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Abstract

Position-sensorless permanent magnet synchronous machine (PMSM) drives are emerging
as the state-of-the-art in high-performance safety-critical and weight-sensitive applications
due to advantages such as high power and torque density, high efficiency and reliability
and reduced hardware complexity, cost and size.

In this thesis, a state-of-the-art system-on-chip (SoC) based embedded controller is used
for the development and implementation of C++ software that enables position-sensorless
indirect torque control (ITC) of PMSMs. Two fundamental-excitation based methods
for sensorless control are developed and programmed on the SoC central processing unit
(CPU) and verified using an embedded real-time simulator (ERTS) that is housed by the
SoC field-programmable gate array (FPGA). Both methods utilize the active flux concept
for rotor position estimation, but the means of which the active flux vector is obtained dif-
fers between the two: The first method uses the Niemeléd-corrected voltage model, while
the second method is based on the voltage-current model.

It is shown that an inaccurately estimated stator resistance results in a flux estimate that
drifts and becomes increasingly inaccurate over time, which makes position-sensorless op-
eration without the implementation of specialized flux models impossible. The proposed
flux models both prove to be highly effective for sensorless operation with an erroneous
resistance estimate in the medium and high speed region. Moreover, both models enable
crossing of the zero-speed region and persistent operation at very-low speeds below 0.1
per unit. Simulations are initially performed with a speed-dependent, quadratic load func-
tion that is valid for the modelling of pumps and fans, but the models are also verified for
a scenario where a constant load torque is applied, suggesting that they are applicable for
constant-load applications such as cranes and hoists.

The ERTS proves to be an immensely useful tool in the development of control software
for PMSM drives. The control software on the SoC processor is intended to drive either
a physical PMSM drive in a laboratory setup or the ERTS, and the latter enables the ver-
ification of the sensorless control strategies without accessing an actual PMSM drive test
bench. Owing to the real-time nature of the ERTS, due to the high processing capability
of the FPGA, simulations can be drastically accelerated and control strategy verification is

made a less time-consuming effort than if conventional simulation tools were to be used.




Sammendrag

Sensorlgse permanentmagnet synkronmotordrifter er i ferd med etablere seg som det fore-
trukne valget for anvendelser som krever stor grad av sikkerhet, palitelighet og lav vekt.
Dette kan tilskrives fordeler som hgy effekt- og momenttetthet, virkningsgrad og palitelighet
og redusert maskinvare-kompleksitet, kostnad og stgrrelse.

I denne avhandlingen blir en styringsplattform basert pa en ’system on chip” (SoC) brukt
for utvikling og implementering av C++-programvare som muliggjgr sensorlgs momentstyring
av permanentmagnet synkronmaskiner. To metoder for sensorlgs styring er implemenert

og programmert pa SoC-prosessoren og verifisert ved hjelp av en sanntidssimulator som er
integrert i FPGAen pa SoCen. Begge metodene benytter seg av aktiv fluks-konseptet for
rotorposisjon-estimering, men fremgangsmaten som benyttes for & estimere aktiv fluks-
vektoren er ulik: Den fgrste metoden benytter seg av den Niemeld-kompenserte spen-
ningsmodellen, mens den andre er basert pa spenning- og strgm-modellen.

Det blir demonstert at en ungyaktig estimert stator-resistans resulterer i et fluksestimat
som “drifter” og blir ungyaktig over tid, noe som gjgr sensorlgs styring vanskelig. Begge
fluksmodellene som benyttes viser seg a vaere hgyst effektive for sensorlgs styring med
et ungyaktig resistans-estimat i medium- og hgy-hastighetsomradet. Begge modellene
muliggjgr kryssing av null-turtallsomradet, samt vedvarende kjgring ved lave turtall un-
der 0.1 per unit. Simuleringene blir i utgangspunktet gjennomfgrt med en hastighets-
avhenging, kvadratisk lastfunksjon som brukes for modellering av pumper og vifter. Mod-
ellene blir imidlertid ogsa verifsert for et scenario hvor en last med konstant moment blir

benyttet. Dette indikerer at metodene ogsa er gyldige for anvendelser som heiser og kraner.

Sanntidssimulatoren som har blitt benyttet har vist seg a vare et nyttig verktgy i utviklin-
gen og verifiseringen av styringsprogramvare for permanentmagnet synkronmotordrifter.
Programvaren som har blitt utviklet kan anvendes pa en fysisk motordrift i et laborato-
rie eller pa sanntidssimulatoren, og sistnevnte muliggjgr testing av styringsprogramm-
varen uten tilgang pa en fysisk testrigg. Som en fglge av FPGAens hgye prosessering-
shastighet kan simulatoren gjennomfgre simuleringer i sanntid, noe som gjgr verifisering
av styringsstrategier en adskillig mindre tidkrevende prosess enn hvis konvesjoneller simu-
leringsverktgy hadde blitt brukt.
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Chapter

Introduction

1.1 Background

The world is currently undergoing a period of rapid change. The global energy demand
is set to increase drastically over the course of the next years, and to mitigate climate
change as a result of greenhouse gas emissions, large-scale deployment of renewable en-
ergy technologies is of the utmost importance [22]. The need for increased renewable
energy penetration is currently leading to a massive increase in the utilization of electric
AC machines across many sectors of society, including industrial applications, power gen-
eration, traction and transportation [6, 15]. Variable frequency drives (VFDs) play a major
role in the shift towards a renewable energy-based society, as they are capable of provid-
ing large energy savings through optimization of the operating speed of the AC machine
[11, 7]. Permanent magnet synchronous machines (PMSMs) are currently becoming the
preferred machine type in many high-performance and weight-sensitive VFD applications
due to their high power and torque density, high efficiency, reliability, simple construction
and high fault-tolerance [30, 23].

Vector control is normally used in the control of modern PMSM drives in order to convert
the machine into an equivalent DC machine which has highly desirable control character-
istics. Such a transformation requires accurate information about the position of the ma-
chine rotor at all times [47, 28]. Traditionally, high-performance vector control of PMSMs
have required the use of position sensors for rotor position extraction, but in recent years,
position-sensorless PMSM drives have emerged as the state-of-the-art in safety-critical
traction and automation applications. This is due to advantages such as increased reliabil-

ity, reduced hardware complexity and cost, reduced size and lower maintenance require-

1



Chapter 1. Introduction

ments compared to conventional sensor-based PMSM drives [44, 19].

The available methods for position sensorless control of PMSMs, and variable-frequency
drives in general, can be divided into two main categories. These are fundamental-excitation
(FE) based methods, which rely on the estimation of the back-EMF and stator flux linkage
of the machine for position estimation, and saliency-tracking based methods that estimate
the rotor position through tracking of the spatial saliency of the machine [8, 52, 28]. The
fundamental-excitation based methods are in general best suited for medium and high-
speed operation when the induced back-EMF is large, and during zero and low-speed
operation, such methods usually fail due to the lack of induced back-EMF. The saliency-
tracking based methods, often referred to as high-frequency signal-injection (HFSI) based
methods, work by injecting a high-frequency voltage signal on the top of the voltage fun-
damental, while measuring the stator current response which contains information about
the spatial position of the rotor. The performance of such methods is thus independent of
the motor speed and can hence be applied at standstill and very-low speeds. The accuracy
of HFSI methods are usually related to the degree of saliency of the machine, however, and
may as such not be a viable option for low-saliency PMSM designs [31]. Drawbacks of
signal-injection based methods are increased current and torque ripple, that may cause un-
desirable vibration and acoustic noise, as well as increased complexity of the motor drive
control system [28]. Strategies where FE-based schemes and HFSI methods are combined
to achieve high performance across the complete speed range are presented in [51] and
[44].

The development of motor drive control software has traditionally been done using phys-
ical motor drive setups for software verification early in the design process [14]. Such
approaches are often tedious and cumbersome, as they require access to a laboratory envi-
ronment with a fully functioning test bench. Following the recent improvements in FPGA
technology, the use of hardware emulators is emerging as a viable alternative to the phys-
ical lab setups for control strategy verification [1, 21, 10]. Through the development of
such emulators, the physical behaviour of the motor drive can be replicated and control
software can be verified by letting it drive the hardware emulator instead of the physi-
cal motor drive. Such an FPGA-based emulator has recently been developed by the Power
Electronics Systems and Components (PESC) research group in the Department of Electric
Power Engineering at NTNU, and has been integrated in the department’s state-of-the-art
system-on-chip based embedded controller. The control platform also houses a processing
system where motor control software that drives either a physical motor drive or the hard-
ware emulator can be implemented. The control platform is meant to provide a common

foundation for further research within the field of electric motor drives and to serve as a




1.2 Objective and Approach

starting point for the thesis work of future master’s and PhD students.

1.2 Objective and Approach

The main aim of this thesis is to develop C++ subroutines that enable position-sensorless
control a PMSM drive.

The following sub-objectives have been defined:

* Develop software that implements two separate fundamental-excitation based sen-

sorless control strategies.
* Verify both strategies and control software using a PMSM drive hardware emulator.

» Provide a comparison of the aforementioned sensorless control strategies.

The thesis objectives will be accomplished using an approach based on the following se-
quential steps:

1. Initially, a literature review that covers PMSM drive theory and sensorless control
concepts are studied with the intention of becoming familiar with the theory that is
relevant for this project.

2. Next, sensorless control strategies will be developed and implemented in the em-
bedded controller using the C++ programming language.

3. Finally, real-time simulation of the PMSM drive during position-sensorless opera-
tion will be performed using the hardware emulator in order to validate the viability
of the proposed methods.

1.3 Limitations

The work that is performed in this thesis is put under the following constraints:

* Only fundamental-excitation based methods for sensorless control will be consid-
ered.

* Standstill operation of the motor will not be examined.
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* The drive will be investigated during torque controlled operation only.

e The control software will not be verified on a physical PMSM motor drive, and the
validation process will as such rely solely on the FPGA-based hardware emulator.

1.4 Structure of Thesis

This thesis consists of a total of 6 chapters:

Chapter 1 - Introduction contextualizes the work that is performed in this project, and
contains a presentation of the main thesis objectives, the approach that will be used and
the constraints the work will be put under.

Chapter 2 - Theoretical Background provides relevant background theory, including
permanent magnet synchronous machine modelling, control principles and an introduc-
tion to the control platform that will be used for implementation and verification of control
software.

Chapter 3 - Position-Sensorless Indirect Torque Control of the PMSM is dedicated
to the description and discussion of the sensorless control strategies that are implemented
in this thesis and the software development process.

Chapter 4 - Real-Time Simulation Results contains the real-time simulation results that
are obtained in order to verify the control software.

Chapter 5 - Discussion highlights the most important findings from the real-time sim-

ulations and discusses their implications.

Chapter 6 - Conclusion and Further Work presents the most important conclusions
that can be drawn from the work that is conducted in the thesis, as well as suggestions for
further work.




Chapter
Theoretical Background

This chapter presents the fundamentals of the theory that the work performed in this thesis
is founded upon. A mathematical model of the ironless PMSM will be presented, along
with the basics of the control strategy that will be implemented. Finally, the hardware and
software that will be used for control implementation and verification will be introduced.

The theory presented in this chapter is to some extent based on the theory presented in
the author’s specialization project that was written in the fall of 2020 [26]. It has however
been revised, and significant modifications have been made to obtain the current version.

2.1 The Permanent Magnet Synchronous Machine

The permanent magnet synchronous machine (PMSM) is a type of synchronous machine
in which the magnetic field excitation of the rotor is provided using permanent magnets.
This allows for a simple, reliable and highly compact construction. Similarly to con-
ventional syncronous machines, the stator of the machine contains three wye-connected,
sinusoidally distributed windings that are identical and symmetrically displaced at 120
degrees. By supplying the stator windings with AC power using a three-phase power elec-
tronics converter, the frequency of the stator currents can be varied through pulse-width
modulation (PWM). This makes it possible to regulate the speed of the rotating magnetic
field in the air gap of the machine, and hence the speed of the rotor. This is the main

principle of operation of PMSM-based variable frequency drives.




Chapter 2. Theoretical Background

There are in general two main ways of mounting the permanent magnets on the rotor of the
machine, as shown in Figure 2.1. The placement of the permanent magnets will affect the
behaviour and the characteristics of the machine. A machine with surface-mounted per-
manent magnets yields the simplest construction, but the rotor magnets will in this case be
prone to mechanical stress. If the permanent magnets are interior-mounted, the mechanical
stress on the magnets will reduce and durability of the machine may increase. A conse-
quence of interior-mounted magnets is that the machine becomes salient, meaning that the
d- and ¢- axis inductances are unequal, which results in the generation of reluctance torque.
This is due to the fact that the permanent magnets have a relative permeability that for all
practical purposes can be assumed to be equal that of air. The concept of the dq coordinate
system will be explained in detail later in this chapter. From Figure 2.1, it is evident that
the air gap of the machine becomes larger in the case of surface-mounted magnets. This
results in lower machine inductances, which gives a machine with fast speed response, but
also large current ripple which may cause undesirable torque and speed pulsations.

Stator Stator

Airgap__ Airgap _
- | -
4 > Magnets L - " Magnets
- -
I Rotor l’/ I Rotor I"’/
[ ]
(a) SPMSM (b) IPMSM

Figure 2.1: Permanent magnet synchronous machines with surface-mounted and interior-mounted
permanent magnets.

2.1.1 The Space-Vector Concept

Modelling and control of electrical machines usually requires utilization of space vectors.
In 1959, the space vector concept for multi-phase machines was developed by Kovécs and
Récz and presented in [29]. They proposed to represent multi-phase machine quantities
as a single vector variable, and in doing so, they laid the foundation of vector control of
variable-frequency drives.

The concept can be demonstrated by considering the magnetomotive force (MMF) in the
air-gap of the PMSM resulting from the stator phase currents. The MMF is a function of
the instantaneous value of the phase currents i,(t), i5(t) and i.(t), as well as the angle
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2.1 The Permanent Magnet Synchronous Machine

displacement with respect to the a axis, 6, and is given by the following expression [36]:

F(0,t) = N |iq(t) cos (6) + is(t) cos (9 - 2;) +ic(t) cos (9 + 2;)] @.1)

Here, N is the effective number of turns per winding. If one defines the unit vectors a, b
and c to point in the direction of the winding axes, the MMF can be rewritten as a vector

quantity, or a space vector, as shown below:

E(t) =N [ia(t) -a+ ib(t) b+ ic(t) ' Q]
N liy(6) 4 i(6) + £(0) 2)

=F,(t) + B, (1) + F.(t)

In Equation 2.2, the phase current space vectors i, (t), 4,(t) and i (t) have been introduced
and the resultant air-gap MMF space vector has been expressed as the sum of the MMF
space vector for each of the phases. Similarly, the resultant stator current space vector can
be defined as
ia(t)
i3(t) = ia(t) + 15 (1) +2c(t) = | in(t) 2.3)
ic(t)
Space vectors for stator voltages and flux linkages can be defined in a similar manner,
and all three-phase machine variables can hence be represented as vector quantities in the
two-dimensional vector space. This concept is fundamental for the development of the
mathematical model of the machine that will be presented in the next section, and forms a

basis for the concept of vector control that will be presented later in this thesis.

Figure 2.2 illustrates the space-vector concept. Here, the resulting current space vector
when the phase a current is at its maximum value is displayed.
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Figure 2.2: Resulting current space-vector when the phase a current is at its maximum value.

2.1.2 Dynamic Motor Model

The stator voltages of the three-phase permanent magnet synchronous machine can be
expressed using space vectors as

dws
S = RIS+ —=2 2.4
US =R,I+ o (2.4)

where -
Qiz[Ua U Uc} 2.5)

) T
L=l I L 2.6)

Here, the stator flux linkage vector is given as the product of the inductance matrix and the

current vector plus the permanent magnet flux vector:

T
v-lv, v v -LL+w, @7




2.1 The Permanent Magnet Synchronous Machine

Both the inductance matrix, L, and the permanent magnet flux linkage are dependent on
the rotor position. The inductance matrix is presented in Appendix A, while the permanent

magnet flux linkage vector is given as

cos (0)
o =W, [cos(f — ) (2.8)

=m 3

cos(6 + 3F)

Coordinate Transformations

In this thesis, two coordinate transformations will be used to represent the machine model
given by Equation 2.4 in two alternative coordinate systems. In the first one, the stator
variables are represented in the o3 coordinate system, where the «-axis is aligned with
the a-axis of the stator and the $-axis leads the a-axis with 90°. Assuming that the three-
phase system is balanced, the machine variables can be represented in the o coordinate
system by pre-multiplying the vector variable in question with the transformation matrix
Ts:

s 1 _% %

As an example, the stator current space vector in the stationary, stator-oriented o coordi-

nate system, /°

I, o, can be obtained using

IS 5 =TI (2.10)

s*s,abc

The factor % in Equation 2.9 ensures that the transformation is amplitude invariant, mean-
ing that the length of the space-vector in the a3 coordinate system will be equal to the

amplitude of the stator phase current. Alternatively, the % factor could be replaced with a

factor equal to \/g if a power invariant transformation is preferred.

