter keeps constant, and the output torque 

is calculated with the optimal slot-pole combinations at 

different airgap radius rg. It can be found that with the increase 

of airgap radius, the torque increases in the beginning, and it 

decreases afterwards. This is because when the airgap radius 

initially gets bigger, the rotor tooth width becomes larger and 

the flux modulation effect of the rotor teeth gets stronger. But 

when the airgap radius becomes bigger and bigger, the slot area 

dramatically decreases and the winding turns per phase is 

reduced. So the output torque goes down. Moreover, it can be 

seen that the points to get maximal torque move rightwards as 

the stator slot number increases. This is because the bigger the 

stator slot number, the larger the winding pole pair number and 

the less saturated the stator iron. Hence the optimal airgap 

radius increases with the stator slot number. 

D. Influence of Magnetic Loading and Equivalent Electrical 

Loading on Torque 

(a) 

(b) 

(c) 

Fig. 6. Effect of equivalent magnetic loading and electric loading on torque: (a) 

Zs=6; (b) Zs =12; (c) Zs =18. 

The influences of equivalent magnetic loading Bm and 

electrical loading Ae on the output torque are shown in Fig. 6. 

The 6-, 12- and 18-stator-slot FRMs with rg=55mm and the 

corresponding optimal rotor slot number are selected as 

representatives. Moreover, it should be noted that 

non-overlapping windings are adopted in the analyses because 

they are frequently used in literatures. One can find that when 

the electrical loading Ae is low, the average torque increases 

continuously with the equivalent magnetic loading because Te 

is proportional to the product of Ae and Bm. However, as can be 

seen in Fig. 6 (a) and (b), when Ae becomes bigger and bigger, 

there is an optimal Bm for a maximal torque due to the 

saturation effect of stator and rotor iron. But in Fig. 6(c), the 

output torque monotonically increases with Ae and Bm. Since 

the winding pole pair of the 18-stator-slot FRPMM (i.e. 6) is 

larger than that of the 6-stator-slot FRPMM (i.e. 1) and 

12-stator-slot FRPMM (i.e. 4), the stator iron of the 

18-stator-slot FRPMM is less likely to saturate than the others. 

E. Influence of Stator Pole Shoe/Airgap and PM Thickness/ 

Airgap on Power Factor 

 Since the power factor of FRPMM tends to be low, and the 

power factor is greatly affected by the airgap structural 

parameters, the influences of stator inner diameter/airgap Di/g 

and PM radial thickness/airgap hm/g on the power factor are 

investigated in this part. Fig. 7 and 8 present the variations of 

power factor with Di/g and hm/g, respectively. It can be seen 

that the power factor increases continuously with Di/g. This is 

because when the stator inner diameter Di increases, the slot 

area decreases and the winding turns per phase is reduced. 

Therefore, the winding inductance and synchronous 

inductance decrease. As the power factor is derived as: 

2

1 1 s s
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where Is is the stator current, ψm is the PM flux linkage and Ls is 

the synchronous inductance. As Ls is reduced, the power factor 

increases. In Fig. 8, it is found that the power factor initially 

increases with hm/g, but then the power factor decreases. When 

hm gets bigger, the PM flux linkage ψm in Eqn. 18 becomes 

higher, and thus the power factor increases. However, the 

effective airgap length also increases with hm, and hence the 

synchronous inductances gets larger and power factor gets 

smaller. Therefore, there is a maximal power factor when hm/g 

varies.  
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IV. GEOMETRIC DESIGN OF STATOR AND ROTOR

A. Stator Geometry 

The flux per stator winding pole under no load condition can 

be given as: 

2m w stk ml B             (19) 

where λw is the winding pitch. If full-pitch windings are 

assumed, the winding pitch can be expressed as: 

2 2w gr P            (20) 

rs

hry

rg

wt

ro

Fig. 9. Geometry of stator and rotor. 

Then, the flux per stator winding pole ϕm in Eqn. 19 can be 

rewritten as: 

2m g stk mr l B P             (21) 

If the flux density of stator yoke is set as By, the thickness of 

stator yoke will be derived as: 

2

g mm
y

y stk stk y stk

r B
h

B k l PB k


   (22) 

Similarly, if the flux density of stator teeth is assumed to be Bt, 

the tooth width can be obtained as: 

4

3

g mm
t

stk stk t s stk t

r B
w

SPPk l B Z k B


        (23) 

Moreover, in order to maximize the torque density as well as 

reduce the risk of PM demagnetization, the PM thickness is 

usually chosen as: 

4 ~ 6mh g g   (24) 

where g is the airgap length. Since the torque density reaches 

the maximal value when the slot opening ratio is around 0.25 

[3], the slot opening width wo can be given as: 

