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Abstract

Initiated by the advent of high performance processors and energy concerns,
Permanent Magnet Synchronous Motors (PMSM) are increasingly being adopted in
numerous consumer products. PMSM with sensors have traditionally been driven
sinusoidally. However, in many applications such as Hard Disk Drives (HDDs),
sensorless Brushless DC (BLDC) drive is applied onto PMSM despite existing
drawbacks. The research work in this thesis aims to address the concerns in these
applications. In an attempt to introduce and integrate the work to the industry, the
architectural design, algorithm codes and on-board testing were performed on Field
Programmable Gate Array (FPGA).

Sensorless control schemes utilizing back-EMF zero crossing points (ZCPs) to
estimate the rotor position have been widely used. Derived from this principle, a popular
strategy, Terminal Voltage Sensing, however, suffers from inductive commutation spikes
during ZCPs detection. As a result, terminal voltage waveforms are traditionally pre-
filtered prior to usage for BLDC commutation. Such a strategy limits its performance,
especially at high speed. In this thesis, a sensorless BLDC drive derived from ZCP
centering is conceived with heuristic logic incorporated, for zero delay ZCP detection.
The implemented design, as intended, operated with zero delay, yet is robust against
spikes and makes the drive well-suited for wide speed range.

BLDC drive applied on PMSM whilst brought about the advantages of robustness
and simplicity, unfortunately, suffers from severe torque pulsation and aggravated by

commutation torque ripple. In this dissertation, the root cause for these deficiencies, in



particular, the inductance and back-EMF effects is derived and analyzed. A quasi-BLDC
drive utilizing current advance as well as varying voltage to reduce current spikes is
proposed. The simulations as well as experimental results show that the commutation
current spike is largely improved. The torque ripple factor gave a significant
improvement from 65% to 12.5%. It is also seen that the acoustics has also been greatly
reduced by up to 15dB.

Self-starting is a key concern in sensorless drives and particularly so for surface
mounted PMSM. To address this challenging class of motor, a novel initial rotor
detection method has been conceptualized and successfully applied. The proposed
method, simple yet accurate, is presented together with detailed analysis supported by
numerical simulations. A digital variant of the method is implemented on hardware and
has been successfully deployed for sensorless BLDC self-starting on various HDDs. This
method shaves off 90% of the starting time, an enticing figure for the industry. Coupled
with the ill-presence of existing solution applicable for surface mounted PMSM, the
successful application of the proposed method on this challenging class of motor will
draw both academic and industry interests.

In applications where motors with large inertia or low back-EMFs are used,
knowledge of initial rotor position will be insufficient to launch a successful start-up.
Existing methods of open loop start-up coupled with gate turn-off proves deficient. A
novel gate signal masking six step open loop strategy is proposed and investigated. It has
been shown by simulation and hardware that the strategy offers the advantages of (i) an
earliest possible crossover while making no assumption on the crossover frequency, (ii)

smooth crossover as the motor rotation is continued, and (iii) continuance of frequency
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skewing during detection. Apart from improved operation and robustness, the hardware
implementation indicates an improvement of 40% in starting time over the conventional
method of gate turn-off.

PMSMs have permanent magnet rotors generating sinusoidal back-EMFs in
rotation. From the perspective of torque performance, a PMSM should be driven with
sinusoidal drive. In applications like Hard Disk Drives (HDDs), Brushless Direct Current
(BLDC) Drive is adopted instead of Sinusoidal Drive due to ease of implementation. The
adoption, however, comes at the expense of increased harmonics, losses, torque
pulsations and acoustics. In this thesis, we propose a sensorless optimal sinusoidal
BLDC drive. First and foremost, the derivation for an optimal sinusoidal drive is
presented, and a power angle control scheme is proposed to achieve an optimal sinusoidal
BLDC. The scheme maintains a linear relationship between the motor speed and drive
voltage. In an attempt to execute the sensorless drive, an innovative power angle
measurement scheme is devised. It takes advantage of the freewheeling diodes, and
measures the power angle through the detection of diode voltage drops. The proposed
scheme is straightforward, brings about the benefits of sensorless sinusoidal drive and

negates the need for current sensors by utilizing the freewheeling diodes.
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CHAPTER 1. INTRODUCTION

1.0 Introduction

Market demands for various kinds of electric motors have been surging, initiated
by the availability of semiconductor Integrated Circuits (IC), such as digital signal
processors (DSPs) and field programmable gate arrays (FPGA), and the emergence of
new applications. In these applications, manufacturers are increasingly replacing
universal and single-phase induction motors with three phase Permanent Magnet
Synchronous Motors (PMSMs) to increase efficiency, reliability and power density.
Today, PMSMs is found in vast applications, such as automotive, home appliances, A/V

equipment, industrial and military instruments [149].

Figure 1.1 PMSM used in various applications (clockwise)
(a) HDD (b) DVD (c) Automotives and (d) Cooling fans.



1.1  Brushless Direct Current (BLDC) Drive

PMSMs have permanent magnet rotors generating sinusoidal back-EMFs in
rotation. For constant torque production in PMSM, Sinusoidal Drive, where sinusoidal
currents are continuously injected based on the rotor position is used. High-resolution
optical encoders or resolvers are typically used for rotor position determination.
However, in many applications such as Hard Disk Drives (HDDs), Brushless Direct
Current (BLDC) drive is adopted instead of sinusoidal drive. BLDC drive is
conventionally applied on BLDC motors, a class of permanent magnet motors with
trapezoidal back-EMFs, for smooth torque production. In three phase BLDC drives, the
motor is typically driven by a three-phase inverter circuit as shown in Figure 1.2. It
consists of six power semiconductor transistors with a protection diode connected in

parallel to each of these transistors.

+
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Figure 1.2 Bridge circuit for BLDC drive.



Each transistor is gated by a 120°-conduction drive, in which each gate turns on
for 120 electrical degrees in each cycle. For maximum torque production, the gating with

respect to the back-EMF is given in Figure 1.3.

15

Terrmirnal Woltage Back-Ernf

Figure 1.3 Back-EMF versus terminal voltage.

It can be observed that there will be two unexcited 60° periods, where the voltage
terminals are floating, namely 330° - 30° and 150° - 210° intervals. During the unexcited
phase, the phase voltage gives the phase back-EMF. By measuring the phase back-EMF
during this window, commutation sequence can be established. This commutation
sequence is, similarly, replicated for phases B and C respectively phased at 120° and 240°
delays. Thus, commutation occurs at every 60 electrical degrees of rotation in the

sequence “Qan, QsL”, “Qan, Qcr”, “Qpu, Qcr”, “Qpu, QaL”s “Qcn, Qar” and “Qcp, QpL”.

The commutation sequence is provided in Figure 1.4.



270 3300 307 o0 1507 210 2707 3307

Figure 1.4 Commutation sequence for BLDC drive.

1.2  Sensorless Brushless Direct Current (BLDC) Drive

From the commutation sequence, it can be seen that BLDC drive requires only a
six-step positional detection. For this reason, hall effect sensors are traditionally used for
rotor position determination. However, these sensors are undesirable as they incur
additional cost and space. With the advance and progress in semiconductor processes,
the introduction of integrated circuits (ICs) and digital signal processors (DSPs) have
made it possible to control a BLDC motor without sensors, commonly termed, Sensorless

Control.

Sensorless control has been one of the major research focuses in drive technology
over the past two decades. In the reported literature, sensorless control techniques can be

broadly classified into the following categories



1. Back-EMF measurement based methods,
2. Flux calculation based methods,
3. Observer based methods and

4. Inductance variation methods.

1.2.1 Back-EMF Measurement Based Method

The measurement of back-EMF during the silent phase can be broadly classified
as “back-EMF sensing” method. Under this category, several techniques can be found in

research literature, namely,

1. Terminal voltage sensing,
1l. Third harmonic back-EMF sensing,
1ii. Freewheeling diode conduction and

1v. Back-EMF integration.

1.2.1.1 Terminal Voltage Sensing

In this technique, the fundamental idea is to locate the zero crossing points (ZCPs)
of the phase back-EMFs [1-18]. These ZCPs represent position information. Based on

this, self-sensing operation using back-EMF ZCP detection is established. For all phases,



the commutation is such that these ZCPs should be positioned mid-way in the silent

period. In other words, commutation occur 30° away from the ZCPs.

oA 1507 180" 210 e Silert Phase Silent Phase
P T e — — — —

Figure 1.5 Phase A terminal voltage.

1.2.1.2 Third Harmonic Back-EMF Sensing

This method has been proposed for BLDC motors [19], motors with trapezoidal
back-EMFs which have been extended to PMSM [22]. The back-EMFs for these motors
contain a third harmonic component which can be utilized for the determination of the
commutation points. The back-EMF of a permanent magnet motor can be generally

described as

Emf, =E sin@+E,sin30+ E sin50+ E,sin76 +... (1-1)

The extraction of the third harmonic component can be elegantly performed by a
summation of the three phase voltages. The summation would leave only the triplen
components due to the fact that the summation of the non-triplen harmonics is zero.

Neglecting the negligible harmonics at order higher than three,



D Emf, =3E,sin30, (1-2)

x=a,b,c

and by conducting an integration,

Vit = | ( > Emijdez—@ cos36. (1-3)

x=a,b,c

The rotor flux can be estimated and the commutation taken as the zero crossing points.

Emf PP CECEERTETTEEEEE T "OVTRERT TR TELE LT LT ST ERCCETEETEEETET T "EEELEEETEr

€3

Y34

0 60 120 150 180 210240 300 0O 60 120

Figure 1.6 Rotor determination from 3" harmonic.

