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“The universe has the highest beauty, but it does not speak
a single word. Time proceeds in its most admirable manner,
but it is silent. All things have their complete and distinctive
constitutions, but they say nothing about them. The sages
trace out the admirable operations of the universe and time,
understand the distinctive constitutions and the rules of the

world.”

- Chuang Tzu [369 - 286 BC]



Abstract

The nonlinearity and uncertainty of machine parameters impose great difficulties in
accurate modeling and optimal efficiency control of interior permanent magnet
synchronous motors (IPMSMs) drives. The goal of this thesis is to propose novel control
schemes to achieve accurate and robust optimal efficiency control of IPMSM drives in
both constant torque region and field weakening region.

Firstly, this thesis proposes a novel virtual signal injection (\VSI) based control method
for maximum torque per ampere (MTPA) operation and voltage constraint maximum
torque per ampere (VCMTPA) operation of IPMSM drives in constant torque region and
field weakening region, respectively. The proposed method injects a small virtual current
angle signal mathematically for tracking the MTPA/NCMTPA operating points and
automatically generates optimal current commands by utilizing the inherent characteristic
of the MTPA/VCMTPA operations.

Secondly, this thesis proposes a novel concept that utilizes rotor synchronous reference
(d-g) frame based searching techniques to compensate the MTPA/VCMTPA control
errors of control schemes in stator flux linkage synchronous reference (f-t) frame. Without
loss of generality, the proposed virtual signal injection control is adopted as an example
of searching schemes in the d-q frame and the existing direct flux vector control is adopted
in the thesis as an example of f-t frame based control schemes.

Thirdly, this thesis proposes a novel self-learning control (SLC) scheme for MTPA and
VCMTPA operations based on the proposed virtual signal injection. This control scheme
can be trained online and automatically adapt to machine parameter variations.

Finally, a novel hybrid control concept which combines the conventional field
orientated control (FOC) and direct flux vector control (DFVC) is proposed to inherit the

advantages of d-q frame based control schemes and f-t frame based control schemes.
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Chapter 1 Introduction

CHAPTER 1 Introduction

1.1 Propulsion Motors for EVs and HEVs

The limited petroleum resource is increasingly difficult to support the growing huge
energy consumption. Meanwhile, the environmental issues, such as smog, air pollution,
greenhouse effect, acid rain, etc., became the main factors that impact human health and
economic growth. New energy vehicles, especially the electric vehicles (EV) and hybrid
electric vehicles (HEV), are desirable for substitution of traditional internal-combustion
engine vehicles. The electric vehicles and hybrid electric vehicles are not only
environmental-friendly, but also have very high energy efficient. As reported in [1], for
urban traffic, the efficiency range of internal combust engine (ICE) in traditional vehicles
is only about 13% - 20%, while the overall efficiency of Tesla Roadster is about 88% [1].
In the circumstance that the governments around the world have made their ambitious
goals to reduce greenhouse gas emissions, new energy vehicles increasingly attract
worldwide attentions. U.S. has released policies to encourage the development of new
energy vehicles. It plans 1.5 million zero-emission vehicles on California roadways by
2025 [2]. Meanwhile, Europe and China also have made their plans to stimulate the
development of new energy vehicles. It is reported that from 2004 to 2012, in 8 years, the
HEV market increased from 165000 to more than 1.5 million vehicles sold [3]. Huge
sales increase will also be achieved for EVs [4].

The core technologies of new energy vehicles include chassis and body technology,
propulsion technology, energy storage technology [5]. According to the method for
propulsion, the new energy vehicles can be classified into EV and HEV. Further, the EV
can also be classified into battery electric vehicles (BEVSs), fuel-cell electric vehicles
(FCEVs) according to the method of energy storage. The characteristics of different types
of new energy vehicles are given in Table 1-1.

As shown in Table 1-1, electric motor drives are essential propulsive components for
all of the three types of new energy vehicles, therefore, the improvements of electric
motor drives will have significant contributions to the development of new energy

vehicles.
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Chapter 1 Introduction

Table 1-1
Characteristics of three types of new energy vehicles

Type of vehicle

BEV

HEV

FCEV

internal combust engine

Propulsion electric motor drives : : electric motor drives
electric motor drives
battery
Energy system batter : - fuel cells
gy sy y ICE generating unit
Zero emission low emission Zero emission

Characteristics

independence on crude oil

dependence on crude oil

independence on
crude oil

relatively short driving

long driving range

long driving range

range complex/high cost currently high cost
relatively smgll battery mteg'ratlon/managlng of fuel cell cost
ISSUes capacity multiple energy sources
long charging time long charging time fuel generation
battery safety battery safety g

Currently, the types of motors adopted by new energy vehicles are mainly induction

machines (IMs), permanent magnet synchronous machines (PMSMs), and switched

reluctance machines (SRMs). The characteristics of the three types of motors are given

in Table 1-2 and the IMs and PMSMs are the main machines adopted by automotive

industry.
Table 1-2
Characteristics of three types of motors
Type of motor IM PMSM SRM
Low cost High efficiency Low cost
Robust Mature Robust
Advantage : -
Mature High torqu_e/power S_lmple control
density Wide speed range
Low efficiency High acoustic noise
Disadvantage Low tgrqu_e/power High cost Low torqu_e/power
ensity density
Difficult cooling Not mature
Application Tesla Roadster Toyota Pr_ius John Deere 944K
BMW X5 Honda Insight Holden ECOmmodore

As can be seen from Table 1-2, all of the tree types of motors have their own advantages

and disadvantages, therefore, selection of traction motors for new power vehicles is a very

important step that requires special attentions [6].
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Fig. 1-1. Efficiency map of: (a) IPMSM. (b) IM. (c) SRM. [7]

Comparative studies of the different types of motors have been performed in the
literature. Reference [8] reported a survey on experts’ opinion on the three types of motors.
References [5] and [6] provide general overviews of characteristics associated with
different motor types and comparative evaluation methods based on main requirements
for HEV propulsion are also discussed. References [9] and [10] compared dynamic
operation performances of IM and PMSM propulsion systems based on the energy
consumed in drive-cycles, respectively. In [7] and [11], efficiency maps, as shown in Fig.
1-1, of IM, PMSM and SRM related to the steady-state operation are compared.
According to [7], PMSMs offer higher efficiency than IMs and SRMs between low- and
medium-speed range. However, at high speed, the efficiency of PMSMs will decrease
due to increase in iron loss and the PM eddy current losses. While IM delivers the highest
efficiency at high speed but has the widest low efficiency region at low speed due to high
copper loss [7]. The low efficiency region of SRMs is smaller than that of IMs but larger
than that of PMSMs, and the high efficiency region of SRMs is smaller than both of that
of the IMs and PMSMs. Moreover, SRMs have more severe vibration deformation than
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Chapter 1 Introduction

that of PMSMSs [7], which means higher acoustic noise and vibration which poses
challenges for noise, vibration and harshness (NVH) qualification.

The energy density of batteries is much lower than that of gasoline while the charging
time of batteries is much longer than that of gasoline refuelling. For the purpose of
obtaining the maximum mileage per charge and to reduce the greenhouse gas emission,
high efficiency motor and minimal loss control methods are required. As the most
frequent operation of EVs and HEVs lies between low- and medium-speed ranges,
therefore, as discussed above, PMSMs are favoured for EV and HEV applications for the
overall power train energy efficiency and longer mileage. This thesis will focus on high
efficiency control schemes for one of the most commonly used PMSMs, i.e., the interior

permanent magnet synchronous motor (IPMSM), in EV and HEV tractions.
1.2 Permanent Magnet Synchronous Machines

Currently, PMSMs are playing more and more important role in automotive industry
and other applications due to their high torque/power density and high efficiency. Based
on their rotor topologies, PMSMs can be broadly classified into two main types, i.e., the
surface-mounted permanent magnet synchronous motor (SPMSM) and interior
permanent magnet synchronous motor (IPMSM). The two types of PMSMs are briefly
illustrated below.

1.2.1 SPMSM

The schematic of an SPMSM is shown in Fig. 1-2. The permanent magnets of the
SPMSM are mounted on the rotor surface. Since the magnetic permeability of ceramic
and rare-earth magnet materials is nearly that of free space [12], the permanent magnet
can be considered as a part of air-gap. Therefore, the effective air-gap of a SPMSM seen
by the stator winding is equal to the sum of the permanent magnet thickness and the air-
gap [13]. Due to the air-gap thickness of the SPMSM around rotor is uniform, the winding
inductance is virtually independent of rotor position. Therefore, SPMSMs only have the
alignment torque component which is generated from the interaction between the

armature reaction and permanent magnet fields. However, due to absence of the
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reluctance torque component, SPMSMs tend to consume relatively large amount of
permanent magnets and it is not easy to achieve field weakening control. Moreover, since
the permanent magnet is mounted on the rotor surface, the mechanical containment of the
magnets at high speed has to be carefully addressed.

To ensure safety at high speed when the inverter which drives the SPMSM fails, the
maximum induced back electromotive force (emf) has to be limited. This requirement is
in conflict with the need for high torque because both back-emf and torque in an SPMSM
are proportional to the permanent magnet flux linkage. This conflict can only be resolved
by increase in the inverter voltage-ampere (VA) rating, which leads to large inverter size

and cost.

Stator winding

Permanent magnet

......

Stator

Fig. 1-2. Schematic of SPMSM.

1.2.2 IPMSM

The schematic of an IPMSM is shown in Fig. 1-3. A few typical IPMSM rotor
topologies are shown in Fig. 1-4, i.e., internal magnets (I-PMSM), radially arranged
internal magnets (RI-PMSM), V-shaped internal magnets (VI-PMSM), respectively [14].
Different from SPMSMs, the permanent magnets of IPMSMs are buried inside the steel
rotor core and this difference brings many advantages. First, the permanent magnets are
physically contained and protected by the steel rotor core, therefore, the mechanical
robustness of IPMSMs is improved, which makes IPMSMs more suitable for high torque,

high speed operations. Secondly, since the magnetic permeability of permanent magnet
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is different from that of the steel rotor core, the winding inductance varies with rotor
position, which generates reluctance torque and improves the field weakening capability.
Thirdly, the reluctance torque also decreases the usage of permanent magnets and
increases the torque density. Moreover, the IPMSMs also have a very good overload
capability over entire speed range [15].

Since the PM flux-linkage contributes a portion of the motor torque, the back-emf of
the IPM machine at high speed is much lower compared to an SPMSM counterpart.
Therefore, the maximum back-emf in an IPMSM can be easily limited with increase in
inverter VA rating.

Stator winding

Permanent magnet

Stator

Fig. 1-3. Schematic of IPMSM.

(a) (b) (c)

Fig. 1-4. Different IPMSM rotor topologies: (a) I-PMSM. (b) RI-PMSM. (c) VI-PMSM.
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Chapter 1 Introduction

1.3 Control of IPMSMs

Due to the advantages of IPMSMs, the IPMSM are increasingly being used in
automotive tractions and a variety of applications. To control the IPMSMs, either field
oriented control (FOC) in the rotor synchronous reference (d-q) frame [16]-[19] or direct
torque control (DTC) [20]-[24] and direct flux vector control (DFVC) [25]-[27] in the
stator flux linkage synchronous reference (f-t) frame can be adopted. The relationship
between the d-q frame and the f-t reference frame is illustrated in Fig. 1-5. In the d-q
frame, the d-axis is aligned with the rotor permanent magnet flux axis and g-axis leads
the d-axis by 90 degrees. While for the f-t frame, the f-axis is aligned with the stator flux
vector while the t-axis leads the f-axis by 90 degrees. Both the d-q frame and f-t frame
rotate in synchronism with the rotor and their angular displacements with respect to the
stationary o-axis are 6, and 6, =6, + &, respectively, where § is the angular
displacement between the d-axis and the f-axis. I, represents stator current amplitude. i,
I4 represent the d- and g-axis current components, respectively. i;, ir represent the t- and
f-axis current components, respectively. ¥ is the flux amplitude. 8 is the current angle
between current vector and the g-axis. Control schemes in different reference frames will

be reviewed and discussed in the following parts of this chapter.

B

v R

Fig. 1-5. a-p reference frame, f-t reference frame and d-q reference frame.
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Chapter 1 Introduction

1.3.1 d-g Frame Based Control

1.3.1.1 Mathematical Model in d-q Frame

The mathematical model of an IPMSM in the d-q reference frame can be expressed as
in (1-1) to (1-9) when high order space harmonics are neglected [28], where L, and L,
are the d- and g-axis inductances, v, and v, are the d- and g-axis voltages, respectively.
¥, is the flux linkage due to permanent magnets, R is the stator resistance, p is the number
of pole pairs, T, and T;, are the electromagnetic and load torques, respectively. w,, is rotor
angular speed, w, is rotor electrical angular speed. B,, is the friction coefficient of the
motor and J is the moment of inertia of the motor and load. The current amplitude 1,
expressed in (1-5), should be limited to the maximum permissible current amplitude I,,,4,.
Similarly, voltage amplitude v,, expressed in (1-8), should be below the maximum

voltage amplitude v,

Vg = Ly C;—if + Rig + pwpLgiy + pwn¥p, (1-1)
Vg = Lg C;—i: + Rig — pwnlLyi, (1-2)

T, = 372’ [Wniq + (Lg — Lg)igial (1-3)

T, =T, + Bwn +]% (1-4)

I, = /ig + 02 < Imax (1-5)

iqg = —Igsin(B) (1-6)

iqg = Iqcos(f) -7

vy = /vﬁ + V2 < Vpax (1-8)

We = PWpy, (1-9)

Due to magnetic saturation often present in an IPMSM, the PM flux-linkage and d-q
axis inductances are dependent on d-qg axis currents. Further, the stator resistance and the
PM flux-linkage also vary with temperature, which in turn influences the d-q axis
inductances through non-linear magnetic characteristics. Therefore, the parameters of the
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machine are largely dependent on operating conditions.

1.3.1.2 MTPA Control of IPMSM in d-q Frame

As can be seen from (1-3), the torque is contributed by the alignment torque component
as the result of the interaction of the permanent magnet flux linkage with the g-axis
current, and the reluctance torque component due to the difference in the d- and g-axis
inductances. According to (1-3), each T, corresponds to various combinations of d- and
g-axis currents. Therefore, to choose an optimal d- and g-axis current combination for
minimum loss becomes the main issue of IPMSM drive control.

In order to control the d- and g-axis current, field oriented control (FOC) is adopted
[18], [29]-[31]. The schematic of the FOC is shown in Fig. 1-6, where the errors between
the reference currents, iz, iz, and the measured currents, iy, i, are fed to two
proportional and integral controllers (PI controllers). The reference d- and g-axis voltages,
vy, Vg, are equal to the sums of the outputs of PI controllers and the decoupling terms.
The decoupling terms are introduced to minimize the cross-coupling effect between the
d- and g-axis control loops, and hence improve dynamic performance of the drive,

particularly at high speed.

v*
iy >(*) > Pl >+ ) 5 d
s £ tg > SVPWM
" . q 5
ig > )—s| 1 @ abe > Inverter
A ia
: i || abe e
pwm(Ldld + wm)" Lqumlq M 1 vYVvVv
) i 7 § y 3 7'} to b, T\
o I dd el 1] pmsm | D
| wm-. \/
Wm

Fig. 1-6. Schematic of FOC.

For field oriented control scheme, as shown in Fig. 1-6, the d- and g-axis currents can
be accurately controlled based on the two current feedback loops. At early stages of
IPMSM drive development, IPMSMs were controlled by ‘i;=0 control’ scheme. The
‘i4=0 control’ is to control the d-axis component of the armature current to zero. The

advantage of this control scheme is that the torque is proportional to the armature current
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and the demagnetization of permanent magnet materials can be avoided [32]. However,
as many permanent magnet materials have large coercive force, there is no need to control
PM machines in such a conservative way [31]. The unity power factor control was then
proposed to control the power factor always as equal to one. In this way, the current vector
is in the same direction as the voltage vector. Beside the unity power factor control,
constant flux-linkage control method was proposed to control the phase current such that
the flux-linkage and induced electromotive force are kept constant at any load. A
comparative study of the three control methods mentioned above was conducted by
Shigeo Morimoto and his colleagues in [31].

For EV/HEV traction applications, due to the limited battery capacity, high efficiency
IPMSM operations are desired. Since the copper loss is the dominant loss in constant
torque region, in order to obtain the maximum torque and reduce the copper loss, the
maximum torque per ampere control (MTPA) has been proposed [12], [33]-[35]. The
schematic of constant current loci and constant torque loci in the d-g frame are shown in
Fig. 1-7. As can be seen in Fig. 1-7, given that the current amplitude is calculated from
(1-5), the constant current amplitude loci for different current amplitudes are circles,
therefore, the constant current amplitude loci are also named as current circles [36]—[39].
An MTPA point is the point at which a current circle is tangential to a constant torque
locus. In other words, MTPA points are the intersection between the constant torque locus
and the current circles with minimum magnitude of the current vector, and the MTPA

point trajectory is also shown in Fig. 1-7.

q

MTPA points
tl-ajecto_ry T VT//Tez
. Toa
Constant torque loci AN e

Fig. 1-7. Constant current loci, constant torque loci, and MTPA trajectory.
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Since an MTPA point is at the tangent point between a constant torque locus and a
current circle, the optimal current angle, Syrpa, for MTPA operation with a given current
magnitude I, can be derived by letting the derivative of torque with respect to the current
angle (9T, /adp) to zero. Substituting (1-6), (1-7) into (1-3) and let dT,/dB = 0, the
optimal current angle for MTPA operation is expressed in (1-10) [40]:

—y 4 \/sz +8(Lg — Lg) I,
1

4(Ly — L),

(1-10)

Burpa = Sin~

The optimal d- and g-axis reference currents, igyrpa, igurpa, for MTPA operation can
be obtained by substituting (1-10) into (1-6) and (1-7), respectively. It is evident from
(1-10) that the current angle for MTPA operation is dependent on the motor parameters,
e.g., Lq,Lq and ¥,,. However, IPMSMs are well-known for their nonlinear machine
parameters because of magnetic saturation and cross-coupling effects [40] as shown in
Fig. 1-8 for an IPMSM designed for electric vehicle (EV) traction.

ZRRALALIF AL,

- 22
LKAL
Rt et et

20 < 80"
40 o~ a0 -6
0 e A0

,'q (A) 100 > 20 1y (A)

(©)
Fig. 1-8. Nonlinear IPMSM machine parameters. (a): L, as a function of d- and g-axis currents. (b):
Lq as a function of d- and g- axis currents. (c): ¥, as a function of d- and g-axis currents [41]. The

results apply to the machine used throughout this thesis and the data will be given in Chapter 2.
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The machine with the parametes shown in Fig. 1-8 will be used throughout this thesis
and the data will be given in Chapter 2. Further, since the remanence of permanent
magnets varies with temperature, the permanent magnet flux linkage, ¥, , is also
dependent on temperature and so are Lg, L, due to cross coupling through magnetic
saturation. The nonlinearity and uncertainty of the IPMSM machine parameters imposes
a great challenge for realization of the MTPA operation in real-world applications.

In order to achieve MTPA control, many control schemes have been proposed in the
literature. In [12], [33]-[35], [42], [43] the MTPA points were calculated assuming that
the motor parameters are constant. In order to take the machine parameter nonlinearity
into account, d- and g-axis inductances as functions of currents have been proposed in
[44]-[46]. While in [36], [40], [47]-[49], look-up tables (LUTSs) are utilized to facilitate
the MTPA control with nonlinear machine parameters. The LUT data may be obtained
from the numerical analysis of electromagnetic field of the machine or from a set of
experiments. However, these control schemes highly rely on the prior knowledge of
machine parameters or the data stored in look-up tables. As machine parameters vary
under influence of magnetic saturation, cross-coupling and temperature [50], [51], the
performance of these control schemes cannot be guaranteed.

To achieve machine parameter independent MTPA operation, search algorithms are
proposed in [52]-[54] to adjust the current vector until the resultant current amplitude is
minimized for a given load torque. These control schemes do not require prior knowledge
on motor parameters but exhibits low torque control accuracy under the influence of
torque disturbance and current/voltage harmonics. These control schemes also suffer
from the relatively poor dynamic performance [29] due to slow converging rate.

Recently, new methods for the MTPA operation by injecting high-frequency current
signal into the motor have been proposed. By injecting high-frequency current signals
into motor, the resultant torque contains a variable component. Due to the fact that at a
MTPA point the variation in torque caused by the variation in the current angle is zero,
that is dT,/dp = 0, the MTPA point can be detected and tracked. Since it is less
convenient to measure the torque and its variation, variation in speed was utilized in [55]—
[57] instead of torque variation. The convergence properties as well as stability of this
method were analyzed in [58]. In [59] variation in mechanical power was utilized instead
of torque variation. However, these signal injection based control schemes may be

affected by harmonics in terminal voltage and current. Moreover, the frequency of
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injected signal is limited by hardware and the injected signal results in additional power
losses.

In Chapter 2 of this thesis, a novel virtual signal injection control (VSIC) method is
proposed. This method is parameter independent in tracking the MTPA point as well as
robust to current and voltage harmonics and parameter variations. Moreover, it does not
inject any real signal into the motor, and hence the problems associated with real-signal
injection such as deterioration in control performance, sensitivity to harmonics, resonant

problems and additional power losses are avoided.

1.3.1.3 Field Weakening Control of IPMSM in d-q Frame

According to (1-1), (1-2) and (1-8), the voltage amplitude, v,, is dependent on rotor
speed, w,,. In real application, v, should be smaller than v,,,, which is determined by
modulation techniques and inverter dc-link voltage. v,,,, can be calculated from (1-11)
[50].

Vmax = KmVac (1-11)
where v, is the inverter dc-link voltage. k,, , given in Table 1-3, is modulation factor

associated with different modulation techniques.

Table 1-3
Characteristics of three types of motors

Modulation | Sinusoidal PWM Third-harmonics injection Space vector PWM Six-step
technique (SPWM) PWM (THIPWM) (SVPWM) PWM
1 1 1 2
kM = — = bl
2 \3 V3 s

From (1-1), (1-2), and (1-9), when motor is operated at steady state, (1-8) can be
expressed in (1-12).
: . \2 . . 2 )
(Rig — welqiq)” + (Rig + welgiq + @e¥n)” < Vmax (1-12)
As the voltage drop across stator resistance is relatively small compared with v,,,,, the
voltage drop across stator resistance can be ignored. (1-12) can be expressed in (1-13).
The resultant current vector loci for different angular frequencies are also known as

voltage ellipse or voltage limit ellipse [16], [34], [36], [60].
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2
. \2 . %
(Laiq)” + (Lala + ¥n)* < =57 (1-13)

2
e

The maximum current circle, voltage ellipses, constant torque loci, and MTPA
trajectory are shown in Fig. 1-9. As shown in Fig. 1-9, when w, increases, i.e., from w,,
to w,,, the corresponding voltage ellipse shrinks. When the rotor speed is beyond w,,,
part or whole of the MTPA trajectory will be outside the corresponding voltage ellipse
and the MTPA operation at the MTPA points outside the voltage ellipse will not be
possible due to the voltage limit. In order to fully utilize the dc-link voltage, field
weakening control is needed. As can be seen from Fig. 1-9, points B, C, D are all on the
constant torque locus of T,;. When rotor speed is equal to w4, the point B, a MTPA point,
is outside the voltage ellipse of w,4. To maintain T,,, the motor can be operated at point
C by increasing d-axis current amplitude while decreasing g-axis current amplitude, as
shown in Fig. 1-9. Similarly, when rotor speed is equal to w,,, the motor can be operated
at point D. Since the d-axis is aligned with the rotor permanent magnet flux axis, increase
of the magnitude of negative d-axis current will increase the component of reaction flux
which is opposite to the flux excited by rotor permanent magnets and the resultant flux
will be weakened. Therefore, such control scheme is called flux weakening or field
weakening control [19], [38], [61].

Wegq <Wep< Wer < Weg< Wee
Constant O

torque 10C1 ...................

Te 2

‘ LaMTPA |
Voltage ellipses o

Fig. 1-9. Maximum current circle, voltage ellipses, constant torque loci, and MTPA trajectory of
IPMSM in d-q axes coordinate.
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Fig. 1-10 shows the variations of torque and voltage amplitude with d-axis current for
a given current amplitude, I,, when the required voltage for the MTPA operation is
greater than the voltage limit. If the d-axis current magnitude decreases towards the
MTPA point, the torque and v, will increase. Therefore, when voltage amplitude is equal
to the voltage limit, the motor can produce the maximum torque with the given current
amplitude, and this condition is independent of iron loss because it is uniquely determined
by the voltage limit and current amplitude. Such operation points are named as voltage
constrained maximum torque per Ampere (VCMTPA) points [62].

60 : - : : - :
‘ == Constant current amplitude locus ‘
50r 1
=
> MTPA point
Z 40 P
D e e e— e— e— — — — — — — — —
@ | VCMTPA point Maximum torque
S 30¢ _
3 I
20f |
T ————
I ‘ Voltage amplitude
120F I 1
<100 | - —
j=11]
= 30+ I jverror = Vmax — Va |
S
N ¥ e N —
60" Voltage limit |
40

-70  -60 -50 -40 -30 -20 -10 0

d-axis current (A)
Fig. 1-10. Variations of torque and voltage amplitude with d-axis current for given current amplitude
1.

According to (1-13), the VCMTPA reference d-axis current, i}, for field weakening

control is expressed in (1-14).

lIUm_I_ 1 \/(vmax)z_

: %
Ldarw = — 37 T 7

2

Ld Ld We

(1-14)

L5id

As mentioned above, in order to expand the speed operating range, field-weakening
control is needed. In general, there are two kinds of field-weakening controls in the d-q
frame. One is feed forward [42], and the other is feedback field-weakening control [63].

The feed forward field weakening control is based on PMSMs mathematical model [64].
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The optimal reference d- and g-axis currents of feed forward field weakening control can
either be generated from look-up tables whose inputs are reference torque and rotor speed
or be generated from (1-14) and (1-15) when rotor speed is above the based speed.

Te
3 .
jp[lpm +(La = Lq)igrw]

The advantage of feed forward field weakening control is its fast response. However,

T
lgpw =

(1-15)

since the feed forward field weakening control is dependent on the knowledge of machine
parameters, the control performance of the feed forward field weakening control is
difficult to be guaranteed due to the machine parameters’ uncertainty and the dc-link
voltage variations.

On the other hand, in feedback field weakening control [63], the reference d-axis is
obtained from a proportional and integral (PI) compensator whose input is the voltage
error which is given in (1-16). Here v, is the reference voltage amplitude given in (1-17).

v, and vy are the d- and g-axis reference voltages, respectively.

Verror = Vmax — Va (1'16)

v = /<v;)z + ()" (1-17)

The schematic of feedback field weakening control scheme is shown in Fig. 1-11. The
Aig; in Fig. 1-11 is the output of the PI compensator. Because in constant torque region,
Verror 1S always larger than zero, in order to maintain MTPA operation, Ai, should be

limited to be smaller than or equal to zero [63], [64].

- v,
l D) S o\ q
q > ) > Pl +
. ; — ke 94—t svpwM
MTPA i vt | o [
T,—> Look-up ) ————>E)—>| PI l >(+) Gyl  abe 2| Inverter
table \ Aiy <0 \f P
- ¥ g
mit
D i abe e -
i \ﬁecoup ing - -, “"
= 1 da el 1pMsM | CT
| arer % iq I wm \-\_ \"\ J
[ lverror = Vmax — Va | . ,,
* * * Z &
Vg = ,’ (wz)* + (vq) <
\ va
Feedback field

| weakening compensator

Fig. 1-11. The schematic of feedback field weakening control scheme.
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When motor is operated in field weakening region, if the reference d-axis current for
field weakening control is insufficient, the current control loop will saturate and the
corresponding v, will be larger than v,,,,, which causes v, to be negative. The
negative v,,.., Will drive the Ai, to increase in the negative direction, and as a result, the
amplitude of the d-axis reference current, i, increases until v,,...,, = 0. Thus, Aiy will
compensate for insufficient d-axis current to prevent the current regulators from
saturation by decreasing v, until it equals to v,,,,. The compensation is parameter
independent.

However, when the amplitude of the reference d-axis current is larger than the
amplitude of the VCMTPA d-axis current due to the inaccurate machine parameters,
according to Fig. 1-10, v, is smaller than v,,,,. Therefore, Ai; will be kept equal to zero
and the voltage feedback loop is no longer in action and hence the VCMTPA control in
the field weakening region cannot be achieved.

In order to avoid the disadvantages of the conventional feed forward and feedback field
weakening control, in this thesis, a novel field weakening control scheme that combines
virtual signal injection control (VSIC) together with voltage feedback based field
weakening control is proposed in Chapter 2. The proposed novel field weakening control
scheme also exploits the advantages of feed forward field weakening control method so
that it not only has fast response to torque demand but also is parameter independent in
searching the minimal current amplitude points, i.e., the MTPA in constant torque region
and VCMTPA points in field weakening region.

1.3.2 f-t Frame Based Control

1.3.2.1 Direct Torque Control

The IPMSM motor drives can also be controlled in the f-t frame which is shown in Fig.
1-5. Compared with the d-q frame based control, the f-t frame based control can regulate
the stator flux amplitude directly and can manage motor voltage limit in field weakening
region without look-up tables of current or flux references [65]. Therefore, the f-t frame
based control scheme can easily cope with voltage saturation and has better performance
in field weakening region [66], [24].
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In order to control motors in the f-t frame, direct torque control (DTC) was firstly
proposed by Takahashi and Noguchi [67] for induction motor drives. Since then, the DTC
became another important control scheme beside the FOC. In the literature, conventional
DTC is mainly achieved by controlling the stator flux magnitude and electromagnetic
torque through hysteresis regulators based on switching tables [68]-[70].

The principle of the conventional DTC operation is shown in Fig. 1-12. For a two-level
inverter, there are eight output voltage vectors, i.e., 6 active vectors V; to Vg and two zero
voltage vectors V, and V., [71], [72]. Due to the trajectory of stator flux vector ¥, moves
in the direction of the inverter output voltage vector [67], the stator flux vector and torque
can be controlled through voltage vectors directly. For example, as shown in Fig. 1-12,
the f-axis is aligned with lT’s while the t-axis leads the f-axis by 90 degrees. If a voltage
vector with positive f-axis component, i.e., V, or Vg, is applied to the stator winding, the
amplitude of 1175 increases, otherwise, if V5 or Vg is applied, the amplitude of @s decreases.
Similarly, if a voltage vector with positive t-axis component, i.e., V, or Vs, is applied to
stator winding, the resultant torque increases, otherwise, if Vs or Vg is applied, the torque
decreases. In this way, the trajectory of lf’s can be controlled within the hysteresis band

shown in Fig. 1-12.

(I)r,; pa //// ﬁ A \\
/ // v, (010)
, | // -

[f V5 (000)

V, (000) V1 (100) «a f;‘

H V4(()<11) uo @
Y% LT, //‘

Inverter output voltage vector

\

-

55y (001) v, (010)

Hysteresis band

—_ 56_71’./,5

Fig. 1-12. Pri_ﬁ_(;iaé_bf DTC operation.

In order to properly select the optimal voltage vectors, the a-£ plane is divided into six
sectors, i.e., S; to S¢. The torque and stator flux control signals e and &y from the

hysteresis comparators are defined in (1-18) and (1-19), respectively.
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er={_

ew={

increase T,
decrease T,
increase ¥

decrease ¥

(1-18)

(1-19)

The optimal switching table for appropriate selection of the voltage vectors is given in

Table 1-4.
Table 1-4
Optimal switching table

S (ST' s’-}’) (-17'1) (-111) (11'1) (111)

! Voltage vector Vs Ve Vs v,
S (ng s’{’) (-11-1) (-111) (11-1) (111)

z Voltage vector /A 14 v, Vs
S (ETI gl}’) (_11_1) (_111) (11_1) (111)

e 3 Voltage vector 14 v, Vs V,
S (ETI gl}’) (_11_1) (_111) (11_1) (111)

4 Voltage vector v, /A Ve Vs
S (ETI gl}’) (_11_1) (_111) (11_1) (111)

o Voltage vector /A v, v, Ve
S (ETI gl}’) (-11-1) (-111) (11-1) (111)

& Voltage vector Va Vs V, v

The block diagram of the DTC is shown in Fig. 1-13. The torque regulator and flux

regulator are two hysteresis comparators. The inputs of the torque regulator is the error

between reference torque, T, and observed torque, T,. The output of the torque regulator

is torque control signal, e;. While the input of the flux regulator is the error between

reference flux amplitude, ¥, and observed flux amplitude, %,. The output of the flux

regulator is flux control signal, ex. Then the resultant e, and &y are input into the

switching table in Table 1-4 and the voltage vectors can be selected.

T* @ . Torque er
€ : regulator .l,
T, Optimal
0, —> switching Inverter
table
. Flux Ey 1‘
“| regulator X
Flux and [ IPMSM |
torque e | A
observer

—T—r Vabc

Fig. 1-13. Block diagram of DTC scheme

labc
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Compared with the FOC, the conventional DTC does not need integral regulators,
therefore, the DTC has an arguably faster torque response than FOC [21]. Moreover, since
the DTC directly controls stator flux magnitude, it can easily achieve field weakening
control by directly limiting the flux magnitude. However, in real applications, due to time
delay caused by the fixed sampling rate of a controller, the stator flux and torque will
exceed the predefined hysteresis bands, which causes relative large flux chattering and
torque ripples. And the hysteresis band also causes undesired steady-state torque control

error [69], [70] as well as variable switching frequency.

1.3.2.2 Improved Direct Torque Control

To solve the issues of the conventional DTC, in [20], [73], space vector pulse width
modulation (SVPWM) is integrated in the DTC and the torque ripple is significantly
reduced. The block diagram of the improved DTC by means of space vector modulation
is shown in Fig. 1-14.

Equation | ¥

51 (2

WS | Reference

q;é voltage L SVPWM
vector Inverter

s = — | calculator
h R T

Flux and t W, [
ux and torque e (] IpMsM | 0
observer B \

N N b g

Flux limit

. Equation
Te— (121

Torque limit

\,

Flux vector calculator

VYabc

Fig. 1-14. Block diagram of improved DTC e
As shown in Fig. 1-14, instead of the hysteresis controllers and switching table, the flux
vector of the improved DTC is directly determined by reference flux amplitude, %", and
reference flux linkage position, ;. A proportional and integral (P1) controller is utilized
to obtain the change of flux linkage position, 46, within each sample time through torque
error. The 6; is equal to the observed flux linkage position, 8;, plus 46.. The reference

voltage vector can be calculated by the reference voltage vector calculator based on (1-20),

where v; is reference voltage vector, %" is reference flux vector, ¥, is observed flux

vector, Ty is sampling period.
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ot b (1-20)
a TS

The reference torque is limited by the maximum torque, T, Which can be calculated

from (1-21), where if is the f-axis current.

3 - , .
Te < Tax = Epllys Irznax - sz‘ (1'21)

In field weakening region, in order to maintain the voltage amplitude, v,, within the
maximum voltage amplitude, v,,,,, the flux amplitude is limited by (1-22), where w, is
rotor electrical angular speed, R is the stator armature resistance, i, is t-axis current

component.

1
W< — \/v,%wx - (Rif)2 — Ri, (1-22)

e

The improved DTC retains the advantages of conventional DTC, e.g., independence of
machine parameters in field weakening region, no current control loop, etc., [20].

Moreover, due to the integration of SVPWM, the torque ripple is effectively reduced.

1.3.2.3 Direct Flux Vector Control

Direct flux vector control (DFVC) [25]-[27] is another kind of control scheme in the f-
t frame. This control scheme directly controls flux amplitude and t-axis current based on
the mathematical model of IPMSM in the f-t frame. The mathematical model is expressed
in (1-23) to (1-26).

av,
vr = Ri; + dts (1-23)
ds
ve = Rig + ¥, (poom + ) (1-24)
3
Te = 5 p¥sie (1-25)

i < /I,%mx —i? (1-26)

The block diagram of the direct flux vector control is shown in Fig. 1-15. To ensure
the IPMSM drive operates within the current and voltage limits, the reference torque, T,
is limited by (1-21). The reference flux amplitude, ¥, is limited by (1-22), i.e., for field

weakening control. The t-axis reference current, i/, is generated from (1-25) and limited
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by (1-26). The observed flux amplitude and t-axis current are denoted by &, and i,
respectively. As proposed in [25], the stator flux linkage is directly regulated by the f-
axis voltage while the t-axis current is regulated by the t-axis voltage. Compared with the
DTC, the advantage of DFVC is that the stator current amplitude can be effectively
limited since the t-axis current in DFVC is controlled in closed loop [25]. More details
for the DFVC can be found in [25].

Equation Vf £ v,
* > — . sl fit a N
¥ (1-22) 5 |¥sand i to Uy | SVPWM
Field weakening 7 Pl Ve Ve J| Inverter
* Jeontroller Aabc i
g 1
. L,/ Equation *—i¢| Equation @, : abc [° ig
Te (1-21) "E’ (1-26) la |to [ ip , YV
Torque limit C=1/3p/2) i, limit - Flux observer [€ is @B [Sa [l IPMSM (0
1 \. N/
Wi

Fig. 1-15. Block diagram of direct flux vector control.

1.3.2.4 Flux Observer

For the f-t reference frame based control, a flux observer is needed. The flux vector can
either be estimated from voltage model given in (1-27) or from current model given in

(1-28). Here ¥, and ‘Tfﬁ are the observed a- and B-axis flux components. v, and vy are
the a - and g -axis reference voltages, i, and iz are the measured a - and f -axis

currents. ¥, and &, are the observed d- and g-axis flux components.

llpal ~ J(UZ — Ria)dt (1-27)
e J(v;; — Rig)dt

Pa] _ [Laia + ¥m

7= -2

The block diagrams of voltage model based flux observer and current model based flux

observer are given in Fig. 1-16 and Fig. 1-17, respectively.

