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Abstract—Demagnetization behavior of Halbach magnetized 

compensated pulsed alternator (CPA) is studied by using finite 
element method (FEM) under the different demagnetization 
factors in this paper. The effect of armature reaction magnetic 
field and thermal rise on demagnetization of PMs is analyzed. 
This paper investigates the effect of different demagnetization 
factors on magnetic field distribution, load current, and no-load 
phase voltage. A series of dynamic demagnetization points in 
Halbach array permanent magnet (PM) are evaluated to search 
the worst working point. Partial demagnetization risk can be 
represented by the worst working point, and the global 
demagnetization of the PM is represented by the no-load phase 
voltage characteristics after discharge. The research results 
demonstrated that the compensation shield with a certain 
thickness can increase the discharge current and weaken the 
demagnetization influence of armature reaction. The 
demagnetization effect of armature reaction on PMs at high 
temperatures will be strengthened. 
 

Index Terms—Armature reaction, dynamic demagnetization, 
finite element method (FEM), pulsed alternator, thermal rise. 
 

I. INTRODUCTION 
ULSED alternator is a kind of pulsed power supply, which 
is widely applied into electromagnetic launch and laser 

weapon field [1]-[2]. As we know, the pulsed power supply 
generally includes inductors, capacitors [3], pulsed alternators 
and homopolar generators [4]. The pulsed alternators integrate 
inertial energy storage, pulse shaping and power conditioning 
into one unit, and it has drawn a great deal of attentions in 
recent decades due to its high energy density, high repetition 
rate and high power density [5]-[9]. 

The electric excitation structure is widely applied into 
traditional pulsed alternator, but the development of pulsed 
alternator is limited by the complex electric excitation device 
[10].  Permanent magnet (PM) pulsed alternator has simpler 
and more compact structure, and can be manufactured easily  
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[11]-[13]. Compared with the traditional electric excitation 
pulsed alternator, the brush and slip ring are removed in the 
Halbach magnetized pulsed alternator, and the friction loss is 
reduced and the service life of CPA is improved. The PM 
pulsed alternator performance is limited by the PM material, so 
the development of PM pulsed alternator is relatively slow. 

For the electromagnetic design of CPA, the discharge 
capacity is the most important consideration. In generally, the 
discharge ability of CPA includes delivered energy density, 
energy transfer efficiency. The demagnetization analysis of 
PMs is an important aspect of the electromagnetic design, and 
the anti-demagnetization method should be given in order to 
ensure the CPA operation.   

Demagnetization factors include structural stress, thermal 
rise, external magnetic field (reverse armature reaction 
magnetic field) and external transient force [14]. Ref. [14] 
presents a physics-based real-time PM demagnetization model 
which is a function of physical geometry and material of the 
PMSM, physics of demagnetization, and the ambient 
temperature. The model is enabled to dynamically estimate the 
resultant normal magnetic flux density on the face of PM. Ref. 
[15] presents a linearized demagnetization model taking into 
account temperature dependence of the hard magnetic material, 
but the analysis does not involve the demagnetization of PMs 
under a large transient current. Ref. [16] investigates the 
transient magnetic behavior of an interior permanent magnet 
(IPM) synchronous machine following a large transient current 
caused by a fault condition, but the thermal rise 
demagnetization is neglected. Ref. [17] investigates the 
irreversible demagnetization of a PM brushless dc motor under 
an inter-turn fault condition and develops a finite-element 
method-based demagnetization algorithm. Despite the 
extensive research on demagnetization of PM motors, there are 
still few studies on demagnetization of large current and high 
temperature rise for CPAs.  

In this paper, demagnetization behavior of thermal rise and 
armature reaction magnetic field for PMs in the Halbach 
magnetized compensated pulsed alternator (CPA) is studied by 
using finite element software, and sectional view of Halbach 
magnetized CPA as shown in Fig. 1. The linear 
demagnetization model is used to analyze the partial and global 
demagnetization for PM during discharge. The research work 
can be used as the guidance for the design of PM pulsed 
alternator. Section II introduces the linear demagnetization 
model of the external magnetic field and thermal rise. Section 
III studies the effect of armature reaction on the 
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demagnetization for the PMs. Section IV studies the 
demagnetization of the PMs caused by temperature rise. 
Section V concludes the research results and discussions. 
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Fig. 1.  Sectional view of Halbach magnetized CPA. 

