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Abstract 
Axial flux hysteresis motor has the advantages of hysteresis motors such as self-starting, constant torque, smooth 
operation, no oscillation and noise, and also the advantages of axial flux structure such as high torque in the same 
dimension, adjustable air gap and multi-stack. However, due to the low energy level of the hysteresis material, 
this type of motor has a low torque level. In this paper, to improve torque, various proposed structures have been 
implemented on the disc of axial flux hysteresis motor and subsequently compared. According to the results, the 
motor with the highest torque in the same dimensions and simple structure is preferred. To model the hysteresis 
motor, the elliptical method has been used considering its speed and accuracy. Then, the analytical equations 
governing the proposed structures are presented. Finally, the torque calculations of different structures have been 
performed and analyzed using the finite element analytical method. The results show that in some of the proposed 
structures, the torque has improved significantly compared to the original hysteresis motor. 
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1. INTRODUCTION 
Hysteresis motor has the advantages of a constant 
torque, simple structure, high-speed operation, high 
temperature resistance, low noise, low starting 
current and self-starting capability. However, low 
torque density, low efficiency and low power factor 
are referred to as its disadvantages. Radial flux 
permanent magnet hysteresis synchronous (PMHS) 
motor has the advantages and performance 
characteristics of both permanent magnet and 
hysteresis motors; it benefits from the self-starting 
feature of hysteresis material during starting and 
steady state, as well as from the high energy level 
and proper efficiency of the permanent magnet [1-
2]. Radial flux PMHS motor is used for high-speed 
applications, submersible pumps and electric 
vehicles .In these motors, a hysteresis ring with 
magnet fragments is used in the cylindrical structure 
of the motor’s rotor. Occasionally, instead of the 
magnet fragments, a magnet ring is used [3-5]. In 
order to increase the torque of the radial flux 
hysteresis motor, by creating gaps on its rotor, 
reluctance hysteresis motor has been presented, 
which later became a radial flux permanent magnet 
hysteresis motor by placing a magnet in those gaps 
[6-7].  
 Considering the problems of hysteresis loop 
modeling, accuracy in the modeling and analysis of 

this type of motors is important; therefore, it has 
been discussed in various references [8-13]. 
Conventionally, the structure of a synchronous 
motor is radial flux, but due to their advantageous 
features, axial flux motors, have been noted 
recently. Seemingly, axial flux motors are more 
compressed compared to radial flux motors, i.e., 
they have a higher density and power. The air gap in 
these motors is easily adjusted. Axial flux motors 
can also be built modular. In another word, using 
multi-stack structure can help acquire the desirable 
power and torque [14-15]. One of the famous axial 
flux motors is the axial flux permanent magnet 
synchronous motor. This type of motor has proper 
torque in steady state but lacks starting torque which 
is provided by drive system or rotor’s induction 
structure [16].  
Axial flux hysteresis motors, despite having the 
advantages of both the hysteresis motor and those of 
the axial flux structure, have lower torque and 
efficiency. To tackle this problem, the following 
hybrid structures are proposed: 

a) A two-disc axial flux PMHS structure has been 
suggested. In this topology, one disc is hysteresis 
and the other one is PM. The results show that the 
steady state of the motor has improved but the 
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starting state, considering the magnet brake torque 
needs more investigation [17-18]. 

b) Hybrid hysteresis motor with integrated radial 
and axial flux [19-20]. According to the results, the 
torque has increased considerably, but the rotor and 
stator structures have become complicated. 

Furthermore, the axial flux reluctance hysteresis 
motor has been examined to improve the torque 
characteristics of the hysteresis motor. In the 
mentioned study, the rotor volume has increased 
significantly to create a reluctance gap; therefore, 
the reluctance torque has not been compared under 
conditions of similar dimensions [30].  
It should be noted that so far, studies lack a structure 
that combines magnet and hysteresis material on a 
disc in axial flux motors. The purpose of this paper 
is to investigate different combinations of hysteresis 
disc motor using the PM to provide a new hybrid 
motor topology that has the advantages of hysteresis 
and magnet motors as well as those of the axial flux 
structure with the proper torque in the steady and 
starting modes, and a simple motor structure. 
Considering the different energy level of the 
hysteresis material and the magnet, the way to 
combine the two types of materials, their figures and 
volumes is important and should be taken into 
account. Furthermore, how to achieve the desired 
structure with the proper torque is also very 
important. Thus, in this paper, the simulation of 
different motor structures is done by accurate 
modeling of hysteresis loop and finite element 
analysis (FEA) method.  