Page | 22



Chapter 1 Introduction

ig—— ¥, = j(v; — Ri,)dt

Fig. 1-16. Block diagram of voltage model based flux observer.

T
W

id > @d = Ldid + I]Um

Fig. 1-17. Block diagram of voltage model based flux observer.

As can be seen from Fig. 1-16, voltage model based flux observer is independent from
machine parameters except stator resistance. Since at high speed the voltage drops on the
stator resistant and inverter are relatively small compared with voltage amplitude, the
stator resistance can be assumed as its nominal value and the flux vector can be estimated
by voltage model based flux observer with relatively high accuracy [74].

In practice, since the voltage model based flux observer is based on integration of the
induced voltage, voltage model based flux observer may suffer from drifting problem. In

order to avoid the drifting issue, closed loop flux observer was proposed. The simplified
block diagram of closed loop flux observers is illustrated in Fig. 1-18. The @s_c in Fig.

1-18 is the flux vector estimated by current model based flux observer, and l?’s is the

output of the closed loop flux observer. v, and i, are voltage and current vectors,

respectively. As can be seen from Fig. 1-18, the difference between @S_C and l?’s is input
into a proportional and integral (PI) controller to correct the voltage model based flux

observer.

Voltage model based flux observer

= 1 =
Ri, G

Vg —

Current model based
flux observer
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At low speed, since the voltage amplitude is relatively small, the stator resistance and
inverter voltage drop may have significant effect on voltage model based flux observer.
Therefore, at low speed, current model based flux observer is preferred although the
current model based flux observer relies on machine parameters as shown in Fig. 1-17,
and inaccurate machine parameters may affect the accuracy of current model based flux
observer.

In order to take the advantages of current model based flux observer at low speed and
voltage model based flux observer at high speed, the PI controller in closed loop flux
observer is tuned for the best combination of the two model based flux observers. The
block diagram of the conventional closed loop flux observer is shown in Fig. 1-19. £ and
w, of the PI controller in Fig. 1-19 are the damping ratio and crossover frequency,
respectively, associated with the combination of the two outputs. As discussed in [75],
the voltage model will be dominant above the predefined crossover frequency while the

current model will be dominant below the crossover frequency.

Current model [‘Vm

| 1
1 1 a a
1 0 1 0 [
I 1
I 1
! [Id] ! (1-29) (1-31)
R 07|, g -_ o L tal | [La ! R
[0 R] Iiﬁ] e’ I 0 ; @,
I 1 7,
e e e e e e e e
4] b )1 ;
v s @,
A |— to <—9"
w2 7 d,
ZECLJO +J € [ } q
s AY, Yp
PI controller L‘-%
(1-30)  (1-32)
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Fig. 1-19. Block diagram of flux observer.

The observed d- and g-axis fluxes, ¥, and &, can be obtained through &,, P; and 6,,

as shown in Fig. 1-5. The estimated angle between the f-axis and the d-axis, §, can be
calculated from (1-29):

8 =tan" 1= (1-29)

The observed flux amplitude &, can be calculated from (1-30):
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7= |87+ 9, (1-30)

The observed t-axis current, i, can be generated from (1-31) with the measured d- and

g-axis currents, iy and i,.
it = igcos 5 —iygsiné (1-31)

The estimated angle between f-axis and a-axis, 8, can be calculated from (1-32).

~

A @
f, = tan™? ¢—ﬁ (1-32)

a

The closed loop flux observer shown in Fig. 1-19 is adopted in this thesis.

1.3.2.5 MTPA Control in f-t Frame

As mentioned above, the f-t frame based control schemes can easily cope with the field
weakening control by directly limiting the reference flux amplitude. However, due to the
machine parameter uncertainty and nonlinearity, MTPA operation in the f-t frame is also
challenging.

Currently, MTPA operations for f-t frame based control schemes are mainly achieved
by controlling the reference flux amplitude. The optimal reference flux amplitude can be
generated through mathematical model [76] or pre-defined look-up tables which are
obtained from experiments or numerical machine model [41]. However, the f-t frame
based MTPA control schemes are affected not only by the error in the reference flux
amplitude due to the machine parameter uncertainty and nonlinearity, but also by the flux
observer error in the flux control loop [77]. Thus, compared with d-q frame based MTPA
control schemes, f-t frame based control schemes are vulnerable to flux errors in the
reference and observer [62].

In order to reduce the dependency on motor parameters for MTPA operations with the
f-t frame based control of IPMSM drives, search algorithms were, therefore, proposed in
[78]. Although this scheme does not depend on the knowledge of machine parameters, its
accuracy was affected by voltage and current harmonics and load torque disturbance. In
[79], a signal injection based MTPA point tracking scheme was proposed based on the
principle of extremum seeking control (ESC) [80], [58]. The MTPA tracking is based on
the fact that the rate of change of current amplitude with respect to injected reference flux

perturbation at MTPA points is zero. Instead of injecting sinusoidal signal at fixed
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frequency [55], [58], [59], this control method injects a random signal into the reference
flux amplitude to avoid the residual torque harmonic at the injected signal frequency.
However, as a result of the injected signal, this method causes additional copper/iron loss
and additional torque ripple. Moreover, the errors in flux observer may also deteriorate
the MTPA control quality.

In Chapter 3 of this thesis, a novel MTPA control scheme in the f-t frame is proposed.
This control scheme adopts a novel concept that utilizes d-q frame based searching
techniques to compensate the MTPA control errors of the f-t frame based control schemes.
In this way, the proposed f-t frame based control will be independent from flux observer
errors. Moreover, by using the d-q frame based searching schemes to compensate the
error of reference flux amplitude, the MTPA control accuracy and the robustness of the

f-t frame based control scheme can be significantly increased.

1.4 Overview of Research

The main objective of the research described in the thesis is to address the difficulty of
accurate MTPA operation and VCMTPA operation of IPMSMs due to the nonlinear
machine parameters and machine parameter variations. The thesis contains 6 chapters and
the content of each chapter is briefly summarized below.

Chapter 1 introduces the global trend of new energy vehicles and compares different
types of motors adopted by new energy vehicles. Chapter 1 also introduces the state of
the art of MTPA operation and field weakening operation for IPMSMs in the d-q frame
or f-t frame and compares the advantages and disadvantages of each control scheme. The
technical challenges for realising MTPA and VCMTPA operations over a wide torque
speed range with varying temperature and battery voltage are highlighted, and limitations
of the current state-of-the art in addressing these challenges are also described.

Chapter 2 proposes a novel virtual signal injection control (VSIC) method for MTPA
operation and field weakening operation of IPMSM drives in the d-q frame. The proposed
method injects a small virtual current angle signal mathematically for tracking the MTPA
or VCMTPA operating point and generating d-axis current command by utilizing the
inherent characteristic of the MTPA and VCMTPA operation. This method is parameter
independent in tracking the MTPA/VCMTPA points and it does not inject any real signal
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to current or voltage command. Consequently, the problems associated with real high-
frequency signal injection, such as increases in copper and iron loss can be avoided.
Moreover, it is robust to current/voltage harmonics and motor torque disturbances. The
proposed method is verified by simulations and experiments under various operating
conditions on a prototype IPMSM drive system.

Chapter 3 proposes a novel concept that utilizes d-q frame based searching techniques
to compensate the MTPA control errors of the f-t frame based control schemes. Without
loss of generality, the direct flux vector control is adopted in Chapter 3 as an example of
the f-t frame based control scheme and the virtual signal injection control (VSIC) is
adopted as an example of searching scheme in the d-gq frame. The proposed method
virtually injects a small high frequency current angle signal for tracking the optimal flux
amplitude of MTPA operation in constant torque region. A control method that can
achieve smooth transition between constant toque region and field weakening region is
also proposed in Chapter 3. The proposed control scheme in Chapter 3 is not affected by
the accuracy of flux observer and is independent of machine parameters in tracking the
MTPA points and will not cause additional iron loss, copper loss and torque ripple as a
result of real signal injection. Moreover, by employing a band-pass filter with a narrow
frequency range the proposed control scheme is also robust to current and voltage
harmonics, and load torque disturbances. The proposed method is verified by simulations
and experiments under various operating conditions on a prototype IPMSM drive system.

Chapter 4 proposes novel self-learning control schemes for IPMSM drives to achieve
MTPA operation in constant torque region and VCMTPA operation in field weakening
region with fast response. The proposed self-learning control schemes (SLC) are based
on the virtual signal injection control proposed in Chapter 2 and 3. Initially the reference
d-axis currents or reference flux amplitudes for MTPA operation are tracked by virtual
signal injection, and the data are used by the proposed control scheme to train the
reference d-axis current map or reference flux map. After training, the proposed control
scheme generates the optimal reference d-axis current or reference flux amplitude with
fast dynamic response. The proposed control scheme can achieve MTPA or VCMTPA
control fast and accurately without accurate prior knowledge of machine parameters and
can adapt to machine parameter changes during operation. The proposed control scheme

is verified by simulations and experiments under various operation conditions.
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Chapter 5 proposes a novel hybrid control scheme for IPMSM drives. The proposed
control scheme combines conventional field orientated control (FOC) with direct flux
vector control (DFVC). At low speeds, the machine drive is controlled through d- and g-
axis currents, while at high speeds the direct flux vector control is adopted. A shape
function is utilized by the proposed control scheme to achieve smooth transition between
the two control schemes. Therefore, the proposed control scheme inherits the advantages
of both the direct flux vector control and field orientated control while avoiding their
disadvantages. The proposed control scheme is verified by simulations and experiments
under various operation conditions on a prototype IPMSM drive.

Chapter 6 presents the conclusion and suggestion for future work.

Finally, at the end of this thesis, the configuration of the inverter adopted for the
experiments in this thesis and the introduction of programming the inverter is provided
in Appendix A. The key blocks in Simulink models of the proposed control schemes in
this thesis is given in Appendix B. The error analysis of virtual signal injection is given
in Appendix C. Appendix D introduces the high fidelity machine model adopted by the

thesis.
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CHAPTER 2 Virtual Signal Injection Based
Field Orientated Control

2.1 Introduction

As has been described in Chapter 1, the interior permanent magnet synchronous motors
(IPMSM) are increasingly being used in a variety of applications [81] due to their high
efficiency, high power density, high reliability, and good field-weakening performance
[31], [60], [82], [83].

In constant torque region, in order to achieve optimal efficiency of an IPMSM drive,
the maximum torque per ampere (MTPA) operation is often necessary by controlling the
current vector according to load conditions [12], [33], [42]. However, due to the magnetic
saturation, cross-coupling effects, manufacturing tolerance, material property variation
and temperature variation, the parameters of IPMSMs are highly nonlinear and uncertain
[40]. This imposes a great challenge for realization of the MTPA operation in real-world
applications.

As proposed in [12], [33]-[35], [42], [43], the MTPA points were calculated assuming
that the motor parameters are constant. However, real MTPA operation will not be
possible due to parameter variations under influence of magnetic saturation, cross-
coupling and temperature [50], [51]. To take into account the effects of magnetic
saturation and cross-coupling, flux linkage due to permanent magnets and d- and g-axis
inductances as functions of current have been considered in [44]-[46]. However, it is
difficult to derive accurate and computationally efficient models for these parameters as
functions of currents.

In [36], [40], [47]-[49], look-up tables (LUTS) are employed to facilitate the MTPA
control. The LUT data may be obtained from the numerical analysis of electromagnetic
field of the machine. However, the accuracy will be dependent on manufacturing
tolerance, material property variations and temperature. It is also possible to extract LUT
data by performing a set of experiments, however experimental approaches are rather
time consuming and require considerably more resources while the variability due to

manufacture, materials and temperature may not be accounted fully by testing a few
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representative samples. These factors greatly limit the performance and scope of the LUT
based approaches for the MTPA operation.

In [52]-[54], search algorithms are employed to adjusting the current vector so that the
MTPA condition is met for a given load torque. These techniques do not require prior
knowledge on motor parameters but have relatively poor dynamic performance [29] due
to slow converging rate of the search algorithms. The search algorithms based control
schemes also exhibit low torque control accuracy as well as large torque ripple under the
influence of torque disturbance and current/voltage harmonics.

Recently, novel methods for the MTPA operation by injecting high-frequency current
signal into the motor have been proposed. They are based on the principle of the
extremum seeking control (ESC) [80]. Because of the injected high-frequency current
signal, the resultant torque contains a variable component. By utilizing the fact that at a
MTPA point the variation in torque caused by the variation in the current angle is zero,
the MTPA point can be detected and tracked. Since it is less convenient to measure the
torque and its variation, in [79] signal was injected into the reference flux amplitude and
torque variation was estimated from the reference flux amplitude and measured current.
In [55]-[57] variation in speed was utilized instead of torque variation. The convergence
properties as well as stability of this method were analyzed in [58]. Unfortunately, the
performance of this method was limited by the hardware such as the resolution of
position/speed sensor [59]. The high frequency current injected into the motor drive for
the MTPA tracking also gives rise to speed ripple that deteriorates control performance
and incurs additional power losses in the drive system. In [59] variation in mechanical
power was utilized instead of torque variation. However, this method requires a careful
selection of the frequency and amplitude of the injected signal according to motor speed
to avoid resonant problems. Because the input power calculation was based on terminal
voltage and current, the signal processing may be affected by harmonics in terminal
voltage and current. Similar to other signal injection based control schemes, the injected
signal also results in additional power losses. Moreover, the extremum seeking based
control schemes are only effective in constant torque region. In field weakening region,
due to voltage saturation, the MTPA points cannot be reached. Consequently, the
variation in torque caused by the variation in the current angle will not equal zero when
the voltage is constrained to its maximum value and the extremum seeking based control

schemes will no longer be effective.
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To operate IPMSM drives at high speed, field weakening control is needed. The
nonlinear and uncertain machine parameters of IPMSMs pose similar challenges to
effective field weakening control. In order to achieve good performance in field
weakening region, extensive studies have been carried out on control of IPMSM drives.
The early researches in [84]-[86] were focused on the IPMSM torque capability in field
weakening operation. Model based field weakening control schemes [34], [42]-[44],
[87]-[90] and Look-up tables (LUTS) based field weakening control schemes [50], [91]-
[93] were proposed. The advantage of these control schemes is their fast response.
However, the performance of these control schemes for IPMSM drives may be
significantly affected by parameter variations and inaccuracies [94]. In order to address
this problem, several parameter-independent control strategies were proposed.

In [95], voltage amplitude feedback was utilized by a PI controller to generate reference
d-axis current in field weakening region. Although this control scheme was not parameter
sensitive, its response was slow. Single current regulator and voltage angle control were
used in [96], [97] to adjust the phase angle of the voltage vector whose amplitude was
limited according to the DC link voltage. However, this method also suffered from slow
response. Moreover, field weakening control scheme for signal injection based control
mentioned above has not been reported yet.

In this chapter, a novel virtual signal injection control (VSIC) method base on field
orientated control is proposed. In constant torque region, this method is parameter
independent in tracking the MTPA point as well as robust to current and voltage
harmonics and machine parameter variations. Moreover, it does not inject any real signal
into the motor, and hence the problems associated with real-signal injection such as
deterioration in control performance, resonant problems and additional power losses are
avoided.

Further, in field weakening region, a novel field weakening control scheme that
combines virtual signal injection control together with voltage feedback based field
weakening control is proposed. The proposed novel field weakening control scheme also
exploits the advantages of model based field weakening control methods so that it not
only has fast response to torque demand but also is parameter independent in searching
the minimal current amplitude points, i.e., the MTPA and voltage constrained maximum
torque per Ampere (VCMTPA) points, in constant torque region and in field weakening

region, respectively.
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2.2 Virtual Signal Injection Based MTPA Control in d-

g Frame

2.2.1 Principle of Signal Injection Based MTPA Control

Fig. 2-1 shows the constant torque loci and constant current magnitude locus for
IPMSMs in d-q frame. The MTPA point M is the point at which the constant current
magnitude locus is tangential to a constant torque locus. In other words, M is the
intersection between the constant torque locus and the constant current locus with

minimum magnitude of the current vector.
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Fig. 2-1. The MTPA point, constant current locus and constant torque locus.
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The relationship between current angle £ and electromagnetic torque for a fixed current
vector magnitude is illustrated in Fig. 2-2. If a small sinusoidal signal, Af = A sin(wyt),
is injected into the current angle S, the resultant torque will contain variable components
as shown in (2-1) derived from the Taylor’s series expansion:

T.(B + Asin(wpt))

aT, 10 (aTe (2-1)

=T, (B) + WA sin(wyt) + Eﬁ 35

As the amplitude, A, of the injected signal is very small, the first order term is the

)AZ sin?(wpt) + -

dominant component and the influence of other higher order terms, including the second-
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order term, on the torque variation is relatively small.
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Fig. 2-2. The relationship between current angle and torque of fixed current vector amplitude.
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As shown in Fig. 2-2, when the current angle is smaller than the MTPA current angle,
the torque increases or decreases with increase or decrease in AB. Thus, dT,/dp is
positive, therefore the variation of the dominant first order term in (2-1) has the same
phase and frequency as the injected current angle signal. The waveforms of torque and
injected current angle signal are shown in Fig. 2-3(a).

When the current angle is equal to the MTPA current angle, the derivative of torque
with respect to the current angle dT,/dp is equal to zero. Therefore the torque variation
due to the injected signal is dominated by the second-order term which can be expressed
as:

% (%—’Ze) A? sin?(wpt) = %% (%) A?%[1 — cos(Qwpt)] (2-2)

As shown in (2-2), the second-order term can be divided into a constant term and a high
frequency term whose frequency is twice of the injected signal frequency.

When the current angle is larger than the MTPA current angle, as it is shown in Fig.
2-2, the torque decreases or increases with increase or decrease in AgB, and dT,/dp is
negative. Therefore the variation of the dominant first-order term has the same frequency
as the injected current angle signal but opposite phase as shown in Fig. 2-3(b). These
characteristic features can be employed to design virtual signal injection based MTPA

tracking control.
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Fig. 2-3. The waveform of injected signal and torque fluctuation.

2.2.2 Virtual Signal Injection

2.2.2.1 Method to Obtain Torque Variation Information

In the steady stage, the mechanical power can be expressed as in (2-3), and the
relationship between torque and power can be expressed as in (2-4) if the iron loss is

neglected in the total input power.

3 . N1 3 oy, wa—Rig) ]
Pm=§[(17d—Rld)ld+(vq_qu)lq]=§ (vq — Rig) + : iq “ig g (2-3)
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Ty =3 [V + DL~ Lol 2-4)
To assess the validity of neglecting iron loss in (2-3), extensive simulations with a
representative iron loss model in [98], [99] were performed. By way of example, Fig. 2-4
shows torque variations with current angle with and without iron loss being considered
when the current magnitude is kept constant. It is evident that the influence of iron loss

on MTPA points is, indeed, negligible in the constant torque region [59].
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Fig. 2-4. The influence of iron loss on MTPA point at speed of 1000 r/min.

As described previously, if a small sinusoidal signal Ag is injected into the stator
current angle, according to (1-6) and (1-7), the corresponding d- and g-axis currents with

high frequency component can be expressed in (2-6) and (2-7), respectively.

AB = Asin(wpt) (2-5)
i" = —I,sin(B + ApB) (2-6)
it = I,cos(B + AB) (2-7)
Combining (2-3) and (2-4) yields:
Py, 3[(vy —Riy) (vqa—Riy) 1],
mo_r =z 2-8
W Te=3 W * iqWm tata 28)

It is worth noting that although (v, — Ri,)/w, and (vg — Rig)/(igwn) in (2-8) vary
with operating conditions, they can be considered as constants over the very short period
of the injected signal, 445. Similarly, p¥,, and p(Ld — Lq) in (2-4) can be also considered
as constants over the very short period of the injected signal despite of their changes with
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respect to d- and g- axis currents and temperature. Since the torque is contributed by the
alignment torque component, ¥p,i,, and the reluctance torque component due to the
difference in the d- and g-axis inductances, (Ly — L), the relationship between torque
and d- and g-axis currents can be approximated by a polynomial in the form of (2-9):
T, = (a + big)ig (2-9)
According to (2-8) and (2-9), assume:

a= M (2-10)
pwm
v; — Ri
b= M (2-11)
pwmlq

Substituting (2-6), (2-7), (2-10) and (2-11) into (2-9):

_3 (vy — Riy) N (Wa — Rig) 4] .,

h 2-12
) Wiy iqWm ‘allq (2-12)

It should be noticed that the (2-10), (2-11) are approximations, the error analysis of the
virtual signal injection will be detailed in Appendix C.

Equation (2-12) represents the sum of the torque variations in (2-1) due to Af and can
be obtained from measured g-axis current, motor speed, and d- and g-axis command
voltages as well as the d- and g-axis current with high frequency component given by
(2-6) and (2-7). This implies that it is not necessary to inject real signals into the motor
current in order to extract the high frequency component of the torque variation. In other
word, the proposed virtual signal injection method replaces the p¥,, and (Ly — Lq)p in
(2-4) with (v, — Rig)/w, and (vqg — Rig)/(iqwm). In this way the difficulties in
obtaining accurate PM flux linkage and d- and g-axis inductances can be avoided.

The proposed technique is therefore called virtual signal injection. Moreover, as the
resistance R in (2-12) has very little influence on tracking the MTPA point [100], it can
be assumed as its nominal value or even be neglected. In essence, the above derivation
shows that torque variation with 8 angle can be obtained through signal processing rather

than real signal injection.
2.2.2.2 Signal Processing for Extraction of dT, /df

According to Taylor’s series expansion, the left hand side of (2-12) can be expressed
with (2-13).
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10
op 208

It can be shown that the partial derivative of torque with respect to the current angle,

=T,(B) + A sin(wpt) + = (aﬁ>A2 sin?(wpt) + - (2-13)

dT,/dpB, is indicative of the MTPA operation as mentioned in section 2.2.1. This
information can be extracted from T* with the signal processing scheme shown in Fig.
2-5. The low-pass filter output in Fig. 2-5 is denoted as LPFO which is proportional to
0T,/0B. The cut-off frequency of the low-pass filter should be below the virtually

injected signal frequency wy,.

~
rd

Te h
Band-pass filter
X Low-pass filter LPFO

sin (wht)

Fig. 2-5. Schematic of signal processing block to extract 9T, /0.

Since (2-12) and (2-13) are equivalent, T can be obtained from the d- and g-axis
reference voltages, (vd,vq), the measured speed, w,,, and the measured d- and g-axis
currents, (i4, i) together with the virtually injected signals, (i%, i), according to (2-12).

As shown in Fig. 2-5, if T obtained from (2-12) is processed first by a band-pass filter
whose centre frequency is equal to the frequency of the virtually injected signal, w;,, the
output of the band-pass filter will be proportional to the first order term in (2-13). The
output of the band-pass filter is further multiplied by sin(wyt); the result can be

expressed as:

KalA sin?(wpt) = Ka—TA {1 [cos(0) — COS(tht)]}

% ok (2-14)
= 1KA e 9T (Qwpt)
= o 9B cos(2wy,

where K is the gain of the band-pass filter at w,. The right hand side of (2-14) will be
filtered by a 1% order low-pass filter whose cut-off frequency is below the virtually
injected signal frequency wy. The output of the low-pass filter in Fig. 2-5 will be
proportional to dT,/dp.

In this way, the information of dT,/dp can be extracted. It follows that if the current

angle is equal to the MTPA current angle, the output of the low-pass filter is essentially
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equal to zero. This condition will be used by an integrator to generate the d-axis current

reference for maintaining the MTPA operation.

2.2.3 Implementation of Virtual Signal Injection

Fig. 2-6 shows the schematic of the IPMSM drive control system employing the
proposed virtual signal injection method, and Fig. 2-7 shows the details of the virtual

signal injection and signal processing blocks.
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Fig. 2-6. IPMSM drive control system with virtual signal injection method.

it l‘
Egs. (2-6),(2-7}m Eq. (2-12) J
; iq

= Asin(wpt)

The measured d- and g-axis currents are conditioned by a low pass-pass filter to
eliminate noise due to PWM switching. The filtered currents, iy and i, are transformed
into the polar coordinate system to obtain the amplitude I, and angle g . The high
frequency virtual signal, i.e., Af = Asin(wyt), Is injected into the estimated current
angle B mathematically and the high frequency d- and g-axis current perturbations, i
and if;, are obtained from (2-6) and (2-7). The amplitude of 48 is adjusted by the gain A
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as shown in Fig. 2-7. The resultant torque variation is calculated using (2-12) with the
filtered d- and g-axis currents, the virtually injected perturbation currents, i and i, the
measured motor speed and the d- and g-axis command voltages.

Both the speed and voltages are low-pass filtered to attenuate undesirable noise. The
torque perturbation is subsequently fed into the signal processing block shown in Fig. 2-5
and, as described in section 2.2.2.2, the output of the signal processing block is
proportional to dT,/dpB. This signal is fed into the integrator in Fig. 2-7 and its output is
used to adjust the d-axis current reference ij in such a way that dT,/df becomes zero,
i.e., reaching the MPTA operation.

Any other controller, such as a PI controller, capable of zero control error in steady
state, may also be used in Fig. 2-7 to track the d-axis current reference for the MTPA
control and with a PI controller the dynamic response of the virtual signal injection
control scheme may be increased.

The g-axis current command, iz, is calculated from the d-axis current command, iz and
the torque command, T, , by the following equation:

. T,
g = 3 2-15
3 ¥+ (La — Lo)iz] (15

In (2-15), the motor parameters Lg, Lg, ¥, can be assumed as their nominal values or
obtained from pre-defined lookup-tables. As it is shown in (2-12), the torque variation
information is obtained independently from motor parameters. Therefore, even if the
motor parameters are chosen inaccurately, the virtual signal injection method can still
obtain the dT,/dpf information accurately and track the MTPA point accurately.
Inaccurate motor parameters used in (2-15) may cause torque error, but this error will be
eliminated by a speed feedback control loop. If the drive only requires torque control,
such as for EV traction, pre-defined parameter look-up tables obtained from finite element
(FE) analysis are often sufficient for good dynamic torque response as accurate torque
control is not necessary.

As it is shown in Fig. 2-7, the measured d- and g-axis currents and d- and g-axis
command voltages as well as measured speed are processed by the low-pass filters to
eliminate the influence of their harmonics. If the frequency of injected signal is
sufficiently high, the low-pass filter with a corner frequency 3~4 times lower can
effectively eliminate all harmonics whose frequencies are close to the injected signal.
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Consequently, the proposed VSIC scheme is very robust to voltage and current harmonics,
and other electric noise. The integral regulator adjusts the d-axis current command until
the output of signal processing block is zero, i.e. the MTPA point.

It should be noted that, as the speed approaches zero, (2-12) should not become
undetermined in a noise-free environment since it is derived from (2-8) which are
independent of the speed. Significant deviations may occur due to noise at very low
speeds. Therefore, the currents, speed and command voltages in (2-12) should be
conditioned by low-pass filters to minimize the effect of noise. In order to avoid being
divided by zero, the speed should be set to a small value when the measured speed is
below a minimum threshold.

The robustness of the proposed VSIC at low speeds which is further studied by

simulation and experiments will be discussed in section 2.2.4 and section 2.2.5.

2.2.4 Simulation Results

Table 2-1
IPMSM parameters
Number of pole-pairs 3
Phase resistance 51.2 mQ
Continuous/Maximum current (Peak values) 58.5/118 A
Peak power below base speed 10 kW
DC link voltage 120V
Base/maximum speed 1350/4500 r/min
Continuous/peak torque 35.5/70 N'm
Peak power at maximum speed 7 kW

The virtual signal injection control scheme has been extensively simulated against a
prototype IPMSM drive system [13]. The motor specification is given in Table 2-1 and
the FE predicted variations of d- and g-axis inductances and permanent magnet flux
linkage with d- and g-axis currents are shown in Fig. 1-8. The simulations were performed
based on this machine model with nonlinear machine parameters.

In order to study the influence of stator resistance on the virtual signal injection based
MTPA tracking performance, simulations with the measured resistance of the motor
phase winding at room temperature of 20 “C and simulations which ignore the resistance
in (2-12) were performed. Fig. 2-8 shows the simulation results of torque command
variations from 10 N-m to 45 N'm in steps of 5 N'm at the speed of 1000 r/min when

stator resistance in (2-12) was considered or ignored.
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The circles represent the actual MTPA points of different operation conditions. The

triangles represent the simulation results obtained from the virtual signal injection control

with the accurate resistance value in (2-12) while the squares represent the results when

the effect of the winding resistance in (2-12) is ignored in the virtual signal injection

control. The simulation results show that the virtual signal injection method can track the

MTPA points accurately and the influence of resistance on tracking MTPA points is

negligible.
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Fig. 2-8. The MTPA points and virtual signal injection MTPA tracking simulation result.
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Fig. 2-9. d-axis current tracking response to step change in torque at speed of 1 r/min.

Simulations have also been performed at low speeds. Fig. 2-9 shows the simulation

results of the torque and d-axis current responses when a step change in torque from 15

N'm to 20 N-m is applied at the speed of 1 r/min. The dashed line in Fig. 2-9 is the ideal
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MTPA d-axis current for 20 N-m torque. As it is shown in Fig. 2-9, although the speed is
equal to 1 r/min, the proposed VSIC can still track the MPTA point accurately.

2.2.5 Experimental Results

Torque transducer

E‘;gj‘Dynamgﬁeter

4]

(b)
Fig. 2-10. Experimental test-rig. (a): IPMSM, torque transducer, dynamometer. (b): controller and
inverter.

In order to verify the proposed virtual signal injection method, a test-rig as shown in
Fig. 2-10 has been set up. The 10 kW IPMSM is designed for traction applications for a
wide constant power operation. The motor is controlled in torque control mode and loaded
by the dynamometer in speed control mode. The inductance and PM flux linkage
parameters as shown in Fig. 1-8 of the machine are highly nonlinear and its torque and
speed ratings are provided in Table 2-1. The motor torque is measured by a high precision
torque transducer. The input and output powers of the drive were measured by Yokogawa
WT3000 power analyser with high bandwidth, high precision voltage and current

transducers. All the experiments in this thesis are based on this test rig and motor.
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Because the signal is injected virtually, the maximum frequency of the injected signal
is only limited by the sample rate of the controller. In this experiment, the controller
sampling rate is 8 kHz and the frequency of injected signal is set to 1 kHz. Thus, 8 samples
of the injected sinusoidal signal sin(wyt) shown in Fig. 2-7 are required over one signal
period. The waveform represented by the 8 discrete samples contains the fundamental
component of the injected signal and higher frequency harmonics due to discretisation.
These higher frequency harmonics and other undesirable harmonics, e.g., the high-order
terms in (2-1), will be eliminated by the band-pass filter shown in Fig. 2-7. Therefore,
they will not affect the MTPA tracking performance.

In the experiments, a 4™ order band pass filter with a bandwidth of 1 Hz at the centre
frequency of the virtually injected signal is utilized to process the torque signal in Fig.

2-5. The above settings apply to all the subsequent test as well.

2.2.5.1 MTPA Points Tracking Test
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Fig. 2-11. The exact MTPA points and virtual signal injection MTPA tracking experimental result
at speed of 400 r/min.

The first set of tests was performed with torque command variations from 10 N'-m to
45 N'm in steps of 5 N'm at the speed of 400 r/min. The MTPA points tracking results of
the proposed virtual signal injection method at the different torque commands are
represented by triangles in Fig. 2-11. For a given torque command, tests were also
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performed by varying the current vector angle while its magnitude was kept constant. The
results are shown in the curve marked by the squares. The exact MTPA points can be
obtained using curve-fitting of the constant current amplitude locus, denoted by curves in
Fig. 2-11, for the different torque commands. These exact MTPA points are denoted by
the circles.

The test results shown in Fig. 2-11 demonstrate that the proposed virtual signal injection
method can track the MTPA points accurately. The comparison between the resultant
torque of the proposed virtual signal injection control and the torque of the actual MTPA

points is shown in Table 2-2.

Table 2-2
Comparison between the resultant torque of VSIC and the torque of MTPA points at speed of 400
r/min
Torque Current Torque Torque
reference amplitude generated by VSIC MTPA torque error
10 N'm 17.26 A 9.88 N'm 9.90 N'm 0.20%
15 N'm 25.65 A 14.83 N'm 14.86 N'm 0.20%
20 N'm 34.00 A 19.73 N'm 19.76 N'm 0.15%
25 N'm 42,29 A 24.56 N'm 24.60 N'm 0.16%
30 N'm 50.56 A 29.42 N'm 29.44 N'm 0.07%
35 N'm 58.86 A 34.21 N'm 34.22 N'm 0.03%
40 N'm 67.15A 38.94 N'm 38.94 N'm 0.00%
45 N'm 75.54 A 43.67 N'm 43.67 N'm 0.00%
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Fig. 2-12. The exact MTPA points and virtual signal injection MTPA tracking experimental result
at speed of 1000 r/min.

The motor drive was also tested at 1000 r/min with torque command variations from

10 N'm to 45 N'm in steps of 5 N-m. The comparison between the resultant torque of the
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virtual signal injection control and the torque at the experimentally measured MTPA
points is shown in Fig. 2-12 and Table 2-3.
The error between the resultant torque of the proposed virtual signal injection method

and the torque of actual MTPA points is less than 0.2%.

Table 2-3
Comparison between the resultant torque of VSIC and the torque of MTPA points at speed of 1000
r/min

ref-g ?ggg: Current amplitude generatgg'g;%SIC MTPA torque Torque error
10 N'm 17.26 A 9.83 N'm 9.84 N'm 0.10%
15 N'm 25.66 A 14.75 N'm 1478 N'm 0.20%
20 N'm 34.02 A 19.63 N'm 19.66 N'm 0.15%
25 N'm 42,30 A 24.45 N'm 24.48 N'm 0.12%
30 N'm 50.57 A 29.26 N'm 29.28 N'm 0.07%
35N'm 58.86 A 34.03 N'm 34.04N'm 0.03%
40 N'm 67.12 A 38.74 N'm 38.74 N'm 0.00%
45 N'm 75.49 A 43.41 N'm 43.41 N'm 0.00%

The waveforms of three-phase voltages applied to the motor and the phase currents at
45 N-'m, 400 r/min and 1000 r/min are shown in Fig. 2-13(a) and Fig. 2-13(b), respectively.

U1 L -a0.00 Y : : : : Ut =20, 00 U
1 150.0 F T T=0.0 A1

L S PP pPre T e 12800 A T T [ERTT T T

13 ©-150,0 A : : : : 3 -s0.0A

1 D -1sa0 A : : : : et D -1S0.0 A : : : :
(R : L0 it 5y : 50000 .00 : : Dt 33 : 50,0000

(@) (b)
Fig. 2-13. Measured results of proposed VSIC method for IPMSM control under MTPA operation.
(a): Voltage and current waveform at 400 r/min speed and 45 N-m torque. (b): Voltage and current
waveform at 1000 r/min speed and 45 N-m torque.

2.2.5.2 Performance of Virtual Signal Injection Control during Payload Torque Change

Fig. 2-14 shows experimental result of the MTPA tracking performance when the
reference torque is varied from 45 N-m to 0 N'm in steps of 5 N'm at the speed of 1000

r/min and the proposed VSIC method keeps adjusting the d- axis current to track the
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MTPA points during the process.
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Fig. 2-14. Experimental result of MTPA tracking performance during torque changing.

Fig. 2-15 shows the d-axis current responses and the estimated torque based on the
measured d/g-axis currents and machine parameters used in (2-15) when a step change in
reference torque from 40 N-m to 45 N-m is applied at the speed of 1000 r/min. The dashed
line in Fig. 2-15 is the theoretical MTPA d-axis current of 45 N-m at speed of 1000 r/min.

It can be seen that the torque responded quickly while the d-axis current tracks the
MTPA point gradually. The experiment results in Fig. 2-14 and Fig. 2-15 also illustrate

the robustness of the proposed control scheme to torque disturbances.
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Fig. 2-15. Experimental result of torque step response at speed of 1000 r/min.

250

The measured torque, estimated torque, reference torque for a step change in torque
from 40 N-m to 45 N-m at 1000 r/min are shown in Fig. 2-16. It can be seen that the torque
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responds fast and the small error between the reference and measurement may be caused
by the combined effect of the friction torque which is not accounted in the reference

torque, iron loss, and the errors of machine parameters in (2-15).
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Fig. 2-16. Measured torque, estimated torque, reference torque of a step change in torque from 40 N-m
to 45 N-m at 1000 r/min.

Fig. 2-17 compares the theoretical MTPA current angle and VSIC current angle
tracking response when a step change in torque from 40 N-m to 45 N-m is applied at the
speed of 1000 r/min.

Due to the increase in the g-axis current in response to the step increase in torque, the
current angle initially decreases. However, the VSIC adjusts the current angle until it
reaches the MTPA angle of the new operation condition. It is evident that the proposed
VSIC can track the MTPA current angle accurately.
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Fig. 2-17. Theoretical MTPA current angle and VSIC tracking current angle in response to a step
load torque change.
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Fig. 2-18 shows the motor current amplitude and estimated torque responses to the step
change in torque. As can be seen, the current amplitude is larger initially and decreases

gradually until it reaches the minimal value of the MTPA operation.
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Fig. 2-18. Measured current amplitude and torque responses to a step load torque change.

2.2.5.3 Performance of Virtual Signal Injection Control at Low Speeds
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Fig. 2-19. Experimental result of torque step response at speed of 15 r/min.

Fig. 2-19 shows the measured torque and d-axis current responses when a step change

in torque from 15 N-m to 20 N-'m is applied at the speed of 15 r/min. The dashed line in
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Fig. 2-19 is the theoretical MTPA d-axis current of 20 N-m at 15 r/min. It is shown in Fig.
2-19 that the proposed VSIC can still track the MPTA point accurately at low speeds.
Significant speed fluctuation was observed in the dynamometer when operating at
speeds below 15 r/min. It was not, therefore, possible to perform experiments at lower
speeds. In practice, pre-calculated look-up tables for d- and g-axis current references

obtained from FE analysis may be used when speed is below a pre-defined threshold.

