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ABSTRACT

This thesis investigates the sensorless contralegfies of permanent magnet synchronous
machines (PMSMs), with particular reference to siatd-flux permanent magnet (SFPM)
machines, based on high-frequency signal injeatiethods for low speed and standstill and
the back-EMF based methods for medium and highdspee

For the low speed and standstill operations, theierasignal injection techniques are
usually employed, which require the saliency properesulting from machine
magnetic-saturation or geometric rotor. In ordeetwaluate the saliency level, a systematic
experimental method is presented, in which theesali can be experimentally measured
under various load conditions, including the see@opdaliency. According to the measured
machine saliency information, the potential seressrloperation capability considering the
cross-saturation effect in PMSM is systematicallyeistigated based on signal injections.

Furthermore, based on different winding configumasi, i.e. all poles wound (double layer
winding) and alternate poles wound (single layerding) topologies, as well as the different
winding coil connections, the SFPM machines exhdifterent saliency characteristics. In
comparison, the all poles wound topology is exgketeexhibit lower saliency level due to
saliency cancellation effect. However, althoughdhkency level based on the alternate poles
wound machine is significantly higher, the accuradyrotor position estimation is still
deteriorated by the influence of multiple saliesci¢lence, the orthogonal signal based
observer, rather than existing position obserisrgroposed to improve the accuracy of rotor
position estimation, by minimizing or cancellingetleffect of multiple saliencies. Also, a
simple position error compensation method is predo$or improving the sensorless
operation based on different winding coil connetsio

For the medium or high speed operations, the batk-Based sensorless control methods
can successfully estimate the rotor position. Siryil the back-EMF can be measured based
on the different winding configurations. The altaten poles wound SFPM machine is found
to exhibit asymmetric back-EMF which may deterierdlhe rotor position estimation. In
order to minimize the influence of asymmetric b&¥¥, a control strategy, which has some
advantages, such as easy implementation and lesgige to the machine parameters, is
proposed for the enhancement of rotor positionmegton with the aid of elimination of
back-EMF harmonics.

Moreover, another sensorless control method igit@eithe harmonic back-EMF for the
sensorless rotor position estimation. Since th#giarmonic component is much bigger than
the third-harmonic back-EMF in SFPM machines. Hersmveral new sensorless control
strategies based on the sixth-harmonic back-EMFpeoposed for rotor position estimation
based on integration, zero-crossing detection, aodtinuous sinusoidal signal. By
eliminating the influence of third-harmonic back-EMffect and with the aid of synchronous
reference frame filter, the high accurate senssnewr position can be derived comparing to
those of the methods based on the fundamentahantthird-harmonic back-EMF methods.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

Permanent magnet synchronous machines (PMSM) ang leetensively employed for
many industrial applications due to their advansagee. brushless construction and
outstanding performances, high torque density, avgad power density, high efficiency and
fast torque/speed response. In addition, the dpuwetat of control techniques, power
electronics and high performance of micro-processystems are facilitating the
implementation of machine drives with higher rellif§g low cost and better dynamic
performance. Therefore, the permanent magnet (PM¥hkess machine drives are an

attractive research topic in both academic studyiadustry.

In order to achieve high control performance andimize the current harmonics and
torque ripple, a high resolution vector controlledethod which requires accurate rotor
position information has to be applied. The rotosipon information is normally obtained
from a position sensor, i.e. Hall-effect sensaspheer and absolute/incremental encoder etc.,
which is usually located on the rotor shaft, aswshon Fig. 1.1 (a). However, in some
particular situation, the position sensor cannoubed, such as the increase of system size
and cost and the low system reliability. Therefon@ny high performance sensorless control
techniques have been considered to replace theaigessition sensor, as shown in Fig. 1.1
(b), in which the rotor position information can éstimated either from terminal voltages or

currents of PMSMs.
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(a) Sensored operation for brushless PMSM
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Fig. 1.1. Control of brushless BLAC machine (a) Sensored model (b) Sensorless model.

The main focus of this chapter is to introduce masi machine topologies for PMSM, as
well as sensorless-based control techniques, aek blectromotive force (back-EMF) and
machine saliency based methods. Additionally, #search outline and contributions will

also be listed at the end of this chapter.



1.2 Permanent Magnet Synchronous Machines

1.2.1 Categories of Brushless Permanent Magnet Machines
The topologies of PM brushless machine can beifiebsnto several forms, as discussed

in and can be summarized in Fig 1.2.

. Trapezoidal
EMF waveform N
\ Sinusoidal
Surface mounted magnet
—{ PM on rotor Interior embedded magnet
[PM bru.shless]i Inset mounted magnet
machines )
—[ PM on stator ]—[ Switched-flux type
: Without saliency
| Saliency between J
- R With saliency

Fig. 1.2. Summary of PM brushless machine.

Brushless PM machine can be designed into two grddyAO06] [PIL91]. The first
category of PM machine is referred to as the mashwith square-wave (or trapezoidal wave)
back-EMF and square-wave currents, namely Brusidaest Current (BLDC) machines.
The second group, namely Brushless Alternating é€liir(BLAC) machines, has sinusoidal
back-EMF and supplies sinusoidal currents by puakh modulation (PWM) of the DC
supply voltage [ACA06] [SAF95]. The phase back-EMifd current waveforms for BLDC

and BLAC machine are shown in Fig. 1.3.
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(a) BLDC operation mode

e
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(b) BLAC operation mode

Fig. 1.3. Phase back-EMF and current waveforms for BLDC and BLAC machines

It is well known that the stator winding configuomts can be referred to as either
non-overlapping stator winding or overlapping statinding, as shown in Fig. 1.4. In terms
of non-overlapping stator winding topology, the mmae winding factor is usually lower but
the end winding is shorter and easy for manufacturMoreover, the cogging torque is
relatively small because of fractional-slot. On thiher hand, for the overlapping stator
winding topology, the machine winding factor candgial to 1 but its end winding is longer
and the machine may produce large cogging torqueN@4], which is opposite to the

non-overlapping winding topology.



(a) Non-overlapping winding (b) Overlapping winding

Fig. 1.4. PM machine stator winding configurations [SHEQ2].

For the brushless PM machine, the inductance vami@nd the back-EMF are dependent
on the magnetic structure. The machine is usuallyalve a field produced by the permanent
magnet on the rotor and the armature winding orstamr. For the conventional radial-field
PM machine, there are four major rotor structuassgdepicted in Fig. 1.5 [CHE99] [LI09a]:
(1) Surface mounted, (2) Inset, (3) Interior radiahd (4) Interior circumferential with
potential of flux focusing. In the surface-mounigermanent magnet arrangement, Fig. 1.5
(a), the effective air-gap is equal to the physaieigap between the rotor and the stator plus
the magnet thickness [CHE99]. The armature fietslpced by current flowing conductors is
relatively low. Hence, the inductance of the phasading is small. Moreover, if the rotor
surface is covered by a permanent magnet, thetiarian winding inductance with rotor
position can be ignored. The inset magnet rotowshio Fig. 1.5 (b) is usually preferred for
saliency torque production [CHE99]. The soft-magnebaterial at the physical air-gap
between the magnet poles can introduce a subgtaatiation in winding inductance with
maximum inductance that will occur at a rotor positwhen the magnet pole arcs are
misaligned with the axis of windings.

The other two topologies have magnets locatederrdkor body as shown in Figs. 1.5 (c)
and (d). For the interior magnet structure showhig 1.5 (c), the magnetization direction is

radial. The final rotor structure is a flux focugitype, having magnets circumferentially
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mounted, as shown in Fig. 1.5 (d). Both machindsbitxsaliency due to the variation of

winding inductance [CHE99].

(a) Surface-mounted PM (b) Inset PM

(c) Interior radial PM (d) Interior circumferential PM
- Permanent magnet; |:| Iron; |:| Air or non-magnetic materials.

Fig. 1.5. Typical rotor designs of PM brushless machines [CHE99] [LI09a].

1.3 Sensorless Control of Permanent Magnet Brushless Machines

As mentioned in the previous section, the accuatt® position information is an essential
requirement for both BLDC and BLAC machines, whishusually obtained from the
high-resolution position sensors. On the other h#meuse of these sensors will lead to some
problems, such as additional cost and system pdiysize, lower system reliability and
sensitivity to noise and vibration. To avoid thésmies, the on-line rotor position estimation

has been of increasingly attractive interest irstfaneasuring the position information from



the position sensor, namely sensorless or selirggrontrol. In this thesis, the use of
sensorless vector control technique is the onlgictemation for PM BLAC Machines.

Various sensorless control methods for PM BLAC nraehican be categorized as machine
signal injection based sensorless control methaods keck-EMF based sensorless control
methods, as shown in Fig. 1.6. However, since tleguency and magnitude of the
back-EMF are both proportional to the rotor speled,accuracy of rotor position is limited at
zero and low speed, but shows good performanceealbocertain speed. Therefore, to
overcome these limitations, the signal injectioadshtechniques are usually employed at low
speed. Since the machine saliency is not deperafetite rotor speed, the signal injection
based methods can be effectively estimate the paisition at low speed and standstill, but
will deteriorate at high speed because of the signaoise ratio (SNR) being too weak to

extract the rotor position information.

Sliding Mode

~
[Sensorless of PM | ‘ Fundamental Mode| Based l ‘ Fundamental Obsenver based
Machine Sensorless Techniques Back-EMF Bas
AR i EdJ Extend Kalman
Filter Based
) Flux-Linkage |
ux-Linkage
—»[Observer Based (Observer Based
J J
. ) . ] R
Harmonic Back- Third-Harmonic
EMF Based ) Back-EMF Basedj

Fundamental
PWM Based

N S
Machine Saliency Based INFORM Pulse High-Frequency o
Sensorless Techniques Voltage Based | Pulsating Injection D-axis injection

-~
O
. ) . YRS .
High-Frequency High-Frequency Q-axis injection
Injection Based ) Rotating Injection -

R
D-axis injection
-—

High-Frequency
| Square-Wave Injection

Q-axis injection

Fig. 1.6. Summary of sensorless control techniques.