In this method, there is a reduced requirement on filtering and it offers a wider speed

range. However, it is not applicable in the following cases [24]

1. Unavailability of the neutral line,
1. Absence of third harmonics, and

iii. Unbalance of three phases.



1.2.1.3 Freewheeling Diode Conduction Sensing

In reference [27], the authors proposed a sensorless drive based on the detection

of the freewheeling diode conduction.

+
Qﬁﬂ':
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Figure 1.7 Current flow and active components during commutation.

In the suggested chopper control, take for instance during a AyBy drive, it has been

shown that during an off state, the expression for phase C terminal voltage v, is

V..-V e +e
V. =e + 052 DF _ a2 b

; (1-4)

where e, denotes the respective phase voltages,

Vps  denotes the voltage drop across the conducting MOSFET and

Vpr  denotes the voltage drop across the freewheeling diode.
Assuming negligible transistor and diode voltage drop as well as a balanced trapezoidal
back-EMF, current in the open phase starts flowing through the freewheeling diode when
the back-EMF crosses zero. Hence, by detecting the instant when the freewheeling diode

start conducting will provide the back-EMF zero crossing point (ZCP). This point,



however, leads the commutation by 30° and the corresponding commutation signals are

phase-shifted with a phase shifter.

T K
b
" .
=]
/\b

7300 30" &0 ao”

Figure 1.8 Current flow with respect to back-EMFs.

Practically, however, this method requires the use of six isolated power supplies for each

of the comparator used for free-wheeling diode detection.

1.2.1.4 Back-EMF Integration

In order to address the problem of switching noise, the back-EMF of the silent
phase is integrated [28-32]. Integration begins when the back-EMF crosses zero and

commutation takes place when the integral reaches some pre-defined threshold value.



khigh speed

rmid speed

lovy spieed

Fero Crossing Point

Figure 1.9 Back-EMFs at various speeds.

Assuming a linear relationship between the back-EMF and its speed, this threshold is
constant for all speeds. However, this threshold depends on the motor as well as the
alignment of the current against the back-EMF. In addition, this method also suffers

from integration offsets.

1.2.2 Flux-Linkage Variation

A theoretical and fairly straightforward method is to sense the position using flux-

linkage variation. From the phase voltage equation,

v=i- RV (1-5)
dr

where v denotes the phase voltage,

i denotes the phase current,

10



R denotes the phase resistance, and

¥ denotes the phase flux linkage.
Alternatively,

y/:j(v—i.R)dt. (1-6)
It looks somewhat simple; however, the operation involves integration and introduces the
problems of initial value and dc drift which inevitably deteriorates the accuracy [33, 34].
Solutions to this problem include implementation of H? and H™, observer [36] and
adaptive controller [38]. Another practical problem is the necessity of isolators for the
measurement of phase voltages. Because of this, the phase voltage is estimated with the
applied voltage and gating signals. Such estimation, nevertheless, suffers from the
neglected dead time effect errors. Research has been conducted to resolve these

differences [39, 40].

1.2.3 Observer Based Methods

For a system given by

x(t) = Ax(¢t)+ Bulr),

1-7)
y0) = Cx0) (
and considering an observer

x(r) = Ax(t)+ Bu(r)+ L[y(t) - Cx(r)], (18)

where x(#) = estimated state.

11



Defining the estimation error as
%(1)= x(e) - 2() (1-9)

it can be shown that

x=(A-LO)% , (1-10)
or

X =AX. (1-11)
Assuming X(0)= x(0)- %(0),

i=e"%(0) . (1-12)

Thus, if the eigenvalues of A (poles of the observer) is stable, xX(t) > 0as t —oo.

Hence, the observer design is reduced to the determination of L for the desired observer
poles. A possible procedure for observer design is

1. Choose the observer poles 3-5 times faster than control poles;

2. Use a pole placement algorithm to get L; and

3. Implement the observer
Full state observer has been implemented in [46,49,59]. Other observers include reduced-
order observers [56,57,61,64,66], non-linear observers [41,57-62], disturbance observers
[53,55], and sliding mode observers [45,49,50,52,58,60,63,65,67,70,74]. Among these
variants, the Sliding Mode Observer is the most promising and it is no surprise that it has
drawn increasing research attention. The sliding mode observer is simple to implement
yet robust against disturbance, parameter deviation and noise. The main distinction of a
sliding mode observer over a state observer is that an additional term containing the sign

of the estimation error is included,

12



x(r)= A%(r)+ Bu(t)+ K -sgn(%) ,
where

1 Xx=20
-1 x¥<0

sgn(X) ={

For sliding mode convergence,

1dsrz o,
2

or equivalently
7% <0.
Since

x(r)= A%(r)- K - sgn(¥)

(1-13)

(1-14)

(1-15)

(1-16)

(1-17)

K must be chosen to ensure convergence. While methodology based on observers has

been in existence, several considerations have limited its applications, namely,

i. Parameters must be accurately known as well as the nonlinearities

must be reasonably incorporated,
1. Accurate measurement of terminal currents and voltages, and

iii. Knowledge of initial rotor position.

1.2.4 Inductance Variation Methods

Key to this approach is the utilization of the variance of inductance due to motor

saliency and magnetic saturation. Figure 1.10 shows a plot variation of the coil’s

inductance as a function of rotational angle. It can be seen that through the measurement
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of the inductance, it is possible to detect if the coil is aligned well with the rotor magnets.
For proper control of a permanent magnet motor, it is also desirable to detect whether the
coil is aligned with a north or south pole. This is possible by applying a DC current to

the winding.
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Figure 1.10 Positional (electrical cycle) inductance variation.

Figure 1.11 shows the coil inductance as a function of rotor position when the coil adds
flux to the flux produced by the rotor magnets. When a north pole is aligned with the
coil, the current in the coil increases the flux linked by the coil, increases stator
saturation, and slightly decreases the inductance. When a south pole is aligned with the
coil, the current in the coil decreases the flux linked by the coil, decreases stator
saturation, and slightly increases the inductance that was present. In the machine theory,
this phenomenon is known as armature reaction [140]. Since the inductance of the coil is
different for north and south poles, one can distinguish the polarity of the rotor pole that

is aligned with the coil.
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Figure 1.11 Positional (electrical cycle) inductance variation with saturation.

Hinging on positional inductance variation, this property can be utilized for
position detection and can be deployed even at stationary where the back-EMF is zero.
Since inductances influence the current change rate, an indirect method is to measure the
current change rate under a pulse signal injection. The fundamental approach in the pulse
signal injection is the application of voltage pulses to the stator windings at standstill [76-
88]. The initial rotor position is thus estimated by the evaluation of the corresponding
currents made distinctive by inductance variations due to motor saliencies and magnetic
saturation. Another approach, also relying on the inductance variation, is the carrier
signal injection method. In this approach, the rotor position is estimated via the injection
of high-frequency excitation [89-107] which interacts with the machine saliencies
producing specific measurable frequency components. These methods, although

effective, are

1. Sensitive to parameter variation,
il. Require accurate measurements, and
1il. Additional core losses are induced.
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1.3  Sensorless Starting

To implement a sensorless drive, a crucial aspect is the starting of the motor from

standstill. Published literature presented schemes can be categorized into three types,

1. Starting from open-loop,
2. Starting from aligned position, and

3. Starting from estimated position.

1.3.1 Starting from Open-Loop

In this scheme, specific gate patterns providing a rotating stator field are injected
[108-113]. These signals are voltage skewed and/or frequency skewed, thereby
providing a rotating gating signals increasing in magnitude and/or frequency. The
operation is then similar to operating the motor as a permanent magnet synchronous
machine. At low frequencies, the rotor field interacts with the stator field to provide a
torque large enough to overcome friction and dynamic torque induced by inertia, and the
rotor starts to rotate. Once the motor reaches a particular threshold speed/condition,

open-loop operation is substituted by closed-loop sensorless operation.

Starting from an unknown position has resulted in several difficulties. As

mentioned, the voltage and/or frequency are skewed. The voltage and/or frequency skew
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profile have to be carefully established. Failure of profiling will result in unpredictable
rotor movement, such as temporary reverse rotation, vibration or starting failure. In a
successful startup, it might still result in lengthy starting time. This is not acceptable in
most applications. Thus, this scheme is deployed only in certain applications, such as
pump and fan drives. Nevertheless, the main culprit for the instability is due to the lack
of knowledge in the rotor’s initial position. The following two categories address this

challenge.

1.3.2 Starting from Aligned Position

Two sub-classes arose from this concept, alignment of rotor during (i) starting and
(i1) stopping [114-119]. In the alignment of the rotor during starting, a straightforward
way is to excite a particular phase to cause the rotor to shift and lock into the intended
position. This method, nevertheless, still suffers from the possibility of reverse rotation.

As for alignment of the rotor during stopping, additional stopping circuit is required.

1.3.3 Starting from Estimated Position

Among the three schemes, this approach [76-88] has drawn the greatest interest
and attention. The development in this approach is largely an extension of that discussed

in 1.2.4 where positional inductance variation is utilized.

17



1.4 Torque Pulsation

It is optimum to inject rectangular stator phase currents to a BLDC (with ideal
trapezoidal back-EMF) for maximum torque and minimum torque ripple production.
However, for the HDD spindle motors with sinusoidal back-EMFs, even with rectangular

currents, torque ripples are introduced.

| Phase A |
Current

|

7 Torww[mwwvv

Figure 1.12 Torque profile with rectangular currents on sinusoidal back-EMF.

BLDC drives suffer from further additional torque ripple, commonly known as
commutation torque ripple, which occurs during commutation. This ripple is brought
about by the jerky current commutation from one phase to another due to the presence of

inductance and back-EMF as well as difference in di/dt.
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Figure 1.13 Current and torque response with inductive effects.