2.3 Virtual Signal Injection Aided Field Weakening

Control

As discussed in section 2.2, the proposed virtual signal injection control has several
advantages over the current state-of-the-art approaches to control of permanent magnet
synchronous motors for maximum torque per ampere (MTPA) operations, such as high
accuracy, parameter independence, robustness to electromotive force (emf) and tooth
ripple harmonics, and no additional iron and copper loss due to real signal injection, etc.

However, the VSIC is not effective under voltage saturation. In order to expand the
speed operating region, an additional control scheme for field weakening operation will

be proposed below.

2.3.1 Operational Characteristic of Field Weakening Control

Fig. 2-20 shows the variations of torque and voltage amplitude with d-axis current for
a given current amplitude, I,, when the required voltage for the MTPA operation is
greater than the voltage limit.

The voltage amplitude and voltage error in Fig. 2-20 are defined in (2-16) and (2-17),
respectively. If the d-axis current magnitude decreases towards the MTPA point, the
torque and v, will increase. Therefore, the voltage constrained MTPA point, VCMTPA,

is the point at which the voltage amplitude is equal to the voltage limit, and this condition
is independent of iron loss.

v, = /(vc*l)2 + (v;;)z (2-16)
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*

Verror = Vmax — Va
Because of the voltage limit, the motor cannot reach the MTPA point shown in Fig.
2-20. It is evident from Fig. 2-20 that at the VCMTPA point, the partial derivative of

(2-17)

torque with respect to the current angle is smaller than zero, i.e., —dT,/df > 0. This

implies that the output of the low-pass filter in Fig. 2-5 will tend to adjust the d-axis

current toward the MTPA point until —dT,/df = 0. This may cause the voltage

amplitude to go beyond the maximum voltage and consequently the current regulators

saturate. Therefore, if the voltage amplitude reaches or exceeds the voltage limit, the

virtual signal injection control should be suspended. Effective field weakening control

may therefore be realised by conditioning the VISC with the voltage error in (2-17).
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Fig. 2-20. Variations of torque and voltage amplitude with d-axis current for given current

amplitude.

2.3.2 Virtual Signal Injection Aided Field Weakening Control

and Its Implementation

As discussed in section 2.3.1, since the MTPA operating condition is only valid when

the drive voltage is below the voltage limit, the virtual signal injection control is only

effective in constant torque region.
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To expand the drive operation into field weakening region, an additional voltage
feedback loop is incorporated into the virtual signal injection based control. This control
scheme is named as virtual signal injection aided field weakening control (VSIAFWC).
Moreover, the proposed virtual signal injection aided field weakening control also
incorporates conventional model based MTPA and field weakening control scheme for
fast response.

Fig. 2-21 shows the schematic of the virtual signal injection aided field weakening
control for IPMSM drives. It consists of three parts in addition to the classic d-q axis
current control loop with decoupling compensation. Part | in Fig. 2-21 is a model-based
reference d-axis current generator. It provides a nominal reference d-axis current, i zmain,
with fast response. i nqin Can be obtained from look-up tables or calculated from (1-6)
and (1-10) or (1-14) with the nominal PM flux linkage, and d- and g-axis inductances.
Under the assistance of i;,,4in, the MTPA points can be tracked quickly and accurately
through virtual signal injection.
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Fig. 2-21. The diagram of virtual signal injection aided field weakening control.

However, due to parameter inaccuracies, the reference d-axis current generated in Part
I may not be equal to the optimal reference d-axis current for MTPA or VCMTPA control.

In order to compensate for the error of ig,qin, the virtual signal injection control
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combined with the voltage feedback d-axis current controller is introduced in Part Il of
Fig. 2-21. The output of Part Il, denoted as Aiy, is utilized to compensate the error of
lamain-

The LPFO signal input to Part Il is generated from the virtual signal injection block,
shown in Part 111, as described in section 2.2.2.2, and it is proportional to —adT,/d .
Whether this signal will be fed to the integrator in Part Il will depend on the voltage error
Verror defined in (2-17). Therefore, the proposed field weakening control scheme uses
Verror 10 1dentify the onset of the voltage saturation (or the need for field weakening).

The operations against the voltage error are described as follows.

2321 1f Upyror < 0

Under this condition, the amplitude of the reference voltage is greater than the voltage
limit, which implies that the reference d-axis current generated by the virtual signal
injection control in Part 111 will cause voltage saturation in the current control loops and,
hence, insufficient voltage for field weakening control. v,,,., will be fed into the
integrator in Part 1l and the LPFO signal (the output of Part 111) will be suspended. The
negative v,,.-,-will cause the integral regulator output, denoted by Ai,, to increase in the
negative direction, and as a result, the d-axis reference current, i;;, moves toward the
VCMTPA point as shown in Fig. 2-20. Thus, Ai; will compensate for insufficient d-axis

current to prevent the current regulators from saturation by decreasing v, until it equals

vmax '

2322 1f Upyrgr > 0

Under this condition, the integrator input in Part 11 is the LPFO signal from the output
of Part 11l which is proportional to —adT,/d 8. As shown in Fig. 2-20, if the voltage
amplitude v, is lower than v,,,,, the motor operates on the left side of the VCMTPA
point. Ai; will be adjusted such that the d-axis current tends toward the MTPA point until
—3dT,/0 B = 0 0r Vopror = 0, i.e., when either the MTPA or VCMTPA point is reached.

It follows that the Ai,; can be utilized to ensure efficient operation of IPMSM drives in
the field weakening regions. In conventional feedback based field weakening control
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without the VSIC, if |izmqin| 1S larger than the d-axis current amplitude of the VCMTPA
point due to inaccurate parameters, the voltage feedback loop is no longer in action and
hence the VCMTPA control in the field weakening region may not be achievable.
However, as described above, the MTPA control in constant torque region and
VCMTPA control in field weakening region can always be guaranteed by the proposed

virtual signal injection aided field weakening control scheme.

2.3.2.3 Reference g-axis Current Generation

The reference g-axis current i in Fig. 2-21 is also calculated from (2-15). The machine
parameters, Lq, Ly, ¥, can be obtained from pre-defined look-up tables or their nominal
values.

Since T," in (2-12) and the voltage error are independent of the motor parameters, even
if the motor parameters in (2-15) are inaccurate, the proposed method can still extract
—aT,/dpB and v,,..,, information, which are used in the manner described previously to
track the MTPA point or VCMTPA point of the actual torque accurately.

However, the inaccurate motor parameters in (2-15) may cause torque error. For speed
control mode, the error is compensated by the speed loop, while in EV traction the loop
is closed by the vehicle driver. It is worth noting that due to inaccurate parameters, the g-
axis reference current calculated from (2-15) may result in the actual torque being greater
or less than the reference torque. When the reference torque reaches the predefined limit,
the inaccurate reference g-axis current implies that the actual motor torque may be greater

or less than the maximum torque limit.

2.3.3 Simulation Results

Simulations of the virtual signal injection aided field weakening control were
performed based on the prototype IPMSM drive system. The motor model used in the

drive system simulation is described in section 2.2.4.
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2.3.3.1 Relationship between LPFO Signal and Reference Voltage Amplitude

The relationship between the virtual signal processing block output, i.e., the LPFO
signal in Fig. 2-21, and the reference voltage amplitude was studied by simulations when
speed gradually increases. Simulation was first performed when the motor is controlled
by the virtual signal injection control illustrated in Fig. 2-6 without the proposed field
weakening control scheme. The resultant reference voltage amplitude and LPFO signal
are shown in Fig. 2-22. As can be seen, when t < 16.2 s, the reference voltage amplitude
is below the voltage limit and the LPFO signal is zero, implying the MTPA is realized.
However, when t > 16.2 s, the motor is entering field weakening region, and the reference
voltage amplitude will reach the voltage limit.

Due to — adT,/d B > 0 (shown in Fig. 2-20), the LPFO signal will keep driving the d-
axis current toward the MTPA point in Fig. 2-20, resulting in a deeper saturation of the
current controllers; this will further increase the reference voltage amplitude. Since T}
used in the virtual signal injection is obtained with the reference voltage, the LPFO signal
increases significantly when the voltage saturation in the current controllers occurs, as is
observed in Fig. 2-22. Therefore, in the field weakening region, the virtual signal injection

should be suspended.
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Fig. 2-22. The reference voltage amplitude and LPFO signal without field weakening control (from
constant torque region to field weakening region).
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Simulation was repeated when the motor was controlled by the proposed field
weakening control scheme and the results are shown in Fig. 2-23. If the motor enters the
field weakening region, the LPFO signal will be suspended and v, Calculated by
(2-17) is used to operate the motor at the VCMTPA point by increasing the d-axis current
amplitude, and consequently the voltage reference amplitude will be kept to the voltage
limit as it is shown in Fig. 2-23.
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Fig. 2-23. The reference voltage amplitude and LPFO signal with proposed field weakening control
(from constant torque region to field weakening region)

Due to the increase in the d-axis current amplitude, the operating point shown in Fig.
2-20 will move to the left side of the MTPA point shown Fig. 2-20 where —aT,/d § > 0.
Hence, virtual signal injection will tend to increase (decrease in magnitude) the d-axis
current toward the MTPA point in Fig. 2-20. This implies, as evident in Fig. 2-22 and Fig.
2-23, that in the field weakening region the output of virtual signal injection block, i.e.,
the LPFO signal, is always larger than zero regardless of whether the current controllers
are saturated or not. Therefore, the virtual signal injection action will always tend to move
the operating point to the right. It follows that under the combined actions of v,,.,, and
LFPO, the operation points of the machine will always be kept at the VCMTPA point
where Vg0 = 0.

Fig. 2-24 shows the variations of the reference voltage and virtual signal injection block
output when the drive initially operates in the field weakening region while the speed is

reduced gradually. When the speed decreases, the operating point moves to the right and
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—dT,/0d B as well as the LPFO signal decrease. When the motor enters the constant
torque region from field weakening region, the reference voltage amplitude will be below
the voltage limit and the virtual signal injection control will be activated to adjust the d-
axis current toward the MTPA point. When the motor reaches the MTPA point, the output
of VSIC will be zero as it is shown in Fig. 2-24.
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Fig. 2-24. The reference voltage amplitude and LPFO signal output with proposed field weakening
control (from field weakening region to constant torque region).
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2.3.3.2 VCMTPA Point Tracking

Fig. 2-25 shows the simulation result of the proposed field weakening control of the
IPMSM drive when it was operated at 3000 r/min and 10 N'm in the field weakening
region. The ideal d-axis current for the VCMTPA operation was -66 A. As it is shown in
Fig. 2-25, the value of iy,,4in Obtained from Fig. 2-21 was initially equal to -56 A which
was larger than the ideal value due to inaccurate machine parameters. The reference d-
axis current, i;, generated by the proposed field weakening control scheme gradually
converged to the VCMTPA operation under the proposed control.

To illustrate another possible condition in which the magnitude of i;,,4in May be
greater than that of the ideal d-axis current, the nominal parameters of the machine were
varied at t = 20 s such that i;,,4i, Decame -76 A. Again, the d-axis current reference
tracked the ideal value and the difference was compensated by the proposed control
automatically.
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It should be noticed that the iron loss causes the MTPA point tracked by the VSIC to

deviate slightly from the maximum efficiency operating point. However the deviation is

negligible for most IPMSMs due to the fact that in the constant torque region when speed

is low, the loss is dominated by the copper loss.

In the field weakening region when the iron loss is more significant, the VCMTPA is

usually uniquely determined by the payload torque and voltage limit, as shown in Fig.

2-20, and hence independent of the iron loss.
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Fig. 2-25. d-axis current responses of proposed field weakening control.
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2.3.3.3 Fast Transition from Constant Torque Region to Field Weakening Region
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Fig. 2-26. Fast transition of the motor operation from constant torque region to field weakening
region through a 500 r/min speed step.
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Fig. 2-26 shows the simulated torque response to a step change of 500 r/min in speed
when the drive operating condition changed from the constant torque region to the field
weakening region.

It can be seen that the proposed control exhibits stable and fast transition from the
constant torque region to the field weakening region in response to the step change in
speed. However, in real applications, electric vehicle traction in particular, a step change
in speed cannot occur due to drive system inertia or large mass. Therefore, conditions

which are worse than that illustrated in Fig. 2-26 will not occur practically.

2.3.3.4 Peak Torque for Full Speed Range Operation

To verify the performance of the proposed control scheme in full speed range at peak
torque, simulations were performed employing a high fidelity non-linear IPMSM
machine model which represents the real electromagnetic behaviours of IPMSMs. The
high fidelity model is flux linkage-based and captures all non-linear effects and high order
space harmonics as described in [13]. The machine specifications are listed in Table 2-1.
The motor was controlled in torque control mode when the speed is increased from 0
r/min to the maximum speed, i.e., 4500 r/min, within 15 s.

The reference torque was set to the peak torque according to the peak torque profile.
The g-axis reference current was calculated based on (2-15) and the machine parameters
in (2-15) were obtained from the predefined look-up tables as functions of d- and g- axis
currents. The igmain IN Fig. 2-21 was obtained from a pre-defined look-up table with
reference torque and rotor speed as its inputs.

In order to compare performances with the conventional field weakening control
scheme, simulations were performed with the virtual signal injection aided field
weakening control as shown in Fig. 2-21 and with the conventional field weakening
control when the virtual signal injection in Fig. 2-21 was disabled, but the d-axis current
for field weakening was obtained from the model (the look-up table) and adjusted by the
voltage error feedback loop.

Fig. 2-27 shows the resultant reference voltages throughout the speed ramp obtained
from the two control schemes. As can be seen from Fig. 2-27, for the field weakening
operation which is assisted by the virtual signal injection, in field weakening region, the
resultant reference voltage amplitude is always equal to the maximum voltage amplitude

limit, which indicates the motor is operated at the VCMTPA points.
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However, for the field weakening control which is not assisted by the virtual signal
injection, the resultant reference voltage amplitude is smaller than the maximum voltage
amplitude limit. This is because the absolute value of the reference d-axis current in the
conventional field weakening control was larger than the optimal d-axis current amplitude
in the field weakening operation. Under this condition, the voltage feedback loop of the

conventional scheme is no longer able to keep the operation at the VCMTPA points.
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Fig. 2-27. Reference voltage amplitude for different speed with and without virtual signal injection.
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Fig. 2-28. Reference torque and d-axis currents.

The resultant d-axis currents of the conventional and proposed control schemes are
shown in Fig. 2-28. As shown in Fig. 2-28, in the constant torque region, the virtual signal
injection aided control scheme automatically compensates the error of i;,,4in. In the field
weakening region, the amplitude of the resultant d-axis current generated by the proposed

control scheme is smaller than that of the conventional control scheme. This is due to the
Page | 61



Chapter 2 Virtual Signal Injection Based Field Orientated Control

fact that the error between i 4,4 and the optimal d-axis current was compensated by the
virtual signal injection and the motor is controlled on the VCMTPA points.

It should be noticed that when the motor just enters the field weakening region, at
speed~1400 r/min in Fig. 2-28, the d-axis current initially increases then decreases. This
is due to the combined effect of the reference torque decrease and d-axis current
amplitude increases as a result of field weakening operation.

Fig. 2-29 shows the reference torque and the resultant g-axis currents of the
conventional field weakening control and the virtual signal injection aided field
weakening control. Again, the error of the conventional control scheme is compensated
by the proposed control scheme.
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Fig. 2-29. Reference torque and g-axis currents.
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Fig. 2-30. Peak torque profile and resultant torques against the speed.
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Fig. 2-30 illustrates the peak torque profile and resultant torques of the two control
schemes. Since the IPMSM model utilized in simulations considered all non-linear effects
and high order space harmonics as described in [13], large ripples in resultant torque can
be observed. This is due to the interaction of large d-axis current in the field weakening
region with the position dependent saliency. The detail for the cause of the large torque
ripple is given in [13].

Because the virtual signal injection aided field weakening control scheme can always
keep the d-axis current at the optimal value, the resultant torque ripple shown in Fig. 2-30

is also smaller than that of the conventional control scheme.

2.3.4 Experimental Results

The proposed field weakening control which incorporates the VSIC was implemented
in the IPMSM drive, whose specification is given in Table 2-1. The drive was tested on

the test rig shown in Fig. 2-10.
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Fig. 2-31. d-axis current responses to step change in torque from 40 N-m to 45 N-m at 1000 r/min.
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2.3.4.1 VSIC Performance in Constant Torque Region

Tests were first performed in constant torque region to verify the MTPA tracking
performance of the combination of conventional model based control scheme and the
virtual signal injection control. The measured d-axis current together with estimated
torque based on the measured d- and g-axis currents and the nonlinear machine model in
the form of look-up tables are shown in Fig. 2-31(a) in responses to a step change in
torque demand from 40 N-m to 45 N-m at speed of 1000 r/min. The dotted lines in Fig.
2-31 are the theoretical MTPA d-axis current of 45 N-m at the speed of 1000 r/min.

It can be seen in Fig. 2-31(a) that the d-axis current firstly experiences a step change
due to igmain then tracks the MTPA point gradually under assistance of VSIC.

Fig. 2-31 (b) shows the MTPA point tracking performance of the virtual signal injection
control without the assistance of i;,4in. By cOmparing Fig. 2-31 (a) and (b), it is evident
that the combination of the model based control scheme with the virtual signal injection
control can track the MTPA point quickly.

Fig. 2-32 compares the measured torque and reference torque in response to a step
change in the reference torque at the same operating condition of Fig. 2-31. A small error
of ~0.4 N-m between the measured torque and reference torque is due to the same reasons
detailed before. It should be noted that measured ripple is much less than the estimation
due to the presence of a low pass filter in the torque measurement.
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Fig. 2-32. The comparison between the measured torques and torque reference.
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The variation of measured drive system efficiency (including the inverter and IPMSM)
with d-axis current for a given current amplitude (75.5 A) is illustrated in Fig. 2-33. As

can be seen, the maximum system efficiency coincides with that tracked by the VSIC.
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Fig. 2-33. Variation of measured drive system efficiency with d-axis current for a given current

amplitude (75.5 A, 1000 r/min, 45 N-m).

2.3.4.2 d-axis Current Response to Step Change in Torque Demand in Deep Field
Weakening Region
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Fig. 2-34. d-axis current and estimated torque response to step changes in torque demand from 20
N-m to 25 N'm and back to 20 N-m at 3000 r/min.

Fig. 2-34 shows the measured d-axis current response when the torque demand
increases in step from 20 N-m to 25 N'm at 12 s and decreases in step from 25 N-m to 20
N-m at 36.5 s at 3000 r/min when the drive operated in deep field weakening region. The
estimated torque based on the measured d- and g-axis currents and nonlinear machine
model is also illustrated in Fig. 2-34.
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When the reference torque has a step change from 25 N'm to 20 N-m, the amplitude of
d-axis current exhibits an immediate step change associated with i;,,4in- It SUbSequently
converges to the optimal value under the influence of Ai,.

To illustrate the torque control accuracy in the field weakening region, the measured
torque is compared in Fig. 2-35 with the reference torque at 3000 r/min when step changes
in reference from 20 N-m to 25 N-m and back to 20 N-m take place. A small torque error

of ~0.8N'm is caused by the same reasons detailed before.
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Fig. 2-35. Measured torque and reference torque at 3000 r/min.
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Fig. 2-36. Reference voltage amplitude and estimated torque responses during step change in torque
demand.

The reference voltage amplitude during the torque reference step is shown in Fig. 2-36
where the dotted line represents the voltage amplitude limit of the inscribed circle of the
voltage hexagon. As is evident, the voltage amplitude is essentially kept at the limit during

the torque step changes. The high frequency voltage ripple is caused by spatial harmonics
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[13] and the over-modulation technique employed to fully utilize the voltage boundary at
the hexagon.

It can also be seen that a fast torque response has been achieved with the proposed
control albeit high frequency estimated torque ripple is clearly visible. This is due to the
combined effect of PWM switching and the distortion in phase currents as well as the
distortion in the flux linkage.

The current angle variation during torque step is shown in Fig. 2-37. The efficiency of
the drive system was 0.878 at 20 N-m, 3000 r/min and 0.866 at 25 N-m, 3000 r/min.
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Fig. 2-37. The current angle variation during torque step.

The waveforms of three-phase voltages applied to the motor and the phase currents at
20 N'm, 3000r/min are shown in Fig. 2-38.
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Fig. 2-38. Voltage and current waveform at 3000 r/min speed and 20 N-m torque.
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2.3.4.3 Transition between Constant Torque Region and Field Weakening Region

To demonstrate seamless transitions between the constant torque and field weakening
regions with the proposed control, 20 N-m torque was applied to the drive while its speed
was varied from 1620 r/min to 1453 r/min. Fig. 2-39 shows the speed variation and the
measured d-axis current response. When the speed is at 1620 r/min, the motor operated
in the field weakening region. As the speed decreases, the amplitude of d-axis current
also decreases. At the speed below 1520 r/min, the motor enters the constant torque region,
and consequently, the d-axis current reaches its optimal value under the MTPA operation.
A smooth transition from the field weakening region to the constant torque region can be
observed.
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Fig. 2-39. Variations of speed and d-axis current during transition from field weakening region to
constant torque region.

A similar test was performed when the load torque was kept at 20 N-m and the speed
was increased from 1551 r/min to 1713 r/min. The measured d-axis current response is
shown in Fig. 2-40. When the speed is below 1630 r/min, the motor operates in the
constant torque region and the d-axis current is kept constant as the speed is increased.
The amplitude of the d-axis current begins to increase when the motor enters the field
weakening region.

The small hysteresis band of 110 r/min between the constant torque and field
weakening operations is due to the delay and transient error of the integral regulator in
Fig. 2-21, when the speed varied continuously during the test. This hysteresis band is
useful in that it provides smooth transitions between the constant torque region and the

field weakening region.
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Fig. 2-40. Variations of speed and d-axis current during transition from constant torque region to
field weakening region.

A further test was carried out in which the speed of the drive was kept at 1600 r/min
and the reference torque was varied from 0 to 30 N-m in steps of 5 N-m. The reference
torque and reference voltage amplitude are shown in Fig. 2-41. Again, the dotted line
illustrates the voltage limit.

When the load torque is below 10 N-m, the motor operates in the constant torque region
and the resultant voltage amplitude increases with increase in load torque, but is below
the limit in average sense. As the torque is increased above 10 N-m, the voltage amplitude
reaches the limit and the motor enters field weakening operation. As shown in Fig. 2-41,
when the machine enters the field weakening region, the voltage amplitude is essentially
kept at the limit during the torque step changes, which again indicates the proposed

control scheme can always keep motor operating at the VCMTPA points.
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Fig. 2-41. Reference toque and reference voltage amplitude when reference torque varies from 0 N-m
to 30 N'm at 1600 r/min.
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To illustrate the d- and g-axis currents control performance of the proposed control
scheme, the measured d- and g-axis currents under the same operation conditions as Fig.
2-41 are shown in Fig. 2-42. It is evident that the resultant d- and g-axis currents follow

the reference d- and g-axis currents accurately.
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Fig. 2-42. Measured d- and g-axis currents when reference torque was varied from 0 to 30 N-m in steps
of 5 N'm.

The reference torque was also varied from 30 to 0 N-m in steps of 5 N-m at 1600 r/min
to test the control performance of the transition from field weakening region to constant
torque region. The reference torque and reference voltage amplitude are shown in Fig.
2-43. As shown in Fig. 2-43, when the load torque is above 10 N-m, the reference voltage
amplitude is maintained at the voltage limit, i.e., the VCMTPA points. Whereas when the

load torque steps below 10 N-m, the motor enters constant torque region, and the reference
voltage amplitude decreases.
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Fig. 2-43. Reference torque and reference voltage amplitude when reference torque varies from 30
N-m to 0 N-m at 1600 r/min.
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The measured d- and g-axis currents under the same operation conditions as Fig. 2-43
are shown in Fig. 2-44. As can be seen, when the reference torque steps, the amplitude of
d-axis current exhibits an immediate step change associated with i;,,4in- It SUbSequently

converges to the optimal value under the influence of Ai,.
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Fig. 2-44. Measured d- and g-axis currents when reference torque was varied from 30 to 0 N-m in steps
of 5 N'm.

The measured torque and reference torque at 1660 r/min when the reference torque
varies from 0 N-m to 30 N'm in a step of 5 N'-m and from 30 N-m back to 0 N-m in the
same step are shown in Fig. 2-45. The smooth transitions between the two operating

regions can be inferred from the good torque response and the voltage amplitude variation.

40 14 T T
Reference torque (N-m)
30 — Measured Torque (N-m)

. sl
. e

0 10 20 30 40 50 60 70
Time (5)
Fig. 2-45. Measured torque and reference torque when reference torque was varied from 0 N-m to 30
N'm in a step of 5 N-m and from 30 N-m back to 0 N-m in the same step.
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2.4 Summary

In this chapter, virtual signal injection control is proposed and achieved in the d-g frame.
The virtual signal injection method utilizes the fact that at an MTPA point the torque
variation with the current angle is zero. It is shown that this variation can be obtained
mathematically from the measured speed, currents, and the command voltage applied to
an IPMSM through a virtual signal injected into current angle instead of real signals
injected into current. In this way, the proposed method is much more robust with respect
to current and voltage harmonics which are always present in a practical IPMSM. It also
avoids any torque ripple and resonant problem due to the current ripple in the real signal
injection methods, and will not cause additional power loss as a result of real signal
injection. Both the simulation and experimental results demonstrate that the proposed
control scheme is very accurate in tracking the MTPA points without prior knowledge of
motor parameters and is robust with respect to torque variations.

The virtual signal injection aided field weakening control scheme expands the virtual
signal injection control into field weakening region. It combines conventional model
based field weakening control and virtual signal injection control with voltage feedback.
The virtual signal injection aided field weakening control scheme realizes maximum
torque per ampere operation in constant torque region and voltage constrained maximum
torque per ampere operation in field weakening region and achieves seamless transitions
between the two regions. The proposed control scheme not only has fast torque response
but also can track the MTPA points in constant torque and VCMTPA in field weakening

regions without knowledge of accurate machine parameters.
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CHAPTER 3 Virtual Signal Injection Based

Direct Flux Vector Control

3.1 Introduction

In Chapter 2, the virtual signal injection based field orientated control in the rotor
synchronous (d-g) frame has been developed to control IPMSM drives in both constant
torque region and field weakening region. Alternatively IPMSM drives can also be
controlled in the stator flux linkage synchronous (f-t) frame through direct torque control
[20]-[24] or direct flux vector control [25]-[27].

Compared with d-g frame based control schemes, f-t frame based control scheme not
only can manage motor voltage in field weakening region without look-up tables of
currents or reference flux [65] but also has better performance in field weakening [66],
fast torque response [24], and higher torque control accuracy.

In order to operate IPMSM in constant torque region effectively, maximum torque per
ampere (MTPA) control is necessary. The MTPA control results in minimum current
amplitude for a given torque, and hence minimum copper loss which is dominant in
constant torque region. In literature, MTPA strategies for d-q frame based control
schemes have been well studied. However, MTPA control strategies for f-t frame based
control schemes have not been comprehensively reported. Different from d-q frame based
MTPA control schemes, the performances of f-t frame based MTPA control schemes are
not only dependent on the accuracy of commands generated by the MTPA control
schemes, but also on the accuracy of flux observer. This implies that, compared with d-q
frame based MTPA control schemes, f-t frame based MTPA control schemes are more
vulnerable to command and flux observer errors. Therefore, studies of MTPA control in
f-t frame based control schemes for IPMSM drives are necessary.

Currently, the MTPA operation for f-t frame based control schemes are mainly
achieved by controlling the reference flux amplitude. The reference flux amplitude for
MTPA operation can either be calculated based on mathematical model [76] or generated
from pre-defined look-up tables which are obtained from numerical machine model or

experiments [26]. However, in real applications, due to magnetic saturation, cross-
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coupling effects, manufacturing tolerance, material property variation, and temperature
variation, the parameters of an IPMSM are highly nonlinear and uncertain. Therefore, it
is almost impossible to obtain accurate reference flux amplitude according to predefined
look-up tables or mathematical models. On the other hand, it is difficult to obtain the
predefined reference flux from experimental data. Further, the factors that influence the
MTPA operations such as temperature, manufacture tolerances and material property
variations may also vary in individual machines [41]. In order to reduce the dependency
on motor parameters, search algorithms were, therefore, proposed in [78]. This scheme
did not rely on the knowledge of motor parameters for MTPA operations. However, due
to slow converging rate, the dynamic performance of this search algorithm was
unsatisfactory and the torque control accuracy was affected by load torque disturbance as
well as voltage and current harmonics in a practical machine.

Recently, new methods based on the principle of extremum seeking control (ESC) [58],
[59], [80] for tracking the MTPA points by injecting high-frequency current signal into
machines have been reported. In [79], a signal injection based MTPA point tracking
scheme in f-t frame is proposed. In order to avoid the residual torque harmonic at the
frequency of the injected signal, a random signal was injected into reference flux
amplitude instead of the pure sinusoidal signal injection. And the MTPA points were
tracked based on the fact that the current amplitude variation with respect to injected
reference flux amplitude perturbation on MTPA points is zero [79]. However, this method
may induce additional iron/copper loss as well as additional torque ripple as a result of
the injected signal. Moreover similar to other f-t frame based control techniques described
previously, this method did not consider the influence of flux observer error on MTPA
operations. Consequently, quality of MTPA operations may be significantly affected.

In this chapter, an f-t frame based control scheme employing the virtual signal injection
[41], [62], described in Chapter 2, is proposed for realization of MTPA operation of
IPMSM drives in constant torque region and voltage constraint MTPA (VCMTPA)
operation in field weakening region. Without loss of generality, the direct flux vector
control scheme is selected to demonstrate the proposed control scheme. The proposed
control scheme retains the advantages of the f-t frame based control schemes but
eliminates any problem associated with real signal injection. Moreover, the proposed

control scheme is robust to flux observer error and motor parameters inaccuracy in
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tracking MTPA points in constant torque region and voltage constraint MTPA points in
field weakening region.

The rest of this chapter is organized as follows: section 3.2 outlines the mathematic
model of IPMSM drives in the f-t reference frame and briefly describes the principle of
virtual signal injection. The implementation of the proposed control scheme in constant
torque region is also illustrated in section 3.2 and the proposed control scheme was
verified by simulations and experiments. Section 3.3 illustrates the implementation of
field weakening control based on the proposed control scheme. Simulations and
experiments were performed to verify the proposed control scheme in field weakening

region. Section 3.4 draws conclusion from the work.

3.2 Virtual Signal Injection Based MTPA Control in f-t

Frame

3.2.1 Principle of Proposed Control Scheme

Control schemes of IPMSM drive can be achieved based on the flux and torque (f-t)
reference frame whose relationship with respect to the classic (d-q) frame is illustrated in
Fig. 1-5. The mathematical model of an IPMSM in the f-t reference frame is given in
(1-23) to (1-26) and the limit of torque is expressed with (1-22).

An f-t frame based control scheme can be formulated by controlling the stator flux
amplitude, ¥, and the t-axis component, i;, of the stator current, when the stator flux is
estimated by a flux observer. The flux linkage references for MTPA operations may be
generated from the numerical model of the IPMSM and the data is stored in the controller
in a look-up table. However, the reference flux may deviate from the MTPA value when
the flux map of the actual machine differs from the model because of temperature
variation and other modeling errors. Although this problem may partly be circumvented
by the signal injection control proposed in [79], the flux observer error may bring
additional control error which affects MTPA operations. Further, in the field oriented
control, a deviation of d-axis current from its true MTPA point only affects the second
term in (1-3). Hence the resulting torque control error is relatively small. With the f-t
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frame based control, errors in ¥, whether it is generated from the reference or from the
observer, will cause larger torque deviation as is evident from (1-25). Therefore, the
MTPA operation in the f-t frame is more sensitive to flux errors and the accuracy of

MTPA control is more difficult to be guaranteed.

3.2.1.1 Relationship Between ¥y rpa @and Byrpa

For a given current amplitude in (3-1), the relationship between electromagnetic torque,

T,, and the current angle, 3, defined in (3-2), can be expressed in (3-3).

o= [i2+22 (3-1)

p = arccos (;—q) (3-2)

a

3p 1 :
Te=— [ll’mla cos(B) — > (Lg— Lg)I2 sm(ZB)] (3-3)
Let Byrpa denote the optimal stator current angle for MTPA operation. The d- and g-

axis currents for MTPA operation can be expressed in (3-4), (3-5) according to (3-1) and
(3-2):

Lamrpa = —la Sin(Byrpa) (3-4)
iqmrpa = 1o c0S(Burpa) (3-5)
The d- and g-axis fluxes can be expressed in (3-6) and (3-7), respectively.
W, =¥ 4 Ly, (3-6)
Y, = Lgiq (3-7)

Substituting (3-4) and (3-5) into (3-6) and (3-7), the optimal d- and g-axis fluxes for
the MTPA operation can be expressed with (3-8) and (3-9), respectively.
Yamurra = ¥Ym — Lala sSin(Burpa) (3-8)
Yomrpa = Lqla cos(Burpa) (3-9)
The flux amplitude can be expressed with:

Y, = /'sz + .2 (3-10)

Substituting (3-8) and (3-9) into (3-10) yields the optimal flux amplitude for MTPA

operation:
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. 2
Ysmrpa = \/[l{lm —IqLg sin(Byrpa)l? + [Ian COS(ﬁMTPA)] (3-11)
Moreover, under MTPA operation dT,/df =0, and according to (3-3), the

relationship between Syrp4 and I, can be expressed as [40]:

2
Tt mez +8(Ly —La) I,° (3-12)
4(Lg — L),

Burpa = Sin~

(3-12) can also be written as:

_ Y Sin(Burpa)
(Ly — La)[1 — 2sin?(Burpa)]
Substituting (3-13) into (3-11), the flux amplitude that corresponds to Syrpa, i.€., the

(3-13)

Ia

optimal flux amplitude ¥,yrp4 for MTPA operation, can be expressed as:

Womrpa = Va2 +b (3-14)

Where

WnLasin®(Burpa)

(Ld - Lq)[ZsinZ (Burpa) — 1]
_ 'Pr%quZCOSZ(BMTPA)SinZ(ﬁMTPA)
= —

(Ld - Lq) [2sin®(Byrpa) — 117

It follows from (3-12) and (3-14) that for given current amplitude I, there is a unique

(3-15)

a=Y%, —

(3-16)

relationship between the optimal stator flux amplitude, ¥,y rpa, and the optimal current
angle Byrpa. Therefore, ¥orpa Can be obtained through adjusting the current angle S to
its optimal value and vice versa.

By way of example, Fig. 3-1 (a) and (b) show the variation of the stator current angle
B and the variation of the electromagnetic torque with the amplitude of the stator flux,
respectively, for a prototype IPMSM whose specification is given in Table 2-1.

As it is shown in Fig. 3-1 (b), when the flux amplitude increases, the resultant torque
initially increases and reaches a maximum before decreasing. This maximum condition
corresponds to MTPA operation. It is also evident from Fig. 3-1 (a) that the optimal flux
for MTPA operation can be found by adjusting the current angle such that T, /dp = 0.
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From Fig. 3-1 (a) and (b), dT,/dB will be negative when the stator flux amplitude is
smaller than W, rp4, and vice versa. This characteristic of dT,/dp is utilized by the

proposed control scheme to track the MTPA point.

3.2.1.2 Virtual Signal Injection

The concept and implementation of the virtual signal injection are proposed in Chapter
2. The torque fluctuation given by (2-12) as a result of the virtual signal injection forms
the basis for extracting dT,/df . The dT,/dpf information can extracted by signal
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processing blocks in Chapter 2. It is worth noting that the reason for injecting high
frequency signal into the current angle is that it can be easily and accurately obtained
from measured d- and g-axis currents and it is independent from flux observer errors.
When the output of the signal processing unit is equal to zero, the MTPA operation can
be inferred. Otherwise the information of dT,/df can be utilized to adjust the stator
reference flux amplitude until it reaches the optimal value. Details about this adjustment
will be given in section 3.2.2.

3.2.2 Implementation of the Proposed Control Scheme

Model based

MTPA flux 3 Y, and i,
reference PI
generator controllerpd

Torque limit

Fig. 3-2. Schematic of the proposed control scheme.

In this section, the details for implementing the proposed control scheme are described.
The proposed control scheme can be divided into two parts, as shown in Fig. 3-2. The
first part is a conventional direct flux vector control scheme proposed in [26] which is
utilized to generate nominal reference flux linkage (Wqnqin) and reference t-axis current
for MTPA operation with fast response. The second part of the proposed control scheme
Is a compensation loop based on the virtual signal injection to correct the errors of the

reference flux ¥, ,in and the observed flux.
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3.2.2.1 Direct Flux Vector Control

The direct flux vector control scheme [25]-[27] is adopted by the proposed control
scheme as an example of an f-t frame based control scheme shown in Part | of Fig. 3-2.
To ensure an IPMSM drive operates within the current and voltage limits, the reference
torque is limited by (1-21). The nominal reference flux amplitude ¥, 4in IS generated
from a predefined look-up table which produces the nominal optimal reference flux
amplitude from the limited reference torque as its input. The table is computed off-line
from a high fidelity nonlinear IPMSM machine model based on FE analysis [13]. The
reference t-axis current is generated according to (1-25) and limited by (1-26). As
proposed in [25], the stator flux linkage is directly regulated by the f-axis voltage while
the t-axis current is regulated by the t-axis voltage. More details for the direct flux vector
control can be found in [25].

However, due to machine parameter variations and uncertainty, the accuracy of ¥,,4in
generated from the look-up table cannot be guaranteed. Moreover, due to errors in the
flux observer, the observed i;, ¥; and § may not equal their actual values, which will
also affect the MTPA control performance significantly. In order to compensate these
errors, an error compensation term AY¥; for the reference flux amplitude which is

generated from the virtual signal injection is proposed.