II. LINEAR DEMAGNETIZATION MODEL 
The CPA as a special alternator which takes advantage of the 

induced eddy current of compensation structure to compress 
the armature reaction flux to increase the peak value of output 
pulse current. PM is used as excitation source of the Halbach 
magnetized pulsed alternator, so the CPA performance is 
determined by the development of the PM materials. There are 
many factors that cause demagnetization of PM, such as 
chemistry, vibration, external magnetic field, temperature rise, 
and so on. According to the working mode of CPA, the 
demagnetization analysis of Halbach array PMs takes into 
account temperature rise and armature reaction magnetic field 
in this paper. The Halbach magnetized pulsed alternator is a 
4-pole, 2-phase, passively CPA, and the parameters of 
PM-CPA as shown in Table I.  

TABLE I   
PARAMETERS OF PM-CPA 

Symbols Parameters Value 

Er Kinetic energy of rotor 2 MJ 
n0 Rated speed 12000 rpm 
V0 No-load phase voltage 0.9 kV 

Im Peak value of load current ≥ 60 kA 
Jr Rotating inertia 0.93kg·m2 

The linear demagnetization models of thermal rise and 
external magnetic field are introduced in this section, and the 
schematic diagram of linear demagnetization model for PMs 
are shown in Fig. 2. 
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Fig. 2.  Linear demagnetization model. (a)  External magnetic field. (b) 
Thermal rise model. 

A. External Magnetic Field Demagnetization 
External magnetic field demagnetization refers to the process 

of weakening the magnetic performance due to the change of 
magnetic moment direction of magnetic domain with external 
magnetic field. There are many factors for the increase of 
transient external magnetic field, such as short circuit faults and 
switch trigger faults. Working point change of PM with 
different load is shown in Fig. 2(a), and P1 is the normal 
working point of the PM (load line 1). The working point of PM 
changes from P1 to P2 when the load changes due to a fault. 
However, since P2 is lower than the knee point, the working 
point changes to P3 when the fault disappears, not P1. At the 
same time, the remanence decreases from Br to Br', and the 
reduced remanence is irreversible demagnetization. Similarly, 
if P2 is above the knee point, it can still return to the working 
point P1 after the fault is solved. The demagnetization in this 
process is reversible demagnetization.  

B. Thermal Rise Demagnetization 
Thermal rise demagnetization refers to the process of 

decreasing the performance of PMs due to the enhancement of 
the motion of magnetic domains when the working temperature 
of PMs rises. PMs will lose their magnetic properties when the 
temperature rises to a certain value, which is called Curie 
temperature. The schematic diagram of temperature rise 
demagnetization as shown in Fig. 2(b), and P1 is the normal 
working point of PM. The knee point changes from k to k' when 
the ambient temperature changes from t0 to t1, and the magnetic 
properties of PM have decreased (Br→Br', Hc→Hc'). The 
working point changes from P1 to P2, but the magnetic 
properties cannot be restored to the initial state (Hc, Br) when 
the temperature returns to t0 and the irreversible 
demagnetization of the PM has occur. The knee point of the 
demagnetization curve will appears when the temperature 
reaches to a certain value, and the knee point value increases 
with the temperature rise and the lowest working point will be 
higher and higher, which means that PM is easier to 
demagnetize. 

