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ABSTRACT

Compared with conventional permanent magnet synchronous machines (PMSMs), the variable
magnetization state (MS) of variable flux memory machines (VFMMs) offers improved
machine efficiency and more flexible control. As a core part of VFMM control, the benefits of
MS control have significant potential for promoting the application of VFMM drive systems.
In this thesis, several novel MS control methods, and solutions to improve the performance of
VFMMs are proposed and validated on a hybrid magnet memory machine (HMMM) control

system.

Firstly, since a VFMM under different MSs has different PM flux linkages and inductances, a
set of torque-speed curves can be obtained. The torques are the same on the interactions of
these torque-speed curves, and MS manipulation on these intersections can be smooth and
steady. An optimal demagnetization strategy is proposed to determine the best instants of
demagnetization from the intersections of these grids. This solution is also verified during the
remagnetization process. Secondly, to mitigate the speed fluctuation caused by the injected
large magnetizing current pulse during MS manipulation, a novel dual magnetizing current
controller is proposed. A g-axis current pulse is compensated to reduce the torque variation
caused by the injected d-axis magnetizing current pulse. Thirdly, the circumcircle of the voltage
vector hexagon is utilized as the modified voltage limitation and set as the boundary for MS
manipulation to achieve the target MS, and a new MS control method is proposed. A unique
MS control method utilizing the amplitude of demagnetization d-axis current pulse is therefore
proposed to eliminate the potential unintentional demagnetization (UD) issue. When the
amplitude of the d-axis current is bigger than the amplitude of the previous demand
magnetizing current pulse, the MS manipulation will be processed. Thus, the UD issue can be
avoided in the whole speed range. Finally, to achieve the MS close-loop control, a novel MS
control method utilizing torque deviation is proposed. A model-based torque calculation is
utilized for the torque estimation. When the torque deviation between the present MS and target
MS meets the preset conditions, the type and the switch signal of MS manipulation will be

generated.

The feasibility of all the proposed MS control methods are experimentally validated on a
HMMM control system. The transient performance improvements of the proposed methods are
significant, especially the proposed dual magnetizing current controller, which can reduce the

speed fluctuation by more than 80% compared to conventional methods.
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CHAPTER 1 GENERAL INTRODUCTION

1.1 Introduction

In human modern life and production processes, energy demand is indispensable everywhere.
With the gradual improvement of human living standards, the demand for energy is increasing,
and the issue of energy shortage will have a significant adverse impact on the development of
human society nowadays. Therefore, developing clean energy and renewable energy and
implementing energy-saving technologies have become more and more important. The
development of new energy has increased the range of available energy sources, while the
research on energy-saving technologies has improved energy utilization efficiency, reducing
not only energy consumption but also environmental damage during the energy consumption
process, in which the brushless permanent magnet synchronous machines (PMSMs) play a

critical role due to the advantages of high efficiency, high torque and power density [ZHUO7].

Traditional PMSM uses rare earth permanent magnets (PMs) with high remanence and high
coercivity force (HCF) to improve machine performance, such as neodymium iron boron
(NdFeB) magnets [JAH84] [HON10] [SEK13]. The magnetization state (MS) of a PMSM, that
is the magnetization level of the PMs, is difficult to change, and the back electromotive force
(BEMF) of PMSM is directly proportional to the speed. Considering the voltage limitation of
the inverter DC bus, the speed range of PMSM is limited.

In order to achieve wide speed regulation operation of PMSM, the flux weakening (FW) control
is usually adopted in high-speed region for PMSM [SNE85] [JAH86] [JAH87] [MACO91]
[JAH94] [MOR94] [SON96] [KIM97a] [KIM97b] [BAE03] [KWOO07] [KWOO08] [ZHUO00].
The FW control of PMSM refers to reducing BEMF of the machine by applying negative i,
on the d-axis armature current of the synchronous rotation coordinate system of the machine.
However, this also brings shortcomings for PMSM: (1) Continuous FW current brings
additional copper loss, increases machine heating, and reduces the efficiency in the high-speed
region of the machine; (2) When the inverter capacity is constant, the increase of FW current
leads to a decrease in g-axis current, resulting in a rapid decrease in electromagnetic torque;
(3) The negative FW current will bring a risk of demagnetization of the PM; (4) There is a risk
of failure in FW control. Once the BEMF suddenly increases during high-speed region, it can

cause damage to the inverter.

To solve the problems above, Ostovic, a German scholar proposed the concept of variable flux
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memory machine (VFMM) [OSTO03]. The variable air-gap flux can be achieved by injecting a
current pulse to magnetize the low coercive force (LCF) PMs, and the MS can be “memorized”
after the current pulse withdrawn, which allows the FW control current to be significantly
reduced and the corresponding losses to be minimized. Then, the efficiency can be further
improved. Therefore, more and more scholars have begun to devote themselves to the research
on the related topics [YANI18b], including many VFMM topologies [YU11b] [ZHU17]
[LIU23] [HUA19a] [HU20b] [HUA19b] [ZHO16] [ZHA18] [YAN20] [YANI19c] and
advanced control strategies [CHE20] [YANI18] [HU21] [LYU20a] [TAKI18] [YANI19b]
[HUA17a] [CHE22] [ZHO22a] [ZHO22b] [LYU23] [ZHO23a] [ZHO24] [ZHO23c].

This thesis will focus on developing novel control strategies for VFMMs.

This chapter will review the achievements on VFMM including the machine topologies and
control methods in the last 20 years with state-of-the-art research. Section 1.2 will present the
PM machines and control methods. Section 1.3 will review the VFMM topologies. Section 1.4
will introduce the modelling methods for VFMM. Section 1.5 will review the existing control
methods for VFMM. Finally, the research scope and major contributions of this thesis will be

llustrated in Section 1.6.

1.2 Permanent Magnet Machines and Control Methods

1.2.1 Permanent Magnet Machines

In 1821, Faraday discovered that an energized conductor could rotate around a permanent
magnet, successfully converting electrical energy to mechanical energy for the first time, and
established a laboratory model of the machine, which is considered as the world's first PM
machine. In the mid-20th century, with the emergence and continuous improvement of
performance of aluminum nickel cobalt (AINiCo) and ferrite permanent magnets, various new
types of PM machines continued to emerge and were widely used. With the improvement of
high-temperature resistance and price reduction of NdFeB materials, NdFeB PM machines
have been increasingly widely used in industrial applications and daily life. The variety and

application fields of PM machines are constantly expanding.
According to the position of the PMs on the rotor, PM machines can be divided into:

a) Surface mounted PM (SPM) machine: The PMs are usually in the shape of a tile and located
on the outer surface of the rotor core. In the synchronous reference frame, the main inductances

of the d-axis and g-axis are equal, i.e., Ly = Lg, where Ly and L, are the dg-axis inductances,
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respectively. SPM machine is called as non-salient pole PM machine, in which the reluctance

torque that is affected by the difference between dg-axis inductances can be neglected.

b) Interior PM (IPM) machine: The PMs are located inside the rotor, and there are pole shoes
made of ferromagnetic material on the outer surface of the PMs and inside the stator core,
which can protect the PMs. For IPM machines, L, is generally smaller than L. Therefore, IPM

machine is salient pole PM machine, and the reluctance torque cannot be ignored.

The configurations of SPM and IPM machines are illustrated in Fig. 1.1.

(a) (b)

Fig. 1.1. Cross sections of PM machines. (a) SPM. (b) IPM [JAHS87].

According to the relationship between the coil and tooth pitches of the stator windings, the PM
machines can be classified as concentrated and distributed [ISHO5] [NOGOS5] [HE22].
According to the driving currents, the PM machines can be divided into brushless alternating
current (BLAC) and brushless direct current (BLDC) machines, where the BEMF waveforms
are sinusoidal and trapezoidal, respectively [JAH84]. Generally, the BLAC drive is more
popular for applications in industries and modern transportations, such as high speed train,
electric vehicle, e.g. [ZHUO7]. The classifications of PM machines are illustrated in Fig. 1.2.
The BLAC machines with SPM and IPM rotors are also called as PMSMs, which are more
popular and have attracted more researchers devoted themselves to the related topics [BIN06]

[OU21] [HE21] [WU09] [LIU16] [LIU19] [FAN19].
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Fig. 1.2. Classifications for PM machines.

1.2.2 Control Methods

Generally, there are three basic control methods for PM machines, constant volts per hertz (V/f)
control, direct torque control (DTC), and vector control (also called as field-orient control

(FOQ)), as illustrated in Fig. 1.3.

[ Control Methods }

V/f control DTC FOC

Fig. 1.3. [llustration of control methods for PM machines.

The V/f control method can be considered as an open loop control because it does not require
the information of the rotor pole position [GAR98], where V refers to the voltage amplitude of
the inverter output, and f refers to the frequency of the inverter output voltage. In industrial

applications, the V/f control is frequently used due to its simplicity [SZA06] [ITO13] [LEE20].

DTC uses Bang-Bang control (hysteresis control) to generate drive signals to optimally control
the switching state of the inverter to obtain high dynamic performance of torque. In DTC
algorithm, the motor stator voltage and current are detected in real time, and the amplitudes of
the torque and flux linkage are calculated and compared with the reference values of the torque
and flux linkage respectively. Then, the resulting difference is used to control the amplitude of
the stator flux linkage and the angle. The torque and flux linkage regulator directly outputs the
required space voltage vector, thereby achieving the purpose of direct control of the flux
linkage and torque. The basic principle of DTC is to directly select stator voltage vectors
according to the differences between the reference and actual torque and stator flux linkage.
The parameters of the machine are not used in the algorithm, except the stator resistance.
Therefore, the DTC possesses advantages such as lesser parameter dependence and fast torque

response when compared with the torque control via pulse width modulation (PWM) current



control [KANO9S5] [FRE96] [ZHO97] [TANO3] [LIUO05] [ZHUO06] [GULO7]. The scheme of a
typical DTC drive system is illustrated in Fig. 1.4.

Te Torque l ._I
@ e Pl Q Hysteresis oo —Uge
- |Te S“;;Elll;ng I Inverter
Wi
sl Magnetic
Hysteresis
sl
i
Torque & -—
Magnetic Model | ~———
T, u
|1
Wiy
Encoder PT;:[_
machine

Fig. 1.4. Scheme of a typical DTC drive system [ZHO97].

where w,, and w,, are the reference and actual mechanical angular velocity, T, and T, are the
reference and actual electromagnetic torque, [;5| and || are the reference and actual flux

linkage, i and u are the current and voltage from the machine, U, is the dc-link voltage.

FOC was proposed by F. Blaschke of Siemens in Germany in 1971. As a high-performance
AC machine control method, the basic idea of FOC is to imitate the magnetic field orientation
of DC machine. The direction of the rotor flux linkage is used as the reference direction of the
rotating coordinate system. Based on this coordinate system, the stator current is decomposed
into the stator current excitation component in the same direction as the rotor flux linkage and
the stator current torque component orthogonal to the direction of the rotor flux linkage. These
two components are orthogonal to each other and are controlled separately by controllers. FOC
can obtain precise speed control, good torque response, and thus obtain operating
characteristics similar to DC machines. Therefore, FOC is much more popular for PMSMs

[KUMS87] [PIL90] [SEN94] [SIL91] [JAHS86] [JAHS7] [JAH94] [LIU14d].

To better illustrate FOC, the mathematical model of PMSM is introduced first. For drive
control, the conventional PMSM equations in dg-axis reference frame can usually be expressed

as:



di
Uy =Rid+de—:—quiq (1.1)

di,

Ug = Riq +Lq it

T, = 1.5p[Wmiq + (La — Lg)iaiq] (1.3)

where Y, R, Ly, Lg, ig, ig, Ug, Ug, W, p, and T, are the rotor PM flux linkage, the winding
resistance, the dg-axis inductances, the dg-axis currents and voltages, the electrical angular

speed, the pole pair number of PMSM, and the electromagnetic torque, respectively.

The maximum voltage V}, that the inverter can supply to the machine is limited by the DC link
voltage and the PWM strategy. Meanwhile, the maximum current [,,, is determined by the
inverter current rating and machine thermal rating. Therefore, the voltage and current of the

motor have the following limits:
V¢ =uf +ui < V2 (1.4)
E=ii+iZ<I} (1.5)

where s is the amplitude of the dg-axis current vector summation, Vs is the amplitude of the

dg-axis voltage vector summation.

At steady state, neglecting the voltage drop of stator resistance, (1.1) and (1.2) can be expressed

as
ug = —wlgi, (1.6)
Ug = wlyig + WPy (1.7)

Then, the voltage constraint can be shown as:
2

(Lqiq)z + (Laiq + ¥Ym)* < (VE’") (1.8)

In Fig. 1.5, the maximum torque-per-current trajectory on the synchronously rotating dg-axis
reference current plane is illustrated. The current trajectory is a circle centered at (0,0) and a
radius of I,,,. The voltage trajectory is an ellipse centered at (—I.,0), the major axis radius is
V;n/(Lg * ), and the minor axis radius is V},,/ (Lq * w). As the speed increases, the voltage

limit circle gradually shrinks.

Ip = l/Jm/Ld (1.9)



where I, is the characteristic current.
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Fig. 1.5. Maximum power output current trajectory for PMSM. (a) Salient-pole PMSM (Lg # Lg). (b) Non-
salient-pole PMSM (L; = L). Speed: @< w2< ws.
The motor operation can be divided into three operating regions, but these three operating
regions may not all exist. In [MOR90], a characteristic current ratio i, was used to distinguish

the flux weakening region, which was defined as
ien =1c/Inm (1.10)

When the voltage constraint ellipses center is outside the current constraint circle, i.e., iz, > 1,
the machine has two operating regions. When the voltage constraint ellipses center is within

the current constraint circle, i.e., i, < 1, the machine has three operating regions.



Operation zone 1: constant torque operation region

In this operating region, as the speed increases, the motor output torque can maintain the rated
output torque. The machine operates inside the current constraint circle and the voltage
constraint ellipse, i.e., |I5| < I, and |Vs| < V,,,. From zero speed to base speed, the maximum
torque per ampere (MTPA) algorithm is usually adopted to make full use of the reluctance

torque [MAC91] [MOR94]. i; by considering the MTPA curve can be expressed as

iqg=0 (La = Lg)

—Um(ia) + v @m(ia))? + 8(Lg — Lg)?id 1.11
iy = Ym(ia) \/(li’(L(;dz)Lq) (Lq q)l (qutLq) ( )

where i is the input current of the MTPA control. Then, i, can be expressed as

i = [i2— iz (1.12)

Operation zone 2: flux weakening operation region I

As the speed increases, when the speed reaches the base speed, the output voltage amplitude
is equal to the voltage limit amplitude, i.e., |I5| = I,, and |Vs| = V},,, which is also called as
flux weakening region I. At this time, due to the voltage limitation, the flux weakening current
needs to be increased to extend the speed range. The judgment condition for switching from
the operation zone 1 to the operation zone 2 is whether the inverter output voltage is saturated.
Then, the machine operates on the intersection points of the current and voltage limits. The

relationship between iy and i, on this curve by ignoring the stator resistance can be expressed

as:

2
~Pia) + P — (Lqig)?

Lq

ig= (1.13)
ig+is =14
(1.13) is usually used in the feedforward flux weakening control method. The voltage

magnitude feedback flux-weakening control method [KIM97b] with high robustness is
illustrated in Fig. 1.6.
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Fig. 1.6. Block diagram of field-orient control. (a) Feedback flux weakening control [KIM97b]. (b) PI
controller.
where V. is the DC-bus voltage of the three-phase inverter, i,, i}, and i, are the three-phase
currents, respectively, w,, is the reference mechanical angular velocity, w,, is the real
mechanical angular velocity, 6 is the actual electrical angle, w is the electrical angular speed,
igm and igy are the MTPA control dg-axis currents, which can be obtained by (1.11) and
(1.12), Aij is the output of the flux-weakening control, i; and i, are the reference dg-axis
currents for the current PI control, iy and i, are the actual dg-axis currents, uy and u, are the
voltages in dg-axis, u, and ug are the voltages in aff -axis. The “PI controller” is a
conventional one, which contains the proportion part and the integration part, K, and K; are the
corresponding parameters. This PI controller can be applied to all the control algorithm block
in this thesis. The parameters differ according to the application. The “Limiter” is used to

constrain the output of PI controller, which also differs by different application conditions.
Operation zone 3: flux weakening operation region II

This region exists only when i, < 1. In this region, the machine operates on the maximum
torque per voltage (MTPV) region that inside the current constraint circle, i.e., |Is| < I,,, and

|Vs| = Vpp, called as flux weakening region II. In this region, to maximize the torque capability



and further extend the operation speed range, the MTPV control strategy must be applied.

In [MOR90], the dg-axis currents for MTPV control can be obtained by

id ES _EO/Xd_Aid (114)
2 _ i )2
pPXq
where  E, = w(pm/Vm , Xq = a)Ld/Vm , Alg = —pEo++ (pEg)?+8(p—1)2(Vinax/ )2 >
4(p—-1)Xq
p = Lq/Ld'
1.3 Memory Machines

Since the flux weakening current must be applied to extend the speed range for PMSMs as
aforementioned, the efficiency of the machine will be affected. To further improve the
efficiency of the drive systems, a new concept of variable flux memory machine (VFMM) was
proposed by Ostovic [OSTO03]. As shown in Fig. 1.7, a spoke-type PM machine is converted
into VFMM, which features a sandwiched rotor consisting of tangentially magnetized LCF
PMs, soft irons, and non-magnetic barriers. The MS of LCF PMs can be smoothly adjusted by
injecting d-axis magnetization current pulse in the stator armature windings. Thus, the variable
flux property of air-gap field can be achieved. The flux barriers are designed to block the g-
axis flux and thus reduce the risk of UD of LCF PMs.

The adoption of LCF PM offers a special characteristic for the machine: the magnetization
level can be adjusted by a current pulse and memorized after withdrawing the current pulse,
which can avoid the continuous d-axis current to extend speed range and reduce the additional
losses. This can improve the efficiency of the whole machine drive system. This significant

property of VFMM has attracted the attention of more and more scholars.
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Fig. 1.7. First proposed VFMM in [OSTO03].

LCF PM

In the past two decades, VFMMs have developed rapidly, and attracted more and more
attentions by scholars and manufactures worldwide. A variety of machine topologies belonging
to the VFMMs were proposed and investigated, they all featured the capability of air-gap flux
adjustment. In [YANI18b], the recent advance developments in VFMM were overviewed,
including the diverse machine topologies and advanced control methods. Fig. 1.8 illustrates the
classification of the existing VFMMs according to the PM locations and magnetic coupling

between the LCF PM and the HCF PM.

VFMM
| ]
Single PM Hybrid PM
| ]
Series Parallel Series-Parallel

Fig. 1.8. Classification of the existing VFMMs.

The classification of VFMM topologies based on the PM-location and PM-coupling is shown

in Table 1.1, the example of topology is marked red in the references.
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Table 1.1. Classification of VFMM topologies.

PM-

location

PM-

coupling

Topology example

References

Rotor-PM

Single

Stator

LCFPM

[OSTO02]
[LIU08]  [LIUO09]
[LIU10] [KATI14]
[IBR15a] [IBRISb]
[SUN15] [SAK13]
[JIA15] [SOU22]

[OST03]

Series

Stator

Rotor

SAK09] [YANI18c]
ZHA21] [SAK20]
HUA17a] [ZHU17]
ZHA18] [YAN19c¢]
XU21] [WANI15a]

[
[
[
[
[
[SAK11]

Parallel

[CHEO05] [SAK09]
[WU14] [ZHO16]
[WAN19] [CHEO09]
[HU20b] [TSU21]
[ZHE19]

Series-

parallel

NdFeB PM

s NdFeB PM
(Series branch) €

(Parallel branch)

LCFPM

Stator

Armature
winding

[ATH17] [HUA19a]
[YAN20] [YAN21]
[YAN22] [LIU22]
[SAK21] [QIA21]
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Stator-PM

Single

Rotor

[GON09] [YUlla]
[YULlb] [YUIL5]
[YAN14a]
[YAN16g]
[YAN16a]
[YAN14b]

Series

Outer stator

Magnetizing coil

[LI14] [YANl4c]
[YAN19a]

Parallel

[LIl1a]
[LIU14a]
[YAN16d]
[YAN16¢]
[YAN16b]
[YAN17b]
[YAN16e]
[YAN18d]
[YANI16f]
[YAN18e]
[YAN17c]
[YAN17d]

[LI11b]

[LI21]

[JIA22]

Dual-
sided-PM

Magnetic-
gearing

effect

[LIU14b]

[YAN14c]
[WAN15b]
[YAN16h]
[YAN18g]

To illustrate the tradeoffs of various rotor-PM VFMM, the key characteristics of the
conventional series, parallel, and series-parallel VFMMs are compared as listed in Table 1.2.

Besides, a comprehensive comparison between the series coupling and parallel coupling in

VFMM has been conducted in [ATH17] [HUA19a], which found that parallel coupling

13



requires lower current to achieve intentional demagnetization, while the remagnetizing current
is lower in series coupling due to the help of the HCL PMs. In general, the flux variation range
is wider in parallel coupling machine, while series-type is more advantageous in improving the
torque density due to the improvement of the working point of LCF PMs. Thus, the series-
parallel VFMMs can reach a balanced tradeoffs between the series - and parallel -VFMMs.

Table 1.2. Comparison of series-, parallel-, and series-parallel-type rotor-PM VFMMs.

Types Series Parallel Series-parallel
Torque capability ([ O o
Flux regulation range O ([ L))
Max. magnetizing current level O (D) L
On-load demagnetization o O L
Structure simplicity o (D) L))

@®: cxcellent, ©: medium, O: poor

1.4 Modelling of Memory Machines

1.4.1 Magnetic Properties

To achieve stable performance in conventional PM machines under normal conditions, the
constant PMs have a linear demagnetization region which superimposes a recoil line. These
PMs have high coercivity and do not undergo irreversible demagnetization issue under normal
operating conditions. Conversely, LCF PMs such as AINiCo have low coercivity and therefore,
cannot be used in conventional PM machines where high coercivity magnets is required such
as NdFeB and Samarium Cobalt (SmCo). While, in VFMMs, the properties of LCF PMs can
be well utilized as presented below [XIE20a]:

1) The magnetization level of LCF PMs can be easily adjusted by a current pulse. After the
current pulse is removed, the magnetization level can settle down on a certain level, which is
called as memorizing magnetization level. This property is based on the nonlinear

demagnetization curve

2) The magnetization level can be regulated online in VFMM, which is hardly achieved in

conventional PM machines [LYU20a].

The operating points of the LCF PM are determined by the intersections of recoil line and load

14



line depicted on the H-axis as presented in Fig. 1.9. Consequently, by applying different
remagnetizing or demagnetizing current pulses in LCF PMs, the operating points can be
adjusted along the preset recoil lines. For example, at the beginning, the operating point is at
Pi. When a demagnetizing current pulse is injected, the operating point will move to F and G
as shown in Fig. 1.9. After the demagnetizing current pulse is withdrawn, the operating point
will move along another recoil line and settle down at the new operating point P>. Conversely,
when injecting a remagnetizing current pulse, the operating point will move along the trajectory

of P,-C-D-E-B and return to P;.

Bl LCFPM
n Bzr

Linear regio
\

NdFQB Knee pernt A

b Pry

-H>c -Hic

etization

A

Loa(i line

Fig. 1.9. Illustration of hysteresis characteristic of HCF PM and LCF PM.

There are also other magnet materials such as Ferrite and SmCo PMs can be applied in VFMM.
Their hysteresis curves are depicted in Fig. 1.10, and their characteristics are listed and

compared in Table 1.3.

B

. Linear region
Load line*, g

Knee points

l

. .
-Hc2; -Hce22 -Hezi o Hc21 He22 Hes H

Fig. 1.10. Hysteresis curves of three LCF PMs.
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Table 1.3. Comparisons of PM materials [WAN19].