  2o g m sw r h Z   (25) 

On the one hand, the total slot area of a FRPMM Aslot can be 

expressed based on the winding electric loading Ae and the 

current density Je as: 

 2slot g m e e fgA r h A J S   (26) 

where Sfg is the slot fill factor. Meanwhile, the slot area Aslot can 

be calculated using the stator geometric parameters: 

   
2 2

1 1slot g m s g m s t sA r h h h r h h Z w h            (27) 

Combining the Eqns. 26 and 27, the slot depth hs can be 

determined. Then, the stator outer radius ro can be given as: 

1o g m s yr r h h h h       (28) 

Specifications: Torque, power, speed,

machine outer diameter, machine length,

efficiency, cooling method, etc.

Select initial values: Slot-pole 

combination, electric loading, equivalent 

magnetic loading, airgap length, material,

coil specification, etc.

Use torque equation and set klr  airgap 

radius rg and stack length lstk

Stator geometry design: hy, hs, hm, wt, h1;

Rotor geometry design: hry, hrs, wrt, rs;

ro<machine outer diameter

lo<machine length

Stator outer radius ro= hy+ hs+ hm+ h1;

Machine total length lo= lstk+ lendwinding;

N

FEA simulation: no-load, rated load, over 

load, flux weakening, fault condition, etc.

The calculated results match 

specifications

Output

N

Y

Y

Fig. 10. Design flow of FRPMM. 

B. Rotor Geometry 

 When the flux density of rotor yoke and teeth are set as Bry, 

and Brt, respectively, the rotor yoke thickness hry and rotor teeth 

width wrt can be obtained on the analogy of Eqns. 22 and 23. As 

the rotor pole pair number is Zr, the hry and wrt are derived as: 

  ry g m r ry stkh r B Z B k  (29) 
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4rt g m r stk rtw r B Z k B       (30) 

Then, the rotor slot depth hrs is determined as: 

rs s ryh r h   (31) 

V. DESIGN METHODOLOGY AND EVALUATIONS 

A. Design Procedure 

Based on the analytical equations derived in the former part, 

the design method to of a FRPMM would be realized through 

the following procedure (as illustrated in Fig. 10): 

1) Based on the investigations in Figs. 3 to 7, the initial

values including slot-pole combination, electric loading, 

equivalent magnetic loading, etc. can be selected.  

2) The airgap radius rg and the stack length lstk will be

obtained using Eqns. 16 and 17. 

3) With the employment of Eqns. 19 to 31, the detailed stator

and rotor geometry can be determined. 

4) Check if the machine geometric parameters satisfy the

design specifications. If so, proceed to the FEA verifications at 

different operation conditions. If not, reset the initial values. 

5) By FEA simulations, the electromagnetic performances

such as flux density, back-EMF, torque, pulsating torque, etc. 

can be achieved. Make sure whether all the performances 

match the design requirements. If not, adjust the design 

parameters and iterate the design flow until everything is 

appropriate.  

6) Finally, it is the result output.