III. EXTERNAL MAGNETIC FIELD DEMAGNETIZATION 
The demagnetization characteristics of PMs under armature 

reaction during discharge are studied and the partial 
demagnetization risk of PMs is evaluated in this section. The 
NMX-S52 material from Hitachi Metals, Ltd. is used to 
evaluate the demagnetization characteristics of Halbach 
magnetized CPA based on the linear demagnetization model. 
Magnetic property curves for NMX-S52 at different 
temperatures as shown in Fig. 3.  
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Fig. 3.  Magnetic property curves for NMX-S52 at different temperatures. 
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A. No-Load Finite Element Analysis 
In order to increase magnetic flux density of effective air gap, 

the Halbach array structure is applied into PM CPA. Because 
Halbach array augments the magnetic field on one side of the 
array while cancelling the field to near zero on the other side, 
the rotor yoke can be made of high strength non-ferromagnetic 
materials, such as glass fiber and carbon fiber. Glass fiber has 
the advantages of light weight, low cost and high strength, so it 
is a good choice for the rotor yoke in order to reduce the mass of 
CPA and to meet strength requirements. 

Waveforms of no-load phase voltage and air gap flux density 
are shown in Fig. 5, the amplitude of no-load phase voltage is 
about 888.0V, the peak value of air gap flux density is about 
1.1T, and the average value of self-inductance for armature 
windings calculated by using FEA is around 15.3μH.  

   
 (a)                                                       (b) 

Fig. 4.  No-load magnetic field distribution. (a) Flux density. (b) Flux lines.  

1.09T

 
(a)                                                    (b) 

Fig. 5.  Curves of no-load phase voltage and flux density. (a) Phase voltage. (b) 
Effective air gap flux density. 

Dynamic demagnetization points and magnetization 
direction of Halbach array PMs are shown in Fig. 6(a). Because 
the distribution of PMs is symmetrical, the demagnetization 
analysis of PMs in one pole pitch can represent the 
demagnetization risk of all PMs. The external discharge circuit 
of two-phase armature winding is shown in Fig. 6(b). The 
current of armature winding flows through the full-bridge 
rectifier to the equivalent load, and the pulsed load is simplified 
to resistance 0.5mΩ and inductance 0.6μH. 

 
(a) Demagnetization test points distribution. 
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(b) Discharge schematic diagram 

Fig. 6.  Dynamic demagnetization test points distribution and external circuit of 
two-phase armature winding in the FEA.  

B. Effect of Pulse Duration on Discharge Current 
The effect of trigger time on the discharge current is 

analyzed in this part. In this paper, the pulse duration is 
controlled by setting different turn-on time and the same 
turn-off time, which means that the smaller pulse duration, the 
later the trigger time. Variation of peak value of load current 
with trigger angle as shown in Fig. 7.  
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Fig. 7.  Variation of peak value of load current with trigger angle.  

 The peak value of load current decreases with the increase of 
trigger angle, and the change rate increases when the trigger 
angle exceeds a certain value. Because of the existence of 
compensating shield, the demagnetization of PMs under the 
maximum pulse current is not serious. Therefore, it is not 
necessary to study the effect of pulse duration with maximum 
pulse current on demagnetization of the PM.  

C. With/Without Compensation Shield 
The thickness of compensation shield depends on skin effect, 

and skin depth calculated by using (1) is about 4.2mm. In order 
to evaluate the effect of compensation shield on the 
demagnetization for PMs, the magnetic field, discharge current, 
and dynamic demagnetization of CPA are analyzed by using 
finite element software under with or without compensating 
shield conditions. Based on the discharge circuit as shown in 
Fig. 6, the simulation results of CPA with or without 
compensation shield are shown in Fig. 8 (the compensation 
shield thickness is 5mm). Fig. 8(c) shows comparison of 
no-load phase voltage waveform in the case where the armature 
winding is not discharged and discharged under and without 
compensated shield. 

Comparative analysis of load current and dynamic operating 
points of PM with or without compensation shield from Fig. 8, 
the peak value of load current is lower when CPA has no 
compensation shield, but the demagnetization risk of PMs is 
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Fig. 8.  Comparison of compensated and uncompensated structure. (a)  Load 
current. (b) Phase voltage. (c) Dynamic demagnetization curves without 
compensation. (d)  Dynamic demagnetization curves with compensation.  

more serious. The magnetic density distribution of the PMs 
after discharge of the CPA is shown in Fig. 9. Comparative 
analysis of magnetic field distribution shows that the 
compensation shield can weaken the demagnetization risk of 
PMs and the demagnetization risk on the inner side of PMs with 
radial magnetization direction is more serious. 

