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A variable flux permanent magnet motor (VFPMM) alters its characteristics at low and high-speeds by chang-

ing the magnetic flux of a variable magnet. In this paper, a motor capable of varying its magnetic flux based on

the slot/pole structure is proposed. In addition, the variation characteristics of flux density and field intensity of

a variable magnet in the VFPMM under magnetization/demagnetization conditions are analyzed using the

finite element method (FEM) and experimentation. A prototype was tested for the magnetization/demagnetiza-

tion characteristics, and it was confirmed that the value of the measured back EMF was nearly identical to the

corresponding values obtained by an FEM analysis. Finally, the characteristics of the VFPMM for each mag-

netization/demagnetization state were evaluated at both low- and high-speed ranges. To verify the effect of vari-

able flux, experimental results are also presented.
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1. Introduction

PERMANENT MAGNET (PM) MACHINES have been

used for electric vehicles and home appliances because of

their high-efficiency, high-torque and compact size. A PM

motor has a higher efficiency than currently available

induction motors because the permanent magnet serves as

the magnetic field, thereby preventing any loss in the

rotor. On the other hand, a PM motor has the disadvantage

of its inability to ensure high driving speeds during variable

speed driving because the magnetic flux of the permanent

magnet cannot be controlled. Thus, for the case of PM

motors, demagnetization current is provided during high-

speed driving so that the magnetic flux is reduced.

As such, PM motors have drawbacks including a high

d-axis current and reduced efficiency due to the flux-

weakening control used during high-speed operation [1-

3]. For example, a PM in a washing machine has a wide

driving range from low speed during washing cycle to

high speed during drying. Therefore, it has a compara-

tively wider speed range than that of motors in other

home appliances.

A flux-weakening control, which reduces its efficiency

during high-speed operations, is needed. For this reason,

it is difficult to achieve high efficiency with a broad range

of speeds when using PM motors. To solve this problem,

a motor with the ability to control the magnetization/

demagnetization levels according to the drive speed, i.e.,

a variable flux permanent magnet motor (VFPMM), was

proposed [4, 5].

A variable flux motor with high efficiency at low

speeds was studied for driving a sufficient magnetization

of the magnet to generate high-torque. This motor facilitated

high efficiency drive by reducing the current capacity

required to control a weak field by demagnetizing the

magnet at high speeds.

In this paper, a surface-mounted type VFPMM is

designed using the previously mentioned properties. First,

the concept of an SPM-Type VFPMM is proposed through

which any magnetization/demagnetization structure can

be obtained by varying the combination of slots/poles and

variable magnet arrangement.

The magnetization/demagnetization characteristics of

the variable magnet in the suggested structure are then

verified by comparing the finite element method (FEM)

results using the hysteresis curve of the controlled magnet

properties. A prototype was manufactured to test the

variable characteristics of each magnetization/demagneti-
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zation current and the motor load.

2. Machine Structure and Design

2.1. Structure of magnetization/demagnetization

A VFPMM was proposed in the early 2000s. This

motor had a rotor manufactured as a type of magnet [4].

If the magnetization/demagnetization current is applied in

one phase, which serves as a reference axis, to magnetize/

demagnetize the variable magnet that constitutes the rotor,

the magnitude of the back EMF waveform for each phase

remains identical.

The VFPMM suggested in this paper, however, uses

two different types of magnets. Thus, the arrangement

and combination of the slot/pole pairs around each magnet

is analyzed, and the magnitude of the measured back

EMF for each phase is designed to be identical. The two

types of magnets used have different attributes such as Br

values and weight. Thus, the motor should be designed

considering of the weight distribution cross the entire

structure of the rotor, so that noise and vibration resulting

from any magnetic field imbalance are minimal.

Fig. 1 shows the 36 slot 48 pole structure of VFPMM,

which has 6 variable magnets that generate the same

magnitude of back EMF waveform after the magnetization/

demagnetization current is supplied. In Fig. 1(a) and (b),

the position of the variable magnet is different, but the

number of variable magnets is 6, so that the same variable

effect can be obtained.

To obtain a variable magnetic flux of the same

condition, the following condition is required.

