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Abstract: This paper presents a new topology of an axial flux-switching memory machine with
series-type permanent magnets (SPMs) to improve the flux regulation capability. The key idea was
to combine low coercive force (LCF) PMs, which can be magnetized and demagnetized readily,
with high coercive force (HCF) PMs in series to provide a variable air-gap magnetic flux. The flux
regulating principle and the forward magnetization effect of HCF PMs on LCF PMs are presented and
discussed. Based on 3D finite element analysis (FEA), the magnetization variation of LCF PMs and the
electromagnetic performances of the machine under different magnetization states were investigated.
Simulation results showed that the air-gap magnetic flux could be weakened by up to 45% by using
a magnetization current impulse, significantly extending the PM motor’s flux-weakening speed
range. Finally, a prototype machine was built, and experiments were performed to validate the
predictions. The basic experimental validation shows that the measured back-EMF and the flux
regulating characteristic matched the 3D FEA results well.

Keywords: design; analysis; axial flux; flux-switching; memory machine; series PM; magnetization;
demagnetization

1. Introduction

Permanent magnet (PM) memory machines or variable PM flux machines are a class
of permanent magnet machines that can achieve direct PM flux regulation by changing the
magnetization state of the low coercive force (LCF) PMs, such as Alnico, through pulse
currents [1]. Compared to traditional PM machines, PM memory machines do not require
a continuous flux-weakening current, and thus, they have the potential to eliminate the
copper loss caused by the d-axis flux-weakening current. Therefore, PM memory machines
exhibit the merits of an extended speed range as well as improved efficiency in the speed
range above the rated speed [1–4], making them particularly suitable for driving cycle
applications such as traction applications.

The feasibility of using LCF PMs for flux weakening was first investigated by Vlado
Ostovic in 2001 [5]. However, the original PM memory machines had some inherent
problems. LCF PMs, e.g., Alnico, are susceptible to the armature field due to their relatively
low coercivities, and it is difficult to provide a high magnetic flux comparable with high
coercive force (HCF) PMs using traditional magnetic designs [4,6,7]. Therefore, non-
conventional magnetic circuit designs are required to achieve a high air-gap flux density in
the PM memory machine [4,6]. This, however, could result in complex rotor and/or stator
structures and possibly cause reliability issues.

To improve the air-gap flux density, an additional HCF PM can be introduced into the
PM memory machine to assist the LCF PM, resulting in a hybrid PM memory machine [8–17].
There are two basic configurations for hybrid PMs: the parallel-type PM (PPM) and the
series-type PM (SPM). By arranging the HCF and LCF PMs in parallel, the hybrid PM
memory machine can produce a controllable high air-gap magnetic flux, which can not
only yield a wide speed range but also maintain the high-power density of PM machines.
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Although the PPM is the most common configuration that can offer a relatively high
magnetic flux regulation capability, there exists a cross-coupling effect between the HCF and
LCF PMs [8,9]. The magnetomotive force (MMF) of HCF PMs can lower the operating point
of LCF PMs or, in the worst case, even demagnetize the LCF PMs due to their unbalanced
MMFs, resulting in reduced flux regulation capability as well as air-gap flux density.

In the SPM memory machine, the HCF and LCF PMs are magnetically connected
in series. While the HCF PM provides a constant MMF, the LCF PM provides a variable
one, so the total MMF provided is variable [2,14–17]. This structure can eliminate the
impact of the cross-coupling effect, such that unintentional demagnetization of the LCF
PM due to the magnetic field produced by the armature current can be prevented, and
the LCF PM can work more stably. However, most studies on memory machines with
SPM configurations have been focused on radial field-type machines, with hardly any
attention given to axial-type machines. In addition, most of the proposed SPM memory
machines are rotor PM machines, in which armature winding is also used for changing
the magnetization state of the LCF PMs. The amplitude of the magnetization control
current, typically several times that of the rated current, poses a big challenge for armature
winding and may result in an oversized machine inverter [18,19]. Furthermore, the use of
d-axis current for magnetization variation requires knowledge of the rotor position and
complicates the vector control of the machine. An alternative solution is incorporating
additional DC magnetizing winding to produce the magnetizing current for direct PM
magnetization control, hence avoiding the complicated current control and oversized
machine inverter [20]. Additional DC winding also enables further flux weakening or flux
enhancement when used as hybrid winding [21]. Inevitably, this will somewhat increase
the overall size of the machine and slightly complicate the machine system.