(a)                                                    (b) 
Fig. 9.  Flux density distribution of PMs after discharge. (a) Without 
compensation shield. (b) With compensation shield. 

D. Different Compensation Shield Thicknesses
The thickness of compensation shield is determined by skin

effect, and the actual thickness of compensation shield usually 
takes 1.0-2.0 times the skin depth. The skin depth of conductive 
materials is calculated by using (1).  

2

c

d
ωµ γ

=   (1) 

where ω is the angular frequency of  sinusoidal electromagnetic 
field, and μc, γ are the permeability and conductivity of 

conductive materials for compensation shield. 
The magnetic flux density change of all PMs with different 

compensation shield thickness are studied in order to accurately 
know the demagnetization of all PMs during discharge. The 
global demagnetization of PMs can be represented by the 
no-load phase voltage change of armature winding after 
discharge. Variations of no-load phase voltage after discharge 
and load current with different compensation shield thicknesses 
as shown in Fig. 10. 

(a)       (b) 
Fig. 10.  Variation curves of load current and phase voltage. (a) Load current. (b) 
No-load phase voltage after discharge. 
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Fig. 11.  Local demagnetization points and waveform curves of radial flux 
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blue circle. (b) Effective air gap flux density. 
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Fig. 12.  Dynamic demagnetization curves of test points for PMs with different 
compensation shield thicknesses. 

The variation curve of discharge current with compensation 
shield thicknesses indicates that the discharge current increases 
with the increase of compensation shield thickness and the 
increase decreases. Variation curves of no-load phase voltage 
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after discharge show that the no-load voltage varies 
dramatically when the compensation shield thickness ranges 0 
to 1mm, but the no-load voltage does not change significantly 
when the thickness is more than 1mm. 
 The air gap radial flux density from Fig. 11 shows that the 
distortion of flux density in the peak value range becomes more 
serious as the thickness of compensating shield decreases and 
the demagnetization of PM blocks with radial magnetization 
direction is more serious (hc is the  compensation shield 
thickness in the figures). The dynamic demagnetization curves 
of test points from Fig. 12 shows that although increasing the 
thickness of compensating shield can reduce the 
demagnetization risk of PMs, local demagnetization will still 
occur when the thickness is large enough. The flux density 
distribution of PMs after discharge when the thickness is 
0.5mm or 6mm is consistent with the dynamic demagnetization 
curves. 

   
(a)                                                    (b) 

Fig. 13.  Flux density distribution of PMs after discharge with different 
thicknesses of compensation shield. (a) hc=6mm. (b) hc=0.5mm. 

E. Multiphase Winding Discharge Demagnetization 
The discharge process of two-phase armature winding is 

greatly complicated. The characteristics of discharge current 
for the following winding is affected by induced eddy current 
of compensation shield, though the armature winding axis 
electrical angle difference is 90°. So the demagnetization 
analysis of PMs is more difficult when two-phase armature 
windings are triggered simultaneously. The two-phase 
discharge case is analyzed in this section, and the simulation 
results of two-phase winding discharge as shown in Fig. 14. 
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Fig. 14.  Simulation results of two-phase armature winding discharges. (a)  
Load current. (b) Flux density distribution at the time of CPA discharges. (c) 
Dynamic demagnetization curves. (d) No-load phase voltage before and after 
discharge. 

