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ABSTRACT

For many applications, such as electric vehicles and washing machines, flux-weakening
control is required for permanent magnet synchronous machine (PMSM) drives to extend the
operation speed range and maximize the power capability under the voltage and current
constraints. Voltage magnitude feedback flux-weakening control is widely employed due to
its advantages of simple and standard control structure, robustness against parameter
variation, both linear and over modulation flux-weakening operation, and automatic flux-
weakening operation. However, stability problems are prone to occur in the flux-weakening
region since the PMSM drive will operate on the boundary of the voltage limit. In this thesis,
based on a non-salient-pole PMSM, the factors that could cause stability problems in the
flux-weakening region with voltage magnitude feedback flux-weakening control are

investigated and the corresponding solutions are developed.

Firstly, based on a d-axis current voltage feedback controller, an adaptive control
parameter method is proposed for the PMSM machine without maximum torque per voltage
(MTPV) region, which aims to ensure the stability in a wider speed range. Then, a current
reference modifier (CRM) and a voltage limit reference modifier (VRM) are incorporated
with the conventional voltage feedback controller in order to improve the stability in the over
modulation region. As for the PMSM machine with MTPV region, an extra feedback
controller is introduced with an MTPV penalty function. The MTPV penalty function is
optimized in terms of its effect on the steady-state performance, the dynamic performance,
and the stability in the MTPV region. Afterward, the MTPV controller is properly selected
and designed. Furthermore, two flux-weakening control methods accounting for MTPV, i.e.
dg-axis current based feedback flux-weakening control, and current amplitude and angle
based feedback flux-weakening control, are developed and compared in terms of the stability.
It shows that the two methods exhibit complimentary merits and demerits in different regions,
and consequently, a hybrid feedback flux-weakening control is proposed to combine their
synergies and overcome their demerits. As the feedback voltage ripples that origin from the
non-ideal drive system can be amplified by a conventional speed PI controller, the oscillation
may even occur if a good speed dynamics is required in the flux-weakening region. An
adaptive fuzzy logic speed controller is proposed and implemented to reduce the feedback

voltage ripples while maintaining good speed dynamics.
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CHAPTER 1

CHAPTER 1 GENERAL INTRODUCTION

1.1 Introduction

Nowadays, pursuits of advanced electrical drives with high power density and high
efficiency are becoming the major goal of both academia and industry as the global
environmental, economic and political concerns are increasing. Moreover, numerous
emerging applications, such as electric propulsion and renewable energy, are continuously
demanding high-performance electrical machines. Furthermore, the advancement of the
permanent magnet (PM) materials, power electronics, and microprocessors has driven
extensive researches on brushless permanent magnet synchronous machines (PMSMs),

which have advantages of high efficiency, high torque and power density [ZHUOQ7].

The conventional radial field PMSM can be categorized by two major types [SEB86]
[JAH96] [GON12]:

1) Surface mounted permanent magnet synchronous machine (SPMSM).
2) Interior permanent magnet synchronous machine (i.e. IPMSM).

Fig. 1.1 illustrates the cross sections of typical rotor structures for inner rotor radial field
PMSMs. For the rotor of SPMSM, as shown in Fig. 1.1(a), the PMs are mounted on the
surface of the rotor. Since the rare earth PM material exhibits almost the same permeability
as the air, the effective air gap is the summation of the actual air gap length and the radial
thickness of the magnets. In the synchronous reference frame, the d-axis inductance is
approximately the same as the g-axis inductance, i.e. Li=Ly, where Lqs and L, are the d- and
g-axis inductances, respectively. SPMSM is a non-salient-pole PMSM, in which the
reluctance torque is negligible and the electromagnetic torque is dominated by the
permanent-magnet excitation torque. For the rotor in IPMSM, the PMs are buried inside the
rotor, which can be radially magnetized and circumferentially magnetized, as shown in Fig.
1.1(b) and Fig. 1.1(c), respectively. For the IPMSM, the effective air gap in d- and g-axes are
not equal, and the d-axis inductance is normally smaller than the g-axis inductance due to

larger effective air gap along d-axis. IPMSM is a salient-pole PMSM, in which the reluctance
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CHAPTER 1

torque can be utilized. Therefore, for the same torque the amount of PMs in an IPMSM can

be less than that of the SPMSM.

di di

(a) (b) (c)

Fig. 1.1. Typical rotor structures of brushless PM synchronous machines [GON12].

The PMSMs can also be classified as either trapezoidal or sinusoidal back-electromotive
force (EMF) machines [JAH84]. Ideally, in order to maximize the torque density and
minimize the torque ripples, the machine with trapezoidal back-EMF is desirable to be
controlled in BLDC mode. As shown in Fig. 1.2(a), the phase current waveform in BLDC
mode is rectangular while the back-EMF is trapezoidal. For the machine with sinusoidal
back-EMF, the machine is normally controlled in BLAC mode. As shown in Fig. 1.2(a), the
phase current waveform is a pure sinusoidal as the phase back-EMF. In practice, since the
back-EMF may not be ideal trapezoidal or sinusoidal, both the BLDC drive and BLAC drive
could be applied for application. However, the performances, e.g. torque capability and

torque ripple, could be compromised [SHI06] [ZHUO06].
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— Back-EMF — Back-EMF
— Current — Current

&
&

} )
A 1,

(a) BLDC drive (b) BLAC drive

Fig. 1.2. Ideal BLDC drive and BLAC drive.
En: amplitude of the phase back-EMF; /,,: amplitude of the phase current.

In BLDC mode, the phase currents only have to be commutated on and off, typically
twice in one fundamental electric cycle for the two-phase, 120° conduction mode
[OGA91][QIAO05][TAKO94]. The zero cross point of back-EMF can be set as the reference to
obtain the rotor position. Therefore, the low-cost Hall sensor is normally employed. However,
in BLAC mode, a sinusoidal current control is required. High-resolution position sensors,
such as encoder and revolver, can be adopted. Since the phase currents are pure sinusoidal,
the precise current control can be realized by the conventional current vector control (CVC)
[GABS8O]. In the low-speed range, the current can be easily controlled due to the low back-
EMF value. However, as the speed increases, due to the increased back-EMF and limited
DC-link voltage, the flux-weakening control has to be applied to extend speed range while

maximizing the torque capability [JAH86] [SO0O93] [MOR9%4].

The flux-weakening control can be realized by advancing the commutation angle. As
the phase reactance increases with the increasing speed, the current waveform tends to be
sinusoidal in BLDC mode when the machine speed is higher. The optimum advance
commutation angle for the maximum torque is speed dependent, which is normally obtained
through simulation or experimental results [ZHUO06] [SHIO06]. In BLAC mode, the current
command in the flux-weakening region can be analytically obtained under the current and
voltage constraints, and the current can be easily controlled by the synchronous PI controllers
in dg-axis reference frame [LORS87]. Therefore, the optimal flux-weakening performance in
BLAC mode can be predicted online or offline. Generally, the BLAC drive is more preferable

for applications where high control performances are required, such as electric vehicle and
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servo motor [ZHUOS] [PFA84] [FUJ92]. On the other hand, the BLDC drive is normally
used for low-cost applications where the control performance requirement is not very critical,
such as fan and pump [CHOO7] [YOUI15]. In some applications where the fundamental
frequency is very high and even close to the switching frequency, such as vacuum cleaner
[ZHUO02], the BLDC drive is more preferable. With the development of the microprocessors,
the low-cost application can also employ the BLAC drive, in which the continuous rotor
position can be obtained by the sensorless method [HOL98] [DEG98] [HARO00] [FOO10] or
by the extrapolation method with a low-resolution Hall sensor [MORO3]. Therefore, the

BLAC drive is very popular in practical applications.

For the application where only the constant torque region is required, the control
strategies of the BLAC drive are straightforward. For example, based on current vector
control (CVC) system, the d- and g-axis current commands can be directly obtained
according to the maximum torque per ampere (MTPA) in order to improve the efficiency
[JAHS86]. As for the flux-weakening control, although the optimal current trajectory can be
analytically obtained, more problems are prone to occur in this region due to that the system
operates on the boundary of the voltage limit. In this thesis, the BLAC control based on CVC

system is only considered, with particular reference to the flux-weakening control strategies.

1.2 Flux-Weakening Control Strategies

Some preliminary studies [SNE85] [JAH87] on flux-weakening control of PMSM are
carried out in the middle of 1980s. The current trajectory considering the MTPA in the
constant region is analysed in [JAH86], which points out that the MTPA curve is the optimal
current trajectory to minimize the copper loss in the constant torque region. Later, many
control strategies are developed for the flux-weakening operation. According to the current

control structure, the flux-weakening methods can be mainly categorized into two types:
1) Flux-weakening based on dual-current structure;

2) Flux-weakening based on single-current structure.
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1.1.1. Flux-Weakening Methods Based on Dual-Current Structure

Flux-weakening methods based on the dual-current structure can be further categorized

as
1) Feedforward method (also known as model-based method) [MOR90] [MOR94];
2) Feedback method (also known as ‘robust’ method) [SON96] [KIM97];
3) Hybrid method [BAE03] [KWOO08].

1.1.1.1.  Feedforward Flux-Weakening Method

Flux-weakening methods are generally based on two supply constraints, i.e. the voltage

and current constraints, which can be expressed as

2 2 2
{zd +i, <I,

e e (1.1)

where iy and i, are the d- and g-axis currents, respectively; Vs and V, are the d- and g-axis

voltages, respectively; I, and V), are the current and voltage magnitude limits.

At steady state, Vz and V, can be expressed as

V,=Ri, —a)eLqiq (1.2)
Vq =Rsiq +o,(Li,+y,)

where Ry is the stator resistance; y, is the permanent magnet flux; Ls and L, are the d- and

g-axis inductances, respectively; for the non-salient-pole PMSM, Ls~=L,.

In [MOR90] [MOR94], the authors give detailed analytical expressions of the current
trajectory under different speed ranges with the given voltage and current constraints, the
objective of which is to maximize the torque capability and minimize the copper loss. The
current commands can be obtained with online calculation [MOR90] [MOR94] or off-line
generated look-up table (LUT) [SHIO4]. These kinds of methods are categorized as the
feedforward flux-weakening method or model-based method [LIU12] [LIN12].

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

salient-pole and non-salient-pole PMSM can be illustrated in Fig. 1.3 and Fig. 1.4. Fig. 1.3(a)
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and Fig. 1.3(b) show the maximum power output current trajectories (indicated by the solid
red line) for the machine with finite constant power speed ratio (CPSR) and infinite CPSR,
respectively. For the machine with finite CPSR, the characteristic current of the machine is
higher than the current limit value, i.e. ic>/,, where i. is the characteristic current of the
machine (ic=yn/La). As the machine speed tends to infinity, the voltage limit ellipse will
shrink to the center point of the voltage limit ellipse, i.e. (-ic,0). Therefore, for the machine
with infinite CPSR, it requires that ic</,,, under which condition the machine can theoretically
achieve infinite speed. It should be noted that the actual achievable speed is also dependent
on other factors, such as the mechanical stress of the rotor and the bearing, the friction torque,

the sampling frequency and the switching frequency of the drive system [SULO7].

Maximum
torque-per-amp
Trajectory (MTPA) 4 )
b L
e ——, R B
imi A C \t limit
Voltage limit urrent lim1
— 0
Constant
torque curve
;s
B ia
C(-iz, 0) I 1o
(a) With finite CPSR
Maximum

torque-per-amp .
Trajectory (MTPA) 1 %

Maximum

torque-per-volt

Trajectory
(MTPV)

Current limit

N

Constant
torque curve

T 0) 0
(b) With infinite CPSR.

Fig. 1.3. Maximum power output current trajectory for the salient-pole PMSM (L4<L,),
Finite CPSR: Curve ‘OAB’; Infinite CPSR: Curve ‘OABC’; Speed: wi< w2< w3< wa.
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A_-torque curve

]
Maximum
< torque-per-amp
w5 Trajectory (MTPA)
. B id

C(-i, 0) o

(a) With finite CPSR.

Maximum o A
torque-per-volt

Trajectory (MTE/—

B

Current limit

nstant
p_torque curve

Maximum
{ [“— torque-per-amp

— 1 !
o, Trajectory (MTPA)
’ \ la_

C(-i., 0) o

(b) With infinite CPSR.

Fig. 1.4. Maximum power output current trajectory for the non-salient-pole PMSM (L+=L,),
Finite CPSR: Curve ‘OAB’; Infinite CPSR: Curve ‘OABC’; Speed: wi< w2< @w3< wa.

The maximum power output current trajectories of non-salient-pole PMSM with finite
CPSR and infinite CPSR are shown in Fig. 1.4(a) and Fig. 1.4(b). The conditions of the finite
CPSR and infinite CPSR are the same with the salient-pole-PMSM, which are defined by the
relationship between ic and /,,. The maximum power output current trajectories of salient and
non-salient-pole PMSM exhibit different profiles, which are due to their different
mathematical expressions that result from the different saliency. The mathematical
expressions of the maximum power output current trajectories according to Fig. 1.3 and Fig.

1.4 are listed as follows [MOR90] [MOR94].

1) The curve ‘OA’
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On the curve ‘OA’, the machine operates in the constant torque region. According to
whether the machine has saliency or not, the relationship between iz and i; on the curve ‘OA’

by considering MTPA curve is expressed as
i, =0, when L, =L,

—w + Wi +4AL, —L ) 1.3
l'd _ l//m \/Wm ( d q) q ’ when Ld " L ( )
2(L,-L) !

2) The curve ‘AB’

On the curve ‘AB’, the machine operates on the intersection point of the current and
voltage limits. The relationship between iz and i; on this curve by ignoring the stator

resistance is expressed as

~y, + \/(me —(L,i,)’
I, = (1.4)

2 2 g2
ig+i, =1,

where w. is the electrical angular speed of the machine; for the non-salient-pole machine, L4

and L, can be replaced by the synchronous inductance L.
3) The curve ‘BC’

The curve ‘BC’ is defined as maximum torque per voltage (MTPV) curve, which is only
meaningful for the machine with infinite CPSR, due to that the MTPV curve intersects with
the current limit circle. The relationship between iz and i; on this curve without considering

the résistance is expressed as

i, =1, swhen L, =L,
. v,
. \/p2(lc)2+8 2 2(10_1)2 (1.5)
. ,Ol, a)e Ld
i, =—i + —+ swhen L, # L,
4(p-1) 4(p-1)

where p is the saliency ratio, i.e. ,0=Lq/ L.
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It should be noted that the maximum power output current trajectories do not cover the
area which is enclosed by the curve ‘OABO’ and ‘OABCO’ for the machine with finite and
infinite CPSR, respectively. In the area enclosed by ‘OABO’ or ‘OABCO’, the system is
only constrained by the voltage limit. Therefore, the relationship between iz and i; can be

obtained by only considering the voltage limit, and can be expressed as

v .
Y, + <;m)2—(quq)2

i = . (1.6)

d

(1.3), (1.4), (1.5) and (1.6) represent the relationships between the dqg-axis currents at
steady-state, which can be used to generate the current commands. Fig. 1.5 shows the
schematic of the feedforward flux-weakening method based on online calculation [MOR94].
In Fig. 1.5, the g-axis current command is firstly obtained by a speed PI controller, and then
limited by considering the maximum output power current trajectories in the flux-weakening
region. The d-axis current command can be determined according to (1.3) and (1.6), and the
machine speed. The d- and g-axis voltage commands are obtained by two current regulators.
The conventional space vector pulse width modulation (SVPWM) method is employed as
the modulation technique. It is obvious that this method highly replies on the machine
parameters. The method in [ZHUO3], which is based on the feedforward method, is further
optimized by online adjusting the current commands with certain performance criterions
under different scenarios. The initial dg-axis current commands are obtained at the maximum
output power current trajectories in order to maximize the dynamic performance. The online
optimization is realized by changing d-axis current with an increment variable according to
its effect on the steady-state performance. Such a method can obtain better dynamic and
steady-state performances. However, it requires many decision trees, and the proper
criterions require much tuning work, which therefore loses its flexibility. For the small power
motor, when the resistance is considered, the complexity of the optimal d- and g-axis current
equations increases significantly. In order to solve this problem, a simplified current
trajectory is realized in [TUR10] by using a piecewise linearization method, which is

appropriate in the low-cost application. However, such simplification cannot obtain optimal
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current trajectory in the flux-weakening region. The accuracy of the feedforward method can
be improved with LUTs by using offline tested results or finite element results [KOC10].
However, when the environmental factor (such as temperature) is taken into account, the
required LUTs would be too much, which requires much more chip storage space. What is
more, the deviation of the machine parameters can even cause stability problem. The stable
operation of the feedforward method requires to leave enough voltage margin to tolerate the
deviation of the machine parameters and uncertainties [NAL12]. Therefore, it is rather
difficult to achieve optimal flux-weakening control under varying conditions for the

feedforward method.

Feedforward | .+ *
ld + V
current L Tl 4 pldg [—»| SVPWM
calculation _ f : Current Va
. d
A Limiter 4 & regulator | p/* Vﬂ*
q q &
. —> >/ afj—>
PI i m——. ?
A ‘s v
a): + [N 3l - Vo
.V
aff J
o, [d6 0 | v
” PWM
+
inverter

Fig. 1.5. Schematic of the feedforward flux-weakening control [MOR94].

1.1.1.2.  Feedback Flux-Weakening Method

The feedback flux-weakening method utilizes a voltage feedback controller to regulate
the current commands. The input of voltage feedback controller can be the voltage magnitude
error [SON96] [KIM97] [BIAO1] [WAIO1] [BOL14] [BOZ17] [DEN19], the error between
the switching period and the summation of active switching times [LIN12], voltage error
before and after over modulation block [KWO06] [KWO07] [KWOO08] [LIU12] [YON12].
The voltage feedback flux-weakening method for the PMSM is firstly proposed in [SON96]
for an SPMSM, and then applied in IPMSM [KIM96]. Due to the close-loop structure, the
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voltage feedback flux-weakening method is more robust against the parameter variation. It
can automatically achieve flux-weakening control without decision trees. In addition, due to
its simple and standard control structure, it is popular in many applications, such as electrical
scooter [BIAO1], wash machine [BOL14], aircraft electric starter-generator [BOZ19], and
electrical vehicle [WAIO1] [DEN19]. Fig. 1.6 shows a general schematic of the CVC system
with voltage magnitude feedback flux-weakening control. Since the current references from
the MTPA calculation (fed by the speed controller) can be achieved in dqg-axis coordinate or
polar coordinate, according to [BOL14], the flux-weakening control can be realized in two
different ways. As illustrated in Fig. 1.7, the flux-weakening can be achieved by modifying
the d-axis current command i, (Fig. 1.7(a)) and the current lead angle ¢; (Fig. 1.7(b))
through the voltage magnitude feedback controller. These two variants of feedback
magnitude controllers, namely, d-axis current based voltage feedback controller (DCVFC)
and current angle based voltage feedback controller (CAVFC), are normally considered to
be equivalent to achieve flux-weakening operation [BOL14]. For example, the flux-
weakening method with DCVFC is utilized in [SON96] [KIM97] [BIAO1] [WAIOI1]
[BOZ17], the flux-weakening method with CAVFC is utilized in [WAIO1] [DEN19]

[BOL14]. However, in these references, only the linear modulation range is considered, i.e.

the voltage magnitude is controlled below Vac/v3, where Vic/v/3 represents the maximum

voltage magnitude that can be achieved in the linear modulation region, as shown in Fig.

1.8(a).

21



CHAPTER 1

Hi>
V. ABS
\ 4 ;
) i+ Va dq /—»]SVPWM
o F ux- _ * i Current Va
weakenlilg P regulator v v
contro t:-. ?; 9/ aBt-Lo
il M
s V
[P1] P oy <ty
5 v
+ - B ’
Q,
|- o, |de, Z 11
dt B
inverter

Fig. 1.6. Schematic of CVC system with voltage magnitude feedback flux-weakening.
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Fig. 1.7. Two variants of the voltage magnitude feedback control [BOL14].
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Fig. 1.8. Voltage circle and voltage vector in af-axis voltage reference frame.

To further improve the DC-link voltage utilization, in [LIN12], the error between the
switching period and the summation of active switching times for the inverter pulse width
modulation (PWM) is utilized for the input of the feedback controller. Fig. 1.8(b) shows the
6 basic voltage vectors in the stationary reference (af) frame, which is defined by the
switching states of the three phases, i.e. V;(1,0,0), V2(1,1,0), ¥3(0,1,0), V«0,1,1), ¥5(0,0,1),
Vs(1,0,1). By taking the sector 1 as an example, as shown in Fig. 1.9, the actual vector

command vector V¥ can be synthesised by the two nearest basic voltage vector V; and V>, i.e.

A T
V=V a2, (1.7

where T is the switching period, 77 and 7> represent the switching times of two active basic
voltage vectors. It can be seen in Fig. 1.9(a) that the condition, i.e. 7/+7><Ty, represents that
the system operates in the constant torque region, where the voltage command vector V; can
be fully synthesized. When T/+7>>T5, as shown in Fig. 1.9(b), since V, outsteps the hexagon
boundary, it cannot be fully synthesized, which indicates that the voltage is saturated and
flux-weakening is required. In this condition, for the conventional SVPWM, which is also
known as the minimum phase error over modulation (MPEOM) [YON14], the voltage

command V, will be truncated on the hexagon boundary with the same phase angle.
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Therefore, the condition, i.e. 7/+7>=T}, which is shown in Fig. 1.9(c), can be set as the control
goal to maintain that the system can operate on the hexagon boundary. The feedback flux-
weakening control in [LIN12] utilizes the error between T and (7;+7>) as the input of the

feedback controller, by which the over modulation flux-weakening is achieved.

Vy110 V110 V, 110

S

T Vi 100 V, 100
o

(a) Constant torque region (b) Flux-weakening region (c) Flux-weakening region
(THT<T) (TrHT>Ty). (THT=T)).

Fig. 1.9. Voltage command vector synthesis.

Alternatively, the over modulation flux-weakening control can also be achieved by
utilizing the voltage error before and after the over modulation voltage [KWOO07]. As shown
in Fig. 1.10(a), the voltage error is firstly processed with a low pass filter (LPF) and then fed
back to regulating the d-axis current command with a proportional gain. However, the
dynamic performance is sacrificed due to the introduced low pass filter (LPF). In order to
improve the dynamic performance, in [YON12], the g-axis voltage error processed by a high
pass filter is fed back to the d-axis current command through a proportional gain, which can

compensate the influence of the low pass filter, as shown in Fig. 1.10(b).
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(b) Voltage error flux-weakening method with improved dynamics [YON12].

Fig. 1.10. Control diagrams of the voltage error feedback flux-weakening method.

Moreover, the DC-link voltage utilization can be further improved with different
modulation techniques, such as minimum magnitude error over modulation (MMEOM)
[LIU12] and so-called Bolognani’s over modulation technique [YONI14]. The voltage
synthesis of MMEOM and Bolognani’s over modulation are shown in Fig. 1.11(a) and Fig.
1.11(b). It can be seen from Fig. 1.11(a) that the voltage command vector ¥V is limited to the
hexagon boundary with the minimum magnitude. Therefore, the quasi-six-step operation
[KWO06] [KWOO08] can be achieved when the V, tends to be infinity. In Fig. 1.11(b), with
Bolognani’s over modulation, the voltage command vector V, which outsteps the hexagon
boundary will be limited to the nearest cross point of the hexagon boundary and the voltage

command circle with the radius V,. Therefore, the six-operation can be achieved when |V,
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|=2/3V4e. In [KWOO06] [KWOO08], a quasi-six-step flux-weakening control is achieved with
the MMEOM based on voltage error feedback method. In [YON14], the six-step flux-
weakening control is achieved with Bolognani’s over modulation based on the voltage

magnitude feedback method.

V110

“‘\
Voltage
\ reference circle

V. 100

2y, —

(a) MMEOM. (b) Bolognani’s over modulation.
Fig. 1.11. Voltage synthesis of MMEOM and Bolognani’s over modulation.

However, the above-mentioned feedback methods have not taken account of the MTPV
region. When the MTPV region is considered, the MTPV control strategy should be applied
to ensure that the system could operate along the MTPV curve. In [LIN12], based on the
voltage error feedback method on a non-salient-pole PMSM, an extra MTPV feedback
controller is introduced. The input of the MTPV feedback controller is given by an MTPV
penalty function. The condition, i.e. when the penalty function equals zero, corresponds to
the MTPV curve. The MTPV control is achieved by modifying the g-axis current command
with the MTPV controller, which can be shown in part II of Fig. 1.12. In Fig. 1.12, the

MTPV penalty function is achieved as
Jp =V =Ry Vo (1.8)

where R is the summation of the stator resistance, the resistance of the power cable and switch
device; Vynr 1s the estimated g-axis voltage error caused by the nonlinearity of the IGBT
[KIMO6]; f, is the penalty function. The condition, i.e. f,=0, actually corresponds to the

condition iz+i.=0.
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Fig. 1.12. Control diagram with consideration of MTPV control [LIN12].