1.3.1 Fundamental and Third-Harmonic M odel Based Sensorless Techniques

Generally, the principle of fundamental model basedsorless control techniques is to
extract the fundamental or harmonic back-EMF, oolteerve the flux-linkage based on the
machine fundamental model, in which the rotor pasitinformation can be obtained.
Moreover, the other ways of the observer based adédth gain the rotor position information,
e.g. extended Kalman filter (EKF), sliding mode eter (SMO). These observers can
directly estimate the rotor position without comsidg back-EMF or flux-linkage. There are
several typical back-EMF based sensorless corgnbiniques which are compared in Table

1.1

TABLE 1.1

COMPARISON OF THREE BACK-EMF BASED SENSORLESS CONDORMETHODS

Fundamental Flux-Linkage Third-Harmonic
Back-EMF Based Observer Based| Back-EMF Based
Applicable Machine BLAC BLDC/BLAC BLDC/BLAC
Terminal Voltage Needed None Needed
Phase Current Needed Needed None
Machine Neutral None None Needed
Point
Third-Harmonic in None None Needed
Back-EMF

A. Fundamental Back-EMF Based M ethod
The back-EMF is induced when there is a motion betwthe armature windings and the

air-gap magnetic field generated by the PMs, amgagtional to the rotor speed. Since the



back-EMF is dependent on the rotor position, therrposition information can be directly
estimated from the back-EMF. However, for a salieht machines, such as an interior PM
machine, the fundamental back-EMF term would notgletely contain the position
information. Hence, the extended back-EMF methambissidered to obtain the rotor position
information for any types of salient machines [CHERCHEO3]. In addition, the improved
method [LIO7] based on the extended back-EMF hkentdhe cross-saturation effect into
account. [WAN12] developed a new startup methocdam the current regulation, which
can solve the starting and low speed problems., Alsswitching procedure from startup to
sensorless operation is smooth, even at diffead tonditions. A simple startup technique
should be robust with any load condition.

In [FATO8], a first order compensator was employted obtain the rotor position
information by the back-EMF based method which Hgadepends on the compensation
parameters. Another method presented in [STI10]ahasnilar principle to the first order
compensator and also very sensitive to the parasmefecompensator to secure the good
performance.

The back-EMF can also be estimated by a disturbaoltage observer based sensorless
control [SEN95], and can also be implemented fa& éxtended back-EMF estimation of
interior PM machines [CHEO3], as shown in Fig. It7[LEE11a], the disturbance observer
based is also utilized to estimation the torque @modluce the compensating signal to reduce
the error in the rotor position estimation and ioy& the robustness to the load variation and

sensorless operation.

_______________________

e

Fig. 1.7. Disturbance voltage observer for extend back-EMF estimation [CHEO3].
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B. Flux-Linkage Based Observer

The flux-linkage observation is an important featur the direct-torque control (DTC), and
also for the rotor position estimation in sensalesntrol. The rotor position is usually
estimated by the PM excitation flux-linkage, sittkce rotor position information is contained

in its phase angle, as demonstrated in Fig. 1.89W{SHEO02a].

L » a,d

c

Fig. 1.8. Phasor diagram of different reference frame of PM machine.

The principle of flux-linkage observation is velygle, and the stator flux-linkage for PM
machine can be obtained from the machine back-ENF expressed in the stationary

reference frame as

Wo=[(U-RI) dt (1.1)
whereRs is the stator resistance. The current vett@nd the voltage vectds” are derived
from the phase current and terminal voltage, respdyg. However, there are some problems
for measuring the terminal voltage, such as ismtaissues and additional cost for the voltage

transducer. Hence, the applied voltage is calcdlitan the DC supply voltage and demands

of SVPWM, but this may cause a certain error in tbr position due to the dead-time

10



effect, which has been compensated in [HAROO].

Furthermore, the equation in (1.1) can be usedstimate the stator flux-linkage by an
open-loop calculation, and some potential issuesdn® be taken into account, i.e.
integration drift and stator resistance variatioftse study in [WU91] used the integration of
machine terminal voltage for the stator flux obsdion to detect the rotor position. However,
it has some problems such as flux vector offset @i due to the error occurs in the
winding resistance. To avoid these issues, theef@WU91] proposed that the pure
integrator can be replaced by a low-pass filterHLEhen the accuracy of rotor position
estimation can be improved. On the other handyudieeof a low-pass filter will cause a phase
shift to the fundamental flux vector in a variaBlgeed operation since its dynamic response

is not fast enough.

In [LEE11b], discrete time stator current and flikkage observers were proposed for the
stator flux-linkage observation. Moreover, otheatst flux-linkage estimations based on
either voltage or current methods have been disduss [LUUO3] [IDR02] [HINO3]. The
stator flux-linkage observer that was proposedEXJ05] can estimate the inductance online,
but variations of the machine resistance and PM-Ifhkage need to be taken into
consideration. Moreover, the close-loop methods ase utilized to estimate the stator
flux-linkage [HU98] [BOL09] [YOOOQ9]. The current ndel and voltage model together, as
shown in Fig. 1.9, is utilized for the stator flikkage observer in the rotor frame [YOOOQ9]
[XU14]. This type of observer can be applied ovewider speed region since the current
model is dominant in the low frequency range, waserthe voltage model is dominant in the

high frequency range.
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Fig. 1.9. Combined flux-linkage observer [XU14].

C. Other Observer Based Methods

Based on the model of PM machines, there aressieral types of observer that can be
introduced, such as extended Kalman filter (EKFERD1] and sliding mode observer (SMO)
[FOO10]. These observers have some benefits, @leustness, quick convergence and
response and insensitivity to machine parameterale of that, the observer based methods

become more popular for rotor position estimatiosensorless control.

(a) Extended Kalman filter (EKF) is a continued application of the Kalman filteriafh
can be used in a non-linear system including dynaperation. The advantages of EKF, i.e.
less influence by the noise (unknown harmonicsh@ihput signal) and inaccurate machine
parameters, in which the high accuracy of rotoitmys estimation can successfully achieve
[BOL99] [TERO1] [RIV13]. However, the reduced ordeKF is proposed for enhancing the

speed control due to free of noise [FUE11].

(b) Sliding mode observer (SMO) was first published in 1990s [FUR92] and used li@r t
sensorless rotor and speed estimation. [LI05] [DER@oposed to utilize the two sliding
mode current observers to eliminate the influentg@avameter variation and make more

robust for the flux-linkage and speed estimatighkdM11] presented a new SMO for a
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robust sensorless control of PMSMs. It can soheepfoblem in the conventional SMO by
using a sigmoid as a switching function insteadcomfiventional sign function [ZHAO6].
Combining the SMO with high-frequency injection mad, a high steady-state and dynamic

performances can be achieved over a wide speed.rang

D. Third-Harmonic Based Sensorless Control

Third-harmonic back-EMF is usually formed in theapl back-EMF and has only been
utilized for the BLDC machines. However, [SHEO4]linéd the zero-crossing points to
detect the rotor position information for both BL2Gd BLAC machines. Hence, the neutral
point of the Y-connected windings, with a Y-conmettresistance network, is essential for

detecting the third harmonic back-EMF as shownign E.10.

sl

Fig. 1.10. Detection of harmonic back-EMFs.

Since the 3rd-harmonic back-EMF has three cycleseims of frequency against the
fundamental back-EMF, the zero-crossings in thehzntnonic back-EMF are related to
some particular positions [KER94], i.e. ©3, 2t/3, n, 4n/3, 5u/3, 2r, as illustrated in Fig.

1.11.
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Fig. 1.11. Zero-crossings of the third-harmonic back-EMF.

According to [SHEO6b][LIU14], the initial rotor pan do of each half-cycle between two
zero-crossings could be known. Then, the estimabéor position can be calculated by

simple integration as

& :HO+I;afdt:90+_[;7:—/3dt (1.2)
d

where & in (1.2) is actually the average machine speedhvhan be calculated from the

time cycle of zero-crossings, whilstis the time interval of position estimation. Howevfor
the conventional 3rd-harmonic back-EMF based séssorcontrol, the estimated rotor
position will only be accurate under steady-statd deteriorated during dynamic transient

State.

When the machine is magnetically saturated, thegap flux-linkage may include the
harmonic components [MOR92]. These harmonic compsnare in synchronous rotation
with the fundamental flux-linkage and related tce thotor position. Due to magnetic
saturation or design features of a permanent magaehine, the harmonic back-EMF is
usually induced. The method proposed by Kim [KIM@Bed a stationary reference frame
state filter to detect the back-EMF and an enharlaeshberger-type back-EMF tracking

observer for the rotor position estimation.
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In [SHEO6a] [SHEO06b] [SHEO04] [KER94] [LIU14], sonpractical issues in implementing
the 3rd-harmonic back-EMF based sensorless comteok reported for the rotor position
detection. In [GEN10], a novel sensorless contigbithm based on the back-EMF without
the use of voltage probes was presented. A singilast method that can easily allow a
speed transition and smooth torque for the sersrlector control strategy under different
load conditions was developed in [WAN12]. In [FEAQQ new software scheme using a
phase-locked loop (PLL) based on the 3rd-harmoadkiEMF detection was published and
showed that the torque could be improved duringhiigl speed operation. Moreover, the
estimated flux-linkage harmonics resulting from Haek-EMF can be utilized to compensate
for the influence of harmonic currents by adding ttarmonic currents to the fundamental

currents in order to reduce the torque harmoni¢BEG98].

By comparison, the third-harmonic back-EMF basetssdess control method has several
drawbacks (1) additional wire and resistances atpired, (2) the machine must be Y-
connected winding structure, (3) the machine néytoant is needed, (4) this method can
only be applied for the machine containing thedtiarmonic in addition to its fundamental

back-EMF.

1.3.2 Machine Saliency Based Sensorless Control Methods

Since the back-EMF is proportional to the machiotr speed, the back-EMF based
methods are not able to be used to estimate tloe pofsition at low speed and standstill.
Hence, the saliency based techniques are devekopedercome these problems since the
machine saliency is independent on the speed. Tineigde of saliency based sensorless
control methods can be described that the windimdugtance variation is an important
feature for the rotor position estimation due te thachine magnetic saturation-induced

saliency or geometric rotor saliency. In Fig. 1.t phase inductance variation is compared
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with the rotor position for PM machines [KAN10]. Bhows that the inductance is

position-dependent, spatially salient and moduladsdtwo cycles per signal cycle of

electrical position.

Phase
Inductance

0 /2 T 3n/2 2n

Fig. 1.12. Phase inductance variation dependent on the rotor position [KAN10].

To detect the rotor position information, machiaéiency is necessary for high-frequency
carrier signal injection to obtain the position-dagdent current or voltage responses from the
high frequency machine model. In terms of the itipecsignal, the signal injection based
sensorless control techniques can be classified s®veral methods, i.e. pulse width
modulation (PWM) based methods, INFORM pulse vathgsed methods, high-frequency

(HF) carrier signal based methods. Three typedsgofas injection based sensorless control

techniques are summarized in Table 1.2.
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TABLE 1.2

COMPARISON OF THREE TYPES OF SIGNAL INJECTION BASEBENSORLESS

CONTROL METHODS

PWM Based INFORM Pulse High-Frequency
\Voltage Based Signal Injection
Based
Injection Frequency High Medium Low
Signal
Dynamic Operation Fast Medium Slow
Response
Initial Rotor Not needed Not needed Needed
Position Detection
Current Sampling High Low Low
Accuracy

A. Pulse Width Modulation (PWM) Based Methods

By injecting a sinusoidal signal into the machis®me potential problems may be
introduced, such us acoustic noise and loss, durigple. Therefore, the inherent Pulse
Width Modulation (PWM) from the inverter output ®nsidered as the injection signal
[OGA98] [HUAO7] [GAOQ7] [HUALQ]. At higher modulatin index, the current derivative
to two specific voltage vectors within PWM periaat positon estimation: active vectors and
the null vectors, can be measured from the fundsh&wWM switching cycles [HUAQ7], in
which the rotor position information can be obtaifeOL05] [GAOO07] [BOL11] [HUA11].
Also, the method for a higher modulation index a$ applicable during the whole sensorless

speed control range, and two improved estimatidmermes are discussed in [HUAQ7]
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[JULO5]. Furthermore, an extended modulation (EBHesne was proposed in [HOLO5], the
modified PWM excitation used the current transigesponse to obtain the saliency
information for the positon estimation.

