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ABSTRACT

The work presented in this thesis proposes theotiseeasured torque feedback from an
integrated, low cost surface acoustic wave (SAWue transducer in place of a position
sensor to control brushless permanent magnet (BLR¥sIghines. The BLPM machine
closed loop control requires knowledge of the rqiosition to control stator current and
maximum torque per ampere. The electrical posite@uback to control the phase current
requires a position sensor or position sensortegmique.

Position sensors such as absolute encoder or ezsmi® needed for position information,
in the absolute encoder, an accurately patterngdrdiates between a light source and a
detector giving a unique digital output signal émery shaft position. However, each bit in
the digital world represents an independent tracktlte encoder disk, resulting in a
complex and costly sensors. Brushless resolversatipe is based on inductive coupling
between stator and rotor winding. The resolver wghresolver to digital converter also
gives precise absolute position information, bugiaghe cost is often prohibitive. So the
disadvantages of the position sensors are the adostdand size to the machine. The
position sensorless techniques for the BLPM machieebased on obtaining position from
the terminal voltages and currents based on estighélhe back electro-magnetic force
(EMF), flux-linkage or inductance which from positi can be estimated. The
disadvantages of the back-EMF and flux-linkage neglnes are (1) that they behave poorly
at zero and low speed (2) behave poorly for loastudbances since load torque is
estimated from machine parameters which can chargeinductance techniques work at
zero and low speed, however the disadvantaged pime & surface mounted machine there
IS no saliency so any variation of winding inductas with rotor position arises from
magnetic saturation; (2) the back-EMF dominatesaite-of-change in the current; (3) the
variation of incremental inductances with rotor ifos undergoes two cycles per single
electrical cycle of the brushless pm machine cauam ambiguity in sensed position; (4)
the distortion due to the nonlinearities in thedrter; (5) the load offsets and the noise
caused by signal injection.

This thesis develops a start-up routine and opmeratlgorithms that enhance the
performance of position sensorless control of bdasshpermanent magnet machines at all
speeds, including zero speed, and loads by usim@chine integrated, low-cost, SAW
torque transducer in place of the rotor positiomsse.
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CHAPTER 1

BRUSHLESS PERMANENT MAGNET

SERVO DRIVES

1.1 Introduction

When used to control variable torque or speed,hbegs permanent magnet (PM) drive
systems require rotor position (angle) feedbacleftectively control phase current and
optimise torque per ampere. To obtain rotor pasitidormation with the required angular
resolution, position sensors, for example, absoloteincremental optical encoders,
resolvers or Hall-effect based sensors are requifbdse devices add cost to the drive
system and are, generally, susceptible to elettnmiae, mechanical damage and ambient
temperature. Consequently, there has been muchrecbseffort to remove these sensors
and determine position via other techniques, skedadsensorless schemes’. These are in
fact position sensorless schemes since they génat#éise other sensors within or around
the drive system, as will be reviewed later in t@isapter. This thesis follows on from
earlier research investigating the feasibility difising a non-contact, integrated, surface
acoustic wave (SAW) torque sensor to enhance thardic performance of a brushless
PM servo drive [1-7], and discusses the potentibation of such a device for estimation
of rotor angular position. Given that an integratedjue sensor is an additional sensor,
albeit a potentially more robust and reliable dmenta typical position sensor, the interest
of the sponsoring company, Sensor Technology LBaénbury, Oxfordshire, UK, is
removal of the rotor position sensor, thus makimg torque sensor based system more
commercially attractive. The study of position swtess drive systems is still a very active

research area and a review of methods publishddttois made in the next section. This
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review has tried to be exhaustive in scope so atarify the novelty contributed by this
thesis. Here, a non contact SAW torque transde#redded within the PM machine is
used to enable position sensorless machine cdntral zero speed up to speeds where by
traditional flux-estimator (for example) may takeeo the position estimation function.
Fig. 1.1 presents an overview of the control ofshtess PM machines, illustrating industry
and research developments in relation to this shetsidy.

The in-line torque transducer is therefore briefliscussed in Chapter 1 and then
characterized in Chapter 3. Position sensorldssnses are reviewed in Chapter 1 to set
the scene for the thesis study. Chapter 2 preseptsition sensorless start-up routine for
brushless permanent magnet machines. Chaptec@sdies machine characterisation and
test facilities designed for experimentation andidaion of machine control schemes
discussed in Chapters 4 and 5. Finally, Chapteill&draw the overall conclusions from

the research study.

Control of brushless PM machines

A 4 v A 4

Position Sensors Position sensorless SAW torque sensot
feedback feedback
A A 4 A
Standard industry Some industry. Study area of this
drive systems Mainly research thesis

Fig. 1.1 Control of brushless PM machines.

1.2 Surface Acoustic Wave (SAW) Torque Transducer
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The SAW torque transducer has been used to entlb@ay/namic performance of servo-
drive systems by the use of measured shaft torgedbfick [1-7]. Common torque
transducer measures torque based on the relagphshween torque and angle of twist in
a shaft, and/or the change of material charadEsisthen subject to torsional stress.
However, in a rotating shaft system, torque measeng is difficult to obtain because
supporting circuitry has to contact to a rotatirgglyp Optical torque transducers measure
the angle of shaft twist, but that requires a Iste@nder shaft that will lower the system
stiffness. Magneto-elastic torque transducers dald \greater system stiffness because
they are responsive to torsion stress rather ttrams However, torque measurements that
are due to stress induced variation are generéfidgted by external influences such as
magnetic and thermal conditions. Thus, the maiicidacies in most common torque
transducer technologies are summarised below [1]:
* high cost.
» reliability and high-repair costs: typically duedrcessive torque applied.
e size and space required: transducer size and euaings required.
* limited bandwidth: generally around 500Hz.
* impact on control system performance: due to thenent torsional compliance of the
torque transducer.
Therefore, there is great interest in low cost,hhgerformance, non-contact torque
measurement and SAW transducers have emerged aandidate technology for
application in high performance electro-mechandrale-systems [1-5], since they do not
significantly affect system stiffness, exhibit higkensitivity, have high bandwidtkZ.0
kHz) and are relatively unaffected by servo-maclyarerated electromagnetic noise [1].
Hence, the sensing elements can, in principle,nbegrated directly within the servo-
machine assembly. The SAW elements and instrutremsducer are discussed in further
detail in Appendix Al.
Fig. 1.2 schematically illustrates the SAW torquensor mounted inside an electro-
magnetic machine (a). Note, the machine technoisgyot constrained to brushless PM
and could be applied to other brushless machirent#agies, i.e. induction, synchronous
and switched reluctance machines. However, thesewside the scope of this research
study. Fig. 1.2 also illustrates the prototype RMchine with integrated SAW torque
sensor and display unit (b) and a cross-sectio8AMV machine showing the location of

the sensing device (c).

24



SAW devicesand
non-contact
RF coupler

(&) SAW torque sensor inside the
prototype PM machine [1].

%%%V/////////////// 7
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Display unit as used by
commercial in-line SAW
transducers

Transducer output/
input port

Commercial (SEW)
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(b) Prototype PM machine with

integrated torque transducer [1].

Stator winding

Rotor permanent magnets

Rotor RF coupling

) Square drive

| N7

for torque
calibration

O

Rotor position

SAW Element

sensor mount

Drive end

Non—drive end

(c) Engineering drawings of the prototype PM maeHi].

Fig. 1.2 Brushless PM machine and integrated SAiyuie sensor concept.
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1.3 Literature Review of Position Sensorless Control

1.3.1 Introduction

Position sensorless torque controlled drives forchimes excited with sine waves
(brushless AC) or rectangular phase currents (beastDC) is not a new research subject
with many papers published in the field. For exlEnphe idea of position sensorless
torque controlled drives was discussed by Fruskarad[13] in the mid 1970’s, where they
designed control circuitry for a self-synchronoudlyven step motors under closed-loop
control. They determined rotor position via anaysf the phase current waveforms, a
technology referred to as ‘waveform detection’. sThias followed by ‘indirect position
sensing’, so named because the position estimat#sndue to observation of voltage and
current waveforms. Other authors have used the ‘threct position sensing’, because the
position was sensed directly from measurementdiatrtachine terminals and not via a
separate encoder. These drives are now referrex tsensorless drives’, although the
terminology could be considered misleading. Thérnege should be known as position
sensorless which refers to only speed and possgmsors, i.e. current and voltage sensors
are still required to implement closed loop conffel]. Large drive manufactures (Control
Technquies Plc, Siemens, Hitachi, Yaskawa, Eurothestc.) are very interested in
sensorless control, some having introduced serssoileduction machine drives [14].
However, at very low speeds these machines caroperate without speed or position
sensor feedback. In general, rotor position issuesl by a position sensor; Hall-effect
sensors, optical encoders and resolvers being tis¢ commonly used devices. Hall-effect
sensors require one sensor per phase symmetnmaliynted around the machine stator to
detect the magnetic field due to the main rotor meég or an auxiliary magnetised disk.
The output signals are processed to provide the Bignals required for the inverter [15].
Brushless AC controlled drives require a high nesoh in rotor position for good control
of machine phase currents. The position sensommem speed of operation is limited by
the high-frequency characteristics of the elect®niand particulary by the opto-
electronics. The resolution of the disc will deterenthe speed of operation in which the
higher the resolution the higher the cost [8]. iffws sensors such as electromagnetic
resolvers or digital optical encoders are used wdmgrinuous position sensing is required.
An electromagnetic resolver and resolver-to-digitahverter electronics yield absolute
position and is based on transformer coupling betwéhe device stator and rotor
windings. Disadvantages are the cost and sizeeofdsolver and associated electronics [9,
10, 14].
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Optical encoders are, by far, the most widely useasors for servo drive systems. There
are basically two types of encoders, either incrgaleor absolute. Incremental optical

encoders do not keep track of position all the tand information can be lost when the

drive system is turned off. On the other hand, kitecencoders have a specific position
output regardless of drive system excitation. Athwesolvers, optical position sensors,
have a cost disadvantage but, more importantlyy Hre highly susceptible to external

mechanical damage to the sensor and associatadg;ahtroduce an element of noise to

the drive system due to cable lengths, ground l@mgsscreening issues etc. [11, 12, 14].
Consequently, a goal of position sensorless congrdb eliminate these sensors, thus
reducing the total hardware cost while improvingchmamical robustness (and hence
reliability) and noise immunity. Many high perforne drives require the system to have
a small inertia, thus these sensors increase stemyinertia and damping. In small drives

it is impossible to use such sensors since theatdbe position sensor can be close to that
of the machine. Further, the machine and hencecated position sensors may have to be
mounted in a hostile environment, again limitingtaility. In summary, the main

advantages of position sensorless drives are [14]:

cost reduction

* hardware reduction

e operation in hostile environments

* higher reliability

» decreased maintenance requirements
* increased noise immunity

* unaffected machine inertia

» application to off-the-shelf machine

It is accepted by many in research and industry ithahe future, speed- and position-
sensorless drives will emerge and find wide indalsépplication [14]. For completeness,
Appendix A2 discusses the resolver and optical tosisensing technologies in greater
detail.
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1.3.2 Brushless PM machines and drive systems

The simple equivalent circuit for one phase of ashless PM machine consists of a phase
voltage that supplies the phase current to a ser@stance, inductance and back-EMF as
illustrated in Fig. 1.3 (a). The phase back-EMRagé is generated by the rotation of the
rotor permanent magnet and is therefore dependendtor position relative to the stator
coils and speed which determines amplitude asbeillliscussed later. The generated back-
EMF vs. electrical position for of a brushless A€in(isoidal) machine is illustrated in
Fig.1.3 (b). If the PM machine inductance exhilsédiency the phase inductance will also
vary with rotor electrical position and have a dirmechanical relationship to the machine
back-EMF as illustrated in Fig. 1.3 (c).
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(a) Circuit diagram for one phase (c) Phase itahee variations.

Fig. 1.3 Simple equivalent circuit representatbbione phase

of a brushless PM machine.
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The machine air gap power is developed when phasernt supplied via the drive system
power electronic inverter interacts with the maehback-EMF. Since phase inductance
and back-EMF vary with rotor position, they botlieet the machine current for a known
supply voltage waveform. Thus, it is intuitive tigt analysis of the machine phase voltage
and resultant current waveforms, the inductancek4aMF or phase flux-linkage can be
extracted, from which rotor position can be estedairhese concepts form the cornerstone

of most position sensorless control schemes, ustiidted by the flow chart of Fig. 1.4.

Position information is abstracted from
current and voltages based on:-

A 4 A 4 A 4

Back-EMF inductance e
estimation V"?‘”a |.on age
estimation estimation|

Fig. 1.4 Scope of position sensorless technigoeBEPM machine.

In brushless drive system the machine phase caregatcontrolled to yield torque output
over a speed range dictated by the system DC loitage. For motor operation, this
voltage has to be greater then the back-EMF toeaehiast control of the current. Rated
speed is the maximum speed that the machine caratep® without employing flux
weakening schemes that allow operation at higheeds by injecting a negative direct-
axis current in the field opposing that of the panent magnets [16-17]. Position
sensorless brushless PM drive systems can be fiddssito (i) brushless DC and (ii)
brushless AC control.

Control of a brushless DC drive requires only twiotlee three machine phases to be
excited at any instant in time. For example, curmeay flow in phases U and V during one
commutation period of 60 electrical degrees, amth tim phases U and W for the next 60
electrical degrees. During these commutation eyeote phase is not switched by the
power electronic inverter (i.e. phase W and V respely in the preceding discussion) and
is allowed to float to a phase terminal voltagesdeined by the inverter bridge electronics
and circulating currents, as disused in much gredgéail in [18]. Brushless DC drive
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system designs aim towards trapezoidal back-EM&’'setluce excitation torque ripple
during commutation events. However, inherent coggorques usually adds harmonics to
the electro-magnetic design. Excitation and coggiaorques will be discussed and
illustrated later in the thesis. Because one pladsthe brushless DC machine is not
switched by the power inverter, the back-EMF vadtag the unexcited phase can be
detected to establish a switching sequence for agation of the power devices. Based
on the rotor position, the power devices are coraiedt sequentially every 60 degrees
electrical to continually synchronize the phasdage excitation with the back-EMF. The
electrical phase of the back-EMF should be the sasrihe stator currents for optimal and
maximum torque per ampere. Brushless AC contralireg sinusoidal phase currents to
flow to produce a constant torque with low rippl€o achieve sinusoidal phase currents
the machine control algorithm requires continuaatsir position feedback. At any instant
in time, three power devices of the three-phasgégerinverter are conducting, thus back-
EMF sensing techniques reported to date cannotnijdoged. Techniques for position
sensorless brushless DC control are illustratethbyschematic overview of Fig. 1.5. The

position sensorless techniques will be discussasédtion 1.3 in more detail.

Position sensorless techniques

A 4 A 4 A 4 \ 4 A 4 \ 4 A 4

137 1.3.8
é&i 134 135 1.3.6 Inductance Machine 1.3.9
ack-EMF Flux-linkage || Hypothetical || Observer variation dification: Others
estimation estimation rotor position estimation modification:

Fig. 1.5 Overview of position techniques publishedate.
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1.3.3 Back-EMF detection methods: zer o crossing sensing

As mentioned for brushless DC control, the back-EMRhe unexcited phase can be
detected to establish a switching sequence for attation of the drive system inverter
[18-20], as illustrated in Fig. 1.6, showing thendi relationships between the three
idealised phase back-EMF voltages a, b, and chbalok-EMF zero crossing instants and
zero crossing shifted by 90 degrees electrical.ni¢te proposed in [18] to monitor the
three terminal voltage¥,, V, andV, and a neutral voltagé, via a comparator circuit, as
shown in Fig. 1.7. At the instant of a zero crogsbne of the three terminal voltages is
equal to the neutral voltage. This position offpd@, this position shown in Fig 1.6, needs
to be delayed by 90 electrical degrees to gendh&teswitching signal to be used in the
inverter. They used this method in air conditignsystems. The disadvantages of this
method are that it has phase differences betweerat¢tual position and the estimated
position signal resulting from speed variation loé torushless DC machine; it does not
work at low speeds; and requires additional cirguib as a comparator for the neutral
voltage. Jianwen Shao proposed in [19] a zerosorgssensing technique without the
neutral point and utilizing the inverter by a progaulse width modulation (PWM)
strategy. The method was for an automotive fuehp@application. Starting of the motor
was aachieved by an open loop ramp that was predetd experimentally. The phase
locked loop method proposed in [20, 21] works kgtly detecting the rotor position
through the unexcited phase and outputs a puldetoommunication control logic based
on the speed setting. This method has a narroeds@age due to the limited capabilities
of the phase detector and is sensitive to PWM &witnise which may lead the system to
be unstable. To summarize, technique based adoattieEMF zero crossing in [18-21], do
not work at zero and low-speed. They all requireghsoltage and two current sensors and
a comparator circuit to sense the neutral voltagbe schemes are also sensitive to load

changes which tend to lead to some instability.
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Fig. 1.6 Zero crossing sensing to derive commuaragignals [16].
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1.3.4 Back-EMF detection methods: third har monic voltage sensing

A number of authors has proposed position sensodsisig the stator EMF third harmonic
voltage component, as discussed in [22-24]. Then®ddhine must be designed to be have
an air-gap flux-density with an induced third hamwovoltage component. To acquire the
third harmonic voltage a set of resistors are cotteacross the two neutrals used to
determine the third harmonic voltage, as illusttate Fig. 1.8.  Moreria showed in [24]
that:

vV, +V, +V,, =0 (1.1)
Vbs +Vsn +an = O (12)
Vv, +v, =0 (1.3)

Thus when adding (1.1) to (1.3) the result is:

(Vas +Vbs +Vcs) +3vsn + (Vna +an +Vnc) = O (14)

For a balanced three phase winding, the sum ostidter currents is zero. Similarly the
summation of the voltages is also zero which l¢ads

1
Voo = :_3[Vthirdharmonic + Vhigh] (1'5)

The rotor flux can be estimated from the third hami voltage signal by integration of:
l//sn = J-Vthirdharmonicdt (16)

Thus, the third harmonic voltage is integrated it to the zero crossing detector. The
output of the zero crossing detectors determinesthieching sequence for turning on and
off the power inverter switches, as illustrated.Ai@. This method is not as sensitive to
phase delay as the zero crossing method. Sindbitdeharmonic frequency is three times

that of the fundamental, the filtering requiremembhen using a low pass filter is
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advantageous. The third harmonic approach wasemmghted by Shen [25] in the high
speed flux-weakening region with current flowingaih three phases. The disadvantages
of this method are that they do not work at staiidand low speed, require three voltage

sensors and two current to achieve control.
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Fig. 1.8 Third harmonic signal circuit [23].
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Fig. 1.9 Third harmonic signal to drive commutatggnals [16].
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1.3.5 Back-EMF detection methods: integration

When the back-EMF crosses zero an integrator tddeesbsolute value of the back-EMF
and starts integrating [26-27] as illustrated ig.Ai.10. The integrated absolute back-EMF
waveform reaches a predetermined threshold voltdugeh provides a commutation pulse.
The threshold value and the integrator constanemgmn the machine and the alignment
of the phase current waveform with the back-EMRage. The threshold is set to stop the
integration and thus corresponds to a commutatistant. The threshold is kept constant
throughout the drive system speed range. To advireceurrent the threshold voltage is
changed. Once the integrated value reaches tbshibid voltage, a reset signal is asserted
to zero. The reset signal is kept on long enowgprévent the integrator from starting to
integrate until the current in the open phase leasiygkd to zero, as illustrated in Fig. 1.10.
The advantages of this technique are reduced angfctoise and automatic adjustment of
the inverter switching instants to changes in rejoeed. The disadvantages are that this
scheme does not work at stand-still and low spesgpliires three voltage sensors and three
current sensors. Further the threshold voltage teig&hown before operating.

Rotor electrical position (degrees)
90 -60 -30 0 30 6090 120 150 180 210 240
Back-EMF cross " i .
zero is detected Ee
through selector

LT LT S o S o TR R
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Threshold voltage to
advance the angle
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i © K : i
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Fig. 1.10 Back-EMF integration [27].
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1.3.6 Inverter free-wheeling diode current

Rotor position information can be determined frdma tonduction state of free-wheeling
diodes in the unexcited phases [28-29]. For atgleiod after opening the machine phase
there still remains current circulating in the wimgl via the inverter bridge free-wheeling
diodes. This open phase current becomes zeroeasdme time in the commutation
interval, which corresponds to the point when tlaekbEMF of the open phase crosses
zero. This method can be explained by consideFiigg 1.11; when the bridge upper
switching device Ta+ and switch Th- are turnedanrent will flow through phase a and
phase b while phase c is open. When Ta+ is turffecuarent continues to flow through
the diode, @ and decreases. The detecting circuit consfsasresistor and diode which
are connected to a comparator for voltage clampihg. reference voltage is smaller then
the free wheeling current voltage drop and thedlieig circuit needs two isolated power
supplies as shown in Fig. 1.12. The biggest dolvfdathis method is the requirement of

six additional isolated power supplies for eackhefcomparator circuits.
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Fig. 1.11 Simplified circuit on free wheeling dedperation [28].

Fig. 1.12 Free wheeling diode circuit [28].
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1.3.7 Flux-linkage estimation

The position information is determined from the hiae line voltages and phase currents
with the aim of estimating flux-linkages [30-34].The stator flux-linkage is firstly
estimated in a stationary reference frame thenrthar position is calculated from the

estimated flux linkages. The flux linkage can bgreated [34]:

W, = [u, —Rij,dt (1.7)

Y= Iuﬂ ~Rizdt (1.8)

An estimate of flux-linkage can be produced by gdiing the resistive voltage drop from
the phase voltage and then integrating the rediie flux linkage position can be

calculated as:

(1.9)

Flux-linkage estimation techniques can be divided two categories:

e Open-loop flux estimation is a method without fesoly but by direct flux estimation.
The open-loop flux estimation can initially be ussidh a pure integrator circuit to
estimate the flux as detailed in [30]. However, pliee integrator has drift problem and
initial value problems explained in [16]. The drgtoblems are caused from small
offset signals which are summed over time, ultinyatausing the integrator to
saturate. The initial value problem is due to theepintegrator, if a sine wave is
integrated a cosine will appear. This is true dhlyhe sine wave is input at its peak,
otherwise a DC offset will appear [35]. This DCs#f does not exist during machine
operation, but can be generated, for example, \ithene is a rapid change in the input.
The integration drift is a problem when using (land (1.8), but can be reduced by
using a low pass filter [35].

* Closed-loop flux estimations there are two waysiroplementing closed-loop flux
estimation either with a mechanical model or a {apkable. In the mechanical model,
torque is calculated from the flux-linkage and eaty as shown in [36], where the

machine three phase currents are calculated fromsanmed initial position this is
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then used to estimate flux-linkage. Torque is dated from the current and calculated
flux, and the predicted position corrected by tliecence between the calculated
current and the actual current error. The estimétedlinkage is corrected using the
corrected rotor position from the error between theasured stator current and
calculated current. The second method is whetldldinkage is calculated from the
measured currents and voltages, and a look-up taiaining the flux-linkage versus
position and current characteristic is used tonest current and position [16, 37].
Position estimation using flux-linkage may be viewas an combination of sensing
back-EMF and inductance, so a lot of authors hasearched the idea of an extended
back-EMF estimator that includes rotational backFE&hd inductance terms [38-40].
In the flux-linkage based methods, machine paramete required. The methods are
therefore sensitive to parameter variations. Meeeothe stand-still and low speed
position prediction is not possible.

1.3.8 Hypothetical rotor position

In this method, the difference between the measstae variables and the estimated state
variables is used to obtain positional informatidhe ideal voltage is calculated using the
instantaneous voltage equation of the machine hedneasured current. The difference
between the actual and ideal values is proportienathe angular difference between
hypothetical and actual rotor positions. Here,

(1) Rotor position is assumed.