1.1.1.3. Hybrid Flux-Weakening Method

As compared in [MAR99], it shows that the feedforward flux-weakening method has
better dynamic performance when compared with the feedback flux-weakening method.
However, the feedforward flux-weakening method suffers from the variation of the machine
parameters, which exhibits poorer robustness than the feedback flux-weakening method.
Therefore, in order to combine both the advantages of the feedforward and feedback flux-
weakening methods, the hybrid method is proposed in [BAEO3], the schematic of which is
shown in Fig. 1.13.

As can be seen in Fig. 1.13, the current commands are generated with the cooperation
of three parts. In Part I, the d- and g-axis current commands, i.e. i; and i,, are obtained by
two 2-D LUTs with respect to the actual torque command 7. and the flux linkage command
., based on the analytical model. The flux linkage command v, is directly obtained as the
maximum allowable flux linkage restrained by the voltage limit, i.e. y,.=Va/(vV3|w,|). The
given torque command T¢,..; should be limited by a 1-D LUT, in which the maximum torque
limit 7,,.. is obtained with respect to .., as shown in Part II. For a pure feedforward flux-

weakening method, only the Part I and Part II in Fig. 1.13 are enough. However, in the
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proposed hybrid method, in order to compensate the variation of the machine parameters, the
flux linkage command v, is further modified by a voltage magnitude feedback controller in
a fine-tuned way, as shown in Part III of Fig. 1.13. Therefore, the hybrid method can obtain
both advantages of feedforward and feedback flux-weakening methods, i.e. fast dynamics

and good robustness.

Part [
Part I
Limit i+~ Rty _
T, T g [
eref f* _ * id Vd Va
Tere/ Lo Current
A regulator SVPWM
emax L A l-* % o - .
al d g v, v, +
emax. > > aﬂ > inVerter
- % -F ¥
Y ax » ]:_»,ref 1
15//*
max 2-D LIJT Part ]I[

Fig. 1.13.Schematic of the hybrid flux-weakening control based voltage magnitude feedback controller
[BAEO3].

However, in [BAEO3], only the linear modulation region is considered based on
conventional SVPWM. In [KWO08], the hybrid method is based on the MMEOM, by which
a quasi-six step flux-weakening control is achieved, the schematic of which is shown in Fig.
1.14. The part I has the same form as the method in [BAEO3], although the LUTs are created
based on the experimental results in [KWOO08]. The voltage error feedback controller is
utilized to regulate the base flux linkage command .. that is obtained by only considering
the MTPA in the constant torque region. The maximum achievable torque is embedded in

the 2-D LUTs.
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Fig. 1.14.Schematic of the hybrid flux-weakening control based on the voltage error feedback controller
[KWOO08].

However, since the hybrid method contains several LUTs, it will consume more
resources. In addition, the control structure is not as simple as the feedforward and feedback
method. As the 2-D LUTs can be built offline, the finite element and experimental results
can be both utilized to assist the acquisition of the LUTs. However, it will be more time-
consuming. Therefore, the hybrid method is more appropriate to apply on occasions where a
high torque control performance is required especially for the machine with high nonlinearity,

such as IPMSM.

1.1.2. Flux-Weakening Methods Based on Single-Current Control

In the flux-weakening region, the voltage control margin decreases. Therefore, the
saturation of the current controllers often occurs. In this situation, the d- and g-axis current
regulators may conflict with each other, which could cause oscillation and even instability
[ZHAT11]. In order to solve this conflict, the most direct way is to eliminate one of the two

current regulators, which comes to single-current control (SCC).

1.1.2.1.  Single-Current Control

According to the g-axis voltage equation, the g-axis current can be derived as
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(1.9)

When the machine operates in the constant torque region, the back EMF of the machine is
relatively small. Due to the sufficient voltage margin, the d- and g-axis currents can be
controlled independently. However, in the flux-weakening region, due to the less voltage
margin and the cross-coupling feature between the d- and g-axes, the d- and g-axis currents
cannot be truly controlled independently. For example, once the voltage is saturated, V; and
V, could be clamped at a constant value in certain period, i, will be passively changed with

igaccording to (1.9).

In [XUO08] [ZHA10], the flux-weakening is achieved by using only a d-axis current
controller, the control diagram of which is shown in Fig. 1.15. In Fig. 1.15, the d-axis current
command is obtained as a linear relationship with the torque command 7., by considering
MTPA. The torque command 7., comes from a speed PI controller. The g-axis current is
controlled passively with a given g-axis voltage command V, . In order to improve the
efficiency, a recommendation is also made in choosing an optimal g-axis voltage by
minimizing the copper loss, which is obtained with an offline LUT with respect to the

machine speed and the load torque.

T i+ v,
— PI <> MTPA |- PI|——
a, - - id
. vy
o, >V LUT———

Fig. 1.15. Single-current control algorithm [XUO8].

By using the SCC algorithm, there is no conflict between the two current controllers in
the flux-weakening region. Therefore, the stability of the system is remarkably improved in
the flux-weakening region. However, the LUT for obtaining g-axis voltage command has a
nonlinear relationship with the given torque and speed, which are illustrated in [XUO08] with

numerical results. Therefore, SCC is still model based, rendering this method parameters
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sensitive in terms of the minimum copper loss (or maximum voltage utilization). In addition,
the implementation utilizes the monotonous relationship between the d-axis current and the
torque by considering the MTPA. Therefore, it can only be applied to the machine with
saliency. For the machine without saliency, the control strategies in the constant torque and
flux-weakening should be separated, i.e. dual-current control in constant torque region and
single current control in the flux-weakening region. Therefore, the proper switching
algorithm between the constant and flux-weakening regions is required [CHIO6].
Furthermore, due to the partial open-loop structure of the single current control, it may have

larger current ripple.

1.1.2.2.  Voltage Angle Control

The voltage angle control (VAC) [LEI10] [STO12] [MYI113] aims firstly to solve the
same problem as SCC, i.e. the conflict between d- and g-axes. Therefore, it also utilizes the
single current structure, but only in the flux-weakening region. In the flux-weakening region,
the d- and g-axis currents can be expressed as the function of the controlled voltage angle,

1.e.

. Vv sin(@) -y,

d

a)eLd
__V,cos(6)

q

(1.10)

a)eLq

where 0, is defined by the angle between the voltage vector and the d-axis. (1.10) clearly
shows that the voltage angle 6, influences the currents iy and i,. In the VAC, the voltage
angle can be controlled based on d-axis or g-axis current controller, and the available DC-
link voltage defines the voltage vector magnitude. Therefore, in the flux-weakening region,
the given voltage is the voltage magnitude rather than the g-axis voltage command, rendering

this method parameters insensitive.

The schematic of the control system with the VAC is shown in Fig. 1.16. It can be seen
in Fig. 1.16 that the voltage commands V; and V, come from two blocks, which are

specifically designed for the constant torque region and flux-weakening region. In the
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constant torque region, the conventional dual-current structure is still maintained. In the flux-

weakening region, the system switches to the VAC.

Control in constant torque region Switch
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Fig. 1.16 Schematic of the control system with the voltage angle control (VAC) in the flux-weakening region.

The block diagram of the VAC in [LEI10] and [STO12] are shown in Fig. 1.17(a) and
Fig. 1.17 (b), respectively. In Fig. 1.17(a), the voltage angle is regulated by a d-axis current
controller (PI type), while the d-axis current command comes from a speed PI controller
multiplied with a negative gain. In contrast, in Fig. 1.17(b), the voltage angle is regulated by
a g-axis current controller (integral type), while the g-axis current command comes from a
speed PI controller. In addition, an extra dynamic feedback block is introduced to assist the
regulation of the voltage angle, which is verified to be effective to improve the stability and
the current dynamics. The dynamic feedback is composed of a high pass filter (HPF) that is
multiplied with a gain K.
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(a) VAC based on d-axis current control [LEI10].
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(b) VAC based on g-axis current control [STO12].
Fig. 1.17. Block diagrams of the voltage angle control (VAC).

It should be noted that the controller in Fig. 1.17(a) and Fig. 1.17(b) are specifically
designed for the motoring condition with the machine running in the positive rotation
direction. Therefore, in practice, when the generating condition and reverse rotation are
considered, cautions must be taken when tuning the controller gains and its signs. For
example, when the machine tries to operate in the reverse rotation, for the method in Fig.
1.17(a), the output of the speed PI controller should be multiplied with a positive gain rather
than a negative gain; for the method in Fig. 1.17(b), it is analysed in [STO12] that Krshould
be negative to maintain stability. In addition, the switching criterions between the constant
torque and the flux-weakening regions are essential to achieve a smooth transition

performance, which requires trial and error [STO12] [MYT13].

1.1.3. Comparison

According to the flux-weakening methods reviewed above, the relationship between
different flux-weakening methods is illustrated in Fig. 1.8, and a rough comparison of the
different flux-weakening methods are summarized in Table 1.1 in terms of dynamic

performance, transition performance, parameter insensitivity, simplicity, and stability.
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Fig. 1.18. Relationship between different flux-weakening methods.
It can be seen in In Table 1.1 that

e The methods, i.e. feedforward method and hybrid method, have better dynamic
performance than other methods due to that the current commands are obtained
in feedforward path. As for SCC, the g-axis current is passively controlled.
Therefore, this method has the poorest dynamic performance.

e The methods based on dual-current structure, i.e. feedforward method, feedback
method, and hybrid method, have better transition performance due to the
consistency of the control structure under various operation conditions, e.g.
constant torque and flux-weakening operations, motoring and generating
operations, positive rotation and reverse rotation directions.

e The methods in which the current trajectory relies on the machine model, i.e.
feedforward method and SCC, are sensitive to the machine parameters.

e The methods in which only a feedback controller is required, i.e. feedback
methods, have the simplest control structure.

e The method based on the single current control structure while no extra control

parameters are introduced, i.e. SCC, has the best stability characteristic.

Table 1.1 Comparison of different methods
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\W Dynamic Transition Parameter Simplici Stabili
Methods performance performance® | insensitivity implicity | Stability
Dual- Feedforward . . Q D D
current Feedback D . . . D
structure Hybrid . . . D D
o |——SC C) ¢ | O 10 @
structure VAC D O Q D D

.: Good D: Middle O Poor

* Transition performance: Performance when transiting between different operation

regions, i.e. constant torque region, flux-weakening region.

1.3 Scope and Contribution of the Thesis

1.1.4. Motivation
From the above review, the trends of the flux-weakening methods can be highlighted as

follows:

(a) The feedforward method is the most direct way to achieve flux-weakening. However,
the main drawback of this method is parameter sensitivity. The application of this kind of

method should leave enough voltage margin to maintain stability

(b) Although the hybrid method can obtain the advantages of both feedback and
feedforward methods, i.e. fast dynamics and robustness against parameter variation, it has a
more complicated structure. In addition, as the LUTs can consider the nonlinearity of the
machine, it is more preferable for the machine with high nonlinearities, e.g. IPMSM,

especially when a high torque control performance is required.

(c) Although the single current control structure can solve the conflict between the d-
and g-axis current controllers, the method is normally designed for some specific operation
condition, which lacks flexibility. In addition, the control parameter is required to be properly
tuned in VAC. The transition performance between different operation regions is not as good

as the method based on dual-current structure.
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(d) The feedback flux-weakening methods are very popular in practical applications due
to their advantages, i.e. robustness against parameter variation, simple and standard control

structure, automatic flux-weakening operation.

(e) The feedback flux-weakening control based on switching time [LIN12] or voltage
error [KWOO7] [YON12] requires that the system operates in the over modulation region,
they cannot achieve linear flux-weakening operation. In addition, as the system in linear
modulation region has better current dynamics and fewer harmonics, the linear modulation

region is still preferred for the applications where the DC-link voltage is not a great concern.

(f) For the voltage magnitude feedback method [SON96] [KIM97], the voltage
magnitude reference can be directly specified. Therefore, it can achieve both linear and over
modulation flux-weakening operation, which is beneficial to the general purpose application.
Currently, the voltage magnitude feedback method is regarded as a standard flux-weakening

method and appears in many application manuals of microprocessors [STM16] [TI18].

The researches in this thesis are based on the voltage magnitude feedback method on the
non-salient-pole PMSM. The motivations mainly origin from an important issue, i.e. the
stability issue, in the flux-weakening region that the author encountered in both laboratories
and industries. The investigations of the stability issues in the flux-weakening can provide a
good guidance when developing the programs and troubleshooting the problems in a practical
system. Generally, the tuning of the voltage feedback controller is considered as a
disadvantage for the feedback flux-weakening method when compared with the feedforward
method. In [STM16] [TI18], the control parameters of the voltage feedback controller are
open to the users with a graphical user interface (GUI) in order to facilitate the trial and error
tuning in practical application. However, as will be analysed in this thesis, the control
parameter is not the only reason that could lead to the stability problem. The investigation in
this thesis will show that the stability issues in the flux-weakening region are also related to

other factors, such as
1) Different speed operation ranges, including motoring and generating;

2) Linear or over modulation region;
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3) The machine with and without MTPYV region;
4) The control structure of the voltage magnitude feedback method;

5) The influence of the feedback voltage ripples origin from the non-ideal drive

system.

1.1.5. Outline

The structure of this thesis is illustrated in Fig. 1.19.

Flux-weakening
Control

I |

Dual-current Single-current
structure structure
I
¥ v v v Y
Feedforward | | Feedback | | Hybrid SCC VAC
v v Y
Voltage Voltage Switching
error magnitude time
|
\4 Y Y v v
MTPV Linear Over Speed
DG CAVEC Control || Modulation | | Modulation | | Control
| | T I

—————— @ inans @ @ Chapter &

------ o 0 o o amss

Fig. 1.19. Outline of the research.
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This thesis is organized as follows:

In chapter 2, the voltage loop with DCVFC is analysed based on the linearized model
on a PMSM with i.<[,, i.e. the machine without MTPV region. An adaptive control
parameter method is given, which can ensure a much wider operation speed range in the flux-
weakening region. Furthermore, a current reference modifier (CRM) and a voltage limit
reference modifier (VRM) are proposed to improve the current dynamics and stability in the

over modulation region.

In chapter 3, the linearized model based on the DCVFC is analysed on a PMSM with
ic>In, 1.e. the machine with MTPV region. The feedback MTPV control strategy is optimized
by considering the steady-state performance, dynamic performance, and stability. The design
guidance of the MTPV controller is given. The over modulation stability in the MTPV region
is improved with the voltage vector modifier (VVM).

In chapter 4, by considering the MTPV control, based on DCVFC and CAVFC, two
feedback flux-weakening methods, i.e. dq-axis currents based feedback flux-weakening
control (DQFFC) and current amplitude and angle based feedback flux-weakening control
(CAAFFC), are comparatively studied in terms of the stability. The analysis and
experimental results show that the oscillation or instability could occur for the DQFFC and
CAVEFC at different flux-weakening regions, which are mainly due to the different operation

modes (defined by the small signal behaviour) that result from the different control structures.

In chapter 5, based on the comparisons in chapter 4, a hybrid voltage feedback controller
(HVFC) is proposed by regulating both the d-axis current and current angle simultaneously.
The HVFC is composed of the DCVFC part and the CAVFC part but with different weight
factors. The weight factors are further optimized by considering both advantages of the
DCVEFC and the CAVFC. With the HVFC, the stability in different flux-weakening regions

can be remarkably improved.

In chapter 6, it further investigates the influence of the resultant feedback voltage ripple
that origins from the non-ideal drive system based on the control system with DCVFC. It

indicates that the oscillation may even occur in certain flux-weakening region with excessive
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feedback voltage ripples, which posing difficulty to increase the speed bandwidth for a
conventional speed PI controller. Furthermore, an adaptive fuzzy logic speed controller is
proposed, which can reduce feedback voltage ripples while maintaining a good speed
dynamics. Therefore, the system can achieve both good dynamic and steady-state

performance in the flux-weakening region.

In chapter 7, the conclusions are drawn and some future work is discussed.

1.1.6. Contribution

The major contributions in this thesis include:

1) An adaptive control parameter method is developed. The symbolic forms of the
control parameter of the DCVFC, CAVFC, and HVFC are given, which can ensure a wider
stable operation range (including both motoring and generating conditions) and ease the

parameterization for the practical system.

2) The stability is improved in the over modulation region. CRM and VRM are
developed for the machine without the MTPV region. The VVM is demonstrated to be more

effective to maintain the stability in the MTPV and over modulation regions

3) The feedback MTPV controller is optimized. The stability in the MTPV region is
improved by using MTPV penalty function in current command form rather than the voltage
command form. A PI type MTPV controller is selected and designed for the system with
DCVFC, while a pure integral MTPV controller is selected and designed for the system with
CAVFC or HVFC.

4) A HFFC is proposed based on HVFC. The stability characteristics of the DQFFC and
the CAQFFC are compared when the machine operates under different operation regions. It
indicates that oscillation and instability could occur for the DQFFC and the CAQFFC,
respectively, which is the intrinsic nature of the DQFFC and the CAQFFC due to different
control structures. A HFFC is proposed based on a HVFC by utilizing the both advantages
of the DQFFC and CAQFFC under different regions, by which the stability of the system is

remarkably improved in both linear and over modulation regions.

39



CHAPTER 1

5) An adaptive fuzzy logic speed controller is proposed to reduce the feedback voltage
ripples without sacrificing the speed dynamics, by which both the steady-state and dynamic

performance in the flux-weakening can be improved.
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CHAPTER 2 ADAPTIVE VOLTAGE
FEEDBACK CONTROLLER ON PMSM

This chapter proposes an adaptive control parameter method of the conventional d-axis
current based voltage magnitude feedback controller (DCVFC) for the non-salient-pole
PMSM without the MTPV region. A simple symbolic form of the control parameter is given
based on the linearized model analysis, which can ensure a wide and stable flux-weakening
operation range. Furthermore, the system performance in the over modulation and flux-

weakening regions are improved with the current and voltage limit reference modifiers.

2.1 Introduction

It is known [REF05] [REF06] that the optimal flux weakening can be achieved when

the current limit I,,, equals to characteristic current icwhich is defined as
L=y, /L 2.1)

where y, is the permanent magnet flux-linkage; Ly is the synchronous inductance. In the

thesis, the notion, i.e. characteristic current ratio i., is introduced and defined as
i, =i./1, 2.2)

Therefore, the optimal flux weakening which has infinite constant power speed ratio (CPSR)
occurs at the condition i.,=1. When i.,>1, the machine has a finite CPSR. The infinite CPSR
can also be achieved when i.,<1, however, requiring the machine operating in the maximum

torque per voltage (MTPV) region [MOR90] [LIU12].

Due to the current and voltage constraints, the system in the flux-weakening region
operates on the boundaries of the current or voltage limit circle. More stability problems are
prone to occur in this region. In [SHI04], even for the feedforward methods, the oscillation
occurs in the deep flux-weakening region, which is caused by quantization error on a fixpoint
processer and can be solved by using a float processer or look-up tables (LUTs). For the

voltage feedback controller, the non-linear behaviour of the voltage loop complicates the
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tuning process [BOL14] [BOZ16]. In [MAR99], the control parameter of the voltage
feedback controller is designed at only one specific point (d-axis voltage equals g-axis
voltage, i.e., |Va=|V,|), which cannot represent the whole flux-weakening region. In [BIAO1],
the authors claim that the proportional part in the voltage feedback controller greatly reduces
the stability of the voltage loop and a pure integral controller is preferable. In [GUO09]
[BOZ14], the analyses based on the linearized model of the voltage feedback controller
confirm that a pure integral controller is more preferable to ensure the stability over a wider
flux-weakening operation range. In [WALO04] [BOL14], the authors provide an adaptive
control parameter of the voltage feedback controller based on the linearized model on a given
machine. However, few details are provided for the stability in the deep flux-weakening
region, and the generating condition is not considered. In [BOZ16], the control parameter of
the voltage feedback controller is obtained within the stable boundary that is derived from
Routh criteria on a given machine. However, the above methods are only considered in the

linear modulation region.

In this chapter, based on the machine with i.,>1, i.e. the condition without MTPV control,
a simple symbolic form of the adaptive control parameter of DCVFC is obtained by
incorporating the generating condition, which ensures a wider stable operation region and
eases the parameterization in the practical system. The system stability is also compared
under different characteristic current ratios. As for the over modulation region, firstly, a
current reference modifier (CRM) in [YON12] is combined with the conventional voltage
feedback controller, which can improve the current dynamic performance. Secondly, a
voltage limit reference modifier (VRM) is proposed to solve the conflict between the CRM
and the conventional voltage feedback controller, by which the steady-state performance in
the over modulation region can also be improved. Finally, the experiments are implemented

to verify the effectiveness of the proposed method.
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2.2 Machine Model and Voltage Feedback Controller

2.2.1 Machine Model

The mathematical model of non-salient-pole PMSM in the synchronous reference frame

is given as follows [SUL11]

di
V,=Ri,+L —*-wlLi
d std s dt e stq

di
V,=Ri, +L, 7;+ o,(Li,+vy,)

(2.3)
S Ao i r
N, dt 1
K, =15Py

where V, i are the stator voltage, and current, respectively; the variables with subscript ‘d *or
‘q’ indicate the corresponding components in d- or g-axis; Ry is the stator resistance; Ly is the
synchronous inductance; we is the electrical angular frequency; w, is the permanent magnet

flux linkage; 77 is the load torque; J is the moment of inertia; Np is the number of pole pairs.

2.2.2 Voltage Feedback Controller

There are two supply constraints, i.e. current and voltage constraints, which can be

written as

| =2+i<r

2.4
‘I/S‘ZZI{}-%V;SVW% ( )

where I, is the current vector, i.e. (istjiy) in d- and g-axis frame or (i, tjig) in a- and f-axis
frame; ¥ is the voltage vector, i.e. (Va+jV,) in d- and g-axis frame or (V,+jVp) in a- and f-
axis frame; /I, is the current limit, which is mainly restricted by the thermal limit of machine

and inverter; ¥V, is the voltage limit which is mainly restricted by the DC-link voltage V.
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Fig. 2.1.Hexagon boundary in the stationary reference frame.
For the conventional SVPWM [BRO&S8] [LIN12], as shown in Fig. 2.1, when the voltage
vector command V, outsteps to the hexagon boundary limit, it will be truncated to ey, which

is on the hexagon boundary and has the same phase as V.. Since Vi-/A/3 is the maximum

voltage magnitude in the linear modulation range, the voltage magnitude reference |V,,| can

be set as MVa./A/3, where M is the coefficient that can be used to adjust the voltage magnitude

reference. When M<I1, the system operates in the linear modulation region at steady state.

When M =2/+/3, the actual voltage magnitude can be extended to the hexagon boundary,
under which condition the fundamental component of the voltage magnitude of is 0.6057 V.

[HOL92].

The schematic of CVC with d-axis current voltage feedback controller (DCVFC) is

shown in Fig. 2.2. In the constant torque region, the torque control is realized by controlling
d- and g-axis current commands l';, g and l';’ e » Which are obtained by considering
maximum torque per ampere (MTPA). Since there is no reluctance torque for the non-salient-

pole PMSM, i:/,MzPA =0 and i;MPA can be given directly according to torque demand ];*,

which has a linear relationship with 1,/ i.€. I = Kqu, MIPA -
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Fig. 2.2. Schematic of CVC with the voltage feedback controller.
The structure of DCVFC is employed with a pure integral regulator as that in [BIAO1]

[HARO1] [WALO04] [BOZ16]. Therefore, the voltage feedback controller can be expressed

as

(2.5)

iy =4[

sr

where A; is the gain of the integral controller, i, is the d-axis weakening current; V" is the
voltage command vector, i.e. (Vs +jV,") in d- and g-axis frame; V" and V" are the d- and g-
axis voltage commands from the conventional synchronous PI controller with feedforward

decoupling compensation [MOR94]. V;* and V," can be expressed as

k, (i;—id)+lqdj(i;—id)dt+V

* 2.6)
V' =k, (i —i)+k, j(z i )dt+V,,
where Vﬂ;f and V., o are the decoupling terms, i.e.
V., =-olLi I,
7= 2.7)
Vqﬁr olLi,+oy,

kpa and kis are the proportional and integral gains of the d-axis current controller,
respectively. ky, and ki, are the proportional and integral gains of the g-axis current controller,

respectively.
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The parameters of the current controller can be chosen according to the pole-zero

cancellation method [KWOO06], which can be obtained that

kpd :kpq:a)L kz’d :kl.qza)a,Rs (2.8)

ccs?

with which the current loop can be equalized to a first order low pass filter (LPF) with the

bandwidth wce.

2.3 Analyses of Voltage Feedback Loop and Adaptive Control

Parameter

2.3.1 Linearized Model of Voltage Loop

In the flux-weakening region, the voltage loop exhibits nonlinear behaviour that is
related to the operation points [BOL14]. The small signal analysis can be employed to
analyse the local stability of the voltage loop on the equilibrium point. The equivalent

diagram of the linearized voltage loop can be shown in Fig. 2.3.

*

V

sr

;:?* Cyfs)

Fig. 2.3. Block diagram of the linearized model of voltage Loop.