Additionally, several different methods based onNP\&kcitation for position estimation
are reported in [RAU10] [LEI11]. The second PWMranic was found that can be utilized
as a pulsating voltage vector due to its large ntage [RUA10]. Hence, the positon
dependent impedance can be calculated by the sétdf voltage and current harmonic,
and then the position dependent impedance candxkfas the rotor position estimation. In
[LE11], another effective method for the rotor iosi estimation was introduced to employ
the zero sequence voltage measured from the sthif¥&M. This method can achieve the
high signal to noise (SNR) ratio, however, the ddal wire is required, and this will make

the system more complex.

The PWM based method has some advantages sucstasdgnamic response because of
high frequency PWM and wide speed range operatoon, the difficulty is the current

derivative synchronous measurement in their pralcéipplication.

B. INFORM Pulse Voltage Based M ethods
Indirect Flux detection by On-line Reactance Measwent (INFORM) method [SCH96]

[ROBO04] is designed to generate a pulse voltaganduhe zero vector for the PWM signal,
which is similar to the method based on the PWMatipn. INFORM method is to measure
the current response produced by the voltage sphasor as shown in Fig. 1.13, and
INFORM position estimation can be directly detedbgdnterrupting the PWM pattern for a
specific period of time [ROBO04]. There is only opkase that can be evaluated during an
INFORM measurement sequence in order to mainta@ratiditional switching frequency at a

low level. Therefore, the required current respdingen other phases can be evaluated from
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the previous measurements [REBO02]. The real-tindeigtance measurements are used for
INFORM based sensorless rotor position [SCH96]. édeer, in [SCHO3], a more reliable

transient performance from standstill using the ¥ method was introduced.

o ANFORMZ Measuremers

| L | 1

i i e
1.ODA G (400445 1.00 A ge [20.0u8

Fig. 1.13. Current waveforms of INFORM pulse injection method [ROB04].

By comparing with the PWM injection based techngjube INFORM method has more
advantages of injected current conditions. Hendesnathe pulse signals are injected into the
machine, the current will not produce as much naisé current losses as the sinusoidal
carrier injection method. However, since the INFORMSse voltage vector is not a continues
signal, the estimated rotor position cannot be kigpfating, hence, the dynamic response will

be slow and not fast enough to reflect the dynanaitsient state.

C. High-Frequency Carrier Signal Injection Based M ethods

High-frequency (HF) carrier signal injection-bassshsorless control techniques are used
to estimate the rotor position for PM machines, hade been widely employed due to their
effectiveness at standstill and low speed operatmge. The sensorless control operation

based on the HF signal injection method is showfign1. 14.
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Fig. 1.14. HF signal injection based sensorless control.

The HF injection-based sensorless control injestexdra voltage or current signal into the
machine windings and use the corresponding sigioaldetect the rotor position [LEI11],
which can be categorised as rotating voltage [DBEGERBC10] [SIL06] [HOL98] [CARO6E]
[ZHU11], pulsating voltage [ZHU11l] [COR98] [HAROOJACC12] [CUP11] and
square-wave voltage signal injection [YOO11].

The rotating carrier signal injection based metiwdbasically to inject a balanced high
frequency three phase voltage in the stationamgreete frame to form a rotating excitation
vector [JAN95] [JOEO5]. The carrier current respoié rotating injection consists of two
components: positive and negative sequence comisraerd usually the negative sequence
component is used for the rotor position estimatgince the position information is
contained in its phase angle. Furthermore, witlaidnof synchronous reference frame filter
(SRFF) [DEG98] [GARO07] [RAC10], the negative seqcerarrier current can be obtained,
and the rotor position is derived from the posHimoodulated carrier current response.
Additionally, the multiple saliencies effect [ DEGJ&ACO08], inverter non-linearity [GUEO5]
[GON11], and cross-saturation effect [GUGO06a] [ZHPQLIO9] [GON11b] are taken into
account since they will cause an error in the rptusition estimation.

For the pulsating injection method, a high frequenarrier signal is injected on tree

[CARO6] [FOO10] [HOLO6] or g-axis [JANO4] [LINO3] in the estimated synchronous
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reference frame, and the rotor position is estichéteough minimization of the position error
from the measured carrier current response siffmimnally, thed-axis injection is used, and
the g-axis carrier current response is utilized for tleéor position estimation, since the
current ripple on the-axis is limited. On the other hand, using dhexis carrier current
response for the rotor position estimation whengtaeis injection is utilized, is also possible.
However, the more current ripple and consequeatiyue ripple will occur, but this approach
is less sensitive to the inverter non-linearity.

Although these two methods have been well develogeste is a dynamic bandwidth
limitation for the control system due to the sigmBmodulation process cause by the
low-pass filter (LPF) for both rotating and pulsatisignal injections. In order to solve the
bandwidth limitation, the square-wave voltage sigimgection based method is utilized,
which can operate without using a low-pass-filter signal demodulation [YOO11].
Therefore, a higher bandwidth can be reached f@rsémsorless dynamic performance. In
[YOO14], a square-wave voltage signal is injected tbe g-axis, less harmonics are
generated in the error signal compared with theveotional signal injection methods. Also,
the robustness and torque controllability of selessrcontrol is significantly improved.

No matter which type of signal injection is appli¢ke HF carrier signal is superimposed
on the fundamental excitation continuously, andrfter position is normally tracked from
the position-dependent carrier current responsetaegher the machine saturation-induced
saliency or geometrical rotor saliency, which apesidered in [JANO3] [AIH99]. Since all
the HF signal injection-based sensorless contrdhaus depend on the machine saliency
level corresponding to the rotor position estimatibhe machine saliency is a critical
requirement for the practical implementation anduable to be investigated in [KIMO4]
[KOCO09]. In order to explain the machine salieneydl of PM machines, saliency ratio
[GUGO6D] [YAN11] and feasible region [BIAQ7], haw®en reported. With the comparative

study of the interior PM (IPM) machine and relucarsynchronous machine (RSM) in

21



[KOCOQ9], the machine parameters or HF inductancé@sand Lqh are dependent on the

fundamental excitation current. Hence, the invesitgn of incremental inductances at
different load conditions is required. However,si®wn in [DEG98], there may exist the

secondary saliency in a machine due to the norssidal distributed saliency and always
resulted from the slotting and magnetic saturatMore recently, it has been published in
[LIN12] which highlighted the influence on the acaay of the machine saliency information

estimation. However, the investigation in [LIN12]asv restricted to the effectiveness of
sensorless operation and performed the sensotesnt control only; hence, the sensorless
speed control needs to be taken into account.

In the case of a surface-mounted permanent mag§id\ machine, the main challenge is
difficult to identify the rotor position due to itsw ratio of spatial rotor saliency. In order to
overcome this issue, some physical features, i.agnetic saturation-induced saliency
[KOCO09] [BIAO8] and eddy-current loss [YAN12a] [YADNRb], have been successfully
validated to be helpful for detecting the rotorifos. In [YAN12a], the new sensorless rotor
position estimation method based on resistancedbasduced-saliency due to HF
eddy-current loss was proposed for the SPM machihe. comparison between resistive
saliency and inductive saliency was discussed iANY¥2b]. The magnetic-saturation
induced-saliency is utilized to achieve the sud#ablliency ratio for detecting the rotor
position [BIAO8], but not applicable to all SPM moes. Similarly, the SPM machine in
[FAG13] has shown a magnetic saturation-inducesey and has been compared with the
IPM and inset PM machines. Moreover, the statauratibn induced saliency can also be
employed for the rotor position estimation [JANOBJAO08] [FREO5] In addition, the
evaluation of closed-loop sensorless control wasdemonstrated in [HA08]. On the other
hand, the stator saturation induced-saliency anel tlosed-loop sensorless control
performance were achieved in [JANO3], but the @imposition estimation method with

limited control performance was proposed for anotBBM machine [FREO5]. Moreover,
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[YAN11] proposed the systematical sensorless-cgrdesign method for SPM machines
which has a reversal featurkq(> Lg). It has the benefits of reducing degradation and

enhancing performance for sensorless control &t lloigd condition.

The comparison between three HF signal injecticsedasensorless control techniques is

discussed in Table 1.3.

TABLE 1.3.
COMPARISON OF THREE HF CARRIER SIGNAL INJECTION BE® SENSORLESS

CONTROL METHODS

HF Rotating Signal| HF Pulsating Signal HF Square-Wave
Injection Injection Signal Injection
Current Response Slow Medium Fast
Torque Ripple Large Small Medium
Cross-Saturation Equal Equal Equal
Effect
Stability Good Medium Medium
Signal Processing Complex Simple Simple
Dynamic Operation Medium Good Good

1.4 Scope of Research and Contributions

1.4.1 Scope of Research

The main research of the thesis is focused on #¢msosless control of PMSM, with

particular reference to switched flux PM machinBEse research scope is illustrated in Fig.
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1.15.

(a) The high-frequency signal injection for the estigation of machine saliency and
validation of sensorless operation capability ahdstill and zero speed.

(b) Back-EMF based methods, i.e. 6th-harmonic asginmetric back-EMFs, for the

development of rotor position estimation at medmmhigher speed.

Review of sensorless control of
brushless PM Machine

[Permanent magnet machines] (Experimcntal drive s_vstemsJ

L

[ dSPACE Control system ] [ Software - Matlab ]

Surface-mounted Switched-flux
PM machine PM machine

[ Fundamental model based ]

Flux-linkage Fundamental Harmonic
observer back-EMF back-EMF

Asymmetric back-

‘Six-harmonic back-
EMF_Sensorless

EMF Sensorless

Fig. 1.15. Research scope.

The following chapters in the thesis are summarastbllows:

Chapter 2. General hardware and software environment baseth@@dSPACE control
system and two test machines are introduced, itlwharious sensorless control methods
can be implemented in the following chapters. Muoegpthe sensored vector control is also

given in details.
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Chapter 3: The sensorless operation capability of an SPM mmachibased on
high-frequency (HF) voltage injection techniquesnigestigated and analyzed. Furthermore,
the investigation has considered the resistanceebsaliency due to HF eddy-current loss.
In order to highlight the effectiveness of the seless operation capability, the tests are

carried out under different operating conditions.