(i) The machine variables are calculated in the naf@rence frame.

(i)  The measured variables are also transformed tootbe reference frame using the
assumed position.

(iv)  The difference between the calculated and meastaks is proportional to the

true rotor position and the assumed rotor posgiomwn as:

(AV = Vy, = Viynotneticaaq) 0 A6, (1.10)

(AI = idq _ihypotheticaldq) D AHe (111)

The machine variables for the hypothetical methedvaltage and current. Studies on this

method concluded that applying current values tebéhan applying voltage values.
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The disadvantages are computational intensity reguifast processors with high
resolution; the technique does not work at low dpeeed it is also dependent on parameter
variations [41-43].

1.3.9 State observersfor rotor position estimation

In the state observer method, the dynamic modahefmachine is used in the state
observers as illustrated in Fig. 1.13. These dynanudels are driven with the same inputs
as for the real machine. The state of the modetiedhine follows the state of the real
machine to check and ensure the accuracy. Thewavsasrrects any error arising from the
difference between the output of the real machiiech is measurable, and the output of
the modelled machine in the estimated state. Sstate observers are model based,
parameter variations in the system can be expeotaffect observer performance. There
are many observer schemes published such as tlél abserver [44-46], reduced order
observer [47-48], non linear [49], disturbance B); sliding mode observer [53-60] and
Kalman filter [61-63]. The fundamental idea of thasic full-order state observer was
developed by Luenberger of Stanford University 864 [16] and the theory can be
applied to brushless PM machine control. The PMeh@ddriven by voltages and currents
that are transformed into the rotor reference fraisiag an estimate of the rotor position.
Therefore, the difference between the estimategpubudf the model and the measured
currents transformed into the estimated frame isagect, generating an error that can be
used to correct the preceding position estimate. @érformance of the observer depends
on appropriate choice of gains. For a given segaifs, the stability of the observer can be
predicted. The Full-Order Observer discussed in-4@§is a basic observer, which
estimates all states. Reduced-Order-Observer dspendsystem outputs being linear
transformation of the system states. The obsemerbe reduced by coupling some of the
system states to the output of the observer thr@uihear transformation (or the actual
measurements if the states are readily availablemfeasurement). Only the states of
interest need be estimated by the lower order gbseYoltages and currents are easily
measurable, helping to reduce the order and thereéalucing the number of states needed
for the reduced observer [47-48]. In [47] the oleewas constructed to use only two
measured phase currents and thus reduced the nwhbkensors. Non-Linear-Observer
take into account rotor position and velocity esties that best fit the available data to the
back-EMF function [49]. Disturbance-Observer impéred in [50-52] are basically
reduced order observers used with the system sthg#s assume quasi-static (fast

sampling) calculating times. The slight variatidrtlee state variables from one sample to
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the next is termed a disturbance, which resultshgervations of small changes in rotor
position angle, this observer usually monitorsfthe-linage. The Sliding-Mode-Observer
[53-60] is basically an observer with inputs asdiginuous functions of the error between
the estimated and measured outputs. The systenmaym@haviour in the sliding mode is
only decided by the surface chosen in the stateespad is not affected by the matched
uncertainty. The performance of the Sliding-Modes@er position estimation depends
on the quality and accuracy of the measured vatigsltages and currents. The Kalman-
Filter is an optimum state observer estimator [BL-6A Kalman-Filter provides an
optimum observation of noisy sensed signals andnpater variations. The measured
voltages and currents are transformed to statioframme components using the state
equations and a Kalman-Filter; the missing statesor( position and velocity) are
estimated. The estimated rotor position is usedcéonmutation. The filter estimation is
constantly corrected by an additional term origimgafrom the measurement. The function
of the filter is to correct the estimation in resive manner. The filter constantly works on
the output and corrects its quality in a recurgnanner based on the measured values. In
[63] two observers, a Sliding-Mode-Observer and ant&n-Filter where implemented.
The Sliding-Mode-Observer was used to detect teamtaneous value of the motor back-
EMF and the Kalman-Filter was cascaded and emplayéatkentify the rotor speed and the
back-EMF fundamental shape, from which position barestimated. The critical step in

designing the observer is to select the gainsetul yhe best position.
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Fig. 1.13 State observer for rotor position estioma
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To illustrate some of these observers the brushiddsstator reference frame can be

written as [52]:

ST ] e [T o

dt i) (_”}L : ( ”]+ : (”] (1.12)
di 0 i Iﬂ % 0 4”,/3 0 i uﬂ

dt L, L, L.

The flux-linkage is considered to be a disturbastege that satisfies a known differential

equation which is:

aw,
dt _ 0 —a, l//a

o 3o 42
dt

Combining the disturbance state vector with theestariables yields:
. . T
X=(I,,, i, ¢, lﬂg) (1.14)
The input vectou is the applied phase voltages in th@ coordinates:

u=(ua uﬁ) (1.15)

. . \T
y:(la |ﬁ) (1.16)
Thus, the brushless PM state and output equatiens a

%;%X” Bu (2.17)

y =Cx (1.18)
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The state model flux-linkagepy andg are not measurable therefore instead of a complex
full order observer a reduced observer can be imsestable estimation of the flux linkage,
and instead of the measurable phase voltages, efieeence voltage are used as the
estimator input and is shown in detail [52]. Theadivantages of observers are that they do
not work at stand-still and low speed, this is anown problem for all observers. The
mechanical model 2-axis rotor reference frame rhase correct parameters, if the sense
parameters are wrong then flux and torque contrblbe lost. At low speed the observer
becomes very sensitive to stator resistance. Adbsbe observer stability will results in

erratic and destructive motor operation.

1.3.10 Inductance variation with rotor position

The rate of change of machine winding current ddpemm the inductance of the machine
winding, variation of which may be a function oteoposition and winding current. Rotor
position can be calculated from analysing the adtehange in winding current of the
machine [64-67]. The main advantage of this metisadithat position can be estimated at
low and zero speed where there is no rotationd{-BEAdF. Rotor position estimation from
inductance variations is not straight forward aachplicated by:

(1) in a surface mounted magnet machine there is nortrally no saliency so any
variation of winding inductances with rotor positi@rises only from magnetic
saturation [16],

(i) the back-EMF dominates the rate-of-change in tmeeatiand

(i)  the variation of incremental inductance with ropmsition undergoes a two cycle
per electrical cycle of the machine back-EMF, hssitated in Fig. 1.14 causing an
ambiguity in sensed position.

There are four known ways to use inductance vanai estimate rotor position, the first
solution is to consider the effect of magnetic sgttan on the winding incremental
inductance. The principles of this method can bdewstood by referring to the flux-
linkage characteristics illustrated in Fig. 1.1here it can be observed that if the current is
at zero or 180 degrees electrical the incrementildgtance of a phase is at its minimum
value. Now, the effect of a positive pulse of catné the rotor is aligned with zero degrees
position is to increase the total positive fluxkiad with the phase, but if the rotor is at the
180 degrees position, the current reduces thenetgtive flux-linkage. Therefore, there is

a difference between the flux amplitudes for theo talternative rotor positions and
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consequently, difference in the level of magnetatusation. If magnetic saturation
increases, the incremental inductance is lowersanthe amplitude of the current pulse is
larger at one of the two possible rotor positioh8][ as illustrated in Fig. 1.15. Magnetic
saturation has small but significant influence narémental inductance even in a surface
mounted BLPM machine having no inherent saliendye Variation arises in surface
mounted magnets due to the saturation in the staétin. In [68], the magnetic saturation
on the incremental inductance has been investigatedan error of 18 electrical degrees

was reported.

Flux linkage after current
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Fig. 1.14 Flux-linkage and inductance variatiothwglectrical position [16].
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Fig. 1.15 Current amplitude due to saturation [16]
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The second method of rotor position sensing usnaygtance variation is applicable to
interior and inset brushless PM machines wherdliteet and quadrature axis inductances
are different, thud.o>Lgy. This inductance variation is explained due to fédnet that the
guadrature axis of the rotor is only iron while theect axis encompasses the PM material
which having a recoil permeability close to 1.@.(i1.07 for sintered NdfeB) is similar to
air. Thus, the reluctance in the quadrature is less that in the direct axis tg>Lq. The

Lq andLy inductances can be expressed as [14]:

L, =L|S+:—23(Lm—LS) (1.19)

L= Lt (L L) (1.20)

The stator voltage for phasas [14]:

di
. 1.21
! (1.21)

u, =R, +L,

The phase synchronous inductance for phasan be written in terms of voltages and
currents as :

L = u, = Rslu —&
dt

The phase synchronous inductance is also relatéuetquadrature and direct inductance

as:
L, = ut ; b Lo ;Lq [cos( D,)- co% 8 —2—;TH (1.23)
L, = e er by Lo ;L“ [co{ 2, —2—:)— co% 8, —4—;Tﬂ (1.24)
L, = u er b, b ;Lq {co{ 298—4—5)— co§ 2, - ﬂ)} (1.25)
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By using equations (1.23) - (1.25), a look up tadde be implemented to estimate rotor
position. The reason for using the three inductamemasurements is to overcome the
problem due to the inductance variation at twieertstor angle.

The third inductance based scheme for detectingr neosition due is implemented by
injecting high frequency voltages to the stator dimgs. These produce high frequency
currents which are modulated by with rotor posit[@d]. By detecting these currents a
signal is produced which is proportional to thdedénce between the actual rotor position
and the estimated rotor position. This method iy applicable for salient brushless PM
machines.

The fourth way to utilize the variation was consétkin [69], where the current derivative
can be obtained more easily over the relativelgéorzero state in the low and zero speed
regions. No extra test signal injection is requir€dis methods works by firstignalysing
the stator voltage equation system expressed inotioe reference frame as in (1.26) and
(1.27) under high frequency or transient excitatibhe inductance parametdrg andLq
are different due to the machine saliency, causedhb mechanical rotor construction

and/or magnetic saturation.

di

vy =Rig L, 8 (1.26)
3
Y =Rig L —t+ K., (1.27)

When a zero voltage vector is applied, the investarts the motor terminals driving both
vg andvy to zero. The stator voltage equation (1.26) an@7(1lcan then be simplified to
(1.28) and (1.29) which reveals two different tiomnstants dependent on the difference in

Lq andL of the machine.

dig _ Rig (1.28)
d L,

dip _-1-_.

_E_L_[&Iq-'-kea)e} (129)

q

A number of recent conferences papers have foauséide extracting position information
from the variation in machine inductance. Saltlen &70] proposes compensation of non-

linear distortion effects for signal injection. Then-linear distortions are introduced by
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the pulse width modulation switching of the drivestem power inverter and lead to
distortion of the high frequency carrier signal @hiin turn, causes a degradation of the
position detection accuracy. The carrier signal baninjected open-loop onto the three
phase reference frame or onto the d- or g- axisagek. The resulting measured high
frequency current can then be demodulated and tosegdck the saliency and position of
the machine. There are generally, three ways ofeémenting frequency injection and the
compensation strategies:

(1) The three phase voltages injection results shoWwecttror between the estimation
rotor position when compared to measured rotortjposobtained from mechanical
resolver is 5% degrees electrical, there was aerebson also that the extra error
is due to non ideal saliency [70].

(i) The g-axis voltage injections are inherently masbust to non-linear distortion
effects. Reported compensation strategies showigidgl improvement. The
distortion is mainly due to non-sinusoidal g-axiductance [70].

(i)  The d-axis voltage injection is beneficial as itedmot interfere with the torque
producing current unlike the g-axis voltage injenti This mode of injection does
not increase the peak current through the invd@BTs because the injected
current is modulated such that it is zero at thekpef the fundamental current and
is a maximum when the fundamental crosses zeropdbiional error when using

this method is within 10 degrees electrical.

Budden et al in [71] focus in the injection of aldmred set of high frequency, low

magnitude sinusoidal voltages into the machine iteats using a PWM based drive. This

reports to be a simple method for detecting théatian in saliency, followed by a simple

and robust correction procedure achieved usingok-lp table. There are two possible
means of producing this table. First the table banderived based on a comparison of
sensorless and measured results. Alternativelg/facemmissioning test based on voltage
injection and synchronous machine drive requiringonsition feedback, allows the entire
saliency profile to be captured. The disadvantdgtis procedure is that it has to be done
for each machine. EI-Murr et al in [72] proposscdution to a problem that arises when
load is applied to the machine. A problem arises thuthe cross-coupling inductance
which increases and causes a saliency, or anigoanogle, which is delayed from the

actual rotor position. To estimate rotor positiaecwately the inductance has to be known
at various operating points. The paper proposeslgorithm to compensate for the error
due to the load angle. The technique has beendtieally analysed and demonstrated

experimentally. However, if misalignment occursvietn the rotor and the anisotropy
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positions, the effectiveness of sensorless cordridduced. Saturation and cross-coupling
inductance effects are found to be a reason fosdtiency misalignment in brushless PM
machines. The phase error between the rotor andrtls®tropy position appears in the
negative sequence of the carrier current and mste@lto the self- and cross-coupling
incremental inductance. Therefore, the paper taks these inductances to find the
amount of anisotropy angle shift. Nonlinearity effein high frequency signal injection
are discussed in [73]. The paper shows the useighf thequency rotating voltage or
current vectors superimposed on the fundamentatagion and present analysis of the
resulting high frequency current (or voltage) tack spatial saliencies that have has been
widely studied as a variable option to estimate rbter or flux position. The paper
addresses in detail the non-linearities causedhleynon-ideal behaviour of switching

devices these can be summarized as:

(@) Dead-time: also known as shoot-through delay, dumkk, or inter-lock time.
Dead-time is needed to prevent the DC link frormfeshort-circuited when the
two devices of an inverter phase leg are switchedltaneously. When the switch
state of a leg changes, a delay time is givenHerdwitch to initially turn-on or
turn-off. This delay time generates short voltageore pulses of a constant
amplitude and width in the output voltage of oneeiter phase leg, with respect to
the commanded voltage value. The sign of the eyuise is the opposite of the
current polarity in that phase leg.

(b) Turn-on and Turn-off times: are the times requitedurn-on or off the inverter
power devices (e.g. IGBTs). Some of the propasedpensation methods used
for dead-time includes solutions to the problenmugioin other cases its effects are
neglected.

(c) Parasitic capacitance of and around power semiaboddevices cause changes in
the slope of the rising and falling edges of thgatvoltages when the current is
very small. This is due to the fact that the chaggiurrents charge up the parasitic
capacitances of the diode or switches prior to ithgwthrough the diode. Turn-on
and Turn-off are also affected by these capaciwanteuch a way that switching
times and parasitic capacitances combine to produgrique distortion effect in
the output voltage in the low current region [73].

(d) Zero current clamping occurs when a phase curregatsrzero during the dead-time
and is caused by the extinction of the currenheftee-wheeling diode resulting in
the phase leg being disconnected from the bus glaiportion of the dead-time

period. Secondly, by the larger commutation timds\wa current levels arise due to
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the non-ideal nature of the power diodes. Thisiigygortant consideration for low
frequency signals [73].

(e) Voltage drops in the semiconductor are anothercsowof error in the injected
voltages. They can be modelled by a constant wlsmirce plus an equivalent
series resistor and compensated for by using maddédeok-up tables.

) Short-pulse suppression: appears when the commaudestht pulse is shorter than
the dead-time. This not generally an issue in seifsing methods since they are
typically only employed in low speed applicationkere modulation indexes are
far from the inverter voltage limit.

() Voltage distortion: can arise due to poor desigpafer board components.

Leidhold in [74] proposes using the high frequerm®ro-sequence generated by the
inverter to detect weak saliencies. The saliencthods are mainly classified by the signal

being injected in:

(1) revolving carrier,

(i) alternating voltage carrier,

(i)  voltage plus pattern,

(iv)  without injecting a specific signal by evaluatiniget derivative of the current

resulting from the standard PWM.

In all cases, the voltage signal is injected in lo&-zero sequence. The response of the
injected signal is usually acquired by measurirggribn-zero sequence current or the zero
sequence voltage. Leidhold in [74] proposed tocinge carrier in the zero sequence so a
position dependent signal can be obtained and reaplr times higher than injecting a
carrier in the non zero sequence with equal vo#tagibe high frequency (HF) is 50 times
higher then the fundamental frequency. The disaidgges of estimating position from the
variation of inductance are the distortions dutgh®onon-linearities in the inverter, the load

offsets and the noise caused by signal injection.

1.3.11 Modificationsto machine electro-magnetics

Another way to estimate rotor position is to modtg machine as proposed in [75-76] by
the pasting of a non-magnetic material on to therreurface. This method uses the change
of phase currents due to eddy currents that chaogmrding to rotor position. This method

is used at stand-still and after the threshold ¢peses another position sensorless control.
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In [75] currents were monitored to extract positibfowever, it was found difficult to
monitor the current, so in [76] the voltages werenitored. To simplify non-magnetic
material was pasted 360 degrees electrical onutiace of the rotor surface with a width
of 180 degrees electrical to increase the sali¢ghay electrical position is extracted. An
error of 19 electrical degrees was reported. In @&imilar method was applied to a
surface mounted permanent magnet. Here, a comjaefe of cooper wire is wound

around the rotor permanent magnet as illustratédgnl.16.

i
k\l T Magnet

k‘--. Short—circuited

copper ring
Fig 1.16 Copper ring wound around each rotor retgypole [77].

In [78] rotor non-magnetic material was replacethvain electrical winding to increase the
variation of the stator winding inductance as acfiom of rotor position, this variation was
subsequently used to estimate rotor position, hstiated in Fig. 1.17 where the
conventional amortisseur windings (usually usedsgnchronous machines) have been
added to a surface mounted rotor. The amortisséoding is designed to increase the

variation of the inductance as a function of rqiosition so make it easer to track.

Motor Lead

Roter Angle,

Fig. 1.17 Amortisseur windings added to brushigsmachines [78].
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In [79-82] the authors propose a closed slot stadofiguration shown in Fig. 1.18, where
a saturable yoke is placed between the main tdetimeostator core. The yoke will affect
the self-inductance of the stator with partial metgnsaturation. Thus, an increase the

variation of inductance as a function of positisrachieved making it easer to track.

Direction of
rotation
f % Phasc Saturable yokc
U Phase
W Phasc ‘

Rotor
Stator core

U Phase W Phase

WV Phase

Fig. 1.18 Closed slot stator configuration [82].

In [83-86] the machine is assembled with additiostor lamination having equally
spaced slots around the periphery. These slotaicoatsensing coil, as illustrated in Fig.
1.19. As the machine rotates the magnetic ciraritebich coil varies. Using the injected

frequency method the generated signal is analyzddeaterminal of the sensing coil to

estimate rotor position.
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Fig. 1.19 Sensing coil in the stator laminatiocties [86].
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In [87] the stator winding were tapped as illusgtchtn Fig. 1.20. The taps are thin since
they do not carry high current and thus contribokdy a minor modification to the
machine stator. The taps are used to make voltagsunements and thus to estimate the

electrical position.

Fig. 1.20 Tapped stator winding [87].

1.3.12 Other miscellaneoustechniques

Neural networks have been proposed to estimate powition, as presented in [88, 89]. A
back propagation neural network (BPN) was presemt¢88], where the BPN provided a
non-linear mapping between measured voltages amelnts to estimate rotor position. The
rotor position was used to calculate the flux-liggasector which was then compared to
the flux-linkage estimated from the measured vasagnd currents. The difference was
used as an error which was back propagated to yntiaif BPN weights; experimental
results where shown in [89]. However, an initiatoroposition is required and the
sensorless scheme does not work at low speed.

In [90-92] a fuzzy logic system was proposed, casipg of two subsystems; a fuzzy logic
observer used the measured currents and voltagessitoate rotor position; a second fuzzy
system used the estimated position and producecerefe current values for two different
drive strategies, unity power factor and maximunmgue per amp. However, an initial
rotor position is required and the sensorless setdmes not work at low speed.

In [93] the irregularities in measurables was asedly this method utilize small deviation
or inherent properties of the shapes of the curmateforms to obtain position
information. In [93] the DC current shape is ugliz Here, the author showed that the DC
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current varies depending on the alignment of thesplcurrent and back-EMF. The leading
and lagging pattern was analyzed and the diffeereseamined. There was a clear
distortion difference between both patterns. Théhoek of control is to count the number
of samples on a consecutive rising and falling kgtfle of the DC current ripple. When
they are equal, the machine back-EMF is alignech \ite respective current. When
unaligned, the difference in the rising and fallemunts is used as a multiplier in the DC
link voltage incremental update.

The matrix convertehas been used in the position sensorless techmg[821-99]. The
matrix converter is an array of controlled semiconductatches that directly connects the
three-phase source to the three-phase load, asishdvig. 1.21. The difference between a
matrix converter and a conventional inverter ig th@rovides a bigger choice of voltage
vectors. The unique topology of the matrix convept®vides additional advantages over a
two-level inverter in that it is capable of applyismaller input voltages to the machine,

for example when additional position measuremergsaeded at low speed.

+
!

Fig. 1.21 Matrix converter schematic [94].

The open-loop controller is a constant amplitudeakde frequency source of excitation.
The machine is started by providing a rotatingostéield which is increased in amplitude
and frequency. Then the rotor field begins to leaetied to the stator field and torque
developed which, when of suitable magnitude stiartsvercome friction and inertia and
hence the rotor begins to turn. This controller hayenough for certain applications, e.g.
pumps and fan drives. The disadvantages of opgmdoantrol are that it produces a torque
sense ripple, may resulting reverse of directiod Hrat its initial rotor position is not
predictable. So for applications that require weictional motion, like disk drives, this
method is inadequate [100].

Knowing a starting position, this method operatgstopping the rotor at a known initial

position. One way to operate this method is totexairrent into one phase and thus cause
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the rotor to shift and lock into a position whichvays provides the initial position. The

disadvantages of this method is that when the madisi excited with current to lock the

position, the rotor freely rotates in either direotand stops at the known starting position.
If there is load torque then the rotor positionl Wwé offset [101-103].

Direct torque control (DTC) is sensorless aftehaeshold speed, explained in detail in
[104-109]. DTC was initially applied to inductionachines [104], and recently for PM

machines [105-109]. The operation of a DTC schesrimased on directly selecting voltage
vectors to control the flux and torque of the maehas illustrated schematically in Fig.

1.22. The stator flux-linkage is usually calculatsdintegrating the stator back-EMF and
the torque estimated from the measured currents estichated flux. DTC possesses
advantages to the implementation of high-perforreafmwy-cost, machine control mainly

due to the fact that only one parameter is involvie stator resistance. The PWM

comparator is removed and the rotor position isne&@ded. Although DTC is a sensorless
scheme by itself, an approximated initial rotoripos is required in order to start and get

it to threshold speed.
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Fig. 1.22 Sensorless direct torque control [113].
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1.4 Summary of Position Sensorless Literature Review

When used to control variable torque or speed, Bld?iVe systems require rotor position
(angle) feedback to effectively control phase aurend optimise torque per ampere. The
position feedback schemes reported in the liteeataine summarized in the flowchart
illustrated in Fig. 1.23. Sensorless control styege for the BLPM machines are generally
based on calculating position from the machine rpatars, via measurement of terminal
voltages and currents. All of the main sensorlasstrol strategies for detecting rotor
position have been reviewed in this Chapter, asgmted in Table 1.1. The table left-hand
column links to the relevant references in thetriggind column. The compilation of this
table was undertaken to try to collect the mairhtégques, the applicable drive systems
(BLDC or AC), the existence of experimental validatand an audit of the required
sensors into one overview. The table is not cldine be exhaustive, but serves to
highlight prior research effort with that of thesearch reported in this thesis. Position
sensors such as absolute or incremental encodersesolvers and there associated
circuitry have disadvantages in that they conta&ilicdte parts that makes them sensitive to
mechanical abuse and temperature. Oil, dirt ot dais harm or contaminate the encoder
disk. Gratings, may also be broken by shock loadsustained vibrations. The LED and
photo detectors are also sensitive to mechaniocdl edectrical disturbances. Brushless
resolvers are relatively robust, but the associatsdlver-to-digit converter electronics is
complex and generally a high cost components irdtive system.