This paper presents a novel series-type PM axial flux-switching memory (SPM-AFSM)
machine with additional excitation winding PMs on the stator. The flux regulating principle
and the forward magnetization effect due to HCF PMs are presented. The impact of the
PM combination on flux regulation capability and the magnetization state control current
is investigated. Finally, machine performance is evaluated by three-dimensional finite
element analysis (3D-FEA). A prototype machine is manufactured and tested to validate
the model and analysis.

2. Topology and Flux Control Principle
2.1. Machine Topology

Figure 1 shows the topology of the proposed double stator single rotor SPM-AFSM
machine. The machine consists of two external stators and one inner rotor. A typical
12/10-pole combination, as in traditional flux-switching permanent magnet (FSPM) ma-
chines, was used [22]. The LCF and HCF PMs used for the proposed machine were Alnico
9 and NdFeB 35, respectively. NdFeB 35 was chosen because it can provide a relatively
high coercive force at an economical price. Their magnetic properties are summarized
in Table 1. Two types of PMs with identical magnetization directions were inserted into
the stator in series. In order to change the magnetization of the LCF PM, independent
magnetization winding was introduced to the inner sides of the stators. The excitation
winding was fed by an independent capacitive-discharge magnetizer that will be presented
in the experiment section.

Table 1. Magnetic properties of the PMs.

Residual Flux Density
Br (T)

Coercive Force
Hc (KA/m)

Operating Temperature
◦C

Alnico 9 1.05 119 20
NdFeB 35 1.2 889 20
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Figure 1. Machine configuration.

2.2. Description of the Flux Control Principle Based on the Hysteresis Model

Figure 2 shows the flux paths in the SPM-AFSM machine during the magnetization
regulating process. The main magnetic fluxes produced by the SPM and the excitation
winding are respectively represented by the solid and dashed lines. The magnetizing
process presented in Figure 2a shows the case in which the current in the excitation winding
produces an MMF, aiding that of the SPM. In contrast, supplying a current in the opposite
direction into the excitation winding, as shown in Figure 2b, will demagnetize the LCF PM.
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Figure 2. Magnetic flux paths during magnetization: (a) magnetizing process; (b) demagnetizing process.

Given the main magnetic flux paths in Figure 2, the following can be obtained by
applying Ampere’s law along the main magnetic flux paths:

2Hm1lm1 + 2Hm2lm2 +
∫ S

N

→
Hl ∗

→
dl = 2N f I f (1)

where Hm1 and Hm2 are the average fields over the length of the path in the PMs, Hl is the
magnetic field along the flux line outside the PMs, lm1 and lm2 are the thicknesses of the
PMs, N and S are the ends of the SPM with polarities of N and S, N f is the number of turns
of the excitation winding, and I f is the magnetizing or demagnetizing current.

Whether the current in the excitation winding produces an MMF that magnetizes
or demagnetizes the LCF PM depends on the current direction. By integrating the field
strength along the magnetic flux paths, Equation (1) becomes:

φm

2Pt
= N f I f − Hm1lm1 − Hm2lm2 (2)
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where φm is the total flux produced by the SPM, and Pt is the permeance of the main
magnetic flux, exclusive of the permeance of the path within the PMs. As long as the
permeability of the steel is high relative to air, the permeance will be mainly determined by
the air-gap permeance.

For the HCF PM, the magnetization was kept constant during the flux regulation, and
the demagnetization curve can be expressed in the linear form as

Bm1 = Br1 + µ0µr1Hm1 (3)

where Bm1 is the average flux density within the HCF PM, µr1 is the recoil permeability,
and Br1 is the residual flux density.