 (1)

● Uph is vertically aligned with the variable magnet (d-

axis alignment), when the other variable-flux magnets d-

axis is aligned between the Vph and Wph.

● Stator winding pattern is a concentrated winding.

● Number of Variable magnets is 

Where Nspp is number of slots per pole per phase, Ns is

number of slots, Nm is number of magnet poles, Nph is

number of phases. The number of slots/poles that can be

obtained in the VFPMM structure according to these

conditions are 3/4, 9/12, 12/16, 15/20, 18/24, 21/28, 36/

48, and so on.

2.2. Structure of Proposed VFPMM

The magnetization/demagnetization structure and the

VFPMM design are shown in Fig. 2. The rotor structure

of the VFPMM consists of 36 slots and 48 poles. For the

magnet, a Alnico magnet with a variable flux that can

replace 6 of the 48 poles that were designated as the

surface-mounted type; NdFeB was used for the rest of the

magnets.

The main specifications of the VFPMM are given in

Table 1.

3. Magnetization/Demagnetization Method

The electric circuit for magnetization/demagnetization

is shown in Fig. 3. The VFPMM has the ability to change

Nspp = 
Ns

NmNph

--------------- = 0.25 Nph = 3( )

2 × n n
Nm

4
------≤⎝ ⎠

⎛ ⎞

Fig. 1. (Color online) Magnet arrangement with 6 variable

magnets (1/3 segment structure). (a) Arrangement type 1 with

6 variable magnets, (b) Arrangement type 2 with 6 variable

magnets.

Fig. 2. (Color online) Configurations of the proposed SPM

VFPMM.

Table 1. Dimensions and parameters of a VFPMM.

Parameter Value Parameter Value

Slots and poles 36/48 Stack 20 mm

 Stator outer diameter 259 mm NdFeB Magnet 38sh

 Stator inner diameter 158 mm Variable Magnet Alnico

 Rotor Outer diameter 281 mm Turns 98
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the intensity of the magnetization/demagnetization using a

short current pulse through the stator windings for a very

short period of time inside the Alnico magnets [6].

3.1. Method of FEM Analysis

To verify the magnitude of the magnetization/demagneti-

zation currents for magnetizing/demagnetizing the Alnico

magnet, an FEM analysis was conducted. The magnetic

field distribution inside the Alnico magnet was analyzed

using the magnetization/demagnetization current.

Fig. 4 and 5 show the flux distributions and magnetic

fields inside the Alnico magnet when a magnetization

current and demagnetization current of 15 A and 10 A,

respectively, are applied. Br value can be derived from

the hysteresis curve of the Alnico magnet based on the

magnetic field values obtained by the FEM analysis.

3.2. Analysis of PM Hysteresis

Fig. 6 shows the hysteresis curve of the Alnico magnet.

The magnet operating point in the hysteresis curve is

inferred with the magnetic field value inside the Alnico

magnet by the magnetization current. A P1 value can be

calculated from the local hysteresis curve for each

magnetization condition. The local hysteresis curve was

created on the basis that the saturation point was calculated

using an FEM analysis, and it can be used to estimate the

P1 point under magnetization. The magnitude of back

EMF is reanalyzed by FEM using the B_H curve at the

P1 point [6, 7].

The magnetic field inside the Alnico magnet using an

FEM analysis was 310-325 kA/m, when the magnetization

current was 15 A. The remanence on the first quadrant

magnetization curves with the above magnetic field value

is identical to a fully magnetized state.

In contrast to the magnetization properties, a demagneti-

zing field was applied to make the magnet operating point

move from P2 to P3 below the knee point, the operating

point will return along another recoil line P3-P4 due to

the irreversible demagnetization [7]. Therefore, the mag-

netic field produced by the demagnetization current can

Fig. 3. (Color online) Electric circuit of magnetization/

demagnetization. (a) Magnetization circuit, (b) Demagnetiza-

tion circuit.

Fig. 4. (Color online) Flux and magnetic field distribution in

Alnico magnet under 15 A magnetization current.

Fig. 5. (Color online) Flux and magnetic field distribution in

Alnico magnet under 10 A demagnetization current.