The second coordinate transformation that will be used in this thesis, and arguably the
most important, is referred to as the dq transformation. In the dg coordinate system, the
d-axis is aligned with the magnetic axis of the rotor of machine, with the g-axis 90° ahead.
The dq reference-frame will hence rotate with a frequency equal to the electrical frequency
of the PMSM rotor. Assuming a perfectly balanced three-phase system once again, the
vector variables of the machine can be represented in the dq coordinate system using the
following transformation matrix:

v — 2 | cos(f)  cos(f— Z)  cos(0+ %)

3 |-sin(f) —sin(@—2) —sin(d+ )

@2.11)
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The stator current space vector represented in the rotating, rotor-oriented dq coordinate
system, ., is now given by
I =TI 2.12)

Figure 2.3 illustrates the relationship between the three different coordinate systems in the
case of a two-pole PMSM with interior-mounted magnets. The a3-coordinate system is
represented by the red axes, while the dg-coordinate system is represented by the blue
axes. The «-axis is seen to correspond with the a-axis of the stator, while the d-axis in
the rotor-oriented coordinate systems coincides with the magnetic axis of the rotor. The
electrical rotor position, 6, is equal to the displacement of the d-axis with respect to the
a-axis.

Figure 2.3: Relationship between the different coordinate systems in a two-pole IPMSM.

The Transformed, per unit Scaled Motor Model

If the motor model given by Equation 2.4 is transformed to the dq coordinate system, a
simplified motor model is obtained. The PMSM can now be modelled as a two-phase
motor with DC stator quantities in steady state and a simplified motor inductance matrix
that has become independent of the rotor position. To ensure that any overloading of the
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2.2 Control Principles

machine can be easily detected, as well as to make it easier to compare individual machines
and to reuse motor control software, the motor model quantities are scaled by their base
values to obtain an equivalent per unit model. The dynamic per unit model of the IPMSM
in the rotor-oriented dq coordinate system that will be used to implement vector control of
the motor is given by

1 dy!
Uy = Tsiy + — v, +njy’” (2.13)
wn, dt —s
where
T
Wl = [ud uq} (2.14)
_ T
i = [id iq} (2.15)
0 -1
j = 2.16
J L 0 ] (2.16)
The stator flux linkage vector is now given by
T
o = [\I/d \Ifq] — 2l + 2.17)
where
Td 0
z] = (2.18)
0 =z
_ T
v = [vm 0] 2.19)

In Equation 2.13, n is the per unit electrical speed and w,, is the nominal angular frequency.

The torque output of the machine can be found using

T = ’l/)diq — ’L/qud = 'LZJmiq — ((Eq — xd)idiq (220)

2.2 Control Principles

In this section, an overview over some commonly used methods for control of AC ma-
chines will be presented, along with a more detailed discussion of the Indirect Torque
Control (ITC) method that will be employed in this thesis.

11
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2.2.1 Existing Methods for Variable-Frequency Drives

The control of variable-frequency drives can generally be divided into two main categories.
These are scalar control methods, in which scalar motor quantities are being controlled,
and vector control methods, that are based on controlling both the magnitude and angle
of space-vector motor quantities. The chart in Figure 2.4 gives an overview over a few
commonly used control methods for variable-frequency motor drives.

Control Methods for Variable Frequency Drives

Scalar Control Vector Control

Indirect Torque
Control

V/f Control

Direct Torque Control

Figure 2.4: Classification of a few commonly used control methods for variable frequency drives.

The most common scalar control method is the volts-per-hertz (V/f) control method.
Here, the ratio between the magnitudes of the stator voltage and the frequency of the
machine is kept constant, resulting in the stator flux linkage, and hence motor torque,
being maintained at rated value across the whole speed range. This method is mostly
used to control induction motors, but has also been shown to be effective in conventional
PMSM drives [12, 46]. The V/f method is an open-loop control method, which makes
high-performance control difficult. It is however very simple, making implementation un-

complicated and control hardware requirements low.

With the increasing computational power of microprocessors, vector control methods have
become dominant in variable-frequency drives applications. In the 1960s, the Indirect
Torque Control (ITC) method, often referred to as vector control or field-oriented control,
was introduced as a result of the desire to control three-phase machines in a way similar
to the DC machine. In the DC machine, the flux and the torque can be controlled inde-
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2.2 Control Principles

pendently by changing the field and the armature current, respectively. In [5], Blaschke
suggested a control method based on the transformed model of the synchronous machine
that was presented in Section 2.1.2, in which the d-axis of the the d — ¢ reference frame is
aligned with the rotor magnetic axis. Using this approach, the stator current space vector
was decomposed into a field-producing component, ¢4, and a torque-producing compo-
nent, 7,4, that corresponded with the field and armature current of the DC machine, respec-
tively. By changing the d and ¢ axis currents of the machine, the output torque of the
machine could be controlled indirectly. The ITC method will be employed in this theses,
and a more thorough discussion of this method is therefore presented in Section 2.2.2.

In the mid-1980s, a new method for controlling AC machines was developed. In [48],
Takahashi and Noguchi proposed a control method in which the torque and stator flux of
the machine were controlled directly using hysteresis controllers. This method was later
termed the Direct Torque Control (DTC) method. Almost simultaneously, Depenbrock
presented a similar method in [13]. Depenbrock called his method Direct Self Control
(DSC), and today, the DTC control method is usually credited to all three individuals. The
DTC used the voltage model that will be presented in Section 3.1.1 for estimation of the
stator flux, while the current model that is discussed in Section 3.1.2 was used for correc-
tion of the voltage model flux estimate. Once the stator flux was estimated, the torque of
the machine could be calculated as the cross product of the estimated flux and the stator
current. The estimated stator flux and torque were then compared to their reference val-
ues using hysteresis controllers, and the outputs of the controllers were used to obtain a
voltage reference vector that determined the switching order of the converter switches.

2.2.2 Indirect Torque Control of the PMSM

As mentioned in the previous section, the goal of the Indirect Torque Control method was
to enable control of AC machines in a way that resembled the control of DC machines. In
the DC machine, the electromagnetic torque, 7, is proportional to the product of the field
winding flux linkage, 1 ¢, and the armature current, ¢,, as shown in Equation 2.21. If the
field current, and hence also field flux, is held constant, the electromagnetic torque can

easily be controlled by changing the armature current of the machine.
T X Priq (2.21)

A similar expression for the electromagnetic torque output of the PMSM was presented in
Equation 2.20, and is repeated below:

7= (Ym — (Tq — 2a)ia)iq (2.22)
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By comparing Equation 2.21 and Equation 2.22, it can be seen that the PMSM torque
equation is analogous to the DC machine torque equation. Here, the field flux given by
Vm — (xq — x4)iq corresponds to 1 ¢ in the DC machine, and can be controlled by reg-
ulating the d-axis current. If the value of this term is held constant, the torque output of
the machine can easily be controlled by regulating ¢,, which corresponds to ¢, in the DC
machine.

An overview of the indirect torque-controlled PMSM drive is displayed in Figure 2.5. The
d- and g-axis reference currents are calculated based on the torque reference and compared
with the measured stator currents. The difference between reference values and measured
values is passed to a PI controller that is tuned using modulus optimum, as explained in
[37]. A feed-forward decoupling term is added to the output of the PI controller in order
to eliminate the d- and g-axes cross-coupling and obtain the converter voltage references
in the rotor oriented reference frame. Next, voltage references in the stator-oriented ref-
erence frame are obtained by performing an a3-transformation. These are passed to the
pulse-width modulator that generates the gating signals for the voltage source converter
that feeds the stator windings of the PMSM. The a3 and dq transformations require the
rotor position, #, and the decoupling term calculator requires the rotor speed, n. Methods
for estimation of these quantities will be presented later in the thesis.

Torr | : > dg s
st | g erandiy o et - ug  Tu PWM [—2 vsC PMSM
calculator - O 4 ap | Ye | s,
Uqn Ugyt
T n Position and
piing 6 Speed Estimation

dg ap i

ap abc le

Figure 2.5: Block diagram showing the general structure of the torque-controlled PMSM drive.
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Maximum-Torque-Per-Ampere Control

A common ITC strategy is to orient the stator current vector in a way that maximizes the
output torque of the machine for the given current magnitude. If the PMSM is non-salient,
the reluctance along the flux paths of the d and ¢ axis are equal, resulting in equal d and ¢
axis inductances. The torque equation of the machine then reduces to

T = g (2.23)

From Equation 2.23, it can be seen that the output torque is directly proportional to the
g-axis component of the stator current, and the maximum amount of torque for a given
current magnitude is therefore generated if the current space vector is aligned with the ¢-

axis of the dq reference system. This is done by applying the following current references:

idrer =0 (2.24)
. T(i re
iares = = ! (2.25)

Here, 7 s is the torque reference. If the PMSM has interior-mounted permanent mag-
nets, however, the output torque will be given by Equation 2.22. Since magnets have
approximately the same relative permeability as air, the inductance along the d-axis will
be lower than along the g-axis of the motor. From Equation 2.22 it can be seen that if a
negative d axis current is applied, this difference in inductance can be used to generate an
additional torque component, usually referred to as reluctance torque. For PMSMs with
interior-mounted magnets, it is therefore desirable to operate the machine with a negative
d-axis current in order to utilize this reluctance torque. As there is an infinite number of d-
and g¢-axis currents that will produce the same torque, finding the combination that gives
the maximum torque output per ampere for this machine type becomes an optimization
problem. This problem was first analyzed in [24], where Jahns et al. developed analytical
expressions that can be used to obtain the optimal combination of d- and g-axis current.
The current references in this thesis will be calculated based on the expressions in Equation
2.26 and Equation 2.27 [45].

2272
Yo = (s 4 G T

idref = Sm (2.26)
Tqg — Xd
. Te ref
Goref = ’ : (2.27)
T Y — (g — Ta)ia

With the maximum torque per ampere control method properly implemented, the stator
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current that is necessary for a given torque output is minimized. As the copper losses
of the machine are proportional to the square of the stator current, this control strategy
minimizes copper losses and maximizes the efficiency of the machine. Additionally, by
reducing the stator current magnitude, the size of the converter can be reduced. Hence,
the cheapest converter for a given torque is obtained when maximum-torque-per-ampere
control is implemented.

Field-Weakening

When the motor operates at rated speed, the back-EMF of the machine, given as the prod-
uct of stator flux linkage and motor speed, will have become equal to the rated stator
voltage. The rated stator voltage corresponds to the maximum output voltage of the con-
verter, which means that the converter has saturated and is not able to increase its output
voltage further. At this operating point, no current is flowing into the stator windings,
making acceleration beyond the rated speed impossible. To enable operation above speeds
of 1 per unit, one must therefore start to decrease the stator flux as the motor approaches
rated speed. This way, the back-EMF is not exceeding the rated stator voltage, allowing
the machine to accelerate further.

The per unit stator flux linkage in the dg-coordinate system is given by

g = Taiq + Vm (2.28a)
Yy = Tyig (2.28b)

As previously discussed, it is desirable to maintain the g-axis current as large as possible,
and field-weakening should therefore be performed by applying a negative d-axis cur-
rent that counteracts the magnetic field from the permanent magnets. From the equations
above, it is however obvious that the stator flux linkage reduction that can be obtained
depends on the magnitude of the d-axis reactance. If a large field-weakening region is
required, the inductance along the d-axis flux path of the machine must therefore be large.
For a PMSM with saliency, this will reduce the reluctance torque generation, and hence
come at the cost of the torque production capability of the machine. For low-inductance
machines, a large negative d-axis current must be applied in order to achieve a notable
stator flux reduction. The cost of applying a d-axis current is a corresponding reduction of
the g-axis component, as a constant current space vector magnitude must be maintained.
Due to the magnitude of the d-axis current that must be applied, field-weakening in low-
inductance machines will therefore lead to a large reduction in the g-axis current and hence
also the torque output of the machine. Field-weakening in such machines might therefore
not be justifiable.
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2.3 Digital Control Implementation and Verification

The sensorless control algorithms that are developed in this thesis will be implemented
and verified using the PicoZed 7030 system-on-module (SoM) from Avnet. The SoM is
based on the Zynq 7030 system on chip (SoC), that contains two ARM Cortex-A9 cen-
tral processing units (CPUs) and one field-programmable gate array (FPGA). One of the
on-chip processors runs a Linux program that is used for monitoring and programming of
the remaining processor and the FPGA, while the second on-chip processor can be pro-
grammed with the C++ programming language, using the Xilinx Software Development
Kit (XSKD). This is where the control strategies and algorithms that are developed in this
thesis will be implemented.

The hardware of a complete permanent magnet synchronous motor drive has been pro-
grammed on the FPGA on the SoC to produce an embedded real-time simulator (ERTS)
that is capable of emulating the PMSM drive. The control software that is implemented
in the processor is intented to drive either the emulated drive in the ERTS or a physical
PMSM drive. In this thesis, the control software that is developed will be verified using
the ERTS. The development of the ERTS and the processor control algorithms has been an
ongoing effort in the Power Electronic Systems and Components (PESC) research group
in the Department of Electric Power Engineering over the last few years, and at least two
master’s theses have been dedicated to this purpose [16, 35]. A detailed description of the
control platform and an analysis of the performance of the ERTS is provided by Perera et
al. in [45]. The embedded controller is pictured in Figure 2.8.

2.3.1 Control Software Implementation: CPU Programming

The on-chip processor of the control platform contains the majority of the control software
that is necessary to operate a PMSM drive when this thesis is initiated, with functional-
ity such as per unit scaling, reference frame transformations, maximum-torque-per-ampere
and field-weakening strategies and indirect torque control algorithms already implemented
[45]. However, the control software relies on the measuring of the rotor position and speed,
and is as such not capable of driving the PMSM without the use of a position-sensor. As
stated in Chapter 1, the main objective of this thesis is to develop sensorless control sub-
routines which shall be added to the existing control software library that is programmed

on the on-chip processor.

The control software is written using the C++ programming language, which due to its
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object-oriented nature ensures scalability, flexibility and structure of the control software.
The control software is structured in different layers, as shown in Figure 2.6, where in-
formation is passed only between neighbouring layers. The flux modelling and position
and speed estimation software that this thesis contributes with will be written in the drive
software layer (layer 2).
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Figure 2.6: The structure of the PMSM drive control software. Retrieved from [45].

2.3.2 Control Software Verification: The Embedded Real-Time Sim-
ulator (ERTS)

The control software development process in this thesis will rely on the use of the ERTS
for verification and validation. In the past, motor control strategies have usually been de-
veloped and tested on a physical motor drive in a lab environment, but the recent trend is
to perform software testing and verification using simulated motor drive models [14, 1].
This is referred to as software-in-the-loop (SIL) testing, and requires accurate emulation
of the physical behaviour of the motor drive.

The ERTS that is used in this thesis is implemented through the integration of a series
of building blocks that are programmed on the FPGA and emulate the different hardware
components of the drive, such as the voltage-source converter, the PMSM, the mechanical
load etc. Due to the large processing capability of the FPGA, the motor model equations
can be solved during time-steps that is equal to the real-world clock, yielding a simulator
that is capable of emulating the motor drive in real-time [39]. This means that a simulation
with a duration of 1 second can be performed over a time period of 1 second, and simu-
lation results can be obtained much faster than if conventional simulation tools such as
MATLAB Simulink are used. The emulator is interfaced with the CPU on the SoC, which
means that the control software that is implemented here can be used to drive the ERTS
if a physical motor drive is not available. There are hence two main advantages of using
the ERTS in the control algorithm development process: Control strategies can be tested
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through real-time simulation, making it a significantly less time-consuming effort than if
conventional simulation tools are used, and the ERTS enables software-in-the-loop test-
ing, which makes a physical motor drive redundant in the control software development

process.

A schematic of the general structure of the control platform is displayed in Figure 2.7.
Here, it is shown how the processing system can drive either the ERTS or a physical motor
drive. The general control functionality, as well as the flux models and position and speed
estimators that will be developed in this thesis, runs on the CPU in the SoC. The ERTS
and the pulse-width-modulator (PWM) is implemented on the FPGA.
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Figure 2.7: The general structure of the SoC-based embedded controller. Retrieved from [45].
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Figure 2.8: The embedded controller.
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Chapter

Position-Sensorless Indirect Torque
Control of the PMSM

Indirect torque-control of electric machines is accomplished by controlling the stator cur-
rents in the rotor-oriented reference frame, and knowledge about the rotor position is there-
fore necessary for its implementation. Traditionally, the rotor position has been obtained
using position sensors such as encoders or resolvers. However, the current trend in elec-
tric machine drives is to avoid any position or speed sensors by obtaining these quantities
through estimation. By removing position and speed sensors, the cost and complexity of
the drive can be greatly reduced, resulting in increased reliability and lower maintenance
requirements. Additional benefits are reduced weight and size.

With sensors removed, the main obstacle in any sensorless motor drive is obtaining suf-
ficiently accurate estimates of the rotor position and speed. Over the years, various esti-
mation methods have been proposed. Generally, these methods fall within one of of the
following categories: Fundamental-excitation based methods, that relies on the back-EMF
of the machine for position estimation, and saliency tracking methods, that work by in-
jecting high-frequency voltage components in the stator and extracting the rotor position
from the response in the stator current. In this thesis, fundamental-excitation based sen-
sorless control methods will be considered. These estimate the rotor position and speed
through a series of two steps: First, the stator flux linkage space vector is estimated using
the back-EMF of the machine. Then, the flux estimate is used to obtain estimates of the

rotor position.
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3.1 Stator Flux Linkage Estimation

Rotor position estimation in fundamental-excitation based sensorless motor drives starts
with obtaining the stator flux linkage of the machine, and accurate models for flux esti-
mation thus becomes essential in any high-performance motor drive. There are two main
models that can be used to identify the stator flux vector based on the PMSM motor model.
These are referred to as the voltage model and the current model, and will be presented in
this section.

