
 
 

 
 
 
 
     
 
 
                                                                                                                                               
 
 
 
ABSTRACT 
 
Two types of hysteresis motor are described in this paper. 
Theoretical aspects of the conventional and of the high 
temperature superconductor (HTS) hysteresis motors are 
discussed. Operation of these special machines based on the 
hysteresis phenomenon both in ferromagnetic and HTS 
materials is given. Experimental results of these machines 
are presented and their comparison in torque basis is done. 
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1 INTRODUCTION 
 
Conventional hysteresis motors are typically constructed in 
fractional horsepower sizes [1]. Although they exhibit low 
torque/volume, low efficiency and poor power factor in 
comparison of a induction motor, the acceleration torque is 
essentially constant during starting [2]. When the frequency is 
fixed the hysteresis motor is a constant speed machine. These 
characteristics make this device very useful in several 
applications such as ac clock motors, tape drives, inertial 
navigation, phonograph turn tables and other precision 
equipment. 
The progress in the technology of producing high temperature 
superconductor materials for the high power applications 
enables to develop a new type of electrical machines. Hysteresis 
motors containing cylindrical and disc YBCO rotors have a 
much better torque/volume ratio, efficiency and power factor 
when compared with conventional hysteresis motors. Hysteresis 
phenomenon in HTS rotor elements appearing in the rotating 
magnetic field are dealt with intra-granular and in-granular 
currents. This allows the use of melt-textured YBCO samples 
consisting of many weak connected domains possessing the high 
in-granular currents [3].  
HTS hysteresis motors find applications in situations where size 
and weight is critical. With the advent of hydrogen-fuelled 
vehicles, HTS hysteresis motor can be used in automobile and 
aerospace industry. 
 
 
2 CONVENTIONAL HYSTERESIS MOTOR  
 
2.1 Conventional hysteresis motor layout 
 
Hysteresis motor may be classified as a self starting special 
synchronous machine.  
The stator of a hysteresis motor may be single-phase or 
polyphase, so long as it produces a rotating magnetic field with 
a synchronous speed  p/fN s =  , where f  is the frequency of  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the applied voltage and p  is the number of pole pairs. Single-
phase stators can be shaded-pole or split capacitor type.  
In order to  minimise magnetic losses is  highly desirable  that 
the air gap  flux density distribution set up by the stator must be 
as nearly sinusoidal as possible. To decrease ripple components 
of flux density, semi-closed stator slots are often used. 
A conventional two pole hysteresis motor layout is shown in 
figure 1. 

 
Fig. 1. Conventional hysteresis motor layout  

 
The rotor has no slots, windings or salient poles and it is 
constructed with hard ferromagnetic material having a B/H 
hysteresis loop of large area, as shown in figure 2. It is well 
known that when such material is excited by a magnetic field 
intensity  H(t),  hysteresis  losses  are  dissipated  as  heat  in  the  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. B versus H hysteresis loop 

 
material. The hysteresis energy per volume of the magnetic 
material and per cycle of period T  is given [1] by 
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The energy hW  in Eq. (1) is numerically equal to the area A  
inside the hysteresis loop. Thus, hysteresis losses in whole 
volume Vol of the material are given by 
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C. Steinmetz (1865-1923) developed an empirical expression for 
calculating the area of the hysteresis loop of the material versus 

maximum flux density maxB as ν= maxh BKA  where hK  and 
ν are parameters dependent on the properties of the magnetic 
material and shape of the hysteresis loop. Therefore, Eq.(2) may 
be written as 
                     

fBK.VolP maxhhyst
ν= .                                                            (3) 

 
The hysteresis rotor can be constructed as a solid iron cylinder, 
but most rotors are formed from a core of non-magnetic 
material,  such as aluminium, fixed to the shaft and covered by a 
thick layer of hard ferromagnetic material having a large 
hysteresis loop. The absence of rotor slots and the added inertia 
of non-magnetic material helps smooth torque ripples and 
smooth acceleration during motor starting. 
Chrome, nickel, cobalt or steel, whose coercivity cH  is in the 
range of 8-16 m/kA , are materials usually employed for the 
construction of the ring shape rotor. Although the effective rotor 
volume in Eq. (3) decreases with this construction, the 
maximum flux density maxB in the ring material will increase in 
such way that  hystP  attains a maximum value.  