2. MODELING AND EQUATION OF 
AFPMHM 

Generally, the modeling techniques to describe the 
hysteresis phenomenon are classified into two 
groups: physical and phenomenological modeling. 
In physical modeling, the main processes that 
describe magnetizing are simulated. In 
phenomenological modeling, the macroscopic 
behavior of the material is described mathematically 
creating curves. The latter model is more optimal in 
terms of calculation compared to the physical 
modeling, but presents no physical view of the 
ongoing processes. 
Mathematical modeling of the hysteresis 
phenomenon is divided into two groups: scalar and 
vectorial. In the scalar model, it is assumed that in 
every part of the material, the direction of the vectors 
of magnetic field intensity H(t), magnetic flux 
density B(t) and magnetization M(t) are fixed over 
time. The direction of the vector, in some 
phenomena needs to be changed; therefore, vectorial 
modeling, which is highly complicated, is required. 
Scalar models are subdivided into two models: static 
and dynamic. 

It is hypothesized that in static scalar models the 
amount of magnetization and magnetic flux density 
depend just on the amount of magnetic field 
intensity at every moment and the amounts of 
previous extremums. In other words, the amount of 
magnetization and magnetic flux density are 
independent of magnetic field intensity variation 
speed. The most common static scalar hysteresis 
models include: Hodgdon’s model, Jiles Atherton 
model and classical Preisach model [21-25],[29]. In 
the following, approximate models of hysteresis 
loop modeling are examined. 

2.1. Modeling hysteresis loop by elliptical model  

In the usual methods for designing and investigating 
the behavior of hysteresis machines, the accurate 
modeling of the hysteresis characteristic is usually 
very difficult; Therefore, in most cases, the 
approximation of the hysteresis characteristics is 
used. Two types of common and widely used 
approximation for hysteresis characteristics are: 
approximation using ellipses and approximation 
using parallelograms [26-28]. In the hysteresis 
motor analysis process, the complex permeability is 
used to model the hysteresis loop with the elliptical 
approximation method. Fig. 1 shows the elliptical 
model of the hysteresis loop. There is a difference in 
the alpha angle between the maximum flux density 
and the maximum field intensity.  In equations one 
and two, the magnetic flux density and the intensity 
of the magnetic field are presented respectively. 

 

Fig. 1. Elliptical model of a hysteresis loop 

0cos( )mB B t                                      (1) 

0( ) cos( )mBH t   


                         (2) 

Where mB is the maximum flux density of the rotor 
material,   is the permeability of the elliptical 
hysteresis loop,   is the synchronous angular 
frequency,  ( rp  , r is the mechanical 
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angle of the rotor and p  is the number of pole pairs) 
is the electrical angle coordinate in the stator frame, 

0  is the phase shift and   is the hysteresis lag 
angle between B and H.  angle is calculated from 
equation (3). 

arcsin c

m

H
H

                                                      (3) 

To implement the approximate elliptical model, the 
complex permeability parameters are calculated 
according to the equation (5). To calculate the 
complex permeability parameters, first, the 
permeability size is calculated according to the 
equation (4). 

0
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                                                       (4) 

| | (cos sin )rj j                      (5) 

In this paper, after calculating the parameters of  
and   using the actual measured magnetic 

characteristics,    and   are applied in Flux 3D 
software, and elliptical model in the steady state 
mode is used for FEA of motors. 
The magnetic characteristics of the hysteresis 
material measured by B-H meter are presented in 
Table 1 and the calculated parameters including 
  and  are 264 and -70, respectively. Fig. 2(a), 

Fig. 2(b) shows B-H curve of hysteresis material and 
stator material. 

 

TABLE 1. The magnetic characteristics of the hysteresis 
material measured by B-H meter 

Description values 
Coercive field intensity (Hc) 1300 A/m 

Maximum field intensity (Hm) 5000 A/m 
Residual flux density (Br) 1.3 T 

Maximum flux density (Bm) 1.69 T 
 

 
(a) 

 

(b) 

Fig. 2. B-H curve (a) hysteresis material (b) stator 
material 

2.2. Analytical equations  

The equations related to hysteresis torque fragment 
of the axial flux permanent magnet hysteresis motor 
(AFPMHM) are as follows: 

.
4HM h HM
pT E V


                                                (6) 

Where HMV  ௛ are volume, the number ofܧ and ݌ ,
poles and hysteresis material energy, respectively. 
௛ܧ  can be calculated from equation (7). 

sinh mHM mHME B H                                     (7) 

Where mHMB and mHMH are the data of table 1 and 

sin  is calculated using equation (3). The volume 
of the hysteresis disc of the AFPMHM motor is 
calculated by subtracting the volume of the magnet 
ring from the hysteresis disc according to equation 
(8). 

