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ABSTRACT

This thesis focuses on the control of hybrid-excited permanent magnet machines
(HEPMMs) in both flux-enhancing and flux-weakening operations, taking due account of

both efficiency improvement and fault protection.

High torque at low speed and wide operating speed range can be achieved by the
proposed control strategy for the hybrid-excited switched-flux permanent magnet
machine (HESFPMM) with iron flux-bridge. The torque can be enhanced by utilising the
positive field excitation current. In the flux-weakening region, the field excitation current
is controlled towards zero rather than negative, while the d-axis current is also utilised.
The efficiency can thus be significantly improved. Also, three flux-weakening control
methods for the HEPMMs, namely using field excitation current alone, using armature
current alone, and the optimisation method, are compared and experimentally verified. All
three methods can achieve the same torque in the constant-torque region due to the field
excitation currents being kept the same, whilst the optimisation method provides the

highest torque and efficiency in the flux-weakening region compared to other methods.

Maximum efficiency can be achieved by applying an appropriate field excitation
current according to the given torque and speed conditions rather than fixing it at the
maximum value. Two control strategies, optimisation and maximum efficiency tracking
(MET), are proposed in order to improve the efficiency of HEPMMs. These methods
have demonstrated experimentally the enhanced performance under dynamic conditions,
in which the load torque is changed, compared with the method which utilises the

maximum field excitation current for all operating regions.

Finally, since the PM-flux of the prototype HEPMM is inherently short-circuited
when the field excitation current is not fed into the excitation windings, the open-circuit
back-emf is almost zero. As a result, the machine has an inherent fault protection
capability which can be utilised to prevent dangerous excess voltage issues from
uncontrolled generator faults (UCGF) at high speed operation. An original method of
fault protection for the HEPMM is therefore proposed and experimentally verified based

on the utilisation of field excitation current control.
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CHAPTER 1

CHAPTER 1

GENERAL INTRODUCTION

1.1. Introduction

The objective of an electric drive system is the controlled conversion of electrical
energy to mechanical energy, or vice versa. Electrical drive systems are widely used for
industrial and domestic applications, e.g. pumps, fans, compressors, robotics, elevators,
electric vehicles, aerospace, etc. Recently, there has been increased interest in the
application of the permanent magnet synchronous machine (PMSM) drives due to its high
efficiency, high power density, small size, low weight, good reliability, simple
mechanical construction, and easy maintenance. Indeed, those advantages have relied
upon for the dramatic growth and development of products such as permanent magnet
(PM) materials, power electronic devices, digital signal processors, sensors, programming
technology, and high performance control strategies. Unless the flux weakening technique
is employed, however, the PMSMs are non-adjustable in terms of excitation flux-linkage,
which depends only on the PM-flux source, whereas rare-earth PM materials are
expensive. Hybrid-excited permanent magnet machines (HEPMMs) have been developed
to incorporate the adjustable flux-linkage feature utilising both PM and field winding as

excitation sources.

Since HEPMMs offer three controllable currents (i.e. d-axis, g-axis, and field
excitation currents), there is an additional control flexibility which makes them more
attractive in both research and industrial applications. In order to achieve the expected
performance of such machines in terms of high efficiency and wide operating speed
range, however, especially in flux-weakening operations, the appropriate set of these
currents should be determined. The control strategy for hybrid-excited PM machines will

thus be the research subject for this thesis.
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1.2. Permanent Magnet Synchronous Machines

1.2.1. Conventional PMSM machines

PM synchronous machines (PMSMs), which are also known as PM brushless AC
machines, have been utilised in many applications, such as servo drives, the aerospace
and automotive industries, etc., due to characteristics such as high torque density and high
efficiency [CHE11], [CHU14], [RAHS80], [TUR16], [WU15], [ZHUO07], [ZHU12a]. Since
the PM is utilised instead of field winding on the rotor side, as in wound field
synchronous machines, there is no need for an extra DC power supply or field windings
to provide rotor excitation. Consequently, the weight of the rotor can be reduced and field
copper loss is also eliminated [HON80], [MER54]. In case of induction machines, the PM
is most widely used in industrial drives as a prime-mover because of its ruggedness,
reliability, simplicity, and low price. However, the induction machine is less efficient
compared to PMSMs due to the slip power loss and low power factor. PMSMs are able to
overcome the low efficiency limitations of both the wound field synchronous machines

and induction machines.

PMSMs can be classified into three categories based on the arrangements of the
PMs in the rotor: (1) surface mounted type (SPM), where the PMs are mounted on the
surface of the rotor; (2) interior type (IPM), where the PMs are buried within the rotor
core; and (3) inset type, where the PMs are inset into the rotor core from the air gap.

Cross sections of SPM, IPM, and inset PMSMs are shown in Figs.1.1(a)-(c), respectively.
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(a) Surface mounted type (b) Interior type (c) Inset type

B Amature winding phase A [l PM
[ Amature winding phase B[] Iron
Bl Amature winding phase C

Fig. 1.1. Cross sections of the conventional PMSM topologies.

1) Surface mounted permanent magnet (SPM) machines

As shown above in Fig.1.1(a) the arrangement of the PMs in the rotor of the SPM
machines produces high air-gap flux density because the PMs are mounted on the surface
of the rotor, where there is less leakage. In addition, since the reluctances of both d-axis
and g-axis of the SPM machine are almost equal, the d-axis inductance is approximately
the same as the g-axis inductance. Only the PM torque is thus produced. Since the PMs
are held on the surface of the rotor surface, however, the rotor structure is less robust as it
would be easily affected by the centrifugal force. Consequently, PMs need retaining in
such machines for high speed applications [RAH87], [REF05].

2) Interior permanent magnet (IPM) machines

As shown in Fig.1.1(b), the PMs of the [IPM machine are buried in the rotor, making it
mechanically robust and therefore suitable for high-speed applications. The IPM
machines are also more attractive than the SPM machines in terms of the flux weakening
and the PM eddy current loss, especially at high operation speeds [KUR04], [HONS2].
Based on the reluctance of the rotor structure, the g-axis inductance is larger than the d-
axis inductance. The output torque of such machines would be higher than the SPM
machines for the same amount of PMs due to the reluctance torque. Furthermore, the [IPM

machines also exhibit a good flux-weakening capability.
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3) Inset permanent magnet machines

Fig.1.1(c) shows the inset type of the conventional PMSM, in which the PMs are
inset into the rotor surface. This arrangement is much more mechanically robust

compared to the SPM machines, and as the g-axis inductance is also greater than the d-

axis, both PM and the reluctance torques are produced [INA0OO], [SEB86].
1.2.2. Switched-flux permanent magnet machines

Switched-flux permanent magnet (SFPM) machines have been of interest in
research and industrial applications due to their essential merits, for example, high torque
and power density, high efficiency, and inherently sinusoidal PM flux-linkage, which is
suitable for brushless AC drives. Moreover, the SFPM machine exhibits a robust rotor
structure, since both the PM and the armature winding are located in the stator.
Consequently, any temperature rise in such machines would be more easily managed and
the risk of demagnetization would also be reduced. The SFPM machine is hence suitable
for high speed operations [CHE11], [HUA15], [LEE14], [ZHUO7], [ZHUOS]. The
conventional, multi-tooth, E-core and C-core SFPM machines were developed as an
attempt to reduce the PM usage and improve the flux-weakening performance, as

illustrated in the cross-sections of these machines shown in Figs.1.2.(a)-(d), respectively.

Fig.1.2(a) shows the 12 stator/10 rotor poles conventional SFPM machine
[HOA97], [ZHUOS], [HUAOS8], which has been investigated in several studies. Each
salient stator pole consists of adjacent sides of two U-shaped laminated segments
connected in parallel with the PM. In Fig.1.2(b), the electromagnetic performance of the
24 stator/19 rotor poles multi-tooth SFPM machine was discussed and compared to the
conventional SFPM machine [CHEO8], [ZHUOS]. The multi-tooth SFPM machine can
provide higher torque than the conventional version. In addition, almost half of the PM

volume can be reduced [ZHU12].

The reason for the development of the E-core and C-core SFPM machines was to
reduce the amount of PM usage. Only half of PM volume of those machines is consumed
compared to that of the conventional SFPM machine. As a result, for the C-core SFPM
machine, the stator slot area can be increased twice. The electromagnetic performances of
four machine topologies, i.e. conventional, multi-tooth, E-core, and C-core SFPM
machines, have been investigated in [ZHU12], [LEE14]. Compared with the conventional
SFPM machine, the E-core SFPM machine provides the highest average torque, while the
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best flux-weakening capability is observed in the C-core SFPM machines. The multi-
tooth SFPM machine offers the lowest cogging torque. It is noted that since phase
windings of the E-core SFPM machine cannot physically contact with each other, such a

machine topology provides the potential for fault-tolerant capability [CHE11].

(c) E-core (d) C-core

Fig. 1.2. Cross-sections of alternate SFPM machine topologies.
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1.3. Hybrid-excited Permanent Magnet Machines

Hybrid-excited permanent magnet machines (HEPMMs) consist of two excitation
sources, i.e. PMs and field windings, such machines provide the capability to adjust the
flux-linkage through the field excitation current in both enhancing and weakening
operations. Consequently, a high transient starting torque and wide operating speed range
can be provided [CHE11a], [WAN12], [YAM10], [ZHA16]. Since the windings and PMs
are located on the stator, these machines also benefit from a good cooling capability and
robust rotor structure [AMAO09], [CHE11a], [OWE10], [ZHA10]. Furthermore, HEPMMs
provide more optional currents (i.e. d-axis, g-axis, and field excitation currents), which
can be utilised to improve the control performance of drive systems in some specific
conditions compared to the conventional PMSMs. A large amount of hybrid-excited
switched-flux permanent magnet machines (HESFPMMs) have been developed, such as
conventional HESFPMM, HESFPMM with field-coils in PM slots, E-core HESFPMM,
HESFPM with field-coils in stator back-iron, HESFPMM with iron-bridge, and stator slot
HEPMM, as illustrated in Figs.1.3. (a)-(f) respectively.

Fig.1.3 (a) shows the 12 stator/10 rotor poles conventional HESFPMM. The
topology is mainly the same as the conventional SFPM machine in which only the field-
coils are wound on each of the salient stator poles and are connected in series. In Fig.1.3
(b), the HESFPMM with field-coils in the PM slots is developed and investigated
[WEI09], [WEI11]. Based on this machine topology, the PM usage can be significantly
reduced. In [CHE11a], the E-core HESFPMM is developed by placing the field-coils on
the middle teeth of the E-core shaped stator lamination, as shown in Fig.1.3 (c¢). Since the
armature and field windings are separately wound on the stator, it is simple to
manufacture. In Fig.1.3 (d), the HESFPMM with field-coils in the stator back-iron is
introduced and investigated [GAU14], [HOAO7]. The topology of this machine shows
that a good flux-regulation capability can be provided. With the utilisation of iron-flux
bridges in the HESFPMM [OWEI10], as shown in Fig.1.3 (e), the flux-linkage adjusting
capability can be improved by leveraging the field excitation current. In Fig.1.3 (f), the
stator slot HEPMM is developed by [AFI15], in which the PMs are inserted on the slot
opening between two adjacent stator poles. Since the back-emf of such a machine can be
almost zero when there is no field excitation current used, this provides fault protection

capability.
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(d) HESFPMM with field-coils in stator

back-iron

(e) HESFPMM with iron flux-bridge (f) Stator slot HEPMM

Bl Amature winding phase A [l PM
[ Amature winding phase B[] Iron
B Amature winding phase C [ Field winding

Fig. 1.3. Cross-sections of hybrid-excited PM machine topologies.
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1.4. Control Strategies for the PMSMs

The operation of PMSMs according to current and voltage limitations can be
mainly classified into two operating regions: constant-torque region and flux-weakening

region, which sometimes is also defined as the constant-power region.
1.4.1. Constant-torque operation

In the constant-torque region, where the machine is operated below the rated
speed, the maximum torque per ampere (MTPA) is widely employed to achieve the
optimal efficiency [KIM97], [MOR94], [SUN15]. For the PMSMs with saliency ratio
(Lg~La) such as the IPM machines, the MTPA condition results in a negative d-axis
current for utilising the reluctance torque, as shown in Fig.1.4. Meanwhile, in the SPM
machines (Ls=La), the MTPA condition is achieved with zero d-axis current (iz = 0).
These operating modes are given by (1.1) [MOR94]. Additionally, the optimal condition
of the MTPA has been demonstrated in Appendix A.

0 ; nonsaliency (L, =L,)

l-MTPA — 2 11
J Yo Vin __, i ; with saliency (L, < L,) "
Z(Lq_Ld) 4(L4_Ld)

where ypm is the PM flux-linkage, Ls and L4 are the d-axis and g-axis inductances, and iy

denotes the g-axis current.

MTPA trajectory I

Operating point
P 7 i,
|
Current - limit , :
/ : L

/ [
[ |

4 & > i,

_Im l-;V[TPA

Fig. 1.4. MTPA trajectory of the [IPM machine.
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1.4.2. Flux-weakening operation

As mentioned in the previous section, PMSMs have been widely considered for
many applications due to their advantages, including high torque density, high efficiency,
and also wide operating speed range. In order to achieve the maximum torque in the
constant-torque region, the d-axis and g-axis currents are controlled, tracking the MTPA
trajectory [CHE10], [CON10]. They have, however, been widely used as motor drives,
particularly for variable speed and variable load-torque applications where a wider
operating speed range is required, for example in spindle drives, automotive vehicles, and
electrical propulsion [KWO06], [KWOO07], [LIN12], [LIU12], [MOR90], [PANO5].
When the machine is operated beyond the rated speed at which the armature current
reaches its limit, the voltage cannot be further increased to achieve a higher speed due to
the voltage limitation of the inverter. In order to extend the operating speed range from
the constant-torque region to the constant-power region under the current and voltage
constraints, the flux-weakening control method is thus required. Several flux-weakening
control strategies have been presented [KWOO06], [KWOO07], [LIN12], [LIU12],
[MOR90], [PANO5], [YOOO08], [ZHUO00].

Generally, PMSM drive systems can be classified as finite-speed and infinite-
speed operations, as shown in Figs.1.5. and 1.6, respectively [KWOO07], [SUL11]. These
operations are divided corresponding to the centre of the voltage limit, as indicated at
point C, depending on whether it is outside or inside the circle of the current limit.
Fig.1.5. (a) shows the finite-speed operation of the non-saliency SPM machine in which
the d-axis and g-axis inductances are equal (Ls = Lg). Starting from point O to A, up to
rated speed i, the current is controlled following the MTPA trajectory with zero d-axis
current, as mentioned in (1.1). When in operation above the speed @i, the current is
controlled on the current limit cycle, as illustrated by the curve AB, until it reaches the

maximum speed a» at point B.

Fig.1.5. (b) shows the finite-speed operation of the non-saliency IPM machine (L4
< Lg). In the constant torque region, the negative d-axis current is utilised to achieve
MTPA, while the current trajectory above the rated speed is still the same as the non-
saliency SPM machine. In case of infinite-speed operation where the centre of the voltage
limit is inside the current limit circle, the machine can be ideally operated up to the speed

s at point C, without the influence of current and voltage constraints. Meanwhile, only
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mechanical issues, such as centrifugal forces and bearing friction, can affect the speed
limit [SUL11]. The infinite-speed operations of both SPM and IPM machines are shown
in Figs.1.6. (a) and (b), respectively.

For maximising the output torque within the whole operating speed range of the PMSM
drive, which covers both the SPM and IPM machines, three operating regions are

summarised in the following section [LIU12], [MOR90], [SOO09%4]:

Region-I: (o < @)

This region corresponds to the constant-torque operation in which the phase
current is utilised at its maximum value (/ = In), while the voltage is lower than its limit
(V' < Vm), where am 1s the machine speed, / and V are the magnitudes of phase current and
voltage, Im and Vi denote the maximum current and voltage. The current is controlled
following the curve “OA”, as illustrated in Figs.1.5 and 1.6, based on the MTPA
trajectory.

Region-1I: (@ <wm < ar)

This region corresponds to the flux weakening operation in which the phase
current and voltage are at their maximum values (I = I and V' = V). The operating speed
can be extended by utilising the negative d-axis current in order to weaken the PM flux-
linkage. The current is controlled following the curve “AB” which is the current limit

cycle.

Region-III: (a2 < om < a%)

This region corresponds to the flux weakening operation in which the phase
current is lower than its maximum value (/ < 1), while the voltage reaches its limit (V' =
Vm). The current is controlled following the curve “BC” in which the machine can be

ideally extended to infinite speed, as illustrated in Fig. 1.6.

10
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Fig. 1.5 Finite-speed operation of the PMSMs.

11



Voltage limit q A

Current limit

o
-
-

— MTPA
'-‘ trajectory
: >
! d
@, >, > o,
=== Constant torque region
e Flux-weakening region
(a) Non-saliency (La= Lg)
q
Voltage limit Current limit
MTPA
v\ trajectory
5 >
; d

~
Se

w, >0, >0 i Sl

e=== (Constant torque region

e Flux-weakening region
(a) With saliency (Ls < Lg)

Fig. 1.6. Infinite-speed operation of the PMSMs.

12

CHAPTER 1



CHAPTER 1

1.4.2.1. Feed-forward flux-weakening control

To extend the operating speed of the PMSMs, several feed-forward flux-
weakening control strategies are presented [DHA90], [MAC91], [MOR94], [TURI10].
These methods utilise an analytical model to determine the operating reference currents
under steady-state conditions. In the constant torque region, the reference currents are
commonly controlled by tracking the MTPA trajectory. Meanwhile, in the flux-
weakening region, the d-axis reference current is calculated by utilising the machine
parameters operating under the current and voltage constraints. The g-axis reference
current is generally determined from the torque command or speed control loop. Fig.1.7.
shows the feed-forward flux-weakening control for IPM machines [MOR94]. The d-axis
reference currents of both constant torque and flux-weakening regions are given in (1.2.)
and (1.3.) respectively. Although feed forward flux-weakening control exhibits good
stability and is simple to implement, the drive performance would be degraded if there

was any variation of the machine parameters [LIU12], [SULI11].

Constant torque region:

i = - 7+, (1.2)

Flux-weakening region:

s m 1 V2 . 2
i Y, 1 —+(L,i,) (1.3)
Ld Ld a)e
i * . Inverter
a)m_> d-axis current d+ ' m + . vd va‘ T;z‘
iq —p| calculation 4’_’_>-_>+’_>dq o T
: b
i . 2 Y 4 dec . SVPWM B
[0) 1 1% 1% T
m —+ q + + q B
O+ o 40"l o8l
—A - + A
a)m iq vqidec 96
Encoder,
Speed
calculation .-

Fig. 1.7. Feed-forward flux-weakening control strategy for IPM machines [MOR94].
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1.4.2.2. Feedback flux-weakening control for finite-speed operation

Although feed-forward flux-weakening control methods can provide good
stability and fast transient responses, those methods are sensitive to variations in machine
parameters, even when all parameters have been carefully measured [CHE99]. Several
feedback flux-weakening control strategies, which are robust to the variation of machine
parameters, have therefore been proposed [KWOO06], [KWO08], [KWOI12], [LIN12],
[MAR9S], [PANOS], [SON96], [YOOO7]. The objective of such methods is to maintain
the output voltage of the current regulator operating within the voltage constraint while
operating in the flux-weakening region, by feeding back the modification current to adjust
the d-axis reference current. In Fig.1.8, the voltage regulation method is introduced
[SON96] and [YOOO7a], presenting the operation of SPM and IPM machines
respectively. In the constant torque region, the modification part is not activated, since the
command voltage is still inside the voltage limit. Meanwhile, in the flux-weakening
region, such a method utilises the difference in voltage between the absolute d-g axis
command voltage and the maximum output voltage in the linear range of space vector
PWM, which is (Vdc/\/3), to modify the d-axis reference current. The modification part is
operated with the proportional and integral (PI) regulators, in which the gains should be
set by trial and error and the bandwidth should be low enough to avoid any interference

with the current control loop [SUL11].

In Fig.1.9, the flux-weakening control strategy, which is referred to as the voltage
error method [LIN12], is proposed by [KWOO06]. In this method, maximum magnitude
error over-modulation (MMEOM) is employed to increase the utilisation of DC-link
voltage during the flux-weakening operation, which will be explained in Chapter 2.
Consequently, the rated speed of the machine can be increased because the output voltage
can be moved closer to the corner of the hexagon in the stationary voltage plane
[HAV99], [KWOO08]. It is obvious that only the difference voltage of the g-axis is
utilised, since this method is proposed for finite-speed operation of the SPM machine (in
which the flux-linkage can be adjusted by the d-axis current) only. Based on the voltage
equation of the PMSMs, only the g-axis voltage is thus influenced. The low pass filter
(LPF) and constant gain (o) are used to improve the transient performance of the flux-
weakening control system. Similarly, the voltage error regulation flux-weakening control
is shown in Fig.1.10. [KWOO08]. Since both d-axis and g-axis voltages are utilised to

determine the d-axis reference current, such a method can be applied to the finite speed

14
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operation of both SPM and IMP machines. In addition, the output torque can be increased

by 10% compared to the voltage regulation method, as shown in Fig.1.8.

Inverter

Y

SVPWM 7;7 0-{@
3 T,

Y

Encoder,
Speed

. ]
calculation .

Fig. 1.8 Voltage regulation method [SON96], [YOOO07a].
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Fig. 1.9. Voltage error method [KWOO06].
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Fig. 1.10. Voltage error regulation method [KWOO0S].

1.4.2.3. Feedback flux-weakening control for infinite-speed operation

Generally, when the machine is operating in the flux-weakening region under
finite speed operation (region-II), the flux-linkage can sufficiently be weakened by
utilising only the negative d-axis current for extending the speed range. In the case of the
infinite speed operation (region-III), however, which corresponds to a constant power
speed ratio (CPSR) characteristic with Lalm > ypm [KWOO07], [LUI12], the g-axis voltage
is controlled towards zero by the negative d-axis current. Consequently, a higher speed
range cannot be achieved. Under this condition, the g-axis current would have to be
modified instead of the d-axis current, following the maximum torque per voltage
(MTPV) trajectory, in order to extend the operating speed range. As a result, the d-axis
voltage would be controlled, while the g-axis voltage would still be maintained at zero.
The feedback flux-weakening control methods for infinite speed operation region are

introduced by [KWOO07] and [LUI12], as shown in Figs.1.11 and 1.12, respectively.

In Fig.1.11, the flux-weakening control strategy for infinite speed consists of two
main modification parts, the d-axis modification part for region-II and the g-axis
modification part for region-III. It is observed that in the d-axis modification part, it is the
same control strategy as the voltage error regulation method as shown in Fig.1.10. When

the machine is operating in flux-weakening in region-II, the d-axis reference current is

16
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hence modified by Ais, which utilises the difference in voltage between the input and
output of the MMEOM block, as mentioned in the previous section. Meanwhile, the g-
axis reference current is determined by only the speed control loop, where Ai; = 0,
because the g-axis voltage is still greater than zero in this region. On the other hand, when
the machine is operating in region-IIl, the d-axis reference current is still maintained at
the same value as in region-1I, while the g-axis reference current is modified by Aig
following the MTPV trajectory. Indeed, in order to improve the dynamic performance of
the flux-weakening control system and the optimised current trajectory, the resistance
voltage drop and inverter nonlinearities are considered in the g-axis modification part, as
proposed by [LUI12], and the control strategy as illustrated in Fig.1.12. It is obvious that
in the g-axis modification part, although the PI with LPF is utilised instead of constant
gain (o), both methods are effectively the same, utilising the g-axis voltage to determine

the modified current Aig.