The main issue with back-EMF detection schemelsasthey do not work at zero and low
speeds, they require at least three voltage anattnwent sensors and a comparator circuit
to sense the neutral voltage, or free wheeling @iodcuit which necessitates additional
isolated power supplies. These techniques aratisent® speed and load changes which
can cause instabilities. There is also is a dektyveen actual and estimated positions
which must be predetermined.

In the flux-linkage estimation methods the mainadigantages are used: the machine
parameters, hence sensitivity to parameter vanataue to temperature load (saturation)
etc. These estimation techniques require two ntumed two voltage sensors. The load
torque must be estimated by a look-up table oruemgstimation technique to estimate the
load angle offset. Moreover, zero and low speedatjo® is not possible.

The disadvantage of observers is that they do rwkvat zero and low speed. The
common problem for all observers is that if therents and voltages are DC there will not
be enough information for position estimation. Teed for a detailed electrical model of

the machine so that the error signal can be cartetiurom the measured and estimated
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states leads to increased computation requirem&hésmachine electrical parameters, the
inductance, resistance and back-EMF coefficientregeired, but load torque information
is also necessary to consider the steady-statedareoto parameter perturbations. A loss of
the observer stability will results in erratic goaksibly destructive machine operation.

The variation in inductance and machine modifieadidechniques are similar since they
require machines to be specifically designed or iffremito exhibit saliency. The main
advantage of this method is that position can hénated at zero and low speed.
However, inductance variation for rotor positiortirmation is complicated: in a surface
mounted magnet machine since there is no saliemcyarsy variation of winding
inductances with rotor position arises from magnséturation, the back-EMF dominates
the rate-of-change in the current, the variationirafremental inductances with rotor
position undergoes two cycles per electrical cgaesing an ambiguity in sensed position,
the distortion due to the nonlinearities of theerter, and due to load offsets and noise
caused by signal injection.

Other techniques such as fuzzy logic and neuravor&s have similar issues to observers
techniques. The unique topology of thmatrix converterprovides additional advantages
over a two-level inverter in that it is capable agplying smaller input voltages to the
machine when the position measurement is needéavaspeed, but not at zero speed.
Finally, direct torque control is similar to closkubp flux-estimator schemes. Sensorless
position techniques behave poorly, if at all, atozand low speeds (0-300rpm) and load
torque must be estimated to know the load anglsebffin all the position sensorless
techniques researched [18-110], at least two cuemeth one voltage sensor are required to
establish closed-loop control and for estimatiopadition.

This thesis reports the results of a research singgstigating position sensorless
operation of a BLPM at all speeds by using meastweglie feedback from a machine
integrated, low-cost, SAW transducer. The in-liogue transducer is briefly discussed in
Chapter 1 and then characterized in Chapter 3.pt€h2 presents a position sensorless
start-up routine for BLPM machines. Chapter 3 ubses machine characterisation and
test facilities designed for experimentation andidaion of machine control schemes
discussed in Chapters 4 and 5. The start-up ®ugidiscussed in Chapter 4 both without
and with measured torque feedback. The use ofD@he&urrent, one DC voltage sensor
and measured torque feedback is presented in GHaptk is normal that at least two or
possibly three current and voltage sensors aredilpiused in sensorless closed-loop drive
systems, hence the current and voltage sensortreawomplements the reduction cost of

the torque sensor. Chapter 5 also discuses thefudlke estimators to control speed over
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a predetermined threshold speed which, for theesysttudied in this thesis is between

150-300 rpm. Finally, Chapter 6 will draw the ovkecanclusions from the research study.
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Experimental Sensors
Scheme Notes Applicatior Drive Stead' | Dynamic | Voltage Curren Sensa Ref
Al of the reported schemes do not work at zerd
% 5 Zero crossing sensing and low speped They require three voltage and Air condition Brushless dc Y N 3 3 Comparator circuft 1B-2
wg Third harmonic current sensor.s and require comparator Gireuit ™ Fuel pump Brushless dc Y N 3 3 Comparator circyit 22-45
3 % Integration of back EMF q P s .~ Pump and fans Brushless dc Y N 3 3 Comparator circlit 26-p
g 3 - - sense the neutral voltage They are sensitive thfteer -
m Free wheeling diode S . ™ Pump and fans Brushless dc Y N 3 3 Diodes 28-29
changes which, if sudden causes instability.
_5 (gpen ||00p ;IJure |ntegfrfl1tor In the flux linkage based methods, machine grusﬂ:ess gc ang & $ s 5 g 32'534
x @ pen 00’)_ OW pass fiter parameters are used, the methods therefore is fushiess dc and ag
= Closed loop without lock up table - o Brushless dc and a Y Y 2 2 36
T - sensitive to parameter variations. Moreover, tl
a Closed loop with lock up table stand still and low speed position is not possibl Brushless dc and a Y Y 2 2 37
Enduced elf peed p L Brushless dc and a Y Y 2 2 38-40
FF;J“ dordec; ozserver The main disadvantage of observers is that thely-e grusﬂ:ess gc a_,,ng a : z g g i;‘:‘lg
[} SCUCed ODSEeIVer work at stand-still and low speed. This is a fusiiess cc anc a -
s Non linear observer - R Brushless dc and a Y Y 2 2 49-5(
S - common problem for all observers; if the currert
0 Disturbance observer . Brushless dc and a Y Y 2 2 51-52
E<] — and voltages are DC there will not be enough
o) Sliding mode observer N : L S ) Brushless dc and a Y Y 2 2 53-60
- information for position estimation. Techniques
Kalaman filter need a mechanical model of the machine and Ibad Brushless dc and a¢ Y Y 2 2 61-63
Sliding mode and Kalaman observer il Brushless dc and a Y Y 2 2 64
Q Magnetic saturation . Brushless dc and a Y Y 2 2 65-68
= —=—— 1) Surf ted t I 2)T
g Inductance variation with look up table |: ) Surface m"‘”.’ e. magng (no salency) ) Brushless dc and a Y Y 2 2 69-72
3] ————— inductances variation is twice per electrical ¢
32 Inductance variation injecting frequency Inverter nonlinearities 4)Load offsets Brushless dc and a Y Y 2 2 72-73
= The decay of current ) Brushless dc and a Y Y 2 2
° 5 Non magnetic material Brushless dc and a Y Y 2 2 74-74
=] Electrical winding in the rotor These schemes aim to increase machine salierjcy. Brushless dc and a Y Y 2 2 77-78
f% £ Slot stator configuration Or take more voltage measurements at low spg Brushless dc and a Y Y 2 2 79-83
=3 Sensing coils in stator estimate rotor position. Brushless dc and a Y Y 2 2 Sensing coils 84-85
£ Tapped stator winding Brushless dc and a¢ Y N 2 2 86
e Neutral network Similar to observe Brushless dc and Y N 2 2 87-8¢
g Fuzzy logic Similar to observe Brushless dc and Y N 2 2 90-92
5 Irregularities in measurable Shape of current. Brushless dc and a Y N 2 2 93
L Matrix converter Nine switch bidirectional. Brushless dc and a¢ Y Y 2 2 94-99
» -
?:: Open loop V/f technique :&??_LT;S to be known. Could go into reversal t Brushless dc and a Y Y 2 2 100
§ Know starting position Offset problem due to load. Brushless dc and a Y Y 2 2 101-103
§ Sensorless DTC Similar to a closed loop flux estimator Brushless dc and a Y Y 2 2 104-110
= Hypothetical rotor nosition Depends on machine parameters. Does not wgrk in
(2] P P stand-still and low spee¢ Brushless dc and a Y Y 2 2 41-43
g Enhances the performance of sensorless tech
o Torque feedback from stand-still to high speed. Need only one Brushless dc and a Y Y 1 1 Torque sensor 111-113
current and one voltage sen:

Table 1.1 Summary of position sensorless scheepested in the literature.
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Fig. 1.23 Flowchart of position feedback scheneg®rted in the literature.
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CHAPTER 2

BLPM START-UP ROUTINE

2.1 Introduction

The literature review of Chapter 1 highlighted algem common to all position sensorless
schemes, that of poor control from zero to low dgeégypically 0-300 rpm. This Chapter
will therefore investigate the utilisation of meesa torque feedback for the starting of
BLPM machines from zero speed and the control tfarp to speeds of around 300 rpm.
The choice of this higher speed will be discussddtier Chapters as being a suitable speed
point at which other schemes, for example fluxreator, may take over from the
measured torque start-up routine. This Chapterfinglly analyse the relationship between
electromagnetic torque and electrical rotor posiiio section 2.2. Three electromagnetic
torqgue excitation form the base for zero speedtiposestimation in section 2.3. A flow
chart to extract position from measured torqueesb zpeed is discussed in section 2.4.
The flow chart has four routines; the first routiioe when the electromagnetic torque is
less than load torque at all rotor positions; teeosd routine is for when there is no-load
attached to the machine shaft; the third routinbisvhen the electromagnetic torque is
larger than the load on the shaft, but less tharthireshold torque; and finally the fourth
routine is for when the electromagnetic torqueargér than the load torque and the load is
larger than the threshold torque. All of these irmg can be used to estimate rotor position
based on three phase current excitations. Thenpeelf routine is the first routine because
the brushless PM can start from stand-still, wlolethe other three routines the machine
may rotate in either direction. In section 2.5 btass DC control will be discussed and
developed to an open-loop control strategy sintibathe commutation strategy used in
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brushless DC, but similar in manner to scaMf control. The advantages and
disadvantages of open-loop control are discussesedation 2.6. The use of measured
torque feedback to account for load conditions lamd it will be implemented is discussed

section 2.7.
2.2 Electromagnetic Torque

The mechanical dynamics of BLPM machines includirgor position and speed

information can be determined from the electromé#grierque equation [114]:

dw
T.=J dtm +Ba, +T, (2.1)

e

The electromagnetic torque is derived from the rmackioltage matrix (2.2) by examining

the various components, such as resistive losseshanical power and the rate of change
of stored magnetic energy. The rate of changearédtmagnetic energy can only be zero
in steady state. Hence the output power is themiffce between the input power and the
resistive losses in steady-state. Assuming thiatrat#on effects and iron losses can be

neglected the derivation of the electromagnetiqueris (2.2) [114]:

di,
uw) (R0 0)i) (L L, L) sinet+ )
wl=l0 R0 [+ Lo L | S ek sn@rZTeg)w (22)
o) Lo o RJi) Ly Ly Lu) g on

d—;“ sin(wet—?+6?0)

Multiplying (2.2) by the transpose current vectbe instantaneous power is:
it — it P di it n
p=iu=i(Ri+iTU _+ik[16,]e (2.3)

Here, the stator and rotor resistive losses'[@e and the rate of the change of stored
magnetic energy iSL]%. Therefore the third component of (2.3) must bea¢tp the air-

gap power, given by the teiikw, f"6,.
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The air-gap power is the product of the mechanmialr speed and electromagnetic torque.
Hence, the electromagnetic torque is derived frioentérms involving the mechanical rotor

speedw, and P, the pole-pairs [114]:
p =T, =ik [ "6, |w, =ik[ "6, [Pa, (2.4)
Cancelling speed on both sides of the equatiorsleadn electromagnetic torque that is
T, =Pi'k,[ 176, ] (2.5)
thed-q rotor reference frame [115]:
3 .
T, :EP[‘//f +(Ly - Lq)ld]lq (26)

Another way of deriving the electromagnetic torigiby multiplying thed-q voltages with

the d-g currents and then representing the instaotes power of the machine [114]:

P =g[uqiq rugi] (2.7)
P = 2IRI(i)* +(i9)] *{Lqiq%ﬂdid iﬂ*w [ +(L - i, (2.8)

From the (2.8) the stator resistance losses, tleeafachange in magnetic stored energy,
and the air-gap power can be determined. The @rt@ague can be computed by dividing
the air-gap power by the mechanical speed. Ther&i® has been introduced to account
for the power invariance of the three-phase to plvase machine transformation [114].
The machine torque function for a steady-state agftaristics for a salient pole BLPM

machine when excited by stator current is [114]:

T, :gP[l//flmsin(é')+(Ld —Lq)lrisin(QJ)] (2.9)

The torque angle influences the air-gap torquectlreThere are also two distinct terms of

the electromagnetic torque equation. The first teesults from the interaction of the g-
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axis stator current and the rotor magnet, refetwess the synchronous or excitation torque,

T.. The second term is due to the machine salienciatian and is known as the

reluctance torque, . These two terms complete the electromagnetici®sguation:

T =2 Py 1,,sin(0) (2.10)
T, = Pl(L, - L)1 sin(@)] (2.11)

For brushless PM machines, excited by a statorepbasent of 1 p.u. magnitude, the sum
of the synchronous and reluctance torques representelectromagnetic torque, as
illustrated in Fig. 2.1 for an illustrative machidescussed in [116]. The Fig. 2.1 shows that
the torque angle for peak torque is more than Qffedeelectrical due to the reluctance
torque component. The reluctance torque incredsepdak electrical torque in the region
from 90-180 electrical degrees but also reduceslerical torque in the region from 0-

90 electrical degrees. Therefore, if there is salfemachine operation should be in the 90-

180 electrical degrees region [116].

DE T T T T T T T T

Torque (Nm)

01 I 1 1 I I 1 1 I
a 20 40 &0 a0 100 120 140 160 180

Electrical position (degrees)

Fig. 2.1 Simulated electromagnetic torque [116].
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2.3 Electromagnetic Torquevs. Electrical Position Variation

As discussed in section 2.2, the electromagnetguofor a BLPM machine is a function
of electrical position and stator current excitat{@.9). This section begins, therefore, with
a method of extracting position from the electrongg torque excitation. The
electromagnetic torque can be simulated (for exampl Excel), assuming that the
brushless PM machine has a balanced, three phassoisial, 120 electrical degrees
distributed winding, there is no cogging torque and saliency. Hence, the
electromagnetic torque is due the synchronous &rdfhen the brushless PM machine is
excited with a constant DC current between two ebashe electromagnetic torque is
related to phase air-gap power for phddey:
P =Tw, =g, =k, sin@t)wi, (2.13)

_ k. sin(wt)Pw, i
w,

m

T

u

o = kPsin(at ), (2.14)
Similarly the electromagnetic torque for phasandW:

_ k. sin(t +120Pw), i
w

m

T

v

, = k.Psin(@t +120), (2.15)

T, =miw =k Psin(wt - 120),, (2.16)
a,

The excitation torque due to current excitatiorpbésed) andV can be calculated from
(2.17) as illustrated in Fig. 2.2, showing the miaehstator winding connection schematic
(a) and the torque versus rotor angle due to D@agian of U andV (b). To demonstrate
the process an illustrative machine with a phaseentiof 1 A and a phase back-EM{;,
of 1.5 V peak is used. The back-EMF is assumadssidal, thus by multiplying the phase
currenti, and the phase back-EMIg,, the resultant phase torqué,, is calculated.
Similarly for phasé/ where the phase current here is -1 A due to tlielswg sequence of
the power inverter where current flows from phbls® phaseé/ now. The back-EMFg,,
is 120 degrees lagging phase U. Multiplying theseheurrent, by the back-EMFg,,

yields the resultant torqué@, as summarized by the following:

T, =T, +T, =k,Psin@,)i, +k.P sin@, + 120), (2.17)

iu = —iv (2 . 18)
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Fig. 2.2 Calculation of electromagnetic torqugedue to 1 A DC excition.
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Similarly, Fig. 2.3 illustrates the electromagnetoque excitation of phas&sW using the
same procedure as for phddeandV. Phasev/ andW are 120 degrees and 240 electrical

degrees respectively from the reference phhsehe torque calculation is therefore:

T, =T, +T, =k,Psin@, +120), +k,P sing, - 12Q), (2,19)
i, =i, (2.20)
ev ew v ———-iw Tvw
3

TVW

21 W / i Iy
I~ P

Torque (Nm)

360

Voltage (V); Current (A

Electrical position (degrees)

Fig. 2.3 Calculated electromagnetic tordugdue to 1 A DC excitation.

Finally, Fig 2.4 illustrates the electromagneticgice due to 1 A excitation current through
phasedV andU. The torque calculation is now:

T =T, +T, =k.,Psin@, —120),, + kP sing, i, (2.21)

=l (2.22)
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Fig. 2.4 Calculated electromagnetic tordugdue to 1 A DC excitation.

The electromagnetic torque waveforms illustrateéim 2.2 to Fig. 2.4 are plotted in Fig.
2.5 for comparison. Here, the threshold tordug,is defined and will be discussed later.
Fig. 2.6 illustrates the change in torque amplittatecurrent excitation of 1 A, 2 A and 3
A amplitudes and illustrates that the rotor positidoes not change for different
amplitudes. The three torque waveforigs Tw, andT,, are examined for calculating rotor

position via measured torque feedback in the nestian.

360

Torque (Nm)

Electrical position (degrees)

Fig. 2.5 Calculated electromagnetic torques aneshold torque.
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Fig. 2.6 Calculated electromagnetic torque forent amplitudes of 1 A, 2 A and 3 A.

2.4 Position Estimation at Zer o Speed

2.4.1 Flow chart for zero speed electrical position estimation

In section 2.3 idealised electromagnetic torqueewalculated and illustrated as functions
of rotor position. In this section a more detailtidcussion of the relationship between
electromagnetic torque and position is presentatl aflow chart of control options is

developed, as illustrated in Fig. 2.7. The flovarthdentifies four possible options:

(1) The first option is when the electromagnetic torgukess than the load torque, for
all rotor positions. Since the rotor position bétbrushless PM machine does not
change three shaft torque measurements are obtamedised to estimate the
position (stationary); Routine 1.

(i) The second option is when there is no externalt $bafl; thus the machine rotor
rotates until the electromagnetic torque falls taemo or null point. Here, the
machine rotates and position changes with eacheplpag excitation. The
measured torque reduces to a null or zero pointefmrh excitation scheme
(rotates); Routine 2.

(i)  The third option is when there is an external lahkat is less than the

electromagnetic torque at all times; in this case ¢lectromagnetic torque will
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rotate the rotor of the brushless PM machine uhgl load

(rotates); Routine 3.

torque is achieved

(iv)  The fourth option is when there is an external |t#t is over a limit defined as

the threshold torqudy,, shown in Fig. 2.5. Now the electromagnetic terqyill

not be able to rotate the rotor at all positiond #re rotor angular change will be

constrained within a phase-pair excitation windpar{ial rotation); Routine 4.

Start

A
Excite phasep

@k if machine rotates

Yes No
v A 4
Check value of load
Load > Threshold >0 | Threshold >Load >0 Load =0
\ 4 v v
Routine 4 Routine ! Routine 2

y

A 4

Position determine}a—

Fig. 2.7 Flow chart illustrating the control opt®available to determine rotor position.
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2.4.2 Routine 1. Electromagnetic torquelessthan load tor que

When two phases of the brushless PM machine ardedxwith a DC current an
electromagnetic torque is generated. If the edetagnetic torque generated is less than
the load torque at all positions, the rotor wilt motate and will remain stationary. Thus,
the control scheme will excite two phases of theshless PM machine with DC current,
repeating the excitations to cycle through thedlpessible configurations, i.6-V, V-W
andW-U. For each excitation shaft torque is measurenh fwehich a rotor (sector) and
position can be determined.

e Tyyv Tvw e Twu

Torque (Nm)
o

360

Electrical position (degrees)

Fig. 2.8 Sectors defined from the three electrameéig torque calculations for 1A

excitation.

Six sectors are defineé:F, as illustrated in Fig. 2.8. The sectors are &frees electrical

and determined using simple logic with referencEitp 2.8:

SectorA:

SectorB:

Ty >T,, > T, (2.24)
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SectorC:

T,>T, >T, (2.25)
SectorD:

T > T > Ty, (2.26)
SectorkE:

T,>T,>T, (2.27)
Sectorf:

T,>T,>T, (2.28)

There are also the change-over points betweenrsecém also be determined from a
simple logic:
SectorA to B change-over point:
Ty > (T =T) (2.29)
SectorB to C change-over point:

(To =T) > T (2.30)
SectorC to D change-over point:
T, > (T, =T.) (2.312)

SectorD to E change-over point:

(T =To) > T, (2.32)
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Sectork to F change-over point:

T >(TW =T,) (2.33)
SectorfF to A change-over point:

(T =T) > T (2.34)
From Fig. 2.8 it can be observed that each sest6fidegrees electrical and has an angle
defined with respect to phateback-EMF,e,, as detailed in Table 2.1. Applications of the

logical tests detailed in (2.23) to (2.34) the rqiosition of each sector change over can be
determined, as detailed in Table 2.2.

Sectors| Position (electrical degrees)
A 0-60
B 60-120
c 120-180
D 180-240
E 240-300
F 300-360

Table 2.1 Sector angular definitior

Sectors| Position (electrical degreeg)
A-B 60
B-C 120
C-D 180
D-E 240
E-F 300
F-A 360 0r 0

Table 2.2 Sector change-over angles.
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Fig. 2.9 Torque versus angle characteristicspseeind the &nsecalculation for 1 A

excitation.

Sectors| Torque senseg Increasing or decreasing
A .
Twu Decreasing
B .
Tww Increasing
¢ Tw Decreasing
D Twu Increasing
E .
Tww Decreasing
F Tw Increasing

Table 2.3 TensefOr each sector.

Thus, after determining the sectors an estimatihefotor positiond, can be made, for

example once the sector is determined electricsitipa can be estimated by observing the
sense of the measured torque signal that crossesv@in a sector and the torque versus
angle gradient can be calculated, from which ammesé of actual position is made. Fig.
2.9 illustrates the torque zero crossing poifitse, and Table 2.3 the rate of change of
Tense With position. This methodology can be used fdrsalctors and generalised via
equations (2.35) and (2.36):
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If the torque sense is decreasing:

T.. -T.
He: [M)(d) +5
Thigh _Tlow

If the torque sense is increasing:

o[

(2.35)

(2.36)

The distance between the sectaksand the starting of each sectess, is shown in Fig.

2.10.

e Tyyv Tvw e Twu

//

Torque (Nm)
o

1<\>< /

210

240 2{0 3

Electrical position (degrees)

Fig. 2.10 The distances between sectors and dhiingt point of sector.

360

Equations (2.37) to (2.48) summarise the calcutatior each of the six sectors for a three

phase machine. For seciit can be observed from Fig 2.10 tAg{ is a higher value and

Tw IS the lower value, thu§,, IS Tene aNd Tense IS @s detailed in Table 2.3 is decreasing

therefore:

T -T _
ge - high sense (d) +s= Tuv Twu
Thigh _Tlovv Tuv _va

(2.37)
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For an ideal surface mounted PM machins always equal to 60 degrees electrical as in
the following analysis. However, this value woultdlange if the machine exhibited
significant cogging torque or asymmetric saliedégr sectoB, Ty, is the highest andl,

is the lowest value, thuB,, IS Tense SINCET«ns IS INCreasing this leads to:

8= l[@)(d)l +5 = HIW jwu j(eo)} 60 (2.38)

uv wu

For sector CT, is the highest andl,, is the lowest value, thug,, iS Tense SINCETeeng IS

decreasing this leads to:

N NPT

low wv wu

For Sector DT, is the highest andl,, is the lowest value, thuB,, IS Tense SINCETense IS

increasing this leads to:

N e CI e [ T (2.40

low wv w

For sector ET,y is the highest andl,, is the lowest value, thuB,, IS Tsnse SINCE Teense IS

decreasing this leads to:

- _ (2.41)
0, = [[%J(d)l +s, = [(Mj(so)} + 240

low wu uv

For sector FT is the highest andl,, is the lowest value, thuR iS Tense SINCE Teenge IS

increasing this leads to:

_ . (2.42)
g b= 9Ll LR
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Similarly:

The sector A to B change-over

T, > (T =T,)=60 (2.43)

The sector B to C change-over

uv

(T, =T,)>T,, =120 (2.44)

The sector C to D change-over

uv

T, >(T,=T,)=180 (2.45)

The sector D to E change-over

(To =To) > T, =240 (2.46)

w

The sector E to F change-over

T,. > (T, =T, ) =300 (2.47)

wwW

The sector F to A change-over

wu

(Tu =T) >T,, =360 (2.48)

Using equations (2.37) to (2.48) to estimate rptmsition when stationary, the estimate of
rotor position compared to actual rotor positiorsi®wn in Fig. 2.11. The error between

the estimatedls and the actual electrical positiofis(in degrees) is determined by:

HETYOI' = HE - 95 (2 -49)

The error is illustrated in Fig. 2.12.
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Fig. 2.11 Comparison of estimated versus actealtetal rotor position.