3.1.1 The Voltage Model

The voltage model for flux estimation is based on the stator voltage balance equations that
was presented in Section 2.1. By re-writing the per unit equivalent of Equation 2.4, the
back-EMF of the motor in the stationary stator-oriented reference can be written as

dup®
=5 = u® — r’

, 1
a - S

The voltage model provides an estimate for the stator flux linkage in the stator-oriented
af reference frame by integrating the stator back-EMF according to Faraday’s law of

induction, as shown in Equation 3.2

t
W=+ / (uf — ryi?)dt (32)
0

Here, ¢ 0 is the initial value of the stator flux. The discrete-time equivalent of Equation
3.2 is given by

fz (k] = Qz [k = 1] + wn - Tsamp - (u[k] — rii[k]) (3.3)
Generally, the voltage model does not perform well at low speeds. When the speed is
zero or close to zero, the back-EMF of the machine becomes very small, which will result
in inaccurate flux estimates. While sensorless operation based on the voltage model is a
viable option if the low-frequency range is exceeded rapidly, continuous operation at zero
or close to zero speed is therefore impossible. The voltage model is thus best suited for
flux estimation in the medium and high speed range. It will later be shown that the flux
estimates might become inaccurate even for high frequencies if the inputs to the voltage
model deviate from their ideal values, and methods that compensate these inaccuracies

and stabilize the flux estimate are therefore always necessary in practical applications.
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3.1.2 The Current Model

The second model for flux identification that will be considered in this thesis is referred to
as the current model. In this model, the measured stator currents along with the machine

inductances are used to provide estimates of the stator flux, as shown in Equation 3.4.
Wl =i+ (3.4)
The discrete-time equivalent of the current model becomes

y: [k] = il [k] + ﬂ«n (3.5)
In contrary to the voltage model, flux estimation using the current model is done in the
rotor-oriented dq reference frame. This means that the rotor position is required as an input
to the model, and the current model alone can therefore not be used to estimate the rotor
position during sensorless operation. Assuming that an accurate position measurement is
available and that the stator inductances and permanent magnet flux linkage are known,
the current model will produce an accurate flux estimate across the whole speed range. In
this thesis, the current model will be used to initialize the voltage model flux estimate once
the rotor of the machine has been rotated into a known initial position before start-up. It
will also be showed that the current model can be used in tandem with the voltage model
to produce a stable, closed-loop flux observer.

3.1.3 Steady-State Sensitivity of the Flux Models

The flux models that were presented in the preceding sections are highly sensitive to varia-
tions in the values of the motor parameters 7, x4, 4 and 1,,,. Although motor parameter
values usually are provided by the manufacturer, these are only valid in certain operat-
ing points and should only be considered estimates. In practice the exact values of the
motor parameters will depend on current operating conditions, such as loading, ambient
temperature, frequency and magnetic saturation. Motor inductances are mainly dependent
on magnetic saturation, and will hence be influenced by the motor loading. 1,,, and r, are
on the other hand to a greater extent temperature dependent, making them vulnerable to

variations in loading as well as ambient temperature. [42, 43]

In addition to erroneously estimated motor parameters, inaccurate information about the
stator voltage and current may also contribute to imperfect flux estimation. Usually, the
stator currents of the motor are measured using current sensors, and in this thesis, it will
be assumed that they are accurately measured at all times. The stator voltage, on the other
hand, is often estimated. The most common way of doing so is to use the reference voltage
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of the converter. If the non-linear voltage drops across the converter are modelled, they
can be subtracted from the reference voltage and an estimate for the actual stator voltage

can be obtained. This method will be analyzed in more detail in Section 3.3.

Analysis of how inaccuracies in motor parameter and voltage estimates influence the flux
models that form the basis for position-sensorless control is important. To facilitate such
sensitivity analyses, the MATLAB scripts that are presented in Appendix D have been
developed, inspired by a method presented by Bolstad in [9]. The scripts calculate and
compare actual stator flux with estimated flux for speeds and torque references between
—1 and 1 per unit, and can be used to investigate how erroneously estimated motor pa-
rameters and stator voltage may influence the flux models that have been presented. In the
following sections, the impact of an underestimated stator resistance and a DC offset in
the stator voltage on the voltage model flux estimate during steady-state operation will be
demonstrated and discussed. The voltage model is the most important flux model in this
thesis, and it is thus natural to dedicate efforts to analysis of this flux model. A similar
analysis is however also performed for the current model, and the results are presented in

Appendix E.

In the remainder of this thesis, the hat symbol will be used to denote estimated quanti-
ties.

Voltage Model Sensitivity Analysis Method

Assuming that the stator currents are accurately measured, the sources of error in the flux
estimate provided by the voltage model are erroneously estimated stator resistance, 5, and
stator voltage, &:. The voltage model can be represented in the frequency domain as

g =48 — 7 (3.6)

=S
The magnitude of the flux estimate can then be obtained using

~S _ ES —.7"515 (37)
Ys in
With the stator currents given by Equation 2.26 and Equation 2.27, the above expression
can be used to obtain the stator flux. The errors in the flux estimate amplitude and angle are
calculated as 7| — @] and Zy° — 4@2 respectively. ¢° will be obtained by assuming

. . ~ ~ . ~S . . . .
accurate estimation of 7 and @;, while Y is found by assuming erroneous estimation of
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3.1 Stator Flux Linkage Estimation

either 75 or @:.

Impact of an Underestimated 7

To demonstrate the impact of an erroneously estimated stator resistance, the resistance is
assumed to be underestimated with 20%, such that 7, = 0.87. This could correspond to a
scenario in which the stator windings for some reason are experiencing high temperatures,
such that the actual resistance is higher than the resistance that is given by the manufac-
turer. This could be a result of high ambient temperatures, loading or frequency.

Figure 3.1 shows the error in the magnitude and angle of the flux estimate due to the
underestimated stator resistance during steady-state. Two important observations can be
made: The error in the flux estimate due to an erroneous 7 increases with the magnitude
of the load torque and it also increases as the speed approaches zero. This can be under-
stood by considering Equation 3.7. A large torque reference means that the stator current
magnitude becomes large, and erroneous stator resistance will as such have a larger im-
pact on the flux estimate, since the current and resistance are multiplied. The polarity of
the magnitude error depends on whether the machine operates as generator or motor. In
motor operation, the error between the real flux and the flux estimate is negative. This
is because the stator voltage and the stator current will have the same polarity, and the
underestimated resistance will hence lead to the flux magnitude being estimated too large.
Similarly, when the machine operates as a generator and the voltage and current have dif-
ferent polarities, the underestimated resistance will result in a flux estimate that is smaller
than its real value, leading to a positive flux estimate error. When the speed is low, the
stator voltage magnitude is small and the relative importance of the stator resistance in the
flux estimate is larger. Additionally, the denominator in Equation 3.7 will then also be
small, and the impact of the inaccurate resistance estimate will be amplified.

An underestimated resistance 7*; = 0.8r; is seen to produce a steady-state amplitude error
of around 0.03 per unit and an angle error in excess of 1 degree. This results in an error
in the torque output of the machine that approaches 0.05 per unit when the torque refer-
ence becomes large and the speed becomes low. The torque error is positive for negative
speeds, meaning that the actual motor torque is less than in the ideal case. For positive
speeds, the error is negative, which means that the motor will output a greater torque than
what it would if the resistance was accurately estimated.
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(c) Error in the torque output of the motor.

Figure 3.1: Error in flux estimate magnitude and angle and output torque due to an underestimated
stator resistance.

Impact of a DC offset in .}

To illustrate the effect of an erroneous stator voltage estimation, the a-axis stator voltage
estimate is assumed to contain a DC offset equal to 0.005 per unit. This could for example
be a result of inaccurate modelling of the inverter non-linearities. The resulting error in
the magnitude and angle of the stator flux estimate is displayed in Figure 3.2.

From the plots below, it is concluded that the impact of the DC offset in the voltage es-
timate is largest at low speed when the torque reference is large. Low speed means that
the stator voltage is low, and that the relative magnitude of the DC offset will be larger.
Additionally, a low value of the denominator in Equation 3.2 will amplify the error in the
voltage estimate. A large torque reference and the following increase in stator current mag-
nitude will result in the nominator in Equation 3.7 becoming small, such that the impact of
the DC offset in the stator voltage becomes prominent. The polarity of the amplitude error
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3.1 Stator Flux Linkage Estimation

is dependent on whether the machine operates as a motor or a generator. During motor
operation, the DC offset will lead to the flux being estimated too small, such that the flux
estimate magnitude error becomes positive. Similarly, during generator operation, the DC
offset makes the flux estimate magnitude become larger than the real flux, such that the
estimate error becomes negative. The voltage model seems to be highly sensitive to even
small offsets in the stator voltage. In this case, a maximum amplitude error of around 0.1
per unit and a angle error of about 8 degrees is observed. The maximum torque error oc-
curs during low-speed and high-torque operation, and the error magnitude appears to be in
the range of 0.05 per unit. The torque error is negative for negative speeds, which means
that the torque output of the machine becomes greater than what it would be in the case of
a perfectly estimated stator voltage. For positive speeds, the voltage estimate error results
in a reduction of the motor torque output, and the torque error becomes positive.

Flux Amplitude Error [pu]
Flux Angle Error [degrees]

A Speed [pu] A Speed [pu]

Torque Reference [pu] Torque Reference [pu]

(a) Amplitude error of flux estimate space vector. (b) Angle error of flux estimate space vector.
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(c) Error in the torque output of the motor.

Figure 3.2: Error in flux estimate magnitude and angle and output torque due to a DC offset in the
stator voltage estimate.
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3.2 Rotor Position and Speed Estimation

The operation of the sensorless motor drive is divided into two main categories: Finding
initial position and “operation enabled”. During the former, the initial position of the rotor
is obtained and the stator flux estimate is initialized using the current model. In the latter,

the rotor position is estimated in real time using the flux estimate from the voltage model.

3.2.1 The Initialization Procedure

In this project, freedom is given to rotate the rotor into a known initial position before the
motor is started. This will be done by applying a DC current in the a-axis of the motor
during an initialization period of 3 seconds. During this period, the interaction between
the flux from the stator windings and the permanent magnet flux linkage will cause the
magnetic axis of the rotor (i.e. the d-axis) to align with the a-axis of the stator. It should
be noted that this method is not an acceptable option in all cases, as the direction of mo-
tion of the rotor will be unpredictable, which may have detrimental consequences in some
applications.

Once the initialization procedure is performed, the rotor angle will be 0 degrees and the
current model can be used to obtain the initial value of the stator flux estimate, gj o The
initial value produced by the current model is passed to the voltage model when the motor
is started.

3.2.2 Operation Enabled: The Active Flux Concept

Once the initialization routine is completed, the motor drive enters the ’operation enabled”
state. Here, the drive will rely on the voltage model flux estimate for position estimation.
Once the stator flux linkage is estimated, an estimate for the rotor position and speed can
be obtained by introducing the active flux concept that transforms all salient-pole machines
into fictitious, non-salient machines [40, 8, 7]. The active, or torque-producing, flux vec-
tor is the flux that multiplies the g-axis current in the rotor-oriented torque expression in
Equation 2.22. The active flux vector in the rotor-oriented reference frame, U7, is given
by

Yo =9+ (Ta — q)id (3.8)

Equation 3.8 can be further modified, and it can be shown that an expression for the active

flux vector that is valid in any reference frame is given by

Yp =¥, — Tls (3.9)
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When the estimate for the stator flux linkage is found, an estimate for the active flux vector
can be obtained by using Equation 3.9. From Equation 3.8, it is concluded that ¥ points
in the same direction as the permanent magnet flux linkage and hence the rotor. The angle
of W, with respect to the phase a axis thus corresponds to the angle of the rotor. This is

can be visualized by considering Figure 3.3.

W, (%g-x3)ig

— )e v

*a

Figure 3.3: The active flux space vector. Reproduced from [40].

. . . . ~S . .
An estimate for the active flux vector in stator coordinates, QT, can be obtained using the
voltage model flux estimate, @: 0 a8 shown in Equation 3.10.
— s 3.10
yT - ys,u ~ Tqls (3.10)

AT
The angle of ¥ is equal to the rotor angle position, 6, and can be calculated by using the
inverse tangent function, as shown in Equation 3.11.

0[k] = arctan (W) (3.11)
¢T,a[k]

Here, 97 o and ¢ g are the o and 5 components of the active flux vector, respectively.
Once an estimate for 6 is obtained, an approximate value for the per unit rotor speed can
be found as the time derivative of the position estimate as shown in Equation 3.12.

0[k] — Ok — 1]

Tsamp

k] = (3.12)
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An equivalent expression for the speed estimate is given by Equation 3.13 [40]. This is the
expression that will be used for speed estimation in this thesis.

_ Uralk — 1r,slk] — 7 slk — 1dr.alk]

ﬁ[k] 7,2 72
Tsamp (wT,a [k] + '(/JT,ﬁ [k] )

(3.13)

Without additional filtering, the speed estimate produced by the equation above may be-
come very noisy, which may cause problems for the control system. A low-pass filter is
therefore applied to the speed estimate in order to reduce the noise in the estimate, with
the filter time constant being set equal to 0.005 seconds. The time constant value is ob-
tained through trial and error, and the chosen value was the smallest value that resulted in
adequate filtering of the speed estimate. As low-pass filtering will introduce a delay be-
tween the filtered speed estimate and the unfiltered estimate that increases for increasing
filter time constant magnitude, the time constant value should be kept as small as possible.
In [8], a value of similar magnitude was deemed appropriate, and thus supports the filter

design that is chosen in this thesis.

3.3 On-Line Stator Voltage Estimation

To achieve further reductions in drive hardware complexity, cost, size and weight, as well
as increased reliability, the stator voltage sensors can be removed, and the stator voltage
can be estimated on-line. Such an approach will be taken in this thesis, and is presented in

this section.

A common technique for stator voltage estimation is to use the reference voltages pro-
vided by the controllers as a means of obtaining the output voltage of the inverter. Ideally,
the inverter’s output voltage would be identical to the reference voltage of the converter. In
reality, however, the non-ideal properties of the inverter will lead to discrepancies between
the reference voltage and the actual stator voltage, as non-linear voltage drops across the
converter produces distortion in its output voltage. Especially during low speed operation
when the stator voltage is low, the voltage might become highly distorted.

If the non-linear voltage drops across the inverter are accurately modelled, they can be
subtracted from the reference voltage in order to compensate for the voltage drop across
the inverter and achieve a realistic estimate of the output voltage. This will make it pos-
sible to operate the motor drive without using voltage sensors. In the following sections,
this approach is described. A thorough analysis of how on-line stator voltage estimation
can be performed was conducted by Fjellanger in his master’s thesis, and the interested
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3.3 On-Line Stator Voltage Estimation

reader is referred to [16] for a more comprehensive discussion.

3.3.1 Non-Ideal Converters: Influence of Dead Time Effects

The three-phase, two-level converter that is used in the PMSM drive has three bridge legs,
with each leg having two transistors and two free-wheeling diodes, as shown in Figure 3.4.
Ideally, the transistors are switched such that when one of them is in its ON state, the other
one is off. In practice, there will be a short period of time, referred to as the blanking time
Tpr, in which both transistors in a converter leg are off simultaneously [34]. This is done
to avoid “shoot-through”, or short-circuiting of the converter leg, as the turn-on delay time
ensures that the device is completely turned off and does not turn back on again when the
complementary transistor is turned on. If shoot-through were to occur, it is likely that the
switches would be destroyed by the high short-circuit current.

+3 3 +}

—|r1} —|f1} —|L”1}

» A s B ) C

Figure 3.4: Generic three-phase, two-level voltage source converter. Reproduced from [34].

In addition to the blanking time, there will be a delay between the time of the turn on
command and the instant when the device actually starts conducting. When a gate pulse
is applied to the switch, the voltage across it will start to rise and the switch does not start
to conduct before a certain voltage is reached. The period of time it takes for the voltage
to increase above its threshold value and start conducting is referred to as the turn-on time
of the transistor. Similarly, when the turn-off command is applied, there will be a period
of time when the voltage across the device decreases, and when the voltage drops below
a given value, the switch will stop conducting. This period of time is referred to as the
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transistor’s turn-off time. The turn-on and turn off-times of the transistor can generally be
incorporated into the blanking time.

As described in the paragraph above, there will be a constant voltage drop across the tran-
sistor, upy, that is necessary for current to flow across the PN junction of the transistor.
This also applies to the freewheeling diode. Additionally, both the transistor and the diode
will cause an ohmic voltage drop due to their internal resistances, rr. The combined ef-
fects of blanking time, turn-on and turn-off time and the voltage drops across the switches
and diodes are usually referred to as the dead time effects of the converter. If these are
accurately modelled, the real stator voltage can be estimated with high precision.

3.3.2 Estimating the Stator Voltage

Analytical expressions for the approximate value of the voltage drop across the converter
as a result of the dead time effects in the converter, Au; pr, were developed by Weichbold
and von Raumer in [49] and are presented in Equation 3.14.

Aug pr = sign(is) (uTD(|iS|) + w : ch) (3.14)
S
Here, urp is the averaged on-state voltage drop of transistor and diode, which is dependent
on the current magnitude. T'gr is the blanking-time of the transistor, while T, and T,
are the the turn-on and turn-off time, respectively. If the on-state voltage drop across the
converter switches and diodes are neglected, a simple approximation of the voltage drops
across the converter due to the dead-time effects is given by

Td +Ton _Toff .

AUS,DT = fsign(is) T
S

upc (315)
This is a reasonable approximation, since the magnitude of the DC link voltage is much
larger than the on state voltage drop of the diode and transistor [16]. Once the value of
Aupr is obtained for each phase, the output stator voltage, &> can be estimated using

Ug = ug ey + AU pr (3.16)

where u?

ug . s represents the reference voltage to the converter.