¥

V

2 2

A

©

A, Ai, A
> Ti(s) > Gyls)

\

In Fig. 2.3, the variable with the prefix ‘A’ indicates the corresponding small signal.
Cuf(s) and Ty(s) are the transfer functions of the integrator and the equivalent current loop,

respectively, which can be expressed as

Cdf(s) :TI (29)
T(s)=—% (2.10)
S+

G4(s) is the control plant which can be expressed as the transfer function from Aiz to A|V"%.
On the equilibrium point, the voltage command vector ¥ can be approximated as the actual

voltage vector V. Therefore,
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2

£

Al
Gyu()=——
L
AWV A AV
~— =2Vd°—l_/d +27) —~ (2.11)
Ald Ald Azd

where the variables with superscript ‘o> denote their steady-state value on the equilibrium

point.

On assumption that the system’ mechanical time constant is much higher than the

electrical time constant, the variation of the machine speed is ignored from the perspective
of the small signal analysis. Therefore, on assumption that Aiq =kAid , Gdf (8) can be derived

as
Gdf(s):bwa (2.12)

where the coefficient a and b are

a=20"V°L —VkL)+2R (V' +V k
{ e( q s d ‘s) 5( d q ) (213)

b=2(V,L +V,/'Lk)

The coefficient k is determined by the small signal behaviour of the current command,
which can be obtained as the slope of the current trajectory at the equilibrium point. To be
more specific, the coefficient k& can be obtained according to the different operation modes,
1.e. mode A and mode B. As shown in Fig. 2.4, in mode A, the machine is regulated along
the current limit circle. In mode B, the machine is regulated along the constant torque curve.
Therefore, when the machine operates in mode A, k can be derived as

dI. —1i;

.0
i

k= sion(i )—m__d S 2.14

sign(i,) di | 0 ( )

In mode B, i;” is a constant, and the coefficient k is zero.
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Voltage limit

iy

icn:ic/[m ‘.r.'

Fig. 2.4. Operation mode under different flux-weakening operation regions.
Therefore, under the different operation mode, the coefficient @ and b can be obtained
by substituting & into (2.13). With obtained a and b, the close-loop transfer function of the

voltage loop can be expressed as

A, (b.
D, (s) =2 1 (bs+a) (2.15)
s“+a (1+b4)s+w Aa
or
@[ (S) — a)l,’(,’ (bl[S + al[) (2.16)

S2 + a)cc (1 + b/il )S + a)cca/il
where bﬂ Z/Lb, a; =2,a,
2.3.2 Stability Analysis and Control Parameter Design

2.3.2.1 Analysis of the Voltage Loop
According to the Routh stability criterion [FRA94], the stable condition of the voltage
loop requires that

Aa>0 or | >0 (2.17)
1+24,b>0 1+5,,>0

Since the voltage feedback controller aims to generate a negative d-axis current
command, the control parameter 4; is normally set as a positive value. According to (2.17),

when a<0, /; should be negative to maintain a;/~0. However, it is impractical to change the
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sign of the control parameter A; according to the sign of a. Because the coefficient @ highly
relies on the operation points and is sensitive to the system parameters. In addition, a is a
dynamic term which suffers from noises. As a result, the condition a<0 implies the intrinsic
instability of the system in the flux-weakening region. Therefore, it is necessary to investigate

the condition, i.e. when a<0 in the flux-weakening region first.

At the equilibrium point, V5 and V; can be written as

0 _ p 30 07 0
Vd _Rsld -, leq

V) =Ri) +a (Li)+v,,) (2.18)

_ .0 0 .0 .
=Ri +o,L, (ld +lc)

1) Mode A

In mode A, by combing (2.13), (2.14), and (2.18), a can be derived as

A, pn = 2000, (@)L —Riy /1)) (2.19)

ModeA

where a|mnodea denoted the value of @ in mode A.

: 0 : : . . T
Since Z; <0 in the flux-weakening region, equation (2.19) implies that a|rodes <O only
occurs when the system operates under generating condition (a)fz;) < 0) and
.0 /-0
‘lq / i d‘ <

1.€.

R / a)ng . It should be noted that a|moss =0 actually corresponds to the condition,

2

o[ o[ olrf o
o o A o

‘2

=0 (2.20)

In consequence, the critical stability condtion, i.e. a|swdes =0, corresponds to the operation
point, i.e. where the voltage limit circle is tangent to the current limit circle. Fig. 2.5(a) and
(b) illustrated the voltage and current limit circles without and with considering resistance,
respectively, when the machine speed is positive. The machine running at the operation
points on the up-half plane represent the motoring condition, while the machine running at

the operation points on the low-half plane represent the generation condition. As shown in
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Fig. 2.5(a), the voltage limit circle without considering the resistance is symmetrical against
d axis. The maximum speeds in motoring and generating conditions are actually the same,
1.e. we2 n Fig. 2.5(a), which occurs when the voltage limit circle is tangent to the current
limit circle. In practice, the machine speed in the generating condition is not allowed to
exceed the maximum speed ... For example, when the machine speed is w3, which is higher
than w.2, there will be no intersection point between the voltage and current limit circles, and

the system will inevitably lose control.

On the other hand, when the resistance is considered, the voltage limit circle becomes
asymmetric against the d-axis. The maximum speed in the generating condition (wer; shown
in Fig. 2.5(b)) is higher than the maximum speed in the motoring mode (wer2 shown in Fig.

2.5(b)) and occurs when ‘1{? / ig‘ =R /&L,

. Similarly, in practice, the speed in the generating

condition is not allowed to exceed the maximum speed wer;3.

a)e.’) > we2 > a)el
|

[0

el

s, Maximum speed (@,;) allowed in motoring
%, and generating conditions

Unstable speed (@,3) in generating condtion

(a) Without considering resistance.
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Wppy > Dppz > weklz > O Ly

1
|0 /0 =
tan@ﬂ—‘zq/zd’—
|

RS /(a)ELS)

Maximum' speed (W,p2) in motoring condition

Voltage limit

Maximum speed ((.p3) in generating condition

I ' Unstable speed (@.r4) in generating condition

(b) With considering resistance.
Fig. 2.5. Voltage and current limit circles when ic,>1.
However, for the machine with infinite CPSR and i.,=1, as shown in Fig. 2.6, the
maximum speed could be infinity no matter the resistance is considered or not due to that the
center point of the voltage limit circle tends to be (-1,,,0). Therefore, in theory, in terms of the

voltage and current constraints, there will be no speed limit for the machine with infinite

CPSR in the generating condition.

Maximum speed in motoring and generating condition is infinity

(a) Without considering resistance.
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Current limit

Maximum speed in motoring and generating condition is infinity

(b) With considering resistance.

Fig. 2.6. Voltage and current limit circles when ic,=1.

2) Mode B
In mode B, a can be derived as
=20V, L, +2RV; (2.21)

a‘ModeB

where a|modes denotes the value of @ in mode B.
It should be noted that the a‘ VodeB =0 actually defines the MTPV curve, i.e.

o e o[ art

.0 .0 .0 -0
Modet o1, oI,  0i, Oiy

0 (2.22)

For the machine without MTPV region, the system operates on the right side of the
MTPYV curve. Therefore, a‘ ModeB >0valid for the system without MTPV region. The system

with MTPV control will be further discussed in chapter 3. For the machine with i.,>1, the
control parameter can be tuned based on the assumption that the system operates only below

the maximum allowable speed condition, i.e. a>0.
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2.3.2.2 Adaptive Control Parameter
2.3.2.2.1 InMode A

From the foregoing analyses, when designing the control parameter 4,, it can be assumed
that a>0. By ignoring the extreme condition, i.e. the system operates close to the maximum
allowable speed in the generating condition, the resistance can be ignored when designing
the control parameter of the voltage loop. Therefore, according to (2.15) and (2.18), the

characteristic equation of the voltage loop can be written as

cc e

q(s)=s"+a, (1 +24,L, (V) + quO))s +240,0)L (V) -Vk)  (223)

By substituting (2.14) and (2.18) into (2.23), the characteristic equation in mode A can
be further derived as

q(s)=s +a)cc(l—&0',)s+ w0, (2.24)
)
where wp, wmr and oy are
@, = Vi (2.25)
L1,
0, =24 L L, (2.26)
o, =(1/i, +i, )/ (e,i,,) (2.27)

where ig, and iy, are i; and i, normalized by I,, respectively; wen is w.”normalized by ws; o;
is an introduced normalized value and can be seen as a non-dimensional coefficient which

varies with the operation points.

Since the Routh stability criterion requires that 1—0)W,1 / (%G,) >0 , the system could lose

stale at the operation point where o7 becomes higher. As the voltage loop can be seen as a
typical second-order system, the control parameter can be designed according to the damping

factor &, which can be calculated as
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= Dcc (1- ﬁa]) (2.28)
4o, W,

In addition, the voltage and current limits can be written in the normalized form as

2 2
Iy T, =1

| 2.29
(idn + icn )2 + l;n = v ( )

With the normalized torque, i.e. Ten=icnign, by taking several i, as examples, the flux-
weakening capabilities represented by torque-speed curve are shown in Fig. 2.7. As can be

seen in Fig. 2.7, the flux-weakening capability decreases significantly as i., goes higher from

1to 2.

3
T 2]
S
G

0

Fig. 2.7. Normalized torque-speed curve under different i.,,.

For a reasonable flux-weakening capability, only the machine with i., not greater than 2
are considered. By taking two cases as examples, i.e. ic,—=1 and i.,=2, Fig. 2.8 shows the
numerical results of o7 in mode A (from iz%=-0.99 to 0) including both motoring and
generating conditions. It can be seen that the variation trend of ¢; in motoring and generating
conditions are opposite, which implies that the system tuned well in motoring condition may

not necessarily perform well in the generating condition.
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_4 1 1 | 1
-1 -0.8 -0.6 -0.4 -0.2 0

idn (p' u')

(a) Motoring condition.

-4 1 1 | |
-1 -0.8 -0.6 -0.4 -0.2 0
idn (p.ll.)

(b) Generating condition.

Fig. 2.8. Variation of o7 in the flux-weakening region.
Assuming that £ is selected at critical damping condition (=1) at the operation point

where o1 = o075, wmrcan be solved as

10)
a)ml = =
. w 1)
o, —“+2+ [(o,— +2)? —(i)zafs

a)b b a)b

(2.30)
S @ 1
4 GIS a)cc +1
2 o
where ;s can be selected according to the variation of o;.
For a conservative design, w,,s can be set as its lower limit, i.e.
1) 1
@, =—= 2.31

ml 4 O_IS a)cc ( )

+1
2 o,
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Therefore, with (2.26) and (2.29), the symbolic form of the control parameter ; in mode

A can be derived as

w

A = —,0,=0, (2.32)
T |modea 2 C!)f LSVm 1A
where A/|modes denotes A7 tuned in mode A; wmi4 is expressed as
|4 1
Oy = Ot B, f =77 = - (2.33)
‘a)e lec a)en lcn

For pratical implementation, |w.”| in (2.32) should have a lower limit, which can be set at the
absolute value of the minimum speed in the flux-weakening region, i.e. so-called corner

speed weo.

According to (2.28), the damping factor is inversely proportional to gy, ideally, s can
be set as the maximum o7 in the whole flux-weakening region to avoid the underdamped
condition. However, for the machine with finite CPSR, i.e. i.,>1, as can be referred from
(2.27), when the system operates in the generating condition (@enig»<0) and when iy,
approaches zero(is, approaches to -1) in mode A, o7 tends to be positive infinity. Obviously,
ors cannot be set at positive infinity. Otherwise, A; will be zero. Moreover, as mentioned above,
the operation point, i.e. iz,=-1 and iz,=0, corresponds to the maximum allowable speed in the
flux-weakening region when the resistance is ignored, the machine will inevitably lose
control in the generation condition if the machine speed exceeds the maximum allowable
speed. Therefore, from the perspective of designing control parameter A;, the extreme
condition, i.e. 4, close to -1 in generation condition can be reasonably ignored. In practice,
the proper oss can be selected according to the variation of 67in mode A. By comparing the
variation of o7 in both motoring and generating conditions in Fig. 2.8(a) and Fig. 2.8(b), a

typical value of aj; can be set at the maximum value in the motoring condition, i.e. when

ia:=0. When i4,=0, o can be derived as /i’ +1/i, by referring (2.27) and (2.29).

In order to see the effectiveness of the proposed tuning method, Fig. 2.9 and Fig. 2.10
illustrate the damping factor variation in the mode A with non-adaptive 4; and adaptive 4;

based on the parameters in Table 2.1 (shown in the experimental verification section of this

56



CHAPTER 2

chapter). The non-adaptive A; in Fig. 2.9 is only a comparison case, which is tuned on the
corner speed and obtained by replacing |w.’| in (2.32) with the corner speed w¢,. For example,
if ic,=1, the operation point at the corner speed w., actually corresponds to the condition
|VL1=V,°), which is the design point selected in [MAR99]. As can be seen in Fig. 2.9 (a), in
motoring condition, when the system is applied with a non-adaptive 4, the damping factor &
shows a decreasing trend when i4, approaches to -1 for the case i.,—=1. However, in the
generating condition, as shown in Fig. 2.9 (b), ¢ shows a decreasing trend when iy,
approaches to -1 for the case i.,=2. The decrease of damping factor could lead to an
underdamped voltage loop or even instability. In Fig. 2.10, when the adaptive 4; is employed,
the voltage loops in both motoring and generating conditions for the cases, i.e. ic,=1 and ic,=2,

are all well damped.

2
o I,=1
i{.’”=2
aa | W
0 1 I I 1
-1 -0.8 -0.6 -0.4 -0.2 0
idn ([7.1!.)
(a) Motoring condition.
2
1 =
-~ 0 B * l'c'nzl
ien=2
_1 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0

idn (p‘ u. )

(b) Generating condition.
Fig. 2.9. Damping factor variation in mode A with non-adaptive Ar.
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(b) Generating condition
Fig. 2.10. Damping factor variation in mode A with adaptive Ar.

As shown in Fig. 2.10, with the adaptive 4;, in mode A, most of the values of damping
factor lie between 1 and 2 except some operation points in the generating condition when
icr=2. By approximating that (=5/4 and wm = wc /4, q(s) can be approximated as
(stwee)(stwee/4). Thus, the bandwidth of the voltage loop can be approximated to wc./4.
However, since { could be higher than 5/4, and w,.; is smaller than w../4, the actual bandwidth
of the voltage loop is smaller than w../4. In practice, the bandwidth of the voltage loop can

be adjusted by setting oys.

2.3.2.2.2 InMode B

In mode B, £=0. The characteristic equation of the voltage loop can be expressed as

q(s) =g’ +a)cc(l+2/1,L5Vd0)s+2/1,a)cca)fLSVq0 (2.34)

The upper limit of 4; is constrained by the Routh stable criterion, i.e. 1+2/37L5Vdo >0.

The worst condition happens when Vdﬂ 1S minimum, i.e. K;) =—V, which defines the
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minimum stable range for the control parameter 4;. By considering the worst condition, i.e.

Vdo =—V, s can be set by assuming that 1+2/17Lst >0.5, which lead to

w,
-G p <, (2.35)
modeB 2 a):)) LSVm m m

ﬂ“[

0
@,|.

where @, =0.5

Therefore, by considering mode A and mode B, the symbolic form of the control
parameter can be finally obtained as

= 2(()0% H a)m = min{a)]mA H a)ImB} (236)

1

It can be proved as follows that the voltage loop is also damped well in mode B with 4;

in (2.36).
Proof:

In mode B, since the damping factor can be calculated as

£=\Jo,/B4Y olL)(1+2VLA,) (2.37)

By substituting (2.36) into (2.37), £ can be derived as

1+v, —
1 @,
E=— k. k (2.38)

2 [ ©Dn g \/‘Vw
o

cc

where Vg, and Vy, are V4” and V,” normalized by V,, respectively.

a),g < 0.5, it can be derived that
w

e

Since

1-0.5|V,,
ST

qn

(2.39)
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1-0.5),
—V

qn

With the constraint ti + Vdi =1, it can be derived that the minimum of can be

Do OB B
1) 1) 4

cc cc

obtained at |V,,| =2v/3-3~0.68 . Therefore, k;>0.77. In addition,

According to (2.33), it can be derived that the maximum f can be obtained at the corner speed
when i4,=0, |izs|=1. Therefore it can be derived as

2
@y B Nl t] (2.40)

w 4 4i

ce cn

According to (2.38), it can be obtained that

£>0.77 —mcn (2.41)

it +1

cn

Since only i..>1 is considered, £>0.54. Therefore, it verifies that the system is also

damped well in mode B.
In practice, a slight difference of V, for calculating 4; will not cause problem because

V| in both linear

of the conservative design. V,, in (2.33) can be replaced by the reference
and over modulation regions. With 4; in (2.36), ¢(s) in mode B can be approximated as
s+, )(s +‘Vq°‘ / V. ®,), under which condition the bandwidth of the voltage loop can be

approximated to ‘qu‘ / V. o, . Therefore, in mode B, the bandwidth of the voltage loop will

become smaller in lower ‘qu‘ area. Since ‘qu‘ =0 corresponding the MTPV condition, the

system has to change to the MTPV control to maintain the stability on the MTPV curve.
However, the system with MTPV control happens on the machine with i.,<1, which is out of

the scope of this chapter and will be discussed in chapters 3, 4 and 5.
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2.4 Improvement in the Over Modulation Range

24.1 M<1

When M<I, the system operates mainly in the linear modulation region. Therefore, the
over modulation region is only used in the transient state. For example, under a step g-axis
current command, the voltage command vector V" could jump into the over modulation
region, as shown in Fig. 2.11. Since the voltage loop analysis based on the linearized model
can only reflect the small signal behaviour within the neighbourhood of the equilibrium
points, it cannot guarantee large signal dynamics when the system jumps into over
modulation region. Due to the less voltage margin, the current dynamic performance is
degraded, which consequently deteriorates the voltage loop performance. Since the flux-
weakening controller aims to deter the voltage saturation by controlling the current command

the current dynamics is very essential in the over modulation region.

" q
V. A
V,
qL’f‘P‘I
Vi /X 14
: q
287

s

Voltage limit
reference circle

Rotating voltage hexagon

Fig. 2.11. Voltage vector synthesis when the system jumps into over modulation region.
As shown in Fig. 2.11, when the voltage command vector V" oversteps the voltage
hexagon boundary, by considering the voltage differences between the voltage command and
the real voltage fed to the inverter in d- and g-axes, i.e. Vier=Vi'-Vaand Veen=V,"-V4, it can

be derived that [KWO12]
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i = cc l* (l* _ l* _ I/derr s
d — de>\"de — “d
s+, k,, s+R, /L, 042)
a)cc K ok o Vvqerr S

i = i (i =i _—
q qe’ \"ge q
s+a, k. s+R /L,

According to (2.42), it can be seen that d- and g-axis current references can be equivalent
to iz.and i, respectively. When the system jumps into the over modulation region, since i, is
still regulated by the voltage feedback controller and the DC values of Ve and Vierr will
diminish at steady state, the system will finally reach a new equilibrium point. However, due
to the existence of Verrand Ve, 1.€. less voltage margin, the current dynamic performance
will be degraded. On the other hand, the voltage feedback controller is relatively slow to
generate the required d-axis current instantly when the system jumps into the over modulation

region, which therefore could lead to more serious voltage saturation problem.

In order to improve the current dynamics and alleviate the voltage saturation, the current
reference modifier (CRM) which is firstly applied in [KWO12] for the voltage error feedback
control will be adopted here for the voltage magnitude feedback control. As shown in Fig.
2.12, the g-axis voltage error Ve multiplied with a coefficient is fed back to the d-axis

current reference, and the d-axis current reference is modified as

. K

* % * V e .
Ly =1y +14,, (1, = ——"—sign(®,)) (2.43)
pd

Since V. = V; —(@,Li,+wy,), the basic idea by using a current reference modifier is to

secure the g-axis voltage margin by reducing the d-axis current reference. In addition, the
CRM actually acts as an anti-windup controller in the over modulation region, which tries to
move the voltage magnitude back to the hexagon boundary. Therefore, the voltage saturation

problem will be alleviated and the system dynamic performance can be improved.
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Fig. 2.12. Current reference modifier (CRM).

2.4.2 M>1

Since when M<1, the voltage limit reference is within the inscribed circle of the hexagon
boundary, Vger only appears when the system jumps into the over modulation region at
transient state. However, when M>1, as the voltage limit reference locates at the outside of
the inscribed circle of the hexagon boundary, Ve always exists. As shown in Fig. 2.13(a),
when the voltage command V5" locates at the shadowed area between the voltage limit
reference circle and the hexagon boundary, the voltage feedback controller tries to move V5"
back to the voltage limit reference circle. However, the CRM tries to move V5" back to
hexagon boundary. Therefore, a conflict occurs between the voltage feedback controller and

CRM. As a result, the system performance is degraded at steady state.

Aq . Y
i v,
v
y
d »d »d
v,
Voltage limit Modified
referer|ce circle Voltage limit reference
Rotating voltage hexagon Rotating voltage hexagon
(a) Without voltage limit reference modifier. (b) With voltage limit reference modifier.

Fig. 2.13. Voltage limit reference circle in d-q reference frame.
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In order to overcome the conflict between the voltage feedback controller and the CRM.
The voltage limit reference modifier (VRM) is introduced. As shown in Fig. 2.13(b),
compared with original voltage limit reference circle, the red thick line indicates the modified
voltage limit reference which is defined as that: when the original voltage limit reference is
outside the hexagon boundary, the voltage limit reference is modified to the hexagon
boundary, otherwise no modification is required. Therefore, the magnitude of the modified
p

srm

voltage limit reference, i.e. can be obtained as

sk

V.

Srm

Ve at

NE

where Viex is the vector with the same phase as the voltage command V", and with the

V,

hex

= min( ) (2.44)

magnitude on the hexagon boundary. From the geometric relations of the voltage vector in

the stationary (a-f) reference frame shown in Fig. 2.1, |Vie| can be obtained as

_ Vae (2.45)

v,
sin(mod(6, , %) + %)\5

hex

where Oy 1s the voltage command angle in the stationary reference frame.

With the VRM, the conflict between the CRM and the voltage feedback controller is
eliminated automatically. Consequently, both the steady-state and dynamic performance can
be improved in the over modulation region. The overall control diagram with added VRM

and CRM can be shown in Fig. 2.14.
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Fig. 2.14. Schematic of flux-weakening control with added CRM and VRM.

2.5 Experimental Verification

The experiments based on dSPACE (DS1006) platform are implemented on a non-
salient-pole PMSM. The experimental setup is detailed in Appendix A, in which the test rig-
I is used as the load torque machine, i.e. a wound field type DC machine with the rated speed
at 1500 rpm. The combined inertia of the transmission system is 0.012 kg-m?. The power
switches of the inverter are IRFH7440 MOSFET. The PWM switching frequency is 10 kHz.
The machine parameters are listed in Table 2.1. It should be noted that the different
characteristic current ratios are realized by setting different current limits of the machine

rather than using different machines.
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Table 2.1 Machine and drive parameters

Parameters Value
Phase resistance (Rs) 0.25Q
Synchronous inductance (Ls) 1.7 mH
PM-flux linkage(y,,,) 10 mWb
Number of pole pairs (Ny) 10
DC link voltage (Vac) 14V
Current limit (/n) when icx =1 59A
Current limit (/) when icx =2 29A
Current bandwidth (w,.) 1200 rad/s

2.5.1 Stability with Non-adaptive 4; and Adaptive 4,

The stability of the system with adaptive 4; is compared with a non-adaptive A; in mode

A, and then verified in mode B in the linear modulation region (A=0.9).

2.5.1.1In Mode A

In mode A, the motoring condition is realized by setting g-axis current command 7, 7,
at its maximum value, i.e., [,,. Therefore, in the flux-weakening region, the machine is forced
to operate along the current limit circle. The generating condition is realized by reversing the
current command to -/, when the machine is operating at motoring condition. A power
resistance (4€2, 14A) is connected to the DC bus to absorb the feedback energy in the
generating condition. In the experiments, the condition, 1.e. i.,=1 and 2, are selected to verify

the analysis.

When i.~=1, the dynamic performance of the machine in mode A with non-adaptive 4;
and adaptive 4 are shown in Fig. 2.15(a) and Fig. 2.15(b), respectively. As shown in Fig.
2.15(a), when the control parameter A, is kept at a constant in the flux-weakening region, the
machine operates well at the early stage of the flux-weakening region. However, as the
machine speed increases, the system oscillates in the motoring condition. This phenomenon

can also be verified through the decrease of the calculated damping factor in the deep flux

66



CHAPTER 2

weakening region. Therefore, the flux-weakening operation range is significantly restricted.
When the machine switches to the generating condition, the oscillation disappears at this
point which is due to the relative higher damping factor in the generating condition as can
also be referred to the Fig. 2.9(b). Another reason is due to that the d-axis current in the
generating condition at the switching point is slightly higher than that in the motoring
condition. This is caused by the increase of the DC-link voltage, which then makes the system
back to the operation point without oscillation. When the system is applied with the adaptive
A1, as shown in Fig. 2.15(b), the system is damped well in the whole flux-weakening region.