PM materials Remanence (T) Coercive force (kA/m) Maximum energy product (kJ/m?)
AINiCo9 1.05 111 72
Ferrite Y40 0.44~0.46 330~354 37.6~41.8
SmCo 066805 0.7 318 80
NdFeB N45UH 1.32~1.36 979 342~366

1.4.2 Modelling Methods

In the existing literature, three common modelling methods were presented: Hysteresis Model
(HM), Magnetic Equivalent Circuit (MEC), and Finite-element Method (FEM), as shown in
Fig. 1.11.

{ Modelling Methods ‘
for VFMM

MEC FEM

Fig. 1.11. Modelling methods for VFMM.
® Hysteresis model (HM)

To achieve better controllability of PM flux linkage in VFMMSs, the hysteresis relationship
should be modeled precisely. The remagnetization and demagnetization properties of LCF PMs
has been modeled by different methods such as Frolich model, Presaich model, and piecewise

linear model.

[YAN17a] developed a new virtual linear hysteresis model to rapidly identify the on-load
demagnetization effect as shown in Fig. 1.12, which can be regarded as the extended line of
the upper recoil line of the LCF PM. In this case, LCF PM can be considered as a magnet with

a linear reversible demagnetization characteristic.

16



Knee point

Virtual linear HM .

Bri

o
Hcee

o Hci H

Fig. 1.12. Schematic of virtual linear hysteresis model.

In [WU19], a piecewise-linear hysteresis model for LCF-PM was proposed as depicted in Fig.

1.13. The HM of LCF PM is divided into several minor loops, during the MS manipulation,

the operating point of the LCF PM moves along a hysteresis curve where it tracks the major

BH-loop, and then moves back along the minor loop. It is assumed that the coercivity value of

the major hysteresis loop and all the minor hysteresis loops are the same, while the remanence

values are different. Therefore, the LCF PM can be partially magnetized.

Load line B

Major loop

Demagnetizing " Remagnetizing
process | process
Minor loop
-Hc Hce H

Fig. 1.13. Piecewise-linear hysteresis model of LCF-PM.

® Magnetic equivalent circuit (MEC)

Based on the PM magnetic circuits of VFMM, the MEC can be divided into parallel circuit and

series circuit as shown in Fig. 1.14., the main flux through the air gap in the parallel circuit is

the sum of two parallel branches, as shown in Fig. 1.14(a) [CHEO5] [ZHO16] [WU14].
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Fig. 1.14. Equivalent magnetic circuits of hybrid VFMM: (a) Parallel hybrid VFMM. (b) Series hybrid VFMM.

Conversely, in the series hybrid circuit [SAK09] [HUA17a] [ATH17], the flux linkage flows
forward through constant PMs and variable PMs as shown in Fig. 1.14(b). Hence, the constant
PM flux linkage always assists the variable PMs for stabilizing the operating points of the
variable PMs. In [SON17], the MEC modelling method for VFMM was illustrated in detail,
the magnetic-field intensity H,, within the PM was calculated. Accordingly, the PM operating

point was equivalently expressed as a point on the B—H curve of the PM.
® Finite-element method (FEM)

[YU11b] combined the time-stepping FEM analysis method with a piecewise-linear hysteresis
model to analysis a kind of DC-excited memory motors, both steady-state and transient
performances. [ZHU11] utilized the same method to analysis the stator-PM doubly salient flux

memory motor.

In [LEEO8], the magnetic characteristics of permanent magnets in VFMM was analyzed by
using a coupled FEM and Preisach modeling. In [GE18], the FEM was adopted to calculate the
total PM torque and individual PM torques produced by different PMs, which was utilized to

analyze the torque components separately.

1.5 Control of Memory Machines

Since the variable MS brings an extra freedom for the control of VFMM, the MS control
becomes the crucial point in the control algorithm. The control of MS includes MS estimation

and MS manipulation. The MS control for VFMM is illustrated in Fig. 1.15.
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Fig. 1.15. Schematic of MS control for VFMM.

1.5.1 Magnetization State Estimation

Since MS control is crucial for VFMM, the MS online estimation under different loads and
speed can improve the efficiency of MS manipulation. The PM flux linkage can be tested
offline, and under this condition can be regarded as the MS since the machine is not operating.
However, when the machine is operating, the measurements of MS by equipment are not easy.
Besides, the PM flux linkage is also affected by the dynamic operating conditions. Therefore,
the accurate estimation methods of the MS under different loads and in the whole speed range

are highly desirable for VFMM.

The MS estimation methods in [YANI18f] [JIA15] [SAK11] [SAKO09] [CHEO05] [ZHO16]
[WU14] can be classified as two main methods: high frequency injection (HFT) [JIA15] based
method and model-based method [WU14].

® HFI based MS estimation

The MS estimation method of HFI based-method estimating the PM flux linkage mainly have
two solutions: the d-axis high-frequency inductance [SAK11] variable with saturation levels,
and the PM electrical high-frequency resistance [JIA15] [ZHO16], which changes under
different MSs due to the magneto resistive effects. Magneto resistance is defined as a material’s
resistivity changing with the application of a magnetic field. The advantage of this method is
it can be used in the whole speed range and including the standstill state. [JIA15] investigated
the MS estimation using the magneto resistive effect. [ZHO16] analyzed the magneto resistive
effect for three kinds of PM material: SmCo, ferrite magnets and NdFeB, which illustrated that
the controlled demagnetization and unintentional demagnetization can be distinguished by the

estimated high frequency resistance.
® Model based MS estimation

BEMF estimation is usually adopted in the model-based method to estimate MS, which

estimates the stator flux linkage values by the machine terminal voltages and currents. This
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must be applied during the machine operating. In this case, estimating the MS for the machine
at standstill cannot be realized. Besides, the parameters of the machine including dg-axis

inductances, stator resistance are needed to improve the MS estimation accuracy [SAK09].,
1.5.2 Magnetization State Manipulation

There are two main strategies for the control method of MS for VFMMs based on the machine

magnetized type: the DC-magnetized machines and the AC-magnetized machines [JAY 19].

DC-magnetized VFMMs need extra DC magnetizing coils to achieve the MS control. By
applying the magnetizing current pulse, a field can be imposed on the PMs to remagnetize and
demagnetize the MSs. To achieve the MS control, H-bridge converter is usually equipped to

control the magnetizing current pulse.
® H-bridge converter

The flux controller of VFMM is different from the conventional one, since it needs to produce
a temporary current pulse, controllable in both magnitude and direction. In [YUllb]
[YANGI14], the magnetizing current pulse controller consisted of a buck converter and an H-
bridge converter as illustrated in Fig. 1.16, where the former functions to control the magnitude
of the magnetizing current and the latter serves to control the direction and duration of the

magnetizing current.

bridge converter

______________ . = g g A -t

~
\

1
I
I
[}
[}
1

Amplitude Lmagll Magnetizing winding
Magnetization  [Pirection
control Direction

Fig. 1.16. MS control by H-bridge converter.

In [YAN19b], the MS control circuit based on the H-bridge converter was adopted to study the
MS characteristics of a VFMM. The current pulse close-loop control method is combined with
the generated PWM signals. As a result, the current pulse of the required amplitude and

direction is obtained effectively.

20



Fig. 1.17 shows the control block diagram based on the MS control method, which mainly
consists of the armature winding controller, the MS controller, and the PM flux linkage
observer. The armature winding controller utilizes the traditional outer speed loop and inner

current loop control.

1 1 1 1
Bor O T ® Armature winding controller |
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1 @m ; PI dq > Inverter ||
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\ i* q ﬁ 1
L L0 50— 0 ’
: + ] i 1
1 B a !
! ; tg ——dq /[T, :
| ' ; d ig —| abecllc |
| . O 2 e 1!
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u PM flux linkage Ym 0 N
w observer imag ] Encoder —
Wm+~—
Tt IIIT oIt Target
0 1 .
(AN machine
| PWM Inverter i
| iU :
I
| 1
1

Proposed MS controller

Fig. 1.17. Control block diagram in [YAN19a].

In [YAN19b], for the constant-torque region, the control method for the investigated machine
was similar to that for the conventional PM machines. Due to the unity saliency ratio, the I, =
0 control is utilized. On the other hand, the conventional FW control and PM demagnetization
control are combined in the constant power region. The overall block diagram of the proposed
control strategy is shown in Fig. 1.18. The block of L&R means inductance and resistance. The
control circuit mainly includes two modules, i.e., drive and FW control modules; the former is
based on a space vector pulse width modulation (SVPWM) and the latter adopts a negative
feedback control. The core part of the magnetization control circuit is a single-phase H-bridge
converter similar to the PWM chopper [LIU14d]. The amplitude of the current pulse can be

regulated by means of a single current close-loop control.
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Fig. 1.18. Overall block diagram in [YAN19b].

In AC-magnetized VFMM, the stator winding currents can be utilized to achieve
demagnetization and remagnetization for the MSs, in which the d-axis current dominates the
effect. Therefore, the magnetizing current pulse is usually injected into the d-axis current. This
type is much more popular in the existing research due to without requiring extra equipment
[YAN18a] [LYU20a] [CHE20] [LYU20b] [YU14] [HU21] [MAEI14] [GAG14] [GAGI16]
[ZHO22a] [ATH18] [ZHO23b] [MAS15] [JIA22b]. There are three kinds of MS control
methods for AC-magnetized VFMM: Look-up table (LUT) [LYU20b], Online magnetization
trajectory prediction [CHE20] [YU14] [GAG14], and Close-loop control [MAE14] [GAG16]
[ATH18].

® Look-up table method

[LYU20b] proposed a novel MS selection method utilizing LUT for VFMM to guard against
the overvoltage during uncontrolled generator fault prevention as well as extend the operation

region of the machine.
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Fig. 1.19. Schematic diagram of MS selection method in [LYU20b].

Fig. 1.19 shows the schematic diagram of the proposed MS selection method for VFMM in
[LYU20b]. Since VFMM is still a kind of PM machines, the FOC is also applied to VFMM.
In the MS selection method, there are two modes: normal operating mode and magnetizing
mode. When the machine operates in the normal mode, an MTPA controller is utilized based
on the LUT as shown in Fig. 1.20 to make full use of the reluctance torque at low speed region
for the VFMM. The machine under different MSs have different parameters such as PM flux
linkage and dg-axis inductances, therefore, three separated sub-blocks are built in the MTPA
controller. The sub-block is built by two-dimension, which contains the information of dg-axis
currents and the torque and speed under each MS. To improve the efficiency of the control
method, the information in the LUTs is tested in advance in the laboratory. During the operating
of the machine, the sub-block is operating based on the present MS in the constant torque region.
As a result, the dg-axis reference currents will be obtained from the LUTs according to the
present torque and speed detected from the control system. In addition, a MS controller is
utilized to achieve the MS manipulation for the machine. When a MS manipulation command
is received, the operating mode will switch from the normal mode to the magnetizing mode
according to the signal from the MS controller. And the target MS can be obtained based on
the LUT which contains the target speed. Then, based on the correlation of MS and d-axis
magnetizing current pulse, the pulse generator will generate a corresponding d-axis

magnetizing current pulse to inject into the current controller to achieve the MS manipulation.
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Fig. 1.20. Schematic diagram of MTPA controller.
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Fig. 1.21. Illustration of proposed MS hysteresis controller in [YAN16f].

In the MS control method, as the speed is utilized as the condition for MS manipulation, when
the machine operates near the boundary speed between two neighboring MSs, the MS may be
manipulated repeatedly, which will have bad impact on the control system and increase the MS
manipulation times and will bring extra losses. To avoid this kind of issue, a hysteresis
controller was proposed in [YAN16f] during MS manipulation as shown in Fig. 1.21. When
the ideal MS command is generated according to the machine operating speed, the difference
between the ideal MS and the actual MS can be obtained and will be sent to a proportional-
integral (PI) controller. When the output of the PI controller achieves the preset threshold, the
MS manipulation command will be sent to the pulse generator to achieve the MS manipulation.
The PI controller will be reset. Therefore, the frequency of the MS manipulation can be

effectively reduced by the MS hysteresis controller.
® Online magnetization trajectory prediction
In [CHE20], an online current trajectory prediction and control method for the magnetization

current in a VFMM was proposed as presented in Fig. 1.22.
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Fig. 1.22. Trajectory prediction and FOC-based machine control system in [CHE20].

The machine speed and the DC-link voltage are two of the major concerns in the MS
manipulation trajectory prediction. The MS manipulation can be executed at different speeds.
Moreover, the DC-link voltage can be variable in certain applications, e.g., electric vehicles
using battery to feed the DC voltage. The battery voltage is variable due to discharge level and
operating temperature. These two aspects affect the machine voltage and cause different

manipulation trajectories.

The DC-link voltage, the machine speed, and the d-axis current are measured and used in the
trajectory prediction algorithm, so that the predicted trajectory can be adjusted according to
different machine operating conditions. The trajectory is then transferred to the mode selection
to determine whether the machine is controlled in normal operation or the MS manipulation.
During the MS manipulation, the d-axis current command is replaced by the predicted

trajectory, and g-axis current command is set by zero.
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Fig. 1.23. Feed-forward current controller in [CHE20].
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The increased current manipulation speed requires high-response current controller. Usually,
PI gains in standard PI regulators are increased to satisfy the high bandwidth requirement.
However, the higher PI gains can lead to current overshoot, deteriorating the control accuracy.
Fig. 1.23 presents the current controller with feed-forward compensation. The feed-forward
method compensates the required resistance voltage, induction voltage, and rotating voltage in

the MS manipulation.
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Fig. 1.24. Possible solutions for smooth torque control during MS process in [YU14].

To change the magnetization state, several possible solutions are shown in Fig. 1.24. There are
two existing solutions: direct d-axis current pulse injection and using predefined current vector
trajectory LUTs. The simplest method is giving a d-axis current pulse (blue line in Fig. 1.24)
to the machine to achieve the desired MS. This method is feasible under no-load and low load
conditions. Otherwise, a severe pulsating torque can be produced. The second method is based
on LUTs. To produce smooth torque, g-axis current should be reduced as d-axis current
increases under loaded conditions based on a prerecorded current trajectory in a LUT (red

dotted line in Fig. 1.24).

However, time-intensive experiments are required because every loaded condition and MS
corresponds to a different current trajectory. [YU14] proposed an observer based current
decoupling method (green dotted line in Fig. 1.24) for smooth torque control during the MS
manipulation process under loaded conditions. The overall control block diagram is shown in

Fig. 1.25.
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Fig. 1.25. Observer-based current decoupling control method in [YU14].

In [YU14], the MS was set within the limit of maximum MS based on the machine properties,
speed, and available DC-bus voltage. For the observer based current decoupling method, the
d-axis current command is generated to achieve the target magnetization level. The decoupling
current can be generated based on the torque equation and estimated flux. The flux estimation
is a key issue for accurate torque control. Then, a cascaded stator flux observer structure was
used to mitigate the flux estimation error caused by parameter variations. The structure of the
stator flux observer was shown in Fig. 1.26. It consisted of a stator current observer in the first
stage and a Gopinath style stator flux linkage observer based on a voltage model [WAN12].
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Fig. 1.26. Flux observer structure in [YU14].

In [GAGI14], a reverse rotating current vector trajectory was proposed to increase MS in
VFMMs, while mitigating the inherent dynamic voltage limitation. The basis of the method
was a partial inverse model solution where the current vector was selected such that voltage

component terms cancel the contributions of other terms. In the synchronous reference frame,
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the method has an elliptical path where the ratio of the major to minor radius was set by the
ratio of L4 and L, and rotation was in the reverse direction but at the same frequency as the
electric fundamental of the machine. Therefore, the current vector trajectory was relatively
more stationary in the stationary reference frame. In [GAG16], the existing methods for MS
control were extended, organized into families of trajectory solutions, and analyzed along with

a new method based on a straight line stationary frame flux linkage trajectory.
® Close-loop control

The configuration of the MS close-loop control proposed in [MAE14] is presented in Fig. 1.27,
which consisted of the motor control and the control of the magnetizing current. Fig. 1.28
shows the configuration of the current control unit for high-speed control of d-axis current.
During the MS manipulation, the magnetizing current command ij is converted into a d-axis
voltage command value using the inverse motor model. In other words, the d-axis current i, is
controlled by a feed-forward voltage command during magnetization. Further, the g-axis
current i, is controlled by a feedback current command. The magnetization control is
configured to be a combination of the two controls. After the MS control finishes, the d-axis
current control returns to feedback control. Then, the high-speed magnetizing current control

and torque ripple control can be realized.
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Fig. 1.27. Control configuration in [MAE14].
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[QIA13] proposed a drive control system to realize the MS close-loop control as shown in Fig.
1.29. For the armature controller, it adopted a conventional dual close-loop control scheme,
where the outer speed loop adopted a PID regulator to perform speed control, and the inner
current loop used a hysteresis regulator to perform current chopping control. By comparing the
command speed with the actual speed, the command armature current was resulted. Then, by
comparing the command current with the actual current, the hysteresis regulator signal was
generated. By logically combining the hysteresis regulator signal with the phase conduction
signal, which depends on the mode of operation, the firing signal of each power switch in the
armature inverter can be obtained. For the MS controller, it consisted of flux linkage observer,
magnetizing current controller and current distributor. Magnetizing current controller control

mode was similar to the armature current control operation mode. Obviously, the current

distributor is one of the most important modules.
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Fig. 1.28. Configuration of current control in [MAE14].
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Fig. 1.29. Block diagram of drive control system in [QIA13].
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Fig. 1.30 shows how the current distributor works in further details, where the optimal

allocation of armature current and exciting current can be achieved.
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Fig. 1.30. Current distributor in [QIA13].
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Fig. 1.31. MS estimation and close-loop control diagrams in [HU20a]. (a) MS estimation. (b) close-loop MS

control.

[HU20a] proposed an on-line magnetization state estimation and close-loop control method as
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shown in Fig. 1.31. The close-loop MS controller contained three major parts, i.e., the MS

estimation, the MS regulator, and the dg-axis current controller.

In [ATH18], close-loop control can be achieved by manipulating the flux using deadbeat-direct
torque and flux control algorithm while maintaining a nearly constant torque during MS change
when the required current and voltage are within limits. Fig. 1.32 shows the schematic of the
control strategy for driving cycle loss minimization with close-loop control. For MS control,
LUT provides a d-axis flux command for minimum steady state loss with consideration for
demagnetization due to the magnetic fields produced by the load current. This can also be
achieved using loss models for MS control similar to the loss minimization methods for
conventional machines. A deadbeat-direct torque and flux control algorithm is then used to

maintain the desired torque and for manipulating the flux to change or maintain MS.
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Fig. 1.32. Schematic diagram of loss minimization strategy with close-loop control in [ATH18].

The energy-based optimal MS selector provides a magnetization command based on a tradeoff
between the energy required to change MS and the loss reduction that can be achieved by
changing MS. For a detailed discussion of the transient losses during MS manipulations refer
to [YU11b]. To decide the optimal MS, a LUT or a loss model to estimate the losses as a
function of MS levels, torque and speed are obtained during calibration. To limit the number
of MS changes, magnetization command is changed if the energy loss reduction over a fixed

interval is greater than the energy required to change MS.

Feedback required for the close-loop MS control was obtained using a model reference
adaptive MS estimation method developed in [GONO09]. Besides, in [QIA19], The flux
observer based on model reference adaptive theory was proposed for the close-loop flux control

for VFMM.
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® Comparison and evaluation

The summary of the above MS manipulation methods is listed in Table 1.4.

Table 1.4. Summary of presented approaches’ advantages and disadvantages.

MS control H-bridge converter Look-up table Online magnetization Close-loop control

methods trajectory prediction

Ref. [YU11b] [YAN19] [LYU20b] [CHE20] [YU14] [MAE14] [GAG16]

[YAN19b] [YAN14a] [GAG14] [ATH18]

Pros v' combining speed v adapt MTPA with v online current v I; was controlled by
control and flux MS control method trajectory prediction combination of FB
control v’ establish relationship | v'  continuous real-time current control and

v magnitude, direction of voltage and flux, control FF voltage control.
and duration of d-axis current and v control accuracy is v high-speed
magnetizing current speed high magnetizing current
can be controlled v ahysteresis control was realized
separately controller for MS v’ control accuracy is

v" flux control is more manipulation higher
efficient

Cons x  need additional x  obtained from offline | ¥ still open-loop X magnetiztion
hardware equipment test control changes under no-

x  more complicated x  necessarily prior x  control algorithm is load condition
structure experiments more complicated x  Relatively high

% no consideration of | ¥ control accuracy is x  Relatively high dependence on
control transition not high dependence on motor parameters
smoothness motor parameters
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1.6 Scope and Contributions of the Thesis

1.6.1 Research Motivation

Based on the review above, the trend of the control for VFMM can be highlighted as follows:

1) As the crucial part of the control for VFMM, the solution to make the MS manipulation
steady and smooth is desirable for the high performance in the control system. [YU14] focused
on the dynamic disturbance caused by MS manipulation and proposed a smooth torque control
method by utilizing a voltage disturbance state filter to make the MS manipulation smooth.
While the optimal timing of MS manipulation to achieve the desired effect can make algorithm

simple and is still needed.

2) Generally, the amplitude of the magnetizing current pulse to achieve MS manipulation is
very large, and some are even several times or more than ten times the rated current, which
will bring significant disturbance to the control system. In [ZHO23c], a speed controller based
on linear active disturbance rejection compensation model was proposed to reduce the speed
fluctuations caused by the MS manipulation. The transient performance during MS

manipulation needs further investigation.

3) Since the magnetizing current pulse is injected into the d-axis armature current, it needs
enough voltage to support the demand current. This brings a big challenge for the control
system, especially in the flux weakening region, where the voltage controller is almost
saturated. Therefore, the voltage limitation must be considered during MS manipulation. While
in the existing research, the effect of the voltage constraints on the MS manipulation is always

ignored.

4) Since the LCF PMs can be demagnetized by the negative current pulse, the negative d-axis
armature current for flux weakening control can also cause the demagnetization of the LCF
PMs. This kind of demagnetization can change the PM flux linkage unintentionally, and make
the MS out of control, which will affect the performance of the machine drive system. Besides,
the authors of [WU14] observed that cross-coupling between HCF PMs and LCF PMs in hybrid
PM VFMM can demagnetize the LCF PMs unintentionally. Although this issue can be
improved through the design of the different arrangement of the two kinds of PMs, the control

method during MS manipulation is still desirable.

5) The conditions for MS manipulation have brought some attentions. The speed is usually set

as the condition of MS manipulation, which is easy to implement and popular in the existing
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literature [LYU20b] [MAS15] [ZHO22a] [ZHO22b]. As the main feature of the MS, PM flux
linkage is also used as the condition for MS manipulation [CHE22] [HU20a]. [HU21] proposed
an efficiency-based MS manipulation method, an efficiency map under different MSs was
measured in advance. A flexible MS manipulation method that can be adjusted based on the

real-time operating state is still needed.

In order to explore the applicability of VFMM in industry and daily life, the research in this
thesis mainly focuses on the MS manipulation method and solutions to improve the dynamic

performance, which will be presented in detail next section.
1.6.2 Research Outline

The structure of this thesis is presented in Fig. 1.33.
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Fig. 1.33. Outline of research.
This thesis is organized as follows:

In chapter 2, the instant of demagnetization for hybrid magnet memory machine (HMMM) is
investigated. A demagnetization grid is proposed based on the torque-speed curves under
different magnetization states (MSs). A look up table (LUT) containing the information of
speed and torque on the intersections of the torque-speed curves is then used to determine the
best instant of demagnetization for HMMM. The performance of proposed demagnetization

process is simulated and experimentally validated on the HMMM control system.

