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Closed-loop transfer function of the QPLL

Damping coefficient of the second-order system
Undamped natural frequency of the second-order system
Time constant of the d- and g-frame current loop

Period of the switching

Forward-path transfer function of the current loop

Proportional and integral gain of the current loop PI regulator

Current loop time constant

Accumulated time constant of the digital delays
Time constant of the PMSM electrical model
Closed-loop trabsfer function of the current loop
Electromagnetic and load torque

The rotor moment of inertia

Frictional damping coefficient

Rotor mechanical speed

Forward-path transfer function of the speed loop
Proportional and integral coefficient of the speed loop PI
Amplitude of the PLL input and output
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hisho -
We,We Rad/s
Kre -
Ero -
WRC Rad/s
a,y -
Greo -
GggPLL
Gheprr
Gfrw -

w

Abbreviation

PMSM
SM

IM
FOC
IPMSM
SPMSM
CA
BEMF (EMF)
EEMF
LDO
SMO
EKF
LPF
BPF
HPF
PLL
ANN
LESO
SNR
HFI
PWM

Harmonic order of the PLL input and output

Actual and estimated frequency

Gain of RC

Damping coefficient of RC

undamped natural frequency of RC

Constant coefficients in RC design

Closed-loop transfer function of the compensation block
Open-loop transfer function of RCPLL

Closed-loop transfer function of RCPLL

Open-loop transfer function of the speed loop with RCPLL

Permanent magnet synchronous motor
Synchronous machine
Induction machine
Field-oriented control

Interior PMSM

Surface PMSM

Commutation angle

Back Electromotive Force
Extended EMF

Linear disturbance observer
Sliding-mode observer
Extended Kalman filter
Low-pass filter

Band-pass filter

High-pass filter

Phase-locked loop

Artificial neural network
Linear extended state observer
Signa-to-noise ratio

High frequency injection

Pulse width modulation
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INFORM
PM

Arm

FEM
RPWM
ADALINE
QPLL
ADC

FFT

RC
RCPLL
ADALINE-PLL
SOGI
SRFPLL
EPLL
PMSG

Indirect flux detection by online reactance measurement
Permanent magnet

Armature

Finite-element method

Random PWM

Adaptive linear neuron

quadrature PLL

Analog-to-digital converter

Fast fourier transform

Resonanr controller

RC-based PLL

ADALINE-based PLL
Second-order generalized integrator
Synchronous reference-frame PLL
Enhanced PLL

Permanent magnet synchronous generator
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General Introduction

Electric motors have always had a pivotal role in industry. At first, DC motors were abun-
dantly used, due to their simple control and satisfactory torque dynamics. Then, AC ma-
chines became more widespread, owing to their simpler structure and less mechanical sophis-
tication. Prior to the era of modern power electronics, open-loop and constant V/f ratio
control algorithms were the most utilised control methods of AC machines. Introduction of
powerful processors and proliferation of efficient semiconductor switches have culminated in
a tangible leap within the power electronic industry, directly influencing the electric motor
drive technologies and related control algorithms.

Nowadays, cutting C'Oy emission is at the forefront of attention of the governments and
global decision-makers. To this end, the topic of transportation electrification has garnered
especial importance. Within this context, reliability, flexibility, and redundancy are vital
keywords defining a successful technology. Having the characteristics like wide speed range,
high torque density, robust structure, and low disseminated vibration and acoustic noise has
made the permanent magnet synchronous motor (PMSM) an apt AC machine, especially
within the electrified drivetrains.

Having a high-performing and reliable operation, field-oriented control (FOC) is an in-
tegral part of any AC motor control algorithm. The coordinate transformation is the heart
of FOC, which entails having access to the instantaneous rotor position. The rotor position
is usually captured through position sensors, in the form of encoder, resolver, or hall-effect
sensor. However, these sensors need to be regularly tuned and are bulky, expensive, and sus-
ceptible to conductive noise and faulty operation; therefore, seeking more relible and cheaper
acquisition techniques has become a trending research topic, resulted in the emergence of
sensorless control algorithms.

Given the operating speed, different sensorless mehods exist; at zero and low-speed range,
the saliency tracking-based methods are widely adopted. Besides, the model-based algo-

rithms are utilised for the medium-high speed operation. Scanning the literature, a plethora
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of research is found concerning these two methods.

On the other hand, this thesis proposes a novel method for PMSM sensorless control
implementation which utilizes the machine output acoustic noise, instead of the current
or electromotive force (EMF). While the acoustic noise has traditionally been viewed as a
drawback in PMSM operation, this cross-coupled phenomenon is deeply investigated and
actively leveraged for the extraction and estimation of rotor position information.

In contrast to the conventional methods, the proposed sensorless method can cover a wide
speed range. As the result, the acoustic noise-based sensorless control is of great potential
in being applied to many applications, at least as the back-up control method in case of the
main method failure, accentuating all of the mentioned keywords, i.e., reliability, flexibility,
and redundancy.

Chapter 1 discusses the fundamental modelling and control methods of PMSM, asso-
ciated sensorless algorithms state-of-the-art, and vibration and acoustic noise occurrence in
electric machines. Regarding the sensorless algorithms, all of the aspects of the existing
methods, including the model-based and saliency tracking-based, are extensively discussed.

Chapter 1 provides the necessary elements for the proposed methods and analyses pro-
vided in Chapter 2 and Chapter 3.

Chapter 2 deeply investigates the vibroacoustic behaviour of PMSM, in response to
various high-frequency injection (HFI) and PWM voltages. Given each condition, the har-
monics of current, electromagnetic fields, airgap radial forces, and resulting vibration and
acoustic noise are investigated. Finally, it is proved that, if PMSM is excited by an HFT or
PWM voltage, the radiated acoustic noise serves as a rich source for extraction of the rotor
position information.

Chapter 3 implements an acoustic noise-based PMSM sensorless control. Regardless of
the excitation type (HFT or PWM only), two novel signal processing algorithms, for extrac-
tion of the speed-dependent components, are proposed. In the following step, the system
stability is investigated. Finally, two novel position observers, equipped with adaptive har-
monic compensation blocks, are proposed which greatly improve the estimation performance.

Chapter 4 evaluates the performance of the proposed methods through experimental
tests on an actual testbench. Reliability, robustness and stability of all the proposed methods
are verified through various tests conducted in static and dynamic conditions. In addition,
successful performance of the proposed methods is benchmarked against the conventional

sensorless algorithms in similar working points.
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Chapter 1

State of the Art - PMSM

Fundamentals, Sensorless Control,

and Vibration and Acoustic Noise

This dissertation is dedicated to development of a closed-loop sensorless control for perma-
nent magnet synchronous motor (PMSM) using the machine output acoustic noise, as the
source for extraction and estimation of the rotor position information. As the result, this

chapter details the following aspects:

¢ PMSM fundamentals, operation, and conventional control algorithms: it is
necessary to review the fundamentals of PMSM operation and conventional control

algortithms at first.

e Sensorless control of PMSM: instead of using the bulky, expensive, and faulty
position sensors for acquiring the rotor position, sensorless algorithms are developed

which provide the estimated values of the rotor position.

e Vibration and acoustic noise phenomenon in PMSM: the nature of vibration
and resulting acoutic noise are deeply invesrigated in order to provide a suitable back-
ground for using the PMSM acoustic noise (or vibration) for the rotor position es-
timation in the following chapter, which finds its application in acoustic noise-based

sensorless control.



1.1 PMSM Fundamentals, Operation, and Conventional
Control Algorithms

Introduction

In the past, DC motors were abundantly used for variable-speed applications due to the
fact that their torque and flux could be controlled by changing the field and armature
currents in a linear manner. On the contrary to the ease of control and rapidity of torque
response, DC motors have complicated mechanical structure which is a big disadvantage.
Due to the existence of commutators and brushes mounted on the rotor, performing periodic
maintenence is required.

AC motors, on the other hand, due to their simpler structure and especially after the
maturity of power electronic converters and digital processors proved themselves as reliable
and cost-effective alternative to their DC counterparts. It is possible to apply the similar
flux and torque control principles to AC drives, by which the generated flux and torque
are directly controlled by the respective flux-producing and torque-producing components
of the current. This method is called field-oriented control (FOC) or vector control of AC
drives which is applicable to both synchronous machines (SM) and asynchronous machines
(or induction machines abbreviated as IM) [1J.

In both IM and SM, the salient stator is made of a laminated iron core. The stator has
windings responsible for producing stator-side magnetic field.

On the other hand, SM and IM have fundamentally different rotor structures. The rotor
of IM can either be of squirrel cage, with the minimal manufacturing cost, or wound type.
For SM, different rotor structures exist which results in having different types of machines

as follows [2]:

e Wound rotor SM: In this structure, the rotor flux is generated through a DC-excited
winding which is mounted on the rotor by means of brushes and slip rings. In order to
facilitate the process of torque generation, an auxiliary winding can also be added to

the rotor. This machine structure is shown in Fig. (1.1a]).

e Synchronous reluctance machine (SynRM): In this machine structure, there is
no magnet or winding within the rotor structure. The rotor is made of laminated
core which has several voids to better orient the flux paths as shown in Fig. (1.1b));

consequently, the rotor is deemed to be of salient type which results in the generation



(a) Wound SM [2].
q

(c) SPMSM [2]. (d) IPMSM [2].

Figure 1.1: Different structures of SM.



of reluctance torque while operation. Compared to PMSM, this machine has lower
efficiency, yet due to to absence of PM in the structure, the overall manufacturing cost

is lower.

e Permanent magnet SM (PMSM): In this structure, the rotor field is generated
via using permanent magnets in the rotor structure. Depending on the position of
the magnets, different types of PMSM can be obtained. Given the magnets mounted
on the stator surface, the structure is called surface permanent magnet SM (SPMSM)
shown in Fig. . If the magnets are buried inside the rotor, the structure is interior
permanent magnet SM (IPMSM) shown in Fig. . The use of rare-earth magnets
with high remnant flux yields machines with smaller size and higher efficiency. On
the contrary, these high-performance magnets significantly increase the manufacturing
cost and complexity of PMSM. It is to be mentioned that all the analyses,
simulations, and experimental results in this dissertation are provided for

PMSM.

In all SM topologies, the rotor always rotates in synchronism with the stator flux, meaning
that the rotor always rotates at the synchronous frequency. By utilizing appropriate control
strategy and power converter, the stator fundamental frequency could be altered which
results in having variable speed operation. Also, the dg-frame is always aligned with the

generated rotor flux as a convention.

1.1.1 Modeling of PMSM

In this subsection, the space phasor models of PMSM in the stationary (a/3) and synchronous
rotating (dq) reference frames are reviewed. Modelling of PMSM in the af- and dg-frame is

an important asset for the development of FOC and sensorless control algorithms.

1.1.1.1 PMSM Model in the Stationary Reference Frame Fixed to the Stator

Given an arbitrary vector Z in the abc coordinate system (three-phase) as shown in Fig. (1.2)),
there always exist two orthogonal vectors representing the real and imaginary components,
as mathematically provided in eq.(l.1). The zy component, known as the zero-sequence

component, is introduced to the matrix to make it invertible. The transformation is made
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Figure 1.2: Transformation from the abc-frame to the stationary af-frame.

possible through using a constant matrix known as Clarke Transformation.
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Using the same principle, the voltage equation in the three-phase system (Appendix A and
eq. (A.1))) can be rewritten using the space phasor notation:

— - d —
V:s - Rs “1s + %ws (13)
The above equation can be decomposed into its real and imaginary components as in eq.

and eq. (L.5)). ”

Vas = Rs ‘as 1.4
las T+ 7 (1.4)
. dd}ﬁs
Vi s = Rs s 1.5
5 ips + (1.5)
The stator flux components in the stationary reference frame are obtained as:
¢o¢s = ,lvz)m - COS (06) + Lssias (16)



Ygs = Y - sin (0,) + Lisips (1.7)

As the result, the voltage equations are obtained as:

dias .
Ve = Ryigs + LSS% — YW, - sin (6,) (1.8)
, digs
V,Bs = Rslﬂs + Lss? + Q/mee - COS (96) (19)

Within eq. (1.8]) and eq. (1.9), the two terms containing the rotor speed (w,) are defined as
the Back Electromotive Force (BEMF) which are induced rotational voltages.

1.1.1.2 PMSM Model in the Synchronous Rotating Reference Frame Fixed to
the Rotor

Given the arbitrary vector 7 in the stationary reference frame shown in Fig., it is
possible to transform this vector to an arbitrary new reference frame which is rotating at a
fixed speed (ws) as shown in Fig.(1.3). In this transformation, the original vector Z is kept
constant and only its real and imaginary components are changed with respect to the new

coordinate system. The transformation from the stationary-frame to the synchronous-frame

q i

Y e

- .ff .=

17:

Figure 1.3: Transformation from the stationary frame to the synchronous frame.

is mathematically defined as:

Tgq = Top -7 (1.10)

v ] [ st sn@) [ o )
T, —sin (6,) cos () Zg |
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where 6, represents the arbitrary angle difference among the stationary and rotating frames.
This transformation is completely invertible which makes it possible to transform the dg-
frame components to their corresponding stationary frame version.

In SM, the rotor flux is aligned with the actual rotor angle; therefore, the chosen dg-
frame rotates synchronously with the rotor speed and its actual angle corresponds to the
instantaneous rotor position (65 = 6.).

In order to obtain the SM model in the synchronous reference frame, eq. is multiplied

by e77% and the components are decomposed which results in the following:

d di
Vi= Ryia+ 208 _ by = R+ La™ — o, Li, (1.12)
dt dt
d di
V, = Ryi, + % + wethy = Ryiy + Lqﬁ + we (Y + Laia) (1.13)

Applying the same transformation, the dg-frame flux equations are obtained as:
Ya = Lgta + tm (1.14)

Yy = Lyt (1.15)

In eq. (1.12)) and eq. ([1.13)), the terms containing w, are BEMF in the synchronous frame.

1.1.1.3 Torque Equation of PMSM

The general equation for the generated electromagnetic torque of an SM is provided in eq.
(1.16[) [3] 4.

3 ) . 3 ) .
T. = §p (Vaiq — Pqia) = 5]9 (miq + (La — Lq) taiq) (1.16)
about which:

e The torque is composed of two terms, an electromagnetic torque generated as the
result of interaction between the rotor flux and the stator current (1.5pi¢y,i,), and a

reluctance torque which is due to the difference of inductances in the d and ¢ axes
(15p(Ld - Lq)Zdlq)

e For SPMSM, the values of direct- and quadrature-axis inductance are the same (Lg =
L, = L), while for the IPMSM the ¢-axis inductnace is larger (L, > L;). Conse-
quently, depending on the design and type of SM, the torque can be of electromagnetic

origin only, reluctance origin only, or a combination of both.
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1.1.2 Field-oriented Control of PMSM

In case of PMSM, the rotor flux (which is produced by the permanent magnets) is always
aligned with the rotor position. Consequently, no flux observer or estimator is needed and
the rotor flux angle is simply obtained by using a position sensor, which directly provides the
position of the d-axis. This means that the available d-axis angle can be instantaneously used
within the coordinate transformation for obtaining the dg-axis components of the current
and voltage. Space phasor diagram of the SM is depicted in Fig. .

B
A
|
|
!
|
|
!
|

I\
1\
\

Figure 1.4: Space phasor illustration of the stator current and the rotor flux in the
synchronous rotating reference frame (dg-axis).

As the result of this inherent feature and given eq. and eq. , the magnetic
flux can be controlled by the d-axis current and the electromagnetic torque is controlled by
the g-axis current. It is to be mentioned that, in most of the conditions, the d-axis current is
set to zero and only the g-axis current is controlled. The FOC comprises the instantaneous
control of speed, torque, and currents as shown in Fig. (|1.5)). Both the speed and dg-frame
currents are controlled through using PI regulators which have proved itself as an efficient
control solution.

Looking at the dg-frame voltage equations in eq. and eq. , the BEMF terms
make the equations non-linear. If a PI regulator is to be used for the current regulation,
the voltage equations must be linearized; therefore, the BEMF terms are fed forward to the
control system (shown in Fig. within the Decoupling box) which make [2]:

y

Vi = Ryig + Ldﬁ (1.17)
i

V, = Ry, + Lqﬁ (1.18)
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Figure 1.5: Block diagram of FOC.

1.1.2.1 Determination of the Angle Difference Among the Rotor and Stator Flux

Vectors

In the FOC control of PMSM, the angle between the stator magnetic flux and rotor mag-
netic flux (created by the magnets) is crucial since it is directly used within the coordinate
transformation blocks. At the first-time start-up, these two vectors are randomly placed and
their respective angle (called commutation angle, CA) is unknown. Therefore, determination

of the CA is of paramount importance. Determination of the CA can be done in two ways
[5]:

e Using DC Excitation: in this method, the phase A is connected to the positive
DC-link voltage and both the B and C phases are connected to the negative DC-link.
As the result, a DC current is flowed within the windings and the stator current vector
is aligned with the a-axis direction. Consequently, the rotor magnetic flux vector is
forced to follow the stator current vector and the rotor moves and locks in a position

which is the alignment position (the CA is equal to zero in this condition).

e Using Current Controllers: in this method, the coordinate transformation angle is
kept constant at zero and the d-axis reference current is set to the machine nominal
current and the g-axis reference current is set to zero. After reaching the steady-state,

the stator curent vector is aligned with the a-axis and the rotor is forced to move until



it locks in a position which is alignment with the a-axis. Similar to the previous DC

excitation method, the offset angle is equal to the CA.

Within the context of FOC, it is possible to apply two other auxiliary control strategies
called 'maximum torque-per-ampere’ and ’field-weakening’, which are respectively reviewed
within the Appendix A and Appendix B, at the end of this dissertation.

In this section, the fundamentals, models, and conventional control algorithms applicable
to PMSM were detailed. In all of the control algorithms, and especially for the coordinate
transformation, having an accurate knowledge about the rotor position was necessary. In the
following section, the sensorless control of PMSM (in which the rotor position is estimated)

is deeply investigated and the conventional and most recent algorithms are reviewed.

1.2 Sensorless Control of PMSM

PMSM has received extensive attention, as compared to its main competitor the induction
machine, over the years in both industry and academic sectors, which is solely due to its
reliability, efficient operation, wide speed range, and high torque density. In order to exhaust
the maximum efficiency out of the PMSM, countless closed-loop algorithms are proposed,
all of which are directly dependent upon the rotor position information which is usually
obtained through using encoder or resolver.

However, these position sensors are bulky, expensive, and susceptible to conductive noise.
Eliminating the position sensor, sensorless algorithms have garnered special attention [6], [7].
In all sensorless algorithms, the position information is estimated and fed to the coordinate
transformation afterward. There are two methods of rotor position estimation, which depend

on the speed range:

e At medium to high speed, the flux or BEMF models are used and the position
information is estimated. This category of sensorless control is known as model-based

method [g].

e At standstill and low speed, a high-frequency voltage/current signal is injected and
the current /voltage response is used as a basis for the rotor position estimation. This

category of sensorless control is known as saliency tracking-based method [9].

In the following part of this section, firstly the model-based sensorless control is reviewed.
Afterward, the saliency tracking-based sensorless algorithms are reviewed. As the pro-

posed sensorless methods in this dissertation are fundamentally different from
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the conventional methods, a through review of the previous methods are pro-
vided in this section so as to provide the reader with a deep insight into the

PMSM sensorless control.

1.2.1 Model-based Sensorless Control

As mentioned earlier, the model-based sensorless algorithms are suitable for medium to high
speed regions. The first studies focused on the high-speed sensorless control, used open-loop
strategies, which were highly sensitive to machine parameter mismatch and measurement er-
rors [I0HI3]. In order to improve the poor dynamic performance of the open-loop methods,
non-linear observer algorithms within a feedback loop were utilised [T4HI8]. These solu-
tions were proposed to expand the system overall robustness and accelerating the estimation
performance.

Two of the most utilised methods are the extended BEMF (EEMF) and flux models
which contain the rotor position information and can be used for the purpose of estimation
(replacing the position sensor). The EEMF model is firstly reviewd, then the flux model is
provided. Additionally, the overall diagram of the model-based sensorless FOC algorithm is
depicted in Fig. (1.6]).

- = - - = —— = -
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Figure 1.6: Block diagram of the model-based sensorless control of PMSM.
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1.2.1.1 EEMF Model

The voltage equations in the synchronous dg-frame are given below, in the matrix form, for

[Z] + [w:;m ] (1.19)

where p is the differential operator. This equation can be written with a new notation as
follows [T9-21]:

convenience.

Va
2

RS + pLd —weLq
weLd Rs + qu

V. R, L —w,L ) 0
o e U I R (1.20)
Vq wely  Rs+ pLy iq E
where
FE = We ((Ld — Lq) id + ¢m) + (Lq — Ld) piq (1.21)

As can be seen, this model does not contain rotor position information and therefore cannot
be used for the purpose of estimation. To approach this problem, eq. ([1.20]) is transformed
to a new estimated rotating reference frame (yd-frame), which is lagging the synchronous

reference frame by the angle of 04,4y = 0. — 0., in which the estimated position is denoted
by b..

V, _ Ry +pLy —wely Uy N ey (122)
‘/5 weLq Rs + pLd ig €5

and
o | Zp| ~s00a) | (@o—w)La| (1.23)
€s COS (ediff> ig

Equation ([1.23)) is the EEMF model within which @, represents the estimated angular fre-
quency.
1.2.1.2 Linear Flux Model

Considering the transformation of dg-frame voltages (shown in eq. (1.19))) into the stationary
af-frame as [22]:

_ . .
Va _ R, + pL, 0 z.a +p Aa (1.24)
Vg i 0 RS + ,OLq 15 )\5
Ao | » cos (04
 (La— Lyyiat ) | 5 Prt) (1.25)
)‘6 | S (Gdiff)
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Equation represents the linear flux model of PMSM in the stationary reference frame
which can be used for the estimation of rotor position information.

In order for the EEMF and/or flux models to be used for the sensorless algorithm, their
actual values must be estimated through using observers, which is discussed in the following

part.

In eq. and eq. , a pair of orthogonal position-dependent com-
ponents is appeared which is directly used for the estimation of rotor position

information. The same notion is applicable to the proposed acoustic noise-

based sensorless methods in this dissertation, detailed in Chapter 3.

1.2.1.3 Observer Design for the Model-based Sensorless Control

In order for the EEMF (or linear flux) models to be estimated, it is necessary to rewrite the

associated models in state-space notation, as linear observable equations, as follows [23].

. Cx (1.26)

{ %x = Ax + Bu
where
e x denotes the system state variable
e u is the voltage vector acting as the system input
e vy is the system output
e A B, and C are respectively constant coefficients.

Given each of the models, the variables accept different forms as follows [g].

e EEMF Model

(1.27)
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where i and e are respectively the current and EEMF vectors and also:

I:[10] J:[O _1] 0:[00] (1.28)
0 1 1 0 00

e Linear Flux Model [24]

(1.29)

where ) is the vector of magnetic flux.

The linear observable PMSM model provided in eq. can be approached by the well-
known classical control approaches. In order to estimate the EEMF /linear flux, appropriate
observer design should be adopted. Given the available methods and excluding the open-loop
ones which are severely unreliable, two powerful observer designs stand out. The first one
is to use an observer with the same order as the system, known as the ’full-order observer’,
which has a complex parameter design procedure [25]. In order to eliminate such design

sophistication, the disturbance observer-based techniques are the alternative solution [26].

1.2.1.3.1 Disturbance Observer-based Estimation Method

Using the stator current equations of PMSM, the disturbance observer can be developed as

[3]:

%i: P (u,x,t) + O (1.30)
where P (u,x,t) represents the perturbation term depending on the model of PMSM, and
O is the observed disturbance by which the EEMF vector is estimated. The condition for
the accurate estimation of EEMF is that the observed current converges to its actual value.
The simplest form of the disturbance-based observer is linear diturbance observer (LDO),
in which the observed disturbance is designed in a linear feedback manner to facilitate the
analysis procedure [27H29] shown in Fig. (1.7).

One of the biggest disadvantages of LDO is that its operation alters in high operating
speeds. Therefore and to approach this shortcoming, sliding mode observer (SMO) has been

used altenrnatively, which can cover almost the entire speed range [30-35]. The easy-to-
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) —

Eq. (1.30)

Figure 1.7: Block diagram of the linear disturbance observer.

implement structure of the SMO has made it one of the most widespread observers in the
model-based PMSM sensorless control. On the other end of the scale, the observed EEMF
contains excessive noise, known as the chattering phenomenon, which makes the use of an
output low-pass filter essential [8]. In order to alleviate the chattering phenomenon and
improve the EEMF estimation, an alternative SMO structure known as the super-twisting
SMO is proposed and applied in [36-41].

1.2.1.3.2 Full-order Observer-based Estimation Method

As mentioned earlier, the complete PMSM model can be used with the addition of a feedback
path to implement a full-order observer shown in Fig. . Within this observer structure,
the EEMF acts as a state (not a disturbance), which eliminates the need for a high bandwidth
design [8],[42]. The structure of a full-order observer, using the full model of PMSM, is given

below

V 3 ¢ | Position and >,
Eq. (1.3 1) Speed
R Estimation é

Figure 1.8: Block diagram of the full-order observer.

(1.31)

4% =Ax+Bu+H(y—y)
y =Cx

where H is the feedback gain matrix. The full-order EEMF observer can be obtained in both
the stationary and rotating reference frames, which are equivalent [43-47].

The full-order observer methodology requires designing of the gains, which is subject to
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predefined conditions. On the contrary, the extended Kalman filter (EKF) is deemed as an
optimum method by which the feedback gains are automatically calculated. As the result
of this inherent characteristic, the EKF has become the estimation touchstone for nonlinear
systems. Its application in model-based PMSM sensorless control is widely investigated in
[48-54].

1.2.1.3.3 Position and Speed Estimation Algorithm

After estimation of the EEMF, through the disturbance observer or full-order observer, the
position and speed of the rotor must be extracted (estimated) as they are key to the FOC
algorithm. Given the fact that the estimated EEMF (or linear flux) is composed of two
orthogonal waveforms, there are usually three main position estimation algorithms available

within the literature, described in the following.

e Trigonometric Function

In the first algorithm, a trigonometric function (usually an inverse tangent function)
is used to directly estimate the position. The speed is obtained as the derivative of
the estimated position therefore. Since the speed is obtained through a derivative
procedure, the use of a low-pass filter (LPF) is indispensable which strengthen the

estimation against unwanted noise [37],[38],[40].

e Phase-Locked Loop (PLL)

The second position estimation method is the use of phase-locked loop (PLL) [30],
[31], [55], [56]. PLL is a nonlinear feedback-based observer, in which the estimated
speed and position are internal variables. Due to its simple design, PLL is one the
widely-used estimation methods not only in PMSM sensorless control, but also in
power system studies. The conventional PLL is a general second-order system, yet
this second-order position observer outputs either a steady-state value or a cumulative
value in the estimation error, when the input frequency is linearly changing. A revised
version of the conventional PLL, taking into account the applied torque and real rotor

dynamics, can also used, known as the Luenberger observer [57, [58].

In order to make the estimation robuster against the input signal frequency variations,
it is possible to use a type-III observer, which enables the user to have a greater
control over the loop filter design and its frequency-domain behaviour [59]. The type-

III observer can repress the estimation error, however, it is still susceptible to nonlinear
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variations of the input signals frequency (nonlinear profile of the acceleration). As the
result, an improved PLL observer with a compensation module is proposed in [60]. This
observer utilizes a dynamic compensation block, which transforms the observer to a

type-IV system, and enables it to better cope with the high-order input accelerations.

It is to be mentioned that the higher the PLL order, the more difficult the tuning will
be. Moreover, the pole placement becomes increasingly important, since it can directly

impact the overall speed-loop stability.

e Adaptive Observer

Adaptive approach is an alternative solution for estimation of the rotor speed and
position [32],[61]. In such observer structure, an adjustable model coupled with a
gradient descendent algorithm is used in order to track the phase and frequency of the
estimated EEMF.

1.2.1.3.4 Estimation Using Artificial Neural Network

The use of artificial neural network (ANN) for implementation of sensorless control, especially
for the purpose of EEMF estimation, has also been investigated in the literature. ANN is
usually used for prediction, model recognition, and nonlinear function estimation [62].