—————————————————————— | v* %
O | dm d vam
Vd vdm | q
| gm Bm
¢ _vqm) | aﬂ
|
______________________ | +9@
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| SVPWM £ O—i

Encoder

Speed
(-« calculation .-

Fig. 1.11. Flux-weakening control for infinite speed [KWOO07].
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Fig. 1.12. Flux-weakening control considering voltage losses for infinite speed [LUI12].

1.5. Control strategies for the HEPMMs

HESFPMMs combine the synergy of the PMSM and the rotor wound field
synchronous machine. The excitation flux of such machines is produced by two different
sources, i.e. the PM and the field winding. HEPMMs have the capability to adjust the
flux-linkage through the field excitation current. Furthermore, such machines also offer
more optional currents, i.e. d-axis, g-axis, and field excitation currents. However, the
appropriate set of those currents for operating in any given torque and speed conditions,
especially in flux-weakening region, is still difficult to determine. Several control
strategies for the HEPMMs have hence been presented [KEF10], [HUA12], [MBA12],
[NGU14], [SHIO7], [WAN13].

In [KEF10], the specific value of the field excitation current is utilised to weaken
the d-axis flux-linkage. A large torque drop is therefore noticeable when the operating
region changes between flux-enhancing and flux-weakening. Considering the machine
speed and load torque changes, the analytical expressions for the optimal reference
currents are proposed based on Extended Lagrange multipliers optimisation [MBA12], as
illustrated in Fig.1.13. The optimal armature currents and field excitation current can be
defined with respect to the current and voltage constraints, for which both torque and

speed are required. A fuzzy control method is applied with particle swarm optimisation in
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[HUA12]. Although these methods can determine the optimal field excitation and the
armature currents, they are dependent on the machine parameters and involve a heavy
computational burden. Furthermore, those methods can be verified by simulation results.
The self-optimising field excitation current for achieving the maximum output torque of
the HEPMM is shown in Fig.1.14 [WAN13]. The optimised field excitation reference
current is determined by utilising the measured speed, field excitation current, and DC-
link voltage. The optimisation algorithm consists of three operation regions for all speed
ranges in which numerous decision steps are considered. Additionally, in low load-torque
conditions, maximum efficiency can only be obtained based on the selection of the
specific value of the field excitation current [AMAO9]. Copper loss minimisation in the
HEPMM has been investigated by [ZHA16] in which the optimised currents are also
calculated based on the Extended Lagrange multipliers optimisation. On the other hand,
[NGU14] proposes the self-tuning adaptive algorithm for copper loss minimisation. In
this method, the current-ratio between field excitation and d-axis currents are analysed to
determine optimal conditions by comparing the current and previous values of copper

losses. However, those optimisation control methods are verified only by simulation.
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Fig. 1.13. Optimisation control strategy of the HEPMM [MBA12].
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Fig. 1.14. Self-optimisation method of the HEPMM [WAN13].

1.6. Fault tolerance of PMSMs

Since variable speed drives are widely employed for a variety of applications, the
reliability, continuous operation, and even safety issues have been considered in the
development of advanced PMSM drive systems [KIM11]. PMSM condition monitoring
and fault tolerance have been investigated [EIR11]. Several types of faults may occur in
PMSMs under different circumstances, which are summarised in Table 1.1 [SUNO7].
When one of the motor phases becomes open-circuited, which is defined as a single phase
open-circuit fault, all switching gate-signals are commonly removed to protect the
machine and drive system. Accordingly, two remaining phases are connected to the DC-
link, acting as uncontrolled rectifiers [WELO02]. Likewise, the three-phase short circuit
fault is the most serious fault type in PMSMs. When this fault occurs, the current
amplitude is related to the ratio of PM-flux to d-axis inductance, which is defined as the

machine’s characteristic current [WELO3].

In high speed operation, especially in the flux-weakening region, the PMSM
operates based on the flux-weakening control strategy because the amplitude of line back-
emf is still controlled within the voltage constraint, which is referred to the DC-link
voltage of the inverter. When all switching gate-signals are suddenly removed, however,
even the damage of the processing unit or encoder under the flux-weakening operation,

the back-emf in each phase would instantaneously become a large voltage source, which
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would deliver the regenerated current back to the DC-link through the free-wheeling
diodes of the inverter switches. This would be defined as an uncontrolled generation fault
[JAH99], [HUNO6], [PEL11]. In addition, it would be serious if the DC-link capacitor
cannot absorb the abruptly regenerated energy. Consequently, the explosion of both

capacitor and inverter switches might be a consequence of the dangerous excess voltage.

IPM machines exhibit potential in terms of fault tolerance based on the design of
the saliency ratio (Ly/La) [JAH99], [PEL11], [WELO3]. The higher the saliency ratio of
the IPM machine, the lower the machine’s characteristic current ({pm/Ls) Which can be
leveraged to reduce the damage caused by faults occurring during high speed operation.
On the other hand, the fault tolerance for the PMSM drive could be solved by adding an
extra inverter leg of a standard three-phase voltage source inverter [BOL0O], [ERR12],
[RIB04], [WALO7], in which case there would be an increased cost of implementation.

Table 1.1. Classification of PMSM faults

Cause Fault classification

On-state failure of both switches on inverter phase leg _ o
Single-phase open circuit fault

Open circuit of one motor phase

Off-state failure of one switch

Single-phase short circuit fault
Ground of one motor phase

DC power supply short circuit

Three-phase short circuit fault
Ground of motor phases

All gate-signals are removed Uncontrolled generation fault
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1.7. Thesis outline and contribution

This thesis focuses on the development of control strategies for the HEPMM in
both flux-enhancing and flux-weakening operations, taking due account of both
efficiency improvement and fault protection. The machines investigated are the
HESFPMM with iron flux-bridge and the HEPMM stator slot, which are defined as
Machine-I and Machine-II, respectively. The research structure is briefly illustrated in

Fig.1.15 below.

——=

=

Fig. 1.15. Outline of research
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1.7.1. Thesis outline

This thesis is organised as follows:

Chapter 1: A literature review is provided for application of both PMSMs and
HEPMMs, including machine topologies, control strategies, and fault protection.

Chapter 2: The drive systems for the HEPMM operation are introduced, together
with the specific hardware configurations, and the prototype HEPMM, are briefly
presented in this chapter. Meanwhile, the principle of field orientation control, the three-
phase transformation method, the space vector modulation technique, the over-
modulation technique, and the inverter nonlinearity are presented.

Chapter 3: This chapter proposes a control strategy for the HESFPMM with iron-
flux bridge (Machine-I). The proposed method exhibits several advantages, such as
highly enhanced torque in the constant torque region, extended speed range, robustness
against machine parameters, and higher efficiency in the flux-weakening region. The
effectiveness of the proposed method is experimentally validated.

Chapter 4: Three flux-weakening control methods for the stator slot HEPMM
(Machine-II), namely utilising field excitation current alone (Method-I), armature current
alone (Method-II), and the optimisation method (Method-III), are compared in this
chapter. These flux-weakening control methods are verified by experimental results.

Chapter 5: The efficiency improvement for all operating regions, which is based
on the optimisation method for the HEPMM as presented in chapter 4, is proposed. Since
the optimal field excitation current is determined as a function of d-axis and g-axis
currents regardless of the machine parameter variation, it is simple to implement and
robust. The proposed method is experimentally validated.

Chapter 6: The maximum efficiency tracking (MET) method for the HEPMM is
proposed. The field excitation current is modified by a small amount of tracking step size
over every time interval, while its direction is determined by the comparison of the
current and previous efficiency values. The proposed method can therefore be easily
applied to other hybrid-excited machines without the requirement for machine
parameters, as the turn-ratio between the field winding and the armature winding is
required, as discussed in Chapter 5. The effectiveness of the proposed method is verified
by experimental results.

Chapter 7: The fault protection capability of the stator slot HEPMM (Machine-

IT), in which its back-emf is almost zero when the field excitation current is zero, is

23



CHAPTER 1

examined to prevent the dangerous excess voltage issue from uncontrolled generator

faults (UCGF) at high speed operation. Since only the field excitation current is utilised to

protect the machine and inverter switches from the UCGF, it is simple to implement. The

concept of this proposed control strategy could also be applied to other hybrid-excited

PM machines. The proposed control strategy is verified by both simulation and

experimental results.

Chapter 8: General conclusions and recommendations for future work are

presented in this chapter.

1.7.2. Contributions

Enhancing the torque at low speed and extending the operating speed range based

on the proposed control strategy of the HESFPMM with the iron-flux bridges.

The optimisation condition with respect to the maximum efficiency of the
HEPMM, in which only the turn-ratio between the field winding and the armature
winding is required, is verified. The optimised field excitation current is found to
be a function of d-axis and g-axis currents, which is simple to implement and
robust in terms of the machine parameter variation. In addition, the optimisation
method can be applied to the flux-weakening operation and utilised to improve the
efficiency for all operating regions, i.e. low-torque operation, constant-torque, and

flux-weakening regions.

Under any given torque and speed operation, maximum efficiency can be
achieved by applying an appropriate field excitation current, which is
automatically determined based on the searching method, defined as maximum
efficiency tracking (MET). The efficiency can thus be improved by comparing it

to the method that utilises the maximum field excitation current.

A novel method of fault protection of the HEPMM is proposed and verified based
on the utilisation of field excitation current control, by which the back-emf can be

controlled to zero by ir= 0.
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CHAPTER 2

DRIVE SYSTEMS FOR HYBRID-EXCITED PERMANENT
MAGNET SYNCHRONOUS MACHINES

2.1 Introduction

The experimental platform, which is employed to demonstrate the effectiveness of
all propose control methods presented in this thesis, is shown in Fig.2.1. The dSPACE
drive system was developed for the three-phase AC machine drive, and it can also be
adapted for the hybrid-excited PM machine. This chapter focuses on the experimental
hardware and the fundamental principle which relates to the proposed control strategies,
as presented in each chapter. The dSPACE processor board and its accessories for
interconnections are firstly introduced. Afterward, the hardware configurations for the
hybrid-excited PM machine drive and also the prototype machines are described. Finally,
in the fundamental principle part, the field orientation control, three-phase
transformations, i.e. Clarke’s and Park’s transformations, space vector pulse width
modulation (SVPWM) and over-modulation technique, and the inverter nonlinearity are

covered.

- Magnetic contactor

Torque transducer

Fig. 2.1. Experimental platform.
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2.2  Prototype hybrid-excited permanent magnet machines

2.2.1 HESFPMM (Machine-I)

The hybrid-excited switched-flux permanent magnet machine (HESFPMM) was
designed by [OWN10], Fig.2.2. This machine utilises an iron-flux bridge, which connects
the adjacent sides of the U-shaped laminated segments in each stator pole, to increase the
flux-adjusting capability controlled by the field excitation current in both flux-enhancing
and flux-weakening operations. Both positive and negative field excitation currents are
utilised for enhancing/weakening the flux-linkage, respectively. The 2D FE model and

the prototype HESFPMM are illustrated in Fig.2.2(a) and (b), respectively.

Amature winding phase A
Amature winding phase B
Amature winding phase C
Field winding

PM

Iron

JaEngn

(b) Prototype HESFPMM.

Fig. 2.2. Three-phase 10 rotor/ 12 stator pole HESFPMM.
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The stator diameter of the prototype HESFPMM is designed at 90 mm, while the axial
length is 25 mm. The stator iron bridge thickness is 1.0 mm. Other machine parameters
are given in Table 2.1. Since this machine can be operated without the utilization of field
excitation current (PM only), the rated torque is 0.75 Nm, while the armature current is
15A based on the dc-link voltage at 36V. Under this condition, the rated speed is around
1000 rpm. Fig.2.3 shows the flux-linkage and back-emf of the prototype machine
obtained from the 2D finite element (FE) analysis and measurement with the speed at 500
rpm. It is obvious that the flux-linkage and back-emf of the prototype machine can be

enhanced/weakened by utilising the positive/negative field excitation current.

Table 2.1. Machine parameters of the HESFPMM

Stator outer diameter 90 mm
Axial length 25 mm
Split ratio of stator inner to outer diameter 0.6
Air-gap length 0.5 mm
Rotor pole arc/pitch ratio 0.33
Stator pole arc/pitch ratio 0.25
PM arc/stator pole pitch ratio 0.25
Stator back-iron thickness 3.53 mm
Stator iron bridge thickness 1.0 mm
d-axis and g-axis inductances (Lq, Lq) 0.37 mH
Self-inductance of field winding (L) 0.208 mH
Armature resistance (Rs) 0.43 Q
Field winding resistance (Ry) 0.74 Q
PM flux (¥pm) 5.14 mWb
DC-link voltage (Vi) 36 V
Rated current (1) I5A
Rated torque 0.75 Nm
Rated speed (@rated) 1000 rpm
Number of pole pairs (P) 10
Number of turns per phase (/Ns) 72
Number of turns per field excitation coil (V) 20
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(c) Measured back-emf against rotor position

Fig. 2.3. Open-circuit characteristic of the HESFPMM corresponding to the specific
values of field excitation current, 500 rpm.
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2.2.2 HEPMM (Machine-II)

The three-phase 10 rotor/12 stator pole hybrid-excited permanent magnet machine
(HEPMM) was designed by [AFI15]. The PMs are placed on the slot opening between
two adjacent salient stator poles. Indeed, the flux-linkage of this machine is almost zero
when the field excitation current is not utilised (ir = 0), and it can be enhanced by the
positive field excitation current (ir> 0). As a consequence, this machine utilizes only the
positive field excitation current in both flux-enhancing and flux-weakening operation.

Figs.2.4(a) and (b) show the 2D FE model and the prototype HEPMM, respectively.

Amature winding phase A
Amature winding phase B
Amature winding phase C
Field winding

PM

Iron

CAONEN

(b) Prototype HEPMM.

Fig. 2.4. Three-phase 10 rotor/ 12 stator pole HEPMM.
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The stator diameter of the prototype HEPMM is the same as the HESFPMM in which the
stator outer diameter and the axial length are 90 mm and 25 mm, respectively. Other
machine parameters are given in Table 2.1. The flux-linkage and back-emf of the
prototype HEPMM obtained from the 2D finite element (FE) analysis and measurement
are shown in Fig.2.5 (a)-(c), respectively. The flux-linkage and back-emf of the HEPMM
can be enhanced/weakened by utilising only the positive field excitation current. It can be
clearly seen that, in this machine, when the field excitation current is not employed (ir =
0), the back-emf is almost zero. Consequently, the prototype HEPMM (Machine-II)
exhibits a fault protection capability based on the field excitation current control, as

presented in Chapter 7.

Table 2.2. Machine parameters of the HEPMM

Stator outer diameter 90 mm
Axial length 25 mm
Split ratio of stator inner to outer diameter 0.5
Air-gap length 0.5 mm
Stator back-iron thickness 2.0 mm
Permanent magnet flux (¥pm) 0.98 mWb
DC-link voltage (Vi) 40V
Rated torque 0.71 Nm
Rated speed (@rared) 700 rpm
Rated current (/) 7.92 A
Maximum field excitation current (ifmax) 56 A
Number of pole pairs (P) 10
Number of turns per phase of armature winding (Ns) 184
Number of turns of field winding (V) 552
Armature winding resistance (Rs) 1Q
Field winding resistance (Ry) 3Q
d-axis and g-axis inductances (La, Lq) 2 mH
Self-inductance of field winding (L) 0.5 mH
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Fig. 2.5. Open-circuit characteristic of the HEPMM corresponding to the specific values

of field excitation current, 500 rpm.
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TABLE 2.3. Hybrid-excited PM machines under investigation in each chapter.

Machine

HESFPMM

(Machine-I)

HEPMM

(Machine-II)

Chapter

Topic

To investigate the control strategy for the hybrid-excited
switched-flux permanent magnet machine with iron flux-
bridge including the flux-enhancing and the flux-weakening
operations. In this machine, the field excitation current can
be utilised in both positive and negative directions for the

flux-enhancing and flux-weakening respectively.

To investigate the flux-weakening control strategies of the
hybrid-excited PM machine. Only the positive field
excitation current is utilised to modify the flux-linkage in

both flux-enhancing and flux-weakening operations.

To investigate the efficiency improvement based on the
optimisation of field excitation current in whole operating
regions, i.e. low-torque operation, constant-torque, and flux-

weakening regions.

To investigate the maximum efficiency tracking (MET) of
the hybrid-excited PM machine utilising the field excitation

current.

To investigate the fault protection capability of the hybrid-
excited PM machine utilising the field excitation current

control.
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2.3 Field orientation control of three-phase PMSM

The control of AC machines can be principally classified into scalar and vector
controls. Although the scalar control is simple to implement and it also exhibits good
performance in steady-state condition, the dynamic response is low since the transient
condition is not considered. Therefore, in order to achieve the fast dynamic response and
high reliability, the vector control has been employed [VASO03]. In the AC machine, the
torque and flux controls were introduced and named as field orientation control or vector
control. Indeed, the aim of field excitation current control is similar to the control of a
separate excited DC machine in which the armature current and field current are
orthogonal to each other [ONG97]. The torque can be controlled independently to the
flux-linkage by adjusting the armature current, while the flux-linkage is controlled by the
field current. Therefore, for the field orientation control of the PMSMs, the torque and
flux-linkage are separately controlled relying on the control of stator current in the d-axis
and g-axis, respectively [ABU12] [SUL11]. Fig.2.6 shows the vector diagram of PMSM,
which is based on the rotor orientation. It is obvious that the armature current needs to be
transformed to the synchronous reference frame, in d-g axis, in which both d-axis and g-
axis currents are naturally held at 90 degrees apart. Indeed, the PM-flux linkage (¥pm) is
on the d-axis, while the torque can be controlled by the g-axis current. However, since the
machine speed is determined by an encoder, the rotor position alignment is required and

explained in Appendix-B.

Fig. 2.6. Vector diagram based on the field orientation control of the PMSM.
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The torque equation of the PMSM is given as

3 . .
T, =S PLW o, + (L = L)ii, | 1)

where i4, ig are d-axis and g-axis currents, L4, Ly are d-axis and g-axis inductances, ¥pm is

PM flux-linkage, and P is number of pole pairs.

In the SPM, the d-axis and g-axis inductances are equal (L« = Lq). Hence, the torque can

be expressed as
3 . 3 .
T, =EP(1//pmzq)=5P(l//mesm 5) (2.2)

It should be noted that, the torque can achieve the maximum value when the load torque
angle (0) is equal to 90 degrees at any given the stator current, which corresponds to the
vector diagram based on the field orientation control of the PMSM, as shown in Fig.2.6.
The general field orientation control block diagram of the PMSM is shown in Fig.2.7, in

which the decoupling terms for the d-axis and g-axis voltages can be given as

Vi dee =—@L 1, and v = (me +Ldid) , respectively.

e q_dec e

ot V,—e
* i€
.+ + Vy v, T
I, m O d > svewm [ 1 t
—A + q T nverter
0 ok Vdidec « T
(4] 1 + \%
" O P % O— :
X - +
w
" vq_dec i
d
lq
d/dt =

Fig. 2.7. Field orientation control or vector control block diagram of the PMSM.
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2.4 Three-phase transformations

Clarke and Park transformations are fundamentally utilised in the vector control in
order to transfer the variables, e.g. voltage, current, and also flux-linkage, into another

reference axes. This section will briefly explain those transformation methods as follows.

2.4.1 Clarke’s transformation

Fig.2.8 shows the Clarke’s transformation vectors in which the quantities in three-
phase, expressed by current vectors, are transferred from the three-phase reference frame

to the stationary reference frame, o~ axis. It can be presented by (2.3) [ABU12].

A
— A
ia
- > L] e >
a 0 l'a o

. 1 —= — |4
ly 2 2 2 .
.= l 2.3
H 3, B | e
2 2 ¢

The inverse Clarke’s transformation can be given by (2.4).

. 1 0
l
A I S ERVE R
L LJ (2.4)
l
B )
L2 2]
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2.4.2 Park’s transformation

Fig.2.9 shows the Park’s transformation vector in which the quantities in the
stationary reference frame, o-p axis, are transferred to the synchronous reference frame,

d-q axis. The Park’s transformation can be expressed in the equation as (2.5) [ABU12].

Fig. 2.9. Park’s transformation vector.

i, | | cos@, sind, ||, ) s

I, B —sin#, cos@, || i, (2:5)
The inverse Park’s transformation can be given by (2.6).

ly | _|cos6, —sinb, ||i, 26

i B sin@, cosd, ||, (2.6)
In practice, the Clarke and Park transformation can be combined together in order to

convert the currents in the stationary reference frame (a-b-c¢ axis) to the synchronous

reference frame (d-g axis), as given in (2.7)

. cos o, cos(&e—z—ﬂj cos[@e+2—”j I,
[zd} 2 3 3 )|,

. == lb (27)
Wl o3 —siné, —sin(ag—%) —sin(ﬁe+2§] i,
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2.5 Pulse width modulation strategies

2.5.1 Space vector pulse width modulation

The space vector pulse width modulation (SVPWM) is widely employed in the
three-phase AC machine drive, since it exhibits more advantages than the traditional
carrier based PWM, i.e. sinusoidal PWM (SPWM), due to a higher dc-link voltage
utilization [ABU12], [HOL94], [VANS8]. The peak fundamental phase voltage of the
SPWM is 0.5Va, while the SVPWM is (2/\/ 3)*Vac. Based on the principle of SVPWM,
there are eight possible switching states for the three-phase VSI, as shown in Fig.2.10.
Each phase-leg of the VSI consists of two switches that are basically operated in different
switching state. When the upper switch is on-state, the lower switch is controlled to be
off-state, and vice versa. The on-state for each switch is denoted by “1”, while “0” is for
off-state. The inverter is fed by the dc-link voltage (Vac) and its power is transferred to the
three-phase load corresponding to the duty ratio, which is the on-state time duration
divided by the switching time period (7on/Ts). Therefore, in order to generate the output
voltages following the requirement of control system, the on-state time durations for all

switches need to be determined.

S

S S, -

1 _ﬁé _|K} /// N
Vdc a b ]
C

Fig. 2.10. Circuit topology of three-phase voltage source inverter.

The switching pulse generation is originally started based on the ideal three-phase voltage
waveform as shown in Fig. 2.11(a). The voltage waveforms of phases A, B, and C are
illustrated in red, green, and blue, respectively. It is obvious that there are 6 sectors in a
sinusoidal period, which is defined by the interaction points of those voltage waveforms.
The maximum voltage of phase A is considered to be a starting point, where it has been
set as sector 1. Based on the SVPWM technique, the voltage vector can be presented in
the switching state vector, which is suitable to transfer from the three-phase quantities

into the stationary reference frame, o~ axis, as shown in Fig. 2.11.
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(t00) (110)  (010) (o11) (001)  (101) (100)

(a) Sector definition

(b) Switching state vector.

Fig. 2.11. Switching state of the SVPWM.

Eight possible logical states are defined, including six-active states, sectors 1-6, and two
zero-states in which all switches are either in on-state or off-state. In the switching state
(100) condition, the upper switch of phase A is on-state, while phases B and C are off-
states. Other conditions as (110), (010), (011), (001) and (101) are indicated for the

switching state of sector 2 to sector 6, respectively.
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Fig. 2.12 shows the switching operation based on the SVPWM of sector 1, which is (100)
switching state. It is assumed that the inverter is operated under an ideal switching
condition without the influence of long tail current due to nonlinear load which causes the
current to be not reduced to zero instantaneously after the switch is at off-state. In
Fig.2.12(a), based on the (100) switching state, S; is at on-state, while S3 and Ss are at oft-
state. Undoubtedly, S, S4, Ss, the lower leg switches of phases A, B, and C respectively,
are different from their upper switches. Therefore, the current of phase A flows from the
dc power supply to the load, which is defined as positive direction. Meanwhile, the
currents of phases B and C flow though their lower switches, as shown in Fig.2.12(a).
Consequently, the phase voltages can be determined by the voltage division, as shown in
Fig.2.12(b). The phase and line-line voltages in any switching sector based on the
SVPWM can be presented in a function of DC-link voltage (Vac), as shown in Table 2.4.