The details pertaining to this deficiency have been elaborated and discussed in the
literature and several approaches have been proposed to address this issue. In [122-124],
Fourier analysis was applied to get solutions centered about the suppression of current
harmonics. In [124], Murai proposed the notion of “overlapping” technique where the
on-going phases were given a head start in compensation for the slow current rise. Other
researches such as Lee [132] and Nam [133], suggested the varying of applied input

voltage with the goal of current ripple reduction.

1.5 Algorithm Implementation

Field programmable gate array (FPGA) is a semiconductor component containing
programmable logic components and interconnects. It has traditionally been perceived as

an essential platform for Application Specific Integrated Circuit (ASIC) prototyping.
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However, in recent years, it has gained significant market share in end-product solutions.
FPGA offers fast time to market, low design/manufacturing cost and risk, extremely high
processing performance, and unrivaled flexibility. In the dynamic markets served by
high-performance solutions, FPGAs allow for highly parallel architectures, thereby
providing it with capability of handling high computational workloads. For instance, a
256 tap filter on a conventional DSP running 1GHz would operate at 4MSPS whereas a
FPGA running at S00MHz would parallelized it and provide performance levels of
SO0OMSPS. It is no accident to be reported in literature [135-141 that motor applications

have also begun to be implemented on FPGA.

Conventional DSP - Serial FPGA-based DSP - Parallel
Data In Data In ] @ @ @ @
1 o) calE cald)d sl 253 () Cz6a X)) cz5e{
Coefficients 9 o D & o -
MAC Lnit
e Data Qut
256 Loops for
data process
E 1GHz 500 WHz

= 4 MSPS ————— =500 MSP$
256 clock cycles 1 clock cycle

Data Cut

Figure 1.14 Illustration of the computational superiority of FPGA over DSP.

1.6 Main Contributions of Thesis

Revolving around the issues presented, the main contributions of this thesis are as

follows:
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1)

2)

3)

4)

The design and development of an integrative Sensorless Zero Delay ZCP
Detection - BLDC drive on FPGA. A sensorless BLDC drive derived from ZCP
centering is conceived and heuristic logic is incorporated for zero delay ZCP
detection. The absence of delays makes the drive well-suited for wide speed

range.

An analytical and simulation study as well as FPGA implementation of a
proposed Quasi-BLDC method with the objective of commutation torque
minimization. The proposed method offers significant improvement in torque

ripple of well over 50% compared to the traditional BLDC drives.

An innovative and simple, yet accurate, initial rotor detection method has been
conceptualized for fast sensorless starting. Several methodology variants from
this proposed method are presented together with detailed analysis supported by
simulations. A digital variant was implemented on the FPGA hardware and has
been successfully deployed for sensorless BLDC self-starting on various HDDs.
This method shaves off 90% of the starting time which is an enticing figure for
the industry. Coupled with the ill-presence of existing solutions applicable for
surface mounted PMSM, successful applications of this method on this

challenging class of motor have drawn both academic and industry interests.

A novel gate signal masking six step open-loop strategy is proposed and

investigated for starting time improvement. It has been shown by both simulation
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1.7

5)

and hardware that the strategy offers the advantages of (i) an earliest possible
crossover while making no assumption on the crossover frequency, (ii) smooth
crossover as the motor rotation is continued, and (iii) continuance of frequency
skewing during the detection. This method is suited for motor with small back-
EMF or large inertia where the knowledge of initial rotor position is insufficient.
The experimental results from the FPGA implementation indicate an

improvement of 40% in starting time.

A sensorless optimal sinusoidal BLDC drive for the reduction of acoustic noise
and motor operation power loss has been conceived and implemented on FPGA.
The novelty of the drive lies in the optimal derivation as well as its integration
optimal sinusoidal drive into sensorless BLDC drive. A detailed analysis and

simulation of the drive together with the hardware results are presented.

Structure of Thesis

Chapter 2 provides an effective mathematical model of BLDC. This model

forms the background for the derivation and simulation in this thesis.

Chapter 3 presents the integrative Sensorless Zero Delay ZCP Detection - BLDC

drive. It begins with the background and motivation to the work in it. The proposed

drive is firstly presented requiring the assistance of filters. Heuristic control is
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subsequently integrated to achieve zero delay ZCP detection. Simulation as well as

hardware results are presented for validation and proof of concept.

Chapter 4 addresses the commutation torque ripple present in BLDC drives. The
origination of this effect is derived and presented. A Quasi-BLDC drive based on
windowing is proposed and presented. The investigation study shows significant
improvement and this claim is well supported through simulation and hardware

verification provided in the chapter.

Chapter 5 gives the analysis, simulation, implementation and application of an
innovative proposed method for initial rotor position detection. This method hinges on
positional inductance variation and is shown to provide distinct position information.
The analysis, simulation and implementation unanimously point towards the same
conclusion. The application and integration of the method into BDLC drives illustrate its

relevance and effectiveness.

Chapter 6 gives the analysis, simulation and integration of a novel gate masking
open-loop self-starting strategy. The method uses gate masking which opens additional
window for Back-EMF detection. Both simulation and experimental results are provided

and the method is validated.

Chapter 7 presents the analysis and implementation of a sensorless optimal

sinusoidal BLDC drive. The drive controls its optimality by aligning the current and
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back-EMF through power angle control. A novel power angle measurement method

based on freewheeling current has been applied in order to achieve sensorless control.

Both the simulation and hardware implementation are provided.

Chapter 8 gives a conclusion on the work performed in this thesis.

Chapter 9 provides a short discussion and scope for future research.
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CHAPTER 2. MATHEMATICAL MODEL
OF HDD SPINDLE MOTOR

2.0 Introduction

In the study of any dynamic system, the first step is to derive its mathematical
model. The mathematical model of a dynamic system is defined as a set of equations that
represent the dynamics of the system accurately or, at least, fairly well. However, a
system may be represented in many different ways and therefore may have many
mathematical models depending on one’s perspective. Furthermore, the accuracy of the
mathematical model can be improved by taking into consideration more factors. Thus to
obtain a reasonable mathematical model, a compromise must be made between simplicity
of the model and accuracy of the results of the analysis. In many applications, a

simplified or reduced model is sufficient and preferred.

2.1 Motor Configuration

Figure 2.1 shows an underslung spindle motor, where the electromagnetic part of
the motor is under the disks. One end of the shaft is fixed on the bottom of the motor

shell which in turn is fixed to the HDD’s base. The other end of the shaft is screwed onto
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the HDD cover through a hole on the shaft. The permanent magnet ring is made from

the bonded NdFeB material, protected by the rotor yoke in order to operate at high speed.

. Hole for fixing motor on
Bearing HDD base
Stator
core

Screw

Bearing
cover

Screw holes for
fixing disks

Rotor
shell
Rotor yoke

Magnet

Armature
winding

Figure 2.1 Key components in an underslung spindle motor assembly.

Compared to other PMSM structures, the surface mounted PMSM has several
unique features. The rotor has got surface-mounted permanent magnet constructing a
smooth and big air-gap machine. Therefore, electromagnetic (EM) torque contributed by
reluctance torque can be neglected. In addition, the rotor utilizes fractional-slots which in
turn make the cogging torque negligible. Other features, such as sinusoidal back-EMFs

and a symmetrical three-phase structure, create a surface mounted PMSM.
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2.2 PMSM Voltage Equation using ABC Model

The PMSM system can be conveniently modeled by using the ABC model. The
model considers the PMSM system as an AC machine with 4 windings. They consist of a
field winding f and three stator armature windings a, b and c¢. Each stator phase winding
is represented as an inductance in series with a resistance. As a reduced model, rotor

(permanent magnet) is also modeled fictitiously as a winding with a constant current iy.

Ly L Lc Lf
Wy "»f'b Yo
R R R R

Figure 2.2 ABC model.

From the model, the corresponding voltage equations for each armature windings are as

follow:
Va ia d w{t
V, |=R l:b +E v, | (2-1)
V. [ V.

where R represents phase resistance, i, i, i the phase currents and v, v, . the phase

flux linkages. The phase flux linkages are in turn given as follows:
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Mab Mac Maf
v, =M, L M, M bf , (2-2)
M, L M o

where L, represents the self inductance of winding x and M,, the mutual inductance
between coil x and y. Due to the construction of salient pole, all inductances are

functions of electrical rotor position 6.

The self inductances of the stator winding are expressed as below:

L =L +L,cos20+L,cos40+ L,cos60+... , (2-3)

L, =L,+L,cos 2(0—%) + L, cos 4(0—%) + L cos 6(0—2—j +.., (24

L. =L,+L,cos 2(0—4?”j+ L, cos4(0—4?ﬂ-j+ L cos6(9—4—j+..., (2-5)

L, =L,+L, cos20+L,, cosdf+ L, cos66+... . (2-6)

The stator to stator winding mutual inductances are expressed as:

M,=M, =M, +M,cos20+M,cos40+ M cos60+..., (2-7)

M, =M_,=M,+M, cos2(0—2?ﬂj+M4 cos4(0—2?ﬂj+M6cos6(0—2§j+...