The back propagation-based ANN usually suffer from long learning speed and sluggish
convergence rate, which is not at all suitable for sensorless control. Therefore, a new method
with weights as adjustable functions is proposed in [62], which enhances the estimation
performance and reduce the system complexity. A PMSM sensorless control based on radial
basis function (RBF) ANN is proposed in [63].

Considering the nonlinear mathematical model of PMSM in the stationary frame, Lya-
panov theory is used to design an ANN-based nonlinear adpaptive observer [64]. Flux
spatial harmonics and inverter nonlinearities induce the fifth and seventh harmonics within
the EMF waveforms. To this end, an adaptive training control-based filter is combined with
an SMO through which the EMF harmonics are eliminated and the estimation performance
is enhanced [65]. The adaptive filter uses the steepest descent algorithm for automatic
adjustment of its parameters.

Integration of EKF and artificial neural network learning models for the sake of sensorless
control of SynRM is investigated in [66]. Using a custom radial basis neural network, a precise
analytical model describing the nonlinear current-flux relationships is obtained. Instead of

using the detailed dynamic model of SynRM, posing a computational burden to the digital
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processor, a new hybrid model is proposed which well integrates with the EKF structure and

can be used even for low-end applications.

1.2.1.3.5 Estimation Performance Improvement

e DC Offset Elimination

Regarding the EEMF-based sensorless control, measured values of the dg-frame volt-
ages are included within the observer model, which can contain DC offset in practice.
This DC offset culminates in an offset or a distortion in the estimated rotor position,
and the performance is therefore degraded. The impact of such DC offset on the PLL
estimation is investigated in [67] and to eliminate this DC error, a dual synchronous
coordinate conversion compensation method is proposed. In this method, the error DC
offset is estimated and the compensation is realised bu using a proportional-integral

controller.

e Estimation Harmonics Elimination

The sensorless performance is highly dependent upon the quality of EEMF /linear flux
waveforms. Therefore, if there is any harmonics within these waveforms, the estimated
rotor position would be negatively impacted. In order to tackle this problem, a hybrid
filtering stage-based PLL is proposed by which the PLL estimation is improved [6§].
In this method, the hybrid filtering stage is built by integration of band-pass filters

and moving average windows tuned at each specific frequency.

Sensorless performance of switched-flux PMSM (SFPM), having double-layer and single-
layer windings, is investigated in [69]. It is shown that, depending on the winding type,
the EMF can be of asymmetrical shape, nonsinusoidal shape, or sinusoidal shape. For
asymmetric and nonsinusoidal EMF waveforms, due to the existance of extra harmon-
ics ,the sensorless performance is directly influenced. In order to minimize this negative
impact, an EMF harmonic compensation algorithm is proposed, which is not depen-
dent on the machine parameters. In IPMSM, nonsinusoidal distribution of the rotor
flux or the slot harmonics can be problematic in linear flux-based sensorless controls.
In this case, the conventional observer in the dg-frame is unstable for low rotor speeds.
In order to improve the performance, the rotor flux in the stationary-frame is consid-
ered and the flux harmonics are considered as the disturbances to the control system
[70].
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e Improved Observers

The traditional linear extended state observer (LESO) cannot provide precise estima-
tion in times of fast-paced EEMF dynamics, like in high speeds or big step changes
within the reference speed, which has limited its application. An enhanced LESO,
comprising a pure integral and high-frequency sinusoidal disturbance estimator, is pro-
posed so as to extend the application scope of LESO [71]. The high-frequency changes
of EEMF is estimated by adding the high-frequency sinusoidal disturbance observer to
overall disturbance observer loop. In order to improve the dynamic performance of the
conventional EEMF-based sensorless methods, an extended state observer is designed
which is based on the differential term of the position estimation error [72]. As the
result, rapid and precise estimation of the rotor position and load disturbance is made

possible.

A model-based PMSM sensorless control, based on a new estimation method for the
position and speed error is proposed in [73]. The actual speed within the voltage
equations is decomposed into the estimated and error terms, by which the error within
the estimated position and speed are extracted. Using this estimation methodology

has resulted in elimination of the speed error in steady-state operating points.

The model-based sensorless algorithms are now mature enough and extensively applied to
industrial drives. However, they fail to operate at standstill and low speed regions which is
solely ascribed to the poor signal-to-noise ratio (SNR) of EEMF /linear flux, caused by model
uncertainty, inverter nonlinearity, etc. To solve this issue and extend the operating region of
the sensorless algorithms, to standstill and low-speed regions, the saliency (tracking)-based

methods are introduced, which are extensively discussed upon within the following part.

1.2.2 Saliency Tracking-based Sensorless Control
The saliency tracking-based methods are categorized into two subcategories [9:

e Signal injection-based methods, in which a high-frequency injected (HFT) signal is
superimposed (upon the fundamental excitation) and the machine response (containing
the rotor position information) is investigated. The HFI can be placed within either

the estimated dg-frame or the af-frame as shown in Fig. (|1.9)).

¢ Fundamental pulsewidth modulation (PWM) excitation (FPE)-based meth-

ods, in which the HFI is eliminated and the rotor position information is obtained from
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Figure 1.9: Block diagram of the saliency tracking-based sensorless control of PMSM.

the PWM signals.

1.2.2.1 Signal Injection-based Methods

This method is adopted for obtaining the rotor position through tracking the saliency of the
machine [74]. Furthermore, the torque can be estimated by means of using HFI [75].

The HFT can be placed within either the rotating reference frame or stationary frame.
As the result, the HFI can be of rotating or pulsating types. Moreover, the pulsating type
can also be of sinusoidal or square-wave shapes.

Given all sinusoidal HFI types, the injected signal frequency must be at least hundreds of
times greater than the electrical fundamental frequency, while tens of times lower than the
switching frequency (in order for the HFI signal to be generated with satisfactory resolution).
Adhering to this important design guideline and within the low-speed region, the resistive
voltage drop and EMF terms within the voltage equations can be safely neglected. As the
result, the voltage equations, in both the stationary and synchronous reference frames, are

obtained as follows.

% L; 0 d | i
dh | _ d ~a @.dh (1.32)
Van 0 Ly | dt| ig
Van YL+ ALcos (26,) ALsin (26,) d | ian (133)
Vin | ALsin (20,) XL —ALcos(20,) | dt | ig, '

where AL = 0.5(Lyg — L,), XL = 0.5(Lg+ L,), and the subscript "h” denotes the HFI

component.
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1.2.2.1.1 Rotating Signal injection

In this method, a complex voltage vector is injected within the af-frame as:

=V (1.34)

cos (wpt) ]

sin (wpt)

where V), represents the magnitude and wj, denotes the frequency of the injected voltage
vector. Given the injected voltage, the rotor position can be extracted using the following
methods.

e Current Response Processing

Applying the rotating voltage vector, the a/3-frame current vector is obtained as:

[ lah ] _ [ Iy sin (wpt) + Ipy sin (—wpt + 26,) (1.35)

i8h —Ipy cos (wpt) — Ipy cos (—wpt + 26,)

where I}, and I, are respectively the current magnitudes of the positive and negative
sequences. As can be noticed, the rotor position information is only included within
the negative-sequence current components. Therefore, a synchronous-frame filter (or
demodulation or coordinate transformation) is used and the currents are transformed

to the HF rotating frame to be:

[ Tarh ] _ [ Iy sin (2wpt) + Iy sin (26,) (1.36)

Qg — Iy cos (2wpt) — I, cos (26.)

in which the subscripts d’ and ¢’ represent the HF rotating frame. In the following
step, eq. is passed through a low-pass filter in order to isolate the position-
carrying components. Finally, a PLL or trigonometric function can be used to extract
the position. These two steps are mathematically shown in eq. (1.37). This method,
known as the negative-sequence current method, is extensively used in the literature
[57, [76H83]. The block diagram of the signal processing is also illustrated in Fig. .

Omitting the conventional LPF form the signal processing, the HF current ellipse

is traced by curve fitting using least square (LS) algorithm [84]. By processing the
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Figure 1.10: Overall block diagram of the signal processing for the rotating signal injection
method.

coeflicients of the fitted current ellipse equation, the rotor position is estimated.

0. =0.5-tan"! { M}

~ LPF {ign} (1.37)

Zero-sequence Voltage Processing

Additionally, the rotor position can be obtained through the zero-sequence voltage
method [85H87]. Measuring the zero-sequence voltage entails having a balanced resitive
load and access to the neutral point of the machine winding [9]. The value of the zero-
sequence voltage is:

Vn =~ Vi cos (wit + 26,) (1.38)

with Vi being the zero-sequence voltage component and V; being its magnitude, which
is a function of the machine inductance values and the magnitude of the HFI voltage.
In order to extract the position information, the following signal processing is imple-

mented.

!

2 cos (wpt)

0. =0.5tan"*
2sin (wpt)

LPF {VN : (1.39)

1.2.2.1.2 Sinusoidal Pulsating Signal Injection

In this method, a pulsating HF voltage is injected in the estimated synchronous reference
frame. Given the HFI voltage given in eq. ([1.40f), the HF current response within the
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stationary reference frame is given in eq. (|1.41)).

Vi sin (wpt)
Vin=1 "=V 1.40
dgh v, h [ 0 ( )
. cos(f,.) cos(Ab,) + sin(6, ) sin(A#,)
. Lah L L
Laph = [ isn ] sin(6.) cgs(Aee) __cos(f.) siqn(AGQ) Vigndt- (1.41)
I I,

In the above equations, the subscript chj represents the estimated synchronous reference
frame and A8, = 0, — ée is the difference among the actual and estimated position. In the

steady-state condition, where Af, ~ 0, the current equation can be simplified as follows [9].

ian | 1 | cos(0e)

igh Ld sin (‘96)

As the result and in order to extract the rotor position information, as shown in Fig.
(1.11)), the following signal processign algorithm is adopted [9} 88-T100].

. / Vit (1.42)
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Figure 1.11: Overall block diagram of the signal processing for the sinusoidal-type pulsating
signal injection method.

.a —pre 1 06 ¢
Z. h—p _prl L Cf)S( ) | = cos (wht)-/nghdt = I cos (
ionpre ¢ Lsint®) ]\

)
sin (6,) ]
(1.43)

(1.4

0, = 44)

1 - sin (6,)
L. cos (6.)

In the above equations, ¢ngn—pre. denotes the processed current in the stationary reference
frame and I, is a constant coefficient, which is a function of the machine inductances as

well as the amplitude and frequency of the HFI voltage signal.

e Signal Processing Improvement
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In the pulsating HFT methods, the control algorithm becomes unstable in high speeds
and also a large error appears within the estimated position. Therefore, the impact of
revolution speed and loading condition upon the estimation error need to be undergone
a deep investigation. Given such consideration, a novel detection method for the
amplitude of the HF current, which is independent of the revolution speed, is proposed
[TOT]. Also, a position estimation error compensation method which considers the

impact of speed and load is introduced.

There is an LPF in the signal processing algorithm of the conventional HF pulsating
voltage injection methods, which can cause long convergence time and even limited
system stability. To approach these shortcomings, a direct signal demodulation algo-
rithm without any LPF is proposed, which enhances the system stability and dynamic
performance [88]. Eliminating the LPF and band-pass filter from the signal processing,
a new algorithm incorporating second-order generalized integrator (SOGI) serving as
the harmonic extraction unit is proposed in [I02]. This method improves the system
dynamic performance and also the system parameters are more easily tuned, compared

to the conventional LPF-based algorithms.

In addition to the conventional signal processing algorithm for the pulsating sinusoidal
HFI method, it is possible to use both the positive and negative current sequences,
which maximizes the salient inductance impact and inversely minimizes the impact
of noise [103]. Using this method, the utilisation of the position-carrying current

components in addition to the signal-to-noise ratio are accentuated.

1.2.2.1.3 Square-wave Pulsating Signal Injection

As mentioned earlier, the pulsating HFT signal can be a square-wave signal also. Since the

waveform is a square-wave, the injection frequency can be mush higher than the sinusoidal

case, which is advantageous to the separation of the HF signals and sideband harmonics.

Moreover, it provides the drive with a quieter operation, since the frequency of the HFI

signal can be placed high enough so as not be within the audible range [T04-118].

Given a square-wave HFI voltage given in eq. ([1.45)), the HF current response in the

estimated ci(j—frame is derived in eq. (|1.46|).

1 kT, <t < KT, + In
nghzv{ Rl b+ h (1.45)

— L kT, + Ty <t < k(T +1)
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YL — ALcos (2A6,)
—ALsin (2A0,)

i 1 /
= V. dt 1.46
[ iQh ] Ly Lq dgh ( )
Looking at the ¢-axis current, there is an alternating triangular waveform which contains
the rotor position information. Through using a PI regulator, the term A6, can be forced to

zero, which is equivalent to the rotor position estimation. Alternatively, the rotor position

estimation can be done by using a current axis with an offset angle of 45° [119].

e Improved Methods

Given a square-wave HF signal injection method, the HF current magnitude is used for
extraction of the rotor position information, but with a novel adaptive PLL updating
its gain and badwidth with respect to the load changes [120} [121]. In order to enhance
the dynamic performance of the conventional square-wave HFI methods, a method
containing an adaptive complex-coefficient filter (ACCF) is proposed, which also elim-
inates the phase lag and therefore the need for compensation algorithms [122]. Also,
the conventional PLL is replaced by a double PLL (DPLL), by which the estimation

performance is improved and the position estimation error is reduced.

Since the square-wave HFI implementation is done through the PWM modules, in
practical conditions, the inverter deadtime, cross saturation, and secondary harmonics
of the inductance should also be paid attention in order to improve the estimation per-
formance [123H126]. The inverter nonlinearities, can be modeled by an HF resistance

which is highly nonlinear, impacting the overall control performance [125].

Applying HFI-based methods to non-salient PMSM is relatively difficult which is at-
tributed to the low signal-to-noise ratio of the current response. In order to solve this
problem, a square-wave HFI-based sensorless algorithm, using current oversampling,

is proposed in [127].

If a special HFI synchronized to the PWM carrier is used, the rotor position can be
estimated [I28]. The inverter output voltage error is highly affected by the amplitude
and polarity of the sampled current, so a method for estimation of the instantaneous
current value is proposed which paves the way for application of this method within

the sensorless control.

Dual three-phase PMSM has garnered increasing attention over the years, owing to
the promising reliability characteristics. In order to further increase their potential, a

sensorless control algorithm, utilizing square-wave HF signal injection, is proposed for
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these machines [129]. The HFI is implemented within the harmonic subspace, which
is decoupled from the torque subspace, resulting in torque ripple suppression and ease

of signal separation.

¢ Random Pulse Injection-based Methods

In order to lower the acoustic noise level of the HFI-based methods, a random pulse
sequence (HFPVI-RPS) algorithm is proposed by which a random voltage pulse, with
random width and amplitude, is used which spreads the spectral density of the current
harmonics and pushes them to higher frequency zones [130], 131]. In order to have an
HFI-based sensorless control with reduced acoustic noise level, the injection is done at
the switching frequency while a special g-axis injection is utilised by which the torque

ripple is also cancelled [132].

1.2.2.2 Fundamental PWM Excitation-based Methods

Although the HF signal injection-based methods are effective in the rotor position estimation
at the standstill and low-speed operating conditions, existance of an extra injected signal
coupled with observers are necessary for the method implementation. Consequently, the
FPE-based methods, simplifying the overall algorithm, are proposed [9]. A rotor position
extraction method which relies upon the carrier-frequency component signal and utilizes two
reference frames is proposed [133]. The FPE-based methods, generally, can be categorized

into three branches as follows.

1.2.2.2.1 Indirect Flux Detection by Online Reactance Measurement (INFORM) Method

This method was firstly proposed in [I34]. Voltage vectors are applied in different directions
and the induced current response is analysed, which makes this method a simple and easy-to-
accomplish algorithm. Three cycles with a single current derivative measurement per cycle
are enough to showcase the effectiveness of this method [9].

Given a set of injected voltage signals as:

2T

Voﬁ—pulse =V eIt 3 (147)
the induced current derivative is obtained as [9]:
d . vaﬁ—pulse i2(0,—ik2=
o mtee = S2B7PUse I AL - 3200k ) 1.4
dtzaﬁ pulse S — AL (& 3 ( 8)
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with & = 0, 1,2 reflecting the injection in a, b, or ¢ axes accordingly. The original IN-
FORM algorithm suffers from current ripples, so modified versions are proposed to reduce
the switching loss and extra harmonics [I135, 136]. In order to further reduce the current
distortion and required time for the algorithm execution, a new method is proposed in [I37].
By interrupting the PWM pattern for a given time interval, it is possible to apply various

voltage space phasors, which merely require the DC-link measurement [138].

1.2.2.2.2 Zero-sequence Current Derivatives (ZSCD) Measurements Method

In this method, the test voltage vectors are injected inside the machine, and induced zero-
sequence current derivatives (dependent on the position-carrying dg-frame inductances) are
obtained [I39HI45]. The derivative of the zero-sequence currents can be measured by using
Rogowski coil and the rotor position is extracted [9]. Although the ZSCD method is simple
and providing the sensorless operation with high efficiency, access to the neutral point of the
machine windings is necessary, which makes this method not available for every industrial
drive. Additionally, it is proved that the neutral-point voltage (if accessible) also carries
the rotor position information even at standstill, without the need for any extra HF signal

injection, which is also applicable to non-salient PM machines [146].

1.2.2.2.3 Zero-voltage Vector Injection Method

By comparing the acoustic noise and torque ripple of the HFI-based and FPE-based methods,
the zero-voltage vector injection method is proposed [147HI51]. The derivation calculations
of current and zero voltage vectors are combined in this method, which is especially dedicated
to standstill and low-speed operating zones. Comparing with the typical PWM switching
patern, the amount of current ripple in this method is higher, yet the switching frequency
is kept constant which can be helpful in terms of acoustic noise alleviation. Moreover, the
acoustic noise associated with injecting the zero voltage vectors can be eliminated with the

method proposed in [147].

1.2.2.3 Initial Position and Polarity Detection

The polariy of the stator flux and therefore the sign of the estimated position cannot be
detected in the HF pulsating signal injection-based sensorless algorithms, which is a big
issue with this family of sensorless algorithms. The HF model of PMSM shows that the
saliency experiences two periods in each electrical cycle, so incorrect polarity leads to 180°

error within the estimated electrical position.
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1.2.2.3.1 Current-based Algorithm

The permanent magnets used within the structure of the PM machines, make the magne-
tization characteristics nonlinear. It is shown that the d-axis current value increases if the
applied voltage vector is further aligned toward the north pole of the rotor (similarly, for the
south pole alignment, the d-axis current possesses lower value) [152].

The cavities dedictaed to magnet placements in PM machines make a tangible difference
in the values of the direct- and quadrature-axis inductances. By means of this spatial saliency,
which is based on the rotor position, it is possible to identify the orientation of the direct- and
quadrature-axis even at standstill condition, subject to the use of an HF rotating/pulsating
voltage vector. The polarity of the magnets can be identified by using the impact of magnetic
saturation on the saliency image [I53].

Prior to the position estimation, a voltage pulse is injected within the arbitrary d-axis.
Depending on the orientation of the d-axis toward the north or south pole, the current
response would be different [I54]. Given the hysteresis curve of the core, it is proved that
the second-order harmonic of the d-axis current response carries rotor position information.
If the d-axis is oriented toward the north pole, the current 2"¢ harmonic has a positive
average value, while there is a negative average value if the axis is oriented inversely [I55].

In most of the magnet polarity detection algorithms, a train of short pulses are used,
while the HF signal injection must be deactivated when the these pulses are being applied.
To this end, a method relying on the amplitude variation of the d-axis current is proposed in
[88]. This method detects the magnet polarity in three simple steps: first, the reference d-axis
current is set to a tiny portion of the nominal value (with the reference g-axis current being
always set to zero), and the HF current amplitude is obtained (through using a Recursive
Discrete Fourier Transformation (RDFT) algorithm) and stored as the first value. Second,
the reference d-axis current is made a couple of times higher and the new amplitude is stored
as the second value. Finally, the two stored amplitudes are compared; if the first value is
larger, the estimated rotor position is opposite to the actual value. Inversely, the estimated

rotor position is in correct alignment only if the second stored current magnitude is larger.

1.2.2.3.2 Vibration-based Algorithm

Almost all of the conventional polarity detection algorithms are based on calculating the sta-
tor voltage equations. These methods have poor adaptability to PM machines having various
saliency characteristics. Moreover, high sensitivity to the variations of electrical parameters

is another stark weakpoint of these methods. Incorporating the dynamic electromechanical
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equations of the PMSM, the surface vibration response of the machine, subject to dg-axis

HF excitations, is used as an asset for detecting the initial magnetic polarity [156].

1.2.2.4 Performance Comparison of HFI-based Methods

In the rotating-vector injection method, a balanced three-phase HF voltage/current signal
is injected within the stationary reference frame. On the other hand, an HF voltage/current
signal (either a single or vector) is injected within the estimated synchronous reference frame
in the pulsating signal injection method. The HF voltage injection is usually preferred, since
the resulting current is processed and the rotor position is estimated straightforwardly [157].

The performance of pulsating and rotating HF signal injection methods are compared for
an internal PM machine and an inset PM machine in [97]. The HFI methods are implemented
in various working conditions for both PM machines, and it is observed that there is no
conspicuous difference between their performance. As the result, both methods can be used
interchangeably.

Moreover, at heavy loading conditions (requiring high g-axis current), the estimation
error signal becomes dangerously small and therefore the estimation process is interrupted.
However, the inset-type PMSM, compared to IPMSM, has higher threshold which means
that it provides estimation for higher current level.

Given the nonlinearties of the whole system - including the motor, inverter, PWM, etc.
- the performance of rotating and pulsating HFI methods are investigated in [124] [158].
Position estimation error expressions - taking into account the impacts of cross-saturation,
multiple saliency, and finite resistance - are analytically obtained for both pulsating and
rotational HFI methods. Additionally, it is proved that both methods showcase a similar
tracking performance. Besides, the pulsating HFI method is shown to be less prone to dead-
time effects. Finally, pulsating HFI generates more localized flux linkage distribution with

lower intensity.

1.2.2.5 The Impact of System Nonlinearities on the Sensorless Performance

Magnetic saturation causes a cross-coupling effect between the d- and g¢-axis inductances
when HFT methods are applied; therefore, a detailed investigation and modeling of the cross-
saturation effect is conducted in [I59]. Unless this phenomenon is taken into consideration in
the machine model, the position estimation faces undesired error. An improved model of the

brushless AC machine, taking into account the cross-coupling phenomenon on the dynamic
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inductances is proposed in [I60]. Moreover, by using a simple error correction method, this
negative position estimation error is compensated. A detailed model with consideration of
multiple saliencies enables us to not only estimate the rotor-related information, but also
the magnet flux angle [I61]. Invesigation of the operating points during which the sensorless
control can be successfully commissioned, taking into account the saturation phenomenon
and applicability to different machines, is presented in [162].

In HFI-based methods and by using two ancillary angles of the injected voltage and
observed current (in addition to the classical rotor position), the dynamic performance of a
highly saturated PMSM can be improved [163]. Given the sign of the derivative of the EMF
absolute value within the stationary frame, it is possible to design an online tuning method
for the angle of the injected HFI in order to reduce the position estimation error resulted

from saturation and other nonlinear phenomena[164].

1.2.2.6 Other Studies

The majority of the saliency tracking-based sensorless algorithms are based on using an
HFI signal, yet an HFI-independent method, without the need for a priori knowledge of the
machine parameters and minimum tuning effort is proposed [165]. The machine parameters
are identified in an online manner, owing to the last three sampled instances used within a
finite control set model predictive current controller.

The sensorless performance for an electrically-excited synchronous machine fed by a load-
commutated inverter, covering the entire speed range, is proposed in [I66]. For the low-speed
range, the rotor position estimation investigates the field current harmonics. On the other
hand and for the high-speed region, an EMF-based position estimation method is proposed.
In order to lower the stress while switching among the two estimation methods, a swift
transition algorithm is also incorporated within the control algorithm. Moreover, a whole-
speed-range sensorless control algorithm, using the voltage ripples obtained from an adaptive
finite-control-set model predictive control (FCS-MPC), applicable to IPMSM is proposed in
[167].

Stability of the overall sensorless control, which comprises the internal current loop,
outer speed loop, and the position observer, is of paramount importance [I68]. Appropriate
placement of zeros and poles of each part of the system, i.e. proper design of the PI regulators
with respect to the other system components, is a key criterion [169).

For a very special sensorless condition when the IPMSM machine is power-off and the

speed and position are to be recorded, an ultra high-frequency (UHF) sinusoidal voltage is
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injected and, given the RMS value of the injected signal with respect to the inherent machine

saliency variation, the rotor position information is extracted [I70].

1.2.3 Conclusion

In this section, the sensorless control of PMSM was extensively reviewed. First, the model-
based methods, applicable to the medium-high speed range, were reviewed. Second, the
saliency tracking-based methods, applicable to standstill and low-speed range, were exten-
sively reviewed.

Almost all of the sensorless controls, were based on the electrical parameters of the
machine. However, in this thesis, we want to show that it is well possible to use the output
acoustic noise (or vibration) of the PMSM as a rich source for extraction of the rotor position
information, alternatively.

As the result, in the following section, the fundamentals of the PMSM vibration/acoustic
noise (especially that of electromagnetic origin) are extensively reviewed. Once the back-
grounds had been established, the acoustic noise response of the machine, to specific HFI and
PWM voltage methods, in addition to the proposed acoustic noise-based sensorless control

will be respectively introduced in Chapter 2 and Chapter 3.

1.3 Acoustic Noise and Vibration Phenomena in PMSM

In this section, the fundamental concepts related to the vibration and resulting acoustic
noise of PMSM are investigated, in a step-by-step manner. Among many reasons behind
occurrence of vibration/acoustic noise, a special focus is placed upon the electromagnetic
origin, since it is the base of our proposed methods in this thesis. The electromagnetic
equations of the air-gap magnetic fields and radial forces are used as the ground for the
calculations and methods provided in the next chapter; therefore, they are written in the
most generalized format to be applicable to any PMSM.

As the electromagnetic origin of PMSM acoustic noise is the main focus of this section,
the general format of the airgap magnetic fields is firstly reviewed. In the following step, the
resulting generated forces within the airgap, which are applied to the mechanical structure of
the stator, are provided since these are deemed the principal cause of the vibration occurrence
[T71]. Finally, the backgrounds related to the occurrence of vibration and resulting acoustic

noise are deeply reviewed.
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1.3.1 Air-gap Magnetic Field

Given the structure of a PMSM, the sum of the permanent magnet (PM) field and the
armature-reaction (Arm) field constitutes the overall air-gap field, given a balanced three-

phase current system defined below [T72HI75].

lg = i I; cos (ipwmt + ¢;) (1.49)
i—1
iy = i I; cos (ipwmt + ¢; — 27T/g)) (1.50)
i=1
- i I; cos <z’pwmt + ¢ + 27T/g) (1.51)
i—1

with
e I; being the amplitude of the phase current i** harmonic
e { being the instance of time
e ¢; being the phase of the current i** harmonic.

For the sake of brevity, firstly the slotless model of PMSM is considered and the field
equations are presented. In the following step, the field equations in the presence of stator

slotting are presented.

1.3.1.1 Slotless Air-gap Field

Given a rounded slotless stator, magnets mounted on the rotor surface, and current sheets
distributed around the inner surface of the stator, the radial and tangential components of
the PM and Arm fields are obtained as follows [L76]:

BPM (r,0) Z bEM (5,7). cos (jp (0 — wint)) (1.52)
7=1,3,5

BIM (r,0) Z by M (4,7).sin (jp (0 — wnt)) (1.53)
7=1,3,5
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B (r, ) Z Z bA™™ (1) . sin (k6 % (ipwpt + ¢;)) (1.54)

k=1 i=1

B (r, ) Z by"™ (1) . cos (k6 % (ipwmt + ¢;)) (1.55)

=1 i=1

k+i=3C,Cel0,£1,+2 +4 +5 47 £8, ... (1.56)

~
non—triplen

with
e 0 being the angular position around the stator periphery
o pIM pIM - pArm - and by™™ being constants depending upon the radius of analysis in

the air-gap (r) and the number of spatial harmonics (7).

It is worth mentioning that in a PMSM, the phase current harmonics, (i), are of non-triplen
order (1,5,7,11,13, etc.) [177].
1.3.1.2 Air-gap Field with Slotting Effect

Assuming a fictitious arc in the air-gap drawn within the polar coordinate system, the vector

of magnetic field can be defined as follows.