In the discussion below, the leakage flux was neglected for simplicity. Thus, the
magnetic flux produced is confined to the core and the same amount of magnetic flux
passes the SPMs and the air gap, i.e.,

φm = Bm1Sm1 = Bm2Sm2 (4)

Sm1 = Sm2 (5)

where Sm1 and Sm2 correspond to the cross-sectional area of HCF and LCF PMs, respectively.
Solving Equations (2)–(5) for Bm2, a constant Bm2/Hm2 relationship, i.e., the so-called load
line, can be obtained as follows:

Bm2 = k(
N f I f

lm2
− Hc1

lm1

lm2
− Hm2) (6)

where Hc1 is the coercive force of the HCF PM and k = lm2/( Sm2
2Pt

+ lm1
µ0µr1

).
From (6), it can be inferred that in addition to the internal field Hm2, the magnetization

current and MMF of the HCF PM can be considered as the external excitations to the LCF
PM. The MMF of the HCF PM will move the load line of the LCF PM Hc1lm1/lm2 to the
right along the horizontal axis.

As the magnetization and demagnetization of the LCF PM are characterized by hystere-
sis, the current operating point of the LCF PM depends on the history of magnetization [23].
The classic Preisach model, coupling the magnetic circuit, was used to model the hystere-
sis behavior of the LCF PM. The dependence of magnetization on the magnetic field is
formulated as follows:

Bm2 = P(Hm2) (7)

where P stands for the Preisach model of the LCF PM.
By combining Equations (6) and (7), the operating point trajectory of the LCF PM

during the magnetizing and demagnetizing processes can be obtained, as shown in
Figure 3a,b, respectively. The operating points stabilized at different locations on the
load line in different magnetization states. When the LCF PM was completely magnetized,
the operating point was located at point A on the descending branch of the major loop. As
the magnetization of the LCF PM decreased, the stabilized operating point moved down
along the load line towards the first quadrant and finally settled at point B on the ascending
branch of the major loop. Although the operating point can be further decreased by the
demagnetizing current, it will return to point B after the current is switched off due to the
forward magnetization of the HCF PM. This forward magnetization effect will magnetize
the LCF PM, making it hard for it to be further demagnetized. Thus, the operating point of
the LCF PM under different magnetizations will be constrained within points A and B.

Between points A and B, local minor loops were formed within the major loop due to
the current pulses shown in Figure 3c. The operating point can only move to a new position
when the amplitude of the applied pulse current exceeds the previous one. Otherwise, the
LCF PM will maintain or “memorize” its magnetization state. Taking advantage of the LCF
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PM’s ability to change and “memorize” its magnetization state, one can readily adjust the
magnetic flux produced by the SPM.
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A current pulse exceeding IP+ is required to completely magnetize the LCF PM.
Contrarily, a current pulse smaller than IP− will demagnetize the LCF PM, moving its
operating point to B. It should be noted that increasing the demagnetizing current will not
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further decrease the operating point but will increase the risk of demagnetizing the HCF
PM. Therefore, the amplitude of the demagnetizing current pulse should not exceed IP−.

3. Design of the SPM-AFSM Machine

The design of the SPM-AFSM machine is basically similar to that of conventional
axial flux-switching PM machines. The difference is that modifications need to be made
to the stator to incorporate the SPM and excitation winding for flux regulation. Since
the SPM needs to provide adjustable magnetic flux under different operation conditions,
special attention needs to be paid to its size design. Excitation winding should be able to
provide a sufficiently large excitation field to fully magnetize and demagnetize LCF PMs
according to the operating conditions. It should be noted that the design of the machine
only considers electromagnetic aspects; the thermal and mechanical constraints are not
considered. Figure 4 illustrates the structure of the initial design.
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3.1. Dimensioning Key Parameters

The SPM-AFSM machine was designed with the LCF PMs fully magnetized. The outer
diameter of the proposed machine is given by the sizing equation derived from the output
power equation [24]. The sizing equation can be expressed as

Do = 3

√
εPO

π3 pr
ps

αskDkwnABmηcosφ
(8)

where Do is the outer diameter, PO is the output power with LCF PMs being fully magne-
tized, ε is the phase back-EMF to phase voltage ratio, pr is the rotor pole number, ps is the
stator pole number, αs is the stator pole-arc coefficient, kD is a factor related to the inner
to outer diameter ratio kd and is expressed as kD = 1

8 (1 + kd)
(
1− k2

d
)
, kw is the winding

factor, n is the rotating speed, A is the electrical load, Bm is the peak magnetic flux density
that can be produced in the air-gap with the LCF PMs fully magnetized, η is the efficiency,
and cosφ is the power factor.