 
2.2 Operating principle of the hysteresis motor 
 
A simplified explanation of motor operation will assume large 
hysteresis losses and infinite resistivity of the ring material. 
Consequently, it is impossible to set up eddy currents in such 
rotor. Hysteresis losses often considered undesirable in most 
electrical machines, are here the responsible  phenomenon  for  
torque production.  
When the rotor is at rest, each point in the ring material is 
subjected to hysteresis due to the rotating stator field. The 
relationship between air gap flux density B  set up by the stator 
and magnetic field intensity H  in the rotor material and the 
corresponding excursion around the hysteresis loop is shown in 
figure 3. It is seen that  B  lags behind H  by a phase angle θ . 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This angle θ  is determined by the hysteresis loop of the rotor 
material, and it remains therefore constant throughout the 
acceleration period. 
After one revolution of the stator rotating field the rotor 
becomes magnetised and a phase angle takes place. Thus, 
similarly to a synchronous permanent magnet motor, torque is 
developed on the motor shaft and it is proportional  to θsin . 

 
 

 
 
 

 Fig. 4. Conventional hysteresis motor field plotting 
 

Using a finite  element  technique,  figure 4a  shows the flux 
density  plot of the motor at starting and figure 4b illustrates the 
resulting flux density after one revolution of the rotating field 
after the rotor being magnetised.  
 
2.3 Developed torque expression  
 
For a p2  pole machine with a synchronous speed  sN  of the 
rotating field, the ring material is subjected during the sub-
synchronous speed rN  to a slip frequency )NN(pf rsr −= . 
According to Eq.(3), the hysteresis losses on the rotor are then 
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For a constant r.m.s. stator voltage, maxB  is also constant and 
Eq. (4) shows that the hysteresis losses decrease linearly with 
rotor speed rN , reducing to zero when the rotor attains the 

synchronous speed sN .Neglecting  other motor losses (except 
hysteresis losses) and according to the conservation of energy 
principle, the mechanical power mechP  developed on  shaft is  
 

a) Flux density distribution at  motor starting 

b) Flux density after rotor magnetisation 

hystelectmech PPP −=                                                               (5) Fig. 3. Graphical derivation of the hysteresis angle θ  
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where electP  is the electric input power in the stator. Since 

TNP rmech π= 2  must be zero at starting ( 0=rN ), it is clear 
from Eq.(4) and Eq.(5) that 
 

smaxhelect NBK.pVolP ν=                                                        (6) 
 
indicating that the input power is constant. Substitution of Eq.(6) 
into Eq. (5), gives 
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Tacking into consideration Eq.(7), the expression for developed 
torque is then 
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Eq.(4), Eq.(6), Eq.(7) and Eq.(8) are plotted versus normalised 
speed sr N/N  in figure 5. 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Fig. 5. Power and torque versus normalised speed 

 
For a constant applied r.m.s. voltage, Eq.(8) shows that torque 
does not depend on rotor speed, but rather is constant from 
starting to synchronous speed sN until the breakdown torque. In 
short, the machine behaves as a permanent magnet synchronous 
motor. This is entirely different from a squirrel-cage induction 
motor, whose torque/speed characteristic falls toward zero as it 
approaches to synchronous speed. 
It should be noted that the previous explanation ignores the 
effects of eddy currents. In a real machine however, the rotor 
has some resistivity and the eddy currents induced during the 
sub-synchronous speed interact with the air gap flux to produce 
also torque.  
 
