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Abstract—In order to improve the torque density of doubly sali-

ent permanent magnet (PM) machine (DSPMM), two different 
DSPMMs (topologies I and II) with NdFeB PM materials embed-
ded in the stator yoke are presented, and the working magnetic 
circuits of both topologies contain the main magnetic circuit and 
auxiliary magnetic circuit through the magnetic barrier beside the 
PMs, which can improve the air gap flux density and the torque 
density effectively. The optimization designs of two DSPMMs are 
analyzed by establishing the equivalent magnetic circuit (EMC) 
models at no load and load conditions. Another two traditional 
DSPMMs (topologies III and IV) are taken as the comparison ob-
jects, and the best optimal structure parameters of the four topolo-
gies are decided by genetic algorithm. A prototype of topology II is 
manufactured, and the electromagnetic performances of the four 
DSPMMs are revealed. It is observed that the electromagnetic per-
formances of topology II analyzed by EMC method are in agree-
ment with the results analyzed by finite element method and test 
results, and the torque of topology II is larger by 148.1%, 27.72% 
and 245.5% than that of topology I, III and IV, respectively.  
  

Index Terms—Doubly salient permanent magnet machine, 
equivalent magnetic circuit, finite element method, genetic algo-
rithm. 

I.  INTRODUCTION 
HE doubly salient (DS) permanent magnet (PM) machine 
(DSPMM) has high torque density and reliability, and 
many topologies and methods have been presented. A DS 

hybrid excited motor with fault tolerance capability in the flux 
weakening region was presented with different combinations 
of stator and rotor pole numbers [1]. The principles of the least 
reluctance and the air gap field modulation (AGFM) theory 
were used to examine the working mechanism of a DSPMM 
with π-shaped stator core [2]. The nonlinear model of 
switched reluctance motor (SRM) was proposed based on the 
least square support vector regression [3]. The electromagnetic 
characteristics of DSPMM were studied by establishing the 
equivalent magnetic circuit (EMC) models based on the gen-
eral AGFM theory [4]. In order to attain the optimal perfor-
mance of SRM drive system, a multi-objective high-
dimensional system level optimization approach was intro-
duced, and the optimal solution was obtained and verified by 
the finite element method (FEM) [5]. A real time EMC model 
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was developed to effectively simulate the performance of ma-
chine [6]. A multi-objective and multi-physics design optimi-
zation approach of SRM was investigated to reduce coil tem-
perature and torque ripple comprehensively considering ther-
mal and electromagnetic properties [7]. 

In this paper, two DSPMMs with PMs embedded in the sta-
tor yoke are proposed, the irreversible demagnetization is ana-
lyzed to determine the best combination of PM arrangement. 
The main structural dimensions of DSPMM are optimized 
based on EMC method and the genetic algorithm (GA). The 
electromagnetic characteristics of four DSPMMs are analyzed. 

II. TOPOLOGY AND OPERATION PRINCIPLE 
Fig. 1 shows the two topologies of DSPMM. Fig. 2 de-

scribes the no-load flux lines and magnetic vector distribution 
of the two topologies. The circumferentially magnetized PMs 
with opposite magnetization directions are embedded in the 
stator yoke of topology I, which are parallel to the sides of the 
stator teeth and can generate the flux-concentrating effect. The 
strip and arc magnetic barriers are located at the ends of the 
PM, respectively. The magnetization directions of PMs corre-
sponding to the adjacent stators are opposite. A combined U-
shaped arranged PM is embedded in the stator yoke of topolo-
gy II. The auxiliary flux circuit (AFC), the main flux circuit 
(MFC) and the flux leakage circuit (FLC) are marked in Fig. 2. 
The AFC is established by the adjacent PMs beside the same 
stator pole, which flows through the strip magnetic barrier and 
the stator yoke. The auxiliary flux can effectively improve the 
air gap flux density (AGFD) and torque density. 

 
(a)                                                       (b) 

Fig. 1. Topologies of DSPMM. (a) Topology I. (b) Topology II. 

 
(a)                                                       (b) 

Fig. 2. No-load flux lines and magnetic vector distribution of two DSPMMs. 
(a) Topology I. (b) Topology II. 