Therefore, a wider stable speed range can be achieved.
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E 4 it g 104§ E 4 04 £
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g 2 i w2 Motoring i(;.w
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(a) With non-adaptive A (b) With adaptive s

Fig. 2.15. Dynamic performance in flux weakening region (mode A) when ic,=1.

When i.,=2, the dynamic performance of the machine in the mode A with non-adaptive
Ar and adaptive A7 are shown in Fig. 2.16(a) and (b), respectively. It can be seen from Fig.
2.16(a) that the system operates well in the motoring condition even with a non-adaptive 4.
However, when the machine switches into generating condition, the calculated damping
factor could even become negative. Therefore, the system oscillates. By applying the

adaptive 4;, as shown in Fig. 2.16(b), the system is damped well in the whole flux-weakening

region.
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Fig. 2.16. Dynamic performance in flux weakening region (mode A) when ic,=2.
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Furthermore, when i.,=1, on the different operation points in mode A, the large signal

response to a stepwise reduction of the voltage magnitude reference under the non-adaptive

Ar and adaptive A; are shown in Fig. 2.17 and Fig. 2.18, respectively. In Fig. 2.18, it can be

seen that the voltage loop shows nonlinear behaviour at different operation points when using

a non-adaptive 4;. The voltage loop dynamics increases with the increasing speed until the

voltage loop oscillates at 1150 rpm. Nevertheless, the nonlinear behaviour of voltage loop at

different operation points can be alleviated by adopting the adaptive 4;, as shown in Fig. 2.18.

By approximating that the voltage loop has first order dynamic response, as a rule of thumb,

the bandwidth of the voltage can be evaluated by In(9)/#,, where ¢ is the rise time. For

example, as shown in Fig. 2.18(a), when #= 0.01 s, the bandwidth of the voltage loop is 220

rad/s. Due to the visual error caused by the ripples in the voltage magnitude, the actual

bandwidth of the voltage loop should be around 220 rad/s.
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Fig. 2.17. Large signal response of voltage Fig. 2.18. Large signal response of voltage
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AL (@) i—=1A, i;=5.8 A, =400 rpm.
(a) i—=1A, i;=5.8 A, n=400 rpm. (b)i=-5A, i=3.1 A, n=830 rpm.
(b) i=-5 A, i;=3.1 A, n=830 rpm. (c) i—=-5.5A, i;=2.1 A, n=1150 rpm.

(©) i=-5.5 A, i;7=2.1 A, n=1150 rpm.

2.5.1.2In Mode B

The operation mode B is realized by setting a smaller i, . than the current limit ., by
which the machine can operate inside the current limit circle. Fig. 2.19 shows the current
trajectories when i, ., is set at 3 A and 2 A when i, =1 and 2, respectively. The machine
starts from the constant torque region and then accelerates to modes B and A subsequently.
Afterward, by changing the sign of i, ., the machine operates in the generating condition.
It can be seen that the currents are stably controlled in the mode B, which confirms the

effectiveness of the adaptive control parameter used in the mode B.
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Fig. 2.19. Current trajectories in modes A and B.

Fig. 2.20 shows the large signal response to a stepwise reduction of the voltage

magnitude reference with the adaptive A; on two different operation points. In Fig. 2.20(a),

the voltage loop in mode B in higher g-axis voltage point shows almost the same dynamics

as mode A. In Fig. 2.20(b), the voltage loop dynamics becomes slower in lower g-axis voltage

point, which is consistent with the small signal analysis.
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Fig. 2.20. Large signal response of voltage magnitude in mode B when i.,= 1 with adaptive 4. (a) i=-1 A, iy

=3 A, V=6 V, n=600 tpm. (b) i=-3.5 A, i;=3 A, V;=3.8 V, n=800 rpm.
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2.5.2 Performances in Over Modulation Region

Based on the system with the adaptive A;, the current dynamic performance in the linear
and over modulation regions is further compared by taking i.,=1 as example. Fig. 2.21(a)
shows the current and voltage dynamic performance in the flux-weakening region for the
conventional voltage feedback controller with M=0.9 when the g-axis current reference
changes from 1.5A to 2A. It can be seen that the voltage command magnitude |V;"| is the
same as |V, which means the voltage command is fully realized by the inverter. Therefore,
the current has a good dynamic performance. However, when M=1 and the g-axis current
reference changes from 1.5A to 2.5A, as shown in Fig. 2.21(b), the system jumps into the
over modulation region, |Vs| is much lower than |V;"| which implies the insufficient voltage
margin. Therefore, the current and voltage dynamic performances are deteriorated. Fig.
2.21(c) shows the alleviated voltage saturation and improved current dynamic performance

when the CRM is applied.

Fig. 2.22 shows the current and voltage dynamic performance in the flux-weakening
region when the g-axis current reference changes from 1.5A to 2.5A at the condition M=1.15.
As shown in Fig. 2.22(a), the current and voltage even show oscillation at steady state for the
conventional voltage feedback controller, not to mention the dynamic performance. Fig.
2.22(b) shows that the current and voltage are stably controlled by adding the CRM. In
addition, good current and voltage dynamic performance can still be obtained even when
M=1.15. Fig. 2.22(c) shows the current and voltage dynamic performance when both the
CRM and VRM are applied. It can be seen that the modified term i, is only dominant at the
dynamic stage. Therefore, both the dynamic and steady-state performance can be improved

in the over modulation region with the CRM and VRM.
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2.6 Conclusion

This chapter has proposed an adaptive control parameter tuning method for the
conventional voltage feedback controller in the flux-weakening region for the non-salient-
pole PMSM without MTPV region. The analysis and experimental results have indicated the
proposed adaptive control parameter can effectively maintain the system stability in a wider
speed range, including both motoring and generating conditions, when compared with a
constant control parameter used in the flux-weakening region. In addition, VRM combined
with the CRM is proposed to improve the over modulation flux-weakening performance,

which has been verified through experimental results.
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CHAPTER 3 FEEDBACK TYPE FLUX-
WEAKENING CONTROL ON PMSM WITH
MTPV REGION

For the machine with MTPV region, an extra MTPV control strategy is required. Based
on the conventional voltage magnitude feedback controller, by also considering the MTPV
region, this chapter aims to optimize a feedback type flux-weakening control strategy with
considering steady-state performance, dynamic performance and stability in both linear and

over modulation regions.

3.1 Introduction

For the machine having high inductance [REF05] [REF06] [KWOO07] [LIU12] or even
under the overload condition, the characteristic current of the machine (ic=w./Ls) could be
lower than the current limit /,,. Under such condition, the MTPV control is required to
maximize the torque capability and achieve an infinite constant power speed ratio (CPSR)
[SO09%4] [MOR94]. In [KWOO07] [KWOO08] [LIU12], the demagnetizing d-axis current
command is generated by utilizing the voltage error between the input and output of the over
modulation block, the MPTV control on a non-salient-pole PMSM is achieved by forcing the
MTPYV penalty function to zero with an extra voltage feedback loop. However, the voltage
error feedback control can not achieve flux-weakening operation in linear modulation region.
For some applications where the DC-link voltage is not a great concern, the linear modulation
region is still preferred due to fewer harmonics and more voltage margin. Therefore, the
control strategy which can cover both linear and over modulation flux-weakening controls is
beneficial to the general purpose application. In order to achieve flux weakening in both
linear and over modulation regions, the conventional voltage magnitude feedback controller

can be employed [YON14]. However, the MTPV region is not considered in [YON14].

In this chapter, a feedback MTPV control is proposed based on the conventional voltage

magnitude feedback controller. In addition, the MTPV controller is optimized in terms of
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steady-state performance, dynamic performance and stability. Firstly, the MTPV penalty
function is optimized by considering the influence of the resistance, which is important for
the small power motor. Then, a current command feedback MTPV controller, rather than the
voltage command feedback MTPV controller in [KWOO07] [LIU12], is employed to ensure
the stability while maintaining good dynamics. Furthermore, by considering the stability
issue in the MTPYV region, the MTPV loop is analysed and a proportional-integral (PI) type
MTPV controller is used and designed, which is rarely discussed in other references.
Moreover, the stability in the over modulation region is improved with a simple voltage
modifier (VVM) by also considering the MTPV region. Finally, the analyses are verified

through experimental results.
3.2 Feedback Type Control Strategies

3.2.1 Operation Regions
At steady state, the transient voltage on inductance can be ignored. In addition, by also
considering the resistance of the power switch device, and power cable, the voltage constraint

described in the d- and g-axis current plane can be derived as

2 2
. a)eLv m . a)eR m Vm
(ld+—Z‘2V/ )+ (i, + z;// V=" 3.1)

where Z = ./R*+(w,L,)’ ; R is total resistance by also considering the power switch device,
and power cable [LIU12].
From (3.1), it can be seen that the voltage constraint is a circle whose center point is

(CO:LSW,”/ ZS2 @Rsl//m/ ZS2 ) and radius is Vm/ Z, . As the speed increases, the voltage limit

circle shrinks. If the resistance is ignored or the machine speed is infinity, the center of the
voltage limit circle is (-ic, 0), 1.e. w»/Ls. For the machine with MTPV region, as shown in Fig.

3.1, the entire speed range can be divided into three regions:

1) Region I
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In the region I, as shown in Fig. 3.1, the machine operates on the curve ‘OA’, aiming to
achieve max torque per ampere (MTPA). Since the machine operates inside the current and
voltage limit circle, i.e. |L|<[, and |V,|<V., no flux-weakening control is required in this

region.
2) Region II

The region II includes the curve ‘AB’ and the area within the closed curve ‘OABCO’.
On the curve ‘AB’, the machine operates on the intersection point of the voltage and current
limit circle, i.e. |Vs|=V and |I;|=I». In the area ‘OABCO’, the machine operates on the voltage
limit circle and inside the current limit circle, i.e. |V|=Vu and |L|<[n. In region II, the flux-

weakening control is required to satisfy the voltage and current constraints.
3) Region I1I
In region III, the machine operates on the MTPV curve ‘BC’ that inside the current limit

circle, i.e. |I;|<I, and |V=Vu. In this region, the MTPV control strategy can be applied to

maximize the torque capability and extend the operation speed range.

% Aig
h A
MTPV—>;
B J
D 7 MTPA
r' <_
(B-¢) III i 10-4)
g w} id
C(-ic, 0) o -

Fig. 3.1. Operation regions considering MTPV.

3.2.2 Control Strategies

Fig. 3.2 shows the schematic of the feedback type flux-weakening control based on

current vector control (CVC) system. In the region I, as with chapter 2, d- and g-axis current
commands, i.€. iz and i, are obtained according to MTPA, i.e. igum=0 and I ,p, can

be given directly as it is proportional to the torque demand.
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Fig. 3.2. Schematic of the feedback type flux-weakening control based on CVC system.
In region II, the d-axis current voltage magnitude feedback controller (DCVFC) with a
pure integrator is employed, as shown in the part I of Fig. 3.2.

In the region III, the MTPV control strategy in achieved by introducing an extra
feedback loop which forces the MTPV penalty function to zero by regulating the g-axis
current command [KWOO07] [LIU12]. According to the definition of MTPV, i.e. maximum
torque per voltage, the MTPV curve can be obtained at the tangent point of the voltage limit
circle and constant torque curve. Therefore, the penalty function for the MTPV operation, i.e.

P can be defined as

== - y 2
3 oi, o, di, ai ) (-2

where the condition P=0 represents the MTPV curve.

The MTPV controller is denoted in Part II of Fig. 3.2. With the MTPV controller, the g-
axis current command is further modified by the output of a PI controller. The modified term,

i.e. i,/ can be expressed

* * . k s+ iqf
i :sign(iq,m)nnn(o,%m (3.3)
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where kyqrand kigrare the proportional and integer gains of the PI controller.

Therefore, the g-axis current command can be obtained as
i; = sign(i;MTPA) min(\/Ii - (z';)2 ,

3.3 Optimized MTPV Controller

(3.4)

oK K
Lowrra 1l ‘)

3.3.1 Penalty Function for MTPV

At steady state, by referring (3.2), P can be derived in voltage and current form as

P=wV,L +RV,

P= L)
P =(i,+i % ;)

N

(3.5)

)Z;

where P,and P. represent the voltage and current form of the penalty function,

respectively.

According to (3.5), if the resistance is ignored, MTPV curve can be simplified as w.V,=0
[KWOO07] or is=i. [LIU12]. However, as shown in Fig. 3.3, for the small power motor
especially when the power cable is required, the ignorance of the resistance could cause a

notable deviation of the current trajectory from the actual one, i.e. P=0.

g

C(-ic, 0) o

Fig. 3.3. The current trajectory under different conditions.
Therefore, in terms of the optimal current trajectory, the penalty function with

consideration of the resistance is preferred. The penalty function in voltage form, i.e. P, in
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(3.5), can be constructed by the voltage command Vyand V, [KWOO07] [LIU12]. However, if
the system operates in the over modulation region, there are voltage ripples in V and V that
caused by the over modulation block. In addition, the voltage command is not a pure steady-
state variable, and it contains the dynamic component that is caused by the output of the
current PI controller. By way of example, in the linear modulation region, since V,=V,, as
shown in Fig. 3.2, the output of the g-axis current PI controller, i.e. ¥, will be fed back to
the g-axis current command through an MTPV PI controller. Therefore, the ripples in the g-
axis current can be magnified by the current PI controller and MTPV PI controller. As the PI
controller can not reject high-frequency ripples, the magnified g-axis current could lead to
oscillation and even instability. In [LIU12], a precede first order low pass filter (LPF) is
added to the MTPV controller to solve this problem, and the penalty function is revised to

Pvaf, le.

a)C
F,,=F o (3.6)

where w. is the cut off frequency of the LPF. However, the introduced LPF will limit the
dynamics of the MTPV loop. Thereofre, in order to improve the dynamic performance, the

penalty function without LPF is preferred.

Alternatively, the penalty function can also be achieved in the current form, i.e. P. in
(3.5). Since the MTPV controller aims to plan the current command trajectory in the region
I11, iy in P. can be replaced by the d-axis current command i;". In addition, as P.=0 represent
the MTPV curve, the term Z in (3.5) can be canceled out. Therefore, the penalty function in
the current form can be revised as
Pc:i;+icw (3.7)

Z

s

At the equilibrium point, the variation of the machine speed can be ignored due to the
larger mechanical time constant when compared with the electrical time constant. Therefore,
(3.7) implies that the variation of P. mainly origins from the variation of i;", i.e., AP=Ai4",

where the prefix ‘A’ denote the corresponding small signals. From the small signal point of
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view, in AP, only Ais" is the information required for the MTPV control. According to (3.3),
the d-axis current command output by DCVFC will be directly transformed to the g-axis
current command by the MTPV controller. Therefore, no extra filter is required, and better
dynamics can be expected than that by using the voltage command feedback MTPV

controller.

For ease of comparison in the experimental section, the penalty function P, is divided

by z? to keep the same dimension as P.in (3.7). The block diagram of the MTPV controller

by using voltage command feedback and current command feedback are shown in Fig. 3.4(a)

and (b), respectively.

L Part T

~<——|sign(i, \;rp,)

. Part II

!
-—— stgn(zq’MTPA) <

(b) Current command feedback controller.
Fig. 3.4. Block diagram of the MTPV controllers.

Since the optimal current trajectory for the MTPV requires accurate parameters, in
practice, this could be done by online parameter estimation [LIU11] [LIU14]. As the
parameter estimation is out the scope of this thesis, it will not be discussed further. It should
be noted that accurate parameters are only required to improve steady-state performance.
Therefore, the parameters used for the estimating P. can be updated much slower than the
dynamics of the MTPV loop. It means that the MTPV control and parameter estimation will
not interfere with each other if the penalty term P. is employed. In other words, the
improvement of the dynamic performance and the steady-state performance can be done

separately.
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Therefore, P. is finally used as the penalty function for the MTPV control owing to its

better dynamic performance.

3.3.2 MTPYV Controller Design

As with chapter 2, the flux-weakening controller can be designed based on the linearized
model. For the machine with MTPV region, according to the small signal behaviours of the
current, the operation mode in the flux-weakening region can be distinguished by mode A,
mode B, and mode C, as shown in Fig. 3.5. In mode A, the machine operates on the current
limit circle; in mode B; the machine operates along the constant torque curve; in mode C, the

machine operates on the MTPV curve.

Current limit

Fig. 3.5. The operation modes with considering MTPV control.
In region II, the MTPV controller is not activated, only the DCVFC is required. In region
III, since the DCVFC and MTPV controller are both involved in control, DCVFC is still an
important part for the MTPV control. As the voltage loop with DCVFC has been analysed in

chapter 2, for convenience, according to (2.15), the close-loop transfer function from AV, ’
to A ‘V: ‘2 is directly given here as
Al
s . A, (bs+a)
D, (s)=——5=— : (3.8)
AV sTtae, (1+b4)s+w A a

The selection of A for the machine with MTPV region can follow the same approach as

the chapter 2. The details of the selection of A; for the machine with MTPV region can be
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referred to Appendix B. When the machine operates in the region III, the operation mode B
that activated by the DCVFC cooperates with the mode C that activated by the MTPV
controller. For the DCVFC, the voltage loop can be analysed in mode B. Since in mode B,

k=0, the coefficient a and b can be derived as

!

At the equilibrium point, it can be seen that a|modes=2P,. Therefore, a|modes=0 also defines the

MTPYV curve.

= 2(a)qu°Ls +RV))
=2V)L,

modeB

(3.9)

modeB

In the region IlI, since a|moden =0, it means that the voltage loop with only a DCVFC
cannot maintain stable in this region. Therefore, it is necessary to investigate the MTPV loop
as the MTPV controller will be activated in region III. The equivalent linearized model of
MTPV loop can be seen in Fig. 3.6. In Fig. 3.6, Cy(s) and Gy(s) are the transfer functions of
the PI controller and the control plant of the MTPV loop, respectively; o is the assumed

reference of MTPV loop, which is an infinitesimal value.

5 AP Aiq —AP.

‘z?_c’ Sign(iq*) Cofs) - Gy/(s) >

Fig. 3.6. Block diagram of the linearized model of MTPV Loop.
Cy/(s) and Gy(s) can be obtained as

\

qu(S):% (3.10)
AP
Gqf(s)z—Ai: (3.11)

q

According to (3.7), AP=Ai,;, G4(s) can be rewritten as

A,
Ai

q

Gq/‘ (S) =T

(3.12)

Since Aij origins from DCVFC, G,(s) can be reconstructed as
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%2

|4

N

oK
Al :

A, A

(3.13)

In region II1, the transfer function from A ‘V: ‘2 to A, can be obtained according to the

linearized model of the voltage loop with DCVFC, as shown in Fig.2.3. When a|mnodes =0, it

can be derived as

Al:’ ﬂ’l (‘S + a)cc)
ﬁ = (3.14)
A‘VS s (s+a,(1+b 1))

K

d

4 .
> ~—— . In addition,
S

According to Appendix B, in region I, b|mosesA=<0 and

A

2

*

A,
—— can be derived as
Ai

q

Nl * AV’
s A
S _opr &y oy = (3.15)
Ai . Ai . Ai

. . . 0.* . .. .
Moreover, since V; is close to zero, and Vi=-V. sign(@,i, ) due to that ig=-i. in region

2
1, |A1| can be approximated as
q

2

*

~ -2V A—jsign(wfi;)

A, £y (3.16)
A
~r, Bl 2
l
q

VS*

A

,|LT,(s)

- sign(a)fi;) = —2sign(i;)Vm

In consequence, the control plant of the MTPV loop can be derived as

1 L
G, = qu.;Ti(s)szgn(zq) (3.17)
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where K =

@) |L A

i A

(3.17) explains that a pure integral controller is not applicable for the MTPV controller,
as the system could oscillate due to the resultant origin pole of the close-loop transfer function.
Therefore, a PI controller can be adopted, which can ensure the stability in region III. The
open-loop transfer function of the MTPV loop with PI controller, i.e. Gog(s) can be derived

as

k S+kqf 1

Gy =K, —S T(s) (3.18)

It is reasonable to make a further simplification of (3.18) by approximating 7(s) as a
unity gain if the MTPV loop is tuned with the bandwidth much lower than the current
bandwidth. Therefore, the close-loop function of the MTPV loop can be obtained as

P (kK s+K, k)

paf " af (3. 19)
o s +kququs+K Ky
As a second-order system [FRA94], the control parameters can be tuned as
— 26(0qu' — 2quf’ k= a)iqu' (3_20)

K, Y K

paf K
af

qf af

where wny1s the selected natural frequency, ¢ is selected damping factor which is set at 1 in

the experiments.

3.3.3 Over Modulation Improvement

Fig. 3.7 shows the voltage synthesis in the linear and over modulation region. It can be
seen in Fig. 3.7(a) that the voltage command vector ¥ in the linear modulation region can
be fully realized. In the over modulation region, as shown in Fig. 3.7(b), only the voltage
command vector inside the hexagon boundary can be fully realized. Fig. 3.8 shows the
spectral distribution of the a-axis voltage normalized by V- under two conditions, i.e. M=0.9
and M =1.1. The fundamental component in Fig. 3.8 can be seen as the index of the DC link

voltage utilization. It can be seen that the system in the over modulation region has better
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voltage utilization than the linear modulation region. However, the voltage margin decreases
and larger harmonics appear. Therefore, the voltage saturation problem is more serious in the
over modulation region, which degrades the current dynamics and could lead to instability
[LEROS]. In fact, the flux-weakening controller aims to deter the voltage saturation problem
by generating the proper d-axis current command (by DCVFC) and g-axis current command
(by MTPV controller). Therefore, the current dynamics is very essential for the stability in

the flux-weakening region.

Yo

(a) Linear modulation range (M=0.9). (b) Over modulation range (M=1.1).

Fig. 3.7. Voltage synthesis with MPEOM.
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Fig. 3.8. Voltage spectra with SVPWM when M=0.9 and M=1.1.
Chapter 2 has proposed a current reference modifier (CRM) to improve the current

dynamics in the over-modulation region, the effectiveness of which has been verified for the
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machine without region III, i.e. without MTPV control. With the CRM in (2.43), the d-axis

voltage command can be expressed as

. Kk s+k, . .
V=" G i —i)
§ (3.21)
kys+hky .

:—(id _id)+Vd*
S

err

where Vd*e,,, can be seen as the modified term of d-axis voltage command after the CRM is

employed, which is

. k,s+k, . ks+k,V -V
Vderr = 2 s ‘ lda = 2 s < qk 4 (3.22)

pd
It can be assumed that the proportional part in (3.22) is dominant in the transient state,

as kpa>kiaTs, where T is the control period of the current loop. Therefore, V. can be

derr

approximated as

=

(3.23)

derr

The adjusted voltage command vector considering the effect of CRM can be expressed

in the discrete form as

Vo +D) =V, (n)+V,,, (1) (3.24)

where ‘n;’ in the bracket indicates the step number of the control cycle; V:k(n,) is the voltage

command in the »; step; Vsz,(n, +1) is the adjusted voltage vector command with CRM in the
(ni+1) step.

Fig. 3.9 illustrates the effect of the CRM on the voltage command vector in dg-axis
voltage plane at different g-axis voltage region. It can be seen from Fig. 3.9(a) and Fig. 3.9(b)
that qu (,) is quite big in the high g-axis voltage region and becomes smaller in the low q-

axis voltage region. Therefore, the CRM shows its effectiveness in the high g-axis voltage

region. However, it could lose its effect when the g-axis voltage approaches to zero. Since
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when the system operates in region III, the g-axis voltage is close to zero, the system

performance in over modulation region cannot be improved with CRM.

(n,) i q

qerr V (n ) L
V (n + 1) I qurr (ni)
v T
V;" . V; (ni + 1) Vx(ni) Vs (ni) V”' ‘_Lqury (”
g Td=
Rotating voltage hexagon Rotating voltage hexagon
(a) High g-axis voltage region. (b) Low g-axis voltage region.

Fig. 3.9. Effect of the CRM to voltage command vector in dq-axis voltage plane.

A voltage vector modifier (VVM) is firstly adopted in [YON14] to improve the current
dynamics in the over modulation region for the machine without region III. As compared
with CRM, it will be shown that the VVM is also suitable for the over modulation operation
in region III. The working principle of the VVM is shown in Fig. 3.10. In Fig. 3.10, the
voltage command vector ¥, output from the current regulator is limited by the hexagon
boundary and will be truncated to the voltage vector Vmyp, which is the regarded as the
temporal voltage vector. Then, the modified voltage vector V,, is obtained by adding a
rotated 90° temporal voltage error vector to the original voltage vector. The modified voltage

vector V., is obtained as

V., =V, +jV,.sign(@) (3.25)

sm Sme

where V,,.=V. -Vimpis the temporal voltage vector. Unlike the CRM, V., is a voltage vector
error, but not just g-axis voltage error. Therefore, the VVM also shows its effectiveness in

low g-axis voltage region, as shown in Fig. 3.10(b).
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Rotating voltage hexagon Rotating voltage hexagon
(a) High g-axis voltage region. (b) Low g-axis voltage region.

Fig. 3.10. Voltage vector modifier (VVM).
Fig. 3.11 shows the block diagram of the VVM which is implemented in the scalar form.
With the VVM, the voltage command from the current regulator, i.e. ¥;" and V" are modified

to Vam" and V", which will be processed again by modulation block, i.e. SVPWM, and then

fed to the inverter.