B = B, + jBy = ||B|| %7 (1.57)
IBIl = \/(B:)* + (By)* (1.58)
¢p =tan! <B9/BT> (1.59)

Applying a so-called conformal transformation to the magnetic field vector, the slotted stator

model can be transformed into a slotless one through using a complex permeance model as
defined below [176, [178]:

X=X —jAs (1.60)
with .
Ao = Age + Z Aan- cos (nNs0) (1.61)
n=1
As =Y Agn.sin (nN,0) (1.62)
n=1
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where
e )\, and )\g are real and imaginary components of the defined complex permeance

® Mic, Aan, and Mg, are constant coefficients depending on the stator slots physical di-

mensions
e N, denotes the number of slots.

Consequently, the magnetic field vector resulted from the stator slotted model is obtained

as:
By = (Br + jBs) . (Aa — jA3) = (ByAa + Bors) +j (Boda — Br)g) (1.63)

. (. J

~

Bs'r BSO
in which By, and B,y respectively denote the radial and tangential field components. As the

result, the radial and tangential components of the PM field can be obtained as follows.

BEM (r 0) = BPM A, + BfM\p = LZ bEM (1, 5) . cos (jp (0 — wmt))]

i=1,3,5
Ade + Z Aan- cos (nNgO) | + LZ by M (7, 7). sin (jp (6 — wmt))] [Z Agn.- Sin (nNSQ)]
n=1 i=1,3,5 n=1
x Z Z cos (jp (0 — wmt)) . cos (nNH) (1.64)
j=1,3,5 n=0
BEM (r,0) = BfMa. — BMMAs o > ) sin(jp (0 — wmt)) . cos (nN,0) (1.65)
j=1,3,5 n=0

Similarly, the orthogonal components related to the armature reaction field are obtained as:

oo oo oo

BA™ (r.0) = B\, + Bj™™\s Z Z Z sin (k0 + (ipw,,t + ¢;)) . cos (nNg0) (1.66)

k=1 i=1 n=1

oo o X

By™ (r,0) = B X+ B Ag o< Y Y > " cos (kO £ (ipwmt + ¢;)) . cos (nN,0)  (1.67)

k=1 i=1 n=1
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Consequently, the overall air-gap flux density, for either the slotless or slotted model, can be
obtained as the separate sum of PM and armature-reaction fields. In addition, as shown in
Fig. and [I76], the magnitude of the radial air-gap flux density is considerably greater
than that of the tangential one (simulation results are provided for a given PMSM
in ALTAIR Flux software). The figure compares the radial and tangential components of
the flux density for two conditions of zero phase current (PM field only) and non-zero current
(PM field + Arm field). Comparing the figures for zero and non-zero currents respectively
shown by PM and PM+Arm, for either of the radial or tangential fluxes, the PM field
possesses the highest contribution in the overall air-gap field. As the result, without losing

the generality, the impact of the tangential fields can be conveniently disregarded. Given both

PM PM
—B —Be

_ BI:M +Arm Bg’M+Arm

o

Flux Density (T)

- i
0 20 40

0 80 100 120
Posit?on (deg)

Figure 1.12: Radial and tangential air-gap flux density comparison.
the slotless and slotted stator models, the impact of rotor eccentricity, in which the rotor is
not axially placed in the middle of the airgap resulting in a non-uniform airgap, is analytically
investigated [179, [I80]. The effect of eccentricity is modeled by using a perturbation method.

It is shown that eccentricity makes a noticeable deviation within the field ditribution, and

its impact is linearly related to the amount of eccentricity.

A — BPM 4 A (1.68)

1.3.2 Air-gap Electromagnetic Force

Having obtained the air-gap fields, the radial and tangential components of the electroma-

netic force can be obtained using the Maxwell Stress Tensor as defined below, with the
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vacuum permeability constant defined by p, [181]:

BB B
2410 2410

F, (1.69)

o BST"380
Ho

As the radial force, which is the principal reason for the occurrence of vibration and acoustic

Fy

(1.70)

noise in electric machines, is orders of magnitude greater than the tangential force as shown

in Fig. (1.13) and [I81, 182], from this point onward, merely the radial force is taken into
consideration.

so0— FPM__pgPM__ PM+Arm__ -PM+Arm
r 0 r 0
Z 600 |
(]
©
2
£ 400 |
[@)]
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L
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Figure 1.13: Radial and tangential air-gap force comparison.

It is proved that, in a condition with non-zero phase current, the impact of stator slotting
on the radial forces is also negligible [176]. Consequently, the force equation can be simplified
as shown in eq. . Since only the frequency components appeared in the radial forces
are important in this study, the radial force equation can be approximated as eq. .
Given that, the radial force comprises the self and mutual interactions between each PM and
armature-reaction fields harmonic componets. To this end, the first, second, and third terms
on the right side of eq. respectively denote the PM self interaction, armature-reaction
self interaction, and mutual interaction between the PM and armature-reaction. Therefore,

knowing the exact frequency components appeared in the PM and armature-reaction fields
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is enough for predicting the harmonics within the radial force.

. (BfMjLB;f‘Tm)Q <j1,3,5 k=1i=1
" 21t B 2410

i bPMcos (jp(6 —wmt))+§ ibf’”msin(k:@j: (ipwmt—l—gbi))>
(1.71)

Froc Y Y cos[(ji£42)p (0 — wat)] +
J1 o Je

STNTNTS " cos[(ky F ki) 0 £ (i F in) pwmt + (05, F 61,)] +

k1 ko i1 2
o0 [e.9] o0

Y ODOD sin((k+4p) 0+ (i F §) pwmt + ¢]  (1.72)
j ko

Given different PMSM topologies with various pole/slot configurations, a comparative
analysis regarding the frequency components in the fields and radial forces is carried out in
[182]. In addition, in-depth study of the current harmonics impact upon the radial force,
vibration, and acoustic noise frequency components is conducted in [I83].

In conclusion, if the PM and armature-reaction fields are respectively with the arbitrary

harmonic orders of ¢ and j, the radial force harmonic orders are obtained as:
e |i; £ 5] as the self contribution of PM field components.
e |j1 £ jo| as the self contribution of armature-reaction field components.
e |i + j| as the mutual contribution of PM and armature-reaction fields components.

Having investigated the magnetic fields in frequency-domain, the specific harmonics
within the radial forces are obtained. These forces are applied on the stator tooth tips, which
are the initiator of the electromagnetic vibration. Therefore, the next part is dedicated to the
vibration and acoustic noise of electic machines, including fundamentals, different origins,

and methods of calculation.

1.3.3 Vibration and Acoustic Noise in Electric Machines

As far as technical definition concerns, Vibration is defined as a limited alternating movement

of a particle (of an elastic structure or medium), when the equilibrium point is disturbed.
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Sound is also technically defined as the transmitted vibration through an elastic structure,
liquid, or gas when the frequency lies within the audible range of 20H 2z to 20K Hz. A sound
wave is generated as the result of energy transfer between the surface of a vibrating body
and its surrounding medium. When the surrounding medium is air, the movement of each
air particle is in a parallel direction with respect to the direction of the transfered energy
(from the surface of the structure) [I81].

The output vibration and acoustic noise of electric machines are always deemed a draw-
back and therefore having an acceptable level of vibration and acoustic noise, while oper-
ation, is an integral performance index. Vibration and acoustic noise in electric machines
stem from three main origins namely electronic and electromagnetic, aerodynamic, and me-
chanical [I84]. Figure (|1.14) illustrates the various origins of acoustic noise and vibration in

electric machines.

Noise and
Vibration Source

Mechanical Aerodynamic Electronic anc{
Electromagnetic
[
Self Load-induced
I I
. Brush .
Stator Rotor Coupling Commutator Foundation

Vibration Modes Bearing | | Balancing

[
I |

Dynamic Eccentricity Static Eccentricity
| — 1 |

Unbalanced Rotor Elliptical Rotor Surface Elliptical Stator Bore

Figure 1.14: Origins of vibration and acoustic noise in electric machines.

e Mechanical Origin

Compared to the other origins, the mechanical origin of the vibration and acoustic noise
is eclectic and has the most diversity as shown in Fig. (1.14). Natural frequencies of
stator and rotor are important since any harmonic excitation coinciding with those
frequencies will lead to the resonance occurrence and therefore an abundant level of
vibration and acoustic noise will be disseminated. Moreover, the bearing mounted at

the end of rotor shaft adds up to the overall noise level. Balance of stator and rotor axes
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is a key design parameter ensuring a homogenous air-gap; consequently, if there is any
unbalance (i.e. eccentricity), the even field distribution is disturbed which culminates

in uneven radial force distribution and extra vibration and acoustic noise.

In addition to the motor, the coupled load mechanical characteristics are of great
importance, as any vibration on the load side is easily propagated to the motor through
the coupling. Coupling, per se, is a complex mechanical structure comprising different
moving components and connections; therefore, any imperfect connection or loose screw

can lead to extra vibration and acoustic noise especially in high-speed revolutions [I8]T].

The basement and foundation, on which the motor-load bench is mounted, must also
be strictly fixed and signigicantly heavier than the whole test bench to make sure that
there is no extra vibration induced to the system. In case of unappropriate weight ratio
between the motor-load bench and the foundation, in specific speed ranges, the total

structure experiences tremendous vibration, attributed to the resonance phenomenon.

e Electronic and Electromagnetic Origin

Any parasitic effect related to high-order spatial and time harmonics in the current,
magnetic fields, or MMF waveforms directly impacts the radial force harmonic content
and results in additional vibration and noise; for instance high-order current harmonics,
non-sinusoidal EMF, phase unbalance, and magnetic saturation. Additionally, any
physical aspect influencing the magnetic fields, including eccentricity, stator or rotor
skewing, slot openning, and electrical or mechanical faults, can also be considered as

a source of vibration/acoustic noise [I71], T8T], [184].

e Aerodynamic Origin

Considering integrated motor drives or electric vehicles having power-densed electric
propulsion system, existence of an efficient thermal management system is essential;
the coolant within the system can be liquid or natural air. In either case, a fan is placed
responsible for maintaining a constant airflow which can produce high-pitch acoustic
noise [I81].

It is neccessary to mention that, in this thesis, we just focus on the electromagnetic
and electronic origins of the acoustic noise in electric machines, since by a priori
knowledge about the electromagnetic behaviour of the system and appropriate excitation,

the electromagnetic fields and vibration/acoustic noise harmonics are directly predictable.
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1.3.3.1 Vibration Fundamentals

The generated vibration and acoustic noise of the rotor/stator structure is the direct response
to the applied excitations by the forces. As the result, if the frequency of the applied force
is close to the natural frequencies of the structure and the order of the force harmonic
component is the same as structure vibration mode, an abundant amount of vibration and
acoustic noise, as the result of resonance, is generated [I81].

Although it is possible to simply model the stator frame as a shell and derive analytical
models for the low-order vibration modes prediction, the results will be erroneous for high-
order modes and therefore utilization of more accurate models is indispensable. Due to the
curvatures of the actual stator and rotor structures, the generated vibrations in the radial,
tangential, and axial directions are coupled together meaning that excitation in only one of
these directions might lead to the vibration in one or all of the directions. Consequently,
accurate results can be obtained, provided that finite element modeling (FEM) is utilized
[181].

In FEM, the stator and rotor geometries are devided into tiny segments called mesh;
the higher the number of meshes, the higher the modelling fidelity and the more precise the
results. Given a conveniently-precise meshed structure, the global equation of motion, given
below, is solved and the natural frequencies and forced harmonic responses of the structures
are obtained [I71].

Mma—QX + CmQX + K, X =F, (1.73)
ot? ot

Where the following parameters are defined as:

e M, the global mass matrix

C,, the global damping matrix

K,, the global rigidity matrix

F,, the nodal force vector matrix

X the nodal displacement matrix.

Considering the availability of nodal force vectors and matrices of damping and rigidity,
eq. (1.73) is solved, for each individual node, and the output nodal displacement vector

matrix is obtained [171].
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1.3.3.2 Natural Frequeny Calculation

Assuming that there is no excitation force applied to the system, which has no global damp-
ing, the general solution of eq. ([1.73)) provides us with the natural frequencies of the system
under investigation.
82
M, —X+ K, X =0 1.74
szt (1.74)

Supposing that the output displacement matrix possesses a harmonic nature as follows:
X = Xpel*t (1.75)

with w being the deformation angular frequency, eq. can be rewritten as follows:
KX =w?M,, X (1.76)

which is an eigenvalue problem with its responses providing the natural modes and frequen-

cies of the structure [T71].

1.3.3.3 Harmonic Response Analysis

Having obtained the radial forces and the natural frequencies, the nodal displacement and
acceleration (vibration) matrices can be obtained. In a steady-state condition, the air-gap

radial forces and nodal displacement vectors are considered to be in a harmonic regime
defined as:

Fp=> Fpe™ (1.77)
k=1

X=> X (1.78)
k=1

where F}, represents a complex amplitude vector related to the k-order harmonic of the
applied radial force and X, denotes the complex amplitude attributed to the k™ harmonic
of the nodal displacement vector.

Considering each harmonic of the radial force, X; can be obtained as [I71]:
(K — (hw)*M,,] X, = F} (1.79)

In the following step, the nodal acceleration (vibration) is obtained given that the nodal
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displacement is available.

0? - 2o

ka = (kw)" X (1.80)
Equations (|1.73H1.80) are solved for each mesh element, and the resulting displacement
vector, in additions to its second-order derivatives giving the acceleration, are calculated in

FEM-based environments.

1.3.3.4 Basics of Acoustic Noise

In acoustic science, the sound filed is typically identified through two important variables
of the pressure (P) and velocity (v) of the medium particles. Two fundamental equations

govern the dynamics of acoustic fields as follows [I81].

1 0%P (F,t)
2p(Pt) — N 1.81
V2P (7,1 T 0 (1.81)
OD) 4 (1) ) 7(7.0) = %VP (7, 0) + 7 V23 (7 1) (1.82)

where

e V is the divergence operator.

7 is the displacement vector in the Cartesian coordinate system.

t represents the instance of time

¢o is the speed of sound wave in the corresponding medium

~ denotes the kinematic viscosity
e p is the medium mass density.

Given the equations governing the vibration and acoustic noise, the frequency components
within the radial forces are directly appeared within the vibration and acoustic noise wave-
forms, yet the amplitudes follow a highly non-linear nature. Therefore, FEM-based sofwares
provide the highest accuracy in simulation of the vibration/acoustic noise of a complex body,
like stator of an electric machine.

Given an approximate model of the stator geometry as a thin shell, the amplitude of the

superficial vibration can be obtained by eq. ([1.83) when a sinusoidal regime is considered
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for the forces and vibro-acoustic waveforms [1811 [185].

Fun
Ap = M

V(2 = 02 4 4G )’

where

e A, denotes the vibration amplitude
e F, represents the force magnitude

M 1is the stator mass

wp, is the angular resonance frequency
e w, is the angular frequency of the applied force component

e ¢ denotes the modal damping ratio.
Then, the sound power is calculated as:
H: i Trmn PoCoS <%>
m,n=0
with
e po being the sound density
e 0,,, being the efficiency of the sound radiation
e S being the area of the radiating vibrating surface

® v, being the velocity of the vibrating stator surface

(1.83)

(1.84)

Considerig the electromagnetic origin of the vibration/acoustic noise in electric machines
(including PMSM) and based on eq. ([1.83) and eq. (1.84)), the amplitudes of the vibration

and acoustic noise are linearly dependent on the amplitude of the radial force. Moreover,

the resonance phenomenon only intensifies the amplitude of the generated vibration/acoustic

noise.

On the contrary to the affected amplitudes, the frequency components of the vibra-

tion/acoustic noise are not altered by the resonance phenomenon, and are exactly equal to

the frequencies within the radial force [I85].
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1.3.3.5 Other Methods of Calculating Vibration and Acoustic Noise

Another method for rapid computation of electromagnetcally-induced vibration in electric
machines is proposed in [I86]. In this method, the radial force is calculated using field
reconstruction method. The calculated forces, in parallel to the impulse vibration response,
are used to compute the overall vibration of the stator.

A comprehensive and accurate analysis of the vibration/acoustic noise in PMSM is carried
out in [I87], which provides a systematic approach for vibroacoustic analysis of PMSM. It
is shown that obtaining reliable results is bound to using a sufficiently-small mesh element
for the vibrating surfaces. Moreover, the impact of tangential forces on the acoustic model
derivation cannot be neglected.

Given an end-to-end coaxially-coupled PMSM, to its load generator, a lumped parametric
model is developed which is used to predict the vibration/acoustic noise of such a system
[188]. This method is based on using an effective modal mass and a modal participation

factor accuracy enhancement technique.

1.3.3.6 Methods to Alleviate the Vibration and Acoustic Noise

Vibration/acosutic noise is inherent to PMSM operation, and finding ways to alleviate it has
always been sought. Given the underlying nature of PMSM, successful vibration reduction is
equal to finding methods to reduce the harmonics magnitude within the radial airgap forces.
Such approaches can be opted in two ways: firstly, by optimizing the stator/rotor geometry in
such a way that the concentration of the radial forces, on the tooth tips, is allayed. Secondly,
through controlling the applied phase voltage/current, to indirectly impact the radial force
magnitude. The former method falls outside of this thesis scope, so is not detailed any
longer. However, the latter method can be done through various algorithms, among which
the random excitation-based methods have shown superior performance.

Application of random or pseudo-random PWM (RPWM or PRPWM) methods, as a
way to spread the harmonic noise power in a wide discrete frequency range, is reported in
many papers in [I89-H192]. Not only is this method able to alleviate the vibration/acostic
noise intensty but also reduces the torque ripple, resulting from the tangential component
of the airgap field. In RPWM methods, the carrier signal, within the PWM generation
algorithm, is built using a random pattern algorithm. As the result, the output PWM pulses
are of random nature.

The current harmonic injection method is a proven solution for suppression of the radial
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vibration in electric machines. Obtaining the relationship among the amplitude, frequency,
and phase of the current harmonic and resulting vibration, a new current injection algorithm

able to alter the radial force harmonics amplitude is proposed in [193].

1.3.3.7 Other Studies

The impact of rotor position error, for resolver-connected PMSM, on the harmonics of cur-
rent, radial force, and resulting vibration/acoustic noise is deeply investigated in [I85]. The
study reveals that any position detection error, results in extra sideband harmonics within
the phase currents, which in turn induces extra harmonics in the radial force. Therefore,
excessive harmonics are generated in the vibration/acoustic noise waveform if there is a
position tracking error.

Through proposing a multi-stage multiphysics method, the electromagnetic noise and
sound quality of a PMSM, with a variable speed range, is realized [194]. Firstly, the radial
forces are obtained for a 2D FEM model of PMSM with currents varying for a start-up
scenario. In the following step, the mode superposition method is used and the resulting
vibration is predicted. Finally, based on the structural mode data, a transfer function for

predicting the output acoustic noise with given input radial force is established.

1.4 Conclusion

Throughout this chapter, three main topics were extensively investigated. First, the PMSM
model in different coordinate systems in addition to the FOC algorithm. Second, PMSM
sensorless algorithms, including both model-based and HFI-based methods. Third, the basics
of vibration and acoustic noise in electric machines (i.e. formation mechanism, different
origins, and analytical equations).

This thesis develops a novel PMSM sensorless control, which relies on the machine dis-
seminated acoustic noise as the rotor position information source. As the result, the mate-
rials covered throughout this chapter served as the prerequisite for the upcoming proposed
methods and analyses.

Given that, this thesis is organized as follows.

e Chapter 2 investigates the PMSM vibroacoustic response in special excitation condi-

tions, including the HFT and PWM voltage signals. As the result, the frequency-domain
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response of the resulting current, magnetic fileds, radial force, vibration, and acoustic

noise are investigated.
This chapter, also, answers the following questions:
— The raw output acoustic noise is fraught with countless harmonics, so how can it
be used for the purpose of position estimation?
— Does the output acoustic noise follow an stochastic nature or can it be determin-

istically studied?

Chapter 3 is dedicated to the implementation of the acoustic noise-based sensorless
control of PMSM. Two methods are proposed, one using an HFI voltage and the other
using the PWM voltages.

In order to implement the acoustic-based sensorless control, the signal processing algo-
rithm, overall system modelling and stability analysis, and suitable position observer

should be all considered.

Additionally, this chapter provides answers to the following questions:

— What is the structure of the proposed signal processing algorithm?
— How to safeguard the signals from the environmental noise impact?

— How does the proposed position observer affect the overall sensorless speed loop
stability?
— Which novel observer should be used to improve the estimation performance, in

case there exist additional harmonics within the estimated values?

Chapter 4 experimentally evaluates the performance of the proposed acoustic noise-
based sensorless algorithms. The proposed methods are benchmarked against various

static and dynamic conditions.
The answers to the following questions can also be found in this chapter.
— Given the performance stability and robustness, are the proposed methods capable
of keeping up with the existing, mature-enough sensorless algorithms?

— Are the proposed methods able to satisfactorily perform under static and dynamic

conditions?
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— As the estimation at standstill and low-speed are the most challenging aspects
of every sensorless algorithm, how do the proposed methods perform in these

conditions?

e Conclusion serves as the ending part of this dissertation, summarizing the key find-
ings and insights obtained throughout the research on acoustic noise-based sensorless
control. In addition, the Conclusion discusses potential future directions for research
and improvement aspects that can be explored in the field of acoustic noise-based

sensorless control, in order to further advance this new technology.
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Chapter 2

Vibration and Acoustic Noise of
PMSM in Special Conditions

Considering what have been provided in the previous chapter, in a PMSM, firstly the radial
forces can be merely considered as the principal cause for the machine disseminated acoustic
noise. Secondly, the impacts of stator slotting and air-gap tangential field components on
the radial force formation is negligible. Although all the upcoming analyses are for a PMSM
with the parameters given in Table. similar method can be adopted for any PMSM,
with arbitrary pole/slot configuration, without the loss of generality. Another point is that
all the electromagnetic, mechanical, and electrical simulations are respectively conducted by
ALTAIR FLUX, ALTAIR PSIM, and ALTAIR Simlab.

Table 2.1: Parameters of the studied PMSM.

Parameter Value
No. of Slots/Poles 9/6
Rated Power 1600W
Rated Speed 1500rpm
d-/q-Axis Inductances 140puH /178 H
Phase Resistance 97mS
PM Flux Linkage 39.omWb

This chapter is organized as follows:

e Frequency-domain analysis of airgap fields and forces, under the fundamental excitation

regime, is provided in Section 2.1.
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e Given different HFI conditions, the harmonics of current and radial force are investi-

gated in Section 2.2.

e Given the HFI conditions, the generated vibration and acoustic noise harmonics are

investigated in Section 2.3.

e Removing the HFI, the PWM-induced acoustic noise is investigated in Section 2.4,

named 'HFIless’ condition.

e For the HFI and HFIless conditions (relying on PWM voltages only), the output acous-

tic noise is compared in Section 2.5.

e Conclusion is provided in Section 2.6.

2.1 Frequency-domain Composition of Air-gap Fields

and Radial Forces

Given a PMSM with the general phase current format shown in eq. (2.1)), the simplified
model of the radial air-gap field - comprising the individual sum of PM and armature-
reaction radial fields with using the super-position theorem - are provided in eq. (2.2)-(]2.5])
[182].

iph = Z I;. cos (ipwmt + &;) (2.1)
=1
B =" " bap (1) L. sin [k6 £ (ipwmt + ¢;)] (2.2)
k=1 i=1
BIM = 3" bpy (r) . cos [jp (0 — wit)] (2.3)
j=1,3,5
B;ﬁlirgap — BfMJrArm — BfM + B;fh’m (24)
k+i=3CC=1{0,4+1,42 44,45 +7,48,...} (2.5)

In the above equations, the parameters represent:
® i, the phase current.

e I;, amplitude of the i harmonic within the phase current.
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1, order of the harmonic within the phase current.

p, the pole-pair count.

W, the rotor mechanical angular velocity.

¢;, phase of the i harmonic within the phase current.

6, the mechanical angle around the stator periphery.

r, the calculation radius within the airgap, considering a spherical coordinate system.
e bpyr and by, geometry-dependent variables.

Besides, in a PMSM, the current harmonics are always of specific nontriplen order (1, 5, 7,
11, etc.) [182].
For the PMSM used in this thesis, the harmonic components within the PM and armature-

reaction radial fields are obtained as follows:

F(BPM) = jpfo = fo x  1,3,5,7, ... (2.6)
W
J
F(BA™) = fo x {1,2,4,5,7,8,...} (2.7)

where:
e f. denotes the fundamental electrical frequency.
e f,, corresponds to the fundamental mechanical frequency.

e f.; represents the harmonics within the phase current (if the machine is only fed with

the fundamental excitation, f, = f.;).

Given eq. , the PM-related field harmonics are merely dependent upon the num-
ber of pole pairs and the mechanical revolution speed, and resultantly directly related to
the fundamental electrical frequency. The Armature-reaction field harmonics, however, are
related to the harmonics appeared in the current, given eq. .

Given the pole/slot configuration of the considered PMSM and for the sake of brevity,

1/3 of the total stator and rotor peripheries, equal to 120° mechanical, can be used for the
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Figure 2.1: Symmetrical model of the PMSM with the arc drawn in the air-gap.

field analysis as shown in Fig. (2.1). A fictitious arc is drawn in the middle of the air-gap
on which the magnetic fields are calculated.
Considering each radial and tangential field component, three different conditions are

simulated (using transient analysis on a 2D model in ALTAIR Flux software):
e Firstly, the solo impact of permanent magnets - without any phase current.

e Secondly, the solo impact of armature-reaction - as the result of current injection within

the machine and the PMs replaced by the stator lamination.
e Thirdly, the superposition of PM and armature-reaction fields.

Figure compares the radial air-gap fields for each of above-mentioned conditions. As
can be noticed, BPM is considerably greater that BA™. Moreover, waveforms of B and
BFPM+Arm are almost identical with a tiny difference existing. Consequently, in an actual
condition where both the PM and armature-reaction fields exist, BZ™ possesses the highest
contribution and B#"™ can be safely disregarded. A similar behaviour exists for the tangen-
tial componets, as shown in Fig. (2.2b)), where BFM is almost equal to BYM+4™™  Graphical
representation of the magnetic flux density (B) distribution taking into account the perma-
nent magnet field only, armature-reaction field only, and the overall field are respectively
shown in Fig. . It is graphically evident that BY* possesses the dominant portion

in the overall flux density distribution, which certifies the aforementioned discussion.
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Figure 2.2: Comparison of air-gap magnetic field components.
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Figure 2.3: Flux density distribution showing B,

Verifying eq. , , the frequency-domain analysis of the air-gap radial magnetic
fields is shown in Fig. . It is observed that only the odd-order harmonics are dominant
in the spectrum of BPM | of which the 15 and 37 possess the highest amplitudes. Looking at
the harmonic spectrum of B/ exactly non-triplen orders (1,2,4,5,7,8,...) are appeared.
Therefore and as the result of field superposition in actual case, the harmonic spectrum of
BFPMHATm hosts both even and odd orders, yet due to the dominance of BPM over BA™

validated in Fig. (2.2a] and [2.2b), the magnitude of odd-order harmonics - especifically the
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Figure 2.6: Frequency-domain analysis of radial air-gap magnetic fields.
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Figure 2.7: Comparison of air-gap magnetic force components.

1%t and 3"¢ - are more pronounced.

Having obtained the harmonics within the air-gap magnetic fields, radial forces can be
analysed in the following step. An imaginary arc depicted in Fig. , covering only one
of the tooth tips in the middle of the air-gap, is drawn and Maxwell Stress Tensor is applied
and the applied forces to the given tooth tip are calculated as shown in Fig. (2.7). The
total simulation time is chosen to be 0.02s, representing the electrical period for a complete
revolution at 1000rpm, and the quadrature-axis current is chosen to be 30A, which is equal
to the nominal current.

Radial air-gap forces are compared in Fig. (2.7al) where FI'M is orders of magnitude
greater than FA™™; therefore, the total radial air-gap force (FFM+4™m) is almost equal to
FFM_ This is completely justifiable owing to the fact that the radial force is the fruit of
magnetic fields interactions and it was verified that BX™ is in an undisputable dominance

over BA™  For tangential forces, a similar behaviour is noticed where the impact of F/A™ is
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almost negligible as compared to FM | as depicted in Fig. . Additionally, it is worth
mentioning that the overall amplitude of radial forces is meaningfully greater than that of
tangential forces. Consequently, in analysis of air-gap forces, the radial ones are the only
influential components.