V

L@

iy Y

L ®

(100)

(a) Current direction.

o

(b) Voltage division.

Fig. 2.12. Switching state in (100) condition, sector 1.
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TABLE 2.4. Voltages of three-phase inverter based on SVPWM.

Vector Van Vin Ven Vb Ve Vea
1100 e | gt || | 0 T
2 (110) —%Vdc % v, —%Vdc V. Vie 0
3(010) %Vdc ngC —%Vdc 0 Vie Ve
401D e A A L O I
5(001) %Vdc —%Vdc %Vdc Vie Ve 0
6 (101) _§ v %V %V T | 0| Va
Null vector (000) (111) | 0 0 0 0 0 0

Based on the three-phase VSI topology and the star-connection of three-phase load, the
relationship between the terminal voltages (Vao, Vo, Veo), the phase voltages (Van, Ven,

Ven), and the line voltages (Vab, Vie, Vea) can be summarized in matrix form as,

2 -1 -1||V

ao

VLUI 1
Vo |=%| -1 2 —1]| W, (2.8)
Ver

3
-1 -1 2|V

co

and

I/ab ao
Ve |=| 0 1 =1|{ ¥, |- (2.9)
V.

a co
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o

T, :
—U,, sin 60

| > 7,
Fig. 2.13. An arbitrary voltage vector in sector 1 [TIE9S].

Since the voltage generation based on the SVPWM is considered in the linear range, the
modulation index can be determined by the ratio of maximum magnitude of voltage space

vector to the maximum output voltage in linear range, as given in (2.10).

% Vdc

2
m:|UO|:|U60|:3—:—:1.155 (210)
(2 V. cos30°j \/E

In Fig.2.13, based on the switching time period, the active and inactive time durations are
presented as given in (2.11). The summation of them could not exceed the switching
period (7s). The output voltage can be presented in form of voltage space vector and the

ratio between the active time duration and the switching time period, as given in (2.12).

T,=T. +T,+T. (2.11)

Us (2.12)

out

where 75, Tx and 7, are switching time period, active time duration of the voltage space
vector of Up and Uso, respectively, and 7 is time duration of a null vector, Vou is the

output voltage.
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Therefore, the output voltage can be expressed in the time modulation as,

Vou =tUy +1,U

where

Therefore, the voltage space vector is expressed in the o-f axis as,
V,=V,cosb =t ‘UO‘ +t, ‘U6O‘cos60°

Vy=V;sin6, =t, ‘Uéo‘sin60°

CHAPTER 2

(2.13)

(2.14)

(2.15)

(2.16)

By instituting of (2.14) into (2.15) and (2.16), the voltage space vector in o-3 axis can be

represented in terms of active time modulation as given in (2.17) and (2.18).

Consequently, the active time durations for 6 sectors can be determined in function of o-3

axis voltage vectors as shown in Table 2.5.

V, =ttt
@ \/51 \/gz

p=h

TABLE 2.5. Time modulation of the SVPWM.

2.17)

(2.18)

Sector f, t,
1 ?Va—%rfﬂ Vs
2 —gVa+%Vﬂ gVa+%Vﬂ
3 Vs _gva-%v,,
4 Vs —g a+%Vﬂ
5 By, Ly, By, Ly,
6 gVa+%Vﬁ —Vy
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Finally, the variables (aon, tbon, tcon) are defined as (2.19), which is called as duty cycle, in
order to calculate the switching functions (7u, T», Tc). The switching functions in each
sector are defined in function of the duty cycles for a practical PWM generation, as
shown in Table 2.6. The switching pattern of sector 1 can be presented in Fig. 2.14. In

addition, the switching patterns of all sectors based on the SVPWM technique are shown
in Fig. 2.15.

T —t —t
taon =— l 2
2
tbon = taon + tl (2 19)
tcon = tbon + t2

TABLE 2.6. PWM patterns.

Sector 1 2 3 4 5 6
‘T:z taon tbon tcon tcon tbon taon
7;7 tbnn taon taon tbon tcon tcon
T; tcon tcon tbon taon taon tbon

1 t
N N
/ \ ly
L= _7 ______________ i_ o
t
]:: S NS NS S T aon_
\/=t
s, 0 1 1 1 1 1 0 -t
s, 0 0 1 1 1 0 0 .t
S, 0 0 0 1 0 0 0 ot
L. L L I, L L
4 2 2 2 2 2 4
L N|
K T, 1

Fig. 2.14. PWM patterns in sector 1.
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Fig. 2.15. SVPWM switching patterns for all sectors.

44



CHAPTER 2

2.5.2 Minimum magnitude error over-modulation

The minimum magnitude error over-modulation (MMEOM) [HAV99], [MOC91]
is one of the over-modulation techniques that can be used to improve the utilization of
DC-link voltage in flux-weakening region, where the requirement of machine voltage
tends to exceed the voltage boundary provided by the actual inverter system. The
magnitude of the original voltage vector will be modified and it is limited within the
hexagon surface [SEO98], as illustrated by the bold-lines shown in Fig.2.16. Therefore, in
flux-weakening region, the higher output voltage can be provided compared with the
SVPWM, as aforementioned in the previous section. The generated voltage can be
divided into 6 sectors in o~ axes, which has been described the same as the SVPWM in
the previous section. Since it might be easier to explain the modified reference voltage
principle in each sector, the per-unit is considered for the MMEOM, in which the base-
voltage is the maximum voltage of the SVPWM 2N3). Consequently, the maximum
output of modified reference voltage in o~ axis can be 1.154 and 1.0 per-units (p.u.),

respectively.

dC:

1.0 pu.

ey

Sector 3
(01 1)

Fig. 2.16. Switching states of the MMEOM.
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~ Ne
~ < 60 (?J
(a) Step 1.
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Sector 3 @
o
(b) Step 2.
(c) Step 3.
Sector 3 *@
o
B
(d)

(V;,V;) > (V;m,V;m ).

Fig. 2.17. MMEOM technique in sector 1.
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In sector 1, the modified reference voltage can be clearly explained in Fig. 2.17 by
utilising the arrow symbol. The red arrow represents the reference voltage vector, while
the blue is the modified reference voltage vector. In this sector, it can be mainly arranged

into 3 steps as follows.

Calculation voltage for sector 1:

Step 1:
P , Ccos (%) —sin (%) lV* _QV*

v, Vol 127 277
= o |= 5 (2.20)
p sin (zj cos [zj “ V3 v +l v

3 3 2 % 2

Step 2:
=2 * 27 (2.21)

Step 3:
P oS (zj sin (%j , 1 _ﬁV* +£

= (2.22)

In the step 1, the reference voltage vector (V;ﬁ) is allocated in sector 1, at point A in

Fig.2.17(a), by 60 degrees or 1/3 radians in the counter clockwise (CCW) to the sector 2,

as shown in point B. The transferred voltage (V{;ﬂ) for this step is given in (2.20). Then,

in the step 2, since the transferred voltage vector exceeds the voltage limit of inverter, it
will be projected from point B to C, where it is the hexagon, as shown in Fig.2.17(b). As
a result, the transferred voltage vector in the B-axis will be set at 1.0 p.u., while the
transferred voltage vector in the o-axis is remained the same value, as shown in the
equation (2.21). In the step 3, the transferred reference voltage is allocated from point C
backward to point D in the sector 1 by 60 degrees, as shown in Fig.2.17(c). Therefore, the

modified reference voltages (V,

m?2

V), in per-unit, for the sector 1 can be determined as

expressed in the equation (2.22), and those reference voltages can be obviously compared

as shown in Fig.2.17(d).
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(a) Step 1.

Sector 1

(b)

(V;,V;) > (V;m,V;m).

Fig. 2.18. MMEOM technique in sector 2.

Vo | _| Ve 2.23
Vol |1 (2.23)

Fig.2.18 shows the operation of the MMEOM in sector 2. The reference voltage,

Calculation voltage for sector 2:

which is expressed in red, is out of the voltage limit of inverter as shown in bold line of
hexagon. Hence, the reference voltage vector will be projected from point A into point B,
where it is the edge of hexagon, as shown in Fig.2.18(a). Accordingly, the modified
voltage vector can be determined as given in equation (2.23). Undoubtedly, the modified

voltage vector can be clearly illustrated in Fig.2.18(b).
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(a) Step 1.
o
) 7
(b) Step 2.
Sector 3 Sector 1
2 ¢ L o
B
60 (fj el @
37
/
(C) Step 3. // Sector 2
|
@ \ Sector 3 Sector 1
(e » o
B
(d)

Fig. 2.19. MMEOM technique in sector 3.
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Calculation voltage for sector 3:

Step 1:
’ ' Cos(zj Sin(zj 1V+£
{Va}_ 3 3 {Va}_ etV o
V)| gin[ 7 AN | VB '
B B . .
—sin| — | cos| — N2 1
(3j (3) B V“+2Vﬁ
Step 2:
Va le_i_ﬁVﬂ
F12 02 (2.25)
Vs
1
Step 3:
' : COS(ZJ —sin(zj 2Ly \/—V B
Ve | _ 3 3|\ Vel |4 4 2 (2.26)
Viu| | . (7 AW B 3 :

A AR E
4 472

In sector 3, the modified voltage vector can be determined the same as in sector 1,
which is only the transformation angle, is in the clockwise (CW) by 60 degrees (m/3
radians) as shown in Fig.2.19. The calculation in this sector can be shown in (2.24) —
(2.26). However, the voltage vectors in sectors 4, 5, and 6 are absolutely the same as in
sectors 1, 2, and 3, respectively. Therefore, the modified reference voltages for all sectors

can be given in Table 2.7, which are expressed in per-unit.

TABLE 2.7. Modified o reference voltages based on the MMEOM (in p.u.).

Sector v Vi
1 —Va—ﬁ V;+ PRC) —£V5+EV;+1
4 4 2 4 4 2

2 v 1
3| dpaly B Byl
4% 4 2 4 4% 2
4 Ly B3y 3 By 3yl
4 4 2 4 4 2

5 v, -1
6 —Va \/5 Vi + ﬁ \BV +3V L
4 4 2 4 4 2
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2.6 Inverter nonlinearity

The inverter nonlinearity voltage results in the difference between the real voltage
and the command voltage, which is provided by the control system. Furthermore, it also
degrades the control performance of drive system, especially in the flux-weakening
operation. The nonlinearity voltage is caused by the dead-time, the dc-link voltage error
between the real and measured values, and the non-ideal characteristic of switching
devices [KIMO06]. However, since the compensation of the dc-link voltage error is not
necessarily required for all proposed control strategies, which is considered in this thesis.
The dead-time and voltage drop caused by non-ideal characteristic of switching devices

are explained as follows.
2.6.1 Dead-time

Since the motor can be considered as a resistance and inductance load, the dead-
time or the blanking time, which can be programed by the drive processor, is normally
considered to prevent the short circuit of the phase-leg switch of inverter during the
commutation. The dead-time is usually defined between 2-5 ps, which it is set at 2 pus in
this thesis which larger than switching time delay (on/off state) of the inverter switches.
Fig.2.20 compares the switching between the ideal case and the actual operation with
dead-time in both upper and lower switches, where S; and S> are expressed as the

switching signals for phase A.

k N
< T 1
Ideal switching 1
Sl
0
1
SZ
0
td
Switching with -k 1
dead time g
1
0
- K
t, 1
S,
0

Fig. 2.20. Switching signal with dead-time.
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2.6.2 Inverter nonlinearity voltage estimation

Fig.2.21 shows the active power devices operation, which is based on the phase
current direction, for one leg of the three-phase VSI. In an ideal switching, the upper and
lower switches in each phase leg, e.g. S1 and S: of phase A, are assumed to be changing
their states at the same time. When iz > 0, S/ is turned on (S = 1), and S: will be at oft-
state (S2 = 0), the terminal voltage (Vo) is equal to Vac/2 — Vee, as shown in Fig.2.21(a),
where V. is the saturation voltage of the on-state switch. Meanwhile, when S; is at off-
state, the phase current will flow through the free-wheeling diode of the lower switch, S-.
Therefore, Vao = -Vac/2 — Va, where Va is the forward voltage of the free-wheeling diode.
On the other hand, in case of iz < 0, as shown in Fig.2.21(b), Vao = Vac/2 + Va when S/ is
at on-state, while -Vac/2 + Ve is at off-state. Hence, the terminal voltage in each phase can

be expressed in the form of equation as (2.27) - (2.29) [KIMO06].

V. =(Vdc—Vce+Vd)(Sl—0~5)—%(Ke+Vd)Sign(ia) (2.27)
1 o
Vo =V =V 4 V) (8, = 05) == (V. 4V, ) sign(i,) (2.28)
Vo = V=V 40, (S =0.5) = (1, 47, ) gt (229)
llon"
1
Sl nofn
————— 0
1
SZ

S
Vdc + l_|
L®
_F o I/dc a
M s 2O |
SZ \\ l:> Off 2 SZ*
(a) ia > 0. (b) ia < 0.

Fig. 2.21. Active power device operation following the current direction of the VSI.
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Fig. 2.22. Practical switching signals.

Indeed, the terminal voltage can be represented by duty ratio, e.g. S1 = Ton/Ts [KIMO06], in
order to estimate the average voltage in a switching period. However, the error of on-state
time (7on) will be impacted by the loss time as illustrated in Fig.2.22, where the practical
switching signal has considered the influence of dead-time and switching time delay in
both on-state (fon) and off-state (7). Therefore, the loss time in each phase can be

determined as given in (2.30) — (2.32).

]::t,a _]:)n,a = (td +ton _toﬁ )Slgn(la) (230)
Tt:z,b - T:m,b = (Zd + Zon - taj}" )Slgn(lb) (23 1 )
T,..—T,.=(t,+t,—t,)sign(i,) (2.32)
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The voltage drop of switching power devices, which is the IGBT for this thesis, can be

represented as,

Ve =Voeo

ceo

i, V,=V, +rli]. (2.33)
where Veeo, Vao are the threshold voltages of switching power devices, switch and free-

wheeling diode, respectively, and rc., ¥« denote their resistances.

According to the relationship of the terminal voltage and the phase voltage that has been
introduced in (2.8), the phase voltage which considers the inverter nonlinearity can be

given by (2.34).

V — (I/dc _I/ce +I/d) 2’]:m,a _T;n,b _Ton,c
an 3 7‘;
_ (2sign(i,) —sign(i,) —sign(i,)) (Voo + Vi) | (2.34)
6

(}/;’e +rd)ia
2

Meanwhile, the reference phase voltage can be calculated from the ideal on-state time as,

V¥ = _de
T

V 27:;!(1_7—'0;17_]:;;16
an 3 , ’ , : (235)

Therefore, the voltage loss due to the non-ideal characteristic of switching power devices

of phase A can be determined by AV, =V -V

an *

It can be summarized as given in (2.36)

[KIMO6] [LIU12].

AV, 2 -1 -1} sign(i,) i
AV, |=A|-1 2 —1||sign(,) +% i | (2.36)
AV, -1 -1 2 || sign(i,) i

The intermediate parameter (4p) is provided as,

ceo

P 3T, 6

N

Vi =Vu Vi) lts b ~ty) Viy Vi, (2.37)
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The inverter nonlinearity voltage loss can be expressed in the d-g axis, by utilising Park’s
transformation, as given in (2.38).

A Vdnonlinear ' ' ld
Al/qnonlinear = 2Ap Slgn(lb)

sin @, sin(ﬁe—%j sin(é’e+§j sign(i,) ,
+—”’{} (2.38)
V4 V4 2 |1
cosd, cos(&e—gj cos(é{ﬁ; sign(i,)

q

Fig.2.23 shows the inverter nonlinearity voltage drops in both d-axis and g-axis when the
machine is operated in constant-torque region, i.e. iy = 7.92 A, iz = 0, with the speed at
500 rpm. Based on the equation (2.38), the measured phase currents and rotor position are
required in order to determine the resistance voltage drop of inverter switches and current
directions. Meanwhile, the voltage drop due to the non-ideal characteristic of inverter
switches (4p), which has been defined in (2.37), is calculated based on the information of
switching devices provided by the manufacturer [INTO05]. Vae = 40V, Ts = 0.0001 s
(switching frequency is 10 kHz), ta = 2 ps, fon = 500 ns, fo = 700 ns, Veeo = 1.85 V, Vo =
2.2 V,and ree=ra=0.04 Q.

5
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3¢ ﬁlrlinear Vnonlinear
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Time (s)

Fig. 2.23. Measured inverter nonlinearity voltage loss.
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2.7 Experimental hardware

2.7.1 Three-phase voltage source inverter

The three-phase VSI that is utilised to verify all proposed control methods is
illustrated in Fig.2.24. It consists of 6 switching devices, for which the IGBTs are used in
this thesis. Consequently, a free-wheeling diode will be provided for each switch in order
to protect the switching device from being damaged by the reverse current due to an
inductive load, as shown in Fig.2.25. The IRAMY20UP60B intelligent module [INTO5],
which provides rated current and voltage of 20A and 600V, was selected. Furthermore,
since the IGBT module has a built-in integrated gate driver for all gating signals, it does
not require any additional hardware for triggering the switches. The PWM signals
generated from the DS5101 board provide a voltage level at 5V. Hence, it is compatible
to the logic input voltage of the IGBT module, which makes it simple without the

requirement of the voltage level shifter board.

O

S S S

— - =Kk
Vdc a b C o¢—

RO
O

Fig. 2.25. Three-phase voltage source inverter circuit.
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2.7.2 DC-DC converter

Since the hybrid-excited PM machines exhibit an outstanding capability to adjust
the flux-linkage through the field winding, the DC-DC converter is required in order to
regulate the field excitation current. Indeed, the field winding resistance of both prototype
machines is low, and hence, a step-down (buck-type) converter is considered, as shown in
Fig.2.26. Meanwhile, the field excitation current direction can be easily controlled by an
H-bridge, which consists of 4 switching devices. The field voltage (vy) is automatically
adjusted corresponding to the field excitation current feedback control in which the
proportional and integral (PI) regulators are utilised in order to improve the tracking
accuracy of the field excitation current. The DC-DC converter board, which is employed
to control the field excitation current according to its reference value, is shown in

Fig.2.27.

(o,

Buck — converter Bridge —direction control

[~ === === | I T — o
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| o (A |

| : : Load :
I/afc,con : ZS C _~ : : '_II_I |
: Lk
o o — 5
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Fig. 2.27. DC-DC converter board.
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The inductance and capacitance in Fig.2.27 are 500 mH and 1000 pF, respectively. All
switching devices are FGH40N60SMDEF’s IGBTs, which can provide rated current and
voltage of 40A and 600V [FAI13]. Indeed, the gate-drivers and opt-couples are also built-
in Fig.2.28 shows the tracking accuracy of the field excitation current control in the
specific values of both positive and negative currents (-4A, -2A, 2A, 4A). It is obvious
that the field excitation current can track with its reference value in both positive and
negative directions. Additionally, the field excitation current control also provides a good
dynamic performance as can be seen in the step response shown in Fig.2.29. The rise-

time is only 0.0292 s, while the reference current is set at 5.6A.
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Fig. 2.28. Field excitation current tracking performance.
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Fig. 2.29. Step response of the field excitation current.
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2.7.3 Magnetic contactor

The general purpose magnetic contactor, as shown in Fig.2.30, was designed for
employing in high current connection which can operate as a switch. It is utilised in the
fault protection in chapter 6, and it can be applied to other application since there are 2
optional connections, i.e. normally close (NC) and normally open (NO), which is based
on the product series of Finder series 44.62 as double poles double terminals (DPDT)
[FIN13]. The maximum current is available at 16A, while a safety-oriented designs
assuring high surge resistance for the voltage level is at 10,000V. Moreover, it can be

used in both AC and DC power systems.

Fig. 2.30. General propose magnetic contactor board.

2.7.4 Current and voltage transducers

The hall-effect current transducer (LA 25-P) [LEM14] is utilised for measuring
the instantaneous values of currents including the armature current in each phase and the
field excitation current, as shown in Fig.2.31(left) that is only one of the general purpose
current transducer board. In the same way, the Hall-effect voltage transducer (LV 25-P)
[LEM12] is utilised to measure the DC-link voltage, the phase and line-line voltages, and
also the field voltage, as shown in Fig.2.31(right). Fortunately, since the dSPACE
platform (DS2004 high speed A/D board) provides a wide range voltage level for
analogue input signals in both positive and negative directions, =10V voltage range is
selected in this thesis. Consequently, the additional voltage level shifter board is not
required as other processors since it is compatible to connect the output current and

voltage signals directly to the dSPACE board.

59



CHAPTER 2

Fig. 2.31. Voltage and current transducer boards.

2.7.5 Incremental encoder

The incremental encoder (Hengstler RI5S8-D) [HEN10] is employed in order to
measure the instantaneous rotor position information, as illustrated in Fig.2.32. The
maximum speed is available at 4000 rpm, and it provides high accuracy with 5000 pulses
per revolution. This encoder is a through hollow shaft type in which the shaft diameter is
12 mm. Basically, the output signals of this encoder consist of index pulse signal and two
quadrature pulse signals, which are commonly defined their symbols as Z, A, and B,
respectively. Indeed, the numbers of pulses per revolution of both A and B are the same,
but only the pulse waveform of signal A always leads the signal B by 90 electrical
degrees. Meanwhile, the pulse signal Z appears in every revolution for determining the

initial rotor position, and it is also used to reset the pulse counter.

Fig. 2.32. Incremental encoder.
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2.7.6 Other equipment

The Megtrol torque transducer (TM307) [MAG14], as shown in Fig.2.33(a), is
utilised to measure the instantaneous torque for all application in this thesis. It provides
the maximum torque at 10 Nm, and it can also measure the speed where the maximum
range is 20,000 rpm. Since both measured torque and speed signals can directly connect
to the dSPACE board without the requirement of additional hardware, it is very easy to
implement for a drive system. Fig.2.33(b) shows the test-rig which was designed for the
AC machine drive. The 1.5 kW wound field type DC motor consists of 4 wires, in which
the armature and field windings can be separately controlled. The DC motor is employed
to define the load torque, which acts as a generator by utilising the resistance load to
dissipate the output power. Therefore, there are 2 options to adjust the load torque, i.e. by
verifying the resistance or by controlling the field winding voltage. For that reason, it is

especially suitable to be used in the flux-weakening operation.

(b) Test-rig.

Fig. 2.33. Torque transducer and test-rig.
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2.8 dSPACE-based drive system

Fig.2.34 shows the block diagram of the developed dSPACE-based drive system
for the hybrid-excited PM machine. In order to achieve the high performance of the drive
system, the field orientation control operating together with the SVPWM technique are
considered. The three-phase voltage source inverter (VSI) is employed to drive the three-
phase hybrid-excited PM machine, while the step down DC-DC converter is utilised to
regulate the field excitation current. The DS5101 board is used to generate switching
pulse signals for both the inverter and the DC-DC converter. All measured control
variables, i.e. armature currents in phases A and B, field excitation current, dc-link
voltage, field voltage, and torque, are sent to the DS2004 board in order to capture their
data waveforms. Likewise, the rotor position is determined by the incremental encoder,
and its information signals are sent to the dSPACE processor via the DS3001 board. The
detail in each part of dSPACE-based drive system will be described in the following

sections.
o+ Vdc—o o+ Vdc,c—ono
—|C—o —|C—o
Inverter DC-DC
I;’S\ifll\(/jll converter
generation H@ ﬂ@
< V i
DS1006 —“ Sh|i
DS2004 «—F 9 j
Processor A/D < N o/
<_
Board S

DS3001
Incremental
encoder

Load resistor

Fig. 2.34. Block diagram of the dSPACE-based drive system.
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2.8.1 dSPACE processor

The DS1006 dSPACE processor board is designed for high control performance
applications, as shown in Fig. 2.35, which is applied for all proposed control strategies in
this thesis. The DS1006 provides a capability to solve the complex computation for the
real-time system. It can be directly connected to all dSPACE I/O boards via PHS bus
through the DS911 Gigalink module, which is linked by fiber-optic connection.
Moreover, it is possible to utilise a multiprocessor system by utilising each individual
core. Thus, a parallel computing and high performance data exchange between the cores
are provided. Also, based on the RTI-MP, the graphical programming can be easily used
to assign the I/O boards.