3.2.2.2 Reference Flux Amplitude Error Compensation

The reference flux amplitude compensation term A¥; is generated from Part 11 of Fig.
3-2 according to the virtual signal injection and T, /dp information extraction described
in section 3.2.1.2.

As shown in Part Il of Fig. 3-2, the measured d- and g-axis currents are filtered by a
low-pass filter denoted as LPF 3 to eliminate high order harmonics. The filtered d- and
g-axis currents are transformed into the polar coordinate system by (3-1) and (3-2) to
obtain B and I,. The d- and g-axis current perturbations with the injected high frequency
signal are calculated from (2-6) and (2-7). The resultant torque variation T* is obtained
from (2-12) based on i®, i{;, the d- and g-axis reference voltages, the measured d- and g-

axis currents, and the measured speed. Both the reference voltages and measured currents
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are filtered by a low-pass filter denoted as LPF 2 to attenuate undesirable noise. The
torque perturbation T is filtered by a band-pass filter (BPF) to extract the first order term
of (2-13). The output of the BPF is further multiplied by sin(wjt) before being fed to the
low-pass filter denoted as LPF 1 to obtain the signal proportional to aT,/df.

The output of the LPF 1 is used by an integral controller to produce A¥;. The gains of
the integral controller are negative since when the stator flux amplitude is smaller than
Yourpa 8 shown in Fig. 3-1 (b), -9T./df > 0 and vice versa. Thus, the integral
controller will adjust the reference flux amplitude such that when lower than ¥y rp4, it
will be increased, or otherwise decreased until dT,/dp = 0, i.e., the MTPA point is
reached. In this way, the errors of ¥,,,,in and the flux observer are compensated by A¥.

It is worth noting that the voltages and currents in (2-12) are in d- and g-axis coordinates,
therefore, the virtual signal injection based feedback loop will not be affected by the
inaccuracies in the observed quantities, such as f- and t-axis currents, flux amplitude and
the angle 6. Therefore, while flux observer error may cause torque control error, the
accuracy of the proposed control scheme in tracking MTPA operation of actual torque
will not be affected. This property will be demonstrated by simulations and experiments
in sections 3.2.3 and 3.2.4.

3.2.2.3 Flux observer

For the f-t reference frame based control, a flux observer is needed. In this Chapter, the
conventional closed loop flux observer introduced in [75] is adopted. The schematic of
the flux observer is illustrated in Fig. 1-19 and more details can be found in Chapter 1.
However, other kinds of observer are also possible for the proposed control scheme.

3.2.3 Simulation Studies

Simulations were performed based on a prototype IPMSM drive system whose motor
specification is given in Table 2-1. The d- and g-axis inductances and the permanent
magnet flux linkage of the machine are highly non-linear and vary significantly with
currents because of magnetic saturation. £ in the conventional closed loop flux observer

introduced in Fig. 1-19 is set to 0.707 while the w, is set to 50  rad/s since the 50 7 rad/s
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corresponds to 500 r/min rotor speed and the accuracy of the voltage model based
observer is satisfactory above this speed. ¥, 4in 1S generated from a predefined look-up
table.

The influences of the amplitude and angle errors of the flux observer on the proposed
control scheme and on the conventional look-up table based direct flux vector control
scheme are studied by simulation when the drive operates in the constant torque region
with 45 N m reference torque at 1000 r/min. A high fidelity IPMSM model with due
account of temperature effects on phase resistance and permanent magnet flux linkage is
employed to represent more realistic machine behavior in the simulation. Variations of
the PM flux linkage and the d- and g-axis inductances at room temperature of 20 °C with
currents are mapped in the flux observer and the inverter is assumed to be ideal. While
the real motor temperature will be different from the room temperature, this assumption
is used for the purpose of simulation studies. Thus, the observer will be accurate in steady-
state if the phase resistance, d- and g-axis inductances and the PM flux linkage used in
the observer are the same as those in the machine model. However, observer errors can
be deliberately injected in the simulations. Fig. 3-3 shows simulated torque variations
with stator flux amplitude when the flux observer is accurate, when the observed flux

amplitude is 5% and 10% lower but the observed angle of the flux vector is accurate.
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65 W Proposed MTPA tracking result
- E o Without VSI compensation
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Fig. 3-3. Influence of observed flux amplitude error on MTPA tracking of proposed and
conventional direct flux vector control schemes.

In each case, simulations are first performed by disabling the MTPA reference flux
generation table and the VSI based flux correction loop, and repeated for different values

of the stator reference flux amplitude while the current amplitude is kept constant when
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the reference flux amplitude varies. The constant current loci obtained from the
simulations are used to predict torque control accuracy and the MTPA points associated
with each case as shown in Fig. 3-3.

The simulations are performed subsequently for the proposed and conventional direct
flux vector control schemes for each case, and the resultant stator flux amplitudes of the
two control schemes are also shown in Fig. 3-3. The actual MTPA points obtained from
curve fitting of the simulation data are denoted by cycles, the MTPA points tracked by
the proposed control scheme are denoted by triangles and the control result of the
conventional look-up table based scheme are denoted by squares. As can be seen, when
the flux observer is accurate, both control schemes operate on the MTPA point and the
output torque equals to the reference torque. Torque control errors occur when the
observed flux deviates from the true value. For example, when the observed flux
amplitude is 10% lower, the torque is greater than the reference of 45 N m because the
reference t-axis current generated by (1-25) is greater than what is required. However, the
proposed control scheme is still capable of tracking the reference flux amplitudes to the
actual MTPA flux amplitude despite of large torque errors. In contrast, the observer
magnitude error results in a significant deviation from the MTPA point with the
conventional look-up table based control scheme, which will increase copper loss.

Fig. 3-4 shows simulated torque variations with stator flux amplitude when the flux
observer is accurate, when the observed angle of the flux vector is 10% and 20% lower
but the observed flux amplitude is accurate. Same as Fig. 3-3, the actual MTPA points
obtained from curve fitting of the simulation data are denoted by cycles, the MTPA points
tracked by the proposed control scheme are denoted by triangles and the control result of
the conventional look-up table based scheme are denoted by squares. As shown in Fig.
3-4, when the magnitudes of the flux amplitude and t-axis current are equal to their
optimal values but the flux vector angle is inaccurate, the net torque production
component is reduced and hence the output torque is lower than the reference. However,
as can be seen from Fig. 3-3 and Fig. 3-4, the differences between optimal flux amplitudes
of different MTPA points are relatively small. Therefore, although the resultant torque is
reduced due to the angle error, its corresponding optimal flux amplitude does not deviate
much from the optimal flux amplitude of the reference torque. Therefore, according to
Fig. 3-3 and Fig. 3-4, the MTPA operation of direct flux vector control is not sensitive to

the error of observed flux vector angle but is very sensitive to the error of observed flux
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amplitude. However, the proposed control scheme can always track the MTPA points

accurately.
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Fig. 3-4. Influence of observed flux vector angle error on MTPA tracking of proposed and

conventional direct flux vector control schemes.

It should be noted that torque control error is inevitable when the flux observer is not
accurate. However, the torque error can be corrected by the speed feedback loop in a
speed servo drive. For EV tractions, the feedback correction will be performed by a

human driver.
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Fig. 3-5. MTPA point tracking performance when temperature changes.

The temperature influence on the proposed control scheme has also been studied by
employing a temperature dependent machine model. From the design data of the
prototype machine, the stator resistance increases 39% per 100 °C temperature rise and

the remanence of the permanent magnets decreases 12% per 100 °C temperature rise.
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However, the model used in simulations for the observer and for generating reference
flux amplitude and current assumes a constant temperature of 20 °C. The simulation result
of the influence of temperature on MTPA point tracking performance of the proposed
control scheme is shown in Fig. 3-5 where the stator temperature in the machine model
is changed from 20 °C to 120 °C at t=15 s. As can be seen, due to the machine parameter
variations with temperature, the flux observer is no longer accurate. Consequently, the
torque decreases when the temperature is increased. However, the new reference flux
amplitude which results with the proposed control scheme follows closely the optimal
MTPA flux amplitude of the new machine parameters by the virtual signal injection based
correction loop although the change of the optimal flux amplitude is small. It follows
from the simulation results shown in Fig. 3-4 and Fig. 3-5 that the proposed control

scheme is robust to flux observer errors.

3.2.4 Experimental Results

The proposed direct flux vector control scheme has been tested on the same prototype
IPMSM drive using the same test-rig as shown in Fig. 2-10. Ly, Lg, ¥y, in the current
model based flux observer are set to their nominal values, i.e., 0.64 mH, 1.84 mH and
0.1132 Wh, respectively. The Pl gains of the observer shown in Fig. 1-19 are set to the

same values used in the simulation. ¥,,,,i» 1S generated from a predefined look-up table.

3.2.4.1 Validation of Machine Parameters Independent MTPA Control

For the conventional look-up table based direct flux vector control, i.e., Part I in Fig.
3-2, the accuracy of MTPA operation is highly depend on the reference flux amplitude,
Yomain, and the accuracy of the flux observer.

However, the proposed virtual signal injection based direct flux vector control can
automatically and accurately track the MTPA points without knowing machine
parameters except for the nominal machine parameters in the flux observer expressed in
(1-28).

In order to verify the MTPA tracking performance of the proposed control scheme,
experiments were first performed by setting ¥s,,4in @S @ constant value, i.e., Yonain =
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0.1 Wh. The drive was tested at 1000 r/min and torque varied from 5 N m to 35 N m.
Since the actual flux amplitude is difficult to measure, the measured d-axis current is
utilized instead of flux amplitude to illustrate the MTPA tracking performance of the
proposed control scheme. As shown in Fig. 3-6, the drive is enabled with 5 N m reference
torque at t=4 s. At the beginning, due to the inaccurate ¥, ,in, the resultant d-axis current
is quite large, about -30 A. However, A%, in Fig. 3-2 automatically compensates the error
in the reference flux amplitude until the MTPA point is reached. Moreover, as shown in
Fig. 3-6, for each torque step, the proposed control scheme always tracks the MTPA
points accurately although a small overshoot can be observed in the measured d-axis

current. The response of the proposed control scheme can be improved by a more accurate

lI”smain-

70 L r : 60

— Reference torque (N-m) 150

50] d-axis current (A) 140
— 30H===MTPA d-axis current (A) p J T30 <
S —— -
Z 10 s — 120 §
o 110 5
=) o
9-10_____ 0 o
5 e T =
F 301 — 10 ¥

50/, I 1-20

) “---r--‘-3o

% 50 100 150 200 250 %

Time (s)

Fig. 3-6. Measured d-axis current, MTPA d-axis current, and reference torque
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Fig. 3-7. The output of LPF 1 and measured d-axis current.

Fig. 3-7 shows the variation of d-axis current with the output of LPF 1 which is

proportional to —aT,/dpf and utilized to generate A¥;. As is seen, at each torque step, the
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output of LPF 1 is initially large and then decreases to zero, which indicates that the
MTPA point is tracked gradually, until —dT,/dp = 0.

3.2.4.2 Independence of Flux Observer Error in MTPA Operation

Since the virtual signal injection compensation is based on measured currents in the d-
g frame, the flux observer error does not affect the MTPA tracking performance of the
proposed control scheme. In order to verify the independence of flux observer error, the
proposed control scheme and conventional control scheme, i.e., the control scheme in Fig.
3-2 Part | without A%, compensation, were tested at 400 r/min when the reference torque
was stepped from O N m to 5 N m. The reference flux amplitude, ¥,4in, in both control
schemes was generated by the same pre-defined look-up table which is obtained from a
high fidelity nonlinear IPMSM machine model [13]. The high fidelity IPMSM machine
model was generated from numerical analysis of electromagnetic field based on finite

element analysis.
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Fig. 3-8. Comparison between proposed control scheme and conventional control scheme at 400 r/min
when reference torque steps from 0 N-mto 5 N m.

Because of inverter nonlinearity and voltage drop, the flux observer illustrated in Fig.
1-19 may have large error at low reference torque and low speed, i.e., low current
amplitude and low voltage amplitude. The comparison between proposed control scheme
and conventional look-up table based control scheme is shown in Fig. 3-8. As can be seen,
when the reference torque is 0 N m, the resultant d-axis current of the proposed control
scheme is 0 A, being the same as the MTPA d-axis current. However, the resultant d-axis
current of the conventional model based control scheme is about -10 A which is caused
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by the errors in both the flux observer and ¥, ,i». This will lead to larger copper loss
and inefficient operation.

When reference torque steps to 5 N i, the resultant d-axis current of the proposed
control scheme follows the MTPA d-axis current accurately, however, the error between
the resultant d-axis current of the conventional control scheme and the MTPA d-axis
current remains large. The high MTPA tracking accuracy of the proposed control scheme
is due to the fact that A¥; in Fig. 3-2 automatically compensates the errors in both ¥, 4in

and flux observer.
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Fig. 3-9. Comparison of MTPA tracking performances of proposed and conventional control scheme

at 400 r/min.
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Fig. 3-10. Comparison of MTPA tracking performances of proposed and conventional control
schemes at 1000 r/min.

The MTPA tracking performance of the proposed control scheme was also tested at
various speeds and reference torques in steady state. Fig. 3-9 and Fig. 3-10 show the
MTPA control performance of the conventional control scheme and the proposed control
scheme when the motor drive operates at 400 r/min and 1000 r/min, respectively. At both
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speeds, the motor drive was tested by varying the reference torque from 10 N i to 35
N m in steps of 5 N m. Again, ¥,,..in In both the control schemes was generated by the
same pre-defined look-up table as described previously.

The MTPA tracking results of the proposed control scheme are denoted by triangles in
Fig. 3-9 and Fig. 3-10, whereas the control results of the conventional direct flux vector
control scheme are denoted by squares. Tests were also performed by varying the current
vector angle while its magnitude was kept constant. The results are shown in the curve
marked by the crosses. The exact MTPA points, denoted by the circles, can be obtained
using curve-fitting of the constant current amplitude loci for the different reference
torques.

Comparing Fig. 3-9 and Fig. 3-10, it can be seen that the MTPA tracking errors of the
conventional control scheme are dependent on both torque and speed. Since the nominal
flux reference ¥,qin generated from the look-up table for a given reference torque in
constant torque region is independent of speed, the deviations of the control results must
be caused by observer errors. However, although the reference flux amplitude ¥¢,,4in
and the flux observer in the proposed control scheme are the same as those in the
conventional control scheme under test, the proposed control scheme can track the MTPA
points accurately and consistently. Therefore, the flux observer independence of the
proposed control scheme in tracking MTPA points can be verified.

To illustrate the quality of MTPA tracking of the proposed control scheme, the
measured torque-per-Ampere variations with load torque at 1000 r/min obtained from the
proposed and conventional control schemes are compared with the MTPA points in Fig.

3-11. Again, the good MTPA tracking of the proposed control scheme can be observed.
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S 0.57 77@’4ﬁ - —r
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»
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Reference torque (N-m)
Fig. 3-11. Comparison of torque per ampere variations of proposed and conventional control schemes
at 1000 r/min.
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It is worth noting that the MTPA tracking performance of the conventional control
scheme is mainly dependent on the accuracy of Wg,,4in- An inaccurate ¥, .in May cause
large deviation from the MTPA point as shown in Fig. 3-6 at t=4 s. Hence, due to the
nonlinearity and uncertainty of the machine parameters, the MTPA control performance
of the conventional control scheme is difficult to guarantee. However, the MTPA control
accuracy can always be guaranteed by the proposed control scheme.

3.2.4.3 Performance of Proposed Control Scheme during Payload Torque Change

The MTPA tracking performance of the proposed control scheme during payload
torque changes is shown in Fig. 3-12. The motor was operated at 1000 r/min and a step
change in reference torque from 30 N i to 35 N im was applied. The reference torque is
filtered by a low-pass filter to limit the torque variation rate. The dashed line represents
the ideal MTPA d-axis current at 30 N +m and 35 N i at 1000 r/min. It can be seen that
the corresponding d-axis current generated by the proposed control scheme is very close
to the ideal d-axis current during the torque step change.

50 r r ; —10
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235 105
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= 25 l 25§
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20 T35
1 -4
55 10 15 20 25 30 35 0
Time (S)

Fig. 3-12. MTPA tracking response of proposed control scheme to step change in reference torque at
speed of 1000 r/min.
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Fig. 3-13. Response of LPF 1 output to torque step change at 1000 r/min.

Fig. 3-13 shows the response of the LPF 1 output which is proportional to dT,/dp as
is shown in Fig. 3-2. Since the torque change results in deviation from the MTPA
operation, therefore, dT,/dp is no longer zero when torque changes. But it is used to
adjust the reference flux amplitude until T,/ becomes zero again, i.e., reaching the
new MTPA point.

Fig. 3-14 shows the measured and estimated torque responses to the step change in
reference torque. The estimated torque is calculated from the machine parameters stored

in look-up tables with the measured d- and g-axis currents.

50 : :
Estimated torque (N-m)

45 —— Measured torque (N-m) |
= 40 === Reference torque (N-m) |
z
o 35 1
3 : =~
S Vamzcm===!]

25

2

05 10 15 20 25 30 35
Time (S)

Fig. 3-14. Measured torque and reference torque at 1000 r/min.
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3.2.4.4 Performance of Proposed Control Scheme at Low Speed
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Fig. 3-15. MTPA tracking response of proposed control scheme to step change in reference torque at
15 r/min.

In order to verify the performance of the proposed control scheme at low speed when
the d- and g-axis voltages are small, the motor drive was tested at 15 r/min. The estimated
torque and measured d-axis current responses to the step change of reference torque from
15N mto 20 N m at 15 r/min are shown in Fig. 3-15. Again, the dashed line in Fig. 3-15
indicates the actual MTPA d-axis current associated with 15 N-m and 20 N-m at 15 r/min.
It can be seen that the proposed control scheme can still track the MTPA point accurately
although the torque error and ripple is noticeable. In order to avoid dividing by zero at
very low speeds when processing the right hand side of (2-12), the A, term can be

suspended when the measured speed is below a minimum threshold.

3.3 Virtual Signal Injection Based Field Weakening

Control in f-t Frame

Compared with the d-q frame based field weakening control schemes, f-t frame based
control schemes have many merits. The f-t frame based field weakening control scheme
can directly regulate the flux amplitude without knowledge of machine parameters except
for stator resistance which can be considered as its nominal value. It is also robust to

variable dc-link voltage. Therefore the problems of field weakening control caused by
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inaccurate machine parameters as discussed in Chapter 1 can be avoided. Moreover, since
the dc-link voltage is one of the key factors for field weakening control, the variation of
dc-link voltage always causes great difficulties in controlling the battery-powered system,
such as electrical vehicle, in d-q frame. However, the difficulty can be easily solved by
f-t frame based field weakening control schemes.

As illustrated in Chapter 2, the virtual signal injection control is not effective in field
weakening region. In order to extend the virtual signal injection control scheme into field
weakening region, additional control scheme is needed, which will be discussed in the

rest of this chapter.

3.3.1 Principle of Field Weakening Control of Virtual Signal

Injection Based Direct Flux Vector Control

As discussed in section 3.2, the direct flux vector control scheme controls the stator
flux amplitude and the t-axis current through f- and t-axis voltages. The relationship
between the stator flux amplitude and the maximum voltage amplitude is expressed in
(1-22) and the voltage amplitude is given with:

v = ()" + )2 (3-17)

From (1-23), (1-24) and (3-17), when speed increases, the voltage amplitude also
increases. Since the voltage amplitude is limited by the maximum voltage, at high speed
the stator flux amplitude should be decreased to guarantee that the resultant voltage
amplitude is not larger than the maximum voltage, i.e., the field weakening control is
needed.

When the motor drive is operating in the field weakening region, the stator voltage is
constrained by the maximum voltage. Fig. 3-16 shows the variations of torque and voltage
amplitudes with stator flux amplitude for a given current amplitude when the required
voltage for the MTPA operation is larger than the voltage limit. As the flux amplitude
increases towards the MTPA point, the resultant torque and voltage amplitude, v,, will
increase. Therefore, the voltage constrained maximum torque per ampere (VCMTPA)
operation is the point at which the voltage amplitude is equal to the voltage limit [77] and

on the VCMTPA point, the maximum torque is achieved for the given current amplitude
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and voltage limit. Moreover, as illustrated in Fig. 3-16, on the VCMTPA point
—0dT,/dB > 0, which implies that the LPFO signal from Part Il of Fig. 3-2 will tend to
adjust the flux amplitude toward the MTPA point until —dT,/df = 0. This may cause
the voltage amplitude to increase beyond the maximum voltage. Therefore, if the voltage
amplitude reaches or exceeds the voltage limit, the virtual signal injection control should

be suspended.
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Fig. 3-16. Torque and voltage amplitude variations according to flux amplitude variation for a given
current amplitude.

According to (1-22), the maximum flux amplitude under the voltage constraint is
parameter-independent except for the phase resistance. However, the voltage drop across
the resistance is relatively small compared with the voltage limit and the resistance can
be assumed as its nominal value. Therefore, by assuming the nominal value of the phase

resistance at a representative temperature, the optimal flux amplitude for VCMTPA

operations, ¥z, can be obtained by (1-22).

3.3.2 Implementation

The proposed virtual signal injection based direct flux vector control utilizes (1-22) to
set the limit of the reference flux amplitude for field weakening control. The schematic
of the proposed control scheme is shown in Fig. 3-17. It consists of three parts. Part | is

the conventional direct flux vector control as proposed in [26]. Part Il in Fig. 3-17 is a
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virtual signal injection block which generates the LPFO signal proportional to aT,/df
as described in section 3.2.2 based on the virtual signal injection. Part Il is the field
weakening error compensation block to achieve seamless combination of the virtual

signal injection control and voltage feedback field weakening control.
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Fig. 3-17. Schematic of the proposed control scheme.

As shown in Fig. 3-17 Part I, Y,,4in 1S limited by (1-22). However, due to the
parameter inaccuracies and flux observer error, the nominal reference flux amplitude,
Y.main,» May not equal its optimal value. In order to compensate for the errors in ¥, ,in
and in the flux observer, the virtual signal injection combined with the voltage feedback
field weakening control is employed in Part Il of Fig. 3-17 to generate the reference flux
amplitude compensation term A%;. The voltage error v,,,., in Fig. 3-17 is calculated
from (3-18) and the reference voltage amplitude v, in (3-18) is obtained from (3-17).

Verror = Vmax — Va (3-18)

Whether the low-pass filter output, i.e., the LPFO signal, or v,,..,- is fed to the

integrator in Part 111 of Fig. 3-17 depends on the sign of v,,,.,,. The operations with regard

to the voltage error are described as follows.
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3.3.2.1 Upyror < 0

Under this condition, the amplitude of the reference voltage is greater than the voltage
limit, which implies that ¥,,,,i» 1S larger than ¥, and will cause voltage saturation.
Hence, the reference flux amplitude, ¥, should decrease. v,,o Will be fed into the
integrator in Part 111 and the LPFO signal (the output of LPF 1) will be suspended. The
negative v,,.-,-will cause the integral regulator output, A¥, to decrease, and as a result,
the reference flux amplitude moves toward the VCMTPA point. Thus, A¥; will
compensate the error in Yg,.in @S Well as in flux observer to prevent the voltage

saturation by decreasing v, until it equals v,

3.3.2.2 Upyror > 0

Under this condition, the integrator input in Part Ill is the LPFO signal which is
proportional to — dT,/d B. As shown in Fig. 3-16, if the reference voltage amplitude v,
is lower than v,,,,, the motor operates on the left side of the VCMTPA point. A%, will
be adjusted such that flux amplitude tends toward the MTPA point until —dT,/0 8 = 0
Of Vorror = 0, 1.€., When either the MTPA or VCMTPA point is reached.

It follows that the A%, can be utilized to ensure efficient operation of IPMSM drives in
the field weakening region. In conventional feedback based field weakening control
without the virtual signal injection compensation, if the observed flux amplitude is larger
than the actual flux amplitude due to flux observer error, the generated flux amplitude in
stator will be lower than the optimal flux amplitude and the voltage feedback loop is no
longer in action and hence the VCMTPA control in the field weakening region may not
be achievable.

However, as described above, the MTPA control in constant torque region and the
VCMTPA control in field weakening region can always be guaranteed by the proposed

control scheme.
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3.3.3 Simulation Results

Simulations of the virtual signal injection aided direct flux vector control for field
weakening operation were performed based on a prototype IPMSM drive system. The

motor model in the drive system is the same as that described in section 3.2.3.

3.3.3.1 VCMTPA tracking performance

Fig. 3-18 shows the simulation result of the proposed field weakening control of the
IPMSM drive when it is operated at 3000 r/min and 25 N-m in the field weakening region.
The ideal flux amplitude for the VCMTPA operation is 0.069 Whb. As shown in Fig. 3-18,
the value of ¥, i Obtained from (1-22) is initially equal to 0.072 Wb which is larger
than the ideal value due to inaccurate machine parameters. However, the reference flux
amplitude, ¥, generated by the proposed control scheme compensates for the error in
Ysmain @nd maintains the motor operating on the VCMTPA point.

To illustrate another possible condition in which the ¥, ., may be smaller than the
ideal flux amplitude, att =25, ¥,,,4in Decomes equal to 0.066 Whb. Again, the reference
flux amplitude tracks the ideal value and the difference is compensated by the proposed

control automatically.
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Fig. 3-18. Reference flux responses of proposed field weakening control.

The resultant voltage amplitude and reference flux amplitude under the same operation

conditions are shown in Fig. 3-19. As can be seen, the resultant voltage amplitude is

Page | 97



Chapter 3 Virtual Signal Injection Based Direct Flux Vector Control

always kept at the maximum voltage amplitude, which indicates the VCMTPA operation
can be guaranteed by the proposed control scheme although ¥g,,,.in 1S inaccurate and a

larger disturbance is applied to the reference flux at t=25 s.
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Fig. 3-19. Resultant voltage amplitude and reference flux amplitude under same operation conditions
of Fig. 3-18.
3.3.3.2 Robustness to Speed Change in Field Weakening Region
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Fig. 3-20. Fast transition of motor operation from constant torque region to field weakening region and
large speed step in field weakening region.

In order to demonstrate robustness of the proposed control scheme to step changes in
speed, the torque response to step changes of 500 r/min in speed is shown in Fig. 3-20.
The reference torque is set to 45 N m and speed varies from 1000 r/min to 1500 r/min at
t=15 s and varies from 1500 r/min to 2000 r/min at t=30 s. It can be seen that the proposed
control achieves stable and fast response to the speed step changes. However, for electric
vehicle traction and other applications, a step change in speed cannot occur due to large
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mass and inertia of a drive system. Therefore, the condition illustrated in Fig. 3-20 can be

considered as the worst condition which may occur practically.
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Fig. 3-21. Resultant voltage amplitude during speed step.

Fig. 3-21 shows the resultant voltage amplitude and motor speed under the same
operation conditions as Fig. 3-20. As shown in Fig. 3-21, when the motor is operating at
1000 r/min in the constant torque region, the voltage amplitude is below the maximum
voltage amplitude. However, when the motor speed steps to 1500 r/min, the voltage
amplitude reaches the maximum voltage amplitude, and the VCMTPA is achieved. The
fast and smooth transition from the constant torque region to the field weakening region
can be inferred. When the speed steps from 1500 r/min to 2000 r/min, the resultant voltage
amplitude is always kept at the maximum voltage amplitude and the robustness of the

VCMTPA control to speed change can be verified.

3.3.3.3 Influence of Flux Observer Error

The influence of flux observer error on proposed control scheme in field weakening
region was also simulated. Fig. 3-22 shows the simulation result of the proposed control
scheme when the drive operates at 3000 r/min and 20 N m in field weakening region.
Initially the observer was ideal. At t=15 s, the observed angle, &, became 0.5 times of its
accurate value and at t=25 s the observed flux amplitude became 1.1 times of its accurate
value. However, under all of these conditions, the proposed control scheme can always
keep the voltage amplitude equal to v,,,, except for transient deviations. Therefore, the
proposed control scheme can always guarantee the drive operating on the VCMTPA

points in the field weakening region.
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Fig. 3-22. Reference flux and voltage amplitude response to observer error in field weakening region.

3.3.4 Experimental results

The proposed field weakening control in the f-t frame, which incorporates the VSIC,
was implemented in the IPMSM drive. The parameters of the virtual signal injection

block employed in the experiments have been described in section 3.2.4.

3.3.4.1 Transition between Constant Torque Region and Field Weakening Region

Since the MTPA operation performance of the virtual signal injection based direct flux
vector control has been verified by experiments in section 3.2.4, in this section,
experimental results that verify seamless transitions between the constant torque region
and field weakening region are presented. As the actual flux amplitude is difficult to
measure, the measured d-axis current is utilized instead of flux amplitude to illustrate the
performance of the proposed control scheme.

As shown in Fig. 3-23, the test of transition from the field weakening region to the
constant torque region is first performed. The speed is decreased from 1750 r/min to 1520
r/min with reference torque equal to 20 N-m. When speed is 1750 r/min, the motor
operates in the field weakening. As the speed decreases, the amplitude of d-axis current
also decreases. At the speed below 1640 r/min, the motor enters the constant torque region,
and consequently, the d-axis current reaches its optimal value under the MTPA operation.
A smooth transition from the field weakening region to the constant torque region can be

observed.
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Fig. 3-23. Variations of speed and d-axis current during transition from field weakening region to
constant torque region.

The reference voltage amplitude and d-axis current under the same operation conditions
as Fig. 3-23 are shown in Fig. 3-24. From Fig. 3-24, it can be seen that before the motor
enters the constant torque region, the voltage amplitude is kept at the maximum voltage
limit, i.e., the motor operates on the VCMTPA point. However, when motor enters
constant torque region, i.e., the d-axis current becomes constant, the voltage amplitude
decreases as the speed decreases. A smooth transition from the field weakening region to

the constant torque region can be observed.

— Reference voltage amplitude (V) 135

80 — d-axis current (A) 25
_ S
b =
> 70 5 O
(@) S
£ 3
S 5
60 -15 5

1-25

% 5 10 15 20 25 30 >

Time (s)
Fig. 3-24. Reference voltage amplitude and d-axis current during transition from field weakening
region to constant torque region.

A similar test was performed when the load torque was kept at 20 N-m and the speed

was increased from 1550 r/min to 1720 r/min. The rotor speed and measured d-axis
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current response are shown in Fig. 3-25. When the speed is below 1630 r/min, the motor
operates in the constant torque region and the d-axis current is kept constant as the speed
increases. The amplitude of the d-axis current begins to increase when the motor enters

the field weakening region.
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Fig. 3-25. Variations of speed and d-axis current during transition from constant torque region to field
weakening region.

The reference voltage amplitude and d-axis current under the same operation conditions
as Fig. 3-25 are shown in Fig. 3-26. From Fig. 3-26, it can be seen that before the motor
enters the field weakening region, the d-axis current is constant while the voltage
increases as the speed increases. However, when motor enters the field weakening region,
the voltage amplitude is kept at the maximum voltage amplitude. Again, a smooth

transition from the constant torque region to field weakening region can be observed.
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Fig. 3-26. Reference voltage amplitude and motor speed during transition from constant torque region
to field weakening region.
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3.3.4.2 Performance of the Proposed Control Scheme in Deep Field Weakening Region
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Fig. 3-27. Measured d-axis current and reference torque when reference torque steps from 10 N-m to
15 N'm at 3000 r/min.

In the field weakening region, the fast dynamic response of the reference flux amplitude
can be achieved by (1-22) directly, and the errors in ¥, and flux observer can be
compensated by AY¥; automatically. Fig. 3-27 shows the measured d-axis current and
reference torque when the reference torque steps from 20 N-m to 25 N-m at 3000 r/min
(more than two times the base speed). As shown in Fig. 3-27, the fast response of the d-
axis current can be observed.

The reference voltage amplitude and reference torque under the same operation
conditions as Fig. 3-27 are shown in Fig. 3-28. As can be seen, the reference voltage from
the proposed control is essentially equal to the maximum voltage even during the
reference torque change, which illustrates that the motor is controlled on the VCMTPA
point. The small error between the reference voltage and the maximum voltage is due to

the combination effect of the flux observer error and voltage drop in the inverter.
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Fig. 3-28. Reference voltage amplitude and reference torque when reference torque steps from 20 N-m
to 25 N'm at 3000 r/min.

The comparison between reference torque and measured torque when the reference
torque increased from 20 N'm to 25 N'm at 3000 r/min is shown in Fig. 3-29. The
measured torque response is fast and the gap between the reference and measured torques
is due to the flux observer error, iron loss and the frictional torque of the motor.
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Fig. 3-29. Comparison between reference torque and measured torque when reference torque
increased from 20 N-m to 25 N-m at 3000 r/min.

3.4 Summary

The proposed virtual signal injection based direct flux vector control scheme provides

a parameter independent and observer error insensitive method to achieve accurate
control of IPMSM drives in the f-t frame. Because high frequency signal is injected
virtually, the proposed method does not cause any additional iron/copper loss and is very
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robust to voltage and current harmonics. The proposed method also avoids any torque or
speed ripple and resonant problems caused by current ripple associated with real signal
injection. Because the signal injection is based on d- and g-axis quantities, the proposed
control scheme is not affected by the observer's error in tracking optimal efficiency
operation points. Moreover, in order to achieve accurate voltage constraint MTPA control
in field weakening region, a voltage feedback loop is incorporated into the proposed
virtual signal injection based direct flux vector control.

Both simulation results and experiment results demonstrate that the proposed method
can track the MTPA points in constant torque region and voltage constraint MTPA points

in field weakening region accurately and automatically.
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CHAPTER 4 Self-learning Control Based

on Virtual Signal Injection

4.1 Introduction

In Chapter 2 and Chapter 3, virtual signal injection control schemes based on the
principle of extremum seeking control (ESC) [80] were proposed to control IPMSM
drives in the d-q frame and the f-t frame, respectively. These control schemes are not
affected by parameter uncertainty and lead to relatively accurate MTPA operations.
However, similar to all search algorithm based control schemes, they still suffer from the
slow dynamic response as it takes time for the search based schemes to converge to
MTPA operating points.

In order to increase the dynamic response of the search algorithm based control
schemes, in [101] fuzzy logic is utilized to increase the converging rate of the search
algorithms. The output of the fuzzy logic controller in steady state is the change in
reference d-axis current and the inputs are the output of the fuzzy logic controller in the
previous step and the change in power loss. Although the fuzzy logic controller can
increase convergence rate, the control scheme is sensitive to current and voltage
harmonics and causes torque ripple as a result of d-axis current perturbation.

Another potential solution for improving the convergence rate is to equip these
controllers with self-learning or intelligence. Artificial intelligence based on neural
network and fuzzy logic may serve this purpose. However, neural network or fuzzy logic
based control schemes in literature [102]-[110] are primarily concerned with speed or
position tracking rather than MTPA operations.

On the other hand, if MTPA points can be tracked by parameter independent MTPA
control schemes accurately, the tracked MTPA points can be utilized to improve the
accuracy and dynamic response of the generations of the optimal reference d-axis current
or reference flux amplitude through on-line training. However, study of seamless
integration of on-line training with signal injection based control for MTPA operations

have not been reported to date.
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In this chapter, novel curve fitting based self-learning control (SLC) schemes are
proposed for control of IPMSM drives in the d-g frame and f-t frame employing virtual
signal injection for MTPA and field weakening operations. The training data of the self-
learning controls are based on the virtual signal injection control described in Chapter 2
and Chapter 3 as it tracks the MTPA points with high precision and is robust to voltage
and current harmonics. The virtual signal injection control is utilized to generate the
optimal reference d-axis current or optimal reference flux amplitude for MTPA operation
and the proposed SLC schemes are trained on-line by the tracked MTPA points. After a
period of on-line training, the SLC generates the optimal reference d-axis current or
optimal reference flux amplitude for MTPA operation with fast response. In this way, the
proposed control scheme not only retains the advantages of virtual signal injection control,
such as parameter independence, high accuracy in tracking the MTPA points, and
robustness to voltage and current harmonics but also has a fast dynamic response. Further
the on-line training of the SLC does not affect the MTPA or field weakening operations
of the IPMSM drive.

4.2 Self-learning Control in d-q Frame

4.2.1 MTPA d-axis Current Generation

The MTPA d-axis current generation of the proposed control scheme is achieved by
virtual signal injection. The principle and implementation of virtual signal injection
control has been described in Chapter 2 and Chapter 3. According to previous discussions,
the information of 9T, /df can be extracted from signal processing block as shown in Fig.
2-5. The low-pass filter output, defined as signal LPFO, is proportional to aT,/dp. As
proposed in Chapter 2, in the d-q frame, the optimal d-axis current for MTPA operation
can be adjusted by signal LPFO through an integral regulator until dT,/d8 = 0. The
LPFO signal can also be utilized to indicate MTPA operation for a given torque command.
If the absolute value of signal LPFO is close to zero, the motor can be considered
operating close to the MTPA point. Therefore, signal LPFO can be defined as a MTPA

quality indicator. When the motor is running on the MTPA point, the corresponding
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reference d-axis current and reference torque will be recorded as a tracked MTPA point
on the MTPA trajectory shown in Fig. 4-1.
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Fig. 4-1. d-axis current vs. torque for MTPA operation.
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It should be noted that MTPA operation is only valid in steady state sense. Thus, the
LPFO signal is masked during d- and g-axis current transients for a small period of 3

times of the current loop time constant.
4.2.2 Principle of Proposed Self-learning Control Scheme

Fig. 4-1 shows the relationship between reference torque and corresponding optimal d-
axis current for MTPA operation. For a given reference torque there is a unique optimal
d-axis current for MTPA operation. If a sufficient number of MTPA points on the curve,
a to g in Fig. 4-1, are known, other points on the curve can be approximated by
interpolations among these known points. The proposed self-learning control scheme is
based on this idea.