Given the above-mentioned analysis and time-domain waveforms of the fields, the domi-

nant harmonics within the radial forces are obtained as follows:
F(FPMY = R(EPMFA™) = f % {2,4,6,8, ...} (2.8)

F(FA™) = f, x {1,2,3,4,...} (2.9)

where the magnitudes of components related to the PM fields are times higher than those
of armature-reaction. Consequently, in overall condition, it is feasible to only consider the
impact of PM fields as shown in eq. . Frequency-domain analysis of radial air-gap
forces is illustrated in Fig. (2.8). As expected, harmonics within the FFM and FPM+Arm
are almost identical and are of even-order, while the amplitudes of the harmonics of FA™

are almost negligible.
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Figure 2.8: Frequency-domain analysis of radial air-gap magnetic forces.

In this section and given the fundamental excitation only, the overall airgap magnetic
field - considering the impacts of permanent magnet and armature-reaction fields altogether
- was investigated in the frequency domain. In the following step, the generated magnetic
force harmonics were investigated. For both the airgap fields and forces, simulation results
were provided in time- and frequency-domain to verify the analytical discussions.

In the next section, the impact of HFI on the harmonics of current, airgap fields, and

radial forces is investigated.
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2.2 Harmonics of Current and Radial Force in High-

frequency Injection Condition

In this section, the motor is excited with a low-amplitude, high-frequency excitation and the
impact of such excitation upon the radial force and disseminated acoustic noise is studied.
The term high — frequency is relative; actually, a voltage (or current) signal is superim-
posed on the fundamental machine excitation. The frequency of the injected signal must
be conveniently higher than the fundamental frequency in order to make sure there is no

interruption in the overall performance.

2.2.1 Inductance Matrix in an Estimated Coordinate System

Considering the voltage equations in the synchronous rotating reference frame (dg-frame)

0 _1”Ad]+[%] (2.10)
+1 0 Ag A,

Ly 0 |4
0 Ly || i

e V; and Vj represent the direct- and quadrature-axis voltages.

presented below in the matrix form,

V. 1
d d + we

g

Ym ] (2.11)

where

e i; and 7, the quadrature-axis currents.

w, the electrical fundamental frequency.

Aq¢ and A, the quadrature flux linkages.

L, and L, the qudrature inductances.

U, the PM flux.
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The matrix of linkage fluxes can be reformatted as follows [195]:

Ym + (La — Ly) z'ﬁ

A L 0 7 ~ .
T = ! .d + )\m"r,ndq = Lgqldg T Ammadq (2.12)
Ag 0 L, iq 0

where A4, denotes the modified dg-frame flux linkage which, for most of the conditions
where iy = 0, is equal to ¥,,.

In the next step, the voltage equations are transformed to a new arbitrary rotating frame
lagging the dg-frame by an angle defined as A8 = 0, — 0, with 6, being the dg-frame position

and 6, being the position of the estimated frame.
KT-qu = KT-RsZ.dq + KT-we-j)\dq + KT)\;lq (213)

where K is the transformation matrix defined as:

Koy — o™ — cos (Af) —sin (Af) (2.14)
sin (Af)  cos (Af)
Considering the transformation, the new flux linkage matrix is obtained as:
Mig = Logtaq + Ammdg (2.15)
. cos (AD) | cos(AD)
Ammdg = K 7. Ammdg = Um + (Lg— Ly)1 2.16
da g a0 =Y sin (A0) (La o) b sin (A0) (2.16)
;\: /
In the new coordinate system, the term \; is equivalent to:
iqcos? (A) + i, sin (A) cos (AO SN
AL = (Ld - LQ) A.d . ( ) ! ( A.> . 9 ( ) = Aququ (217)
igsin (AB) cos (Af) + i sin” (AG)
where
- 1 2A60 in (2A6
Abg, - + cos (2A0)  sin (2A0) (2.18)
sin (2A0) 1 — cos (2A0)
AL = % (2.19)

Given eq. ([2.15)),(2.18]), the inductance matrix in the new coordinate system is obtained as
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follows:
YL+ ALcos (2A0) ALsin (2A0)

L Lo 4 AL, — 2.20
dq aq dq AL sin <2A9) YL — ALcos (2A9) ( )

where I I
S — d; q (2.21)

Consequently, if the arbitrary coordinate system is chosen to be fixed on the stator, the
stationary coordinate system inductance matrix («3-axis) can be derived as in eq. ([2.22)). It
is to be noted that, this format of displaying inductance profile is different from the classical
notations since it is developed to incorporate the rotor position more effectively. Given
the foregoing anlysis, vector diagram for a given d-axis voltage, transformed to different

coordinate systems, is shown in Fig. (2.9).

I._ YL+ ALcos(26,) ALsin (26,) (2.29)
- ALsin (26,) YL — ALcos(26,) '
B
@ 1
a X
X o o o
AR o x
\ 7~ I
\ (g N » d“
\ I
A ' :}v
8\ W
:::\ ————>q
_ - - |\\ \/a

Figure 2.9: Projection of the d-axis voltage on the stationary and estimated reference frames.
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2.2.2 High-frequency Injection and Current Harmonics

Given the classical notation of voltage equation in the stationary reference frame shown

below:

cos (0,)

-~
EMF

Va,B - (Rs + pI/a,B) iaﬁ + Wewm [ —sin <9€) ] (223)

where p is the time-derivative operator. There is a frequency-dependent EMF term in the

equation when the fundamental excitation is considered. If a periodic voltage signal having:

e the amplitude conveniently smaller than the fundamental component in order not to

negatively impact the fundamental operation and torque production

e the frequency orders of magnitude larger than the fundamental electrical frequency

is superimposed on top of the fundamental voltage excitation, the EMF term is negligible
and therefore eq. (2.23) gets a simple linear form shown in eq. (2.24). Additionally, if the

HFTI frequency is high enough, the resistive voltage drop can also be neglected.
Voé,g ~ (pLaB) ’I;ag = ’I:ag ~ (La,g)l/ Va/g.dt (2.24)

Although L,p is a function of electrical angle, since the HFI frequency is high enough, the
differential operator is only applied to the current.

Having mentioned those, different combinations of HFI waveforms as a form of either
voltage or current and in different coordinate systems can be used. Here in this thesis, only
the voltage injection is considered, yet the anlysis is the same for the case of current injection.
Figure illustrates different voltage-type HFI methods.

HFI Voltage

Complex Real

N |

dg-axis ap-axis d-axis

B/g-axis /\

T VeResilm Square Sinusoidal

Pl S
/
/ £
! _Z ‘; a/d-axis wave
\ Re”
\ /
. L

Figure 2.10: Different types of voltage-type HFI methods.
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2.2.2.1 Complex HFI in aB-frame

An arbitrary high-frequency complex voltage vector is injected in the a-frame shown below.

. T Q] t
Von = Vpe! r72) | 75 (cont) (2.25)
cos (wpt)

where V}, denotes the amplitude and wy, represents the signal frequency. In such an excitation,
the quadrature axes are being injectd with quadrature sinusoidal signals. Consequently, using
eq. (2.24]), the current in the stationary coordinate is obtained as follows.

T wy, (BL% — AL?) —ALsin (20.) XL+ ALcos(26,.)

N /

(Las) ™

1 YL —-AL 20, —ALsin (26,

Using eq. (2:25), (2:20):

Vaph Vi YL cos (wpt) — AL cos (wpt — 26,) (2.27)
1 = _
o whlalq | Y Lsin (wyt) + ALsin (wpt — 26,)
I
h

Knowing the direct- and quadrature-axis inductances in addition to the constant amplitude
and frequency of the injected signal, one can conclude that the coefficient Vj,/wyLy4L, is
always available. It is worth mentioning that, Ly and L, are directly influenced by the current
amplitude and winding temperature; therefore, a look-up table can be used guarantee having
the correct values in all conditions. Further simplifying eq. ,

iz%ﬂh =1, (ELejwht _ ALe*j(wht*%eU (2.28)

there are two distinctive components appeared in the current spectrum at + |wy,| and + |wy, — 2w, |
of which the latter contains the rotor position information.

Verifying that through a simulation in PSIM software, a PMSM fed by a voltage-source
inverter with a DC link voltage of 60V, switching frequency of 10K H z, and nominal current

of 30A is considered. The motor is injected with an HFI in the stationary frame having an
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amplitude of 10V and frequency of 1K Hz as follows:

Vah

Vs = Vi

(2.29)

| —10.sin (27 x 1000 x t)
10. cos (27 x 1000 x t)

In a three-second time duration, the reference speed is ramped up from standstill to 1000rpm,

shown in Fig. (2.11al), and the current waveform of i, is depicted in Fig. (2.11b)).
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(a) Acceleration profile. (b) a-axis current.

Figure 2.11: Speed and current profile during acceleration.

In order to perform a time-dependent harmonic analysis, a short-time Fourier transform

algorithm is used and spectrogram of the current is obtained shown in Fig. (2.12). Con-
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Figure 2.12: Spectrogram of the a-axis current when HFI is done in the afS-frame (the
colors are in dB unit).

sidering the linear relation of speed and time, the vertical axis of the spectrogram can also
be linearly ascribed to the speed. There are three distinctive spectral rays appeared in the

spectrogram:
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e The first in the ultra low frequency zone representing the electrical fundamental fre-

quency (fe).

e The two others in the HFI frequency zone, exactly complying with what has been
obtained in eq. (2.28) with a component at f;, and another one at f;, — 2f..

Needless to mention that, since the speed is varied in a linear relation to the time, spectral

rays related to f., also behave the same.

2.2.2.2 Complex HFT in dg-frame

A complex high-frequency voltage vector is injected in the dg-frame as:

(w T — q] t
quh = Vh6J< ntt /2) = Vh S (Wh ) (230)
cos (wpt)

the injected voltage is redefined in the af-frame as:
Vaﬁh = quh.eje = th.ej(wht+95) (2.31)

As the result, given eq. (2.26{the aS-frame current vector is obtained as:

;Vaar _ JVh YL — ALcos(260.) —ALsin(26,) cos (wpt + 6.)
o wpLaLq —ALsin(20.) XL+ ALcos(26,.) sin (wpt + 6,)
——

Iy

7 [ YL cos (wpt +6.) — AL cos (wpt — 6,)
=1y

] ] (2.32)
Y Lsin (wpt + 0.) + AL sin (wit — 6,)

The current spectrum hosts a pair of symmetrical components at f, £ f.. On the contrary to
the previous condition, although the HFT is implemented at f,, there is no current component
at this frequency. This phenomenon is also justifiable due to the fact that the injected
voltage, which was originally in the dg-frame, is transformed to the stationary-frame in
which a frequency shift, equal to +f., is introduced to the equations.

Maintaining the same acceleration profile, shown in Fig. , the current spectrogram
for the a-axis current is illustrated in Fig. (2.13]), which completely verifies eq. .

Given Fig. (2.13)) and except for the fundamental electrical frequency, there is a pair of

distinctive sidebands around the injected frequency which are linearly widened with respect
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Figure 2.13: Spectrogram of the a-axis current when HFT is done in the dg-frame (the
colors are in dB unit).

to the increasing-speed.

For complex injections in the af- and dg-axis and a specific condition of rotation at
500rpm, providing the fundamental electrical frequency of 25H z, FFT of the a-axis currents
are compared in Fig. (2.14). For the case of HFI in the af-axis, there are two current
harmonics at 1K Hz and 950Hz = f, — 2f,.. For the case of injection in the dg-axis, there
are two symmetrical sidebands at 975H z and 1025 H z representing components at f; + fe.

8
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Figure 2.14: FFT of a-axis current for complex HFI in af- and dg-axis.

2.2.2.3 Sinusoidal Injection in d-axis

An arbitrary high-fequency signal is injected in the d-axis as:
‘/dh = Vh. COS (wht) (233)
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Similar to eq. (2.32), the a-axis current would contain symmetrical sidebands around the
injected frequency; spectrogram of the current is depicted in Fig. (2.15). Comparing Fig.
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Figure 2.15: Spectrogram of the a-axis current when a sinusoidal HFI is done in the d-axis
(the colors are in dB unit).

(2.13) and Fig. (2.15]),there are more frequency components appeared in the zone below
the injected frequency. This is due to the fact that the current would have asymmetrical
components in its quadrature axes, as compared to the symmetrical components in eq. (2.32]).

Therefore, choosing a complex sinusoidal HFI results in a less-contaminated current profile.

2.2.2.4 Square-wave Injection in d-axis

Similar to the previous case, the HFI is implemented in the d-axis but with a square-wave
signal. Since the square-wave signal is composed of multiple sinusoidal terms, the resultant
current profile is more contaminated with extra harmonics which is clearly illustrated in Fig.
. It is evident that, in addition to the components at f; + f., there are two distinctive
components at triple the injection frequency (3f, £ fe).

FFT of the a-axis current for the sinusoidal and square-wave d-axis HFI implementation
- for the fixed revolution speed of 500rpm and injection frequency of 1K Hz - are compared

in Fig. (2.17) in which, near the injection frequency, there are two dominant sidebands at
fh + fe-

2.2.3 High-frequency Injection and Radial Force Harmonics

Given what have been discussed about, on the one hand, the PM-related fields are only

dependent on the revolution speed and therefore not affected by the current harmonics.
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Figure 2.16: Spectrogram of a-axis current when a square-wave HFI is done in the d-axis
(the colors are in dB unit).

5 ;
e —d-axis - Sinusoidal

4 fhife J) —d-axis - Squarewave | |
%3 )
©
2
52" 1
]
=

| DS |

800 950 1000 1050 1100

frequency (Hz)

Figure 2.17: FFT of a-axis current for sinusoidal and square-wave d-axis HFI
implementation.

On the other hand, the armature-reaction field is directly affected by the current harmonics.
Additionally, all the previous analyses were conducted for the case of fundamental excitation
where the current was mainly composed of one main component equal to the electrical
fundamental frequency.

Consequently, considering the HFI condition in which a high-frequency component is
superimposed on top of the fundamental excitation, there would be significant changes in
the armature-reaction fields harmonics and therefore those of radial and tangential forces.

In the proximity of the injected frequency, the field harmonics are as follows:

F(BM) = f. x {1,3,5,7,...} (2.34)
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fnE fe, dqg— frame HFI

fhafh_2f67 aﬁ—frameHF[ (235>

F (B/™) :fei><1:{

Since the zone around fj, is the focal point of this section, higher multiples of the armature-

reaction field harmonics (i.e.fe; X {2,4,5,7,8,...}) are neglected.

2.2.3.1 dg-Frame HFI and Radial Force Harmonics

For a condition in which an HFI is implemented in the dg-frame, and based-on the interaction
among PM and armature-reaction fields given in eq. (2.34) and eq. (2.35)), the radial force

harmonics are obtained as:
F (FPMHA™) = f, + fo x {0,2,4,6, ..} (2.36)

In HFT condition, the radial force frequency spectrum is composed of two main zones:

¢ Low-frequency Zone: mainly occupied by the even-order harmonics of the electrical
frequency obtained in eq. (12.8]).

e High-frequncy Zone: occupied by the frequencies obtained in eq. ([2.36)).

As the result, FPM+Arm is no longer approximated by FFM; therefore, the impact of FA™ is
more pronounced as its frequency spectrum encompasses high-frequency zone in which the
PM-related harmonics have almost-negligible magnitudes. Figure (2.18)) compares the radial
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(a) Radial force. (b) Tangential force.

Figure 2.18: Radial and tangential forces for the normal and dg-frame HFT conditions.

and tangential force profiles for the fundamental excitation and HFI conditions. For both

cases, existence of high-order harmonics in the force waveforms are obvious which is directly
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ascribed to the impact of HFI voltage on the armature-reaction fields. Besides, HFI imple-
mentation does not alter the average values of air-gap forces, while the magnitude of radial
forces are orders of magnitude larger than the tangential forces, as expected. Therefore, even

in HFI condition, the contribution of tangential forces is conveniently negligible.

2.2.3.2 aB-frame HFI and Radial Force Harmonics

For an af-frame HFI and owing to the fields interactions, the harmonics within the radial

forces are obtained as:
F (EPMHA™) = f & fox {1,3,5,7,...} (2.37)

Similar to the previous case, Fig. (2.19) compares the radial and tangential forces for fun-
damental excitation and HFI conditions. All the observations in the previous condition hold
true here except for the change in the HFI-related harmonics.

800 60

\-‘--Fundamental Excitation —Fundamental Excitation+HFI\

\---Fundamental Excitation —Fundamental Excitation+HFI

0 0.005 0.01 0.015 0.02 % 0.005 0.01 0.015

time (s) time (s)
(a) Radial force. (b) Tangential force.

Figure 2.19: Radial and tangential forces for the normal and af-frame HFI conditions.
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Figure 2.20: FF'T of radial forces, considering dg- and af-frame HFI conditions.

Inspecting in the frequency domain for the revolution speed of 1000rpm and the electrical
fundamental frequency of 50H z, Fig. (2.20]) depicts the FFT of the dg-frame and af-frame
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HFI conditions. The FFT can be devided into two sections; a low-frequency zone and
an HFI-zone. The former corresponds to FF'™ in which the even-order harmonics of the
electrical frequency are appeared for both HFI scenarios. For the latter zone, there is a
conspicuous difference existing in the harmonics which is directly related to the difference in
the armature-reaction field harmonics. For the dg-frame HFI, there are even-order harmonics,
while odd-order harmonics are generated in af-frame HFI. Additionally, Table. details
the harmonic contents of Fig. (12.20)).

Table 2.2: Comparison of radial force harmonics for fundamental excitation and HFI methods
shown in Fig. ([2.20).

Fnd. Exc. dg-frame HFI af-frame HFI
(Hz) (Hz) (Hz)
Low-freq. Zone 100, 200, 300, 100, 200, 300, 100, 200, 300,
400, 500, 700 400, 500, 700 400, 500, 700

800, 900, 1000, 1100, 950, 1050, 1150,

HFI Zone 1300, 1400, 1500 1250, 1350, 1450

In this section, the impact of HFI on the generated harmonics within the phase currents
and resulting radial forces was investigated. In the following section, the HFI impact on the

motor vibration and acoustic noise is investigated.

2.3 Harmonics of Vibration and Acoustic Noise in High-

frequency Injection Condition

Due to the fields interactions, radial forces are generated with the concentrated impact
points on the stator tooth tips. Following that, small displacements are occurred in the
stator structure. Finally, some energy transfer takes place between the stator surface and
the surrounding air molecules, which is perceived as the acoustic noise. Given the direct,
linear energy transfer mechanism between the stator and the surrounding air, there would
be almost identical harmonics generated in their waveforms (considering an ideal behaviour)
which have different amplitudes ( which is directly linked to the difference in their mechanical
properties). Figure illustrates the overal mechanism of vibration and acoustic noise
generation in electric machines.

For the electromagnetic- and mechanical-domain analyses, ALTAIR Flux and ALTAIR

Optistruct softwares are used respectively. Firstly, a 2D model of the machine is simulated
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Electrical Excitation
through Power |
Converter Radial Forces

Figure 2.21: Mechanism of vibration and acoustic noise occurrence in electric machines.

and the radial forces are obtained. In the second step, a 3D model of the machine is created
and the mesh on the stator tooth tips is exported to the ALTAIR Flux software. Given the
exported mesh and the axial length of machine, calculated radial forces are homogenously
distributed over each node in 3D domain. Finally, the 3D-mapped forces, serving as applied
loads to the mechanical structure, are exported to ALTAIR Optistruct and the vibration on
each node of the stator frame is obtained. The coupling workflow between the two software
environments is graphically presented in Fig. .

. b 1 N Post-processing
Physics Solving

4 (Analysis on one

Altair Flux m Definition Froceenll | AehsBinona S

«Transient application «Force computation

+Force visualization
«Force export

Export mesh support for
computing magnetic forces

Export magnetic forces for
mechanical analysis

Al Optistruct e I
-

Figure 2.22: Coupling workflow between ALTAIR Flux and ALTAIR Optistruct (ALTAIR
Flux Official Example).

2.3.1 Modal Analysis of Stator Structure

The first step in the process of vibration investigation of electric machines is to conduct a
modal analysis through which the most-dominant low-order modes are identified. Therefore,
the injected frequency must be chosen in such a way to be far from these resonance modes,

in order to make sure that there would be no excessive vibrations.
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For the sake of brevity, the impact of the end balls, cooling ribs, windings, and other
stator attachments are neglected and the bare stator frame is considered for the simulation
process. In the process of modal analysis, all the damping coefficients and fixed supports
are neglected and the structure is impacted by an impulse of force, which contains almost
infinite number of harmonics.

The dominant low-order mode shapes, also called the resonance modes or normal modes,
of the stator frame are shown in Fig. . In addition and due to the inherent damp-
ing matrix of the structure, the impact of higher-order natural modes can be neglected in

practice. The stator is made of steel with the mechanical properties given in Table. [2.3]
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(a) Mode shape of N = 2 at T8H>. (b) Mode shape of N = 3 at 202H z.
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(c) Mode shape of N =4 at 336 Hz (d) Mode shape of N =5 at 588H z.

(e) Mode shape of N =6 at 701 H z.

Figure 2.23: Modal analysis of the dominant, low-order normal modes of the steel stator
core.
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Table 2.3: Mechanical Properties of Structural Steel

Structural Steel

Property Symbol | Value
Young’s modulus (GPa) E 207.0
Shear modulus (GPa) G 80.0
Poisson’s ratio v 0.3
Density (Kg/m3) p 7600.0
Yield strength (MPa) Sy 370.0
Shear strength (MPa) S 370.0

2.3.2 Simulation of Vibration Harmonics in HFI Condition

After calculation of radial forces, a 3D mechanical mesh is generated along the air-gap and
the forces are equally mapped on each node. The meshed forces are then exported to the
mechanical structure and applied to the corresponding impact points. Finally, the vibration,
caused by the applied forces, is calculated. All the mentioned stages included in simulation
of vibration, is illustrated in Fig. .

Meshed stator in 2D domain

|

Extended mesh across the
stator length in 3D domain

(a) 3D mesh along the stator axial length for
force mapping.

Points of
measurement

3D model of the meshed stator
geometry

b

‘ Fixed bottom surface ‘

(c) Mapped forces in 3D view. (d) Calculation of stator vibration.

Figure 2.24: Coupling of electromagnetic and mechanical domains for vibration simulation.
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Similar to the actual case where the motors are screwed to the bench from the bottom, the
lower surface of the stator core is also fixed in the simulation. In addition, the measurement
points are chosen to be on the upper surface, which is similar to mounting an accelerometer
on top of the stator.

For a normal condition with the revolution speed of 1000rpm with f. = 50H z and without
any HFI, the FFT of vibration is provided in Fig. . As discussed previously, the radial
forces are dominantly occupied by the PM-related harmonics (even-order harmonics of the
electrical fundamental frequency); therefore, the same harmonic orders are the dominant
part in the vibration FFT. It is important to notice that, there is a noticeable gap between
the magnitudes of even-order and odd-order harmonics in such a manner that the impact
of odd-order harmonics is almost negligible. It is to be mentioned that, the calculated
vibrations for all of the 9 measurement points (Fig. (2.24d|)) are shown to make sure that

the overall FF'T contains similar harmonics regardless of the measurement place.
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Figure 2.25: FFT of vibration for the injectionless operation.

2.3.2.1 Vibration Harmonics in dg-frame HFI Condition

Using the complex HFI voltage given in eq. ([2.30f), the vibration FFT is obtained as shown
in Fig. (2.26). In line with the theoretical backgrounds, the FFT is only composed of

even-order harmonics which has occurred due to the two following factors:

e Contribution of PM-related fields which was shown to have the most dominant share

in the total radial force formation.

e The mutual impact of PM and armature-reaction fields, which contributes to the gen-

eration of even-order harmonics, especially for the components in the frequency range
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Figure 2.26: FFT of vibration for the dg-frame HFI condition.

above the injected frequency.

Given the harmonic magnitudes, introduction of dg-frame HFI has resulted in a magnitude
increase for the even-order components compared to the normal condition (fundamental

excitation only).

2.3.2.2 Vibration Harmonics in af-frame HFI Condition

Using the HFI voltage given in eq. (2.25)), the FFT of simulated vibration is illustrated in
Fig. (2.27).

150 i—FundamentaI Excitation —af-frame HFI}

100 8

-50

Magnitude (dB)
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_20g00 600 700 800 900 1000 1100 1200 1300 1400 1500
Frequency (Hz)

Figure 2.27: FFT of vibration for the a-frame HFI condition.
In this condition, there are:

e Even-order harmonics with exactly the same magnitudes as those of the normal condi-

tion, meaning that existence of these harmonics is merely attributed to the PM-related
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forces.

e Large odd-order components, which are directly attributed to the mutual impact of
PM and armature-reaction fields. It is important to note that, in the normal and dg-
frame HFI conditions, there were no dominant odd-order harmonics in the vibration

spectrum.

2.3.3 Experimental Analysis of Acoustic Noise Spectrum in HFI

Conditions

In order to verify the aforementioned theoretical analyses and simulation results, the acoustic
noise spectrum for the HFI conditions are experimentally inspected in this section. For each

HFTI condition, two types of plots are provided:

e Spectrogram for the speed ramp from zero to 1000rpm, which verifies the generality
of the provided analyses regarding the generated harmonics. In addition, spectrogram
is a great illustrative asset for detecting the different zones in the acoustic spectrum,

which helps the user to choose the frequency of the HFI voltage.

e FFT for the steady-state operating point at 500rpm. In this plot, the zone around the

injected frequency in enlarged and all the dominant components are identified.

2.3.3.1 Acoustic Noise Analysis in dg-frame HFI Condition

For this condition, the injection frequency is chosen to be f, = 1440Hz which is firstly,
different from the previous value (1000H z in simulated conditions) and secondly, far enough
from the low-order harmonics (related to the PM fields) and low-frequency stator natural

modes. As the result, the applied HFI voltage is equal to:

— sin (27 * 1440 = t)

quh — 5.€j(27r*1440*t) =5
cos (27 * 1440 x t)

(2.38)

Spectrogram of the machine output acoustic noise is illustrated in Fig. (2.28). The spectrum

hosts several different zones as follows:

e PM-origined zone, in which the low-frequency, even-order harmonics resulted from

the impact of PM field are located. Although these harmonics contain speed-dependent
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Figure 2.28: Acoustic noise spectrogram for the case of dg-frame HFI with f;, = 1440H 2.

information, there is no distinct separation among them (especially in the low speed
range where they tend to be overlapping). Moreover, they are extended up to the
frequency of 1000H z in practice; therefore, it is better for the injected frequency to be

located in higher frequencies.

e HFI zone, in which there are distinct speed-dependent components as defined in eq.
(2.36)). There are specific and clearly separated spectral rays in this zone without any

interference from other unwanted frequencies.

e Congested zone, in which there are so many random resonant frequencies. In the
low-speed region (n,, < 375rpm), the green background is dotted with orange spots.
However, in the high-speed region (n,, > 500rpm), the background is contaminated
with random orange spots. As the result, this is an unappropriate zone for the injection

frequency to be located in.

e High-frequency zone, in which clear spectral rays are observed. The reason for oc-
currence of such high-frequency zone is the resonance between the high-order multiples

of the injected frequency and high-order natural modes of the stator structure.

e Switching frequency zone, in which clear spectral rays related to the PWM switch-

ing frequency are generated.

Based on the experimental spectrogram of the available PMSM, the appropri-

ate zone - which contains reliable rotor position information - is placed either
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1200Hz < f;, < 2500Hz or at the proximity of the switching frequency (10KHz
in our case). As the result, the HFI frequency is chosen at f;, = 1440Hz in our
experiments as an example.

Focusing on the HFI zone, the injected frequency proximity is enlarged and shown in
Fig. . The highest peak has occurred at the injected frequency (f, = 1440Hz)

which is surrounded by the even-order multiples of the electrical fundamental frequency
(fn £40,2,4,6,8,...} fe).
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Figure 2.29: Acoustic noise FFT for the case of dg-frame HFI with f;, = 1440H z and
fe=25Hz.