Fig. 2.35. DS1006 dSPACE processor board [DSP10].

The outstanding features are highlighted as follows:

e Quad-core AMD Opteron™ processor running at 2.8 GHz.

e 1 GB DDR2-800 SDRAM local memory for the application and dynamic
application data, 4x128 MB DDR2-267 SDRAM global memory for host
data exchange, and 2 MB for flash memory.

e 3 general propose timers for each core.

e Interrupt controller for handling 18 different interrupt sources for each core.

e  Fast 64-bit access for block transfer function and 32-bit access for single 32-
bit data words.

e Interface via eight 16-bit I/O ports (host interface).

e  RS232 interface with standard UART (serial interface).

e  Ambient temperature is around 0 to 40 degree Celsius.
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2.8.2 PWM generation

The DS5101 digital waveform output board, as shown in Fig.2.36, is designed for
high speed signal generation and also high revolution in which it can generate a pack of
PWM signals at various frequencies. The DS5101 consists of 16 timing I/O channels
which can be interrupted by the external signal, and any channel can generate an interrupt
that can be performed by software. The maximum output frequency is 2 MHz with 25 ns
time resolution. Furthermore, for each channel, the dual-port memory (DPMEM) is
available for 128 programme states, and the data memory is offered for 512 delay
parameters. In physical connection, the board provides 37-pin female Sub-D output

connectors.

Fig. 2.36. DS5101 digital waveform output board [DSP10].

2.8.3 Incremental encoder interface

The DS3001 incremental encoder interface board, as shown in Fig.2.37, is
designed for position control applications. The board consists of five parallel input
channels, which is appropriately used to connect the incremental encoder. Each channel
has its own 24-bit position counter that can also be used for digital signals. Measuring

digital or sinusoidal position signals are available for this board.

Fig. 2.37. DS3001 incremental encoder interface board [DSP10].
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Since the range of input encoder lines is defined between 272! to 2°!, the position angle in
radian unit can be determined based on the scaled output signal by the DS3001 Matlab/

Simulink model as expressed in (2.39).

6, =2" (2—”j-scaled output (2.39)
encoder line
The encoder line of the incremental encoder, which is used in this thesis, is 5000 pulses

per revolution as mentioned in section 2.8.5.

2.8.4 High speed A/D

Fig. 2.38 shows the DS2004 high speed A/D board that can be used in the
dSPACE system for digitizing analogue input signals with high sample rate. The DS2004
provides 16 A/D differential input channels, and it consists of 16 independent A/D
converters with a resolution of 16 bits. The conversion time per channel is only 800 ns.
The input signal voltage range is available for both positive and negative sides, i.e. +5 V
and +10 V, that can be programmable in Matlab/Simulink. Hence, it is easy to connect the
output signal from other sensor board such as current and voltage without the additional
voltage level shifter board. There are 4 external trigger inputs. In addition, the triggered

sample mode of this board can be used to record data within a defined window.

Fig. 2.38. DS2004 high-speed A/D board [DSP10].
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2.9 Summary

In this chapter, the drive systems for hybrid-excited permanent magnet
synchronous machines have been introduced together with the specific hardware
configuration. The prototype hybrid-excited PM machines are briefly presented. The
principle of field orientation control, three-phase transformation method, space vector
modulation technique, over-modulation technique, and the inverter nonlinearity are also

covered. All of them are used for other chapters.
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CHAPTER 3

A NEW CONTROL STRATEGY OF HYBRID-EXCITED
SWITCHED-FLUX PERMANENT MAGNET MACHINES

This chapter proposes a new control strategy for operating in both flux-enhancing
and flux-weakening regions of the hybrid-excited switched-flux permanent magnet
machine (HESFPMM). The positive field excitation current is utilised to enhance the
torque via flux-linkage, and it is gradually modified when the speed exceeds the rated
speed of enhanced torque until the field excitation current is zero. In the flux-weakening
region, the d-axis current is utilised, while the field excitation current is controlled
towards zero rather than negative in the flux-weakening mode. The modification currents
are determined by the voltage error regulation method. The special magnetic circuit can
effectively reduce the d-axis flux-linkage by either partially short-circuiting the PM flux
via the iron bridge or removing the field excitation current. The proposed method exhibits
advantages, such as highly enhanced torque in the constant torque region, extended speed
range, robustness against machine parameters, and higher efficiency in the flux-
weakening region. The feasibility of the proposed method is verified by experimental

results.
3.1 Introduction

The hybrid-excited switched-flux permanent magnet machines (HESFPMMs),
which have two excitation sources, i.e. the PM and the field excitation, have been
investigated in [OWE(09], [OWEI10], [HUAO09], [HUAOI1], [GAUO07], [HOAO07],
[ZHA11]. Such hybrid-excited machines have the potential to improve the machine flux-
enhancing and flux-weakening characteristics, due to their adjustable flux-linkage
capability. In order to enhance the effectiveness of the field excitation current, the iron
flux bridges (IFBs), which mainly introduce a low reluctance path for the field excitation
flux, are presented in [OWE10]. Although torque density is slightly sacrificed, the flux-
enhancing and flux-weakening performance can be achieved [WANI11], [WANI12].

In hybrid-excited PM machines, the torque-speed characteristics are obtained by

calculating the appropriate set of field current, d-axis and g-axis currents [AMAO9],
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[HUA12]. In [KEF10], the fixed field excitation current is utilised to weaken the d-axis
flux-linkage. However, a large torque drop occurs when the operating region changes
between flux-enhancing and flux-weakening. Considering the machine speed and load
torque changes, the analytical expressions for the optimal reference currents are proposed
based on Extended Lagrange multipliers optimisation [MBA12]. As an extended study,
the optimal field current controller is proposed which uses the recursive method under a
certain voltage limitation in order to achieve a total copper loss minimization [SHIO7]. In
addition, a fuzzy control method is applied with particle swarm optimisation [HUA12].
Although these methods can determine the optimal field excitation and the armature
currents, they are machine parameters dependent and involved a heavy computational
burden. Meanwhile, in the high speed region, the enhanced torque is limited by the
inverter capacity, mainly the DC-link voltage and the maximum current. As the machine
speed approaches the rated speed, the field excitation current should be modified
accordingly to prevent the saturation of the current controllers. However, the field
excitation current transition in flux enhancing operation is not considered in the previous

research.

This chapter proposes a new control strategy for the HESFPMMs with iron flux
bridges, Fig.3.1. Initial investigation on the control principle has been introduced in
[POT15]. In order to control the field excitation current and d-axis current gradually in
the proposed method when the machine speed changes, load torque changes or even DC-
link voltage drops, the voltage error regulation method is utilised in which the machine
parameters are not required. Then, the onset speed of the current modification from the
flux-enhancing to the flux-weakening mode can be automatically determined. In flux-
enhancing mode, the field excitation current is set to its maximum value for the torque
enhancement, while it is controlled towards zero in transition from flux-enhancing to
flux-weakening operation. In flux-weakening mode, the negative d-axis current is mainly
employed, since the negative field excitation current cannot effectively weaken the d-axis
flux linkage in the HESFPMM. Experimental results are provided to demonstrate the
validity of the proposed method.
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3.2 Machine Topology and Operating Principle

3.2.1 HESFPMM Topology (Machine-I)

The three-phase, 12-stator/10-rotor pole HESFPMM structure is shown in Fig.3.1,
and the machine parameters are given in Table 2.1, as indicated in Chapter 2. Each salient
stator pole consists of adjacent sides of two U-shaped laminated segments connected via
an iron flux bridge. The slot between the adjacent sides of the U-shaped laminated
segments consists of a parallel magnetised PM and a coil side of the field winding. The
concentrated armature coils are wound on each of the salient stator poles and are
connected in series to form the phases A, B, and C. The salient 10 pole rotor is simple and

robust since it has no magnets or excitation coils.

A2

Fig. 3.1. Cross-section of the HESFPMM with iron flux bridges.

3.2.2 Principle of flux modulation

The advantage of the HESFPMMs is its ability to modulate the air-gap flux via the
field excitation. The principle of flux modulation is shown in Fig.3.3 and Fig.3.4. On
open-circuit with no field excitation current (ir = 0), the PM flux is the only source that

excites the air-gap flux, Fig.3.2. However, some of this PM flux also shunts through the
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iron-flux bridges and will not contribute to the air-gap flux. Although the iron-flux
bridges reduce the open-circuit air-gap flux, they enhance the effectiveness of the field

excitation [OWE10].

In the flux enhancing mode, i.e. with positive field excitation currents (ir> 0), the
air-gap flux is larger than the open-circuit PM flux, due to the addition of the positive
field excitation flux, which is in the same direction as the PM flux in the air-gap,
Fig.3.3(a). The net enhanced air-gap flux is shown in Fig.3.3(b). In the flux weakening
mode, i.e. with negative field excitation currents (ir < 0), the air-gap flux can be decreased
less than the open-circuit PM flux because of the addition of the negative field excitation
flux, which is in the opposite direction of the PM flux in the air-gap, Fig.3.4(a). The iron-
flux bridges serve as a relatively low reluctance flux path for the field excitation flux
which is in parallel to the PM flux path. However, for flux-weakening, the effectiveness
of the excitation field is limited by the high reluctance of the PM since some of the
excitation flux shunts through the PMs. The net enhanced air-gap flux is shown in

Fig.3.4(b).

Armature winding IFB Field winding

R S
[ N [ AT |
O TG TG T
QO N
[ C [ B B
pitnAeeEnReowllnil
T N1 1
Y 4 (B
] - ]
L
T N
——

Fig. 3.2. PM flux path in the simplified machine with the rotor at d-axis.
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Fig. 3.3. Flux-enhancing operation in the simplified machine model.
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Fig. 3.4. Flux-weakening operation in the simplified machine model.



CHAPTER 3

Flux-linkage (mWb)
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(a) Phase flux-linkage against rotor position.
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(b) Phase flux-linkage with field excitation MMF.

Fig. 3.5. Flux-linkage adjusting capability of the HESFPMM.

The phase flux-linkages obtained by 2D FE analysis in against either rotor
position or excitation MMF are shown in Fig.3.5(a) and (b), respectively. It can be
observed that the phase flux-linkage can be either increased or decreased by adjusting the
field excitation currents. However, the flux enhancing mode is more effective than the
flux weakening operation. This is mainly due to the different directions of the PM flux

and the positive field excitation flux in the iron flux bridges. In the flux enhancing mode,
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as illustrated in Fig.3.3(a), the PM flux and the excitation flux are in opposite directions,
i.e. the iron flux bridge is pre-magnetised with a negative flux. Then, by increasing field
excitation current, the net flux is pulled into the air-gap. This is different for the flux
weakening operation since the iron flux bridges are pre-magnetised with a positive flux,
i.e. both flux sources are in the same direction, as shown in Fig.3.4(a). By increasing flux
weakening current, the net flux is increasingly shunted via the saturated iron flux bridges
and the high reluctance PM, Fig.3.4(b), thus limiting the ability to further reduce the air-
gap flux.

In Fig.3.6 and Fig.3.7, the operating principle of the prototype machine can be
also expressed by the flux distributions obtained from the 2D finite element (FE) analysis.
On open-circuit without field excitation current (ir = 0), Fig.3.6, the majority of PM flux
is naturally short-circuited through the iron-flux bridge. Meanwhile, the flux distributions
of both enhancing and weakening operations are shown in Fig.3.7. It is obvious that the
flux-linkage can be enhanced/weakened based on the utilisation of the positive/negative

field excitation current by utilising Fig.3.2 — Fig.3.4.

Fig. 3.6. PM flux-distribution with ir= 0.
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(c) Net flux- weakening, ir <0 with PM. (d) Net flux- enhancing, ir > 0 with PM.

Fig. 3.7. Flux distributions of both enhancing and weakening operations.
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1 R L
Vq
‘ (L, + L, i, +v,,)

Fig.3.8. Equivalent circuits of the HESFPMM [HUA12].

3.3 Mathematical Model of the HESFPMM

Based on the equivalent circuits expressed in Fig.3.8, the voltage equations of the
HESFPM can be given by (3.1) and (3.2) in the rotor reference frame by neglecting
magnetic saturation, iron loss and temperature dependences. Since the field excitation
current is employed to principally modify the d-axis flux-linkage produced by the PMs,
the field current model is considered in the d-axis equivalent circuit, whilst the influence
of the modified d-axis flux-linkage is considered on torque generation in g-axis circuit.

Then, the machine model can be written as

v, =Ri,+L, diy L, di—sz 3.1)
TGy T g '
dq
v =Ri+L— +@, (L, +V,, +L,i) (3.2)
3 r. :
T=3 Pliy,—iy,]. (3.3)
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Since each axis flux-linkage can be expressed as Y, =¥, + L, +L i, and Y, =L .

The electromagnetic torque equation can be rearranged as

3
T :EP[iql//pm +id, (L,—L,)+ L, (3.4)

3 . y
n=3 Pliy,, +L,i, | (3.5)

Therefore, when the saliency of the HESFPMMs is assumed as 1 (L4 = Lg), the torque can
be generated from two parts, i.e. the interaction between PM flux-linkage and g-axis
current, and interaction between g-axis current, field current and mutual inductance
between field and armature windings. Consequently, it can be concluded that the torque
can be controlled by both the armature and field excitation currents as discussed in

Section 3.2.

Due to the inverter constraints such as the DC-link voltage and current limits, the
operating point of the machines is limited. The voltage and current constraints of an
inverter can be expressed in the terms of the d-axis and g-axis voltages and currents as

shown in (3.6) and (3.7), respectively.

v +v§ <y? (3.6)
i +zj < (3.7)

In steady-state, by neglecting the resistance the voltage constraint of the HESFPMMs can

be arranged in terms of the d- and g-axis currents as shown in (3.8).

2 2
v, +L 1, _ 14
Pl 42 ) | LR <] i 38
d(d Ld qq a)e ( )

From the assumption of unity saliency for the HESFPMMs, i.e. La = Ly = Ls, the

constraint can be simply expressed as (3.9)

47 i Y 7Y
(id+—y/me il j +i§£(—L’" j (3.9).
d sa)e
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In vector control, variables are transferred into the synchronous reference frame,
ideally dc quantities. Then, torque and flux-linkage can be separately controlled by g-axis
current and d-axis current, respectively. The gains of both current controllers, commonly
proportional and integral (PI), are selected based on the voltage equations, (3.1) and (3.2).
Besides, the decoupling control is utilised to improve the dynamic performance of current
control loop especially in high speed operation [JUN99], [ZHU10]. The d-axis and g-axis

currents controller in s-domain with decoupling terms are given in (3.10) and (3.11),

respectively.
. ko .
Vi =(kp +jj(ld _ld)+vd7dec (3.10)
% kl' o .
vq:(kp+?j(zq —zq)+vq7dec (3.11)

where the decoupling terms of the d-axis and g-axis can be expressed as v, ,. =—®,L i

) dee = O, (y/pm + L, +L, i ), respectively.

and v mils

For the rotor position and speed measurement, an incremental encoder is utilised.
The pulses generated from the encoder are digitised within the sampling period of time
[OHMS&2], [ZHA12]. Hence, the rotor position can be measured by the counted pulses,
and then the mechanical speed is measured by the differential of the measured rotor

position as shown in (3.12).

o _dg, _[6,0)-6,(-1)
"dt AT

s

(3.12)

where 6 (k—1)and 8 (k) are the instantaneous rotor positions with respect to initial

and end of the time interval (AT5).
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3.4 Proposed Control Strategy

With respect to the different field excitation current levels, the operating regions
of the HESFPMM are defined in Fig.3.9(a). In region-I, from point A to B, the enhanced
torque can be generated with an aid of the positive field excitation current. The rated
speed with enhanced torque, which is defined at point B, is lower than that with zero field

current, since the enhanced torque operation requires higher voltage due to the increased

flux-linkage. Over the rated speed with enhanced torque operation (&), the field

excitation current should be reduced in order to satisfy the inverter constraints, from
points B to C. Above the point C, the operating range can be extended by utilising the

negative field excitation current or negative d-axis current.

Consequently, the maximum operating point can be obtained by following the
envelope of each region, represented by the bold line in Fig.3.9(a). In order to avoid the
torque drop during transition in Region-II, the excitation current should be changed
gradually while satisfying the operating condition such as voltage and current limitations
of the inverter. The proposed flux-enhancing and flux-weakening control method and

limitations of the inverter will be discussed in the following section.

The overall block diagram of the proposed control strategy is presented in
Fig.3.9(b). The PI controllers are employed for both the speed and current controls. In
order to achieve the maximum DC-link voltage utilisation, the minimum magnitude error
over-modulation (MMEOM) technique is utilised along with the space vector pulse width
modulation (SVPWM), in which the output voltage can be moved closer to the corner of
the hexagon in a stationary voltage plane [HAV99], [KWOO06], [KWOO07], [KWOO0S].
The field excitation current is controlled by the DC-DC buck-converter via the current

feedback control with PI controller.
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(b) Overall block diagram of the proposed control strategy.

Fig. 3.9. Definition of operating modes and proposed control strategy.
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The proposed control strategy is based on the voltage error regulation method,
which uses the voltage difference between reference and modulated value of the
MMEOM block in the synchronous reference frame. The voltage error regulation loop
consists of low-pass filters (LPFs) and a gain a. It should be noted that the transient
performance and steady-state torque have trade-off relationship related to the gain, a
[KWOO06]. The larger gain exhibits better dynamic performance, but the lower torque per
ampere ratio (T/A).

When the machine speed approaches the rated speed, the output of the current
controller is close to the maximum voltage of the inverter. If the demand voltage exceeds
the available voltage of the inverter, the modified component will be produced to reduce
the back-EMF of the machine. The operating conditions of the proposed method are
presented in Table 3.1.

Table 3.1. Proposed operating conditions

Flux-enhancing Flux-weakening
Reference current
4 Region-I  Region-II Region-II1
ok .en A . 0
l f l f,max /
d
i; I Ln 12—

3.4.1 Flux-enhancing Mode

When the machine operates in Region-I between points A and B, as shown in
Fig.3.9(a), the voltage error regulation part is not activated because the voltage saturation

of the MMEOM block does not occur. The reference field current is set to the maximum

-en

enhancing field excitation current (I, ., ) in order to maximise the torque of the machine.

Since the d-axis current does not contribute to the torque generation in HESFPMMs when
the saliency is assumed as 1, the d-axis reference current is set to zero, while the g-axis

reference current is given by the speed controller.

When the machine operates beyond point B the inverter cannot generate the
required reference voltage due to the enhanced flux-linkage. In order to avoid the output
saturation of the current controllers, the voltage error regulator is automatically activated

and the field excitation current is modified by the voltage error regulation current (Ay) in
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Region-II from point B to C. As the machine speed increases, the reference excitation
current (Ay) will be reduced towards zero, then eventually the reference field excitation

current will be zero at point C.

3.4.2 Flux-weakening Mode

When the machine operates in Region-III beyond the point C, the flux weakening
operation can be achieved by using either the negative field excitation current, the
negative d-axis current, or the combination of both currents. However, as discussed in the
previous section, the PM flux is short-circuited via the low reluctance paths of the iron
flux bridges and the magnets in the HESFPMMs, which indicates that the employment of
negative field excitation current will result in high copper loss without effectively
influencing the flux-weakening performance. Therefore, for the proposed control strategy,
only the negative d-axis current control is utilised to weaken the flux-linkage produced by
PMs, while the field excitation current is set to zero in Region-III. To satisfy the current
limitation and voltage constraint of the inverter, the g-axis reference current should also
be modified with respect to the utilisation of the d-axis current shown in Table 3.1.
Consequently, by using the voltage error regulation method, a smooth field current
transition can be achieved from flux-enhancing operation to flux-weakening operation

and vice versa.

3.5 Experimental Verification

3.5.1 Experimental setup

In order to verify the feasibility of the proposed method experimentally, the vector
control algorithm is implemented on a dSPACE platform. To generate a load torque, a
DC machine, which has the rating values of 1600 rpm and 1.5 kW, is utilised with an
external resistance to dissipate the generated power, as mentioned in Chapter 2. The
maximum enhancing excitation current is set at 4 A in the flux-enhancing mode. It should
be noted that the DC-link voltage is reduced from rated value 36 V to 26 V in order to
obtain more expanded region of the flux weakening operation of the HESFPMM, so that
it can meet with the speed limitation of test rig, as depicted in Fig.2.18(b), to make it
easier to observe the machine performance. SVPWM technique is used with 10 kHz
switching frequency, while the DC-DC converter frequency is 5 kHz. The armature

current and the maximum field excitation current are set to 10 A. The maximum speed of
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the encoder is 4000 rpm which can cover the whole testing speed range. Other

experimental setup settings are presented in Table 3.3.

Table 3.3. Experimental setup

Maximum enhancing excitation current 4A
Maximum motor test speed 1600 rpm
DC-link voltage 26V
Armature current (peak) 10 A
Switching frequency of the inverter 10 kHz
Converter DC voltage source 30V
Maximum absolute field excitation current 10 A
Switching frequency of the converter 5 kHz

3.5.2 Experimental results

Fig.3.10(a) and (b) show the measured maximum torque and the maximum output
power versus machine speed for the proposed method and the method utilising only the
field excitation current control. Both control methods are also compared with the method
that neither the flux-enhancing nor flux-weakening are controlled (ir = iz = 0). From
standstill to rated speed with the enhanced torque, the method utilising only the field
excitation current control and the proposed method can achieve the same torque and
output power due to the same enhanced field excitation currents. As the machine speed
increases over around 600 rpm, the field excitation current is modified by the voltage
error regulation part in order to operate under the voltage limitation as shown in
Fig.3.11(a). In flux-weakening region over around 900 rpm, the proposed method
produces more torque compared with the method utilising only the field excitation current
control due to the short-circuit of PM flux. Hence, it shows that the proposed method can
provide high maximum torque and power at a given speed for all operating regions. In
addition, a smooth speed transition between flux-enhancing and flux-weakening mode is

also obtained.
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The comparison of d-axis and g-axis currents between the method utilising only
the field excitation current control and the proposed method is shown in Fig.3.11(b). In
the method utilising only the field excitation current control, the d-axis current is set to
zero over the entire speed range. Therefore, the g-axis current should be maintained at the
maximum current (/) for all operation modes. However, since the flux-linkage cannot be
sufficiently weakened by the negative field excitation current during flux-weakening
mode, the voltage demand would exceed the voltage limitation. Hence, the g-axis current
needs to be reduced when the voltage reaches its limit in order to achieve the reference
speed. As for the proposed method, the d-axis current is kept zero in the flux-enhancing
mode which ensure that the g-axis current is maintained at the maximum current, while in
the flux-weakening mode the g-axis current needs to be reduced since absolute value of d-

axis current increases.