M, =M, ,=M,+M, 0052(0—4?7[)+M4 cos4(0—4§j+M6 0056[0—4—J+

(2-9)
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The stator to rotor inductances representing the non-sinusoidal rotor flux are

expressed as follow:

M, =M, =E cosO+E,cos30+E;cos50+E, cosT70+..., (2-10)

M, =M, =E cost+E, (:053[6?—2—7[J+ES cosS[H—z—EJ+E7 cos7(49—2—7[j+
3 ) 3 3

M, =M, =E cosO+E, (:053[6?—4—7[J+ES c055[0—4—EJ+E7 cos7(0—4—7[j+
: 3 ) 3 3

(2-12)

The machine is assumed to be symmetrical and the phase voltages are assumed to
be balanced. Therefore, phases B and C have the same voltage equation delayed by 2n/3

and 4n/3, respectively. Thus by solving the voltage equation for phase A, the equation is

derived as below:

di dL di dM di aMm am ,
V, =i R+ L, =i g M, g by ey Ty o
dt dt dt dt dt dt
(2-13)
And it can be rewritten as,
dL dM dm di di di am
V, =i, R+i,0 = +i0—%+io—wsL Zorpm, Sram, Cerio—2
de de de dt dt dt de
(2-14)
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From the above equations, all the terms except the last term are armature current
dependent. This last term is the back-EMF and its magnitude is proportional to the
change rate of the flux linkage due to the permanent magnet. ® represents the electrical

rotating speed.

2.3 Disk-drive Spindle Motor Voltage Equation

Due to the cylindrical rotor construction, the mutual inductances and the stator

self inductances are no longer functions of the position &. Hence,

dL

. 2-15
20 (2-15)
dM

Y =0. (2-16)
dé

The voltage equation becomes:

. . dM
ab‘;iJrMm, C;"' +i,0 de‘””. (2-17)
t t :

V=i R+L Yoy
dt

In addition, the following assumptions were made:

L:L :Lh:L’ (2_18)

M=M,=M, =M, (2-19)
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The voltage equation can be rewritten as:

di M,
Lo +Mdi(ib+ic)+ifa) L (2-20)
1 1 :

V,=i,R+L,
de

The absence of neutral line in the disk drive spindle motors eliminates all triplen

components. Therefore, the following equation is always true.

i, +i,+i, =0, (2-21)

The voltage equation can be further simplified to the following form:

di dM
V. =i R+L, " +Mi(—ia)+ifa) ‘| (2-22)
dt dt do
V =i R+(L M)di” +i a)dM“f (2-23)
=1 - —+1 . -
@ dt ' de

Consequently, the corresponding voltage equations for phases B and C are as follows:

di dM ,
V,=i,R+(L-M)—L+i 0—2°L, 2-24
» =0 R+ )dt 7 de (224
VC:iCR+(L—M)diC +ifa)dM”f. (2-25)
dt de

24 PMSM Torque Equation

The torque developed by the motor can be derived using the energy method which

is based on the conservation of energy principle. The derived torque equation is:
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7 = 9Eu (2-26)

where E.p, is the electromagnetic energy of the motor EM system, and

E,, = UT LI (2-27)

In the equation, [I] expresses the current and [L] express the inductance of the motor,

U1 =i, 0,.0.1, (2-28)
La Mab Mac Ma_f
M L M, M
[L] — Mba Mh Lbc be . (2_29)
ca cb c cf
Mfa Mﬂ? Mﬂ? Lf

In addition, denoting the pole number of the machine as p, the relationship

between the electrical (0) and mechanical angles (8,,) is such that
6=p6, /2. (2-30)

Consequently, the torque equation is expressed as follow:

1(,dL;\ 1(,dL, ,dL, .,dL,
—| i = o], i |+
,_p|2\7 a0 ) 2" a0 7" a6 " a6

T2 am M, . daM dM dM M

iy — iy b ii i — L — i —
de de de 7 de 7 de T de

(2-31)

Moreover, it can be rewritten to express it in terms of its phase torque

components. The rewritten equation is shown as follows:
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1(,dL;) | 1(.,dL, a ,, a ,
—|iy—— -, alp +i,i, i,y
2 dé 2 de dé dé
| 1(.2dL, am ,, am .. am of
Tm =3V A ! a’b cla b'f +
2112 de de dé
1(,dL. . dM, .. 6B dM,_, - daM of
—| i ——+ipi, +i.1, +tidy .
2 dé do de de

or

r,=7T,+17,+T,+T, »

where

1( ., dL dM dM dM
T, _pyl i i i, —2+id, sl kany d
2|2 dé de deo
1( ., dL dM dM dM
T, 4 1 i —2+i i, Lt be +iyi; A
2|2 deo deo deo de
I am am am
T, _a 1 N Yoy, =i !
2|2 deo " de

(2-32)

(2-33)

A physical interpretation can be given for the above equations. In general, the

torque produced by a PMSM consists of two components: excitation and reluctance

torques. Excitation torque is the result of the interaction between the magnetic fields of

the rotor and the stator excitation; it is the tendency of the rotor field to align with the

stator field, and can only exist in a doubly excited machine. On the other hand, reluctance

torque arises from reluctance (inductance) variations due to motor saliencies; it is the

tendency of the rotor to take up a position of minimum reluctance (maximum inductance)

when one winding (the stator or rotor) is excited and it exists only in a salient machine. In

addition, there also exists a subclass of reluctance torque, known as cogging torque,
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which is caused by the variation of the self-reluctance of field coil. This variation of self -

reluctance of the field coil is caused by the geometric structure of the stator. The presence

of slots on the stator causes the self reluctance of the field coil to vary with rotor position.

As aresult, cogging torque is generated which tends to make the rotor attain a position of

minimum reluctance.

From the torque equation, the first three torque components in the A-phase torque

give the reluctance torque components. The last term, dependent on the field current,

gives the excitation torque. Similar arguments also hold for B and C phase torques. T, is

termed as Cogging torque.

2.5

Disk-drive Spindle Motor Torque Equation

Assuming

L=L,=L,=L_,and (2-34)

M=M,=M, =M_, (2-35)
the torque equation can be reduced to the following form:

T,=T,0,i,)+T1,(0,i,)+T.(6,i,), (2-36)

where
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o
T, 'l i df o
2| a6 |
[ dM,, | -
1, =20, Mo (237)
2| " do |
o
T =L|ii —2
2| do |

It can be observed that the reluctance torque components of all three phase
torques diminish to zero. As for cogging torque, the rotor utilizes fractional slot and
causes the cogging torque to diminish to zero. It is therefore dropped off to simplify the

analysis.

2.6 Motor Dynamic Equation in Time Domain

The motor dynamic equation relates the developed output torque of the motor to

the mechanical output torque, inertia of the motor and power losses.

T,=Ja+K,0+T,, (2-38)

where T, is the electromagnetic torque developed by the motor, J the total inertia of the

motor and load, a the angular acceleration experienced by the rotor, K, the damping

coefficient of the rotor, @ the angular velocity of the rotor and Ty, the load torque.
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2.7 Motor Parameters

Table 2.1 contains the measured parameters of an enterprise motor used in the hardware

testing as well as the simulation.

Table 2.1 Parameters of Enterprise Motor

Number of Pole Pair 4
Rated Speed (RPM) 10,000
Resistance (Q) 2.15
Inductance max (mH) 0.350
Inductance min (mH) 0.250
Back-EMF Constant (V/KRPM) 0.795
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CHAPTER 3. SENSORLESS BLDC DRIVE

3.0 Introduction

The cost, reliability and advantages of eliminating mechanical sensors and cabling
for the measurement of position, velocity and flux have led to the development of
methods commonly termed “sensorless” or “self-sensing” control of ac machines [1].
The goal of such methods is to estimate the rotor position using the power leads of the

machine. This information is then used for torque and motion control.

Various methods of sensorless operation for BLDC motors have been reported
and reviewed [1-107]. In particular, spindle motors in hard disk drives (HDDs) are
operated by techniques categorized under back-EMF based sensorless methods, which
are further sub-categorized as “Terminal Voltage Sensing” [2-7]. Owing to its adoption
in HDDs, only this classification of sensorless technique is elaborated and investigated in

this thesis.

3.1 Brushless DC (BLDC) Operation

In a BLDC drive, the motor is typically driven by a three-phase inverter circuit as
shown in Figure 3.1. It consists of six power semiconductor transistors with a protection

diode connected in parallel to each of these transistors.
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Figure 3.1 Bridge circuit for a BLDC drive.

Each transistor is gated by a 120°-conduction drive, in which each gate turns on
for 120 electrical degrees in each cycle. For maximum torque production, the gating with

respect to the back-EMF is given in Figure 3.2.
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Figure 3.2 Back-EMF versus the terminal voltage.
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It can be observed that for phase A, there are two unexcited 60° periods, namely
330° - 30° and 150° - 210° intervals. During the unexcited phase, the phase voltage gives
the phase back-EMF. By measuring the phase back-EMF during this window,
commutation sequence can be established. This commutation sequence is replicated for
phases B and C but phased at 120° and 240° delays, respectively. Thus, commutation
occurs at every 60 electrical degrees of rotation in the sequence “Qapn, QpL”, “Qan, QcL”,

“QBH’ QCL”a “QBH’ QAL”a “QCH9 QAL” and “QCH’ QBL”- The commutation sequence is

provided in Figure 3.3.

270 3308 301 o0t 1507 2107 2707 3307

ke
e

Figure 3.3 Commutation sequence for BLDC drive.
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3.2 Terminal Voltage Sensing

Sensorless drive for spindle motors in HDD falls under the sub-category of
“Terminal Voltage Sensing”. The fundamental principle of this technique is to locate the
zero crossing points (ZCPs) of the phase back-EMFs. These ZCPs represent position
information. Based on this, sensorless operation using back-EMF ZCP detection is
established. Accordingly, for all phases, the commutation is such that these ZCPs should
be positioned mid-way in the silent periods. In other words, commutation occur 30°

away from the ZCPs.

o0° 3 150 1807 210 130360 Silent Phiase Silent Phase
P L i —" — —* —

Figure 3.4 Phase A terminal voltage

In terminal voltage sensing, these ZCPs are determined by sensing the terminal voltages.