Patlgl
V*

M

v

L wllap

Fig. 3.11. The block diagram of VVM.
The schematic of feedback type flux-weakening control with VVM can be seen in Fig.

3.12. Since the temporal voltage error vector V., only exists in the over modulation region,

the VVM will not influence the steady-state performance in the linear modulation region.
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Fig. 3.12. Schematic of feedback type flux-weakening control system with VVM.

3.4 Experimental Verification

The experiments based on the dSPACE platform are implemented on a non-salient-pole
PMSM. The power switches of the inverter are IRFH7440 MOSFET. The strain-to-source
resistance of the MOSFET is less than 2.4m(2, which can be ignored when compared with
the machine resistance. The PWM switching frequency is 10 kHz. In the experiments, two
test rigs are utilized, the load torque of which are provided by two wound field type DC-
machines. The test rig-I has a big inertia (0.012kg-m?) and is coupled with a torque transducer
which is used to measure the steady-state performance. The test rig-II has a smaller inertial
(0.001kg'm?) which is used to verify the dynamic performance. The machine and driving
parameters are listed in Table 3.1. It should be noted that the MTPV region of the machine

is achieved by setting the current limit at 7.35 A, under which condition #.,=0.8.
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Table 3.1 Machine and drive parameters

Parameters

Value

Phase resistance (R;)
Synchronous inductance (Ls)
PM-flux linkage(wm)
Number of pole pairs

DC link voltage (Vac)
Current limit (/) when ic, =1
Current bandwidth (wcc)

Cable resistance

0.25Q

1.7 mH

10 mWb

10

14V

7.35A

1200 rad/s

0.1Q

In the following experiments, the steady-state performance is firstly measured on the

test rig I in order to illustrate the advantages when the resistance is considered in the MTPV

region. Afterward, the dynamic performance by using the current command feedback MTPV

controller is demonstrated and compared with the one by using the voltage command

feedback MTPV controller. Furthermore, the system stabilities in the over modulation region

with and without VVM are compared.

3.4.1 Steady-State Performance

Fig. 3.13 shows the steady-state performance when M =0.9 under different MTPV

penalty functions, i.e. Vyw. =0 (case 1) iz=-i. (case 2) and P.=0 (case 3). Case 1 and case 2

represent the conditions without considering resistance when the penalty function is realized

in voltage and current forms, respectively. The case 3 is the condition when the resistance is

considered. The resistance used in P. is the total resistance which is 0.35Q.
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(b) Power-speed curve.
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(c) Copper loss speed curve
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Fig. 3.13. Steady-state performance under different cases.

Fig. 3.13(a) and Fig. 3.13(b) show the torque-speed curve and power-speed curve,
respectively, under the three cases. Although the differences between the three cases about
torque and output power are minor, it can still be observed that the case 3 shows slightly
higher torque and output power than other two cases when the machine speed is
approximately higher than 650 rpm, while the case 1 shows the least torque and output power.
However, it is apparent in Fig. 3.13(c) that the case 3 shows the least copper loss when
comparing to the case 1 and case 2. The copper loss at 900rpm in case 3 can be reduced by
about 25% than that in case 1. As observed in Fig. 3.13(d), the condition with consideration
of the resistance (case 3) shows the minimum current magnitude especially around the region
when the system transfers from mode A to mode C, which results in the least copper loss. In
addition, it can be seen that the case 3 enters into the MTPV region earliest. If the MPTV
curve can be tracked well at the dynamic stage, the dynamic performance can also be

improved.

3.4.2 Dynamic Performance with Different MTPV Controllers

The dynamic performance with voltage and current command feedback MTPV
controllers are compared by applying a step current command (i, »=7.35A) when M =0.9.

Fig. 3.14 shows the dynamic performance by using the voltage command feedback MTPV
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controller under different control parameters. In Fig. 3.14(a), the system oscillates when there
is no low pass filter applied. By properly tuning the parameters of the PI controller and low
pass filter, i.e. wngr =50 rad/s and w~600 rad/s, the system can operate stably, as shown in
Fig. 3.14(b). However, the current and P,y waveforms shows an apparent overshoot. By

increasing wngrto 100, as shown in Fig. 3.14(c), the system oscillates again.
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(a) Without low pass filter and cwyg =50 rad/s.
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(b) With low pass filter =600 rad/s and wng=50 rad/s.
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(c) With low pass filter w.~=600 rad/s and wn,=100 rad/s.

Fig. 3.14. Dynamic performance with voltage command feedback MTPV controller.

Fig. 3.15 shows the dynamic performance by using the current command feedback
MTPV controller under different parameters of the PI controller. It can be seen that the
system can operate stably when wyyrare 50 rad/s and 200 rad/s, as shown in Fig. 3.15(a) and
Fig. 3.15(b), respectively. Fig. 3.16 illustrates the current trajectories when wng = 50 rad/s
and 200 rad/s. When wng=50, as shown in Fig. 3.16(a), although the current shows overshoot
when approaching MTPV curve, this overshoot is much less when wyys is increased to 200

rad/s. As a result, better speed dynamics can be obtained, which can be seen in Fig. 3.17.
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Fig. 3.15. Dynamic performance with current command feedback MTPV controller.
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Fig. 3.17. Speed dynamics of current command feedback MTPV controller under different control parameters.

From the foregoing analysis, the pure integral MTPV controller can hardly maintain the
stability in the MTPYV region. In order to demonstrate this phenomenon, by using the current
command feedback controller, Fig. 3.18 shows one of the oscillation cases when the integral

gain is tuned by disabling the proportional controller while wng=50 rad/s.
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Fig. 3.18. Dynamic performance with current command feedback MTPV controller (integral controller).

3.4.3 Stability in Over Modulation Region

By using the current command MTPV controller, the system stability are compared
under four conditions, i.e. with only DCVFC (M=0.9), with only DCVFC (M=1.15), with
added CRM (M=1.15), and with added VVM (M=1.15). As shown in Fig. 3.19, by changing
g-axis current command from 1A to 2A at 2 seconds, the machine accelerates from region I
to region II, and then region III. Fig. 3.19(a) shows the system performance in the linear
modulation region (M=0.9) with only a DCVFC, it can be seen that the system performs well
from region I to region III. Fig. 3.19(b) shows the system performance in the over modulation
region (M=1.15) with only a DCVFC, it can be seen that both current and voltage oscillate
in the flux-weakening regions (region II and region III). However, as shown in Fig. 3.19(c),
with added CRM and M=1.15, the system performs well in region II, but it oscillates when it
operates in region III. With the VVM and M=1.15, as shown in Fig. 3.19(d), the system
stability in over modulation region is remarkably improved under different flux-weakening
regions. Consequently, the machine can achieve higher speed at steady-state when compared
with that in the linear modulation condition. It should be noted that the ripples of |V in Fig.
3.19(d) is due to the hexagon boundary limit of the over modulation block.
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CHAPTER 3

In this chapter, a feedback type flux-weakening control on a non-salient-pole PMSM

including MTPV region has been analysed and optimized. The resistance influence has been

considered in order to improve the steady-state performance in the flux-weakening region,

especially for a small power motor. Two kinds of MTPV feedback controllers, i.e. voltage
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command feedback controller and current command feedback controller, have been
compared. The design guidance of a PI MTPV controller has been given by considering the
stability issue in the MTPV region. A VVM has been utilized to improve the stability in the
over modulation and different flux-weakening regions. The analyses and the experimental

results have verified that:

1) The steady-state performance in the MTPV region can be improved by considering

the resistance especially for the small power motor;

2) The current command feedback MTPV controller can achieve better dynamics than

the voltage command feedback controller;

3) A PI MTPV controller is preferred as the pure integral MTPV controller can hardly
maintain the stability in the MTPV region;

4) The stability in the over modulation region and flux-weakening regions (region II and

region III) can be improved with VVM.

100



CHAPTER 4

CHAPTER 4 COMPARATIVE STUDY OF
TWO FEEDBACK METHODS FOR FLUX-
WEAKNING CONTROL OF PMSM

In this chapter, two different feedback type flux-weakening methods, i.e. dg-axis
currents based feedback flux-weakening control (DQFFC), current amplitude and angle
based feedback flux-weakening control (CAAFFC), are comparatively studied in terms of
the system stability, based on a non-salient-pole PMSM. Meanwhile, the design guidance of
the MTPV controller in CAAFFC is given due to its difference with that in DQFFC. The
analyses indicate that two flux-weakening methods could oscillate and even become unstable

in different flux-weakening regions, which is the intrinsic stability characteristics.

4.1 Introduction

Conventionally, two variants of the voltage feedback controller, i.e. d-axis current based
voltage magnitude feedback controller (DCVFC) [KIM97] [BIAO1] [HARO1] [YON14]
[BOZ17] and current angle based voltage magnitude feedback controller (CAVFC) [WAIO1]
[DEN19] [QIA16] [BOL14], are normally considered to be equivalent to achieve flux-
weakening operation. However, the differences between DCVFC and CAVFC from the
stability point of view are seldom investigated, especially when the maximum torque per
voltage (MTPV) control is considered. By further considering the MTPV control, in this
chapter, two feedback-type flux-weakening methods, namely, dg-axis currents based
feedback flux-weakening control (DQFFC), current amplitude and angle based feedback
flux-weakening control (CAAFFC), are introduced and comparatively studied in terms of the
system stability in the speed control mode. In chapter 3, DQFFC has been optimized with a
current feedback MTPV controller and a voltage vector modifier (VVM), which aims to
improve the dynamic performance and stability in over modulation region. In this chapter,
the current feedback MTPV controller and VVM will be used as the basis in both DQFFC
and CAAFFC. The linearized models of the voltage loop in DQFFC and CAAFFC are

generalized first, based on which the stability of the two methods are compared. Furthermore,

101



CHAPTER 4

the MTPV controller in CAAFFC is designed in order to facilitate the practical
parameterization, which also shows the difference with that in DQFFC. Finally, the

experiments are implemented to verify the analyses.

4.2  Two Flux-Weakening Control Methods

Fig. 4.1 shows the general schematic of the current vector control (CVC) system with
flux-weakening control. The two flux-weakening methods are included in the flux-
weakening block shown Fig. 4.1, which aims to generate the proper d- and g-axis current
commands. The voltage vector modifier (VVM) is adopted to improve the current dynamics

in the over modulation region.

SVPWM >
| PWM
Current N
Regulator
P inverter
iy - oy
4 ( Zildq
+ id l‘IT+ 14
Flux Al p
weakenil}ﬁg T
PI |
+
" - Speed calculation
n (rpm)

Fig. 4.1 General schematic of current vector control(CVC) system with flux weakening.

4.2.1 Dq-axis Current Based Feedback Flux-Weakening Control (DQFFC)

For the DQFFC, as shown in Fig. 4.2, the initial d- and g-axis current commands, i.e.

and i, 7., are obtained by considering MTPA in region I, i.e. i;y7»=0, i, vre4 =i, , Where

K3
ld,MTPA

i, is the output of the speed PI controller.

102



CHAPTER 4

T > (Vi o)
W HE el (]

* 2 * 2 * 2
Vil =) +,)
Part I DCVFC

Part II __MTPV Controller

MTPV

PI |«

\

Fig. 4.2 Block diagram of DQFFC.

In the flux-weakening region, the initial d- and g-axis current commands are further
modified by DCVFC and MTPV controller, respectively. Since DQFFC has been addressed
in chapter 3, for convenience, the expressions of DCVFC in Part I and MTPV controller in

Part IT are directly given as follows.

DCVEFC in DQFFC:
di, 2 e
—~=A(V_.| V. 4.1
dt 1( sr s ) ( )
MTPYV controller in DQFFC:
P .k s+k
ly = Slgn(lq,MTPA)mln{O’%Pc} 4.2)

Therefore, the g-axis current command is finally obtained as

K . K . kqus + iqf
by = S1gnGiy e ) Min{0, —=——= P} (4.3)
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4.2.2 Current Amplitude and Angle Based Feedback Flux-Weakening
Control (CAAFFC)
For the CAAFFC, as shown in Fig. 4.3, considering the MTPA in region I, the initial

lead angle of the current vector with respect to g-axis is zero, the current amplitude i, is
obtained from the speed controller. In the flux-weakening region, the initial current lead angle

and amplitude are modified by CAVFC and MTPV controller, respectively.

7/

i | + *|? I/dc ;

=H AW H - vif = Lem )

s s ) ‘ NCRR
Limit

*2 *2 *2
Vil =) +()

Part I CAVFC

Part I MTPV Controller

I MTPV
< Penalty

Fig. 4.3 Block diagram of CAAFFC.
According to the part I of Fig. 4.3, CAVFC can be expressed as

a0,
dt

2

* *2
vi[ -

N

=—A( ) (4.4)

where Ao is the integral gain of CAVFC; 6;is the lead angle of the current vector with respect

to g-axis.

As shown the part II in Fig. 4.3, the MTPV controller for the CAAFFC can be expressed

as

i:/ = sign(i:) min {0, A P} 4.5)
: s

where /s is the integral gain of the MTPV controller; i, is the output of the MTPV controller.
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Therefore, the current amplitude can be finally obtained as

i, = sign(i,)min{0,[i, + i; } (4.6)

where i,, is the modified current amplitude.

It should be noted that the MTPV controller in DQFFC is a PI controller while the
MTPV controller in CAAFFC is a pure integral controller. The difference between the two

MTPV controllers will be further addressed in the following section.

4.3  Stability Analysis and Controller Design

For easy comparison, the operation modes in DQFFC and CAAFFC are illustrated in
Fig. 4.4(a) and Fig. 4.4(b), respectively. When the method CAAFFC is considered, the mode
A is defined in a more general way. In mode A, the machine is regulated along the current
circle with a specific radius, but not just along the current limit circle. The definition of the
mode B and mode C are consistent with that in chapter 3. In mode D, the machine is regulated
along the normal direction of the current circle. Therefore, as shown in Fig. 4.4(a), for the
DQFFC, the operation modes include mode A, mode B and mode C. As shown in Fig. 4.4(b),
for CAAFFC, the operation modes include only mode A and mode D.

Current limit ) Current limit i
i Al

[ et A
MTPV—>i

Voltage Bi .“,ﬁ >
limit &

* o, N

Y

|
e I v
C (-, 0) o C (-, 0) o
(a) DQFFC (b) CAAFFC
Fig. 4.4. Operation modes in the flux-weakening region.

In region I, no MTPV controller is required, only the voltage feedback controllers, i.e.

DCVFC and CAVFC are activated. Therefore, the voltage loop can be analysed firstly under

105



CHAPTER 4

mode A and mode B without considering MTPV controller. Subsequently, the MTPV loops

of the two methods are analysed in region III.

4.3.1 Generalized Linearized Model of Voltage Loop

In order to generalize the analysis of the voltage loop with DCVFC and CAVFC, the
expression of CAVFC can be transformed into the equivalent form as DCVFC by using the

following relationship

49, __ L diy .7
de|if] de *7)
By substituting (4.7) into (4.4), the expression of CAVFC can be derived as
di, Ol AP e
E—%M(VW -V (4.8)

Therefore, the equivalent block diagram of the linearized voltage loop with CAVFC has
the same structure as the DCVFC. The generalized linearized model of the voltage with

DCVEFC and CAVFC can both be depicted in Fig. 4.5.

* *

2 " 2
[/sr Ald

4:?’ Car(s) > Ti(s)

Fig. 4.5. Generalized linearized model of voltage loop.

A V

Ai, A
> Gdj(S)

\ s

In Fig. 4.5, Cy(ss) is the transfer function of the generalized voltage feedback controller,

which can be expressed as
A
C () = " (4.9)

where A is

{/1 =1,, DCVFC
(4.10)

A=4,|i°|, cavFC

.0
Ly
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Ti(s) and Gyf(s) are the transfer function of the equivalent current loop, and the control
plant, respectively, which can be seen in (2.9) and (2.10). According to (2.10), (2.12), and
(4.9), the close-loop transfer function of the voltage loop with DCVFC and CAVFC, i.e. O(s)

and ®y(s) can be expressed as

@A (bs+a)

D (s)=
) s’ +o,(1+bA)s+w Aa,

, DCVFC

4.11)
@, A,(bys+ay,)

s+, (1+,b,)s + o, Aa,

D, (s) = , CAVFC

_ ;0
,ae—‘zq

.0
where by =b, aa; b, = b‘zq ‘a :

4.3.2 Stability Analysis of Voltage Loops
According to (4.11), by referring to the Routh stability criterion, the stability of the
voltage loop with DCVFC and CAVFC requires that

{1+b,/11 >0and A,a, >0,DCVFC (4.12)

1+ A,b, >0 and Aya, >0, CAVFC

Since the negative d-axis current is required for the flux-weakening control, the control
parameters A;7and Ag are normally set at positive values. In addition, the conditions 1+b/4>0
and 1+bede>0 can be satisfied with the properly tuned control parameter (Appendix B).
Therefore, the condition a;<0 and <0, i.e. a<0 defines the intrinsic unstable area of the

voltage loop.

Based on the machine parameters in Table 4.1 (shown in the experimental verification
section of this chapter), when w;>0, the map of the coefficients a in dq-axis current plane of
mode A and mode B can be illustrated in Fig. 4.6, which are denoted as a|modes and a|modes,
respectively. It can be seen that both the mode A and mode B have unstable area, i.e. where

a=<0.
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Fig. 4.6. Map of coefficient a under different operation modes.

In mode A and mode B, the coefficient a has been derived in (2.19) and (2.20) for the
machine without MTPV region in chapter 2. For the machine with MTPV region, the

coefficient @ in mode A and mode B keep the same formulars as (2.19) and (2.20), which are

given as
da ModeA = 2a)§Wm (a)gLs _Rslg /l;)) (4 1 3)
al,, ., =20V L, +2RV;
_sz2p (4.14)

Since ;<0 in the flux-weakening region, (4.13) implies that @|r04.4<0 only occurs when

@ ig <0 and "2 / ig‘ < ‘RS /(@’L,)|. Therefore, in the mode A, the instability happens at light

load in generating condition, which is located at the lower half part of the current plane, as
shown in Fig. 4.6(a). According to operation mode definition of the two flux-weakening

methods, this unstable condition can occur in CAAFFC.

In addition, it can be seen in (4.14) that a|meses= 0 also defines the MTPV curve. As
show in Fig. 4.6(b), in the mode B, only the right part of the MPTV curve, i.e. where
a|modes>0, can allow a stable voltage control. Since when a|yoqe5=0, the MTPV controller
will be activated, the system will transfer to the mode C (region III), the stability of the
DQFFC can be maintained by the proper designed MTPV controller which has been
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addressed in chapter 3. However, there still exists a region where a|modes 1S positive but very
close to zero, which is close to and on the right side of the MTPV curve. This area implies
the weak voltage regulation capability of the voltage loop in DQFFC. The system in this area
is in a fragile state and could easily oscillate especially in the over modulation region due to
the reduced voltage margin and the increased harmonics. Although the VVM can boost the
current dynamics in the over modulation region, it cannot improve the voltage regulation
capability reflected by the coefficient a, which is operation point relevant. This phenomenon
will be further demonstrated in the experimental part. On the contrary, CAAFFC shows
advantage when the system approaches to MTPV curve due to the large coefficient a in the
mode A, which indicates that the voltage loop in CAAFFC is stable in the region III even
without MTPV control.

The different stability characteristics can also be easily explained in Fig. 4.7. As shown
in Fig. 4.7, two areas that are labelled as ‘A1’ and ‘A2’, represent two special operation
conditions, where the area ‘A1’ is close to the MTPV curve and the area ‘A2’ is close to the
light load in generating condition. Due to the different operation modes in DQFFC and
CAAFFC, the current regulation directions in ‘A1’ of CAAFFC (shown in Fig. 4.7(a)) and
‘A2’of DQFFC (shown in Fig. 4.7(b)) tend to be perpendicular to the voltage limit circle.
However, the current regulation directions in ‘A2’ of CAAFFC (shown in Fig. 4.7(a)) and
‘Al’of DQFFC (shown in Fig. 4.7(b)) tend to be tangent to the voltage limit circle. Since
when the current limit circle is tangent to the voltage limit circle, the voltage feedback
controller tries to move the operation point to the outside of the voltage limit circle in both
regulation directions, implying that the voltage feedback controller loses its voltage
regulation capability. Therefore, due to the different operation mode in the current limit circle,

the weak stability in DQFFC and CAAFFC occurs at different operation regions.
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Fig. 4.7. Voltage regulation illustration in different operation modes (w!>0).

Besides, since two flux-weakening methods are regulated in two different coordinate
systems, CAAFFC has poor transition performance between motoring and generating
condition. As shown in Fig. 4.8(a), for the CAAFFC, when the system tries to transfer from
the motoring condition to generating condition, e.g. from point F; to Fy, as the speed
controller can only regulate the current amplitude, the current command trajectory has to
shrink to the original point first. Therefore, it will pass a region, e.g. the point F>1in Fig. 4.8(a),
which is outside of the voltage limit circle. The point F?> is unstable due to that the CAVFC
tries to regulate it to the point F’3, which is still outside of the voltage limit circle. Therefore,
the transition between the motoring and generating conditions requires to pass an unstable
area, which deteriorates the system performance especially at light load condition. On the
contrary, for DQFFC, as shown in Fig. 4.8(b), the system can smoothly transfer from F; to F

due to that the transition points F> and F are all stable.
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Fig. 4.8. Transition from motoring to generating condition.

4.3.3 MTPYV Controller Design

In the region III, the system is regulated by both the MTPV controller and the voltage
feedback controller, the operation mode B or A activated by DCVFC and CAVFC cooperates
with the mode C or mode D activated by the MTPV controllers in DQFFC and CAAFFC,
respectively. The MTPV controller design in DQFFC can be referred to the chapter 3, which
has been indicated that a PI controller rather than a pure integral controller can be adopted to

maintain stability in region III. As for CAAFFC, the linearized model of the MTPV loop can
be shown in Fig. 4.9.

‘ﬁ)—(- Sign(iy') 4 Gy(s) 4>j>—>

Fig. 4.9. Linearized model of the MTPV Loop in CAAFFC.

\

Cyls)

In Fig. 4.9, Cy(s) is the transfer function of the MTPV controller in CAAFFC, i.e. a pure
integral regulator; Gy(s) is the transfer function of the control plant of the MTPV loop in
CAAFFC; ¢ 1s the assumed reference, which is an infinitesimal value. Cy(s) and Gy(s) can

be expressed as
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AP AL
C =L G (s)=—e=——d 4.15
Sf (S) s .‘f (S) A l\f A l\f ( )

It is reasonable to assume that the speed loop is much slower than the MTPV loop.
Therefore, at the equilibrium point, Aiy can be approximated as Ai,,, and G(s) can be further
expressed as
AL
Al

sm

G, (s)=- (4.16)

According to the foregoing analysis, the voltage loop in CAAFFC is stable in region III,

and Ai,, can induce Ai, directly, Gy(s) can be derived as

K -0 -0 .0
Gy (s)=- AA.lf =—t = Sign(iﬁn)‘iloi‘ = sign(i; )‘%‘ (4.17)

It can be seen that the control plant is only a proportional gain. Therefore, a pure integral
controller is enough. In addition, in the region I, |i;|~i. and |i;|/|i,,|<1. For a conservative
design, the controller can be tuned when Gy/(s) =Sign(i, ) . Therefore, the close-loop transfer

function of the MTPV loop in CAAFFC can be derived as

-P A
c =T (4.18)
5 CAAVFC S+ /113

where Ass can be approximated as the bandwidth of the MTPV loop.

4.4 Experimental Verification

The experiments based on dSPACE (DS1006) platform are implemented on a non-
salient-pole PMSM with MTPV region, which is the same as the chapter 3, i.e. i,=0.8. The
test rig-1I is used as the load torque machine, i.e. a would field excited DC machine with a
rated power of 150 W and a rated speed at 4000 rpm. The combined inertia of the
transmission system is 0.001 kg-m?. The power switches of the inverter are IRFH7440
MOSFET. The PWM switching frequency is 10 kHz. The machine and drive parameters are
listed in Table 4.1.
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Table 4.1 Machine and drive parameters

Parameters Value
Machine stator resistance (Ry) 0.25Q
Resistance of power cable 0.1Q
Synchronous inductance (Ls) 1.7 mH
PM-flux linkage(wm) 10 mWb
Number of pole pairs (N,) 10
DC link voltage (Vac) 14V
Current limit (Zn) 7.35A
Current bandwidth (wec) 1200 rad/s
Control parameter wngs 200 rad/s
Control parameter Ass 200 rad/s

In the experiments, the stability of the voltage loop in DQFFC and CAAFFC when the
systems approach and pass through the MTPV curve are firstly demonstrated by enabling
and disabling the MTPV controller. Subsequently, with the enabled MTPV controller, the
performance when the systems approach the MTVP curve are compared between the two
flux-weakening methods in both linear and over modulation regions. Finally, the transition
performance of the two flux-weakening methods between motoring and generating

conditions are demonstrated.