19 30 60 90 120 150 180 210 240 270 300 330| 360

Error (degrees)

Electrical position (degrees)

Fig. 2.12 Error between estimated and actual mtattrotor position.
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2.4.3 Routine 2: Electromagnetic torque and zero load torque

When the electromagnetic torque is larger than dhaft load torque and there is no
external load connected to the machine, the rotdr ratate when two phases of the
machine are excited. When the rotor comes tothesthree torque measurements will,
ideally, be equal to zero if there is no coggingjte or load perturbations on the system.
Referring to Fig. 2.13, if phadd andV are excited the resultant electromagnetic torque,
Tuw, Will rotate the rotor until it reduces to zeresulting in the rotor coming to rest at
either position A or B.

3
2 |
’é 11 /
£
% 0
E 180 210 240 270 3 330 360
_1 —
_2 -
A
-3

Electrical position (degrees)

Fig. 2.13 Estimated electrical position at no-lead T, excited with 1 A.

A second excitation via phas@sandW, will move the rotor from point A to point C if A
was the starting point since the torque at thatamntsis positive. Similarly, it will move
from point B to C if B was the start point, sinée ttorque at instant B is negative settling
at point C. This can be inferred from Fig. 2.14thixd and final excitationyv andU, will
move the rotor from point C to point D. The signtloeé measured torque must be recorded
at the instant of the third excitation to determifnde rotor is rotating or not rotating since
the torque behaviour during the final excitationsiimcrease than decrease to zero. Thus,

measured torque will indicate if the machine roigdiis rotating.
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Fig. 2.14 Estimated electrical position no-load &g, excited with 1 A.

e Tuv Tvw e Twu

210 240 | 2(0 3

330

Torque (Nm)
o

C

Electrical position (degrees)

Fig. 2.15 Estimated electrical position no-load &g, excited with 1 A.

360

360
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2.4.4 Routine 3: Electromagnetic torque> T, < Ty,

Referring again to the flow chart illustrated ingF2.7. If the brushless PM machine
electromagnetic torque is larger than the load @medload torquel;, is less than the
threshold torque on the shaft, the rotor will retdt phasedJ andV are excited first, the
rotor will settle at either point A or B with anfsét to no-load position corresponding to
the load torque.T;, as shown in Fig 2.16. To determine the rotor tpmsia second
excitation via phaseg andW is performed, thus, the electromagnetic torquénatbte the
rotor from point A to point C, Fig. 2.17, or fronoipt B to point C as illustrated in Fig.
2.17.

1 7 — — — —— — — — — — — — — — —
_I_Load torque, T /

180 210 240 270 3 3 360

Torque (Nm)
o

[o9)

Electrical position (degrees)

Fig. 2.16 Estimating electrical position when rdtmad is less than the threshold load

torque and phasés$-V are excited with 1A.
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Fig. 2.17 Estimated electrical position when ratad is less than the threshold load

torque and phasa&sW are excited with 1 A.

Finally a final excitation step is made via phagéandU to determine rotor position the
rotor will rotate from point C to point D since therque at point C due to théW

excitation is positive. It is observed here tha tbrque will initially increase and than
decrease until it settles at point D as shown m Eil8. The rotor position offset can be
estimated knowing the maximum excited torque amrdntieasured torque at point D from

the following calculation:

g, =sin™ (I—;] (2.50)
Where T, is the load torque andl, is the maximum torque at 1 A excitation. In the
example discussed the load torque = 1 Nm and th&man excitation torque = 2.6 Nm,

thus the estimated position at zero load posit®oB0 degrees electrical minus the offset
which will equal to 7.38 degrees electrical. An or@ant observation here is that as the
load torque increases the offset increases. No,torque relationship to electrical

position of the illustrative machine will be reldt& the prototype test machine discussed

in Chapter 3.
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Fig. 2.18 Estimated electrical position when lgatess than the threshold load torque and

phased\V-U are excited with 1 A.

2.4.5 Routine 4: Electromagnetictorque > T, > Ty,

The final case considered is when the electromagtwtjue is larger than the load torque,
and the load torque is larger than the threshalgui [Ty,), as illustrated in Figs. 2.19 to
2.21. In this case, the load torque is sometimegetathan the electromagnetic torque
which will lead to the brushless PM machine pdstiedtating within two sectors. Now the

position will vary and there will be three possibileal positions.

Case (i): If the initial rotor position is betwepnints A and B then, when exciting phases
U andV the position will move to point B and, when exaitiphase¥ andW, the position
will remain at point B. Finally when exciting thaél phasedV andU, the position will

move back to point A, as shown in Fig. 2.19.

Case (ii): If the initial rotor position is betwegoints C and D than, when exciting phase
U andV, the rotor will move to point C. Then when exaitiphase® andW, the rotor will
return to point D. Finally, when exciting phas&sandU, the position will remain at point

D, as shown in Fig. 2.19.
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Case (iii): If the initial position is between ptsnE and F then, when exciting phages
andV the rotor position will move to point E. When eag phased/ andW the position
will remain at point E and finally when excitingettiinal phase® andU the rotor will

return to point F, as shown in Fig. 2.16.

=—Tyv Tvw e Twu

—~

case(ii)

case(i) case(iii)

Load torque, T

210 240 20 % 330| 360

Torgue (Nm)
o

Electrical position (degrees)

Fig. 2.19 Estimated electrical position when lgadreater thanTy,, Case (i), Case (ii)

and Case (lii).

2.4.6 Summary of zer o speed position estimation

Given the possibility of accurate measured torgeediback, there are four possible
routines to arrive at an estimate of BLPM machioim position at zero speed. The first
routine was discussed in detail in section 2.4.Z2r@hthe electromagnetic torque was
always less than the load torque and thus the lessHPM did not rotate on phase
excitation. Three torque measurements are takdhre¢ different excitations and used
firstly to determine the appropriate sector andhtleatimate rotor position. The second
routine is required when there is no-load torquallabn the system. Thus, for three torque
excitations the rotor will rotate and settle atd&@ree electrical increments as discussed in
section 2.4.3. The third routine is required whaedl torque is added to the system and this
load torque is less than the threshold torque &setk Now the electromagnetic torque is
always larger than the load torque so at all rptzgitions the rotor will rotate as discussed
in section 2.4.4. Finally, the fourth routine is evhthe electromagnetic torque is larger

than the load torque, and the load torque is latigen the threshold torque. Here, the
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electromagnetic torque will cause partial rotatioe, only when the electromagnetic
torque is larger than the threshold torque as dissxl in section 2.4.5. The most effective
routine is to ensure that the electromagnetic tongill not be able to rotate the brushless

PM rotor so that it can start from stand-still.
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2.5 BrushlessPM Control

Basically, two types of control are used to driveshless PM motors: either brushless DC
or brushless AC control. From the control pointvidw, the difference between the two
control schemes is how the currents are generaigthair shape, i.e., either rectangular or
sinusoidal. In these drive systems, rectangulasirusoidal reference current waveforms
are generated with reference to a rotor positiors@e The advantage of the brushless DC
control is its simplicity of implementation requig, for example, one Hall-effect sensor
per machine phase, as opposed to the optical olvezgequirement for brushless AC. The
commutation of currents in the phase of a machimilsl be in phase with the respective
phase back-EMF to realise maximum air-gap powedyxction. This necessitates only
three discrete sectors for a three phase machireach electrical cycle generated, as
mentioned, via Hall sensors.

The switching strategy for brushless DC drives xpl@&ned in detail here, since it
underpins the previous start-up routine and subm@gtransform to speed control. For
maximum air-gap torque per ampere the back EMFagek and related phase currents are
illustrated in Fig. 2.20, showing the back-EMF dr&d degrees electrical current pulse for
phase U, V and W. The 120 degree electrical ctipatses or commutation events are
simple logic developments from the 180 degree etadt 50:50 mark-space ratio, Hall-
effect output signals [15, 116]. The resultinggap power for each phase is illustrated in
Fig. 2.21. The resultant air-gap which is the suimalb three phase contributions is
illustrated in Fig. 2.22. Note, the shape of thagghpower waveforms are the same as the
phase torque waveforms but scaled by speed and Tinese commutation events should
be carefully synchronized to the machine back-EMRhat air-gap power is maximised
and also the machine ripple is minimised. Fig 2lR3trates the impact on air-gap power

and torque when the currents are advanced.
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Fig. 2.20 Back-EMFs and associated phase currents.

— Pu(W) —— pv(W) — pw(W)

N
o

N
L

=
o
Il

I
L

0.5

0 30 60 90 120 150 180 210 240 270 300 330 360

Electrical position (degrees)

Fig. 2.21 Air-gap powers per phase.
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Fig. 2.22 Total air-gap power for phase U, phasnt®l phaseW.
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Fig. 2.23 Impact on power (torque) ripple dueammutation angle of advance.
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2.6 Low Speed Control

2.6.1 Position sensorless (or open-loop) control

When using open-loop 120 degrees electrical orhbegs DC control, the BLPM machine
will operate synchronously to a certain extent.isTiheans that for a given load, applied
voltage and commutation rate, the BLPM machine wilhintain open-loop control
provided that these three variables do not deVrata the ideal by a significant amount
[19, 118]. This technique can exhibit two cas&se first case is when the commutation
rate is too slow for at a particular applied vodiagrhis is referred to as ‘over-excited’ and
will result in the machine accelerating to the neatnmutation event and then slowing
down and waiting for the next commutation. The BLPMchine will be acting like a
stepper motor in the extreme case where it snapgatth position until the next
commutation occurs. Since the machine is abletelarate faster then the commutation
rate, an excessive current will result in high ters|and currents. The second case is when
the commutation is too fast for a given voltags tkireferred to as ‘under-excited’. In this
case, the commutation event is early such thattehine cannot accelerate fast enough to
catch the next commutation event. Thus, open-tmoyrol of the BLPM machine will be
lost and the machine will stall or slow down. Opeop controller is suitable when the

load on the BLPM machine does not change overpésating period.

2.6.2 Position sensorless with measured tor que feedback

The disadvantage of open-loop control is thatstidden load is applied the machine will

lose control and may stop rotating, here the usbemeasured torque feedback becomes
invaluable. Initially the machine is run withowtald and a table is constructed for each
speed and respective terminal voltage. Then thesuared torque is fed back to increase or

decrease the voltage as the load increases oragesteThis is shown in Fig. 2.24
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Fig. 2.24 Measured torque feedback block for |pees!.
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2.7 Summary of BLPM Start-up Routine

This Chapter has investigated and developed a guoeethat uses measured torque
feedback to estimate zero and low speed positigdhowi using other rotor position
sensors. The zero speed position estimation hes digided into four routines, of which
only three need actual torque measurement. Téter@iutine discussed how the zero speed
position can be estimated with the machine statjonalere, the electromagnetic torque
was less than the load torque for all rotor posgio The second routine discussed how the
zero speed position can be estimated when the machiree to rotate but there is no-load
connected. The third routine discussed is impléattwhen the electromagnetic torque is
larger than the load torque, and the load torqlesisthan a threshold torque (as defined in
the Chapter). Finally, the fourth routine is implented when the electromagnetic torque
is larger than the load torque, and the load tongukarger than the threshold torque.
Routine one is the best between the four routimee st can start the machine from stand-
still without rotation. After determining the zemmsition, low speed control has been
discussed to illustrate how at low speed the BLPi be controlled using measured
torque feedback. The idea for start-up and lovedmmntrol developed in this chapter will
be test validated in Chapter 4.
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CHAPTER 3

CHARACTERSATION OF DEVICES

3.1 Introduction

This chapter will characterise the devices useaduidin the thesis. Section 3.2 will describe
the position sensor used, which is an optical memngtal encoder with 5000 pulses per
revolution. Section 3.3 discuses a characterisati@brushless PM motor. The resistance,
inductance and back-EMF are all going to be medswed compared with the
manufacturer’'s supplied data. Section 3.4 will déscthe cylindrical SAW torque sensor
by examining the display unit, the drift problenmslastatic loading. Then it will be used to
measure the cogging torque and the excited torfjtleedbrushless PM machine. Section
3.5 discuses a characterisation of a prototype maith an integrated SAW torque
transducer where the resistance, inductance, bRtk-Ecogging torque and torque

constant will be characterised.

3.2 Optical Position Sensor

The optical incremental position encoder used RI%8-Dhollow shaft encoder. The
specifications of the position encoder are giverTable 2.1. The pulses per revolution
indicate that for every one mechanical revoluti@@® pulses are outputted. The brushless
PM motor discussed in Section 3.3 is a three pale-machine. That means for the
Unimotor in section 3.3 the resolution for one tieal degree is 4 pulses and for the
prototype PM machine discussed in Section 3.5dkelution for one electrical degree is 2
pulses. The speed is limited to 6000 rpm andehgerature should be between -10 to 70

°C.
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Attribute Type Attribute Value Units
Shaft Type Standard Incrementi -
Pulse Per Revolution 5000 -
Supply Voltage 5 Vdc
IP Rating Housing IP65

Maximum Revolutions 6000 rpm
Operating Temp. Range -10 to +70 °C

Table 3.1 Position encoder data sheet.

3.3 Unimotor PM M achine Parameters

The data that is supplied by the manufacture’stii@ unimotor Control Techniques is

shown in Table 3.2:

Parameter Parameter valuye Units
Motor voltage 400 Vi
Winding speed 3000 rpm
Incremental encoder 4096 ppr
Stall torque 10.8 Nm
Inertia 15.6 kgen?
Pole-pair 3

Stator connection Star

Stall current 6.8 A
Rated power 2 83 KW
Resistance line-line 172 o)
Inductance line-line 13.3 mH
Torque constantK, ] 1.6 Nm/A
Back-EMF constant line-linel], ] 98 Vrms/krpm

Table 3.2 Unimotor manufacture data.
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3.3.1 Resistance measur ement

The line-line resistance of the Unimotor brushlB$84 motor was measured using Ohms
law. The measurement of the line-line resistanas measured in the lab by using a muilti
meter, a voltage supply and current measuremenaaridCR meter. In all the three tests
the machine resistance was R1lthe temperature was 15 centigrade’s when thentast

conducted. The value obtained is shown in TableaB@® compared to the manufacture

value.

Product data Manufacture value Measured Valuge Difference
parameter

Resistance line td

line 1.72Q 2.1Q 22% increase

Table 3.3 Measured Line-line resistance of Unimoto

3.3.2 Back-EMF measurement

The back-EMF line-line voltage is measured by cmgplthe Unimotor brushless PM
motor to another machine, then running the machirdifferent speeds and measuring the
generated open circuit line-line voltage of the Ridtor by using a voltage meter [119].
The results of the back-EMF line-line voltage anewen in Table 3.4. These results are
plotted in Fig. 3.1. The three back-EMF line-lin@tages relative to electrical position are
shown in Fig. 3.2 for a steady state speed of pa@ r

Speed (rpm) Back-EMF line-line voltage (Vrms)

20 191
50 4.775

100 9.55

200 19.1

500 47.75

1000 95.5

2000 191

Table 3.4 Measured back-EMF line-line voltage afrotor.
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Fig. 3.1 Plot of back-EMF line-line voltage of idrotor.
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Fig. 3.2 Back-EMF phase voltage measurementsGt@a.

The resultant back-EMF in Fig. 3.1 is for the liive in rms volts whilst in Fig. 3.2 the

resultant back-EMF is for the phase voltages.
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3.3.3 Inductance measur ement

The line-line inductance is measured by rotatiregPtM machine 360 mechanical degrees
and measuring the inductance value on each oneriedcdegree change. The
measurement was done by using DSpace control tatondhe change in the mechanical
degrees, electrical degrees and by using an Agihehictance, capacitance and resistance
(LCR) meter. LCR meters measure impedance at spquéncies. The inductance was
first measured to see the effect on inductancénadréquency increased. After 100 kHz
the motor winding impedance is capacitive startsatb as a capacitor due the self

capacitance as shown in Fig. 3.3.
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Fig. 3.3 Inductance response as frequency incsezdgnimotor.

Fig. 3.4 shows the results for the line-line induncte of the Unimotor at two different
frequency measurements which are 20 Hz and 800 kzinductance value that is going
to be used for controlling the motor is the meagdumeuctance at 20 Hz shown in Fig. 3.5.
The reason for choosing the 20 Hz frequency bectigsenductance true value is at 0 Hz

and the LCR meter can measure inductance from 20 Hz
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Fig. 3.4 Measured inductance vs. position sweepafo frequencies.
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Fig. 3.5 Measured inductance vs. mechanical positi

The measured results are not compatible with theufaaturer's values. When the

manufacturer was contacted, they stated that ¢he surface mounted PM machine and
there should be no more the 10% variation but alegrto the test done it clearly shows
that there was variation of more than 10%. The-line inductance is related to the rotor

reference frameq andL inductance by [120]:

L, =Ld+Lq+(Ld—Lq)cos( 29€+’—37] (3.1)

The Ld and Lq inductances are calculated usindaih@ving equations [120]:

L = maxt, ) (3.2)
a 2
L, = min(ZLI_I) (3.3)
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3.4 Characterisation of SAW Torque Transducer

The commercial 20 Nm inline SAW transducer [1-7§.B.6, used in this work has fixed
resonant frequencies determined by the inter difitgers and explained in appendix Al.
The SAW transducer has resonant frequencies atV289 and 201 MHz respectively,
resulting in a difference of 1 MHz with a 200 kHevihtion equating to maximum strain in
either direction of applied torque. Since the SA®hsors operate at radio frequencies, a
simple non-contact coupling can be employed betwt#en rotational devices and
stationary processing and by careful design, tlkience of external electromagnetic
interference can be minimized [5, 6]. The tempertoefficient of the SAW device is
<0.01% perC over the temperature range “IDto 50°C and <0.15% p€eiC for 50°C to
125 °C, allowing them to be integrated and accuratelgdutor machine control over
typical industrial application temperature ranges.Importantly, for control of
electromechanical drive-trains exhibiting signifitaresonances, the bandwidth of the
SAW transducer signal after signal processing pscally >2 kHz [1]. Early transducers

were connected via a cable and display unit, asvsho Fig. 3.6 (b), though the latest

instrument systems have all processing electroigk inside and are connected via a
simple USB link [7].

Analogue output  Digital display

||||||

(@ 20 Nm, in-line SAW instrument (b) SAW Transducer display

transducer. unit.

Fig. 3.6 Commercial 20 Nm SAW torgue measuremgstes.
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3.4.1 Transducer display unit output

The transducer display analogue output was charsetewith the cylindrical 20 Nm
torque transducer. Each torque transducer haswts @able connection and its own
display. The test was conducted was under no-loat anly the analogue output was

examined. The first test shown in Fig. 3.7 is fapactrum analyser from 0 to 60 kHz.

0.03 : : : : :
@ 16,415k H= ' ! Standard analogue oufput
R S o e e
a 1 1 1 1 1
- 1 1 1 1 1
2 : | | : :
g O0TF-------- hhbl tommooo- FRRRREEE rRRREhEb ARRREEE .
m
= : : : : :

a "ﬁmﬂhﬁwl | WU USRI | B
0 1 z 3 < 5 G

Frequency (10kHz)
Fig. 3.7 Analogue output of cylindrical torquertsaucer test one [1].

The test that was done clearly shows there is & BBz component and there are two
harmonics located at 33 kHz and 49 kHz, respegtivEhese components are due to
reflection modulation at the output stage of theptliy unit. They are known behaviours of
the transducer display [1]. The highest magnitoflehe component is 0.03 V and
knowing that the max output voltage of the analodigplay is 5 V then that will lead to an
error of 0.6% of the measured torque. The secostdsteown in Fig. 3.8 is for a spectrum

analyser from 0 MHz to 5 MHz.

=
(]
-

hlagnitude (Wolts)

Frequency (MHz)

Fig. 3.8 Analogue output of cylindrical torquertsalucer test two [1].
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The second spectrum test clearly shows a comp@tiéh921 MHz that is nearly equal to
1 MHz . This is due to the SAW resonant frequenaibgch are 200 MHz and 201 MHz
respectively, resulting in a difference of 1 MHzZeTmagnitude of this frequency is to
small, and also will not have much effect on thesse. The noise components that are
shown Fig. 3.7 and Fig. 3.8 are removed in DSpacadaing a digital low pass filter with
a cut-off frequency of 2 kHz which was the idealemhest in the lab.

3.4.2 Drift

The display unit when started has to be alwaydkd and if left more then 24 hours the
anlog output will drift. An example of this is shown Fig. 3.9. The anlog display was
zeroed and the waveform captured, this was repesteldours later. The drift over this

period was=50 mV or=0.2 Nm

(a) Analogue output when started. (b) Analogue wugter 24 hours.

Fig. 3.9 Analogue output drift after 24 hours [1].

3.4.3 Static load

The static load calibration was done before, asFigm 3.10. There were two tests
performed; the first test is from 0.5 Nm to 5 NnheTtest was carried out by sliding a
known mass along length d. The measurements wieeaded in Fig. 3.11(a) then a
another static load calibration was made for a loaih 5 to 35 Nm. This is shown in Fig.
3.11(b). From Fig. 3.11 it can be seen that théogna output of the display was within
5% from the measured whilst the digital display wesccurate and was off by 35%. It was
also mentioned that in both experiments the steélwas set at 90before mass was
applied. As a result of the rod bending under liodld, slight inaccuracies occurred. The
error can be seen in the analogue output of batlytaphs in Fig. 3.11, towards the end of

the scales the calculated torque is higher tharsured.
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Fig. 3.10 Static loading diagram [1].
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Fig. 3.11 Static load calibrations [1].

3.4.4 Torgue measurements

The torque measurement test will examine the torgoestant provided by the
manufacturer 1.6 Nm/A from Table 3.2 to determihé& is compatible with the SAW
torque measurement. The torque constant given éyntanufacturer is 1.6 Nm/A, so if
there is 1 A excitation, the max resultant torquiétve 1.6 Nm. The drive used to drive the
motor is shown in Fig. 3.12. The Unimotor underdstis shown in Fig 3.13. The SAW
sensor is coupled between the two motors, as shovialg 3.13. The test was done by
rotating the motor at 5 rpm and exciting the Uniondabelled servoload under study by
different current values. The SAW transducer digplait displays the torque measured
from the SAW torque sensor and there is an analogtput device which will output -5 to

5 V signal corresponding to the measured shafturgince the max measured torque is

99



20 Nm, the 20 Nm will be equal to 5 V. The expental results are implemented in 4

steps:

1- Run the motor at 5 rpm speed and measure the tdr@ueUnimotor PM motor with
no current excitation. The result is going to be ¢bgging torque [121, 122] of both
machines since the measured torque is the shajidoMhe result of the cogging
torgue relative to one mechanical position revoluis shown in Fig. 3.14.