Fig.3.12(a) presents the comparison of the copper loss of field winding for both
methods, i.e. the method utilising only the field excitation current control and the
proposed method. It is obvious that in the flux-enhancing mode same copper loss is
obtained due to the same field excitation current utilised. However, in the flux-weakening
mode, the copper loss in the proposed method can be eliminated with the zero field
excitation current, while it is significantly increased by applying the method utilising only
the field excitation current control, resulting in reduced machine efficiency and increased
winding temperature. Fig.3.12(b) shows the copper loss of armature windings
corresponding to the armature currents shown in Fig.3.11(b). By considering both the
armature winding and the field winding copper losses, the total copper loss in all

operating speed range can be illustrated in Fig.13(a).
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The efficiency of the proposed method is compared with the method utilising only
the field excitation current, Fig.3.13(b). The calculation of core loss and copper loss are
presented in [ICF14]. However, it should be noted that the core losses and mechanical
loss have been considered, since the efficiency (77 ) is calculated by the measured load

torque (7») and speed in rad/s (@) and electrical power, as shown in (3.13).

1)011[ Tma)m
n= = ) ) 2
P, 1.5(zdvd+lqvq)+szf

2

(3.13)

It can be seen that both methods can provide the same efficiency in the flux-
enhancing mode due to the utilisation of the same field enhancing current and g-axis
current. However, in the flux-weakening mode, the proposed method has higher
efficiency since the copper loss of the field winding can be eliminated by employing the
proposed control strategy in Fig.3.12(a). In addition, the proposed method can improve
the power factor in flux-weakening region compared with other methods, as illustrated in

Fig.3.14.
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To further demonstrate the effectiveness of the proposed control method, its
dynamic response is compared with the method utilising only the field excitation current,
Fig.3.15. For a unit step change, the machine is operated at 0.5 second by setting the
speed reference at 1200 rpm. The field excitation current is initially set at its maximum,
and it gradually reduces towards zero in region-II corresponding to the steady-state
results. In flux-weakening mode utilising only the field excitation current, the modulated
voltage cannot meet its demand. This is because the flux-linkage cannot be effectively
weakened by the negative field excitation current. Hence, the voltage error regulation
current (Ay) is further increased. The increase in field excitation current results in
excessive copper loss of the field winding, which can be eliminated in the proposed

method since the field excitation current is controlled to zero.

In addition, the robustness against machine parameters of the proposed method is
investigated. Under this condition, since the variation of d-axis inductance directly affects
the flux-weakening performance of the proposed method in which the d-axis current is
utilised, the estimated armature inductance is increased by 50%, as illustrated in Fig. 3.16.
It can be seen that the speed can still effectively track its reference value, while the
currents and copper losses exhibit similar performance as normal operation, which
validates one of the advantages of the proposed method, i.e. robustness against machine

parameters.

It is worth noting that although the speed is required in the decoupling terms,
which results in slight deterioration of transient response on high speed operation when
the sensorless strategies are utilised, on most operating conditions, the PI controllers in
the current loop can automatically compensate the effect caused by the inaccuracy

decoupling terms values.
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3.6 Efficiency Map

The attractive feature of the HESFPMMs with regard to their capability is not
only the possibility of the enhancing torque, but also the potential of extending the speed
range. Moreover, the efficiency in flux-weakening operation can be further improved
with the proposed method. Additionally, when the machine is operated below the rated
torque, the efficiency can also be significantly improved by utilising the field excitation
current. In this region, the field excitation current will be set as a constant value since the
demand voltage is still inside the voltage limit. The measured efficiency map
without/with utilisation of field excitation current are presented in Fig.3.17(a) and (b),

respectively.

The maximum efficiency, which has been selected by a specified range of field
excitation current, is presented in Fig.3.17(b). Since the d-axis flux-linkage can be
enhanced by utilising the positive field excitation current, the requirement of g-axis
current will be reduced during the same torque and speed operation. As a result, the
armature copper loss will be decreased as well. However, the field excitation current
causes the copper loss of field winding. Therefore, in order to achieve the maximum
efficiency, the copper losses need to be minimised. The comparison results of the
efficiency map show that the efficiency of HESFPMM can be improved by using a proper

field excitation current.

It is worth mentioning that in Fig.3.13(b) and Fig.3.17, the overall efficiency is
low since the prototype machine is a low power machine and the DC-link voltage is
reduced in order to limit the maximum operating speed which is imposed by the test rig.
However, the efficiency improvement of the proposed method is obvious, which, together
with Fig.3.10(a) and (b) for the torque and power improvement and the speed extension,

has demonstrated the effectiveness of the proposed control method.
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3.7 Summary

A new control strategy for the hybrid-excited switched-flux permanent magnet
machines has been presented in this chapter. It utilises a novel feature of HESFPMMs, in
which the flux produced by the permanent magnets can be inherently short-circuited via
the iron flux-bridges. The proposed method utilises the field excitation current to enhance
the torque response in the flux-enhancing mode, while in the flux-weakening operation,
the field excitation current is controlled toward zero, and the negative d-axis current is
used for the extended operating range. The references of the field excitation current and
d-axis current are determined by the voltage error regulation method. The proposed
method not only shows robustness against machine parameter changes, but also exhibits a
smooth transition between flux-enhancing and flux-weakening operation using the field
excitation current control. Furthermore, in the operation below the rated torque, the
efficiency can be improved based on the utilisation of field excitation current as has been
presented in the efficiency map. The proposed method is applicable to other hybrid-

excited machines.
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CHAPTER 4

FLUX-WEAKENING CONTROL OF HYBRID-EXCITED
PERMANENT MAGNET MACHINES

In this chapter, three flux-weakening control methods, i.e. utilising field excitation
current alone (Method-I), utilising armature current alone (Method-II), and optimisation
method (Method-III), for the HEPMM are considered. All three methods can achieve the
same torque in the constant-torque region due to the same enhanced field excitation
currents. In the flux-weakening region, Method-I exhibits low torque and a limited
operating speed range since the field excitation current reaches zero. Nevertheless, the
operating speed range can be further extended by Method-II and Method-III. In addition,
Method-III can provide a higher efficiency in flux-weakening region than Method-II
since the copper loss of field winding can be decreased in proportion to the reduction of
field excitation current. Those flux-weakening control methods are verified by

experimental results.
4.1 Introduction

In order to achieve the maximum torque in the constant-torque region of the
PMSM, the d-axis and g-axis currents are controlled by tracking the maximum torque per
ampere (MTPA) trajectory [CHE10], [CON10]. In some specific applications with wide
speed range, for instance, automotive vehicles and spindle drives, flux-weakening control
is required [KWOO06], [KWOO07], [LIN12], [LIU12], [MOR90], [PANOS]. Several flux-
weakening control methods are presented in [KWOO06], [KWOO07], [LIN12], [LIU12],
[MOR90], [PANO5], [ZHUO00]. However, since only the permanent magnet is primarily
utilised to generate the excitation flux of such machines, the control variables that can be

used to weaken the flux-linkage are limited to only d-axis current.

Because the hybrid-excited permanent magnet machines (HEPMMSs), as shown in
Fig.4.1, consist of two excitation sources, i.e. permanent magnets (PMs) and field
windings, such machines provide a capability to adjust the flux-linkage through the field
excitation current. Consequently, high torque at low speed and wide operating speed

range can be provided [AFI15], [CHE1la], [ZHA10]. Moreover, due to windings and
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PMs are located on the stator, high-speed operation and cooling capability are relatively
easier for such machines [AFI15], [AMAO09], [CHE1la], [OWEI10], [ZHA10], as has
been introduced in Chapter 1. Accordingly, the HEPMMs are very attractive.

Based on the operating principle of the HEPMM, the field excitation current is a
major excitation source compared with the PMs. Therefore, the maximum field excitation
current is commonly employed to achieve the highest torque of such machines. However,
in flux-weakening operation, the d-axis current is utilised to oppose the direction of field
excitation flux produced by field excitation current. As a result, the efficiency in this
region would be deteriorated due to the excessive copper loss of field winding. Indeed,
both of field excitation and d-axis currents can be utilised to weaken the flux-linkage for
extending the speed range of the HEPMM. Therefore, these currents need to be
optimised. In [KEF10], a specific value of field excitation current is utilised in flux-
weakening region. A large torque drop is noticeably emerged when the machine speed
exceeds its rated speed. The methods based on Extended Lagrange multipliers
optimisation have been investigated in [HGU14], [HUAI12], [MBA12], [SHIO7].
Therefore, the optimal currents can be determined by the analytical expressions.
Nevertheless, they are sensitive to the variation of the machine parameters, and also
difficult to implement due to high computational burden. The flux-weakening control of
the HEPMM is presented in [POT15], which the field excitation current and the d-axis
current can be automatically modified depending on the operation regions. Although the
influence of machine parameters variation can be avoided for such method, the
optimisation of weakening currents, i.e. field excitation and d-axis currents, relating to the

efficiency improvement in flux-weakening region is not considered.

Since there are mainly two currents that HEPMM can be utilised to weaken the
flux-linkage in flux-weakening operation, i.e. field excitation current and d-axis current,
three flux-weakening control methods are proposed: 1) utilising field excitation current
only, 2) utilising armature current only, and 3) optimisation method. Those methods are
defined as Method-I, Method-II, and Method-III, respectively. A comparison of three
flux-weakening control methods of the HEPMMs, in terms of the torque, operating speed
range, and efficiency, is presented in this chapter. Since the weakening currents in both
Method-I and Method-II, i.e. field excitation and d-axis currents, are modified based on
the voltage error regulation method [KWOO07], the utilisation of DC-link voltage is

efficient. In Method-III, the maximum efficiency condition is analyzed based on the
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differentiation method in order to determine the optimal field excitation current. In
addition, since it is calculated as a function of the d-axis and g-axis currents without the
requirement of the sensitive machine parameters such as resistances, Method-III is simple
to implement and robust to the machine parameter variation. All flux-weakening control

methods are validated by experimental results.

Fig. 4.1. Cross-section of the prototype HEPMM employed for investigation, [AFI15].

4.2 Machine Topology and Operating Principle (Machine-II)

The HEPMM employed for investigation, which consists of 12-stator/10-rotor
poles, is shown in Fig.4.1. The armature windings (phase A, B, and C) and the field
windings are wound on each of the salient stator poles. Four armature windings in each
phase and twelve field windings are separately connected in series. The PMs are located
on the slot opening between two adjacent stator poles. The machine parameters are given
in Table 2.2, Chapter 2. There has no magnets or excitation coils on the rotor structure,
which makes it simple and robust. The phase flux-linkage against the field excitation
current obtained by 2D finite element (FE) analysis is shown in Fig.4.2. It is obvious that
the phase flux-linkage of the prototype machine can be enhanced/weakened utilising only

the positive field excitation current.

The operating principle of the prototype machine can be clearly explained by
utilising the simplified model, Fig.4.3. On open circuit (ir = 0), Fig.4.3(a), the PM flux is
inherently short-circuited via the stator without the flux-linkage. In Fig.4.3(b), if only the
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positive field excitation flux (ir > 0) is excited, the flux-linkage can be enhanced. By
considering both flux sources, i.e. the PM flux and the field excitation flux, the net
enhanced flux-linkage is shown in Fig.4.3(c). Clearly, when the field excitation current is

further increased, the PM flux is pulled into the air-gap.

In Fig.4.4, the operating principle of the prototype machine can also be expressed
by the flux distributions obtained from the 2D finite element (FE) analysis. On open-
circuit with no field excitation current (ir = 0), Fig.4.4(a), the PM flux is naturally short-
circuited through the stator back-iron. As a result, the flux linkage entering into the air-
gap is almost invisible. In contrast, in Fig.4.4(b), if only the positive field excitation
current (ir > 0) is provided (the PMs are not magnetised), the flux will enter into the
airgap and rotor. Then, based on the combined effects of both flux sources, i.e. the PM
and field windings, the total enhanced flux-linkage can be shown in Fig.4.4(c), compared
to Fig. 4.4(a). It is noted that the PM flux can be entirely pushed into the air-gap if the

field excitation current is further increased by utilising the model in Fig.4.3.
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Fig. 4.2. Flux-linkage adjustability of the prototype HEPMM machine, iz = 0.
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(b) Only field excitation flux (ir > 0)
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Fig. 4.4. Flux-distributions of the prototype HEPMM.
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In steady-state, the simplified voltage equations of the HEPMM in the

synchronous reference frame are given in the matrix form by (4.1).

v, R -olL, 0 i 0
vq = a)eLd RS a)eme iq + a)l//pm (4 . 1 )
vl o o R |i| ]| 0

The flux-linkages are expressed as,

Wd Ld 0 me id me
v, |= 0 L 0 (i .| 0 | (4.2)
vl Ly O Ly 0

Q

where va, vy, i, iq are d-, g-axis voltages and currents, vy, ir are field excitation voltage and
current, L4, Lg, are d-axis and g-axis inductances, Lnf, L are the mutual and self-
inductances of field winding, Rs, Ry are armature and field resistances, Wu, ¥, Wpm are d-

axis, g-axis and PM flux-linkages, and ax is the electrical rotor speed.

The electromagnetic torque is given by (4.3).

3 : .
T, =§P(Wq ~v,i,) (4.3)
By instituting of the d-axis and g-axis flux-linkages as given in (4.2) into (4.3), the torque
can be represent by (4.4).
7= 3 P L oiYi (L -1 )Vii
e _5 [(me + mf'lf)lq +( d q)ldlq]' (4'4)

Based on the unity saliency of the prototype machine [AFI15] in which the d-axis and g-
axis inductances are approximately equal (Ls = Lg), the torque equation can be expressed

as,

]:f :%P(me+Lfnfif)iq' (4.5)
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4.3 Flux-weakening Control Methods

In this section, three flux-weakening control methods, which are classified based
on the utilisation of weakening currents, i.e. utilising field excitation current only,

utilising armature current only, and optimisation method, will be explained as follows:

4.3.1 Flux-weakening control method utilising field excitation current

(Method-I)

According to the outstanding feature of the HEPMM in which the flux-linkage can
effectively be enhanced/weakened through field winding, it is possible to utilise the
modification of field excitation current to extend the operating speed range in flux-
weakening region. Hence, the flux-weakening control based on the utilisation of field
excitation current is shown in Fig.4.4. It is obvious that the maximum field excitation
current is initially employed in order to enhance the maximum torque, and it will be
adjusted in flux-weakening region by the modified field excitation current (Aiy) as given
by (4.6). It is determined based on the voltage error regulation method [KWOO07] in
which the different voltages between the input and output of the voltage limitation block
are utilised. In this modified part, the o~/ axis voltages are converted to the d-g axes by

the Park’s transformation.

. [0} * * 2 [0} * * 2
Al, = < (v, —v +——,-v,, 4.6
f \/S ) (d dm) S+ (q q ) ( )

Therefore, the modified field excitation reference current is given as,

I =l Alf. (4.7)

where « is the constant gain, ax is the bandwidth of the low-pass filter (LPF), s is the
integral operator, * denotes a reference value, vq, v4 are d- and g-axis voltages, Vim, vgm are
d- and g-axis output voltages of over-modulation block, and ifmax is the maximum field

excitation current.

The gain a directly influences the dynamic performance and steady-state torque, a
larger gain exhibits a faster dynamic response, but a lower torque per ampere ratio
[KWOO06]. The « gain can be determined by (4.8), which has been introduced in
[LEVO08]. However, since the bandwidth of flux-weakening control loop is typically quite

low compared to the bandwidth of the d-g axis current control loops, the bandwidth of
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low-pass filter is also low. In this thesis, the bandwidth of low-pass filter is set at 10 Hz,
while o0 = 1.5.

_ In9 (4.8)
t 0L, '

where #v 1s the flux-weakening control loop rise time, which is 100-450 ms [LEV08].

All reference currents are shown in Table 4.1, in which the g-axis current can be
maintained at the maximum armature current (7») in the whole operating speed range due

to zero d-axis current.

Limiter v, _Converter I

i
f ,max 2 C - f +. P1 f

| Gl | pr <—(v v
Al/» | 2 > d dm
—|—| : |<_ evd + evq <_Ieﬁ .
LPF <—(Vq Vo

odified field excitation current part

i,=0 + + v p a T,
4 . m . . dq P Votage > >
” + limitation 7;

1

. L, Vi_dec . SVPWM [—»
D4, i L Vs Vm T,
»’—».—»’—».—»’—» [P O P O/ b > ‘s
} B " ’ 9 Inverter

wm lq Vq _dec

Fig. 4.4. Flux-weakening control strategy utilising field excitation current (Method-I).

Table 4.1. Operating conditions with utilising field excitation current.

Iti?:::t? Constant-torque region | Flux-weakening region
i 0
l'; In
i; l £, max if JIEX _Al,.f

It should be noted that the HEPMM’s torque equation is a function of both field
excitation flux (Lnsy) and the g-axis current as given by (4.5), which is different from the
conventional machine. Therefore, in Method-I, the torque generation in the flux-

weakening region would be gradually decreased in proportion to the decreasing of field
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excitation current.

4.3.2 Flux-weakening control method utilising armature current

(Method-1I)

Fig.4.5 shows the flux-weakening control of the HEPMM based on the utilisation
of armature current as mentioned in [KWOO07], [LIU12], while the field excitation current
is maintained at its maximum value in the whole operating speed range in order to
achieve the maximum enhanced torque. Hence, only the d-axis current is utilised to
weaken the flux-linkage while the voltage and current are beyond the constraints.
However, the higher increasing speed results in the lower g-axis voltage due to the
modified d-axis current. As a result, in order to extend the speed range in case the g-axis
voltage reaches to zero, the g-axis current reference needs to be modified instead. All

reference currents are expressed in Table 4.2.

Converter i
>
+
° Vs
_’\
T
______________________ u Encoder
“ |
(Vd Vam ) | —
|
* |
q qu |
|
________ I
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Votage > >
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SVPWM > 0—|
Vam_ I,
Inverter

Fig. 4.5. Flux-weakening control strategy utilising armature current (Method-II).
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Table 4.2 Operating conditions with utilising armature current.

ltif::::tcse Constant-torque region | Flux-weakening region
ban 0 i —Ai,
g i =i=1, min (17,412 =3 ) + i,
i Lt max

1) Modification of the d-axis reference current

It is well known that for extending a speed range under the current and voltage
limits, the d-axis reference current needs to be adjusted to weaken the flux-linkage. In this
method, the d-axis reference current is automatically modified tracking the MTPA
trajectory. Thus, the modified d-axis current (Aiq) is given by (4.9) [KWOO07], [LIU12]. It

is also based on the voltage error regulation method, which has been explained in (4.6).

. [0} * * 2 [0} * * 2
Ald :a\/S+CCU (Vd_vdm) +S+Ca) (vq_vqm) ‘ (4~9)

c c

Therefore, the modified d-axis reference current is given as,

i =i -, (4.10)

ok

K . . .
where 1,,,1,, are the d-axis and g-axis modified reference currents.

2) Modification of the g-axis reference current

When the machine operates under the infinite constant power speed ratio
characteristic with Lalm > wpm [KWOO07], [LIUI2] in which the g-axis voltage is
controlled toward zero by the d-axis current, and hence, the higher speed range cannot be
achieved. Under this condition, the g-axis current would be modified instead following
the maximum torque per voltage (MTPV) trajectory, which means the d-axis voltage will
be controlled while the g-axis voltage is still maintained at zero. The modified g-axis
current (Aig) is given by (4.11) [LIU12]. Indeed, it will be activated corresponding to the
negative value of the g-axis voltage. Since the PI regulator is utilised with the
compensation of both voltage loss of inverter and resistance voltage drop, a good

dynamic response of this method can be achieved.
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. : ki a)c * nonlinear .
Alq:mm[o,(kp-f-?jxs_i_w (vq—AVq ! _Rslq)] (4.11)
where kp, ki are the regulator gains, and AVq"""h"ear is the estimated g-axis nonlinear voltage

loss of inverter. Consequently, the modified g-axis reference current can be given as,

iy, = min (17,12 =17 )+ 47, (4.12)

3) Estimation of q-axis voltage loss of inverter

The estimated voltage loss of inverter has been analyzed in [KIMO06], which is
also mentioned in chapter 2. It is determined by utilising the ideal characteristic of
switching power devices provided by the manufacturers, the dead time, and the measured
DC-link voltage. The static gain of voltage loss (4p), which is defined in literature as the

intermediate parameter, is given as,

= (Vdc_Vce—i_Vd)(td +ton _thf)_*_ V +Vdo

ceo

4.13
) o - (@.13)

where Ve 1s the measured DC-link voltage, Vee and Va are the voltages drop of switching
power devices, t is the dead time, fon and 7o are the total turn-on and turn-off transition
times, Veeo and Vao are the threshold voltages of switching power devices, and 75 is the
sampling period. Based on the Park’s transformation, the estimated g-axis nonlinear

voltage loss of inverter can be given by (4.14).
nonlinear __ . . . . . . 27[
AV, =-24,| sign(i,)sin 6, + sign(i,)sin| 6, -3

+ sign(ic)sin(ee +2T”jj+%iq

(4.14)

where i45c denote the phase currents, sign is the signum function to define the current

direction, and rc. and 74 are the resistances of switching power devices.

However, since the maximum field excitation current is employed in whole operating
region, the efficiency might be deteriorated in flux-weakening operation due to
unnecessary copper loss of field winding. As a result, the utilisation of all currents should

be optimised.
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4.3.3 Optimisation Method (Method-III)

Employing the maximum field excitation current for all operating regions might
cause a low efficiency in the flux-weakening region due to a redundant copper loss of
field winding. Therefore, in order to achieve the higher efficiency of the HEPMM, the
utilisation of both armature and field excitation currents will be verified under the same

condition in terms of torque and speed.
4.3.3.1 Maximum Efficiency Condition

Based on the relation of torque and mechanical speed, hence, the mechanical

output power can be estimated by (4.15).

3 : .
P =Tw, = E(l//dzq ~y,i,), (4.15)
According to the assumption of the balanced impedance and sinusoidal flux distribution,
the electrical input power is given by (4.16) in which the power consumption of field
winding is considered.

3, . . .
Ro=S Vil =vid, ) +v,iy (4.16)

e

From the d-axis and g-axis voltage equations in (4.1), the electrical input power can be
rearranged as (4.17) in which the copper losses, i.e. armature winding and field winding

copper losses, and mechanical power are separated.

3( 0 a2 ). 3
1 ZE(RJﬁ +Ri, +5Rf??)+§(%lq R 2

Machanical power

(4.17)

Copper losses

In this research, the maximum efficiency is determined depending on the variation
of field excitation current, which is compared to the method that the field excitation
current is maintained at its maximum value. Both methods are investigated under the
same condition in terms of torque and speed. Hence, only the influence of copper loss is
considered whereas the other losses, for instance, the core loss and the mechanical loss
can be neglected. The copper losses, i.e. armature and field windings, are calculated by
utilizing the measured currents and resistances, for which the temperature rise is not
considered. Therefore, based on the utilisation of the mechanical output power (Pn) and

the electrical input power (P.), accounting for the power consumption of the field
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winding, the HEPMM’s efficiency can be expressed by (4.18).

77 _ Pm _ (Wdiq _l/jqid)we
= = 4.18
P, (R.Jj +Ri +§Rfi;j+(l//diq —l//ql'd)a)e “418)

However, in experiments, since the mechanical output power is calculated by the

measured load torque and the measured speed, the whole losses have been considered.

In order to determine the maximum efficiency condition of the HEPMMs, the
differentiation of the efficiency (77) with respect to the amplitude of armature current (/)
is considered. In equation (4.18), the d-axis and g-axis currents are replaced by the
armature current in the form of amplitude and angle (&), as defined in Fig.4.6. It is noted
that since the d-axis and g-axis currents are defined by the variation of the angle, whole

operating conditions can be considered.

g-axis
N
a — -— - . —
B i,=1,cos0,
/7
/
Current limit ,/
/
/ o
/ 1
I
< ! ; .
d-axis i, =—1I,sing,

Fig. 4.6. Projection of armature current.

The differentiation of the efficiency is expressed as,

2,252 : .
(Rsla +§szf +y, 1,0, cos6+y 1,0, smﬁij(l//da)e cos6, +y, @, s1n0i)

—(l//dlaa)e cos6, +y, 1,0, sin@)(2RSIa +Y,0,c086.+y,0, sinQ.)