Fig. 3 illustrates the structure parameters of the two 
DSPMMs. Rso, Rsi, Rro and Rri are the outer and inner radii of 
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the stator and rotor, respectively. Rsy1 and Rsy2 are the inner ra-
dii of stator yoke and the strip magnetic barrier, respectively. 
Rrr is the outer radius of the rotor yoke. Wrp and Wsp are the 
widths of rotor and stator poles, respectively. Wpm1 and Wpm2 
are the thickness of the PMs and strip magnetic barrier of to-
pology I, respectively. Wsm is the distance between the adja-
cent PMs beside the same stator pole. Wb1 and Hb1 are the 
width and height of the flux bridge between the arc magnetic 
barriers, respectively. HL1 and HL2 are the widths of the flux 
bridges below the arc magnetic barrier, respectively. 

 
(a)                                                       (b) 

Fig. 3. Structure parameters of two DSPMMs. (a) Topology I. (b) Topology II. 
The PM material used for DSPMM is N38SH. The PMs 

will be demagnetized when the flux density of PM is lower 
than that of the knee point. As can be seen in Fig. 4, the irre-
versible demagnetization area below 0.25T in the third ar-
rangement is the smallest when the operating temperature of 
the machine is 120 ℃. Fig. 5 shows the design flow chart. 

   
(a)                               (b)                               (c) 

Fig. 4. The demagnetization analysis of PM arrangements at 120℃. (a) The 
first. (b) The second. (c) The third. 
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Fig. 5. Design flow chart. 

III. OPTIMIZATION DESIGN 

A. Analysis of EMC Model 
Fig. 6 describes the relative position of stator pole and rotor 

pole. θ is the angle between the center lines of stator and rotor 
poles, and θ3<θ<θ4. θ3 and θ4 are defined as the critical point 
of air gap region [8], and θ3=90º(τr-τs)/π and θ4=90º(βs+βr)/π. 
τs, βs, τr and βr are the pole pitches and radians of the stator 
and rotor poles, respectively. According to Fig. 6 (a), the air 
gap region is divided into three segments, namely w1=(τs-

βs)Rsi/2, w2=π(θ4-θ)Rsi/180º and w3=(τr-βr)Rsi/2. According to 
Fig. 6 (b), the air gap reluctance expressions of four segments 
are 

 (1) 

(2) 

(3) 

 (4) 

where d1=(w1+w2+w3)/4, β1=(π-βr)/2, β2=(π-βs)/2, s1=hr/tanβ1 
and s2=hs/tanβ2. hr and hs are the height of the rotor and stator 
poles, respectively. g is the air gap length. μ0 is the vacuum 
permeability. La is the effective axial stack length of the 
DSPMM. 
 

 
(a)                                                       (b) 

Fig. 6. The relative position of stator pole and rotor pole. (a) Three segments. 
(b) Four segments. 
 

In order to reduce the complexity of the analysis, a pair of 
stator poles are selected as the analysis objective. Assume that 
the permeability of the silicon steel sheets approaches infinity. 
According to Fig. 2 (a), the no-load and armature magnetic 
field EMC models of topology I are presented in Fig. 7. Fig. 8 
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illustrates the simplified main flux no-load and armature mag-
netic field EMC models of topology I. 

 
             (a)                                                       (b) 

Fig. 7. No-load and armature magnetic field EMC models of topology I. (a) At 
no-load condition. (b) Armature magnetic circuit. 

 
             (a)                                                       (b) 

Fig. 8. The simplified EMC models of topology I. (a) At no-load condition. (b) 
Armature magnetic circuit. 
 

The expressions of the magnetomotive force (MMF) and 
the reluctance of the ith PM segment of topology I are 

  (5) 
  (6) 

where μm, Hc and Br are the relative permeability, coercivity 
and the remanence of PM, respectively. µm is taken as1 here. 
hm1i is the height of the ith PM segment of topology I, and the 
Fourier expression of hm1i is 

(7) 

where ωi, ani, bni and ci are the coefficients of the Fourier ex-
pression of hm1i. hm12(θ)=hm17(θ)=hm112(θ+12°)=hm116(θ+12°), 
hm15(θ)=hm118(θ)=hm19(θ+12°)=hm114(θ+12°), 
hm18(θ)=hm117(θ+12°), hm16(θ)=hm115(θ+12°) and 
hm11(θ)=hm110(θ+12°). 

The expression of the air gap reluctance of the jth segment 
in the strip magnetic barriers of topology I is 

  (8) 
where Waj is the width of the jth segment in the strip magnetic 
barriers, and the Fourier expression is 

 (9) 

where uj, fj, pnj and qnj are the coefficients of the Fourier func-
tion of Waj. Waj(θ)=Wa(j+3)(θ+12°), j=1, 2 and 3. 