 
2.4 Maximum developed torque  
 
For a sinusoidal air gap flux density distribution with a peak value 

B̂ , the flux per pole is lτπ=Φ B̂/p )(2   where  p/Do 2π=τ  is 

the pole pitch, oD  is the rotor outer diameter and l  is the rotor 

ring material with a inner diameter xD  is effective axis length. 

The maximum flux density maxB  across area  /2)( lxo DD −  is  
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Attending that the volume of the ring rotor is 
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Substitution of Eq.(9) and Eq.(10) into Eq.(8) gives the torque 
for the hysteresis motor with a ring rotor with a inner diameter 

xD  as 
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where  
 

l2)1(
8
1

oho D.B̂K.pT νν−=                                                (12) 

is the torque for a solid rotor of prismatic volume l2
oD . For a 

given hysteresis motor with a ring rotor, Eq.(11) shows that the 
developed torque depends on the ratio of ox D/D . For a ring 
material with 21.=ν , maximum ratio torque ox T/T  is 

attainable for ox D.D 80≅ , for which the optimal torque is 

omax T.T 51= , as shown plotted in figure 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
Tacking into account this result and from Eq. (11) and Eq. (12), 
maximum torque per rotor prismatic volume becomes 
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In practice, for a conventional hysteresis motor, the thickness of 
the ring material ( ) 2/DDh xo −=  is commonly designed for 

oD.h 10=  and in this case maximum torque per rotor prismatic 
volume is given by Eq. (13). 
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Fig. 6. Ratio torque versus ratio diameter 
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3 SUPERCONDUCTING HYSTERESIS ROTOR 
 
3.1 HTS hysteresis motor topology 
 
Recently, with the development of high temperature 
superconductors, the conventional ferromagnetic hysteresis rotors 
are being replaced by these new materials. The topology for the 
HTS hysteresis motor is shown in figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Fig. 7. HTS  hysteresis motor layout  
 
Again, inside a conventional stator, a rotor consisting of HTS 
elements is placed. Due to the brittle nature of YBCO ceramic 
material, the rotor can be constructed using glued circular sectors 
in such a way that the c-axis has the radial orientation (part A). 
Small rotors can eventually be manufactured as a whole cylinder 
(part B). A general view of a HTS rotor with bulk melt-textured 
YBCO circular sectors, is shown in figure 8.  

 
Fig. 8. HTS  hysteresis rotor 

 
It is well known that hysteresis losses and induced magnetic poles 
in type II superconductors takes place when exposed to changing 
magnetic fields. In a HTS hysteresis motor this effect is exploited 
and used to produce torque. Contrary to the conventional electric 
motors such as induction, synchronous and conventional 
hysteresis type, it was shown that the developed torque of the 
HTS hysteresis motor results from the repulsion of the magnetic 
poles induced into HTS rotor by the rotating field of the stator 
winding [4]. 
 
 
3.2 HTS hysteresis motor torque 
 
Analysis is made for a hysteresis motor with a solid cylinder HTS 

rotor of volume l2)4( oD/Vol π=  with a diameter oD and 

effective axial length l  placed inside a p2 pole stator producing a 

rotating field of amplitude B̂ . An increase in flux penetration 
naturally leads to more hysteresis losses on the rotor material and 
more torque is produced. This increase in torque can be attributed 
to the increase in spatial correlation between the applied field 

B̂ and the induced current density distribution cJ . For the 
Nb/Ti wires, the degree of flux penetration is characterised  [5]  
by the dimentionless factor 
 

( )
1

1
1

22 +αδ
−=δβ

.
                                                               (14) 

 
where oco DJ/B̂ µ=δ 2  and  α is a fit parameter depending on 
the properties of the superconducting material and rotor 
diameter oD . Eq. 14 is plotted in figure 8 for 7=α . 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Flux penetration factor 
 
The hysteresis torque can be determined by evaluating the 
Lorentz force at level radius r  between the induced transport 
critical current density which forms current loops cJ± and the 

radial stator flux density )( θ,rB , i.e. 
 