2
(Rslj +§Rfi; +y,1,0,cos 6, +y, 1,0, sin Hlj
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In the above equation, it can be rewritten as,

(—Rsla2 +§Rfi;j(y/da)e cos 6, +, @, sin b))
=0

2

2,25 0 :
(Rsla +§szf +y,l,0,c080 +y 1,0, smBl.j
Hence,
2, 250 :
(—Rsla +§szfj(lyd(oe cos6, +y,m, smé?l.) =0

Consequently, the maximum efficiency can be achieved whilst the copper loss of

armature winding and the copper loss of field winding are equal, as expressed by (4.19).

3
ERSIZ =R,i}. (4.19)

Since both the armature winding and field winding of the prototype machine are located
on the same place of the stator, the temperature rises of two windings are assumed to be
identical. Furthermore, the same coil types of those windings are used for this machine.
As a result, the resistance ratio between armature winding and field winding can be
approximately remained constant even operating in the flux-weakening region. Therefore,
the winding resistances can be easily replaced by their turn numbers, rather than utilising
the resistances. Since the turn ratio of the prototype machine is 1/3 (Ns = 184, Ny = 552),
where N; and Nrare the turns number of armature winding and field winding respectively,
the optimal field excitation current with respect to the maximum efficiency condition can

be given by (4.20).

(4.20)
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4.3.3.2 Optimisation flux-weakening control method (Method-III)

The optimisation flux-weakening control method, which is defined as Method-III,
utilises both the field excitation and d-axis currents in order to extend the operating speed
range and maximise the efficiency, as shown in Fig.4.7. In this method, the optimal field
excitation reference current is employed as shown in (4.20). In the constant-torque region,
the optimal field excitation reference current remains at its maximum value because the
prototype machine has been optimised for achieving the highest efficiency when the
maximum armature current is employed. In the flux-weakening region, both of the field
excitation and the d-axis currents are utilised to weaken the flux-linkage. Meanwhile, the
g-axis current is controlled with regard to the requirement of the speed and load-torque.
In this method, the modification of both d-axis and g-axis currents are based on the same

principle of Method-II, as shown in Fig.4.6.
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Fig. 4.7. Optimisation flux-weakening control strategy (Method-III).
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As a consequence, the requirement the d-axis and g-axis currents would be reduced
compared with the Method-II. Since the optimal field excitation current utilises only the
d-axis and g-axis currents, it is simple to implement and robust to the machine parameter
variation. The current references of the optimisation flux-weakening control method are

given in Table 4.3.

Table 4.3. Operating conditions with utilising optimisation method.

Reference . . .
Constant-torque region | Flux-weakening region
currents

Lam 0 iy — A,

oH P . oE 2 .2 .

Lym lpw=1,=1, mm(zq,wllm—zd)+Azq
* l; +i°

l l . = g
/ f sopt 2

4.4 Experimental Verification

4.4.1 Experimental Setup

The field orientation control algorithm is implemented on a dSPACE platform in
order to verify the performance of the proposed method experimentally. A 1.5 kW wound
field type DC motor is utilised to adjust the load-torque. Other experimental equipment
has introduced in Chapter 2. In order to increase the utilisation of DC-link voltage in flux-
weakening region [KWOO06], the minimum magnitude error over-modulation (MMEOM)
is applied. The setup parameters are defined in Table 4.4.

Table 4.4. Experimental setup

Maximum motor test speed 1200 rpm
Maximum absolute field excitation current 56 A
Maximum armature current 7.92 A
DC link voltage 40V
DC supply voltage of the converter 30V
Switching frequency of the inverter 10 kHz
Switching frequency of the converter 5 kHz
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4.4.2 Experimental Results

Fig.4.8 shows the measured results of all flux-weakening control methods. The
measured torque and output power against speed are shown in Figs.4.8(a) and (b),
respectively. It is obvious that all control methods can achieve the same torque and output
power in the constant-torque region due to the same enhanced field excitation currents as
illustrated in Fig.4.9(a). In the flux-weakening region, the torque and output power of
Method-I is significantly deteriorated and the operating speed range is also limited as
only the field excitation current is controlled. Meanwhile, Method-II and Method-III can
provide higher torque and power. The d-axis and g-axis currents of all control methods
are shown in Fig.4.9(b). It is obvious that Method-II utilises only the d-axis current to
weaken the flux-linkage in which the field excitation current maintains at its maximum
value (5.6 A) in all operating regions, while Method-III utilises both field excitation and
d-axis currents. Compared to Method-II, the requirement of the d-axis current is
decreased in Method-III. Consequently, higher g-axis current can be utilised under the

current-limit as shown in Fig.4.9(b).

Fig.4.10 shows the measured copper loss and efficiency of all flux-weakening
control methods. The field winding copper loss is shown in Fig.4.10(a). Obviously,
Method-I exhibits the lowest copper loss of field winding compared with other methods
regarding to the field excitation current control. In Method-II, the field winding copper
loss is kept at 94 W throughout the operating regions, while it can be greatly reduced in
the flux-weakening region for Method-III as a result of the optimal field excitation and d-
axis armature currents as illustrated in Fig.4.9(a). Likewise, the armature winding copper
loss of all flux-weakening control methods are shown in Fig.4.10(b). These are calculated
based on the employing of d-axis and g-axis currents as shown in Fig.4.9(b). As a result,
the total copper losses for all operating regions which consist of the field winding and the
armature winding copper losses are depicted in Fig.4.10(c). Although the total copper
losses of Method-I can be remarkably reduced in the flux-weakening region than Method-
IT and Method-III corresponding to the modification of field excitation current, the
operating speed range is limited. However, based on the utilisation of the optimal field
excitation and d-axis armature currents, Method-III can achieve higher efficiency in flux-
weakening region than Method-II, and wider speed region compared to Method-I,

Fig.4.11.
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Fig.4.12 shows the effectiveness of Method-III in the dynamic response since it
exhibits a desirable flux-weakening performance in terms of high efficiency and wide
operating speed range. The machine is operated at 1.0 second as a unit step by setting the
reference speed at 1000 rpm, Fig.4.12(a). After around 5.0 seconds, the speed can track
with its reference. The dynamic response of the optimal field excitation current, the d-axis
current, and the g-axis current are shown in Fig.4.12(b). It is obvious that the optimal
field excitation current is calculated as the same value as the maximum field exitation
current in the constant-torque region corresponding to the results under steady-state
condition, Fig.4.9(a), and it is gradually modified following the d-axis and g-axis currents
in flux-weakening region. In Fig.4.12(c), the minimization tracking of copper losses in
both field and armature windings can be achieved. The copper losses in two windings are
similar in all operating regions, which is consistent to the principle of Method-III. The
total copper loss in Method-III can be considerably reduced in the flux-weakening region
compared to Method-II, as shown in Fig.4.12(d). It is noted that since Method-I exhibits
low torque in flux-weakening region and the operating speed range is visibly constrained,

it will not be mentioned in the dynamic response.
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4.5 Summary

Three practical flux-weakening control strategies for the HEPMMs have been
presented in this chapter. Those methods can be categorised based on the utilisation of
weakening currents: (1) utilising field excitation current only, (2) utilising armature
current only, and (3) optimisation method. All flux-weakening control methods have been
compared in terms of the torque, operating speed range, and efficiency in both the
constant-torque and flux-weakening regions. Based on the experimental results, the
optimisation method (Method-III) exhibits a wider operating speed range than Method-I
utilising field excitation current alone and higher efficiency in flux-weakening region
than Method-II utilising armature current only. Furthermore, Method-III is simple to
implement and robust to the variation of machine parameters. It can be easily applied to

other hybrid-excited machines as well.
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CHAPTER 5

EFFICIENCY IMPROVEMENT OF HYBRID-EXCITED
PERMANENT MAGNET MACHINES UTILISING
OPTIMAL FIELD EXCITATION CURRENT CONTROL

In this chapter, the efficiency improvement for the hybrid-excited PM machine is
proposed. It is based on the optimisation method, which has presented in Chapter 4. The
prototype HEPMM (Machine-II) is utilised to verify the effectiveness of the proposed
control strategy. Since the maximum field excitation current is commonly employed to
increase the maximum torque via enhancing the flux-linkage, the field excitation current
might exceed the specification of the machine when operating under low torque
condition. As a result, the efficiency is deteriorated due to the copper loss of field
winding. Hence, the field excitation current needs to be optimised in order to improve the
efficiency. This chapter proposes a new efficiency improvement control strategy that can
be effectively utilised in all operating modes. The optimal field excitation current is
determined as a function of d-axis and g-axis currents regardless of the machine
parameter variation. It is simple to implement and robust to the machine parameter

variation. The effectiveness of the proposed method is verified by experimental results.
5.1 Introduction

To further improve the efficiency of PMSMs, loss minimization control methods
have been proposed [CHEO3], [KHA11], [LEE09]. In order to minimise the copper loss
in the constant-torque and low-torque operation regions, the optimizing armature current
based on the maximum torque per ampere (MTPA) technique is utilised [KHA11],
[LEE09], whilst in the flux-weakening region, the adaptive current controller method is
employed to limit the d-axis current ripple [CHEO03]. However, since only the PM is used
as an excitation source for such machines, the viable control for improving efficiency is
limited. In [ZHU11], the searching efficiency improvement is proposed in which the d-
axis current can be adjusted to track the optimal efficiency. However, the current
oscillation cannot be avoided and a slow dynamic response occurs due to intensive

calculation.
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The hybrid-excited permanent magnet machines (HEPMMs), Fig.5.1 [AFI15],
exhibit a capability to adjust the flux-linkage. Therefore, these machines can provide
more control functions for the improvement of efficiency. The HEPMMs commonly
consist of two excitation sources, i.e. permanent magnets (PMs) and field windings.
Owing to adjustable field excitation flux, the HEPMM exhibits the potential to optimise
the air-gap flux in both enhancing and weakening characteristics. Consequently, high
torque, wide speed operation range, and high efficiency can be achieved [CHEI1a],

[OWE10], which makes this machine more attractive.

For the operation of the HEPMMs, the maximum field excitation current is
usually employed to produce the maximum torque in the constant torque region.
However, the efficiency would be deteriorated when the field excitation current is higher
than the requirement of the machine in low load-torque or even in flux-weakening region.
The copper loss minimization can be achieved on the condition that the copper loss ratio
between field winding and armature winding is optimised [SHIO7]. In [AMAO9], the
maximum efficiency can be obtained based on the selection of the specific value of the
field excitation current. Further, the methods based on Extended Lagrange multipliers
optimisation, which can improve the efficiency, have also been introduced in [HUA12],
[MBA12], [NGU14], [SHIO7]. Such methods generate the optimal reference currents by
the analytical expressions to achieve the maximum efficiency. However, they are not only
complicated, but also highly sensitive to the machine parameters, such as the armature
winding and the field winding resistances. Based on the maximum torque, the self-
optimizing method which is independent to the machine parameters is presented in
[WANI13]. However, this method still encounters with the fluctuation of the field

excitation current.

In this chapter, a new control strategy based on the optimal field excitation current
is presented to improve the efficiency of HEPMM. The maximum efficiency condition is
analyzed based on the differentiation method. The optimal field excitation current can be
expressed as a function of d- and g-axes currents regardless of machine parameter
variation. Thus, it is simple to implement and robust to the machine parameter variation.
The proposed method can be practically utilised in all operation modes. The effectiveness

of the proposed control strategy is validated experimentally.
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5.2 Efficiency Improvement Control Strategy

The proposed control block diagram is presented in Fig.5.2. It is based on the
vector control in which the d-axis and g-axis currents are separately controlled in terms of
the flux-linkage and given torque, respectively. The field excitation reference current is
set as a function of the d-axis and the g-axis currents corresponding to the maximum
efficiency condition as shown by (4.19), in chapter 4. In order to achieve the tracking
performance of the field excitation current, the DC-DC converter operating with the
current feedback control is utilised. In Fig.5.1, the operating modes, i.e. low-torque
operation mode, constant-torque mode, and flux-weakening mode, are defined in order to
verify the effectiveness of the proposed method. Since the field excitation current is
employed to enhance the flux-linkage and to improve the efficiency as proposed, the d-

axis current is utilised to weaken the flux-linkage in flux-weakening operation.

A Mode-II " =i, . =564
A | (Constant-torque) B ’
¢
I
= I Mode-III
=, | (Flux-weakening)
g |
N Mode-I
S (Low-torque operation)
I C
I
! |
] | >
0 a)rated max

Speed (rpm)

Fig. 5.1. Definition of operating modes.
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Fig. 5.2. Efficiency improvement control block diagram of a three-phase HEPMMs.

Table 5.1. Proposed operating conditions.

Reference MODE-I MODE-IT MobE-III
currents | (Low-torque operation) | (Constant-torque) (Flux-weakening)
i 0 0 i, —Ai
i i =i =f(T,) i=i=1I, min(i;,w/lfq s )+Aiq
2 .2
l'; ; _ ly t1,
[ opt 2

5.2.1 Low torque operation mode

When the machine operates in Mode-I, which is indicated as low-torque operation
in Fig.5.1, the command voltage remains inside the voltage limit. Hence, the flux-
weakening control is not activated even when the machine is operated in high speed
region. In this mode, the d-axis reference current is set at zero due to a unity saliency ratio
of the validated machine, whilst the g-axis reference current is provided by the speed
regulator corresponding to a variation of the load torque, Table 5.1. Due to the machine
topology where the PM usage is intently reduced, the maximum field excitation current
reference is commonly employed to provide the maximum torque via the enhanced flux-
linkage. However, it might exceed the requirement of the machine when it operates at the
low load-torque condition. As a result, the HEPMM’s efficiency would be deteriorated
due to the copper loss of field winding. Accordingly, the maximum efficiency condition
can be achieved in case the copper losses of the armature winding and the field winding

are equal, as mentioned in (4.18). Therefore, by inserting the d-axis and g-axis currents of
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the low-torque operation mode into (4.19), the optimal field excitation reference current

.2 2 .
- l; +lq lq 5 1
i :"—:—. .
[opt 2 \/5 ( )

It is noticed that, since the unnecessary copper loss of field winding can be further

can be given as,

eliminated in the lower torque operation in which the requirement of field excitation
current is reduced based on the proposed method, the higher efficiency improvement can

be achieved.
5.2.2 Constant torque operation mode

The constant-torque mode (Mode-II), the machine is operated between point A
and point B, Fig.5.1. Since the maximum field excitation current is initially employed, the
maximum torque can be achieved with the maximum g-axis current. Meanwhile, the d-
axis reference current is set at zero because it does not contribute to the torque generation
due to non-saliency of the prototype machine. These reference currents are shown in
Table 5.1. Thus, based on the maximum efficiency condition as shown in (4.19), the
optimal field excitation reference current for this mode can be given by (5.2).

.2 .2
iy +i,

ok

(5.2)

Im
lf,opt_ 2 ﬁ

5.2.3 Flux-weakening operation mode

When the machine operates beyond point B in Fig.5.1, the flux-weakening mode (Mode-
III) is activated. In this mode, the required speed is higher than the rated speed while the
armature current remains at its maximum. Consequently, the command voltage would
exceed the voltage limit of inverter. Therefore, to achieve the flux-weakening
performance under the current and voltage limits, the d-axis and the g-axis reference

currents need to be modified [KWOO06], [KWOO07], [LIU12], as follows:

1) Modification of the d-axis reference current
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When the command voltage exceeds the voltage limit, the d-axis reference current
is automatically modified to provide a wide speed range. In this research, based on the
voltage error regulation method, the modification current of the d-axis (Ais) is given by
(3) [KWOOT7]. It utilises the difference between the command and output voltages of the
limitation block, Fig.5.2, in which the o~/ axes voltages are converted to the d-q axes by

the Park’s transformation.

a) * * a) * *
Ai, = < (v, =V, Y r——(v -V )’ 53
d \/S-I—a)(d dm) S+a)(q qm) ( )

c c

where « is the constant gain, @- is the bandwidth of the first-order low-pass filter.

Therefore, the modification of the d-axis reference current is given as,

*

i, =i, —Ai,. (5.4)

o K . . .
where 1,,,1,, are the d-axis and g-axis modified reference currents.

2) Modification of the g-axis reference current

In flux-weakening operation, since d-axis current opposes the flux-linkage produced by
PMs and the field excitation flux, g-axis voltage is decreased. At the certain point, the g-
axis voltage would be zero when it operates under the infinite constant power speed ratio
characteristic with Lalm > ypm [KWOO07], [LIU12]. As a consequence, the speed range
might not be increasingly extended. Accordingly, in order to extend the speed range
under this condition, the g-axis current should be decreased to track the maximum torque

per voltage (MTPV), which is the voltage limit trajectory provided by the actual inverter

system. In case of HEPMM, the center of the voltage limit ellipse is at—(l//pm +L,i, ) / L,

as aforementioned in (3.9), Chapter 3. Then, the modification current of the g-axis (Aiy) is
expressed by (5.5) [KWOO07]. It is activated corresponding to the negative value of the g-

axis voltage.

*

Ai, =€a) v, (5.5)

e

where fis the constant gain, and s is the integral operator. The modification of the g-axis

reference current is given as,

ipy = min (i 12 =1 )+ 47, (5.6)
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The reference currents in both d-axis and g-axis are modified without the requirement of
machine parameters. Therefore, the flux-weakening performance can be achieved by the
proposed method. The reference currents for whole operating modes are presented in
Table 5.1. It is clearly seen that since the optimal field excitation current of the proposed
method is determined as a function of only d-axis and g-axis currents for all operating

modes, it is simple to implement experimentally

5.3 Experimental Verification

5.3.1 Experimental setup

The field orientation control algorithm is implemented on a dSPACE platform in
order to verify the performance of the proposed method experimentally. A 1.5 kW wound
field type DC motor, of which the rated speed is 1,600 rpm, is utilised to adjust the load-
torque. It is implemented with an external resistance load to dissipate the generated
power. The test rig is shown in Chapter 2. The three-phase voltage source inverter is
employed based on the SVPWM switching technique to operate the HEPMM. The
minimum magnitude error over-modulation (MMEOM) is applied for increasing the
utilization of the DC-link voltage, [KWOO06]. The field excitation current is regulated by
the step-down (buck type) DC-DC converter. The setup parameters are given in Table
5.2.

Table 5.2. Experimental setup

Maximum motor test speed 1200 rpm
DC-link voltage 40V
Maximum armature current (peak) 7.92 A
Switching frequency of the inverter 10 kHz
DC supply voltage of the converter 30V
Maximum field excitation current 56 A
Switching frequency of the converter 10 kHz

5.3.2 Experimental results

Fig.5.3 shows the measured results of the prototype machine against the field
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excitation current operating in Mode-I, the low torque operation mode. The load torque of
0.3 Nm and 0.5 Nm are applied with the controlled speed at 500 rpm. In Fig.5.3(a), it is
obvious that the efficiency can be significantly changed with the variation of the field
excitation current. The maximum efficiency points for both load torques exist. Fig.5.3(b)
shows the g-axis current against the field excitation current. At the same given torque,
when the flux-linkage is further enhanced due to the increasing of field excitation current,
the g-axis current should be decreased. Likewise, the total copper loss, which has
considered the copper losses of armature winding and field winding, is shown in
Fig.5.3(c). Fig.5.3(d) shows the copper loss curves of field winding and armature winding
in either load torque. The intersection of both copper loss curves exhibits the maximum
efficiency as shown in Fig.5.3(a). The field excitation current is the optimal condition
when both copper losses are equal. For instance, at 0.3 Nm the optimal current is around

3.6 A.

Fig.5.4 shows the d-axis and g-axis currents operating in the constant-torque mode
(Mode-II) and flux-weakening mode (Mode-III). The proposed method based on the
optimal field excitation current is compared with the method that utilises only maximum
field excitation current, with a fixed value at 5.6 A. In Mode-II, since the prototype
machine has been optimised to achieve the highest efficiency corresponding to the
maximum current, the optimal field excitation current is the same as the maximum field
excitation current as shown in Fig.5.5. Consequently, both methods provide the same d-
axis and g-axis currents, Fig.5.4(a). In Mode-III, in order to extend the speed range, the d-
axis and g-axis currents are modified according to the flux-weakening control. In this
mode, since the field excitation current is reduced according to the optimal condition,
Fig.5.5, the enhanced flux-linkage is decreased. As a result, higher g-axis current of the
proposed method is employed compared with the method that utilises only the maximum

field excitation current. The current trajectory is shown in Fig.5.4(b).
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Fig. 5.3. Measured results versus the field excitation current operating in Mode-I with
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Fig. 5.4. Measured currents in the constant-torque and the flux-weakening operation

modes (Mode-II and Mode-III).
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Fig.5.5 shows the optimal field excitation current in whole operating modes along
with the d-axis and g-axis currents, as shown in Fig.5.3(b) and Fig.5.4(a). Hence, the total
copper loss of the proposed method can be significantly reduced compared with the

method that utilises only the maximum field excitation current, as shown in Fig.5.6.
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Fig. 5.5. Optimal field excitation current.
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Fig. 5.6. Measured total copper loss.
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Fig.5.7 demonstrates the effectiveness of the proposed method in terms of the
efficiency improvement for all operating modes compared with the method that utilises
only maximum field excitation current. Since the optimal field excitation current at 0.3
Nm is lower than 0.5 Nm, Fig.5.3(d), the dispensable copper loss of field winding is
further eliminated, resulting in higher efficiency. In Mode-I, the lower the torque the
higher the efficiency improvement can be achieved, as shown in Fig.5.7(a). In addition,
when the machine operates in Mode-II, in which the efficiency of the prototype machine
has been maximised, while in Mode-III, the efficiency of the proposed method can be
significantly improved as shown in Fig.5.7(b). It is obvious that the proposed method

exhibits the improved performance and can be applied to any speed and torque operation.
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(a) Low-torque operation (Mode-I)
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Fig. 5.7. Efficiency improvement.

Fig.5.8 shows the transient response results of the efficiency improvement method
when the load-torque is varied from 0.3 Nm to 0.5 Nm. The load-torque of 0.3 Nm is
firstly applied, as shown in Fig.5.8(a), in order to compare the efficiency improvement
between the method that utilises the maximum field excitation current only and the
optimisation method. Then, the load torque will be changed to 0.5 Nm at around 17.0 s of
the experimental time. The field excitation current is initially set at it maximum value,
Fig.5.8(b), while the speed is controlled at 500 rpm in the whole operating regions. The d-
axis and g-axis currents are shown in Fig.5.8(c). It is noted that the optimisation method
is activated at approximately 8.0 s. Since the field excitation current is reduced according
to the optimisation method, the efficiency in both given load-torque conditions can be
effectively improved compared to the method that utilises only the maximum field
excitation current, Fig.5.8(d), corresponding to the efficiency in Fig.5.3(a). In addition,
the optimised field excitation current also exhibits a good response. The machine speed
and DC-link voltage are shown in Fig.5.8(e) and (f), respectively. It is obvious that, both
of speed and DC-link voltage can be maintained at their references under the utilization of
the optimised field excitation current during the change of load-torque, which confirms

the good dynamic performance of the proposed method.
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It is noted that although the measured torque provided by the torque transducer
shows the transient spikes at around 5.0 s and 22.0 s in Fig.5.8(a), the d-q axis currents
and the machine speed can still track their references without the impact of those transient
spikes. However, the torque transducer, which has been mentioned in Chapter 2, provides
the maximum torque at 10 Nm, but the prototype machine is designed as a low power
machine which also generates a low torque. As a result, the transient spikes of the torque

signal would be a noise from measurement.
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Fig. 5.8. Transient response results of the efficiency improvement method under load-

torque of 0.3 Nm and 0.5 Nm.
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5.4 Efficiency Map

Based on the novel feature of this machine topology in which the PM usage is
reduced, the flux-linkage is mainly controlled by the field excitation flux. Hence, the
maximum field excitation current is commonly employed in order to enhance the
maximum torque. However, the efficiency of the proposed method can be significantly
improved in all operating modes as illustrated in Fig.5.7. Alternatively, the measured
efficiency maps of the flux-weakening control strategies, as presented in Chapter 4, for all

operating regions are illustrated and compared, as follows:

(1) The method that utilises the field excitation current only (Method-I, chapter 4),
which the field excitation current is still fixed at its maximum current (ir= 5.6 A) when

the machine operates under low-torque operation.