Chapter 4: In order to facilitate the selection of a machaseto whether it is suitable for
high-frequency signal injection-based sensorlegsrob or not, a complete experimental
investigation method is proposed for a new typerRathine, and the influence of secondary
saliency is also analyzed in detail. The conclussorerified by the behavior of sensorless

rotor position estimation.

Chapter 5: To minimize the influence of asymmetric back-EM#E control strategy is
proposed for the enhancement of rotor positionmegton with the aid of elimination of
back-EMF harmonics. It has the advantages i.e. isagigmentation and less sensitive to the
machine parameters. Furthermore, the experimeesallts confirm that the accurate rotor
position estimation can be achieved at both steadydynamic states as compared to those

without compensation.

Chapter 6: The saliency level based on the different windiognfigurations are
investigated and compared. The rotor positon eisorincreased for the alternative
winding-based machines due to the multiple salen@ffect. Hence, the proposed rotor
position estimation is used to compensate the @nrtre sensorless position estimation, and
the sensorless control performance can be impragedell as the dual three-phase control

application.
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Chapter 7: The 6th-harmonic back-EMF is dominant, whilst 8rd-harmonic back-EMF
is much smaller in the switched-flux PM machine.ev&al new position estimation methods
based on the 6th-harmonic back-EMF are appliedderoto minimize the error in the rotor
position estimation and improve the dynamic perfamoe, which are compared with that of

existing fundamental and 3rd-harmonic back-EMFf8asethods.

Chapter 8: The general conclusion is summarized and somesfutorks are discussed.

1.4.2 Contributions

(1) Based on HF carrier voltage signal based technjghessensorless operation capability
of SPM machine is systematically investigated.

(2) A complete experimental investigation method fa #imalysis and validation of machine
saliency level is proposed, including primary satieand secondary saliency.

(3) The rotor position estimation is enhanced consmgetthe multiple saliencies effect,
which is based on the different winding topologiemd the sensorless control
performance is significantly improved.

(4) A novel sensorless rotor position estimation bagedhe 6th-harmonic back-EMF is
proposed. By applying the proposed compensatiohadethe continuous rotor position
can be obtained, and the rotor positon estimasamproved at both steady and dynamic
states.

(5) An improved observer is implemented with the syeergf the harmonic elimination
technique and the proposed position error compiemsatheme to achieve more accurate

rotor position estimation in PMSMs having asymnuoetdck-EMFs.
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CHAPTER 2

EXPERIMENTAL DRIVE SYSTEMSAND PERMENENT MAGNET
SYNCHRONOUS MACHINES

2.1 Introduction

This chapter introduces an overview and descriptidine experimental hardware platform
and software environment based on a dSPACE corsystem and Matlab/Simulink,
respectively, which are utilized to implement theveloped control strategies for the
prototype machines. In addition, the detailed imfation of dASPACE control system and the
two test PM brushless machines will be described.

The experimental hardware platform includes: adtplease IGBT inverter with gate drive
circuits, a DC load machine, a BLAC PM machine wittegrated encoder, a changeable
resistance load and a dSPACE intelligent systeraebasotion controller. An oscilloscope is
used to analysis and capture the data waveformoVéeiew of the motor control system is

summarized in Fig. 2. 1.

DC Power
Supply

Voltage
Transducer

Computer_dSPACE
Control Desk

Three-Phase
Power Stage

Current
Sensor

Test Machine

DC-Load
Machine
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Fig. 2.1 The overview of experimental system

In this thesis, all the experimental tests and nmneasents are based on this hardware and

software platform.

2.2 dSPACE Control System and Softwar e Environment

The detailed information of dSPACE motion contrgistem and software which is

Matlab/Simulink will be described in the followirsgctions.

2.2.1 dSPACE Control System
A. DS5101 Three-Phase PWM Generation

The Digital Waveform Output (DWO) board, DS5101,sgecifically designed for high
speed signal generation at high resolution. Thedoan autonomously generate fast and
complex signals, i.e. pulse-width modulation (PVWAVBveforms. It has several features: (a)
25 ns high resolution, (b) Shortest pulse leng8@in®, (c) The time of delays which is from

250ns up to 26.8 seconds, (d) Delays can be imimdufor shorter delay values (e) All
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channels can trigger each other, (f) Pulse patt@msip to 16 channels. An overview of the

PWM generation board of DS5101 is shown in Fig. 2.2
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Fig. 2.2. An overview of the DS5101 PWM generation board [DSP10].

Since DS5101 has 16 channels, the signal genetadiard can be used to generate various
pulse patterns, in which the motion control systeam be applied to the multi-phase
machines. Moreover, the DS5101 board provides {phese/six-channel to the middle of
high-level PWM pulses. In order to synchronize tBeinverted output signals and 3
non-inverted output signals, a master clock sigmallso utilized. Hence, the DS5101 board
can work as a three-phase PWM application. In adiDS5101 also provides the function
of two sets of PWM output, which can be used tolyapp two three-phase machines as a

dual three-phase machine.

B. DS3001 Incremental Encoder I nterface Board
The DS3001 incremental encoder board is a membirea SPACE hardware family as it

is designed for obtaining the rotor position infatron for the machine control application.
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In addition, an incremental encoder with resoluttdr2048PPR is equipped on the machine
rotor shaft to provide the actual rotor positiorthe whole control system, in which the rotor
position information measured from the encodettiized for the Park transformation. More
importantly, the rotor position information obtath&om the incremental encoder will be
used to evaluate the rotor position estimatiorneimssrless control. The overview of DS3001

incremental encoder board is shown in Fig. 2.3.
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Fig. 2.3. Block diagram of the DS3001 [DSP10].

DS3001 Incremental encoder board

i

Furthermore, the use range of input encoder liselsom -Z! to +2%. Then, the radian
position angle can be received from the scaledutwgmnal by DS3001 Simulink model,

which the calculation can be expressed as

6 =213 27 —[3caled_ output (2.1)
encoder_ lines

Then, the incremental encoder, 2048PPR, is employ#ds thesis. The rotor position can

be derived as

g =2* G;)%;E%caled_ output (2.2)
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C. DS2004 High-Speed A/D Board

The DS2004 high-speed A/D board is used in dSPAGHIutar systems based on
processor boards DS1005 and DS1006 for digitizimglag input signals. The A/D
converters of the DS2004 are equipped with diffeaénnputs to particularly meet the
requirements for digitizing analog input signalshagh sampling rates, for example, for
measuring internal cylinder pressures. The ovenaéthe functional units of the DS2004

is drawn in Fig. 2.4.

Swinging buffer

==

H
|~ T ) ST ea T i
| 1

Fig. 2.4. Overview of the functional units of the DS2004 [DSP10].

Main components of a DS2004 conversion channed@arenarized below:

® Signal conditioning: This unit adapts the input signals to the requireief the A/D
converter unit.

® A/D converter unit: This unit converts the received data for digitizthg analog input
signal.

® Trigger unit: This unit evaluates the trigger configuration armhtools the buffer

control and A/D conversion units by reacting towension trigger signals.
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® Swinging buffer: This unit comprises a write buffer, a read bufeerd a free buffer.
The write buffer can be written and the read butgar be read simultaneously.

® Buffer control unit: This unit controls the swinging buffer, and setBag indicating
that new conversion results are ready to be read.

® ADC timer: This unit has a high-resolution timer that can beduas trigger source for

the A/D conversions.

D. DS1006 Processor Board

The DS1006 Processor Board is the major devica@ndSPACE control system which is
based on a single-core or a multicore Opteron Todtgssor. According to the dSPACE note,
DS1006 is real-time processor (RTP) which is thennpocessing unit, and can access
modular I/O boards via PHS bus. Also, the multipssing-cable is used to transmit the data
via DS911 Giga-link Module. Due to the multi-proses the real-time application can work
on more processor cores. In Fig. 2.5, the overvidwCPU DS1006 processor board in

described. The operating frequency of DS1006 IRz per core.

Fig. 2.5. Overview of DS1006 CPU processor board [DSP10].
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2.2.2 Softwar e Environment

In the investigation of sensor/sensorless operstioih permanent magnet synchronous
machines (PMSM), a good simulation environment is providgdNbatlab/Simulink which
provides an interactive environment for algorithrvelopment, data visualization, data
analysis and numeric computation. Also, the sinnutatmodel can be based on calculations
to allow easy changes and evaluate its performandeefficiency in a simple manner. When
Matlab/Simulink is used, technical computing proldecan be solved faster than with any
other programming languages such as C and C++Isti supports a wide range of
applications, including control design, signal anthge processing, test and measurement,

communications, financial modeling and analysis.

Furthermore, the dSPACE control platform is opegtwith simulation model which is
built by Matlab/Simulink, and can be simply appliedthe experimental platform, such as
test machines and developed control strategies. uBgeof a connection cable between
dSPACE and computer is optical fibre cable whiclm @aovide the high speed (up to
100MBY/s) signal transmission of real-time datahe tomputer, i.e. dASPACE control desk,
from real-time operating platform. Due to dSPACEntcol desk, the real-time data and
operating condition can be easily captured and tomd, which is different from the DSP

based control system.

2.3 Permanent Magnet BLAC Machinesunder | nvestigation

Two prototype PM BLAC machines, namely Machine-tl dachine-I1l, are employed for
the experimental investigation to develop senssrlaantrol strategies, as summarized in
Table 2.1. The detailed information of the two testchines are described in the following

sections.
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TABLE 2.1.
SUMMARY OF PM BLAC MACHINES UNDER INVESTIGATION FOR

SENSORLESS CONTROL TECHNIQUES

14

Test Machine-I | Chapter 3 Investigation of sensarleperation capability based

on HF carrier signal injection techniques

Chapter 4 Saliency evaluation using HF pulsatingieasignal
injection and validation of sensorless conirol

Test Machine-II performances

Chapter 5 Investigation of asymmetric back-EMF affi@ rotor

flux-linkage based sensorless rotor position estona

Chapter 6 Investigation of saliency effect on tkas®rless rotoy
position estimation based on different on windjng
configurations for single and dual three-phgase
machines, and HF carrier voltage measuremen{ for

sensorless control by topped winding wire.

Chapter 7 Investigation of the 6th-harmonic backFEMased
sensorless rotor position estimations and |the

enhancement of sensorless control performances

2.3.1 Details of Test Machine-|

Test Machine-lI was designed by [ZHU97] and protetyjin the Electrical Machines and
Drives Group at the University of Sheffield, andaisurface-mounted PM machine. Fig. 2.6
shows Test Machine-l before assembly, which has tdiametrically-magnetized
surface-mounted PMs on the rotor body. The statsrthree teeth and each tooth for each
phase which was designed as two concentrated @gwlis-overlapping winding coils.) in
series connection in the same phase. The two wandails were originally connected in
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parallel. In addition, the air-gap distribution s;ne-wave, which has been experimentally
proved [ZHU97]. Since the air-gap distribution Imast sinusoidal, the winding factor is 0,
which means the third-harmonic may not contain e fundamental back-EMF. The
prototype machine equipped with the DC-load machamel the measured three-phase

back-EMF waveforms are shown in Figs. 2.7 andraspectively.