After the outer diameter of the machine is determined according to Equation (8), the
turns of the winding can be calculated by the initial stator tooth angle θst, and the stator
slot angle θsl and PM angle θpm in the inner diameter, as shown in Figure 4, were set to
7.5 degrees. According to a previously designed and prototyped AFSM machine [24], the
optimized rotor tooth angle is usually 1.6 times the stator tooth angle to obtain a sinusoidal
back-EMF. The number of armature turns per phase can be roughly chosen on the basis of
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the assumed magnetic flux density and the given phase back-EMF, assuming the total flux
produced by the SPM flows into the stator tooth and the stator yoke when the rotor pole is
aligned with the stator pole. The flux density of the stator yoke can be calculated by

Br =
2BmSsp

hsy(Do − Di)s f
(9)

where Ssp is the stator pole surface area, hsy is the height of the stator yoke, and s f is the
stacking factor of the core lamination.

The slot area required to allocate the armature winding is obtained as the product of
the slot width and slot height.

Ssl = θsl Di(hs − hsy)/2 (10)

The slot area can also be expressed as

Ssl = 2Nc Acu/kcu (11)

where Nc is the number of conductors per coil, Acu is the copper area, and kcu is the filling
factor. Thus, the slot height can be calculated.

The modifications in the rotor tooth and stator tooth angle will be described later
based on SPM dimensions and the magnetization performance.

3.2. Design of the SPM

It can be inferred from Figure 3 that the load line affects the highest and lowest operat-
ing points of the LCF PM and the flux regulation capability of the proposed machine. Once
the grade of PMs is selected and the structure of the main magnetic circuit is determined,
the flux regulation capability will be mainly related to the dimensions of the SPM. The
descending branch of the major loop, as shown in Figure 3, can be expressed as

Bm2 = F(Hm2) (12)

The nonlinearity between Hm2 and Bm2 is a single-valued function. By combining
Equations (6) and (12), working point A can be solved numerically and the maximum
magnet flux provided by the SPM can be estimated.

The ascending branch of the major loop can be derived from the descending branch
due to the central symmetry of the major loop

Bm2 = −F(−Hm2) (13)

Similarly, working point B can be solved numerically by combining Equations (6) and
(13). The minimum magnet flux provided by the SPM can be estimated.

A flux regulation factor in the proposed machine can be formulated as:

k f =
Φ f max −Φ f min

Φ f max
(14)

where Φ f max is the maximum flux produced by the SPM with the LCF PMs fully magnetized,
and Φ f min is the minimum flux produced by the SPM with the LCF PMs demagnetized.
For the SPM, k f is in the range of 0 to 1. From [24], the minimum flux that determines the
peak speed can be calculated by voltage equations, neglecting the resistance voltage drop.

Figure 5 shows the effect of the thickness of the LCF PM on the k f and the operating
point of the LCF PM obtained by the analytical method and 3D-FEA. As shown, the flux
regulation capability increased with the increase in LCF PM thickness, while the magnetic
flux density of the LCF PM decreased. This was mainly due to the relatively smaller
coercive force of the LCF PM compared to that of the HCF PM. Thus, there is a tradeoff
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between the flux regulation capability and the magnetic flux density in SPM memory
machines, where improving one factor will come at the expense of deteriorating the other.
At a given LCF PM ratio, the magnetic flux density increases as the thickness of the SPM
increases. In contrast, the flux regulation capacity remains almost constant even when the
thickness of the SPM varies. Thus, the ratio of the LCF PM to the total thickness of the
SPM is a key factor in the determination of the flux regulation capacity. However, a higher
current is required to regulate the magnetization state of the LCF PM. In this paper, the
LCF and HCF PMs were set to 4 and 2 mm, respectively, to gain a good balance between
the flux regulation capability and the magnetic flux density.
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Figure 5. Maximum flux regulation capability and magnetic flux density inside the PMs as a function
of the percentage of the LCF PM under varying thicknesses of the SPM.