B. Case Study 

TABLE III 

 SPECIFICATIONS OF A FRPMM 

Parameter Value Parameter Value 

Rated torque 8 Nm Stator outer diameter 130mm 

Rated speed 300 rpm Rotor inner diameter 32mm 

Rated power 0.25 kW Stack length 120mm 

Airgap length 0.6mm Cooling method Natural cooling 

PM material N38SH Iron material 50WW470 

TABLE IV 

 DESIGN PARAMETERS OF THE FRPMM 

Parameter Value Parameter Value 

Stator 

Outer diameter 124mm Inner diameter 79mm 

Slot number 12 Winding pole pair 1 

Teeth width 11.5mm Teeth flux density 1.1T 

Slot depth 13.5mm Yoke flux density 1.0T 

Yoke thickness 6mm Turns per phase 300 

Magnet Magnet width 7.8mm PM thickness 3mm 

Rotor 

Outer diameter 77.8mm Inner diameter 32mm 

Slot depth 10.4mm Slot number 17 

Yoke thickness 12.5mm Yoke flux density 1.0T 

Teeth width 4mm Teeth flux density 1.2T 

TABLE V 

RESULTS COMPARISON OF THE DESIGN METHOD AND FEA  

Parameter Analytical design method FEA 

Torque 8.4Nm 7.97Nm 

Back-EMF 44.8V 42.4V 

PM flux linkage 1.43 Wb 1.35 Wb 

The specification of the FRPMM is shown in Table III. For a 

considerable margin, the rated torque is set to be 105% of the 

rated torque, i.e. 8.4 Nm. The first step is to choose the slot-pole 

combination. The 12-stator-slot/17-rotor-slot combination is 

selected mainly because of its relatively high average torque 

and low pulsating torque (including cogging torque and ripple 

torque). After that, using analysis result in Fig. 7, the electric 

loading and equivalent magnetic loading are chosen. Next, 

based on the torque equation in Eqn. 14, the airgap radius can 

be determined. Then, after selecting the appropriate flux 

density values of stator tooth, stator yoke, rotor tooth and rotor 

yoke, the detailed structural parameters of stator and rotor are 

made clear. Finally, the machine dimensions and magnetic 

parameters are summarized in Table IV. Moreover, to validate 

the machine design parameters, the analytical design model is 

simulated using FEA. It can be found in Table V that the FEA 

and analytical results have shown good correlations. Thus, a 

conclusion can be drawn that the proposed analytical design 

method is effective and applicable. 

C. Experimental Study 

(a) (b) 
Fig. 11. 12-slot/17-pole FRPMM prototype: (a) Stator; (b) Rotor. 

Magnetic 

powder brake
Torque 

transducer

12-stator-slot/

17-rotor-slot 

FRPMM 

prototype

Fig. 12. Test bed of the FRPMM prototype. 

 
(a) 

(b) 
Fig. 13. Radial stress analysis of the FRPMMs prototype. 

 To verify the calculated results by the analytical method and 

FEA, the FRPMM prototype has been built. Its major 

parameters are listed in Table IV. The structure and test bed of 

the prototype are shown in Figs. 11 and 12, respectively. Since 

the unbalanced radial force in the 17-rotor-slot FRPMM 
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prototype is negligible, it has not been considered. The 

explanation is as follows. According to [33], only the first 

spatial order component of the radial stress has contributions to 

the unbalanced magnetic force. In Fig. 13, it can be seen that 

the first order components of the radial stress in the FRPMM 

prototype is very small. Hence, the 17-rotor-slot FRPMM is 

suitable.  

 Fig. 14 shows the phase back-EMF waveform at 300rpm, 

and the back-EMF predicted by FEA is compared with the 

measurements. The total harmonic distortion (THD) of FEA 

and experiments are 1.26% and 2.63%, respectively. So the 

back-EMF waveforms are quite sinusoidal. After that, the 

variations of average torque with the phase current calculated 

by FEA and the proposed analytical method are compared to 

that of the experiments in Fig. 15. The blue triangle represents 

the analytical design value. It can be found that the calculated 

results match well with those measured ones. The maximal 

current is chosen as 4A. The explanation is as follows. The 

insulation class of the prototype is set as F level, and the 

working temperature is around 120 centigrade. The PM 

material is selected as N38SH, and its demagnetization flux 

density is 0.5 T. When the phase current is 7A, the PM will 

demagnetize, as shown in Fig. 16. So the maximal current when 

doing the experiment is set as 60% (4 A) for a considerable 

design margin. Finally, Table VI compares the electromagnetic 

performances by FEA and experiments. Thus, the feasibility of 

the proposed analytical design method can be seen. 
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Fig. 14. Back-EMF waveforms at rated speed 300rpm: (a) Waveform; (b) FFT 

analysis. 
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Fig. 16. Demagnetization of the FRM prototype. 

TABLE VI 
 PERFORMANCES OF THE FRPMM PROTOTYPE 

Parameter FEA Experiment 

Phase back-EMF magnitude at 300rpm 42.4V 41.2V 

THD of the phase back-EMF at 300 rpm 1.26% 2.63% 

Average torque at rated current 7.97Nm 7.24Nm 

Power factor 0.756 0.746 

Total losses 99.5W 116.7W 

Efficiency 60.3% 57.3% 

Torque per weight 0.66Nm/kg 0.60Nm/kg 

VI. CONCLUSION

In this paper, an analytical design methodology of 

three-phase FRPMM is proposed, which includes the sizing 

equation, geometric design of stator and rotor, feasible 

slot-pole combinations and the recommended winding 

configurations of each combination. Moreover, to help to select 

the initial design values, the effects of some key parameters in 

the sizing equation such as number of stator and rotor slots, 

airgap radius, electrical loading and equivalent magnetic 

loading are investigated based on FEA. It is found that when the 

rotor radius is around 100mm, the optimized rotor slot number 

for 6-stator-slot, 12-stator-slot and 18-stator-slot FRPMMs 

with non-overlapping windings are 8, 14 and 21, respectively. 

However, it should be noted that the optimal rotor slot number 

for a maximum torque is not a constant but changes with the 

machine outer diameter. The larger the diameter, the more the 

optimal rotor slots.  Finally, through comparisons among the 

experimental results, the analytical design value and FEA, the 

effectiveness of the proposed design methodology can be seen. 
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