2.3.3.2 Acoustic Noise Analysis in af-frame HFI Condition

Having the same amplitude and frequency as the previous condition, an HFI voltage is
injected in the stationary frame. The acoustic noise spectrogram is shown in Fig. (2.30)).
Exactly similar to the previous condition, there are five different zones appeared in the
spectrum. Focusing on the zone around the injected frequency, the acoustic noise FFT is
illustrated in Fig. (2.31]), in which there are only odd-order dominant sidebands appeared
(fn £4{1,3,5,7,...} fo). Comparing the two HFI conditions, Table. details the appeared
sidebands frequencies. Given the provided FF'T plots and this table, it is concluded that:

e For the case of dg-frame HFI, there are only symmetrical even-order sidebands ap-

peared in the acoustic noise spectrum.

e For the case of af-frame HFI, there are only symmetrical odd-order sidebands appeared

in the acoustic noise spectrum.
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Figure 2.30: Acoustic noise spectrogram for the case of af-frame HFI with f, = 1440H z.
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Figure 2.31: Acoustic noise FF'T for the case of af-frame HFI with f, = 1440H z and
fe=25Hz.

Table 2.4: Speed-dependent sidebands in proximity of the injected frequency in different
HEFT conditions.

Speed-dependent sideband (Hz)
fh  fhife fh+2fe fh43fe fhi4fe fhi5fe fh+6fe fh+tT7fe

dg-frame 1440 ) 1390 i 1340 i 1290
HFI 1490 1540 1590
af-frame 1415 1365 1315 1265
HF1I ) 1465 ) 1515 ) 1565 ) 1615

It is worth mentioning that, the acoustic noise analysis for the other two HFI conditions

(d-axis sinusoidal and square-wave signals) follow a similar trend and therefore are not
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repeated here.

In addition to the HFI zone, which was extensively investigated in this section, the
switching frequency zone (as shown in Fig. and Fig. (2.30])) also hosts specific, speed-
dependent spectral components. Therefore, the following section focuses on the analysis of

this zone for exploitation of the rotor position information.

2.4 Harmonics of Current, Radial Force, and Acoustic
Noise Considering the Impact of PWM Voltages

According to the provided spectrograms and focusing on the zone related to the switching
frequency, there exist some distinct sidebands which are linearly dependent on the funda-
mental frequency. As the result, the impact of switching PWM on the current and radial

force harmonics is investigated in this section.

2.4.1 PWM Process and Current Harmonics

In all inverter-fed PMSM drives, PWM voltage generation is an integral part which is known
to be the fundamental reason behind the generation of high-frequency components within
the current waveforms. Depending on the number of phases or the chosen strategy, one or
multiple sinusoidal references are compared with a fixed high-frequency carrier, which can
be of sawtooth or triangular waveform. The output of this binary comparison provides the
gate pulses with variable duty cycles, in each narrow moving window considering the total
period of the signal.

For a condition with a sawtooth carrier with the frequency of 1K H z, three different DC
inputs are used in order to provide three different duty cycles equal to 0.2, 0.5, and 0.95
for instance. The results are provided in Fig. ; it is noticed that (given the different
duty cycles), both the magnitude and frequency components of the FFT plots change. As
the result, for a sinusoidal reference signal which is compared with a high-frequency carrier,
having a generalized model providing the correct harmonics is indispensable.

Given only one of the phase legs of a three-phase inverter, the generated gate pulses with
the resulting phase voltage are shown in Fig.. In ideal PWM, complementary gate
pulses are applied to the switches in each leg. However, in practice and due to the delayed
turning-off of each switch and avoiding the shoot-through occurrence, the rising edge of each

gate pulse is delayed by a fixed amount (known as the deadtime). In deadtime-included
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Figure 2.32: Comparison of pulses with different duty cycles.
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Figure 2.33: PWM voltage generation with and without the deadtime.

PWM, the switches in each leg are never conducting at the same time, meaning that there
are small periods during which none of the switches are actually active which is known as
the deadband.

Comparing the ideal and deadtime-included phase voltages, which are respectively shown
by Vyni and Vg, there is a current polarity-dependent periodic difference observed which is
defined as [196]:

d = Viha — Vphi (2.39)

Given the fixed values of deadtime (t;) and switching period (7.), the waveform of d is
only dependent on the current polarity, which has the frequency equal to the electrical
fundamental component (f.). Consequently, deadtime-included PWM can indirectly be

investigated by separately analysing d and V);,; and superimposing their effect onto each
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other.

2.4.1.1 Ideal PWM - Without the Deadtime

Considering a general format for the reference (v,.s) and triangular carrier (v.) waveforms
as shown below:
Upef (1) = M. cos (wet) (2.40)

c(t):{ A4+ At —kT); KT <t<(k+05)T (2.41)

3—F(t—kT); (k+05)T<t<(k+1)T

where:
e { denotes the time instance
e k a constant integer
e m, the modulation index

e w, the frequency of the reference signal, which is equal to the electrical fundamental

frequency in PMSM drive
e 1" period of the carrier signal

The output of the binary comparison - the applied gate pulse - given any arbitrary duty

cycle, can be defined as:

GS () = (2.42)

1; otherwise

{O, t1 <t <ty

where t; and t, are arbitrary time instances. Using the Poisson resummation method defined

in, the gate pulse is re-established as [197]:
GS(t) = typ.c™m"! (2.43)

where

N =0 (2.44)
amn — 3 _ s 3mnwe m4n —jRTwe .
[w;?LTJn (wmninaT) j(m+n+1)] ' [6 TR - (1) e e ; Wmn # 0

Winn = MW, + nwe; {m,n € W|m # n} (2.45)
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and J,, is the first-order spherical Bessel function.

Consequently, harmonic contents of the generated gate pulses are directly related to the

interaction between the unequal values of m and n as defined below:

fo4+{0,2,4,6,..} x f.
2f, +£{1,3,5,7,..} x [.
3£, £{0,2,4,6,..} x f.

ete.

F(GS) = (2.46)

For a simulated condition with f. = 1K Hz and f, = 25Hz, FF'T of the applied phase voltage
is illustrated in Fig. (2.34]), which is in complete compliance with eq. (2.46)).

1
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Figure 2.34: FFT of the phase voltage with ideal PWM.

2.4.1.2 Non-ideal PWM - Including the deadtime

Given Fig. (2.33)), d is defined as follows:

diph>0 = {

_Vdc; KT, <t <KIl,+t,

A (2.47)
0; otherwise
p ) +Vae; DET. <t < DKT, + 4 (2.48)
tph <0 0; otherwise '
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Over each electrical fundamental period, d is completely periodic (also shown in Fig. (2.33))).

As the result, the average value can be used instead:

(K+1)T.

-1 —Vieta/To; ipp >0

d= — / d.dt = ac-ta/Te; Ty (2.49)
T & ‘f“/dc.td/Te; th<0

where:
e D denotes the switching duty cycle at each time instance.
e V. the DC-link voltage of inverter
e i,, the phase current
e K a constant integer

Equation ([2.49) is a square-wave signal with the period equal to T,.. Accordingly, the fourier

series expansion is derived as:

_ 4Vdc td .1 4Vdc-td 1 /[ einwet _ p—jnwet
n D 2.
A=t 3 i (nat) = 3 < - (2.50)

w. T, n
n=1,3,5

Given , introduction of deadtime to the PWM process, results in the generation of
odd-order harmonics in the output phase voltage spectrum. The magnitude of these extra
harmonics are in a reciprocal relation with the order of the harmonic; as the result, the
lower the frequency, the higher the magnitude would be. Additionally, around the switching
frequency, symmetrical odd-order sidebands would be generated.

The switching frequency is, usually, chosen in such a manner to be times higher than the
fundamental frequency. Therefore, in the switching frequency proximity, one can conclude
that:

F (Voha) = F (Vyri) + F (d) (2.51)
F (Voni) = fo £{0,2,4,6,..} x f. (2.52)
F(d) = f.£{1,3,5,7,..} x fe (2.53)

As the result, the phase voltage would contain frequency-dependent symmetrical sidebands
of both even and odd orders around the switching frequency. Verifying the foregoing analysis,

a simulation is carried out and the FFT of phase voltage for two conditions with t; = Os
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(ideal PWM) and t4 = 2us (deadtime-included PWM) are compared as shown in Fig. (2.35)).
In this simulation, f. = 10K Hz and f, = 50H z.

T T T T T

=10 KHz ] —t=0 —t =2us
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SERA i
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Figure 2.35: FFT of the phase voltage considering ideal and deadtime-included PWM
models.

Although introduction of deadtime to the PWM culminates in the appearance of odd-
order sideband harmonics, the even-order sidebands are, noticeably, the dominant compo-
nents within the spectrum.

Given the 3-phase voltage equation of PMSM given in eq. and the existing gap
among the values of switching frequency and fundamental electrical frequency, the EMF
term in addition to the resistive voltage drop are easily negligible. Therefore, the machine
behaves like a 3-phase linear inductive circuit with the current equation as in eq. .
The matrices of phase voltages and phase currents are also denoted by V; and I,. Based-on
the linear circuit at the switching frequency, the current waveform would also host the exact

same harmonics as the phase voltage.

sin (6,)

Vas las
d .
Vis - <RS + %LSS> Ubs _WeqvbPM sin (0 — 27T/3 (254)
‘/cs ics SiIl 95 + 27T/3
—— ——
‘/s IS
I~L) / V..t (2.55)

In order to scrutinize the current harmonics, the waveform is experimentally captured while
the speed is fixed at 500rpm, the peak amplitude is 104, and a constant deadtime of 1us is
applied.
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Figure 2.36: Frequency-domain analysis of the phase current.

FFT of the captured phase current, considering the total spectral width, is shown in
Fig. and the zoomed version focusing on the proximity of the switching frequency is
illustrated in Fig. . Although there are both even- and odd-order harmonics appeared
around the switching frequency, the most dominant components are f., f.+ 4f., f. +6fe,
fe—2f., and f.—6f, which are all the even-order components (Fig. ) Consequently,
in practice, it is feasible to conclude that the most dominant harmonic components are the

result of the ideal PWM.
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2.4.2 PWM Process and Radial Force Harmonics

Following the same procedure as the previous sections and focusing on the switching fre-
quency proximity, the radial force harmonic contents - with respect to the non-ideal PWM

- can be obtained as:

F(EM™) = fux1=f.£{1,2,3,4,5,..} x f. (2.56)
F(EPM) = f. x {2,4,6,8,...} (2.57)

F (ESMHA™) = £, £{0,1,3,5,7,9,...} x f. (2.58)
F(ERMTA™) = f.+£{2,4,6,8,..} x f. (2.59)

e In eq. (2.56)), as the result of armature-reaction and in congruence with eq. (2.51)),

both the even- and odd-order sidebands are appeared.

e For the PM-related components provided in eq. (2.57)), there are even-order frequencies

which are mostly dominant in the low-frequency zone.

e Equations (2.58) and ([2.59)) are respectively showing the radial force harmonics, as
the result of PM and armature-reaction interactions, for ideal and deadtime-included
PWM scenarios.

In terms of magnitude and as expressed in the previous sections, the harmonics generated
from the interaction of PM and armature-reaction fields are dominant. Additionally, for the
voltage harmonics, it was shown that the even-order components (related to the ideal PWM)
have a dominant role compared to the odd-order ones (resulted from deadtime-included
PWM). Consequently, it is expected that, harmonics in eq. are more dominant than

those in eq. (2.59)).

2.4.3 PWDM Process and Acoustic Noise Harmonics

The PMSM is operated at the constant speed of 500rpm with the switching frequency of
fe = 10K Hz. In order to inspect the impact of acoustic noise sampling rate (fsm,), PWM
deadtime (¢4), and other non-modelled nonlinearities of the inverter on the acoustic noise

spectrum, three conditions are defined as follows:

e Condition I with f,,, = 441K Hz and t; = 1us and the acoustic noise FF'T shown

in Fig. (2.37).
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Figure 2.37: FFT of the acoustic noise in Condition I.
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Figure 2.39: FFT of the acoustic noise in Condition III.

e Condition ITI with f;,,, = 44.1K Hz and t; = 2pus and the acoustic noise FF'T shown
in Fig. (2.39).

e Condition III with f;,,, = 384K Hz and t; = 1ps and the acoustic noise FF'T shown
in Fig. (2.39).

Figure (2.40) compares all the dominant components within the acoustic noise for the

three mentioned conditions. Even though the inverter nonlinearities and PWM deadtime
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contaminate the current spectrum (verified in Fig. )7 only the odd-order components -
defined in eq. - are appeared in the acoustic noise spectrum. The acoustic noise spectra
do not contain any dominant components of even-order, which means that the odd-order
components have been dominant within the radial force spectrum also. The magnitude of
frequency components within the vibration and acoustic noise spectrum is highly dependent
on the mechanical properties of the structure, including damping coefficients. Therefore,
any radial force component with small magnitude is naturally damped and therefore is not
appeared in the vibration and acoustic noise spectrum (an advantage for the signal processing

and harmonic separation).

2.5 Comparison of Phase Current and Acoustic Noise

Level in HFI and Injectionless Conditions

In this section, the phase current in addition to the disseminated acoustic noise level of
the machine are compared, with and without HFI voltage. The terms ”"without HFI” or
"HFIless” refer to the conditions where only the PWM voltage is applied. As the previous
sections, the HFI and PWM frequencies are kept constant at respective values of 1440H z and
10K H z while the machine is rotating at 500rpm with the maximum applied phase current of
22A. Figure ([2.41]) illustrates the acoustic noise level of the PMSM in these two conditions.

The following observation are made:

e There is a conspicuous gap between the generated peaks, which shows that the opera-

tion without HFI is naturally quieter.

e The peaks at the switching frequency have exactly the same magnitude for both con-
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Figure 2.41: Acoustic noise level comparison in conditions with and without HFI voltage.

ditions, which means that addition of HFI voltage does not impact the components at

the switching frequency.

e Applying an HFI voltage at a specific frequency not only generates the acoustic noise at
that frequency but also induces additional components with relatively high magnitudes,

which are all due to the resonance occurrence.

e Selection of the injection frequency in HFI condition must be done with the utmost care
and with regards to the modal analysis of the stator, which ensures having components

placement at appropriate zones.

The current profiles (phase current in addition to the dg-frame components) for the HFI
and HFIless conditions are also compared in Fig. . For both conditions, the direct-axis
current is set to zero, while the quadrature-axis current is regulated at 22A. In the HFIless
condition, the phase current has the maximum value of 22A; however, it is increased to
around 30A in the HFI condition. Threfore, introduction of HFI to the system has resulted
in a 36% increase within the current amplitude. In addition, the impact is also tangible

on the harmonics of the dg-frame current components, which are noticeably increased when
HFT is applied.

2.6 Conclusion

This chapter analytically investigated the output acoustic noise of PMSM in frequency do-

main in special conditions. The impact of different HFI scenarios, with injection in either
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Figure 2.42: Current profile comparison in conditions with and without HFI voltage.

the af-frame or estimated dg-frame, on the harmonics of current, magnetic fields, radial
force, and resulting acoustic noise was throughly investigated. Additionally, eliminating the
extra HFI (HFIless), the impact of PWM voltage generation, in both ideal and non-ideal
conditions, was investigated. Finally, It was shown that in both HFI and HFIless conditions,
the acoustic noise spectrum hosts several specific speed dependent sidebands.

Therefore, the next chapter provides the necessary means by which the rotor position
information could be extracted from the raw captured acoustic noise and be used in the

control system in an active manner (for extraction of the rotor position information).
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Chapter 3

Acoustic Noise-based Sensorless
Control of PMSM

In the previous chapter, the acoustic noise of PMSM was deeply investigated in the frequency
domain. It was shown that the acoustic noise spectrum contained several zones with speed-

dependent componets. Two of the zones were given special attention:

e HFI zone in which, depending on the selected coordinate system for injection, there
are either symmetrical even or odd multiples of the electrical fundamental frequency

appeared around the injected frequency.

e Switching frequency zone in which there are distinctive odd-order multiples of the
fundamental electrical frequency appeared around the carrier frequency, in a symmet-

rical manner.

Therefore, either of the zones could be used to obtain the rotor position information, which
is the core of acoustic noise-based sensorless control with the overall schematic depicted in

Fig. (3.1)). This chapter is organized as follows:

e In order for the rotor position information to be extracted, the raw acoustic noise
must be passed through a signal processing algorithm. This algorithm ensures the
desired speed-dependant sidebands are properly extracted. Two different algorithms

are proposed in Section 3.1.

e After extraction of the desired components, which carry rotor speed and position in-
formation, the observer topology (for estimation of rotor position and speed) is inves-

tigated in Section 3.2.
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Figure 3.1: Overall schematic of a closed-loop PMSM sensorless control using the output
acoustic noise.

e Modelling and stability analysis of the overall system - including the current, speed, and
observer loops - are investigated in Section 3.3. This analysis is deemed important
since the estimated values (rotor position and speed) are directly fed to the coordinate
transformation blocks for the field-oriented control of PMSM.

e In Section 3.4, it is analytically shown that the estimated values contain specific-
order harmonics. Therefore, two new observer topologies are proposed in Section
3.5. Compared to the conventional observer (PLL), these new observers are able to
suppress the undesired estimation harmonics, which means an improved estimation

performance.

e Conclusion of this chapter is provided in Section 3.6.

3.1 Signal Processing Algorithm

Being similar for both HFI-induced and PWM-induced acoustic noise, there are symmetrical
sidebands of specific orders located around the goal frequency (which can be either HFI or
the PWM carrier). In this section, two types of signal processing algorithms are presented
by which a pair of orthogonal signals - which have the phase and frequency synchronized
with the actual electrical frequency and position - are extracted. Successful extraction of

these waveforms, with the lowest amount of extra harmonics, is an integral part of the signal
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processing algorithm. In the following step, the extracted orthogonal signals are fed to an

observer and the rotor speed and position are estimated.

Given each signal processing algorithm, the machine’s output acoustic noise waveform

is experimentally captured. Then, the signal is imported into MATLAB Simulink and the

effectiveness of the proposed algorithms are verified through simulation.

3.1.1 Proposed Signal Processing - Type I

Being similar for the case of af-frame HFI and without the loss of generality, the overall

diagram of the signal processing for the case of dg-frame HFI is illustrated in Fig. (3.2).

The algorithm is composed of four stages:

A

Raw Acoustic Capture

Stage II Stage 111 Stage IV

e Sin(hw,t)

\‘\

JH‘ u j
‘ﬁ\n i U\:W M\”

i

WTIW

Asin(ha,t)
Acos(ha,t) 1C0s(hw,t)
N

Sin(wnt) Frequency-modulated Orthogonal
[Cos(mht) Signal

Demodulation Vector

Figure 3.2: Proposed signal processing - Type 1.

e Stage I: The raw acoustic noise is captured, which contains the full frequency spec-

trum. The waveform is composed of harmonics with the orders of >° (2n) f., Y. mfe,
n=1 m=1

and >  fn+hf. which are respectively ascribed to the fields generated by the
h=0,2,4,6
individual impact of PM, individual impact of armature-reaction, and the mutual

contribution of PM and armature-reaction. Given a condition with f, = 25Hz and

fn = 1440H z, the waveforms in time and frequency domains are illustrated in Fig.

(33).

Stage II: In order to isolate the desired zone (proximity of the injected frequency at
fn = 1440H z), the captured signal is passed through a band-pass filter (BPF I). Addi-
tionally, existence of this stage guarantees that any other undesired component within
the acoustic spectrum is rejected; this is crucial in conditions where the environment
is fraught with acoustic disturbance sources. At the end of this stage, the waveform is
composed of components with the frequency of f, +h x f. where h € {0,2,4,6,8, ...}
The width of this zone is directly dependent on the design of the BPF 1.
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Figure 3.3: Waveforms of Stage I.
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Figure 3.4: Waveforms of Stage II.

The outputs of BPF I, in both time- and frequency-domain, are shown in Fig. (3.4).
It is observed that the spectrum is just occupied by the HFI zone and all the other

components are almost diminished (compared with Fig. (3.3b])).

e Stage III: In order to eliminate the specific component at the injected frequency, the
signal is multiplied by a demodulating vector defined by e*/“»*, This demodulation can
also be regarded as a coordinate transformation, from the stator frame to a new one
rotating at the injected frequency. Therefore, all the spectral components are shifted
by £ f,. The resulted waveform contains two spectral zones, one in the low-frequency
at £h x f. and the other around double the injected frequency at 2f, £ h x f..

Also, a complex demodulation vector (instead of a single sinusoidal function) is used
since a pair of orthogonal signals are to be generated from a single signal captured via
the micophone. One of the two outputs of this stage, in both time- and frequency-

domain, is shown in Fig. (3.5]).

e Stage IV: The signal is again passed through another filter (BPF II) by which the
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Figure 3.5: Waveforms of Stage III.

desired component, at the low-frequency zone, is extracted. Moreover, a summary of
the frequency components in each signal processing stage is provided in Table The
orthogonal waveforms have the specific frequency of h x f., as graphically shown in
Fig. . Choosing h = 6 (as an example), the waveforms of this stage are shown in
Fig. . The output signal fundamental frequency is 150H z which is equal to 6f;.
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Figure 3.6: Graphical representation of extraction of the desired component through BPF

IT.

Table 3.1: Frequency contents in each signal processing stage.

Stage Frequency Components
Stagel Z (Qn) fe7 Z mfeia Z fhj:hfe
n=1 m=1 h=0,2,4,6
Stage 11 > fanEhfe
h=0,2,4,6
Stage 111 > Ehfe, >, (2fnxhfe)
h=0,2,4,6 h=0,2,4,6
Stage IV thfe;h € {2,4,6,8,...}

gwht

A (t) 'ej(whihwet) L A (t) {ej(%.)hihwe)t7 eij(hwet)} M A (t) .eij(hwet) (31)
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Figure 3.7: Waveforms of Stage IV.

On the one hand, with proper design of the signal processing algorithm, accurate extrac-
tion of the desired components are guaranteed. On the other hand - due to the impacts
of environmental noise, stator damping matrix at each frequency, amplitude of the injected
voltage, saturation of the magnetic core, and parameter mismatch which alters the induc-
tance values - there is no guarantee for the amplitude of the extracted signals to be always
fixed. By using the orthogonality feature of the extracted waveforms, a normalization pro-
cess is adopted, which provides the signals with unity amplitude in all conditions as given
in eq. (3.2) where A(t) denotes an arbitrary, time-varying amplitude. In the denominators,

a tiny value, €, is added to avoid 0/0 occurrence.

At
\/(A(t sin(wpt

A(t).
V/(A(t). sin(wpt)

sin(hwet) .
)2+(A(t). cos(wpt))>+e sin (wpl)

(3.2)
el ~ cos (wpt)
)2+(A(t). cos(wpt))+e

).
)

Due to the nature of harmonics within the acoustic waveform, BPF is an integral part

in the proposed algorithm. Therefore, successful tuning of the parameters is the key for the
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Table 3.2: Design parameters of the band-pass filters.

Filter Central Frequency (fc) Passing Band (fb)

BPF 1 fn foxhxi
BPF 11 h x fr kx fr

€

extraction of the desired components. The general transfer function of a BPF is defined as:

) — (27be)8
Horr (8) = O G oty s 1 @ fo) 43)

where C', f;, and f. are respectively the gain, passing band, and central frequency of the
filter. Given the different frequencies each BPF is designed to be working at, dissimilar
parameters must be used as presented in Table. [3.2 For each filter, the central frequency
and the passing band are made adaptive to the reference electrical frequeny (f). Two design
parameters defined as 1 <7 < 10 and 0 < k£ < 2 are defined which can be replaced by 1 in
an ideal condition.

Tunable parameters are selected to improve the filtering robustness in face of stochastic
environmental noise and non-modelled real-time conditions, which can cause small frequency
drifts. Additionally, the bandwidth of BPF I has a noticeable impact on the overall transient
response of the whole signal processing chain. At the same time, proper design of this filter
plays a cardinal role in rejection of unwanted environmental distortions. Therefore, it is
possible to choose different values for the parameter i in a trade-off manner while respecting
1 << 10.

As the result, transfer functions of the two BPFs, included within the signal processing

chain, are obtained as:

(2m X ffx hxi)s

BPFI(s)=C; | .
2+ (27 X fr x h xi)s+ (2w X fp)

(3.4)

(2m x kX f¥)s
824 (21 x k X f*) s+ (21 x b x fr)?

BPFII(s)=Cpy (3.5)

In order to investigate the performane of BPF I and BPF 1I, 7 and k are iteratively changed
while the other parameters are kept constant and bode diagrams are plotted as shown in Fig.
. In this plot, h =6, f. = 25Hz, and f;, = 1440H z; therefore, the central frequency of
BPF II is located at 150H z.
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Bode Diagram
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Figure 3.8: Bode diagram of BPF I and BPF II for different values of ¢+ and &.

3.1.2 Proposed Signal Processing - Type 11

Application of adaptive neural networks, in the forms of Perceptron, ADALINE, and MADA-
LINE, for pattern detection is introduced in [I98]. The adaptive linear neuron or adaptive
linear element (ADALINE) is a single-layer neural network which can serve as an efficient
adaptive filter too [199).

Instead of using two stages of BPF in the signal processing chain, this algorithm extracts
the desired component by incorporating a single-stage ADALINE-based filter. Similar to
the previous case, the algorithm is explained for the dg-frame HFI condition although it is

applicable to other scenarios.

3.1.2.1 ADALINE-based Filter

Assuming the input to be an arbitrary periodic signal, which can be broken into the sum of

sinusoidal terms through the Fourier Series expansion, one can define it as:

@)= fa+ Z (an sin (nwt) + by, cos (nwt)) (3.6)

n=1

Moreover, considering the linear multiplication of matrix elements shown below,

F(t)y=w"X (3.7)
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Equation (3.7) yields:
F(t) = ap + oy sin (wt) + By cos (wt) + - - - + a, sin (nwt) + 5, cos (nwt) (3.10)

comparing eq. (3.10) and eq. (3.6, one could find a one-to-one correspondence; therefore,
eq. (3.6]) is linearly synthesized if and only if:

Qp = fdc
a1 = Qq
F)=F(t) < :ﬁl =h (3.11)
oy = A,
L ﬁn = bn

This linear decomposition is realized by a multi-input, single-output neural network which
has a single hidden layer. Adopting such a method, X and W respectively serve as the input
and weight matrices of the neural network.

Assuming only knowing the input signal frequencies and if the input waveform is to be
perfectly synthesized, the weight matrix must be made equal to the signal fourier series’s
coefficients. Therefore, a recursive algorithm - like the least-mean square (LMS) - is adopted
and the weight matrix is continuously updated until the perfect match is reached (shown in
eq. ) This algorithm serves as a non-linear feedback system, so the error between the
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actual input and the ADALINE output
d(t)=f(@)—F(t) (3.12)

is made zero (in this case, the ADALINE output is equal to the input signal). In order to
provide control over the convergernce speed, an additional coefficient p (called the learn-
ing rate) is introduced, which must always be 0 < u < 1. Convergence speed is directly
proportional to the learning rate, yet assigning high values to this parameter leads to un-
stability and divergence. Given the nature of the input signal and the non-linear structure
of ADALINE, the value of p is defined through trial and error. The overall structure of an
ADALINE network is also illustrated in Fig. (3.9).

Wnew

Figure 3.9: ADALINE network.

Wrew = jyeld 1 xeld gy d (3.13)

Following the same principle, ADALINE could be used as a filter (for extraction of a desired

component from an arbitrary input):
e The desired components are used as the matrix X.

e The error term, in contrast to the usual scenario, is not zero. It is, in fact, the input

waveform from which the desired components are subtracted.

e The values of matrix W are the actual amplitudes of the desired extracted signals.

Therefore, ADALINE provides inherent normalization algorithm.
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The adaptive filtering capability of ADALINE has led to its widespread use within the
power system applications, including harmonic detection, active power filters, power condi-
tioning mechanisms, online harmonic tracking, estimation of the power system frequency,
and grid-synchronization [200H207].

ADALINE has also been used within the sensorless control of PMSM in order to im-
prove the estimation performance. In order to suppress the undesired low-order harmonics
within the EMF, the estimated EEMF is passed through an ADALINE, which results in an
improved rotor position estimation [208]. In addition, ADALINE is also used for sensorless
implementation of a five-phase PMSM, in which an ADALINE is put in series with the posi-
tion observer [209]. Existence of non-sinusoidal EMF in PMSM results in currents with extra
harmonic contaminations. Repressing these current harmonics, an ADALINE-based current
harmonic suppression algorithm is proposed in [210)]. The ADALINE is used to generate an

adaptive feed-forward voltage, which is placed within the control loops.