As shown in Fig. 4-1, in order to have an even distribution of recorded MTPA points,
the applicable reference torque range of a machine is divided into n sections and each
section records one tracked MTPA point. By way of example, seven sections are shown
in Fig. 4-1. The reference torques and their corresponding d-axis currents of tracked

MTPA points are recorded as column vectors Tyrp4 and igprpa. If @ new MTPA point is
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identified in section m, the m™" element of Tyrpsand igyrps Will be replaced by the
corresponding value of the new MTPA point. This process repeats during the SLC
operation.

Since MTPA points on the curve can be tracked by virtual signal injection control
accurately, the training process is performed under virtual signal injection operation. The
schematic of the proposed self-learning control scheme is shown in Fig. 4-2.
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Fig. 4-2 Schematic of the proposed self-learning control scheme.

Each newly tracked MTPA d-axis current (izyrpa) by virtual signal injection control
and the corresponding reference torque (Tyrpa) are recorded in the column vectors
igmrpa and Tyrpa, respectively. The two vectors which form the MTPA curve are
updated continuously by tracked MTPA points obtained from the virtual signal injection.
The recorded data can be used to generate reference d-axis current instantly. For a given
torque demand T,', the corresponding d-axis current at the MTPA point k in Fig. 4-2 can
be approximated by &’ through linear interpolation between the two adjacent MTPA
points recorded in Tyyps and igyrpa, 1.€., points e and f in Fig. 4-2, according to (4-1).

. T-T
lasLc = ﬁ
where T, and T, are the reference torques of e and f inTyp,, respectively, and

(ig1 — la2) +ig2 (4-1)

igiand iy, are the recorded optimal d-axis currents of e and f inigpyrpa. igsic 1S the
output of the self-learning control.

Once the control scheme is fully trained, the output of SLC (i s ) should approximate
the optimal d-axis current of MTPA operation. If the number of sections is sufficient, the

error between the MTPA d-axis current and the SLC output will be very small. The final

Page | 109



Chapter 4 Self-learning Control Based on Virtual Signal Injection

reference d-axis current will be a combination of iz and an error compensation

component, Aig, generated from the virtual signal injection control.
4.2.3 Implementation of the Self-learning Control in d-g Frame

The schematic of the proposed self-learning control scheme for MTPA operation is
shown in Fig. 4-3. It consists of conventional PI current control loops for tracking the
reference d-axis and g-axis currents, a virtual signal injection (VSI) processing unit, and
a self-learning controller. The output of the VVSI processing unit is fed to an integrator.
The reference d-axis current, i, is the sum of the SLC output, i s, and the integrated

output.

Proposed self-learning control scheme
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Fig. 4-3. Schematic of proposed self-learning MTPA control for IPMSM drives.

The flowchart of the proposed self-learning control is illustrated in Fig. 4-4. Before
training, Tyrpa and igyrpa are zero vectors initially, or they may contain the data
associated with the MTPA curve generated off-line using nominal motor parameters. To
make use of as much available stored or trained data as possible for fast response, the
following process is adopted. If a torque demand, T, in Fig. 4-3, is larger than the

maximum value in vector Ty;rpa, i.€., the max(Typ,) in Fig. 4-4, the output, i;g; -, Of
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the self-learning control will be limited to the element in vector izyrpsa Which
corresponds to the max(Typ4). If T is located between two elements of Tyrps, as
shown in Fig. 4-2, i;5;c can be obtained through linear interpolation of the two recorded
MTPA points according to (4-1). Before the SLC controller is fully trained, its output
may deviate from the MTPA point by a large margin. However, any error will be adjusted
by the integrator output until the output, LPFO, of the VSI processing block is
approximately zero, i.e., the MTPA operation is realized [41].

Since the integrator in Fig. 4-3 will accumulate value, in order to increase d-axis current
response, at each time when the absolute value of torque step is larger than a pre-defined
threshold, &, the integrator will be reset. Meanwhile i;s; - will be updated according to
new reference torque based on the data recorded in Ty rp4 and iz rpa When the integrator
is reset. For the condition that the torque step is smaller than the threshold, because the
corresponding change in reference d-axis current should be small too, the i g, will not
update and the small error will be compensated by virtual signal injection in short time.
Tyrpa and igyrpa Will be updated continuously by the reference torque and resultant d-
axis current. The exact value of the predefined threshold ¢ is not important, as it only
affects slightly the MTPA tracking response.

When a torque step is larger than the threshold, LPFO signal will be masked for a small
period of time. After this period, the virtual signal injection will drive the resultant d-axis
current toward the MTPA point and the Ty rp4 and iz rpa Will be updated continuously
by the reference torque and the resultant d-axis current. Since the virtual signal injection
adjusts the d-axis current towards the MTPA point, the resultant d-axis current can be
considered as the optimal i;,7p4 and the newly recorded d-axis current in i;p7p4 Should
be closer to the actual MTPA point than the previously recorded in iz rpa. Therefore,
the accuracy of SLC output will continuously be improved. Moreover, a more accurate
SLC output will also accelerate the convergent rate of the d-axis current to the actual
MTPA point. Therefore, although the MTPA d-axis currents recorded in igyrps May
initially have large errors, they will eventually approach the ideal MTPA d-axis currents.
Consequently, the proposed SLC can be trained on-line, and the training of the SLC will
not affect the MTPA operation.
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Fig. 4-4. Flowchart of proposed self-learning MTPA control for IPMSM drives

The reference g-axis current in Fig. 4-3 is generated from (2-15) based on the reference
torque and reference d-axis current. The machine parameters employed in (2-15) can
either be the nominal machine parameters or obtained from look-up tables as functions of
d- and g-axis currents. It should be noted that if the parameters in (2-15) are inaccurate,
the g-axis current will not yield the exact reference torque, and there will be torque control
error. However, since the signal T in (2-12) which corrects the d-axis current is
independent from these parameters, the resultant d-axis current will be corrected by the
VSI and still ensure that the motor operates on the MTPA points for the actual torque.
The gap in the reference and actual torque can be corrected by the speed feedback loop
in a speed servo drive. For EV tractions however, the feedback correction will be
performed by a human driver. Of course, if high fidelity model parameters are stored in

a look-up table, the torque control accuracy can be improved.
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4.2.4 Simulation Results

To verify the performance of the proposed self-learning control scheme, simulations
were performed employing again the high fidelity non-linear IPMSM machine model
which represents the real electromagnetic behaviors of the IPMSM. The applicable
reference torque range of a machine is divided into 35 sections. The reference g-axis
current was calculated based on (2-15) and the machine parameters in (2-15) were
obtained from predefined look-up tables as functions of d- and g- axis currents. The torque
step threshold, ¢, in this chapter is defined as 2 N-m. Initially Ty;rp4 and igyrpa are set to

ZEro.

4.2.4.1 Reference Torque Step Larger Than the Threshold

Fig. 4-5 shows the variations of the resultant torque and reference d-axis current

together with the SLC output when the torque varied between 9 N-m and 68 N-m in steps

periodically.
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Fig. 4-5. Variations of resultant torque, reference d-axis current and output of SLC.

When t<35 s, the SLC is not trained and its output is equal to the reference d-axis
current recorded in igypa corresponding to the maximum reference torque in Tyrpy
through each torque step. The error between actual MTPA d-axis current for the reference
torque T, and the SLC output is compensated by the virtual signal injection control, albeit

its response is slow. However, when the proposed self-learning control scheme is trained,
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i.e., when t>35 s, the SLC output approximates the actual MTPA d-axis current and the
approximation error is small. This error is still compensated by the virtual signal injection
control in short time. The speed of tracking response of the proposed control has been

significantly increased.
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Fig. 4-6. Signal processing block output and reference d-axis current generation.

The simulation results of the signal processing block output, LPFO, SLC output and
reference d-axis current generated from the proposed self-learning control scheme under
the same operating conditions as Fig. 4-5 are shown in Fig. 4-6. It can be seen from Fig.
4-6, before the proposed self-learning control scheme is trained, i.e., t<35 s, at each
reference torque step, the output of the signal processing block, LPFO, is initially large
and then converges to zero gradually. This is because the large error of untrained SLC
output and the tracking of the MTPA reference d-axis currents by the virtual signal
injection have relatively slow converging rate. After the proposed self-learning control
scheme has been trained, the output of the signal processing block becomes small and the
d-axis reference current responds quickly to the torque change. Moreover, LPFO always
converges to zero, which implies that the d-axis current converges to the MTPA point and
the training of the proposed self-learning control scheme based on the virtual signal
injection control is accurate.

The resultant torque and reference g-axis current under the same operation condition of
Fig. 4-5 are shown in Fig. 4-7. When t<35 s, the SLC is not fully trained and large
overshoots in reference g-axis current can be observed. This is due to the inaccurate SLC

output. However, after training, t>35 s, the overshoots in the reference g-axis current are
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eliminated and the response of the proposed control scheme has been significantly

improved.
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Fig. 4-7. The simulation result of resultant torque and reference g-axis current.

4.2.4.2 Automatical Adaptation to Machine Parameter Change

Simulations were also performed with significant change in the permanent magnet flux.
At t=70 s, the permanent magnet (PM) flux linkage in the machine model is reduced to
80 percent of its original value while the parameters in (2-15) used to compute the
reference g-axis current were not changed. This may represent the combined effect of
temperature increase and partial demagnetization of the machine. The change in the PM
flux linkage caused the new MTPA points to deviate from the original MTPA points
obtained in the previous training. However, the virtual signal injection compensated the
deviations. Meanwhile Tyrpsand igyrpa are updated according to newly identified
MTPA points.

It can be seen from Fig. 4-8 that in the first cycle after the parameter changed (from
t=70 s to t=105 s), the reference d-axis current is obtained from the sum of the SLC output
and virtual signal injection with relatively slow response. During this period, the proposed
SLC was trained by the newly tracked MTPA reference d-axis currents.

In the second cycle after the machine parameter changed ( t>105 s), the proposed SLC
has adapted itself to the new machine parameters and the output of the SLC reaches the
MTPA reference d-axis current tracked by the virtual signal injection of the new operation

condition with fast response. The training of the SLC does not affect MTPA operation of
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the IPMSM drive, albeit the torque control error increases due to inaccurate machine

parameters in (2-15).
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Fig. 4-8. SLC behavior after machine parameter changes.
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Fig. 4-9. The simulation result of LPFO, reference d-axis current generation and SLC output after
machine parameter changes.

The simulation results of the SLC output, signal processing block output, i.e., LPFO,
and reference d-axis current generated from the proposed self-learning control scheme
under the same operating conditions as Fig. 4-8 are shown in Fig. 4-9. It can be seen from
Fig. 4-9 that before the machine parameter is changed, i.e., t<70 s, at each reference torque
step, the output of the signal processing block is almost zero. This is because the SLC
output is close to the actual MTPA d-axis currents. However, in the first cycle after the
machine parameters changed (from t=70 s to t=105 s), at each reference torque step, the
output of the signal processing block is initially large and then converges to zero gradually.
This is due to the large error between the actual MTPA points corresponding to the new
machine parameters and the SLC output based on the previous training. After t=105 s, the

proposed SLC has adapted itself to the new machine parameters and the output of the
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signal processing block becomes small and the d-axis reference current responds quickly
to the torque change.

The simulation results of the reference torque, resultant torque and g-axis current
responses under the same operating conditions as Fig. 4-8 are shown in Fig. 4-10. Due to
the change in the PM flux linkage, the torque error becomes significant.
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Fig. 4-10. Simulation results of reference torque, resultant torque as well as g-axis current.
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Fig. 4-11. Constant current amplitude loci and the control performance of the proposed control scheme
with inaccurate g-axis current.

Fig. 4-11 illustrates constant current loci of the two current amplitudes which
correspond to the original and reduced PM flux linkages, respectively. The simulation
results obtained from the original PM flux linkage and reduced PM flux linkage for the
reference torque of 45 N-m are also shown in Fig. 4-11. It can be seen from Fig. 4-11 that

although the machine parameter in (2-15) was not accurate and the resultant torque was
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not equal to the reference torque, the proposed control scheme can still track the MTPA

point accurately.

4.2.4.3 Reference Torque Step is Smaller than the Threshold

Fig. 4-12 shows the simulation results when the reference torque step is smaller than
the threshold. As shown in Fig. 4-12, when t<35 s, the proposed control scheme is not
trained, and the reference torque is slowly increased with a 2 N-m/s gradient. Under this
condition, the integrator in Fig. 4-3 will not be reset and i;s; - will not be updated. The
reference d-axis current is generated from the combination of initial izg; - and the
integrator output based on virtual signal injection. However, Tyrpasand igprpa are
updated regularly and the proposed control scheme is still trained. When t>35 s the
reference torque steps are larger than 2 N-'m; hence the optimal d-axis current is
approximated by SLC directly with fast response.
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Fig. 4-12. Reference torque slowly changes.

The simulation results of the integrator output, reference d-axis current and the
reference torque under the same operating conditions as Fig. 4-12 are shown in Fig. 4-13.
As can be seen, when t<35 s, the proposed control scheme is not trained and the error
between the optimal d-axis current and i;s; - IS compensated by the VSIC integrator
output, Aig, in Fig. 4-3. After t=35 s, the reference torque steps are larger than 2 N-m, the

optimal d-axis current is approximated by SLC output directly with fast response and the
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output of the integrator is close to zero, which indicates the SLC output approximates the
actual MTPA d-axis current accurately.
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Fig. 4-13. Integrator output when reference torque changes slowly.

4.2.4.4 Reference Torque Fast Changes
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Fig. 4-14. Reference torque fast changes.

Simulations were also performed for the operating condition when the reference torque
changes rapidly. As shown in Fig. 4-14, the reference torque steps between 20 N-m and
40 N'm in every 2 s. Before the proposed control scheme is fully trained, i.e., t<6 s, the
virtual signal injection drives the d-axis current toward the MTPA d-axis current and the
corresponding reference torque and d-axis current are recorded in Tyrps and igyrpa,
respectively. At each torque step, the integrator is reset; meanwhile the SLC output is
updated based on the data recorded in Tyrp4 and igyrpa, Simultaneously. As can be seen

in Fig. 4-14, the accuracy of the SLC output continuously improves and eventually
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becomes equal to the optimal values. The tracking speed of the proposed control has been
significantly increased when the SLC is fully trained.

The simulated integrator output and reference torque under the same operating
conditions as Fig. 4-14 are shown in Fig. 4-15. When t<6 s, the proposed control scheme
is not fully trained and the output of the integrator is relatively large. The reference d-axis
current is generated from the combination of the integrator output and the SLC output.
After t=6 s, the proposed control scheme is fully trained and the reference d-axis current
is approximated by SLC output directly with fast response while the integrator output
approximates to zero.
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Fig. 4-15. Integrator output when reference torque changes fast.

4.2.5 Experimental Results

To verify the proposed self-learning control scheme, experiments were performed on
the IPMSM drive whose specification is given in Table 2-1. The test rig for the
experiments is shown in Fig. 2-10. The applicable reference torque range of the machine

was divided into 35 sections as those in the simulations.

4.2.5.1 MTPA Points Tracking Performance

The proposed SLC has been implemented with the same training process as described
in section 4.2.4.1. The MTPA points tracking performances in steady state are illustrated
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in Fig. 4-16. As shown in Fig. 4-16, the payload torque is increased from 10 N'm to 45
N-m in steps of 5 N-m at 1000 r/min. To determine MTPA points experimentally, torque
variation with current angle when the current amplitude is kept constant is measured for
each payload torque. The actual MTPA points are obtained through curve fitting of the
measured torque data and they are represented in Fig. 4-16 by squares. Meanwhile, the
MTPA points are also tracked by the proposed self-learning control scheme and they are
indeed tracked by the virtual signal injection control scheme through the training. The g-
axis currents were generated according to (2-15). The MTPA points tracked by the virtual

signal injection based SLC are represented by circles.
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Fig. 4-16. Experimental result of the MTPA tracking performance at 1000 r/min

Table 4-1
Comparison between Resultant Torque of VSIC based SLC and Torque of MTPA Points at 1000r/min

Torque generated

Reference

Current amplitude by VSIC based MTPA torque Torque error

torque SLC

10 N'm 17.26 A 9.85 N'm 9.86 N'm 0.10%
15 N'm 25.67 A 14.74 N'm 14.7 TN'm 0.20%
20 N'm 34.00 A 19.60 N'm 19.64 N'm 0.20%
25 N'm 42.28 A 24.43 N'm 24.47 N'm 0.16%
30 N'm 50.55 A 29.25 N'm 29.27 N'm 0.07%
35 N'm 58.87 A 34.02 N'm 34.04 N'm 0.06%
40 N'm 67.10 A 38.72 N'm 38.72 N'm 0.00%
45 N'm 75.47 A 43.42 N'm 43.42 N'm 0.00%

Table 4-1 compares the resultant torques of the virtual signal injection based self-
learning control and the measured torques at the MTPA points. It can be seen from Fig.
4-16 and Table 4-1 that the proposed self-learning control can always track the MTPA
points with high accuracy and the torque errors between the measured MTPA points and

the tracked MTPA points are less than 0.2%. It is also evident that the measured output
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torque under the proposed control scheme is slightly lower than the reference torque. This
is because the parameters in (2-15) may be not accurate and the presence of friction torque

in the real machine reduces the net output torque.

4.2.5.2 Performance of Proposed Control Scheme during Payload Torque Changes

To validate the performance of the proposed self-learning control scheme during
payload torque changes, the proposed control scheme was firstly tested with reference
torque variations from 0 N-m to 35 N-m in steps of 5 N-m at 1000 r/min. The proposed
scheme was trained during this process. Subsequently, the reference torque was decreased
from 35 N'-m to 0 N-m in steps of 5 N-m and the i;g; -was generated from the tracked
MTPA points which were recorded in Tyrps and igyrps. Finally, the reference torque
was increased from 3 N-m to 28 N-m in steps of 5 N-m at 1000 r/min so that the references
did not coincide with the training data in order to validate the SLC performance at the
operation conditions which the drive had not experienced previously.

Fig. 4-17 shows the measured d-axis current together with measured and estimated
torques when the reference torque is stepped from 20 N-m to 35 N-m in steps of 5 N-m
and back to 20 N-m in the same steps. The estimated torque is based on the high fidelity

machine model and measured d- and g-axis currents.
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Fig. 4-17. d-axis current and measured/estimated torque response to torque command steps from 20
N-m to 35 N-m then steps back to 20 N-m.

As shown in Fig. 4-17, when reference torque steps from 25 N-m to 30 N-m during the
time t<60 s, the SLC has not been trained at 30 N-m reference torque but has been trained

at the 25 N-m reference torque. The output of the SLC is equal to the element in i p7rpa
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which corresponds to the maximum reference torque in Tyrpa, €.0., the MTPA d-axis
current of 25 N-m. The error between the SLC output and the MTPA d-axis current for
30 N-m reference torque is compensated by the virtual signal injection albeit the d-axis
current responds to the torque step slowly. Similar result can be observed when the
reference torque steps from 30 N-m to 35 N-m.

When the reference torque steps from 35 N-m to 30 N-m, since the SLC has been trained
at 30 N-m reference torque previously, the output of the SLC approximated to the optimal
d-axis current for the MTPA operation. As shown in Fig. 4-17, the speed of tracking
response of the proposed control is significantly increased and similar results can be
observed when the reference torque steps from 30 N-m to 25 N-m.

Fig. 4-18 shows the variations of the measured torque and the measured g-axis current
which corresponds to the measured d-axis current variations shown in Fig. 4-17. Before
the SLC is trained, the g-axis current always has large overshoot due to the slow d-axis

current response. However, after the SLC is trained, the overshoot is significantly reduced.
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Fig. 4-18. The measured/estimated torque and the measured g-axis current.

The signal processing block output, SLC output and measured d-axis current under the
same operation conditions of Fig. 4-17 are shown in Fig. 4-19. As can be seen, the signal
processing block output always converges to zero, which means the MTPA operation can
always be guaranteed. Moreover, before the proposed control scheme is trained, for each
torque step, the signal processing block output is initially large and then converges to zero
gradually. However after the proposed control scheme is trained, the output of the signal
processing block becomes small and the d-axis reference current responds quickly to the

torque change.
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Fig. 4-19. Signal processing block output, SLC output and measured d-axis current.

The reference torque was also increased from 3 N-m to 28 N-m in steps of 5 N-m at
1000 r/min during the tests. Although the SLC was not trained at these reference torques,
since they were located between trained reference torques, the SLC can still generate the
reference d-axis currents for MTPA control accurately.

Fig. 4-20 illustrates the d-axis current response and the SLC output when the reference
torque steps from 23 N-m to 28 N-m after the SLC has been trained. From Fig. 4-20, a
fast d-axis current response can be observed. This illustrates that the proposed SLC can
produce the MTPA d-axis current even for the reference torque which it has not

experienced before.
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Fig. 4-20. d-axis current, SLC output and reference torque response to torque command step from 23
N-m to 28 N-m.

The comparison between resultant d-axis currents and MTPA d-axis currents is shown
in Fig. 4-21. As shown in Fig. 4-21, the errors between the MTPA d-axis currents and

Page | 124



Chapter 4 Self-learning Control Based on Virtual Signal Injection

resultant d-axis currents are very small and the proposed control scheme achieves

accurate MTPA operation with fast response after training.
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Fig. 4-21. Comparison between resultant d-axis current and MTPA d-axis current.

Fig. 4-22 shows the reference torque and measured g-axis current. Again, the fast

response of the measured g-axis current can be observed.
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Fig. 4-22. The reference torque and measured g-axis current.

Fig. 4-23 compares the measured torque and reference torque in response to the change
in the reference torque at the same operating condition as Fig. 4-20. From Fig. 4-23, a

fast torque response can be observed.
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Fig. 4-23. Comparison between the measured torque and reference torque in response to a step change
in the reference torque.

4.3 Self-learning Control in f-t Frame

Section 4.2 has proposed a novel self-learning control scheme to achieve accurate
parameter independent MTPA operation of IPMSMs with fast response in the d-g frame.
As the optimal reference d-axis current for MTPA operation in constant torque region is
independent of speed, the relationship between optimal d-axis current and reference
torque can be represented by online curve fitting as proposed in section 4.2. The
simulation results and experiment results in section 4.2 have illustrated effectiveness of
the online curve fitting based self-learning control scheme.

Nevertheless, in the field weakening region, the optimal d-axis current for field
weakening operation is not only dependent on reference torque, but also on rotor speed.
Therefore, the online curve fitting based self-learning control in d-g frame is no longer
effective in field weakening region. Although an online 2-dimensional surface fitting
whose input are speed and reference torque and the output is the optimal d-axis current
may be possible to implement the self-learning control in field weakening region, it needs
much more data than the online 1-dimensional curve fitting to train the self-learning
control while the control accuracy may deteriorate.

As described in Chapter 3, direct torque control or direct flux vector control in the stator
flux linkage synchronous (f-t) frame [20], [21], [23], [24] can also be utilized to control
IPMSM drives. Compared with the d-g frame based control, the f-t frame based control
can regulate the stator flux amplitude directly and can manage motor voltage in field

weakening region without look-up tables of current or flux references [65]. Therefore, the
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f-t frame based control scheme can easily cope with voltage saturation and have better
controllability and performance in field weakening region [24], [66].

In the rest of this chapter, self-learning control for IPMSM drives is proposed based on
virtual signal injection aided direct flux vector control in the f-t frame. The proposed
control scheme achieves MTPA operation through on-line self-learning in constant torque
region and directly limits stator flux amplitude for VCMTPA operation in field
weakening. In this way, the proposed control scheme not only has the advantages of
virtual signal injection aided direct flux vector control such as robustness to current and
voltage harmonics, high accuracy in tracking the MTPA and VCMTPA points, no
additional iron and copper losses, but also has fast dynamic responses in both constant

torque and field weakening regions.

4.3.1 Relationship between Optimal Stator Flux Amplitude

and Torque
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Fig. 4-24. Relationship between torque command and the optimal stator flux for MTPA operation.

For a given torque command, there is a unique optimal stator flux amplitude for the
MTPA operation [77] in constant torque region. The relationship between torque
command and the optimal stator flux amplitude for MTPA operation is shown in Fig.

4-24. If a sufficient number of MTPA points are tracked online, other points on the curve
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can be approximated by interpolations among these tracked points. The proposed self-
learning control scheme is based on this simple but effective concept.

When the motor drive is operating in the field weakening region, the stator voltage is
constrained by the maximum voltage. Fig. 3-16 shows the variations of torque and
reference voltage amplitudes with stator flux amplitude for a given current amplitude
when the required voltage for the MTPA operation is larger than the voltage limit. As the
flux amplitude increases towards the MTPA point, the resultant torque and reference
voltage amplitude, v, will increase. Therefore, the voltage constrained maximum torque
per ampere (VCMTPA) operation is the point at which the voltage amplitude is equal to
the voltage limit [77]. At the VCMTPA point, the maximum torque at the intersection is
achieved for the given current amplitude and voltage limit.

According to (1-22), the maximum flux amplitude under the voltage constraint is
parameter-independent except for the phase resistance. However, the voltage drop across
the resistance is relatively small in the field weakening region compared with the voltage
limit. Therefore, by assuming the nominal value of the phase resistance at a representative
temperature, e.g., 100°C, the optimal flux amplitude for VCMTPA operations can be
obtained by (1-22).

4.3.2 Implementation of the Self-learning Control in f-t Frame

In order to generate accurate optimal reference flux amplitudes for MTPA and
VCMTPA control with fast response, the proposed self-learning control scheme utilizes
curve fitting to approximate the relationship between reference torque and optimal flux
amplitude in constant torque region and utilizes (1-22) to limit flux amplitude in field
weakening region. The details of the proposed control scheme will be illustrated in this

section.

4.3.2.1 Combination of Virtual Signal Injection Aided Direct Flux Vector Control and

Self-learning Control

The proposed self-learning control scheme is based on virtual signal injection aided
direct flux vector control. The virtual signal injection aided direct flux vector control

combines the direct flux vector control scheme [26] and the virtual signal injection
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compensation [77] as described in Chapter 3. The direct flux vector control can limit the
current amplitude in the f-t frame and easily cope with the voltage limit, and hence has
better performance in the field weakening region [26], while the virtual signal injection
compensation is parameter independent and insensitive to flux observer error. Therefore,
the virtual signal injection aided direct flux vector control inherently has the advantages

of both the direct flux vector control and virtual signal injection compensation.
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Fig. 4-25. Schematic of the proposed self-learning control scheme in f-t frame.

The schematic of the proposed self-learning control scheme in f-t frame is shown in
Fig. 4-25 and the overall flowchart of the proposed control scheme is shown in Fig. 4-28.
As it is shown in Fig. 4-25, the flux amplitude command, ¥s; ., is generated from the
proposed self-learning control scheme which will be described in details later. The output
of the self-learning control scheme is limited by (1-22) to ensure IPMSM drive operates
within the voltage limit. The reference torque is limited by (1-21). The t-axis current is
calculated from (1-25) and limited by (1-26) to ensure the IPMSM drive operates within
the current limit. As proposed in [26], the stator flux linkage is directly regulated by the
f-axis voltage and the t-axis current is regulated by the t-axis voltage through two PI
controllers. The flux observer in this paper is the conventional flux observer described in
Chapter 3 [111], [75]. However, other observers are also applicable.

In order to generate optimal reference flux amplitude before the self-learning controller
is fully trained and to compensate the error of the self-learning output, the reference flux

amplitude, ¥, is conditioned by the virtual signal injection compensation unit as shown
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in Part Il of Fig. 4-25, whose details are shown in Fig. 4-26. The inputs of the virtual
signal injection compensation unit are d- and g-axis reference voltage (vg, v4), measured
d- and g-axis current (i, i,), measured speed (w ), reference torque (7¢), and voltage
error (Ve,or) given in (2-17). The outputs of the virtual signal injection compensation
unit are reference flux amplitude error compensation term (A%).

Similar to the virtual signal injection aided direct flux vector control proposed in
Chapter 3, the output of the low-pass filter (LPF) in Fig. 4-26, LPFO, is proportional to
dT,/dp. In this way, the information of dT,/dp can be extracted. If —dT,/dp is present
at the input to the integral controller in Fig. 4-26, the output of the integral regulator will
change until T, /0B = 0, i.e., the MTPA points is tracked. Moreover, since dT,/df
should be equal to zero at the MTPA points, LPFO signal can be defined as a MTPA
quality indicator. The integrator output, 4¥;, will be utilized to compensate the error in

reference flux, ¥, as shown in Fig. 4-25.

LPFOoc 8Te/df

Asin(wpt)

if Veppor <0
output = Veppor

) else
output= LPFO

Te reset the Integrator
integrator T
AW, Verror
A 4

Fig. 4-26. Details of the virtual signal injection compensation unit.

In field weakening region, the stator flux amplitude should be limited by (1-22).
However, due to the error of nominal resistance in (1-22) and error in the flux observer,
the voltage saturation may still occur. To avoid the voltage saturation, the voltage error,
Verror» Can be fed to the integrator in Fig. 4-26 instead of LPFO to decrease A¥, when

Verror 1S NEgative, i.e., when the voltage reference is greater than the voltage limit. The
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sign of v,,..,, determines whether LPFO or v,,..,, is fed to the integral controller. If the
Verror >0, the drive voltage amplitude is below the voltage limit, the signal LPFO will be
fed to the integral controller to adjust A¥; until the MTPA point is reached or voltage
amplitude equal to v,,,,, i.e., the VCMTPA point as shown in Fig. 3-16. If the v,,.,.,,-<O0,
Verror Will be fed to the integral controller and A%, will decrease until v,,,0-=0, i.e.,
reaching the VCMTPA point. Therefore, the virtual signal injection aided control can

always guarantee the motor is operating on MTPA or VCMTPA points.

4.3.2.2 Self-learning Control in Constant Torque Region

As shown in Fig. 4-25, Part 111, the inputs of the self-learning controller include the
voltage error, v,.-.r, the reference stator flux amplitude, &', the limited reference torque,
T, . The output of the self-learning controller is denoted as ¥, . Any error in ¥, due
to curve fitting or imperfect learning will be compensated by A¥; to generate an accurate
flux amplitude reference ¥ for MTPA or VCMTPA operation as described previously.

Fig. 4-24 shows the relationship between optimal flux amplitude and corresponding
reference torque in constant torque region. If a sufficient number of MTPA points, e.g., a
to g in Fig. 4-24, are recorded, other points on the curve can be approximated by
interpolations among these recorded points. These optimal flux amplitude and
corresponding torque command are recorded in the two column vectors Wsmrea and Twpa,
respectively. In order to have an even distribution of the recorded MTPA points over an
applicable torque range, the torque command range is divided into N sections and each
section records one tracked MTPA point. For example, the torque command region in Fig.
4-24 is divided into seven sections. If a new pair of optimal flux amplitude and torque
command for MTPA operation is tracked in section M, the M™ elements of Wswea and
Twmrra Will be substituted by the corresponding values of newly tracked MTPA point. This
process repeats during the self-learning operation. In this way the proposed control
scheme can always adapt itself to machine parameter variations during operation.

The schematic of the proposed self-learning control is shown in Fig. 4-25 and the details
of the self-learning controller for MTPA operation are shown in Fig. 4-27. The flowchart
of the proposed control scheme is shown in Fig. 4-28. Two column vectors Wsmtpa and
Twmrea record the tracked stator flux amplitude, ¥, and the corresponding torque

reference, T, respectively.
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Fig. 4-27. Details of self-learning controller for MTPA and field weakening operations.

Before training, Wsmtpa and Twmtra are nominal values or data for MTPA operation
generated off-line. If a torque demand, T, is located between two elements of Tmrea, €.9.,
T, and T, in Fig. 4-27, the corresponding MTPA point k can be approximated by &’
through (4-2). The error between ¥, - and ¥, can be compensated by A¥;.

T =T,
=T,

If T, is larger than any recorded torque reference in Tmtpa, the output of the proposed

Vsic = (llu1 - lPz) + ¥, (4-2)

self-learning control scheme will be equal to the element in W,,,;p4 Which corresponds
to the reference flux amplitude associated with the maximum torque reference in Turea,
Max(Tyrpa)- The error between ¥, » and optimal %" can be compensated by AY.

Because the integrator in Fig. 4-26 will accumulate value, in order to increase reference
flux response, at each time when the absolute value of torque step, AT, is larger than a
pre-defined threshold, ¢, the integrator will be reset. Meanwhile the ¥, will update
according to the new reference torque based on data recorded in Tmrra and Wsurpra at the
same time when the integrator is reset. When the torque step is smaller than the threshold,
because the corresponding change in reference flux amplitude should be small too, the
Yec Will not update and the small error will be compensated by the virtual signal
injection in short time. In both conditions Tmrra and Wsmrea Will be updated continuously
by the reference torque and resultant reference flux amplitude.

When a torque step is larger than the threshold, LPFO signal will be masked for a small
period of time, e.g., 3 times of the t-axis current loop time constant. After LPFO is masked,

virtual signal injection will drive the resultant reference flux amplitude toward the MTPA
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point, while Tmtpa and Wsmtea Will be updated continuously by the reference torque and
resultant reference flux amplitude. As virtual signal injection tends to drive the reference
flux amplitude towards the MTPA points, the newly recorded reference flux amplitude in
Wsmtea should be closer to actual MTPA point than the one which is previously recorded
in Wsumrtea. Therefore, the accuracy of the SLC output will continuously increase.
Moreover, a more accurate SLC output will also accelerate the convergence speed of the
reference flux amplitude to the actual MTPA point. Therefore, although the reference flux
amplitudes recorded in Wsmtra may initially have large errors, they will eventually
approximate the ideal MTPA flux amplitudes. Consequently, the proposed SLC can be
trained on-line, and the training of the SLC will not affect the MTPA operation.

4.3.2.3 Self-learning Control in Field Weakening Region

In the field weakening region, the stator flux amplitude should be limited in order to
avoid voltage saturation as explained in section 4.3.1. The reference flux amplitude is
limited by (1-22) directly and it is independent of machine parameters except for stator
resistance R. The error between the reference flux amplitude generated from (1-22) and
the optimal flux amplitude for VCMTPA operation is compensated by A¥; as illustrated
in section 4.3.2.1. Since the flux amplitude for the filed weakening control is not only
depend on reference torque but also depends on speed, the curve fitting based self-
learning is not effective in field weakening region. Therefore, in the field weakening
region, the reference flux amplitude should be generated from (1-22) directly and the
online training of the self-learning control scheme should be suspended when v, IS
smaller than a pre-defined threshold x or if the motor speed and reference torque exceed
a pre-defined region, i.e., the MTPA profile. The overall flowchart of the proposed control
scheme is shown in Fig. 4-28; the T;;,,, is the maximum reference torque to update Tmpa

and Wsmtpa.
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Fig. 4-28. Flowchart of the proposed self-learning control scheme based on virtual signal injection
aided direct flux vector control.

4.3.3 Simulation Results

4.3.3.1 Reference Torque Step Larger than the Threshold

Simulations of the self-learning control based on virtual signal injection aided direct
flux vector control for both MTPA operation and field weakening operation were
performed based on a prototype IPMSM drive system. The motor model in the drive
system is same as the one used in section 4.2.4. The applicable reference torque range of
the machine is divided into 35 sections. The threshold, x, to suspend the online training
of the self-learning control scheme is set to 2 V. The threshold of torque step, ¢, is set to
2 N'm. Before training, Twmrpa IS Set to zero vector and all elements in Wsmrpa are set to a

nominal value, i.e., 0.1 Wb.
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Fig. 4-29 shows the resultant torque, the output of proposed self-learning control and
the reference flux amplitude when the reference torque varied between 9 N-m and 68 N-m
in steps at 1000 r/min, periodically. Each torque step is larger than the threshold e. When
t<35 s, the SLC output is equal to the reference flux amplitude recorded in Wsp7p4 Which
is corresponding to the maximum reference torque in Tyrp4. The error between actual
MTPA flux amplitude and SLC output is compensated by the virtual signal injection
control, albeit its response is relatively slow. When the proposed self-learning control
scheme is trained, i.e., when t>35 s, the output of SLC approximates the actual MTPA
flux amplitude and the approximation error is small. This error is still compensated by
the virtual signal injection control in short time. The speed of tracking response of the

proposed control has been significantly increased.
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Fig. 4-29. Reference torque, output of proposed self-learning control and the reference flux amplitude
at 1000 r/min.

The simulation results of the reference flux amplitude, the output of the signal
processing block, LPFO, and the output of self-learning control under the same operating
conditions as Fig. 4-29 are shown in Fig. 4-30. It can be seen from Fig. 4-30, before the
proposed self-learning control scheme is trained, i.e., t<35s, at each reference torque step,
the output of the signal processing block is initially large and then converges to zero
gradually. This is because the large error of untrained SLC output and the tracking of the
MTPA reference flux amplitude by the virtual signal injection have relatively slow
converging rate. After the proposed self-learning control scheme has been trained, the
output of the signal processing block becomes small and the reference flux amplitude
responds quickly to the torque change. Moreover, LPFO always converges to zero, which
implies that the flux amplitude converges to the MTPA point and the training of the
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proposed self-learning control scheme based on the virtual signal injection control is

accurate.
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Fig. 4-30. Responses of reference flux amplitude, output of the signal processing block and output of
self-learning control.
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The simulation results of the resultant d- and g-axis currents under the same operation
condition of Fig. 4-29 are shown in Fig. 4-31. As shown in Fig. 4-31, before training,
t<35 s, the d- and g-axis currents converge to the optimal values gradually. This is due to
the inaccurate SLC output and relatively slow converging rate of the virtual signal
injection. However, after training, t>35 s, the response of the proposed control scheme
has been significantly improved.
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Fig. 4-31. Reference d- and g-axis currents.