4.4.1 With and Without MTPV Controller in DQFFC and CAAFFC

When M=0.9, for a given speed command n*=1500 rpm with the speed ramp at 750
rpm/s, Fig. 4.10 shows the system performance with and without MTPV controller in DQFFC.
In Fig. 4.10(a), without MPTV controller, it can be seen that the system cannot stabilize on
the MTPV curve (P:=0). In addition, the voltage |Vs'| shows a short untracked period after P.
passes through zero. Fig. 4.10(b) shows that the system is stable on the MTPV curve (P.=0)
with the PI MPTV controller, and the machine can achieve a higher speed than the system
without MTPV controller. In contrast, Fig. 4.11(a) shows the signals waveform in CAAFFC
without MTPV controller. It can be seen that the voltage is well tracked even after Pc passes

through zero without MTPV controller in CAAFFC. Fig. 4.11(b) shows that the system can
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stabilize on the MTPV curve when an integral MTPV controller is applied, and thus the

machine can achieve a higher speed.
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Fig. 4.10. System performance of the DQFFC.
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Fig. 4.11. System performance of the CAAFFC.
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Meanwhile, the current trajectories with and without MTPV controller in DQFFC and

CAAFFC are shown in Fig. 4.12 and Fig. 4.13, respectively. For the DQFFC without MTPV

controller, it can be seen from Fig. 4.12(a) that the current cannot be tracked well after the

system passes through the MTPV curve, and the system is finally stabilized on the current

limit. Fig. 4.12(b) shows the well tracked current trajectory after the applied MTPV controller,
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and the system is finally stabilized on the MTPV curve. For the CAAFFC without MTPV
controller, it can be seen from Fig. 4.13(a) that the current can be tracked well even after the
system passes through the MTPV curve, and the system is also stabilized on the current limit.
In Fig. 4.13(b), it indicates that the MTPV loop is still required to force the system to operate
on the MTPV curve for CAAFFC.
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(a) Without MTPV controller. (b) With P MTPV controller.
Fig. 4.12. Current trajectory of the system with DQFFC.
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Fig. 4.13. Current trajectory of the system with CAAFFC.
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4.4.2 Performance When Approaching MTPV Curve

With the applied MTPV controller, the system performance of when approaching MTPV
curve is observed by changing the speed command from 0 rpm to 600 rpm, 700rpm, 800rpm,
900rpm, and 1000 rpm every 2 seconds. Fig. 4.14 shows the system performance of the two
flux-weakening methods in the linear modulation region and //=0.9. As shown in Fig. 4.14,
although a short voltage pulse appears when approaching the MTPV curve for DQFFC,

overall, the systems perform well for the two flux-weakening methods.

Fig. 4.15 shows the system performance without VVM in the over modulation region
and M=1.15. It can be seen from Fig. 4.15(a) that the system with DQFFC oscillates seriously
in the flux-weakening region. In Fig. 4.15 (b), the CAAFFC in the flux-weakening region is
not as serious as DQFFC. However, the ripples in both current and voltage are much higher

than those in the linear modulation region.

Fig. 4.16 shows the system performance with VVM when M=1.15. It can be seen from
Fig. 4.16(a) that the oscillation in DQFFC disappears on the MTPV curve and when the
system is not close to MTPV curve. However, the oscillation still appears when the system
gets closer to the MTPV curve. In Fig. 4.16(b), no oscillation occurs when the VVM is
employed for CAAFFC. It should be noted that the voltage ripple in |V is caused by the over
modulation block. The frequency of the ripple in |V is six times of the fundamental

frequency.

Therefore, when approaching to the MTPV curve, the CAAFFC shows better stability
than the DQFFC especially in the over modulation region.
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Fig. 4.14. System performance when approaching MTPV curve without VVM (M=0.9).
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4.4.3 Transition Between Motoring and Generating Conditions

Fig. 4.17 shows the transition performance of the two flux-weakening methods with the

speed command 7"=1200 rpm and when M=0.9. The load torque is regulated manually by

changing the excitation current of the DC machine. It can be seen from Fig. 4.17(a) that the

system with DQFFC can stably and smoothly transfer between motoring and generating

conditions. However, as shown in Fig. 4.17(b), the system with CAAFFC cannot stably

transfer between motoring and generating conditions. In addition, the current oscillates and

the voltage loop loses control when the system tries to operate at the light load and generating

condition in CAAFFC, which confirms the foregoing analyses.
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Fig. 4.17. Transition performance between motoring and generating conditions.

4.5 Conclusion

Based on the conventional two voltage magnitude feedback controllers, i.e. DCVFC and

CAVEFC, by further considering the MTPV control, this chapter has comparatively studied
the stability of the two flux-weakening methods, i.e. DCFFC and CAAFFC. Due to the
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different small signal behaviour in DCFFC and CAAFFC, they exhibit different stability

characteristics, which have been analysed based on the voltage loop analysis.
The analyses and experimental results have verified that

1) The DCFFC has weak voltage regulation capability when the system approaches the
MTPV curve, which could lead to oscillation in the over modulation region. However, this
oscillation in the over modulation region can be alleviated in CAAFFC, and are eliminated

in CAAFFC with the VVM.

2) The CAAFFC could lead to instability at light load in generating condition. However,
this instability will not occur in DCFFC.

3) The DCFFC can achieve a smooth and stable transition between motoring and

generating conditions while the system with CAAFFC cannot.
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CHAPTER S5 HYBRID FEEDACK FLUX-
WEAKENING CONTROL OF PMSM

As the stability problem in dg-axis current based feedback flux-weakening control
(DQFFC) and current amplitude and angle based feedback flux-weakening control
(CAVFFC) are operation mode relevant, a proper way to solve the stability problem is to
optimize the operation mode. In this chapter, a hybrid feedback flux-weakening control
(HFFC) method is proposed. It is based on a novel hybrid voltage feedback controller (HVFC)
which contains both d-axis current voltage feedback controller (DCVFC) and current angle
voltage feedback controller (CAVFC). The operation mode is optimized by designing the
weight factors of the DCVFC and CAVFC parts in HVFC. The effectiveness of the proposed

HFFC in different flux-weakening regions are verified through experimental results.

5.1 Introduction

In the flux-weakening region, since the system operates close to the voltage limit
boundary, the system is easy to be saturated. Therefore, the voltage feedback controller can
be regarded as a kind of anti-windup controller to deter the voltage saturation problem.
Therefore, the voltage regulation capability of the voltage loop reflects the effectiveness of
the anti-windup control. However, due to the nonlinear behaviour of the voltage loop
[BOL14], the voltage regulation capability varies with the operation points, rendering the
system perform differently at different regions. In the chapter 4, the analysis of the voltage
loop based on the linearized model has shown that the oscillation or instability could occur
in dg-axis current based feedback flux-weakening control (DQFFC) and current amplitude
and angle based feedback flux-weakening control (CAAFFC) which are based on the d-axis
current voltage magnitude feedback controller (DCVFC) and current angle voltage
magnitude feedback controller (CAVFC), respectively. In this chapter, the voltage feedback
control structure is still preserved due to its advantages of simplicity and robustness against
the parameter variation. Meanwhile, the feedback control structure is optimized, aiming to

improve the system stability at different flux-weakening regions, including the over
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modulation region. Unlike directly regulating only d-axis current command or only current
angle command in DCVFC or CAVFC, a hybrid voltage feedback controller (HVFC) is
introduced by regulating d-axis current command and current angle command
simultaneously, which can utilize the complementary advantages of the DCVFC and CAVFC
at different flux-weakening regions. Therefore, the major concern is to optimize the weight
factors of the DCVFC part and CAVFC part in HVFC, which will be detailed in this chapter.
By further considering a feedback type MTPV control, the flux-weakening method with
HVFC, namely, hybrid feedback flux-weakening control (HFFC) is proposed. Finally, the
effectiveness and advantages of the proposed method at various conditions are verified

through the experimental results.

5.2 Issues with Existing Voltage Feedback Methods

The two flux-weakening methods, i.e. DQFFC and CAAFFC are based on the
rectangular coordinate system and polar coordinate system, respectively, which result in
different operation modes, and therefore different linearized models and different transfer
functions. The coefficients of the close—loop transfer functions, which are operation mode
relevant, define the intrinsic stability characteristics of the flux-weakening methods. The

analyses and experimental results in the previous chapter have indicated that

1) Both the voltage loops in DQFFC and CAAFFC have an unstable area when the

system operates inside the current limit circle;

2) With the properly designed MTPV controller, the stability of DQFFC in region III is
maintained. However, the region close to the MTPV curve has a weak voltage loop regulation

capability, leading to oscillation in the over modulation even with the VVM;
3) The instability of CAAFFC occurs at light load in generating condition;

4) The oscillation or instability only occurs in region II where only DCVFC or CAVFC

1s activated.

In order to solve the stability issues in the DQFFC and CAFFC, a hybrid feedback flux-

weakening control is proposed, as will be detailed in the following section.

121



CHAPTER 5

5.3 Hybrid Feedback Flux-Weakening Control

5.3.1 Introduction of Hybrid Feedback Flux-Weakening Control
The voltage loops with both DCVFC and CAVFC have an unstable area where a<0,

which is located at different regions due to different operation modes. The different operation
modes are originally induced by the different control objects, i.e. d-axis current command
and current angle command, respectively. Therefore, in order to obtain a more uniform
distribution of @ and avoid the area where a<0, it is possible to combine DCVFC and CAVFC
together by regulating both the d-axis current command and current angle command
simultaneously, which naturally comes to the proposed HVFC. By further considering the
feedback-type MTPV control, the flux-weakening method with HVFC, namely, hybrid
feedback flux-weakening control (HFFC) is proposed with the block diagram shown in Fig.
5.1. In Fig. 5.1, the HVFC is composed of two voltage feedback controllers, i.e. DCVFC and
CAVEFC, which are connected in parallel and share the same input, i.e. the voltage magnitude
error. The output of the DCVFC part and the CAVFC part in HVFC are denoted as i, and 0
1, respectively. Two weight factors, i.e. wy and wy are introduced to represent the ratio of the

contribution of the DCVFC part and the CAVFC part, respectively.

Part ] HVFC

- sign(i ) e— = o Ay [ = e
Part Il Limit
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Fig. 5.1. The block diagram of HFFC.

Fig. 5.2 shows the evolution process of the operation modes in the proposed HFFC. Fig.
5.2(a) and Fig. 5.2(b) show the operation modes that are activated by the DCVFC and
CAVFC, respectively. As the HVFC is to utilize both advantages of DCVFC and CAVFC at
the different regions, the operation mode of HVFC can be optimized so that the operation
mode at light load condition is dominated by the mode B while the operation mode close to
MTPV curve (region III) is dominated by the mode A. Fig. 5.2(c) illustrates the operation
modes activated by the desired HVFC. With the MTPV control, the operation modes in
HFFC is shown in Fig. 5.2(d). It can be seen that the operation mode of HFFC in region III
is similar to that in CAAFFC. Therefore, the MTPV controller in HFFC can be designed to
be the same as the one in CAAFFC. In consequence, how to select the proper weight factors

and control parameters are the key issues and will be detailed as follows.
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Fig. 5.2. The evolution process of the operation modes in the proposed HFFC.
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5.3.2 Design of Hybrid Voltage Feedback Controller

5.3.2.1Linearized Model of HVFC

Since DCVFC and CAVFC can both contribute to the actual d-axis current command,
the linearized model of the voltage loop with HVFC can be seen as the combination of the
linearized model of the voltage loop with DCVFC and CAVFC, which can be shown in Fig.
5.3.

S
I
"~
™ Cils)
|

AV | T T T T T T T T T
R

+ /=

e
I
I
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I

Fig. 5.3. Linearized model of the voltage loop with HFVC.

In Fig. 5.3, Ci(s) and Cy(s) are the DCVFC part and the CAVFC part in HFVC,
respectively; Ti(s) is the transfer function of the equivalent current loop; Gi(s) and Go(s) are
the transfer functions of the control plants corresponding to the DCVFC part and the CAVFC
part, respectively. Therefore, Ci(s) and Cy(s) can be expressed as

C,(s)= &
§ 5.1
ﬂ’&h (] ( )
C,(s) =T\zq\

where Az, and Agr, are the control parameters of the DCVFC part and the CAVFC part in HVFC,

respectively.

Gi(s) and Ge(s) can be can be expressed as
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Al
GI(S)= lS !
dl
8 (5.2)
G,(s)=——°
5 (5) N

where Aigr and Aigy are the small signals of d-axis current contributed by the DCVFC part
and the CAVFC part, respectively; A|V, |} and A|V, |; are the small signals of the square value

of the voltage magnitude that is induced by Aiz and Aige, respectively.

According to the operation mode definition, Gi(s) and Gy(s) can be expressed
G, (s)= Gdf (s)
Gy(5) =G (s)|

G,(s)= Gdf (s)

ModeA .. .
*“" On the current limit cirlce

ModeA

(5.3)

ModeB

,In the current limit cirlce
Gy(5)= Gy (5,

where Gaf(s)=bs+a; in mode A, b and a are denoted as b|modes and a|modes, respectively; in

mode B, b and a are denoted as b|modes and a|modes, respectively.

Therefore, the open-loop transfer function of the voltage loop can be derived as
G () =T (NG ()G (5)+Co ()M Gy(s)) (5.4)

The close-loop transfer function with HVFC, i.e. ®y(s) can be derived as

wb,s+wa
CDh(S): - c“Ah ch (55)
s+ . (+b,)s+w. a,,
where the coefficients a;; and by, are
{alh =AWt a Wy (5.6)
by, = bW +b,,w,

where aim, aon, by and b, are
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a3 = An,
Az = gy (5.7)
bﬂh = ﬂ’lhbl
bwh = /Ilhba

where b; =b, ar=a; bo= bli,|, ap = ali, .

Since the instability occurs when a; or ay is zero or negative for the voltage loop with
only DCVFC or CAVFC, to avoid the instability conditions, the design objective of HVFC
is to make sure that a;; is positive with the proper combinations of a;and ae. In addition, as
the coefficients a;and ag are only sensitive to the resistance when they are close to zero, the
resistance influence can be neglected when designing HVFC. By ignoring the resistance, a;,

aon, bomn and b,en can be derived and listed in Table 5.1, in which o7 and oy are

{0', = /i, +i,,)/(®,i,) (5.8)

o, = /i, +1i,)/sign(a,i,)

Table 5.1 Values of coefficients aun, azon, bim and bon

On the current limit circle In the current limit circle
ajlh auh‘ Moded — n 2502 Lsica)((z)LS Wit rpogen = A2 ,|LV, Ve
bim by, ‘ Moded —Ay, 2503 Lsica)glﬂs 0-1/ @, b ‘ ModeB 22V VoL,
aion Lion | spogen = Lontc 2 o |LV, |V,
bion bomssodes = o 2‘“’3 LiV, 0./,

5.3.2.2Control Parameter Selection

As can be seen in (5.6) and (5.7), there are four variables that need to be designed, i.e.
Am, Aon, wr and we. It is reasonable to assume that Ay, and A, have the same form as A; and A
that are tuned in the DCVFC and CAVFC, respectively. Therefore, 15 and Agr can be

expressed as
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Th

w w
= o1 Sm> Aoy = - Eon (5.9)

2w L|e 2V L |

e

where @i, gm and ge, are the parameters that need to be tuned.

Accordingly, by substituting (5.9) into Table 5.1, a:m, aion, bim and byg, can be derived
and listed in Table 5.2, in which

L) (5.10)

p=Y(=,

Table 5.2 The value of the coefficient a:m, aion, bin and b;en with the obtained Az and Aor

On the current limit circle In the current limit circle
Qlh aﬂ.]h ModeA = glha)mh Z i ModeB = &L I/qn
b = —g,0, % L b = —g,i. sign(e,) 2"
th Ah | Moded EnO; Alh | ModeB — En qn g\ a,,
w, P @,
aon Don ‘ voded — Lonte Py ‘Vdn‘
w

— . mh

bion b Moded —SontOy

b

As the instability or oscillation occurs in the current limit circle, the parameters of the
HVEFC can be designed according to the operation regions, i.e. in the current limit circle or

on the current limit circle.
1) In the current limit circle

According to (5.6) and Table 5.2, in the current limit circle, i, and b;; can be

expressed as

Donly = P ‘an‘wl T 8onle Oy, |Vdn Wo
o o (5.11)
— 0o § §i Lon vy _ o iy Lmh
b, o glhlanlgn(a)en) Wr = 8gplOy We
@, w,

where a;i|» and b, denote the value of s, and by in the current limit circle, respectively.
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In order to avoid a;/»<0 and obtain a more uniform distribution of a;|s:, the parameters
g, Zon, wr and wy can be set as

w, :‘V

qn

> Wy :|Vdn &n = Lol =1 (5.12)

Accordingly, ai/|i» and b/ can be simplified as

aih|1,7 =0, (5.13)
b, |1n =-0,0,,/0,
where o, =(|i,, +i,|+1/i, +i, )V, <i, +1/i, .

Therefore, the damping factor of the voltage loop with HVFC, i.e. £ can be derived as

_ a)cc(l_o_h a)mh/wb)

o= 2Jo,0,,

It can be seen from (5.14) that £ is inversely proportional to ;. Therefore, the system

(5.14)

can be designed on the operation point where o5, is maximum in the flux-weakening region.
By setting £=1 at the operation point where 6,= Gumax, @mn in the current limit circle can be

approximated as

@,

mi

. @, o,
,,,:I/(”“ 2 (5.15)

w, 2
where oimar can be set as (ici+1/icn).

Since aum 1s a constant in the current limit circle which is irrelevant with the operation
points, the proposed HVFC can avoid the instability or the oscillation when the system

operates in the current limit circle.
2) On the current limit circle

According to (5.6) and Table 5.2, when the system operates on the current limit circle,

a;nand by, can be expressed as
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Wo

1 .
Dinlon = EnPun EWI + &onl D,y |Vdn

(5.16)
a)mh 1 . a)mh
b, on= 80— W= 8ulOp— Wy
w, f @,
where a;1lon and b;ilon denote the values of a;; and b, on the current limit circle.
By substituting (5.12) in (5.16) and, a;/lon and b;ilo. can be derived as
1 2
a/lh On = a)mh(z‘l/qn‘ +|V;'n )
| o (5.17)
bﬁh|on =0, = V| + G0 Vi) =
b
By assuming that
1 2
n=|V, |+ (5.18)
B
ailon and by1lon can be further simplified as
a, |0n =na,,
o, (5.19)

blh

= O'[
@y

Therefore, when the machine operates on the current limit circle, ¢ can be derived as

g= el _2317 Zw””’/ ) (5.20)

Therefore, by setting £ =1 on the operation point where o/=as, #= #s, wmi can be obtained as

O, =% [(1+% %) (5.21)
mon 4 @, 2 '

Since wmn|on 1s obtained on the current limit circle, proper s and 75 in (5.21) can be
selected according to the variation of o7 and # on the current limit circle by referring to (5.8)

and (5.18). Fig. 5.4 illustrates the numerical results of the variation of o7and # against iu, with
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the parameters in Table 5.3 (shown in the experimental verification section). According to
Fig. 5.4, o, and 55 can be set to a value larger than most of the operation points by reasonably
ignoring the condition iz, =-1 on the current limit circle. For example, oy and #, are both set

at 2 in the experiment.

10
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-10 ' ' ' '
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i{[ﬂ (pouo)
(b)

Fig. 5.4. The variation of o;and # against i4, on the current limit circle. (a) oz (b) 7.

Finally, by considering the regions, i.e. on and in the current limit circle, the control

parameters Az, and A, can be tuned as

o o
mh mh .
= = ®  =min{® w |} (5.22)
Th > “¥0h . 2 mh mh > “mh
2V L |’ 2V L |@li, on I

5.4 Experimental Verification

The experiments are implemented based on the dSPACE platform on a non-salient-pole
PMSM with MTPV region (ic,=0.8). The power switches of the inverter are IRFH7440
MOSFET. The PWM switching frequency is 10 kHz. The load torque is provided by the test
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rig-II (Appendix A), i.e. a would field excited DC machine with rated power at 150 w and

rated speed at 4000 rpm. The machine and drive parameters are listed in Table 5.3.

Table 5.3 Machine and Drive Parameters

Parameters Values
Machine stator resistance (Rs) 0.25 ohm
Synchronous inductance (Ls) 1.7 mH
PM-flux linkage(ym) 10 mWb
Number of pole pairs 10
DC link voltage (Vac) 14V
Current limit (/) 7.35A
Current bandwidth (wcc) 1200 rad/s
Control parameter (s) 200 rad/s

Since w=|V,,| and we=|Va,| in the flux-weakening region, for the practical application,
in order to smooth the weight factors when the system transfers from the constant torque
region to the flux-weakening region, w; and wy can be processed with low pass filters and

can be obtained as

We ZMCO—W’”G =\/1—W§,if Vi<V,
Vil s + oy (5.23)
V

where w, 1s the bandwidth of the low pass filter, which is set at 1000 rad/s; Vi 1s the threshold
value in order to avoid zero divide, which is set at 0.2|V|. Since when the resistance is
ignored, V,=0 defines the MTPV curve. In the experiments, when V<0, wgand wy are limited
at 1 and 0, respectively. Therefore, the HVFC will become a CAVFC when the system

operates on the left side of the MTPV curve. The whole control diagram is shown in Fig. 5.5.
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Fig. 5.5. Schematic of HFFC based on CVC system.

5.4.1 With and Without MTPV Controller in HFFC

When M=0.9, for a given speed command n*=1500 rpm with the speed ramp at 750
rpm/s, Fig. 5.6 shows the dynamic performance and the current trajectory when the MTPV
controller is disabled in HFFC. In Fig. 5.6(a), it can be seen that the system without MPTV
controller cannot stabilize on the MTPV curve (Pc=0). However, the voltage magnitude |V |
is tracked well with the reference |V,| during the acceleration process even after the system
passes Pc—=0. The profile of the weight factors, i.e. w; and wy indicate that the HVFC is
gradually dominated by the CAVFC part as the system approaches the MPTV curve, which
can also be confirmed by the variation of 7, and ;.. Since the MTPV controller is disabled,

the system is finally stabilized on the current limit circle as shown in Fig. 5.6(b).

Fig. 5.7 shows the dynamic performance and the current trajectory with the integral
MTPV controller in HFFC. It shows that the system can stabilize on the MTPV curve (P:=0)
with the applied integral MTPV controller. Therefore, the machine can achieve a higher
speed than the system without MTPV controller.
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5.4.2 Performance When Approaching MTPV Curve

With the applied MTPV controller, the system performance when approaching MTPV
curve is observed by changing the speed command from 0 rpm to 600rpm, 700rpm, 800rpm,
900rpm and 1000 rpm every 2 seconds, as shown in Fig. 5.8. Fig. 5.8(a) shows the system
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performance of HFFC in the linear modulation region and M=0.9. It can be seen that no
oscillation appears at each speed stage. The variation of the weight factors also show that the
HVEFC is gradually dominated by the CAVFC part as the system approaches MTPV curve,
which can also be observed in the variation of i, and ). Fig. 5.8(b) shows the system
performance of HFFC without VVM in the over modulation region and M=1.15. In Fig.
5.8(b), although the machine can achieve a higher speed in the over modulation region, the
oscillation occurs in |V; | and much ripples appear in the current. When the VVM is applied
in HFFC, as shown in Fig. 5.8(c), the feedback voltage magnitude |V | is tracked well with
the reference |V,| in the flux-weakening region, and the oscillation is disappeared. The ripples
in the voltage and current are much less than that without VVM in the over modulation region.
The periodical ripple in |V is due to the over modulation block when the system operates in

the over modulation region. The frequency of the ripple in | V| is six times of the fundamental

frequency.
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5.4.3 Transition Between Motoring and Generating Conditions

The transition performance between motoring and generating conditions of the HFFC is
demonstrated in Fig. 5.9 with the speed command n"=1200 rpm and when M=0.9 and 1.15.
In the experiments, the load torque is regulated manually by changing the excitation current
of'the DC machine. In both linear and over modulation regions, Fig. 5.9 shows that the HVFC
i1s dominated by the DCVFC part (w/>ws) at light load condition. Consequently, as expected,
the system can achieve a smooth and stable transition between motoring and generating

conditions like the DCVFC in DQFFC.
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Fig. 5.9. Transition performance between motoring and generating conditions in HFFC.

5.5 Conclusion

In this chapter, by considering MTPV region, an HFFC is proposed based on a novel
HVFC, which aims to solve the oscillation or instability problem in DQFFC and CAAFFC.
The proposed HVFC in HFFC is achieved by regulating the d-axis current command and
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current angle command simultaneously, which can utilize the complementary advantages of

the DCVFC and CAVFC at different flux-weakening regions.

The linearized model of the HVFC has been analysed, based on which the key issues of

HVEFC, i.e. the control parameters and the weight factors (w; and wg), have been designed.
The optimized weight factors show that:
1) HVFC is dominated by DCVFC at light load condition;
2) HVFC is dominated by CAVFC when approaching the MTPV curve.

Therefore, the design of the MTPV controller in HFFC directly adopts the same method
as that in CAAFFC, which has been addressed in chapter 4.