For example, during the 330° - 30° silent phase interval, it is:

di

van :laR+L : +ea ’ (3_1)

dt

or
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v =e , (3-2)
since

i =0. (3-3)

i®)
|_

B
QBHE}
H ity
\J

- - V

Utt)

Figure 3.5 330° - 30° Silent phase interval motor drive schematic.

Thus, locating this ZCP or equivalently e, =0 would mean when the terminal voltage is
equal to the neutral voltage or v, =0. While v, can be measured from the terminals, v,

cannot be measured as the neutral terminal is not available. Different techniques have
been developed to determine v,. References [8-11] determine the neutral voltage to be
seen at the terminal at these ZCP points while references [12-14] reconstruct a “virtual”
neutral which provides equivalence to the actual neutral. The inception is rooted on the

fundamentals of a balanced 3 phase network. For the spindle motor,

27

= —22, 3-4
vbn van (0 3 j ( )
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and

Vor =V, [9 — 4—”} .
3

If the triplen harmonics can be neglected,
v, tv, +v, =0.

Expressing this equation in another form,
vao - vno + vbo - vno + vco - vno = 0’

1
vno = g (vao + Vbo + Vco )

(3-5)

(3-6)

(3-7)

Hence, it can be seen that the neutral voltage can be obtained via a summation average of

the three line voltages. This can be easily implemented by a star impedance network

where
Von' + Viw + Vew = 0’

1
Vo = g (Vao + Vo + Veo )

Figure 3.6 Star network for virtual neutral creation.

(3-8)
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Consequently to generate the ZCPs, comparators are used to generate the polarities of v,
vpn and v.,. However, this approach of terminal sensing suffers from the presence of false
ZCPs due to phasor turned-off commutation. During a commutation, the switching off
the transistor causes the current to freewheel through its corresponding paired transistor’s
diode, the result of which a voltage spike is seen in the terminal. As a result, false ZCPs

are seen which, if not removed or not avoided, cause erratic positional sensing.
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Falss ZCP : False P, P, DR
Truiz 2CP H True 202 Trs Z0P 1 4 Trie ZiP H
— : — +— o — :
ol W L o e N e e L L
4 Phase B ZCPs
. - Faiss 2P Filse CP
Fase ;;f’ Faise %f' EEIY TRy
: True 2CP : True ZCP ' Truezcp ¢ True ZCP
+— +—
oo L U I S S | N p
| Phase C ZCPs
False 2CP. False ZCP
False ZCP False ZCP, =, iy
True ZCP Trug ZCP True ZCP True ZCP
+— “— —
) [ I | ot | S | I D

Figure 3.7 Terminal voltage and ZCP detection.
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Conventionally, low-pass filters (LPF) [14-17] are used to remove these false
ZCPs. In reference [12], digital masking, instead of LPF, is used. However, these
methods invariably introduce delays resulting in sub-optimal performance. Figure 3.8

shows the deterioration in speed for a constant voltage drive due to phase shift.

Speed (fpm) 'y
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7200

7195

FADO [ == m e m = mmm e e .

FABE [+ mmmmmmmmm o m oo ~

7180

FATE [ mmmm e m e .

]
T S

7165 -
time

Figure 3.8 Simulated waveforms for constant voltage BLDC drive with ZCP delay.

3.3 Zero Delay Direct Back-EMF BLDC Drive

Most of the methods focus on the removal or exclusion of these false ZCPs when
they occur. In this proposed method, an integrative zero delay direct back-EMF BLDC

drive is utilized.
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As highlighted earlier, in a BLDC drive, a commutation occurs 30 electrical
degrees (30°) after every true ZCP is detected. And to achieve to zero delay, the true
ZCP must be processed immediately when it is detected. The algorithm proposed below

achieves the intended purpose.

a. A global free running counter is implemented in the design and latches are used

to store the counter indices for all the ZCPs.

b. Positive edge transitions will be used to latch the 0°, 120° and 240° ZCPs counter
indices whereas negative edge transitions will be used to latch the 60°, 180° and

300° ZCPs counter indices.

c. 30° time lag is to be estimated using the 60° time lapse from the last ZCP to latest
ZCP detected. For example, to estimate the 30° time lag after the occurrence of
0° ZCP, the 30° time lag would be equivalent to the point whereby the counter
has further increased by Y2 x (Latchy- - Latchspe). The factor of %2 is easily

accomplished by a single bit right shift of (Latchy- - Latchszgge).
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Figure 3.9 Terminal voltage for BLDC drive

The algorithm achieves zero delay BLDC drive at this juncture but it too suffers from the
presence of false ZCPs, resulting in incorrect counter indices being latched. For example,
in the scenario shown in Figure 3.10, owing to the presence of false ZCP, the counter

value of x004 is latched resulting in a much earlier commutation count of x063.
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Figure 3.10 BLDC algorithm without false ZCP avoidance.

A quick or traditional fix would be to filter the ZCPs before processing. As mentioned
earlier, this would bring about delay and sub-optimal commutation. To achieve zero
delay ZCP detection, the rule that ZCPs (true) are to be processed immediately when it
occurs must be respected. This constraint admits a pitfall, such that latching is done for

all ZCPs, true or false.

This constraint can be elegantly respected by the inclusion of false ZCP avoidance
within the BLDC drive algorithm. A unique property can be derived from the signals.

After an active ZCP, during the 30° time lag for commutation, inactive ZCPs should
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never occur during this period. For example, 0° ZCP counter count will be latched by
positive or rising edge ZCP transitions. During the 30° time lag before commutation,
inactive negative or falling edge ZCP will not occur if the preceding active ZCP is true.
Hence, in the presence of an inactive ZCP during the 30° time lag interval, latch will be
restored to its previous count and active edge ZCP transition is awaited. While this
approach safeguards against positive ‘glitches’, additional measure is necessary to
safeguard against negative ‘glitches’. A solution would be to modify the proposed
algorithm such that, in the presence of an inactive ZCP during the 30° time lag interval,
the interval will be made inactive only if an active edge ZCP transition does not occur
with certain time window. Such a modification allows commutations to be estimated
from the true ZCPs without delay and at the same time, disregard the false ZCPs. Further
additional level of heuristic control would be that apart from satisfying the 30° time lag,
commutation should occur only at the active level. The integrated algorithm thus

becomes,

a. A global free running counter is implemented in the design and latches are used

to store the counter counts for all the ZCPs.

b. Positive edge transitions will be used to latch the 0°, 120° and 240° ZCPs counter
counts whereas negative edge transitions will be used to latch the 60°, 180° and
300° ZCPs counter counts. 30° time lag is to be estimated using the 60° time

lapse from the last ZCP to latest ZCP detected.
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c. Occurrence of inactive edge transitions will reset ZCP counter counts to its
previous counter values if a positive edge transition does not occur within a time
window. Negative edge transitions will trigger a reset of the 0°, 120° and 240°
ZCPs counter counts whereas positive edge transitions will trigger a reset of the

60°, 180° and 300° ZCPs counter counts.

d. If the current count minus the ZCP latched count equals to the estimated 30° time

lag and current ZCP signal level remains active, commutation occurs.

e. A wait for the new ZCP in the adjacent phase commences.

Figure 3.11 gives a stateflow representation of the algorithm.

Reset Count_ODeg

Difference = 30Deg & ZCP=‘1"

g Time Window

Figure 3.11 Stateflow representation of zero delay BLDC commutation
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Commutation is accomplished via internal position updating. At the end of the 30° time
lag, the internal position monitor is updated with an “advanced” position. Due to the

position update, it will trigger the new set of gating signals.

Table 3.1 Updated Internal Positions for BLDC Commutation Signals Generation

Position, 0 Internal Position, 0;,; | Commutation Signals
30°<0<90° 60° “Qan, QpL”
90°< 0 <150° 120° “Qan, QcL”
150°< 6 <210° 180° “Qsn, QcL”
210°< 6 <270° 240° “Qsn, QaL”
270°< 6 <330° 300° “Qcn, QaL”
330°<0;0<30° | 0O “Qcn, QbL”

Applying this algorithm to the previous example in Figure 3.10, the result is shown in
Figure 3.12. In the presence of false ZCP, similarly the counter value of x004 is latched
with x063 being updated as the awaited commutation count. However presence of an
inactive falling ZCP resets the latch to its previous value and waiting continues.

Consequently, with the arrival of the real ZCP, correct ZCP counter value is latched.
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Figure 3.12 Proposed BLDC algorithm with false ZCP avoidance.

3.4 Simulation

In the investigation of the proposed algorithm, MATLAB®, a high performance
language for technical computing, is used. For modeling, Simulink®, a software package
which provides a graphical user interface for modeling, simulating, and analyzing

dynamic systems, is used.
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3.4.1 Overview

Figure 3.13 shows the Simulink top level block entry for the complete sensorless
BLDC drive.

Sensorless BLDC Drive
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Figure 3.13 Simulink top level block entry for sensorless BLDC drive.



3.4.2 Spindle Motor Model

Figure 3.14 shows the Simulink block entry for the spindle motor and Figure 3.15

shows the electrical phase model. Figure 3.16 shows the dynamic mechanical model.
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Figure 3.14 Simulink block entry for spindle motor.
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Figure 3.15 Simulink spindle motor phase AB current model.
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Figure 3.16 Simulink block entry for spindle motor mechanical model.
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3.4.3 BLDC Voltage Signals Generation

Figure 3.17 shows the Simulink block entry for the bldc voltage signals

generation. The voltage injection is generated via a look-up comparator method.

f

From

From1

Figure 3.17 Simulink block entry for BLDC voltage signals generation.