Fig. 2. 6. Prototype 2-pole brushless AC machine before assembly

&+ Changeable

resistance

DC-Lad machine

Prototpe
machine

Fig. 2. 7. Prototype 2-pole brushless AC machine coupled to DC-load machine
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Fig. 2. 8. Measured three-phase back-EMF waveforms, 1500 r/min.

In fact, the original rated speed for Test Machiveas 20,000 r/min, and the maximum
speed of DC-load machine is 3000 r/min. In thisecdise rated speed for the test machine-I
has to be limited within the rated speed of DC-loaachine, and the DC link voltage also

needs to be reduced from 200V to 70V. The parametiefest Machine-1 are summarized in

Table 2.2.
TABLE 2.2.
PARAMETERS OF MACHINE-I
Quantity Value Unit
Rated current 2.2 A
Rated DC voltage 70 \%
Rated torque 0.3 Nm
Rated speed 3000 r/min
Max. phase current 6 A
Stator pole number 3
Rotor pole number 2
Selfdgaxis inductance 3.19 mH
Phase resistance 0.466 Ohm
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In Fig. 2.9, an intelligent power module (IPM) P38%, which is made by Mitsubishi and
located underneath the PCB circuit board, is engdoy control the Test Machine-1. The
maximum voltage and current of IPM PS21255 are 680% 20A, respectively. In addition,
the three-phase IGBT Inverter with gate drive dmal grotection function are also integrated
with IPM PS21255. The dead-time ig2 The integration structure in the IPM has some
advantages such as increased overall system fig}iadnid reduced complexity of external
circuit. For the isolation, the opto-coupler, HCR%06, is utilized to pass the signals from
gate drive which is from the PWM generator, dSPARE5101 Digital PWM Waveform
Output Board to the power stage. Additionally, tive transformers of isolated DC output

voltage, +15V, are supplied to the gate drive syste

Fig. 2.9. Single three-phase power stage.

It is well known that the machine saliency is qusteall in the surface-mounted machine,
in terms of sensorless rotor position estimatioent¢, Test Machine-I will be evaluated for
its potential sensorless capability by the HF earsignal injection based sensorless control

methods, which will be discussed in Chapter 3.
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2.3.2 Details of Test Machine-I|

Test machine-Il was designed by [CHE10] and prgtetlyin the Electrical Machines and
Drives Group at the University of Sheffield, whisha switched-flux 12/10 stator/rotor poles
brushless PM (SFPM) machine. Its specification pakhmeters are listed in Table 2.3. The
cross-section and machine winding configuratioif@$t machine-Il is shown in Fig. 2.10,

and its prototype machine is shown in Fig. 2.11.

TABLE 2.3.
PARAMETERS OF MACHINE-II
Quantity Value Unit
Rated current 15 A
Rated DC voltage 36 \%
Rated torque 2.7 Nm
Rated speed 400 r/min
Max. phase current 10 A
Stator pole number 12
Rotor pole number 10
d-axis inductancd,q 0.277 mH
g-axis inductance,q 0.339 mH
Stator resistance 0.5 ohm
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Fig. 2. 10. Topology of 12/10 stator/rotor poles machine.

Fig. 2. 11. Prototype 12/10 stator/rotor poles brushless AC machine.

The SFPM machine topologies have very simple arolstb rotor, and “U-shaped”
laminated iron segments around magnetized PMserstfitor. The magnetization is kept in
opposite polarities from one magnet to the adjaoaet A stator pole established by two iron
legs from adjacent segments and a magnet is woumgedils, which is a part of the stator
winding. Furthermore, the original design of Testdiiine-Il is a single three-phase machine,
and controlled by the power stage shown in Fig., 28d the measured three-phase
back-EMF waveforms are shown in Fig. 2.12. Morepvercan also be applied as an

alternative machine winding configuration, suchoag single three-phase machine or two
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three-phase machines (dual three-phase machireeaantrolled by the dual-inverter shown

in Fig. 2.13.

Voltage (V)
o
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Fig. 2. 12. Three-phase Back-EMFs, 400 r/min.

Fig. 2. 13. Dual three-phase power stage.

In Fig. 2.13, the dual three-phase power stageaged on STEVAL-IHM027V1 and the
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power is 1kW for each inverter. The IGBT intelligggower module, STGIPS10K60A, in
which the maximum voltage and current are 600V &04, respectively, is designed by
STMicroelectronics Ltd. The operating frequencyl® kHz and the dead-time is12 but
there is a voltage drop about 2.1 volts at the &ratpre of 2%C. It has a feature that the
single three-phase AC voltage can be supplied wif) to 220V, or DC supply voltage
within 125 to 350V. Moreover, an interface boaremsployed to transfer the gate drive signal
from the PWM generator, DS5101 Digital Waveform quitBoard, to the power stage, and
also has the function for measuring the DC-linkiagé and phase current and feedback the

measured DC voltage and phase current to DS2004Sged A/D Board.

The Test Machine-1l will be used to demonstrateitivestigated control strategies such as
saliency-based methods in Chapters 4 and 6, ardhfoental-based methods in Chapter 5

and 7 for sensorless rotor position estimationstaagensorless operation improvements.

2.4 Conclusion

This chapter describes the detailed informationualtime experimental hardware platform
and software environment based on a dSPACE corgystem and Matlab/Simulink,
respectively. Two test machines which will be imigeted in this research study are also
introduced. Several control strategies will be &gapko these two test machines since their
structures and specifications are all differentalihwill be discussed in depth in each of the

related chapters.
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CHAPTER 3

SENSORLESS OPERATION CAPABILITY OF PERMANENT

MAGNET SYNCHRONOUSMACHINES

3.1 Introduction

In terms of the effectiveness at standstill and kpeed operating ranges, the machine
saliency is an essential requirement for saliemagking based techniques in sensorless
control of PM BLAC machines, such as high-freque(idl) signal injection-based methods.
It normally injects an extra signal into the ma&hwindings and uses the phase carrier
current response signal for the rotor positionnestion [LEI11], which can be categorized
into two major methods: rotating [ZHU11] and puisgtcarrier vector [ZHU11] [KOCOQ9]
signal injections. Furthermore, the high-frequernroyating and pulsating carrier signal
injections were compared in several publication¥RD4] [KIM04] [RACO08]. The basic
implementation of both injection methods were ekpentally compared by considering the
bandwidth limitations and parameter sensitivity [R04]. In [KIMO4], the comparison
focused on the estimated position error under uarioad conditions. In these two studies,
the HF pulsating injection was found to be moreusate than the HF rotating injection, but
[OVRO04] explained that the HF rotating injectionsnaore robust. In [RACO08], the extended
research was made from [OVRO04] [KIM04] which inobsd magnet polarity detection,
analysis of resistance effect in the testing maehand the experimental implementation
issues.

In this chapter, the potential sensorless operatiapability of SPM machine (Test
Machine-I) is systematically investigated basedHin carrier signal injection techniques.

First of all, with the aid of actual rotor positidrom an encoder, the machine saliency is
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experimentally measured by applying different loamnditions. Meanwhile, the
cross-saturation effect is also considered to emants influence on the accuracy of rotor
position estimation. Furthermore, before the dmte sensorless control operation, a simple
experimental method is employed to detect the mtagr@olarity, which utilizes the
amplitude of estimatedd-axis carrier current response. Additionally, thighkfrequency
eddy-current loss reflected resistance-based sglisntaken into account by finite element
(FE) analysis. Finally, the effectiveness of ropmwsition and speed estimation with the
compensation of cross-saturation effect are fullglgzed and implemented under several
operating conditions in order to verify the conabms on sensorless capability of the

prototype Test Machine-I.

3.2 Models of High-Frequency Carrier Signal I njection Techniques

3.2.1 High-Frequency Rotating Carrier Voltage Signal Injection
The rotating carrier signal injection approach Uiguajects a balanced three-phase carrier
voltage vector onto the fundamental excitation agdt in the stationary reference frame

[ZHU11] [JANO3] [OVR04] [JANO4] as shown in Fig. 3.

Fig. 3.1. Rotating voltage signal injection.

By injecting a balanced high-frequency rotatingriear voltage signal (3.1) into the
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stationary reference frame,

{V"“} =UC[C.°S“}, a=w+¢ (3.1)
Van sina

whereUc, wc andg are referred as the amplitude, angular speed atial phase angle of the

injected high-frequency rotating carrier voltaggnsil, respectively.

The differential carrier current response in treishary reference frame can be presented

as
| Li+Licos( »,+6,) L_l sif( B,+6,)
p|:?ahi|: p Ln . n ) mc[cgsa} (3.2)
o 2L sin(29,+8,) == co{ B,+6,) Sina

(3.3)

Then, the resultant position-dependent carrierezurresponse in the stationary reference

frame can be expressed as

1 Llcog( +6,) L—l si{ 2, +6,)

|:Iah:| _ ) I‘p I‘n n |: sina j|
mlo@l Lgin(og +a,) Li_L_l cof B, +6,) - oo
" P (3.4)
Ipcos(a—z] I, co{—a+ E,+6?m+7—7]
2 2
= +
I sin(a—zj I, sin(—a+ D, +9m+7—Tj
P 2 2
where
U U
l,=—%, |,=—= (3.5)
wl, w.l,

wherelp and |, are the amplitude of positive and negative sequeacger currentsfm is

referred to as the cross-saturation angle whiatkefned in (3.3) that is introduced by the
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cross-saturation effectLp, and L, are the equivalent positive and negative sequence
inductances, respectively, is the actual rotor positior.sa and Lsq are the average and
difference ofd- andg-axis incremental inductances, which are explaased

Loy =(Lgn* L)/ 2

(3.6)
Leg =(Lgn—La) /2
The HF rotating carrier signal voltage injectionnche summarized according to the

analysis in (3.3), as follows:

(a) The carrier current can be derived as two caroenmonents [RACO08] such as positive
and negative sequence components, as defined 3, (&spectively. The positive
sequence component has the same angular speedtatmdgr direction as the injected
carrier signal. The negative sequence componentth@sombination of magnetic
saliency and cross-saturation introduced carrigreot, in which the rotor position
information is contained in the phase angle of tiegasequence component.

Consequently, the negative sequence carrier cugeisually utilized for the sensorless

rotor position estimation.

(b) Different from the HF pulsating carrier signal iciien, the carrier current responses,
i.e. positive and negative sequence componentagmmetric. AlsoJlp, and I, are
parameter-dependent.

(c) The phase angle of negative sequence current canpan phase-modulated by the

rotor position and cross-saturation angle. Theegfthre DC constant error will occur in

the rotor position estimation due to the crosssditan effect.