Finally, the experiments are implemented, which have verified that

1) The oscillation in over modulation region of DQFFC when approaching MTPV curve
is effectively suppressed in HFFC;

2) The instability at light load in generating condition of DQFFC is effectively solved
in HFFC;

3) The proposed HFFC can achieve a smooth transition between motoring and

generating conditions.
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CHAPTER 6 FUZZY LOGIC SPEED
CONTROL OF PMSM AND FEEDBACK
VOLTAGE RIPPLE REDUCTION IN FLUX-
WEAKENING REGION

Previous chapters have indicated that the stability problem is mainly related to the
control parameters of the feedback flux-weakening controller and the operation mode. The
nonlinear behaviour of the feedback flux-weakening control renders the system to perform
differently at different regions. In addition, the stability problem becomes worse when the
system operates in the over modulation region, which is mainly due to less voltage margin.
In this chapter, it further investigates the influence of the resultant feedback voltage ripple
that origins from the non-ideal drive system based on DCVFC. It indicates that the oscillation
could even occur in the linear modulation region if a good speed dynamics is required.
Furthermore, an adaptive fuzzy logic speed controller is proposed to reduce the influence of
the feedback voltage ripples. It can achieve both good dynamic and steady-state performance

in the flux-weakening region.

6.1 Introduction

Although the linearized model can provide a good tool to analyse the small signal
behaviour on the equilibrium point, it cannot guarantee the large signal dynamics especially
when the voltage is saturated. In the constant torque region, the system is not sensitive to the
feedback voltage ripple due to enough voltage margin. However, in the flux-weakening
region, as the voltage margin decreases, the system is more sensitive to the feedback voltage
ripple than that in the constant torque region. The feedback voltage ripple can be induced by
both current command ripple and speed ripple, which can be caused by torque ripple [MAT93]
[HOL96] [XIA15] and non-ideal installation of the speed sensors [HWA11] [QIN10]
[RAJ17]. In this chapter, it will show that the feedback voltage ripple induced by the current

command ripple vary with operation points and could dominate in certain flux-weakening
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regions, thus posing difficulty to improve the speed dynamics with a conventional
proportional-integral (PI) controller. The feedback voltage ripple in the flux-weakening
region can be reduced by using smaller PI gains of the speed PI controller. Therefore, the
coupling between the speed PI controller and the voltage feedback controller can be reduced.
However, it compromises the speed dynamics [YON12] [HAR13]. In order to solve this

conflict, a nonlinear speed PI controller can be employed.

As an alternative to the conventional PI controller, the fuzzy logic speed controller has
been widely applied to the variable speed drives [SIL98] [KADO1] [ZHUO2] [UDDO07]
[UDDI11]. In [YIN93] [DIN99], the authors prove that the simplest fuzzy logic controller
(FLC) is actually a nonlinear PI controller with proportional and integral gains changing with
inputs of the controllers. In addition, since the fuzzy logic system (FLS) incorporates expert
knowledge to design FLC and does not need an accurate model of the system, it provides an
efficient tool to embed human intuitive thinking to achieve the desired performance.
Moreover, the robustness of the system in a wide range of changing condition can be further
improved with an adaptive FLC by updating the controller parameters online [SIL98]
[KADO1]. In [ZHUO2], a simple adaptive FLC which aims to reduce steady-state current
ripple without compromising the speed dynamics is proposed and the experiments are
implemented only in the constant torque region. In this chapter, the adaptive FLC speed
controller is designed by applying an adaptive scaling factor at the output of FLC, aiming to
reduce the feedback voltage ripple that caused by the current ripple in the flux-weakening
region. The systems with the conventional PI controller and adaptive FLC are compared in
the constant torque region and different flux-weakening regions. It shows that the adaptive
FLC can achieve both good dynamic and steady-state performance in both constant torque
and different flux-weakening regions. In addition, the DC-link voltage utilization can be
further increased and better flux-weakening capability can be obtained. Finally, the

experiments are implemented to verify the analyses and adaptive FLC.
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6.2  Flux-weakening Control with Speed PI Controller

6.2.1 Current Vector Control System with Speed PI Controller

Fig. 6.1 shows a conventional current vector control (CVC) system with a d-axis current
based voltage magnitude feedback controller (DCVFC). As shown in Fig. 6.1, the control
system comprises the current control mode (CCM) and the speed control mode (SCM). The
CCM is simply achieved by setting the g-axis current command i, s, While i;yzp, is set to
zero by considering MTPA. In the SCM, the g-axis current command i, is obtained
through a speed controller which is a PI or a FLC in Fig. 6.1. In this section, the system with

a PI controller will be discussed first.
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Fig. 6.1. Schematic of current vector control (CVC) system with DCVFC.

The conventional speed PI controller is normally tuned by assuming that:

1) The inner current loop is equivalent to a first-order delay element with the time

constant 1/wcc;
2) The speed controller is not saturated;
3) The sampling frequency is much higher than the fundamental frequency.

Therefore, the simplified block diagram of the speed control loop can be depicted in .

6.2.
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Fig. 6.2. Simplified block diagram of the speed loop.

In. 6.2, @, and @), are the mechanical speed command and the actual mechanical

speed, respectively; K,2,=9.55, which is the gain needed to convert the speed unit from rad/s
to rpm; kps and ;s are the proportional and integral gains of the speed PI controller; K; is the
torque constant. By further assuming that the speed bandwidth is much lower than the current
bandwidth, the current loop delay can be reasonably ignored, and the close-loop transfer

function of the speed loop can be expressed as

1 K, K (k,s+k,)
D (s)=— K K (6.1)
J S2 + psTa2n T S+ k sznK
J J
By referring to a typical second-order system, &, and can k;s be tuned as
2
I a——L (6.2)

k. =
: Kw2nKT - KwZnKT
where wy; is the undamped natural frequency, ¢ is the damping factor.

Due to the current limit of the machine, the output of the speed controller is normally
imposed by the current limit. Therefore, the anti-windup speed controller is normally adopted
to alleviate the saturation problem of the speed controller [PEN96], by which the speed
dynamics will be improved, normally with much less overshoot. In this chapter, the anti-
windup method of the speed PI controller is achieved by clamping the output of the integrator

to the current limit once it is saturated.

When the machine operates in the constant torque region, as there is enough voltage

control margin, the system is less sensitive to the voltage ripple in the feedback voltage

V=W, +¥,)" . However, due to reduced voltage margin in
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the flux-weakening region, the system performance could be seriously affected by the
feedback voltage ripple. Therefore, in this section, the speed and torque ripples in the test rig
I (Appendix A) which has a torque transducer will be shown first. Then, the feedback voltage
ripple will be analysed.

6.2.2 Voltage Ripples Analysis in Flux-weakening Region

6.2.2.1 Speed and Torque Ripples in Test Rig

In theory, many factors, such as load torque ripple, misalignment of the transmission
system, non-ideal installation of the encoder and even the eccentricity of the rotor of PMSM
or the load machine can cause disturbances to the control system. These disturbances could
result in excessive voltage ripple, which could deteriorate the system performance, especially

in the flux-weakening region.

In order to check the speed and torque ripples which may be caused by the test rig,
including wound field DC machine, position sensor, and the coupling, etc., Fig. 6.3(a) and
Fig. 6.3(b) show the measured speed and torque waveforms when the test rig is driven by the
wound field DC machine at 600 rpm while the PMSM is disconnected from the power supply.
The speed ripples are double checked by using two different sensors, i.e. encoder and torque
transducer. The measured speed in Fig. 6.3(a) shows that almost the same speed ripples
appear by using encoder and torque transducer. Fig. 6.3(c) shows the spectra of the measured
speed and torque. It indicates that the frequency of the speed ripple is consistent with torque
ripple, which is dominant in the low-frequency range and appears at the integer multiples of
the mechanical frequency. The measured speeds obtained from two speed sensors still show
some discrepancies, which are mainly caused by the different installation methods and
locations. According to the measured speeds from the two sensors, it implies that the speed

ripple could also be induced by the speed sensors.
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Fig. 6.3. Speed and torque ripples.

6.2.2.2Feedback Voltage Ripple Analysis

Although many non-ideal factors could cause speed ripples, in the following analysis,
the non-ideal factors are regarded as a black box, only the ripple in the measurable speed is

considered as the original source of the feedback voltage ripple.

The speed ripple can directly contribute to the feedback voltage ripple through the

voltage decoupling terms, and can also indirectly induce feedback voltage ripple through g-
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axis current command ripple by the speed PI controller. In this section, the phenomenon that
the voltage ripple could differ in different flux-weakening regions will be analyzed, and the
phenomenon that the system is more sensitive in certain flux-weakening region will be

explained.

In the flux-weakening region, since the actual voltage ripple should also consider the
effect of the regulation of voltage loop, the feedback voltage ripple without consideration of
the voltage loop can be considered as the voltage disturbance to the voltage loop. Voltage
disturbances induced by the g-axis current command ripple and the speed ripple, i.e. the
feedback voltage ripples in |V, | without consideration of the voltage loop, can be evaluated

through the small-signal gain characteristics, i.e. Ku7(s) and K (s), which are defined as

.2 )

K S)= S* ~ : T S

wS) == YRR
! ) ! (6.3)
AW A
K, (s)= ~
Aw, Aw,
where the variables with the prefix ‘A’ indicate the corresponding small signals.
Therefore, it can be derived that
Ky (5) = (2V L, + 2V L 5) —2e
HI d e s q s S+ a)cc (64)

K, (s)= 2Vq° (Li)+w,)— 2Vd°LSi2

Assuming that the voltage ripple is small enough, the voltage disturbances caused by
the g-axis current ripple and the speed ripple can be approximated as
Vi = Ky (S)i;H’VDw ~Ky,(s)o,, (6.5)
where i,; and w.y are the ripples in i, and w., respectively; Vp; and Vp, are the voltage
disturbances that are induced by i, and wer , respectively.

For the speed PI control, the relationship between i,, and w.x can be obtained as

145



CHAPTER 6

E3

@) _ J o (s> +0.50,,5)

Ns 2 2
A,y P PK, §°+ 20,5 + W),

(6.6)

where @ (s) is the transfer function from wmecn to i,. Di(s) is a second order lower pass filter,
the dominant pole of which is -wus. As the harmonics in the ripple mainly appear at integer
multiple times of the mechanical frequency @mecn, assuming that wys is much lower than

Wmech, (6.6) can be approximated as

" J
Iy ® 20, PK, @, (6.7)
Therefore, ¥, can be approximated as
V, =2K, (s)o La) (6.8)
DI HI Ns PK ef :

T

Fig. 6.4 shows the equivalent linearized block diagram of the voltage loop with

considering voltage disturbance V.

AV,
AV Al Ai, i ‘
T Cls) > Tuls) | G(s) —@M—,;)

Fig. 6.4. Block diagram of linearized model of voltage loop considering voltage disturbance.

In Fig. 6.4, Vi, represents the voltage disturbance that is the combination of Vp; and

VD(,(), i.e.

Vi

AY

=V Y

Do

(6.9)

The actual voltage ripple in |V; |? can be evaluated by the small-signal gain characteristic,

i.e. @,(s), which is the transfer function from AV to A|V; *.

2

D, (s) = v 1

- (6.10)
AV, 1+T,(s)C(s)G(s)

Therefore, the actual voltage ripple can be approximated as
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V&'H ~ q)v (S)Vd

» (6.11)
where V,y is the feedback voltage ripple in |V |? after the regulation of the voltage loop.

In order to provide more insight of the variation of the voltage ripple, Ti«(s) in (6.10) can
be seen as a unit gain by assuming that the current bandwidth is much higher than the

bandwidth of the voltage loop. Therefore, ®@,(s) can be further derived as

S

D (s)=K, (6.12)
s+ o,
where K, w, are expressed as
L, e (6.13)
(1+ Ab) (1+ Ab)

It can be seen that @,(s) is a high pass filter multiplied by a gain K,. The bandwidth of

the high pass filter is @,. In mode A and mode B, K, and w, can be derived as

1 ®,,
“Tlw olm) " (-w.0lo)
mA lb mA b (614)
K, = L0, =0, V|V,
vB (1+I/d0 C()m/( V; . a)g )) vB m‘ q ‘/ sr

where K,4 and K, represent K, in mode A and mode B, respectively; w,4 and w,s represent

the value of w, in mode A and mode B, respectively.

Based on the parameters in Table 6.2, the numerical results of the coefficients w,4 and
K4 are illustrated in Fig. 6.5, while the numerical results of the coefficients K5, w,s are

illustrated in Fig. 6.6.
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Fig. 6.6. Coefficients of w.s and K, in flux-weakening region.

It can be seen from Fig. 6.5 and Fig. 6.6 that the coefficients K,4 and K,z are almost
equal to 1. The bandwidth in mode A, i.e. w4, is almost a constant while the bandwidth in

mode B, i.e. w.s, becomes smaller in the lower |V} | region. The decrease of w,s implies
weaker attenuation of the harmonics.

Furthermore, in mode A, since the machine ideally operates on the current limit circle,
i,"is constrained by the current limit and determined by i,". Therefore, in mode A, the voltage
disturbance manly origins from the speed ripple. In mode B, the machine operates inside the
current limit circle, and i;" and i," are controlled independently. The voltage disturbance is
the combination of the ripples that are caused by the speed ripple and the g-axis current
command ripple.

Consequently, with combination of (6.5), (6.8),(6.9), (6.11) and (6.12), the magnitude

of feedback voltage ripple in mode A and mode B can be approximated as
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S
VsHA| ~K,, Tt '|KHw(S)|' Dy
" (6.15)
VsHB| ~K,, = 2K, (s)awy, L-’_KH(U(S) | DPerr
S+, PK,

where V4 and Vs represent the value of Vi in mode A and mode B, respectively.
It can be referred from (6.4) that |Kui(s)| is much higher than |Kuw(s)|, and will become
higher when |Vq°| decreases. Based on the parameters in Table 6.2, the numerical results of

|Kui(s)| and |Kuo(s)|, at the lowest frequency of the ripple, i.e. when s=j@meen, , are illustrated
in Fig. 6.7. It shows that both |Kui(s)| and |Kpuw(s)| are very small in higher |V} | region.

However,|Kpi| is much higher than |Kue| in lower |V;| region.
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Fig. 6.7. Variation of |Knui(s)| and |Kue(s)| at mechanical frequency wmecr in flux-weakening region.

With (6.15), it can be referred that the voltage ripple in mode B in the flux-weakening
region tends to be higher than that in mode A, and could be dominated by that caused by the

g-axis current command ripple, especially under such conditions, i.e.
1) The system with large J and small Kr;

2) In the smaller g-axis voltage region where |Kui(s)| becomes higher and .z becomes

lower;

3) The speed controller tuned with higher wxs in the constant torque region.
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Due to the limited voltage control margin, the increased feedback voltage ripple could
deteriorate the system performance in the flux-weakening region and may even cause
oscillation, especially in mode B and lower g-axis voltage region. For the existing drive
system, a proper way to reduce the actual voltage ripple that is caused by the g-axis current
ripple is to reduce wns,. However, the speed dynamic performance and load disturbance
rejection capability will be sacrificed. In order to solve this conflict, a nonlinear speed PI
controller, such as adaptive fuzzy logic speed controller, can be employed, as will be

described in the next section.

6.3 Adaptive Fuzzy Logic Speed controller

6.3.1 PI Controller and FLC

The conventional speed PI controller expressed in the discrete incremental form can be

written as

ok

L, mrPA (n) = l; MTPA (

1)+quMTPA( )

6.16
qu MTPA ( k I:e en (ni _1):| +en (ni)kis]-; ( )

where n; denotes the step of the speed control cycle; Di, . (1) is the incremental

component of current command in each control cycle; e, is the speed tracking error, i.e. (n"-
n).
The incremental component Di, ,,(n:) can be further transferred as
qu MTPA( ) [kpven( i)+en (ni)kis] (617)
where é,,(n; ) is the approximate derivative of machine speed and expressed as

)=[e,(n (n,-1)]/T, (6.18)

Therefore, for a conventional PI controller, the main task is to obtain a proper Di,zp.(1:)

which is a linear function of the é,(n; ) and e,,(n;) with the coefficient k,s and ki;. However,
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for the FLC, it actually maps the crisp inputs to a crisp output through a nonlinear function

ﬁuzzy, le
Di;,MTPA (k)= (én (k).e, (k)) (6.19)

Each Di,,q4(ni) corresponds to one kys and kis. In [YIN30] [DIN99], it is proved that the
simplest FLC is actually a nonlinear PI controller with the gains changing with process output.
Since the FLC actually mimics human thinking, with the aid of the FLS, the human intuitive
thinking can be embedded into the FLC. For example, in order to achieve less current ripple
at steady state without compromising the dynamic performance, the intuitive thinking is to
apply higher gains when the speed tracking error is larger and lower gains when the speed
tracking error is smaller. In the FLC, this intuitive thinking can be realized by adjusting the

output membership function adaptively, as will be discussed as follows.

6.3.2 Design of Adaptive FL.C

A general FLC is mainly composed of four components, i.e. 1) fuzzification; 2) fuzzy rule
base; 3) inference; 4) defuzzification [YIN93] [SHEOS5] [UDD11] [UDDO07] [DIN99]. Fig.
6.8 shows a block diagram of a two-input and one-output FLC combined with a scaling factor
at the output. In Fig. 6.8, the adaptive changing output membership function is achieved by
applying an adaptive scaling factor k,, at the output of the defuzzification block in order to
simplify the implementation. According to Fig. 6.8, Di, \».(n;) can be obtained as

*

Diq’WA(nl.) =Tku(n) (6.20)

where £, is the scaling factor; u is the output of the defuzzification block, which represents

the current changing rate when k,=1.
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Fig. 6.8. Block diagram of FLC with a scaling adaptor.

The design procedures of the adaptive FLC are:
1) Fuzzification

Several linguistic labels are used to descript the fuzzy sets of the two inputs and one
output, namely, negative very big (NVB), negative big (NB), negative middle (NM), negative
small (NS), zero (ZO), positive small (PS), positive middle (PM), positive big (PB), positive
very big (PVB). The universe of the discourse of inputs e,,and é,,, i.e. E and DE, are divided
into 7 fuzzy sets (NB, NM, NS, ZO, PS, PM, PB). The universe of the discourse of the
output u, i.e. U, is divided into 9 fuzzy sets (NVB, NB, NM, NS, ZO, PS, PM, PB, PVB).
Fig. 6.9 shows the membership functions of the inputs and output adopted according to the
experimental results. The membership functions map the crisp value of the inputs and output
to the membership degree u of the each fuzzy set. As shown in Fig. 6.9(a) and Fig. 6.9(b),
the triangular membership functions are used for the inputs e, and é, due to their high
computational efficiency. The singleton membership function is used for output variable u,

as shown in Fig. 6.9(c).

u(en)
1 NB NM NS ZO PS PM PB

220 20  -10 0 10 20 40 ¢ (rpm)

(a) Input en.
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A
u(é,)
1 NB NM NS ZO PS PM PB
-
-600 -300 -50 0 50 300 600 é, (rpm/s)
(b) Input é,
A

() NVB NB NM NS NVS ZO PVS PS PM PB PVB

—_—

150 -120 -90 60 -30 0 30 60 90 120 150 u(Als)
(c) Output u.
Fig. 6.9. Membership functions.

2) Fuzzy Rule Base and Inference

Fuzzy rule base is composed of multiple IF-THEN rules with antecedents and consequent

parts. The rules have the form as:
R;j:1f ey is E; and &, is DEj, u is Upy,,
wherei,j =1,2,..7;m=1,2,..9.
For example, R, ; and R; ; are
R;,:1f e, isNB and é, is NB, u is NVB;
R, ;:1f e, is PB and é,, is PB, u is PVB;

All the control rules can be expressed through a 7 X 7 matrix, which can be shown in

Table 6.1.
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Table 6.1 Rule base of FLC

DE
v NB NM NS 70 PS PM PB
NB | NVB | NVB NB NM | NMS 70 PVS
NM | NVB NB NM NS NVS PVS PS
NS NB NM NS NVS 70 PS PM
E| 70 NB NS NVS 70 PVS PS PB
PS NM NS Z0 PVS PS PM PB
PM | NS NVS | PVS PS PM PB PVB
PB | NVS 70 PVS PM PB PVB PVB

The inference block aggregates all the IF-THEN rules with their weighting factors
according to the input fuzzy sets £ and DE. The weighting factor of each rule, i.e. w;;is

obtained by the product operation and can be expressed as
W, = Hg (€,)* e, (€,) (6.21)

3) Defuzzification

The weight average method is applied to get the crisp value of the output variable u,

1.€.

7 7
U= Zi:lz_jﬂwi,.iui,.i
7 7
Zizlz j:lM}iJ

where u;; s the crisp value of the output fuzzy set of each control rule, which can be directly

(6.22)

obtained from the singleton membership function of the output u.

It should be noted that the sum of all membership degrees of e,, is unity, which is also
valid for é,,, i.e.
7

2 Mz (e,)=1, Z::,ﬂm‘,. (¢,)=1 (6.23)

i=l1

Therefore, u can be rewritten as
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u= ZZWM”I‘J (6.24)

7 7
i=l j=1

4) Selecting Adaptive Scaling Factor

The principle of adjusting 4, is defined as that: when the speed tracking error is higher
than the threshold value es, the scaling factor k, will increase; otherwise, &, will decrease.

Therefore, the adaptive k, can be realized as

k(k-1)/k,le|=e,
k (k)= (6.25)
k (k—=D*k le|<e,
where £, is the adjustment coefficient of k,, which is set as
ka — % , kb — min(zﬂoor(‘e,l‘/(%m)) , 10) (626)
b

The coefficient k5 is used to amplify the change rate of k, when the speed error becomes
larger. The ‘floor’ function in (6.26) is used to reduce computational burden. It should be
noted that when the calculated %, is out of the range [0.1, 1], it is limited at the boundary
value. ey is selected slightly higher than the measured speed ripple which can ensure that £,
is a constant at steady state. In addition, es should not be too high as it could compromise
the load disturbances rejection capability. In the experiments, ez is set at 10 rpm according

to the experimental results.

6.4 Experimental Verification

The experiments are implemented based on the test rig I. The PM machine is coupled
with a wound field type DC machine with the rated speed at 1500 rpm. The combined inertia

of the test rig is 0.012 kg'm? The machine and drive parameters are listed in Table 6.2.

Table 6.2 Machine and drive parameters
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Parameters Value
Machine stator resistance (Ry) 0.25Q
Synchronous inductance (Ls) 1.7 mH
PM-flux linkage(wm) 10 mWb
Number of pole pairs (Ny) 10
DC link voltage (Vac) 14V
Current limit (1) 59A
Current bandwidth (wec) 1200 rad/s
Characteristic current (ic) 59A

6.4.1 Voltage Ripples in Current Control Mode and Speed Control Mode

According to the definition of the operation mode, in mode A, the machine ideally
operates on the current limit circle, i, is constrained by the current limit and determined by
ia". Therefore, in mode A, the feedback voltage ripples origins from the speed ripples. In
mode B, the machine operates inside the current limit circle, i;" and i,” are controlled
independently, the feedback voltage ripples are the combination of the ripples that caused by
speed and g-axis current command ripples. Therefore, in the speed control mode, the
feedback voltage ripples in mode B are much higher than those in mode A, which implies

the condition in mode B is worse than the mode A, as will be demonstrated as follows.

6.4.1.1 Current Control Mode (CCM)

In the experiments, in order to exclude the influence of the g-axis current ripples, the
system is first controlled in the current control mode. By setting M=0.9, Fig. 6.10 shows the
voltage, current, torque and speed profile when the g-axis current command i, ,,», changes
from OA to 3 A at 2.5 s. It can be seen that i, is a constant and well tracked in mode B. As

the machine speed increases, the machine enters in mode A due to the current constraint. In
mode A, the actual current command i, is limited by /1 -, , which is smaller than i, . In

CCM, the feedback voltage ripple mainly origins from the speed ripple in both mode A and
B, which is relatively small. Consequently, the feedback voltage ripple has no big difference

between mode A and mode B.
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| Mode B Mode A I

Voltage (V)
Torque (Nm)

Current (A)
Speed (krpm)

Time (s)

Fig. 6.10. Voltage, current, torque and speed profiles in current control mode.

6.4.1.2 Speed Control Mode

In order to illustrate the feedback voltage ripple that is caused by g-axis current ripple
in different operation regions, the speed PI controller is tuned to achieve two different
performances with different PI parameters, i.e. case 1 (wns=1) and case 2 (wns=4). Fig. 6.11(a)
and Fig. 6.11(b) show the feedback voltage, current, torque and speed profiles in the flux-
weakening region when M=0.9 under case 1 and case 2, respectively. In Fig. 6.11(a), the
machine is firstly controlled at 800 rpm at light condition (0.14Nm) in case 1. Then, by
gradually increasing the load torque to 0.55Nm, the machine transfers from mode B to mode
A. It can be seen that the ripples of the feedback voltage and currents are quite small in both
modes A and B. However, in case 2, the ripples in feedback voltage and currents are more
apparent than those in case 1 which are mainly in mode B. In addition, it can be seen that the
feedback voltage ripple becomes higher when the load torque increases, which is consistent

with the analysis.
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Fig. 6.11. Voltage, current, torque and speed profiles under different PI parameters in the flux-weakening

region.