3.4.4 Position Estimator

Figure 3.18 shows the Simulink block entry for ZCP generation where Figure

3.19 and Figure 3.20 show the position estimators based on the proposed algorithm.
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Figure 3.18 Simulink block entry for ZCP generation.
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Figure 3.19 Simulink block entry for position estimator.
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Figure 3.20 Simulink block entry for position update trigger signal.

3.4.5 Simulation Results

The design has been simulated and the waveforms are provided. Figure 3.21
shows plots of terminal voltages and neutral voltage. It can be observed that the three
phases are spaced at 120° apart and with conduction angles of 120°. Figure 3.22 shows
the ZCP generation for Phase A. As mentioned, the terminal voltage is compared with
the neutral voltage resulting in the ZCP waveform. It can be seen that true ZCPs occur
when both the neutral and phase voltage are the same whereas false ZCPs occur during
commutation. From Figure 3.23, it can be seen that the commutation for Phase A occurs
exactly at the desired positional points, namely, 30°, 150°, 210° and 330°, thus proving

the viability of the algorithm as well as its zero delay property.
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Figure 3.21 Plots of terminal voltages and neutral voltage.
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Figure 3.22 ZCP generation for phase A.
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Figure 3.23 Simulated response for zero delay BLDC drive.

3.5 Hardware Implementation and Results

3.5.1 Hardware Implementation

To investigate the viability of the algorithm while at the same time taking interest
with ease of adoption, the topology similar to that in a HDD drive as seen in Figure 3.24

is adopted.
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Figure 3.24 Typical topology of a HDD drive.
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Figure 3.25 Schematic for motor drive circuit.
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In the implementation, high and low side drivers (IR2101S) and dual N-channel
MOSFETs (S14920DY) are used. The IR2101S are high voltage; high speed power
MOSFET and IGBT drivers with independent high and low side referenced output
channels that are able to drive the N channel Mosfets. SI4920DY are N channel Mosfets
interfaced directly for driving the spindle motor. As opposed to the utilization of a motor

IC, a field programmable gate array (FPGA), Xilinx Virtex-4™ FX12 LC, is employed.

3.5.2 Experimental Results

The design has been implemented and the waveforms are captured. Figure 3.26
shows plots of terminal voltages and neutral voltage. It can be observed that the three
phases are spaced at 120° apart and with conduction angles of 120°. Figure 3.27 shows
the ZCP generation for Phase A. As mentioned, the terminal voltage is compared with
the neutral voltage resulting in the ZCP waveform. It can be seen that true ZCPs occur
when both the neutral and phase voltage are the same whereas false ZCPs occur during

commutation. Figure 3.28 shows the ZCP generation for all the three phases.
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Figure 3.26 Plots of terminal voltages and neutral voltage.
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Figure 3.27 ZCP generation for phase A.
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Figure 3.28 ZCP generation for phases A, B and C.

From Figure 3.29, it can be seen that the commutation for Phase A occurs at the desired
positional points, namely, 330° and 30°, with the ZCP at the mid-point between the
commutations, thereby demonstrating zero delay property of the algorithm. In order to
demonstrate the robustness of the algorithm against noisy glitches, noise was introduced
into the ZCP generation. Despite the presence of noise, Figure 3.30 shows that the

algorithm was able to detect the false ZCPs and commutate with respect to the true ZCPs.
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Figure 3.29 BLDC waveforms.
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3.6 Conclusions

Terminal voltage sensing suffers from the presence of false ZCPs arising from
freewheeling operation during commutations. These false ZCPs, if unremoved or
unavoided, results in erratic sensorless BLDC operation. In this chapter, an innovative
zero-delay back-EMF based BLDC drive was presented. It took an integrative approach
in the design of the ZCP detection as well as the BLDC drive implementation. From both
the simulation and experimental results, it was seen that the proposed algorithm while
offering zero-delay, was able to avoid noise and false ZCPs. These are crucial issues to
tackle, especially in high performance BLDC drives where wide speed range is expected.
With the exception of comparators, this was achieved with pure digital implementation

with the advantages of being reproducible as well as cost efficient.
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CHAPTER 4. SENSORLESS
QUASI-BLDC DRIVE

4.0 Introduction

Historically, BLDC drive is recommended and adopted for BLDC motor with
trapezoidal back-EMF. At every commutation step, one winding terminal is connected to
positive supply voltage with another connected to negative supply voltage. The third
terminal is floated where it provides the back-EMF. In such a drive, the goal is to inject

rectangular stator phasor currents for maximum and smooth torque production.

It is optimum to inject rectangular stator phase currents to a BLDC (with ideal
trapezoidal back-EMF) for maximum torque and minimum torque ripple production. In
many applications such as in HDDs, they have BLDC motors with sinusoidal back-
EMFs. However, BLDC drive is nevertheless deployed due to its ease and simplicity of

implementation. As a result, torque ripples are observed.
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Figure 4.1 Torque profile with rectangular currents on sinusoidal back-EMF.

The situation is aggravated by the presence of inductance while using BLDC drive.
Figure 4.2 shows the plot of current and torque. It can be seen that the resulting current
and torque depart from those desired. The torque ripple is undesirable as it is a source of

electrical and mechanical noise, and vibration.
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Figure 4.2 Current and torque response with inductive effects.
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4.1 BLDC Current and Torque Analysis

It has been briefly mentioned that the presence of inductance has resulted in the
deviation from the ideal case. However, in the goal of reducing the torque ripple, it
would be informative to examine the current waveforms. An insightful step would be to
examine the BLDC current for a motor sinusoidal back-EMF with zero inductance. For

illustration, focusing on the 30° to 90° segment, during the V Vg drive

0
v =2 R+ L% te,. (4-1)

Accordingly, if

e,=E, sin(0)-E, sin(& - 2%)

= \/gEm cos(H - %) 2
and
L=0, 4-3)
Var = Voo (4-4)
The current would be
i =[VDD ~\BE, cos(6-74 )}/(21%), 4-5)

as provided in the simulated waveform.
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Figure 4.3 Phase A current with and without inductive effects.

Considering the effects of inductance, the current would be

. 1 R
Lab.30°.900%) = E[VDD - \/gEm cos (9 - %)} (1 —e j ) (4-6)

The corresponding rate of increase is given as

—d"ab«z;;—m — Vo = 3E, coslo-74 b (4-7)

If the inductance is zero, the rate of increase is infinite. However, if it is not, the rate of
increase is affected by both the inductance as well as the back-EMF term. During the

commutation from (Ap, Br) to (Ag, CL), the current is profiled by

Rt

. 1 v, K
Lo (00° 150°) :E[_ﬁE’" COS(@—%)J+£€ L. (4-8)
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and its rate of decay,

_Re

diab,(QO“—lSO") :_VDD e L, (4-9)
dt 2L

Similarly, if inductance is zero, the rate of decrease is infinite. The presence of

inductance will slow down the rate of decrease.

It can also be observed from Figure 4.3 that a current “notch” occurs at the middle
of the waveform due to commutation. The emergence of this notch can be explained
based on the equations in the preceding paragraphs. It is effectively caused by the
differences in the rate of decrease of i (90°-150°) and the rate of increase of i, 90°-150°). By
Kirchoff’s current law, in the absence of neutral line,

i +i,+i =0, (4-10)

Hence during commutation,

= +i
l" lab,90”—150” lac,900—1500
b

(4-11)

where

Rt

. 1 v, R
L (000 150°) :E[_ﬁEm cos(ﬁ—%)}+ﬁe L, (4-12)

Rt

. 1 R
Licove 1507 = E[VDD _\/gEm cos (9— 2%)} {1 —e b j . (4-13)

In addition,

diub,<90”,150”> __ Voo e_% i (4-14)
dt 2L

diuc (90°,150%) 1 \/_ V4 _%

T:Z[VDD_ 3E, cos(@—é”e ) (4-15)
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Established on the above, the slow rise of i,. but rapid decay of i,, gave rise to the notch.
Referring to Figure 4.2, it can be seen that these “notches” are accountable for the ripples

in the torque.

4.2 Quasi-BLDC Drive

Therefore, a direct method to improve the torque performance would be to reduce

the current notches. As highlighted, these notches are the results of slow current rise and

rapid current fall. To reduce the notches would be to match diab o0° 1500)/alt and
diuc,(QO”,lSO”) / dt , where
diub,(90",1500) :_VDD e_%, (4-16)
dt 2L
—di“”goo’”oo) :L[V —3E COS(0—77):|€_IZZ 4-17)
dt oLL PP " 3 '

It is impossible to reduce the inductance to zero or to reduce the back-EMF to zero.

Nevertheless, whilst the rate of increase di ) / dt cannot be altered, the decay rate

ac,(90°,150°

of di (907 150°) /dt can be changed. Instead of an abrupt gate removal or Vpp removal, an

intermediate voltage Vipp (< Vpp) is introduced. The current becomes

. R diah — 1 7
Wt =V B (07 (@-18)
1 Rt

1 __Re
iah,(90",150") = R [VfDD - \/gEm cos (9_ %)J +E(VDD _V_fDD ) e "

9
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and

diab,(900,150”) _ 1 (V V ) _% 4 19
Ta ol o
To match diab,(90",150") /dt and diac,(900,1500) /dt,

Viop = \/gEm cos(@—%)

=1.5E,

0" (4-20)

However, although notch is reduced, the drive becomes unbalanced (i.e. t1 # t2).

t1 t1

Figure 4.4 Illustration of unbalance caused by current change rate matching.

