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The paper addresses the issue of the working point migration in non-linear permanent magnets (PM). Starting

from the considerations of energy, a novel working-point migration (WPM) model is proposed which can be

incorporated into a magnetic equivalent circuit (MEC). The basic theory of working-point migration is dis-

cussed which focus on the second quadrant of the magnetic hysteresis loop. The calculation method of the

WPM model is proposed based on the relationship between the recoil line model and the affine transformation

hysteresis loop. The establishment method for the resultant working point is described by combining the

demagnetization curve and the recoil line models in the minor hysteresis loop. The static characteristic of a

bistable polarized magnetic system (BPMS), as used in actuators, is calculated using the magnetic circuit

method based on the WPM, while a finite element model (FEM) is also derived. The calculation method for the

WPM used in MEC is also discussed. The WPM based MEC model yields reasonable results, compared with

FEM, of the latching force but with much faster calculation speeds. Furthermore, the working-point state of the

PM is clearly illustrated. The test system of the BPMS prototype is established. The test data and WPM model

calculation results are compared. It is shown that the WPM model provides accurate prediction of static char-

acteristics of an electromagnetic system.

Keywords : nonlinear permanent magnet, operation point, hysteresis model, magnetic equivalent circuit, bistable

polarized magnetic system

1. Introduction

Nonlinear permanent magnet such as AlNiCo is widely

used in polarized magnetic systems due to its stable

structure, high Curie point, simply manufactural and low

cost. However, it has the phenomenon of working point

migration (WPM). Even demagnetization may occur under

special conditions (e.g. coil overload). The phenomenon

is quite complex and there is only few reliable simulation

methods. 

Some research have been made to address such WPM

issue. An inverse hysteresis model based on spline approxi-

mation [1] achieves good accuracy only the calculation

may be a little bit cumbersome. The working point in PM

may express the change of the performance, even the

demagnetization process [2]. A linear approximate hysteresis

model of AlNiCo [3] allows transient calculation of a

permanent magnet (PM) motor although the model is

somewhat inflexible. A hysteresis model [4] based on a

support vector machine (SVM) approach uses statistical

learning theory and structural risk minimization principle,

which may require significant amount of test data and

must allow time for training. A temperature dependent

hysteresis model [5] based on a vector-play model (VPM)

was also proposed, but the mathematical derivation of the

model is a little bit complex. PM working point based

model is attempted to simply calculate the flux density for

an actuator [6].

At the same time it is recognized that the WPM

phenomenon is an important issue and has a direct impact

on the performance of electrical machines and actuators.

Examples of recent studies include research on the effects

of irreversible demagnetization on the characteristics of a

brushless direct current motor (BLDC) [7, 8], investi-

gation of the relationship between rotor geometry and

irreversible demagnetization using FEM models [9]; and

temperature effects and the influence of short-circuit

current on permanent magnets [10]. Although the work-
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ing points based model can not calculate maximum

torque per ampere or flux weakening characteristics

which cannot be targeted directly on the FEM tool [11], it

is also very important for optimization design process

[12, 13].

Based on some work before [14, 15], a WPM model of

a non-linear PM exploiting the affine transformation is

established. The working principle of the WPM model is

first established and explained, followed by the descrip-

tion of the solution process. For illustrative purposes the

WPM model is applied to the calculation of the static

characteristic of a polarized magnetic system. The mag-

netic equivalent circuit (MEC) representation based on

the WPM model is derived to facilitate the calculation. In

order to verify the proposed modelling methodology a

prototype actuator has been manufactured and static

characteristics measured, with some details of the testing

rig provided. The results show that the WPM approach

proposed in this paper is capable of describing the WPM

phenomenon while the MEC model has high accuracy

and good computational efficiency.

2. The Working Point Migration Model

A non-linear working-point migration (WPM) model –

based on the affine transformation method – is established

relying on a demagnetization curve representation, the

recoil line model and the affine transformation hysteresis

loop model, all shown in Fig. 1.

The initial working point is located at Q0 in Fig. 1 and

the working point migration process can be described

using the demagnetization curve model shown by the

black line. If, after demagnetizing, the working point

migrates to Q1, then a new working point – when mag-

netized again – will follow the recoil line shown by the

green line.

To establish a simple calculation model the affine

transformation method is used to build the WPM model.

If the top point Q(xm,ym) of a small hysteresis loop is set

to coincide with the top point of the main hysteresis loop

Q2(xm2,ym2), then we can write

 (1)

where A is a transformation matrix specifying the en-

largement range between the small hysteresis loop and the

main hysteresis loop. A simple affine transformation form

may be used

 (2)

where α1 and α2 represent the ‘zooming factors’ from the

main hysteresis loop to the small hysteresis loop

following the affine transformation. The inverse

transformation can be deduced as 

 (3)

with 

 (4)

By combining the demagnetization curve and the recoil

line models in the minor hysteresis loop, the resultant

working point can be established. In the small loop, the

working point will move ion the same way as in the main

hysteresis loop.

3. Application of the WPM Model to 
a Polarized Magnetic System

A typical bistable polarized magnetic system (BPMS) is

used to illustrate the methodology; it consist of a solenoid

actuator with permanent magnets. Such devices may be

used in high voltage contactors and actuators. The struc-

ture of the system is shown in Fig. 2, where the PM in the

top layer is made from AlNiCo and in the lower layer

from NdFeB. The soft magnetic components are made of

DT4E. The soft magnet parts and air gap is clearly show-

ed in the structure.