2 2 2 2(1 ) (1 )( )
4 4

oHM HM h oPM PM m
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D t D tV     
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(8) 

Where HM and PM are the ratio of the hysteresis 
disc inner diameter to its outer diameter, the ratio of 
the permanent magnet disc inner diameter to its 
outer diameter, respectively. Hysteresis magnetic 
flux density of the air gap and HM current is 
calculated using equation (9) and (10) [37]. 
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Where avgR , g , 0 ,  , m , 1N  and a  are the 

average radius of hysteresis disc, airgap length, 
magnetic permeability of air, permeability of 
hysteresis, phase number, number of rounds of each 
phase and parallel path respectively. 
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2

2
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 



                                                                    (10) 

The equations related to PM torque fragment of the 
AFPMHM motor are as follows [13]: 

2 3(1 )
8PM avgPM in d PM PM oPMT B A K D         

(11) 

Where ܤ௔௩௚௉ெ  is average air-gap flux density 
over a pole, ܣ௜௡  is electrical loading at the inner 
radius. Also, ܭௗ  is distribution factor. avgPMB is 

considered equal to gHMB according to equation (11) 

and ܣ௜௡  is calculated from equation (12). 

1 12 s
in

in

m N IA
r

                                                (12) 

The torque value of AFPMHM can be calculated 
from equation (13). 

PMHM HM PMT T T                                             (13) 

By inserting the equation (6) and (11) in the equation 
(13), the final equation of the torque of the 
AFPMHM is presented in the equation (14). 
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The equations related to the axial flux reluctance 
hysteresis motor (AFRHM) are as follows [6]: 

RHM HM RMT T T                                               (15) 
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Where s , dx , qx , V , , dR  and qR  are the 

synchronous speed, d- and q-axes reactance, applied 
phase voltage, torque angle, d- and q-axes combined 
resistances respectively. 

dd s hR R R                                                     (17) 

qq s hR R R                                                     (18) 

Where
dhR and 

qhR  are the d- and q-axes hysteresis 

resistances of the ring, respectively. 
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Where gE , rB , f , 'd
V  and 'q

V  are the phase 

voltage at air gap, residual flux density in the 
hysteresis material, frequency, volume of the 
hysteresis ring in d axis and volume of the hysteresis 
ring in q axis respectively. 

3. ANALYSIS OF VARIOUS STRUCTURE 

3.1. Introducing different types of proposed 
structures  

The reference motor of the current paper is an axial 
flux hysteresis motor according to [19] and [28]. In 
what follows, axial flux hysteresis motor is called 
hysteresis motor (HM). According to the Fig. 3 in 
this motor, the magnetic flux is axial in the air gap 
and the magnetic flux in the hysteresis disc of the 
rotor is peripheral. Table 2 presents the features of 
the HM. 
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Fig. 3. The structure and flux line of HM 

Despite the advantages of hysteresis motors, 
including optimal starting torque, the reference 
motor has a low maximum torque due to the low 
energy level of the hysteresis material. Therefore, to 
increase the torque of the motor, adding the radial 
flux structure to the axial flux structure has been 
suggested in [16].  

TABLE. 2. Characteristics of axial flux hysteresis motor 
Description values 

Rotor outer radius 57 mm 
Rotor inner radius 38 mm 

Disc thickness 3 mm 
Coercive field intensity 1300 A/m 
Residual flux density 1.3 T 
Stator outer radius 55 mm 
Stator inner radius 38 mm 