The load current waveform of two phase windings are 
conducted simultaneously as shown in Fig. 14(a), and the peak 
value of each pulse current decreases gradually and the peak 
value tends to be stable after a certain time. The inertial energy 
of the rotor is reduced and the load current tends to be stable 
during the discharge process. The dynamic demagnetization 
curves and magnetic flux density waveforms of test points are 
shown in Fig. 14(b) and Fig. 14(c), respectively. Irreversible 
demagnetization of some points has occurred and magnetic flux 
density of PMs is decreased gradually during the discharge 
process and it is recovered after discharge. The most serious 
demagnetization points are circled as shown in Fig. 14. Flux 
density distribution of PMs at the end of discharge is shown in 
Fig. 14 (d), and the results show that the demagnetization of 
PMs with radial magnetization direction is more serious. 

IV. THERMAL RISE DEMAGNETIZATION 
The magnetic properties of PMs vary with temperature, but 

the effect of the same temperature rise on their properties is 
different at different temperatures. The magnetic properties of 
PM is related to coercivity, remanence, temperature coefficient, 
and intrinsic coercivity. In this section, the effect of different 
temperature on the demagnetization of Halbach array PM and 
the performance of CPA is studied by using finite element 
software when the CPA operates in different states, and 
temperature rise demagnetization of PMs is achieved by setting 
a temperature value to all PM blocks. The demagnetization of 
PMs can be analyzed more accurately by the bidirectional 
coupling analysis of electromagnetic field and temperature 
field. 

A. Estimation of Temperature Rise Demagnetization 
Temperature rise is one of the main factor affecting the 

demagnetization of PMs. In this section, the demagnetization 
risk of PM at different temperatures is estimated by analytic 
formula based on intrinsic demagnetization curve. The 
analytical calculation model as shown in Fig. 15.   

Refer to [15], the functional relationship between remanence 
Br, intrinsic coercivity Hci, and reference temperature t0 at any 
temperature can be approximately expressed as a polynomial 
relationship as follows  

2
0 1 0 2 0 0

2
0 1 0 2 0 0

( ) ( ) 1 ( ) ( ) ( ) ( )

( ) ( ) 1 ( ) ( ) ( ) ( )

r r r

ci ci ci

B t B t t t t t B t P t

H t H t t t t t H t Q t

α α

β β

  = + − + − =  


 = + − + − =  
 (2) 



WU et al. : DEMAGNETIZATION RESEARCH ON PMS IN THE HALBACH MAGNETIZED PULSED ALTERNATOR 175 

Br
Br0

H

0.9Br0

Hk0Hci0 Hc0

Hkt

Hct Hckt

k

Hcit

Hct′

0

Brt

Brkt

Intrinsic demagnetization curve

Normal demagnetization curveBi-H

B-H

 
Fig. 15.  Linear calculation model of temperature rise demagnetization based on 
intrinsic demagnetization curve. 

The permeability μ(t) of the recoil line for demagnetization 
curve at any temperature is calculated by using (3). 

0 0 0
0

( , ) ( )( ) ( )
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µ µ µ µ
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∂
= + = +

∂
         (3) 

where Bi is the intrinsic flux density, B=Bi+μ0H, μ0 is the 
permeability of the vacuum. 

The variable k is the ratio of flux density at knee point to 
remanence at the corresponding temperature, and it is usually 
used to represent the knee point. It is assumed that parameter D 
(means rectangularity coefficient) and the relative permeability 
of the recoil line is constant, and the value of the variable k is 
calculated by using (5). However, this method can only be used 
to evaluate the approximate global demagnetization of PMs, 
and it is difficult to determine the local demagnetization risk.  

Based on the Bi-H as shown in Fig. 15, the remanence Brt and 
the knee point (Brkt, Hckt) at any temperature can be calculated 
by 
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where μ is the permeability of the PM, Hci0, Br0 are the intrinsic 
coercivity and remanence at reference temperature, 
respectively, and αH, αB  are the absolute value of temperature 
coefficient of the intrinsic coercivity and remanence. 
 According to (4), the value of knee point is calculated as 
follows 
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                 (5) 

where D=Hk0/Hci0 is the rectangularity coefficient of intrinsic 
demagnetization curve.  