The working principle of the BPMS is described

graphically with the black and red dashed lines depicting

2 11 12

2 21 22

1 1 10 0 1

m x mm

m y mm

x x u x

y y u y

 

 

      
      
      
            

 A

2 1

2 2

0 0

0 0

1 0 0 1 1

mm

mm

x x

y y





    
    
    
        



1 2 1 2

2 2 2 2

1/0 0 0 0

0 0 = 0 0

1 0 0 1 0 0

1

1 1

/

1

m m m

m m m

x x x

y y y

 

 

       
       
       
               



2 1

2 2

/

/

mm

mm

x

y

x

y













Fig. 1. (Color online) The working point migration process.
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the magnetic flux of the magnets and the electromagnet,

respectively. With the coil excited for forward movement,

the fluxes due to the PM and the electromagnet are in

opposition in the lower air gap, which results in a decrease

of the downward magnetic force.

In the upper air gap, on the other hand, the two fluxes

act in the same direction resulting in an increase of the

upward force. Consequently, the armature is pulled up by

the upward net force. Conversely, with a reverse coil

current, the armature is pulled down by the downward

force. The flux paths related to different states are shown

in Fig. 3.

The equivalent magnetic circuit is established in

combination with the WPM model. The describing

equations of the magnetic equivalent circuit model are

(5)

Applying the WPM model yields the equivalent

magnetic circuit of Fig. 4. Using the WPM model and the

previous (or initial) working point, a temporary working

point is found as

 (6)

where f1 and f2 represent the WPM model of the upper

layer AlNiCo and the lower layer NdFeB, respectively,

while Φ1 and Φ2 represent the branch magnetic fluxes of

the upper air gap and the lower air gap, respectively.
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Fig. 2. (Color online) The structure of the BPMS.

Fig. 3. (Color online) The flux paths for the BPMS in different states.
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The temporary PM working point is thus calculated.

Then the magnetomotive forces (mmf ) and branch fluxes

are calculated using the magnetic equivalent circuit. The

main MEC model for the BPMS considered is shown in

Fig. 4.

The solution process for the proposed methodology can

be divided into several stages, as depicted in Fig. 5.

Compared with the sequence used to create the MEC

model, there is an additional iteration.

First, the initial value of the PM working point is set for

the WPM model. From the WPM model, the mmf of the

MEC can be calculated. Then the MEC functions (5) are

solved iteratively (e.g. using the Newton-Raphson method),

from which the fluxes can be found. Furthermore, the

current working point can be calculated. If this point

‘outside’ the PM matches the working point in the WPM

model, the working point in the WPM model is updated;

otherwise, the working point of the WPM model can be

renewed iteratively and the above process is repeated.

In this process, the temporary PM working point is

fixed according to the WPM model and the branch

magnetic fluxes. The computation is repeated iteratively

until the final position of the working point and the

resultant force can be calculated.

4. Comparison between Test and 
Calculation Results

4.1. The BPMS prototype

The prototype BPMS is shown in Fig. 6. To test the

dynamic force of the BPMS, the two static and one

moveable contacts are connected with an outer armature.

In this prototype, the initial state of the 24 PMs (12

AlNiCo and 12 NdFeB) is that they are all fully magnetized.

4.2. The test rig for the BPMS

The schematic of the test rig presents in Fig. 7. The

force measurement was relatively straightforward but the

position of the working point could only be established

indirectly. Two measurements are involved independently,

the magnetic field strength on the surface of the magnet

and the total magnetic flux in a ‘section’ using a specially

Fig. 4. (Color online) The MEC model of the BPMS.

Fig. 5. (Color online) The solution process for the MEC combined with the WPM model.

Fig. 6. (Color online) The BPMS prototype (shown without

the armature).
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wound coil. From the practical point of view, two aspects

of the experiment are very important: the verticality of the

force test block and the concentricity of the section flux

test coil. 

4.3. Test results and the comparison

The measured and calculated values are shown in Fig. 8

as a function of the coil ampere-turns. For the permanent

magnets in different layer, the move tracks are the same.

For the surface flux density, the results from a finite

element method (FEM) are included, showing the inability

of this method to capture the important effect. Overall,

the simulation results using the MEC model can satisfy

the experiment data well.

Fig. 7. (Color online) The BPMS prototype force test rig.

Fig. 8. (Color online) Measured and calculated results for the surface flux density (top left) and the latching force (bottom left) as a

function of the ampere-turns. The graph on the right shows the recoil lines for the four selected values.
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It is worth noting that from the value of the ampere-

turns of about 500A the magnetic field changes into

reverse direction. The PM can reach a reverse saturation

point above 12000A.

Fig. 9 shows the calculated and measured latching force

results for the extended values of the air-gap and ampere-

turns. The agreement is very pleasing indeed, with an

average error of about 9.8 %. The biggest discrepancies

occur in the low voltage region, where – on one hand – it

is hard to maintain the accuracy of the hysteresis loop

model, and – at the same time – the measurements of

very low values may be unreliable. Finally, it is worth

noting that on average it takes about 1.5 s to compute one

point using the MEC, whereas for the FEM the required

time is 270 s, thus the savings in simulation time are

significant.

5. Conclusions

Based on the fundamental relationships pertaining to

the hysteresis loop description, a working-point migration

model for permanent magnets has been developed. The

solution procedure is also proposed. It has been demon-

strated that the magnetic circuit representation based on

the working-point migration model put forward enables

accurate and very fast calculations of the performance –

in particular the magnetic force – of a BPMS. Thanks to

reasonable accuracy and very short computing times, this

proposed model can therefore be used for analysis and

robust design optimization.
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