In order to resolve this unbalance, the gating must be correspondingly gate advanced.
Instead of BLDC, QBLDC involves incorporating the matching of the current rise time
and fall time as well as gate advancing into BLDC for the minimization of current
notches. In the next section, different time constant windows of current rate matching

and gate advance are investigated and optimized.
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4.2.1 Simulation and Investigation

In the investigation of the proposed QBLDC, the top level Simulink block entry

provided in Figure 4.5 is modified to replace the BLDC block with QBLDC.

QBLDC Drive

Figure 4.5 Simulink block entry for quasi-BLDC voltage signals generation.
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4.2.2 Simulation Results

The design has been simulated and the voltage Vipp is applied for various time
constants, in steps of 0.5 x L/R. Figure 4.6 shows plots of phase voltages and the

removal of gating injection or introduction of Vpp accomplished by PWM.
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Figure 4.6 Plots of quasi-BLDC terminal voltages

for time constants injection.
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Figure 4.7 Plots of quasi-BLDC terminal current for time constants injection.
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Figure 4.8 Plots of quasi-BLDC torque for various time constants injection.
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It can be observed that for difference time constants of Vipp injection, the notch at the
commutation can be significantly improved. As seen in Figure 4.8, the best torque
performance is provided by Vipp injected at time constant of 1.0 x L/R advancement.

Defining Torque Ripple Factor as

TRF = (Tpeak _Tav) (4_21)

av
2

and comparing the performance of BLDC drive against QBLDC drive, the TRF for
BLDC is

TRF,,,. = 65%

while the TRF for QBLDC is

TRF,

osine =12.5%

It can be seen that the torque ripple with consideration of inductance has been

significantly improved by approximately 80% in QBLDC drive.

0.028

0.015 f—-1-

TORQUE (N

0.005
0142 0.143 0144 0145 0.146 0.147 0.148 0.149 015

Time {seconds)

Figure 4.9 Comparison of BLDC and quasi-BLDC torques.
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4.3 Hardware Implementation and Results

The same topology as described in 3.5.1 is adopted. The modification pertaining

to Quasi-BLDC was isolated to the HDL codes within the FPGA.

The algorithm proposed for Zero-Delay BLDC incorporated with Quasi-BLDC
has been designed and implemented. Figure 4.10 shows plots of terminal and neutral
voltages. It can be observed that the three phases are spaced at 120° apart and with
conduction angles of 120°. Figure 4.11 shows the current comparison between BLDC

and QBLDC. It can be seen that the spikes are reduced by 40%.
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Figure 4.10 Plots of terminal and neutral voltages.
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Figure 4.11 Current response for BLDC versus QBLDC under different voltages.
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As an indicative measure of the torque, its effects on acoustics were measured. The
sound levels emitted were measured and processed by a sound recording and analysis
system shown as blocks in Figure 4.12. The acoustic noise measurements were made in
an anechoic tank, with the microphone placed 40cm from the spindle motors that are

installed in the hard disk bases.

B &K :
Multi-analyzer Anechoic
system 3560 Tank

B&K 4190
[ Microphone

PC with PULSE C De— spindie
Labshop software Motor

Figure 4.12 Acoustic noise measurement setup.

The acoustics noise was captured for HDD spindle at various speeds. Representative
plots taken at speeds of 4800 rpm, 6000 rpm and 7200 rpm are provided in Figure 4.13.
It can be seen that QBLDC reduces the acoustic peak amplitude by 0-15dB. This is
intuitive as a spike is considered to be rich in frequencies and a reduction results in a
reduction of noise frequency across a wide range. Acoustic noise was also measured for
2-platter and 4-platter HDDs. The plots are provided in Figure 4.14 and Figure 4.15
respectively. It can also be seen that for both cases, QBLDC has reduced the noise spikes

observably, up to a maximum of 15dB.

79



MI

|
@LMM WM}W Jb WG,

M‘ W

(a)

80



|
[l H

| iHI

HH\MN’

“F 'NM 1L m ”“1 |

(b)

81



50

40

30

20

10

-10

-20

-30

-40

Spindle Maotor running at 7200rpm with BLDC Drive

w‘qm II | l hH ‘ =

50

40

30

20

10

-10

-20 -

-30

-40

Spindle Mator running at 7200rprm with QBLDC Dr ive

1L ]i | 25 6k

i || ||l .HHJ

()
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Figure 4.14 Acoustic comparison for spindle motor with 2 disks.
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Figure 4.15 Acoustic comparison for spindle motor with 4 disks.
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4.4 Conclusions

BLDC drive applied to PMSM brings about the advantages of robustness and
simplicity, but unfortunately, suffered from severe torque pulsation, aggravated by
commutation torque ripple. The root cause for this torque, namely presence of
inductance and different back-EMF effects, has been derived and analyzed. In this
chapter, a Quasi-BLDC drive utilizing current advance as well as varying voltage for rate
of change of current matching was proposed. It was shown through simulation and
confirmed by the experimental results that the commutation current spike was largely
reduced. The torque ripple factor was significantly improved from 65% to 12.5% and the

acoustic performance showed an overall improvement up to a maximum of 15dB.
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CHAPTER 5. INITIAL ROTOR DETECTION

THROUGH TERMINAL VOLTAGE

5.0 Introduction

Over the past two decades, significant efforts have been made in the research of
PMSM drive without position sensors (sensorless drive) in view of reliability, robustness,
compactness and cost. To implement a sensorless drive, a crucial aspect involves the
starting of the motor from standstill. Schemes presented in published literature can be

categorized into three types

1. Starting from open-loop,
2. Starting from aligned position, and

3. Starting from estimated position.

A brief introduction to these schemes has been presented in Section 1.2.4. Among
these schemes, the last approach has drawn the greatest interest and attention [76-107].
Key to this approach is the utilization of inductance variation made distinct by armature
reaction through pulse signal injection or sinusoidal carrier signal injection. However,
this method relies heavily on acute armature reaction and is largely limited to interior

PMSM. In this chapter, a unique pulse signal injection based method centering on
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armature reaction phenomenon is presented. In particular, the dependency of current

change rate in the stator winding on inductance, saturation of the iron, and the flux due to

the position of the rotor’s magnets are utilized. Several significant breakthroughs are

achieved, namely,

1. Effects of armature reaction on motor inductance from positive and negative
stator currents,

2. Unique amplification incremental motor inductance measurement method, and

3. Implementation through digitization simplification.

The method is effective as it does not rely on the absolute inductance value and does not

require accurate current sensing. It can be used in many PMSM applications, even for

surface mounted PMSM which has very weak salient effect.

The effects of armature reaction on the inductance due to both positive and
negative currents are observed in this work. These effects, however, are difficult to be
measured using indirect coarse current change rate approaches. This puts an application
limitation on this phenomenon. In order to remove this limitation, a novel measurement
method based on the third terminal voltage drop was conceived. The method makes
intelligent use of the amplification of the current change rate in the measureable form of
voltage drop. Highly accurate position precision of less than 15° can be achieved even on
surface mounted PMSM. Further simplification is applied through digitalization for low

cost implementation and position precision of less than 30° was obtained.
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The proposed method is highly significant as it allows for a low cost, elegant and
accurate initial rotor position detection method to be applied on surface mounted
permanent magnet PMSM. In our analysis and experimentation, this method has been
applied on a series of motors as well as 3-phase PMSM with surface mounted PM rotor.
The inductance of this motor is small in the region of micro-henry and variation is weak.

The successful application on this category of motor proved the effectiveness of the

method.

5.1 Theory

In the detection of rotor position, a technique which makes use of the saturation
effect of stator iron is proposed. In particular, the dependency of stator current change
rate on inductance, saturation of the iron, and the flux due to the position of the rotor’s

magnets are utilized.

Inductance (uH)

7B \ \ \ , 1
Morth Pole L| sauth Pole Marth Pole South Pole Morth Pale
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] 100 200 300 400 500 GO0 Fan
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2.4

Figure 5.1 Motor positional inductance profile without saturation.
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(a) Magnetic Field Distribution with (b) Magnetic Field Distribution with
Rotor at 0° position Rotor at 90° position

Figure 5.2 Magnetic field produced by permanent magnet on rotor.

B 1 ) o - B 2 B 1 o B2

(a) Winding field is aligned with the (b) Winding field is opposite to the
rotor field at 0° position rotor field at 0° position

Figure 5.3 Influence of armature winding current to stator yoke at 0° position.



(a) Winding field is aligned with the (b) Winding field is opposite with the
rotor field at 90° rotor field at 90°

Figure 5.4 Influence of armature winding current to stator yoke at 90° position.

Figure 5.2 shows the magnetic field distributions of a motor when the rotor is located at
0° and 90° electrical degrees, respectively. For simplification, only one pair of slot is
drawn. When the rotor is at 0° and 180°, the magnetic field generated by the permanent
magnet of the rotor goes through the stator areas B; and B,, and makes these areas
saturated. On the other hand, when the rotor is at 90° and 270°, B; and B, are out of
passage of the rotor field. Therefore, these areas are in linear state and their permeability
is high. As a result, the inductance of the winding is not a constant and varies in the
motor operation. The largest inductance value Ly, occurs at 90° and 270°, and lowest
inductance value L; occurs at 0° and 180°. When the rotor moves to other positions, the
inductance changes smoothly, and the value is in the range of (L, Ly,), and consists of two
cycles in 360 electrical degrees, as illustrated in Figure 5.1. Therefore, through the

variation of the inductance value, we can know whether the rotor is aligned or
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perpendicular to the armature winding. However, it is not possible to perform
meaningful position detection through the measurement of inductance or its associated
effects as the relation between inductance and position is not unique due to the existence

of two cycles within a 360° electrical degree.