In chapter 3, a novel dual magnetizing current controller for VFMM is proposed aiming to
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mitigate the speed fluctuation during MS manipulation. Firstly, the magnetizing properties of
the investigated HMMM are tested and researched offline. The effect of amplitude and time
duration of the magnetizing current pulse on its magnetizing capability is investigated.
Secondly, the proposed dual magnetizing current controller is designed based on the dynamic
mathematical model for VFMM. A model-based torque calculation is utilized and a LUT with
the parameters under each magnetization state including the magnetizing current pulse and dg-
axis inductances is established. Then, the experiments are carried out on the investigated
HMMM control system. The measured results of the transient performance on both
remagnetization and demagnetization show that the proposed dual magnetizing current
controller can significantly mitigate the speed fluctuation and has better transient performance

than the conventional single magnetizing current method.

In chapter 4, a novel MS control method for HMMM based on modified voltage limitation is
proposed. The effect of the voltage limitation on the MS manipulation is analyzed. The
circumcircle of the voltage vector hexagon is utilized as the modified voltage limitation instead
of the inscribed circle to simplify the algorithm. The maximum amplitude of the magnetizing
current pulse under real-time voltage limitation can be calculated and utilized as the boundary
for MS manipulation. Within the boundary, the target MS can be achieved. When the MS is
limited, the proposed MS control method also provides solutions to achieve the target MS by
calculating the optimal operating speed. The experimental validations are carried out on the

HMMM control system to verify the feasibility of the proposed MS control method.

In chapter 5, a novel MS control method is proposed to eliminate the unintentional
demagnetization (UD) of LCF PM for VFMM. In the proposed method, the amplitude of
demagnetization d-axis current pulse is determined from a look-up table with the relationship
between the demagnetization d-axis current pulse and the MS change intersections, and
subsequently used as the condition for the MS manipulation. A PM flux linkage estimation is
adopted to monitor the UD all the time and the amplitude of d-axis current is controlled within
the amplitude of the demand demagnetization d-axis current pulse to avoid the UD in the whole
speed range. The inverter nonlinearity is compensated to improve the estimation accuracy. The
experiment validation is conducted on HMMM drive system to illustrate the UD issue and to

verify the PM flux linkage estimation method and the proposed MS control method.

In chapter 6, a novel MS control method is proposed by utilizing torque deviation for VFMM
to achieve the MS close-loop control. Firstly, the relationship between the MSs and the demand

magnetizing current pulses is built into a LUT, which also contains information on the flux
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linkages and the dg-axis inductances under different MSs. Afterwards, a model-based torque
calculation is adopted for the torque estimation, and then, the torque deviation between the
present MS and target MS is used to generate the MS switch signal, which will determine the
type of MS manipulation. Subsequently, the torque deviation will also be used for real-time
monitoring of MS. Finally, experiments are carried out on a HMMM control system for

validation.
1.6.3 Contributions

The major contributions in this thesis include:

1) An optimal demagnetization grid is built to determine the best instant of demagnetization.
The VFMM can be regarded as a group of PMSMs with the same topology and different PM
flux linkages and inductances. The torque is the same on the interactions of the branch of
torque-speed curves, which form the demagnetization grid. Then, MS manipulation on the
demagnetization grid can be smooth and steady. This solution is also tested for remagnetization

process.

2) A dual magnetizing current controller is proposed to mitigate the speed fluctuation during
MS manipulation. The torque variation caused by the injected d-axis magnetizing current pulse
can be calculated. Then, a g-axis current pulse is compensated to reduce the torque variation.

As a result, the speed fluctuation can be improved.

3) A MS control method based on modified voltage limitation is proposed. The circumcircle
of the voltage vector hexagon is utilized as the modified voltage limitation instead of the
inscribed circle to simplify the algorithm. Then, the modified voltage limitation is utilized as

the boundary for MS manipulation to achieve the demand MS.

4) A MS control method to eliminate the unintentional demagnetization issue is proposed.
Since the MS can be changed only when the amplitude of the magnetizing current pulse is
bigger than the previous one. The amplitude of demagnetization d-axis current pulse is used as
the condition for the MS manipulation. Then, the amplitude of d-axis current is controlled
within the amplitude of the demand demagnetization d-axis current pulse to avoid the UD issue
in the whole speed range. A PM flux linkage estimation is adopted to monitor the UD issue,

and the inverter nonlinearity is compensated to improve the estimation accuracy.

5) A MS control method utilizing torque deviation is proposed to achieve the MS close-loop

control. Since torque contains the information of PM flux linkage and dg-axis inductances, it
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can be sensitive during MS manipulation under the same operating state. A model-based torque
calculation is adopted for the torque estimation, and then, the torque deviation between the

present MS and target MS is used to generate the MS switch signal.
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CHAPTER 2 DEMAGNETIZATION TIMING
CONTROL FOR HYBRID MAGNET
MEMORY MACHINE

In this chapter, the instant of demagnetization for hybrid magnet memory machine (HMMM)
is investigated. A demagnetization grid is proposed based on the torque-speed curves under

different magnetization states (MSs). This provides a solution for smooth MS manipulation.

2.1 Introduction

The adjustable MS of LCF PMs provides extra freedom for the control of variable flux memory
machine (VFMM). Some researchers have investigated the magnetizing characteristics of
VFMM [QIA18] [LIU08] [OST03] [LEE08] [LIU09] [LYU19] [LIU10] [GAG17]. [QIA18]
analyzed the magnetic properties of LCF PMs and the operating principle of the combined
magnetic-pole memory motor. [LIUOS] analyzed the influence of different PM shapes on the
PM demagnetization pattern of VFMM. The air gap flux density and demagnetizing
magnetomotive force had been investigated by equivalent magnetic circuit method and
geometric analytical method [OSTO03]. In [LEEOS], a demagnetizing characteristic analysis
method was proposed by using coupled Preisach modeling and finite element method (FEM).
In [LIUO9], the variation characteristics of flux density and field intensity of trapezoidal PM in
the VFMM under different demagnetizing magnetomotive forces were analyzed by a two-step
FEM. The influences of key design parameters on the on-load demagnetization effect of a
switched flux hybrid magnet memory machine were analyzed with the aid of the FEM and
frozen permeability method [LYU19]. In [LIU10], the PM remagnetizing characteristics of a
VFMM were analyzed by considering the PM hysteresis. The magnet temperature effects on
magnetization manipulation and maximum torque properties in VFMM were investigated and
the magnet temperature was used as an input to manipulate magnetization [GAG17]. These

papers mainly focused on the modeling methods and magnetic properties of VFMM.

Some researchers focused on the MS manipulation for VFMM [FUK15] [YAN19b] [YAN14a]
[CHE20] [YU14] [GAG14] [MAE14] [GAGI16] [ATH18] [MASI15] [HU21]. Different MSs
were selected in terms of minimization of the loss over a driving cycle [FUK15]. [YAN19Db]
proposed a stepwise magnetization control strategy by utilizing a LUT and a single-phase H-

bridge converter to avoid the continuous and frequent adjustment of the PM flux-linkage. A
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time-divisional online magnetization strategy combining an H-bridge converter and a Buck
converter was proposed in [YANI14a]. An online current trajectory prediction and control
method for the magnetization current in a VFMM was proposed in which the machine speed
and the DC-link voltage are used as the key index [CHE20]. [YU14] proposed a smooth torque
control method by utilizing a voltage disturbance state filter during the magnetization state
manipulation under nonzero speed and load conditions. A reverse rotating current vector
trajectory method was proposed as a partial inverse model solution to allow MS to be increased
at higher speeds [GAG14]. In [MAE14], a high-speed magnetizing current control was realized
by the combination of the feedback current control and the feedforward voltage control.
[GAGI16] proposed a new method based on a straight-line stationary frame flux linkage
trajectory for MS control of VFMM. [ATH18] proposed a close-loop MS control method to
enable reliable loss minimization control. In [MAS15], a whole vector control algorithm for
the VFMM was proposed, and the magnets were demagnetized proportionally as the speed
increases according to a table relating the PM states and the d-axis current limits. An efficiency-
based magnetization state switch control was proposed in [HU21]. In the above research, the
MS control methods were investigated and combined with current control methods to improve

the performance during MS manipulation.

The demagnetization process of MS can be treated as an extra method of flux weakening
control for VFMM. The performance of magnetization dynamic process and the perfect instant
of demagnetization to make the MS manipulation much more smoothly are still needed for

further investigation.

In this chapter, the instant, number and performance of demagnetization for VFMM are
investigated. Firstly, the topology and the parameters of HMMM and its magnetizing
characteristics are illustrated, and the difference in mathematical models between VFMM and
the conventional PMSM is analyzed. Secondly, the demagnetization characteristics based on
the maximum power output current trajectory for VFMM is investigated. Then, a
demagnetization grid (DG) is proposed based on torque-speed curves under different MSs, and
a LUT containing the information of the intersections of the torque-speed curves is built and
used to determine the best instant of demagnetization for VFMM. Finally, experiment
validation based on the proposed method are carried out on the HMMM control system. The
transient performance and optimal numbers of demagnetization for the machine are tested. The
measured results verify that the proposed demagnetization control method exhibits better

performance on the demagnetization grid.
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2.2 Machine Topology And Mathematical Model

2.2.1 Machine Topology

The topology of the investigated HMMM with bypass airspace barriers [YAN19c] is shown in
Fig. 2.1. It has 21 stator slots and 4 rotor poles, and uses AINiCo as the LCF PM and NdFeB
as the HCF PM. The HCF and LCF magnets are geometrically separated within one PM rotor
pole, forming a dual layer structure. The radially magnetized LCF PMs are located nearby the
airgap, which can be demagnetized easily, and the circumferentially magnetized HCF PMs are
placed on the two sides of the LCF magnet. This series structure arrangement of hybrid PMs
can combine the advantages of high torque capability of HCF PMs and wide flux regulation
merit of LCF PMs and prevent the unintentional demagnetization risk of the LCF PMs. Besides,
the airspace barriers and adjacent iron bridges are designed at the d-axis position, which can
effectively reduce the oversized inverter power rating and required fully demagnetizing current
pulse level. Due to the presence of the upper-side iron bridge and airspace barrier, a short-

circuiting path for the HCF PM magnetic fields will occur at the flux-weakened state.

Armature
winding

Stator

Flux path

Fig. 2.1. Topology of investigated HMMM.

The photos are presented in Fig. 2.2.
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(©) (d)

Fig. 2.2. Photos of HMMM. (a) Stator. (b) Stator with armature windings. (c) Rotor laminations. (d)

Appearance.

As shown in Fig. 2.1, there is no extra magnetizing coil in the HMMM. The magnetizing

current pulse is injected into the d-axis armature current to achieve MS manipulation.
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The main parameters of the investigated HMMM prototype are listed in Table 2.1.

Table 2.1. Main parameters of investigated HMMM prototype.

Item Symbol Value
Rated power P 1100W
Rated current (RMS) I, 7.5A
Rated speed n 1500 r/min
Rated voltage A% 220V
Number of pole pairs p 2
Phase resistance R 1.9Q
HCF PM grade - N35SH
LCF PM grade - AINiCo 9
HCF PM coercivity - 915 kA/m
LCF PM coercivity - 112 kA/m
HCF PM remanence - 1.2T
LCF PM remanence - 1.0T
Steel grade - 35CS440

As above mentioned, the LCF PMs and HCF PMs are made of AINiCo and NdFeB, respectively.
Their B-H curves are depicted in Fig. 2.3. For LCF PMs, the hysteresis curve of AINiCo can

allow its operating points to move flexibly.

Load line

NdFeB

Her [ch H cs[ Hce

Fig. 2.3. BH curves for NdFeB and AINiCo (B: Flux density, Hc: magnetic field strength).

The simplified electric equivalent circuit of the machine is illustrated in Fig. 2.4, where Fna,
Fal, Rng, and Rar represent the intrinsic magnetic motive force and magnetic reluctances of
NdFeB magnets and AINiCo magnets, respectively. Ry represents the air-gap reluctance. The

reluctance of leakage path is represented by Rg;.
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Fig. 2.4. Equivalent magnetic circuit of hybrid VFMM.

A magnetization ratio (MR) is used to represent the MS level. When the magnetization ratio is
0%, the flux linkage is 0.124 Wb. When the magnetization ratio is 100%, the flux linkage is
0.195 Wb. The flux linkages and the dg-axis inductances against the magnetization ratio are
shown in Fig. 2.5. When the MS changes, the dg-axis inductances and the flux linkages change
synchronously. Thus, when the MS control is processed, the change in dg-inductances must be
considered. Here, the effect of magnetic saturation and temperature on the flux linkages and

dg-axis inductances is neglected, which will be further investigated together with MS control.

For the investigated machine, due to its magnetizing properties in Fig. 2.5, chapter 2 — chapter
5 mainly focus on the MR from 0% - 100%, chapter 6 focuses on the MR from -100% - 0%,

which will be investigated in detail in the following chapters.

Chapter 6 : Chapter 2,3,4,5

80 200
o - 180 g
- 160
X 60
L - 140 ~E-
£ 50 L 120 %
g 40 - 100 X
s ' =
0 30 - | o %
H [ 3
T 20 - | w0
E ! Ld - 40 E
10 | | —Lqg . 20 &
. . E== PM fllux linkage 0
-100 -50 0 50 100

Magnetization ratio (100%)

Fig. 2.5. PM flux linkage and dg-axis inductances against magnetization ratio.
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2.2.2 Mathematical Model

In the conventional PMSM model, the permanent magnet flux linkage 1, is usually regarded
as a constant, while it in VFMM will change during the process of MS manipulation. Therefore,
the dg-axis mathematical model for VFMM considering the process of MSs manipulation is

referred to as dynamic mathematical model and can be expressed as:

did dwm(imag.) _

ug = Rig+La— -+ o wLgi, (2.1)
u, = Ri, + L ﬂ+a)Li + WY (imag) (2.2)
q — q q dt dtd WY lnag. .

where i; and i, are the dg-axis stator currents, Ly and L, are the dg-axis inductances, ipqg. is
the magnetizing current pulse, Y, (i;mgg.) is the permanent magnet flux linkage, which is
adjusted by the magnetizing current pulse, R is the winding resistance, u4 and u, are the dg-

axis voltages, w is the electrical angular speed.

Then, the electromagnetic torque equation is:
T, = 1-5p[¢m(imag.)iq + (Lg — Lq)idiq] (2.3)

where p is the pole pair number of VFMM.

2.3 Demagnetization Analysis for VFMM

Flux-weakening methods for PMSM are generally based on the voltage and current magnitude
constraints, which are the limited DC bus voltage (1},,) and the motor rated current (1),
respectively. It can be expressed as

{i§+i§,SI,2n

2.4
Vi + V7 < Vg @4

where V; and V;, are the dg-axis voltages, and I, and 1, are the current and voltage magnitude
limits.

Without considering the change of MS, VFMM is the same as a conventional PMSM according
to the mathematical model. As VFMM is essentially a special kind of PMSM, (2.4) is also
suitable for VFMM. The current trajectories in dg-axis current coordinate system for the
salient-pole VFMM can be illustrated in Fig. 2.6. The demagnetization manipulation is

considered in the trajectories. In Fig. 2.6, X (—i,.1, 0) point on the horizontal axis is the center
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point of the voltage initial limit ellipse. i.;is the characteristic current of the VFMM under
initial MS1 (i;y = Ym1/La1), Yma is the initial PM flux linkage. With the speed increasing
from w1 to w», the intersection of voltage limit ellipse and current limit circle moves from A to
C. Then, for the demagnetization process at speed w», the center point of the voltage limit
ellipse moves from X (—i.q, 0) to Y (—i.y, 0). i.pis the characteristic current of the VFMM
under MS;. This makes the intersection of voltage limit ellipse and current limit circle move
from C to B. As the speed keeps increasing to w3, the intersection of voltage limit ellipse and
current limit circle moves from B to E. When demagnetization manipulates at w3, the center
point of the voltage limit ellipse moves from Y (—i.,0) to Z (—i.3,0). i.3 is the characteristic
current of the VFMM under MS;. At the same time, the intersection of voltage limit ellipse and
current limit circle moves from E to D. When the speed increases to w4, the intersection of
voltage limit ellipse and current limit circle moves from D to F.

A
Maximum torque-per-ampere lq
trajectory(MTPA)

Constant torque curve

Current limit

oltage limit, F

v

/ ia

Fig. 2.6. Illustration of current trajectory for salient-pole VFMM. Speed: 01< @2< ©3< @4.

The current trajectories for conventional PMSM will go along curve ‘OA’ at the maximum
torque-per-ampere (MTPA) region, then turn into the flux weakening region from A to F
directly along the current limit. The current trajectories for VFMM at the MTPA region are the
same as PMSM, while due to the demagnetization manipulations, the current trajectories of
VFMM at the flux weakening region move along ACBEDF on the current limit circle, which
are more complicated. It is assumed here that the demagnetization occurs in the flux weakening

region.

On the curve ‘OA’, the machine operates in the constant torque region. The voltage is relatively
sufficient, and the torque must be maintained at the maximum value to ensure acceleration
performance. When the PM linkage decreases by demagnetization, the torque will decrease,

which will reduce the acceleration performance. Therefore, there is no benefit for
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demagnetization in the constant torque region.

On the curve ‘AF’, also called as flux weakening region, the machine operates on the
intersection points of the current and voltage limits. Due to the voltage limits, flux weakening
control is essential for the speed extension. A negative increasing d-axis current will be
generated by the flux weakening control method [BOL14], which will reduce the induced
voltage and extend the speed. Demagnetization in this region will reduce the PM linkage, which
can also reduce the voltage. In other words, the demagnetization process can also be treated as
a method of flux weakening. Therefore, demagnetization on curve ‘AF’ can be combined with

the flux weakening control to realize the stable operation of the motor in this area.

2.4 Best Instant of Demagnetization

Demagnetization manipulation is very crucial in the whole control method for VFMM.
Demagnetization manipulation at a suitable instant can make the transition of the
demagnetization process smooth and stable, which can improve the control performance of the

motor.

The PM flux linkage and dg-axis inductances are different under different MSs. Therefore, a
VFMM can be regarded as a group of specific PMSMs under different MSs. The main
parameters of this group of specific PMSMs are the same except for the PM flux linkage and
dg-axis inductances. Then, the torque-speed characteristics of this group of PMSMs can be
obtained. The torque-speed characteristic curves under several MSs are illustrated in Fig. 2.7.
It can be observed that these torque-speed characteristic curves have some intersections, which

means the torque under the different MSs of the VFMM are the same on these intersections.

According to (2.3), when the MS changes, the torque changes a lot due to the change of PM
flux linkage, which will affect the performance of the motor a lot. Therefore, the important aim
for VFMM demagnetization control is to reduce or even eliminate the influence of torque
change caused by the MS manipulation. Based on the analysis above, demagnetization
manipulation on these intersections of equal torque will eliminate the torque fluctuation. In this
chapter, these intersections are called as demagnetization points (DPs). These DPs form a grid,
which is called demagnetization grid (DG), as shown in Fig. 2.7. This DG can be obtained
under different loads, not only for the maximum torque-speed characteristic curve.
Demagnetization process on the DG can make the torque switching smooth and stable. This

does not mean that the more DPs on the DG, the better. Each MS manipulation will bring
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oscillations to the control system due to the large amplitude of the magnetizing current pulse.
Therefore, the optimal numbers of MS manipulation need to be determined aiming to minimize
the impact of MS control on dynamic performance of the control system. This will be evaluated

and discussed in section 2.5.3 for the investigated machine.

To determine the demagnetization points for the VFMM in the flux weakening region, a LUT
is adopted. Since the VFMM at each MS presents different torque-speed characteristics, a series
of torque-speed characteristics curves can be obtained first, just as illustrated in Fig. 2.7. Then,
the intersections of various torque-speed characteristic curves can be obtained. Based on the
offline measuring the relationship between the MS and the magnitude of the d-axis current
pulse, and the relationship between the MSs and the intersections of the torque-speed

characteristics, a table of a DG containing several DPs can be built as shown in Table 2.2.

A

MS,
Demagnetization grid
B N N T
E‘ MS,~ Tl N
E MS;/ AN
7 \

g MS4/ ° ! Demagnetization points \
= ° \\ /I

MS / \\ //

Speed (r/min)
Fig. 2.7. Torque-speed characteristics under different MSs.

Table 2.2. Demagnetization points of each MS.

Change of MS Magnetizing current pulse Demagnetization points
MS; to MS, Timag.12 (Torquei», Speedi2)
MS; to MS; Tinag 13 (Torqueis, Speedis)

... MS; to MS, “Imag.in ... (Torquein, Speedin)
MS; to MS; Tinag 23 (Torquess, Speedas)
MS; to MS4 -Imag.24 (Torquess, Speedas)

... MS; to MS, “Imag.2n ... (Torquea, Speedan)
MS; to MS4 -Imag.34 (Torquess, Speedss)

... MSi, to MS, -Imag.mn ... (Torquems, Speedmn)
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As shown in Table 2.2, each DP is a coordinate value with two dimensions containing torque
and speed, which means demagnetization manipulation on these DPs must meet the torque

condition and the speed condition at the same time.

Testing torque-speed curves
under dlfferent MSs

Offline
test E Bulldmg aLUT of DG

MS=+100%

)
J
[ Remagnetlzatlon to }

Torque and speed
meet the LUT
synchronously

Online
process

\ [ Demagnetization process ] ,
\
N p

Fig. 2.8. Process of determining instant of demagnetization.

Combining with the prototype HMMM, the process to determine the best instant of
demagnetization is illustrated in Fig. 2.8. The offline measurements to build the LUT of DG is
necessary in this process. Remagnetization is also required based on the magnetizing properties
of the HMMM. Then, the online demagnetization process can be realized according to the
offline measurements. It needs to mention that although this method is verified on the HMMM

in this chapter, it is applicable to all kinds of VFMM.

2.5 Experimental Validation

2.5.1 Test Rig

The experiment platform is shown in Fig. 2.9. The investigated machine is controlled by a
three-phase IGBT inverter which is produced by Semikron. The external current sampling
module is connected between the inverter and the machine. The dSPACE is used to realize the
interaction of analog and digital quantities between the inverter and the control model in the
computer (PC) that is employed to compile the algorithm of the control system and monitor
control data. The PWM frequency and sampling frequency are 10 kHz. The switching
frequency of the inverter is 10k Hz. A load machine is connected to the HMMM. A set of DC

power supplies are connected to this test rig.
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Fig. 2.10. Overall control system for experimental validation.

The overall control system for the tests is presented in Fig. 2.10. A conventional single
magnetizing current pulse control method is adopted. The magnetizing current pulse is
generated by the LUT 2.2 in section 2.4. The parameters for the speed PI controller are kp =
0.01, ki =0.001. The parameters for current PI controller are kp = 50, ki = 50, for both dg-axis
currents. The limit for current PI controller is 2V, /3. The parameters for voltage PI controller
are kp = 0, ki = 0.5. The parameters for the PI controller are tested one by one to find out the

optimal one. The limiters for the speed PI controller and the voltage PI controller are I,,,, which

49



is 7.5 A for the machine. The limiter for iy, is \/iﬁM +igy — iy

2.5.2 Performance on Demagnetization Points

First, the test on the performance of MS manipulation on the intersection and on the other
points are compared. The schematic diagram is shown in Fig. 2.11. Three switch points are
selected, switch point 1 (before the intersection), intersection, switch point 2 (after the
intersection). “Switch points” means the “MS manipulation points”. The main parameters for

the experiments are listed in Table 2.3.

Switch point 1
X

MS,

Intersection

Torque (Nm)

X
Switch point 2

v

Speed (r/min)

Fig. 2.11. Schematic diagram of MS manipulation performance comparison.

Table 2.3. Main parameters for MS manipulation performance comparison.