Since the negative sequence carrier current canthi@ rotor position information, the
synchronous reference frame filter (SRFF) [DEGRAC10] [REI13] can be employed.
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Basically, SRFF uses the reference frame transtiwmasynchronizing system. When
applying the frame transformation with the aid stimated rotor position, the two input
signals are the spectral components of interestalhtbe centered at DC (OHz). Then, with
the aid of a LPF, the DC component can be obtaimidout phase leg. Meanwhile, by
applying the reverse frame transformation, andragbhg from the original carrier current
input signals, the spectral components of intevdsth are the fundamental and positive
carrier current component can be filtered out, #reh the negative sequence carrier current
will be derived from the remaining component by ERFhe signal modulation together with

SRFF used to obtain the positive and negative segusignals are shown in Fig. 3.2

[GON12].
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Fig. 3.2. Signal demodulation for HF rotating injection [GON12].

In the synchronous reference frame with the es@thatarrier frequency, the

negative-sequence carrier current response caivée lgy

cos(—a+ 29f+7—27j sir[—a+ Ee+gj I co%—a+ e +4, +7—27j
L”"g—d} = LPF
nea-d —sin(—a+ 219re+g) cos{—a+ Z’re+7—;j I, siﬁ—a+ 8 +4, +7—9

_[1.cos( 2n6+86,)
| 1,sin(206+6,)

|, cosf,,
| 1,SING,

(3.7)
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where A8 is the position estimation error afdh presents the cross-saturation angle. The
g-axis carrier current is usually used as the irgogalf(A#) to the position tracking observer
[JAN95] [DEG98], which can be written as

f(AG) =i ey =!I Sin(206+86,) (3.8)

neg_q

Considering the cross-saturation effect, the pmsitstimation error ¢w/2) for the HF
rotating carrier signal injection would be genedatedn order to compensate the
cross-saturation angle, the phase angle of injedtignal can be re-presented as

ar=a+6, (3.9

wherea” is new updated phase angle. Hence, the carripomes current by the complex
vector can be express as

ineg_ dq = I pos. d(JEj(DH—Hm_”/Z) + I neg d@j(_a-'—zgr +”/2) (310)

Clearly, it can be found that only positive sequegomponent has the cross-saturation
angle. Hence, the negative carrier sequence cuaoeotrding to (3.7) can be re-written as
lheg_a|_[1,c0q 2O)
|:ineg Q:| _|:InSin( 2A9):| (3'11)
Then, the input signd{Af) to the position tracking observer can re-expresse
f (AG) =i, =1 ,sin(2006) (3.12)

neg_q
3.2.2 High-Frequency Pulsating Carrier Voltage Signal I njection

Similarly, a high-frequency pulsating carrier vgkasignal is injected into thd-axis
estimated synchronous reference frame [ZHU11] [K@JOANO3] [KIM04] [JANO4] as
two superposition rotating carrier vectors with ogipe direction as shown in Fig. 3.3, and

different from the HF rotating carrier voltage sajinjection. The rotor position could be

obtained from the amplitude-modulated carrier qurresponse.
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Fig. 3.3. HF d-axis pulsating voltage signal injection.

For high-frequencyd-axis pulsating carrier voltage signal injectiohe tvoltage is (3.13)

injected on thel-axis estimated synchronous reference frame

Van
ve

gh

cosa
:U{ 0 } a=w.+¢ (3.13)

whereV., wc andg are the amplitude, angular speed and initial pleagge of the injected
high-frequency pulsating carrier voltage signaspetively.

The differential of HF carrier current in the estitéd synchronous reference frame can be

given as
) Li+Licos( 16+6,) L—l si{ 26+6,)
p{fﬂ: > b I EUJC[COSU} (3.14)
lah _sin(2A9+9m) - - COE( l@+9m)
Ln LP Ln

Then, the resultant carrier response current inetenated synchronous reference frame

can be explained as

U U
. ¢ +—c—cos( 26+6,)
[ldh}: wl, wl, aing = |, +1,cos( 26+86,) ing (3.15)
i€ | sin(2A8+68
'an Y. sin(206+86,) »sin )
wan
where
U U
| =, |, =2 (3.16)
a)ch a)an
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Clearly, the carrier current response signal isdalg amplitude modulated by the rotor
position information (if cross-saturation anglgis constant). In addition, when the position
error A@ is small, the high-frequenayaxis carrier current response will become verylsma
Hence, theag-axis carrier current is normally employed for tbeor position estimation due to

less current and torque ripples.

From the discussions above, the features of HFapats carrier signal injection can be
summarized as follows:
(a) The HF pulsating method also has two rotating earviectors, superposition on the

fundamental excitation, i.e. rotational positivel aregative rotating carrier vectors.

(b) Two carrier sequence current components in thenastid synchronous reference frame
are similar to the HF rotating signal injection hmd, but in HF pulsating injection

method, these two components are symmetrical.

(c) The magnitudes of positive and negative sequenegeopents are amplitude-modulated

by the position estimation error which can be usedhe rotor position estimation.

To obtain the carrier current amplitude from the Id&rrier current response, the
synchronous detection method is employed [MAD99D®@a]. Two carrier current signals
have to be multiplied by 2sinand applied by the LPF afterward, the amplitudat®d- and
g-axis carrier current responses can be obtained as

- LPFLPE“}EZSinaj:PPH oy me+0m)} (3.17)

i l,sin(246+8,)

e
Idh
e

Iqh

In the HFd-axis pulsating carrier signal injection, the aryale ofg-axis carrier current is

usually used to be the input signal to the positranking observer,

f(A6)=

i, o|=1,sin(226+6,) (3.18)

The input carrier current is load-dependent esecharror (¥/2) and can be easily to be
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compensated [ZHU11][LI09].
3.2.3 Carrier Current Response and Spectral Distribution

A high-frequency carrier voltage signal with a miagge of 10V, and frequency of 330Hz
are selected for this measurement. With the aigasition sensor, the Test Machine-Il is
operated in sensored mod&’€0) that the measured response current for themgtaarrier
voltage signal injection is shown in Fig. 3.4. Tdagrier response current in the synchronous
reference frame is elliptic form as shown in Figd 8a). Obviously, since there is more
current ripple org-axis, the more torque ripple would occur for thie tdtating carrier signal
injection.

By comparison, the measured current responsd-&xis pulsating injection technique can
be presented in stationary and synchronous fraespectively, as shown in Fig. 3.5.
According to Fig 3.5 (a), it can be seen that thaxis pulsating carrier voltage signal
injection produces the oscillatingraxis current, but there is a limitated currenplgpin
g-axis. In addition, if the rotor position estimatierror is small and close to zero, thaxis

current ripple would bd {+1 \co¥m) while the amplitude od-axis current ripple isl{Sinfm).
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Fig. 3.4. Carrier current response for rotating voltage signal injection
when ig=0A, ig= 2A, and f = 4Hz.
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Fig. 3.5. Carrier current response for pulsating voltage signal injection

when ig= 0A, ig= 2A, and f=4Hz.

Moreover, for rotating carrier voltage signal injeq, the frequency domain analysis shows
the carrier current in the stationary referencanffrahave an asymmetric distribution, as
described in Fig. 3.6. Similarly, a symmetric spett for the pulsating carrier voltage signal

injection method in the synchronous reference fraarebe observed in Fig. 3.7.
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Fig. 3.6. Carrier current frequency spectra for rotating voltage injection

when ig= 0A, ig= 2A, and f=4Hz.
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Carrier current frequency spectra for pulsating voltage injection

Different types of injection will have different sgtral distributions due to injection signal.

Moreover, the rotating voltage signal injection hoet is essentially characterized by the

asymmetric rotating vector signal in one directi@m the other hand, the pulsating voltage

signal injection strategy is to use two symmetricahting vector components, which are the

positive and negative sequence components andingtah the opposite direction,

respectively.

Additionally, some harmonics exist in the negatael positive sequence components for

pulsating injection technique, but for rotatingeiciion technique, the harmonics only occur

in the negative sequence as shown in Fig. 3.8.€Tbas be described as secondary saliency

(multiple saliencies effect) [OVR04] [FREO5] [DEQ9&ue to the saturation-induced

saliency or inverter nonlinearity effects [FREOG|QN11].
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3.3 Evaluation of Saliency Accounting For Cross-Saturation Effect

Before applying the HF carrier voltage signal itj@e based techniques, the first
procedure it to investigate the level of machinésay since it is the essential requirement,
which is related to the inductance variation anamrae load conditions. In order to evaluate
the machine saliency level, a virtual synchronaisrence frame which has\@ phase angle
difference from the actual synchronous refereneen& is described as shown in Fig. 3.9.

Using the transformation matriAd) which is

)= {cos@é’) - sinp\@ )} (3.19)

T(AG .
sinAgd) cosfd)

\ av
C -

Fig. 3.9. Actual and virtual synchronous reference frame.

The high-frequency voltage model in the synchronceference frame can easily be

V, L, Lign [
[ dh] :|:th L q } p|:|dhi| (320)
Vah qdh Lgh ah

wherep is the differential operatoLqqh andLganare the high frequency mutual inductances,

presented as

andLdnandLqh are the high frequency incrementialandg-axis self-inductances. Then, with
the aid of (3.19) and (3.20), the HF voltage mod€&lTest Machine-I in the virtual

synchronous reference frame can be represented as
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V(\j/h =T(A th quh -I-—1 A i(\j/h
VA I T L I &2

The differential of the HF carrier response currgnthe virtual synchronous reference

frame is derived as

i+Licos(%6?+6?m ) L—l sin(Ag+4, )

p Ic\i/h — LP n n Vzi/h (323)
iV 1 1 1 v
4 L—S|n(2A0+0m) L—_L— COS(AH"‘ Hm q

n p n

A high frequency pulsating carrier voltage vect@18) is injected into the virtual

synchronous reference frame; the high frequenayecaiurrent response can be rewritten as

Ign | Ip+|ncos(m9+9m)Bina 394
iv || 1 sin(2a8+86,) (3-24)

Igh
Then, by applying the synchronous detection methnd a low-pass filter (LPF), the

amplitude of carrier current response is obtairegh®own in Fig. 3.11 (a) by

— LPF( iy 2sing )= |, +1,coq 26+6,)
- i na)= l,sin(286+86,) (3.25)

v
lan
%

i

3.3.1 Experimental Evaluation of Machine Saliency L evel

gh

To investigate the machine magnetic saturationgadurotor saliency in the Test
Machine-Il, a simple experimental method as shawhig. 3.10, is employed to investigate
the existence of machine saliency level. A higlyfiency carrier voltage signal with a
magnitude of 10V, and frequency of 330Hz, are setem this chapter, and is injected into

the virtual reference frame.