3.1.2.2 Proposed ADALINE-based Signal Processing

Graphical representation of the proposed ADALINE-based signal processing is depicted in
Fig. (3.10). The algorithm comprises three stages:

Stage I Stage II Stage III

RVRVIANY
?Ai’ﬁ;'??‘E W W

T
w W Reerence Normalized Orthogonal Signals

Inputs

Raw Acoustic Capture [[f SiR(es5)
Cos(wnt)

Demodulation Vector ADALINE Filter

Figure 3.10: Signal processing - Type II.

e Stage I: the raw acoustic noise is captured via the microphone. This stage is exactly

similar to the first stage of the previous signal processing algorithm.

e Stage II: the input acoustic waveform is directly demodulated by the vector e/t
which results in the spectral displacement. Given a condition with f, = 25Hz and
fn = 1440H z, the waveforms of this stage in both time- and frequency-domain are
illustrated in Fig. (3.11)).
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Figure 3.11: Waveforms of Stage II.
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Figure 3.12: Waveforms of Stage III.

e Stage III: the desired component, located in the low-frequency zone, is extracted
by using an ADALINE filter. For the operating point of f. = 25Hz, h = 6, and
fn = 1440H z, the extracted signals are illustrated in Fig. . It is clear that the
ADALINE filter has been sucessful in precise extraction of the desired component at
150H z. As the ADALINE, inherently, estimates the desired harmonic amplitude, the
normalization can also be embedded within the ADALINE.
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3.2 Estimation of Rotor Speed and Position

At the output of the signal processing chain, a pair of speed-dependent orthogonal signals
were obtained. Due to this inherent characteristic, the phase and frequency of these signals
(which are linearly related to the electrical fundamental component) could be estimated
through using an observer.

Assuming the normalized version of the two extracted signals to be respectively defined

as:
= sin (hw.t
1 Lsm( wet) (3.14)
xo = x1 = €08 (hwet)
the instantaneous estimated phase () and frequency (&) are obtained as follows.
hl, = tan™* (ﬂ) = hoet ;. —m < hb, < +7 (3.15)
2
b, = . (3.16)

Using the inverse-tangent function, the phase is instantaneously obtained as a sawtooth
waveform ranging from —m and 7 (shown in Fig. (3.13b)) and the frequency is the time
derivation of the phase. Existence of a time-derivative element, boosts the system suscep-
tibility to any sudden transition in the input or noise. Therefore, using this method for

extraction of phase and frequency is not deemed suitable in this dissertation.

4

-
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3
= 0.5
£ 0
£ 0,
o
& -1 g
>-0.5- 2 e yd J
-1 3 /” L
15 ; 3 0.02 0.025 0.03 0.035 0.04
-2 15 20 time (s)

(b) Position estimation through using

Arct . .
(a) Arctan curve Arctan function.

Figure 3.13: Estimation using Arctan function.
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3.2.1 Quadrature Phase-Locked Loop (QPLL)

Figure (3.14) shows the observer used for the estimation of phase and frequency of the
extracted signals. Since a pair of orthogonal signals (given in eq. (3.14)) are extracted, a
PLL with heterodyning structure is used and the input phase and frequency are estimated.

Dynamic equations of the QPLL can be written as:

Normalised Frequency-modulatedi /)
Signal i | Sin j¢
Heterodyning-based PLL

Figure 3.14: QPLL structure.

e = (ml. cos (hée>> — <{E2. sin <hée)> = sin (hb,) . cos (hée> — sin <hée> .cos (ho,)

—sin | & (96 - ée) (3.17)

N——
Af

hf. = hw, (3.18)
hé, = K,.¢ + Ki.e (3.19)
where
e [, denotes the proportional gain of the PI regulator.
e K denotes the integral gain of the PI regulator.

e ¢ denotes the estimation error.

In the steady-state condition, due to the existence of the PI regulator within the QPLL
structure, the estimation error would be zero. Therefore, in the Laplace domain, the forward-

path transfer function of QPLL is obtained as:

hé, © K K;
Ghw =L { } A S (3.20)

e E 52
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In the steady-state condition, where sin (hAf) ~ hAf ~ 0, the linearized version of QPLL
could be used as shown in Fig. (3.15)). Accordingly, the closed-loop transfer function of the
QPLL could be defined as follows.

Figure 3.15: Linearized QPLL.

G{;;ULL _ KpS + Kl
L+ GhY, 2+ s+ K,

GorrL = (3.21)

The closed-loop transfer function of QPLL represents an ordinary second-order system with

the characteristic equation defined as:
s>+ kys + ki 2 87+ 28w, s + W (3.22)

where £ is the damping coefficient and w,, = hw, is the undamped natural frequency of the

system. As the result, the PI regulator parameters are tuned as:

(3.23)

K, = 2¢w,
Ki = (wn)z

Stability and dynamic response of QPLL is controlled by the roots of the charcteristic equa-

tion, which are in fact the poles of the closed-loop transfer function. The roots are:

S12 = wn (—g + \/527—1) (3.24)

As w, is a positive number, ¢ plays a cardinal role in the QPLL behaviour.

Wy <—§ + /& — 1) ; & > 1(over — damped)

81,2 = Wp (-5 + /&2 — 1) = —¢wy ;€ = 1(eritically — damped)
W, (—f + 71— §2> ;0 < & < 1(under — damped)

(3.25)
For a condition with w, = 2 % 7 * (6 * 25), the value of £ is sweped from 0.6 to 1.5 and the
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bode diagram and step response of the QPLL are respectively plotted in Fig. and
Fig. . Although change in the values of & has resulted in different transient responses,
the QPLL has maintained its stability as the step reference value is perfectly followed and
the phase margin, at the goal frequency of 150H z, is positive (45 < P.M < 67.5).

1 5 Step Response

—£=06
—£=0.7
—£=0.8

£=0.9
—£=1.0

£=1.1
—£=12
—£=1.3
—£=1.4
—|g=1 5

0.015

Amplitude

1 00 Bode Diagram
! —£=0.6

—£=0.7
—£=0.8
~£=0.9
—£=1.0

£=1.1
—£=1.2
—£=1.3
—£=1.4
—=15

1]

10° 10"

0
Frequency (Hz)

Figure 3.17: Bode diagram of QPLL.

Verifying the QPLL performance in estimation of the frequency and phase of the pro-
cessed signals, a simulation is carried out for a condition where h = 6 and f, = 25Hz. In this
condition, the output of signal processing (for both Type I and Type II) are fed to a QPLL
and the phase and frequency are estimated. The QPLL parameters are chosen as shown in
eq. (3.23) and the results are illustrated in Fig. ; regardless of the signal processing
type, the QPLL is able to correctly estimate the phase and frequency with complete stability.
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Figure 3.18: Estimation performance comparison between the proposed Type I and Type II
signal processing algorithms.

As it is observed that there is a small shift between the estimated positions of the two
methods, which is ascribed to the difference among the estimated frequencies. It is possible
to make the performances similar, by fine-tuning the learning rate of the ADALINE (signal
processing Typell) and/or the parameters of the BPF II (signal processing Typel).

3.3 Design of Control Loops and Stability Analysis

Field-oriented sensorless speed control of a PMSM follows a block diagram representation
shown in Fig. (3.19)). The system comprises three different loops:

e Current loop is the most internal loop by which the flux and electromagnetic torque
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Figure 3.19: Overall block diagram representation of PMSM speed control.

are controlled, by directly regulating the d- and g-axis currents. The time constant
of the current loop, as this loop is the most internal loop within the system, must be

chosen to be the smallest, compared to other loops.

e Speed loop is the external loop through which the mechanical speed of the rotor
is controlled. Compared to the current loop, this loop must have a time constant
hundreds of time larger. This is also physically justifiable since the transient response

of mechanical speed is considerably slower than the electrical current.

e Linearized PLL is another loop which is especially important in sensorless control.
As the PLL has a closed-loop structure, with its own poles and zeros, its structure
possesses an integral role in the overall stability of the system. Not only must the PLL
be appropriately tuned, so as to provide an accurate and stable estimation, but also
its interaction with the current and speed loops must be taken into cinsideration - as
there exists an inextricable connection between all the loops within the system. It is to
be mentioned that, in normal applications having position sensor, the linearized PLL
transfer function can be easily replaced by a digital delay equal to the ADC sampling

rate.

3.3.1 Current Loop

Structure of the current control loop is identical for both the d- and g¢-axis; therefore, only

the tuning procedure for the g-axis is provided here. Given the synchronous-frame voltage
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equations as below,

d
Vd = Rsid + %wd — wewq (326)

d
Ve = Ryl + =g + Wetba (3.27)

the two equations are coupled and therefore cannot be independently controlled. As the
result, a decoupling term - exactly equal to the coupling terms - is added to each voltage
making them linearly separable and feasible to be independently controlled. After the decou-

pling stage, a direct transfer function for the electrical part of the system could be defined

as below: / | /
d d
. 3.8
Vi Ri(lt71ws) T R, (3.28)
I, 1 L,
o L 3.29
V,  Ry(l+trygs) ' R, (3.29)

Without the loss of generality, the rest of the analysis is merely dedicated to the g-axis
current. Within the current loop, three digital delays are modelled to represent the actual
scenario in digital signal processing. The delays related to the interrupt service routine
(ISP) in each cycle, PWM of the inverter, and the unit-delay block essential for closing the
feedback loop are all modelled by a first-order delay element shown in eq. . In digital
implementation of PMSM control, a universal interrupt governs the whole system by which

synchronous execution of code, PWM pulse generation, and ADC readings is ensured.

1
Delay El = —— 3.30
elay Elemen T i1 (3.30)

Revised version of the current loop, with a unit feedback path, is depicted in Fig. (3.20)).

So, the forward-path transfer function is obtained as:

Forward-path Transfer Function

Kp (1iS + 1) 1 ]__[ 1] T 4!
;S lTst +1 lTst + 1|—'|r(TelecS + 1)J I

PWM |

I

Current Digital Delay PMSM Model
Regulator

Figure 3.20: Current loop with a unit feedback path.

a

oo _ Kp (s +1) 1 1
¢ T8 Tss+1 R (Tepees + 1)

(3.31)
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where
e [, denotes the proportional gain of the PI regulator within the current loop.
e K denotes the integral gain of the current loop PI regulator.
e 7; represents the PI loop time constant.

o T, = 3T, is the accumulated time constant of the digital delay elements within the

current loop.
® T... is the electrical time constant of the PMSM model.

In order to cancel the impact of the slowest pole, close to the imaginary axis, the zero of the
PI regulator must be equal to the pole of the PMSM model; therefore:

K, L,
N T ] 3.32
Ti = Telee — % "R ( )

(3

Based on the optimum-modulus (OM) criterion and eq. (3.32)), the following relationship is

obtained:

K, 1 1 1 K, 1
GJlre — 2P A — P 3.33
! 78 3Tews+1 r  26s(Es+1) rr; 2T ( )
1
Gl — - 3.34
k 2T2%s% + 2T (3.34)
the overall closed-loop transfer function of the current loop is equal to:

G 1 1

Gi= Tsws+1) - ! (3.35)

1+ G T 1= Tas 27382 +2Tgs + 1

As T,; = 3Ty, the term T2 can be neglected and eq. (3.35) be simplified as a first-order
delay element, to be used within the speed loop, shown by:

1 1 1

Gi ~ . ~
1—-T,,s 61g,s+1 5T s + 1

(3.36)
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Given the available PMSM with R, = 97mQQ), Ly = 140uH, L, = 178uH, and Ty, = le™*s,

the current loop’s PI parameters are tuned as given in eq. (3.37)).

Tig = 7t = 1o = 183505 x 107%s [ 7mig = bl = 1.44 x 105
K,,, = 0.297 K,,, = 0.2328 (3.37)
K, = 161.848451 K, = 161.667

Bode diagram of the forward-path transfer function of the g-axis current loop is illustrated
in Fig. ; the system is stable with a phase margin equal to 65.5°. Step responses of the
system, considering the actual and approximated models respectively provided in eq.
and eq. , are compared in Fig. . Although the transient behaviour of the two
models are different, the settling times are similar and both showcase a robust and stable

performance.
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Figure 3.21: Bode diagram of the g-axis current loop.
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Figure 3.22: Step response of the closed-loop g-axis current loop.
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3.3.2 Speed Loop
The speed loop dynamics is governed by the mechanical equation of motion:

dwn,
T, - T, = J% + By, (3.38)

in which

T, represents the generated electromagnetic torque.

T, represents the applied load torque.

J denotes the shaft moment of inertia.

e B denotes the frictional loss coefficient.

wp, is the rotor mechanical angular velocity.

In this equation, the load torque acts as an external disturbance to the system, against which
the speed performance must be stable and robust. The overall block diagram of the speed
loop is depicted in Fig. (13.23]). The current loop is replaced by eq. , two first-order
delays are addd to model the digital delays in the actual loop execution, and the speed
observer - which can be the PLL or the position sensor - is added to the feedback path.

It is to be mentioned that, the linearized PLL model can also be regarded as a speed

observer:
: _ i i r
W, . 1 a G q EPIP T i O 1 1
i\ ToyS + 1 kil IR | US+B]  [TwS+1
Wm Speed Regulator Digital Delay Current Loop Torque I | Mechanical Model Feedback Path
Coefficient !_Tl oad | Unit-Delay

External Disturbance Element

© 777777 Speed Observer,

Figure 3.23: Simplified model of the speed loop, taking into acount the approximate model
of the current loop in addition to the linearized PLL.

G & s Kyt K,
@PLL ™ We s, 2+ K,s + K;

(3.39)
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The forward-path transfer function of the speed loop is obtained accordingly as:

prs—i—Kiw 1 1 GQSZ + a8 + ag

alm _ oG . . ) = Q. 3.40
! a.GoprLL S Tos + 1 75+ B e’ bss® + byst + bgs® + bys? + bys (3.40)
o (b5 =T, J
a/ =
;(K p_,_;;K b4:Tqu+J+TquKp
a/l = Tw 7 Py
a p: K. K; \ b3 =B +TegBKy + JK, + 1oy JK; (341)
0 gy, b2:BKp+TquKi+JKZ‘
\ Y1 — g
and the closed-loop transfer function of the speed loop is obtained as:
o1 G car 15+ a2
Y Gorrr 1+ G dss® + dyst + d3s® + das® + dys + dy '
( d5 = Tqu
dy =TegB+ J + T, JK,
C2 p— OéK KP
p w d3 :B+TquKp+JKp+TquKi 3.43
a1 = KK, + K;Kp, dy = aK,Kp, + BK, + T.,BK; + JK; (3.43)
co = KZKM di =« (KpKiw + KiKPw + BKZ)
L dy = OéKiKiw

where
e [, represents the proportional gain of the speed loop PI regulator.
e K represents the interal gain of the speed loop PI regulator.
o 1o, =Ty + 205, = TT,,.

The speed loop controller can be tuned in such a way that the controller time constant be
at least 100 times greater than that of the current loop and the stability of performance is

ensured; therefore, the following parameters are chosen:

K,, = 0.75103
K;, = 3.56848 (3.44)
T, = 21.046 x 1035
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In order to inspect the intertwined mutual impacts of current, speed, and observer loops
on the system stability and speed control dynamics, bode diagram and step response of the
overall speed loop are shown in Fig. (3.24) and Fig. (3.25). The results are compared
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Figure 3.24: Bode diagram of the speed loop.
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Figure 3.25: Speed loop step response.

for three different speeds of 50rpm, 300rpm, and 1000rpm, which entails having different
transfer functions for the QPLL (within the feedback path). Looking at the bode diagrams,
the system showcases positive gain and phase margines, which is equivalent to the stability
of the closed-loop system. In addition and as depicted in Fig. , for all of the three

mentioned speeds, the system transient behaviours are stable and similar.
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3.4 Harmonics Within the Estimated Values

Appearance of extra harmonics within the estimated outputs of the observer stems from
both the input harmonics and the observer structure. Although a precise signal processing
guarantees that the input waveform is of acceptible quality, there can be extra harmonics
appeared within the observer estimated outputs which are solely ascribed to the observer
structure. As the result, this section analytically investigates the different PLL topologies
and derives the expected harmonics appeared within the estimated values. In the following
step, the PLL structure is modified in order to eliminate the extra harmonics which results

in the enhancement of the estimation performance.

3.4.1 Classic PLL

Considering the general structure of a PLL shown in Fig. (3.26)) with a single input and
single feedback path (with the input and output waveforms given in eq. (3.45) and eq.

(3.46))), the error term is derived as:

Figure 3.26: Structure of a general PLL.

Vin = A.sin (Wint + Yin) (3.45)
Vout = €08 (Wt + ) (3.46)
Al . . " . . .
Error = 3 | s [(Win + @)t + (Yin + @)] +sin [(win, — @)t + (@in, — Q)] (3.47)
high—f:“requency low—f':gquency

with
e A the arbitrary input amplitude.

e w;, arbitrary input frequency.
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e  estimated frequency.
e (,, arbitrary input phase.
e © estimated phase.

In the steady-state condition, the PLL structure can be linearized which results in the

following term for the Error.

A
Error = — | sin [2 (wint + @in)] + Ap (3.48)
2 N - / N~~~
double— frequency de

Looking at eq. and eq. , the Error is composed of two components; a high-
frequency and a low-frequency term. In order to alleviate the magnitude of the double-
frequency term, the loop filter is designed to act as a low-pass filter. Usually a simple PI
regulator - equivalent to a first-order LPF - is used although it is possible to use higher-order
loop filters. Since the loop filter is mainly responsible for outputting the estimated frequency
(DC component), existence of the double-frequency term (even with a tiny magnitude) within
the Error is unavoidable which is the most important issue in classical PLL.

For better inspection of the PLL behaviour, a sinusoidal input with the frequency of

100Hz is used and the loop-filter parameters (which are completely inline with what is
provided in eq. (3.23))) are chosen as:

Input = sin (2007t) (3.49)

K, = 879.646
{ P (3.50)

K; = 394784.176

The waveforms of the PLL input, output, error, and estimated frequency are shown in Fig.
. In addition, FF'T of the input, output, and error are shown in Fig. . Looking
at Fig. and Fig. , even though the input is a single sinusoidal signal, the
output and error signals contain more harmonics which are passed through the loop filter
and appeared within the estimated frequency. The output contains odd multiples of the input
frequency, which are {100, 300, 500, 700, ...} Hz. Given eq. and due to the input-output
interactions, the estmation error contains even-order multiples of the input frequency which
are {200, 400,600, 800, ...} Hz. As the harmonics within the estimated frequency and phase

of the PLL are the result of the harmonics within the estimation error, the focus is placed
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Figure 3.27: PLL performance considering the waveforms of input, output, error, and
estimated frequency.
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Figure 3.28: FFT analysis of PLL.

just on the estimation error.

In power system applications, where the input frequency fluctuations are limited, a feed-
forward term equal to the input fundamental frequency is added to the output of the loop
filter and this structure is called Synchronous Reference Frame PLL (SRFPLL). SRFPLL has
rapid response, yet still suffers from the even-order harmonics in the error. An enhanced PLL
version known as EPLL can be used instead by which the problem of even-order harmonics
in the error is noticeably solved [211]. Although EPLL has inherited the rapid response from
SRFPLL and, to a large extent, solved the double-frequency problem within the estimated

error, it cannot be used in the context of sensorless control due to the following reasons:

e The fundamental frequency in sensorless applications is directly liked to the revolution
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speed, so its fluctuations is beyond the lock-in range of EPLL or SRFPLL.

e The PLL must mimic the rotor dynamics through which the estimated position and
speed are extracted and fed to the coordinate transformation blocks. Therefore, if a
feed-forward term is used at the output of the loop filter, the estimated speed suddenly
jumps to the reference speed, while the actual rotor dynamics are considerably slower

and the system therefore cannot have a sustained stable operation.

Having mentioned those, quadrature PLL (QPLL), also known as heterodyning PLL, is
widely used in sensorless applications and it is also used in our method. Throughout the

following sub-section, the actual behaviour of QPLL is investigated.

3.4.2 QPLL

Given the QPLL toplogy illustrated in Fig. (3.14]), the input and output pairs are considered
to be of respective arbitrary amplitudes and frequencies of A;, A,, h;w., and h,w,. In the

steady-state operating point, where w; ~ w,, the error term is concluded as:

e = A;sin (hwet) . A, cos (howet) — A; cos (hjwet) . A, sin (howet)

Az’AO. sin (|hz — hol wet) ; h; > h,
~ 0; h;=h, (351)
—A; A, sin (|hy — ho| wet) 5 hi < hy

For a condition in which the input and output frequencies are of the same order (h; = h, = h),
the error becomes a DC quantity which is diminished by the action of the PI (the loop filter).
This DC error (defined in eq. (3.52)) is called the DC position offset in sensorless control

applications.

eqe = sin (hwet) . cos (hwet) — cos (hwet) . sin (hwet) = sin [h (we — We) t] =

sin [h (96 - 9)] ~hAG~0 (3.52)
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Scenario I: Inputs with unequal amplitudes

Having the same frequency as the previous case, a pair of orthogonal inputs are fed to the
QPLL:

{ 1. sin (2007t) (3.53)

(1£¢).cos(2007t)

In order to model the non-ideal behaviour of the normalization block, the parameter € = 0.05
is included within the inputs. The Input, output, error, and estimated frequency in both
time- and frequency-domain are shown in Fig. (3.29) and Fig. (3.30)).

—QPLL Error
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Figure 3.29: QPLL performance - Scenario I.
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Figure 3.30: FFT analysis of QPLL - Scenario 1.

Given the obtained simulation results, the following observations are made:
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e In terms of frequency estimation, the performance of QPLL is unquestionably superior
than PLL as compared in Fig. (3.29¢|). For the case of PLL, the estimated frequency
has the ripple of around 50H z while this value is less than 5H 2z for QPLL.

e Similar to the PLL behavior, the output comtains odd multiples of the input harmonics,
at {100,300, 500, ...} Hz. As the result, the error contains even-order multiples of the
input frequency at {200, 400, 600, ...} H z.

Scenario II: Inputs with a fundamental frequency and harmonic contamination

Given a pair of orthogonal inputs containing the fundamental frequency at 100Hz in addition
to harmonics at 200Hz and 400Hz as defined below:

{ 1.sin (2007) + 0.1. sin (4007¢) + 0.05. sin (8007t) (354

1. cos (2007t) + 0.1. cos (4007t) + 0.05. cos (8007t)

The simulation results in both time-domain and frequency-domain are provided in Fig. (3.31))

and Fig. (3.32).
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Figure 3.31: QPLL performance - Scenario II.

Even though the input only contains frequencies at {100, 200,400} H z, the output con-
tains {100, 200, 300,400, 500, 600, etc.} Hz. All the input frequencies in addition to the odd
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Figure 3.32: FFT analysis of QPLL - Scenario II.

harmonics of each input frequency are appeared in the output (for example: the compo-
nents at 300Hz and 500Hz are respectively the 3¢ and 5 harmonics of the input’s 100Hz
component and the 600Hz component is the 3"¢ harmonic of the input’s 200Hz component).
Consequently (and as the result of input-output interactions), the error and estimated fre-
quency contain components at {100,200, 300, 400, 500, 600, 700, etc.} H z.

In practice, for both HFI- and PWM-induced acoustic noise spectra, there exist a cluster
of neighbouring, speed dependent sidebands around the central frequency of BPF II. There-
fore, it is unfeasible for the signal processing to extract the desired sideband and reject the
other ones. For instance and for the case of PWM-induced acoustic noise at the revolution

speed of 500rpm with f, = 25Hz and h = 7, the FF'T of QPLL input, output and estimation
error are shown in Fig. (3.33]).
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Figure 3.33: FFT analysis in experimental condition for the case of PWM with f. = 25H 2
and h = 7.
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The input has the fundamental frequency of 725 = 175H z in addition to some odd-order
harmonics ({1,3,5,...} x 175Hz2). The odd multiples of the input fundamental frequency
are also appeared within the output spectrum. Accordingly, the error contains even-order
harmonics of the input fundamental component at {2,4,6,...} x 175H z.

Given the provided results for both PLL and QPLL, the following conclusions could be

drawn:

e All the frequency components within the input spectrum are directly reflected in the

output spectrum.

e Given each frequency component in the input, corresponding odd harmonics are ap-

peared within the output.

e Given the input-output interaction and knowing the input harmonics, the error har-

monics are defined.

In conclusion, the error has the following general format comprising a DC and several AC
terms (harmonics):
€ = €4c + Cac (3.55)

The DC term is eliminated by the action of the loop filter (PI regulator), yet the AC compo-
nents pass through the loop filter and appear within the estimated phase and frequency as
undesired extra ripple. To this end, the following section deals with modifications made in
the PLL or QPLL structure, by which the undesired AC terms within the error are mitigated.

3.5 Elimination of Harmonics Within the Estimation

Error

Harmonic elimination methods have been widely utilised in the literature, with eclectic
applications including current harmonic suppression in electric drives, improvement of the
position estimation in sensorless methods, and improving the frequency estimation in power

system studies.

e Improved Position Observers
One of the most conspicuous weakpoints of the PI regulators is their inability in control-

ling the AC reference points. Therefore, resonant controllers (RC) are used, when dealing
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with AC inputs [212-214]. The second-order generalized integrator (SOGI) shares a same
transfer function with RC and is used for the sake of harmonic extraction. In order to re-
duce the torque ripple, as a solution for having smooth speed control, a SOGI-based active
disturbance rejection algorithm is used [2I5]. An adaptive quasi-proportional-resonant ob-
server (AQPRO) is used in order to suppress the position estimation error harmonics [216].
An optimized PLL topology, using Levenberg-Marquardt (LMOPLL) is also used for this
goal [217]. A novel finite position-set PLL (FPS-PLL), using a newton iteration-based al-
gorithm for improving the estimation performance, is proposed in [218]. For improving the
estimation performance in BEMF-based sensorless controls, a reduced-order quasi resonant-
based extended state observer (ROQR-ESO) is used for the estimation of EEMF, and a
newton-raphson based PLL (NRM-PLL) is used as the position observer [219].

e Compensation of Current Harmonics in PMSM Operation

For PMSM drives operating with low switching frequency, there are large sidebands
around the PWM carrier which deteriorate the overall performance. Accordingly, a method
consisting a velocity controller and a sideband harmonic compensator is proposed in [220]. In
high-speed zone, the current would be contaminated with numerous harmonics. A multiple
synchronous frame transformation (MSRFT) coupled with a closed-loop harmonic detection
algorithm are proposed to eliminate the undesired current harmonics with high precision
[221].

e Applications of Harmonic Elimination in Power Systems

Similar to the ADALINE-based filter, RC has also been widely utilized within the power
system applications. A multi-resonant current regulator with adaptive performance equipped
with diturbance rejection capability is used for single-phase grid-tied inverters [222]. Grid
synchronisation is an integral part within the control algorithm of grid-connected convert-
ers, which is realized by the grid voltage frequency estimation through an SRFPLL. Extra
harmonics within the frequency estimation, leading to frequency deviation, is detrimental to
synchronization performance, so RC-based current controllers are widely used as a solution
to approach this malfunction [223-226].

Having reviewed the above-mentioned harmonic suppression methods, a novel position
observer, capable of providing an enhanced estimation performance with suppression of the

position estimation error harmonics, is proposed in the following part.

122



3.5.1 Proposed RCPLL

The underlying reason behind the occurrence of ripple in the estimated phase and frequency
is the undesired AC terms in the estimation error. As the result, finding a way to eliminate
or suppress the AC terms within the error term is the key in improving the estimation
performance of PLL/QPLL.

Identifying the harmonics within the error, a compensating term is fed forward to the
error with the responsibility to counteract the AC terms. The harmonic compensation block
is based on using resonant controller (RC) tuned at a specific frequency; therefore, multiple
RCs could be paralleled in case several harmonics are to be suppressed. The harmonic
compensation block is integrated into the QPLL structure and the overall configuration is
depicted in Fig. (3.34)).

Cos [«
iy

Kif

PLL Output 1 <.

|

PLL Inputs

} " RCPLL

Figure 3.34: The proposed RCPLL observer structure.