As seen from the expressions above, the voltage drop across the semiconductors is de-
pendent on the direction of the current flowing out of the converter. When the current is
positive, the value of Aus pr becomes negative, which leads to the output voltage becom-
ing smaller than the reference voltage. When the current is negative, Aus pr becomes
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positive and the output voltage becomes larger than the reference voltage. In Figure 3.5,
the reference voltage of the converter, which corresponds to the ideal stator voltage, and
the estimated output stator voltage, which is an approximation of the actual output voltage
of the converter, are presented. The stator current is also included in the plot. Here, it has
been assumed that the combined turn-on, turn-off and blanking time amount to 10% of the
sampling period. This is an unrealistically high value, but allows for easy visualization of
the dead-time effects on the output voltage of the converter. In the figure it can be seen
that there is an instantaneous change in the output voltage when the current crosses the

zero-line.
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Figure 3.5: Ideal stator voltage, estimated stator voltage and stator current of phase a of the motor.

3.4 Sensorless Operation Based on the Voltage Model

In Section 3.1, the voltage model and the current model were presented, and it was shown
how they can be used to estimate the stator flux linkage of the motor. Once a flux estimate
is obtained, the rotor position of the machine can be estimated using the active flux concept
that was presented in Section 3.2. Since the current model estimates the flux in the dg

plane, it alone cannot be used for flux estimation in a position-sensorless motor drive, and
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fundamental excitation-based methods for position-sensorless operation therefore rely on
the use of the voltage model. The voltage model was presented in Equation 3.2, and is

repeated below, now using the hat symbol to denote estimated quantities.

t
¥ =1, +wn /0 (&5 — 74i%)dt (3.17)
The accuracy of the voltage model flux estimate is very sensitive to errors in any of its
inputs, as indicated in Section 3.1.3. Wrong @:0 will lead to a constant offset in the flux
estimate that is not removed due to the estimator being an open integrator without feed-
back. Inaccuracies in 75 or @, will lead to an error in the flux estimate that increases with
time. Any of the above scenarios will lead to inaccurate rotor position estimation that

S

makes sensorless control an impossibility. As errors in ws o

occur in real-life scenarios, the voltage model will have limited practical use in sensorless

s or 4 are very likely to
motor drives if it is not further modified.

In the subsequent sections, it will be shown how the voltage model can be modified and
corrected in order to obtain a flux model that estimates the stator flux with high accuracy
even if any of its inputs are erroneously estimated. The corrected voltage model will as
such become a viable means of accomplishing sensorless operation. It should however be
emphasized that even with the implementation of the proposed modification, the voltage
model will still struggle at low speeds, as the integration in Equation 3.17 will approach

an open integrator as the speed approaches zero.

3.4.1 Stator Flux Linkage Drifting

If all inputs to the the voltage model are accurately estimated or measured, the resulting
stator flux linkage estimate will in theory be a perfect representation of the actual stator
flux of the machine. In steady state, this flux estimate will be a rotating space vector with
constant amplitude, whose trajectory will form an origin-centered circle. In Figure 3.6, the
trajectories of two stator flux linkage estimates are shown. The blue stator flux estimate
is produced with @S 0’ s and 4 perfectly estimated, and this flux estimate should as such
correspond with the actual stator flux. This flux estimate is denoted gz The red flux
estimate has been given an initial value with a DC offset equal to 0.3 per unit in the a-axis
of its initial value, and is denoted @: The figure shows the trajectories of the stator flux
space vectors in the first 2.5 seconds after a torque reference of 1 per unit has been applied.
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Figure 3.6: Real stator flux and flux estimate trajectories with erroneous initialization of the voltage
model.

In Figure 3.6, it appears that the stator flux estimate has “drifted” away from the origin and
become non-origin centered due to the erroneous initialization of the flux vector, demon-
strating how the flux estimate vector may behave if it is erroneously estimated with the
voltage model. In Figure 3.7, the time-series of the magnitudes and angles of the esti-
mated and the real flux, as well as the magnitude error and the angle error of the flux
estimate, are presented for the same scenario. The magnitude and angle error of the flux
estimate are calculated as |7 | — @3 and Z¢° — Z@z, respectively. Here, it can be seen
that when the flux estimate drifts, the result is oscillating errors in both the magnitude and
the angle of the flux estimate. This can be understood by considering Figure 3.6. When @Z
is pointing in the positive a-axis direction, its magnitude is larger than that of yz, while
it becomes smaller after half electric period when the space vector has rotated 180°. It is
worth mentioning that the magnitude of @: in theory should be constant, given that it is
estimated with no errors added to yso’ s or 45, but a small oscillation in the real stator
flux” magnitude is observed as well in Figure 3.7a. This is most likely due to inherent
inaccuracies in the current and voltage readings in the embedded real-time simulator, e.g.
round-off errors, which results in some drifting of gz as well.
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Figure 3.7: Voltage model flux estimate with erroneous initialization and voltage model flux esti-
mate with all quantities accurately estimated.

Similar drifting of the flux estimate can be observed if there are offsets in the estimated
stator voltage or if the stator resistance is erroneously estimated. These two scenarios
are presented in Figure 3.8, where the blue and red flux estimates once again represent
the accurate flux estimate and the erroneous flux estimate, respectively. In Figure 3.8a
the stator voltage estimate contains a DC offset equal to 0.005 per unit in the a-axis,
while in Figure 3.8b, the resistance is assumed to be underestimated with 20%, such that
7s = 0.8r5. While an erroneous flux initial value will remain in the flux estimate as a
constant error, any errors in &; and 7 will be integrated in the voltage model for each time
step, producing an flux estimate that drifts further and further away from the origin with
time. Such errors therefore present a more severe problem than erroneous initialization of

the flux estimate.
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Figure 3.8: Stator flux linkage drifting due to erroneous stator voltage and resistance estimation.
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3.4.2 Stator Flux Linkage Drift Correction: The Niemela Method

To ensure that the flux estimate remains sufficiently accurate for the drive to operate with-
out a position sensor, methods that prevent drifting due to errors in the inputs to the voltage

model must be implemented.

Several methods for compensation of the drifting phenomenon have been proposed over
the years. Wu and Slemon presented in [S0] a method for drift compensation in which the
extreme points of the flux estimate locus in the complex plane are used to generate sepa-
rate correction terms for the real and imaginary components of the flux estimate. Another
common approach to dealing with the drift problem is replacing the open integrator with a
low-pass filter. However, the low-pass filter introduces an error in the phase angle and the
magnitude of the flux estimate. Hu and Wu suggested in [27] three methods for modifying
the low-pass filter by adding feedback compensation signals in order to reduce the flux
estimate errors the low-pass filter causes.

Niemeld presented in [36] an alternative method for generating flux estimate correction
terms that relies on the estimated flux vector itself, which will be adopted in this thesis.
This method was shown to be capable of correcting flux drift for frequencies above 0.5 Hz
in a 50 Hz synchronous machine, and even worked sufficiently for frequencies as low as
0.1 Hz. In the Niemeld method, the magnitude of the erroneous flux estimate is squared
and filtered using a low-pass filter, and the difference between the filtered, squared estimate

and the squared estimate is used to obtain an error, €. That is,
5512 5512
€= ‘%inltered - |£S| (3.18)

The error, €, is multiplied with an correction coefficient, £y corr, and added to the original

flux estimate, such that the after-correction estimate, @: [k], becomes

OUTK] = (1+ Ky corr K] - €[K]) - ¢ [K] = 9 +2° (3.19)

S S —S,corr
The drift-compensated flux estimate can hence be considered the sum of the original flux
estimate and a correction component.
The low-pass filter that is used has the transfer function

- 1
a 1—|-Tf8

Hipr(s) (3.20)
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2. can hence be written as

where T is the filter time constant. The filtering process of | éz

ns 1 -5
2 2
; = — 3.21
|g8|letered(3) 1+ TfS I%s‘ (S) ( )
which in discrete-time can be expressed as
ASQ ASQ Téamp ASQ ASQ
1V [Fiterealk + 1] = ¥ [Fiserealk] + T, (19 I°[k] = 1% [Fisterealk]) (3.22)

The validity of the Niemeli drift correction concept can be demonstrated by considering
Figure 3.9. Here, the flux estimate drifts due to an underestimated resistance, 7 = 0.8r.
When the flux estimate drifts, the square of the magnitude of the flux will oscillate around
its filtered value and produce a time-varying error signal. The error signal that is gen-
erated carries information about the instantaneous magnitude and direction of the drift:
From Figure 3.9 it can be seen that when the error signal is positive, the square of the flux
magnitude is smaller than the filtered value, meaning that positive correction flux must
be added to produce the after-correction estimate. The magnitude of the correction com-
ponent is proportional to the magnitude of €, such that if the magnitude of ¢ is large, the
magnitude of %:COM will increase. Similarly, a negative € indicates that a negative correc-
tion flux should be added to produce the after-correction estimate, with the magnitude of
the correction being proportional to the magnitude of e.

39



Chapter 3. Position-Sensorless Indirect Torque Control of the PMSM

Flux Magnitude Squared [per—unilz]

Error [per-unitz]

027

-03

-04

N
T

el
o
T

05

0.4 r

03[

0.2r

0.1

-01

-0.5
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The speed of rotation of the flux estimate space-vector will be equal to the frequency of
the stator currents, meaning that the frequency of the drift-induced ripple in the squared
flux estimate also will be equal to the stator frequency. To achieve effective filtering of the
ripple in the flux estimate due to drifting, the time constant of the low-pass filter should
therefore be made a function of the stator frequency. At low frequencies, the frequency
of the ripple in @32 is low, meaning that a large filter time constant will be necessary.
Similarly, when the stator frequency is large, the frequency of the ripple in the | @: |2 will
be large, and a smaller filter time constant is then sufficient to filter it out. To ensure that
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3.4 Sensorless Operation Based on the Voltage Model

the filter time constant is adequately larger than the electric time period of the drift-induced
ripple, the following formula will be used to obtain the filter time constant:

2

Ty (3.23)
Here, n and f,, are the estimated motor speed and the nominal frequency, respectively.
This formula yields a filter time constant that is approximately twice the electric period.
Looking at the suggested formula, however, it is apparent that its value will grow very large
during low operating speeds. When the time constant becomes very large, any variations in
the stator flux linkage estimate due to changes in the torque reference could be eliminated
by the filter, resulting in an inaccurate flux estimate. To avoid this, the time constant will
be limited to a maximum value of 1.75, as proposed by [17]. The final formula for the

filter time constant then becomes

Tt = min (A2, 1.75) (3.24)
n- fn

In Figure 3.10, the torque reference, the estimated speed and the value of the low-pass
filter time constant during start-up of the motor are shown. During the initial moments of
the start-up transient when the estimated speed is low, the filter time constant exceeds, and
is therefore limited to, its maximum limit of 1.75. As the speed increases, the value of the
filter time constant decreases until it reaches its steady-state value of approximately 0.04
seconds. This is twice the electric time period of the nominal frequency of 50 Hz.
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(a) Torque reference and estimated speed. (b) Low-pass filter time constant.

Figure 3.10: Low-pass filter time constant during start-up.
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Chapter 3. Position-Sensorless Indirect Torque Control of the PMSM

3.4.3 Modifying the Low-Pass Filter

As discussed by Luukko in [32], the dynamic behaviour of the low-pass filter that was
proposed by Niemeli is not sufficient during rapid torque transients. During a step in the
torque reference, the real stator flux squared will change as a result of the stator currents
responding to a change in the reference values that are passed to the control system. The
filtered square of the flux that is employed in the Niemeld method will however change
considerably slower than the non-filtered value, which leads to the error vector, and hence
the drift correction term, becoming non-zero. As a result, the flux estimate will be cor-
rected during the torque transient, preventing the flux estimate from following the actual
flux.

In Figure 3.11, this concept is demonstrated. Here, the response in (@j)z and (@Z)?mwe d
to a step in the torque reference can be seen. All inputs to the voltage model are assumed
to be perfectly measured, which means that the flux estimate will not drift and correction
of the estimate should as such not be necessary. The machine is at a standstill when the
torque reference step is applied, meaning that the time constant of the low-pass filter is
large. The filtered square of the flux therefore responds considerably slower to the torque
reference step than the non-filtered value, creating a difference between the two that leads
to a non-zero €. As a result, the change in flux during the torque reference transient is
recognized as drifting that needs correction, and an undesirable correction flux component
® is generated. The o and 3 components of the correction flux is shown in the bottom

Ls,corr

plot in Figure 3.11.
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Figure 3.11: Dynamics of the squared flux estimate, the squared and filtered flux estimate and the
correction flux during a torque reference transient.
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Chapter 3. Position-Sensorless Indirect Torque Control of the PMSM

In [32], Luukko proposed to modify the low-pass filter that is used to filter the square of the
flux estimate to avoid drift correction during rapid torque reference transients. If the filter
acts as a unity gain during the transient, the error vector is forced to zero and no correction
is done. This is done by adding a derivative term to the previously used low-pass filter,
such that it can be written as

14Ty s

Heer(s) = 137,75

(3.25)
The relationship between the input and the filtered output of the filter in discrete time is

now given by

58 58 Tsam ~ 8 A S
‘%Sﬁﬁltered[k + 1] = |ys|?iltered[k} + TifZ)(‘%S'Q[k] - |£S|‘2filtered[k})+
Ty,  ~s ~8
7o (PR = [, Pk~ 1)) (3.26)
f

where T
d
— =k 3.27
7, ok (3.27)
From Equation 3.25, it is seen that if k7 is equal to 1, the modified low-pass filter becomes
a unity gain and no drift correction is performed. If k7 is equal to 0 on the other hand, the
derivative term in the modified low-pass filter is eliminated and correction is performed.

The value of k7 will be calculated based on Equation 3.28:
kT = min (17 kT0|7A—e - 7A-e,filtered‘) (3.28)

Here, 7. is the estimated value of the electromagnetic torque, which is found using Equa-
tion 2.20. The d and q axis currents in the torque equation are obtained using the estimated
rotor position from the voltage model. 7, fiitereq is a low-pass filtered value of the torque
estimate, that is obtained using a low-pass filter with a filter time constant equal to 0.1
seconds, and the difference between 7. and Te, fiitereqa Will be approximately equal to the
per unit value of the torque step when it occurs. The value of the coefficient krg can be
used to modify the behaviour of kr: E.g., to disable drift correction for torque steps equal
to or larger than 0.5 pu, k7o should be equal to 2. The correction coefficient &y corr can
then be forced to zero during torque reference steps by defining

kg corr = (1 = k7)kyo (3.29)

According to [38], a typical value of kg is 0.0075, and this is the value that will be used
here.

44



3.4 Sensorless Operation Based on the Voltage Model

In Figure 3.12, the torque estimate, the filtered torque estimate, k7 and kg corr are shown
in the seconds after a step in the torque reference equal to 1 per unit has been applied.
Here, k7o = 4 and kyo = 0.0075 have been used, which in theory should disable drifting
completely during torque reference steps equal to and larger than 0.25. When the torque
reference is applied, an error between 7, and T, firereq quickly establishes. Multiplying
the error with the value of kp¢, a k that exceeds unity in the moments after the torque
reference step is obtained. According to Equation 3.29, the result is ky .o, being set equal
to zero, which leads to gz_cow becoming zero and drift correction being disabled.
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Figure 3.12: The values of k7 and ky, corr during a torque reference step transient.
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Chapter 3. Position-Sensorless Indirect Torque Control of the PMSM

With the Niemeld-method for drift correction and the modified low-pass filter for drift
disabling during torque reference steps properly implemented, the corrected voltage model
should be able to provide accurate flux estimation even in the presence of inaccuracies in
~S

%s o 75 or @;. Sensorless operation based on the Niemeli-corrected voltage model will be
investigated in Chapter 4.

3.5 Sensorless Operation Based on the Voltage-Current
Model

In the previous section, the Niemeld-corrected voltage model was presented as a means of
obtaining accurate flux estimation in scenarios where the uncorrected voltage model will
fail. In this section, a closed-loop flux observer that combines both the voltage model and
the current model for flux estimation is presented as an alternative method for flux estima-

tion during sensorless operation.

As discussed in the previous section, the voltage model provides inaccurate flux estimates
when the stator frequency is low, and it relies on some sort of drift compensation to correct
for inaccurate model inputs. The current model, on the other hand, is accurate across the
whole speed range if the model parameters are accurate and the rotor position is known.
Bauer and Heining and Jansen and Lorenz suggested in [4] and [25], respectively, to com-
bine the voltage and the current models with the goal of obtaining an improved flux model.
In the proposed solution, the flux estimate from the current model acts as a reference value
for the flux estimate from the voltage model to follow. The error between the two flux
estimates is fed back to the voltage model via a controller, usually a proportional or a pro-
portional plus integral controller, and hence acts as a stabilizing feedback term. The error
between the reference flux and the output flux, €, is then given by

=9 9 (3.30)

s
s, Ls,u

This error signal is passed to the controller in the feedback loop, which outputs a compen-

sation voltage, ug ., that is added to voltage model integral. The flux estimate from the

voltage model now becomes

t
Y=+ wn/o (U — Pl + US comp)dt (3.31)
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3.5 Sensorless Operation Based on the Voltage-Current Model

Separately, the voltage model and the current model are open-loop estimators, but by com-
bining them as suggested, a closed-loop observer is obtained [25]. The structure of the
voltage-current model is presented in Figure 3.13. Here, a proportional controller is used

in the feedback-loop and the active flux concept is utilized for rotor position and speed

estimation.
VoltageModel
i
Ls
| "
=
s - 2 _ & n
Ug | J‘ s Yp Rotor Position and R
| Speed Estimation 2]
_ ~ 5
v
]w,'p — Current Model

Figure 3.13: The voltage-current model with a proportional controller in the feedback loop. Repro-
duced from [33].