Item Symbol Value
DC link voltage Vae 30V
Rated current (RMS) Iy, 7.5A
PM flux linkage at MS; Ym1 0.182Wb
d-axis inductance at MS; Lgq 20.0mH
g-axis inductance at MS; L1 14.2mH
PM flux linkage at MS, L/ 0.145Wb
d-axis inductance at MS; Lgs 17.3mH
g-axis inductance at MS; Ly, 11.0mH
Demagnetization current pulse Lnagaz -12A
Speed on switch point 1 Speed; 300r/min
Speed on intersection Speed> 450r/min
Speed on switch point 2 Speeds 500r/min

50



The measured results are shown in Fig. 2.12. The demagnetizations on the three switch points
with the same demand demagnetizing current pulse are tested. It can be observed that the speed
fluctuation caused by the MS manipulation on the intersection is smaller than on the other two
switch points as shown in Fig. 2.12(c). The demagnetization measured results meet
expectations. After demagnetization process, the dg-axis currents can be controlled very well
as shown in Fig. 2.12(a) and Fig. 2.12(b). The gradually changing in d-axis current after the
MS manipulation is caused by PM flux linkage reduction. The demagnetization process
decreases the PM flux linkage of the machine. Then, the flux-weakened degree is reduced, and
the integral part in the voltage PI control decreases gradually after the MS change. After the
demagnetization, the degree of flux weakening region decreases, which leads to the reduction
in the amplitude of d-axis armature current at steady state. The spike caused by the
demagnetization process in the dg-axis voltages and torque as shown in Fig. 2.12(e) and Fig.

2.12(d) is not a problem since the system inertia can filter it out.
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voltages. (f) Three-phase currents.
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2.5.3 Optimal Number of Demagnetization Instants

In Fig. 2.13, the demagnetization is only processed once, the oscillations caused by the MS
manipulation are significant, especially in the g-axis current and torque, which means that it is
not the optimal number for demagnetization instants. Then, under the same experimental
conditions, the dual demagnetization on the DPs to achieve the same MS are tested. Three MSs
are selected including the same initial MS and final MS as the test in Fig. 2.13. The schematic

diagram is shown in Fig. 2.14. The main parameters are listed in Table 2.4.

MS,

Torque (Nm)

Demagnetization points
/

v

Speed (r/min)

Fig. 2.13. Schematic diagram of dual demagnetization.

Table 2.4. Main parameters for dual demagnetization test.

Item Symbol Value
DC link voltage Ve 80V
Rated current (RMS) I, 7.5A
PM flux linkage at MS; Ym1 0.182Wb
d-axis inductance at MS; L4y 20.0mH
g-axis inductance at MS; Lg1 14.2mH
PM flux linkage at MS; Yz 0.17Wb
d-axis inductance at MS; Lg 18.7mH
g-axis inductance at MS, Lgo 12.6mH
PM flux linkage at MS3 WYz 0.145Wb
d-axis inductance at MS; Lgs 17.3mH
g-axis inductance at MS3 Lgs 11.0mH
Demagnetization current pulsel Inagaz -8A
Demagnetization current pulse2 lnag 23 -12A
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The measured results are shown in Fig. 2.14. The fluctuation in g-axis current, speed and torque
during MS manipulation as shown in Fig. 2.14(b), Fig. 2.14(c) and Fig. 2.14(d) is mitigated
comparing with the measured results in Fig. 2.12. The changes between MSs such as the PM
flux linkage and dg-axis inductances become small, the oscillations caused by the MS

manipulation will be reduced.
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Fig. 2.14. Measured results of dual demagnetization. (a) d-axis current. (b) g-axis current. (c¢) Speed. (d) Torque.

(e) dg-axis voltages. (f) Three-phase currents.

To further verify the optimal number of demagnetization instant, demagnetization for three
times is tested. Four MSs are selected with the same initial MS and final MS. The scheme is

shown in Fig. 2.15. The main parameters are listed in Table 2.5.
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Fig. 2.15. Schematic diagram of demagnetization for three times.
Table 2.5. Main parameters for demagnetization three times test.
Item Symbol Value
DC link voltage Ve 30V
Rated current (RMS) I 7.5A
PM flux linkage at MS; Ym1 0.182Wb
d-axis inductance at MS; Lg1 20.0mH
g-axis inductance at MS Lg1 14.2mH
PM flux linkage at MS, L1/ 0.17Wb
d-axis inductance at MS, Lgs 18.7mH
g-axis inductance at MS, Lgo 12.6mH
PM flux linkage at MS; Y3 0.158Wb
d-axis inductance at MS; Lgs 18.0mH
g-axis inductance at MS3 Lgz 11.6mH
PM flux linkage at MS,4 Yina 0.145Wb
d-axis inductance at MS, Lga 17.3mH
g-axis inductance at MS4 Lqa 11.0mH
Demagnetization current pulsel Inagaz -8A
Demagnetization current pulse2 Inag23 -10A
Demagnetization current pulse3 lpagsa  -12A
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The measured results are shown in Fig. 2.16. The speed fluctuations caused by MS
manipulation can rarely be observed with the times of MS manipulation increasing in Fig.
2.16(c). While this does not mean that the more times of MS manipulation, the better. The MS
manipulation causes a larger magnetizing current pulse in the drive system, which will cause
significant fluctuation in three-phase currents. The oscillation in dg-axis voltages and three-
phase currents are still very significant in Fig. 2.16(e) and Fig. 2.16(f), and this cannot be
avoided due to the injection of magnetizing current pulse with large amplitude. Therefore,
considering the performance during MS manipulation and the effects due to the magnetizing
current pulse, dual demagnetization for the investigated HMMM to achieve the final MS is an

optimal option.
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2.5.4 Verification on Remagnetization

First, the test on the performance of MS remagnetization on the intersection and on the other
points are compared as the same as the demagnetization validation in section 2.5.2. Three
switch points are selected, the switch point 1 (before the intersection), the intersection point,
and the switch point 2 (after the intersection). The main parameters for the experiments are

listed in Table 2.6.

Table 2.6. Main parameters for MS remagnetization performance comparison.

Item Symbol Value
DC link voltage Ve 30V
Rated current (RMS) I, 7.5A
PM flux linkage at MS; Y1 0.125Wb
d-axis inductance at MS; Lgq 15.1mH
g-axis inductance at MS Lqg1 7.83mH
PM flux linkage at MS, Yz 0.18Wb
d-axis inductance at MS, Lga 20.0mH
g-axis inductance at MS, Lgz 14.2mH
Remagnetization current pulse Imag.12 I5A
Speed on switch point 1 Speed, 300r/min
Speed on intersection Speed> 200r/min
Speed on switch point 2 Speeds 100r/min

The measured results are shown in Fig. 2.17. The remagnetizations on the three selected switch
points with the same demand remagnetizing current pulse are tested. It can be observed that
the speed fluctuation caused by the MS manipulation on the intersection point is much smaller
than on the other two switch points as shown in Fig. 2.17(c), which is the same as the

demagnetization validation and consistent with the theoretical analysis.
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Then, the tests for the optimal number of remagnetization are processed with dual and three
times, respectively. The initial MS and final MS are the same as the once remagnetization above.
The main parameters are listed in Table 2.7. MS;, MS3, and MS4 are selected for the dual
remagnetization test, and the measured results are shown in Fig. 2.18. MS;, MS,, MSs, and
MS; are selected for the remagnetization three times test, and the measured results are shown

in Fig. 2.19.

Table 2.7. Main parameters for remagnetization three times test.

Item Symbol Value
DC link voltage Vae 80V
Rated current (RMS) I 7.5A

PM flux linkage at MS; Y1 0.125Wb
d-axis inductance at MS; Lg1 15.1mH
g-axis inductance at MS; Lgq 7.83mH
PM flux linkage at MS, Yz 0.145Wb
d-axis inductance at MS; Lg, 16.5mH
g-axis inductance at MS, Lgo 10.0mH
PM flux linkage at MS; Y3 0.17Wb
d-axis inductance at MS3 Lgs 19.0mH
g-axis inductance at MS3 Lgs 13.0mH
PM flux linkage at MS,4 WYina 0.18Wb
d-axis inductance at MSy Lag 20.0mH
g-axis inductance at MS,4 Lga 14.2mH
Remagnetization current pulsel Inag.12 5A
Remagnetization current pulse2 Inag.23 10A
Remagnetization current pulse3 Inag3a 15A

It can be observed that the oscillations caused by remagnetization are much larger than the
demagnetization performance in section 2.5.3. With the large amplitude of positive
remagnetizing current pulse, the machine is flux enhanced significantly. The change in torque
is too drastic to reduce its impact. This is different from the demagnetization test and cannot
be avoided due to the injection of remagnetizing current pulse with large amplitude. Since
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remagnetization is usually processed in the low-speed region or offline before the machine is

operating to improve the torque performance. Therefore, considering the performance during

remagnetization and the effects due to the remagnetizing current pulse, remagnetization once

for the investigated HMMM to achieve the final MS is an optimal option.
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2.6 Conclusion

In this chapter, the instant, number, and performance of demagnetization for HMMM are
investigated. A demagnetization grid (DG) is proposed based on the torque-speed curves of
VFMM under different MSs. Demagnetization manipulation on the DG can mitigate the
fluctuation in speed caused by injected magnetizing current pulse, which can be regarded as
the best instant for demagnetization. Based on the analysis, a look up table containing the
torque and speed information on the intersections of the torque-speed curves is used to
determine demagnetization instant for VFMM. The measured results of demagnetization on the
HMMM drive system show better performance on the DG, and dual demagnetization to
achieve the final MS for the machine is optimal. The investigation on demagnetization is also

tested on remagnetization.
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CHAPTER 3 DUAL MAGNETIZING
CURRENT CONTROLLER TO MITIGATE
SPEED FLUCTUATION DURING
MAGNETIZATION STATE
MANIPULATION

When the fluctuation still affects the performance during MS manipulation or the MS
manipulations are not processed on the proposed demagnetization grid, to further mitigate the
speed fluctuation and improve the transient performance during MS manipulation, a novel dual
magnetizing current controller is proposed. Based on the dynamic mathematical model, a g-
axis current pulse is injected to compensate the torque fluctuation caused by the d-axis
magnetizing current pulse, which forms a dual magnetizing current controller during MS

manipulation.

3.1 Introduction

In the existing research, some scholars analyzed the topologies of VFMM [ZHU17] [HUA17a]
[HUA19a] [HUA19Db]. In [HUA19a], the properties of the parallel and series hybrid PM
VFMMs based on the interior PM machine topology were investigated and compared. The
series-type VFMM had better demagnetization withstand capability and higher torque density
than the parallel-type VFMM, while the unbalanced magnetic pole arrangement makes series-
type VFMM bear more evident unipolar end effect than parallel-type VFMM [HUA19b]. Thus,
the parallel and series HMMM were proposed to combine the synergies of both kinds of VFMM
[YAN20] [XIE20b] [ATH17] [YAN16d].

Some scholars focused on the magnetizing characteristics of the PMs in VFMM [ZHO16]
[HU20b] [LIUO09] [LEEO8] [LYU19] [LIU08] [LIU10] [GAG17] [TAKI18] [LIU23]. In
[LIU09], the irreversible PM demagnetization phenomena of the VFMM under different
demagnetizing magnetomotive forces were observed and investigated. A coupled finite element
analysis and Preisach modeling technique were presented in [LEEOS] for a VFMM to analyze

the demagnetization characteristics.

The influences of design parameters on on-load demagnetization characteristics of the switched

flux hybrid magnet memory machine were analyzed [LYU19], such as rotor pole numbers, split
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ratio, PM thickness, rotor pole width. The influence of different PM shapes on the PM
demagnetization pattern of VFMM was analyzed in [LIUOS]. In [LIU10], the PM
remagnetizing state of VFMM was evaluated by using finite element method incorporating
with a hysteresis model. [GAG17] investigated the effects of magnet temperature on
magnetization properties, such as current and flux vectors required for magnetization and
demagnetization, maximum torque performance, and trajectories used for magnetization state
manipulation, and a technique to mitigate the effects of magnet temperature on magnetization

manipulation was also proposed.

As the crucial part for VFMM control, the MS manipulation methods were researched by many
scholars [YAN19b] [YANI14a] [YU11b] [YANI18] [LYU20a] [CHE20] [LYU20b] [YU14]
[HU21] [MAE14] [GAG14] [GAGI16] [ZHO22a] [ATH18] [ZHO23a] [MAS15] [JIA22b]
[ZHO24] [ZHO23c¢]. For DC magnetized VFMMs, the magnetizing current pulse (MCP) was
always applied on the DC magnetizing coils combined with an H-bridge converter [YAN19b]
[YAN14a] [YU11b]. For AC magnetized VFMMs, a MCP was injected into d-axis current to
regulate MS without requiring extra equipment, which was much more popular in the existing
research [YANI18] [LYU20a] [CHE20] [LYU20b] [YU14] [HU21] [MAE14] [GAGI14]
[GAGI16] [ZHO22a] [ATHI18] [ZHO23a] [MAS15] [JIA22b]. The transient performance
during MS manipulation also brought some attentions. [ZHO23c¢] proposed a speed controller
based on linear active disturbance rejection compensation model to reduce the speed
fluctuations caused by the MS manipulation. In [ZHO24], a g-axis current reverse control
method was proposed to reduce the speed fluctuation caused by the MS control, the g-axis

current would be reverse directly when the torque was negative.

In this chapter, to improve the transient performance during MS manipulation for VFMM, a g-
axis current pulse is injected at the same time as the injection of d-axis MCP a novel dual
magnetizing current controller is proposed to mitigate the speed fluctuation. Firstly, the
magnetizing properties, and the topology of the investigated HMMM are analyzed. The
correlation between the MSs and the corresponding MCPs is tested offline, and the magnetizing
capability of different amplitudes and time durations for the MCP is analyzed. Secondly, the
torque fluctuation caused by the d-axis MCP is calculated by a model-based torque calculation.
A g-axis current pulse is injected to compensate the torque fluctuation. Then, the dual
magnetizing current controller is formed. Besides, a look-up table (LUT) based on the MS
properties of the investigated machine are adopted to build the dual magnetizing current

controller. Then, based on the HMMM control system, the transient performances of
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remagnetization and demagnetization of the proposed dual magnetizing current controller are
tested and compared with the conventional single magnetizing current method. The measured
results show that the proposed method can mitigate the speed fluctuation caused by the MS
manipulation significantly and present better dynamic performance comparing with the

conventional method.

3.2 Machine Properties

3.2.1 Magnetizing Current Properties

In the experiments, the effect of the delay of data transmission and the response time of the
whole experiment system cannot be ignored. Therefore, to ensure the magnetizing capability,
the d-axis magnetizing current pulse is set as a trapezoidal wave, of which the amplitude time
duration is 30 ms, and the time duration for both rising slope and falling slope is 10 ms. The

schematic diagram of MS manipulation process is depicted in Fig. 3.1.

Magnetizing 30 ms

current pulse

10 ms 10 ms

MS2

MS MSI1
manipulation

MS3

Remagnetization Demagnetization
Fig. 3.1. Schematic diagram of M'S manipulation.

1) Amplitude of magnetizing current pulses

The PM flux linkage (i,,,) adjustment range of the investigated HMMM under laboratory
conditions is from 0.125 to 0.195 Wb. A set of positive MCPs with amplitudes of 5, 10, 15, 20,
and 25 A are used to test the MS remagnetization process. A set of negative MCPs with
amplitudes of 2, 5, 8, 10, 12, and 15 A are used to test the MS demagnetization process. The
MCP is set as a trapezoidal wave with 50 ms amplitude duration and 15 ms for both rising slope
and falling slope for the offline tests. The test procedure is as follows. First, injecting a MCP

into the d-axis armature current of the investigated machine stationarily. Second, the
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investigated machine is rotated by the load machine under 200 r/min, and its back electromotive
force (EMF) can be measured offline, which is utilized to calculate y,,,.

di,

uq=Riq+L

When the investigated machine is rotated by the load machine, there are no dg-axis currents,

and u, can be treated as back EMF, then 1, can be obtained:

Um = Uq/w (3.2)

Then, the correlation between 1, and the corresponding MCP can be obtained. 1, can be
regulated from 0.125 to 0.195 Wb by a positive MCP with amplitude of 25 A, and conversely
from 0.195 to 0.125 Wb by a negative MCP with amplitude of 15 A, as depicted in Fig. 3.2.
The demagnetization is easier than the remagnetization for the investigated machine. These
oftline measured results can be built into a LUT for MSs and the corresponding MCPs. It should
be noted that the initial electromagnetic d-axis must be at the zero position of the encoder to
make sure that the MCP can be completely added to the d-axis current. The rotor is not locked
when injecting magnetizing current pulse, and the speed is controlled to 0. To reduce the
measurement errors, each offline magnetization operation is performed 5 times, the results
depicted in Fig. 3.2 are the average values. This also applies for the following offline time

duration test section.

0.2
=
2018
>
s 0.16
x
=
o 0.14
2
E 0.12 —=—Remag.
o —e—Demag.
0.1 T T T T
-20 -10 0 10 20 30

Mag. current pulse (A)

Fig. 3.2. Relationship between PM flux linkage and amplitude of magnetizing current pulse with 50 ms duration.

It is noted that this LUT just represents the maximum magnetizing capability for the machine
and provides the correlation between the magnetizing current pulses and the MSs. When the
machine is operating in the control system, the actual magnetizing capability should be

readjusted according to the real-time operating conditions.

2) Time duration of magnetizing current pulses
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The current pulse with different time duration is injected offline to test the influence of the

current pulse time duration on the magnetizing capability.

The trapezoidal current pulse with an amplitude of 10 A under a set of time durations of 5, 10,
20, 30, 40, 50, and 60 ms are tested on remagnetization and demagnetization, respectively. The
remagnetization is processed from the minimum v, 0.125 Wb, which can be increased to
0.169 Wb by a 10 A MCP. The demagnetization is tested from the maximum ,, 0.195 Wb,
which can be decreased to 0.17 Wb by a -10 A MCP. The measured results are presented in Fig.
3.3. Ignoring the measurement errors, when the duration of the current pulse is less than 30 ms,

its capability of Y,,, adjustment decreases, especially for the demagnetization process.

0.195 0.195 -
; 0.185 A g 0.185 -
go.ws 1 E0.1?5 ;
% 0.165 - £ 0.165 -
c
= 0.155 A = 0.155
x x
& 0145 1 3 0.145 |
-
E 0.135 - = 0.135 -
0.125 A 0.125 . . , . . .
5 10 20 30 40 50 60 5 10 20 30 40 50 60
Time (ms) Time (ms)
(a) (b)

Fig. 3.3. Off-line measured PM flux linkages of 10 A current pulse with different time duration. (a)
Remagnetization. (b) Demagnetization.
To verify the above measured results, the injected MCP with an amplitude of 15 A is also tested
with the same conditions of the MCP with an amplitude of 10 A. The measured results are
shown in Fig. 3.4, which are basically consistent with the measured results in Fig. 3.3. This is
mainly due to the response time of the whole experiment system and the delay of data
transmission, which cannot be neglected in the experiments. Therefore, the minimum time
duration of MCP is 30 ms to ensure the MS reach to the target, especially for the
demagnetization process. Considering the responsiveness of the inverter components, the MCP

has a 10 ms slope for both rising slope and falling slope.
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Fig. 3.4. Off-line measured PM flux linkages of 15 A current pulse with different time duration. (a)

Remagnetization. (b) Demagnetization.

3.2.2 Magnetization State Properties

As depicted in Fig. 3.2, ¢,,, of the HMMM can be adjusted from 0.125 to 0.195 Wb. Each ¢,

represents a MS, and under each MS the dg-axis inductances (L4, Lq) change.

The effects of magnetic saturation on Ly and L, are considered. The finite element analysis
results of L, and L, under different dg-axis currents are presented in Fig. 3.5 and Fig. 3.6. Two

MSs are selected: Y,,, = 0.125 Wb and ¢, = 0.176 Wb. It can be observed that L, is
relatively stable. However, L, varies by different g-axis current which changes from 100 mH
to 60 mH.
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Fig. 3.5. dg-axis inductances under different dg-axis currents (i, = 0.125 Wb). (a) g-axis inductance. (b) d-
axis inductance.
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Fig. 3.6. dg-axis inductances under different dg-axis currents (3, = 0.176 Wb). (a) g-axis inductance. (b) d-
axis inductance.

The test procedure for determining Ly and L, is as follows. First, injecting a magnetizing
current pulse to manipulate the MS. Second, testing Ly and L, by a LCR equipment offline and

record the value. Then, repeat the previous two steps to obtain L, and L, under different MSs.

A magnetization ratio is used to define the MSs, 0% and 100% correspond to the minimum and

maximum flux linkages, respectively. The relationship between Ly, L, and the magnetization

ratio is depicted in Fig. 3.7, and v, is also illustrated. Here, the effects of other factors, e.g.,
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temperature and magnetic saturation etc., on the parameters of the machine are ignored.
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Fig. 3.7. Illustration of dg-axis inductances and PM flux linkages under different magnetization ratios.

3.3 Dual Magnetizing Current Method

3.3.1 Mathematical Model for VFMM

The mathematical model is expressed below and more details are illustrated in APPENDIX B.
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did dlpm(imag.)

Ug = Rld +Ld_+—_ Q)Lqiq
ddl_t dt (3.3)
. q . .
Ug = Rig + L, ar + wlgig + wl/’m(lmag.)
T, = 1-5p[¢m(imag.)iq + (Ld - Lq)idiq] G4

3.3.2 Design of Proposed Dual Magnetizing Current Controller

During the MS manipulation, ¥,and Ly, L, are affected by the injected MCP. Therefore,

during MS manipulation, (3.4) can be expressed:
Te = 1-5p[lpm(imag.)iq + (Ld(imag.)) - Lq (imag.))(id+imag.)iq] (3-5)

For the conventional MS manipulation, a single d-axis MCP is injected, which is called as
single magnetizing current method here. Generally, the MCP is very large and will cause
significant changes in torque, which is main torque oscillation during the MS manipulation.

The torque oscillation will directly cause the speed fluctuation.

The parameters of the machine before MS manipulation are set as Yp,q, Lgy, Lgq, and the
parameters under the target MS are set as Y., Lgz, Lgz. Then, the torque before MS

manipulation and during MS manipulation can be expressed as:
Tey = 1-5p[¢m1iq + (Lar — qu)idiq] (3.6)
Tep = 1-5p[¢m2iq + (Laz — qu)(id + imag.)iq] (3.7)

To compensate the torque oscillation caused by the magnetizing current pulse, a g-axis current

pulse Aij is injected during the MS manipulation. Then, (3.7) can be expressed as:

Tez = 1.5p[Yma + (Laz — qu)(id + imag.)] (iq + Aiq) (3.8

The ideal situation by injected this g-axis current is that the torque change can be eliminated,

which means T, in (3.8) equals to T,y in (3.6). Then, Ai, can be obtained:

Tel - Tez

Ai, = ; -
1 1-5p[¢m2 + (LdZ - qu)(Ld + lmag.)]

(3.9)

This compensated g-axis current pulse will be injected into i, during MS manipulation. The
amplitude of Ai, can be obtained by (3.9). Based on the analysis in section 3.2.2, the time
duration should be 30 ms just as the same as the d-axis MCP. Thus, the dual magnetizing current

controller is achieved. Compared with the single magnetizing current method, the proposed
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dual magnetizing current method is aimed at mitigating the speed fluctuation caused by the

sudden change in torque.
3.3.3 Design of Torque Calculation and Look-up Table

A model-based torque calculation is employed to calculate the injected g-axis magnetizing
current. Since the Ly, Lq and ¥, change with the adjustment of MSs, this characteristic must

be taken into account in the design of torque calculation. The torque calculation is shown in

Fig. 3.8. The cut-off frequency of LPF is 10 Hz.

id 1 1
—4 ) ; ; + '
R > Ld(lmag.) —Lg (lmag.) 1.5p (— LPF _:_e>
iq E + i
1 1
: > wm(imag) :
1 1

Fig. 3.8. Model-based torque calculation.
This torque calculation can also be utilized to evaluate the torque transient performance during

MS manipulation.

According to the MS properties of the investigated machine, a LUT is built. The MSs with the
corresponding MCPs and the information of Ly, L, and 1, under each MS are listed in detail

in the LUT. The design of the LUT is presented in Fig. 3.9.