2-  Run the motor at 5 rpm and measure the torque Wommotor PM machine with 1
A, 2A and 3A current excitation into two phases.eTiesult of the shaft torque
relative to one mechanical position revolution ®wn in Fig. 3.15, Fig. 3.16 and
Fig. 3.17.
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Fig. 3.12 The Unidrive motor drive system [1].
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Fig. 3.13 Unimotor and SAW torque sensor coupldd [
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Fig. 3.14 Unimotor measured shaft torque for zenwent excitation.
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Fig. 3.15 Unimotor measured shaft torque for Ixaitation.
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Fig. 3.16 Unimotor measured shaft torque for 2xaitation.
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Fig. 3.17 Unimotor measured shaft torque for Xaitation.
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Fig. 3.18 Unimotor measured shaft torques.

The torque measurement that is shown in Fig. 31t#e total cogging torque of the two
machines since no current was excited and the machias rotated at 5 rpm. This
measurement max value is 0.3 Nm for both machifeis. value is also uniform so it does
not have any major impact on the rest of the measents taken. Fig. 3.15 is the torque
measurement for a 1 A excitation, the max value8% Nm. This value is very close to the
manufacturer’'s torque constant. Fig. 3.18 is fdrtlalee torque measurements plotted
against mechanical position. The max value at jposi8.48 mechanical radians on Fig.
3.18 for the 1 A excitation is 1.65 Nm, the 2 A igaxiton is 3.27 Nm and the 3 A excitation
is 4.86 Nm. This clearly shows that a 1 A excitatwll generate a electromagnetic torque
of 1.65 Nm which is the same with the manufactorgue constant. The spikes are mainly
due to the inverter noises. The differences betwbenmanufacture and measured are

mainly due the cogging and inertia torque on trstesy from the two machines.
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3.5 Characterisation of Prototype Machine

The prototype machine is a brushless PM machine antintegrated SAW torque sensor
transducer, which is shown in Fig. 3.19. Here, t8® Nm SAW devices and the
associated RF module are embedded inside a 2.#\We shelf, PM machine. The PM
machine is modified by altering the rotor shaft &t faceplate design to accommodate
the SAW devices and input/output port, as showign 3.20. Therefore, the alterations to
PM are minimal. The engineering drawings of the Ridchine with the SAW torque
transducer integration is shown in Fig. 3.21. TakotWing sections will investigate the
characterisation of the prototype machine.

e G 5 _
- Saw devices and

Non-contact RF
coupler

Fig. 3.19 SAW torque sensor inside the prototylerfRachine [1].
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Fig. 3.21 Engineering drawings of the prototype RM
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3.5.1 Resistance measurement

The line-line resistance of the prototype brushkRgsmachine was measured using Ohm’s

law as shown in Table 3.5. There is no manufactisgecification for this machine.

Product data parameter Measured Valub

Resistance phase to phas

11}

1.7Q

Table 3.5 Measured line-line resistance of

prototype PM machine.

3.5.2 Back-EMF measur ement

The back-EMF line-line voltage is measured by cigpthe prototype PM machine to
another machine, then running the machine at eéifferspeeds and measuring the
generated open circuit line-line voltage of thetptype PM machine by using a voltage
meter. The results of the back-EMF line-line voltsgre shown in Table 3.6. These results
are plotted in Fig. 3.22. The three phase back-Eblfages relative to position for a 500
rpm are shown in Fig. 3.23.

Speed (rpm) back-EMF line-line voltage (Vrms

20 1

50 3.2

100 6.8

200 13.71

500 33.36

1000 67

2000 133.8

Table 3.6 Measured back-EMF line-line voltage.
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Fig. 3.22 Back-EMF line-line voltage measuremerstsspeed.
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Fig. 3.23 Back-EMF phase voltage vs. electricaifan at 500 rpm.

In Fig. 3.22 the resultant back-EMF is for the rimg-line voltage whilst in Fig. 3.23 the

resultant back-EMF is for the phase voltage.
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3.5.3 Inductance measur ement

The line-line inductance is measured by rotating trototype PM machine 360
mechanical degrees and measuring the inductanaes/édr each electrical degree change.
The measurement has been done by using DSpaceas®ftav monitor the change in the
mechanical and electrical position and by usingAgitent LCR meter. The results of the

inductance measurement test done at 20 Hz areglott-ig. 3.24.

12
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Fig. 3.24 Line-line inductance measurement at 20 H

The measured results of the line-line inductandecate that they are different magnitudes
for different position measurements There are theselts that can be made here for the
prototype PM machine and they are:

(1) The prototype PM machine is not symmetrical becaihge magnitudes of the
inductance are different.

(i)  The prototype PM machine is salient because itoeaobserved from Fig. 3.24 that
the inductance is changing as position changes.

(i)  The prototype PM machine is a 10-pole machine ksraucan seen that for one
mechanical period there are 10 electrical periods.

The inductance values can be calculated using ieqsat3.2) and (3.3). The variations in

the magnitude could be ignored for simulations exjgerimental purposes.
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3.5.4 Transducer display unit output

The analogue output of the SAW display with no-ldadthe prototype machine shows
there are three frequencies. Fig. 3.25 is showirmgperiods each period time is 20 ms so
the frequency is 50 Hz the amplitude peak is 30 equating to 0.6 Nm. This means that
an error signal of 0.6% is from the output analogig@al. Fig. 3.26 is a zoom in of period
one. It can be seen that there are four periodsateanumbered and are repeated. The time
of each period is 1 ms so the frequency is 1000 Heere is another frequency component
which can be seen in Fig 3.27. The time of theqokis 52us that means the frequency is
19.23 kHz. These noise problems can mostly bedit®ut using a digital low-pass filter

in DSpace.
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Fig. 3.25 Output of SAW display with two periods.
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Fig. 3.26 Output of SAW display with four periods.
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Fig. 3.27 Output of SAW display with seven periods
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3.5.5 Torque measurement

The torque measurement test will examine the tooqunstant. The torque constant is not
given by the manufacturer. The drive used to dthee motor is shown in Fig. 3.28. The

prototype machine under study is shown in Fig 312& SAW sensor is integrated in the

prototype machine. The test will be done by rotatime motor at 5 rpm and exciting the

prototype machine under study by different curdenels. The SAW transducer display

unit displays the torque measured from the SAWuersensor and there is an anlog output
device which will output -5 to 5 V signal corresplang to the measured shaft torque.

Since the max measured torque is 20 Nm, the 20 Ninbe equal to 5 V. The

Experimental results are implemented in 4 steps:

(a). Run the motor at 5 rpm and measure the torque fnmtotype PM machine with no
current excitation. The results is going to be togging torque of both machines
since the measured torque is the shaft torquerdsdt of the cogging torque relative
to one mechanical position revolution is shownim B.30.

(b). Run the motor at 5 rpm and measure the torque fnatotype PM machine with 1 A,
2 A and 3 A current excitation into two phases. Tégult of the shaft torque relative

to one mechanical position revolution is shownim B.31, Fig. 3.32 and Fig. 3.33.
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Fig. 3.28 The drive system [1].
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Fig. 3.29 Industrial (left) and prototype (riggrvo machines.
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Fig. 3.30 Measured shaft torque for 0 A excitafilenprototype PM machine.
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Fig. 3.31 Measured shaft torque for 1 A excitafilenprototype PM machine.
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Fig. 3.32 Measured shaft torque for 2 A excitafimnprototype PM machine.
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Fig. 3.33 Measured shaft torque for 3 A excitafilenprototype PM machine.
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Fig. 3.34 Measured shaft torques excitation fotgiype PM machine.

The torque measurement that is shown in Fig. 330 total cogging torque of the two
machines since no current was excited and the machias rotated at 5 rpm. This
measurement max value is 0.8 Nm for both machifiess. value is relatively big and not
uniform so it does have a major impact on the oéshe measurements taken. Fig. 3.35 is
the torque measurement for a 1 A excitation afiétracting the cogging torque Fig. 3.30
that was in the system. The torque constant shewirNm, as in Fig. 3.35. Fig. 3.34 is for
all three torque measurements plotted against medigosition. From Fig. 3.34 the max
shaft torque value at position 153.38 mechanicgteks for 1 A excitation is 1.21 Nm and
for the 2 A excitation the torque measured 2.2 N #or the 3 A excitation the torque
measured 3.18 Nm. By subtracting the 2 A excitatiom the 1 A excitation the resultant

torque is 1 Nm.

=
ol

[N
|

o
6]
I

\WANAWANAW
RV RV AAR Vi

Mechanical position (degrees)

Torque (Nm)
O
[6;] o

]
[EEY
|

s
o

Fig. 3.35 Measured shaft torque without coggingue
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3.5.6 Torqueresponsetime

It is very difficult to know the response time bktSAW torque sensor since there is load
on the system all the time. An experiment herehmas to see how fast the response for
the measured torque is to the current excitatidre fotor was locked and a current was
excited through phasésandV and the measured shaft torque was observed. Tiotheat
current excitation was applied through ph&sandW. Fig 3.36 shows the current steps.
Fig. 3.37 shows the time where the current exoitatiare changed from phaséandV to

V andW at approximately t= 1.2 s. Fig. 3.38 shows thepoase time of the measured
torque was measured. From Fig. 3.37 the currentagion through phaseg andW start at
1.1995 s. In Fig. 3.38 it can be seen that theutorstart to pick the response at 1.201 s.
There was a delay of 1.5 ms. One reason for tHesyds that there is a digital low-pass

filter with a 2 kHz cut off frequency filtering therque output.
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Fig. 3.38 Response time of the measured torque.
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3.5.7 DSpace system

The start-up routine proposed in Chapter 2 williraplemented via a DSpace controlled
drive system comprising of a commercial brushlelskRachine, the Unimotor coupled
directly to a prototype brushless PM machine, lastiiated by the test facility schematic of
Fig. 3.39 and by the rig photography gallery of .F8g340. The current and voltage
instrumentation, full-bridge power electronic inke¥r gate drive circuitry, filters and
protections are discussed in detail in Appendix A4h overview of the DSpace machine

control platform developed as part of this reseataly is also discussed in Appendix A3.

DSpace interface box

iy iy v

i i in| @ % |_-Fi|\ Iﬂ\

Test inverter Prototype
machine

Unimotor

machine

Rectifer

S sensor

S

Fig. 3.39 Test rig schematic.
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Fig. 3.40 Experimental rig facility.
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3.6 Summary

This chapter characterised a position sensor tnegstigated the parameters of Unimotor
brushless PM machine, then characterised the cydaddtorque transducer and finally
characterised the prototypes brushless PM machithethae integrated torque transducer.
The Unimotor manufacturer's parameters that weranemed are the resistance, the
inductance, the back-EMF and the torque constdrd.r&sistance was 22% increased due
to rated temperature. The inductance was diffesie it was stated that the unimotor is a
surface mounted PM machine and the saliency sHmuloetween 11.97 to 14.63 mH. The
manufacturer quoted the inductance is 13.3 +-10%ewhen using an LCR meter clearly
showed the inductance was 13.5 to 22 mH, whiclotsas the manufacturer gave but it
clearly shows that it's a 6-pole machine. The bBbk- given by the manufacturer was 98
Vrms whilst the measured back-EMF test was 95 Vimisch are very close to each other.
The torque constant that was given by the manufactwas 1.6 Nm/A while when
investigated by using the SAW torque sensor anddbelts of the torque sensor was 1.65
Nm/A but that could be due to load in the systewhsas the cogging torque. The second
characterisation was for the cylindrical torque SA¥hsor. There was drift where the
torque is offset after a certain time. This candlen care off by zeroing the display and
adjusting the offsets before an experiment stafféére was noise in the system but the
max amplitude was 30 mV which will contribute 0.@¥6or. The torque sensors static test
showed that there was a 5% error between actuainaagured torque and this also can be
taken care off as by offset. The prototype brushisl machine was investigated. There
was no manufacturer’'s data given for it. The rasis¢ test was concluded to know the
value of the resistance. The inductance was medsitrevas noticed that the measured
inductance had different amplitudes, which meara the machine is an asymmetric
machine. The back-EMF test was done and the back-kEh voltage was measured at
1000 rpm and is equal to 67 Vrms. The torque comstas also obtained and was shown
to be equal to 1 Nm/A. The integrated SAW senscs ®alao analysed. There was noise
which causes 0.6% error. There was a load in thé shth no excitation which could be
due to misalignment. The torque excitation was shéw three level of excitation and the
magnitudes increased linearly. The excited torghenwsubtracted from the non excited
torque in the system outputs a better waveformrd s a delay of 1.5 ms mainly due to

the digital low-pass filter.
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CHAPTER 4

EXPERIMENTAL VALDITION FOR

START-UP ROUTINE

4.1 Introduction

Chapter 2 discussed the theory and procedurez@foaand low speed start-up routine for
control of a BLPM machine without a rotor positi@@nsor both without and with

measured torque feedback. This Chapter will digbagstorque characterisation of the
Unimotor and Prototype machine and then the practroplementation of the routines

using the test facility described in Chapter 3. sl are presented to validate the
theoretical routines derived in Chapter 2.

4.2 Unimotor PM Machine

4.2.1 Introduction and cogging torque

The Unimtor brushless PM characterisation and obmas discussed in Chapter 3 and
Appendix A.3 in terms of the machine electricahteral parameters. Here, the machine
cogging torque and its impact on the start-up reutare discussed in greater detail.
Cogging torque is the torque due to the interadbetween the rotor PM and stator slots of
a PM machine. It is also known as detent or rotorent torque and is an undesirable
torque component for machine operation, since, éssentially a torque disturbance to the

control systems dynamics. The cogging torque d thnimotor machine under
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investigation was measured using the in-line SAVgue transducer discussed in Chapter
3. The Unimotor machine was rotated at low speed opm by a second Unimotor
machine and the Control Techniques inverter systostrated in Fig. 3.12. Thus, the
shaft torque is measured and transferred to DSypsing the analogue output of the torque
sensor display, shown in Fig. 3.6. The measurggiog torque results are illustrated in
Fig. 4.1.
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b 2 2;3 320 360
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o
-
N
Jom
(o2]

o
o
o |

Mechanical position (degrees)

Fig. 4.1 Unimotor cogging torque measurementsypsshanical revolution.

4.2.2 Electromagnetic torque

As shown in Chapter the Unimotor machine has a sinusoidal back-EMF,thadnachine

cogging torque is relatively small when comparedhi® electromagnetic torque. Hence,
the analysis of Chapter 2 should be straight fodvwtarvalidate. To this end, the back-to-
back Unimotor test rig with in-line torque transducFig. 3.13, was used. The test
procedure is similar to that in Chapter 2, but eatinan calculating torque, the torque will
be directly measured via the in-line SAW torquensgucer and read into DSpace. The

three steps for characterisation are:

(a). PhasedJ-V of one Unimotor are excited with 3 A DC and theas® Unimotor used
to drive the system at very low speed (5 rpm). fdter position is measured using
the optical encoder that is also aligned to phasack-EMF.

(b). Similarly, phased/-W are then excited with 3A DC and the Unimotor dni\ag very
low speed (5 rpm) for one mechanical revolutione Bhaft torque and position are

measured and read into DSpace.
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(c). Finally, phasedV-U are excited with 3A DC and the Unimotor drivenSatpm for
one mechanical revolution. Shaft torque and pasidie read into DSpace.. The shaft
torque measurements for the three tests are plaitédg. 4.2 for one mechanical
revolution, showing an essentially balanced seesilts.

A comparison of the wave shape of the calculatedteimagnetic torques in Chapter 2 for

an illustrative machine and the experimental resuitFig. 4.3 for one electrical period

show good agreement. The perturbations in theiowpveforms of Fig. 4.3(b) arise from

the cogging and reluctance torque previously dseds
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Fig. 4.2 Torques due to line-to-line current exiwin of 3 A, one graph for comparison.
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(b) Experimental.
Fig. 4.3 Comparison of calculated and experimemisults of electromagnetic torquisg,

Tw andT,y, for 3 A current excitation.
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4.2.3 Routine 1: Electromagnetic tor que less than load tor que

The start-up routines are now demonstrated usingsured data as input. Considering
routine 1, and a rotor at an initial position akistrated in Fig. 4.4. Three torque
measurements for a 3 A excitation are taken attp@nB and C. The torque measurement
at point A is equal to 0.99 Nm due to tbeV excitation current. However, for this value
of torque the rotor could be at position A or Ahosvn in Fig. 4.4. The torque
measurement at B is equal to 3.16 Nm which is @u®-¥W excitation current and the
torque measurement at C is equal to -4.96 Nm wtiagh to theW-U excitation current.
Equation (2.23)-(2.28) are used to determine tlwtosewhich from (2.25) is sector C in
this case. Then equations (2.37)-(2.42) are usedthis case equation (2.39) is the
appropriate choice, leading to the following:

[ Thigh ™ Teene A T =T _[(3.16- 0.99
0_[[ Thigh ~Tiow )(d)]*-s_{[-rwv _Tm](BO)}*—lzo_ |:(3-16+ 496}( 6()}+ 1o 13 (4.1)
Comparing the rotor position angle calculated vidl) using measured torque as input

data, to that measured via an incremental opticeb@er shows good agreement, i.e. 136

to 137 degrees electrical respectively, which igini0.6%.

=—Tuv Tvw =Twu

Rotor position

Torque (Nm)
S ANdbNMPrPoOoRrNM®WNOGO
L Il Il Il Il Il Il Il Il Il J

Electrical position (degrees)

Fig. 4.4 Example of routine 1 electromagnetic terépss than load torque for Unimotor.
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4.2.4 Routine 2: Electromagnetic torque and zero load tor que

Referring to Chapter 2, here in routine 2, the Wston electromagnetic torque is larger
than the shaft load torque there is no external tmmnected to the machine, the rotor will
ideally rotate when two phases of the machine. WMhe rotor comes to rest the three
torque measurements will, ideally, be equal to Zzktbere is no cogging torque or load
perturbations on the system. Referring to Fig, #.phaseU-V are excited excited with 3
A the resultant electromagnetic torque,, will rotate the rotor until it reduces to zero,
resulting in the rotor coming to rest at eitheripos A or B. A second excitation via
phasesv-W excited with 3 A will move the rotor from point ¥ point C if A was the
starting point since the torque at that instamqgasitive. Similarly, it will move from point
B to C if B was the start point, since the torquéatant B is negative settling at point C.
A third and final excitation excited with 3 AV-U, will move the rotor from point C to
point D which is at 30 degrees electrical.

6 e Tuv Tvw e Twu

Torque (Nm)

Mechanical position (radians)

Fig. 4.5 Example of routine 2 electromagnetic terqnd zero load torque for Unimotor.
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4.2.5 Routine 3: Electromagnetictorque >T | < Ty,

If the Unimotor machine electromagnetic torqueaiggér than the load torqué, and is
less than the threshold torquk;,, on the shaft, the rotor will rotate. If phadds/ are
excited first, the rotor will settle at either pbiA or B with an offset to the no-load
position corresponding to the load torgidg,of 1.9 Nm in this case, as illustrated in Fig
4.6. To determine the rotor position a second akoit via phase¥-W is performed, thus,
the electromagnetic torque will rotate the rotanfrpoint A to point C or from point B to
point C as illustrated in Fig. 4.6. Finally an d@aton step is made via phas@sU to
determine rotor position the rotor will rotate frggoint C to point D since the torque at
point C due to the WJ excitation is positive. The excitation currentid 3A and the
machine torque constant;,Ks 1.67 Nm/A, hence the maximum torque for thisrent
should be 5.01 Nm. The three torque measurementddsbe under the threshold torque,
Tw, Which is calculated as (4.2):

T, =K, sin(120)= 3*1.67*0.86603 4.338Tn (4.2)
The three excitation torques that rotate the rtwiquosition D are equal to the load torque

of 1.9 Nm, which is less than threshold torque. Tdter position offset can be estimated
knowing the maximum excited torque and the meastoegue at point D from the
solution of (4.3):
offset =sin™ (lj = sinl[l—'gj = 22.28dectrical (4.3)
T 5.01

m

The electrical position at point D of Fig 4.7 Jlwihen be equal to:

D =30-22.28= 7.7electrical (4.4)
The actual measured position at D isdiegrees electrical which is 0.36% error in degrees

electrical.

Torque (Nm)

Electrical position (degrees)

Fig. 4.6 Example of routine 3 electromagnetic terg T<Ty, for Unimotor.
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4.2.6 Routine4: Electromagnetic torque >T, > Ty,

The final case considered is when the electromagtwetjue is larger than the load torque,
and the load torque is larger than the threshaigu® (), as illustrated in Fig. 4.7. In
this case, the load torque is sometimes larger tharelectromagnetic torque which will
lead to the Unimotor machine partially rotating vint two sectors. Now the position will
vary and there will be three possible final positsmlutions.

Case (i): If the initial rotor position is betwepnints A and B and the excited current is 3
A then, when exciting phasésandV the position will move to point B and, when exugfi
phases V and W, the position will remain at poinEBally when exciting the final phases
W andU, the position will move back to point A, as showrkig. 4.7.

Case (ii): If the initial rotor position is betwegoints C and D then, when exciting phase
U andV, the rotor will move to point C. Then when exaifiphase® andW, the rotor will
return to point D. Finally, when exciting phas&sandU, the position will remain at point
D, as shown in Fig. 4.7.

Case (iii): If the initial position is between ptsnE and F then, when exciting phages
andV the rotor position will move to point E. When exag phased/ andW the position
will remain at point E and finally when excitingettiinal phase® andU the rotor will

return to point F, as shown in Fig. 4.7.

T uv TVWw e Twu

6 1 Case (i) Case (ii) Case (i)

Torque (Nm)

Electrical position (degrees)

Fig. 4.7 Example of routine 4 electromagnetic terg T>T,, cases(i), (ii), and (iii) for

Unimotor.
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4.2.7 Summary

The four routines that were developed in Chaptéw 2stimate rotor position have been
tested by application to the Unimotor machine. Tdsts were carried out using an inline
cylindrical instrument SAW torque sensor coupledwieen two similar Unimotors as
discussed in Chapter 3. The results of the measamédstimated torques are very similar
with good accuracies. The next evaluation is tothedechnique on the prototype machine
with integrated torque sensor.
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4.3 Prototype PM Machine

The prototype brushless PM characterisation predemt section 3.5.5 had a noticeable
difference between the prototype and Unimotor maehiis the level of cogging torque
between the two topologies, being much higher lher grototype machine. During early
tests it became apparent that this was a signifipemblem and hence further detailed

characterisation of the no-load cogging torque todae undertaken.

4.3.1 Cogging torque analysis

The cogging torque of the prototype machine wassonreal using the integrated SAW
torque sensors. The prototype machine was rotdtadvery slow speed (5 rpm) by using
the in-line connected Unimotor, as illustrated ig.RB3.29 the experimental test facility.
The shaft torque at low speed is measured andféraad to DSpace using the analogue
output of the torque sensor display, as shown gn ER0. The measured cogging torque
for one complete rotor revolution is shown in . Since there is no electrical magnetic
design information for either machine the causeth#se perturbations can only be
speculative. If is clear from the near static t@strpm) that the prototype machine or
internal torque sensing system, has a once peranaeh revolution cyclic load. This is
probably due to a mis-alignment problem or an mdkrproblem within the motor.
However, this 1-per revolution cyclic load is foutwl be repeatable and hence, since it

could be characterised, was treated as an exfeathHdisturbance.

0.8 1
0.6
0.4
0.2 1

020 30 6079 120 150 180 210 240 300 330/ 360
-0.4
-0.6
-0.8

Torque (Nm)
o

Mechanical position (degrees)

Fig. 4.8 Prototype machine cogging torque for meehanical revolution.
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4.3.2 Electromagnetic torque analysis

The prototype machine electromagnetic torque masilcharacterised. In a similar manner

to that taken the Unimotor machine the characteoisateps are:

()

(ii)

(iii)

The prototype machine phaddsV are excited with 1 A dc while being rotated at
low speed (5 rpm). The position and shaft torquee raeasured and recorded via
DSpace. The torque for phakkV excitation, T,. The no-load cogging torque,
Teog, IS also plotted for reference. It is noted tha iL-per revolution cyclic load
simply off-sets the electromagnetic torque and ttars be accounted for once
characterised.