The closed-loop observer combines the advantages of the current model during low-speed
operation with those of the voltage model during medium-high speed operation to provide
an improved flux estimate. In general, the current model in the closed-loop observer can
use the estimated or measured rotor position in order to transform stator-frame quantities
into rotor-oriented quantities. For sensorless control applications, such as the one that is
currently being considered, the input to the current model will be the estimated rotor angle
from the voltage model. As a result, the closed-loop observer will still struggle during
operation around zero speed.

3.5.1 Using a Proportional Controller in the Feedback Loop

In the method presented in [4], a proportional controller with a gain of k, was used in
the feedback loop in order to determine for which frequency the observer would transition
from being current model reliant, to becoming reliant on the voltage model. The signifi-
cance of the value of the feedback gain can be shown mathematically by considering the
closed-loop transfer function from the current model reference flux estimate, @z)i, to the
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Chapter 3. Position-Sensorless Indirect Torque Control of the PMSM

voltage model output flux estimate, @:u The stator voltage, @, and the product of the
stator resistance and the stator current, 74i7, that are inputs to the voltage model can be
considered disturbances that act on the control loop that is the closed-loop observer. Using
the principle of superposition, these can be set equal to zero, and the impact of @zl on

~ 8

., can be investigated. The transfer function from the reference flux to the output flux
becomes

s _Ho (3.32)

For small frequencies s < k,,, the transfer function magnitude approaches unity, indi-
cating that the flux estimate from the closed-loop observer follows the current model es-
timate closely in the low-speed region. When s > k,, the transfer function magnitude
approaches zero, which means that the flux estimate is now given by the voltage model.
When s = k,,, the magnitude of the transfer function becomes 1 meaning that the voltage
model and the current model are trusted equally when producing the output flux estimate.
Hence, by choosing the value of k,, the speed for when the closed-loop observer transi-

tions from being current-model reliant to becoming voltage-model reliant can be set.

The impact of the disturbances, @; and 7i?, on the flux estimate can be exemplified by
considering the transfer function from the stator voltage estimate @ to the voltage model
flux estimate, @zu As before, using the principle of superposition, the effect of the volt-
age on the voltage model flux estimate can be found by setting the current model flux

estimate, % e equal to zero. The following transfer function is obtained:

(3.33)

The effect of a DC offset in 4} equal to Aé’ can be found using the final value theorem as
shown below:

L as . 1 A .
Jim 0 = iy () S =0 634
This shows that potential DC offsets in @) and 744 will remain drift-inducing sources
of error in the flux estimate that will not be removed over time. This can be verified
by considering Figure 3.14. Here, a DC offset equal to 0.005 per unit is present in the
a-axis stator voltage, and the response in the a-axis stator flux estimate is shown. The
proportional controller is tuned with k£, = 0.1. From the figure, it is evident that the
amplitude of the response in the a-axis flux estimate to the DC offset has a steady-state
value equal to 0.05 per unit.
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Figure 3.14: Response in the a-axis flux magnitude from the proportional controller based voltage-
current model to a DC offset in the stator voltage.
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3.5.2 Using a Proportional-Integral Controller in the Feedback Loop

To eliminate the steady-state error in the flux estimate due to errors in the inputs to the
voltage model that were observed in the previous section, integral effect can be added to
the controller in the observer’s feedback loop. The combination of the PI-controller based
voltage-current model and the active flux concept for rotor position and speed extraction
in PMSM drives has been investigated in [40, 41, 8, 7, 8, 44]. The structure of this config-
uration is presented in Figure 3.15. The only difference compared to the voltage-current

model from the previous section is that a PI controller is now used in the feedback loop.

Voltage Model

)8 n
Lsu P Yy Rotor Position and
Speed Estimation f)

—5: Current Model

Figure 3.15: The voltage-current model with a proportional-integral controller in the feedback loop.

The PI controller transfer function can be written as
ki
Hpi(s) =k, + . (3.35)

where k,, and k; are the proportional and the integral gains of the controller, respectively.
When replacing the proportional controller in the feedback loop of the voltage-current
model with a PI controller, the closed-loop transfer function becomes
%s,u _ ql}s _ kp8+ki
1LS . (o 52 4 kaS + ks

5,1

(3.36)
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3.5 Sensorless Operation Based on the Voltage-Current Model

while the transfer function from the stator voltage estimate to the flux estimate becomes

~8
L 5

= 3.37
@l 2+ kys+k; ( )

As before, the effect of a DC offset in the estimated stator voltage on the flux estimate can
be investigated using the final value theorem:

. as . s Adg

Equation 3.38 shows that by adding integral effect to the controller in the feedback loop,
the controller will eliminate the effect of errors in the input to the voltage model that would
otherwise cause drifting of the flux estimate. Figure 3.16 shows the response of the a-axis
flux estimate to a DC offset in the «-axis of the stator voltage estimate equal to 0.005
per unit with the PI controller implemented in the feedback loop. The controller has been
tuned using k, = 0.1 and k; = 0.1. From the plot it is evident that by adding integral effect
to the feedback controller, the impact of the DC offset in the estimated stator voltage on
the a-axis flux estimate magnitude is eliminated over time.
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Figure 3.16: Response in the a-axis flux magnitude from the proportional-integral controller based
voltage-current model to a DC offset in the stator voltage.

When proportional control was applied in the feedback loop, the relative importance of

the voltage model and the current model in the closed-loop observer could be determined
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simply by choosing the value of the proportional gain of the controller. When using a PI
controller, choosing appropriate values of the controller gains becomes a bit more com-
plex, and the tuning process usually involves a degree of trial and error. An educated
guess of the controller gains can however be made using the pole placement method that is
described next. The closed-loop observer’s characteristic equation is given by the denom-
inator polynomial of the closed-loop transfer function in Equation 3.36. This equation can
also be expressed as a function of the system poles, A\; and Ao, with A1 < Ao, yielding the

following relationship:
2+ kps+ ki =(5s—M1)(s— A2) (3.39)

The PI controller gains can hence be written as a function of the closed-loop observer

poles, as shown in Equation 3.40.

kp
ki

—(A1+ A2) (3.40a)
A (3.40b)

As described in [2], the system poles will characterize the observer’s frequency behaviour
in the following manner: The current model prevails for low frequencies when s < |Aq],
while the voltage model will prevail for s > |A\1]. A smooth transition between the two
will take place for || < s < |A2|. The method of pole placement can provide a starting
point for the tuning of the PI controller, but in practice, trial and error will be necessary to
obtain PI controller gains that results in an accurate stator flux estimate. In this thesis, the
PI controller will be tuned using k, = 0.1 and k; = 0.1. These values produce an accurate

stator flux estimate, and will be used in the remainder of this thesis.

The voltage-current model with a PI controller in the feedback loop is the configuration
that will be used for the remainder of this thesis.

3.6 Possible Improvements of the Sensorless Control Schemes

This section contains a brief description of two concepts that can be used to improve the
performance of the sensorless motor drive. Both concepts were attempted in this thesis,
but not successfully implemented, and remain strong candidates for future work that can
serve to boost the performance of the sensorless control schemes that have been proposed.

52



3.6 Possible Improvements of the Sensorless Control Schemes

3.6.1 Phase-Locked Loop for Rotor Position Estimate Filtering

The inverse tangent function that is used in Equation 3.11 to extract the rotor position
from the active flux vector might produce a noisy position estimate if there is significant
amount of harmonics present in the active flux vector estimate [20]. The differentiation
of the position to obtain the speed estimate may as a consequence become very polluted
with noise. Especially when driving through zero speed, this effect may become prevalent
as a consequence of inaccurate flux vector estimates from the voltage model around zero-
speed. To diminish the potential noise in the position and speed estimate, a phase-locked
loop (PLL) can be used to filter the estimated rotor position, as suggested in [38]. This
approach was investigated by Bolstad in [9], and resulted in increased accuracy of the
closed-loop observer, assuming erroneous stator resistance values. A description of the
phase-locked loop, the proposed method and the results that were obtained are presented

in Appendix F.

3.6.2 High Frequency Signal Injection for Standstill and Low-Speed
Operation

In order to provide a comparison of the proposed fundamental-excitation based methods
and saliency-tracking based methods for sensorless operation during low-speed operation,
attempts were made to implement the high-frequency signal-injection method for saliency
tracking that is presented in [44]. This method is based on the work done by [52] and
[28], and works by adding a square-wave voltage component with small amplitude and
frequency equal to the switching frequency to the d-axis stator voltage. The ripple in the
stator current due to the high-frequency component in the stator voltage will be modulated
with information about the rotor position, and by applying the correct demodulation tech-
nique, the position of the rotor can be obtained [28]. In the proposed method, an attempt
to extract the rotor position using a phase-locked loop was made, but it was not successful.
A more detailed description of the approach can be found in Appendix G.
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Chapter

Real-Time Simulation Results

In this chapter, the sensorless control schemes that were presented in the previous chapter
will be validated through simulation. The C++ sub-routines that are necessary for sen-
sorless operation are added to existing control software in the programmable CPU of the
SoC-based embedded controller that was presented in Section 2.3. Condensed versions of
the most essential sub-routines are presented in Appendix H. These include subroutines
for rotor position estimation using the active flux concept, stator voltage estimation and
flux estimation using the Niemeld-corrected voltage model and the voltage-current model
with a PI controller in the feedback loop.

The control software will in this chapter be used to drive the ERTS that runs on the FPGA
of the SoC. The data for the motor drive that is implemented in the ERTS are presented in
Appendix B.

Two methods for flux estimation that in combination with the active flux concept enable
sensorless operation were presented in the previous chapter, and will be simulated in this

chapter. They are:

1. Sensorless operation based on the Niemelé-corrected voltage model.

2. Sensorless operation based on the voltage-current model with a PI controller in the
feedback loop. This flux model will be referred to as the “voltage-current model” in

the remainder of this thesis.
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The Load

Initially, all simulations will be performed using a quadratic load function that is dependent
on the rotor speed. The load torque will be given by

71, = kn? @.1)

where the constant k is chosen such that the motor operates at nominal power at nominal
speed. This load characteristic is valid for the modelling of fans, pumps and compressors
[37].

Resistance and Voltage Estimation

To verify the validity of the sensorless control algorithms, the stator resistance will be
assumed erroneously estimated in order to create scenarios in which the flux estimate
will drift unless the proposed flux models work as intended. The stator resistance will be
estimated such that

7s = 0.87, 4.2)

According to Bolstad, this scenario will occur at 91°C for copper-based stator windings if
the value of 7, is accurately estimated at 25°C and then treated as a constant [9]. It may as
such correspond to a situation in which the machine is heavily loaded, subjected to high
ambient temperatures or both.

The stator voltage will be estimated according to the method presented in Section 3.3
in all simulations, and the drift correction algorithms will therefore have to correct drifting
that results from both the inaccuracy in the resistance estimate and potential inaccuracies
in the voltage estimate. All other motor parameters are assumed to be accurate.
Simulation Cases
The following cases will be simulated:

1. Sensorless operation without correction

2. Sensorless operation based on the Niemela-corrected voltage model

(a) High-Speed Operation Including Start-Up
(b) Driving Through Zero-Speed
(c) Very-Low Speed Operation
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4.1 Sensorless Operation Without Drift Correction

i. Start-Up and Very-Low Speed Operation
ii. Very-Low Speed Operation With High Initial Speed

(d) Driving Through Zero-Speed With Constant Load Torque
3. Sensorless operation based on the voltage-current model

(a) High-Speed Operation Including Start-Up
(b) Driving Through Zero-Speed
(c) Very-Low Speed Operation

1. Start-Up and Very-Low Speed Operation
ii. Very-Low Speed Operation With High Initial Speed

(d) Driving Through Zero-Speed With Constant Load Torque

4.1 Sensorless Operation Without Drift Correction

As an initial test, an attempt is made to operate the motor drive using the estimated stator
flux from the voltage model without drift correction. This is done to demonstrate the need
for specialized flux models when the inputs to the voltage model are inaccurately mea-

sured or estimated.

Figure 4.1 shows the true and estimated rotor position and the error between them in the
seconds after a torque reference of 1 per unit is applied. The true speed, the estimated
speed and the difference between them, along with the torque reference and the estimated
torque, are also presented. The estimated torque is obtained using the torque expression
in Equation 2.20. With all machine reactances assumed to be accurately measured or esti-
mated, the estimated torque is equal to the actual torque output of the motor.

From Figure 4.1 it can be seen that an error in the estimated rotor position is established
immediately after the torque reference is applied. During the initial start-up transient when
the speed and the stator voltage is low, the flux estimate will be highly sensitive to the er-
roneous stator resistance estimate. The result is oscillating errors in both flux estimate and
rotor position estimate. As the speed increases and approaches nominal speed, the impact
of the inaccurate resistance becomes smaller and the magnitude of the position estimate
error decreases. However, when the drive approaches its steady-state speed, the errors due
to the inaccurate resistance will start to accumulate in the flux estimate, and the result is
that the magnitude of the position estimate error will become increasingly large. After

approximately 5.5 seconds, the inaccuracy in the rotor position estimate leads to drive
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malfunction due to over-currents.

From the above results it is evident that an erroneous resistance estimate and the subse-
quent drifting of the flux estimate will quickly lead to an inaccurate rotor position estimate,
which in turn causes problems for the control system. If the rotor position is inaccurate,
the d- and g-axis current references will become erroneous and the performance of the
motor drive will degrade. The following is thus clear: Flux models that are capable of
estimating the stator flux with high accuracy even when the stator resistance estimate is

erroneous are necessary for sensorless operation of the motor drive.
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Figure 4.1: Start-up and high speed operation without drift correction.
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4.2 Sensorless Operation Based on the Niemela-Corrected
Voltage Model

In the preceding section, the need for correction of the flux estimate from the voltage
model with inaccurate inputs was demonstrated. In this section, the Niemeld-corrected
voltage model will be used for flux estimation.

Initially, the accuracy of the flux and rotor position estimate coming from the Niemel&-
corrected voltage model during nominal operation is investigated. Then, the viability of
using this method across the whole speed range will be examined by testing the method
during zero-speed drive-through and very-low speed operation. These are challenging op-
erating scenarios for sensorless drives, and will be used to investigate the robustness of the
method. As before, the stator resistance has been estimated 20% too low to induce drifting

of the stator flux estimate in all simulations.

The initial attempts of sensorless operation revealed that the sensorless drive based on
the Niemeld-corrected voltage model is highly sensitive to noise in the rotor speed esti-
mate. The original filter time constant of 0.005 is not sufficient to achieve satisfactory
performance of the drive, and a filter time constant as large as 0.06 must be used in or-
der for the drive to remain stable. It will thus be seen that the speed estimate from the
Niemelid-corrected voltage model will carry a small amount of noise, but in return, it will

struggle to follow the true rotor speed closely during rapid speed transients.

4.2.1 High-Speed Operation Including Start-Up

Figure 4.2 shows the true and estimated rotor position and the position estimate error in
the seconds after a torque reference of 1 per unit is applied. The true speed, the estimated
speed and the speed estimate error, along with the torque reference and the estimated
torque are also presented.

During the initial start-up transient, there is an oscillating error in the rotor position that
has a maximum value of approximately 15 degrees. The Niemeld correction algorithm
does however quickly eliminate this error, and the position estimate locks onto the mea-
sured position after approximately 2 seconds, giving a steady-state error in the position
estimate of 0 degrees. The Niemel&-corrected voltage model in combination with the ac-
tive flux concept is thus capable of estimating the rotor position with high accuracy during
high-speed operation. In steady-state, the position estimate is polluted by some noise that

is resulting from the inverse tangent function that is used on the active flux vector com-
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ponents in order to obtain the rotor position. This supports that filtering of the position
estimate using a phase-locked loop, as suggested in Section 3.6, could produce a more

accurate position estimate.

Oscillations in the speed estimate are also observed during the start-up transient. The
maximum magnitude of the error in the speed estimate is approximately 0.04 per unit. As
the motor approaches steady-state speed, a steady-state offset in the speed estimate error
of slightly less than 0.01 per unit is established. This is due to the low-pass filtering of
the speed estimate, that results in a delay between the speed estimate and the speed mea-
surement. The error in the speed estimate is removed relatively slowly as a result of the
aggressive tuning of the low-pass filter. As previously mentioned, a large filter time con-
stant has been found to be necessary to operate the drive without a position sensor when
the Niemeld-corrected voltage model is used, as the method is highly sensitive to noise in
the speed estimate. From the results it can be seen that the large filter time constant leads
to a relative noise-free estimate, but slows down its dynamics during transients.

The torque output of the machine quickly reaches its reference value after the torque refer-
ence is applied. The distortion of the position estimate does however result in some noise
in the torque output that could lead to problematic motor vibrations and noise.
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Figure 4.2: Start-up and high speed operation with the Niemelé-corrected voltage model.
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4.2.2 Driving Through Zero-Speed

As has been previously established, the accuracy of the flux estimate from the voltage
model worsens when the motor approaches zero speed. While persistent operation at
standstill is therefore not an option for a fundamental-excitation based sensorless motor
drive, it may be able to cross zero-speed quickly without failure. To investigate the via-
bility of this concept, the control system is subjected to the torque reference signal that is
presented in Figure 4.3. During the first 2 seconds while the torque reference is 1 per unit,
the motor accelerates and a positive direction of rotation is established. When the torque
reference drops to —1 per unit, the motor decelerates and comes to a halt, before it starts
accelerating in the negative rotational direction.