4.3.3.2 Automatic Adaptation to Machine Parameter Change

The adaptation of the proposed SLC to significant PM flux change is also investigated

by simulation. As it is shown in Fig. 4-32, at t=70 s, the permanent magnet (PM) flux
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linkage in the machine model is reduced to 80 percent of its original value while the
parameter in flux observer is not changed. This may represent the combined effect of
temperature increase and partial demagnetization of the machine. The change in the PM
flux linkage causes the new MTPA points to deviate from the original MTPA points and
the virtual signal injection compensates the deviation. Meanwhile Ty;7p4 and Wy rp4 are
updated according to newly tracked MTPA points continuously. It can be seen from Fig.
4-32 that in the first cycle after the parameter changes (from t=70 s to t=105 s), the
reference flux amplitude is obtained from the sum of the SLC output and virtual signal
injection with relatively slow response. During this period, the proposed SLC is trained
by the newly tracked MTPA reference flux amplitude.

In the second cycle after the machine parameter changes ( t>105 s), the proposed SLC
has adapted itself to the new machine parameters and the outputs of the SLC reach the
new MTPA reference flux amplitudes with fast response. The training of the SLC does
not affect MTPA operation of the IPMSM drive, albeit the torque control error increases

due to inaccurate machine parameters in flux observer.
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Fig. 4-32. Resultant torque, reference torque and reference flux amplitude after machine parameter
changes.

The simulation results of the signal processing block output, i.e., LPFO signal, and the
reference flux amplitude generated from the proposed self-learning control scheme under
the same operating conditions as Fig. 4-32 are shown in Fig. 4-33. It can be seen from
Fig. 4-33, before the machine parameters change, i.e., t<70 s, at each reference torque
step, the output of the signal processing block is almost zero. This is because the SLC
output is close to the actual MTPA reference flux amplitude. However, in the first cycle

after the machine parameters change (from t=70 s to t=105 s), at each reference torque
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step, the output of the signal processing block is initially large and then converges to zero
gradually. This is due to the large error between the actual MTPA points corresponding
to the new machine parameters and the SLC output based on previous training. After
t=105 s, the proposed SLC has adapted itself to the new machine parameters and the
output of the signal processing block becomes small and the reference flux amplitude

responds quickly to the torque change.
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Fig. 4-33. The simulation result of LPFO, reference flux amplitude and SLC output after machine
parameter changes.
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Fig. 4-34. Simulation results of reference torque, resultant torque as well as g-axis current.

The simulated d- and g-axis currents responses under the same operating conditions as
Fig. 4-32 are shown in Fig. 4-34. Again, the fast responses of the d- and g-axis currents
can be seen after the proposed control scheme has adapted itself to the new machine

parameters.
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4.3.3.3 Reference Torque Step Smaller than the Threshold

Fig. 4-35 shows the simulation results when the reference torque step is smaller than
the threshold, €. As shown in Fig. 4-35, when t<35 s, the proposed control scheme is not
trained, and the reference torque is slowly increased with a 2 N-m/s gradient. Under this
condition, the integrator in Fig. 4-26 will not be reset and ¥, will not update. The
reference flux amplitude is generated from the combination of ¥, and integrator output
based on the virtual signal injection. However, the proposed control scheme is still trained
from the VISC output. When t>35 s, the SLC generates the optimal reference flux

amplitude directly with fast response.
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Fig. 4-35. Responses of reference flux amplitude and SLC outputs when reference torque changes
slowly.

The simulation results of the integrator output, SLC output and reference flux amplitude
under the same operating conditions as Fig. 4-35 are shown in Fig. 4-36. As shown in Fig.
4-36, when t<35 s, the proposed control scheme is not trained. The reference flux
amplitude is corrected by the output of the integrator shown in Fig. 4-26 and the SLC
output is kept at its initial value, i.e., 0.1 Wb. However, the proposed control scheme is
trained during operation. After t=35 s, the reference torque steps are larger than 2 N-m,
the reference flux amplitude is approximated by the SLC output directly with fast

response and the output of the integrator is close to zero.
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Fig. 4-36. Integrator output when reference torque changes slowly.
The MTPA d-axis current and the resultant d- and g-axis currents under the same
operating conditions as Fig. 4-35 are shown in Fig. 4-37. As seen in Fig. 4-37, the
resultant d-axis current always follows the MTPA d-axis current accurately because the

VSIC is capable of responding to a slow torque change when t<35 s and the trained SLC

can respond to fast torque changes quickly.
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Fig. 4-37. Resultant d- and g-axis currents.

4.3.3.4 Reference Torque Fast Changes

Simulations were also performed for the operating conditions when reference torque
changed rapidly. As shown in Fig. 4-38, the reference torque steps between 20 N-m and
40 N'm in every 2 s. Before the proposed control scheme is fully trained, i.e., t<6 s, the

virtual signal injection drives the reference flux amplitude toward the MTPA point and
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the corresponding reference torque and reference flux amplitude are recorded in Tyrpa4
and Wy, rp4, respectively. At each torque step, the integrator is reset meanwhile the SLC
output is updated based on the data recorded in Tyrps and Wy rp4, Simultaneously. As it
can be seen in Fig. 4-38, the accuracy of the SLC output continuously increases and the
SLC outputs eventually become equal to the optimal values. The speed of tracking

response of the proposed control has been significantly increased.
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Fig. 4-38. Responses of torque and stator flux amplitude to rapid reference torque changes.
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Fig. 4-39. Integrator output when reference torque changes fast.

The simulation results of the integrator output, the SLC output and the reference flux
amplitude under the same operating conditions as Fig. 4-38 are shown in Fig. 4-39. As
can be seen, before the proposed control scheme is fully trained, the output of the
integrator is relative large. The reference flux amplitude is generated from the
combination of the integrator output and the SLC output, and the integrator will be reset
at each torque step. After t=6 s, the proposed control scheme is fully trained and the

reference flux amplitude is generated from the SLC output directly with fast response.
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The resultant d- and g-axis currents are shown in Fig. 4-40. It is evident that, after the
proposed control scheme is fully trained, the speed of tracking response of the proposed

control is significantly increased.
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Fig. 4-40. Resultant d- and g-axis currents.

4.3.3.5 Switching between Constant Torque Region and Field Weakening Region

The performances of the proposed control scheme switched between constant torque
region and field weakening region when speed varied were also simulated.

As shown in Fig. 4-41, the reference torque varied between 9 N-m and 68 N-m in steps,
periodically. When t<35 s, the proposed control scheme is not fully trained, the reference
flux amplitude is generated from the combination of ¥, . and A¥; with relatively slow
tracking speed. Between t=35 s and t=70 s, the proposed control is trained and the speed
of tracking optimal reference flux amplitude is significantly increased.

At t=70 s, the rotor speed steps from 1000 r/min to 3000 r/min and the motor enters
field weakening region. Under this condition, the self-learning control is suspended and
Tyrpa and Wsprpa Stop updating. The reference flux amplitude is directly limited by
(1-22) and compensated by A, with fast response. The reference torque, resultant torque
and reference flux amplitude are shown in Fig. 4-41, where the maximum torque is
limited by the peak torque profile in the field weakening region. Therefore, between t=95
s and t=105 s, the resultant torque is limited at 35 N-m.

At t=105 s, the speed steps from 3000 r/min to 1000 r/min and the self-learning control
is activated. The accurate reference flux amplitude is directly approximated by the SLC

with fast response.
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Fig. 4-41. Responses of reference torque and resultant torque when speed steps between 1000 r/min
and 3000 r/min.

The SLC output, the reference flux amplitude and the signal processing block output
are shown in Fig. 4-42. Before the proposed control scheme is fully trained, i.e., t<35s,
the error between the actual MTPA flux amplitude and the SLC output is compensated
by the virtual signal injection control, albeit its response is slow. However, when the
proposed self-learning control scheme is trained, i.e., between t=35 s and t=70 s, the SLC
output approximates the actual MTPA flux amplitude and the approximation error is
small. This error is still compensated by the virtual signal injection control in short time.

The speed of tracking response of the proposed control has been significantly increased.
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Fig. 4-42. Responses of signal processing block output, reference flux amplitude and SLC output to
step changes in torque reference and step change in speed from 1000 r/min to 3000 r/min.

In the field weakening operation between t=70 s and t=105 s, the signal processing
block output is relatively large since the operation point is derived from the actual MPTA
point. Although the SLC output still approximates the MTPA flux amplitudes of the
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corresponding limited reference torque, the reference flux amplitude is limited by (1-22)
directly with fast response.

Therefore, whether in constant torque region or field weakening region, the proposed
self-learning control based on virtual signal injection aided direct flux vector control can
always achieve accurate optimal control with fast response.

The resultant d- and g-axis currents under the same operation condition of Fig. 4-41 are
shown in Fig. 4-43. The fast response of the d- and g-axis currents in both constant torque
region and field weakening region can be observed after the proposed control scheme is
trained, i.e., t>35s.
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Fig. 4-43. Resultant d- and g-axis current at 2000 r/min and 3000 r/min.

It should be noted that step change in speed in the foregoing simulation is exaggerated
to illustrate the robustness of the proposed control in response to rapid change between
constant torque and field weakening regions. In reality, step change in speed is not
possible due to mechanical inertia and finite torque.

4.3.4 Experimental Result

The proposed self-learning virtual signal injection aided direct flux vector control
scheme was implemented in the same IPMSM drive as before. The applicable torque
range of the IPMSM was divided into 35 sections. Before training, Twmtpa IS Set to zero

vector and all elements in Wsmtpa are set to a nominal value, i.e., 0.1 Whb. The training of
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self-learning will be suspended when v,,,.,- is smaller than 2 V. The torque step threshold,

¢, 1s defined as 2 N'm.

4.3.4.1 Self-learning Performance

The motor drive was first tested by increasing reference torque from 10 N-m to 35 N-m
in steps of 5 N-m at 1000 r/min. During this period, the self-learning control scheme was
trained. After the training, the reference torque decreased from 35 N-m to 10 N-m in steps
of 5 N'm to verify the performance of the proposed self-learning control scheme. During
this period, the SLC output, ¥, -, of the proposed self-learning was generated from (4-2)
based on data in Wsmtpa and Tmrpa recorded in training.

Since the actual flux amplitude is difficult to measure, the measured d-axis current is
utilized instead of flux amplitude to illustrate the self-learning performance of the
proposed control scheme. Fig. 4-44 illustrates the measured d-axis current, the ideal
MTPA d-axis current when reference torque increases from 20 N'm to 35 N'm and
decreases from 35 N'm to 20 N'm in steps of 5 N-m.
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Fig. 4-44. Responses of resultant d-axis current and ideal MTPA d-axis current to reference torque
changes.

As shown in Fig. 4-44, when the reference torque steps from 20 N-m to 35 N-m during
the time<100 s, the proposed self-learning control has not been trained and ¥, is set to
the flux amplitude associated with the maximum torque reference in Tmrpa. The d-axis
current slowly converges to the optimal d-axis current with the compensation of AY,.

However, after the proposed control scheme is trained, i.e., when t>100 s, the optimal
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reference flux amplitude is directly approximated by (4-2) and the small error of the
approximation is compensated by AY¥; instantly. The speed of tracking response of the
proposed control has been significantly increased. As a result, the d-axis current can reach

the optimal value with fast response.
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Fig. 4-45. MTPA quality indicator LPFO and resultant d-axis current.

The resultant MTPA quality indicator LPFO and the resultant d-axis current under the
same operation conditions of Fig. 4-44 are shown in Fig. 4-45. It can be seen from Fig.
4-45, before the proposed control scheme is trained, i.e., t<100 s, at each torque step,
LPFO is initially large and then converges to zero gradually. This is because of the large
error between ¥, and the optimal flux amplitude as well as the slow convergence of
AY,. However, after the proposed control scheme was trained, LPFO converges to zero
fast. The improvement in d-axis current response due to the proposed self-learning control

scheme can be clearly seen in Fig. 4-45.

50 : : ‘
— Reference torque (N-m)lig5
40 —— g-axis current (A) I
— <
s 30 l l 5
z &
%.)_ 20 m 145 3
S 10 3
35 °
0
-10 : 25
0 50 100 150 200

Time ()
Fig. 4-46. Resultant g-axis current and reference torque.
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The measured g-axis current and reference torque under the same operation conditions
are shown in Fig. 4-46. Similar improvement in the g-axis current response can also be
observed after the proposed control scheme has been trained.
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Fig. 4-47. MTPA d-axis current and responses of resultant d-axis current to reference torque change
from 13 N'-mto 18 N'm.

Further tests were performed by increase in the reference torque from 8 N-m to 28 N'-m
in a step of 5 N'm at 1000 r/min. Although the control scheme was not trained at these
torque commands, ¥, can still be generated accurately according to (4-2).

Fig. 4-47 shows the resultant d-axis current and reference torque when torque command
increases from 13 N-m to 18 N-m. As shown in Fig. 4-47, the resultant d-axis current can
track the ideal MTPA d-axis currents accurately with fast response although the proposed

control scheme has not been trained at 18 N-m torque command previously.
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Fig. 4-48. Measured torque in response to reference torque change.
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The measured torque and reference torque under the same operation conditions as Fig.
4-47 are compared in Fig. 4-48.

4.3.4.2 Transition between Constant Torque Region and Field Weakening Region

Seamless transition from the constant torque region to field weakening region was also
tested. In the field weakening region when v, 1s smaller than the pre-defined
threshold u, Wsvres and Tyreq updates will be stopped. W, is still generated from the

data recorded in Wsmtra and Tmrpa according to (4-2), however, it will be limited by (1-22)
in field weakening region.
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Fig. 4-49. Speed and measured d-axis current during transition from field-weakening region to
constant torque region.

Fig. 4-49 illustrates the transition from field weakening region to constant torque region
when the reference torque is 20 N-m and speed decreases from 1750 r/min to 1550 r/min.
When speed is 1750 r/min, the motor is running in the field weakening. In this condition,
Y, ¢ generated from (4-2) is limited by (1-22). As the speed decreases, the resultant d-
axis current increases. When the motor enters the constant torque region at the speed of
1640 r/min, the stator flux amplitude or measured d-axis becomes a constant with further
reduction in speed. This implies that the transition from the field weakening operation to
the constant torque region takes place at 1640 r/min.

Similarly, Fig. 4-50 illustrates the transition from the MTPA operation to the field
weakening operation when the reference torque is 20 N-m and the speed is increased from

1550 r/min to 1790 r/min. At the speed of 1550 r/min, the motor operates in the constant
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torque region. The d-axis current for the given 20 N-m torque is constant in this region
when the speed increases. When the motor enters the field weakening region at 1640
r/min, the resultant d-axis current decreases as the speed is further increased. This

indicates that the field weakening control is activated.
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Fig. 4-50. Speed and measured d-axis current during transition from constant torque region to field-
weakening region.

4.3.4.3 Performance of Proposed Control Scheme in Deep Field Weakening Region

In the field weakening region, the fast dynamic response of the reference flux amplitude
can be achieved by (1-22) directly instead of ¥, . The small error of the reference flux
amplitude due to inaccurately observed t- and f-axis currents or the inaccurate nominal

stator resistance can be compensated by A¥; as discussed in Chapter 3.
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Fig. 4-51. Measured d-axis current and reference torque when torque reference steps from 20 N-m to
25 N'm at 3000 r/min.

Page | 149



Chapter 4 Self-learning Control Based on Virtual Signal Injection

Fig. 4-51 shows the measured d-axis current when the reference torque steps from 20

N'm to 25 N'm at 3000 r/min (more than two times base speed). As shown in Fig. 4-51,

the fast responses of d-axis current can be observed.
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Fig. 4-52. Reference voltage amplitude and reference torque when reference torque steps from 20

N-'m to 25 N-m at 3000 r/min.

The reference voltage amplitude and reference torque under the same operation

conditions as Fig. 4-51 are shown in Fig. 4-52. As can be seen, the reference voltage

amplitude generated from the proposed control is essentially equal to the maximum

voltage even during the reference torque change, which illustrates that the motor is

controlled on the VCMTPA point. The small error between the reference voltage

amplitude and the maximum voltage amplitude is due to the combined effect of flux

observer error and voltage drop in the inverter.
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Fig. 4-53. Comparison between reference torque and measured torque when reference torque

increased from 20 N'm to 25 N-m at 3000 r/min.
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The comparison between the reference torque and the measured torque when the
reference torque increased from 20 N-m to 25 N-m at 3000 r/min is shown in Fig. 4-53.
The resultant torque response is fast and the gap between the reference and measured

torque is due to the flux observer inaccuracy and the frictional torque of the motor.

4.4 Summary

In this chapter, two self-learning control schemes have been proposed in the d-q frame
and in the f-t frame, respectively.

The proposed self-learning field orientated control scheme in the d-q frame employs
curve fitting to establish the relationship between the torque and the d-axis current for
MTPA operation. The proposed control scheme is trained based on the MTPA points
tracked by the virtual signal injection control scheme during drive operation. After the
proposed control scheme has been trained, the d-axis current command for MTPA
operation is directly approximated by the self-learning control scheme for a given
reference torque. Meanwhile, the virtual signal injection control scheme can still be
utilized to compensate any error between the d-axis current command generated by the
SLC and the ideal d-axis current for MTPA operation. The simulation and experiment
results show that the proposed SLC scheme can generate accurate d-axis current
command to ensure MTPA operation with fast response. The proposed control technique
offers accurate MTPA tracking with fast torque response while being independent of
machine parameter variations, and hence provides an effective mean for efficient
operation of IPMSM drives.

On the other hand, the proposed self-learning direct flux vector control in the f-t frame
not only generates accurate optimal reference flux amplitudes for MTPA operation with
fast response in constant torque region after training, but also directly limits the flux
amplitude for VCMTPA operation in field weakening region with fast response. The
proposed control scheme facilitates efficient operation of IPMSM drives without accurate
prior knowledge of machine parameters and can adapt to the machine parameter changes
based on online training. The performance of the proposed control scheme is verified by
simulations and experiments. It has been shown that the transition between the constant

torque and field weakening operations is smooth and automatic.
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CHAPTER 5 Hybrid Control Scheme

5.1 Introduction

In the previous chapters, control schemes based on the d-q frame and the f-t frame,
known as field oriented control (FOC) and direct torque or direct flux vector control
(DFVC), respectively, are proposed. In FOC, the d- and g-axis currents are regulated by
the d- and g-axis voltages through PI controllers [33], [48], [49]. Since the d- and g-axis
currents can be obtained from measured phase currents and rotor positional angle, the
FOC can track the d- and g-axis current commands accurately in constant torque region.
In field weakening region, due to the voltage limit, the stator flux amplitude should be
limited, and this limit is indirectly imposed by setting d-axis current demand as functions
of torque and speed based on the machine model. As the machine parameters of an
IPMSM are highly nonlinear and uncertain due to cross-coupling effects, material
property variation, magnetic saturation and temperature variation [50], [51], it is difficult
to model IPMSMs accurately. Hence the limit on the voltage or on the stator flux
amplitude for field weakening control cannot be accurately imposed by the d-axis current
demand. Moreover, dc-link voltage variations, which could be quite significant in electric
vehicle traction drive supplied from batteries, also cause great difficulties in controlling
IPMSM in field weakening region. Consequently, the performance of the FOC is
compromised in field weakening operation.

On the other hand, f-t frame based DFVC directly regulates the stator flux amplitude
by the f-axis voltage and controls the torque by the t-axis voltage through PI controllers
[25]-[27]. At high speeds, the flux amplitude can be estimated by a voltage model based
flux observer with relative high accuracy [74]. Moreover, in the field weakening region,
the maximum reference flux amplitude under voltage constraint can be calculated without
machine parameters except for stator resistance [65]. Since the voltage drop across phase
resistance is small compared with the maximum voltage, the stator resistance can be
assumed as its nominal value. Therefore, the DFVC is not only robust to dc-link voltage
variations in field weakening region, but also can directly impose the stator flux amplitude
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limit and will have a better performance than the FOC in field weakening region [24],
[66]. The performance of DFVC is dependent on the quality of a flux observer. At low
speeds, however, due to the inverter nonlinearity, dead time and relatively small voltage
amplitude, the voltage model based observer is no longer accurate and a current model
based observer is often employed [111], [75]. Since current model based observers rely
on the machine model for stator flux estimation, the nonlinearity of the machine model
and inaccuracy of its parameters greatly affect the quality of current model based flux
observers. Thus, in constant torque region when speed is relatively low, the DFVC
scheme is more vulnerable to command and flux observer errors compared with the FOC
scheme. Therefore, at low speeds FOC scheme is more desirable than DFVC.

In order to utilize the advantages of the FOC at low speeds and the advantages of DFVC
at high speeds, a hybrid control scheme which combines the two control schemes is
proposed in this chapter. At low speeds the FOC is adopted, whereas at high speeds, the
DFVC is employed. In this way, the proposed control scheme not only inherits the
advantages of both the FOC scheme and the DFVC scheme, but also avoids the

disadvantages of the two control schemes.

5.2 Principle of the Proposed Hybrid Control Scheme

In this section, the sensitivity of f-t frame based control to errors in the reference flux

amplitude and the relationship between (¥, i,) and (i4, i4) are investigated and discussed.

5.2.1 Sensitivity of f-t Frame Based Control Schemes to Errors

in Reference Flux Amplitude

The relationship between d- and g-axis currents, i;, and d- and g-axis flux

iq,
amplitudes, ¥4, ¥, is given in (5-1) and (5-2), where Ly, L, and ¥, are the d- and g axis
inductances and the flux linkage due to permanent magnets, respectively.

l1Ud = Ldid + lpm (5'1)

W, = Lgi, (5-2)
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According to (5-1) and (5-2), the reference flux amplitude, ¥, for MTPA operation
can be expressed in (5-3), where ¥; and ¥ are the reference d- and g-axis flux

amplitudes, respectively. i; and i are the reference d- and g-axis currents, respectively.

Wy = \/(W;{)Z +(w)" = \/(l}’m + Lgin)? + (Lgiy)” (5-3)
If the reference d-axis current in (5-3) contains a small error, Aijj, the corresponding

reference flux amplitude error, A¥;", can be expressed as:

W AW = J [, + La(ify + A + (Lgiz)° (5-4)
(5-3) from (5-4) leads to:
2(WS 4+ 0.5A¥Y)AYY = 2[¥,, + La(if + 0.5Ai3)]L4AL (5-5)
Since Aiy is small compared with i;; and A% is small compared with ¥, (5-5) can be
approximated by (5-6).
YIANY ~ (W, + Lais|LaAiy = Wi La Al (5-6)
(5-6) can be expressed as:
A% Pa (Lalg) Alg
yr LA A
Since ¥y > Wi and W > (Lgiy), Aiy /iy will be much larger than A¥ /¥, which

(5-7)

means a relatively small error in the reference flux amplitude would lead to a relative
large error in the reference d-axis current and vice versa. Therefore, the MTPA operation
is robust to errors in the reference d-axis current but sensitive to errors in the reference
flux amplitude. Since the reference flux amplitude and the observed flux always contain
errors, the accurate MTPA operations are always difficult to be guaranteed. The
relationship between errors in the reference d-axis currents and the corresponding errors
in the reference flux amplitudes will be simulated in section 5.4 based on a prototype

machine drive described in the previous chapters.

5.2.2 Relationship between d-g Frame Based Control and f-t

Frame Based Control

The main idea of the proposed hybrid control scheme is to take the advantages of FOC
and DFVC, i.e., employ FOC to achieve MTPA operation and adopt DFVC to achieve
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field weakening operation. In order to combine the two control schemes formulated in the
d-g and f-t reference frames, discussion of the relationship between the d-q frame based
control and the f-t frame based control is insightful. This relationship is expressed in (5-1)
to (5-3) and (5-8) to (5-10). § is the angular displacements of the f-axis with respected to

the d-axis. i, and i are the t- and f-axis currents, respectively.

¥
6 = actan(=-) (5-8)
Ya
[y =igc0s6 —igsind (5-9)
if =1igcosd +i,sind (5-10)
3 : : 3 -
T = 2p(Pala — ¥aia) = S0 (511

In steady state when the voltage drop in the phase resistance is neglected, the d- and g-
axis voltages, v4, v4, can be simplified as (5-12) and (5-13) where w,, is the rotor speed
and p is the number of pole pairs.

Vg = pwmLglq + pwyn ¥y (5-12)
Vg = —pwmlLglq (5-13)

Based on (5-12) and (5-13), the relationship between voltage amplitude, v,, and d- and

g-axis currents can be expressed in (5-14).
v2 = (pwmlqiq)’ + PwWmLaia + PomPn)? (5-14)

The relationship between voltage amplitude and flux amplitude, ¥, can be expressed
in (5-15).

Vg = P ¥ (5-15)

As expressed in (5-14), in the d-q frame, for given speed and voltage amplitudes, the
d- and g-axis current locus is an ellipse. By substitution of (5-15) into (5-14), the ellipse
also can be expressed in a standard form of (5-16). As can be seen from (5-16), if ¥,,, L4
and L, are assumed to be constant, the shape and location of the ellipse in the d-q frame
actually only depends on flux amplitude, therefore, the ellipse is the constant flux

amplitude locus.
2
(iﬁ%) i2
d q
AT
N
Ly L,

The diagram of constant flux amplitude locus and constant torque locus are shown in

=1 (5-16)

Fig. 5-1. The center of the constant flux amplitude locus is at the point given by (—%¥,,, /L,
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0). The tangential point between a constant torque locus and a constant flux amplitude
locus, e.g., point A, is the maximum torque per voltage (MTPV) point [26]. The MTPV

locus, A-C-E, is also shown in Fig. 5-1.

Constant torque
locus

Q/ N
Qv

Constant flux
Ly _
amplitude locus

Fig. 5-1. Voltage ellipse, current limit circle, MTPV locus and constant torque locus.

As shown in Fig. 5-1, there are, in general, at most two intersections between a constant
torque locus and a constant flux amplitude locus. One intersection is on the left hand side
of the MTPV locus and the other one is on the right hand side of the MTPV locus.
However, the operation point which is on the left hand side of the MTPV locus should be
avoided through limiting the t-axis current [25]-[27]. Since the motor should be
controlled either on the right hand side of the MTPV locus or on the MTPV locus, the
relationship between ¥, i, and i, i, under the direct flux vector control is unique.

In direct flux vector control, as mentioned in [25]-[27], the motor’s flux amplitude and
t-axis current are controlled through the f- and t-axis voltages. The observed flux
amplitude, &, and t-axis current, i,, can be expressed in (5-17) and (5-18) with measured

iq and iy, respectively.

~ 2
P, = (Lgig + ¥)? + (Lyiq) (5-17)
3p . ..
. > [Pmigm + (Lg — Lq)igial (5-18)
t 17
S

In steady state, the observed flux amplitude and t-axis current should equal the

reference flux amplitude and t-axis current as expressed in (5-19) and (5-20).
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.y 2
P = @2 = (Laif + ¥)? + (Lgil) (5-19)

3 . .
7p [Wis + (Lg — Lg)isis]
Y

(5-20)

it:l::

where ij and i; are the reference d- and g-axis currents corresponding to ¥ and i;. As

mentioned above, due to the unique relationship between ¥, i, and iy, i, under direct

flux vector control, for one pair of flux amplitude and t-axis current, in steady state, there

is only one pair of the corresponding d- and g-axis currents. Therefore, according to (5-17)
to (5-20), iy = i; and i = ig. In other words, the d- and g-axis currents can be controlled

by iz and i, through ¥ and i;, and the details will be illustrated in section 5.3.

It should be noticed that if the machine parameters in (5-17) to (5-20) are their nominal
values, the corresponding ¥;", &; and i}, i, are also their nominal values. However, the
unique relationship between a pair of flux amplitude and t-axis current and a pair of d-
and g-axis currents in Fig. 5-1 still exist, and errors in observed or reference flux
amplitude and t-axis current will not affect the accuracy of the d- and g-axis current

control under the condition that the machine parameters in (5-17) to (5-20) are the same.

5.3 Implementation of the Proposed Control Scheme

Wy 1 Torque limit

W | Flux limitation %5 o T vr
. — - — —> ¥ andi fit > d,
Switch between Eq. (1-22) _ e ¢ . toq SVPWM
abe

FOC and DFVC .. - vf
-t ) i, limit block 't 4 controller ™+ d,g —> Inverter

+
+
t K A g | |

r A v U w, o be [€
i LW abe 2
tDFVC Eq. (1-25) 3 i lp —Y¥¥
w =l i
T, R d.g (L | IPMSM, T
¥iprve MTPA i Edl liq @ -
= Look-up table % - h -
. urrent mode
I | Switch —<FE- fl
Sroc ux observer
T* W, between ————
I e > e UDFVC v
Calculate | j* ki Conventional | @
¥sroc]  ¥sroc : AL observers IPFDFVC flux observer | VB
i* Look-up table Sprvc
— tFOC  «—| I
itroc | (5-3).(5-9) i 16,

Fig. 5-2. Block diagram of hybrid control scheme.

Details about the implementation of the proposed hybrid control will be illustrated in
this section. The schematic of the proposed control scheme is shown in Fig. 5-2. Seamless
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transitions between the two control strategies are realized by adopting a unified control
structure in the form of the DFVC.

As shown in Fig. 5-2, the proposed control scheme consists of two main control loops,
the stator flux control loop and the t-axis current control loop. Limits on the reference
flux amplitude, ¥, and the reference t-axis current, i/, are imposed in the same manner
as described in [26]. However, ¥ and i} can either be generated from reference d- and
g-axis currents via Look-up table I for FOC or from Look-up table Il for DFVC,
depending on rotor speeds. The details of the proposed control scheme will be discussed

below.

5.3.1 FOC at Low Speed

When the motor operates at low speeds, the FOC can be achieved through the DFVC
structure due to the unique mapping between (¥, i) and (ig4, i,) discussed in section
5.2.2. As shown in Fig. 5-2, when w,, is below a pre-defined value w4, (¥, if) is equal
to (Wiroc, itroc) and (¥, i) is equal 10 (Psroc, iroc), Where ¥ and i} are the
reference flux amplitude and reference t-axis current, respectively. ¥ roc and iz are
the reference flux amplitude and reference t-axis current calculated from (5-1) to (5-3)
and (5-8), (5-9) based on the reference d- and g-axis currents, iz and iz, respectively. U788
and i, are the observed flux amplitude and t-axis current, respectively. @ zoc and froc
are the flux amplitude and t-axis current calculated from (5-1) to (5-3) and (5-8), (5-9)
based on measured d- and g-axis currents, i, and i, respectively. Sroc is the observed
angle between d-axis and f-axis based on current based flux observer through (5-8).

For a given torque command, T, the Look-up table | generates the optimal reference
d- and g-axis current commands, iz and ig, for MTPA operation. The resultant optimal
iz and ig will be further converted into ¥¢poc and izzoc through (5-1) to (5-3), (5-8) and
(5-9) based on the nominal machine parameters, Ly, Ly, ¥, of the machine. In steady
state, (Yiroc, itroc) Will be equal to (Psroc, Iroc)- Due to the unique relationship
between (Wsroc, irroc) and (ig, ig) as well as the unique relationship between (Peroc,
ltroc) and the measured d- and g-axis currents, (iq, ig), When (Wsroc, ifroc) equals to

(Proc, iiroc), the actual d- and g-axis currents (ig, i) will be equal to the reference d-
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and g-axis currents, (ig, iz). It is worth noting that due to modelling error, ¥z, and
i;roc Calculated from the nominal machine parameters may deviate from the optimal flux
amplitude and t-axis current for MTPA operation. However, the deviations will be
compensated by the current model based flux observer in which sz and i,z are also
generated according to (5-1) to (5-3) and (5-8), (5-9) based on the same nominal machine
parameters as those used in the generation of Wipoc and ifpoc. As a result, (iy, ig) will
always follow (ig, iz).

It follows that the d- and g-axis currents can be controlled through calculated flux
amplitude and t-axis current, Wspo and ifzoc. This control scheme essentially controls
the d- and g-axis currents and is equivalent to the FOC. In this way, the sensitiveness of
MTPA operation to the reference flux amplitude and flux observer errors of the f-t frame
based control scheme can be avoided.

However, in field weakening region, the stator flux amplitude cannot be limited
accurately due to the flux estimation errors based on the nominal machine parameters,
and the reference d- and g-axis currents generated from Look-up table I are difficult to
cope with dc-link voltage variations. This will deteriorate field weakening performance.
Therefore, at high speed, especially for field weakening control, DFVC is preferable.

5.3.2 DFVC at High Speed

In order to overcome the problems associated to the FOC, the DFVC is adopted at high
speeds. However, other kinds of f-t frame based control schemes are also possible. When
the motor operates at high speeds, the voltage drops on the stator resistance and inverter
are relatively small compared with the voltage amplitude, and the stator resistance can be
assumed as its nominal value. In this case, as shown in Fig. 5-2, when w,, is above a pre-
defined value w,, the proposed control scheme switches to the conventional DFVC
proposed in [25]-[27]. The optimal reference flux amplitude, ¥;p,py ¢, for MTPA control
is generated from Look-up table Il with the reference torque as its input. The reference t-
axis current, i;pryc, IS calculated from (1-25) based on ¥Woppye. (¥, 1f) is equal to
(Ysprve iiprve) While (%, 1) is equal to (Psprye, feprve), Where, the Poppyc and
i;pryc are the observed flux amplitude and t-axis current by conventional flux observer
described in section 0. §ppyc is the observed angle between d-axis and f-axis by
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conventional flux observer based on (5-8). The stator flux vector and t-axis current can
be observed by the flux observer with higher accuracy since the voltage amplitude is
relatively large [75]. In this way, accurate DFVC can be achieved. Since the field
weakening control can be directly achieved by limiting the reference flux amplitude
through (1-22) in Chapter 1, the proposed control scheme inherits the advantages of the

f-t frame based control schemes in field weakening region.

5.3.3 Transition between FOC and DFVC

As described previously, for a given reference torque, two pairs of reference flux
amplitudes, (W;roc, Yaprve), and reference t-axis currents, (i;roc, itprve), are generated
for the FOC and the DFVC, respectively. In order to have a smooth transition between
the two control schemes, a transition region, from w; t0 w,, or vice versa, is defined as

shown in Fig. 5-3.

A Fy
(w1, Yéroc) (w1, ifroc)
A N
~ ~
> © i o °
qjs ((Ux: [PS*) & ~ le (wx: l;) - ~
o o
* e
(w2, Yprve) (w2, iiprve)
Transition Transition
region R region -
w1 woy - w1 wo -
w w
(2) (b)

Fig. 5-3. Linear interpolation in transition region.

When the speed is below w4, ¥ roc and ifroc generated for the FOC are adopted as the
reference flux amplitude and t-axis current, respectively. When the speed is above w,,
Y.prve and ipryc generated for the DFVC are adopted. For a given speed w, between
the two, i.e., w; < w, < w,, the reference flux amplitude and t-axis current can be

generated from the linear interpolation given in (5-21) and (5-22), respectively.
(1)2 - (Ux (Ux - (1)1

¥ = @, — 0, ¥sroc + @, — 0, ¥Ysprve (5-21)
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w . w .
o, ltroc T @, — 0, LtpFVC (5-22)
Similarly, two different observers, i.e., current model based flux observer and
conventional flux observer shown in Fig. 1-19, are employed in the feedback loops of the
proposed control scheme. When the speed is below w;, the observed &, and i, are equal
to the outputs of the current model based observer, P.zoc and izoc, respectively. When
the speed is above w,, %, and i, are equal to the outputs of the conventional observer,
P prve and i.prye, respectively. If the speed is between the two, ¥ and i, are generated

from the linear interpolation given in (5-23) and (5-24).

p 2T OGO Wi
lP =—'~PF - DF 5'23
ST w,—wy, T W, —w, SPFVC (5-23)
Wy — Wy Wy — W1 |
P R 4 N St ¥ 5-24
P w, —wy YT 0, —wy PFVC (5-24)

Therefore, a smooth transition between the two control schemes can be achieved.

5.4 Simulation Results

The d- and g-axis inductances and the permanent magnet flux linkage of the machine
are highly non-linear and vary significantly with currents because of magnetic
saturation. ¢ in the conventional flux observer introduced in Chapter 1 is set to 0.707
while w, is set to 50 mr rad/s which corresponds to 500 r/min rotor speed since the
accuracy of the voltage model based observer is satisfactory above this speed. Moreover,
given that the upper-limit of the transition speed should be below the based speed, w, and
w, in Fig. 5-3 are set to 800 r/min and 900 r/min, respectively. Ly, L, and ¥, in (5-1)
and (5-2) are set to their nominal values, i.e., 0.64 mH, 1.84 mH and 0.1132 Wb,
respectively. The MTPA look-up table I and Il in Fig. 5-2 are obtained from the high
fidelity nonlinear IPMSM machine model [13].

5.4.1 FOC Performance in DFVC Frame

In order to verify the FOC performance achieved in DFVC frame when speed is below

w1, simulations were performed by varying d- and g-axis reference currents from 0 A to
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the maximum current, i.e., 120 A, at 100 r/min, repetitively. The simulation results of the
reference and resultant d- and g-axis currents of the proposed control scheme are shown
in Fig. 5-4. It can be seen from Fig. 5-4, the resultant d- and g-axis currents always follow
the reference d- and g-axis currents accurately, which demonstrates that the reference d-

and g-axis current can be controlled through ¥, and i;.

340 : r : 340
— Resultant d-axis current (A)

260 Reference d-axis current (A) 11260
< — Resultant g-axis current (A) <
E 180 Reference g-axis current (A) 1180 =
[ T I ]
S 100 T 100 S
o P, —~— =
& 20 - ——20 X
'é ™~ ., o dit —~ CIT

-60 g e 160
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Time (s)
Fig. 5-4. Reference and resultant d- and g-axis currents of the proposed control scheme at 100 r/min.