Core height 23 mm 
Slot opening 3 mm 

Number of slots 36 
Air-gap length 2 mm 

Number of poles 2 
Number of phases 3 

Turns per pole per phase 180 Turn 
Fundamental supply frequency 50 Hz 

Relative permeability 1000 
nominal voltage 15 v 
nominal speed 3000 rpm 

In the present study, the attempt is to use simple 
structures to increase the torque of the motor. The 
proposed structures are all mounted on an axial flux 
motor disc. 
The purpose of this paper is to achieve a structure 
that increases the steady state torque of the axial flux 
hysteresis motor in the similar dimensions. This is 
done by adding reluctance, magnet fragment or 
magnet ring to the hysteresis disc; hence, the 
proposed motor is expected to have a proper torque 
in both starting and steady modes. 
The suggested structures of Fig. 4 to Fig. 7 were 
inspired by radial flux permanent magnet hysteresis 
motors [1-5], radial and axial flux permanent 
magnet motors [11], [12], [32-36] and axial flux 

hysteresis and axial flux reluctance hysteresis 
motors [19], [30-31].  
In Fig. 3, the HM which was the reference motor is 
presented. Fig. 4 to Fig. 7 present the proposed 
structures of the motor rotor. Fig. 4(a) is reluctance 
hysteresis motor 1 (RHM1). In this motor, the 
attempt is made to add the reluctance torque to the 
hysteresis torque by creating a reluctance on the 
hysteresis disc.  
In Fig. 4(b), by adding magnet fragments and 
charging them in line with the hysteresis disc flux, 
the torque is expected to increase. The above-
mentioned motor is called permanent magnet 
hysteresis motor1 (PMHM1).  

 

 

(a)                                       (b) 

Fig. 4. The rotor structure of proposed motors, (a) RHM1, 
(b) PMHM1. 

 

(a)                                       (b) 

Fig. 5. The rotor structure of proposed motors, (a) RHM2, 
(b) PMHM2. 

In Fig. 5(a), the reluctance is created in a part of the 
cross-section and towards the outer diameter, and in 
Fig. 5(b), the magnet is embedded in the disc and is 
charged in the direction of the disc flux. The motors 
of Fig. 5(a) and Fig. 5(b) are called reluctance 
hysteresis motor2 (RHM2) and permanent magnet 
hysteresis motor2 (PMHM2) respectively. 
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(a)                                       (b) 

 

(c) 

 
(d) 

Fig. 6. The rotor structure of proposed motors, (a) 
PMHM-HB, (b) PMHM-SB, (c) magnetization direction 
of PM, (d) Magnetic flux path of motors PMHM-HB and 
PMHM-SB. 

In Fig. 6(a) the rotor shows three discs, the lower 
one is the hysteresis, the middle disc is the magnet, 
and the upper disc is the hysteresis back iron. The 
name of the motor is permanent magnet hysteresis 
motor with hysteresis back iron (PMHM-HB). Fig. 
6(b) is similar to Fig. 6(a) with the difference that 
steel back iron is used instead of hysteresis back 
iron. The name of the motor of Fig. 6(b) is 
permanent magnet hysteresis motor with steel back 
iron (PMHM-SB). PMHM-HB, PMHM-SB are 
more voluminous than the other eight rotors due to 
the need for a thicker back iron, but the other eight 
proposed rotors have the similar dimensions. Fig. 
6(c) shows the magnetic direction of the PM disc 
where the flux path is axial. In Figure 6(d), the 
magnetic flux path of both PMHM-HB and PMHM-
SB motors is shown. The flux resulting from the 
hysteresis disk enters one pole (S_N) of the magnet 
vertically and leaves it vertically and enters the back 

iron then returns from the second pole in the 
opposite direction (N_S).  

  

(a)                                                     (b) 

Fig. 7. The rotor structure of proposed motors, (a) 
AFOPMHM, (b) AFIPMHM. 

In Fig. 7(a) the axial flux outer permanent magnet 
hysteresis motor (AFOPMHM) is presented. In this 
motor, the magnet ring is placed in the outer 
diameter of the hysteresis disc. The magnet ring is 
axially charged. The magnetic flux moves axially 
from the air gap and enters the hysteresis disc and 
magnet ring parallelly. Moreover, a hysteresis back 
iron, which is made integral with the main hysteresis 
disc, is used. Fig. 7(b) is similar to Fig. 7(a) with the 
difference that the magnet ring is inside the diameter 
of the hysteresis disc. This motor is referred to as 
axial flux internal permanent magnet hysteresis 
motor (AFIPMHM). 

3.2. FEA of different motor structures  

In order to achieve the proposed motor structure, 
Fig. 4 to Fig. 7 structures is analyzed by finite 
element. Due to the appropriate speed of modeling 
by elliptic method, in order to compare different 
motor structures, finite element analysis has been 
done by  
elliptical method. First, the HM with the 
specifications of the Table 2 is analyzed by the 
elliptical modeling method. 