During start-up, the same oscillating error in the position estimate that was observed in
the previous case is established. The error has approached zero when the second step in
the torque reference occurs, at which point a small increase in the position estimate error
occurs. In Figure 4.5, the correction terms k7 and k., during the torque transient are dis-
played. Here, it is seen that k7 becomes equal to 1 and &, becomes 0 during both torque
reference steps. It is thus apparent that the correction method works as intended through
the disabling of the drift correction during both positive and negative steps in the torque
reference. As the speed approaches zero, there is an increase in the position estimate error.
The error magnitude reaches a local maxima of around 5 degrees, before it decreases and

is completely eliminated when steady-state speed is reached.

The speed estimate is negative during start-up, and the error magnitude has a local maxima
of around 0.04 per unit. When the torque reference is reduced to —1 and the speed starts to
decrease, the error becomes positive. This is a result of the filtering of the speed estimate
that produces a error between estimated and real speed which is negative for increasing
speed and positive for decreasing speed. A small spike in the error is observed when zero-
speed is traversed. The torque output of the motor follows its reference closely across the
whole speed range.

The results obtained in this section verifies that the Niemeld-corrected voltage model pro-
vides a flux estimate that enables the position-sensorless motor drive to perform zero-speed
traversal without significant difficulties. Since the quadratic load that is employed in this
scenario is a function of the square of the motor speed, the load torque is zero when the
zero-speed is crossed. This, in combination with the inertia of the rotor, allows the motor
to traverse zero-speed quickly. A more challenging scenario will be presented in Section
4.2.4, where driving through zero-speed with constant load torque will be attempted.
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Figure 4.3: Driving through zero-speed with the Niemelid-corrected voltage model.
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Figure 4.5: Correction terms used in the Niemeld-corrected voltage model when driving through
zero-speed.

4.2.3 Very-Low Speed Operation
Start-Up and Very-Low Speed Operation

In order to examine the robustness of the current sensorless control method, the perfor-
mance of the drive is tested during a very-low speed scenario. A torque reference of 0.01
per unit is applied as the motor is started, and the real-time simulator results are displayed

in Figure 4.6. The simulation is performed over a period of 55 seconds.

The position estimate error increases rapidly after start-up and reaches a maximum value
of approximately 65 degrees before it starts to decrease. It is evident from the figure that
the dynamic performance of the motor drive is very poor. The position estimate error is
large during the first 35 seconds of simulation, after which it becomes zero. This proves
that the rotor estimate takes very long to lock on to the measured rotor position, and this
will present difficulties if the application involves rapid torque reference fluctuations dur-
ing very-low speed. In spite of the position estimate error being large in the 35 initial
seconds after start-up, the drive remains stable, and when steady-state speed is reached,
the rotor position is estimated with high accuracy.

The speed response of the machine due to the applied torque reference is very slow. There
is a small increase in speed during the initial second of the simulation, before the speed

remains more or less unchanged throughout the next 20 seconds. As the accuracy of the
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position estimate improves, the speed starts to increase and steady-state speed is reached
after approximately 40 seconds of simulation. The inability of the drive to accelerate the
motor during the first 20 seconds is interesting, and may be a direct result of the inaccurate
position estimate during this period of time. The noise in the speed estimate and torque

output of the motor is seen to become substantial during low-speed operation.
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Figure 4.6: Start-up and very-low speed operation using the Niemeld-corrected voltage model.
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Very-Low Speed Operation With High Initial Speed

It is evident that the accuracy of the position estimate is poor initially if the drive is given
a small torque reference when it is at a standstill. It is hypothesized that the drive’s ability
to operate at low speed will be better if the motor is already operating at high speed when
the torque reference of 0.01 per unit is applied. To investigate this, the motor is brought
to a steady-state speed of around 1 per unit by applying a torque reference of 1 per unit,
before the torque reference is reduced to 0.01 per unit.

The results from this scenario are displayed in Figure 4.7. Here, it is seen that if the
motor speed already is high when the torque reference of 0.01 per unit is given, the ac-
curacy of the position and speed estimation is very good during the transient following
the torque reference step. The error in the position estimate has a peak value of around 2
degrees and is quickly reduced to a mean value of 0 degrees as the steady-state speed is
approached. There is however considerable noise present in the position estimate as the
speed is reduced. The speed estimate error is seen to have an initial value of around 0.01
per unit, which is reduced to almost 0 as steady-state is approached. This is an interesting
observation, as it suggests that the the steady-state error in the speed estimate is larger for
high speeds than for low speeds.

The results in this section indicate that very-low speed operation when using the Niemela-
corrected voltage model for flux estimation is a viable option. The drive seems to struggle
if it initially is at a standstill when the small torque reference is applied, but in spite of
the large position error during the start-up transient and the very slow speed response fol-
lowing the torque reference step, the motor drive remains stable and performs well during
steady-state. If the motor is operated at high speed initially, the accuracy of the method is
very good during the transient following the torque reference step, and estimation is done
with almost perfect accuracy. Very-low speed operation thus only seems to be problematic
if the motor has zero speed initially.
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Figure 4.7: Very-low speed operation with high initial speed, using the Niemeli-corrected voltage
model.
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4.2.4 Driving Through Zero-Speed With Constant Load Torque

In Section 4.2.2, it was shown that the motor is capable of crossing zero-speed without
noteworthy difficulties when the load torque is a quadratic function of the speed. When
the motor is at a standstill, the quadratic load function becomes zero, which enables the
motor to traverse the zero-speed region quickly. In this section, a more challenging operat-
ing scenario is investigated. Here, a constant load torque will be applied, such that the load
torque is non-zero during the zero-speed drive-through. This load characteristics is typical
for hoists and cranes, where the load torque will remain the same, independent of speed
magnitude and direction [37]. The load torque is set equal to 0.2 per unit throughout the
duration of the simulation. The motor torque reference is set equal to 0.3 per unit during
the first 9 seconds, before it is reduced to 0.1 for the remainder of the simulation. This
means that the difference between load torque and motor torque will be equal to 0.1 per
unit at most, which means that the motor will both accelerate and drive through zero-speed
slowly.

The real-time simulation results can be seen in Figure 4.8. In the moments immediately af-
ter start-up, the torque output of the motor is increasing from 0 towards its reference value,
while the load torque is equal to 0.3 per unit. This results in the motor speed becoming
negative initially, as the load torque is larger than the torque output for a short period of
time. When the torque output of the machine exceed the magnitude of the load torque, the
motor decelerates and eventually drives through zero-speed after roughly 6 seconds. The
speed is now positive. When the torque reference is reduced to 0.1 per unit after 9 seconds,
the motor decelerates and drives through zero-speed again, making the speed become neg-
ative. In this scenario, the machine operates as a generator when the speed is negative and

as a motor when the speed is positive.

The position estimate is inaccurate immediately after start-up, but the error is quickly re-
duced. During both zero-speed drive-throughs, the estimate becomes inaccurate for a short
period of time, with errors becoming in excess of 20 degrees and 10 degrees, respectively.
However, the drive perform both speed-reversals with ease, although the position estimate
errors are larger than when zero-speed drive-through with a quadratic load function was
performed. This verifies that speed-reversals with a constant load torque presents a more
challenging scenario.

The results in this section indicate that the methods based on the Niemeld-corrected volt-
age model is an option also for applications that require a constant load torque.
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Figure 4.8: Driving through zero-speed with constant load torque, using the Niemeld-corrected
voltage model.
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4.3 Sensorless Operation Based on the Voltage-Current
Model

In the preceding section, it was established that sensorless operation based on the Niemeli-
corrected voltage model is a viable option across the majority of the speed-range. In this
section, the performance of the voltage-current model that was presented in Section 3.5
will be examined.

The voltage-current model based sensorless drive will be tested in the same operating
scenarios as the Niemelid-corrected voltage model was tested in: Nominal operation, driv-
ing through zero-speed, very-low speed operation and driving through zero-speed with
constant load torque. This way, comparisons between the two methods can be made. As
before, the resistance is estimated 20% too low during all simulations to induce drifting
of the flux estimate and a quadratic, speed-dependent load torque function will be used
initially.

In this section, the original low-pass filter design for filtering of the speed estimate will be
used. This means that the filter time constant will be set equal to 0.005. For the Niemeld-
corrected voltage model, a large time constant was necessary for the drive to remain stable,
but the method based on the voltage-current model does not seem to be very sensitive to

noise in the speed estimate, and a smaller time constant can thus be used.

4.3.1 High-Speed Operation Including Start-Up

Figure 4.9 shows the result from the first 6 seconds of operation after a torque reference
equal to 1 per unit is applied to the control system. The results reveal that the method
based on the voltage-current model manages to estimate the rotor position with high accu-
racy throughout the duration of the simulation, with a peak in the estimate error occurring
after start-up. In the moments following start-up, the error in the estimate increases and
reaches a maximum value of less than 8 degrees. The error magnitude quickly decays,
and as steady-state is approached, the error is eliminated. In comparison with the method
based on the Niemeld-corrected voltage model, the start-up error in the position estimate
from when using the voltage-current model is considerably smaller. The time necessary
for the error to reach its steady-state value of approximately O degrees is similar in both
cases.

The speed estimate error has small oscillations during start-up, before it reaches its steady-
state value that has a small negative offset because of the difference between the measured
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speed and estimated speed due to the low-pass filtering of the latter. The speed estimate
is considerably more noisy than when the Niemeld-corrected voltage model was used, as
this method required a much larger filter time constant, bu the dynamics of the estimate
is however much faster. The torque output of the machine follows its reference value,
with a small amount of noise being present in steady-state due to the noise in the position

estimate.

72



4.3 Sensorless Operation Based on the Voltage-Current Model

200 Start-up transient
—0
150
—0

100
@
2
o
o 50
o
f=h
§
2 0
G
3
o
5 -50
S
14

-100

-150

L-I-ld
-200
0 1 2 3 4 5 6

Time [seconds]
(a) Estimated and measured rotor position.

Start-up transient

[N}

°
o
°
=
°
>

Steady-state

Rotor Speed [per-unit]

Time [seconds]

(c) Estimated and measured rotor speed.

15

. —]

Rotor Position Estimate Error [degrees]

Time [seconds]

(b) Rotor position estimate error.

0.005

o

-0.005

3
2

Rotor Speed Estimate Error [per-unit]

-0.015
0

Time [seconds]

(d) Rotor speed estimate error.

Torque [per-unit]

e
o

4 5 6

Time [seconds]

(e) Estimated output torque and torque reference.

Figure 4.9: Start-up and high speed operation using the voltage-current model.

4.3.2 Driving Through Zero-Speed

To examine the performance of the voltage-current model around zero speed, the torque

reference is set equal to 1 per unit during the first two seconds of simulation, before it is

reduced to —1 per unit during the remainder of the simulation.
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From the results in Figure 4.10 it is seen that the voltage-current model is capable of
driving through zero speed without noteworthy difficulty. The peak error has a magnitude
of around 9 degrees during the zero-speed drive through, which is higher than the error
when the Niemeld-corrected voltage model was used. The voltage-current model hence
seems to provide a more accurate rotor position estimate during start-up, but does perform
slightly worse during zero-speed drive through.

The speed estimate is accurate throughout the complete speed range, with a peak error
magnitude of almost 0.015 per unit during the zero-speed drive-through. The torque out-
put of the machine follows its reference closely.

74



4.3 Sensorless Operation Based on the Voltage-Current Model

Rotor Position [degrees]

200

150

100

50

-50

-100

-150

-200

Rotor Speed [per-unit]

(a) Estimated and measured rotor position.

0.8

0.6

0.4

Time [seconds]

Deceleration

.

FNE-Y

N

AN

Rotor Position Estimate Error [degrees]
& 5]

0 2 4 6 8 10
Time [seconds]

(b) Rotor position estimate error.

Rotor Speed Estimate Error [per-unit]

-0.02
-0.025
0 2 4 6 8 10 2 4 6 8 10
Time [seconds] Time [seconds]
(c) Estimated and measured rotor speed. (d) Rotor speed estimate error.
15
1
= 0.5
kS
3
5
& o
®
g
5
= -05
-1
15
0 2 4 6 8 10

Time [seconds]

(e) Estimated output torque and torque reference.

Figure 4.10: Driving through zero-speed using the voltage-current model.
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4.3.3 Very-Low Speed Operation
Start-Up and Very-Low Speed Operation

The results from the testing of the voltage-current model during start-up and very-low
speed operation after a torque reference equal to 0.01 per unit was applied are shown in
Figure 4.11.

The error in the position estimate is seen to be relatively large during the initial 10 seconds
of simulation, reaching a peak value of around 27 degrees. The position estimate is re-
duced considerably faster than when the method based on the Niemeld-corrected voltage
model was used, and after approximately 15 seconds, the position error has been reduced
to around 2 degrees. This error does however remain in the position estimate throughout
the remainder of the simulation, and the voltage-current model seems to be incapable of
removing this steady-state offset with the current tuning of the PI controller in the feed-
back loop. It is hypothesized that the error might be the result of insufficient integral effect
in the PI controller in the feedback loop, and the integral gain of the controller is increased
in an attempt to remove the offset. The integral gain is increased to point of the observer
response becoming oscillatory and eventually unstable, with no improvement in the per-
formance observed along the way. In an attempt to minimize the magnitude of the offset,
the proportional gain of the controller is increased, but this does not yield any improve-
ments in the accuracy either. The original tuning of the PI controller with £, = 0.1 and
k; = 0.1 is hence kept. The steady-state offset in the error is to small to have any major

impact on the control of the motor, and does therefore not present a significant issue.
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Figure 4.11: Start-up and very-low speed operation using the voltage-current model.
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Very-Low Speed Operation With High Initial Speed

As when using the Niemeld-corrected voltage model, to investigate if the voltage-current
model performs better during very-low speed if the initial speed is high, the motor is
brought to steady-state operation at around 1 per unit speed, before the torque reference is
reduced to 0.01 per unit. The results from this simulation are shown in Figure 4.12. As in
the case of the Niemeld-corrected voltage model, the method based on the voltage-current
model is able to estimate the rotor position with high accuracy when the speed is reduced
to below 0.1 per unit. It is however seen that the steady-state offset in the position estimate
that was observed previously is established also in this scenario when the speed becomes
low. This suggests that the offset in the position estimate is a result of an inherent weak-
ness in the voltage-current model that prevents it from estimating the stator flux perfectly
during very-low speed operation, which does not depend on whether the motor is started

from a standstill or brought to the very-low speed region from an high initial speed.

The speed response of the motor during low-speed operation following start-up is con-
siderably better when using the voltage-current model than when the Niemel&-corrected
voltage model was used. While the response in the latter case was extremely slow due to
the large error in the position estimate during the first half of the simulation, the voltage-
current model based motor drive speeds up immediately after the step in the torque ref-
erence. Considering the superior dynamic response of the voltage-current model, this
method may be a better option than the method based on the Niemeld-corrected voltage
model during very-low speed operation, in spite of the former’s inability to remove the
steady-state error in its position estimate.
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Figure 4.12: Very-low speed operation with high initial speed, using the voltage-current model.
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4.3.4 Driving Through Zero-Speed With Constant Load Torque

The results from the testing of the zero-speed drive-through capability of the voltage-

current model under the influence of a constant load torque are displayed in Figure 4.13.

The error in both position estimate and speed estimate is seen to become very large during
the initial start-up transient. These errors are however quickly eliminated, and the speed
is estimated accurately for the remainder of the simulation. The position estimate error
is quickly eliminated after the start-up transient, but spikes in the error occur during both
zero-speed traversals. Similar to when the Niemelé-corrected voltage model was used, the
error is largest during the second zero-speed crossing, when the rotational speed of the mo-
tor goes from being positive to becoming negative once again. The error reaches a value

of around 25 and 15 degrees during the first and second zero-speed traversals, respectively.

Slow zero-speed drive-throughs with a constant load torque thus seems to be a manageable
task for the voltage-current model based method as well.
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Figure 4.13: Driving through zero-speed with constant load torque, using the voltage-current model.
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Chapter

Discussion

In Section 3.1.3 the steady-state sensitivity analysis of the voltage model showed that the
stator flux estimate is sensitive to errors in the stator resistance and stator voltage estimates
when the motor speed is low. In Section 3.4.1 it was shown how such errors will lead to
a flux estimate that becomes increasingly inaccurate over time due to the voltage model
errors being integrated for each time step. These flux estimate errors cause inaccurate rotor
position estimates, which in turn cause inaccurate d- and g-axis current references and a
following deterioration of the performance of the motor drive. This was verified by the
real-time simulation that was run in Section 4.1, where the motor drive was operated with-
out a position sensor. Here, it was demonstrated that with the stator voltage estimated using
the converter reference voltage and the stator resistance being estimated 20% too low, the
rotor position estimate becomes increasingly inaccurate over time, eventually causing a
malfunction of the motor drive. This shows that modifications of the conventional volt-
age model must be implemented in order to achieve a sensorless control algorithm that is
practically feasible. Two alternatives for an improved flux estimate were presented: The
Niemeld-corrected voltage model and the voltage-current model.