Transfer function of an RC with the respective resonant frequency and damping ratio of

wre and Ege is given as:

RC (s) = —2Brotres (3.56)
52 + 25}308 + w%c
— ahw,
wRe = QY (3.57)
gRC = 7. We

where a = |h; — h,| represnets the order of the harmonics within the error and 0 < v < 1

controls the damping intensity. Also, the RC parameters are tuned in such a manner to be

adaptive with respect to w,.
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The closed-loop transfer function of the compensation block is obtained as:

1 52 + 2£Rres + w%zc
Gre(8) = T RO (5) ~ 57+ 26n0 (L + Kno) s + (3.58)

If Kre =0, eq. equals one, and the impact of the resonating compensation block is
disabled (also evident from Fig. (3.34)).

In the next stage, the forward-path transfer function of the RCPLL, including both RC
and QPLL, is obtained as:

a3s3 + ass% + a1s + ag

GI — 3.59
reprr (9) bys* + b3s3 + bys? + bys + bo (359
( ag = Kp
a9 = KZ + QchKp
a) = 2£RCK’L' + pr%c
= K;w?
0= Riro (3.60)
by =1
bs = 26pc (1 + Kre)
b2 E CUIQ{C
bl - bo — 0

0
Considering the case of PWM-induced acoustic noise, and for the revolution speed of 500rpm
(h = 7 and a = 2 are chosen for example), bode diagram of the system is plotted in Fig.
when 0 < Kro < 20.0 .

As can be noticed, Krc has a direct impact on the behaviour of the RCPLL observer
in such a manner that choosing it to be zero transforms the RCPLL into a simple PLL.
However, increasing the value boosts the harmonic suppression capability. It is also worth
mentioning that, Krc cannot have inexorable value as the phase margin is almost reached
—180° when the value is jumped from 5.0 to 20.0 (Fig. (3.35)).

In order to evaluate the impact of the proposed RCPLL on the overall system stability, the
closed-loop transfer function of the proposed RCPLL observer is firstly obtained as follows.

a333 + a252 “+ a8 + ag
st + (a3 + b3) 83 + (ag + by) s% + a1 + ag

G%CPLL (5> = (3'61)

In the next step, the forward-path transfer function of the overall speed loop, containing the
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Figure 3.35: Bode diagram comparison of PLL and RCPLL, for different Krs values.

RCPLL as the position observer, is:

Gfrw el prs + Kiw

1

1

w RCPLL S

my = azKp,

=asK;, + a K,
my = as i, + a1 K,
myp = alKiw —+ CLQK w

ms

mo = apgK;,
ny = Tqu
Ng = U + Teq (a3 —|— bg)

\

\

Tus+1 Js+B

m4s4 + m333 + m232 +mi1s + my

1757 + 688 + n5s® + nys* + 1982 + 115 + g (3.62)
ns = B+ v (asg + b3) + ToyJ (ag + b2)
ny = a1TeqJ + v (az + by) + B (ag + bs)
ng = agLeqJ + a1v + B (az + b)
ng = alB + agu (3.63)
ny = agB
ng=20
v="TB+J

Verifying the overall speed loop stability, the bode diagrams for three speeds of 50rpm,

500rpm, and 1000rpm with the following parameters Krc = 5, h = 7, and a = 2 are plotted

in Fig. (3.30).

Given the plotted bode diagrams, the system has positive phase margin and gain margin,

which indicates the stable performance. Three vertical dashed lines, at 35Hz, 350H z, and

700H z, are correspondingly the central frequencies of the RC for the revolution speeds of

50rpm, 500rpm, and 1000rpm.
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Figure 3.36: Bode diagram of the overall speed loop.

In order to assess the performance of RCPLL and compare it with that of PLL (for the
case of HFI-induced acoustic noise), the revolution speed is fixed at 500rpm (which is equal
to fo = 25Hz) and h = 6. As the result, the fundamental input frequency is 6% 25 = 150H z.
Waveforms of the input and output of the QPLL are illustrated in Fig. in which, in
addition to the fundamental frequency, the input contains additional harmonics. Existence
of extra harmonics within the input coupled with the interactions with the output harmonics

lead to the appearance of harmonics within the error and estimated frequency. Comparing

—Input

1 —Output

0.5
[}
k]
2

5 0
S
<

0.5

=

0.4 0.405 0.41 0.415 0.42 0.425
time (s)

Figure 3.37: The input and output of QPLL for the processed acoustic noise signal -
fe=25Hz and h = 6.

the performance of RCPLL and QPLL/PLL, the value of Kpc is varied from zero to 20.0

and the estimation error, estimated frequency, and estimated phase waveforms are compared
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as respectively illustrated in Fig. (3.38), Fig. (3.39)), and Fig. (3.40).
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Figure 3.38: The estimation error comparison between PLL and RCPLL - f, = 25H 2 and
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Figure 3.39: The estimated frequency comparison between PLL and RCPLL - f, = 25H 2
and h = 6.

As the value of Kgo is increased, the estimation ripple is reduced; also, the enlarged

portions of waveforms for the period of 0.48 — 0.50s while Krc = 20.0 are provided which
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Figure 3.40: The estimated phase comparison between PLL and RCPLL - f, = 25H 2z and
h = 6.

verifies the tangible impact of RCPLL on the estimation performance. Considering the
estimation error, there is a maximum peak-to-peak ripple of 0.275 observed for the PLL
condition, while this value is reduced to 0.075 for the RCPLL condition (showing a 72%
suppression). For the estimated frequency, utilisation of RCPLL yields 70% improvement
since the peak-to-peak ripple is reduced from 5Hz to 1.5Hz. It is important to note that,
the estimated phase also contains a double-frequency ripple which is almost suppressed when
RCPLL is used (Fig. (3.40)).

Given the prior analysis about the harmonics within the QPLL error term and as the
input fundamental frequency is equal to 150H z, the RCPLL is tunned to compensate the
double-frequency term within the error, at 2 x 150 = 300Hz. FFT of the estimation error
for the PLL and RCPLL conditions are illustrated in Fig. .
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Figure 3.41: Comparison of the estimation error FFT between PLL and RCPLL.

Looking at Fig. (3.41al), the estimation error contains even-order harmonics of the in-
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put fundamental frequency (respectively at {300, 600,900, ...} Hz). After applying RCPLL,
the magnitude of the 300H z-component is reduced from 2500 to 120 which shows a 95%

suppression. It is to be mentioned that, the magnitude of other harmonics are almost intact.

3.5.2 Proposed ADALINE-PLL

Instead of using an RC within the structure of the harmonic compensation block, an ADALINE-
based filter can be used. Similar to the RCPLL case, several ADALINE-based compensation
blocks could be placed in parallel in case different harmonics are to be compensated. The

overall structure of the proposed observer is shown in Fig. (3.42]).

Figure 3.42: Structure of the proposed ADALINE-PLL.

Due to the nature of ADALINE, both the learning rate (1) and the output coefficient
(K which is shown in Fig. (3.42))) should be chosen with trial and error to reach a desir-
able performance. Similar to the previous RCPLL condition, ADALINE-PLL behaviour is
compared with a simple QPLL when the actual acoustic noise of the machine is processed
and fed to the observers. In order to show the positive impact of ADALINE-PLL in har-
monic suppression, the BPF II is tuned with a wider passing band (compared to the case
for RCPLL); therefore, the orthogonal inputs fed to the observer are not perfectly sinusoidal
(as shown in Fig. (3.43)) and contain high-order harmonics in addition to the fundamental
frequency at 150H z.

The orthogonal signals are then passed through the normalization block and fed to the
QPLL. The FFT of QPLL’s input, output, and error signals are shown in Fig. . Since
the zone around the fundamental frequency (150Hz) is important in this study, the FFT is
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Figure 3.43: Observer inputs which contain extra harmonics.
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Figure 3.44: FFT of PLL’s input, output, and estimation error.

shown up to the frequency of 500H z and other higher-order harmonics are not shown. Given
the figures, the output contains the 3" multiple of the fundamental frequency; therefore,
even-order multiples of the fundamental frequency are generated within the estimation error
(at {300,600, ...} Hz). Similar to the RCPLL condition, the ADALINE-based filter is tuned
for the 300 H z-component.

The performance of PLL and ADALINE-PLL with respect to the estimation error, es-

timated frequency, and estimated phase are compared and the waceforms are respectively
illustrated in Fig. (3.45), Fig. (3.46), and Fig. (3.47). The estimation error signal has
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Figure 3.45: Estimation error comparison between PLL and ADALINE-PLL.
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Figure 3.46: Estimated frequency comparison between PLL and ADALINE-PLL.

the maximum peak-to-peak value of 0.3 which is reduced to 0.06 when ADALINE-PLL is
used, which is equal to an 80%-improvement. Similarly for the estimated fequency, the
maximum peak-to-peak value is about 7H z while it is reduced to 2Hz for the ADALINE-
PLL, showing 71.43% improvement. Additionally, the estimated phase also fluctuates with
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Figure 3.47: Estimated phase comparison between PLL and ADALINE-PLL.

a double-frequency term which is almost eliminated when ADALINE-PLL is used.

3.5.3 Importance of Harmonic Suppression

With respect to the analytical derivation of the harmonics within the estimated values and
the topologies of QPLL, RCPLL, and ADALINE-PLL, the following important points are

concluded:

e The dominant harmonics within the spectrum of estimated values are even-order mul-
tiples of the input fundamental component. Especially, the harmonic with double the

input frequency is the most dominant component in the estimated values.

e The loop filter is unable to suppress the error harmonics; therefore, the estimated phase

and frequency also contain these harmonics.

e As the estimated values are directly used in the coordinate transformation for the
filed-oriented algorithm, existance of extra harmonics - in the form of extra ripple -
deteriorates the performance. This ill-impact shows itself in the form of extra torque

ripple, increased current consumption, and extra losses.

e RCPLL and ADALINE-PLL have shown to be effective solutions for suppressing the

extra harmonics within the estimated values.

e Application of RCPLL and ADALINE-PLL is not limited to the sensorless control.
These two novel observers can be used in power system studies where grid synchro-
nization is of paramount importance and extra ripple within the estimated frequency

can compromise the overall stability.
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3.6 Conclusion

The closed loop sensorless control of PMSM based-on the machine output acoustic noise was
investigated in this chapter. Signal processing algorithms, by which the speed-dependant
components are extracted, were proposed and investigated. In the following section, the
observer (PLL) was analytically investigated and the estimation performance was analyzed.
In the third section, the overall system was modelled and the stability of the system was
verified. Owing to the processed signals harmonics and the observer non-linear structure, the
estimated values are contaminated with even-order harmonics. Therefore, two new observer
topologies were introduced in the forth section. With the aid of these new observers, the
harmonics within the estimation error were suppressed and the estimation performance was
accordingly improved.

Experimental validation of the proposed acoustic noise-based PMSM sensorless controls

are presented in the next chapter.
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Chapter 4
Experimental Results

Throughout the previous chapter, the theoretical aspects related to the acoustic noise-based
PMSM sensorless control were detailed. In this chapter, the following proposed methods are

experimentally tested:

e HFI-based acoustic noise-driven PMSM sensorless control: in this condition,
an HFI is used and the acoustic noise-based PMSM sensorless control is experimentally

tested.

e Injectionless acoustic noise-driven PMSM sensorless control: in this method,
the injectionless acoustic noise-based PMSM sensorless control (relying on the PWM

harmonics) is experimentally investigated.

e Sensorless performance when RCPLL is used: although RCPLL is a general-
purpose observer, its effectivity in improving the estimation performance (through sup-
pression of unwanted harmonics) is experimentally verified on the injectionless acoustic

noise-based sensorless control.

The experimental results are carried out on a test bench, shown in Fig. (4.1]), which
comprises a 1.6KW PMSM with the parameters given in Table. a PMSG coupled
to the motor, a tunable resistive load bank serving as the applied load to the generator,
a Texas Instrument DRV8301-HC kit (inverter plus TMS320F28069 DSP board), and an
ADC-connected microphone for acoustic noise sampling. It is worth mentioning that the
proposed methods are applied on a cheap PMSM, which is for general applications without

any special mechanical design characteristics.
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Figure 4.1: Overview of the testbench.

Table 4.1: Parameters of the PMSM drive system.

Parameter Value
No. of Slots/Poles 9/6
Rated Power 1600W
Rated Speed 1500rpm
d-/q-axis Inductances 140uH/178uH
Phase Resistance 97mS2
PM Flux Linkage 39.5mWb
Rated Current 30A
DC-link Voltage 55V
Switching Frequency 10KHz
HFI Frequency 1.44KH~z

Algorithm commissioning: Due to the fact that our PMSM has 6 rotor poles, there
are 3 positions where the d-axis (or a-axis) can lie. Consequently, given each time the
algorithm is emulated by the processor, a DC a-axis voltage is firstly injected so as to lock
the rotor to any of the 3 positions. In the following step, the encoder reading is set to

zero (by offsetting the value). Finally, the injected voltage is set to zero and the acoustic

noise-based FOC sensorless algorithm is run.
Doing such initial commissioning reassures us that both the initial estimated and actual

rotor positions are zero and there is no DC offset among them. In another word, by doing

such initialisation procedure, the impact of the arbitrary integration coefficient, which can

alter the initial rotor position, is counteracted.
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4.1 HFI-based Acoustic Noise-Driven PMSM Sensor-

less Control

In this method, an HFI voltage is applied within the estimated dg-frame which is shown in
eq. . Moreover, the sixth harmonic sideband around the injected frequency (h = 6) is
used for the acoustic noise signal processing in all experiments. The tests are categorized
into static and dynamic conditions in order to showcase the robustness and stability of the

proposed method in different conditions.

(4.1)

Vigh = 5 - ol (2m+1440)t _ 5 [ cos (2m x 1440 * t) ]

sin (27 % 1440 x t)

It is to be mentioned that, the proposed Type I signal processing (shown in Fig. (3.2)))

is used within all the experiments.

4.1.1 Static Conditions

4.1.1.1 Signal Processing

In order to verify the effectiveness of the proposed signal processing, the two orthogonal
signals (the outputs of BPF II which are fed to the PLL for the position estimation), are
shown at 75rpm and 1000rpm. Figure depicts the extracted orthogonal signals for the
revolution speed of 75rpm, as a low-speed zone. The fundamental frequency is theoretically
22.5H z, while it is experimentally acquired as 20.83H z which shows a difference equal to
7.42%. This small difference is justifiable due to the existence of non-modelled nonlinearities
of the system in addition to the imperfect mechanical structure of the machine.

Transitioning into the high-speed zone, the extracted orthogonal signals for the speed of
1000rpm are illustrated in Fig. (4.3]). At this speed, the theoretical fundamental frequency
is 300H z and the signal processing has extracted signals with the frequency of 306.748H z
which shows 2.24% difference.

4.1.1.2 Steady-state Performance

Figure (4.4) shows the estimation performance at 75rpm. The theoretical mechanical fre-
quency is 1.25H z and it is experimentally acquired as 1.28 Hz (2.4% difference). Moreover,

the peak value of the estimation error is obtained as 0.606°.
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Figure 4.2: The extracted orthogonal signals at the revolution speed of 75rpm (the outputs
of the Type I signal processing algorithm).
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Figure 4.3: The extracted orthogonal signals at the revolution speed of 1000rpm (the
outputs of the Type I signal processing algorithm).
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Figure 4.4: Evaluation of the estimation performance at 75rpm.

The estimation performance at 1000rpm is also shown in Fig. (4.5) where the theoretical

mechanical frequency is equal to 16.67H z and its experimental value is obtained as 16.83H z
leaving 0.95% difference.
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Figure 4.5: Evaluation of the estimation performance at 1000rpm.

The maximum observed estimation error is also equal to 3.3°, where its impact is appeared
within the estimated position as extra ripple.

The spectrogram of acoustic noise for the dg-frame HFI at 1440H z was shown in Fig.
, and is re-illustrated here for convenience in Fig. (4.6)) . Given the spectrogram, as
the speed increases and exceeds 1000rpm, the components in the PM-origined zone meet
those occupying the HFI zone, which results in component interference. Such interference
directly affects the estimation performance and causes distortion within the estimation error
and the estimated position, like what is observed in Fig. . Overcoming this, the HFI

frequency can be increased so as to provide extended margin for the interference occurrence.
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Figure 4.6: Acoustic noise spectrogram for the case of dg-frame HFI with f;, = 1440H z.
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Figure 4.7: Sensorless performance in sudden speed reversal (+100rpm).

4.1.2 Dynamic Conditions

Robustness of the proposed sensorless algorithm is accentuated through investigation of its
performance in dynamic operating points. Successful dynamic performance, per se, is an

indicator of the overall stability and robustness of the proposed method.

4.1.2.1 Speed Reversal Performance

Figure depicts the sensorless performance when the speed command is changed, in a
step-wise manner, from +100rpm to —100rpm. The peak-to-peak estimation error is 2.06°
and the mechanical period is obtained as 602ms, which verifies the accurate performance of
the speed loop in tracking the speed command. The performance is also inspected when the
speed is changed from 100rpm to standstill and then to —100rpm, as shown in Fig. (4.8§]).
Three important instances of steady-state at 100rpm, stop, and start-up toward —100rpm
are enlarged. In all of the conditions, the estimated and actual positions are almost identical,

which is an indicator of performance robustness and stability.

4.1.2.2 Start-up Performance

Given a same set of HFI voltages, PLL parameters, and PI regulators for the speed and cur-
rent loops, the start-up performance of the proposed method and the conventional current-
based sensorless control (rotating signal injection method) are compared in Fig. . In
terms of start-up transient, both methods complete the procedure in a similar period, which
is 3s. Such a long start-up transient is attributed to the heavy coupling used for coupling
the motor to the load generator (look at Fig. (4.1))). Moreover, both the actual and esti-
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Figure 4.8: Sensorless performance when the speed is changed from 100rpm to zero and
from zero to —100rpm.
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Figure 4.9: Comparison of start-up performance.

mated rotor positions are perfectly synchronised, without any DC offset, which indicates a
satisfactory performance. In terms of the speed profile, the proposed method reaches the
reference value, while there is an overshoot of about 50% within the conventional method

(prior to reaching the final reference speed).

4.1.2.3 Sudden Switch Between the Sensorless and Sensored Operations

One of the main justifications of using sensorless algorithms, over the encoder-based methods,
is the potential of sensorless control to be used in times of a sudden outage of the position
sensor. Such a scenario is shown in Fig. , in which the estimated values of speed and
position are suddenly replaced by their actual values for the coordinate transformation and
FOC algorithm.

In this test, the actual and estimated positions are synchronised. In addition, the fun-

damental component of the phase current is shown, with its amplitude remaining the same
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Figure 4.10: Sudden switch among the proposed method and the encoder-based method.

before and after the switching. The current profile shows that the estimation is perfectly
accomplished. Otherwise, if there had been a difference among the actual and estimated
d-axes, the phase current amplitude would have changed before and after the switching.
Additionally, this test substantiates the stable performance of the proposed sensorless algo-
rithm, as the positioning of the actual and estimated rotor positions has not witnessed any

change before and after the sudden switch.

4.1.2.4 Dynamic Loading Performance

Sensorless performance during dynamic loading condition is of paramount importance, which
is investigated in Fig. (4.11)). The reference speed is fixed at 500rpm while different loads
are applied to the machine. Given the static resistive load bank connected to the PMSG,
the maximum available load is obtained at the revolution speed of 500rpm and the g-axis
current of 22A which represents 78.2% nominal current. Although there are speed deviations
observed at the instances of load change, the speed profile is able to track the reference value,
which verifies the robust and stable performance of the whole system. In addition, in both
light and heavy loads, the waveforms are enlarged and it is observed that both the estimated

and actual positions are synchronised.

4.1.2.5 Dynamic Speed Change Performance

Investigation of sensorless performance during dynamic speed change is another test illus-
trated within Fig. (4.12)). The reference speed is arbitrarily changed from 100rpm to 500rpm
while the actual and estimated positions are shown. For the lowest and highest speeds, the

waveforms are magnified, which show that the estimated and actual positions are completely
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Figure 4.12: Sensorless performance in dynamic speed change.

synchronised. Although there is a low-frequency ripple on the estimated position at 100rpm,
it is diminished as the speed is increased.

In this section, the performane of the proposed HFI-based, acoustic noise-driven sensor-
less control was verified through static and dynamic tests performed in various conditions. In

all of the conditions, the performance was stable and robust, which introduces the proposed
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method as a reliable alternative to the conventional sensorless methods.

4.2 Injectionless Acoustic Noise-driven PMSM Sensor-

less Control

In this section, the performance of the proposed sensorless control relying on the PWM
harmonics is experimentally scrutinized. As mentioned earlier in Chapter 2, Section 2.5,
the proposed injectionless sensorless control has significantly lower disseminated acoustic
noise and current profiles with noticeably lower distortions. Therefore, using this method is
deemed a suitable improvement, over the HFI-based methods.

Similar to the previous section, the performance is inspected in static and dynamic con-
ditions in order to prove the robustness and stability of the proposed method. In all of the
tests, a simple PLL is used as the observer and it is observed that the estimated values are
contaminated with specific-order harmonics. Therefore, the PLL is replaced by an RCPLL
(proposed in Chapter 3, Subsection 3.5.1), in order to suppress the unwanted harmonics,
and the performance is evaluated. In addition, the switching frequency is fixed at 10K Hz
and the seventh harmonic sideband (h = 7), amongst the possible odd-order sidebands, is

used for the signal processing for all the presented results.

4.2.1 Static Conditions

Throughout this section, the steady-state performance of the proposed sensorless algorithm
is investigated in different operating points. It is to be mentioned that a simple PLL, as the

position observer, is used for the tests in this subsection.

4.2.1.1 Signal Processing

Figure shows the raw sampled acoustic noise in addition to the extracted orthogonal
signals (Signal I ad Signal IT are the outputs of the signal processing) at 500rpm. Even though
the testbench is not isolated in an anechoic chamber and random environmental noises are
present which is exactly the case in actual experimental conditions, the extracted signals
are perfectly sinusoidal with the desired frequency, which validates the signal processing
accuracy. The extracted signals must, theoretically, have the frequency of 175H 2z with the

period of 5.71ms, yet the frequency is experimentally obtained as 178.57H z with the period
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Figure 4.13: Signal processing performance.

of 5.60ms (1.92% difference).

4.2.1.2 Steady-state Performance

The steady-state performance at the low-speed of 75rpm is illustrated in Fig. (4.14). The
maximum peak-to-peak estimation error is 0.085°, and both the actual and estimated posi-
tions are synchronized. The theoretical mechanical period is 800ms, while the experimental

one is obtained as 797ms which shows there is a difference of 0.375%.

(Act. Position Est. Position Error)

8 -103s 320Y
o -232ms 0.00v
af9fms  a320Y

Figure 4.14: Performance at 75rpm.

The performance at 800rpm is shown in Fig. in which the maximum estimation
error is 3.42°. The theoretical mechanical period is 7bms and the experimental value is
obtained with 3.54% difference at 77.66ms.

Given the presented figures and although there is zero DC offset among the actual and
estimated positions, the estimation error contains unwanted harmonics which are appeared

in the estimated position also. Existence of such harmonics means that the PLL’s loop filter
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Figure 4.15: Performance at 800rpm.

is not able to suppress them effectively.

4.2.2 Dynamic Conditions

Similar to the previous section, the performance of this method is also inspected in several
dynamic conditions. Again, the utilised observer is a simple PLL in order to show that the

performance is robust even if there exist unwanted harmonics within the estimated values.

4.2.2.1 Speed Reversal Performance

Figure (4.16)) depicts the performance during transitioning from standstill to 100rpm and
standstill toward —100rpm. The maximum peak-to-peak estimation error is 0.2° and the es-
timated and actual positions are synchronised. The theoretical mechanical period at 100rpm

is 598ms, and it is experimentally obtained 600ms which shows a discrepancy equal to 0.33%.

4.2.2.2 Dynamic Speed Change Performance

The dynamic performance during speed change is another test shown in Fig. (4.17)). The
reference speed is randomly changed from 100rpm-500rpm and the estimated and actual
positions are shown. For the zones at the lowest and highest speed, the waveforms are

enlarged which shows that the estimated and actual positions are perfectly synchronised.

4.2.2.3 Dynamic Loading Performance

Maintaining a robust operation at times of sudden load change is an important performance

metric. In this regard, Fig. (4.18]) shows the sensorless performance at the revolution speed
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Figure 4.16: Performance at positive, zero, and negative speeds.
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Figure 4.17: Performance at dynamic speed change.

of 500rpm while the machine undergoes several step-wise changes in the loading profile. The
g-axis curent, which represents the generated torque, is shown with changes from 114 to
22A (78.2% nominal current). At the instances of load change, the speed profile experiences

fluctuations within 5% of the reference speed. In addition, the waveforms for the lightest
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Figure 4.18: Performance at dynamic loading.

and heaviest loads are enlarged, which show that the estimated and actual positions are

synchronised.

4.2.2.4 Start-up Performance

Start-up performance has always been one of the most challenging aspects for the sensorless
algorithms. To this end, Fig. draws a comparison between the start-up performance
of the proposed injectionless sensorless control (relying on acoustic noise), the proposed
HFI-based sensorless control (relying on acoustic noise), and the conventional HFI-based
sensorless control (relying on the af-frame currents - rotating signal injection method). For
all conditions, the reference speed is stepped from zero to 110rpm. Moreover, for the HFI-
based methods, a same set of HFI voltages with the magnitude of 5V and the frequency of
1440H z is used within the estimated dg-frame (the injectionless method only relies on the
PWM harmonics). Moreover, a same set of PI settings (for the speed loop, current loop,
and PLL) are used for all the three compared methods.

In terms of the start-up dynamics, the injectionless method completes the procedure
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in 3.75s, while the other two methods respectively complete the procedure in 5s and 4s.
Regarding the estimation error, the injectionless method has the peak-to-peak value of 0.5°,
while the other two methods have respective peak-to-peak values of 1.1° and 1°. Both
the acoustic noise-based methods are able to reach the reference speed after the start-up
dynamics, but the conventional current-based sensorless method experiences an overshoot
within its speed profile (since the mechanical period for the acoustic noise-based methods is
stable at 547ms, yet it has not yet fixed for the other method).

The main goal of this start-up comparison was to showcase the potential of the two pro-
posed methods, compared to the conventional current-based method. By changing the PI
settings, for each method individually, it is possible to have very similar start-up perfor-
mances.

Given the presented results in this section, the estimation error is composed of a DC term
which is eliminated by the loop filter (PI within the PLL) and some AC terms (harmonics)
which are passed through the loop filter and appeared in the estimated position and estimated
speed profiles. Consequetly, throughout the next subsection, the performance of the proposed

sensorless control is compared when the PLL and RCPLL are used as the observer.

4.2.3 RCPLL Impact on Sensorless Performance

4.2.3.1 Steady-state Performance

The effectivity of using RCPLL is verified for the speeds of 75rpm and 800rpm as shown in
Fig. and Fig. ; in each figure, the sensorless performance with PLL and RCPLL
is compared.

In Fig. , the peak-to-peak estimation error is 0.171° for the PLL, while it is
plunged to 0.057° when RCPLL is used. Given both observers, the synchronism between
the actual and estimated positions, with the period of 802ms, is maintained. This means
that introduction of RCPLL to the system does not affect the DC offset, yet substantially
reduces the estimation error harmonics. The estimated speed harmonics are also shown in
Fig. (4.20b)) with a £5rpm ripple for the case of PLL, which is alleviated to £1.67rpm for
the case of RCPLL. The zoomed version of the waveforms are also shown which certifies the
effectivity of using RCPLL is suppression of the undesired harmonics.

Looking at the waveforms in the frequency domain shown in Fig. , the fundamental
harmonic within the estimation error is double the PLL input frequency (at 75rpm and h = 7,

the PLL input frequency is 26.25H z); the other harmonics can be neglected due to their tiny
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Figure 4.19: Start-up performance comparison.

magnitudes. Accordingly, the resonating compensation block is tuned at this frequency and

it is observed that there is a 68.75% reduction in the harmonic magnitude (reduction from
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Figure 4.20: Comparison of PLL and RCPLL performance at 75rpm.

0.16 to 0.05). It is worth mentioning that the similar reducing-trend governs the harmonics
of the estimated speed.

Looking at the performance at 800rpm with the mechanical period of 72.60ms shown in
Fig. , there is a peak-to-peak estimation error of 2.57°. Moreover, there is a high-
frequency ripple on the estimated position. As the result, RCPLL is accordingly used in
order to suppress theses harmonics. Its impact is noticeable on both the estimation error
and the estimated position, which is now much smoother. There is a speed ripple equal
to £20rpm which is reduced by 66% when RCPLL is used, as shown in Fig. . In
order to further magnify the positive impact of RCPLL on the estimation performance, the
zoomed versions are also provided in this figure.