5.4.2 Performance of the Proposed Control Scheme during

Speed and Torque Changing

In order to verify the performance of the proposed hybrid control scheme during speed
and torque changes, simulations were performed with the rotor speed stepped from 100
r/min (<w,) to 1000 r/min (>w,) in every 5 seconds before t=30 s. After t=30 s, the rotor
speed varied between w; and w,, i.e., from 810 r/min to 890 r/min in every 5 seconds. In
this way, the proposed control scheme switched between FOC mode and DFVC mode
repeatedly before t=30 s and the rotor speed stepped continuously in the transition region
after t=30 s. Moreover, the reference torque stepped from 10 N-m to 50 N-m in every 10
s. The resultant torque, reference torque and rotor speed are shown in Fig. 5-5. As shown
in Fig. 5-5, the resultant torque always follows the reference torque regardless of whether
the control mode is switched or the rotor speed varies in the transition region. It is worth
noting that for most applications, electric vehicle traction in particular, a step change in
speed cannot occur due to drive system inertia or large mass. Therefore, conditions which

are worse than that illustrated in Fig. 5-5 will not occur practically.
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Fig. 5-5. The resultant torque, reference torque and rotor speed when rotor speed and torque varies.

5.4.3 Control Performance in Transition Region
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Fig. 5-6. Control performance of the proposed hybrid control scheme in transition region.

The control performance of the proposed hybrid control scheme in the transition region
was also studied by simulations. The reference torque was set to 45 N-m and rotor speed
varied from 700 r/min (<w;) to 1000 r/min (>w,) gradually. Errors were deliberately
injected in ig and i¢pgyc Of Fig. 5-2 so that when the motor was controlled in the FOC
mode, the resultant torque was 48 N-m. Whereas when the motor was controlled in the
DFVC mode, the resultant torque was 42 N-m. The simulation result of the proposed
control scheme is shown in Fig. 5-6. As can be seen, when the rotor speed is below w1,
the motor is controlled in the FOC mode, the resultant torque is 48 N-m. When the rotor
speed is above w,, the motor is controlled in DFVC mode and the resultant torque is 42
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N-m. When the rotor speed is between w, and w,, i.e., in the transition region, the

resultant torque is between 48 N-m and 42 N-m.

5.4.4 Comparison between Proposed Control and DFVC

In the literature, the MTPA operation of FOC is mainly achieved by controlling the
reference d-axis current [49] while the MTPA operation of the f-t frame based control is
achieved by controlling reference flux amplitude [25]-[27]. According to the analysis
described in section 5.2.1, even a small deviation in ¥ will cause a relatively large
deviation in ij; and vice versa. Thus, the d-g frame based control is more robust for MTPA
operations than f-t frame based schemes and the FOC is preferable than f-t frame based
control in constant torque region. To illustrate this, simulations were performed by
initially setting ij; in Fig. 5-2 to the optimal value for MTPA operation when the reference
torque and the speed were set to 45 N-m and 400 r/min (<w-), respectively. The resultant
¥ was calculated through (5-1) to (5-3). Therefore, ¥, was the optimal flux amplitude
for the MTPA operation. Then, deviations were injected into the optimal i;; and the
corresponding deviations in ¥, were calculated. In order to eliminate other factors which
may affect the comparison, Lg, Lq and ¥, in (5-1) to (5-3) were set to the same values as
the corresponding machine parameters in the motor model and iy in Fig. 5-2 was obtained

from (2-15). In this way, the resultant torque was kept constant.

80 L T T T T T 20
70 — Resultant torque (N-m) 1185
Error in reference flux amplitude (%) |16 %
60 S
—~ 114 =
£ 50 =
Z 112 g
o 40 10 ©
= 3
5 30 8 3
a . 6 <
20 ) 4 s
10 + 0

d
0 5 10 15 20 25 30 35 48
Error in reference d-axis current (%)
Fig. 5-7 Comparison between the percentage errors in i;; and the corresponding percentage errors in ¥’
when speed is 400 r/min and reference torque is 45 N-m.
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The comparison between the percentages of deviation in i;; and the corresponding
percentages of deviation in ¥; and the resultant torque are shown in Fig. 5-7. As can be
seen from Fig. 5-7, a 5% deviation in ¥" corresponds to the 22.5% deviation in i;. Since
f-t frame based control schemes always suffer from sensitiveness to errors in both ¥, and
@, the proposed hybrid control is more suitable than DFVC for IPMSM drives in constant
torque region.

The motor efficiencies with different percentage errors in the reference d-axis currents

and in the reference flux amplitudes at 1200 r/min and 50 N-m are listed in Table 5-1.

Table 5-1
Motor efficiency with different errors in reference flux amplitude and reference d-axis currents
Reference d-axis | Error in reference Reference flux Error in reference -
. . - Efficiency
current d-axis current amplitude flux amplitude

-50.39 A 0% 0.1416 Wh 0% 91.87 %
-45.35 A 10 % 0.1451 Wb 2.46 % 91.82 %
-40.31 A 20 % 0.1485 Wh 4.83% 91.65 %
-35.27 A 30 % 0.1511 Wb 6.71 % 91.41 %
-30.23 A 40 % 0.1543 Wb 8.91 % 91.06 %
-28.05 A 44.3 % 0.1558 Wb 10.00 % 90.87 %

As can be seen from Table 5-1, the motor efficiency is very sensitive to the reference
flux amplitude error. A 10 % error in the reference flux amplitude causes the motor
efficiency drop by 1 %, while a 10 % error in reference d-axis current only causes motor
efficiency drop by 0.05 %. Similarly, the motor efficiency is also very sensitive to errors
in the observed flux amplitude. Therefore, in constant torque region, accurate MTPA
operation is very difficult to be guaranteed with DFVC schemes.

5.5 Experimental Results

Experiments were performed based on the test rig adopted in Chapter 2. The L4, L, and
¥, in (5-1), (5-2) and in the flux observer introduced in Chapter 1 were again set to their
nominal values, i.e., 0.64 mH, 1.84 mH and 0.1132 Wb, respectively. The MTPA look-
up table I and Il in Fig. 5-2 were the same as those used in the simulations. ¢ and w, in
the conventional closed loop flux observer shown in Fig. 1-19 were set to 0.707 and 50
rad/s, respectively. w; and w, in Fig. 5-3 were set to 800 r/min and 900 r/min,

respectively.
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5.5.1 FOC at Low Speed
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Fig. 5-8. Reference torque, FOC reference d-axis current and measured d-axis current at 400 r/min.

The test was first carried out when the speed was below 800 r/min, and the motor was
effectively controlled by the FOC scheme through the f-t frame based DFVC. To illustrate
the performance of the proposed control scheme, the motor drive was tested at 400 r/min
with step changes in reference torque. Fig. 5-8 shows the reference d-axis current and
measured d-axis current when the reference torque steps from 30 N-m to 35 N-m at 400
r/min. As can be seen, the measured d-axis current follows the reference d-axis current
generated under the FOC accurately.

The reference and measured g-axis currents under the same operating conditions as Fig.

5-8 are compared in Fig. 5-9. The accurate g-axis current control can also be observed.
The measured torque is shown in Fig. 5-14.
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Fig. 5-9. FOC reference g-axis current, measured g-axis current and reference torque at 400 r/min.
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5.5.2 Transition between FOC and DFVC

When the motor is operating in the transition region, i.e., between 800 r/min and 900
r/min, the proposed control scheme is a linear combination of the FOC scheme and the
DFVC scheme through (5-21)-(5-24).

To verify the performance of the proposed control scheme in the transition region, the
motor drive was tested at 850 r/min. Fig. 5-10 shows the reference d-axis current, iy,
generated by the look-up table I in Fig. 5-2 and the measured d-axis current when the
reference torque changes in a step from 30 N-m to 35 N-m. Due to the modelling errors,
(Ydroc, iiroc) is not equal to (Yhpve, iiprvc)- According to (5-21) and (5-22) the
reference d-axis current corresponding to ( Wiroc » itroc ) IS different from that
corresponding to (¥, if). Hence, the resultant d-axis current of the proposed control
scheme in transition region is not equal to i;; generated by look-up table I as shown in Fig.
5-10. However, in transition region, since the proposed hybrid control scheme directly
controls (¥, if) which are calculated from (5-21) and (5-22), and therefore, even (¥,
i) is different from (W roc, iiroc) O (Yiprve: iiprve), the motor’s flux amplitude and t-
axis current can be still controlled through (¥, if). The relatively large d-axis current
ripple in Fig. 5-10 is due to the inverter voltage drop which causes additional harmonics
to voltage model based flux observer in Fig. 1-19. The measured torque is shown in Fig.
5-14.

45 ¢ ¢ r r 10
— Reference torque (N-m) H5
40 Measured d-axis current (A) o
— ===FOC reference d-axis current (A) ||_g g
IS —
z 35 105
: 153
230 -20 @
o N - =
[ \\ 1-25 _‘g
25 ey A i e B L ===130
‘ 1 1 "35
' ' ' }
20 10 11 12 13 14 15 40
Time (s)

Fig. 5-10. Reference torque, measured d-axis current and FOC reference d-axis current (i;) at 850 r/min.
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Fig. 5-11 shows the observed flux amplitude, &, of the proposed control scheme and
¥oprve (from look-up table I1) under the same operating condition as in Fig. 5-10.
Similarly, the observed flux amplitude of the proposed control scheme, in the transition

region, is also not equal to ¥sppy (-

— Reference torque (N-m) 10.144
40 Observed flux amplitude (Wb) H =
A ===DFVC reference flux amplitude (Wb) }{0.14 5
3 S
3 f 10.136 5.
g 30 S
o o
- 3
SO ' - 70.132 2

20— : ; 12
0 10 11 12 13 14 15 0.128

Time (S)
Fig. 5-11. Reference torque, observed flux amplitude and DFVC reference flux amplitude at 850 r/min.

Tests were also performed by varying speed from 1100 r/min to 400 r/min and back to
1100 r/min with 20 N-m reference torque. As shown in Fig. 5-12, smooth transitions from
the DFVC to the FOC and vice versa can be observed. During the transitions, the

measured torque is kept essentially constant.
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Fig. 5-12.Transitions between DFVC and FOC with 20 N-m reference torque.
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5.5.3 DFVC at High Speed

45 L L r : T 0.138
— Reference torque (N-m)
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= 35 §
@ 10.134 =
> o
2 30 E
2 :

o5 10.132 L_:LS

20 6 7 8 9 10 11 0.13

Time (s)
Fig. 5-13. Reference torque, observed flux amplitude and DFVC reference flux amplitude, ¥;pry ¢, at
1000 r/min.

When speed is above 900 r/min, the proposed control scheme becomes a conventional
DFVC as proposed in [25]-[27]. To illustrate the performance of the proposed control
scheme, the motor drive was tested at 1000 r/min. Fig. 5-13 shows the observed flux
amplitude and reference flux amplitude of the proposed control scheme when the
reference torque steps from 30 N-m to 35 N-m. As shown in Fig. 5-13, because the motor
drive is only controlled by the DFVC, the observed flux amplitude follows the DFVC

reference flux amplitude, ¥,y ¢, accurately. The measured torque is shown in Fig. 5-14.

40 14 T T T T T
— Measured torque at 400 r/min (N-m)
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Fig. 5-14. Measured torque at 400 r/min, measured torque at 850 r/min and measured torque at 1000
r/min when torque reference steps from 30 N-m to 35 N-m.
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Fig. 5-14 shows the measured torque when reference torque steps from 30 N-m to 35
N-m at 400 r/min, 850 r/min and 1000 r/min, respectively. As shown in Fig. 5-14, the
resultant torques in transition region (w,,=850 r/min) are always between the torques
under the FOC and DFVC due to the fact that (¥, i;) and (%, 1,) are calculated from
(5-21) to (5-24). The measured torques are slightly lower than the references due to

reasons mentioned before.
5.5.4 Field Weakening Control

In the field weakening region, the rotor speed is above w,, conventional DFVC is
adopted by the proposed control scheme and the stator flux amplitude is directly limited
by (1-22) in Chapter 1. The performance of the proposed control scheme in field
weakening region was tested by experiments. Fig. 5-15 shows the reference torque,
reference flux amplitude and observed flux amplitude when the reference torque steps
from 25 N-m to 30 N-m at 2700 r/min (two times the based speed). As shown in Fig. 5-15,
since the motor is controlled by the DFVC, the reference flux amplitude is equal to the

observed flux amplitude.

40 T T T T T
— Reference torque (N-m) 10,086
35+ | Observed flux amplitude (Wb) IS
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Time ()

Fig. 5-15. Reference torque, reference flux amplitude and observed flux amplitude at 2700 r/min.

Fig. 5-16 shows the reference torque and measured torque when the reference torque
steps from 25 N-m to 30 N-m at 2700 r/min. The gap between the reference and measured
torques is due to the reasons mentioned before.

Fig. 5-17 shows the resultant voltage amplitude, the maximum voltage amplitude and

the resultant d-axis current under the same operating condition as in Fig. 5-16. According
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to Fig. 5-16 and Fig. 5-17, although errors can be observed in the resultant torque, the
resultant voltage amplitude is always kept at the maximum voltage amplitude; therefore,
the proposed control scheme inherits the advantages of the DFVC in field weakening

region.
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Fig. 5-16. Reference torque and measured torque at 2700 r/min.
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Fig. 5-17. Resultant voltage amplitude, maximum voltage amplitude and resultant d-axis current when
reference torque steps from 25 N-m to 30 N-m at 2700 r/min.

5.6 Summary

The proposed novel hybrid control scheme combines the FOC with the DFVC and
inherits the advantages of both the FOC and DFVC while avoiding the disadvantages of
the two conventional control schemes. The proposed control scheme is verified by
simulations and experiments. Simulation and experiment results show that the proposed

control scheme not only controls IPMSM drive to follow reference d- and g-axis currents
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accurately at low speed, but also limits flux amplitude directly in field weakening region.

The smooth transition between FOC and DFVC has also been verified by experiments.
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CHAPTER 6 Conclusions and Future
Work

6.1 Conclusions

The increasing applications of interior permanent magnet synchronous motor (IPMSM),
especially in electric and hybrid electric vehicles demand high efficiency operations. This
thesis, therefore, focused on and contributed to the existing body of technology in the area
of optimal efficiency control of IPMSMs in both constant torque region and field
weakening region. The contributions of the research to the body of knowledge are

summarised as follows:

6.1.1 Proposed Virtual Signal Injection Concept

Different from the existing real signal injection based MTPA control schemes which
inject real high frequency signals into d- and g-axis currents or flux amplitude, Chapter 2
of this thesis proposes a novel concept that the MTPA points can also be tracked by
injecting high frequency signals through mathematical calculations. It has been shown
that the proposed virtual signal injection concept has many advantages over the current
state-of-the-art real signal injection control schemes and other efficiency optimized
control schemes.

First, the virtual signal injection will not incur any additional loss which can be caused
by real signal injection control. Since the real signal injection control schemes inject high
frequency signals into a motor, the additional iron/copper loss is inevitable. On the
contrary, the proposed virtual signal injection control does not inject any high frequency
signal into the motor, and no additional iron/copper loss will occur.

Secondly, the selection of the frequency and amplitude of the virtually injected signal
is more flexible than that of real signal injection. Due to the bandwidth of control loops
and the limitation of hardware, the signal frequency and amplitude of real signal injection

should be carefully selected to make a trade-off between accurately tracking the MTPA
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points and maintaining a relative good control performance, e.g., no significant torque or
speed fluctuations due to the injected signals. However, the signal frequency of the
proposed virtual signal injection control is only limited by the sample rate of the controller
and the selection of signal frequency and signal amplitude for virtual signal injection
control is very flexible and the bandwidth of control loops will not affect the selection.

Thirdly, the virtual signal injection control is robust to current and voltage harmonics.
The harmonics in currents and voltages can be easily filtered by low-pass filters. However,
the real signal injection control schemes always suffer from harmonics which are always
present in measured current and voltages.

In addition, the virtual signal injection control has a wide speed range. Due to the
bandwidth of control loops, the signal frequency of real signal injection control cannot be
very high. Therefore, the frequency of the injected signal may overlap with the dominant
current or voltage harmonics, which will affect the MTPA tracking performance of the
real signal injection control significantly and this limits the application of real signal
injection at high speed. However, because the signal frequency of the virtual signal
injection is only limited by the sample rate of the controller, the virtual signal injection
control can be applied to any speed in constant torque region.

Moreover, compared with other model based control schemes, including look-up table
based control schemes, the proposed control scheme can achieve accurate MTPA control
while being independent of machine parameters. The high MTPA control accuracy of the
proposed virtual signal injection has been verified by simulations and experiments under

various operation conditions.

6.1.2 Extension of the Virtual Signal Injection Control into

Field Weakening Region

In field weakening region, due to voltage saturation, both real signal injection and
virtual signal injection control schemes are no longer effective. Chapter 2 of the thesis
has developed an innovative control scheme that combines the virtual signal injection
control together with voltage feedback based field weakening control. Seamless transition
between constant torque region and field weakening region can be achieved by the

proposed control scheme. In constant torque region, the proposed control can
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automatically track the MTPA points by the virtual signal injection control. In field
weakening region at high speeds, if the voltage amplitude of the control output is smaller
than the maximum available voltage, the virtual signal injection control will automatically
adjust the voltage amplitude to the maximum value, so that the drive operates on the
voltage constrained maximum torque per ampere (VCMTPA) operating point. If the
voltage amplitude is larger than the maximum value, the voltage feedback based field
weakening control will be activated and adjust the voltage amplitude equal to the
maximum value. Therefore, the VCMTPA control can always be guaranteed by the
proposed control scheme. The performance of the control scheme in both constant torque
and field weakening regions has been extensively validated by simulations and

experiments.

6.1.3 Applied Virtual Signal Injection Control in f-t Frame

It is well known that IPMSM drive controlled in the stator flux synchronous rotating
reference frame (f-t frame) is advantageous in field weakening operation since the voltage
constraint can be naturally imposed. In Chapter 3, a novel concept that utilizes d-q frame
based searching techniques (including virtual signal injection control schemes) to
compensate the MTPA control errors of the f-t frame based control schemes is proposed.
The proposed approach implemented in the f-t frame based control will be independent
of flux observer errors. Without loss of generality, the direct flux vector control is adopted
in the thesis as an example of the f-t frame based control scheme and the virtual signal
injection control is adopted as an example of searching schemes in the d-q frame. By
using the d-q frame based searching schemes to compensate the errors in the reference
and observed flux amplitudes in the f-t frame, the MTPA control accuracy and the
robustness of the f-t frame based control scheme can be significantly increased.

Moreover, the f-t frame based control scheme is also extended into field weakening
region by limiting the flux amplitude directly. Therefore, the virtual signal injection aided
direct flux vector control also inherits the advantage of the f-t frame based control

schemes in field weakening region.
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6.1.4 Proposed Self-learning Control

While the developed virtual signal injection control techniques can achieve accurate
MTPA and VCMTPA operations in wide torque-speed ranges, the response time to torque
changes is relatively slow. To improve response time, self-learning control is investigated
and developed in this research. Currently, artificial intelligence control is primarily
concerned with speed or position tracking rather than MTPA operations of motor drives.
In Chapter 4 of this thesis, a novel self-learning control for MTPA operation is proposed.
The proposed self-learning control can automatically track the MTPA points with high
accuracy and will be self-trained online at the same time. After training, the proposed
control scheme can achieve accurate MTPA operation with fast response even for the
torque reference which has not been experienced before.

The self-learning control was also integrated into the f-t frame based control to achieve
seamless transition between constant torque region and field weakening region. After
training, the motor drives with the proposed self-learning control in the f-t frame can
achieve accurate optimal efficiency control with fast response in both constant torque
region and field weakening region independent of machine parameters. Thus, robust

optimal efficiency control of IPMSM drives can be realized with fast dynamic response.

6.1.5 Proposed Hybrid Control Concept

Since d-g frame based control schemes are more robust to parameter variations for
MTPA operation than f-t frame based control schemes in constant torque region, while f-
t frame based control schemes are preferable for field weakening operation than d-q frame
based control schemes, a hybrid control scheme has been proposed in Chapter 5 to utilize
the advantages of the d-g frame based control at low speeds and the advantages of f-t
frame based control at high speeds. Moreover, a seamless transition between the d-g
frame based control and the f-t frame based control is achieved by the adoption of a linear
shape function.

The proposed hybrid control inherits the advantages of both d-g frame based control
schemes and f-t frame based control schemes, and the performance of the proposed hybrid

control scheme has been verified by simulations and experiments.
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6.2 Future Work

The novel virtual signal injection concept, self-learning concept and hybrid control
concept are proposed in this thesis and verified by simulations and experiments under
various operation conditions. These concepts may also be applied to control of other

drives and further researches in these are needed.

6.2.1 Utilization of Virtual Signal Injection Control to Control

Other Types of Electric Machine Drives

In this thesis, the novel virtual signal injection control has been proposed and developed
for control of IPMSM drives. However, the concept of virtual signal injection control
may also be utilized to achieve optimal efficiency control of induction machine drives,
switched reluctance machine drives and other machine drives.

Moreover, the concept of the virtual signal injection may be employed to replace real
signal injection in other applications, such as sensorless control, minimum loss control,

etc.

6.2.2 Improvement of Self-learning Control

The self-learning control proposed in the thesis is relatively simple based on curve
fitting of the recorded MTPA points. However, other artificial intelligence control
schemes such as artificial neural network, fuzzy logic, and least square methods may also
be adopted to achieve the self-learning control based on the MTPA points tracked by the
virtual signal injection or other parameter independent control schemes. Moreover, since
the quality of MTPA control can be indicated by the output of the signal processing block
of the virtual signal injection, i.e., the MTPA quality indicator LPFO, a more
sophisticated and more intelligent self-learning ability may be achieved with the feedback

loop of the MTPA quality indicator.
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6.2.3 Improvement of Hybrid Control Scheme

The control of d- and g-axis currents in the hybrid control scheme at low speed is
achieved through direct flux vector control frame. However, other f-t frame based control
schemes are also applicable. A comparative study of the hybrid control scheme with
different f-t frame based control schemes would be useful in selection of the best
combination. Moreover, because the direct flux vector control controls the flux amplitude
and t-axis current directly, this control scheme may suffer from the coupling effect
between the d- and g-axis currents and a study on developing decoupling methods for the
f-t frame based control schemes may be needed.
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Appendix

Appendix A

A. 1 Inverter Configuration

A 3-phase prototype IGBT inverter produced by SIEMENS for electric vehicle is
adopted to test the proposed control schemes. The inverter topology is shown in Fig. A-1.
The inverter is designed to operate at a 120 VV nominal DC link voltage. However, a DC
link voltage within the range of 80 V to 150 V is acceptable. The motor has to be
connected to the inverter’s 3-phase high voltage power output. Rotor position and
winding temperature information are obtained by a resolver and temperature sensors in
the motor, respectively, and are transmitted to inverter. The communication between

computer and inverter is achieved through Ethernet.

Computer
Ethernet
| Isolzlation |
s | [B 78
A g 10 Adapter ’/ Control Board
2
341 Power Converter
| Isolation |
j/" Power Board
3

+ DC link voltage input -

Fig. A-1. Block diagram of inverter drive system.

The schematic of controller platform is shown in Fig. A-2. The inverter is controlled
by TigerSHARC ADSP-TS201S from Analog Devices. The controller code is built by
the Visual DSP++ tool and transmitted to flash memory on the control board through
NiOS embedded CPU in FPGA. The embedded CPU also enables a Matlab Graphical

User Interface (GUI) which is developed to control and monitor the inverter operation on
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a supervisory computer (Laptop or PC). During tests, the reference torque or currents are

inputted into the Matlab GUI and the measured inverter and motor information such as

speed, d- and g-axis currents, reference d- and g-axis voltages, etc., is displayed on the

Matlab GUI.

A

DSP
TigerSHARC

$

FPGA "
Computer _ Lthernet _| NiOS embedded
(Matlab) CPU <

h

Flash Memory

Controller Board

Fig. A-2. Controller topology.

A.2 Programming the Inverter

The controller code is generated and flashed according to the following procedure:
1. Add the library folder ‘Simulation’ (provide by SIEMENS) to the Matlab path by ‘Set

Path’, as shown in Fig. A-3.

| Anslyze Code o8 T (O) Praterances _ (9 (§ Communty
o =) N | \Y %3
& Bunang st | it oo | £ 3 Peves Suppat
(4 CearCommands v Lbeary v g Perall v v GpAdeOns v
cooe SN ENVIRCHENT RESOURCES
B Poh o o I T . —— i3} R o
P
All changes take effect immediately. E o
TS Y Y E— MATLAB zearch path: P
Add Folder... bl 3
c TLAB R FI
| | Add with Subfoiders.. | | {17 Ciprogram AB\R201 A Pl
CA\Program Files\MATLAB\R201 = 2
2 CA\Program Fil AB\R I 7
C\Program Files\MATLAB\R201 | %]
CAProgram AB\R201 | &
Ci\Program AB\R201 |l 21
Ci\Program AB\R201 h2d ik ¢
C\Program Fil AB\R201 |
Ci\Program Files\MATLAB\R201 i i '$7]
Ci\Program Fleﬁ\MATU\B\RIOlk\reolbe Amatla b\pienoels 1|
CAProgram Fil AB\R201 Il 21
C:\Program Files\MATLAB\R201 s
C\Program Files\MATLAB\R201 |
ChProgram Fles\MATLAB\RZ013o\toolboxVocel
= P?
C:Program Fil AB\R201
CAProoram Files\MATLABIR, |
« i 93]
Il #1
save | [ Close || Reven | Default Help a2
_ ]

asple nospeedlin P1

'anung Name is nonsxistent or not a directory: J:\SLC\S SLC FOC frame\ SlC FOC 1\ ’0]3 10 25 Sample nospeedlin P)

Fig. A-3. Set Path.
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Build Simulink blocks of the proposed control schemes in the motor drive system
model configured for the inverter and feedback signals in Simulink (Fig. A-4) and
simulate the drive system model to make sure if everything works as expected. The
motor drive system model has defined all the low level interfaces such as data

acquisitions, PWM generation, and communication with the supervisory computer

and inverter controller when the drive is operational.

Build Simulink
blocks of proposed
control scheme in
this block
(ControlUnit)

e‘) DC Vokage Source

= Elctrical Reference

e

%5

Fig. A-4. Simulink model of motor drive system.

context menu by right clicking on the controller block. Choose the bottom: C/C++

code, click on "Build this Subsystem" (generating code only for the controller block).

rmemmee 1L Right elick

Explore
Open In New Tab
Open In New Window

Find Referenced Variables.
Subrystem & Model Reference

Farmat
Rotate & Fiip

Madel Advisor

Fixed Boint Tool.

CfC++ Code

HOL Code

PIC Code

Block Parameters (Subsystem)
Properties...

Help

Ctel+X
Ctel+C
Ctrl+V
Ctrl-Shift+
Del

(@ Build This Subsystem

Fig. A-5. Generation of C code.

et ]

<ud_teedi ward>

3. To convert the control blocks/algorithms in the Control Unit, Fig. A-4, open the
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As shown in Fig. A-5.

4. Update the resultant C code for Visual DSP++ by double clicking “UpdateCode.bat”
in folder ‘Tigersharc’ which is provided by SIEMENS (Tigersharc>
RealtimeCode—> UpdatCode.bat”).

5. Run the “PMOB_Inverter.dpg” in the “Tigersharc” folder (provided by SIEMENS)

6. Recompile the C code by pressing F7. The control code is ready to be downloaded to
the flash memory of the controller.

7. Connect the inverter interface ports shown in Fig. A-6 to appropriate signals and 12V

logic power supply.

|
|
f
4 f
[ S S
4 |
T

Fig. A-6. Logic interfaces.

8. Switch on the 12 V logic power supply of the inverter.

9. Connect the inverter to the PC via LAN port using Ethernet cable. Set the network IP
address in the PC: Control Panel->Network and Internet—> Change adapter settings
—> Internet Protocol Version4 (TCP/IPV4)->Properties (set 1P:192.168.32.1 Subnet
mask:225.255.255.0)

Fig. A-7. Check Ethernet connection.

10. Check Ethernet connection as shown in Fig. A-7. (Run ->cmd - C: \User
\User_Name \ping 192. 168. 32. 105) and make sure the ‘Lost=0’.
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11. Use ‘Tigersharc—> RealtimeCode—> Release-> FlashTigersharcCodeViaEthernet.bat’
(provided by SIEMENS) to flash the code.

12. Power cycle (turn on and off) the 12 V logic supply after the programming and code
downloading.
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Appendix B

Key blocks in Simulink models of the proposed control schemes are shown below.

B.1 Simulink Model of Virtual Signal Injection Control
In d-gq Frame

The overall Simulink model of virtual signal injection control in d-q frame is shown in
Fig. B- 1. The Simulink blocks in Fig. B- 1 are numbered from 1 to 6. The No. 6 block is

motor model.

Reference current generator

o Current controller
Reference torque limit |

Voltage limit Motor model

- N i T /
T;| 70 —p? N LN YA '
/ Va I »< 1dm
toruge*2 ‘fanout [P Te i; Vdsavg 4’@—’ UD,W P Ud / Goto1
e . ¥
Tmax P igsf e @ Iq >/|q_m|
1-D Lookup T imitd (4 uQ ug 9 ply Goto2
P Torque limit1 Reference
Table current generator s
1-D T(u) From20 Vgsavg voltage limit P
> ias ] o S
N\ - — speed_tPM 1, nliner motor Goto
Motor speed — | | Current controller wid

‘ wid2 M
Maximum torque

x':_-—x
profile <] -

Fig. B- 1. Simulink model of motor drive system for virtual signal injection based FOC.

The No. 1 block in Fig. B- 1 is the maximum torque profile in a one dimensional look-
up table whose input is motor speed and output is the maximum torque that corresponds
to the speed. The No. 2 block in Fig. B- 1 is torque limit block. The code in No. 2 block

is given below:

%%%%%%%%%%%%%% Code in No. 2 block in Fig. B- 1 %%%%%%%%%%%%%
function Tout = fcn(T, Tmax)

%#codegen
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% Tout is limited reference torque.
% T is reference torque, Tmax is output of No. 1 block
Tout=T,
if T>=Tmax
Tout=Tmax;
end
%%%% %% %% %% %% %% %% %% %% % %% % %% %% %% %% %% % % % % %% %% %

The No. 5 block in Fig. B- 1 is voltage limit block. The subsystem of No. 5 block is
given in Fig. B- 2.

Udr
Goto3

Ud™ Re_

+
(2D)——¢  Readmagto Aps Umax CGotod - netantt
Ug* Complex » - Goto1

Subtract

Ugr
Goto2

Gotob

Fig. B- 2. Subsystem of maximum voltage limit block.

The No. 4 block in Fig. B- 1 is current controller. The subsystem of No. 4 block is
shown in Fig. B- 3.

Real-lmagto Complex to
Complex Magnitude-Angle

Divide

Oto1

Magnitude-Angle Complex to

to Complex

Real-lmag

Product2

|_max

Current limit

Product

Fig. B- 3. Subsystem of current controller.

iq

L Current controller

In1

usd*

Pl controller 1

In1

usd*

Pl controller 2
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The No. 3 block in Fig. B- 1 is the reference current generator and the subsystem of No.
3 block is shown in Fig. B- 4.

_Virtual signal injection ., =1 Anti-windup
\ \ \
| el pcasay | N ‘ <xi
N \ m
vil > =R
= S e ] Integrator
. Ugm %
ld I mm signal processing output 1 b LPFO M ld
iq I “’-"‘_’ I gan Saturation2 LPFO
.m Igm
lqm I if Uerror<0, out=Uerror oulput=0  ant-windup
(;Jel [eeam > pfspees | else, out=LPFO
(L= g Eu.? lamai
— I S L\
I DQ\ = speedm3 smon | [0 > - l
ldum > § Cfm (n/\éuel vase) | igmy b l
L : }— torque’ qm
t LdLuT \\ d 1 torque Gows |
\ e ——
AN | IGm8 S-3 . I
= [ >— ig
- %*% | — a’ o
RE'\‘ \ I ;h\‘m
iqm LqLUT 24N Iqm10 B—i I
i \\‘\ I Pole pairs
q L gl =y \\ L Constant1 torque to id I
B et -
it P g-axis current calculation

Machine parameters

Fig. B- 4. Subsystem of reference currents generator.

The No. S-1 block in Fig. B- 4 is to identify whether the LPFO signal or v,,.,,- Should
be input into the integrator in Fig. B- 4. The code in No. S-1 block is given below.

%%%%%%%%%%%% Code in No. S-1 block in Fig. B- 4 %%%%%%%%%%%%%%
function out= fcn(Uerror, LPFO)
%#codegen
% Uerror is v, and LPFO is LPFO signal.
y=0;
if Uerror>5

y=LPFO;
end
if Uerror>0&&Uerror<=5

y=Uerror*LPFO/5;
end
if Uerror<=0

y=-abs(Uerror);
end
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out=y;
%%%%%%%% %% %% %% %% %% %% %% % %% % %% %% % %% %% % %% % %% %

The No. S-4 blocks in Fig. B- 4 are look-up tables to obtain machine parameters for
reference g-axis current calculation. The subsystem of g-axis current calculation block,
No. S-3 block, in Fig. B- 4 is shown in Fig. B- 5.

e i R B,

iq*

current limitation

Pole pairs

X
o —>{+

Product .|>
Subtract

@_’ e Gain1 L
Product1

phi_m Divide

L

id* Add

L

avoid 0 division

e

Fig. B- 5. Subsystem of g-axis current calculation block in reference currents generator.

The No. S-2 block in Fig. B- 4 is the virtual signal injection block. The subsystem of

the virtual signal injection block is shown in Fig. B- 6.

Trans Fun 2 =

------------------ | ig LEID
I [C
ig ! h
numz) ! td " ) T calculator
- den(z) H . (Eq. 2-12)
LPEY ) numz) Vg
12D e
Wage [ den@ h
L = LPFs tg
numz) : Igh
LPF2 hject vitual signal 1 numgz) 1 v L
A | to curent angle  Magnitude-Angle Complexto | den(z) BFF . signal processing output
|ReaHmag to Gomplex to toGomplex  ReaHmag | < LPF6
& and - L . P | LPFA[numz) - ~Product?
-and g-axis  |[l= == steall] Lo mmmm e o ————— =
q ) ) ) . o w, |dn@ ‘
currents to current Viral signal injection PF5 )
amplitude and iy Band pass filter
angle (sample rate: 8 kHz)
A (I)—R’ R
A R P
“I\_\ Trh cakculator
snewmei 8 samples per period
L
_______________________________ ,
Trans Fun 1 < 1342904 340643937” — 1822349.880984687 + 1342904.34064393 | H
rans Fun 1 = E 7 aR0 q . ) q 1
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1
1

134217728z% — 189838347.3401812 + 134159905.567271

Fig. B- 6. Subsystem of virtual signal injection block.
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The subsystem of the T calculator, i.e., the No. S-1 block in Fig. B- 6 is shown in Fig.
B-7.

Product4

Add3

v

Gain3

Fig. B- 7. Subsystem of T calculator.

B.2 Simulink Model of Virtual Signal Injection Control
In f-t Frame

The Simulink model of motor drive system of virtual signal injection based DFVC is
shown in Fig. B- 8. The blocks in Fig. B- 8 are numbered from 1 to 7. The No. 1 and No.
2 blocks are the torque profile look-up table and torque limit block which are the same as
the No. 1 and No. 2 block in Fig. B- 1. The No. 7 block is motor model.
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Fig. B- 8. Simulink model of motor drive system for virtual signal injection based DFVC.
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The No. 3 block in Fig. B- 8 is the ¥ generation block and its subsystem is shown in

Fig. B- 9. The No. S-1 block in Fig. B- 9 is the virtual signal injection block whose

subsystem is the same as the one shown in Fig. B- 6. The No. S-2 blocks in Fig. B- 9 are

two look-up tables to generate ¥,,,4in-
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Complex to Add3

ReaHmagig nitude-Angle2

FOm10  Complexs

Verror Calculation

Fig. B- 9. Subsystem of %" generation block.

The No. S-4 block in Fig. B- 9 is to identify whether the LPFO signal or v, should

be input into the integrator in Fig. B- 9. The code in the No. S-4 block is given below.

%%%%%%%%%%%%%% Code in No. S-4 block in Fig. B- 9 %%%%%%%%%%%%
function y = fcn(U_error,Uerror_LPF,LPFO)

% U_error is v, Uerror_LPF is the v,,..,, filtered by low-pass filter.

% LPFO is LPFO signal.

% y is output

%#codegen

if Uerror_LPF<0
y=U_error,

else

Page | 213



Appendix

y=LPFO;
end
%%%0%% %% % %% % % %% %% %% %% % %% % % %% % % %% % %% % % %% % % %% %

The No. S-3 block in Fig. B- 9 is flux amplitude limit block. The code in the block is

shown below.

%%%%%%%%%%%%% Code in No. S-3 block in Fig. B- 9 %%%%%%%%%%%%%
function Phis_out = fcn(\Vdc,im,i_t,R,Phis)

%#codegen

% Phis_out is limited reference flux amplitude.

% Vdc=DC link voltage, im=f-axis current, i_t=t-axis current, R=stator resistance,

% Phis=reference flux amplitude

Vm=Vdc/(3)"0.5;

a=Vm”2-(R*im)"2;

if a<=0 % avoid dividing by zero
a=0;

end

Phis_limit=1/speed*((a)"0.5-abs(R*i_t)); % Phis_limit is the maximum flux

if Phis_limit<=0
Phis_limit=0;

end

Phis_out=Phis;

if Phis_out>=Phis_limit
Phis_out=Phis_limit;

end

if Phis_out<=0
Phis_out=0;
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end
%%%%%%%% %% % %% %% %% % %% %% % %% % % %% % % %% % %% % %% %% % %

The No. 5 block in Fig. B- 8 is a closed loop flux observer, the subsystem of the flux
observer is shown in Fig. B- 10. As is shown in Fig. B- 10, the closed loop flux observer
consists of a current model based flux observer and a voltage model based flux observer.
The voltage model based flux observer and the current model based flux observer are

combined by a PI controller.
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Fig. B- 10. Subsystem of flux observer block.