θθ= ∫ rdrd,rBrJT
Vol
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Evaluating Eq.(15) extended to the whole solid rotor volume 
Vol , reference [6] gives  the following result for the rotor 
placed in a uniform flux density oB  as 
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For a p2  pole machine with a sinusoidal air gap flux density 

distribution of amplitude oBB̂ )2/(π= , torque per rotor 

prismatic volume l2
oD   is then 
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Eq. (17) shows that HTS hysteresis torque, as the conventional 
hysteresis motor, does not depends on the motor angular speed. 
Torque depends on the granular induced current distribution on 
the HTS material and is in the linear proportion of the hysteresis  
loss. This confirms the hysteresis nature of the electromagnetic 
torque in the class of both machines described. 
For situations where the field penetration is small, the torque can 
be increased by milling out an inside portion of the rotor. This 
then makes a hollow HTS cylinder rotor with outer diameter 

oD and inner diameter xD . For this geometry Eq. (17) becomes  
 
 
 

Normal state  
material 

( )δβ




















−

π
=  1

3

3

o

x
couHTS D

DB̂JDpT                                      (18) 

Stator 

Glued HTS 
circular sectors 
(Part A) 

Bulked HTS 
material 
(Part B) 

Shaft 

Rotating field 

δ2.0 

1.0 

0.8 

0.6 

0.4 

0.2 

1.5 

Optimum 
penetration 

)(δβ  

0 0.5 1.0 



When xD reaches the penetration region, the current distribution 

cJ  is affected and field enters the centre of the cylinder. 

Simulations were performed for a rotor with xD  varying from 
zero (solid rotor) to oD . The torque begins to increase until it 

attains a maximum value when ox D.D 780= . Figure 9 shows a 
field plot for this situation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. HTS Field plotting 
 

Further increases in xD  results in a decreasing in the torque 
down to zero obviously when ox DD = . From Eq.(18) and 
Eq.(13) maximum specific torque of a HTS hysteresis motor can 
be compared with maximum specific torque of a conventional 
hysteresis motor as  
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and this ratio increases with rotor diameter oD . 

Critical current density for YBCO is 271053 m/A. × and  
optimum flux penetration takes place when 560.=δ . For a 
conventional hysteresis motor with a ring rotor of nickel iron 

alloy is 21.=ν and 20131052 .
h TAm.K −−×= . Using the same 

two-pole stator for both rotors of a inside diameter 
mmDo  40= and a peak air gap flux density distribution 

T.B̂  80= , Eq. (18) gives umaxConvumaxHTS T.T 56= . 
 
 
4 EXPERIMENTAL RESULTS 
 
A conventional two-pole, 50 Hz, three-phase stator with an 
inside air gap diameter mmDo  40= and effective axial length 

mm 70=l was used. Two separated tests have been carried out .  
The first one using a conventional nickel hysteresis rotor and 
other  constructed with HTS YBCO bulk material. Tests for 
HTS hysteresis motor were performed using liquid nitrogen. 
The obtained experimental results of torque/rotor prismatic 
volume versus stator current density are plotted in figure 10. 
The results show that HTS hysteresis motor presents a specific 
torque higher about 3 to 6 times greater than for similar 
conventional hysteresis machine. This is in a good agreement 
with theoretical result. Results can still be improved if liquid 
hydrogen is used as cooling. 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Developed specific torque comparison 
 

 
5 CONCLUSIONS  
 
The conventional hysteresis motor exhibits a relatively flat 
torque characteristic without ripple components. As a result, 
the hysteresis motor is able to smoothly accelerate and 
synchronise a mechanical load at constant speed. However, 
the hysteresis torque can be increased by a factor of 3 to 6 
times if a HTS rotor is used.  
Hysteresis HTS motors can find future applications in 
cryogenic and aerospace technology, namely in driving pumps 
for hydrogen and in cryoplanes as actuators.   
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