Both the estimated speed and estimated positions contain harmonics of order 2 and 4

(with respect to the observer input at 280H z); consequently, the resonating compensation
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Figure 4.21: Comparison of PLL and RCPLL performance at 800rpm.

block is tuned for 560H z and 1120H z. Given the estimation error, the harmonics at 560H z

and 1120H z are respectively reduced by 75% when the RCPLL is applied as shown in Fig.
[E219).

4.2.3.2 Dynamic Speed Change Performance

The comparative performance of PLL and RCPLL in dynamic speed change is also provided
in Fig. (4.22)). The reference speed is stepped from 200rpm to 300rpm and the actual and

estimated positions alongside the estimation error are illustrated. In the case of PLL and at
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Figure 4.22: Comparison of dynamic performance between PLL and RCPLL in case of step
speed change.

200rpm, the peak-to-peak estimation error is 0.25°, while using RCLL has culminated in a
75% reduction of the error magnitude. At 300rpm and for the case of PLL, the maximum
value of error is around 0.22°, while it has experienced 50% reduction when RCPLL is used.

In both speeds, the value of Kre = 0 is used for the PLL scenario and Krc = 5 for
the RCPLL scenario. Due to the adpative designs of the signal processing and RCPLL, the
parameters of the resonating compensation block are autmatically adapted to the reference
speed. The zoomed versions of the waveforms are also shown at the onsets of the speed
change. It is observed that the RCPLL does not affect the dynamic performance (which is
mainly governed by the PI regulators within the PLL and the speed loop), yet significantly
improves the estimation performance (as its impact is clear on the estimation error value).

Finally, it is worth mentioning that complete suppresion of the unwanted harmonics,
using RCPLL;, is not practically posible. The reason behind that is the harmonic repression
capability of the RCPLL is directly controlled by the value of Kge, yet assigning high values
to this coefficient makes the RCPLL approach its unstable region.

4.3 Conclusion

In this chapter, performances of the proposed HFI-based and HFIless acoustic noise-driven
sensorless algorithms were experimentally investigated. The methods were tested under var-

ious static and dynamic conditions. During the static tests, the steady-state performances
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of both low-speed and high-speed zones, including the position estimation error in addition
to the actual and estimated rotor positions, were investigated. In dynamic conditions, the
sudden speed reversal, dynamic speed change, dynamic load change, and the start-up perfor-
mance, were inspected. In all of the tests, the proposed methods operated with robustness
and stability, which introduced them as reliable alternatives to the conventional sensorless
algorithms.

Suppresing the undesired harmonics within the estimated parameters, the proposed RC-
PLL performance was investigated, by comparison with PLL. The comparison was made in
static conditions in both low- and high-speed zones. Additionally, the comparative perfor-
mance in dynamic step-wise speed change was conducted. In all conditions, RCPLL was

able to provide an stable performance with improved estimation performance (compared
with PLL).
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Conclusion

Conclusion

A novel method for implementation of PMSM sensorless control, relying on the machine
output acoustic noise was developed in this thesis. This method utilises the multi-physics
aspects of the machine, in an active manner, and incorporates the extracted information
within the control algorithm. Due to the multifaceted nature of this topic, electromagnetic,

mechanical, and control aspects should be deeply investigated.

Chapter 1 was dedicated to the state-of-the-art about the PMSM fundamentals, sen-
sorless control algorithms, and vibration and acoustic noise occurrence in electric machines
(with a special focus on PMSM), serving as the necessary background for the upcoming
topics throughout the following chapters.

Given the medium-high speed range, the model-based sensorless methods, relying on the
EEMEF /linear flux, in addition to the state space notation and corresponding observers were
presented.

On the other hand, given the zero and low-speed range, saliency tracking-based methods
which rely on the machine saliency alteration were presented. Both the HFI-based and
PWM carrier-based methods alongside the initial magnet polarity detection algorithms were
reviewed.

The final section was dedicated to the vibration/acoustic noise phenomena in PMSM.
The electromagnetic equations describing the formation of airgap fields and radial forces
were firstly provided. Following that, the origins and fundamental equations of the vibra-

tion/acoustic noise in electric machines were reviewed.

Chapter 2 investigated the vibro-acoustic response of PMSM, to the HFI and PWM
voltage excitations. The investigation was firstly conducted for the case of HFI, then similar

approach was adopted for the case of PWM.
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Given various HFI voltages, the harmonics within the current, airgap field and radial
force, and resulting vibration/acoustic noise were identified. It was shown that the specific
speed-dependent harmonics within the radial force were directly reflected within the output
vibration/acoustic noise, verified through simulation and experimental tests.

Eliminating the HFI, the impact of PWM voltages was also investigated. The PWM
voltage generation, taking into consideration the impact of deadtime, was mathematically
modelled. Although the PWM deadtime contaminated the spectrum of current, magnetic
field and radial force, its impact upon the output vibration/acoustic noise was negligible (all
verified through experimental tests in different conditions with various deadtime intervals
and acoustic sampling rates). This important feature is a key advantage in terms of signal
processing and harmonic extraction.

Given both conditions and irrespective of the revolution speed, the acoustic noise spec-
trograms were devided into five different zones, among which the one around the injected
frequency (either HFT or PWM carrier frequency) hosted several specific speed-dependent
sidebands and could be used as the source for extraction of the rotor position information.

Finally, considering the acoustic noise spectrum, the harmonics located in the proximity
the PWM zone were exactly similar for both conditions, yet the HFI condition contained
several additional harmonic components around the HFI frequency and in higher-frequency
zones (due to the resonance phenomenon). It is to be mentioned that, the components
lying in the low-frequency zone (near the fundamental electrical frequency and its low-order

harmonics) were almost similar in both scenarios.

Chapter 3 implemented two novel acoustic noise-based PMSM sensorless controls, using
HFI and PWM voltages. Two adaptive signal processing algorithms were proposed. The
first strategy comprised four stages, including two BPF, one demodulation block, and one
normalization block. The other 2-stage signal processing algorithm eliminated the BPF
stages, and incorporated an ADALINE-based filtering stage instead while mantaining the
demodulation block. The proposed signal processing structures in addition to the final
normalization stages guarantee that the impact of environmental noise, on the extracted
signals, is minimized and the extraction is realized with the utmost precision. Regardless
of the adopted signal processing method, the two orthogonal speed-dependent signals were
successfully extracted.

Design and stability analysis of the current loop, position observer loop, and the overall

speed loop were also presented in this chapter. Detailed model of each loop, taking into
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account the digital delays within the actual system implementation, was considered. Stability
of each loop, was verified by the associated bode plot and step response.

It was observed that several specific-order harmonics appeared within the estimation er-
ror of the position observer (PLL), which also appeared within the estimated rotor speed and
position. Given the harmonics within the acoustic noise and dynamic model of PLL, the ex-
pected harmonics within the estimation error were identified. Suppressing these harmonics,
a feed-forward harmonic compensation block was integrated into the PLL. Two harmonic
compensation blocks, based on an RC or an ADALINE, were proposed which respectively re-
sulted in two novel position observers called RCPLL and ADALINE-PLL. By using these two
novel observers, equipped with adaptive harmonic compenstion, the estimation performance

was improved, compared to a simple PLL.

Experimental verification of the proposed acoustic noise-based sensorless algorithms was
presented in Chapter 4. All of the methods were tested in static and dynamic conditions to
verify the accuracy of the signal processing, steady-state response, and transient behaviour
of the overall system. For the HFI-based case, a voltage signal was injected in the estimated
dg-frame with the frequency of 1440H z and the PWM carrier was fixed at 10K H z for both
the HFI and HFIless conditions.

In all conditions, the actual and estimated rotor positions were synchronized, without any
DC offset, indicating appropriate d-axis estimation and signal processing without significant
delay. Also, the sensorless algorithms were capable of providing satisfactory performance
in dynamic conditions, including speed reversal, start-up, speed change, and load variation.
In terms of start-up dynamic performance, the proposed methods were compared with the
conventional current-based sensorless algorithms, and similar performances were observed
which showed the reliability of the proposed methods.

Moreover, the performances of the PLL and proposed RCPLL were compared in static
and dynamic conditions. The results revealed that using RCPLL provides the sensorless
performance with an improved estimation with significnatly lower harmonics.

Overall, both of the propsoed methods were able to provide estimation at standstill and
self start-up while also operation at medium-high speed region. This wide operating range
is a key characteristic which substantiates the reliability and robustness of the proposed

methods.
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Research Perspective

This dissertation introduced a novel acoustic noise-driven method for implementation of
sensorless control, which is a new perspective in active utilization of cross-coupled phenomena
in electric machines. Consequently, this section deals with the potential improvements and

future research vistas, which can broaden the application of this new technology.

e Application to Other Machines

This thesis developed the proposed sensorless algorithms for a PMSM, yet there is an
essential need for further development of this method to other SM or IM topologies.
In this regard, the analytical equations should be used step-by-step so as to identify

the harmonics within the magnetic fields and radial forces.

In addition, the existing FEM-based softwares are not optimized enough for delivering
rapid multi-physics analyses during the theoretical stages. More specifically, perform-
ing transient mechanical analysis, providing the time-based vibration/acoustic noise
(instead of just the FFT) requires a large amount of time and huge processing power

which is a hindrance to the first stages of the study.

e Active Diagnosis

Active fault diagnosis is a potential auxiliary application of the proposed methods in
this thesis. A single (or combination of) HFI signals alongside an array of micro-
phones can be used to perform condition monitoring or prognosis in an active manner,
which reveals potential faults in their early stages (which is in direct contrast to the
conventional passive diagnosis procedures where the fault is only detected after its

occurrence).

Beam forming of the disseminated acoustic noise is also a potential way of facilitating

the active fault diagnosis.

e Machine Optimization

The proposed methods were experimentally verified on a typical PMSM. However, the
machine structure can be undergone several optimizations with the goals of having
improved directive sound propagation and optimized magnetic behaviour. Performing
these optimizations yields the production of purpose-built machines for the acoustic

noise-based applications.
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e Improved Algorithms

Using improved signal processing algorithms and position observers, yielding a better

sensorless performance, is a potential improvement.

Our machine was placed in an open laboratory environment, full of natural surrounding
noise, and the sensorless algorithms were able to perform satisfactorily. However,
when a sudden high-pitch noise (representing a dirac-like function) was generated close
to the microphone, the estimation was temporarily disrupted. Consequently, finding
solution to tackle this issue - i.e., improved signal processing algorithms equipped with
active noise cancellation techniques or using artificial intelligence-based noise rejection
- is essential. Moreover, providing physical protection against unwanted disturbances
can also be considered (e.g. placing the microphone inside the stator structure to be

naturally isolated from the outer environment).

e Increased Frequency

Incearsing the HFI and/or PWM carier frequency is not only a direct improvement to
the proposed methods but also to the conventional saliency tracking-baseed methods,
providing lower acoustic noise level and better spectral separation which facilitates
the signal processing algorithm. However, increasing the frequency requires significant
hardware revision. Adoption of wide-bandgap semiconductors (SiC/GaN), with the
rapid boom in their application, is a feasible option which enables the inverter to
operate at higher frequencies. At the same time, the calculation power of the processor

must also be high enough to keep up with the increased overall system frequecy.

Besides, operation at flux-weakening region, can also be addressed in the future studies.
Study of the airgap fields and radial forces at this important region is the key for

evaluation of performance.
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Appendix A

Dynamic Three-phase Model of
PMSM

As mentioned earlier, the stator of SM has three-phase windings (which can be of distributed
or concentrated type depending on the the number of stator slots and pole/slot ratio) which

are excited by a three-phase symmetrical voltage. The stator voltage equation is defined in

eq. (A.1).

Va lg g (I8
Vi | =Rs | iy | + 7 Uy (A1)
Ve le e
Y Ly Ly Lm | [ i cos (fe)
wb = Lm Ls Lm Z.b + wm cos 03 - 27T/3 (AQ)
Ve Ly Lin Ly le cos (0. + 27r/3
Yrotor

In the above equations:

e 1/ denotes the phase voltage.

1 denotes the phase current.

e 1) represents the stator flux.

R, represents the phase resistance.

Ly = Lg + Ly, is the self inductance obtained as the sum of the stator leakage induc-

tance (L;s) and the stator magnetizing inductance (Lgy,).
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e L, = Lgy.cos(£27/3) = —0.5Lg, is the mutual inductance. For the case of non-

salient structure, the values of inductances are, ideally, considered as constants.

e 1), is the permanent magnet flux and 1, is the rotor flux generated via either the

permanent magnets or rotor field winding.

e 0. = p.0,, is the electrical position of the rotor with respect to the reference frame fixed
to the stator windings (for instance, direct-axis of phase A). The number of pole pairs

is denoted by p and the mechanical rotor position is represented by 6,,.

Considering that sum of the stator currents adds up to zero (i, + iy + i. = 0), and defining

Lss = Ls — Ly, the stator flux and voltage equations are respectively revised as [2]:

Ve ia [ cos(6.)
G | = (Lo — L) | dy |+t | cos (6 =23 (A.3)
N—— .
Ve Lss le cos (6. + 27r/3
V. i Ls 0 0 2] l sin (6.)
‘/b == Rs ib + 0 Lss 0 . % ib — We * '(/}m SiIl 96 - 27T/3 (A4)
Ve le 0 0 Lg ie | sin (0, + 271'/3
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Appendix B

Maximum Torque-per-Ampere
Control

As discussed, in salient SM, the torque comprises two terms: an electromagnetic term, which
is directly controlled by the ¢-axis current, and a reluctance term, which is controlled by
both the d-axis and ¢-axis components of the current. As the result, by proper control of
the values of the dg-frame current components, the amount of generated torque could be
optimized in such a manner that the current drawn is minimised.

Given the maximum deliverable current magnitude, considering the converter limits, to

be:
I, = i§+i3:>z'q:\/ls2—ifl (B.1)

the torque equation, using eq. (B.1)), is derived as [227]:

3 . ) .
T. = Y4 |:¢m\/ [2— i3+ (La— Lg)ia \/ I3 - Z?I] (B.2)

In order to find the minimum value of i; corresponding to a given value of torque, eq. (B.2))
should be derived with respect to iy and made equal to zero, which gives:

T _4 L L) (I, — 2i3
dT. _ 3 —iapw t (Lat Ly) (I = 203) _ (B.3)

dig 2 VIZ2—i?

, \/% + 8(Lg + L) 12 — by,
= 4(Ly— L)

(B.4)
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Equation (B.4)) is the minimum value of the d-axis current component corresponding to a
given torque. The value of the corresponding g-axis current is therefore easily obtained by

using eq. (B.1]). As the result, the obtained electromagnetic torque equation is obtained as

[21:

wmiq . . W
Li—L 2 Ym
2 +(La = L)l Zq+4(Lq_Ld)

In normal conditions, the MTPA algorithm realized in the dg-frame is known as a highly-

e

g (B.5)

efficient control method. However, cross-coupling and magnetic saturation are two of the
undesirable phenomena that occur in high-power and high-torque working points, which
result in the variation of the machine’s parameters (mainly the dg-frame inductances). The
parameter variation directly affects the control precision especially in sensorless applications,
which are highly dependent upon the machine inductances [228|, 229]. The ill-impact of cross-
coupling and magnetic saturation upon the machine performance and parameters are deeply
investigated in [228] 230), 231]. As the result of cross-coupling and magnetic saturation, the
dg-frame inductances become functions of the armature current and the rotor position; the
inductance models are derived for IPMSM, SPMSM, SynRM, and IM in [232] 233].

Direct torque control (DTC) is a simple algorithm used for both PMSM and IM, which
directly uses the estimated magnetic flux and torque in its feedback loops (instead of speed
and currents used in FOC algorithm). This control algorithm does not depend on the position
sensor all the time (except for acquiring the initial rotor position) since the rotor position is
abtained through the estimated dg-frame fluxes [234],[235].

Instead of using dg-frame for FOC implementation, the stator flux linkage frame (MT-
frame) is used which is applicable to both SM and IM [236]. The mathematical model of the
machine in the dg-frame becomes complicated when cross-coupling and magnetic saturation
are taken into consideration. Therefore, the machine model in the MT-frame is alternatively
used which offers significant simplification in the modeling process. DTC algorithm using the
MT-frame is proposed in [237] which merely needs three parameters that can be measured
from three different operating points.

An efficient maximum torque-per-square-ampere (MTPSA) control for IPMSM is pro-
posed in [238]. This method utilizes a parameter called MTPSA angle to maximize the
ratio of the generated torque to the square of the current. This method does not depend on
the machine parameters; therefore, the impact of parameter variation on the performance is

eliminated.
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Appendix C

Field-Weakening Control

The machine and power converter limitations are vital to the appropriate design of current
controllers. The thermal restrictions of both the machine and power converter impose a limit
upon the current as follows. Exceeding the overall stator current limit (/s ps4.) exposes the

machine to saturation, which easily alters the machine parameters.
Zc2l + 7’2 < [s2,Max (Cl)

On the other hand, there is a voltage limit (V;_ysq,) which must be strictly upheld, which
origins from the maximum DC link voltage of the converter or the machine isolation aspects.
Vi+ ‘/:12 <V (C.2)

At low speed range, the voltage provided by the inverter is large enough to suppress
the impact of BEMF voltages; therefore, the current can be easily controlled and only the
current limit given in eq. must be taken into condideration. As the speed increases,
especially for the speeds near or above the nominal speed, the BEMF value approaches that
of the V, prqz. Consequently, the machine does no longer have enough voltage to control
the current and the machine losses its torque generation capability and the speed cannot be
increased any further, as the result.

At the speed zone near or above the nominal speed and within the steady-state regime,
the resistive voltage drop can be neglected which results in the following simplified voltage
equations [2], [227].

Vi~ —weLyi, (C.3)
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V:] ~ We (%me + Ldid) (04)

At this condition, it is possible to inject a negative d-axis current in order to reduce the
direct-axis stator flux and quadrature-axis stator voltage; this method is well known as
the flux-weakening or field-weakening method. By doing so, the overall torque generation
capability of the machine is reduced, yet the machine is able to operate at high speeds.

A flux-weakening control algorithm applicable to SPMSM, which is not dependent upon
the machine parameters, is proposed in [239]. Another method for the flux-weakening control
of SPMSM, based on the output of the synchronous PI current regulator, is proposed in [240].
In this method, the saturation of the current regulator at the onset of the flux-weakening
regime is avoided by control of the d-axis current through the outer voltage loop. Four-
quadrant operation of IMPSM, in both constant torque region and flux-weakening region, is
investigated in [241]. The output of the synchronous PI current controller is used to generate
the reference PWM voltages as a required asset for implementation of the speed control of an
[PMSM in flux-weakening region, which smoothly transits into or out of this operating region
[242]. The flux level and starting point of the flux-weakening region are regulated by using
an outer voltage loop which acts as an impediment to the current loop saturation. Direct
torque control of an IMPSM, operating in both constant torque and flux-weakening regions,
is proposed in [243],[244]. In this method, the current controllers which are followed by
PWM and coordinate transformations are eliminated, which removes the associated digital
delay and also dispenses with the position sensor since an estimated initial rotor position
suffices for the algorithm commencement.

As stated earlier, flux-weakening algorithm relies upon injecting a negative d-axis cur-
rent in order to weaken the stator flux. To this end, a physics-based finite element model of
the magnet flux which takes into account the impact of temperature and armature field is
proposed in [245]. This method is verified on a V-shape PMSM and has substantiated itself
as a reliable algorithm. In flux-weakening algorithm, the DC link voltage is not completely
exploited; consequently, a new algorithm based on the space vector PWM (SVPWM) tech-
nique is proposed [246]. The period of zero-voltage vector is used as the feedback signal to
determine the switching instances and in order to avoid the g-axis current regulation lag,
a lead angle control strategy is incorporated. In the flux-weakening region, due to the in-
creased BEMF value, the inverter approaches its voltage limit. To alleviate this problem, the
parameters of the anti-windup proportional and integral (AWPI) controller are undergone an
optimization using an adaptive particle swarm algorithm (AVPSO) [247]. The state feedback

of the nonlinear PMSM control system is obtained, and the dynamic characteristics of the
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system are transformed into linear dynamic characteristics [248]. To this end, a new topology
for the current controllers, relying on the input-output feedback linearisation algorithm, is
proposed for the flux-weakening algorithm implementation. A field-weakening algorithm for
open-winding PMSM using dual-vector-based model predictive flux control (DVT-MPFC)
is proposed [249]. In this proposal, two isolated voltage source inverters are utilised and
the reference stator flux vector is compensated by controlling a cost function value so as to

facilitate the flux-weakening algorithm commissioning.

189



Appendix D

Digital Implementation

In this appendix, important aspects related to the digital implementation of the control

algorithms are presented. The overall schematic of the dg-injected HFI-based sensorless

control is illustrated in Fig. (D.1]), as an example.
J: (’MSM }

®
s
) g

Figure D.1: Overall schematic of the proposed sensorless algorithm, taking into account
both hardware and control algorithm.
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In order for the sensorless FOC algorithm to work accurately, maintaining synchronism
among the ADC readings, feedback loops, and PWM pulses is critically important. To
this end, one of the PWM blocks (called ePWM in the DSP used in this thesis) is used
as a reference, by which synchronization pulses are generated serving as a global interrupt

service routine for the whole control algorithm. At the instance of zero-crossing of the
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carrier waveform of the chosen master ePWM block (which can be of triangular or sawtooth
waveform), a synchronizing pulse will be generated as shown in Fig. (D.2)). Rising edge of
the generated pulse is then used to generate a global interrup, trigerring all of the blocks
within the embedded C code. Only in this way, can the user make sure of the seamless
syncronization between all the ePWM blocks, ADC readings, feedback loops, PI regulators,
unit delays, and counters. The generated synchronizing pulse in addition to the synchronized

blocks are depicted with a red pulse icon in Fig. (D.1)).

ePWM Carrier

Synchronizing
Pulse

Figure D.2: Synchronizing pulse generation.

Apart from the importance of synchronization and in order to implement the embedded
C code for the DSP, all of the S-domain transfer functions must be transformed into their
equivalent Z-domain version. Therefore, all the integrators, unit delays, zero-order holds,
filters, and resonant controllers - which are all mathematically modelled in S-domain - must
be transformed. Adopting appropriate transformation algorithm, per transfer function, is of
paramount importance as it guarantees having system stability and equalled performance in
the discrete domain.

Assuming that the sampling rate of the discrete system is defined by Ty, which is the
sampling period of the highest-frequency global interrupt of the embedded C code. The
following table summarizes the three most common s2z transformation methods, namely

Forward, Backward-FEuler, and Trapezoid.

Table D.1: Different transformation methods

Method Transformation Inverse Transformation

Forward s = Tls (z—1) z=1+4"1T;s
Backward-Euler S = Tis% z = 171T38

Trapezoid s = %% z = 14—_5%?;;2

Considering a general format for a transfer function in the s-domain given in eq. (D.1)
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with the respective input and output denoted by X and Y,

Y(S) . Bo+Bls+BQSQ+"‘+BnSn
X (s) Apg+Ais+ Ays? 4o+ Aysn

H(s) = (D.1)
the equivalent z-domain transfer function, with the standardized notation, is derived as
shown in eq. (D.2)) through using either of the transformation methods mentioned in Table.

D1l
_ Yd('Z) . b0+blz_1+b22_1+"‘+bn2_”

C Xa(2)  aptazltagzi4 e+ azn

Hy(2) (D.2)

It is worth mentioning that the author has always used Backward-FEuler or Trapezoid

method for DSP implmentation of the utilized BPFs and RCs in this thesis.

2
Ts?

functions are obtained for general transfer functions of orders 1 to 3 as examples.

Using Trapezoid method and defining a constant K = z-domain equivalent transfer

e First-order Transfer Function

Bls—i—Bo
H = D.3
(5) = Tt (D.3)
bo+b1z’1
H = D.4
() = S (D.4)
b — Bo-&-B1TlS b BO_BI%
07 Ag+Aiz 1T AgtAig D.5
R | (D.5)
% = M= Dot
e Second-order Transfer Function
Bys? + B,S+ B
H (s) = 225 2o+ Bo (D.6)

- A282 —|— A15 + AO

bo + bz + bya?
Hy(z) = 2P0z F 02 (D.7)

ag+ arz7t + ayz2

_ Bo+B1K+ByK? _
bo T Ag+AIK+AK? o = 1

_ 2By—2ByK? _ 2Ap—24,K?
bl - A0+A1K+A2K2 al - A0+A1K+A2K2 (D8)
by — Bo—B1K+ByK? y = Ag— A1 K+A3K?

2= A0+A1K+A2K2 A0+A1K+A2K2
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e Third-order Transfer Function

H(S) - 3383 + BQS2 + BlS+ BO
- A383 —|— A352 + A15—|— AO
bo + b1zt +bez ™2 4+ b3z 3

Hy(z) = 0+ 01277 + 02277 4 032

b — Bo+BlK+BgK2+B3K3
0 Ag+ A1 K+ A K2+ A3 K3
b, = 3Bo+B1K—ByK2-3B3K3

Ag+ A1 K+ A K2+ A3 K3

by — 330—31K—32K2+3B3{<3
2 Ao-‘y—AlI{-i—AzI{Q-i-A3I(d
b — BO—B1K+BQK2—B3K3
3 Ag+ A1 K+ A K2+ A3 K3
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Controle Sans Capteur Basé sur le Bruit Acoustique d’une Machine
Synchrone a Aimants Permanents

Un nouveau systeme de controle sans capteur pour les machines synchrones a aimants permanents
(MSAP), qui repose sur l'extraction de I'information de position du rotor a partir du bruit acoustique
généré lors du fonctionnement, est présenté dans cette these. La these examine en détail la nature
des champs d’entrefer électromagnétiques, des forces radiales d’entrefer, ainsi que des vibrations et
du bruit acoustique d’origine électromagnétique qui en résultent. Cette thése propose deux nouveaux
algorithmes sans capteur sont utilisant soit l'injection sinusoidale & haute fréquence (HFI) habituelle,
soit des impulsions de tension PWM intégrées. Pour extraire l'information de position du rotor, la
these introduit des algorithmes de traitement du signal appropriés. Bien que les signaux souhaités
soient correctement extraits lors de I’étape de traitement du signal, des harmoniques supplémentaires
apparaissent dans la vitesse et la position estimées. Pour résoudre les problemes qui en découle, la these
propose deux observateurs novateurs, appelés RCPLL et ADALINE-PLL. En conclusion, la stabilité, la
robustesse et la fiabilité des algorithmes sans capteur proposés sont étayées par des tests expérimentaux
réalisés a travers divers points de fonctionnement statiques et dynamiques. De plus, la performance
au démarrage est comparée a celle des algorithmes sans capteur conventionnels, révélant des réponses
similaires et satisfaisantes en régime permanent et en transitoire. Ces résultats indiquent fortement la

fiabilité et I'efficacité des méthodes sans capteur proposées.

Mot clés: Controle sans capteur, machine synchrone a aimants permanents (MSAP), bruit

acoustique, traitement du signal, estimation de la position, banc d’essai expérimental

Acoustic Noise Based Sensorless Control of Permanent Magnet
Synchronous Machine

A new sensorless control system for Permanent Magnet Synchronous Machines (PMSM) is pre-
sented in this thesis, which relies on extracting rotor position information from the acoustic noise
generated during operation. The thesis thoroughly examines the nature of electromagnetic air gap
fields, radial air gap forces, as well as resulting electromagnetically-origined vibrations and acoustic
noise. This thesis proposes two new sensorless algorithms using either the conventional high-frequency
sinusoidal injection (HFI) or integrated PWM voltage pulses. To extract rotor position information,
appropriate signal processing algorithms are introduced in the thesis. Although the desired signals
are correctly extracted during the signal processing step, additional harmonics appear in the estimated
speed and position. To address the issues arising from this, the thesis proposes two innovative observers,
named RCPLL and ADALINE-PLL. In conclusion, the stability, robustness, and reliability of the pro-
posed sensorless algorithms are supported by experimental tests conducted across various static and
dynamic operating points. Furthermore, the startup performance is compared to that of conventional
sensorless algorithms, revealing similar and satisfactory responses in both steady-state and transient
conditions. These results strongly indicate the reliability and effectiveness of the proposed sensorless

methods.

Keywords: Sensorless control, permanent magnet synchronous machine (PMSM), acoustic

noise, signal processing, position estimation, experimental benchmark
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