The codes in No. S-1 block and No. S-2 blocks in Fig. B- 10 are given below.

%%%%%%%%%%%%% Code in No. S-1 block in Fig. B- 10 %%%%%%%%%%%%%
function [i_t,im] = fen(id,iq,thetamt)

%#codegen

% i_t, im are t- and f-axis currents, respectively.

% id, ig are d- and g-axis currents, respectively.

% thetamt is §.

im=cos(thetamt)*id+sin(thetamt)*iq;

i_t=-sin(thetamt)*id+cos(thetamt)*iq;

%0%%% % %% %% %% % %% %% %% %% % %% % %% %% % % %% %% % % % %% %% %%
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%%%%%%%%%%%%%% Code in No. S-2 block in Fig. B- 10 %%%%%%%%%%%%
function [Phi_qg,Phi_d] = ab2dq(Phi_a,Phi_b,theta)

%#codegen

% Phi_q, Phi_d are g- and d-axis flux amplitudes.

% Phi_a, Phi_b are a and B-axis flux amplitudes.

% theta is 0,.

Phi_d =cos(theta)* Phi_a+sin(theta)* Phi_b;

Phi_q =-sin(theta)* Phi_a+cos(theta)* Phi_b;

%%% % %% %% %% % % %% %% %% %% %% %% %% %% % %% %% %% % % % %% %% %

The No. 4 block in Fig. B- 8 is t-axis current limit block. The code in it is given below.

%%%%%%%%%%%%%% Code in No.4 block in Fig. B- 8 %%%%%%%%%%%%%
function y = fen(i_t,im)

%#codegen

% y is limited t-axis current.

% i_tand im are t- and f-axis currents, respectively.

y=i_t

a=120"2-im"2;

ifa<0 % avoid square root of negative
a=0;

end

itmax=a"0.5; % itmax= maximum t-axis current

if it>=itmax
y=itmax;
end

%0%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% % %% %% % %% %% %

The code in No. 6 block in Fig. B- 8 is given below.
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%%%%%%%%%%%%% Code in No. 6 block in Fig. B- 8 %%%%%%%%%%%%%%
function [Vd,Vq] = fcn(Vm,Vt,thetamt)

%#codegen

% Vd, Vq are the reference d- and g-axis voltages, respectively.

% Vm, Vt are the reference f- and t-axis voltages, respectively.

% thetamt is &

Vd=cos(thetamt)*Vm-sin(thetamt)*Vt;

Vg=sin(thetamt)*Vm+cos(thetamt)*Vt;

%0%%% %% %% %% %% %% %% %% %% % %% % %% %% % %% %% %% % %% %% %% %

B.3 Simulink Model of Self-learning Control in d-q
Frame

The overall Simulink model of self-learning control in d-q frame is shown in Fig. B-
11. The Simulink blocks in Fig. B- 11 are numbered from 1 to 6. The No. 1, No. 2, No.
4, No. 5, No. 6 blocks in Fig. B- 11 are the same as corresponding blocks in Fig. B- 1.

Reference torque limit
Reference current generator

Maximum voltage limit
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L Motor model
\ / 4
e A 4 g
5 Y=Y * g
Motor s“pud = o Vg ol s Tam
e 4 o s e w7 o
»< lgm
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1ETLm1kup Torque limitt /
) \ , vq*
Maximum torque i otor Gk
120 - I_max
profile ’ R
Imax e — speed rimin = —
Current controller olage emitaion i ~Motor speed
gt W
e W

Fig. B- 11. Simulink model of motor drive system for self-learning control in d-q frame.

The subsystem of the No. 3 block in Fig. B- 11 is shown in Fig. B- 12.
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Fig. B- 12. Subsystem of reference currents generator.

The No. S-2 block in Fig. B- 12 is the g-axis current generator, and its subsystem is
shown in Fig. B- 5. The No. S-1 block in Fig. B- 12 is the d-axis current generator and its

subsystem is shown in Fig. B- 13.
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Fig. B- 13. Subsystem of d-axis current generator.

The No. S-4 in Fig. B- 13 is the virtual signal injection block. The subsystem of virtual
signal injection block is shown in Fig. B- 6. The No. S-1 block in Fig. B- 13 is to update
iamtpA and Tmtpa. The code in No. S-1 block is given below.

%%%%% Code in block No. S-1 in Fig. B- 13 (Update iamtea and Tmtea) %%%%%
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function [x,y,maxTout]= fcn(Terror,Tsection,id, Tref,xin,yin,maxTin)
%#codegen

% X is the updated Twmrpa Vector, y is the updated igmTra Vector.

% maxTout is the updated max(Tyrp4)-

% Terror is AT,

% Tsection is a vector which records the boundary of torque sections.
% id is reference d-axis current.

%Tref is reference torque.

% xin and yin are the Tmtra vector and iamtea Vector of the last time step, respectively.

% maxTin is the max(Tyrp4) Of the last time step.

s=36; % s-1=torque section number.
x=Xin; % Set Tmrraequals to its value of last time step.

y=yin; % Set iavTra equals to its value of last time step.

maxTout=maxTin; % Set max(Ty;p,) equals to its value of last time step.

if abs(Terror)<2 % Update Turea and iavrea if Terror < threshold
fori=1:1:s-1 % s-1=torque section number
% determine which torque section does Tref belong to.

if Tsection(i)<=Tref&&Tref<Tsection(i+1)

x(i)=Tref; % update the i element in Tmtpa
y(i)=id; % update the i element in igmTrA

% in block No.S-1, Tmrpa vector, igmtpra and max(Typ4) are updated continuously.

if maxTout<=Tref % update the max(Ty;7p4)
maxTout=Tref;
end

end

end
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end

%9%%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% %% %%

The izs.c 1S generated by No. S-2 and No. S-3 blocks in Fig. B- 13. The codes in No.

S-2 and No. S-3 blocks are given below.

%%%%%%%%%%%% Code in block No. S-2 in Fig. B- 13 %%%%%%%%%%%%
function [xout,yout, Tmax] = fcn(Terror,x,y,maxT ,xlast,ylast,maxTlast)

%#codegen

% xout,yout, Tmax are the Tmtpa, iamtpa and max(Typa) for iyg, ¢ calculation.

% Terror is AT,

% X is the updated Twmtea vector from No. S-1 block output.

% y is the updated igmtea Vector from No. S-1 block output.

% maxT is the updated max(Tyrp4) from No. S-1 block output.

% xlast and ylast are the Twmtpa vector and iamtpa Vector in last time step, respectively.

% maxTlast is the max(Tyrp,4) in last time step.

xout=xlast; %Set Tmtra equals to its value of last time step.
yout=ylast; % Set iamTra equals to its value of last time step.

Tmax=maxTlast; % Set max(Tyrp4) equals to its value of last time step.

if abs(Terror)>2

% if AT, >threshold, update TwmTpa vector, iavtra and max(Typ,4) for izg o calculation.
Xout=Xx;
yout=y;
Tmax=maxT;

end

%%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% % % %% %

%%%%%%%%%%% Code in block No. S-3 in Fig. B- 13 %%%%%%%%%%%%%
function [a,b,SLC] = fen(x,y, Tref, MaxT)
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%#codegen

% a and b are the numbers of two adjacent torque sections of T,

% SLC S igg.c-

% X is the Tmrea vector, y is the iamtea Vector generated by No. S-2 block.
% Tref is reference torque.

% maxTin is the max(Tyrpa)-

s=36; % torque section number =s-1
a=1,
b=1;

if abs(Tref)>=abs(MaxT)
Tref=MaxT;

end

for j=1:1:s-1

if X(j)>=Tref % find the left adjacently recorded MTPA point of Tref.
b=j;
break;

end

end

fori=s-1:-1:1 % find the right adjacently recorded MTPA point of Tref.

if x(i)~=0;
if x(i)<=Tref
a=i;
break;
end

end
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end

if x(@)==x(b) % calculate i,g; .

SLC=y(a);
else

SLC=y(a)+(y(b)-y(a))*(Tref-x(a))/(x(b)-x(a)); % calculate i,g .
end

if x(1)~=0

if 0<=Tref&&Tref<=x(1) % if T, is in the first section.
SLC=Tref/x(1)*y(1);

end

end
909%%%% %% % %% % %% % %% % %% %% % %% % %% % %% %% % %% % %% %% % %

The block No. S-5 in Fig. B- 13 is to determine whether the integrator in Fig. B- 13
should be reset. The code in Fig. B- 13 is given below.

%%%%%%%%%%%%% Code in block No. S-5 in Fig. B- 13 %%%%%%%%%%%
function y = fcn(iderror, Terror)
%#codegen
% y is the signal to reset the integrator.
% iderror is the change of Ai,.
% Terror is AT,
y=0;
if abs(iderror)>1 % if the speed of the change in Ai, is larger than a threshold.
y=1; % rest integrator.

end

if abs(Terror)>2 % if AT, > threshold, rest integrator.
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y=1;
end
%%%%%%%% %% %% % %% % %% %% % %% % %% %% % %% %% %% % %% % %% %

B.4 Simulink Model of Self-learning Control in f-t
Frame
The Simulink model of motor drive system of self-learning control in f-t frame is shown

in Fig. B- 14. The blocks in Fig. B- 14 are numbered from 1 to 7. The No. 1, No. 2, No.
4, No. 5, No. 6 blocks in Fig. B- 14 are the same as corresponding blocks in Fig. B- 8.
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Fig. B- 14. Simulink model of motor drive system of self-learning control in f-t frame.

The No. 3 block in Fig. B- 14 is reference flux amplitude generator. The subsystem of
the No. 3 block is shown in Fig. B- 15.
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Fig. B- 15. Subsystem of reference flux amplitude generator.

The No. S-1 block in Fig. B- 15 is the reference flux amplitude limit block. The code
in No. S-1 block is given below.

%%%9%0%%%%%%%% %% Code in No. S-1 block in Fig. B- 15 %%%%%%%%%%%%
function [Phis_out,Phis_limit] = fcn(\Vdc,im,i_t,speed,R,Phis)
%#codegen

% Phis_out is limited reference flux amplitude, Phis_limit is the maximum flux amplitude.
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% Vdc is DC link voltage, im is f-axis current, i_t is t-axis current.
% speed is rotor speed, R is stator resistance, Phis is reference flux amplitude.
Vm=Vdc/(3)"0.5;

if speed<1 % avoid dividing by zero.

speed=1;

end

a=Vm”"2-(R*Iim)"2;

if a<=0 % square root of negative
a=0;

end

Phis_limit=1/speed*((a)"0.5-abs(R*i_t));

if Phis_limit<=0
Phis_limit=0;

end

Phis_out=Phis;

if Phis_out>=Phis_limit
Phis_out=Phis_limit;

end

if Phis_out<=0

Phis_out=0;
end
%%%%0%%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% %

The No. S-2 block in Fig. B- 15 is virtual signal injection block whose subsystem is
the same as the one shown in Fig. B- 6. The No. S-3 block in Fig. B- 15 is to identify
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whether the LPFO signal or v,,,.,- Should be input into the integrator in Fig. B- 15. The

code in No. S-3 block is given below.

%%%%%%%%%%%% %% Code in No. S-3 block in Fig. B- 15 %%%%%%%%%%%%
function y = fcn(U_error,LPFO)

%#codegen

% U_error is Vepror

% LPFO is the LPFO signal.

if U_error<0
y=U_error,

else
y=LPFO;

end

%%%% %% %% % %% % %% %% %% %% % %% %% % %% %% % % %% % %% %% % %% %

The No. S-4 block in Fig. B- 15 is to identify whether the integrator in Fig. B- 15 should
be reset. The code in No. S-4 is given below.

%%%%%%%%%%%%%% Code in No. S-4 block in Fig. B- 15 %%%%%%%%%%%%
function y = fcn(werror, Terror)
%#codegen
% y=0, do not reset integrator. y=1, reset integrator.
% werror is the change in speed. Terror is the change in reference torque, i.e., AT, .
y=0;
if abs(Terror)>2 % if AT, is larger than the threshold.
y=1;
end

if abs(werror)>2 % if speed change is larger than a threshold, reset the integrator.
y=1;
end
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%9%%%%%%%% %% % %% %% %% %% %% % %% %% % %% %% %% %% % %% %% % %

The No. S-5 block in Fig. B- 15 is to update W,prp4 @and Tmrea. The code in No. S-5

block is given below.

%%%%%%%%%%%%%% Code in No. S-5 block in Fig. B- 15 %%%%%%%%%%%%
function [x,y,maxTout]= fcn(Terror,Tsection,phi, Tref,Uerror, Tlim,xin,yin,maxTin)
%#codegen

% X is the updated Twmtpa Vector, y is the updated Wg,,rp4 VECtor.

% maxTout is the updated max(Tyrp4)-

% Terror is AT,". Tsection is a vector which records the boundary of torque sections.
% phi is reference flux amplitude.

%Tref is reference torque.

% UError is ve,ror

% Tlim is the T};,y,.

% Xin and yin are the Twurpa vector and W,y rp4 Vector of last time step, respectively.

% maxTin is the max(Typ4) Of last time step.

s=36; % s-1 is torque section number
x=xin; % Set Twmrra equals to its value of last time step.
y=yin; % Set W,,rp4 €quals to its value of last time step.

maxTout=maxTin; % Set max(Ty;p,) equals to its value of last time step.

if abs(Terror)<2 % if Terror < threshold, update Tyrepa and Weprpa
fori=1:1:s-1 % s-1is the last torque section number
if Tsection(i)<=Tref&&Tref<Tsection(i+1)
% determine which torque section does Tref belong to.
x(i)=Tref; % update the i'"" element in Twrpa
y(i)=phi; % update the i"" element in Wsprpa
% Twmrpa vector, Worpa Vector and max(Tyrp,) are updated continuously.
if maxTout<=Tref % update the max(Tyrp4)
maxTout=Tref;

end
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end

end

end

if Uerror<2 % if v,,..,, < threshold, stop updating Tmrpa vector and W,,,;p4 Vector.
X=Xin;
y=yin;
maxTout=maxTin;

end

if Tref>=Tlim
% if reference torque is larger than T;;,,,, stop updating Twmrpa Vector
% and Wgy,rp4 Vector.
X=Xin;
y=yin;
maxTout=maxTin;
end
%% % % %% %% %% % % %% %% %% %% % % % % %% %% % %% % %% % % %% %% %% %

The No. S-6 and No. S-7 blocks in Fig. B- 15 are to update ¥, . The code in No. S-6

and No. S-7 blocks are given below.

%%%%%%%%%%%% Code in No. S-6 block in Fig. B- 15 %%%%%%%%%%%%%%
function [xout,yout, Tmax] = fcn(Terror,X,y,maxT,xlast,ylast,maxTlast)

%#codegen

% xout, yout, Tmax are the Tmtea, Wsyrpa and max(Tyrp4) for Y, - calculation.

% Terror is AT,

% X is the updated Twmtra, Y is the updated W, rp4 generated by No. S-5 block.

% maxT is the updated max(Tyrp4) from No. S-5 block output.

% xlast is the Twmtra Vector of last time step, ylast is the W, rp4 Vector of last time step.

% maxTlast is the max(Tyrp,4) in last time step.
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xout=xlast;
yout=ylast;

Tmax=maxTlast;

if abs(Terror)>2

% if AT, >threshold, update Tmtra, Wsyrpa and max(Tyrpa) for W, - calculation.
Xout=x;
yout=y;
Tmax=maxT;

end

%0%%% % %% %% %% % %% %% %% %% % %% % %% %% % %% %% %% % % %% %% %%

%%%%%%%%%%%%%% Code in No. S-7 block in Fig. B- 15 %%%%%%%%%%%%
function [a,b,SLC] = fcn(x,y, Tref,MaxT)
%#codegen
% a, b are the element numbers of two torque sections.
% The two torque sections are adjacent to the torque section which T, is inside.
% SLC is ¥g; .
% X, y are the Tmrpa and Wy rpa from block No. S-6 for ¥, - calculation.
% Tref is reference torque.
% maxT is the max(Tyrpa)-
s=36; % torque section number =s-1
a=1,
b=1;
if abs(Tref)>=abs(MaxT)
Tref=MaxT;
end

forj=1:1:s-1
if X(j)>=Tref % find the left adjacently recorded MTPA point of Tref.
b=j;
break;
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end

end

fori=s-1:-1:1 % find the right adjacently recorded MTPA point of Tref.
if x(i)~=0;
if x(i)<=Tref
a=i;
break;
end
end

end

if x(@)==x(b) % calculate ¥, .
SLC=y(a);
else
SLC=y(a)*+(y(b)-y(a))*(Tref-x(a))/(x(b)-x(a));
end

if x(1)~=0
if 0<=Tref&&Tref<=x(1) % if T, is in the first section
SLC=Tref/x(1)*y(1);
end
end
%%%%%%%% %% %% % %% % %% %% %% % % %% %% %% % %% %% % %% % %% %

B.5 Simulink Model of Hybrid Control Scheme

The overall Simulink model of motor drive system of hybrid control scheme is shown
in Fig. B- 16. The blocks in Fig. B- 16 are numbered from 1 to 7. The No. 1, No. 2, No.
4, No. 6, No. 7 blocks in Fig. B- 16 are the same as corresponding blocks in Fig. B- 8.
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Flux observer
I Closed loop flux observer and current based flux observer
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Fig. B- 16. Overall Simulink model of hybrid control scheme.

The No. 5 block in Fig. B- 16 is a flux observer whose subsystem is given in Fig. B-
17. The No. S-1 and No. S-2 blocks in Fig. B- 17 are the same as the corresponding blocks
in Fig. B- 17.

Voltage model

Lroc G
LfFFOC Ezmd-
Fsrocez
LEDFVC .
LfDFV Cemmdesn
Vs prv ez
Sroc E=2
dprvc
Wmz >

Fig. B- 17. Subsystem of flux observer.

The No. S-3 block in Fig. B- 17 is to calculate &, and i, based on Pcroc, terocs Psprves

i:prvc and rotor speed. The code in No. S-3 block is given below.
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%%%%%%%%%%%%% Code in No. S-3 block in Fig. B- 17 %%%%%%%%%%%%%
function [phis,it,im,thetamt] = fcn(it FOC, im_FOC, phis_FOC, it DFVC, im_DFVC,
phis_DFVC, thetamt_FOC, thetamt_DFVC, rpm)

%#codegen

% phis is &, i_tis i, im is i, thetamt is §.

% it_FOC is i,zpc, IM_FOC is I,,roc, phis_FOC is @,roc,

% it DFVC is i,ppyc, IM_DFVC is i, pryve, phis DFVC is Usppyc.

% thetamt_FOC is 6y, thetamt_ DFVC is ppyc, rpm is rotor speed in r/min.

a=800; % w4, i.e., lower boundary of transition region.
b=900; % w,, i.e., upper boundary of transition region.
L=b-a;

% in transition region
phis=phis_FOC*(b-rpm)/L+phis_DFVC*(rpm-a)/L;
i_t=it FOC*(b-rpm)/L+it DFVC*(rpm-a)/L;
im=im_FOC*(b-rpm)/L+im_DFVC*(rpm-a)/L;
thetamt=thetamt_FOC*(b-rpm)/L+thetamt_DFVC*(rpm-a)/L;
% in FOC control mode
if rpm<=a
phis=phis_FOC,;
i_t=it_FOC;
im=im_FOC;
thetamt=thetamt_FOC;
end
% in DFVC control mode
if rpm>=b
phis=phis_DFVC;
i_t=it DFVC;
im=im_DFVC;
thetamt=thetamt_DFVC,;
end
%%%9%0%%%%%%% %% %% % % %% % %% %% %% %% %% %% %% % %% % %% %%
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The No. 3 block in Fig. B- 16 is ¥ generator. The subsystem of the ¥, generator is
given in Fig. B- 18.
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Fig. B- 18. Subsystem of %" generator.

As it is shown in Fig. B- 18, look-up tables for generating the optimal d- and g-axis

currents are inside the No. S-2 block. The output of No. S-2 are iyyrps and igyrpa. The
resultant igyrps and igurpa are input into No.S-1 block. The code inside the No. S-1

block is given below.

%9%%%%%%%%%%%%%%% Code in No. S-1 block in Fig. B- 18 %%%%%%%%%%
function [phis_ref, it_ref, itlim] = fcn(Ld, Lg, Pm, idMTPA, igMTPA, im)
%#codegen
% phis_ref is Yiroc, I_ref is ijpoc, itlim is the maximum t-axis current.
% Ld is d-axis inductance, Lq is g-axis inductance
% Pm is flux linkage due to permanent magnet
% IdMTPA is the optimal d-axis current for MTPA operation.
% IgMTPA is the optimal g-axis current for MTPA operation.
% im is the estimated f-axis current.
a=(Ld*idMTPA+PmM)"2+(Lg*igMTPA)"2;
if a>=0 % avoid dividing by zero

phis_ref=a"0.5;
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else
phis_ref=0;

end

thetamt=atan2(Lq*igMTPA,Ld*idMTPA+Pm); % calculate &.

it_ref=-sin(thetamt)*idMTPA+cos(thetamt)*igMTPA; % calculate i/ .

Imax=idMTPA"2+igMTPA"2;

b=Imax-(im)"2;

if b<=0 % avoid squire root of negative.
b=0;
end

itlim=(b)0.5;

if it_ref>=itlim
it_ref=itlim;
end
%%%%%%%% %% % %% %% %% % %% %% % %% % % %% % % %% % % %% %% %% %%

The No. S-3 blocks in Fig. B- 18 are look-up tables for generating ¥;,ryc. The No. S-
4 block in Fig. B- 18 is a t-axis current limit block. The code in the No. S-4 block is given

below.

%%%%%%%%%%%%%% Code in No. S-4 block in Fig. B- 18 %%%%%%%%%%%%
function itout = fen(itin,im,Imax)

%#codegen

% itout is the limited t-axis current. itin is the refercne t-axis current.

% im is the estimated f-axis current. Imax is the maximum current amplitude.

itout=itin;
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aa=(Imax)"2-(im)"2;

if aa<=0 % avoid square root of negative.
aa=0;

end

itlim=(aa)"0.5;

It abs(itout)>=itlim
itout=itlim;
end
%%%% %% %% %% % % %% %% %% %% % %% %% % %% % %% % % %% % % %% % %% %

The No. S-6 block in Fig. B- 18 is to determine whether the FOC or DFVC should be
adopted by the hybrid control scheme. The code in No. S-6 block is given below.

%%%%%%%%%%%%%% Code in N0.S-6 block in Fig. B- 18 %%%%%%%%%%%%
function [phis,it] = fen(itFOC,phiFOC,itDFVC,phiDFVC,rpm)

%#codegen

% phisis ¥, i_tisi;.

% itFOC IS ifroc, PhIFOC IS Wirpc, tDFVC S ifppyc, PRIDFVC IS ¥ pry e, rPm is speed.

a=800; % ais w,
b=900; % b is w,
L=b-a;

phis=phiFOC*(b-rpm)/L+phiDFVC*(rpm-a)/L;
i_t=itFOC*(b-rpm)/L+itDFVC*(rpm-a)/L;

if rpm<=a % if speed is smaller than w,, FOC is adopted
phis=phiFOC;
i_t=itFOC;

end
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if rpm>=b % if speed is larger than w,, FOC is adopted
phis=phiDFVC,;
i_t=itDFVC;
end
%%% % %% %% %% %% %% %% %% %% % %% % %% %% % % %% %% % % % % %% %% %

The No. S-7 block in Fig. B- 18 is flux amplitude limit block. The code in the No. S-7

block is given below.

%%%%%%%%%%%%%%% Code No. S-7 block in Fig. B- 18 %%%%%%%%%%%%
function Phis_out = fcn(speed,Vdc,im,i_t,R,Phis)

%#codegen

% Phis_out is ¥, after limit.

% speed is rotor speed, Vdc is DC link voltage, im is estimated f-axis current.

% i_t is estimated t-axis current, R is stator resistance, Phis is reference flux amplitude.

Vm=Vdc/(3)"0.5;
if speed<1l % avoid dividing by zero

speed=1;

end
a=Vm”"2-(R*im)"2;
if a<=0 % avoid square root of negative.

a=0;
end

Phis_limit=1/speed*((a)"0.5-abs(R*i_t));

if Phis_limit<=0
Phis_limit=0;

Page | 236



Appendix

end

Phis_out=Phis;

if Phis_out>=Phis_limit
Phis_out=Phis_limit;

end

if Phis_out<=0
Phis_out=0;
end
%%%% %% %% %% % % %% %% %% %% % %% %% % %% % %% % % %% % % %% % %% %
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Appendix C

Virtual signal injection error analysis

The electromagnetic torque can be expressed as in (1-3) and (1-3) is repeated in (C-1)

for convenience.

3D ., . .
Te == [¥miq + (La — Lq)igial (C-1)
according to (1-1) and (1-2), in steady state:
] Vg — Ri, )
llUm = lpd — Ldld = W - Ldld (C‘Z)
(L L)—vd_Rid+L (C-3)
a q) — pwmiq da
Substituting (C-2), (C-3) into (C-1) leads to:
3p vq —qu . vd—Rid L.
Tea=— [(W - Ldld) + | Lg + pomis iq)iq (C-4)

As can be seen from (C-1), the torque is contributed by the alignment torque
component, ¥,,,i,, and the reluctance torque component due to the difference in the d-
and g-axis inductances, Lq — L. As discussed in Chapter 2, the machine parameters such
as ¥, Lq and L, vary with operating conditions, however, since the variation of current
angle, 8, and machine parameters are small over the very short period of the injected
signals, the machine parameters can be considered as constants in one period of injected
signal and according to (C-1) the relationship between torque and d- and g-axis currents

can be approximated by a polynomial in form of (C-5):

T, 1 = (a+ big)i, (C-5)
a=Y%, (C-6)
b=(Lqg—Lg) (C-7)

Substituting (2-6), (2-7), (C-2) and (C-3) into (C-5):

3p v Ri vy —
Tehl :_p[ a q—Ldld+<Ld+ d . d) lh]lg
h 2 pPwm pwmly
3p vy — Rig vqg —Rig
e _ L - 44 a4 . -h _
> [ oo a(ia — %) Pomis iqlig (C-8)
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Since the Ly(ig —ilt) is small compared with other terms in (C-8) and the L, of
IPMSM is always relatively small, L, can be assumed as its nominal value or even be
ignored. If the Ly (iy — i) is ignored, (C-8) becomes (2-12) and (C-4) becomes (C-9):

3 (v, — Riy) N (vq — Rig)

Te » = -
2 Wy, iqWm

ia|iq (C-9)

The (C-9) also can be approximated by a polynomial in form of (C-10).

T, , = (c +diyi, (C-10)

As discussed in Chapter 2, according to Taylor’s series expansion, the signal processing
of virtual signal injection is based on (2-12), it is essentially taracks 0T, ,/df = 0 for a
given operating point under the assumption that ¢ and d are constant.

Similarly if Te"_1 in (C-8) is processed by the same signal processing scheme described
in Chapter 2, the output of the signal processing block will be proportional to 97T, 1/
assuming that a and b in (C-5) are constant and the scheme will track 9T, , /9 = 0.

Since:

ig = —I;sin(pB) (C-11)
g = Igcos(f) (C-12)
Substituting (C-2), (C-3), (C-11), (C-12) into (C-9) leads to:

To o= 3’2_p [Wal,cos(B) + LylZsin(B)cos(B)]

- 37’” [‘Pdlacos(ﬁ) + %quflsin(Zﬁ)] (C-13)
Substituting (C-2), (C-3), (C-11), (C-12) into (C-4) leads to:
Tos = 22 Wlacos(B) — 5 (La — Lo Esin(2p)] (Cc-14)

According to (C-13) and (C-14), the 0T, ,/9dp and 0T, 1/0p based on estimated
machine parameters at a given operating point are given in (C-15) and (C-16),

respectively.

oT, 3p .

azz = [—’I’dlasmﬁ + LgIZ cos 2[?] (C-15)
oT, 3
a'[eg_l = 7}? [—¥nlasinB — Lyl cos 2 + LglZ cos 28] (C-16)

It worth to be noticed that the (C-15) and (C-16) is also valid when accurate machine
parameters are obtained from look-up tables.
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However, if the machine parameter variations due to the current angle change are fully
considered, according to (C-1), the actual derivative of torque with respect to current
angle should be expressed in (C-17) and (C-18):

T, _3p w +al11m1 0Ly I2 28— L,I2
6[3 2[ al,sinf 3p aCoSPB algzsmﬁ al? cos? B
5 0Lg 12
+LyI2 cos 2B + — T 2 sin2p] (C-17)
T, 3p _ o, , ,
ﬁ =5 [—¥nl,sing + Wlacosﬁ — Lglg cos2 + Lgl; cos2f
ALy 12 AL, I2
————35i —— C-18
3p 2 sin2f + 3B 2 2 sin2p] ( )
Comparison of (C-15) with (C-17) leads to:
aT,, 0T, 3p 0¥, dL,4 I2 ,
o 9B 2[65 I,cosp aBZSlTIZﬁ LyIZ cos? B
0Ly IZ
+ ﬁ? 2 sin2p] (C-19)
Comparison of (C-16) with (C-18) leads to:
0T, 0T, 3p 0¥, ALy 12 AL, I2
— = —— — C-20
3F - 98 Z[GBICOS’B aﬁZSL 2ﬁ+6ﬁ25m2ﬁ] ( )
The (C-19) and (C-20) can also be expressed as (C-21) and (C-22), respectively.
T, T, 3p[o¥, aL aL, 1. oT
6;2 8 2l ﬁdl - aﬁq g — Lqiq|ig =a—'88—err0r2 (C-21)
aT, oT, 3p 0¥,, OdL;  OdL, . 0T,
oF “ap z2lap tap e aplda=gpmeron G2

As can be seen from (C-21) and (C-22) even use accurate machine parameters to
calculate the MTPA points by letting 9T, /9 = 0 or 9T, , /9 = 0, the errors are still
inevitable.

In order to verify the above discussion, simulations were first performed based on the
nonlinear IPMSM model adopted in this thesis and the resultant constant current
amplitude locus is denoted as locus 1 in Fig. C-1. The machine parameters at the point A,
B and C on locus 1 are also recorded, respectively. Simulations are then performed based
on (C-1) with the machine parameters of points A, B and C, respectively. The resultant
constant current amplitude loci are denoted as locus 2, 3, and 4, respectively. As can be
seen from Fig. C-1, the aT,/dB, 0Ty /03B, dT./9pB in Fig. C-1 are always smaller than

dT,/0dB. This is due to the error; > 0. Moreover, the constant current amplitude locus
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of the nonlinear machine model in the vicinity of the MTPA point is flatter than those of
loci 2, 3 and 4 around their MTPA points. The machine parameter variations with g cause
the true MTPA point to shift toward the right.

*0 [_ Conste;nt I, locus v[vith machiné parameters[ at point A
49 Constant I locus with machine parameters at point B H

Constant I, locus with machine parameters at point C
48 = Constant I locus of nonlinear machine

N
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N
(o)}

45 4 — T,
N 9
44 ap A /@\ C aTE
[ S AN
43 N aTg \
/ AN
1
42 L 1
0 10 20 30 40 50 60

Current angle (°)

Fig. C-1. Torque variations with 8 obtained from different machine parameters and nonlinear machine
model when I, = 77 A.

Due to:
a;[;d = a;[;"‘ - %L; Isinf — Lyl,cosp = aaiﬁ + a% iq — Lyig (C-23)
Oa_Lﬁq = gii: X 2—2 = ?311": X alaacgsﬁ =— gll:’[ sinf = Zilq iq (C-24)
According to (C-23) and (C-24):
error, = 32_p [aqjm %l; ig— %l; ig— Ldiq] g = 3p 68% - gilq lczll ig (C-25)
error; = 37’9 [a(,)q;” + aaL; ig — ZL[;’ iglig = 32p [% - Z_Zlié + Lgigli;  (C-26)

Due to the 0¥, /dp is negative. L, /di, is negative and L1, is positive. The (C-25) and

(C-26) can also be written as:

2 O‘Pd
error, = | ig (C-27)
azq
errory = 7 % Ld |Ldlq| - W lg (C-28)
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In order to study the relationship between |i30L,/di,|, |L4i,| and |0¥,/08],
simulations are performed based on the nonlinear IPMSM model as shown in Fig. C-2
and Fig. C-3. The simulated |i20L,/di,|, |Lai,| and [0%¥,/0B] when I, = 77 A are
shown in Fig. C-2 and the simulated |i30L,/di,|, |L4i,| and |0¥,/8B| when I, = 120

A are shown in Fig. C-3.
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Fig. C-2. Variations of |i3dL, /i, |Lai,| and |8¥, /8] with B when I, = 77 A.
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Fig. C-3. Variations of |i30L,/di,|, |Lai,| and |0¥, /0| with B when I, = 120 A.

As can be seen from Fig. C-2 and Fig. C-3, |i3dL,/di,| increases from zero while the

|Lai,| and |0¥, /0] are almost equal. Therefore, for the machine whose MTPA current
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angle is around 30 to 45, i.e., IPMSM, the |i30L,/di,| and [0¥,/8p] in (C-27) can
cancel each other partly, therefore, the virtual signal injection based on (2-12) may have
higher accuracy. However, for the machine who has relatively small reluctance torque,
i.e., SPMSM, due to |i3dL,/di,| is small around B = 0, the virtual signal injection based
on (C-8) is preferred and the L, in (C-8) can be defined as its nominal value of obtained
from a look-up table.

To verify the above conclusions, the MTPA tracking results of virtual signal injections
based on (2-12) and (C-8) are shown in Fig. C-4. As shown in Fig. C-4, the VSIC based
on (2-12) has higher accuracy than (C-8) due to |i§an/6iq| and |0¥,;/dB] in (C-27) can

partly cancel each other.

100 - r
A MTPA point
90 = VSIC based on (C-8)
80 = VSIC based on (2-12)
— Constant current amplitude locus
70 H
~—~ B ]
ZE 60/;4%%
~ A
S 5 %&
5 /ARH\
= 40 A——p
K
20 / f——«:l—_mﬁa
[ —
ol |/ SE———
| S i
%?00 -80 -60 -40 -20

d-axis current (A)

Fig. C-4. The MTPA points and the MTPA tracking simulation results of virtual signal injection
control based on (2-12) and (C-8).

The comparison of errory, error, and dT,/df when I, = 77 A'is shown in Fig. C-5.
As can be seen in Fig. C-5, the error; and error, are not negligible compared with
dT,/dp. As current angle increases, the error, keeps increasing and always larger than
zero. While the error, increases from negative to positive. If 8 < 22°, the |error,| >
|error, |, the virtual signal injection based on (C-8) has relative small error. If g > 22°,
the |error,| < |errory|, the virtual signal injection based on (2-12) has relative small
error. Since |i§6Lq/aiq| and |0%W,/dB]| in (C-27) can partly cancel each other, error, is
very small around the MTPA points, i.e., the point where dT,/df = 0. Therefore, the

viral signal injection based on (2-12) can track the MTPA point accurately.
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Fig. C-5. Comparison of error,, error, and 0T, /df when 1, = 77 A.

It has been shown that due to parameter variations with stator currents in IPMSMs, any
technique that determines MTPA operating condition by assuming piece constant
parameters will result in tracking errors. These include online calculation of optimal d-
axis current using machine parameters obtained from look-up tables or through online
parameter estimations. For IPMSMs with relatively low reluctance torque contribution,
including surface mounted permanent magnet machines, VSIC based on (C-8) would
yield more accurate results. For most IPMSMs in which the optimal current angle is
between 30° to 45° degrees, VSIC based (2-12) gives the better tracking accuracy. These
findings provide fundamental understanding and clarification for achieving MTPA

operation of IPMSM drives.

Page | 244



Appendix

Appendix D

A High-Fidelity, Computationally Efficient Model for
Interior Permanent Magnet Machines Considering the
Magnetic Saturation, Spatial Harmonics and Iron Loss
Effect

In the simulation parts of this thesis, a high-fidelity, computationally efficient model
for interior permanent magnet machines proposed in [13] was adopted. The modelling of
the high-fidelity model will be briefly introduced below.

Since the conventional voltage model based machine model only considers the effect
of fundamental components but does not consider the harmonics fields caused by
combination effect of magnetic saturation, slotting effect and permeance variation with
rotor position, to take the harmonics into account, a novel modelling scheme was derived
from the flux linkage based machine model of an IPMSM. The mathematical model is
expressed as in (D- 1) to (D- 4).

d¥,

Vg4 :W+Rid—(l)etpq (D- 1)
d¥,
Vg = ——+ Rig + w, ¥y (D-2)
dt
¥, =f(igig0) (D-3)
¥, = g(iq iq0) (D-4)
where 8 is the rotor position. According to (D- 3) and (D- 4):
ig=f"Y¥,¥,0) (D-5)
i, =9 (¥ ¥,0) (D- 6)
According to (D- 1) and (D- 2), the d- and g-axis flux linkages can be obtained by
integrals:
Y, = f(vd — Rig + w.¥,) (D-7)
Y, = f(vq — Riy — w,¥,) (D- 8)
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To capture all the torque components, including cogging torque, the electromagnetic
torque computed from finite element analysis (FEA) can be written as a function of d-
and g-axis currents with rotor position:

T, = T(ig,ig,0) (D-9)

Based on the above equations, the schematic of the high-fidelity machine model is
given in Fig. D- 1.

ld

g - Look-up L ST
table

q

Fig. D- 1. Schematic of proposed electromagnetic model of IPM machines.

As shown in Fig. D- 1, for a given voltage vector, the d- and g-axis flux linkages can be
calculated by the integrals in (D- 7) and (D- 8). Subsequently, the d- and g-axis current

are obtained from pre-defined 3-dimensional look-up tables whose inputs are ¥, ¥, and
6 while the outputs of the look-up tables are iy and i, respectively. The resultant
electromagnetic torque, T,, can be acquired from another 3-dimensional look-up table

whose inputs are ig, i, and 6. All of the data in look-up tables is obtained from FEA.
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