5.1 Comparison of the Performance of the Flux Models

Both the methods based on the Niemeld-corrected voltage model and the voltage-current
model were capable of estimating the rotor position with high accuracy during start-up
and nominal operation when the torque reference was equal to 1 per unit. While both
methods eliminated the position estimate error equally fast, the error with the Niemeli-
corrected method was considerably larger and more oscillatory during start-up than when
the voltage-current model based method was used. Both methods were able to perform
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speed-reversals with ease when the torque reference was varied from 1 per unit to —1
per unit, although spikes in the position estimate errors occurred when zero-speed was
crossed. The error during the zero-speed traversal was lowest when using the Niemel&-
corrected voltage model. The zero-speed traversals in the above scenario were relative
fast due to the quadratic load torque function being used: At zero speed, the torque load
become zero, allowing the motor to traverse zero-speed very quickly, and to challenge the
drive, slower zero-speed drive-throughs were therefore performed by using a constant load
torque. The results from these simulations show that both methods struggle more in this
scenario, but both methods were still able to cross zero-speed without significant prob-
lems. In this scenario, the accuracy of the position estimate was similar for both methods,
but the error was slightly smaller when the Niemelé-corrected voltage model was used.

When a very-low torque reference was used, both methods struggled during start-up and it
took a significant amount of time before the position estimate errors were reduced. How-
ever, the dynamics when using the voltage-current model were superior to the method
based on the Niemeld-corrected voltage model, with the former clearing the position esti-
mate error considerably faster. When the very-low torque reference was applied with the
motor already operating at high speed, both methods estimated the rotor position almost
perfectly. This shows that start-up and subsequent low-speed operation is a much more
challenging scenario than when the speed is reduced from high speed to very-low speed.
During both low-speed scenarios, there was a small steady-state offset in the position es-
timate when using the voltage-current model that was not removed even after further tun-
ing of the PI controller in the feedback loop of the voltage-current model was attempted.
However, this error seems to be too small to have any practical consequences. The inter-
mediate results from the trial-and-error based tuning procedure that was employed on the
PI controller of the observer are not included in this thesis, but the process revealed that
the performance of the voltage-current model is highly sensitive to the tuning of the PI
controller in the feedback loop, with small adjustments in any of the tuning parameters
resulting in inability to estimate the rotor position accurately. The controller gains that

were used in this thesis appear to be optimal values for this specific configuration.

As mentioned in Chapter 4, when using the Niemeld-corrected voltage model, the perfor-
mance of the drive was highly sensitive to noise in the speed estimate. The time constant
of the speed estimate filter had to be increased to 0.06 in order for the drive to remain
stable, which resulted in a speed estimate with a small amount of noise, but with relative
slow dynamics. In comparison, a filter constant as low as 0.005 seconds was used for
the voltage-current model. This could present a problem if the drive were to be tested
under speed-controlled operation, where the estimated speed would be used as feedback
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and compared with the reference speed. If the speed estimate changes considerably slower
than the real speed due to the filtering, this could lead to deterioration of the drive’s per-

formance and potentially instability.

The simulations in this thesis were performed with a resistance value that was underesti-
mated with 20% in order to emulate a scenario in which flux models with drift-correction
capabilities are necessary. Due to the temperature-dependency of the stator resistance,
having a real stator resistance value that differs from the estimated value is a very likely
scenario, and the simulations in this thesis can therefore be deemed applicable for situa-
tions that may be encountered in the real world. All other motor parameters were assumed
to be accurately measured, although the estimated values of the permanent magnet flux
linkage and the motor inductances in practice also will differ from their real values. This
may be particularly problematic for the voltage-current model that relies not only on the
voltage model, but also on the current model, in which these parameter values are included.
In the case of erroneously estimated inductances and permanent magnet flux linkage, the
flux reference provided by the current model in the voltage-current model would differ
from the real flux, which would results in an error being fed back to the voltage model
even if the voltage model flux estimate was accurate. Such a scenario would most likely
worsen the performance of the voltage-current model. The fact that the Niemel&-corrected
voltage model only relies on a single motor paramater, namely the stator resistance, while
the voltage-current model relies on the stator resistance, stator inductances and permanent
magnet flux linkage could be an advantage of the former. This can be verified through
simulations in which also the inductances and the permanent magnet flux linkage are er-
roneously estimated.

5.2 General Remarks About Fundamental-Excitation Based
Sensorless Control

The sensorless control methods that have been investigated in this thesis are both based
on the voltage model, and do hence fall within the fundamental-excitation based meth-
ods category. While such methods typically struggle around zero-speed, the simulation
results that are obtained in this thesis indicate that both the method based on the Niemeli-
corrected voltage model and the method based on the voltage-current model perform sat-
isfactory during zero-speed traversals, and are even able to remain stable during persistent
operation at speeds below 0.1 per unit. For applications that require very high accuracy in
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the very-low speed region, saliency tracking methods such as the high-frequency signal-
injection method that is presented in Appendix G may have to be implemented. This would
add complexity and cost to the drive system, and considering that persistent very-low speed
operation may not be a common scenario in most applications, cost-benefit analysis would
be necessary to determine whether or not such additional methods should be implemented.
The results obtained from the real-time simulations in this thesis demonstrate that the FE-
based methods that were implemented in this thesis are satisfactory accurate for scenarios
that include start-up, medium and high-speed operation and zero-speed drive-throughs,
and are even capable of persistent very-low speed operation. Additionally, the methods
were proven to be effective for both speed-dependent and constant load torques, making
the proposed methods viable options across most of the speed range for a broad range of

applications, including pumps, fans, hoists and cranes.

5.3 The ERTS and Assessment of Result Validity

Ideally, the control software that was developed in this thesis would have been verified
experimentally on a physical laboratory setup. The development of a fully functioning
PMSM drive test bench is an ongoing effort within the PESC group in the Department of
Electric Power Engineering at NTNU, but due to delays caused by the ongoing Covid-19
pandemic, it has not yet been made available. This thesis has hence relied solely on the
FPGA-based ERTS for control software verification. The ERTS has proved to be a useful
tool for verification of the C++-based control software without having access to a physical
motor drive setup. In addition to providing a means of software-in-the loop testing and
final verification of the control software, the real-time nature of its simulations, due the
high processing capability of the FPGA, has made it possible to investigate the long-time
dynamics of the position-sensorless motor drive. This was useful when the performance
of the position-sensorless motor drive was investigated during very-low speed operation,
when simulations with a duration of 55 seconds were performed. Performing similar sim-
ulations with conventional simulation tools such as MATLAB Simulink would be a highly
time-consuming effort, making the ERTS tool an invaluable asset in the development and
verification of sensorless control methods.

The accuracy of the ERTS was investigated by Perera et. al in [45], where the PMSM
drive hardware emulator was compared to an equivalent MATLAB Simulink model. The
results from this analysis showed negligible numerical errors in d- and g-axis currents,
rotor position estimate and torque output between the ERTS and the MATLAB Simulink

86



5.3 The ERTS and Assessment of Result Validity

model during a 1 second simulation run. This indicates that the accuracy of the ERTS is
high, and it is hence reasonable to trust the results that are obtained in this thesis with a
relatively high degree of certainty. The ERTS performed the 1 second simulation in real-
time, while the run-time of the Simulink model was in the vicinity of 550 seconds. The
usefulness of the ERTS as a tool is thus evident: Using it, simulations can be considerably
accelerated at the expense of practically insignificant numerical errors.
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Chapter

Conclusion and Further Work

6.1 Conclusion

In this thesis, C++ software that enables sensorless indirect torque control of a permanent
magnet synchronous machine has been successfully developed and implemented using a
state-of-the-art SoC-based embedded control platform. The validity of the control strate-
gies has been verified using an FPGA-based embedded real-time simulator.

Two different flux models have been used in combination with the active flux concept
to facilitate position-sensorless operation: The Niemeld-corrected voltage model and the
voltage-current model. Both flux estimation methods have enabled sensorless operation
across the majority of the speed range when the stator resistance is erroneously estimated,
and have performed well during scenarios that include start-up and high speed operation
and zero-speed drive-throughs. Moreover, very-low speed operation below 0.1 per unit
speed has also proved to be a viable option. By performing tests with both quadratic and
constant load functions, the methods have been verified for several applications, such as
fans, pumps, hoists and cranes.

In general, the method based on the Niemelé-corrected voltage model and the voltage-
current model have performed similarly. The method based on the voltage-current model
seems to be capable of removing errors in the position estimate considerably faster than
the one based on the Niemeld-corrected voltage model. In return, its steady-state position
estimate seems to be less accurate, containing a small steady-state offset of around 1-2
degrees when the speed is low. A potential drawback of the method based on the Niemela-
corrected voltage model is that it requires aggressive filtering of speed estimate to remain
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stable. This could present difficulties if the drive were to be speed-controlled, as the large
low-pass filter time constant results in a speed estimate that changes notably slower than
the actual rotor speed during transients. However, this did not seem to have any signif-
icant negative impact on the torque-controlled drive. In conclusion, it can be stated that
the Niemeli-corrected voltage model and the voltage-current model in combination with
the active flux concept both provide well-performing fundamental-excitation based torque
controlled sensorless PMSM drives. Which flux model to use may become a trade-off be-
tween fast dynamic response and steady-state accuracy. Both methods are able to operate

across the majority of the speed range for a broad range of applications.

The FPGA-based ERTS has proved to be an invaluable tool in the development of motor
control software. Using it, software-in-the-loop testing has been made possible, enabling
frequent testing of the motor control strategies. In this thesis, it has also been used for final
verification of the proposed C++ control software, due to the lack of a fully functioning
PMSM drive test bench. Additionally, its real-time nature has made the production of what
can be assumed to be highly accurate results a considerably less time-consuming than if

conventional simulations tools were to be used.

6.2 Further Work

The following suggestions for further work are made:

6.2.1 Software Verification on a Physical Laboratory Setup

The control software that was developed in this thesis has relied solely on the ERTS for
verification. Although the ERTS can be trusted to produce high-accuracy results, testing
of the control strategies on a physical laboratory setup would provide final validation of
the concepts that have been proposed, and should thus be performed.

As previously discussed, the PMSM drive test bench that is currently being development
by the PESC group in the Department of Electric Power Engineering was not made avail-
able during the work with this thesis due to delays caused by the Covid-19 pandemic, but
it is likely that it will be available for future candidates.

6.2.2 Improving the Performance of the Position-Sensorless Drive

In Section 3.6, two strategies for improvement of the performance of the sensorless motor

drive were presented:
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¢ Including a PLL for rotor position filtering

* Implementing high-frequency signal-injection for saliency tracking and improved
standstill and low-speed performance

The implementation of the above methods may boost the performance of the PMSM drive.
Both of the above strategies were attempted implemented in this thesis without success.
The approaches that were used are presented in Appendix F and Appendix G, and future
attempts of implementation could use the theory here as a starting point.

Another interesting concept for improved performance of the position-sensorless PMSM
drive is:

* Implementing online parameter estimation algorithms in order to obtain more accu-
rate motor parameter estimates in real-time.

6.2.3 Further Testing of the Position-Sensorless Drive

The following scenarios were not investigated in this thesis, and may be tested in the

future:
 Simulating the position-sensorless drive during speed-controlled operation.

» Simulating scenarios with erroneously estimated permanent magnet flux linkage and
stator inductances to investigate how they affect the performance of the voltage-
current model.
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Appendix

The Inductance Matrix

Since the stator flux path changes with rotor position in the [IPMSM, the stator inductance
matrix becomes a function of the rotor electrical position §. The inductance matrix can be
written as the sum of a leakage inductance matrix, a position independent inductance ma-

trix and a position dependent matrix [38]. The complete stator inductance matrix becomes

Lso + Lgym + Ly cos (20) f%Lsm + Ly cos (260 — %’T)
L= —%Lsm—i—Lgcos(%—%”) Lsg—l—Lsm—i—Lgcos(%—i—%’r)...
—3Lgm + Lgcos (20 + 2F) —3Lgm + Ly cos (26)

(A.1)
— 5L + Lg cos (20 + 2T)

—2Lgm + Ly cos (20)
Lo + Lgm + Lg cos (20 — 2F)

If the machine is non-salient, the air gap of the machine is constant for every value of 6.
In that case, L, will be equal to zero, and the inductance matrix becomes position inde-

pendent. The inductance matrix is then

Lso + Lsm _%Lsm _%Lsm
LZ = _%Lsm LSO’ + Lsm _%Lsm (AZ)
*lLsm *%Lsm Lso + Lsm

2
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Appendix

Motor Drive Data

Symbol  Value Unit

Nominal Voltage U, 220 v
Nominal Current I, 51 A
Nominal Frequency fn 35 Hz
Pole pairs P 1 -
Nominal Speed N, 2100  rpm
Switching Frequency fs 4000 Hz
Stator resistance Ts 0.009 per-unit
d-axis Reactance ZTd 0.4 per-unit
g-axis Reactance Zq 1.0 per-unit
Permanent Magnet Flux Linkage ., 0.66  per-unit
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Appendix C

Base-Values Used for Per-Unit

Conversion

Ubaszﬁ - gUn
Ibaszs = \/§In
\I’ba Ubasis
27 fr,
Sbaszs = \/gUnIn
S asis
Tbaszs = b T
Ny - 35
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Appendix

Scripts Used for Flux Model
Sensitivity Analysis

In the below scripts, the maximum-torque-per-ampere control strategy is implemented by
assuming current references according to Equation 2.26 and Equation 2.27. The scripts
calculate and compare actual stator flux with estimated flux for speeds and torque ref-
erences between —1 and 1 per unit. Flux estimation is hence only performed in the
maximum-torque-per-ampere region, meaning that the flux models’ performance during

field weakening operation has not been considered.

D.1 MATLAB Script for Voltage Model Sensitivity Anal-

ysis

1 clc

> clear all

4 % Defining motor parameters

s xq=1;

6 x_d = 0.4;

7 r_s = 0.009;
8 psi_m = 0.66;

9
10 $ Performing calculations for torque references between -1 and 1 pu and
11 % speeds between -1 and 1 pu

2 £t =[-1:0.05:17];

13 n_vec =[-1:0.05:1];
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[N, T]= meshgrid(n_vec,t);
for k=1l:length (t)

for 1

=1l:length (n_vec)

tau_e=t (k) ;

n

3
S

= n_vec(l);

Currents that give MTPA

i_d = ( (psi_m/3) - ( (psi_m/3)°3 + ( (x_g — x_d)"2 * tau_e"2 )
(3xpsi_m) )" (1/3) ) / ( x_q - x_d);
i_g = tau_e / ( psi_m - (x_g - x_d)=*i_d);

o
o

Calculate real dg fluxes

psi_d = x_d+i_d + psi_m;

psi_qg = x_gxi_g;

S

S

u_

u_

3
&

theta

S

S

Calculate dg stator voltages in steady-state
d = r_s*xi_d - nxpsi_gqg;

g = r_sxi_g + nx*psi_d;

Looking at the instant the rotor is aligned with the a-axis
is zero)

Transforming into alpha and beta components

psi_a = psi_d;

psi_b = psi_qg;

psi_s_s = psi_a +jxpsi_b;

i_a = i_d;
b =1ig;j
_s_s =1i_a + j*xi_b;
_a = u_d;
= u_aq;
u_s_s = u_a + j*xu_b;

3
S

Calculate the real active flux vector

psi_T_a = psi_a - i_axx_qg;

psi_T_b = psi_b - i_bxx_qg;

3
el

Calculate the real rotor position

theta = atan2(psi_T b, psi_T_a);

3
el

Resistance erroneously estimated

r_s_est = 0.8xr_s;

3
el

Voltage erroneously estimated

u_s_s_est = u_s_s; $ + 0.005;

3
e

Estimate flux using voltage model

(

/
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66

67

68

69

94

95

96

97

98

99

psi_s_s_est = (u_

s_s_est - (r_s_est*i_s_s))/(j*n);

psi_a_est = real(psi_s_s_est);

psi_b_est = imag(psi_s_s_est);

psi_d_est = psi_a_est;

psi_g est = psi_b_est;

[

% Estimate active flux

psi_T_a_est = psi_a_est - i_axx_qg;

psi_T_b_est = psi_b_est - i_b*x_qg;

% Estimate the rotor position

theta_est = atan2(psi_T_b_est, psi_T_a_est);

% Theta error
theta_error (k, 1)
if n==

= theta_estx (180/pi);

theta_error(k,1) =0/0;

end

[

% Flux error

flux_mag_error(k,l) = abs(psi_s_s) - abs(psi_s_s_est);
flux_angle_error(k,1l) = angle(psi_s_s)*(180/pi) - angle(
psi_s_s_est)* (180/pi);
if n==
flux_mag_error(k,1l) = 0/0;

flux_angle_error(k,1) =0/0;

end

% Torque error
torque_error (k, 1)

i_d);

end

> end

figure (1)

surf (N, T, flux_mag_error)
colorbar

xlabel (' Speed [pul’)
ylabel (' Torque Reference

= ((psi_d-psi_d est)xi_g -

[pul”)

zlabel ('Flux Amplitude Error [pu]’)

figure (2)

surf (N, T, flux_angle_error)

colorbar
xlabel (/ Speed [pu]’)
ylabel (' Torque Reference

[pul”)

(psi_g — psi_g_est)«*

107



zlabel (’Flux Angle Error [degrees]’)

s figure (3)

surf (N, T,torque_error)
colorbar
xlabel (' Speed [pu]’)

2> ylabel (' Torque Reference [pul’)

3 zlabel (’Torque Error [pul’)

figure (4)

surf (N, T, theta_error)

colorbar

s xlabel (' Speed [pul’)
ylabel (' Torque Reference [pu]’)
zlabel (['Theta Error [degrees]’])

2 % NB: Field weakening is not considered.

23 $ No limits have been considered (limit current and voltage to within

o

% maximum values

Listing D.1: Script for voltage model sensitivity analysis.