Machine phase¥-W are then excited with 1 A dc with the rotor drivahlow
speed (5 rpm). Shaft torque and rotor positiondioe mechanical revolution. are
recorded into DSpace.

Finally, phases\-U excited with 1A dc and the rotor driven at low egp&5 rpm).

Shaft torque and position for one mechanical reiahuare recorded via DSpace.

Shaft torques for the three excitation options #redno-load cogging torque are plotted in

Fig. 4.9 for one mechanical revolution for compamisSimply subtracting the cogging and

1-per revolution cyclic load yields the excitatidarque due to the relevant phase

excitation, as illustrated in Fig. 4.10. The systeagging and 1-per revolution cyclic

torques are undesirable and can be taken accoumy efther subtracting from the total

measured torques or storing the in the start-umeguhare and treating the data as an

external torque disturbance.
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Fig. 4.9 Measured shaft torque for the three akom options and no-load cogging

torque.
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Fig. 4.10 Measured shaft torque for the three @leasitations options minus cogging
and disturbance torques.
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4.3.3 Routine 1: Electromagnetic tor que less than load tor que

Taking the cogging and 1-per revolution cyclic ldadjues into account when analysing
the measured shaft torques for a 1 A excitatiom, start-up procedures discussed in
Chapter 2 were applied to the prototype machinemHnere on the machine cogging and
1-per revolution cyclic torques will be simply refed to as the disturbance load torques,
Tgist. Recalling that routine 1 is when the prototypechiiae does not rotate when excited,
thus the load torque is greater then the electroetagtorque, as illustrated in Fig. 4.11 for
one electrical period. The data can be used termi@te the sectors, as per the theory of
Chapter 2, but with an offset due to the disturkaload torques. The same rules for
deriving the sector can be applied here, althohghetare some minor offsets that due to
the disturbance torques and measurement accurdeieisg these into account, the sector

angles are defined shown in Table 4.1 and the isektnge-over angles in Table 4.2.

= Tdist === Tuv Tvw === Twu

60 90 1 150 180 2 360

Torque (Nm)
)
ol

Electrical position (degrees)

Fig. 4.11 Sector determination for prototype maehi
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Sector Electrical position (degrees)
A 0-60
B 60-121
C 121-182
D 182-239
E 239-300
F 300-360

Table 4.1 Sector angular definition for prototypachine.

Sector Electrical position (degrees)
A-B 60

B-C 121

C-D 184

D-E 239

E-F 300

F-A 360 or 0

Table 4.2 Sector change-over angles for sectgurfatotype machine.

Although there are disturbance torques, the ruksdun the theory of Chapter 2 to
determine the sector and position can be employ&@. hAn example, one random
electrical position will be chosen.

The three torque measurements are taken as paraobbr exampld,, = 0.694 Nm;T,,
=-1.182 Nm and,y, = 0.037 Nm, as illustrated in Fig. 4.12. Using &tipn (2.27) sector

A is identified and the angular position calculagexd
_|[ Thion ~ Teonse T =T _[(0.694- 0.03 )
. _H Ta T J(d)}s{(m —va](e’o)} 1G]

Measured electrical position for this estimate $98 degrees so the positional error is
0.27%. Using the full set of measured torque dalegtrical position is estimated for one
electrical period via the procedures and equation€hapter 2. The results are plotted
versus actual measured electrical position, asstitbed 4.13, showing very good
agreement the error in measured and predicted pasition is illustrated in Fig. 4.14,

Showing maximum deviation of +6.8 to -4.2 degrdestecal.
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Fig. 4.12 Example of routine 1 electromagnetiqterless than load torque for

Prototype machine.
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Fig. 4.14 Variation of error between estimated ar&hsured with electrical position.
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Fig. 4.15 illustrates the DSpace PC interface digplas the controller works through the
example start-up procedure, showing the measuratiteinque versus time for thé-V, V-

W andW-U excitations (a) and the measured and calculatsdigo and final values of

Tuw, Tww and Ty (b).

207 - :
1.0 :
E .
£ f
° ] :
3 0.0 :
g .
S ;
Aod!l-- - . ....... S T S .
1 : : : : : Tww
20 —t ; —t ; —t ; —t —— ; ;
B ] 1 2 3 4 -5 E 7 g 9
Time (S)

(a) Measured shaft torque versus time.

measured electrical position degreas1/out!

19.890

zerospeedpositionhighloaddegrees/Out1

21.004

TuwiOutl TwwsOut1

onoffsixswitchidalue

TwuOut 1
off

0.694 |-1.182 0.037 —

(b) Measured and estimated position and the #xeiations torques,w, Tw, Twu-

Fig. 4.15 DSpace screen presentation of start-upneresults.

135



4.3.4 Routine 2: Electromagnetic torque and zero load torque

If the prototype machine electromagnetic torquéarger then the load and disturbance
torques the machine rotor will rotate. However, ikenlthe Unimotor machine, the
disturbance torques cannot be ignored and will @éeme the reference torque. Again,
illustrating the procedure by way of an examplefttet electrical period is shown in Fig.
4.16 can be observed from Fig. 4.16, if the firsA Bxcitation, theU-V phase the rotor
rotates to point A or point B. then second exaitaty/-W, will then move the rotor to point
C whether it is at point A or B. The last excitati®V-U, moves the rotor from point C to
D.

TSt e—Tyyv Tvw == Twu

360
-0.5 1

Torque (Nm)

1
[y
|

Electrical position (degrees)

Fig. 4.16 Example of routine 2 electromagnetiqierand zero load torque for

prototype machine.

The zero load torque results are shown here for dases; case one when the position
moves to point A after th&-V excitation, then it moves from A to B after theW
excitation and finally it moves from point B to pbiD, as shown in Fig. 4.17. The
corresponding measured torque is shown in Fig..4.18

The second cadd-V is when the position moves to point B after th¥ excitation. It then
moves from B to C after théW excitation, finally it moves from point C to poibt after
the W-U excitation, as shown in Fig. 4.19. The correspogdneasured torque is also

shown in Fig. 4.20.
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Fig. 4.17 Measured electrical position due toghrerrent excitations case one.
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Fig. 4.18 Measured shaft torque due to three ntigxcitation case one.
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Fig. 4.19 Measured electrical position due toghzerrent excitations case two.
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4.20 Measured shaft torque due to three ntumecitation case two.
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4.3.5 Routine 3: Electromagnetic torque > T, < Ty,

When the prototype PM machine electromagnetic ®iquarger then the load torque the
rotor will rotate an example electrical period isown in Fig. 4.21 showing load and
disturbance torques. Considering the electricabdeshown in Fig. 4.21, when phaseV
are excited with 1 A current the rotor will eith@ove to point A or point B. The second
excitation,V-W, will move either point A to C and or point B to The last excitatiori\-

U, moved point C moves to D.

Two cases will be given as examples of DSpace tsitfitstly a light load shown in Figs.
4.22 and 4.23, than a doubling of the load toqeshawn in Figs. 4.24 and 4.25 in both
cases the initial position is 79 electrical degrdesr the lightly loaded case, the rotor
position moves to point A after thé-V excitation; it then moves from A to C durivgwW
excitation; and finally it moves from point C toippbD during theW-U exaltation, as
shown in Fig. 4.22, the corresponding measuredutolig shown in Fig. 4.23. The end
torque value is equal to 0.2 Nm.

The second case is when load torque is increased tdm. It can be seen in Fig. 4.24 that
the start position of 79 electrical degrees wassehaandomly. The rotor moves position
to point A during theJ-V excitation, then it moves from A to C during &V excitation,
and finally it moves from point C to point D duritige W-U excitation as shown in Figs.
4.24 and 4.25. The corresponding measured torgskown in Fig. 4.25. The end torque
value is equal to 0.4 Nm. The results correspondialy to the theory Chapter 2, provided

that the load torque is lower then the threshaldue.

e T[S T =T UV TVW s T\WU
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Fig. 4.21 Example of routine 3 electromagnetic tierg T<Ty, for prototype machine.
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Fig. 4.22 Measured electrical position during éhcarrent excitation sequences for case

one, with a load of 0.2 Nm.
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Fig. 4.23 Measured shaft torque during three cdiregcitation sequences for case one,

with a load of 0.2 Nm.
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Fig. 4.24 Measured electrical position during éhcarrent excitation sequences for case

two, with a load of 0.4 Nm.
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Fig. 4.25 Measured shaft torque during three atiegcitation sequences for case two,

with a load of 0.4 Nm.
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4.3.6 Routine4: Electromagnetic torque > T, > Ty,

When the prototype PM machine electromagnetic ®iguarger then the load torque, and
the load torque is larger then the threshold lcadue the rotor rotates. An electrical
period is illustrated in Fig.4.26 withTy,. The initial rotor position is at 79 electrical
degrees, which is point A. When pha&k¥ is excited with 1 A current a positive torque
is produced. Since this torque is larger tharldbad torque, the rotor will move to point C,
then phas&/-W are excited. Although the excitation torque foapdV-W is larger than the
load, the torque is less than the threshold torqte will remain at point C. Finally, when
phased\-U are excited the excitation torque for phades it will move the rotor to point

B this is shown in Fig. 4.26. Only one case (isl®wn in Fig 4.28. The rotor position
changes due to the three 1 A excitation, the toogueesponding measurements are shown
in Fig. 4.28. The rotor position is between poinaidl C, these results can be easily shown

for the other two cases.

e TSt == TUV TVW s T\VU

360

Torque (Nm)

Electrical position (degrees)

Fig. 4.26 Example of routine 4 electromagnetiquer> 1>Ty,, cases(i), for prototype

machine.
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Fig. 4.28 Measured shaft torque during three cdiregcitation sequences with load torque

higher then the threshold torque.
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4.3.7 Zero speed position estimation summary

This Chapter has so far discussed zero speed gogstimation using measured torque
feedback, presenting four routines to satisfy ther fshaft load torque options. The best
routine is when rotor position is determined wheatisnary via three small currents
exciting phased)-V, V-W andW-U in sequence, that are not of high enough valuettie
the rotor. However, the controller can accountdbrfour routines. The benefit of zero
speed position is that the initial position canesémated and input to the machine control,
so from the first excitation only positive torque denerated and the controller does not
generate negative torque. If a negative torqueasiyred as illustrated in Fig. 4.29 then
rotor direction and will reverse, as illustratedHig. 4.30. However, if the initial position is
calculated then the torque produced will be posiand the speed response not reversed.
Measured torque, electrical and mechanical positmoal derivative of the torque due to
the initial position estimation, are illustrated kg 4.30, to compare alongside the rotor
speed profile of Fig. 4.30. The code for the st@rtprocedure routines are created in
DSpace. Similarly, Figs. 4.31 illustrates dynamicasured torque, electrical and
mechanical position, and derivative of the measutedjue du to initial position
estimation, while Fig. 4.32 illustrates rotor speszbponse due to positive torque

production.
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4.4 Low Speed Control of Prototype PM Machine

4.4.1 Position sensorless (or open-loop) control

There are several techniques to control the PM macht low speed as discussed in
Chapter 1 and 2. The technique discussed hereeis-lopp control. Brushless DC control
will operate synchronously to a certain extent isuhighly sensitive to load and speed
perturbations and will stalling should the contquilibrium be disturbed. This means that
for a given load, applied voltage, and commutatiaie the machine will rotate on open-
loop control provided that these three variablesndd deviate from the ideal by a
significant amount. The ideal is determined by thachine back-EMF voltage and the

torgue constant. Loss of control manifests itsetivo cases:

* when the commutation rate is too slow for the auplvoltage, i.e. the machine is
overexcited. This will result in the machine wittcelerating to the next commutation
event too quickly and then slowing down to waitiufar the next commutation event.
The PM machine will be acting like a stepper maathe extreme case, where it snaps
to each position until the next commutation occiBsice the machine is able to
accelerate faster then the commutation rate, aessike current will occur, as shown
in Fig. 4.33 where the torque clearly is oscillgfaand in Fig. 4.34 where the phase
current values are excessive. The speed is 15@nghthere is no load.

* when the commutation rate is too fast for a giveliage, i.e. under excitation. If the
commutation arrives too early that the machine oaagcelerate fast enough to catch
the next commutation event, the open-loop contitillve lost and the machine stalls
abruptly. The open-loop loss of control looks ligediscontinuity in the machine
response which makes control difficult. The torgegponse is shown in Fig. 4.35 and
the current response in Fig. 4.36. The speed ig@®0and there is no load.

An alternative to over- or under-excited is to atljine commutation rate until self-locking
open-loop control is achieved, as illustrated ig. .37 showing the torque response, in
Fig. 4.38 showing the current response. This opep-lcontroller is achieved when the
load on the motor does not change over a commutagoiod, then the response curve of
the machine speed relative to the applied voltagméar. The main issue here is that the
load should be constant. Open-loop control theestarsures that pulse width modulation

(PWM) is linearly proportional to the effective vafje. To summarise, this form of open-
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loop control can be achieved at low speed, buteflbad is dynamic is applied then the
technique will be highly unstable. The open-looptoal as discussed in Chapter 2 requires
knowledge of the line voltage for each speed, asvehin Fig. 4.39 for the prototype

machine. The speed is 150 rpm and there is no load.
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Fig. 4.33 Over-excitation of the prototype maehfacting like a stepper motor).
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4.4.2 Position sensorless with measured tor que feedback

The open-loop control discussed in section 4.4.&ingple and easy to implement, but
practically useless in applications having dynannecque and speed perturbations.
However, the open-loop control scheme is worthycafisideration if augmented via an

additional control function, hence becoming clotmap control using measured torque
feedback. The machine was initially excited withénd#d and a table is constructed for
each speed and PWM cycle as discussed in sectibh. 4fhen, the measured torque
feedback is used as a gain to increase or dectead®WM duty as the load increases or
decreases. Then from Fig. 4.39 the voltage is knfmwvno-load condition so when load is

added the torque feedback voltage is summed wi&hthload voltage to the new voltage
command which corresponds to a new PWM duty cyslaliacussed in Chapter 2 and
appendix (A3). In Fig. 4.40 the machine speed iBwshfor no-load operation. Phase

current and torque measurements are illustratédgs 4.41 and 4.42 respectively. When
load is added of 2 Nm the control increases the Piléiand to compensate for the load,
the speed response is shown in Fig. 4.43. The éoaqul current responses are shown in
Figs. 4.44 and 4.45 respectively. After the machaxeeeds threshold speed in the
prototype machine is equal to 150 rpm, anotheras®ss control is used which will be

discussed in Chapter 5.
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4.5 Summary

Chapter 4 has discussed the experimental implet@mtaf the start-up procedure
developed in Chapter 2. The torque start-up usanghfe Unimotor PM machine was then
discussed and shown to similar to the idealisechmaanodel discussed in Chapter 2, due
to the high quality of manufacture of this machifidne prototype machine was then
investigated and the no-load torque characterisedhs noted that there was a load on the
system that may have been caused by an internalignment. This was considered as a
disturbance torque on the system. The zero spdedati®n procedure was implemented
to control the prototype machine via DSpace. Th& fioutine showed the zero position
estimation error was within 1% when implemented Dpace. Then the second routine
settled to around 30 electrical degrees. The tlontine settled between 0 and 30 electrical
degrees as the load increased the position offsertl O electrical degrees. The fourth
routine predicted the position between two sectors.

Low speed control was investigated firstly by impénting open-loop brushless DC and
then using measured torque feedback to make iedtmsop resulting in improved control
of the machine at low speed. With the proceduresldped machine control can be
realised from zero and low speed with all load aomas by using measured torque
feedback.
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CHAPTER 5

FLUX-LINKAGE ESTIMATION USING MEASURED

TORQUE FEEDBACK

5.1 Introduction

In chapter 2 a theory for zero and low speed comiiihout the use of measured position

was described. Chapter 4 implemented the zero ewdspeed control procedures for

different loads. Chapter 5 now discuses the udtupfestimators to control speed over a

predetermined threshold speed which, for the systemtied in this thesis is between 150-

300 rpm. The flux estimation technique can be dlichto two types :

Open-loop flux-linkage estimation without feedbalblaf by direct flux estimation. The
open loop flux estimation was used firstly withuagintegrator to estimate the flux as
in [1], but the pure integrator had drift and iaitvalue problems. The integration drift
is a problem when using (1.7) and (1.8), but byhgisa low pass filter it is reduced
[30].

Closed-loop flux-linkage estimation is when thegtge is calculated to compensate for
position offsets. This method is implemented in tways: one with a full electro-
mechanical model where torque is calculated a8&, [and the three phase currents
are measured to estimate flux. Torque is then takd from measured currents and
estimated flux. The second method is when the lihkage is calculated from the
measured current and voltages, a look-up tabldugflinkage / position and current
characteristics is used to estimate current andigosThis chapter will discuses a flux
estimator closed loop with measured torque feedipattier then a table or a electro-

mechanical model.
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5.2 Flux-Linkage Estimator

5.2.1 Introduction

Is this section a simple position sensorless cosgrstem is described to control the phase
angles of the stator currents to maintain maximamgue per stator ampere over a wide
range of speed and torque. The flux position isreded from the measured current and
voltages which are then manipulated and used toradhe switching angle of the power

electronics inverter and here the stator curraviey types of flux observer have been
discussed in papers and books [30-38]. In gengralsteady-state first derivative of the
angle gives the speed. However, in the transtame, sthe stator flux-linkage space vector
moves relative to the rotor to produce a new torgwel and that influences speed. This
effect can be neglected if the rate-of-change efdlectromagnetic torque is limited. The
angle between the stator flux-linkagg, and stator currentg is 90 electrical degrees, to

produce max torque per current excitation as shiowrig. 5.1. This concept will be used

to control the prototype brushless PM machines altbrkeshold speed which is (150-300)
typically the reason for choosing such speed toutaie the flux-linkage at lower speeds
the back-EMF voltage is very low and the resistamoitage drop becomes dominant.
Choosing the threshold speed depends on the spkerk it can be calculated in the

prototype machine it 150 rpm.

Fig. 5.1 Stator current and flux-linkage phaseha.

155



5.2.2 Flux-linkage estimator equations

The stator current space vector in the stationafgrence frame fixed to the stator can be

expressed as [36]:

; 101
i 2 2
L= 2 0 M3 3|
i‘* 3 2 2| (5.1)
¢ 11 1
V2 V2 V2|

The following alpha and beta axis currents in tta¢os reference frame can be expressed

as a real and imaginary current as:

i, =i, + i, (5.2)

The alpha and beta axis currents can be obtaioedtiie measured stator current by:

. E . _1.. __1.
i, = 3(% 2|v 2|Wj (5.3)
- [2(3, 43
Iﬂ_ §(_2lv _2le (54)

For a balanced machine and supply conditions:
i, +i +i, =0 (5.5)

Thus by considering (5.5), (5.3) and (5.4) can h&evr as (5.6) and (5.7) respectively:

i :\E(iu ——;(—iu —iW)——;in:\/:g(—ziuj:\/:iu (5.6)
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The stator voltages can be defined similarly; tthesalpha and beta stator voltages in the

stationary reference frame are:

U, =u, + jug (5.8)
SE RO
u, == U, —=(-u, ~u,) ==u, |= =] U, [=4]=U,
3 2 2 3\ 2 2
2(v3 3 243 1 (5.10)
uﬁ:\/% W | —:)}—Z(uv—uw):ﬁ(uv—uw)

These can be obtained from the measured line valtagés.11) — (5.13):

uuv = uu _uv (511)
u,, =Uu, —u, (5.12)
U, =Uu, —Uu, (5.13)

For a balanced machine and supply conditions:

0=u, +u, +u, (5.14)

By considering (5.9)-(5.14) the alpha and betaagds can be written as (5.15) and (5.16)

respectively:

31
u, =,—==(u,-u 5.15
a \/;3( u wu) ( )
_ 1
u/} ___z(uwu +uuv) (516)
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The stator flux vector can be obtained by integratf the terminal voltages minus the

stator Ohmic drop as:
¢ = [u - Rigdt (5.17)

By considering the alpha and beta axis curren @# alpha and beta axis voltages (5.8),

The alpha and beta axis stator flux-linkage comptsare obtained:
l//s :l//a + Jl//ﬁ (518)

Thus, the following alpha and beta axis stator -flakage components in the stator

reference frame are obtained:

lﬂ(] =J‘uﬂ - Rsladt (5'19)

W, = U, Ryt (5.20)

The angle of the stator flux-linkage space vecthrcv shown in Fig 5.1 can be obtained

from the two-axis stator flux-linkage component as:

(5.21)
o, = tan™ (ﬂ}
The performance of the flux-linkage position estionan (5.21) depends on the accuracy
of the integration technique used and also theracguof the monitored voltages and
currents. The integration becomes problematic\atffequencies where the stator voltage
values are very small and are dominated by thestmesivoltage drops. The errors

associated with the monitored voltages and curranets

» phase shift due to the voltage sensor used,
» offset in the measurement systems,
e quantization error in the digital system,

* and magnitude errors because of the conversioarfact
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The resistance value must be accurately measureatdarate flux-linkage estimation. The
analogue integrators cause the system to drifthwbawses a large error of the position of
the stator flux-linkage. An incorrect flux anglelwdause phase modulation in the control
of the phase currents at fundamental frequencys Wil produce unwanted fundamental
frequency oscillations in the electromagnetic tergfithe machine [14]. This flux-linkage
estimator is known as an open-loop estimator, ado§schematic of which is shown in
Fig. 5.2.
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- [fluxalpha,

w
E
-
W
¥
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From Gain

Fig. 5.2 Open-loop flux-linkage estimator.

Another method is where the stator flux-linkage banestimated using a low pass filter
instead of a pure integrator, in this case theritégrator is replaced with (T/s+T) where T
is a suitable time constant [14], as illustratedrig. 5.3. This is the method that will be
used to control the prototype brushless PM after ttireshold speed is reached. The

constant chosen for this machine is 0.001 s basedtoal and error method.
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Fig. 5.3 Low pass flux-linkage estimator.
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From thea andf stator flux-linkage and stator current componetits electromagnetic

torque can be calculated as [106]:

ngP(z//aiﬂ -y i) (5.22)

whereP is the machine pole-pair number. An alternativeagign for the electromagnetic
torque is also given by [106]:

=30, (5.23)

aL,L,

[20, L Sin@) -, (Ly ~ L, )sin 23]

The rotor positiong required to estimate the speed is then computetieaslifference

between the stator flux-linkage angde and the load-angle [106, 123] as:

8,=p,-3 (5.24)

Finally the rotor electrical speed can be calcualdiy differentiating the rotor position:

_d, (5.25)

%0
The load-angle can be estimated from load torgerevthe load torque is estimated using
equations (5.23). However, it is very difficult &stimate the load-angle since machine
parameters may change. In Chapter 1 another methsdreviewed that used a look-up
table, but also this method has errors due to macparameters changes [16]. Here in
Chapter 5 the measured shaft torque to estimate#ueangle and account for the offset

problem due to load torque.
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5.3 Simulation of L ow pass Flux-Linkage Estimator

The performance of the low pass flux-linkage shawhig. 5.3, estimator was investigated
using Matlab/Simulink. The back EMF is calculatesing (5.26)-(5.28). The prototype

machine was rotated at low speed using the startalmique of Chapter 2 and 4 until the
motor reached the threshold speed where the fhka¢je technique can be used to
estimate position and this is 150 rpm for the psgie machine. For the simulation study
the machine was accelerated from 0 to 1000 rpmamgbass filter shown in Fig. 5.3 used

to estimate the position.

e, =k.w,sin@,)

(5.26)
e, =k sin@, +=1) (5.27)
e, =kw,sin@, =) (5.28)

5.3.1 Low passflux-linkage estimator at no-load

The Brushless PM machine starts from stand-stdl israccelerated to 1000 rpm with no-
load this is shown in Fig. 5.4. The electromagntirque, phase current, back-EMF, and
estimated position for no-load are shown in Fi§.t6.Fig. 5.7.