/ — Remag. i

N
3
™)/

A —_ -
_____ Demag- EGO 1 et | M E MS (lmag’
e . § 50 e 150 % L L
/ lmag £40 1 £
/ . - ] I 100 =
E / e,  —————— | & wm’ d’ q) >
’ £ 50 &
// 12 | —I_'d —'Lq ----'-PM fluxllinkage 0 E
< 0 20 40 60 80 100
R Magnetization ratio (100%)
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Fig. 3.9. Scheme of look-up table.
3.3.4 Scheme of Proposed Dual Magnetizing Current Method

The proposed dual magnetizing current method is illustrated in Fig. 3.10. When a MS

manipulation command occurs, the parameters under the present MS; and the target MS; can
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be obtained from the LUT. The corresponding d-axis MCP can also be gained. The torque under
these two MSs can be calculated by the model-based torque calculation. Then, according to
(3.9), the injected g-axis MCP Ai, can be obtained. The output of the dual magnetizing current

controller is the dg-axis MCPs.

) . : ,
lmag. ‘/ﬁ r_‘_\lmag,
MS L L ] Tel .
LUT 1 (Iljmll dl, ql) | Torque Aiq
NIS2 (lljmz, Ly, qu) calculation P . 3.9)
” e
— -/ ;T_/

Fig. 3.10. Scheme of proposed dual magnetizing current method.

3.4 Simulation and Discussion

3.4.1 Control System

The scheme of the whole control system to test the proposed dual magnetizing current

controller on the investigated machine is illustrated in Fig. 3.11.

g
W ) + u v
- d Ug | svPWM dc
+ . PI dq /2]
O MTPA Flux Ai i troll ‘ B % Inverter
" wm weakening i 1 controtier Uq ug
+ +
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i i L T
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MS switch! WY
signa] 1 Msl (¢m1: Ldl; qu) Torque ’ ¢
i MSZ (ll’erLdZ' qu) calculation I I
i o
i N
1
L
Proposed dual magnetizing current controller HMMM

Fig. 3.11. Schematic of overall investigated machine control system.

where u; and u, are the voltage components in the dg-axis, u, and ug are the voltage
components in the af -axis, w,, and w,, are the reference and actual mechanical angular
velocity, 6 is the electrical angle, iy and i, are generated by control algorithm of maximum
torque per ampere (MTPA) and flux weakening control and set as the reference of the current

PI controller, i,, i}, and i. are the respective three-phase currents. The torque observer is
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referred to Fig. 3.8. The flux weakening and PI controller are referred to Fig. 1.6. Since the
output of flux weakening will affect dg-axis currents as presented in Fig. 1.6, dg-axis currents
are depicted as the outputs of flux weakening block to simplify the schematic block. The
parameters for PI controllers are same as Fig. 2.10.

When the machine is operating in the constant torque region, the MTPA is adopted to take the
full advantage of the reluctance torque. In the flux weakening region, the feedback flux
weakening control algorithm proposed in [KIM97b] is utilized which is more robust against

the parameter variation. i,,q4. is added into iy directly, and Ai, is added into i; directly.
3.4.2 Simulation Analysis

The main parameters for simulation are listed in Table 3.1. The DC-link voltage is set as 80 V.
Three MSs and two operating speeds are selected to simulate the feasibility of the proposed

dual magnetizing current controller.

Table 3.1. Main parameters of simulation.

Quantity Value
DC link voltage V.. 80V

Operating speed n; 300 r/min

Operating speed n» 500 r/min

Ym1 at MS, 0.125 Wb

Lgq1 at MS; 21.4 mH

Lqq at MS, 65.7 mH

Yo at MS, 0.169 Wb

Ly, at MS; 24.3 mH

Lgz at MS, 69.1 mH

Yms at MS3 0.195 Wb

Lgs at MS3 20.8 mH

Lqz at MS3 69.9 mH
Remagnetization current pulse MS; to MS, 10 A
Demagnetization current pulse MS; to MS, -10 A

The remagnetization is simulated under 300 r/min in the constant torque region from MSI to
MS2, which is regulated by a 10 A MCP. The simulation results of the conventional single
magnetizing current method and the proposed dual magnetizing current controller are presented
in Fig. 3.12 and Fig. 3.13, respectively. The d-axis MCPs are kept the same in both methods as
shown in Fig. 3.12(b) and Fig. 3.13(b). The “fbd” in Iqfdb is the abbreviation of feedback in

Fig. 3.12(a), which represents the actual g-axis current for the current PI controller, and this
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also applies on d-axis current. An extra g-axis magnetizing current pulse Ai, is compensated
in the proposed method in Fig. 3.13(a). The speed fluctuation during MS manipulation by the
conventional method is more than 50 r/min in Fig. 3.12(c), which is mitigated to less than 10
r/min by the proposed method in Fig. 3.13(c). Besides, the oscillations in torque are reduced in

Fig. 3.13(d). The performance improvement of the proposed method is significant.
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Fig. 3.12. Simulation results of remagnetization with 10 A MCP by conventional single magnetizing current
method. (a) g-axis current. (b) d-axis current. (c) Speed. (d) Torque.
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Fig. 3.13. Simulation results of remagnetization with 10 A MCP by proposed dual magnetizing current
controller. (a) g-axis current. (b) d-axis current. (c) Speed. (d) Torque.

The demagnetization is simulated under 500 r/min in the flux weakening region from MS3 to
MS2 by a -10 A MCP. The simulation results are presented in Fig. 3.14 and Fig. 3.15. The

speed fluctuation during MS manipulation almost disappears by the proposed method in Fig.
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3.15(c), which is more than 30 r/min by the conventional method in Fig. 3.14(c). The feasibility

of the proposed method is well validated by simulation.
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Fig. 3.14. Simulation results of demagnetization with -10 A MCP by conventional single magnetizing current
method. (a) g-axis current. (b) d-axis current. (c) Speed. (d) Torque.
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Fig. 3.15. Simulation results of demagnetization with -10 A MCP by proposed dual magnetizing current
controller. (a) g-axis current. (b) d-axis current. (c) Speed. (d) Torque.
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3.5 Experiments and Analysis

3.5.1 Remagnetization Transient Performance

The main parameters for the transient performance experiments of remagnetization are listed
in Table 3.2, which are obtained according to the test method in section 3.2.2. The DC link
voltage is set as 80V. Since the remagnetization in constant torque stage can enhance the torque
performance of the machine, and the operating speed of the remagnetization experiments is set
at 300 r/min that the machine is working in the constant torque stage. The initial MS; is set at
the minimum one, of which ¥,,; is 0.125 Wb. Then, two more MSs are selected for the
experiments. The value of the remagnetization current pulse from MS; to MS; is 10 A, and
from MS; to MS3 is 15 A. Based on the analysis in section 3.2, the trapezoidal MCP is with 30

ms amplitude duration and 10 ms for both rising slope and falling slope.

Table 3.2. Main parameters of remagnetization test.

Quantity Value
DC link voltage V.. 80V

Operating speed 300 r/min

Ym1 at MS; 0.125 Wb

Lgq at MS; 21.4 mH

Lqy at MS, 65.7 mH

Yo at MS, 0.169 Wb

Ly, at MS; 24.3 mH

Lg, at MSy 69.1 mH

Y3 at MS;3 0.181 Wb

Lgs at MS3 22.9 mH

Lq3 at MS; 69.7 mH
Remagnetization current pulse MS; to MS; 10A
Remagnetization current pulse MS; to MS3 I5A

The measured results of the remagnetization transient performance with 10 A MCP are shown
in Fig. 3.16. The control algorithm of the conventional method is presented in Fig. 2.10. With

the conventional single magnetizing current method, the injected ip,q4 causes significant
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increasing in torque as shown in Fig. 3.16(I, d). Due to the sudden increasing in d-axis current,
the operating speed has a significant reduction from 300 to 200 r/min in Fig. 3.16(1, c). This
leads to the increasing in g-axis current by the self-adjustment of the speed PI controller.
Although this process is transient, the sudden oscillations have a bad effect on the dynamic
performance of the VFMM driving system. With the proposed dual magnetizing current
controller, i,q4. keeps the same as the conventional one as presented in Fig. 3.16(b), and thus,
the magnetizing capability is not affected. Then, the generated Ai, in Fig. 3.16(1l, a) almost
eliminates the speed fluctuation in Fig. 3.16(Il, ¢). Meanwhile, the oscillations in g-axis current
and torque also are mitigated in Fig. 3.16(Il, d). The experimental validation which is carried
out at low torque is aimed to make sure that there is enough voltage margin for MS
manipulation, especially for large magnetizing current pulse or in the flux weakening region.
The comparisons of the measured results show the proposed dual magnetizing current pulse
can mitigate the fluctuations significantly. The load machine is a brushed DC excitation motor.
The ripple is caused by that the shaft of the load machine is not completely aligned with the

investigated machine.
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Fig. 3.16. Measured results of remagnetization with 10 A magnetizing current pulse, (I) conventional single
magnetizing current method and (IT) proposed dual magnetizing current controller. (a) g-axis current. (b) d-axis

current. (c) Speed. (d) Torque. () Amplitude of dg-axis voltage vectors’ sum. (f) Three-phase currents.
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The experiment validation is processed on the remagnetization with 15 A magnetizing current
pulse to verify the feasibility of the proposed method. The measured results for the
conventional single magnetizing current method and the proposed dual magnetizing current
controller are compared in Fig. 3.17. With the proposed method, the speed fluctuations caused
by the MS manipulation are reduced to less than 20 r/min comparing with more than 80 r/min
by the single magnetizing current method as shown in Fig. 3.17(c). Besides, the sudden changes
in g-axis current and torque are improved by the proposed method. Although the voltage shown
in Fig. 3.17(11, e) increases a little, it is still under the voltage limitation, the performance of
MS manipulation is not influenced. The remagnetization performance with the proposed
method is verified on the speed of 300 r/min, but it is definitely feasible for the whole speed

range and all the other magnetizing current pulses.
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Fig. 3.17. Measured results of remagnetization with 15 A magnetizing current pulse, (I) conventional single
magnetizing current method and (IT) proposed dual magnetizing current controller. (a) g-axis current. (b) d-axis

current. (c) Speed. (d) Torque. () Amplitude of dg-axis voltage vectors’ sum. (f) Three-phase currents.
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3.5.2 Demagnetization Transient Performance

To experimentally demonstrate the demagnetization transient performance, the initial MS; is
set at the maximum one, of which y,,,; is 0.195 Wb. The main parameters for the transient
performance experiments of demagnetization are listed in Table 3.3. Since demagnetization
process can reduce the PM flux linkage and extend the speed of the machine, its function is
just like the flux weakening method. Therefore, demagnetization in flux weakening region will
benefit the performance for the machine control system. Here, the experiments are processed
under the envelope of the maximum torque speed curve. The operating speed of the
demagnetization experiments is set at 500 r/min that the machine is working in the flux
weakening region. Two MSs are selected for the transient performance experiments except for
the initial MS;. The value of the demagnetization current pulse from MS; to MS, is -10 A, and
that from MS; to MS3 is -15 A.

Table 3.3. Main parameters of demagnetization test.

Quantity Value
DC link voltage V.. 80V

Operating speed 500 r/min

WY1 at MS; 0.195 Wb

Lg1 at MS; 20.8 mH

Lqq at MS, 69.9 mH

Yo at MS; 0.169 Wb

Ly, at MS; 24.3 mH

Lqz at MS» 69.1 mH

Yz at MS;3 0.125 Wb

Ly at MS3 21.4 mH

Lgs at MS; 65.7 mH
Demagnetization current pulse MS; to MS; -10A
Demagnetization current pulse MS; to MS3 -15A

The measured results of the demagnetization transient performance with -10 A MCP are
compared in Fig. 3.18 for the conventional single magnetizing current method and the proposed
dual magnetizing current controller.
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After the demagnetization process, the PM flux linkage reduces. Then, the degree of the flux
weakening region reduces or even completely back to the constant torque region. This leads to
the change of d-axis current at steady state as shown in Figs. 3.18(b). The injected Ai, of the
proposed dual magnetizing current controller is depicted in Fig. 3.18(Il, a). The speed
fluctuations are almost eliminated by the proposed method comparing with the single
magnetizing current method as shown in Figs. 3.18(I, ¢) and (II, c¢). The spikes in the voltage
and g-axis current caused by the demagnetization process as shown in Fig. 3.18(a) and Fig.

3.18(e) in both methods are not an issue since the inertia system can filter them out.

From the comparison of the measured results, the proposed dual magnetizing current controller

shows better performance in speed fluctuations mitigation.
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Fig. 3.18. Measured results of demagnetization with -10 A magnetizing current pulse, (I) conventional single
magnetizing current method and (II) proposed dual magnetizing current controller. (a) g-axis current. (b) d-axis

current. (c) Speed. (d) Torque. () Amplitude of dg-axis voltage vectors’ sum. (f) Three-phase currents.
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To further validate the performance of the proposed dual magnetizing current method, the
demagnetization is tested with -15 A MCP. The measured results of the single magnetizing

current method and the proposed dual magnetizing current method are compared in Fig. 3.19.

With the amplitude of the MCP increasing, the speed fluctuations increase significantly, which
is more than 800 r/min with the conventional single magnetizing current method. While the
proposed method mitigates it to less than 50 r/min as shown in Fig. 3.19(1Il, c¢). Further, the
proposed method also significantly reduces the oscillations in the g-axis current and torque

caused by the MS manipulation as shown in Fig. 3.19(1l, a) and Fig. 3.19(11, d).
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Fig. 3.19. Measured results of demagnetization with -15 A magnetizing current pulse, (I) conventional single
magnetizing current method and (II) proposed dual magnetizing current controller. (a) g-axis current. (b) d-axis
current. (c) Speed. (d) Torque. (¢) Amplitude of dg-axis voltage vectors’ sum. (f) Three-phase currents.
Overall, the proposed dual magnetizing current controller can significantly mitigate the speed

fluctuation caused by the MS manipulation and shows much better transient performance.

3.6 Conclusion

In this chapter, a novel dual magnetizing current controller is proposed to mitigate the speed
fluctuation caused by the MS manipulation and improve the transient performance for VFMM
control system. The properties of the magnetizing current pulse are illustrated in detail. The
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correlation between the magnetizing current pulses and the MSs is established, and the effects
of the amplitude and time duration of the magnetizing current pulse on its magnetizing
capability are tested and analyzed. Based on the dynamic mathematical model of VFMM, a
dual magnetizing current controller is designed. A g-axis current pulse is injected to
compensate the torque fluctuation caused by the d-axis MCP. A model-based torque calculation
is employed. A LUT is built based on the MS properties of the investigated machine. The
transient performance experiments are validated on a HMMM control system, and the
remagnetization and demagnetization are tested, respectively. The measured results by using
the single magnetizing current method and the proposed dual magnetizing current method are

compared and analyzed.

The measured results show that compared with the conventional method, the proposed dual
magnetizing current method can significantly mitigate the speed fluctuation caused by the
injected magnetizing current pulse with large amplitude and has much better transient
performance during the MS manipulation. The speed fluctuations are reduced by more than 80%
compared to conventional methods. Therefore, the feasibility of the proposed dual magnetizing

current controller is well validated experimentally.
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CHAPTER 4 MAGNETIZATION STATE
CONTROL CONSIDERING THE EFFECT
OF VOLTAGE LIMITATION

Since the amplitude of magnetizing current pulse is usually very large, it needs enough voltage
margin to support the demand magnetizing current pulse. Then, the effect of voltage limitation
on the capability of magnetizing cannot be ignored. In this chapter, a novel magnetization state
(MS) control method for a hybrid magnet memory machine (HMMM) based on modified

voltage limitation is proposed.

4.1 Introduction

As a kind of permanent magnet synchronous machine (PMSM), variable flux memory
machines (VFMMs) persist the advantages of high efficiency and low loss and can further
improve the efficiency due to the special feature of changeable magnetizing level in permanent
magnet (PM) by a current pulse. Due to adoption of low-coercive force (LCF) PM and often
combined with high-coercive force (HCF) PM, the different arrangements of the PMs show
significantly different performance for VFMM [YAN19d] [XIE20a]. The adjustability of
magnetization state (MS) brings an extra freedom for control of VFMM [CHE20] [YANI18]
[HU21] [LYU20a] [TAK18] [YAN19b] [HUA17a]. Thus, since its concept was proposed in
2001 [OSTO1], more and more scholars have begun to devote themselves to the research on
the related topics [YAN18b], including various VFMM topologies [YU11b] [ZHU17] [LIU23]
[HUA19a] [HU20b] [HUA19b] [ZHO16] [ZHA18] [YAN20] [YAN19c] and control strategies
[CHE22] [ZHO22a] [ZHO22b] [LYU23] [ZHO23a] [ZHO24] [ZHO23c].

In [CHE22], a sinusoidal current pulse was utilized for MS manipulation to design the
bandwidth of a linear extended state observer, which was employed to estimate the sum of the
PM induced voltage and the disturbance voltage for the current controller modification, and
then, the estimated g-axis voltage is utilized to build the PM flux linkage observer. The active-
disturbance-rejection control method is firstly adopted in the MS control. However, the
sinusoidal current pulse will introduce large copper loss. In [ZHO22a], a flux weakening
control method combining feedforward and feedback approaches was employed to tradeoff
between the fast response and robustness of current regulation during the MS manipulation for

VFMM. Only two MSs were selected to reduce the manipulations of MS, and when the speed
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reached to the intersection of the torque-speed curves, the MS was manipulated. The fluctuation
caused by the MS manipulation was ignored since it was only processed once. A fuzzy PI
feedforward current controller was adopted in [ZHO22b] to reduce the effects of inaccurate
parameters, the MS manipulation time was adjusted for the first time according to the available
voltage. In [LYU23], the remagnetization and demagnetization boundaries were set inside the
maximum torque-speed envelopes of two selected MSs, and the machine was kept working
within the boundaries to avoid frequent MS manipulations. However, the range of MS
adjustment was reduced, which would affect the capability of MS manipulation. In [ZHO23a],
the position sensorless control was applied to VFMM, the dg-axis inductances were measured
in advance and updated into sliding-mode observer, and the normalization of extended EMF
was adopted to keep the bandwidth constant. While the dynamic performance of position
estimation during MS manipulation was still needed to improve. [ZHO24] proposed a g-axis
current reverse control method to reduce the speed fluctuation during MS manipulation. When
the torque was detected as negative caused by the injected magnetizing current pulse, the g-
axis current was reverse directly. A super-twisting sliding mode torque observer was re-
structured as the disturbance observer. In [ZHO23c], a model-compensation linear active
disturbance rejection speed controller was employed for VFMM speed regulation systems to
reduce both the torque and speed fluctuations. An extended state observer was employed to
provide real-time estimation of disturbances. In the above two papers, the fluctuation caused
by MS manipulation was investigated and mitigated, and the torque pulsation and speed

fluctuation were analyzed and compensated directly, but the algorithms were complex.

In existing research, the effect of the voltage constraints on the MS manipulation is always
ignored. In this chapter, a novel MS control method based the modified voltage limitation is
proposed for VFMM. Firstly, the topology and the magnetizing properties of the investigated
HMMM are illustrated. The pattern of the magnetizing current pulse is introduced. The
relationship between the MSs and the magnetizing current pulse is tested offline and built into
a look-up table (LUT). Secondly, the mathematic model and the voltage constraint for VFMM
control are presented. Thirdly, the effect of voltage limitation on the MS manipulation is
analyze, and the current controller with the decoupling feedforward compensation is introduced.
The circumcircle rather than the inscribed circle of the voltage vector hexagon is utilized as the
voltage limitation. Based on the simplified voltage limitation, the maximum amplitude of the
magnetizing current pulse under real-time operating conditions can be obtained, which is
utilized as the boundary for MS manipulation in the proposed MS control method. Within the
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boundary, the target MS can be achieved. otherwise, the MS will be limited, and in this case,
the proposed MS control method also provides solutions to achieve the target MS by calculating
the optimal operating speed. Then, the overall control strategy with the proposed MS control
method is illustrated. Finally, the experimental validation is conducted on the HMMM drive
system. The feasibility of the proposed MS control method is verified both on remagnetization

and demagnetization.

4.2 Mathematical Model for VFMM

4.2.1 VFMM Model

The mathematical model is expressed below and more details are illustrated in APPENDIX B.

d(id + imag.) + dwm(imag.) _

Ug = R(ld + imag.) + Ld dt dt O)Lqiq (4 1)
. dig L , '
Uug = Rig+ L, ar + wLy(iy + lmag_) + wtpm(lmag.)
4.2.2 Voltage and Current Constraints
The voltage and current constraints for VFMM are expressed as:
ug +ui <Vvi
2 L2 12 (4.2)
igtig=Iy

where I, is the rated current of the machine, and ;,, is the maximum voltage magnitude, which

depends on the DC bus voltage and the PWM control method.

A

B

Uge/ 3

0 2Udc/3 a

Fig. 4.1. Schematic diagram of space vector voltage limit circle.

The space vector voltage limit circle is depicted in Fig. 4.1. Generally, the ideal operating

performance region for the machine control is inside the inscribed circle of the hexagon, where
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the voltage vector is working in the linear region. In this case, the voltage limit for machine

control can be expressed as

Vi = Uac/V3 (4.3)

where Uy, is the dc-link voltage.

4.3 Magnetization State Control Based on Voltage Limitation

4.3.1 Effect of Voltage Limitation on MS Manipulation

Since imqg. is usually very large for VFMM, this will consume a lot of energy during MS

manipulation, which will cause the insufficient voltage issue to hardly achieve the target MS.

Therefore, the effect of voltage limitation during MS manipulation must be considered.

The torque-speed curve is depicted in Fig. 4.2. In the whole speed range, the maximum
envelope can also be treated as the voltage limitation, especially in the flux weakening region.
The MS manipulation is available under the maximum envelope, and its capability is affected
by the voltage limitation. Once the voltage is limited, the current will be out of control, and the

performance of the machine control system will be affected, especially for the MS control.

The available voltage for MS manipulation can be calculated by:

Viis = Via — (ug + uf) (4.4)

aximum envelope

Voltage limitation

Torque (Nm)

Available for,MS manipulation T+

Constant torque region Flux weakening region

v

Speed (r/min)

Fig. 4.2. Torque speed curve for VFMM.

4.3.2 Modified Voltage limitation During MS Manipulation

Due to ipqg4. has at least 30 ms time duration on the amplitude as shown in Fig. 3.1, the main
part to determine whether the voltage is enough to achieve MS manipulation is still the steady
component. Therefore, the dynamic differential component can be neglected. Then, the voltage

model during MS manipulation can be expressed as
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{ Ug = R(ld + imag.) - (l)Lqiq (4 5)

Ug = Riq + (‘)Ld(id + imag.) + wlpm(imag.)

Combine (4.5) with the voltage limit in (4.2):

(R(ld + lmag.) - qulq) + (qu + de(ld + lmag.) + wlpm(lmag.))z = Uc%c/3 (4'6)
Then, the maximum i,,q, under real-time operating conditions can be obtained.