B. Effect of Temperature on No-Load Performance 
In order to study the effect of temperature rise on the 

performance of PMs, the thermal demagnetization model is 
built.  The magnetic performance of PMs is analyzed when the 
armature windings are open-circuit in this section. Simulation 
results of CPA at different temperatures are shown in Fig. 16, 
and magnetic field distribution of PMs at different temperatures 
as shown in Fig. 17. 

 
Fig. 16.  Variations of no-load phase voltage before discharge with different 
temperatures.  
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Fig. 17.  No load flux density distribution of PMs at different temperatures.  
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Fig. 18.  The lowest working points of PMs at different temperatures during 
discharge. 

According to curve of phase voltage versus temperature from 
Fig. 16, the phase voltage is decreased by temperature rise and 
the decreasing rate becomes slower gradually, and the phase 
voltage decreased by 14.9% at 140°C. The magnetic properties 
of PMs will decrease because of the great influence of 
temperature rise. The lowest operating points of PMs at 
different temperature are shown in Fig. 17. The operating point 
runs below the knee point at 100°C, and the irreversible 
demagnetization of PMs has occurred. The working 
temperature of PMs should not exceed 100°C.  

C. Effect of Temperature Rise on Discharge Demagnetization 
The thermal demagnetization of PMs with winding discharge 

involves the armature reaction and external magnetic field 
demagnetization, and the demagnetization effect is so 
complicated. Variations of no-load phase voltage after 
discharge, load current with different temperatures as shown in 
Fig. 19, and magnetic field distribution of PMs after discharge 
at different temperature as shown in Fig. 20. 
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(a)                                                           (b) 

Fig. 19.  Variations of no-load voltage after discharge and load current with 
different temperatures. (a) No-load phase voltage. (b) Discharge current.  
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 The higher temperature, the greater difference of no-load 
voltage value before and after discharge from variation of 
no-load phase voltage are shown in Fig. 19(a), and the 
difference is about 4.08% at 140°C. The results indicate that 
PM becomes easier to demagnetize due to the increase of 
temperature. The discharge ability of CPA decreases faster with 
the increase of the ambient temperature from Fig. 19(b). The 
research results show that the higher temperature, more serious 
demagnetization of PM. Load current waveforms of two-phase 
winding discharge with different temperatures as shown in Fig. 
21. 

    
(a)                                                    (b) 

   
(c)                                                    (d) 

Fig. 20.  No-load flux density distribution of PMs after discharge with different 
temperatures. (a) 20°C. (b) 60°C. (c) 100°C. (d) 140°C. 

 
Fig. 21.  Comparison of load current waveforms for two-phase winding 
discharge at 20°C and 100°C.  

 Based on the simulation result as shown in Fig. 21, the 
average value of load current for multiphase winding discharge 
at 100 °C is about 10.3% lower than that at 20°C. Comparison 
of load current for two-phase winding discharge indicates that 
multiphase winding discharge will further increase the 
demagnetization risk of PMs at high temperature.  
 

V. CONCLUSIONS AND DISCUSSIONS 
The demagnetization behaviors of PMs in the Halbach 

magnetized CPA is analyzed by linear demagnetization model. 
The research results indicate that the compensating shield can 
not only increase the discharge current, but also weaken the 
effect of armature reaction on the demagnetization of PM. 
Multiphase winding discharge increases the demagnetization 
risk of PMs. The fitting model of coercivity and remanence 

with different temperatures has a high accuracy. The ambient 
temperature of PM should not exceed 100 °C in order to ensure 
the operation of CPA. The research work can be used as the 
guidance for demagnetization analysis of PM pulsed alternator.  

In this paper, linear demagnetization model is used into 
demagnetization research of Halbach magnetized pulsed 
alternator, but there is a certain difference from the actual 
demagnetization of Halbach array PMs. The demagnetization 
behaviors of PMs can be analyzed more accurately by the 
bidirectional coupling analysis of electromagnetic field and 
temperature field in future. Although the finite element 
software is perfect enough, how to verify the accuracy and 
correctness of simulation analysis through actual experiments 
is worthy of further study. 
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