According to Fig. 7(a), the expressions of the main flux cir-
cuits of topology I are 

  (10) 

where Rg11-Rg14 and Rg21-Rg24 are the four reluctances of the air 
gap ag1 and ag2, respectively, and they can be obtained by (1)-
(4). Φl11-Φl16 are the flux leakages, Φl11=Fm1/(Ra1+Rm11), Φl12= 

Fm1/(Ra3+Rm16), Φl13=Fm1/(Ra4+Rm110), Φl14=Fm1/(Ra6+Rm115), 
Φl15=2Fm1/(Rm15+Rm118), and Φl16=2Fm1/(Rm19+Rm114). 

The main air gap flux of topology I at the no-load condition 
is 

  (11) 
According to Fig. 8(b), the air gap flux of topology I gener-

ated by armature magnetic circuit is 
  (12) 

where Fa1 and Fa2 are the armature MMFs of stator poles 1 
and 2, respectively. Fa=Nciarm. The armature current 
iarm=Ipsin(Nrωt+θ0+θp). Nc and Nr are the numbers of turns and 
rotor poles, respectively. Ip, θ0, ω and θp are the peak value, 
initial angle, angular velocity and phase of the current, respec-
tively. Rg15 and Rg25 are reluctances of the air gap ag1 and ag2, 
respectively. The total air gap reluctance in the stator yoke is 

  (13) 

 
(a)                                                       (b) 

Fig. 9. Simplified EMC model when only the PMs in strip magnetic barriers 
work of topology II. (a) EMC model. (b) EMC model of main flux. 
 

Fig. 9 shows the simplified EMC when only the PMs in 
strip magnetic barriers work of topology II. Rg16, Rg17, Rg26 and 
Rg27 are respectively the reluctances of the air gap ag1 and ag2 
when the air gap is evenly divided into two parts. Fm2k and 
Rm2k are the MMF and the reluctance of the kth PM segment, 
respectively. Wm2k is the width of the kth PM segment in Fig. 9, 
and the Fourier expression of Wm2k is 

(14) 

where vk, xk, ynk and znk are the coefficients of the Fourier ex-
pression of Wm2k. Wm22(θ)=Wm27(θ), Wm23(θ)=Wm26(θ), 
Wm210(θ)=Wm215(θ), Wm24(θ)=Wm212(θ+12°), Wm211(θ)=Wm214(θ) 
and Wm25(θ)=Wm213(θ+12°). 

According to Fig. 8, the expressions of the main flux cir-
cuits are 

  (15) 

Φl21-Φl29 are the flux of the magnetic leakage circuits. 
Φl21=Fm2/Rm21, Φl22=Fm2/(Rm22+Rm123), Φl23=2Fm2/(Rm23+Rm214), 
Φl24=2Fm2/(Rm26+Rm211), Φl25=2Fm2/(Rm27+Rm210+Rm124+Rm125), 
Φl26=Fm2/Rm28, Φl27=Fm2/Rm29, Φl28=Fm2/(Rm215+Rm126), and 
Φl29=Fm2/Rm216. 

According to (11), (12) and (15), the air gap flux expression 
of topology II is 

  (16) 
The expressions of back electromotive force (EMF) of to-

pologies I and II are 
  (17) 
  (18) 
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The expressions of the cogging torque and torque of topol-
ogies I and II are [8] 

  (19) 
  (20) 

 (21) 
 (22) 

 
(a)                                                       (b) 

Fig. 10. The results of the EMC method. (a) Topology I. (b) Topology II. 
 
According to (17)–(22), Fig. 10 illustrates the results of 

cogging torque, back EMF and average torque for topologies I 
and II based on the EMC method. According to Fig. 10, the 
ranges of the main parameters can be obtained. In order to fur-
ther improve the electromagnetic performances of DSPMM, 
GA is used to obtain the best values of the structural parame-
ters when the average torque and torque ripple are considered 
as the optimization goals. Fig. 11 describes the Pareto front af-
ter topologies I and II are optimized by GA with the same 
winding turns, the volumes of PM material and machine. To 
reveal the electromagnetic performance of the presented ma-
chine and make a comprehensive comparison, topologies Ia 
and Ib in [9] are added as topologies III and IV. The specific 
parameter values of the selected topologies after being opti-
mized by GA are shown in table I.  

 
(a)                                                       (b) 

Fig. 11. Pareto front of the optimization. (a) Topology I. (b) Topology II. 
 