3.3. Saturation Current Determination

In order to re-magnetize the LCF PMs to saturation, a magnetization field with suf-
ficient amplitude is required. The corresponding current, which is determined by the
magnetic flux distribution within the LCF PM during the magnetizing process, is denomi-
nated as the saturation current.

Figure 6 demonstrates the magnetic field distribution inside the LCF PMs at the time
of magnetization under different magnetizing currents. As can be observed, the magnetic
field near the outer radius reached saturation first, and the value gradually decreased
along the direction towards the inner radius at different magnetizing currents. This was
mainly due to the uneven permeability distribution of the machine. The resultant magnetic
flux density inside the LCF PM versus the magnetization current is shown in Figure 7.
The values are averages over five sample points on the surface of the LCF PM. As can
be seen, the magnetic flux density increased as the magnetization current increased. At
120 A, the main part of the LCF PM was uniformly magnetized except for the fringe parts.
The average resultant magnetic flux density at 120 A was almost equal to that of 160 A.
Increasing the current will not significantly improve the resultant flux distribution but will
pose a big challenge to both the machine and the magnetization circuit. Thus, 120 A was
chosen as the saturation current able to provide a sufficient magnetization field.
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By fixing the total thickness of the SPM and the LCF PM ratio, the saturation current
under different stator and rotor tooth angles was calculated, as shown in Figure 8. The
stator tooth angle had a greater impact on the saturation current than the rotor tooth angle.
The minimum saturation current was about 80 A when the stator tooth angle and the rotor
tooth angle were 1 and 2.5 times that of the SPM, respectively. The rotor tooth angle was
finally set to 1.8 times that of the SPM to achieve a sinusoidal back-EMF waveform. As a
result, the minimum saturation current was slightly increased to about 100 A.
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Figure 8. Saturation current versus stator and rotor tooth width.

The main design specifications and parameters of the machine are listed in Table 2.

Table 2. Main design specifications and parameters of the prototype.

Parameter Value

Stator pole number 12
Rotor pole number 10

Stator outer diameter 160 mm
Stator inner diameter 97 mm

Axial length 84 mm
Air-gap length 2 mm

LCF magnet thickness 4 mm
HCF magnet thickness 2 mm

Magnet length 15 mm
Turns of excitation coil 60

Output power 250 W
Rated voltage 32 V
Rated speed 750 rpm

Rated frequency 125 Hz
Rated phase current 4 A

4. Electromagnetic Performance Analysis

In this section, the electromagnetic performance of the proposed SPM-AFSM machine
under different magnetization states is evaluated using 3D-FEA.

4.1. Air-Gap Flux Density and EMF

The LCF PM was initially fully magnetized in the magnetization direction of the HCF
PM. A demagnetizing current was then imposed to verify the flux controllability. Figure 9
shows the flux density distribution of the stator core and the SPM under maximum and
minimum magnetization states. It can be observed that flux density can be effectively
decreased by imposing a demagnetization current. Figure 10 shows the corresponding
air-gap flux density distribution at the average radius. A maximum 0.7 T air-gap flux
density was obtained with the LCF PM fully magnetized. In addition, the induced open
circuit phase back-EMFs in different magnetization states are shown in Figure 11, which
indicates a satisfactorily wide flux regulation capability.
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4.2. Torque

Figure 12 shows the cogging torque under two different magnetization states. The
peak value of cogging torque decreased as the magnetization state decreased.
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in Figure 15. The results showed that back-EMF remained almost constant when the load 
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magnetization even at lower magnetization levels under a load current less than the rated 

current. However, it should be mentioned that the back-EMF will vary slightly after a 

higher load current. 
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Figure 12. Torque waveforms in the maximum and minimum magnetization states.