However, utilizing (4.6) to calculate the maximum i,,,4 under real-time operating conditions
is too complex. The solution of (4.6) for maximum i,,,4. 1S too time consuming to perform in
real time. According to the voltage limit circle in Fig. 4.1, the circumcircle of the hexagon is
the maximum voltage vector boundary in the field-oriented control (FOC) algorithm, which is
usually used as the limitation of the dg-axis voltages in the current controller as illustrated in

Fig. 4.3. It can be expressed as

{Iudl < 2Uq4./3 4.7

luq| < 2U4:/3

Fig. 4.3. Current controller with decoupling feedforward compensation [MOR94].

where iy and ij are the reference dg-axis stator currents. In the current controller, the

decoupling feedforward compensation is utilized to solve the cross-coupling effects. The

decoupling feedforward compensation voltages for VFMM are expressed as:
Ug dfc = wlgiyg + wlpm(imag.) (4.8)
ud_dfc = —(I)qu.q (49)

AS 144, 18 injected into the d-axis current, the output of the d-axis current PI controller ug will

be affected directly. When u is limited, the actual d-axis current cannot follow the reference

very well. Therefore, the limitation of u, is set as the modified voltage limitation during MS
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manipulation in this chapter, which is expressed as:
|RGia + imag) — wlqig| < 2U,4./3 (4.10)
Then, the maximum i,,4, under real-time operating conditions can be easily obtained:

|imag.| < (ZUdc/3 + quiq)/R - |id| (4.11)

Comparing with the algorithm to calculate the maximum i,44 in (4.6), the modified method

is significantly simplified. It is noted that the overmodulation algorithm must be considered in

this modified voltage limitation for MS manipulation.
4.3.3 Proposed MS Control Method Based on Modified Voltage Limitation

Since the voltage limitation must be considered during the MS manipulation, a novel MS
control method based on the modified voltage limitation is proposed in this chapter as presented

in Fig. 4.4.

— Remag.
---- Demag.

p
y

w|

;
=/

/
/
/
y
y
y

.
Mag. current pulse

imag.(demand)

| MS@, La, Lg)

Fig. 4.4. Scheme of proposed MS control method.

When a MS manipulation command is generated, the demand i,,,4 to achieve the target MS
can be obtained by the LUT in Fig. 3.9. The demand i,,,4 will be compared with the maximum

Imag. calculated by (4.11), which provides a boundary for MS manipulation. The target MS can
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be achieved within the boundary. If the amplitude of the demand iy, is bigger than the

maximum value, the MS will be limited. Then, the optimal operating speed to achieve the target

MS can be obtained from (4.10), which can be expressed as:

w < (2Uq/3 + R(ig + imag))/Lqiq (4.12)

If the calculated speed is equal to or smaller than 0, the target MS is beyond the magnetizing

capability of the machine under the operating conditions. In this case, the output of i,,q4 will
be set as the maximum i, . Then, the MS manipulation will be processed to the limited MS,

and the corresponding parameters under the limited MS will be feedback to the control

algorithm.
4.3.4 Overall Control Strategy

The overall control system of the proposed MS control method on the HMMM is shown in Fig.
4.5. The outer loop control is the speed close-loop control. The setting speed w™ is the main
input of the control system. To take full advantage of the saliency of the machine, the maximum
torque per ampere (MTPA) control is employed in the control algorithm. To mitigate the
influence of the parameters during MS manipulation, the feedback flux weakening control
method [KIM97b] is adopted in the control algorithm. After processed by the speed controller,
MTPA controller and flux-weakening controller, the reference value of the current loop (i(’;, i;)
is obtained. Then, the control process enters the inner loop control: the current close-loop
control. As aforementioned, in the proposed MS control method, the overmodulation algorithm
must be considered in the space vector pulse width modulation (SVPWM). iy, is injected
into the reference d-axis current. Each MS contains a set of dg-axis inductances and PM flux
linkage (Y, Lg, L, ), which will feedback into the algorithms of the MTPA controller and the
current controller. The parameters for PI controllers are the same as Fig. 2.10. The flux
weakening, MTPA, and PI controller are referred to Fig. 1.6. Since the output of flux weakening
will affect dg-axis currents as presented in Fig. 1.6, dg-axis currents are depicted as the outputs

of flux weakening block to simplify the schematic block.
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Fig. 4.5. Scheme of overall control system.

In Fig. 4.5, iy, ip, and i. are the three-phase currents, respectively, u, and ug are the voltage

components in the aff-axis, 6 is the actual electrical angle.

4.4 Experimental Validation

4.4.1 Remagnetization Experimental Validation

The remagnetization process can enhance the flux linkage for the VFMM, which can improve

the torque performance. Therefore, the remagnetization generally is processed at the starting

stage or in the low-speed region.

Fr, ]

Inverter

w A,

Table 4.1. Main parameters of remagnetization validation.

HMMM

Item Symbol Value
DC link voltage Vac 50V
Rated current (RMS) Iy, 7.5A
Operating speed n 200r/min
PM flux linkage at MS; Ym1 0.125Wb
d-axis inductance at MS; Lgq 15.1mH
g-axis inductance at MS; Lgq 7.8mH
PM flux linkage at MS, Yma 0.169Wb
d-axis inductance at MS; Ly, 19.0mH
g-axis inductance at MS, Lgz 13.0mH
Remagnetization current pulse Imag.12 10A
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In this chapter, the remagnetization validation is tested in the constant torque region. Two MSs
are selected to complete the experiment. The main parameters are listed in Table 4.1. The DC-
link voltage is set at 50 V, the operating speed is 200 r/min. The demand remagnetizing current
pulse from MS; to MS; is 10 A.

Under the real-time operating conditions for the remagnetization experiment, the calculated
maximum i, based on the proposed modified voltage limitation is 11 A. The measured
results of the remagnetization from MS; to MS; are shown in Fig. 4.6(I). The same
conventional controller as Chapter 3 is adopted here.

Since the demand iy, is under the limitation, the actual current can reach to the target as
shown in Fig. 4.6(1, a). u, is quickly under control after a brief saturation in Fig. 4.6(1, c).
During the voltage saturation, a small disturbance occurs in the g-axis current in Fig. 4.6(1, b).
The MS manipulation brings significant disturbance for the system, especially on the transient
of injecting i,44., Which is presented on speed and torque performance in Fig. 4.6(1, d) and Fig.
4.6(1, e). The significant fluctuations can also be found in three-phase currents as shown in Fig.
4.6(1, f). The torque changes as expected in Fig. 4.6(1, ¢), while it is out of control in Fig. 4.6(11,
e) due to the limit of MS.

Since the demand i, is not limited, the target MS can be manipulated successfully.
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Fig. 4.6. Remagnetization validation in constant torque region. (I) Achieve target MS, (II) Limited MS due to
voltage limitation. (a) d-axis current. (b) g-axis current. (¢c) dg-axis voltages. (d) Speed. (¢) Torque. (f) Three-

phase currents.

Then, the demand i, 4 beyond the limitation is tested. The operating conditions keep the same

as above. The demand i,,,4 is 15 A, which is bigger than the maximum value. To achieve the
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target MS, the optimal speed is calculated, which is less than 0 as calculated by (4.12).
Therefore, the final MS can only reach to the limited state. The measured results are shown in
Fig. 4.6(1I).

The actual iy,q4. is limited at 11 A as shown in Fig. 4.6(I1, a). Due to the voltage limitation, ugy
keeps saturation during the whole MS manipulation in Fig. 4.6(Il, c). Since ipqg4. is limited,
the current is out of control, which leads to the significant disturbance in g-axis current in Fig.
4.6(11, b). In this case, the performance of torque and speed is abnormal as shown in Fig. 4.6(11,
e) and Fig. 4.6(1l, d).

Since ipqg. is constrained to the limitation value, the final MS is not manipulated to the target
and only reaches to the limited MS, and more fluctuations in currents and torque occur. Based

on the proposed MS control method, the parameters under the final MS are still obtained since

the MS is known.

4.4.2 Demagnetization Experimental Validation

Three MSs are selected to test the demagnetization performance. The main parameters are
listed in Table 4.2. First, the demagnetization manipulation is tested in the constant torque
region at 200 r/min, the same speed as the remagnetization validation. The MS is demagnetized

from MS; to MS3. The measured results are shown in Fig. 4.7(1).

Table 4.2. Main parameters of demagnetization validation.

Item Symbol Value

DC link voltage Vae 50V

Rated current (RMS) Iy, 7.5A
Operating speed; n; 200r/min
Operating speed, n; 700r/min
PM flux linkage at MS; L/ 0.195Wb
d-axis inductance at MS; Lgq 20.1mH
g-axis inductance at MS; Lg1 15.0mH
PM flux linkage at MS, Ymz 0.19Wb
d-axis inductance at MS; Ly, 20.5mH
g-axis inductance at MS, Lgz 15.0mH
PM flux linkage at MS; Vi3 0.168Wb
d-axis inductance at MS3 Lg3 18.7mH
g-axis inductance at MS; Lgs 12.6mH

Demagnetization current pulse; Lnag12 -5A
Demagnetization current pulse; Lnag13 -10A
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According to the real-time operating conditions, the amplitude of the calculated ip,q.
limitation is 11 A. The demagnetizing current pulse from MS; to MS3 is -10 A, which is under
the limitation. Therefore, the actual magnetizing current pulse can reach to the demand value
as shown in Fig. 4.7(1, a). At the beginning of demagnetization process, the injected ipqg.
causes disturbance in the g-axis voltage and g-axis current in Fig. 4.7(1, ¢) and Fig. 4.7(I, b).
Then, the voltage quickly resumes under control. The large demagnetizing current pulse leads
to the reduction of torque in Fig. 4.7(1, e). The speed increases due to the reduction in torque
in Fig. 4.7(1, d). To adjust the speed fluctuations, the g-axis current decreases in Fig. 4.7(1, b).
The three-phase currents are shown in Fig. 4.7(1, f). Since the demand iy, is satisfied, the

final MS can reach to the target.
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phase currents.
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When the magnitude of the demand i,,44. 18 beyond the limitation and exceeds the machine’s
magnetizing capability, the measured results are presented in Fig. 4.7(I). The demand iy,

for the MS manipulation is -15 A. Due to the magnitude is bigger than the limitation, the actual

Imag. €an only reach to -11 A as shown in Fig. 4.7(Il, a). The d-axis voltage keeps saturation

during MS manipulation in Fig. 4.7(I1, c¢). The g-axis current is out of control in Fig. 4.7(Il, b),
and significant disturbance occurs. The speed, torque, and three-phase currents are shown in

Fig. 4.7(11, d), Fig. 4.7(11, e), and Fig. 4.7(11, 1), respectively.

Due to the voltage limitation, the actual i,,q4 cannot reach to the demand value, the final MS

can only be manipulated to the limited MS. The dynamic performance during the MS

manipulation is worse than the successful target MS achievement.

Then, the demagnetization manipulation is tested in the flux weakening region to verify the
proposed control method. The operating speed is 700 r/min. With the speed increasing, the
voltage limitation shrinks, the limitation of i, reduces at the same time. Under the
experimental conditions, the amplitude of the calculated limitation of i,,q4 by the modified
voltage limitation is 9 A. The MS is demagnetized from MS; to MS», and the demand i, 1s

-5 A, which is under the limitation. The measured results are shown in Fig. 4.8(I).

As there is enough voltage for the MS manipulation, the actual i,,4,4 can reach to the demand
value as shown in Fig. 4.8(I, a). The machine still operates in the flux weakening region after
the MS manipulation. Therefore, after the sudden change caused by iy, the d-axis current
gradually increases in the negative direction to restore the flux weakening control. The glitches
in the voltage and current in Fig. 4.8(1, b) and Fig. 4.8(1, c) are the electromagnetic interference
during the experiment and will be filtered out by the control system. Due to the increasing in
d-axis current amplitude, the torque reduces during the demagnetization manipulation in Fig.
4.8(1, e). Then, the speed increases and be controlled quickly by the speed close-loop in Fig.
4.8(1, d). The three-phase currents are shown in Fig. 4.8(1, f).

Since ipqq4. reaches to the demand value, the MS is manipulated to the target MS, and the

dynamic performance is stable.
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Fig. 4.8. Demagnetization validation in flux weakening region. (I) Achieve target MS, (II) Limited MS due to
voltage limitation. (a) d-axis current. (b) g-axis current. (c) dg-axis voltages. (d) Speed. (e) Torque. (f) Three-
phase currents.

Then, the demand i,,,,. increases to -10 A to test the proposed MS control method. The other

experiment conditions keep the same as above. The measured results are shown in Fig. 4.8(II).

The actual iy, 1s limited to -9 A in Fig. 4.8(I1, a). Due to the MS manipulation, the machine
has almost exited the flux weakening control region. Therefore, after the MS manipulation, the
amplitude of d-axis current is quite small. The d-axis voltage is saturated during the MS
manipulation in Fig. 4.8(Il, c¢), which indicates the current is out of control. This causes the
disturbance in the current in Fig. 4.8(Il, b). The performance of speed, torque, and three-phase
currents are shown in Fig. 4.8(Il, d), Fig. 4.8(1l, e), and Fig. 4.8(1l, f), respectively, which is

not good due to the voltage limitation.

The solution to realize the target MS manipulation is decreasing the speed to 200 r/min, where

the limitation of i,44. is 11 A based on the proposed MS control method. Then, the demand -

10 A i}q4. can be satisfied, and the target MS can be achieved as shown in Fig. 4.7(I).

The measured results show that the proposed MS control method can ensure the accuracy and

efficiency of MS manipulation and improve the dynamic performance.
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4.5 Conclusion

In this chapter, a novel MS control method based the modified voltage limitation is proposed
for VFMM and is tested on the investigated HMMM control system. The effect of the voltage
limitation on the MS manipulation is analyzed. The circumcircle rather than the inscribed circle
of the voltage vector hexagon is utilized as the voltage limitation. Based on the simplified
voltage limitation, the maximum amplitude of the magnetizing current pulse under real-time
operating conditions can be calculated, which is utilized as the boundary for MS manipulation
in the proposed MS control method. Within the boundary, the target MS can be achieved. When
the MS is limited, the proposed MS control method also provides solutions to achieve the target
MS by calculating the optimal operating speed. The fluctuation caused by the voltage limitation
during MS manipulation can be reduced more than 50 % by the proposed method. The
feasibility of the proposed MS control method is well validated on the investigated machine

drive system.
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CHAPTER 5§ MAGNETIZATION STATE
CONTROL UTILIZING D-AXIS CURRENT
TO ELIMINATE UNINTENTIONAL
DEMAGNETIZATION OF LOW-COERCIVE
FORCE PERMANENT MAGNET

Since the MS can be demagnetized by negative current pulse, the large amplitude of negative
flux weakening current can also cause demagnetization, which can be defined as unintentional
demagnetization (UD) issue. In this chapter, a novel MS control method is proposed to
eliminate the UD issue of low-coercive force permanent magnet (PM) for variable flux memory

machine (VFMM).

5.1 Introduction

For conventional permanent magnet synchronous machine (PMSM) drive systems, a
continuous negative d-axis current is necessary in the flux weakening region to extend the
speed, which will cause additional losses and reduce the efficiency of the drive system. A
variable flux memory machine (VFMM) can solve this major issue in PMSM systems. The
special low-coercive force (LCF) permanent magnet (PM) in VFMM can be remagnetized and
demagnetized by a current pulse, and its magnetization state (MS) can be memorized after the
magnetizing current pulse is removed. Once the MS is memorized, it can be changed again
only when the amplitude of the current pulse is bigger than before [JIA22b]. Then, the PM flux
linkage can be regulated without the need of a continuous flux weakening current. Therefore,

the efficiency of the VFMM system can be improved significantly.

The adjustment of the MS in VFMMs can be achieved by two different strategies: separate
direct current (DC) magnetization coils or the stator AC armature windings in PMSMs
[YAN18b]. For the DC magnetized VFMM, a current pulse can be applied by an H-bridge
converter on the DC magnetizing coils to manipulate the MS of LCF PMs [YU11b] [YAN19b]
[LIU14a] [WU15] [YAN14a]. [YAN19b] proposed a stepwise magnetization control strategy
by dividing the overall operating envelop into several regions based on the torque-speed
characteristic curve under various PM MSs. Due to the DC magnetizing coils and the extra
equipment to control the magnetizing current pulse, the structure for the DC magnetized

VFMM is much more complicated.
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For AC magnetized VFMM, a d-axis current pulse is utilized to regulate the MS of LCF PMs
[LYU20a] [LYU20b] [MASI15] [YU14] [GAG14] [HU21] [MAE14] [CHE20] [GAGI16]
[ATH18]. The look up table (LUT) MS control methods were utilized in [LYU20b] and
[MAS15], which contained the relationship between the MS and the d-axis current pulse. The
speed was set as the condition of MS manipulation, this was easy to implement and popular in
the existing literature. [YU14] and [GAG14] focused on the MS control under load condition
and in high-speed region, in which the current and voltage limitations have caused big
challenges for MS manipulation, but it was ignored in the most research. The efficiency and
accuracy of the magnetizing current control during MS manipulation were improved in [HU21]
and [MAEI14], while the disturbances caused by the magnetizing current pulse were not
mentioned. In [CHE20] [GAG16] [ATH18], the online MS control methods were investigated,
which were more efficient than the methods based on LUT, but the algorithms were very

complicated.

Since the LCF PMs can be demagnetized by an additional negative d-axis current pulse, the
negative d-axis armature current for flux weakening control can also cause the demagnetization
of the LCF PMs when the machine operates in the flux weakening region. This kind of
demagnetization can change the PM flux linkage unintentionally, and make the MS out of
control, which will affect the performance of the machine drive system. The MS represents a
reference state for MS manipulation. The MS manipulation is processed from the present MS
to the target MS. The accuracy of the present MS can make sure the MS reaches the demand.
This is designated in this chapter as the unintentional demagnetization (UD) issue for VFMM.
Since the UD issue is rarely considered in the existing MS control literature for VFMM, it will

be the research subject in this chapter.

In this chapter, a novel MS control method is proposed to eliminate the UD issue by utilizing
the d-axis current for VFMMs. Firstly, the topology of the investigated hybrid magnet memory
machine (HMMM) and its PM properties are illustrated. The characteristics of the dg-axis
inductances which are affected by the change of MSs are analyzed. Secondly, the conventional
control methods in the whole speed range for VFMM are illustrated. Thirdly, a PM flux linkage
estimation is adopted to detect the UD issue. To ensure the accuracy of the PM flux linkage
estimation, the voltage source inverter (VSI) nonlinearity is compensated. The initial MS
manipulation is set for the proposed MS control method. Then, a LUT containing the
relationship between the MSs and the demagnetization d-axis current pulses is established.

Then, when the flux weakening d-axis current under certain MS reaches to the value of the
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previous demagnetization current pulse, the MS is manipulated. The proposed MS controller
is designed and the overall control system for the HMMM is illustrated. Finally, the experiment
validation is presented to verify the proposed MS control method on the investigated machine

drive system.

5.2 Control Method for VFMM

5.2.1 Mathematical Model of VFMM
The mathematical model is expressed below and more details are illustrated in APPENDIX B.

did dlpm(imag.) _

ug = Rig +La—-+ 7 wLgig (5.1
_ di, , _

Uug = Rig+ L, rr + wlgig + 0P (imag.) (5.2)

T, = 1.5p[Ym(ia)iq + (La — Lq)iaiq] (-3)

5.2.2 Field-Oriented Control for VFMM

Except for the adjustability of MS, VFMM is still a PMSM. The field-Oriented control (FOC)

method is constrained by the machine rated current and DC bus voltage by:

ig+i5 <I%
) ) ) (5.4)
ug +ug <Vy
where I, 1s the current magnitude limit and V;,, is the voltage magnitude limit.
At steady state, (5.1) and (5.2) can be expressed as
ug = Rig —wlL,i
{ ¢ aa (5.5)
Ug = Rig + w(Lgig + ¥n)

where 1, is the steady state permanent magnet flux.

Based on the above analytical model, the current trajectories in dg-axis current plane for the

salient-pole and non-salient-pole VFMM can be illustrated in Fig. 5.4.
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Fig. 5.1. Maximum power output current trajectory for VFMM. (a) Salient-pole VFMM (L, # L). (b) Non-
salient-pole VFMM (Lg = Lg). Speed: 0/< 0:< w;.

In Fig. 5.1, demagnetization is illustrated at speed w,. X point on the horizontal axis is the
center point of the voltage initial limit ellipse before demagnetization process, and Y point is
the center point of the voltage limit ellipse after demagnetization process. The coordinate
values of X and Y are (—I., 0), where I. (I, = ,,,/Ly) is the characteristic current of the
VFMM. The PM flux is changed by the demagnetization, and thus, the center of the voltage

limit ellipse moves.

The current trajectories for VFMM will go along the curve ‘OA’ at the constant torque region,
and then turn into the flux weakening region along ABCD due to the demagnetization

manipulation in Fig. 5.1.

On the curve ‘OA’, the machine operates in the constant torque region. In this region, by

considering the maximum torque per Ampere (MTPA) curve, i; can be expressed as

iq=0 (La = Lg)

P = —Pm(ia) + J(lﬁr(nL(:a_))Lz -; 8(Lg — Lg)?i§ (La % L) (5.6)
q
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where i is the input current of the MTPA control. Then, i, can be expressed as
ig= [i¢—i] (5.7

On the curve ‘AB’, also called as flux weakening region, the machine operates on the
intersection point of the current and voltage limits. By ignoring the stator resistance, the

relationship between iy and i, on this curve can be expressed as

7
( —Pm(iq) + \’I;Lz — (Lqig)?

ig= L, (5.8)

ig+is=1I%

(5.8) is usually used in the feedforward flux weakening control method. In this chapter,
considering the high robustness, the voltage magnitude feedback flux-weakening [KIM97b] is
adopted to analyze the performance of VFMM.

5.3 Proposed MS Controller Design

5.3.1 PM Flux Linkage Estimation

In Fig. 2.5, it can be observed that the PM flux linkage is more severely affected by the change
of MS, especially from MR=+100% to MR=0%. To avoid the occurrence of the UD, the MS

must be monitored all the time.

As shown in the steady state model (5.5), the derivative terms can be neglected. The

corresponding rotor reference frame model for the estimation PM flux linkage becomes:
WP, = Uq — Rig — wLgig (5.9)
where 1,,, is the estimated PM flux linkage.

Fig. 5.2 shows the scheme of on-line PM flux linkage estimation for VFMM. A low pass filter
(LPF) is adopted here to filter out the high frequency components. The outputs of the PM flux
linkage estimation are used to detect the UD when the VFMM is operating under the initial
MS. When 1, is inconsistent with the value in Fig. 2.5, it can be determined that the UD has

occurred. Then, the demagnetization process must be operated.
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Fig. 5.2. On-line PM flux linkage estimation.

In (5.9), it can be observed that the voltage can affect the accuracy of the PM flux linkage
estimation. Thus, the VSI nonlinearity compensation must be considered [ZHU21] [KIMO06]
[LIU14c]. In this paper, the dead-time and turn on/off delay of the inverter are compensated
based on the reference [LIU14c].

5.3.2 Initial MS Manipulation

In the starting stage of the machine, the larger the starting torque, the better. According to (5.1)
- (5.3), the electromagnetic torque is mainly affected by the PM torque in the low-speed region.
The larger the PM flux linkage, the larger the g-axis voltage and the electromagnetic torque.
Thus, the initial MS for VFMM is generally magnetized to forward saturation at first, i.e.,
MR=+100%. Then, the MTPA control can be adopted in the constant torque region to utilize
the saliency torque. This will enhance the operation performance of VFMM in the constant

torque region.

As mentioned earlier, the UD issue is mainly caused by the negative d-axis armature current.
It can be seen in (5.6), the negative d-axis armature current generated by the MTPA control is
affected by the difference between dg-axis inductances. The bigger the difference of dg-axis
inductances, the larger the amplitude of the negative d-axis armature current, which may be
large enough to cause the UD issue in the constant torque region. In the flux weakening region,
due to the voltage limit ellipse and current limit circle, the amplitude of the negative flux
weakening d-axis armature current will gradually increase with the increase of speed, which
will also cause the UD issue. When the PM flux linkage estimation detects the UD issue, the
first demagnetization manipulation must be operated. The MS switches from the initial MS; to

MS», and the first demagnetization d-axis current pulse /., 12 can be obtained.

5.3.3 Proposed MS Controller

The proposed MS controller is based on a LUT of MSs. Therefore, the LUT must be built first.
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The VFMM has a group of torque-speed characteristic curves under different MSs. It has
already been proved that MS manipulations on the intersections of these torque-speed
characteristic curves are much smoother and steadier [JIA22a]. The scheme of the LUT of MSs
is illustrated in Fig. 5.3, which contains the magnitude of the demand d-axis current pulse for

the change of MSs, the torque and speed on these intersections.