(2) The method that utilises the armature current only (Method-II, chapter 4),
while the field excitation current is maintained at its maximum current (ir= 5.6 A) under

low-torque operation.

(3) The proposed method in which the optimised field excitation current is utilised
for all operating regions (Method-III, Chapter 4). Those methods are presented in
Fig.5.9(a), (b), and (c), respectively.
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The efficiency is calculated by the measured mechanical output power and
measured electrical input power in which the total losses, such as core losses and
mechanical loss, have been considered. In the proposed method, the optimal field
excitation current is determined based on the equal field winding and armature winding
copper losses. Consequently, the total copper loss is minimised. Therefore, the proposed
method can provide higher efficiency in all operating regions compared with the method
that utilises the maximum field excitation current under the low-torque operation of both
flux-weakening control methods, i.e. utilising field excitation current only (Method-I,

Chapter 4) and utilising armature current only (Method-II, Chapter 4).

It should be note that in Fig.5.7 to Fig.5.9, the efficiency is low because the
prototype machine is a low power machine and power consumption of the field winding
is considered. Also, a low DC-link voltage is applied to limit the testing speed range
which is imposed by the test rig. However, the proposed method has demonstrated the

effectiveness in terms of the efficiency improvement for all operating modes.

5.5 Summary

A new efficiency improvement control strategy based on the optimal field
excitation current for the hybrid-excited permanent magnet machines has been presented
in this chapter. The proposed method has demonstrated the effectiveness of enhanced
performance in terms of the efficiency for all operating modes. It is worth mentioning that
only the turn ratio of field winding to armature winding is required instead of their
resistances to determine the optimal field excitation current. Therefore, regardless of
machine parameter variation, the optimal field excitation current can be expressed as a
function of d-axis and g-axis currents with respect to the maximum efficiency condition.
Consequently, the proposed method is simple to implement experimentally and robust to
the machine parameter variation, and can be conveniently applied to other hybrid-excited

machines.
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CHAPTER 6

MAXIMUM EFFICIENCY TRACKING OF HYBRID-
EXCITED PERMANENT MAGNET MACHINES
UTILISING FIELD EXCITATION CURRENT CONTROL

In this chapter, the maximum efficiency tracking (MET) method for the control of
HEPMMs is proposed in order to minimise the field excitation flux by searching for an
appropriate field excitation reference current. The field excitation current is automatically
modified with a small value of tracking step size over every time interval, while its
direction and magnitude are determined by the comparison of the current and previous
efficiency values. Consequently, the proposed method can be easily applied to other
hybrid-excited machines without the requirement of machine parameters and even the
turn-ratio between the field winding and the armature winding, as required in the
efficiency improvement method presented in chapter 5. The effectiveness of the proposed

method is verified by experimental results.
6.1 Introduction

In order to enhance the operating performance of the PMSM in terms of energy
saving, cooling system capability, and even environmental pollution control, the
efficiency improvement in variable speed drives has become an increasingly important
issue [ABUO06], [SOU95]. As a result, a large amount of literature has been presented,
which mainly focuses on efficiency improvement, copper loss minimization, adaptive
control, as well as optimisation methods [ABU06], [CAV05], [CHEO3], [LI15],
[MORY%4a], [NI15], [SOU95], [ZHU11]. However, since the excitation flux source of
such machines is only based on the PM, the viable control for improving efficiency is

limited, as introduced in chapter 5.

The HEPMMs have the capability to adjust the flux-linkage via the field winding
[AFT15], [WANI12], and these machines also provide the potential to optimise the flux-
linkage in both enhancing and weakening characteristics based on the optimisation of
both armature and field excitation currents, as mentioned in Chapters 4 and 5. Therefore,

these machines can provide more control means for the improvement of efficiency. For
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that reason, high torque, wide speed operation range, and maximum efficiency can be

achieved [CHEI11], [OWE10], [POT15], which are the attractive points of the HEPMMs.

The field excitation current is basically employed at its maximum value in order
to produce the maximum torque of the HEPMMs. When it is operated under a low load-
torque condition or even in a flux-weakening region, the field excitation current is higher
than the requirement of the machine. Consequently, the efficiency deteriorates due to the
over requirement of copper loss, which is mainly from the field winding copper loss. In
order to minimise the copper loss of the HEPMM, the ratio between the field winding and
the armature winding is optimised [SHIO7]. In [AMAOQ9], the specific value of the field
excitation current is selected to achieve the maximum efficiency under any torque and
speed condition. Likewise, the optimised reference currents, i.e. d-axis, g-axis, and field
excitation currents, are determined based on the Extended Lagrange multipliers
optimisation for improving the maximum efficiency of the HEPMM and have been
presented in [HUA12], [MBA12], [NGU14], [SHIO7], [WANI13]. However, since those
optimised current references are in the format of analytical expressions, they involve a
heavy computational burden and are also machine parameters dependent. The efficiency
improvement of the HEPMM (Machine-II) has already been presented in chapter 5, in
which the field excitation and armature currents are optimised for all operating regions.
Nevertheless, it is based on the utilization of the armature and field windings turn ratio,

and the coil-type of both windings are assumed to be the same.

The maximum efficiency tracking (MET) method is presented in this chapter. It
compares the efficiency between the current and previous values to define the direction of
the modified field excitation reference current, which can be easily applied to other
hybrid-excited machines. Experimental results are performed under dynamic condition to

validate the effectiveness of the proposed method.
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6.2 Proposed Control Strategy

To achieve the maximum efficiency of the HEPMM under the same given torque
and speed, the utilization of the field excitation current is investigated, the proposed
method (irmer), by comparing it with a method where the field excitation current is
maintained at its maximum value (ifmax). Under this condition, only the copper loss
directly influences the efficiency, while the other losses, e.g. core loss and mechanical
loss, are negligible, as introduced in Chapter 5. Accordingly, the efficiency is improved
when the appropriate field excitation current is utilised, Fig.6.1. Based on the mechanical
output power (Pn), which is calculated by the measured (7») torque and speed (@) in
rad/s, while the core loss and mechanical loss of both methods are assumed to be equal
under the same torque and speed condition, therefore, the HEPMM'’s efficiency (77) can
be given by equation (6.1). It is utilised for the analysis of efficiency improvement by the
field excitation current. Therefore, in this chapter, the maximum efficiency tracking

method is proposed as follows:

(W * Ly, )iy
(Rsi§+Rsiq2+§Rfi§j (v +Lm/f) (6.1)
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Fig. 6.1. Efficiency against field excitation current with load-torque at 0.3 Nm and 0.5
Nm.
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6.2.1 Maximum Efficiency Tracking Method

Fig.6.2 shows the control block diagram of the maximum efficiency tracking
(MET) method for the HEPMMs. The proposed method is based on the principle of field
orientation control, in which the d-axis and g-axis currents are independently controlled
according to the rotor position [BOL08]. With regard to the maximum torque per ampere
(MTPA) trajectory [KIM13], [ZHUO2], the d-axis reference current is defined to be zero
due to the non-saliency of the prototype machine (Ls = Lg4). Meanwhile, the g-axis
reference current is provided by the speed regulator which corresponds to the variation of
the load-torque. Based on the operating principle of the HEPMM, the field excitation
current is utilised to enhance the flux-linkage of the PMs. The field excitation current is
commonly employed at its maximum value to achieve the maximum torque of such a
machine [POT15]. However, when the machine is operated at some points in a low torque
condition, the requirement of the machine’s flux-linkage is decreased corresponding to
the torque equation as given by (4.3), in Chapter 4. Indeed, since the flux-linkage of such
a machine can be directly modified by the field excitation current control, the copper loss
of the field winding could be minimised in case the appropriate field excitation current is
employed at any given torque and speed conditions. Consequently, the efficiency can be

improved.

The MET algorithm of the HEPMM is illustrated in Fig.6.3, where all operating
points are expressed on the efficiency curve against the field excitation current. It is
observed that, at point A, the maximum field excitation current (ifmax) is initially
employed in order to enhance the maximum torque of such a machine as aforementioned.
At this point of operation, the efficiency might be low due to the over requirement of the
field excitation current. Therefore, based on the proposed method, the field excitation
reference current is modified by the tracking step size (Aiy) during the time interval 7r
until the maximum efficiency operating point is achieved. The direction of the modified
field excitation reference current is defined based on the comparison of the efficiency
between the current and previous values, as shown in Fig.6.4. It should be noted that,
since efficiency is commonly calculated based on measured currents and voltages rather
than Utilising the estimated PM flux-linkage and inductances, the influence of those
signal noises cannot be avoided and thus the performance of the proposed method may be

deteriorating. Therefore, the window moving average efficiency (7avg) s also presented in
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this chapter. It is determined under dynamic condition and takes the average value during

the tracking time interval before sending it to the decision process.
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Fig. 6.2. Maximum efficiency tracking control block diagram of the HEPMM.
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Fig. 6.4. Flowchart of the MET.

In Fig.6.4, when the current value of the average efficiency is greater than its previous
value (Navg(k) > navg(k-1)), the field excitation reference current is subtracted by the
tracking step size (ir(k) = ir(k) - Aiy). In contract, it will be added by the tracking step size.
Meanwhile, when the previous and current values of the average efficiency are equal
within the tracking time interval, the field excitation reference current remains the same
as its previous value. Based on the MET algorithm, the field excitation reference current
is oscillated around the maximum efficiency point, which is between points B and C as
shown in Fig.6.3. However, since the proposed method use only the average efficiency
for comparison to determine the direction of the field excitation current adjustment for
achieving the maximum efficiency, it can be applied to other hybrid machines even if

there is a difference in topology and turn ratio between the armature and field windings.
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6.2.2 Window Moving Average Efficiency

The fixed window moving average technique [DES13] is utilised to determine the
average efficiency during the MET operation. There are 100 calculation points for each
tracking time interval that is executed every 5.0 ms. The efficiency rate is firstly divided
by 100, which provides the total calculation point. Then, it is added to the previous
efficiency until the last counting point is reached, i.e. n is counted to 100, as illustrated by
the bold-lines shown in Fig.6.5(a). As a result, the average efficiency during a tracking
time interval is given and held by the zero-order-hold (ZOH) function until the next

tracking interval time is reached, as illustrated in Fig.6.5(b).

n(kT,) 100 Calulation points
0 T, 27, 37, 4T, 5T, kT,

(a) Efficiency against tracking interval time
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(b) Average efficiency with ZOH function

Fig. 6.5. Window moving average efficiency.
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Hence, the average efficiency over any tracking interval time 71(k7p), as illustrated by the

bold-lines shown in Fig.6.5(a), can be given as,

100

> n(t)
5 (6.2)
n(kT,) = 00

where k is a count number of tracking interval time, n is a count number of the calculation

point, and 7 is time.

The average efficiency (7ag) can be presented as a function of time, which consists of the

unit-step function and average efficiency in any tracking time interval, as given by (6.3).

Mg (0) = D T (KT) [t = KT, ) —u(t — (k= 1)T,. ] (6.3)
k=0
where u denotes a unit-step function.

It is noted that, since the average efficiency is determined over every specific time range
with N samples (N = 100 for this research), it is named as the window moving average, as
introduced in [DES13]. The influence of signal noises that might reduce the performance

of the proposed method can be eliminated. The measured efficiency is illustrated in

Fig.6.6.

25 ‘ ‘ ‘ ‘
— @) —— NkITp) — M,V
20 ]
S
=~ 15
(]
=
%)
'S 10
=
=
5,
0

Time ()

Fig. 6.6. Measured average efficiency.
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6.2.3 Field Excitation Current Control

Figs.6.7(a) and (b) show the basic circuit and field excitation current control of the
step down (buck-type) DC-DC converter, which is utilised to regulate the field excitation
current by tracking the maximum efficiency point at any given torque and speed. The
field voltage (vy) is automatically adjusted corresponding to the field excitation current
feedback control. The switching pulse signals, which are used to trigger the power switch
devices, are generated proportional to the regulated duty cycle (D). Meanwhile, the
proportional and integral (PI) regulators are employed in order to improve the tracking
accuracy of the field excitation current. In addition, although the field winding resistance
might change due to temperature rise, the field excitation current can still track its

reference value.
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(b) Field excitation current feedback control

Fig. 6.7. Step down DC-DC converter with current feedback control.
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Fig.6.8(a) shows the root-locus and bode-diagram of the field excitation current controller
design (k» = 1.0, ki = 300). It is observed that, since all poles and zeros are located in the
left hand-side of the root-locus, the system is stable which also corresponds to the bode
diagram. In Fig.6.8(b), the field excitation current exhibits a good tracking accuracy and
fast response, in which the rising-time and setting-time are 29.2 ms and 37.5 ms,
respectively. In addition, it is also sufficient for the modification of the tracking step size
(Aiy), which takes only 1.4 ms, less than the tracking time interval (7r). Hence, the field

excitation current control can be efficiently modified according to the MET algorithm.

6.3 Experimental Verification of Efficiency Improvement

6.3.1 Experimental setup

The MET algorithm demonstrated is based on the field orientation control, which
is implemented on a dSPACE platform. A 1.5 kW wound field type DC motor is utilised
as a generator to regulate the load-torque, while an external resistance is used to dissipate
the generated power. The space vector pulse width modulation (SVPWM) technique with
the minimum magnitude error over-modulation (MMEOM), as described in chapter 2, is
applied to the three-phase voltage source inverter (VSI). To verify the effectiveness of the
proposed method, the DC-link voltage and the testing speed are set at 40 V and 500 rpm,

respectively. Meanwhile, other setup parameters are given in Table 6.1.

Table 6.1. Experimental setup

Motor test speed 500 rpm
DC-link voltage 40V
DC supply voltage of the converter 30V
Maximum armature current 7.92 A
Maximum field excitation current 56 A
Switching frequency of the inverter 10 kHz
Switching frequency of the converter 10 kHz
Tracking time interval (7r) 0.5s
Tracking step size (Aiy) 02A

Based on the proposed method, the tracking time interval (7p) and tracking step size (Aiy)
need to be properly defined. If 7) is settled as a small value, the operating point can

become unstable. In contrast, a too big value might reduce the tracking speed [FEMOS5].
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Meanwhile, Air is preferred to be set at a small value in order to avoid the oscillation in
the field excitation current, but it will affect the tracking response. Indeed, since the
efficiency is mainly utilised to achieve the maximum efficiency, which is calculated by

the output power and copper losses (Ry= 3.0 Q and Rs = 1.0 Q as shown in Table 2.2).

Based on the MET algorithm and the experimental setup, the window moving
average efficiency and the field excitation reference current modification implemented in

Matlab/Simulink are illustrated in Fig.6.9(a) and (b), respectively.
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function [Eff out,k] = AVERAGE (Eff in,k loop,Eff loop)

if k loop >= 100;
k = 0;
Eff out = 0;
else
k=k_loop+1;
Eff out = Eff in/100+Eff loop;

end

(a) Window moving average efficiency part
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(b) Field excitation reference current modification part

Fig. 6.9. MET algorithm in Matlab/Simulink model.
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6.3.2 Experimental results

In order to verify the performance of the proposed method in terms of the
efficiency improvement, two field excitation current control methods are compared as

follows:

(1) Utilising the maximum field excitation current for all operating regions
(ifmax).

(2) Utilising the modified field excitation current based on the MET method

(irMET).

Figs.6.10 - 6.11 show the experimental results of both control methods. In order to
demonstrate the effectiveness of the proposed method, the prototype machine is started
with the load-torque at 0.3 Nm, then changed to 0.5 Nm at around 15.0 s of the
experimental time, as shown in Fig.6.10(a). Meanwhile, the speed is controlled at 500
rpm across the whole operating region. In Fig.6.10(b), the field excitation current for both
methods are initially employed at its maximum value (5.6 A). Under this condition, the
copper loss and efficiency of both methods are equal due to the same armature and field
excitation currents, as illustrated in Figs.6.10(c) and (d), respectively. Afterwards, the
MET is activated at approximately 4.0 s, where the field excitation current of the
proposed method starts tracking for maximum efficiency. The load-torque is maintained
at 0.3 Nm. Based on the MET algorithm, the field excitation current (irmer) is modified,
decreasing from 5.6 A to around 3.6 A, as illustrated in Fig.6.10(b). Therefore, the total
copper loss of the proposed method is significantly reduced compared to the method
which utilised the maximum field excitation current for all operating regions (ifmax), as
shown in Fig.6.10(c). As a result, the efficiency can be significantly increased from
approximately 12% to 20% (increasing ~66.7%) under the given torque and speed
condition, as shown in Fig.6.10(d).

Likewise, when the load-torque is changed from 0.3 Nm to 0.5 Nm at around 15.0
s, the field excitation current of the proposed method (irmer) is modified from 3.6 A to
around 4.6 A corresponding to the requirement of the flux-linkage, as illustrated in
Fig.6.10(b). Under this condition, the efficiency can be increased by ~16.5% compared to
the method which utilises the maximum field excitation current for all operating regions
(ifmax). It should be noted that the operation in the lower load-torque exhibits the higher

capability to improve the efficiency which is proportional to the elimination of the
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redundant field winding copper loss.

Fig.6.10(e) shows the g-axis and d-axis currents of both field excitation current
control methods, i.e. ifmar and irmer. The d-axis current of both methods remain at zero
due to the non-saliency of the prototype machine, while the g-axis currents with the same
values corresponding to the load torque at 0.3 Nm are initially utilised. After the
activation of the MET, the field excitation current of the proposed method decreases
compared to the method which uses the maximum field excitation current for all
operating regions (izmax) under the same condition. Therefore, the utilization of the g-axis
current is increased, as shown in Fig.6.10(e). It is also the same trend as the load-torque at
0.5 Nm. However, due to the winding turn ratio of the prototype machine, in which the
field winding resistance is greater than the armature winding resistance, the total copper
loss is mainly influenced by the field excitation current rather than the armature current. It
means that the decrease of the field winding copper loss that relates to izmer is larger than

the increase of the armature winding copper loss produced by the g-axis current.

Fig. 6.10(f) shows the output power of both field excitation current control
methods related to the load-torque as shown in Fig.6.10(a). It is obvious that the machine
speed and DC-link voltage of both methods can be constantly maintained at their
references during the modification of the field excitation current, even though the load-
torque is changed, which confirms the good dynamic performance of the proposed

method, as shown in Figs. 6.11(a) and (b).

Since 2 efficiency improvement control strategies, i.e. the optimisation method
(iropr) and the maximum efficiency tracking (irmer), have been proposed in this thesis, the
performance of both methods in terms of efficiency are compared as shown in Fig.6.12. It
is observed that although both methods can improve the efficiency in steady-state
condition, the optimisation method (ifop:), Which is a function of d-g axis currents,
exhibits better dynamic response than the maximum efficiency tracking method (irmer). It
is noted that, the efficiency is calculated without the consideration of temperature rise and
iron loss. However, those methods are based on the assumption of the same iron loss and

mechanical loss since the same given torque and speed condition is considered.
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Tm(i ﬁmax) and Tm(iﬁMET) are almost the same.
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which utilised the maximum field excitation current for all operating regions (i ,max).
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Fig. 6.12. Comparison of the efficiency improvement control strategies.

6.4 Summary

This chapter has proposed the maximum efficiency tracking method for the
HEPMM (Machine-II) based on searching for the optimal field excitation current under
the given torque and speed conditions. The experimental results have shown that the
efficiency of the HEPMM can be improved based on the proposed method compared with
the method which utilised the maximum field excitation current for all operating regions.
Likewise, the proposed method is verified under dynamic conditions, when the load-
torque is changed, to confirm the effectiveness of the field excitation current control and
the window moving average. Since the direction of the modified field excitation reference
current is defined based on the comparison of the current and previous efficiency values,

the proposed method can be applied to other hybrid-excited machines.
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CHAPTER 7

FAULT PROTECTION CAPABILITY OF HYBRID-
EXCITED PERMANENT MAGNET MACHINES
UTILISING FIELD EXCITATION CURRENT CONTROL

In this chapter, the fault protection capability of a novel hybrid-excited permanent
magnet (PM) machine is examined to illustrate its great capability to prevent the
dangerous overvoltage issue from the uncontrolled generator fault (UCGF) at high speed
operation. PM flux of the novel hybrid-excited PM machine is inherently short-circuited
when the field excitation current is not fed into the excitation windings. Therefore, when
the machine UCGF is detected in the high speed region, the DC-link overvoltage issue
can be effectively reduced by instantly changing the field excitation current to be zero.
Since only the field excitation current is utilised to protect the machine and inverter
switches from the UCGF, it is simple to implement and the concept of proposed control
strategy can also be applied to other hybrid-excited PM machines. Finally, the proposed
control strategy is verified by both simulation and experimental results on the hybrid-

excited PM machine.
7.1 Introduction

Permanent magnet (PM) machines are attractive for many applications due to their
advantages, for example, high power density, high efficiency, and wide operating speed
range [CHEI11], [ZHUOQ7]. Since these machines are widely considered for some safe-
critical applications such as aerospace and automotive industry, the system reliability has
become an increasingly important issue [CHE97], [ESTO0S], [ZHUO09]. For this reason, a
large amount of literature have been presented related to the fault impacts, detections, and
fault tolerances for the machines [ABO09], [CHE97], [ELR11], [ERR12], [HANOG6],
[LIU10], [WELO04].

Among the various machine fault types, the uncontrolled generator fault (UCGF)
at high speed in a PM machine [CHO13], [HANO6], [JAH99], [LIAOS], [PEL11],
[WELO04] is one of the most serious scenarios that can damage the machine and inverter

switches and will be particularly discussed in this chapter. The UCGF is emerged when
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the flux-weakening control is unexpectedly disappeared, which usually happens when the
switching signals are suddenly removed or the encoder is damaged [CHO13], [HANO06],
[JAH99], [LIAOS5], [PEL11], [WELO4]. It would be a serious problem if the machine
operates at high speed, since the back-emf in each phase winding which is usually several
times higher than the rated supply voltage will immediately become a voltage source to
deliver the regenerated energy charging the DC-link capacitor. Under this condition, in
case the DC-link capacitor cannot absorb this energy, high voltage in the DC-link might
explode the capacitor, inverter switches, and even demagnetise the PMs [CHO13],
[SUNO7]. Although the UCGF has been presented in [CHO13], [HANO6], [JAH99],
[LIAOS], [PEL11], [WELO4], these researches focus mostly on the optimisation of the
machine parameters such as the saliency ratio, PM per-unit flux, and rotor moment of

inertia.

For the prototype hybrid-excited PM machine developed in [AFILS5], the field
winding acts as a major excitation source compared to the PMs. Consequently, under the
UCGEF condition, the flux-linkage and back-emf could be entirely reduced when the field
excitation current is controlled towards zero (if= 0), while remaining the excitation

current at the maximum could cause a large regenerated overcurrent.