Figure 13 shows the average torque at the rated current due to the magnetization
state variation as a function of the current angle. There was a slight electrical angle shift of
the maxima, indicating that the reluctance torque made a very small contribution to the
electromagnetic torque. This coincides with the traditional AFSPM machines. Therefore,
Id = 0 control was utilized in different magnetization states. Figure 14 compares the
electromagnetic torque waveform at the rated current at the maximum and minimum
magnetization states. We found that the average torque and torque ripple decreased with
a decrease in the magnetization state. Moreover, a q-axis current (Iq) up to two times the
rated current was applied at different initial magnetization states. By measuring the phase
back-EMF after removing the load current Iq, the load effect was obtained and is shown
in Figure 15. The results showed that back-EMF remained almost constant when the load
current Iq was less than the rated current. This indicates that LCF PMs can maintain their
magnetization even at lower magnetization levels under a load current less than the rated
current. However, it should be mentioned that the back-EMF will vary slightly after a
higher load current.
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cause of the inherent hysteretic property of the LCF PM. Thus, the back-EMF depends not 

only on the current imposed pulse current but also on the history of the imposed current. 

Notably, the whole hysteresis loop moved upward due to the forward magnetization of 

the adjacent HCF PM. The major loops show that the back-EMF approaches its maximum 

value at about 90 A. A further increase in the magnetizing current will not evidently in-

crease the back-EMF. The minimum value was observed when the demagnetizing current 

reached about –80 A. The demagnetizing current should not be further decreased; other-

wise, it will increase the risk of demagnetizing the HCF PM. As can be seen from Figure 

16, the back-EMF decreased by up to 45% due to the magnetization variation. 
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4.3. Flux Regulating Characteristic and Torque-Speed Curves

By plotting the back-EMF (RMS) against the magnetization control current, the back-
EMF hysteresis loops from different initial magnetization states were obtained and are
shown in Figure 16. The resultant back-EMF also presented the hysteretic property because
of the inherent hysteretic property of the LCF PM. Thus, the back-EMF depends not only on
the current imposed pulse current but also on the history of the imposed current. Notably,
the whole hysteresis loop moved upward due to the forward magnetization of the adjacent
HCF PM. The major loops show that the back-EMF approaches its maximum value at
about 90 A. A further increase in the magnetizing current will not evidently increase the
back-EMF. The minimum value was observed when the demagnetizing current reached
about −80 A. The demagnetizing current should not be further decreased; otherwise, it
will increase the risk of demagnetizing the HCF PM. As can be seen from Figure 16, the
back-EMF decreased by up to 45% due to the magnetization variation.
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current direction, and a discharge branch consisting of a resistor and a circuit breaker. The 

large capacitor bank was charged by an adjustable three-phase power supply. When it 

Figure 16. Back-EMF hysteresis loops of the proposed machine: (a) Magnetizing process; (b) Demag-
netizing process.

The torque-speed curves and efficiency maps of the proposed machine under different
magnetization states were calculated and are shown in Figure 17 to verify the advantages
of the adjustable PM flux. The proposed machine can be treated as a traditional axial
flux-switching PM machine when the LCF PMs are fully magnetized. By controlling the
magnetization of the LCF PM to realize flux weakening, the proposed SPM-AFSPM machine
is able to operate over a wide speed range without the use of –Id current. Thus, the copper
loss of the machine in the high-speed region can be significantly reduced; 70% efficiency
contours for the machine under different magnetization states were also presented. As can
be seen, the 70% efficiency contour did not overlap at different magnetization states and
moved towards the high-speed region for lower magnetization states. Improved efficiency
can be achieved in the high-speed region by selecting the most appropriate magnetization
state for different operating conditions.
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5. Experimental Validation