LUT of MSs

MS,—MS,
(Idcm.127 TelZ’ NIZ)

Fig. 5.3. Scheme of LUT of MSs.

Due to the properties of LCF PM, the PM linkage of VFMM can be either remagnetized or
demagnetized and memorized by a magnetizing d-axis current pulse. Once the MS is changed
to a certain level, it cannot be changed again unless the amplitude of d-axis current (the
summation of d-axis armature current and injected d-axis magnetizing current pulse) is bigger
than the magnitude of the demand magnetizing current pulse for the previous MS manipulation.
In this chapter, the demand demagnetization d-axis current pulse (Ijey, ) listed in the LUT is
used as the condition of MS manipulation to avoid the UD issue. The MS control can be

expressed as:

{lidl < lgemazl, MS; (5.10)

lial > aemazl, MS2 > MS3
where |I3¢m.12| is the magnitude of the demand demagnetization d-axis current pulse from the
initial MS; to MS». The first-time demagnetization from the initial MS; to MS; is operated
when the PM flux linkage estimation detects the UD issue. Then, the demagnetization d-axis
current pulse I4.,, 12 can be obtained from the LUT of MSs. This I.,, 12 Will be used as the
condition for the next demagnetization. That is when the absolute value of d-axis current |i ]|
is smaller than or equal to |I ., 12|, the MS stays at MS», when |iy4]| is bigger than |Ijem 121,
the MS will change from MS: to MS3 or other MS, and so on. Therefore, the amplitude of the
d-axis current is kept smaller than the amplitude of the demand d-axis demagnetizing current
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pulse all the time, and the UD issue can be eliminated subsequently. The configuration of the

proposed MS controller is shown in Fig. 5.4.

Initial MS Observer Fig. 5.3. LUT
~ UD Flag }
MR=+100% v, | MS,
' MS, MS
MS Switch 000

. MS
|ld|s|1dem‘12 . MS, Signal —n

lig| > [Liomia]s  MS, — MS,

T dem.

Fig. 5.4. Configuration of proposed MS controller.

5.3.4 Overall Control Strategy

The overall control system with the proposed MS control method for the HMMM is illustrated
in Fig. 5.5, where V. is the DC-bus voltage of the three-phase inverter, i,, i, and i, are the
three-phase currents, respectively, wy, is the reference mechanical angular velocity, w,, is the
real mechanical angular velocity, 6 is the actual electrical angle, igy and igy are the MTPA
control dg-axis currents, which can be obtained by (5.6) and (5.7), Ai} is the output of the flux-

weakening control, iz and i, are the reference dg-axis currents for the current PI control.

As the initial MS is set at MR=+100%, the MTPA control is adopted in the constant torque
region due to the saliency. As the speed of the HMMM becomes higher, when the magnitude

of the output voltage of the current regulator is more than V,,, (V,./v/3), the machine operation
enters the flux weakening control region, a negative d-axis current is generated by the voltage
magnitude feedback control loop [KIM97b], which does not depend on the parameters of the
machine. This will reduce the influence of the change of machine parameters on the control
algorithm during the change of MS. For VFMM, the machine parameters including dg-axis
inductances and PM flux linkage vary under different MSs, which has been considered in the
flux weakening PI control [BED20]. The PM flux linkage 1, is manipulated in the proposed
MS controller and will affect the current regulator. The MTPA controller and PI controller are

referred to Fig. 1.6. The parameters and limits for PI controllers are same as Fig. 2.10.
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Fig. 5.5. Scheme of overall control system for HMMM.

5.4 Experiment Validation

5.4.1 PM Flux Linkage Estimation

Based on the dSPACE platform for the investigated machine, the PM flux linkages under
different speed/load operating conditions are estimated and the influence of VSI nonlinearity

compensation is investigated.

The machine is magnetized to the MS with PM flux linkage 0.17 Wb, which is the target for
the PM flux linkage estimation test. The measured results are shown in Fig. 5.6. The estimated

PM flux linkages under 200, 400, 600 and 800 r/min are recorded, respectively.
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Fig. 5.6. PM flux linkage estimation. (a) Without VSI nonlinearity compensation. (b) With VSI nonlinearity
compensation. (c) Comparison PM flux linkage with and without compensation against speed.
Without the VSI nonlinearity compensation, as the speed increases, the estimated PM flux
linkage keeps decreasing, as shown in Fig. 5.6(a). All the estimated values under the four speed

conditions are not close to the target value.
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Fig. 5.7. PM flux linkage estimation for target 0.19 Wb. (a) Without VSI nonlinearity compensation. (b) With

VSI nonlinearity compensation. (¢) Comparison PM flux linkage with and without compensation against speed.

When the VSI nonlinearity is compensated, the estimated PM flux linkages under the four
speed conditions are very close to the target, especially at 400 and 600 r/min. The error in the
estimated PM flux linkage at 200 r/min is mainly due to low signal-to-noise ratio is low at low
speed. At 800 r/min, the machine operates in the flux weakening region, the negative d-axis
flux weakening current increases significantly, which will cause demagnetization in the LCF
PM. Therefore, the estimated PM flux linkage decreases. This is evidence of the UD issue
which will be further investigate in the next section. Further, The PM flux linkage estimation
for target 0.19 Wb is tested and the measured results are presented in Fig. 5.7. The UD issue is

more significant when the speed reaches to 800 r/min.

5.4.2 Verification of UD Issue

To verify the existence of the UD issue for the investigated machine, the machine is magnetized
initially to the full remagnetization state under the laboratory condition. The estimated PM flux
linkage reaches to 0.19 Wb and the measured results are shown in Fig. 5.8. With the speed
increasing, the machine enters the flux weakening region. The amplitude of the negative d-axis
current iy keeps increasing. When i, reaches to - 2 A as shown in Fig. 5.8(a), the estimated PM

flux linkage reduces from 0.19 Wb to 0.185 Wb, as can be seen in Fig. 5.8(b), i.e., UD occurs.
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Fig. 5.8. UD issue under i; = -2 A. (a) d-axis current. (b) Estimated PM flux linkage.
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To further verify the UD issue, during the test the speed keeps increasing in the flux weakening
region. When the speed increases to 650 r/min and i; = - 4 A as shown in Fig. 5.9(a), the
estimated PM flux linkage further reduces from 0.185 Wb to 0.18 Wb as shown in Fig. 5.9(b),
i.e., the UD issue becomes worse as |i;| increases. To avoid the UD issue and ensure the

machine under control, the MS manipulation is required, as will be described in the next section.
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Fig. 5.9. UD issue under i;= -4 A. (a) d-axis current. (b) Estimated PM flux linkage.
5.4.3 Verification of Proposed MS Control Method

The main parameters for the proposed MS control method experiments are listed in Table 5.1.

Table 5.1. Main parameters for experimental validation.

Item Symbol Value
DC link voltage Vae 80V
Maximum current (RMS) Lnax 7.5A
PM flux linkage at MS; L/ 0.19Wb
d-axis inductance at MS; Laq 20.8mH
g-axis inductance at MS; Lg1 69.9mH
PM flux linkage at MS, Ymz 0.18Wb
d-axis inductance at MS» Lgo 22.7mH
g-axis inductance at MS, Lgz 69.5mH
PM flux linkage at MS; Vi3 0.17Wb
d-axis inductance at MS; Lys 24.3mH
g-axis inductance at MS; Lgs 68.3mH
Demagnetization current from MS; to MS; ljem12 -4A
Demagnetization current from MS; to MS3 liem.23 -8A
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The parameters are obtained by the off-line tests in the laboratory. The DC link voltage is set
as 80 V. Three MSs are selected for the experiments. The initial MS, i.e., MSy, its corresponding
PM flux linkage is 0.19 Wb, which is maximum value under the present laboratory condition.
To reduce the fluctuation during MS manipulation, the other two MSs, i.e., MS> and MS3, can

be selected from the intersections of the torque-speed characteristic curves as illustrated in Fig.

5.3.

As the saliency of the investigated machine is not very high, the d-axis current for the MTPA
control in the constant torque region will not cause the UD issue. Therefore, the experiment

validation for the proposed MS control method is processed in the flux weakening region.

In the flux weakening region, |i4| keeps increasing. When the d-axis flux weakening current
reaches to - 2 A, the difference between the initial PM flux linkage, MS|, and the estimated PM
flux linkage is beyond the threshold. The MS manipulation must be processed. MS; is selected
as the next ideal MS, which needs a - 4 A demagnetizing current pulse to realize the MS

manipulation. The measured results are shown in Fig. 5.10(1).
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Fig. 5.10. Measured results of proposed MS control method, (I) MS; to MS, with -4 A demagnetizing current

pulse, (II) MS; to MS; with -8 A demagnetizing current pulse. (a) d-axis current. (b) g-axis current. (c) PM flux
linkage. (d) Speed. (e) dg-axis voltages. (f) Torque.
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After the MS manipulation stage, MS,, the demagnetizing current pulse is removed, but the d-
axis current is still negative since the machine is still operating in the flux weakening region as
shown in Fig. 5.10(1, a). Then, the estimated PM flux linkage will be the value under the present
MS;, which is close to the LUT value as shown in Fig. 5.10(I, ¢). The estimated PM flux linkage
can also be the indication of a successful MS manipulation. As mentioned earlier, the MS
manipulation timing is selected on the intersection of the torque-speed curves under MS; and
MS;, and consequently, only minor speed fluctuation will be caused by the MS manipulation
as shown in the speed in Fig. 5.10(1, d). The glitch in the d-axis voltage in Fig. 5.10(I, ) during
the MS manipulation will not affect the performance of the machine since it can be filtered by
the control system. The g-axis current and the three-phase currents are shown in Fig. 5.10(I, b)
and Fig. 5.10(1, 1), respectively.

When the d-axis current reaches to - 4 A, another MS manipulation is processed, as shown in
Fig. 5.10(II).

The next MS, MS3, is to make the MS manipulation smoother, which needs a -8 A magnetizing
current pulse. In this case, the PM flux linkage reduces, the degree of flux weakening also
decreases, the flux weakening d-axis current generated by the voltage magnitude feedback
control starts to gradually decrease in amplitude due to the PI integrator, Fig. 5.10(1l, a).

After the MS manipulation stage, MSs, the estimated PM flux linkage is consistent with the
LUT value, Fig. 5.10(1IL, ¢). The fluctuation in speed becomes negligible, Fig. 5.10(I1, d). The
g-axis current, dg-axis voltages, and the three-phase currents are shown in Fig. 5.10(1Il, b), Fig.
5.10(11, e), and Fig. 5.10(1L, f), respectively.

As a comparison of the proposed MS control method, the measured results of the machine
operating in the flux weakening without MS manipulation are shown in Fig. 5.11. When the d-
axis current is - 4 A in Fig. 5.11(a), the PM flux linkage in Fig. 5.11(c) is smaller than the initial
value, which is set as the correct value for the machine control. Although the machine works

as normal, the UD issue has occurred and will become worse without MS manipulation control.
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Fig. 5.11. Measured results without MS manipulation for UD. (a) d-axis current. (b) g-axis current. (c) PM flux

linkage. (d) Speed. (e) dg-axis voltages. (f) Torque.

5.4.4 Dynamic Performance for Whole Speed Range

The dynamic performance from standstill to 1500 r/min for the investigated machine with and

without the proposed method are tested and compared. To make sure the voltage margin is

enough for MS manipulation, the DC-link voltage in this test is set as 100 V. A small load is

added as 0.15 Nm. The other parameters are the same as listed in Table 5.1. The test results are

presented in Fig. 5.12 and Fig. 5.13. With speed increasing, the amplitude of the negative d-

axis armature current increases. According to the test in section 5.4.2, the UD issue will occur

and become worse without the proposed method in Fig. 5.12. Although the machine can still

work, the MS is not correct.
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Fig. 5.12. Measured results from 0-1500 r/min without the proposed method. (a) d-axis current. (b) g-axis
current. (c) Speed. (d) dg-axis voltages. (e) Torque. (f) Three-phase currents.

When the d-axis armature current reaches -2 A, the MS is manipulated to avoid the UD issue
as shown in Fig. 5.13(a), and with the speed increasing, the next MS manipulation is processed
when the d-axis armature current reaches -4 A. As shown in Fig. 5.13, the value of the d-axis
current is kept under the amplitude of the demand magnetizing current pulse during the whole
operating period. The potential UD issue can be avoided by the proposed MS control method.
This technique can also be applied to other VFMMs with potential UD issue.
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Fig. 5.13. Measured results from 0-1500 r/min with the proposed method. (a) d-axis current. (b) g-axis current.
(c) Speed. (d) dg-axis voltages. (e) Torque. (f) Three-phase currents.

5.5 Conclusion

In this chapter, a novel MS control method is proposed to solve the UD issue of LCF PM for
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VFMM. The demand demagnetization d-axis current pulse is used as the condition for the
switch of MSs. When the amplitude of negative d-axis current reaches at the amplitude of the
demand demagnetization d-axis current, the MS manipulation is processed. The value of the d-
axis current is kept under the amplitude of the demand magnetizing current pulse during the
whole operating period. The potential UD issue can be avoided by the proposed MS control
method. Thus, the flux weakening d-axis current will not cause the UD issue in the proposed
MS manipulation control method. A PM flux linkage estimation is adopted to monitor the UD
issue, and the influence of VSI nonlinearity for PM flux linkage estimation is tested. Based on
the HMMM drive system, the feasibility of the proposed MS control method is well verified

experimentally.
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CHAPTER 6 MAGNETIZATION STATE
CLOSED-LOOP CONTROL UTILIZING
TORQUE DEVIATION

For the investigated machine, PM flux linkage cannot represent the MS from MR= 0% to MR
= -100% as presented in Fig. 2.5. In this case, a solution to determine the MS manipulation
type is desired. In this chapter, a novel magnetization state (MS) control method is proposed
by utilizing torque deviation for variable flux memory machine to achieve the MS close-loop

control.

6.1 Introduction

The magnetization level of low-coercive force (LCF) permanent magnets (PM) can be
enhanced or weakened by a current pulse, and the magnetization state (MS) can be memorized
after the current pulse is withdrawn [OSTO1]. Since the adoption of LCF PMs, the MS of
variable flux memory machine (VFMM) can also be changed by a current pulse. This property
can expand the range of speed regulation and reduce the losses significantly compared with
conventional permanent magnet synchronous machine (PMSM). Therefore, it began to receive

much research attention since it was proposed.

In recent decades of research, a lot of topologies for VFMM have been proposed: single-PM
(only LCF PM) and hybrid-PM (containing both LCF PM and HCF PM) [YAN18b], and the
hybrid-PM type topology has become much more popular due to its prominent advantages. The
hybrid-PM VFMM can be divided into series-type VFMM [HUA17a] and parallel-type VFMM
[WU14] based on the PM magnetic circuit. The series-type VFMM has higher torque density
and better demagnetization withstand capability [ZHU17] [HUA17b], which shows better

performance in the machine drive system.

As the flux linkage is changeable, the MS control is the crucial point for VFMM control. In
[MASI15], the speed was used as the condition of MS manipulation and the PMs were
demagnetized proportionally as the speed increased. A linear extended state observer was used
for the flux linkage estimation to achieve online MS manipulation and a linear active-
disturbance-rejection-based current feedforward controller was adopted to optimize the control
performance of current during the MS regulation [CHE22]. [HU20a] proposed a close-loop

MS manipulation method whose MS estimation used manipulation signals self-sensing, and
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the magnetizing current was controlled by an injected voltage, which also was used as the
source of MS estimation. In [MAE14], the d-axis magnetizing current was converted into a d-
axis voltage value, a feedforward voltage controller was used to control the d-axis current, and
a feedback current controller was used to control the g-axis current during MS manipulation,
and then, the close-loop MS control was achieved. [GAG16] proposed a straight-line stationary
frame PM flux linkage trajectory method to realize high speed MS control based on
maximizing the stationary frame voltage utilization, this method also reduced the torque ripple
during the MS control. In [ATH18], the MS online estimation was utilized as feedback for
close-loop control, and a deadbeat-direct torque and flux control framework was adopted to
achieve precise torque control during MS regulation, besides, a high-speed flux trajectory
generation method was utilized to allow MS manipulation at high speed. [YU14] focused on
the smooth voltage control during the nonzero speed and loaded conditions MS manipulation,
and then, a voltage disturbance state filter and an observer-based current decoupling method
without a lookup table (LUT) were adopted to achieve this aim, while the MS control was still
based on the speed changing. In [CHE20], an online current trajectory prediction and control
method for the magnetization current was proposed, and the induction voltage was estimated
to increase the MS manipulation speed, and then, the high control accuracy of the MS control
was achieved. A reverse rotating current vector trajectory method was proposed to cancel the
voltage component terms in the governing machine voltage equations, which allowed the MS
control at higher speed [GAG14]. [HU21] proposed an efficiency-based MS switch method, an
efficiency map under different MSs was measured in advance, and then the operating efficiency
was calculated by the torque and speed, the MS that had better efficiency was selected
according to the efficiency map. In [ZHO22a] [ZHO22b], the MS control was based on the
speed, when the speed reached to the MS switch setting speed in a LUT, the MS manipulation

was processed.

In the existing literature, the MS control usually was processed according to the machine speed
or the flux linkage. It is easy to achieve MS control according to the machine speed, but it is
open loop for MS control. The accuracy of PM flux linkage estimation is critical for the MS
manipulation by PM flux linkage. The change of dg-axis inductances under different MSs also
brings challenge for PM flux linkage estimation. In this chapter, a novel MS closed-loop control
method based on the torque deviation for VFMM is proposed to achieve the MS close-loop
control. Firstly, the investigated hybrid magnet memory machine (HMMM) topology is
illustrated, and the relationship between the MSs and the magnetizing current pulse is built.
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The property of the dg-axis inductances affected by the MS change is revealed. Secondly, a
look up table based on the machine properties is built, which contains the information on the
dg-axis inductances and the flux linkages under different MSs and the corresponding
magnetizing current pulse. A model-based torque calculation is adopted to estimate the steady
state torque of the machine. A novel MS control method by utilizing the deviation of the
calculated torque between the present MS and the target MS is proposed. Then, the overall
control algorithm combining with the proposed MS control method for the investigated
HMMM is illustrated. The simulation for the proposed MS control method is processed to
verify its feasibility. Finally, the proposed MS control method is validated on the HMMM

experimental platform, and the feasibility of the proposed MS control method is well validated.

6.2 Proposed MS Control Method

6.2.1 Proposed MS Control Method

In the existing literature, the MS control was usually processed according to the machine speed
or PM flux linkage. It is easy to achieve MS control according to the machine speed, but it is
open loop for MS control. The accuracy of PM flux linkage estimation is critical for the MS
manipulation by PM flux linkage. Despite of the magnetic saturation effect, the change of dg-
axis inductances under different MSs also brings challenge for PM flux linkage estimation. The
proposed MS control method based on electromagnetic torque deviation provides a closed-loop

MS control solution, and the influence of changes in dg-axis inductance is considered.

The MS control method proposed in this chapter is illustrated in Fig. 6.1. On receiving the MS
change command, the present MS and the target MS with related parameters can be obtained
from the LUT. The torque calculation is referred to Fig. 3.8. Then, the torque calculation will
calculate the steady state torque under these two MSs. The observed torque T s under the
present MS is compared with the observed torque T, 4,5 under the target MS. When the torque
deviation exceeds the set threshold A, if T, ¢, is smaller than T, .5, a demagnetization signal
is generated, and conversely, a remagnetizaiton signal is generated. Otherwise, a non-
magnetization signal is generated. In this chapter, the threshold is set as 5% of the torque under
the present MS. 5% of torque is usually an indicator to measure torque accuracy in industrial
applications. The torque deviation is within 5%, which is qualified. Then, the LUT will
generate the demand d-axis magnetizing current pulse according to the MS switch signal.

Therefore, the MS close-loop control can be achieved. The torque calculation will also be used
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to monitor the MS to make sure the target MS is achieved.
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Fig. 6.1. Schematic of proposed MS control method.

For example, if the PM flux linkage of the target MS is larger than the present value,
remagnetization is required. But if the torque deviation between the target MS and present MS
is within the threshold, MS manipulation is unnecessary. For the investigated machine, PM
flux linkage cannot represent the MS from MR= 0% to MR = -100%. In this case, it is also

required to calculate torque deviation to determine the MS manipulation type.
6.2.2 Overall Control Strategy

The overall control strategy with the proposed MS control method is illustrated in Fig. 6.2. The
maximum torque per ampere (MTPA) control is adopted in the constant torque region due to
the saliency of the investigated machine, and the voltage magnitude feedback flux-weakening

control [KIM97b] is adopted in the flux weakening region considering the high robustness.

In Fig. 6.2, I,, is the machine rated current, V;. is the DC-link voltage, w,, is the real
mechanical angular velocity, wy, is the reference mechanical angular velocity, 6 is the actual
electrical angle, u, and uy are the voltage components in the a8 stationary coordinate system,
lq» lp, and i are the three-phase currents, respectively, igy and igy are the MTPA control dg-
axis currents, Aiy is the output of the voltage magnitude feedback flux-weakening control, i
and i are the reference dg-axis currents for the current PI control, which are composed of the
MTPA control current and the flux weakening control current, i,,,,. 1s the d-axis magnetizing
current pulse generated by the proposed control method. The d-axis magnetizing current pulse
is added to the reference d-axis current directly. The torque observer is referred to Fig. 3.8. The
MTPA controller is referred to Fig. 1.6. The parameters and limits for PI controllers are the

same as Fig. 2.10.
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Fig. 6.2. Schematic of overall control method.

6.3 Simulation and Discussion

The main parameters of the investigated HMMM and the simulation system are listed in Table
6.1. Three MSs are selected to simulate the proposed MS control method: MR1=0%,
MR2=40%, and MR3=100%, respectively. The corresponding magnetizing current pulses are

also illustrated.

Table 6.1. Main parameters of simulation system.

Item Value Symbol
DC link voltage 30V Vae
PM flux linkage at MR1=0% 0.124Wb Y1
d-axis inductance at MR1=0% 21.4mH L4y
g-axis inductance at MR1=0% 65.7mH Lgq
PM flux linkage at MR2=40% 0.169Wb Yimo
d-axis inductance at MR2=40% 24.3mH Ly
g-axis inductance at MR2=40% 69.1mH Lgo
PM flux linkage at MR3=80% 0.18Wb Yims
d-axis inductance at MR3=80% 22.9mH Lys
g-axis inductance at MR3=80% 69.7mH Lgs
PM flux linkage at MR4=100% 0.195Wb Yima
d-axis inductance at MR4=100% 20.8mH Lga
g-axis inductance at MR4=100% 69.9mH Lga
Remag. current from MR1 to MR2 10A Lemaz
Remag. current from MR1 to MR3 15A Lemas
Demag. current from MR4 to MR2 -10A ljeman
Demag. current from MR4 to MR1 -15A ljema1
Operating speed 200r/min n
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6.3.1 Remagnetization Simulation

At first, the MS of the machine is set as MR 1. The remagnetization is simulated from MR1 to
MR2, the simulation results are shown in Fig. 6.3. When the torque under the target MS is
bigger than the torque under the present MS, the remagnetization is needed. Based on the LUT,
the MS is switched from MR1 to MR2 by injecting a 10 A remagnetizing current pulse. After
the MS manipulation, the torque reduces and this is caused by the decreasing in g-axis current,
due to the change of machine parameters. The “fbd” in Iqfdb is the abbreviation of feedback,
which represents the actual g-axis current for the current PI controller in Fig. 6.3(c). The
performance of dg-axis voltages, speed, and three-phase currents during remagnetization are
shown in Fig. 6.3(d), Fig. 6.3(e), and Fig. 6.3(f), respectively. As the outcome of the control
system, the torque during the MS manipulation is affected significantly. The spikes in dg-axis

voltages are due to no filter in the simulation.
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Fig. 6.3. Simulation results of remagnetization with 10 A magnetizing current pulse. (a) Calculated torque. (b)
d-axis current. (c) g-axis current. (d) dg-axis voltages. (e) Speed. (f) Three-phase currents.