Fig. 5.5 shows the simulated electromagnetic torgsponse. The start-up torque from O
to 0.01 s is to start the machine and get the speedlerated from 0 to 1000rpm. Then
there is small amount of torque that is requiredwercome the friction losses.

Fig. 5.6 shows the current and the back-EMF forsphd. The start-up current which is
from O to 0.01 s is to accelerate the machine foto 1000 rpm. Then there is a small
amount of current which supplies the no-load tordtig. 5.7 show simulated electrical
positions and flux-linkage estimated position, thix-linkage cannot estimate position at
zero and low speed so it will be used only for sise@igher the threshold speed. Fig. 5.8
shows the measured and estimated electrical positoomed in to show that the
estimated algorithm is performing well at over #ireld speed.

To summarise, the position estimation at no-loashgughe low pass filter estimator
performance is very good because the there is fisetadue to load. If load is added then
either a look-up table should be used to comperfsatéhe load angle difference or an
estimate of load angle from the flux and currenildde used. In the next section load is
going to be added without compensation from a lopktable or an estimate, and the

measured and estimated position are going to b@amd.
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5.3.2 Low passflux-linkage estimator at load

The brushless PM machine starts from stand-stilliaraccelerated to 1000 rpm with load,
as shown in Fig. 5.9. The electromagnetic torghesp current, back-EMF and estimated
position are shown in Figs. 5.10 to Fig. 5.12 retipely.

Fig. 5.11 shows the current and the back-EMF fasph). The start-up current from 0 to
0.01 s is that required to accelerate the machmkel@ad systems from 0 to 1000 rpm.
There after, the current supplies the steady Idag. 5.12 shows the estimated and
measured electrical position. There is an offsdtvben the estimated and measured
position that can be shown in further detail in.BglL3 which is a zoom of Fig. 5.12 to
show the offset detail. To summarise, the perfolmeamhen there is no-load the low pass
filter estimator performance is very good becahsed is no offset due to load. But as load
of 7 Nm is inserted a offset angle occurs. Thislarig usually estimated from the
measured current and voltages but changes in nexglairameters, due to temperature for

example, can changes cause an error to the estimat
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5.3.3 Low passflux-linkage estimator at load using measured tor que feedback

The flux-linkage estimator performance works welt & fixed load. However, when the
load is changing dynamically, the load angle wilange. The error in position due to a
sudden load change will cause an offset betweemtbasured position and estimated
position. From Fig. 5.13 the error between the memband estimated electrical position
can be calculated, as shown in Fig. 5.14. The lihkage position relative to rotor

electrical position is calculated as (5.24). Thadlcangle can be calculated from the
measured torque as the torque constant is knowmgUseasured torque feedback to
calculate the load angle and thus account for tdtset, this is shown in Fig. 5.15 and Fig.

5.16 for a load of 7 Nm and a speed of 1000 rpm.
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5.4 Experimental Results of Low pass Flux-Linkage Estimator

5.4.1 Flux-linkage estimation with and without measured tor que feedback

Firstly the start-up routine discussed in chaptan& 4 is used to bring the machine up to
threshold speed (150 rpm) then the flux estimatiechnique is used for estimating
position from 150-1000 rpm. When there is no-load #he speed is at 1000 rpm the
measured torque is shown in Fig. 5.17 relativehorheasured mechanical and electrical
position it can be seen that the load is varyignfrl.0 to -1.0 Nm due to the mis-aliment
problem discussed throughout the Chapters.

The estimated position using flux estimation tegbei with no-load is shown without and
with measured torque feedback in Fig. 5.18. Therdretween the measured and estimated
position with no-load is shown in Fig. 5.19, whérean be seen that the error when no
measured torque feedback is used is 0.15 electnackns which is an angular error of
2.4%, while when using the measured torque feedis=abk08 electrical radians which is
an angular error of 1.2%.

The second test is attaching a 1.25 Nm load tontlaehine. The measured torque,
electrical and mechanical positions are shown @ Bi20. The estimated position using
flux estimation technique with 1.25 Nm load is slmow Fig. 5.21. The error between the
measured and estimated position is shown in FER &here it can be seen that the error
when no measured torque feedback is used is Oe2®riehl radians which is an angular
error of 3.5 %, while when using the measured tertpedback is 0.18 electrical radians
which is an angular error of 2.8%.

The third test is attaching a 2 Nm load to the nraehlhe measured torque, electrical and
mechanical position is shown in Fig. 5.23. Theneated position using flux estimation
technique with a 2 Nm load is shown in Fig. 5.2heTerror between the measured and
estimated position is shown in Fig. 5.25 whereah de seen that the error when no
measured torque feedback is used is 0.26 elecrackns which is an angular error of
4.1%, while when using the measured torque feediza®kl8 electrical radians which is
an angular error of 2.8%.

The fourth test is attaching a 3 Nm to the machirtee measured torque, electrical and
mechanical positions are shown in Fig. 5.26 and %ig7. The estimated position using
flux estimation technique with a 3 Nm load attacieedhown in Fig. 5.28, where it can be

seen that the error when no measured torque fekedbacsed is 0.33 electrical radians
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which is an angular error of 5.25 %, while whenngsthe measured torque feedback is
0.15 electrical radians which is an angular erfdt.8%.

The fifth test is attaching a 5 Nm load to the maehThe measured torque, electrical and
mechanical positions are shown in Fig. 5.29 and %ig0. The estimated position using
flux estimation technique with a 5 Nm load attacieedhown in Fig. 5.31, where it can be
seen that the error when no measured torque fekedbacsed is 0.44 electrical radians
which is an angular error of 7%, while when usihg measured torque feedback is 0.14
electrical radians which is an angular error of2.2

From the results presented and summarised in Talleit can be seen that as load
increased the error between the measured and éstirakectrical position, for example at
5 Nm the error was 0.44 electrical radians whickgsal to 25 electrical degrees, causing a
large torque ripple. However, when measured tofgadback is implemented the angular
error was reduced to 0.15 radians and as the toegp®nse is much improved.

electrical position error electrical position error
Load (Nm) without measured torque with measured torque
feedback (radians) feedback (radians)
1.25 0.22 0.18
2 0.26 0.18
3 0.33 0.15
5 0.44 0.14

Table 5.1 Error of load offset angle from measietedtrical position.
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5.5 Number of Sensors

The systems described in this thesis so far neel#sst 3 current and 3 voltage sensors,
and a torque measurement device. The torque sydseribed is a low cost system in
mass production a SAW torque transducer cost $10[AJSThe current and voltage
sensors cost more than the torque sensor. Furbisereduction is possible for the system

described by lowering the number current and veltaigsensors.

5.5.1 SingleDC current sensor technique

The inverter used consists of six IGBT switchese Timain application is motor control,
thus information of the phase currents are veryoirtgmt for control protection against
possible fault conditions like short circuit. Theverter typically has three phase current
sensors and one DC link current sensor to havarfidrmation of the system. However,
this approach is not economical so the three pbasents can be reconstructed by one
single current measured in the drive system DCJlli24-126].

The commutation sequence for a typical 3-phase Blofor is UV-UW-VW-VU-WU-
WV and repeats from there on. Each phase is abtvd20 electrical degrees. At any
given time/step or commutation interval, there @né/ two phases active or conducting.
The third phase is inactive or floating. This cohtechnique has a built in dead-time and
ensures that the two switches in the same phasaregot active at the same time. The
switch control signal is applied to the upper aoddr devices to control the current and
voltage. There are two cases here that will bestigated for one sequence.

Case one: over-modulated is when two switches@nducting but there is no pulse width
modulation (PWM), i.e. so-called over-modulated ragien, phase UV sequence will be
analysed, referring to Fig. 5.32, current flowsnirpositive DC through the upper-side of
the inverter bridge, U, to the machine winding asrphases A and B, then passes through
the low side of the bridge VV and to the negative. DThe arrows indicate the direction of
current flow. In this case, the current throughgehl is equal to the current through phase
VV and equal the DC link current, prior to the m&e link capacitor: so by knowing that
switch U is on and switch VV is on, then the phaggent can be identified and set equal
to the DC link current.
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Fig. 5.32 Case one: UV excitation showing curdirection.

Case two: PWM controlled considers the same twdcbes as in Case one, but the
modulation index is less 1. The PWM will switch aating to the current control set point,
but the commutation sequence remains unchangedn WeePWM events open the main
power switching devices current still flows due ttee stored energy in the machine
inductance. The current path is via the bridge esodrhe current will flow back to the
supply, as shown in Fig. 5.33. In this case theeriirin the DC link will equal the inverse
current. Tables 5.2 and 5.3 are derived from Caseamd Case two for all switches the
Tables equate the DC current to the phase curtgmgithe six commutation steps.

Three phase inverters used for machine control albynmplement complete information
about the three phase currents and the DC linlkentrto control the machine and also to
protect against damaging over currents. The pbagents can be reconstructed from the
current information in the DC link current and gestem proposed the use one DC current

measurement to control the machine.
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Fig. 5.33 Case two: UV excitation with two switshaff, showing current direction.

5.5.2 Single DC voltage sensor technique

Estimation of the stator flux requires three stagwminal voltages sensors. However, the
DC link voltage and the switching states of the power devices of the inverter can be
used to reconstruct the three terminals voltagd$. [The switching sequences are for
brushless DC control. Fig. 5.47 and examining thikage states when phase U and V are
switched on, it can be seen from Kirchhoff voltdge that the DC link voltage can be

equated to the phase voltage as:

5.31
u =tu, (5:31)
5.32
uv :_%UDC ( )

Tables 5.4 can be constructed if all switches secggeare considered.
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Commutation sequenc

u |

Rotor position
(degrees electrical)

uv ipc -ipc 0 30-90
uw ipc 0 -ipc 90-150
VW 0 ibc -ipc 150-210
VU -ipc ipc 0 210-270
wu -ipc 0 ipc 270-330
WV 0 -ipc ipc 330-30

Table 5.2 Relationship between DC-link and phasesats Case one.

Commutation sequeng

u l

Rotor position
(degrees electrical)

uv -ipc ipc 0 30-90

uw -ipc 0 ipc 90-150
VW 0 -ipc -inc 150-210
VU ipc -ipc 0 210-270
wu ipc 0 -ipc 270-330
\WAY 0 ibc -inc 330-30

Table 5.3 Relationship between DC-link and phasesats Case two.

Commutation sequence uV Vy Vi Rotor position
(degrees electrical)

uv 0.5Vdc -0.8Vdc 0 30-90

uw 0.Vdc 0 -0.5Vdc 90-150
VW 0 0.8Vdc -0.Vdc 150-210
VU -0.Vdc 0.8Vdc 0 210-270
wu -0.5Vdc 0 0.5Vdc 270-330
WY 0 -0.5Vdc 0.5Vdc 330-30

Table 5.4 Relationship between DC-link and phadtages.
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5.5.3 Experimental results

The relationship of the DC current and switchesusage to the three phase currents is
shown here via experimental results for the redwsmtsor method. Fig. 5.34 shows the
measured mechanical position, electrical positeord measured torque for a step change
in load torque from 0 to 2 Nm at 0.53s. Fig. 5.8bws the measured electrical position
compared with (i) electrical position estimatedngsthree current, three voltage sensors
and one SAW torque sensor and (ii) only one DCenirrone DC voltage sensor and one
SAW torque sensor.

Fig. 5.36 illustrates the three measured phasesmtsrduring the transient response. The
measured DC current is shown in Fig. 5.37. Themedgd three phase currents, from the
measured DC current, is shown in Fig. 5.38. Thedd@ent when there is no-load goes
slightly negative due to the reversal diodes in plogver inverter. The estimated three
currents from the DC current are delayed due tddhepass filtering of the signal. Fig.
5.36 illustrates the three measured phase voltdgesg the transient response which at
speed 1000 rpm a load was added of 3 Nm, the dstintlaree phase voltages are shown in
Fig. 5.39. There is a delay of 5 ms between thesnred and estimated voltages due to the

low pass filter.
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Fig. 5.34 Measured torque, mechanical and elettpigsitions during step load of 3 Nm at

speed of 1000rpm.
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Fig. 5.37 Measured DC current during transienpoase.
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Fig. 5.39 Measured three phase voltages durimgigat response.
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5.6 Summary

This Chapter discussed a simple rotor position agss control technique that is
employed above the threshold speed of 150 rpm. Wheemachine exceeds the threshold
speed a flux estimation technique is enabled tomagt the position. Firstly, the flux
estimation is discussed, and then simulated. Téedard flux estimation worked for no-
load and could not work for varying loads. Heres tbad angle effect on position was
shown in simulation then it has been illustratedtast rig. This was further shown in
simulation that by adding load, the load anglelgaier. When using the measured torque
feedback the position error was improved.

The second part of this Chapter was validatiomhef simulation study via experimental
results. Firstly, the electrical position with rmatl was estimated, then the test repeated for
increasing load. Five different load conditions hetit measured torque feedback were
considered. The position estimation error incredsedncreasing load. Measured torque
feedback was used to measure the load angle arshthe five cases were repeated with
measured torque feedback. In all of the five loaxhditions with measured torque
feedback, a reduced error (within 2% error) wassue=d.

Then the last two sections of this Chapter focumededucing the number of sensors in a
BLDC machine drive-system. Then experimental reswre presented showing control
of the machine using one DC link current and oneliDiCvoltage sensor and an integrated

SAW torque transducer.
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CHAPTER 6

CONCLUSIONSAND FUTURE WORK

6.1 Review of Presented Work

This Chapter concludes the work presented in thésis. To begin with this section
summarises the work discussed in Chapters 1-5, \B#etion 6.2 describing the
conclusions drawn from this work. Section 6.3 imet the novelty of the work carried out

and lists the publications that have been a diesailt of this work.

Chapter 1, this Chapter discussed the BLPM dmstesns, the BLPM drive systems
require rotor position (angle) feedback to effeslyv control phase current and
optimise torque per ampere. The position feedbablkrmes reported in the literature
are summarized in the flowchart illustrated in Fige3. Sensorless control strategies
for the BLPM machines are generally based on cailitig position from the machine
parameters, via measurement of terminal voltages anrents. All of the main
sensorless control strategies for detecting rotmitipn have been reviewed in this
Chapter, as presented in Table 1.1. The tabléh&eftd column links to the relevant
references in the right-hand column. The compitatf this table was undertaken to
try to collect the main techniques, the applicalee systems (BLDC or AC), the
existence of experimental validation and an auéflithe required sensors into one
overview. The table is not claimed to be exhaestiwut serves to highlight prior
research effort with that of the research repairtdtiis thesis. Position sensors such as
absolute or incremental encoders, or resolvers thate associated circuitry have
disadvantages in that they contain delicate pantgt tnakes them sensitive to
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mechanical abuse and temperature. Oil, dirt ot daa harm or contaminate the
encoder disk. Gratings, may also be broken by shoats or sustained vibrations.
The LED and photo detectors are also sensitive txrhamnical and electrical
disturbances. Brushless resolvers are relativabust, but the associated resolver-to-
digit converter electronics is complex and gengrallhigh cost components in the
drive system. The main issue with back-EMF detecgohemes is that they do not
work at zero and low speeds, they require at |#aste voltage and two current
sensors and a comparator circuit to sense theaheuttitage, or free wheeling diode
circuit which necessitates additional isolated posgpplies. These techniques are
sensitive to speed and load changes which can casisdilities. There is also is a
delay between actual and estimated positions wiriost be predetermined. In the
flux-linkage estimation methods the main disadvgesa are used: the machine
parameters, hence sensitivity to parameter vanatidue to temperature load
(saturation) etc. These estimation techniquesimedwo current and two voltage
sensors. The load torque must be estimated by laupdable or torque estimation
technigue to estimate the load angle offset. Mogeazero and low speed operation is
not possible. The disadvantage of observers isthigat do not work at zero and low
speed. The common problem for all observers isiththe currents and voltages are
DC there will not be enough information for positi@estimation. The need for a
detailed electrical model of the machine so that élror signal can be constructed
from the measured and estimated states leads reaged computation requirements.
The machine electrical parameters, the inductanmesjstance and back-EMF
coefficient are required, but load torque inforroatis also necessary to consider the
steady state error due to parameter perturbattmsss of the observer stability will
results in erratic and possibly destructive machoperation. The variation in
inductance and machine modifications techniques samalar since they require
machines to be specifically designed or modifiedetdnibit saliency. The main
advantage of this method is that position can lienated at zero and low speed.
However, inductance variation for rotor positiontiregtion is complicated: in a
surface mounted magnet machine since there is hensa so any variation of
winding inductances with rotor position arises framagnetic saturation, the back-
EMF dominates the rate-of-change in the curreng wariation of incremental
inductances with rotor position undergoes two cyger electrical cycle causing an
ambiguity in sensed position, the distortion dug¢he nonlinearities of the inverter,
and due to load offsets and noise caused by sigje&tion. Other techniques such as

fuzzy logic and neural networks have similar isstesobservers techniques. The
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unique topology of thenatrix convertemprovides additional advantages over a two-
level inverter in that it is capable of applying aher input voltages to the machine
when the position measurement is needed at loedseit not at zero speed. Finally,
direct torque control is similar to closed-loopxfastimator schemes. Sensorless
position techniques behave poorly, if at all, atozand low speeds (0-300rpm) and
load torque must be estimated to know the loadleargdfset. In all the position

sensorless techniques researched [18-110], at teascurrent and one voltage

sensor are required to establish closed-loop abaird for estimation of position.

Chapter 2, This Chapter has investigated and dpedla procedure that uses measured
torque feedback to estimate zero and low speedigosvithout using other rotor
position sensors. The zero speed position estimatias been divided into four
routines, of which only three need actual torqueasueement. The first routine
discussed how the zero speed position can be @éstmath the machine stationary.
Here, the electromagnetic torque was less tharotek torque for all rotor positions.
The second routine discussed how the zero speetioposan be estimated when the
machine is free to rotate but there is no-load ected. The third routine discussed is
implemented when the electromagnetic torque iselatigan the load torque, and the
load torque is less than a threshold torque (ametkfin the Chapter). Finally, the
fourth routine is implemented when the electromégrerque is larger than the load
torque, and the load torque is larger than thesttolel torque. Routine one is the best
between the four routines since it can start thehmma from stand-still without
rotation. After determining the zero position, lepeed control has been discussed to
illustrate how at low speed the BLPM can be coldgmblusing measured torque
feedback.

Chapter 3, This chapter characterised a positina@dhen investigated the parameters
of Unimotor brushless PM machine, then characteérisee cylindrical torque
transducer and finally characterised the prototypeshless PM machine with the
integrated torque transducer. The Unimotor manufacts parameters that were
examined are the resistance, the inductance, tble-E6F and the torque constant.
The resistance was 22% increased due to rated tatope The inductance was
different since it was stated that the unimota sirface mounted PM machine and the
saliency should be between 11.97 to 14.63 mH. Thenufiacturer quoted the

inductance is 13.3 +-10% while when using an LCRtemelearly showed the

186



inductance was 13.5 to 22 mH, which is not as tlaaufacturer gave but it clearly
shows that it's a 6-pole machine. The back-EMF wgibg the manufacturer was 98
Vms Whilst the measured back-EMF test was 95sVwhich are very close to each
other. The torque constant that was given by thaufie@turer was 1.6 Nm/A while
when investigated by using the SAW torque sensdrth@ results of the torque sensor
was 1.65 Nm/A but that could be due to load indygtem such as the cogging torque.
The second characterisation was for the cylindtmajue SAW sensor. There was drift
where the torque is offset after a certain timasTan be taken care off by zeroing the
display and adjusting the offsets before an expaninstarted. There was noise in the
system but the max amplitude was 30 mV which valtcibute 0.6% error. The torque
sensors static test showed that there was a 5% leetoveen actual and measured
torque and this also can be taken care off as tyetfThe prototype brushless PM
machine was investigated. There was no manufattudata given for it. The
resistance test was concluded to know the valubeofesistance. The inductance was
measured. It was noticed that the measured indeetiaad different amplitudes, which
means that the machine is an asymmetric machine .bébk-EMF test was done and
the back-EMF line voltage was measured at 1000 apohis equal to 67 Ms The
torque constant was also obtained and was showbetequal to 1 Nm/A. The
integrated SAW sensor was also analysed. Therenaige which causes 0.6% error.
There was a load in the shaft with no excitationciwltould be due to misalignment.
The torque excitation was shown for three levelegtitation and the magnitudes
increased linearly. The excited torque when sutdthtrom the non excited torque in
the system outputs a better waveform. There waslay af 1.5 ms mainly due to the

digital low-pass filter.

Chapter 4 has discussed the experimental implem@mtaf the start-up procedure
developed in Chapter 2. The torque start-up usanghie Unimotor PM machine was
then discussed and shown to similar to the idedhlisechine model discussed in
Chapter 2, due to the high quality of manufacturehis machine. The prototype
machine was then investigated and the no-load éoofparacterised. It was noted that
there was a load on the system that may have l@esed by an internal-misalignment.
This was considered as a disturbance torque osystem. The zero speed estimation
procedure was implemented to control the prototy@ehine via DSpace. The first
routine showed the zero position estimation erras within 1% when implemented
via DSpace. Then the second routine settled tonar@0 electrical degrees. The third

routine settled between 0 and 30 electrical degasethe load increased the position
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offset toward O electrical degrees. The fourth irmufpredicted the position between
two sectors.

Low speed control was investigated firstly by immpénting open-loop brushless DC
and then using measured torque feedback to makesed-loop resulting in improved
control of the machine at low speed. With the pdoces developed machine control
can be realised from zero and low speed with altl loonditions by using measured

torque feedback.

Chapter 5, This Chapter discussed a simple rotsitipn sensorless control technique
that is employed above the threshold speed of g0 YWhen the machine exceeds the
threshold speed a flux estimation technique is leadaio estimate the position. Firstly,
the flux estimation is discussed, and then simdlaéhe standard flux estimation
worked for no-load and could not work for varyir@adls. Here, the load angle effect
on position was shown in simulation then it hasnb#estrated in test rig. This was
further shown in simulation that by adding loac thad angle got larger. When using
the measured torque feedback the position errolimaoved.

The second part of this Chapter was validationtld simulation study via
experimental results. Firstly, the electrical positwith no-load was estimated, then
the test repeated for increasing load. Five diffetead conditions without measured
torque feedback were considered. The position estm error increased for
increasing load. Measured torque feedback was tosedasure the load angle and the
same five cases were repeated with measured téeqdeack. In all of the five load
conditions with measured torque feedback, a redwrear (within 2% error) was
measured.

Then the last two sections of this Chapter focusededucing the number of sensors
in a BLDC machine drive-system. Then experimergallts were presented showing
control of the machine using one DC link currend ame DC link voltage sensor and

an integrated SAW torque transducer.
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6.2 FutureWork

This research could pave the way for further redesr this area ways:

6.2.1 Challengesin measured torque feedback control

The SAW torque transducer has drift and noise prablwhich contributed 0.6 Nm error.
This error is due to the amplifier system as disedsin the thesis. The system can be
further enhanced if these drift and noise problears be reduced. One option would be to
test the new SAW torque transducer which requirdg a USB wire without the need for
the display unit and according to the manufactwiglats lower noise and has no drift
problems. If this is the case it will be interegtito develop a full torque observer, as
ideally if the machine is excited knowing the zepeed position a positive torque will be
generated, the torque will increase until a cerpasition then decrease, at that instant the
next switch should change. The noise and drift gk on the torque signal has prevented

such an observer being designed.

6.2.2 Applicationsto other machines

The application of the SAW torque transducer wasstigated in this work on a three
phase BLPM. Industry is now focusing on multi phB&M machines which can loose a
phase and still can be controlled. It will be ieting to investigate the performance of the
SAW torque sensor with a multi phase machine. Aeiotirea where the SAW sensor

based control could be used would be in the coofrelvitched reluctance machines.