Fig. 6. (Color online) Hysteresis curve for the Alnico magnet.
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be calculated by the P4 value below the knee point. The

FEM analysis using the B_H curve for the P4 point was

conducted. The magnetic field inside of the Alnico magnet

by FEM analysis was −121 ~ −144 kA/m, when the

demagnetization current was 10 A. The remanence on the

recoil line with the above magnetic field value is identical

to a fully demagnetized state.

4. Experimental Verification

4.1. Test of magnetization/demagnetization

To verify the results from the FEM analysis of the

magnetization/demagnetization condition, the back EMF

after applying magnetization/demagnetization current to a

prototype was evaluated.

The FEM and measured back EMF waveforms of phase

at 50 rpm under a 10 A demagnetization are shown in

Fig. 7. The results for a 10 A demagnetization condition

was confirmed, and the waveform from the FEM analysis

is nearly identical to the experiment results. The measured

phase back EMF peak values at 500 rpm under each

magnetization/demagnetization condition are shown in

Fig. 8. It confirms that the FEM analysis and experimental

results based on the magnetization/demagnetization current

were nearly identical. The variable amounts of back EMF

at a 500 rpm were confirmed to be 4.5 V when 6 Alnico

magnets for variable flux were used.

By obtaining the internal magnetic field changes using

magnetization/demagnetization currents and further deter-

mining the P1 and P4 values on the Alnico hysteresis

curve, the magnetization/demagnetization characteristics

of VFPMM were verified by FEM analysis and experi-

mental testing results.

4.2. Load test for VFPMM

Fig. 9 shows the load test set of the fabricated VFPMM

with 6 variable magnets. The load evaluation after

applying a full magnetization current (15 A) into the

Alnico magnets of the prototype was conducted from 50-

1250 rpm. Also, the load test after a applying full

demagnetization current (10 A) into the Alnico magnets

was conducted. Fig. 10(a) and (b) show the load experi-

mental results in low and high-speed ranges.

The constant torque control and the constant output

control of the controller were performed to drive the

VFPMM. The constant torque control is performed up to

50-300 rpm based on the maximum torque of 23 Nm of

the VFPMM. 

In the speed range greater than 300 rpm, which is the

flux-weakening control, constant output control was

performed based on the output 500 W.

At a washing operation condition of 50 rpm, the effici-

ency of the VFPMM after magnetization was 66.73 %,

which was about 0.54 % higher than that of the washing

Fig. 7. (Color online) Measured and FEM results for the

phase back EMF waveforms under 10A-Demagnetization.

Fig. 8. (Color online) Experimental and FEM results at 500

rpm for each magnetization/demagnetization condition. Fig. 9. (Color online) Load experimental test.
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mode after demagnetization.

Also, it was confirmed that the efficiency of VFPMM

after demagnetization was 89.75 % at 1250 rpm, and about

1.05 % higher than the efficiency after magnetization.

However, as shown in Fig. 8, the magnitude of the back

EMF by load current is decreased after the load test,

when the VFPMM is magnetized. The magnitude of the

back EMF by load current increased after the load test,

when the VFPMM is demagnetized. In other words, the

amount of variable magnetic flux at load test was

confirmed to be reduced from 4.5 V to 0.5 V at 500 rpm.

5. Conclusion

The proposed VFPMM adjusts its performance during

low- and high-speed ranges by altering the magnetic flux

from the Alnico magnets. In this paper, the structure of

the VFPMM was analyzed. The magnetization/demagneti-

zation characteristics of the VFPMM can be predicted

using FEM analysis and hysteresis curves. The FEM

results matched well with the experimental results from a

fabricated prototype. Furthermore, a load evaluation was

performed for all magnetization-/demagnetization conditions.

In the low speed range, the efficiency of the VFPMM

in magnetized state was higher than that of the VFPMM

in the demagnetized state.

On the contrary, in the high speed range, the efficiency

of the VFPMM in the demagnetized state was higher than

that of VPFMM in the magnetized state.

Based on the these results, it is confirmed that the

performance of the motor could be adjusted by altering

the magnetic flux of the motor depending on the range of

drive speeds required, which is the characteristic of a

VFPMM.
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Fig. 10. (Color online) Load experimental results for VFPMM

under magnetization and demagnetization. (a) Low speed (50-

200 rpm) (b) High speed (1000-1250 rpm)