In the presence of injected currents, the inductance profile is modified due to the
effect of armature reaction. When the rotor is at 0°, if the current in the armature is
positive, the field produced by the current also goes through B; and B, and the total field
intensity in these areas will be further increased, and the saturation will be more
pronounced as shown in Figure 5.3(a). Therefore, positive current further reduces the
winding inductance. If the current is negative, as shown Figure 5.3(b), the total field
going through B, and B, is reduced, and the saturation of these two areas will be slightly
relaxed, and the winding inductance will be increased slightly. Thus, by differentiating
the position where the inductance is the minimum with current injection, the position can
be determined to be 0° or 180°. If the inductance under the positive current is smaller
than the one under the negative current, the rotor is at 0°, and conversely, it is at 180°.

These phenomenons are shown in Figure 5.5.
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Figure 5.5 Motor positional inductance profile with saturation.

This strategy offers a new dimension. Instead of a direct measurement of inductance at

north magnetic pole with positive injected current, Ly, or inductance at south magnetic

pole with positive injected current, Lg, the differential inductance of Lyn.-Ly. (inductance

at north magnetic pole with negative injected current) can be utilized for north magnetic

polarity detection. Similarly, for south magnetic polarity detection, the differential

inductance of Ls,-Ls. can be utilized.

The current change rate in the stator is inversely proportional to the inductance.

For instance, with magnetic north pole alignment, the rise time for a positive stator
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current would be shorter than the rise time for a negative stator current. Conversely, with
magnetic south pole alignment, the rise time for a negative stator current would be
shorter than the rise time for a positive stator current. The absolute rise time pertaining to
a north or south pole is no longer crucial but the relative rise time or polarity of the
relative rise time would be sufficient for the determination of magnetic polarity. In
conjunction with this strategy, taking a 3 phase inter-relationship, collating the
inductance profiles under different phase currents as shown in Figure 5.6, by detection of

the inductances or its corresponding rise time, a full 360° detection is possible.
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Figure 5.6 Motor positional phase inductance profile with saturation.
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5.2 Methodology

5.2.1 Methodology I

Considering the theory described in 5.1, current change rate can be measured
using sensing resistor at the DC link while injecting voltage through VN, Ven or Ven.
However, this requires the neutral line to be available. An alternative solution would be
to inject the voltage through Vg, Vpc or Vca. The current change rate would then be
decided by the line to line inductance. For example, if the injection is through terminals
A and B, the inductance would be La,+Lp. (or Lag) for positive Vapg and L +Lg; (or
Lga) for negative Vap (or positive Vpa). The following figure shows the line to line

inductance for all three line inductances.
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Figure 5.7 Line-line inductance.
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Considering injected currents into phase A and out of phase B with phase C floating,

T
QA
i
U A B
s
3 v j

Figure 5.8 Motor drive schematic for positive line-line voltage.

di
Vap = 20,R+ Ly, ;;b ’ (5-1)

where Lag = La+ + Ls.. Solving for the current,

2R

M_Vﬂe LABt . (5_2)

Tp =1gefink =
ab dclink 2R R

Alternatively, considering injected currents out of phase A and into phase B,

=Y

QBj:}
|_
B

Ut A C
-
i)
= =

<3

Figure 5.9 Motor drive schematic for negative line-line voltage.
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di,
dt

Vap = 20,R+ Ly, ) (5-3)

where VaB < 0, iab <0 and Lga=La. + Lp,.

2R,
- Vai  Vaa | Ly,
ldclink = "~ "p ¢ B (5-4)

Thus, it can be seen that the dc link current would be profiled according to the line-line

inductance. Figure 5.10 shows the AB line-line inductance.
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Figure 5.10 Line-line inductance

From Figure 5.10, this implies that it is possible to determine the position by collating the
profile of all three phases. While this appears theoretically possible, practically it might

be difficult to detect the differences in the dc link current. Assuming at the position of
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36°, where we have the largest inductance difference, we should obtain the largest
difference in current change rate. The plot for a typical HDD spindle motor is simulated

and shown in Figure 5.11.
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Figure 5.11 DC link current response for positive and negative stator current.

It can be seen that the difference might be difficult to be detected on the implementation

level and largely dependent to the accuracy of the implemented system.

5.2.2 Methodology I1

The previous proposed method, while shown to be effective in theory, lacks the
practicality in HDD and requires the addition of a resistor across the dc link and thus

reduces the efficiency and effectiveness of the BLDC drive. Apart from this, it is
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necessary to measure the rise time and fall time of the currents accurately which is
sensitive to noise and requires a relatively larger inductance difference. To counter these
concerns, a novel design is applied into the theory. Observing the voltage equation,

0
v,y =2i R+L,, ;‘;’7 , (5-5)

di
“ can be measured as the voltage level would
t

It would be ideal if the voltage L,

provide a representative measure of the rise time. The equation can be expressed as

di,
dt (5-6)

. di .
V= zabR+LA+7‘;”+zahR+LB_

Vag =Van T Vg

where
Vv =i ,R+L,, d;‘:’
di G
Vg =i,R+L, d‘;”
Since terminal B is grounded and terminal C is floated,
Vs = Vo = Veos (5-8)

where vy is the voltage level measurable from terminal C. However, v¢o contains both

the inductive and resistive voltage terms. Further insights can provide opportunities for

exploitation,
. di,
Veous =laR+ Ly dtb
2R 2R
| Lo | 2R | '
% =% _V e ™ +L, | ——||———7le ™ 5-9
C0,AB ) dad B ( R L, (5-9)
2R
\% 2L, ) — ¢!
Veo,ap = ;d Vi (1_ ? Je Fan
AB
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Alternatively, considering injected currents out of phase A and into phase B,

. di,
Vco,Ba iyR—L, dth
2R 2R
\% - % 2R ) |
Veoa = % —Vaue s L, [%)(_ I }3 Fon (5-10)
BA
2R
\% 2L —
Veoa = % Vi (1 i Je i
BA

Comparing vcoap and veopa, 1t can be seen that apart from different time constants, it is

modulated by a factor of Ly and & , the result of L%. From the plot, it can be seen
‘AB 'BA

that these factors exhibit a similar inter-relationship with the inductance profile.

However, this inter-relationship is amplified thousands of times.
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Figure 5.12 Modulating factor.

As an illustration, the voltage waveform seen at the floated terminal at position 75° is

shown in Figure 5.13.
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Figure 5.13 Terminal C voltage under phase AB pulses.

It can be seen that for this position, the signs of the waveform are different and the profile
is significantly different due to the presence of Lé. The plots for various positions are

shown. In the plots, Vap means a positive current flowing into terminal A, and out of
terminal B, and terminal C is floated. The same principle can be similarly applied for

Vac, Vas, Vea, Vec and V.
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Figure 5.14 Terminal C voltage under phase AB pulses for various positions.

The plots seen are unique to its positions. Additional accuracy can be obtained if

collectively pulses are injected into BC and CA phases. The responses are similarly

. . . . . L
shaped in accordance to the inductance ratios. The inductance ratio plots for —2= and
‘AB

a- Leo and Ly L.

b

L .
and —= are shown respectively.
BA LBC LBC LCA LCA

~ |

102



T T T T
5 o : 5 5 Ly
1] EEEERE { ----- N ’-,f-’-f- ----- P > \, ------ X T ST L Lis H
NG yoo DN RN 2 N L
O b A e A S S AN I S I 7
. et : M P 5 BA
03 ] I L i L ] i
il 100 200 300 400 a00 B00 7oo
Theta
| | | |
/H_i _- L.
______ e N T I T i TN T T I,
D.Sé\\/ N - % Ee , /( N A \\ BC
N D S A A T ) Iy
S I I e I At S Ien
07 I I i i I I I
0 100 200 300 400 a00 GO0 oo
Theta
T T T T T
; ; : : 5 5 Le
- et AN - : e e
05__.‘/4\/ _____ .\J/ _____ T L// Lea
AN L S i s N ;
T S A T s X S La
S R A > S S R A Lac
03 I I i i I I I
0 100 200 300 400 a00 GO0 700
Theta

Figure 5.15 Modulating factors for all three phases

It can be seen that the ratios are interestingly unique which implies the corresponding
voltages observed at the floating terminals would be unique. Figure 5.16 to Figure 5.18
show the different terminal voltages at various positions. Thus, through the detection of

the floating terminal voltages, the rotor position can be detected.
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Figure 5.16 Plots of terminal voltages for 0° - 90°.

—— 120
— 150
I 180
8 ) T ——210
1l
18 th
!

Figure 5.17 Plots of terminal voltages for 120° - 210°.
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Figure 5.18 Plots of terminal voltages for 240° - 330°.

5.2.3 Methodology III

The above methodology can be further simplified by further scrutinizing the

terminal equations. Focusing first on vgo ap and veopa, it can be seen that

\% 2L
VCO,AB(O)_%:_Vdd(l_ LB_j ) (5-11)
AB
\% 2L
Vco,Ba (0) - % =Vu (1 - 17 A= j (5-12)
BA

Developing it similarly for VA0,BC and VA0,CB> VBO,CA and VB0,AC>

1% 2L
VAO,BC(O)_%:_Vdd(l_ LC j» (5-13)
BC
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1% 2L
Vi ogl0) =~ =—y, [ 128 | (5-14)
A0,CB 2 dd LCB
and
1% 2L
Voo ea(0) =~ =y | 1 —ZA= | (5-15)
B0,CA 2 dd LCA
Vdd 2Lc-

VBo,ac (0)_ 7 ==Vl 1- (5-16)

AC

It can be seen that these initial values are modulated by the inductance ratios as well.
These positional unique initial voltages are appropriate and elegant means for position
detection as seen from Figure 5.16 to Figure 5.18. Based on these equations, the different

maxima (peaks) or minima (troughs) initial values occur at different positions.
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