6.2.3 Reduced sensorsimplementation

The system noise due to using one DC current ardD@h voltage sensor can be reduced
if the whole system is built in one package. Thenesting part here is that the DC current
sensor should be positioned between the invertégctses and the DC capacitor, taking up
space, however the distance between the switchietharcapacitors should be minimized
to reduced sensor noise. Implementing the redueesios control is challenging as system
noise and control performance need to be careéuxiymined.
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6.3 Areaof Novelty and Publications

The following aspects of the work presented in thesis are novel:

The use of measured torque feedback to contrdBti®M machine drive without a
position sensor at zero speed to high speed.

There are only four possible zero speed positidimasion for all load condition,
routine one electromagnetic torque less the loegqlie does not rotate, routine two
electromagnetic torque larger then load torquethark is no-load (rotate), routine
three electromagnetic torque larger then loadutrand there is load that is less
then threshold torque (rotate), routine four etmoagnetic torque larger then load
torque and there is load that is larger then tlolelstorque (partial rotate).

Low speed control using measured torque feedbaditfatent load conditions.
Flux-linkage position estimation using measuredquer feedback using three
current and three voltage sensors then reducinguuh&er of sensors to one DC

current and one DC voltage sensor.

The following publications have resulted from therkvpresented in this thesis, to-date:

F. Alrifai, N. Schofield, “Control of PM Machinesith Non-contact Measured
Torque Feedback,” 14th International Conference -BEMIC 2010, pp. 1-6,
September 2010.

F. Alrifai and N. Schofield, “Control of brushle$dM machines using measured
torque feedback,” International Symposium on Pollectronics Electrical Drives
Automation and Motion (SPEEDAM2010), Vol., No., [826-1001, June 2010.

E. Peralta-Sanchez, F. Alrifai and N. Schofield, “ireTorque Control of
permanent magnet motors using a single current osénsI|EEE
International Conference on Electric Machines amiyé3 Conference, IEMDC
'09., pp. 89-94, 3-6 May 2009.
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APPENDIX Al

SURFACE ACOUSTIC WAVES TORQUE

MEASUREMENT SYSTEM

Al.1 Rayleigh Waves

Surface acoustic waves are also known as Rayleayesy named after Lord Rayleigh an
English scientist born in 1885. Lord Rayleigh destoated theoretically that waves could
be propagated over the plane boundary betweerearlinelastic half space and a vacuum,
where the amplitude decays exponentially with depthhe theory was implemented
around 1930, where Voltmer and White, of the Ursitgrof California, generated such
waves, which are more commonly known referred t8wa$ace Acoustic Waves (SAW) or
Rayleigh waves, on the free surface of an isotiagdastic substrate, namely quartz. The
influence of the material properties of the surféyger of a sample on the velocity and
attenuations of surface acoustic waves permitdaiter to be used for the assessment of
residual stress in the surface layer, as well agltermal and mechanical properties of the

surface layer of the sample [5].

A1.2 SAW Torque Transducer

The SAW transducer is shown schematically in Fifj.JA The SAW'’s are produced by
metallic film transducers on the surface of a p&ectric material. An alternating voltage
applied to the transducer produces waves. The wereod is determined by the
interdigital configuration, thus the wave frequascican be physically set to a given
207



frequency. When stress is applied to the SAW dgvitrain is induced, which can be
either a state of tension or compression. Thenstall change the spacing of the
interdigital elements and hence the operating ®aqu changes. For example, if an
excitation frequency is set to 500 MHz and 1Nm ension applied, the excitation
frequency will decrease; conversely an revisablmpessive stain will increase the
frequency by the same amount. The quality factdhe transducer is high; therefore, by

measuring the impedance, a tracking oscillatorbmanontrolled [5].

Piezoelectric
substrate Warrelength of center
frecmency

™ —r

‘ Reflectors

HHEGLT =
T

\\ Excitation

Fingers soumwe SAW devices
Interdigital

Fig. ALl.1 Outline of SAW transducer Fig. A1.2 Two SAW transducers each

[5]. with there own antenna.

The measurement of torque with SAW sensors in gémeibased on bending, stretching,
or compressing of the sensor substrate. So aalyiBW torque transducer contains two
SAW elements that are used in a half bridge condiggon, one positioned so as to be
sensitive to the principle compressive stain arddtiner poisoned to observe the principle
tensile strain. Note that in the absence of bandioments and axial forces, the principle
stress planes lie perpendicular to one anotherabd® degrees to the plane about which
the tensional moment is applied. The two SAW taeers and their associated antenna
are illustrated in Fig. A1.2. The two frequenc@®duced by the SAW elements are
mixed together to produce difference and sum sggnahe difference signal is a measure
of induced strain and hence, from the knowledgthefmaterial properties and governing
equations, torque is implied. The sum signal measure of the shaft temperature [5].
The primary frequency of oscillations can be chasedie between 100-1000MHz with the
difference frequency varying up to 1.0 MHz. Th®tcombined SAW elements result in
a transducer having the following specifications:
Resolution: 1 part in f0
Linearity: 0.1%
Bandwidth: 1MHz
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APPENDIX 2

ROTOR POSITION SENSORS

A2.1 Introduction

Brushless PM drive systems require precise rotaitipa information feedback to

optimise dynamic performance. The drive systenfiop@ance thus depends on the static
and dynamic characteristics of the rotor positi@nsducer that is selected. When drive
system measured quantities are rapidly changirey,dimamic relationship between the
input and output of the measurement system hauveeta@onsidered, particularly when

discrete sampling is involved. In contrast, theasuged parameters may change slowly in
some applications and signal drift may become grohtic, hence the static performance
should also be considered. The selection of alsleitrotor position transducer should

consider the following assessments [8]:

(1) Accuracy: a measure of how the output of the traosdrelates to the true value at

the input.

(i) Dead-band: the largest change in input to whichtrdaesducer will fail to respond,
usually caused by mechanical effects such fricty@ars.

(i) Drift: the variation in the transducer output whishnot caused by a change at the

input.

(iv)  Linearity: a measure of the consistency of the triptoutput ratio over the useful

measurement range of the transducer.

v) Resolution: the smallest change in the input thathe detected.
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(vi)  Repeatability: a measure of the closeness withlwaigroup of output values agree

for a constant input.
A2.2 Resolvers

Resolvers are electromechanical transducers thatcanjunction with appropriate
electronics convert rotor shaft angle into an alteohnalogue position signal [9]. The
device is illustrated in Fig. A2.1 showing a medhah cross-section view (a) and
simplified electrical circuit representation (bAs the relative position of the static and
rotating coils change, the resolver output varisstlae sine of either electrical or
mechanical angle. Connection to the rotating sorhade by either brushes or slip rings, or
more usually via inductive coupling. The inductifrushless) resolvers offer up to 10
times the life of brushed types and are insenstvabration and dirt. The stator consists
of two output windings spaced apart by 90 degrésstrecal and the primary of a rotary
transformer [10]. The rotor carries the seconddrghe rotary transformer that is used to

excite the main rotor coil, as shown in Fig. AZD) (

54

—————————&
i Rotary _ El.r?\?:ling Ve=VrCOS(e)
||ITrar|.5furl'l'IHf r Reference Winding s2

| III gL SIK
- i B Y
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Rotary Vs =VrSIN(a)

I Transforme e
0 S1
-
o a— ._'-.- =

SIN and COS Windings

Rotating coil Static coil

(&) Mechanical cross-section view. (b) Simplifeddctrical circuit representation.

Fig. A2.1 Resolver-electromechanical position $caurcer [10].

In general [10], the static rotor transducer wimgdis excited by an AC Reference Voltage
(Vr) of typically 5 kHz. The induced voltages imetSIN and COS windings are equal to
the value of the Reference Voltage multiplied by 8IN or COS of the angle of the input
shaft from a fixed zero point. Thus, the resolpeovides two voltages whose ratio

represents the absolute position of the input shaft
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_sing, (A2.1)
cosé

r

tan@

r

where 0, is the rotor shaft angle. Because the ratio ef 8IN and COS voltages is
considered, any changes in the resolvers’ charsiitst such as those caused by aging or
a change in temperature, are ignored. An additiad@antage of the SIN / COS ratio is
that the shaft angle is absolute. Even if the tsisafotated with power removed, the
resolver will report its new position value whenwao is restored. In the selection of a
resolver, two major parameters need to be congidehe resolution and the accuracy,
both static and dynamic. The major disadvantageesdlvers is the need for interfacing

electronics. The resolver analog output to digitalversion also adds complexity.
A2.3 Optical Encoders
Optical encoders can take one of two forms:

* incremental and

+ absolute.

Each of theses types of encoder consists of these parts, as illustrated in Fig. A2.2, that

IS:

® an optical receiver,
(i) a light source,

(i)  and a code wheel

The receiver is normally a phototransistor or diedgch responds to the light intensity

received from a local light source [11]. The liglource can be either a filament bulb but
more usually a solid state light emitting diodeheTdifferent kinds of optical encoders are
characterized by the information contained on teecwheel and by how it is interpreted
by an external control system as illustrated in BA8.3. Showing the construction on an
incremental encoder (a). The encoder code whelahsingle track of equally sized,

opague and translucent slots. As the wheel rotaregqual work-space digital signal is
produced with a frequency proportional to the spafegbtation. The incremental encoder
is essentially a pulse generator, signalling orheacrement of motion. There are mainly

two kinds of incremental encoders either rotaryentental encoder which gives pulses
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per revolution, or linear encoders which returntda pulses per inch or millimetre. The
incremental encoder keeps no record of its actasitipn, thus a one per revolution index
pulse is also included. Incremental encoders me®diguare-wave pulse trains. They
typically have two output channels (A and B) offseim each other by half a pulse width
(90 degrees) to provide information on directiomathtion, as shown in Fig. A2.4. When
the machines rotates clock-wise then channel A ledt channel B, else if the machine

rotates counter-clock wise, channel A will lag chelnB.

If absolute rotor position is required from the s@m a number of discrete discs, associated
LEDS and sensors are required as illustrated in AB3 (b). The absolute encoder
usually implements binary or gray code, with oneplerr track. The gray code is preferred
because only one bit changes between any positistaée] as detailed in Table A2.1. The
encoder disks are costly, hence, absolute devieed to be more expensive than
incremental.
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Fig. A2.2 Main components of incremental and aliteoéncoder [11].
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Fig. A.2.3 Incremental and absolute encoder diblesies [12].
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Decimal code Binary code Gray code
0 0000 0000
1 0001 0001
2 0010 0011
3 0011 0010
4 0100 0110
5 0101 0111
6 0110 0101
7 0111 0100
8 1000 1100
9 1001 1101
10 1010 1111
11 1011 1110
12 1100 1010
13 1101 1011
14 1110 1001
15 1111 1000

Table A2.1 Binary and Gray code as used in absalptical encoders [12].
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APPENDIX A3

EXPERIMENTAL VALIDITION HARDWARE
AND DSPACE SYSTEM

A3.1 Introduction

The start-up routine proposed in Chapter 2 is impeleted via a DSpace controlled drive
system comprising of a commercial brushless PM maglthe Unimotor coupled directly

to a prototype brushless PM machine, as illustrétedhe test facility schematic of Fig.

3.39 and by the rig photography gallery of Fig. (3.4 The current and voltage

instrumentation, full-bridge power electronic inkesr gate drive circuitry, filters and

protections are discussed here for completenessovArview is also given of the DSpace
machine control platform developed as part of tegearch study.

A3.2 Current sensors

There are four current sensors in the system, dheyised to monitor the currents through
the three phases and also monitor the dc curréwt.clirrent transducer used here is Hall
current sensor which is LA 55-P from LEM, the dakeeet is in the appendix. Since the
current that is going to be measured is usuallyeu28A. Then the measuring resistance is
going to be selected to be 160 ohm for maximum r@aoyu The output of the current
sensors will be a voltage which be filtered througHow pass filter with a cut off
frequency of 2 kHz. the chosen low pass cut offdiency was choose because the inverter
PWM carrier frequency at 10 kHz and the operatieguency is very low so that the delay
and magnitude effect cause by the low filter doatseffect the measurement. The current

sensors diagram and how they are attached to thestém is shown in Fig. A3.1. The
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current sensor is shown in Fig. A3.2, and showthenreal system used as in Fig A3.3.
The output of the low pass filter is connected tBD$pace system. The DSpace system
converts the current to it real value and accodmtsall offset and magnitude changes
needed and then used as feedback this is showmg.iAB.4. The system only needs one
DC current to control the three phase currentulilisoe explained in detail in chapter 5.

Ides
&
e
I
Ideal[Switchs Bibde Z@ i J, iodes
£ E o T
. 1 1 —
=1 |
53

Fig. A3.1 Current sensors schematic on the inxverte

Fig. A3.2 Current sensor.
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Fig. A3.3 Current sensors attached to real inverte
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A3.3 Voltage sensors

The voltage sensors used are made by LEM therekiagwhe voltage transducers LV 25-
1000. The voltage maximum that is going to be usethe experiment is going to be

within +-1000 volts. For maximum accuracy the riesise will be chosen to be 320 ohms
from the data sheet. There are four voltage sentbatsare going to be used in the
experiment to measure the three phase voltage landle DC voltage. The diagram of
how these voltages are going to be inserted wipeet to the inverter is shown in Fig.
A3.5. The voltage sensor that is used in the systeshown in Fig. A3.6. The voltage

sensors are shown in the experimental rig as inA3g/. The output of the voltage sensors
is connected to a low pass filter with a cut oédquency of 2 kHz. The offset and

amplitude is adjusted in accordingly is DSpacehasvs in Fig. A3.8.
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E e E e E "o
T =]
1 1 1 5 w
u
» 1
—a (4 Wul
== S
vds el v oz
+ Rl
L=

)

o —
W - {]
Id :hG
. I hd — .
Ideal|Switch3 bae — ﬂ Dihded ioded
£ E "eu
w4

LV 251000
00 - oEat

Fig. A3.6 Voltage sensor board.
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Fig. A3.7 Voltage sensors attached to real inverte
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Fig. A3.8 Voltage sensors in DSpace code.

A3.4 Low-passfilter circuit

The printed circuit made to deliver the measurederitis and voltages values to DSpace is
explained here. The circuit consists of a meastegsigtance given in the data sheet that is
used to receive the out current of the current@easd the voltage sensor respectively.
The best value for the resistance to be used ®agplication here is 160 and 320 ohms
for the current and voltage sensors. The low pédss s used to take out the high
frequency the value chosen for the cut off freqyes@ kHz many test have made using
different cut off frequency until this value wasodse since the fundamental frequency
used is very low, the delay, and amplitude effe®t @ery small and compensated in
DSpace. The measuring resistance and low passtaliagram is shown in Fig. A3.9 in
PCB format. The measuring resistance and low passitcafter it built is shown Fig.
A3.10 and is shown in the experimental rig as on A3.11.
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Fig. A3.9 Low-pass filter and measuring resistarioeuit in PCB.
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Fig. A3.10 Low-pass filter and measuring resisgaciccuit after being built.
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Fig. A3.11 Low pass filter and measuring resis¢agiccuit in the rig.
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A3.5 IGBT inverter circuits

The inverter used is a BP7B is shown in Fig. A3.1i2.is an isolated interface circuit for
six and seven pack low and medium power L-seritsdligent power modules (IPMs). It
consists of a VLA606-01R which is opto-interface iolation of control signals and also
isolates the power supply for the IPMs built inegalrive and protection circuits. The
isolation helps to directly connect the IPM to tbgic level control it shown in Fig. A3.13.
The IPMs part number PM25RLA120 has a built in ghtee and a protection circuit, the
PM25RLA120 has a common control ground for all ¢htew sides IGBT. This permits
the use of a single low side supply so that only figolated supplies are required this is
shown in Fig. A3.14. The VLA106-24151 and VLA1061%4 are isolated dc-dc converter
which operate from a single 24 V dc supply and poed an isolated 15 V dc output and
provides up 100 mA for control power and 300mA essgely, it also uses a transformer
to provide 2500VRMS isolation between the primangl aecondary, the VLA106-24151 is
show in Fig. A3.15.
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Fig. A3.12 BP7B circuit diagram.
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Fig. A3.13
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Fig. A3.15 VLA106-24151 circuit diagram (DC-DC).

The circuit uses the VLA606-01R to transfer logiedl control signals between the system
controller and the IPMs. The internal optocoupf@evide galvanic isolation to completely
separate the controllers from the high voltagehe gower circuit. The VLA606-01R also
provides isolated control power supplies to powss tPMs built in gate drive and
protection circuits. From Fig. A3.12 the six mai®BT on/off control signals are
transferred to the IPMs through VLA606-01R. Theunpontrol signal is inverted by the
VLAG606-01R so that leads that an on signal is gateer by low pin ground and off signal
iIs generated by an on 5 volts input signal. Theutirgignal from the control is inputted
from pins 33-38 (Up, Vp,Wp, Un, Vn, Wn) and outgattfrom pins 24-26 Wn, Vn, Un for
the low side and the high side are 17, 9, 3,Wp,Mn, Isolated control power for the IPM
is supplied by VLA106-24151 (IC3, IC4, IC5, IC@ach power supply is decoupled at
the IPM’s pins with a low impedance electrolytipaaitor (C1-C4). These capacitors must
be low impedance/high ripple current types becdhsg are required to supply the high
current gate drive pulses to the IPM’s internalegdtiving circuits. The DC to DC
converters are powered from a single 24VDC supplygnected at CN3. The 24VDC
supply is decoupled by the electrolytic capacitd 8 maintain a stable well filtered
source for the DC to DC converters. The currenivdsa the 24V supply will range from
about 75mA to 200mA depending on the module bemged and switching frequency. A
power indicator consisting of an LED (LED5) in ssriwith current limiting resistor (R4)
is provided to show that the 24VDC supply is présartypical controller interface for the
BP7B can be shown as on signal (IPM control inpwt)lis generated by pulling the
respective control input low (GND) using a CMOSfbuttapable of sinking at least 16mA
(74HCO04 or similar) shown in Fig A3.16.
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Fig. A3.16 74hc04 buffer circuit (for sinking cant).

In the off state the buffer should actively pukktbontrol input high to maintain good noise
immunity. Open collector drive that allows the gohinput to float will degrade common
mode noise immunity and is therefore not recommeéntehe IPM’s built in protection is
activated it will immediately shut down the gatevdrto the affected IGBT and pull the
associated FO pin low. This causes the VLAG606 tbthe fault feedback signal (Pin 9 of
J2) low. When a fault is detected by the IPM atfaignal with a minimum duration of
1ms is produced. Any signal on the fault line tisasignificantly shorter than 1ms can not
be a legitimate fault and should be ignored by tbetroller. An active fault signal
indicates that severe conditions have caused tkésIBelf protection to operate. The fault
feedback signal should be used by the system dtamtto stop the operation of the circuit
until the cause of the fault is identified and eoted. Repetitive fault operations may
result in damage to the IPM. The BP7B circuithewn in Fig. A3.17; the IGBT used is
PM25RLA120 IPMs is shown in Fig. A3.18 and the CMG@fer between DSpace and
the BP7B circuit is shown in Fig. A3.19. The whalgstem is shown in Fig A3.20. The
DSpace block used to communicate with the BP7ButiinaCMOS buffer is shown in Fig.
A3.21.
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Fig. A3.18 PM25RLA120 circuit diagram.
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Fig. A3.19 CMOS buffer circuit.
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Fig. A3.20 BP7B circuit diagram.
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A3.6 DSpace Modd

The complete DSpace model used to implement theuned torque feedback at all speeds
Is shown in Fig. A3.22. The fifteen parts of thedabis discussed below.

A3.6.1 Start here

The Start here block is where system starts, tloiskigenerates 5 signals, each signal is 1
s apart, the first signal is to excite phase U, sbcond signal is to excite phase VW, the
third signal is to excite phase WU, the fourth silgis to estimate the zero speed position
and the fifth signal is to start the low speed oantising measured torque feedback and
then block stops. The initial signal is always erzero which makes the machine stop.
This model is illustrated on Fig. A3.23.

A3.6.2 Zero speed position estimation

The Zero speed estimation block, as discussed ap€h 2 and 4, will take three torque
inputs and estimate the initial position. The posiis best when it started from stand still
so that no reversal can happen. This model igifited on Fig. A3.24.

A3.6.3 Low speed control

The Low speed get the initial position then exxitee corresponding phase, depending on
the demanded speed the function increases the dechamltage, if load is added to the
block the measured torque feedback will increagedecrease the demanded voltage to
keep the system from over modulation or under nmatehul. This model is illustrated on
Fig. A3.25.

A3.6.4 Flux-linkage position estimation (a)

The flux-linkage block (a) it calculates the flurkage from the inputted currents and
voltages, without any measured torque feedbackhapter 5 the results of this block is
discussed. This model is illustrated on Fig. A3.26.

A3.6.5 Flux-linkage position estimation (b)
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The flux-linkage block (b) it calculates the fluxkage from the inputted currents and
voltages, with measured torque feedback, in Chaptahe results of this block is

discussed. This model is illustrated on Fig. A3.27.

A3.6.6 Flux-linkage position estimation (c)

The flux-linkage block (c) it calculates the flux#tage from the calculated currents and
voltages from a single DC current, DC voltage anthwneasured torque feedback, in
Chapter 5 the results of this block is discussduilk mMmodel is illustrated on Fig. A3.28.

A3.6.7 Speed calculation

The speed calculation blocks takes the estimatectrilal position from the flux-linkage
and calculates the speed. The inputted electrimsitipn can be either from the calculated
position or from the measured position from theitpms sensor. This model is illustrated
on Fig. A3.29.

A3.6.8 Brushless DC control

This block implements brushless DC control, theutrgre divided into three parts, the first
part is for the zero speed estimation and the bleitkout the signal to the inverter to
excite the three phases with 1 A excitation eadbh tanhold the excitation for 1 s. the
second part is the low speed control with meastweglie feedback where after the zero
position is calculated then a low speed controlmplemented with measured torque
feedback and the block excited the motor as a lrssibC based on the speed demanded
and control the current based on the associatedureghtorque feedback. The third part is
for over threshold speed, the flux-linkage in timetor can be calculated after 150 rpm so
after the threshold speed the estimated rotor ipasi$ inputted and the motor is excited

every 120 degrees. This model is illustrated on A&)30.

A3.6. 9 Current control

The current control either control the current friime measured or from the calculated
current from the DC current control. The demandeadent is compared to either current
and the error is in putted into a PI controller.eTRl control output is compared to a
triangle waveform to either increase or decreasedtlty ratio. The demanded duty ratio

output foes to the inverter. This model is illuggdion Fig. A3.31.
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A3.6.10 Inverter

The output of the current control is used as tipaitiio the inverter, which from will give
the communication signal to the real IGBT. This mldd illustrated on Fig. A3.32.

A3.6.11 Torqueinput

This block is used to input the torque signal iD®pace where is will be used in the zero,

low and flux-linkage position control. This modslillustrated on Fig. A3.33.

A3.6.12 Position sensor input

This block is used to input the incremental pulsiethe position sensors used and also the
index signal is this position sensor there are 5008es per mechanical revolution. The
electrical and mechanical position in degrees awlians can be calculated. The measured
position here is used to be compared with the &atled position. This model is illustrated
on Fig. A3.34.

A3.6.13 Input current

This block is used to input the measured three gltasrents and the DC current into
DSpace where the will be used to control the BLP&thine. This model is illustrated on
Fig. A3.35.

A3.6.14 Calculated current

This block is used to calculate the three phaseentg and from the measured DC current
where these calculated current will be used torobmthe BLPM machine. This model is
illustrated on Fig. A3.36.

A3.6.15 I nput voltage

This block is used to input the measured three gplvastages and the DC voltage into
DSpace where the will be used to control the BLPRthine. This model is illustrated on
Fig. A3.37.
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A3.6.16 Calculated voltage
This block is used to calculate the three phaseage$ and from the measured DC voltage

where these calculated current will be used torobthe BLPM machine. This model is
illustrated on Fig. A3.38.
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Fig. A3.22 Measured torque feedback control.
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