To further test the proposed MS control method, a demanded 15 A magnetizing current pulse

for remagnetization from MR1 to MR3 is simulated. The simulation results are presented in
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Fig. 6.4. With the amplitude of magnetizing current pulse increasing, the fluctuations in g-axis

current, dg-axis voltages, and speed caused by MS manipulation increase.
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Fig. 6.4. Simulation results of remagnetization with 15 A magnetizing current pulse. (a) Calculated torque. (b)
d-axis current. (c¢) g-axis current. (d) dg-axis voltages. (e) Speed. (f) Three-phase currents.

6.3.2 Demagnetization Simulation

The initial MS for demagnetization simulation is set as MR4. Then, the demagnetization is
simulated from MR4 to MR2. The simulation results are shown in Fig. 6.5. When the torque
under the target MS is smaller than the torque under the present MS, the demagnetization is
needed. Based on the LUT, the MS is switched from MR4 to MR2 by injecting a -10 A

demagnetizing current pulse.
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Fig. 6.5. Simulation results of demagnetization with -10 A magnetizing current pulse. (a) Calculated torque. (b)
d-axis current. (c) g-axis current. (d) dg-axis voltages. (e) Speed. (f) Three-phase currents.

After the demagnetization, the torque under present MS keeps the same as the torque under

target MS. The demagnetization is processed successfully.

To further test the proposed MS control method for demagnetization, a larger amplitude of
magnetizing current pulse with -15 A to achieve demagnetization from MR4 to MRI1 is
simulated. The simulation results are presented in Fig. 6.6. Due to the injection of large
amplitude of magnetizing current pulse, the demanded voltage increases, which is limited in
Fig. 6.6(d). This causes the strikes in g-axis current and torque. Although the MS is

manipulated successfully, the dynamic performance is not good.
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Fig. 6.6. Simulation results of demagnetization with -15 A magnetizing current pulse. (a) Calculated torque. (b)
d-axis current. (c¢) g-axis current. (d) dg-axis voltages. (¢) Speed. (f) Three-phase currents.

Through the simulation, the feasibility of the proposed MS control method is well validated.

148



6.4 Experimental Validation

The main parameters of the test are the same as Table 6.1.
6.4.1 Torque Calculation

First, the accuracy of the torque calculation is tested through a torque meter as shown in Fig.
6.7. The torque meter is connected between the investigated machine and the load machine.

The torque display can show the torque value and transfer the value to the dSPACE to record.

(a) (b)

Fig. 6.7. Torque test equipment. (a) Torque meter. (b) Torque display.

The measured results of the torque calculation comparing with the torque meter reading under
steady state are shown in Fig. 6.8. The calculated torque is consistent with the value from the
torque meter very well. The steady-state fluctuations are caused by mechanical shafts not fully
aligned, especially at low speeds. When the speed or the load increases, the steady fluctuations
are reduced in Fig. 6.9(a) and Fig. 6.8(b). Besides, the dynamic performance of the torque
calculation is tested as shown in Fig. 6.8(¢c), the calculated torque can follow the torque meter

well. The accuracy of the calculated torque is acceptable for the proposed MS control method.
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Fig. 6.8. Measured results of torque calculation accuracy. (a) Speed increasing. (b) Load increasing. (¢) Dynamic

performance.

6.4.2 Remagnetization Process

In the remagnetization experiment, the present MS is at MS; as shown in Table 6.1. The
machine is operating at speed 200 r/min. The load is 0.8 Nm. The measured results are shown
in Fig. 6.9. When a MS change command is entered into the control system, the torque
calculation generates two torque components. If the torque under present MS T, . 1S smaller
than the torque under target MS T, ;. and the torque deviation exceeds the threshold as shown
in Fig. 6.9(a), remagnetization is processed. A positive magnetizing current pulse with
amplitude of 10 A is added to the d-axis current as shown in Fig. 6.9(b). The magnetizing
current pulse is a trapezoidal wave, with the 30ms amplitude duration. The dynamic
performance of the g-axis current, the dg-axis voltages and the three-phase currents in the
remagnetization process are shown in Fig. 6.9(c), Fig. 6.9(d), and Fig. 6.9(f), respectively. The
position signal in Fig. 6.9(e) is also affected. After the remagnetization manipulation, the two
torque waveforms coincide, the MS changes from MS; to MS». The remagnetization process

is completed.
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Fig. 6.9. Measured results of remagnetization with 10 A magnetizing current pulse. (a) Calculated torque. (b) d-
axis current. (c¢) g-axis current. (d) dg-axis voltages. (e) Speed. (f) Three-phase currents.

To further validate the feasibility of the proposed MS control method, remagnetization from
MRI1 to MR3 is processed with 15 A magnetizing current pulse. The other experimental
conditions are the same as the test with 10 A magnetizing current pulse. The measured results
are presented in Fig. 6.10. The fluctuations increase in g-axis current, dg-axis voltages, and
speed as shown in Fig. 6.10(c), Fig. 6.10(d), and Fig. 6.10(e), which is consistent with the

simulation results.
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Fig. 6.10. Measured results of remagnetization with 15 A magnetizing current pulse. (a) Calculated torque. (b)
d-axis current. (c) g-axis current. (d) dg-axis voltages. (e) Speed. (f) Three-phase currents.

Considering the effect of speed and load increasing on the magnetizing performance, the
remagnetization from MR1 to MR2 is processed under 400 r/min with 1.5 Nm load. The
measured results are presented in Fig. 6.11. The fluctuations caused by MS manipulation
further increase. Since the torques under two MSs are the same after remagnetization, the MS
is manipulated successfully.

4

—Te_tMS —Te_pMS
3 m

Torque (Nm)

-2 T T . T
0.2 0.4 0.6 0.8 1 1.2
Time (s)
(a)
12 Idfdb Idref
10 re
- 8
S
t
o 4
=
5 2
© 0
2 4
-4 T T T r
0.2 0.4 0.6 0.8 1 1.2
Time (s)
(b)

154



—Ilgfdb —Igref

B [4;] [e)]
L

Current (A)
- N W

0.2 04 0.6 0.8 1 1.2
Time (s)

(©)

—Vd —Vq

Voltage (V)

0.2 0.4 0.6 0.8 1 1.2
Time (s)

500 @

450 1 ——Speed_actual ——Speed_setting

350

300 -

250 -

200 A

150

100 A
50 A

Speed (r/min)

0.2 0.4 0.6 0.8 1 1.2
Time (s)

(e)
15

la —Ib —Ic
10 A

5 -

Current (A)
o

-10 4

-15 T T T
0.2 0.4 0.6 0.8 1 1.2

Time (s)

®
Fig. 6.11. Measured results of remagnetization with 10 A magnetizing current pulse under 1.5 Nm load. (a)
Calculated torque. (b) d-axis current. (c) g-axis current. (d) dg-axis voltages. (¢) Speed. (f) Three-phase currents.

6.4.3 Demagnetization Process

In the demagnetization experiment, the present MS is at MS4, and the speed of the machine is

operating as the same as the remagnetization experiment. When received the MS change
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command, if the calculated torque under present MS T, ;5 1s bigger than the calculated torque
under target MS T, ;s and the torque deviation exceeds the threshold as shown in Fig. 6.12(a),
demagnetization is processed. A negative magnetizing current pulse with amplitude of 10 A is
added to the d-axis current as shown in Fig. 6.12(b). After demagnetization manipulation, the
two torque waveforms coincide, the MS changes from MS4 to MS,. The demagnetization
process is completed. The dynamic performance of the related data is shown in Fig. 6.12. It

can be observed that the fluctuations in torque and speed are significant during MS

manipulation.
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Fig. 6.12. Measured results of demagnetization with -10 A magnetizing current pulse. (a) Calculated torque. (b)
d-axis current. (c) g-axis current. (d) dg-axis voltages. (e) Speed. (f) Three-phase currents.

The same as the remagnetization experiments, the validation on demagnetization is tested from
MR4 to MR1 with -15 A magnetizaing current pulse. The measured results are presented in
Fig. 6.13. Due to the voltage limitation in Fig. 6.13(d), the magentiziang current pulse does not
reach to the demand value in Fig. 6.13(b). The MS is not processed to MR1, the torque after
MS manipulation is not the same as the target value in Fig. 6.13(a). Besides, the fluctuations

in g-axis current increase significantly.
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Fig. 6.13. Measured results of demagnetization with -15 A magnetizing current pulse. (a) Calculated torque. (b)
d-axis current. (c) g-axis current. (d) dg-axis voltages. (e) Speed. (f) Three-phase currents.

Demagnetization is also tested with speed and load increasing. The test is under 400 r/min with
1.5 Nm load from MR4 to MR1. The measured results are presented in Fig. 6.14. The voltage
limitation has a slight effect on the performance of MS manipulation in Fig. 6.14(d). Although
there are small fluctuations, the magnetizing current pulse still reaches to the demand value in
Fig. 6.14(b). After demagnetization, the torque is consistence with the target in Fig. 6.14(a).

The MS is manipulated successfully.
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Fig. 6.14. Measured results of demagnetization with -10 A magnetizing current pulse under 1.5 Nm load. (a)
Calculated torque. (b) d-axis current. (c) g-axis current. (d) dg-axis voltages. (¢) Speed. (f) Three-phase currents.

Through the test with different magnetizing current pulses, different speeds, and different loads
for both remagnetization and demagnetization, the feasibility of the proposed MS control

method is well validated.
6.5 Conclusion

In this chapter, a novel MS control method by utilizing the torque deviation is proposed for
VFMM to achieve the MS close-loop control. A look up table containing the information on
the flux linkages, the dg-axis inductances, and the corresponding magnetizing current pulse
under different MSs is built, A model-based torque calculation is adopted to estimate the steady
state torque. The torque deviation between the present MS and the target MS is used to
determine the type of MS manipulation: remagnetization, demagnetization, non-magnetization.
The feasibility of the proposed MS control method is validated experimentally on a hybrid
magnet memory machine system with different magnetizing current pulses, different speeds,

and different loads for both remagnetization and demagnetization.
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CHAPTER 7 GENERAL CONCLUSION AND
FUTURE WORK

Since the concept of VFMM was proposed, more and more scholars have paid their attention
on the related research. Due to adoption of LCF PMs and often combined with HCF PMs, the
different arrangements of the PMs show significantly different performance for VFMM. More
than 80% papers in the existing literature focused on the topologies of VFMMSs. Basically, as
a kind of PMSMs, the control methods applying for PMSMs are also suitable for VFMMs. The
adjustable MS brings an extra freedom for the control of VFMMSs. Therefore, the MS control
is the crucial point for VFMM control. The research in this thesis mainly focuses on the MS
manipulation methods and provides several novel solutions to improve the dynamic

performance aiming to explore the applicability of VFMM in industry and daily life.

7.1 Summary of Research Work

The research work in this thesis can be summarized as follows:

1) Demagnetization timing control for HMMM. Based on the torque-speed curves of HMMM
under different MSs as shown in Fig. 7.1, an optimal demagnetization grid is built, and this
solution is also verified on remagnetization.

A

Demagnetization grid

Demagnetization points

Torque (Nm)

v

Speed (r/min)
Fig. 7.1. Torque-speed curves of HMMM under different MSs.

2) Dual magnetizing current controller to mitigate speed fluctuation during MS manipulation.
A g-axis current pulse is compensated when the d-axis magnetizing current pulse is injected to

reduce the torque oscillations during MS control as shown in Fig. 7.2.
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Fig. 7.2. Dual magnetizing current controller.

3) Novel MS control method based on modified voltage limitation. The circumcircle of the

voltage vector hexagon is utilized as the modified voltage limitation and set as the boundary
for MS manipulation as depicted in Fig. 7.3.

Fig. 7.3. Schematic diagram of space vector voltage limit circle.

4) Novel MS control method to eliminate UD issue of LCF PMs. The amplitude of
demagnetization d-axis current pulse is used as the condition for the MS manipulation as
presented in Fig. 7.4. Then, the amplitude of d-axis current is controlled within the amplitude

of the demand demagnetization d-axis current pulse in the whole speed range.

Initial MS
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Fig. 7.4. Configuration of proposed MS controller.
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5) A close-loop MS control method utilizing torque deviation. The torque deviation between
the present MS and target MS is used to generate the MS switch signal, which will determine
the type of MS manipulation as illustrated in Fig. 7.5.

la |ig
MS change| |[MS; LUT |Present MS
command | | MS, b Lo L,| Torque
“MS, m = R4 Observer
Target MS  \_
MS Manipulation Te tms Te_pms
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Mag. current pulse

Fig. 7.5. Close-loop MS control method.

The summary of the work in this thesis is illustrated in Fig. 7.6. It is noted that all the proposed
methods are verified experimentally on a HMMM drive system. All the topics are proposed

and verified by simulations and experiments by myself.

[ MS control for HMMM ]
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Fig. 7.6. Summary of work in this thesis.

7.2 Conclusion

7.2.1 Performance Improvement During MS Manipulation

In this thesis, to improve the performance during MS manipulation, the instant, number, and
performance of demagnetization for HMMM are investigated firstly. Since the torques on the
intersections of the torque-speed curves under different MSs are the same, demagnetization
manipulation on the intersections can mitigate the fluctuation in speed caused by MS

manipulation, which can be regarded as the best instant for demagnetization. Then, a
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demagnetization grid is built based on these intersections. The measured results on the HMMM
drive system show better performance on the proposed demagnetization grid, and dual
demagnetization to achieve the final MS for the machine is optimal. The investigation is also

processed on remagnetization tests.

When the fluctuation still affects the performance during MS manipulation or the MS
manipulations are not processed on the proposed demagnetization grid, to further mitigate the
speed fluctuation and improve the transient performance during MS manipulation, a novel dual
magnetizing current controller is proposed. Since the torque oscillations caused by the d-axis
magnetizing current pulse can be observed and calculated, a g-axis current pulse is injected at
the same time as the d-axis magnetizing current pulse is injected to offset the torque oscillations.
The transient performance experiments are validated on the HMMM control system, both for
remagnetization and demagnetization. The measured results show that compared with the
single magnetizing current method, the proposed dual magnetizing current method can
significantly mitigate the speed fluctuation during MS manipulation and has much better

transient performance.
7.2.2 Novel MS Control Methods

Three novel MS control methods are proposed in this thesis. Firstly, the circumcircle rather
than the inscribed circle of the voltage vector hexagon is utilized as the voltage limitation. A
novel MS control method based the modified voltage limitation is proposed. The maximum
amplitude of the magnetizing current pulse under real-time operating conditions can be
calculated, which is utilized as the boundary for MS manipulation. Within the boundary, the
target MS can be achieved. When the MS is limited, the proposed MS control method also
provides solutions to achieve the target MS by calculating the optimal operating speed. In this

proposed method, the effect of the voltage limitation on the MS manipulation is considered.

Secondly, the demand demagnetization d-axis current pulse is used as the condition for MS
manipulation. When the amplitude of negative d-axis current reaches at the amplitude of the
demand demagnetization d-axis current, the MS manipulation is processed. Thus, the
amplitude of d-axis current is controlled within the amplitude of the demand demagnetization
d-axis current pulse in the whole speed range. Then, the flux weakening d-axis current will not
cause the UD issue. The potential UD issue of LCF PM can be solved by this proposed MS
control method for the investigated HMMM. Besides, a PM flux linkage estimation is adopted
to monitor the UD issue, and VSI nonlinearity is compensated to improve the estimation
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accuracy.

Then, to achieve the MS close-loop control, a novel MS control method by utilizing the torque
deviation is proposed. On receiving the MS change command, the torque deviation between
the present MS and the target MS can be calculated and used to generate the MS switch signal,
which also determines the type of MS manipulation. The demand magnetizing current pulse
will be injected into the control system according to the MS switch signal. Therefore, the MS

close-loop control can be achieved.

The feasibilities of the proposed MS control methods are validated experimentally on the

HMMM control system.

7.3 Future Work

7.3.1 Accurate MS Estimation

Accurate MS estimation can achieve the online MS control and improve the MS manipulation
efficiency. Since the PM flux linkage is the main feature of MS in VFMMs, the research on
MS estimation usually focuses on the PM flux linkage estimation in the existing literature.
Only using PM flux linkage to represent the MS is not accurate, even not correct for some
VFMMs. The BEMF of the investigated HMMM under different MSs is shown in Fig. 7.7. It
can be observed that the BEMF is almost same from MR = 0% to MR = -100%, which means
that the PM flux linkages rarely change. In this case, PM flux linkage cannot be used to indicate
the MS.
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Fig. 7.7. BEMF fundamental magnitude against magnetization ratio of investigated HMMM.

Therefore, accurate MS estimation methods that can comprehensively reflect the information

of MS are still highly desirable.
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7.3.2 Effect of Load Changes on MS Control

In the existing literature, the MS control is usually verified on no load to ensure that the large
magnetizing current pulse can be achieved. The capacity of MS control with load in the
operation process has rarely been investigated. Besides, due to the MS manipulation process is
instant, the operating state is usually considered as steady state, and the dynamic changes are
ignored. Control methods considering the load changes to improve the dynamic performance

are needed.
7.3.3 Oscillations in Three-phase Currents During MS Manipulation

As previous investigation, the magnetizing pulse should be at least 30 ms time duration to
ensure the magnetizing capability. While in the industrial applications, the fault protections are
generally at the ms level. When applied in high power industrial applications, the MS control
methods of injecting magnetizing current pulses with large amplitude face more severe
challenges. The significant disturbances in currents and voltages will bring harm to the inverter
and the whole control system. The safety and reliability of the drive system are much more
important in the industrial applications. Although the speed fluctuations can be mitigated by
the research in this thesis, the oscillations in the three-phase currents brought by the
magnetizing current pulses are difficult to solve, and the corresponding control methods remain
underdeveloped, which will be an obstacle for the application of VFMM in industry and daily
life.

7.3.4 Uncontrolled Generator Fault Prevention for VFMM

The Uncontrolled Generator Fault (UCGF) [ZHA17] [ZHU19] [JAH99] [GON20] [SOO05]
[PEL11] that occurs at FW region is one of the most serious issues for PM machines, which
could damage the machine drive system. When the negative d-axis current unintentionally
disappears in FW region, the machine will keep rotating and work as a generator. As a result,
the large BEMF will turn into a voltage source, which could be several times of the rated
voltage. Then, the generated current will promptly charge the DC capacitor. If the generated
energy cannot be consumed in time, it will damage the DC capacitor and the power electronic
devices of the inverter, even the PM machines. It is stated that UCGF is usually caused by the

damage of the position sensor or the gating signal removal of the inverter [ZHU19].

For VFMM, the MS demagnetization can reduce the PM flux linkage, this can decrease the
BEMF, which will benefit for the UCGF prevention. In [LYU20b], a MS selection method is
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proposed to prevent UCGF for VFMM. The voltage limitation is set as the condition of MS
control. When the voltage reaches to the limitation, the MS manipulation is processed to reduce
the voltage. But the voltage margin issue was ignored, since the MS manipulation also need
enough voltage to process, especially for large amplitude of magnetizing current pulses. The
control methods to prevent UCGF by utilizing MS manipulation are still needed to further

investigate.
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APPENDIX A TOPOLOGY OF
INVESTIGATED HMMM

The topology of the investigated HMMM with airspace barriers [YAN19c] is shown in Fig.
A.1. It has 21 stator slots and 4 rotor poles, and uses AINiCo as the LCF PM and NdFeB as the
HCF PM. The HCF and LCF magnets are geometrically separated within one PM rotor pole,
forming a dual layer structure. The radially magnetized LCF PMs are located nearby the airgap,
which can be demagnetized easily, and the circumferentially magnetized HCF PMs are placed
on the two sides of the LCF magnet. This series structure arrangement of hybrid PMs can
combine the advantages of high torque capability of HCF PMs and wide flux regulation merit
of LCF PMs and prevent the unintentional demagnetization risk of the LCF PMs. Besides, the
airspace barriers and adjacent iron bridges are designed at the d-axis position, which can
effectively reduce the oversized inverter power rating and required fully demagnetizing current
pulse level. Due to the presence of the upper-side iron bridge and airspace barrier, a short-
circuiting path for the HCF PM magnetic fields will occur at the flux-weakened state. As shown
in Fig. A.1, there is no extra magnetizing coils in the HMMM. The magnetizing current pulse

is injected into the d-axis armature current to achieve MS manipulation.

Armature
winding

Stator

Flux path

Fig. A.1. Topology of investigated HMMM.

The main parameters of the investigated HMMM prototype are listed in Table A.1.
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Table A.1. Main parameters of investigated HMMM prototype.

Item Symbol Value
Rated power P 1100W
Rated current (RMS) I 7.5A
Rated speed n 1500 r/min
Number of pole pairs P 2
Phase resistance R 1.9Q
HCF PM grade - N35SH
LCF PM grade - AINiCo 9
HCF PM coercivity - 915 kA/m
LCF PM coercivity - 112 kA/m
HCF PM remanence - 1.2T
LCF PM remanence - 1.0T
Steel grade - 35CS440

As above mentioned, the LCF PMs and HCF PMs are made of AINiCo and NdFeB, respectively.
Their B-H curves are depicted in Fig. A.2. For LCF PMs, the hysteresis curve of AINiCo can

allow its operating points to move flexibly.

Load line

NdFeB

Hci /chz Hc3[ Hc

Fig. A.2. BH curves for NdFeB and AINiCo (B: Flux density, Hc: magnetic field strength).

The stator part, rotor part and photos of the HMMM are shown in Fig. A.3.
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(®)

(©) (d)

Fig. A.3. Photos of HMMM. (a) Stator. (b) Stator with armature windings. (c) Rotor laminations. (d)

Appearance.
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APPENDIX B MATHEMATICAL MODEL
FOR VFMM

The PM flux linkage of VFMM is not a constant but a variable parameter relating with d-axis
magnetizing current pulse. Therefore, the dg-axis mathematical model considering the process
of remagnetization and demagnetization of LCF PMs is (referred to as dynamic mathematical

model):

did dlpm(imag.)

Ug =Rld+LdE+ dt —O)Lqiq

. dig . . Bl
Ug = Rig+ L, T + wlgiyg + 0P (Inag.)

where R is the winding resistance, uy and u, are the dg-axis voltages, w is the electrical
angular speed, iy and i, are the dg-axis stator currents, Ly and L, are the dg-axis inductances
(for a non-salient-pole VFMM, Ly = Lg), Y (imag.) is the PM flux linkage, which is adjusted

by a d-axis magnetizing current pulse, iy,qg. is the d-axis magnetizing current pulse.
The torque equation of VFMM considering MS change is:
T, = 1-5p[¢m(imag.)iq + (Lqg — Lq)idiq] (B.2)

where p is the pole pair number of VFMM.
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APPENDIX C TEST PLATFORM FOR
EXPERIMENTAL VALIDATION

The test platform for the investigated HMMM is shown in Fig. C.1. It consists of a PC, a three-
phase IGBT inverter, a dSPACE, a self-made current sampling board, a load machine, the
investigated machine, and several DC power supplies. The PC is used to compile the control
algorithm and monitor the real-time data generated by the dSPACE, in which both the PWM
frequency and sampling frequency are 10 kHz. The three-phase IGBT inverter is a Semikron
unit, and its type is SEMiX 71GD12E4s. The PWM signal is processed in the inverter. The
PWM signal and the real-time data are translated by the dSPACE data communication board.
The current sampling board connects the investigated machine and the inverter. The servo

machine is utilized as the load for the experiments.

(b)
Fig. C.1. Experiment platform for investigated HMMM. (a) Experiment and control equipment. (b) Prototype

and test rig.
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