6.4.2 Performance Comparison with PI and FLC

6.4.2.1 Constant Torque Region

Fig. 6.12 shows the measured speed step response and load torque rejection capability

in the constant torque region under the condition, i.e. when the speed reference is changed

from O rpm to 400 rpm at 2 s and the load torque is changed from 0.14 Nm to 0.64 Nm at 8

s. It can be seen from Fig. 6.12(a) that the system in case 1 has slower speed response but
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with less current and feedback voltage ripples, while the system in case 2 has faster speed
response but with higher current and feedback voltage ripples. Fig. 6.12(b) shows the speed
step response (n"=400 rpm) and g-axis current waveforms with the conventional PI controller
(case 2) and the adaptive FLC. It can be seen that the machine speed with the adaptive FLC
can achieve almost the same response as the conventional PI method with the parameters in
case 2. Meanwhile, the g-axis ripples are apparently reduced. Therefore, with the adaptive
FLC, the current ripples are reduced without sacrificing the dynamic performances, which is

very beneficial to the flux-weakening operation.

10 2
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2
0 0«
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(b) With PI (case 2) and fuzzy logic controller.

Fig. 6.12. Voltage, current, torque and speed profiles under different speed controllers.
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6.4.2.2 Flux-Weakening Region

As have been shown in Fig. 6.12, even though the current and voltage ripple in case 2
are higher, the system can still perform well in the constant torque region. However, the
system that performs well in the constant torque may not necessarily perform well in the flux-
weakening region. In the flux-weakening region, in order to further confirm the advantages
of the adaptive FLC, the experiments with different speed controllers are implemented under

different coefficient M, .i.e. 0.9 and 0.95.
1) M=0.9

Fig. 6.13 shows the speed dynamic performance under a load disturbance when the
machine is controlled at 800 rpm in the flux-weakening region. The higher and lower load
torque values equal to 0.42 Nm and 0.14 Nm, respectively, which is achieved by manually
switching on and off the excitation current of the DC-load machine. It can be seen in Fig.
6.13(a) and (b) that although the current ripple in case 1 is smaller than that in case 2, the
machine has much longer recovery time against the load torque disturbance. However, with
adaptive FLC, as shown in Fig. 6.13(c), both low current ripple and high load torque

disturbance rejection capability can be obtained.
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Fig. 6.13. Voltage, current, torque and speed profiles under load torque disturbance when M = 0.9.

6.4.2.3M=0.95

Fig. 6.14 shows the speed dynamic performance under load torque disturbance when M
increases to 0.95. The higher and lower load torque values equal to 0.42 Nm and 0.14 Nm,
respectively. It can be seen from Fig. 6.14(b) that in the higher g-axis current area, the current
and voltage even oscillate in case 2 while the systems with case 1 and adaptive FLC can still
operate well, as shown in Fig. 6.14(a) and (c), respectively. However, the adaptive FLC can

achieve much better speed dynamics than that in case 1. Therefore, the DC-link voltage
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utilization can be further increased while the speed dynamics is still maintained, and the

machine can achieve better flux-weakening capability, as can be seen in Fig. 6.15.
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Fig. 6.14. Voltage, current, torque and speed profiles under load torque disturbance when M = (0.95.
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Fig. 6.15. Torque-speed curve when M=0.9 and M=0.95.

6.5 Conclusion

In this chapter, based on DCVFC and the machine without MTPV region, the influence
of the feedback voltage ripple is analysed when the system operates in the speed control
mode. It has been shown that the system performance in the speed control mode could
become worse due to the increased feedback voltage ripples that are dominated by the current
command ripples. The current command ripples can be reduced by decreasing the bandwidth
of the speed loop, posing difficulty to increase the speed dynamic performance. In order to
solve this conflict, an adaptive FLC has been designed and compared with the conventional
PI controller in both constant torque and flux-weakening regions. The experimental results

have verified that:
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1) The increased feedback voltage ripples in small |V,| area could cause oscillation in
the flux-weakening region even in the linear modulation when the system operates in the

speed control mode;

2) The system in speed control mode that has been tuned well in the constant region may

not necessarily perform well in the flux-weakening region;

3) The speed dynamics in the flux-weakening with a conventional PI controller can be
hardly increased, especially for a non-idea drive system, while the adaptive FLC can provide

an alternative tool to solve this issue.
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CHAPTER 7 GENERAL CONCLUSION AND
FUTURE WORK

The flux-weakening control is required for the PMSM to extend the operation speed
range and maximize the power capability under the voltage and current constraints. Many

control strategies are developed to achieve flux-weakening operation, such as

e Feedforward method

e Feedback method (based on the voltage error, the voltage magnitude, and the
switching time)

e Hybrid method

e Single current control

e Single current control and voltage angle control

among which the voltage magnitude feedback method gains popularity due to many

advantages, e.g.

e Simple and standard control structure
e Robust against parameter variation
¢ Both linear and over modulation flux-weakening operation

e Automatic flux-weakening operation

However, in the flux-weakening region, as the drive system operates on the boundary of
the voltage limit, more stability problems are prone to occur in this region. In this thesis,
based on the voltage magnitude feedback controller on the non-salient-pole PMSM, the
stability problems in the flux-weakening region are investigated and the related solutions are

proposed.

7.1 Summary of the Research Work

The research work in this thesis can be summarized as the following aspects
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1) Tuning of voltage feedback controller. The stability in the flux-weakening region
is improved with an adaptive control parameter.

2) Stability improvement in over modulation region. The stability in over modulation
region is improved with CRM and VRM for the machine without MTPV region, and
a VVM for the machine with MTPV region.

3) Optimization and design of MTPV controller. Firstly, the penalty function is realized
in the current command form rather than in the voltage command form, aiming to
improve the stability and dynamic performance. Secondly, the MTPV PI controller
is designed based on the system with DCVFC. The MTPV integral regulator is
designed for the system with CAVFC and HVFC.

4) Novel hybrid voltage feedback controller (HVFC). The HVFC contains both
DCVEFC part and CAVFC part with their optimized weight factors, which can
overcome the intrinsic stability problem of the systems with DCVFC and CAVFC.

5) Alternative speed controller-FLC. An adaptive FLC is designed aiming to reduce the
feedback voltage ripples that origins from the non-idea drive system while

maintaining a fast speed dynamics.

The summary of the work in this thesis is illustrated in Fig. 7.1. The switches in Fig. 7.1
represent whether the relevant control strategies are included or excluded. It should be noted
that when the state of all the switches are off, the CVC control system is applied with only a
voltage magnitude feedback controller, which could be DCVFC, CAVFC or HVFC. The grey
dotted line indicates that the relevant control strategy is possible but not discussed in the

thesis.
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Fig. 7.1 Summary of the work in the thesis.

*Switch ON: the relevant control strategy is included; Switch OFF: the relevant control strategy is excluded.
*Grey dotted line: the relevant control strategy is possible but not discussed in the thesis.

7.2 Conclusion

7.2.1 Tuning of Voltage Feedback Controller

In the thesis, based on the different operation modes that are defined by the different

small signal behaviour of the current, the close-loop transfer functions of the voltage loop

with DCVFC, CAVFC and HVFC are derived. As the derived close-loop transfer function

of the voltage loop varies with operation points, it renders that the constant control parameter

tuned well at one operation point could lose its effectiveness on the other operation points.
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Thus, the symbolic form of the adaptive control parameters are derived by considering the
different operation modes, which can achieve a wider stable operation range and facilitate
the practical parameterization. The advantages of the adaptive control parameter are
demonstrated on the system with DCVFC by taking a non-adaptive control parameter as a
baseline for comparison. Two characteristic current ratios, i.e. ic,=1 and i.,=2, are considered.
The analyses and experimental results have shown that the adaptive control parameter can
ensure a much wider stable speed range including both motoring and generating conditions,

while the non-adaptive case is only effective in certain speed range.

7.2.2 Stability Improvement in Over Modulation Region

In the over modulation region, the voltage margin decreases, and the voltage is easier to
be saturated, which deteriorates the current dynamics. As the current loop is the inner loop
of the voltage loop, the current dynamics in the over modulation region is essential. Two
methods, i.e. the method with CRM and VRM, and the method with VVM, can be both
utilized to improve the current dynamics and ease the voltage saturation problem. The CRM
which origins from the voltage error feedback flux-weakening method is utilized in this thesis
in the voltage magnitude feedback flux-weakening method, while a VRM is proposed to
solve the conflict between the CRM and the voltage magnitude feedback controller in the
over modulation region. Therefore, both the current steady-state and dynamic performances
are improved. The VVM modifies the voltage vector based on the coupling effect between
the d- and g-axes, which can effectively improve the current dynamics in the over modulation
region. However, since VVM is based on the voltage vector modification while CRM is
based on the g-axis voltage error modification, the CRM could lose its effectiveness in the
MTPV region (region III) where the g-axis voltage is close to zero, while VVM can still be

used for the stability improvement in region III.

7.2.3 Optimization and Design of MTPYV Controller

For the machine with i.,<1, the MTPV curve insect with the current limit, the maximum
output power current trajectories require that the system should operate on MPTV curve. For

the voltage feedback control, the MTPV control strategy can be achieved by introducing an
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extra feedback controller with its input as the MTPV penalty function. In this thesis, the
MTPV penalty function in the current command form is selected rather than in the voltage
command form, aiming to achieve better dynamics and stability. In addition, in order to
achieve an optimal current trajectory in the MTPV region, the resistance in considered in the
penalty function, which is important for the small power motor. Furthermore, the MTPV
controllers in the systems with DCVFC, CAVFC and HVFC, are analysed and designed,
which is critical for the stability in the region III. The analysis indicates that a pure integrator
MTPV controller is not appropriate for the system with DCVFC while it can be applied to
the system with CAVFC and HVFC.

7.2.4 Novel Hybrid Voltage Feedback Controller

Even though the control parameter of the voltage feedback controller is properly tuned,
the flux-weakening methods with considering MTPV control based on DCVFC and CAVFC,
i.e. DQFFC and CAAFFC, could still have stability problem in region II. Due to the different
operation modes of DQFFC and CAAFFC in region II, the voltage regulation capability
varies with the operation points. Since the voltage feedback controller is a kind of anti-
windup controller, the voltage regulation capability is important to deter the voltage
saturation problem, especially in the over modulation region due to the reduced voltage
margin. In this thesis, DQFFC and CAAFFC are analysed and compared in terms of the
stability problem that are operation mode relevant. The analyses and experimental results
have shown that the oscillation could occur when approaching the MTPV curve in DQFFC,
while the oscillation could occur in CAAFFC when the system operates at light load in
generating condition. In addition, the magnitude and angle control structure in CAAFFC
results in a poor transition performance between motoring and generating conditions. This
kind of stability problem of DQFFC and CAAFFC is related to the different operation modes,
which origin from the different control structures. Therefore, in order to utilize the
commentary advantages of DQFFC and CAAFFC, a HFFC is proposed which is based on a
novel HVFC, i.e. a hybrid voltage feedback controller containing both DCVFC part and
CAVEFC part, with their weight factors being optimized. The improved stability of HFFC

under various conditions are verified by the experimental results.
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7.2.5 Alternative Speed Controller-FLC

As the feedback voltage ripples that origin from the non-ideal drive system can be
amplified by a conventional speed PI controller, the speed controller performing well in the
constant torque region may oscillate in the flux-weakening region due to the reduced voltage
margin, which will cause difficulty to increase the speed dynamics. In order to solve this
problem, a nonlinear speed controller, i.e. an adaptive fuzzy logic speed controller, is
proposed and implemented successfully to reduce the feedback voltage ripples while

maintaining a good speed dynamics.

7.3  Future Work

As shown in Fig. 7.1, other combinations of the control strategies that are not mentioned
in this thesis may also work well in the flux-weakening region. For example, the FLC can
also be applied to the system with HVFC to reduce the influence of the voltage feedback
ripples. The CRM and VRM can also be used on the system with HVFC for the machine
without MTPV region. In addition, CRM and VRM can be used simultaneously with VVM.
However, since the main objective of this thesis is try to investigate all the possible factors
that could lead to stability problem in the flux-weakening region, other combinations of the

control strategies will not be discussed further.

Since d- and g-axis currents are controlled separately in DCVFC, an advantage of the
system with DCVFC is that the machine can operate in the torque control mode, which can
be achieved by simply disabling the speed controller. However, based on the system with
HVFC, the toque control cannot be simply achieved by disabling the speed controller since
d- and g-axis currents are not controlled separately. Therefore, future work can be carried out
to achieve the torque control based on the system with HVFC. By way of example, the speed
controller can be replaced by a torque controller, the input of which could be the difference
between the demand torque and the actual torque. However, considering the system stability,
the bandwidth of the torque control loop cannot be as high as that of the current loop, which

could compromise the torque control performance.
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Since all the analyses in this thesis are based on the non-salient-pole PMSM, future work
can also be carried out on the salient-pole PMSM. For salient-pole PMSM, an extra
dimension, i.e. the machine saliency ratio should be introduced. In practice, if the stability
problem occurs on a salient-pole PMSM when the voltage magnitude feedback controller is
employed, the analyses and the control strategies presented in this thesis can still provide a
guidance for troubleshooting the problems, as the underlying principle causing the stability

problem on the salient-pole PMSM should be similar to the non-salient-pole PMSM.
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APPENDIX

APPENDIX A EXPERIMENTAL SETUP

The experiments are carried out based on the dSPACE platform, in which the control
algorithm can be easily implemented in the Simulink/MATLAB environment with minor

modification. Fig. A.1 shows a block diagram of the drive system based on dSPACE platform.

By

Dsal01 Inverter
) PYM )
Generation 0—@
Vdc
DS1006 DS2004 ...T
A/D «————@)
Processor '_ Interface | 1 ®
Board P
T
Controller Desk DS3001 PN

/ Encoder

I

Encoder |e———

Interface
Torque
tranducer
Load { Brush DC-
resistance ‘

\ Machine
Load Machine
Fig. A.1. Block diagram of the drive system based on dSPACE.

In Fig. A.1, the heart of the control system is the DS1006 processor board, which is
based on a 2.4GHz multi-core AMD Opteron CPU. The main processing unit can access
modular I/O boards via its PHS-bus, and multiprocessing capable via the DS911 Giga-link
Module [DSP10]. The high performance CPU can allow much more complex computation

than a normal DSP control system.

The DS5101 board is used to generate switching pulse signals for the inverter according

to the algorithm that is computed in DS1006. In this thesis, since the mode PWM6 is selected,
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the timing I/O unit of the DS5101 provides 3-phase/6-channel PWM signals with 3 inverted
outputs and 3 non-inverted outputs. The three phase inverter board is shown in Fig. A.2. The
6 power switches used in inverter are IRFH7440 MOSFET [IR12], with the continues current
up to 85A and Drain-to-Source breakdown voltage up to 40V. The Static Drain-to-Source
On-Resistance is less than 2.4mQ, which is extremely small when compared with machine

resistance.

Fig. A.2. Three-phase inverter board.

The DS2004 High-Speed A/D Board is used for digitizing analogue input signals. It
contains 16 A/D conversion channels, each of which applies the successive approximation
conversion time of 800ns. In this thesis, three analogue signals, i.e. the currents in phases A
and B, the DC-link voltage, are measured for the real-time control. The currents in phases A
and B are measured by two Hall-effect current transducers (LA 25-P) [LEM14], as shown in
Fig. A.3(a). The DC-link voltage is measured by a Hall-effect voltage transducer (LV 25-P)
[LEM12], as shown in Fig. A.3(b). A Megtrol torque transducer (TM307) [MAG14] is used
for measuring the instantaneous torque. The torque-speed box connected to the torque
transducer can be used to acquire the torque and speed. Since the original speed output from
the torque transducer is TTL signal with frequency the same as the machine speed, it suffers
a big delay. Therefore, the Megtrol torque transducer is only used to measure the

instantaneous torque.
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(a) Two current Hall-effect transducers. (b) Voltage Hall-effect transducer.
Fig. A.3. Hall-effect Current and voltage transducers.

The rotor speed and position used for the real-time control are obtained by an
incremental rotary encoder with 5000 pulses/revolution (Hengstler RI5S8-D) [HEN10]
through a DS3001 incremental encoder board. As the input encoder lines are from -22! to
422! and the output to the corresponding Simulink block of DS3001 is scaled to -1 to +1, the
rotor position (in radian unit) from the scaled output of the DS3001 Simulink block can be

calculated as

0, :221( 27 jscaled output* N, (A.1)

incremental lines

where N, is number of pole pairs. For the Hengstler RI58-D, the incremental lines are 5000.

The real drive system based on the dSPACE platform is shown in Fig. A.4. In the
experiments, two test rigs are utilized, as shown in Fig. A.5. The test rig-I is shown in Fig.
A.5(a), in which the load machine is a wound field excited DC machine with the rated power
and rated speed at 1.5 kW and 1500 rpm, respectively. The test rig-I has a big inertia
(0.012kg'm?) and is coupled with the torque transducer, which can be used to measure the
steady-state performance. The test rig-1I is shown in Fig. A.5(b), in which the load machine
is a would field excited DC machine with the rated power and rated speed at 150W and 4000
rpm, respectively. In the test rig-1, the influence of the non-ideal drive system, e.g. load torque
ripple, misalignment of the transmission system, is more obvious, which is mainly due to its
bigger inertial and longer transmission shaft. The test rig-II has a smaller inertial (0.001kg-m?)

and shorter transmission shaft, the influence of the non-ideal drive system is minor, which is
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preferable to verify the speed dynamics. When the load machine is only used to provide the
passive torque, the excitation winding of the load machine is powered by a DC-power supply
while armature winding is connected to a load resistance. The load torque can be adjusted by
regulating the voltage value of DC-power supply or the value of the load resistance. When
the load machine is used as an active load, both the armature and excitation windings of the
load machine should be powered by two separate power supplies. In the experiments, as the
drive machine (PMSM) should also operate under generation condition, a power resistance

(49, 14A) is connected to DC-bus of the inverter in order to absorb the feedback energy.

= msuy

Control desk =N

ower supply for == ,
ROWSL SR Power supply for load Load
inverter 8 .
- machine Resistance
Encoder

power resistance b- s
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(a) Test rig-1

APPENDIX

(a) Test rig-11

Fig. A.5. Two test rigs.

Fig. A.6 shows the stator and rotor of the drive machine, which is a 6-slot/12-flux-

modulation-pole/20-pole Vernier machine with concentrated windings. The machine is a

non-salient-pole PMSM electromagnetically since it has equal d-axis and g-axis inductances,

which is designed by a graduated colleague in EMD group [ONE16]. As only the control

performances are investigated in this thesis, the different characteristic current ratios are

achieved by setting the different current limit value rather than using the different machines.

The major parameters of the machine are shown in Table A.1. The measured back-EMF and

the rotor position of the machine at 600rpm are shown in Fig. A.7.

(a) Stator.

o

(b) Rotor.

Fig. A.6. Stator and rotor of drive machine.

Table A.1 Parameters of the test machine

Parameters

Value

Phase resistance (Rs)
Synchronous inductance (Ls)
PM-flux linkage(wm)
Number of pole pairs (NVy)

Characteristic current (ic)

025Q
1.7 mH
10 mWb
10
5.9A
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Fig. A.7. Back-EMF waveform (600rpm) and rotor position.
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APPENDIX B TUNING OF DCVFC AND
CAVFC CONSIDERING MTPV

In chapter 2, the control parameters of the DCVFC for the machine without MTPV
region have been designed. For the machine with MTPV region, a similar approach can be
employed for both DCVFC and CAVFC. According to (4.11), the characteristic equation of
the close-loop transfer function with DCVFC and CAVFC, ¢(s) and gs(s) can be expressed

as

{ql (s)=s*+aw, (1+b,)s+aw,_a,, DCVFC B.1)

q,(8)=s"+aw, (1+b,,)s+w,a,,, CAVFC
where by=biir, ay=ailr, b,e=belo; a,e=asle.

For the controller design in the flux-weakening region, the voltage drop on resistance
can be ignored. According to the different operation modes, and the coefficients b;y, ais, bio

and a;¢ can be further derived as

b/‘il ModeA = _a)ml O-I/a)b
Lt vtodea = Pt
Mode 0 (B.2)
bﬂ |ModeB = /1[ ZVYd LS
ai] |M0deB - ﬂl[ 2@3 I/QOLS
b/w‘ =W,y G@/ a,
ModeA (B 3)

B ies = B0 Vi
where w=Vu/ALsly); Van is V), normalized by Vi, wmi, wme, or and o can be expressed as

w, =120 Lio’L,

e s c e s

GI = (l/lcn + idn )/(weniqn)
LiV

s c m

(B.4)

_ 0
a)m€ - /1(92 a)e

o, = /i, +i,)/sign(e,i,)
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where ia, and iy are i, and i; normalized by I,,, respectively; iy is ic normalized by /n; wen is
o’ normalized by ws; o; and gy can be seen as the non-dimensional coefficients which vary

with the operation points.

Therefore, the proper A; and A¢ can be obtained with the proper w.; and wme. In mode A,
according to (B.1)-(B.3), the damping factors for the voltage loop with DCVFC and CAVFC

satisfy the following relationships

l &(1 —%O',) > l &(1 _%O-[max)’DCVFC
2 a,.; , 2 @, @,

w
1 o (- a)img %) 1 o w
— / « b >— [~ (1-—"2tg, ),CAVFC
2 a)mH A [ | Vdn 2 a)mﬁ a)b

where ma and ogma denote the maximum value of o7 and oy in the flux-weakening region.

(B.5)

If the system is designed when o/=0/ma and 66 =c6max, @mr and wm,g can be solved as

()
a)ml = =
@, 2 @, 22 (D2 2
o-lmax < + 25 + \/(O_Imax = + 2§ ) - (;CC) O-Imax
() () ()
(B.6)
(4]
a)mH = =
w, 2 . 22 (D2 2
O_Qmax — + 2§ + (o-Hmax — + 25 ) - (i) O-Hmax
@, @, W,

As a conservative design, w,s and wme can be simplified to their lower boundary. For

the critical damping condition, i.e. =1, the simplified w.; and wn¢ can be obtained as

o = a)cc
ml )
cc
4 + 2almax )
b (B.7)
w
— cc
a)mH - )
4+20,, . —
@y

According to (B.4), gomar can be obtained as
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O b Imax{l/ icn’l_l/icn}

Therefore, the control parameter of CAVFC can be easily obtained as

a)mg
9 =
2

LV i

0
a)e s" mc
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(B.8)

(B.9)

For the DCVFC, since ama could be positive infinity when iz,=-1 and i4,=0, the control

parameter A; should be theoretically zero, which is not practical. However, for the machine

with MTPV region, the extreme condition, i.e. when iz,=-1, can be reasonably ignored as the

system will transfer to the mode C when iy,~-ic,. Therefore, azmqx 1S not necessary to set the

as positive infinity, but can set at a value, which is higher than most of the operation points

except the region where iz, approaches -1. For a given ic,, a proper oma can be selected

according to the variation of ¢; in mode A. Fig. B.1 shows the variation of o; when i., =0.8

(for the given parameter) in the mode A. As can be seen from Fig. B.1, g/m4x can be reasonably

set at 2, which is higher than the most of operation points from iz, =0 to iz;=-1. When &=1,

the control parameter of DCVFC in the mode A can be tuned as

w

ml

Moded 20T 'L i

e s e s c

7

= O 0 =0
2Ly, "
where a)m[A = a)ml / ( a)en icn) .
10
A Motoring
5T /
e 0p*— e 4 L ‘\A ot TS
ST Generating
-10
-1 -0.8 -0.6 -0.4 -0.2

ian (p.u.)

Fig. B.1. Variation of o7 against ia» when i,=0.8 in mode A.
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In mode B, since the Routh stable criterion requires that 1+b;/medes>0 and airmodes>0,

the worst condition happens when y° is minimum, ie. y! = -y, which defines the

minimum stable range for the control parameter A;. Assuming that A; is tuned so that

1+b;1lmodes>0.5 at the worst condition, the control parameter 4; in the mode B can be set as

,
=—0—,0, S0, = B.11
ModeB 2 a): L V B ( )

s m

ﬂ']

In addition, it should be noted that wmi4 is obtained in mode A and is inversely
proportional to the machine speed. When the system transfers to the mode C, wmis will be
too small if the machine speed is too high. Therefore, the minimum of @14 can be limited at
the value obtained at the point when the system transfers to mode C. The minimum of wmi
can be approximately obtained when ig, =-ics, at which condition w4 can be approximated

as omr/1.3 when i.,=0.8. Therefore, by considering mode C, w4 can be further revised as

1)
@, = max {—"—, -} (B.12)
i o, 1.3
Finally, the control parameter 4; can be set as
=, =min{o,,, ,®,,} (B.13)
2|l LY,

When the system operates under mode C, w4 1s much smaller than w..5. Therefore,

A, can be approximated as zero for the MTPV controller design.

b|

ModeB
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