Therefore, the fault protection capability of the HEPMM will be examined in this
chapter. Based on the hybrid-excited PM machine, the field excitation current control
strategy is proposed, which can effectively remove the dangerous overvoltage from the
UCGF. Due to that only the field excitation current is utilised to protect the machine and
inverter switches against the UCGF, it is easy and simple to implement. Finally, the
proposed control strategy is verified by both simulation and experimental results on the

hybrid-excited PM machine.
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7.2  Machine Topology and Operating Principle

7.2.1 HEPMM Topology (Machine-II)

The three-phase 12-stator slot/10-rotor pole HEPMM is shown in Fig.1 [AFI15],
where the PMs are placed between the contiguous slot openings of the stator teeth. Each
phase winding consists of four armature coils connected in series. The twelve dc coils are
also connected in series to form a single winding. Since the back-emf of the prototype
machine is nearly zero when the field excitation current is not employed (if=0), this
machine exhibits a fault protection capability based on the control of field excitation
current. The parameters of the prototype machine and dimensions have been described in
Chapter 2, while the operating principle of this machine has clearly been illustrated in
Chapter 4. It is noted that since such a machine has no magnets or excitation coils on the

rotor, robust rotor structure and high speed operation can be provided for this topology.

Fig. 7.1. Cross-section of the prototype HEPMM.
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7.2.2 Flux Regulation Capability and Back-emf

The phase flux-linkage and back-emf against the rotor position of the prototype
machine at various specific field excitation currents and at 400 rpm are shown in
Figs.7.2(a) and (b), respectively. It can be observed that the amplitude of phase flux-
linkage can be enhanced with the increase of the field excitation current, also as shown in
Fig. 7.3. When the field excitation current is zero (i = 0), the amplitude of phase flux-
linkage is only approximately 0.98 mWb, while the back-emf is almost zero. Obviously,
the higher field excitation current can produce the larger phase flux-linkage and back-emf

and vice versa.

It should be noted that the HEPMM can provide a high torque in the constant-
torque region [AFI15], and it also offers more freedom for the flux-weakening currents,
i.e. field excitation and d-axis currents, for extending speed range in the flux-weakening
region. Moreover, when the worse-scenarios arise, such as inverter short-circuit at high
speed, the back-emf of the hybrid-excited PM machine can be significantly diminished by
adopting ir= 0. Thus, the potential damages of the machine and inverter can be prevented.
As a result, the HEPMMs exhibit significant advantages in terms of fault protection

capability compared to the conventional PM machines.

Flux-linkage (mWb)

_15 | | | |
0 60 120 180 240 300 360
Rotor position (Celec.)

(a) Flux-linkage
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Fig. 7.2. Open-circuit characteristics of phase A for the prototype machine corresponding

to the specific values of field excitation current.

(gqA\w) deyur-xnp g

Field excitation current (A)

Fig. 7.3. Phase A flux-linkage amplitude with field excitation current.
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7.3 Fault Protection Operation

7.3.1 Uncontrolled Generation Fault

In order to extend the operating speed range within the current and voltage
constraints, the flux-weakening control technique is required. In this operation, the
amplitude of back-emf would be greatly increased in proportional to the machine speed.
However, when the flux-weakening control is unexpectedly disappeared, the back-emf in
each phase would instantaneously become a large voltage source, which delivers the
regenerated current (iregen) back to the DC-link through the free-wheeling diodes of the
inverter switches, as shown in Fig.7.4. This fault has been defined as uncontrolled
generator fault (UCGF) presented in [CHO13], [HANO6], [JAH99], [LIAO5], [PEL11],
[WELO04], which is usually emerged from, e.g., the removal switching signals of inverter
switches and the damage of the processing unit or speed encoder. Furthermore, it would
be serious if the DC-link capacitor cannot absorb the abruptly regenerative energy.
Consequently, the explosion of both capacitor and inverter switches might be

unpredictably emerged as caused by the dangerous overvoltage.

Fig. 7.4. Uncontrolled generator fault (all gate-signals are removed).

In this research, the switch (S1) is simultaneously controlled to protect the main dc power
supply (Vs) whereas the fault is emerged and detected. The DC-link voltage (Vac) is
measured between anode and cathode terminals of the capacitor as shown in Fig.7.4. It is
noted that since the other overvoltage protections, such as the braking resistance, is not
considered in this circuit, the impact of the UCGF can be evaluated considering only the

regenerative energy that produced by the machine.
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7.3.2 Proposed Fault Protection Control Strategy

As aforementioned in section 7.2, the HEPMM has the excellent feature of flux-
regulation capability by adjusting the field excitation winding. As a consequence, the
field winding would be possibly utilised to eliminate the regenerated energy caused by

the UCGF, particularly at the high speed flux-weakening operation.

The fault protection control strategy for the HEPMM is shown in Fig.7.5. In
normal operation, as defined in Fig.7.5(a), the maximum field excitation current (ifmax) is
employed in whole operating regions in order to achieve the maximum torque. The d-axis
current is utilised to weaken the flux-linkage in flux-weakening operation, while the g-
axis current is determined according to the speed and load-torque as shown in Fig.7.5(b).
In the UCGF, the DC-link capacitor is rapidly charged by the regenerated current that
results in the serious overvoltage, and thus, the DC-link voltage is utilised to activate the
fault operation. Practically, when the DC-link voltage is greater than or equal to the pre-
set maximum DC-link voltage (Vac > Vacmax), the field excitation current is controlled to

be zero to protect the drive system (ir'= 0). As a result, the overvoltage issued could be

solved for the HEPMM with the proposed control strategy.

< A
N
IS Normal operation % UCGF N
S 2
N ¥ .
§ . lf - lf,max
N lf,max
~
~
2
S
5 .
it vV, 2V
d de,
% : C,max
L: l_f =0 >
0 t
Jault Time (sec.)

(a) Field excitation current control
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Fig. 7.5. Fault protection control strategy.

7.4 Verification of Fault Protection Capability

The effectiveness of the fault protection control method is verified by both

simulations and experiments in this research. These will be explained sequentially as

follows.
Table 7.1. Fault protection verification setup
Motor reference speed 2700 rpm
DC-link voltage (Vic) 24V
Pre-set maximum DC-link voltage (Vac,max) 25V
Maximum armature current 792 A
Maximum field excitation current (ifmax) 10 A

7.4.1 Simulation Results

The Simulink@MATLAB is utilised in order to simulate the UCGF condition and
verify the fault protection control. In the simulation, the DC-link voltage is set to 24 V, as
shown in Table 7.1, while the machine speed is controlled at 2,700 rpm. In addition, the
maximum field excitation current is employed at 10 A to enhance the maximum flux-

linkage, the impact of the regenerated energy, under the fault condition, will be clearly
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demonstrated. In order to detect the UCGF condition, the maximum DC-link voltage
(Vide.max) 1s set to 25 V. Other setting parameters are presented in Table 7.1.

Figs.7.6 — 7.7 show the simulation results of the fault protection control capability
based on the operation principle of the HEPMM. Two field excitation current control

strategies under the UCGF are illustrated and compared, i.e.,

(1) Maximum field excitation current in whole regions (ir= 10 A) to simulate the
conventional PM machines in which the excitation cannot be changed when UCGF

happens.

(2) Maximum field excitation current in normal operation, and zero field

excitation current when UCGF detected (if'= 0).

In normal operation mode, Fig.7.6(a), the HEPMM is operated in the flux-
weakening region with the speed at 2,700 rpm. Meanwhile, the maximum field excitation
current is used to enhance the torque output, as shown in Fig.7.6(b). The amplitudes of
line back-emfs of both strategies are at the same level closely to the level of DC-link

voltage due to the same speed and flux-linkage, as shown in Fig.7.6(c) before the UCGF.

The UCGEF is set to emerge at 2.0 s of the simulation time. In the UCGF mode, the
machine speeds for both strategies are significantly decreased, Fig.7.6(a). For the control
strategy utilising the maximum field excitation current in the whole region (i/= 10 A), the
DC-link voltage is rapidly increased by around 22 V (~88.0%), as shown in Fig.8(c).
Under this condition, the DC-link capacitor is quickly charged by the regenerated current
from the machine, which corresponds to the d- and g-axes current variations as shown in

Fig.7.7(a).

Based on the proposed fault protection control method, when the DC-link voltage
is greater than or equal to 25 V, as defined in Table 7.1, the UCGF can be detected.
Therefore, the field excitation current is then controlled to be zero (if= 0), as shown in
Fig.7.6(b). Then, the line back-emf can be visibly decreased, as shown in Fig.7.6(d),
compared to the results of the strategy that utilises the maximum field excitation current
in whole regions in Fig. 7.6(c). Consequently, the regenerated current of the HEPMM can
be mostly reduced corresponding to the d-axis and g-axis currents as shown in Fig.7.7(b)
and (c), respectively. In addition, the effectiveness of the proposed fault protection
control method can be clearly proved by the power storage of the capacitor, as shown in

Fig.7.7(d). It is seen that, although a peak of the regeneration power is approximate 110
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Fig. 7.6. Simulation results of the proposed fault protection method (i = 0) compared to

the method that utilising the maximum field excitation current for all regions (iy'= 10 A).
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Fig. 7.7. Simulation results, currents and power storage in capacitor, of the proposed
fault protection method (i = 0) compared to the method that utilising the maximum field

excitation current in whole regions (i= 10 A).
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7.4.2 Experimental results

The prototype HEPMM, as shown in Fig.7.1, is controlled based on the vector
control. It is implemented on a dSPACE platform. The prototype machine is connected to
a 1.5 kW wound field type DC motor, which is utilised to regulate the load-torque
through an external resistance, for dissipating the generated power. The three-phase
voltage source inverter (VSI) is utilised based on the SVPWM switching technique, while
the field excitation current is regulated by the step-down DC-DC converter, as mentioned

in Chapter 2. The experimental setup parameters are defined in Table 7.1.

Since the UCGF is one of the most dangerous faults that can rapidly regenerate
the energy back to the inverter caused the overvoltage, especially in flux-weakening
operation, it is considered in this thesis in order to verify the fault protection capability of
the prototype HEPMM. The UCGF is usually emerged from, e.g., the removal switching
signals of inverter switches and the damage of the processing unit or speed encoder.
Therefore, in order to generate the UCGF in the experiment, all switching gate-signals are

suddenly removed.

Figs.7.8 and 7.9 show the measured results of the fault protection control for the
HEPMM, which utilises zero field excitation current (if = 0) after the UCGF is detected,
compared to the method that utilising the maximum field excitation current in whole
regions (if= 10 A). The measured speed and field excitation current are shown in
Figs.7.8(a) and (b), respectively. It is noted that those results exhibit the same trends as
the simulation results. In the normal operation mode, both control strategies are controlled
in the flux-weakening region at 2,700 rpm, whereas the maximum field excitation current
is utilised. The UCGF happens at 2.0 second of the experimental time. Under the UCGF
condition, since the flux-density of the method utilising if= 10 A is higher than the
method utilising i= 0 due to the field excitation flux resulting in the higher core loss
[LEE11], the speed of the method utilising ir'= 10 A falls more quickly than the method
utilising ir = 0, as illustrated in Fig.7.8(a).

It is obvious that, for the control strategy utilising the maximum field excitation
current in the whole region (if= 10 A), the measured DC-link voltage is speedily
increased by around 19 V (~79.16%), as shown in Fig.7.8(c). Meanwhile, the overvoltage
in the DC-link capacitor can be eliminated based on the proposed method (if= 0).
Likewise, the effectiveness of the fault protection capability of the HEPMM can be
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clearly proved by the comparison of measured line voltage, (Va»), as shown in Fig.7.8(d).

The regenerated current and power storage in the capacitor are shown in Figs.7.9(a) and
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Fig. 7.8. Experimental results of the proposed fault protection method (i = 0) compared

to the method utilising the maximum field excitation current in whole regions (if'= 10 A).
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It should be noted that, based on the utilization of zero field excitation current (if =
0) after the fault is detected, the line voltage can be greatly reduced compared to the
method that utilising the maximum field excitation current in whole regions (ir= 10 A).
Therefore, the experimental results agree well with the simulation results and the
operation principle of the HEPMM in which the regenerated back-emf can be effectively

adjusted by the field excitation current.

7.5 Summary

This chapter examined the fault protection capability of the hybrid-excited
permanent magnet machine (HEPMM) based on the field excitation current control
strategy under the UCGF conditions. The results have shown that the amplitude of back-
emf can be efficiently reduced by utilising zero field excitation current control (ir= 0)
when the UCGF fault happens. The proposed fault protection control strategy for the
HEPMM is simple to implement as only the field excitation current control is utilised,
and can be also applied to other hybrid-excited PM machines. Finally, the simulation and
experimental results confirmed the effectiveness of the fault protection control strategy on

the hybrid PM machine.
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CHAPTER 8

GENERAL CONCLUSIONS AND FUTURE WORK

This thesis has presented various novel control strategies developed for hybrid-
excited permanent magnet machines, including the flux-enhancing/weakening control,

efficiency improvement, and fault protection capability.
8.1. Flux enhancing/weakening control strategy

8.1.1 HESFPMM with iron flux-bridge (Machine-I)

The special magnetic circuit of this machine topology can effectively reduce the
flux-linkage by partially short-circuiting the PM flux via the iron bridge. However, in the
prototype HESFPMM (Machine-I), the flux-linkage still exists when the field excitation
current is zero, due to the large reluctance of iron bridges. Hence, the negative field
excitation current can be utilised to weaken the flux-linkage, while the positive field

excitation current can enhance the flux-linkage effectively.

Based on the experiments carried out, the output torque can be effectively
enhanced by the positive field excitation current, but the ability to further reduce the air-
gap flux with the negative field excitation current is limited due to the high reluctance of
the saturated iron flux bridges when the field excitation flux and the PM flux are in the
same direction. When the negative field excitation current is increased, the output torque
is reduced, since the torque is directly related to the field excitation flux. Hence, in order
to achieve the good performance of this machine in terms of high torque and wide speed
range, a new control strategy for the HESFPMM has been presented. In the constant
torque region, the positive field excitation current is utilised to enhance the torque, and is
gradually modified when the speed exceeds the rated speed of enhanced torque until the
field excitation current is zero. In the flux-weakening region, the d-axis current is utilised,
whilst the field excitation current is controlled towards zero rather than negative in the
flux-weakening mode. It has been demonstrated experimentally that the proposed method
exhibits a smooth transition between flux-enhancing and flux-weakening operations via
utilising the field excitation current control, good robustness against machine parameters

based on the voltage error regulation method, extended speed range, and higher efficiency
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CHAPTER 8

8.1.2 HEPMM (Machine-II)

Only the positive field excitation current is utilised to modify the flux-linkage of
this machine in both flux-enhancing and flux-weakening operations. The field excitation
flux is also a major excitation source compared with the PMs. For this machine, three
controllable currents, i.e. d-axis, g-axis, and field excitation currents, are available, in
which the appropriate settings for these currents need to be developed and verified. Three
flux-weakening control methods for the HEPMM, namely utilising field excitation
current alone (Method-I), utilising armature current alone (Method-II), and optimisation
method (Method-IIT), have been compared and investigated in terms of the torque,
operating speed range, and efficiency in both the constant-torque and flux-weakening

regions.

It has been proven experimentally that the maximum efficiency of the HEPMM
can be achieved when the copper loss in the armature winding and the copper loss in the
field winding are equal. Indeed, since both the armature winding and the field winding of
the prototype HEPMM (Machine-II) are located in the same place in the stator, the rise in
temperature in the two windings are assumed to be identical. Furthermore, the same coil
types are used in both windings in this machine. As a result, the resistance ratio between
the armature winding and the field winding can remain approximately constant in all
operating regions. For this reason, the winding resistances can easily be replaced by their
turn numbers, rather than utilising resistances, their optimal ratio is defined as the
optimisation method. The optimised field excitation current is found to be a function of d-
axis and g-axis currents, which is simple to implement and robust in terms of the machine

parameter variation.

It has been observed that all three methods can achieve the same torque in the
constant-torque region due to the enhanced field excitation currents, whilst the
optimisation method (Method-III) exhibits a wider operating speed range and higher
efficiency in the flux-weakening region compared to other methods as shown in Fig. 8.2.

Furthermore, it can also be easily applied to other hybrid-excited machines.

The comparison of control strategies for the hybrid-excited permanent magnet
machines is illustrated in Table 8.1. It is obvious that the optimisation method exhibits a
higher performance than other methods in terms of high torque, wide speed range, and

high efficiency.
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Table 8.1. Comparison of flux-weakening control strategies

CHAPTER 8

ir control ir =max Optimisation
Machine Chapter Performance el i ir & ia, iy
ia=0. iq control.
control.
Torque Low - High
Speed range Limited - No limit
HESFPMM Copper loss of . ]
(Machine-I) 3 armature winding High Low
Copper loss of field . .
i) winding High - High
Total copper loss High - Low
Efficiency Low - High
Torque Low Highest High
Speed range Limited No limit No limit
Copper IOSS. Of. High Lowest Low
HEPMM 45 armature winding
(Machine-II) Cgpper loss of field Lowest High Low
winding
() Total copper loss Lowest High Low
Efficiency Low Low Highest
Fault protection .
7 capability (ir=0) Applicable
Table 8.2. Comparison of efficiency improvement
Machine Chapter Topic Optimisation MET
Efficiency improvement Yes Yes
Machine parameters Required Not required
HEPMM . . :
(Machine-IT) 5,6 Current ripple of ir Low High
Dynamic response Fast Slow
Implementation Simple Simple
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CHAPTER 8

8.2. Efficiency improvement

8.2.1 Optimisation method

Since the maximum field excitation current is commonly employed to increase the
maximum torque via enhancing the flux-linkage, the field excitation current might exceed
the specification of the machine when operating under low torque conditions. As a result,
the efficiency is deteriorated due to large copper loss in the field winding. The efficiency
improvement of the HEPMMs by utilising field excitation current control has therefore
been experimentally investigated and compared to the method that utilises the maximum
field excitation current. The proposed method is based on the optimisation condition,
which has been discussed in the previous section. The proposed method can provide
higher efficiency in all operating regions compared with the method that utilises the
maximum field excitation current. The proposed method enables improvements in
efficiency as presented in the efficiency map under low load torque operation. In addition,
the proposed method exhibits a good dynamic response, and can be conveniently applied

to other hybrid-excited machines.
8.2.2 Maximum efficiency tracking

This is based on the same verified conditions for the efficiency improvement as
presented in section 8.2.1. The maximum efficiency tracking (MET) method for the
HEPMMs is proposed to minimise the field excitation flux, under any given speed and
torque conditions, by searching for an appropriate field excitation reference current. The
field excitation current is automatically modified by using a small value of tracking step
size over every time interval, whilst its direction is determined based on the comparison
of the current and previous efficiency values. The window moving average is utilised to

improve the accuracy of the MET algorithm.

It has been found that the efficiency of the HEPMM can be improved via this
proposed method compared with the method of utilising the maximum field excitation
current for all operating regions. The proposed method can be applied to other hybrid-
excited machines without the requirement for machine parameters, or even the turn ratio
between the field winding and the armature winding, as required in the method presented
in section 8.2.1. Furthermore, the comparison of both efficiency improvement control

strategies is illustrated in Table 8.2.
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8.3. Fault protection capability

Since the PM flux of the HEPMM (Machine-II) is inherently short-circuited when
the field excitation current is not fed into the excitation windings, the open-circuit back-
emf is almost zero. For this reason, this machine exhibits some fault protection capability,
which can be utilised to prevent dangerous excess voltage issues from uncontrolled
generator faults (UCGF) at high speed operation. A novel method of fault protection for
the HEPMM is thus proposed and verified experimentally, based on the utilisation of field
excitation current control. The fault is monitored by the DC-link voltage, which makes it
simple. The results have shown that the amplitude of back-emf can be efficiently reduced
(~79.16%) by using zero field excitation current control (ir = 0) when the UCGF fault
happens. The proposed fault protection control strategy for the HEPMM is simple to
implement as only the field excitation current control is utilised. It can be also applied to

other hybrid-excited PM machines.

8.4. Future work

In the HESFPMM (Machine-I), the flux-weakening performance is limited when
the negative field excitation current is employed, which is caused by the high reluctance
of the saturated iron flux bridges. It might be possible, therefore, to extend the operating
speed range of this machine’s topology by modifying the thickness of iron flux-bridges to
avoid the saturation problem, which can directly improve the circulated field excitation
flux in the stator back-iron. As a result, high torque at low speed and a wide speed range

can be achieved by utilising only the field excitation current control.

Fault protection capability control in other HEPMM topologies which employ a
large volume of PM, the open-circuit back-emf cannot be zero when ir = 0. It might be
possible to utilise both the d-axis current and the field excitation current in order to
reduce the back-emf of these machines during faults. It should be noted that this method
cannot be used for the UCGF, since the inverter would not be controlled if all switching
gate-signals were removed, thus damage to the processing unit may occur. It would,
however, be effective with single-phase open-circuit faults and DC power supply short-
circuit faults at high speed operation, which could also deliver the regenerated current
back to the DC-link that causes the excess voltage issue, since the back-emf of the

HEPMM can be controlled by the armature current.
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APPENDIX A

OPTIMAL CONDITION OF THE MTPA TRAJECTORY

In order to achieve the maximum torque in the constant torque region, the optimal
currents, i.e. d-axis and g-axis currents, are determined based on the differentiation of
torque equation of the PMSMs, as illustrated by the red-line for the maximum torque per

ampere (MTPA) in Fig.A.1. Indeed, it has been demonstrated in [CHE99a].

MTPA trajectory I

—— 1,
Operating poinﬁ -—- —4 - MTPA
Ve

Current - limit/

>
. MTPA
m d

~ @) —— — — —

Fig. A.1 MTPA trajectory.

The torque equation of the PMSM can be expressed by (A.1).

3 . y
T, =5P[l//pmzq (L, ~L,)i, | (A1)

The d-axis and g-axis currents based on Fig.A.1 are given by,
iy =—1 sin@,,,, (A.2)

MIPA _
q

1 cosb,.,. (A.3)

By substituting the currents from (A.2) and (A.3) into (A.1), the torque can be given as,

3 .
T :EP[‘//P’”[’” oS8, +(Lq ~L, )Ii sin @, cos HMTPA] (A.4)
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The differentiation of the torque to the optimal current angle is expressed as,

oT.

¢ =0, where 2sin6,,,,cos0,,,, =1-2sin’6,,,,
a 9MTPA
1, sin6,, +(L,—L,)I.(1-2sin’ 6,,,, ) =0
2(L, - L, )1} sin’ 0,0, +¥,, 1, 5060, — (L, ~ L, )1, =0
Therefore,

I, J_r\/yﬂpmlzm -8(L,-1,) I*,
4(L,-L,)I,

Sin HMTPA =

Based on the scenarios of d-axis and g-axis inductances conditions it can be summarized

as,

sin@,,,,, =1 0 s Ly =L (A.5)

Substituting the currents from (A.5) into (A.2) with the consideration of current relation

(1 2=q +iq2), the optimal d-axis current can be given as a function g-axis current by

(A.6).

2
l//pm _\/ l//pm +12 ; Ld <Lq

2(Ld_Lq) 4(Ld_Lq) !
i =30 ; Ly=1, (A.6)
Vo v, » _
2(Ld—Lq)+\/4(Ld—Lq)+lq P b L
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APPENDIX B

APPENDIX B
DETERMINING ROTOR POSITION ALIGNMENT

The incremental encoder is employed to provide the rotor position information,
which is utilised in the Park’s transformation and the control system based on the vector
control. However, it is necessary to align the zero position of the encoder to the d-axis, as

shown in Fig.B.1. The rotor position alignment is determined as introduced in [OH13].

b q

Fig. B.1 Rotor position alignment.

By adjusting the offset angle with the positive direction, the appropriate rotor position can
be obtained when the negative direction of phase-A back-emf waveform matches with the

zero electrical rotor position, as shown in Fig.B.2.

Amplitude (V, rad)

[~~~ | === Back-emf in phase A (V)

Rotor position (rad) k

1 1 1 1 1 1
0 0.005 0.01 0.015 0.02  0.025 0.03 0.035 0.04
Time (s)

Fig. B.2 Measured rotor position alignment.
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