 
(a) 

 
(b)                                       (c) 
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(d)                                       (e) 

 

(f)                                       (g) 

 

(h)                                       (i) 

Fig. 8. Flux density of different motor structures. (a) HM, 
(b) RHM1, (c) PMHM1, (d) RHM2, (e) PMHM2, (f) PMHM-
HB, (g) PMHM-SB, (h) AFOPMHM, (i) AFIPMHM. 

To use the elliptical model, the real data of the B-H 
curve for the semi-hard material has been measured 
(Table 1.). Then, using the data of the B-H curve,
  , are calculated according to the equation (5) 

and used as an input to the Flux finite element 
software. In the meshing of the proposed motor, all 
kinds of meshing shapes and their different sizes 
have been investigated. Finally, the simulation has 
been done with desirable accuracy. 
Figure 8 shows the magnetic flux density of 
different motor structures. The goal is to obtain the 
maximum torque for each structure. To achieve this, 
the simulation is performed up to the maximum flux 
density of the hysteresis disc, which is up to 2.2T. In 
order to reach the maximum flux density and finally 
the maximum torque, the simulation is in the range 
of 20v. Though, it is done up to 25 volts for different 
motor structures. 
In Fig. 9 the torque results related to the hysteresis 
section and the permanent magnet different motor 
structures are presented. The analysis of the results 
of Fig. 8 and Fig. 9 is as follows. 

 

Fig. 9. The torque of different motor structures 

The HM torque includes only the hysteresis torque. 
By creating a reluctance gap in RHM1, it is expected 
that the reluctance torque will be added to the 
hysteresis, but the torque decreases. To justify this, 
it can be said that it is due to the reduction of the 
cross-sectional area of the hysteresis disc flux at the 
gap. According to Fig. 8(b) this place goes to 
saturation faster; thus, less torque is produced. For 
the PMHM1 motor, despite the addition of the 
magnet fragment, the produced torque is still lower 
than HM. In RHM2 and PMHM2 motors, the cross-
sectional area of the flux is reduced, but compared 
to RHM1 and PMHM1, the cross-sectional area is 
larger, so more torque is produced. In PMHM-HB, 
one part of the torque is provided by the permanent 
magnet disc and the other part of the hysteresis disc. 
In PMHM-SB, due to the use of steel back iron and 
the low magnetic reluctance of steel compared to the 
hysteresis material, all the magnetic flux passes 
through the permanent magnet disc and steel back 
iron and not through the hysteresis disc. It can be 
concluded that only the magnet disc’s torque is 
produced. PMHM-HB and PMHM-SB, despite having 
a larger rotor volume compared to other structures, 
do not produce a lot of total torque due to the point 
saturation of the stator. In AFOPMHM, a magnet ring 
is placed in the outer diameter of the hysteresis disc 
with a hysteresis back iron so that the hysteresis disc 
and the hysteresis back iron are integrated. In this 
motor, the hysteresis torque is almost the same as 
that of the HM, and the torque of the magnet ring is 
added to it. AFIPMHM is similar AFOPMHM With 
the difference that the magnet ring is placed in the 
inner diameter of the hysteresis disc and they both 
have almost the same torque, but regarding the 
problems related to the motor construction, 
AFIPMHM is preferable due to the smaller diameter 
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of the magnet. Comparing the maximum torque and 
simplicity of different structures, AFIPMHM is 
introduced as the final structure in the present study. 

4. CONCLUSIONS 

In this paper, in order to increase the torque of the 
axial flux hysteresis motor, different structures were 
implemented on the hysteresis disc of the motor 
rotor. These structures include creating a reluctance 
gap on the hysteresis disc, using magnet parts in the 
gaps created on the hysteresis disc and using magnet 
rings in the inner and outer diameters of the 
hysteresis disc. In order to compare the structures, 
the attempt was to present these structures in the 
same dimensions of the initial motor, with a simple 
structure. Moreover, in order to maintain the starting 
torque of the hysteresis motor, the volume of the 
hysteresis material in all structures was considered 
more significant compared to that of the magnet. 
The magnetic ring of the hysteresis motor was 
modeled using elliptical method. Finally, the torque 
results of different structures were calculated and 
subsequently analyzed by finite element analysis 
method. As the results showed, the motor structures 
with ring magnet combination had more favorable 
torque. Among the ring magnet combinations, the 
structure with internal ring magnet had the highest 
torque. 
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