A prototype of the proposed machine was manufactured for experimental validation.
Figure 18 shows the stator and rotor of the prototype and the experimental setup for
testing the machine. An uncontrollable bidirectional capacitive-discharge magnetizer, as
shown in Figure 18c, was used to magnetize and demagnetize the LCF PMs. Figure 18d
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shows the schematic of the magnetizer. As can be seen, the magnetizer was composed of a
three-phase diode bridge rectifier, a capacitor bank, an H-bridge for changing the pulse
current direction, and a discharge branch consisting of a resistor and a circuit breaker. The
large capacitor bank was charged by an adjustable three-phase power supply. When it was
charged to the required voltage, the H-bridge was turned on to apply a magnetizing or
demagnetizing current to the excitation winding. The relationship between the capacitor
voltage and the induced peak pulse current was experimentally obtained in advance to
facilitate the application of the required voltage and pulse current that can coerce the LCF
PMs into the desired magnetization states. Although precise control of the pulse current by
the presented uncontrollable bidirectional capacitive-discharge magnetizer was difficult
due to the variation of the circuit parameters, its accuracy was sufficient for testing the
magnetization and demagnetization performance of the prototype machine.
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imental setup; (c) bidirectional capacitive-discharger magnetizer; (d) schematic of the magnetizer.

The measured and 3D-FEA-predicted open circuit back-EMF and average torque of
the prototype under two different magnetization states are shown in Figures 19 and 20,
respectively. The measured back-EMF was slightly lower than the 3D-FEA-predicted one
in the full magnetization state, which could be attributed to the insufficient magnetization
of the fringe parts of the LCF PMs. The machine exhibited highly sinusoidal back-EMF
waveforms in different magnetization states, which makes it suitable for brushless AC
operation. The same is true for the average torque in different magnetization states. Overall,
the experimental results agreed well with the predicted results of 3D-FEA.

To evaluate flux regulation effectiveness, the transient response of the back-EMF
under a short duration of current pulses at the rated speed was measured and is shown
in Figure 21. The measurement was performed when the LCF PMs were initially in the
maximum or minimum magnetization state. During the flux regulation process, a current
pulse of 0.1 s duration was imposed. As can be seen, the phase back-EMFs finally settled to
about 17.5 V after the 40 A magnetizing current pulse died out. Similarly, it decreased from
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21 V to about 15 V after the 40 A demagnetizing pulse current. The measured transient
response of the back-EMFs demonstrates that PM flux linkage can be effectively controlled
by a current pulse during operation. Since the excitation winding is only energized for tens
of milliseconds, excitation losses associated with the magnetization control can be neglected.
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Finally, by continuously performing magnetization or demagnetization from different
initial magnetization states, the resultant back-EMFs in different magnetization states
were measured and are shown in Figure 22. The measured maximum flux regulation
capacity was approximately 40%, which is 5% smaller than the predicted value. The
results demonstrate that the hysteresis loops can be used to characterize the change of
back-EMFs due to pulse currents and provide information about flux regulation due to the
magnetization variation in SPM memory machines.
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6. Conclusions

This paper has demonstrated the design and analysis of an axial flux-switching mem-
ory machine with an SPM for flux regulation. The work can be summarized as follows:

1. The ratio of the LCF PM is a key factor in determining the flux regulation capability. A
higher LCF PM ratio is preferable for a wider flux regulation range. However, the air-
gap flux density will be compromised if the total amount of PMs remains unchanged.

2. By varying the magnetization state of the LCF PM, the total magnetic flux produced
by the SPM can be regulated. However, due to the forward magnetization of the HCF
PM, the LCF PM can only change its magnetization state in the same magnetization
direction as the adjacent HCF PM.

3. Both the simulated and experimentally measured back-EMFs showed the hysteresis
characteristic due to the inherent hysteretic property of LCF PMs.

4. The magnetic flux can be controlled dynamically using current pulses at a small
energy expense to achieve high efficiency in the high-speed region.

Although the proposed machine can offer the advantages mentioned in Section 4,
the additional excitation winding and the separate drive for magnetization control add
new challenges to the machine design. Future works should focus on the size reduction
of the additional magnetization winding and magnetization circuits, alternative magnet
combinations, and the selection of appropriate magnetization states for different machine
operating conditions.
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