D.2 MATLAB Script for Current Model Sensitivity Anal-
ysis

cle

> clear all

% Defining motor parameters
s x_.g = 1.0;

x_d = 0.4;

r s = 0.009;

psi_m = 0.66;

o

Performing calculations for torque references between -1 and 1 pu and

o

speeds between -1 and 1 pu

t =[-1:0.05:1];

3 n_vec =[-1:0.05:1];

[N, T]= meshgrid(n_vec,t);

5 for k=1l:1length (t)

for 1 =1l:length (n_vec)
tau_e=t (k) ;
n = n_vec(l);

% Currents that give MTPA
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21 id= ( (psi_m/3) - ( (psi_m/3)"3 + ( (x_g - x.d)"2 * tau_e"2 ) /

(3*psi_m) )" (1/3) ) / ( x_q - x_d );
2 i_g = tau_e / ( psi_m - (x_g - x_d)«*i_d);
23
24 % Calculate real dg fluxes
25 psi_d = x_dxi_d + psi_m;
26 psi_g = x_g*i_g;
27
28 % Calculate dg stator voltages in steady-state
29 u_d = r_sxi_d - nxpsi_g;

30 u_g = r_sxi_g + nx*psi_d;

2 % Looking at the instant the rotor is aligned with the a-axis

33 % (theta is zero)

34 % Transforming into alpha and beta components
35 psi_a = psi_d;

36 psi_b = psi_qg;

37 psi_s_s = psi_a +j*psi_b;

38

39 i_a = i_d;

40 ib=1g;

41 i s_s =1i_a + jxi_b;

42

43 u_a = u_d;

44 u_b = u_g;

45 u_s_s = u_a + j*xu_b;

46

47 % Calculate the real active flux vector
43 psi_T_a = psi_a - i_axx_qg;

49 psi_T b = psi_b - i_bxx_qg;

50

51 % Calculate the real rotor position
52 theta = atan2(psi_T_b, psi_T_a);

53

54 % Reactance estimates

55 x_d_est = 1.0*x_d;

56 x_g_est = 1.0xx_qg;

58 % Permanent magnet flux linkage estimate
59 psi_m _est = 0.8xpsi_m;

61 % Estimate flux using current model

62 psi_d_est = x_d est*xi_d + psi_m_est;

63 psi_g est = x_qg est*xi_g;

65 psi_a_est = psi_d_est;
66 psi_b_est = psi_qg_est;

67
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92

psi_s_s_est

[

psi_T_a_est

psi_T_b_est

= psi_a_est + Jjxpsi_b_est;

% Estimate active flux

= psi_a_est - i_axx_qg;
= psi_b_est - i_bx*x_qg;

% Estimate the rotor position
theta_est =

[

atan2 (psi_T_b_est, psi_T_a_est);

% Theta error

theta_error(k,1l) = theta_estx(180/pi);

[

% Flux error

flux_mag_error(k,l) = abs(psi_s_s) - abs(psi_s_s_est);

flux_angle_error(k,1l) = angle(psi_s_s)*(180/pi) - angle(

psi_s_s_est)* (180/pi);

o

% Torque error

torque_error(k,l) = ((psi_d-psi_d_est)*i_g -

i_d);
end
end

figure (1)

surf (N, T, flux_mag_error)

colorbar
xlabel (' Speed

[pul”)

ylabel (' Torque Reference [pu]’)

zlabel ('Flux Amplitude Error [pu]’)

figure (2)

surf (N, T, flux_angle_error)

colorbar
xlabel (' Speed

[pul”)

ylabel (' Torque Reference [pu]’)

zlabel (’Flux Angle Error [degrees]’)

figure (3)

surf (N, T,torque_error)

colorbar
xlabel (’ Speed

[pul”)

ylabel (' Torque Reference [pu]’)

zlabel (’'Torque Error [pu]’)

figure (4)

surf (N, T,theta_error)

2 colorbar
3 xlabel (’ Speed

[pul”)

(psi_g - psi_g_est)x*
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ylabel (' Torque Reference [pu]’)
zlabel (’Theta Error [degrees]’)

% NB: Field weakening is not considered.
% No limits have been considered (limit current and voltage to within

% maximum values

Listing D.2: Script for current model sensitivity analysis.
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persn .
Appendix

Current Model Parameter

Sensitivity Analysis Results

In the following sections, the impact of underestimated motor parameter values on the
current model flux estimate and the torque output of the motor is demonstrated.
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Appendix

Phase-Locked Loop Filtering of the

Position Estimate

As explained by Gardner in [18], the phase-locked loop consists of three basic elements,

namely a phase detector (PD), a loop filter (LF) and a voltage-controlled oscillator (VCO).

The phase detector compares the phase of the input signal against the phase of the VCO

signal, and produces an error signal that is passed to the loop filter. The output of the loop

filter acts as a control voltage that changes the frequency of the VCO, and hence serves to

reduce the phase difference between the input signal and the VCO signal.

Phase Lpop VCO
Input Detector Filter
Signal
———— » PD |—» LF

Figure F.1: General structure of a phase-locked loop [18].

If the input to the PLL is a noisy signal, the PLL will act as a filter that rejects the noise

in the input signal and passes a cleaned-up version of the signal to its output. By pass-
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ing the estimated rotor position angle through a well-designed PLL, it should be possible
the eliminate any potential noise in 6, hence providing a better rotor position estimate.
The specific PLL structure that will be used here for filtering of the position estimate is

presented in Figure F.2. Here, the loop filter is a PI controller.

Ovar pr / o f, Wy

Oprr

n =

Figure F.2: Structure of the PI-controller based phase-locked loop. Reproduced from [9].

Using w,, = 27 f,,, the transfer function of the phase-locked loop can be written as

kpwns + kiwp,

H = F.1
PLi(s) = 5 kpwns + kiwn D
The transfer function in Equation F.1 can be rewritten on the following general form:
2Cwos + wi
Hppi(s) = o ost® + 20 (F2)

82 4 2Cwps + wd

Here, wy is the undamped angular frequency of the system and ¢ is the relative damping ra-
tio. Generally, the magnitude of wy will determine the speed of the system response, while
the value of ¢ determines whether the system has overshoot and an oscillatory response or
not. Together, knowledge about the values of wg and ¢ will make it possible to predict the
characteristics of the response of the closed-loop system. By comparing Equation F.1 and
Equation F.2, the PI controller gains can be expressed as functions of wy and ¢ as shown
below.

ky = 2020 (E3)

w

n
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k; = (F4)

Now, the controller can be tuned by determining which values of these parameters that
will give the desired response. As explained in [3], a robust PLL design is achieved if the
PI controller is tuned to meet the following criterion:

1
= — =~ 0.707 E5
(=7 (E5)
Next, choosing the value of wy becomes a trade-off between having a fast dynamic re-

sponse and narrow bandwith for good filtering performance and noise rejection.

The implementation of the PLL for rotor position filtering did not work as intended, sug-
gesting that there are errors in the PLL C++ sub-routine. The PLL actually produced a
position estimate that is more polluted by noise than the original position estimate, and did

as such have the opposite effect of what was intended.
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Appendix

High-Frequency Signal Injection
for Standstill and Low-Speed
Operation

Due to the inherent saliency of the rotor of the IPMSM, the inductances of the flux path
seen by the stator in the IPMSM will vary with the rotor position. This can be utilized by
adding a high-frequency voltage signal to the voltage reference of the converter and mea-
suring the corresponding response in the stator current. The ripple in the stator current due
to the high-frequency component in the stator voltage will be modulated with information
about the rotor position, and by applying the correct demodulation technique, the position
of the rotor can be obtained [28].

The method that was attempted in this thesis is presented in [44], and is based on the
work done by [52] and [28]. Here, a short introduction to the estimation scheme is pre-

sented.
The square-wave voltage that will be injected in the stator is given by Equation G.1:

[u] _ [ufxgl)’@] G.1)
Udh

In the above equation, k is used to denote the number of interrupt signals, which are
generated at the top and bottom of the triangular PWM carrier signal. The result is that
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a square-wave voltage with a frequency equal the switching frequency and a magnitude
equal to uy, is generated and injected in the estimated d-axis, denoted as d.

The §-axis current response to the high-frequency voltage component can be approximated
using
(Siqh ~ (57;@ = Z@[k] — ’Lé[k‘ — 1] (G2)

This approximation assumes that the current response due to the fundamental excitation
is constant withing a sampling period interval. The g-axis current response can be used
to obtain an estimation of the error in the current rotor position estimate, é, as shown in

Equation G.3.
Tq+ Tq

é =
(xg — xq) - ug, k] - wn - Tsamp

- big (G.3)

If this error is driven to zero using a phase-locked loop, as proposed by [44], the position
estimate coming from the saliency-tracker will correspond to the true rotor position. This
approach was attempted to extract the rotor position extraction, but the method was not

successfully implemented.
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Appendix

C++ Control Software

In the following pages, a condensed version of the control software that is implemented in
this thesis is presented. Only the most relevant subroutines are included.

H.1 Voltage Estimation

void Converter::estimateVoltage () {
T_blank = 0.0; //0.05%(2+Tsamp); // 5% of switching period. According to
Gullvik: 0.00000178
U_PNI = 0.0; //0.3; // From Gullvik
U_PNII = 0.0; //0.39; // From Gullvik
r T =0.0; //0.018; // From Gullvik

I_sa_mag = abs(m_measured_values.I_sa_A);
I_sb_mag = abs(m_measured_values.I_sb_A);

I_sc_mag = abs(m_measured_values.I_sc_A);

// Finding alpha and beta components of reference voltages
U_sa_ref = m_Us_peak_V=xcos (m_delta_s_s);

U_sb_ref = m_Us_peak Vxsin(m_delta_s_s);

// Transforming to three-phase quantities

U_san_ideal = U_sa_ref;

U_sbn_ideal = -0.5xU_sa_ref + 0.866xU_sb_ref; // (sqrt(3))/2 = 0.866
U_scn_ideal = -0.5+U_sa_ref - 0.866*U_sb_ref; // (sqrt(3))/2 = 0.866
// Phase A
if (m_measured_values.I_sa_A >= 0) {

delta_U_DT_a = -(T_blank/(2xTsamp))*m_measured_values.U_dc_V;
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}

else if (m_measured_values.I_sa_A < 0) {

delta_U_DT_a = (T_blank/ (2+«Tsamp))+m_measured_values.U_dc_V;

// Phase B
if (m_measured_values.I_sb_A > 0) {

delta_U_DT_b = —(T_blank/ (2+«Tsamp)) *m_measured_values.U_dc_V;

}

else if (m_measured_values.I_sb_A < 0) {

delta_U_DT_b = (T_blank/ (2xTsamp))*m_measured_values.U_dc_V;

// Phase C
if (m_measured_values.I_sc_A > 0) {

delta U _DT_c = - (T_blank/ (2+xTsamp)) +*m_measured_values.U_dc_V;

}

else if (m_measured_values.I_sc_A < 0) {

delta_U_DT_c = (T_blank/ (2xTsamp))*m_measured_values.U_dc_V;

// Output per-unit voltage estimate

U_sa_est = U_san_ideal + delta_U_DT a;
U_sb_est = U_sbn_ideal + delta_U_DT_b;
U_sc_est = U_scn_ideal + delta_U_DT_c;

// Alpha-beta components of the estimated voltage
U_salpha_est = 0.667+xU_sa_est - 0.333xU_sb_est - 0.333xU_sc_est;
U_sbeta_est = 0.577+«U_sb_est - 0.577*U_sc_est;

Listing H.1: Stator voltage estimation code.

H.2 The Current Model

void MotorModel: :CurrentModel ()
{

// calculation of stator flux in rotating frame

m_psi_s_di = m_idxpar.xd + par.psi_m;

m _psi_s_gi = m_ig*par.xqg;

// stator flux transformation to stator frame for comparison with them

of voltage mode
m_psi_s_sai = m_psi_s_dixcos (theta_used)

m_psi_s_sbi = m_psi_s_dixsin(theta_used)

- m_psi_s_qgixsin(theta_used);

+ m_psi_s_gi*cos (theta_used);
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Listing H.2: The current model.

H.3 The Voltage Model

I void MotorModel: :VoltageModel ()
2 {
3 if (runMRAS != 1) {

4 // Implementing the voltage model for stator flux linkage estimation.

Using the Niemel method for drift compensation.

6 // A-priori flux estimate (Isak, modified)

7 m_psi_s_sau = m_psi_sa_old + Tsamp*par.wnx (m_u_s_sa — 0.8xpar.rsx*
m_i_s_sa_avg); // Assuming resistance is incorrectly estimated
8 m_psi_s_sbu = m_psi_sb_old + Tsamp*par.wnx (m_u_s_sb — 0.8xpar.rsx*

m_i_s_sb_avg); // Assuming resistance is incorrectly estimated

11 // Generate flux estimate correction terms
12 //SimpleNiemelaCorrection () ;
13 if (withNiemelaCorrection == 1) {

14 NiemelaCorrection () ;

17 // A-posteriori flux estimate
18 m_psi_s_sau = m_psi_s_sau + m_psi_s_sau_corr;
19 m_psi_s_sbu = m_psi_s_sbu + m_psi_s_sbu_corr;

21 m_psi_s_su_mag = sgrt(m_psi_s_sau*m _psi_s_sau + m_psi_s_sbux

m_psi_s_sbu);

2 m_psi_s_s_angle = atan2(m_psi_s_sbu, m_psi_s_sau);
24 // updating the old value, Euler discretization
25 m_psi_sa_old = m_psi_s_sau;

26 m_psi_sb_old = m_psi_s_sbu;

29 if (runMRAS == 1) {

31 // Generate compensation voltages
32 m_u_comp_a = m_PI_alpha.Run(m_psi_s_sai, m_psi_s_sau,
33 m_u_comp_b = m _PI_alpha.Run(m_psi_s_sbi, m_psi_s_sbu,

36 // Flux estimate from voltage model

0,
0,
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39

40

41

m_psi_s_sau = m_psi_sa_old + Tsamp#*par.wnx (m_u_s_sa - 0.8xpar.rsx
m_i_s_sa_avg + m_u_comp_a);
m_psi_s_sbu = m_psi_sb_old + Tsampxpar.wnx (m_u_s_sb — 0.8xpar.rsx*

m_i_s_sb_avg + m_u_comp_b);
// updating the old value, Euler discretization

m_psi_sa_old = m_psi_s_sau;
m_psi_sb_old = m_psi_s_sbu;

Listing H.3: The voltage model.

H.4 Niemela-Correction

void MotorModel: :NiemelaCorrection ()

{

// Torque estimation
m_torque_est = (par.psi_m - (par.xqg - par.xd) » m_id) » m_iqg;

// Removing noise in torque estimate

m_torque_est = m_LPF_tau_est2.Run(m_torque_est);

// Filtering of the torque estimate

m_torque_est_filt = m_LPF_tau_est.Run(m_torque_est);

// Assigning value to k_T

m k_T 0 = 4;

if (abs(k_T_Ox* (m_torque_est - m_torque_est_filt)) < 1) {
m_k_ T = abs(k_T_Ox (m_torque_est - m_torque_est_filt));

}

else {
m_k_T

I
=
~

// Assigning correction coefficient value
m_k_psi_0 = 0.0075;
m_k_psi_corr = (1 - k_T)+*k_psi_0;

// Limits low-pass filter time constant to a maximum value of 1.75.
if ((2 / (abs(speed_est) x fn)) < 1.75 && (2 / (abs(speed_est) * fn)) >=
0) {
m_Tfilt = 2 / (abs(speed_est) * fn);
}
else {
m _Tfilt = 1.75;
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// A-priori flux linkage estimate magnitude squared

m_psi_s_su_sqr = m_psi_s_sauxm_psi_s_sau + m_psi_s_sbu*m_psi_s_sbu;

// Modified low-pass filter

m_psi_s_su_sqr_filt = m_psi_s_su_sqr_filt + (Tsamp / Tfilt) (

m psi_s_su_sgr - m_psi_s_su_sqgr_filt) +

k_T * (m_psi_s_su_sqr - m_psi_s_su_sqgr_old);

// Updating old value of the the flux estimate squared

m_psi_s_su_sqr_old = m_psi_s_su_sqgr;

// Error

m_epsilon = m_psi_s_su_sqr_filt - m_psi_s_su_sqgr;

// Generating correction terms

m_psi_s_sau_corr = m_k_psi_corr*m_epsilon*m_psi_s_sau;

m_psi_s_sbu_corr = m_k_psi_corr*m_epsilon*m_psi_s_sbu;

Listing H.4: The Niemeld-method for drift correction.

H.5 Position Estimation

void MotorModel::PositionEstimator ()

{

// Active flux calculation

m_psi_Ta = m_psi_s_sau - par.xgsm_i_s_sa_avg;
m_psi_Tb = m_psi_s_sbu - par.xgxm_i_s_sb_avg;

// Position estimate
theta_est = atan2 (m_psi_Tb, m_psi_Ta);

// Per—unit speed estimate

helpl = m_psi_Tb * m_psi_Ta_old - m_psi_Ta » m_psi_Tb_old;
help2 = 1/ ((m_psi_Ta*m _psi_Ta + m_psi_Tb*m_psi_Tb) *xTsamp*par.wn) ;

speed_est = helplxhelp2;

// Low-pass filtering of the speed estimate

m_speed_est = m_LPF_n_est.Run(speed_est);

m_psi_Ta_old = m_psi_Ta;
m_psi_Tb_old = m_psi_Tb;

Listing H.5: Rotor position estimation code.
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