. Y

I | O\ .
" abe [ e Gsinad)—+ |}l
g —» v LPF

gh . Iy
& | / g — i

Fig. 3.10. Basic principle for the machine saliency investigation.
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When the rotor, i.e. actual synchronous refereramé, is locked at a fixed zero position
(6r = 0°) and the virtual synchronous reference frame estat a constant angular speed in the
negative direction. Hence, the phase angle of figdluencyd- andg-axis current responses
will be the same, and the response current amglitsignodulated by the position difference

46 between actual and virtual synchronous refererareds as illustrated in Fig. 3.11.
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Fig. 3.11. Measured HF current response in virtual d-q reference frame.

Furthermore, with the aid of the machine operatigl & sensor, it can be clearly seen in
Fig. 3.11 (a) that the position difference fsod 180, the amplitude ofl-axis carrier current

response achieves the maximum value whilecHagis is almost zero degree in which the
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cross-saturation anglém is negligible without applying the fundamental é¢ation. In
addition, the carrier current response is modulagetivo cycles per single cycle of electrical
position, as described in Fig. 3.11 (a). The amgétlocus ofi*-g" carrier current variations
without and with full load are depicted in Fig. B.{b), where the center location of the
machine saliency circle is determinedlpynd the radius of saliency circle is dependeriton
which indicates the machine saliency level. If theius of saliency circle is longer and
clearly identified, then the machine is suitable Hayh-frequency injection-based sensorless
control scheme. In addition, the radius of the $du, at different load condition has a
significant change due to the variation of inducemversus fundamental excitation while the
offset,lp, is also affected by the inductance variation.

From the foregoing theoretical analysis of machoter saliency, a fundamental excitation
can be applied to the machine in order to obtagmtlachine saliency information. According
to this analysis, it can be concluded that theusdif current circle],, due to machine
saliency shown in Fig. 3.12 can still be clearlgntfiable under different load conditions
even though the carrier current circle by the nm@elsialiency is small. Hence, the HF carrier
voltage signal injection-based sensorless contrategjies are applicable to the prototype

SPM machine.
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Fig. 3.12. Radius of carrier current circle by machine saliency, I, against the fundamental

d- and g- axis.
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3.3.2 Influence of Cross-Saturation

Due to the magnetic saturation by the variatiotoatl, the influence of cross-saturation is
usually a cause for the error in the rotor positestimation. Without the fundamental
excitation current, the cross-saturation angle @ially close to 9 in which the
cross-saturation can be ignored. Neverthelesspplyiag the fundamentaj-axis excitation
currents, the cross-saturation angledafis measured and becomes clearly identified as
shown in Fig. 3.13. It can be concluded that tlessisaturation effect strongly depends on

load currents but this issue can be easily competmdallowing the straightforward method

which proposed in [ZH

U11] [KOCO09] [ZHUOT7].
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Measured d-q axis carrier current amplitude with virtual position and

cross-saturation angle of 9, under load conditions.
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With the aid of sensored operatiak€0), the load-dependent cross-saturation afgles
measured as described in Fig. 3.14. It can be thetrihe large positive and negatiy@xis

currents lead to increased cross-saturation angle.
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-30
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Fig. 3.14. Measured cross-saturation angle in sensored operation.

3.4 High-Frequency L oss Reflected-Resistance | nduced Rotor Saliency

3.4.1 High-Frequency Machine Model Considering Resistance Variation
The HF eddy-current loss can be reflected as ttoe resistance [YAN12a]. According to
[YAN12a], the stator resistance and HF eddy-curtess reflected-resistance in the actual

and estimated rotor reference frames can be exoressfollows

F%q:ZRLl) ﬂ’f“{; ﬂ[Q] (3.26)

. 10 cos(AG' ) -sin(ad )
R‘—"q_ZR{o 1}+AF{—sin(2A8r) — cos(A J[Q] (3-27)

whereXR andAR are referred to the average and differential \alfethe HF eddy current
loss reflected-resistance, respectively, Afdis the position error between the estimated and
actual synchronous reference frames.

For the rotor position estimation, a high-frequepaysating carrier voltage signal (3.13) is

injected in the estimated d-axis synchronous referdrame. The resistance-based carrier
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response current is magnitude modulated by the gmasition information, which can be
used for the sensorless rotor position estimatibmen, considering both resistive and
inductive saliencies [YAN12a][ YAN12b], the overalhrrier current response can be written
as

{ldh} _ HAchs(mef )} mosaJ _HAL cos(a& }mm] 3.28)

g ARsIn(2A6") ALsin(2A6" )

The carrier currents consist of two forms of cutremmponents, which are proportional to
AR and AL, respectively. Also, there is a phase different®08 between resistance-based
carrier current and inductance-based carrier currBar the resistance-based sensorless
control, the carrier currents are multiplied by«asd then the amplitudes of carrier current

responses can be obtained with the aid of LPF,lwtan be represented as

= LPF( "’“ 2cosy )= {ARC‘_’S(AB: )} (3.29)
ah ARsIn(2AG' )

H

Idh

ir
gh

Consequently, the position estimation error cardéeved for resistance-based sensorless
control.

3.4.2 Analysis of the HF Eddy-Current Loss

This section analyzes the influences of high-freqye eddy-current loss-reflected
resistance effect on the prototype 3-slot 2-pol&i $fachine [ZHU97].

Firstly, the SPM machine considering the eddy-aurtess is investigated by FE analysis
[YAN12a][ YAN12b]. For the injection signal, a fide injected voltage with carrier
frequencies of 330Hz and 2500Hz, are selectedlandhaichine is controlled at zero speed at
different rotor positions to calculate the loss pements as illustrated in Fig. 3.15. According
to the results, it can be found that the machirdy-eairrent losses have the highest value for
the loss at9=0° and the lowest value for the loss @9 or -9¢). The total HF
eddy-current loss is much smaller than the macteseed in [YAN12a][ YAN12b] due to

large equivalent air-gap length (1.5mm). Theref@imce the HF eddy-current loss is
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relatively small, the iron losses reflected-resiseabased induced-saliency can be negligible

in the prototype machine for simplified analysis.
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Fig. 3.15. High-frequency iron loss versus rotor position based on different injection

frequencies.
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3.5 Detection of Magnetic Polarity and Rotor Position Tracking Observer

3.5.1 Magnetic Polarity Detection

In order to avoid a phase shift angle of 48&veral methods for the magnetic polarity
detection have been published, such as short pudgedion [AIH99] [HOLO8], secondary
harmonic [JEOO5] and high-frequency carrier curnezgponse [GON13] against different
fundamental excitation current.

More importantly, the magnetic polarity identificat is an essential procedure before the
machine start-up when applying the HF injectiondoasensorless control technique. To
obtain the magnetic polarity information for thatied rotor position detection, a simple
method is applied as shown in Fig. 3.16, whichnigegrated into the HF pulsating carrier
voltage signal injection based sensorless contethod, and is also applicable for the HF

rotating injection technique.

- e (Polarity Detection
i i —\[lah [ 7l ]
) - ~
eab_.c BPF ——~(2sing LpE|e |UI===0
SN b Ssing 4n| "Position A
— >
L )  Observer

Fig. 3.16. Principle of initial rotor position detection.

Based on (3.4) and (3.5), the equation can be efrom (3.15), as shown below

e
Idh

co¥

=1 ,+1 cos(Ad+6,)=1 ,+
th
thth_ L2dqh

n m

vV (3.30)
T

The mutual inductance can be ignored since it igllyg small,L2qr<<LdanLqn. Thus, (3.31)

can be simplified as
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=Yg~ (3.31)

Using the accurate rotor position information framencoder, thd-axis current responses
can be measured by applying different fundamentakats as shown in Fig. 3.17. It can be
seen that the amplitude of tloeaxis fundamental current response is changedfiatreht
current levels and the positivkaxis current is slightly higher. According to thissult, the
magnetic polarity can be relied on the comparisbeasrier current responses at different
d-axis fundamental current levels due to the magsssatturation effect. It should be noted
thatig = -1A is not utilized in this method, and only to qoamne the peak to peak value

between these different applied current.
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Fig. 3.17. Measured d-axis carrier current response at different current levels.

The procedure of magnetic polarity detection ispteérand easy to implement. First of all,
by applying the HF injection based techniques withtundamental excitationig=0A,
ig=0A), the rotor position information is thereforetaibed and then the estimated rotor
position direction is either the correct positianstifted byz (18). Secondly, the selected
reference fundamental excitation currenig=_LA, ig=0A) is applied to the prototype

machine. Meanwhile, the average amplitude-akis carrier current is recorded at this load
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condition. Finally, the reference fundamental exttin current has to be reset t{@=0A,
ig=0A). During the whole process, tlieaxis carrier current amplitude at different cutren
levels are all recorded and compared. The amplitndeease of thel-axis carrier current
suggests the estimated rotor position directioat ihe correct rotor direction, otherwise, the

phase shift of (18@) has to be added.

The experimental results shown in Fig. 3.18 vadéidtite effectiveness of the magnetic
polarity detection with the aid of estimated rofmwsition. By applying the fundamental
d-axis current 1A, the amplitude dfaxis carrier current response will reflect the metge
polarity. In comparison, the decrease iua| [suggests that the estimated rotor position is
correct without the phase shifted, as shown in 8i@ (a). On the other hand, the period of
amplitude increase ingf| shown in Fig. 3.18 (b) detects that the phasteshil8F of the
estimated rotor position need to be added the w@llwedue to the magnetic saturation effect
of d-axis fundamental excitation. The judgmentigf for the magnetic polarity detection is

described in Fig. 3.18 (c) which explains whetlner polarity estimation is correct or wrong.
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Fig. 3.18. Magnetic polarity detection, standstill.

3.5.2 Rotor Position Tracking Observer for Sensorless Control

For the HF carrier signal injection based senssrestrol techniques, arc-tangent function
(tart) [TES03] can be used to obtain the rotor positidarmation. However, since the noise
on signal input is the problem to the estimateditipos the position tracking observer is
better in sensorless position estimation due toritaunity to harmonics while implementing
the dynamic position tracking operation. Althoughnanlinear controller has proposed
[JANO4] to improve the dynamic performance, it l@slrawback in steady-state response.

Hence, the linear controller is employed in seresw|position observer in this chapter
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[HAROO] [CUP10].
Using the signaf(A#) as the input to the position observer for thetnogaand pulsating
voltage signal injections, the basic principle aspion observer using the Pl controller is

described in Fig. 3.19.

LPF ——

-

Fig. 3.19. Rotor position tracking observer.

In terms of the rotor position estimation, the rgposition tracking observer considering
the cross-saturation compensation is therefore @egdland its basic principle is described in
Fig. 3.19. Taking the amplitude gfaxis carrier current response as the input tqtsstion
observer for both the rotating and pulsating vatamnal injections which can be expressed

as

f(A6) =

is,|=1,sin(226+6,) (3.32)
As mentioned earlier, when the cross-saturatioacefis negligible fm is almost close to
zero, and then the rotor position can be estimatadirately in which the load-dependent

estimated error ¢n/2) is compensated [ZHU11][LI09].