TABLE I 
MAIN STRUCTURAL PARAMETERS OF TOPOLOGIES 

Para-
meters 
(mm) 

I II III IV 
Para-

meters 
(mm) 

I II III IV 

Rri 10.0 10.0 11.2 10.0 Wsp 18.0 15.0 16.6 18.0 
Rrr 19.4 18.2 17.5 19.4 Wsm 26.0 26.0 16.6 18.0 
Rro 27.0 27.0 27.0 27.0 Wpm1 6.5 2.6 3.2 7.2 
Rsi 27.6 27.6 27.6 27.6 Wpm2 2.0 2.6 / / 
Rsy1 46.4 46.4 46.4 46.4 Wb1 4.5 4.5 / / 
Rsy2 58.6 58.0 / / Hb1 1.8 1.8 / / 
Rso 69.0 69.0 69.0 58.6 HL1 2.2 2.2 / / 
Wrp 11.2 10.4 11.9 11.2 HL2 1.5 1.5 1.5 1.5 
La 80.0 80.0 80.0 80.0 g 0.6 0.6 0.6 0.6 

IV. EXPERIMENTAL VALIDATION 

A. Prototype 
Fig. 12 shows the prototype and test platform of the pro-

posed DSPMM. 

 
(a)                                       (b) 

 
(c) 

Fig. 12. Prototype and test platform. (a) Rotor. (b) Stator. (c) Test platform. 

B. No-load Back EMF and Harmonic Analysis 
According to (17) and (18), Fig. 13 displays the back EMFs 

and harmonics of topologies I, II, III and IV analyzed by FEM 
and topology II analyzed by EMC and experimental testing. 
The back EMF amplitudes and total harmonic distortion (THD) 
of topologies I, II, III and IV analyzed by FEM and topology 
II analyzed by EMC and test are 18.9V, 44.27V, 36.52V, 
14.03V, 47.08V, 43.38V, and 4.89%, 6.56%, 1.82%, 8.03%, 
9.02%, 6.34%, respectively. 

 
(a)                                                       (b) 

Fig. 13. Back EMFs and harmonics. (a) Back EMF. (b) Harmonic analysis. 

C. Cogging Torque and Torque 
According to (19)–(22), Fig. 14 illustrates the cogging 

torque and torque waveforms of topologies I, II, III and IV an-
alyzed by FEM and topology II analyzed by EMC and exper-
imental testing. Their peak values are 0.07 Nm, 0.29 Nm, 0.15 
Nm, 0.17 Nm, 0.38 Nm and 0.33 Nm, respectively. Since 
there is manufacture error, the amplitude of the measurement 
result of the cogging torque of topology II is higher than that 
analyzed by FEM. When Ip=7A, their average torques are 1.56 
Nm, 3.87 Nm, 3.03 Nm, 1.12 Nm, 4.03 Nm and 3.75 Nm, re-
spectively. The torques of topology II are larger by 148.1%, 
27.72% and 245.5% than those of topology I, III and IV, re-
spectively. The torque ripples are 10.51%, 19.21%, 11.57%, 
28.14%, 25.42% and 7.87%, respectively. According to Figs. 
12 and 13, the back EMF and the average torque of topology I 
are 34.71% and 39.29% higher than those of topology IV, re-
spectively. The torque ripple and cogging torque of topology I 
are lower than those of topology IV. Table II shows the com-
parison results of simulation and experiment. 
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(a)                                                       (b) 

Fig. 14. Cogging torque and torque waveforms of topologies I, II, III and IV 
analyzed by FEM and topology II analyzed by EMC and experimental testing. 
(a) Cogging torque. (b) Torque. 

TABLE II 
COMPARISON RESULTS OF SIMULATION AND EXPERIMENT 

Electromagnetic characteristics Simulation Experiment 

Back EMF (V) 44.27V 43.38V 
THD (%) 6.26% 6.34% 

Cogging torque (Nm) 0.29Nm 0.33Nm 
Torque (Nm) 3.87Nm 3.75Nm 

Torque ripple (%) 19.21% 7.87% 

V. CONCLUSIONS 
In this article, two DSPMMs are developed with AFC, 

which effectively increases the air gap flux density and torque 
density. The optimization designs are analyzed by building the 
EMC models and GA. After the optimization, the back EMF 
and the average torque of topology I are 34.71% and 39.29% 
higher than topology IV, respectively. The torque of topology 
II is larger 148.1%, 27.72% and 245.5% than those of topolo-
gies I, III and IV, respectively. 
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