To obtained the estimated rotor position, the fim&inction between the actual and the

estimated rotor position information according t9.B.19, can be derived as

g 21k, B+21k

6 s°+21k O5+21k

r

(3.33)

Sincel, is load-dependent, the values lgf and ki of Pl controller need to be on-line
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adjusted witHn in order to maintain the constant bandwidth. Algaandk; could be selected

based on the value &f on no load condition.

3.6 Experimental Validation of Sensorless Operation Capability

To evaluate the sensorless control capability, rsévexperiments are carried out on a
dSPACE platform. The Test Machine-l is the protetyPM machine as introduced in
Chapter 2, and the parameters are listed in Tal@eThe load machine is a brushed DC
machine, and an encoder with resolution of 2048RP&juipped on the test rig to provide
the actual rotor position to dSPACE. Both the A/lDrrent-sampling and inverter
pulse-width-modulation switching frequencies arekHz, which is the same as the current

sampling frequency and The DC bus voltage is 50V.

With the aid of theoretical analysis and experiraenteasurements in the investigation of
machine saliency, it clearly explains that the nmaelsaturation-induced saliency is not too
large, but still suitable for implementing the hifyjaquency carrier voltage signal
injection-based sensorless control methods. Herbe, overall control strategy of
high-frequency carrier signal injection methodsrsas pulsating or rotating carrier signal
injection is applied to the SPM machine as showrFign 3.20 in order to validate the
sensorless control capability. A high-frequencyieanoltage signal with a magnitude of 10V,
and frequency of 330Hz, is selected for the prg®tynachine used in this chapter, and is
injected into the stationary reference frame omested synchronous reference frame. It is
then utilized to obtain the saliency-dependentieamesponse current, the estimated rotor

position information is therefore obtained.
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Fig. 3.20. Overall control scheme based on high-frequency carrier voltage signal

injection techniques.

3.6.1 Rotor Position Estimationsin Steady and Dynamic States

In order to validate the effectiveness of senserlgseration, the high-frequency carrier
signal injection techniques are applied to theqiygte machine. The negative rotor saliency
is utilized to detect the rotor position for rotegi carrier signal injection, which is rotor
position dependent. Similarly, the pulsating carsignal injection is based on both saliency

components for positive and negative carrier sgyimathe estimated rotor frame.

According to the experimental results in Fig. 3.21e estimated rotor position shows a
good position tracking performance considering ¢hess-saturation compensation for both
rotating and pulsating carrier injections at constpeed, 50 r/min. As it can be clearly seen
in Figs. 3.21 (a) and (b), the magnitude of thenested rotor position oscillation error in
steady state from the rotating carrier voltage aignjection is bigger than that obtained by

the high-frequency pulsating carrier voltage signgction method.
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Fig. 3.21. Rotor position estimation with cross-saturation compensation, 50r/min. (a)

Rotating carrier voltage signal injection. (b) Pulsating carrier voltage signal injection.

Although the estimated rotor position error is &rdoy applying the high-frequency
rotating carrier voltage signal injection methduk distortion of the estimated rotor position
error occurs under the same load condition asafhatilsating carrier voltage signal injection
method. The average saliency ratio is suitablentrble the rotor position estimation to be
less sensitive to rotor information detection.

The experimental tests on dynamic performance amged out when the speed command
changes from the rotor initial speed 0 r/min arepsthange in rotor speed to 25 r/min and
then 50 r/min, as demonstrated in Figs. 3.22 (&) @). The estimated and actual rotor
positions, as well as the position estimation errare obtained by applying the
high-frequency rotating and pulsating carrier vpdtasignal injection methods as shown in
Figs. 3.22 (b) and (d). Although the estimated tpmsierror reaches up to +66uring the
dynamic transient process, the estimation posiioar can still be limited to +20n steady
state on no-load as presented in Fig. 3.22 (b)thEunore, the dynamic performance of
pulsating carrier signal injection technique istéethan the rotating carrier signal injection
strategy in terms of the accuracy of rotor posigstimation, as compared in Figs. 3.22 since

its estimated position error is significantly smiallboth steady (5 and dynamic transient
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(x10°) states which is clearly presented in Fig. 3.22 (d
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Fig. 3.22. Rotor position and speed estimation in dynamic state, 0-25-50 r/min.

In Fig. 3.23, the dynamic performance under the-&iad change condition is applied to
the prototype machine where theaxis current is step changed from, 0.2A to 4A, Hreh
back 0.2A for both HF injection techniques, 100 inmunder full load condition. The
experimental results prove that the sensorlessbdédpaof prototype SPM machine is

applicable for the high frequency inductance-basethods.
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Fig. 3.23. Rotor position and speed estimation in dynamic step-load change state,

100 r/min.

3.6.2 Different Injection Frequency and L oad Effects

Fig. 3.24 compares the saliency-induced carrierectirresponses with different injected
carrier frequencies and fixed injection voltag&=10V) at fixed position 4=0°). It is
demonstrated that the amplitudegpéxis carrier current is reduced as the carriegqueacy

increases due to the increase of impedance [JANO4].
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Fig. 3.24. Comparison of saliency-induced carrier current based on different injection
frequencies with virtual position (zero speed, V. = 10V).
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Furthermore, the comparison of rotor position eation errors between rotating and
pulsating carrier voltage signal injections basedddferent injection frequency and load
conditions are shown in Fig. 3.25. It is shown thatv different levels of injected carrier
frequency and fundamental excitations cause tlogseim the rotor position estimation. In Fig.
3.25 (a), it can be concluded that the higher thection frequency, the higher the rotor
position estimation error due to the digital samgldelay [KOC09] [GHAL3]. In Fig. 3.25
(b), the estimation errors due to saturation-indusaliency occur under different levels of
fundamental excitations. The estimation error iases with fundamental current level

because of the multiple saliency effect [OVRO04] gtFs] [DEG98].
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Fig. 3.25. Comparison of electrical rotor position estimation errors.
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3.7 Conclusion

In this chapter, the potential operation of capgbibf a SPM machine to be used with
sensorless control at zero and low speed has lyseansatically investigated. The prototype
SPM machine is tested by the saturation-induceieérsal method and the resistance-based
saliency method is also considered, in terms os#resorless position estimation.

The variation of machine saliency level againstdlas experimentally measured, and
indicates that the saliency level is suitable fag HF techniques. Additionally, by analyzing
the influence of HF eddy-current loss reflectedstesice, the total HF iron losses are much
smaller than the machine tested in [YAN12a] [YAN]L2lue to large equivalent air-gap
length, and can be negligible.

Furthermore, the effectiveness of the sensorlepsbilty is validated under different
operating conditions, i.e. steady and dynamic statensidering the cross-saturation

compensation with and without load.
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CHAPTER 4

INVESTIGATION OF MACHINE SALIENCY IN
SWITCHED-FLUX PERMANENT MAGNET MACHINE

USING HIGH-FREQUENCY SIGNAL INJECTION

4.1 Introduction

In order to facilitate the selection of a maching @ whether it is suitable for
high-frequency signal injection-based sensorleg#robor not. This chapter describes a
complete experimental investigation method for #malysis and validation of machine
saliency level, including primary saliency which isssential for high-frequency
injection-based sensorless control and the secgrsddiency which will deteriorate the rotor
position estimation.

Therefore, a model of high-frequency carrier vadtagignal injection is applied to the
prototype SFPM machine (Test Machine-Il) based @ttral implementation to show the
importance of the machine saliency to the HF impgcbased sensorless control. In order to
investigate the machine saliency level of SFPM rmeckvith unknown machine parameters,
a simple experimental investigation method is pssgbto measure the spatial saliency level
and multiple saliencies information in this chapteérstly, a pulsating vector voltage carrier
signal is injected into the virtual synchronousrefce frame which rotates at a fixed angular
speed when the rotor is locked at zero positiod, then, according to the current response,
the machine saliency circles which indicate théifdbrmation of the machine saliency at no
load or different load conditions, can be easilyaoted. Meanwhile, a secondary spatial
saliency is measured with the aid of actual rotosigion information from an encoder to

investigate its influence on the estimation of rgtosition for sensorless control operation.
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Thus, the influence of the primary and secondaligrsaes of the prototype SFPM machine
on the HF injection-based sensorless control perdoce can be fully investigated without
the need of any information of parameter valuegHerfirst time.

The effectiveness of the proposed experimental ogeimd investigation will be proved by
the several experiments on a dSPACE platform widbaratory SFPM machine. In addition,
the sensorless current and speed control based-gouldating voltage signal injection will

be implemented to verify the results of the sajeinestigation.

4.2 Investigation of Primary Machine Saliencies

4.2.1 Saliency Information of Permanent Magnet Machine

In general, when the carrier frequency is signiftba higher than the fundamental
excitation frequency, a PM machine behaves as & puoductive load. Then, the
high-frequency voltage model for a PM BLAC machinghe synchronous reference frame

can be simplified as (3.20). The definition of taé#- inductances are given as

L =T+ 00%) 0 fd
L = | (lolr ) -0 a1,
dqh:[w i)~ g ]aT
an = | Wh (IO, —wq(irdjfa)]mfc

(4.1)

Normally, Lagh and Lqanare different from each other and related with ¢hess-saturation
effect. However, in most practical applicatiohgg=Lqan is considered for simplifying the
analysis. Meanwhilel.qnandLqn are also different due to the rotor geometric araynetic
saturation, and the difference between them wisdhyiLdn indicates the saliency level of
the machine. Since all HF signal injection-basedissdess control depends on the
saliency-dependent corresponding, if the inforrmatidLqr-Lan is constant and large enough

at a given load condition, and independent on ¢her rposition, then the machine would be
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suitable for HF injection-based sensorless conEwén though_shandLqn can be measured
by injecting HF voltage signal in advance, duehe variation at different mechanical rotor
position and different fundamental excitation cotse it is too complicated to operate.
Therefore, to analyze the saliency of the prototgs&M machine, a simple experimental
investigation is proposed as follows.
4.2.2 Analysis of Primary Saliency

To investigate the machine saliency, a virtual Byagous reference frame which hadéa
phase angle difference from the actual synchromeigsence frame as shown in Fig. 3.9, is
developed. Then, with the aid of transformation meat(46) which is (3.19). The high
frequency voltage model of SFPM machine in virtssahchronous reference frame can be
derived from the model in actual synchronous refeegeframe which is shown in (3.20), i.e.
[CUP11] into (3.21). Solving equation (3.21), thi&edential of the high frequency carrier
current response in virtual synchronous refereramaé will be (3.23).

Then inject a HF pulsating carrier voltage vectdr2) into the virtual synchronous
reference frame,

Vi cosa
{vr:|:VC|: O }’a:a)(:t+¢ (42)

Van

whereV., wc and ¢ are the amplitude, angular speed and initial plsasge of the injected
carrier voltage, respectively. Then, the HF respangrent in virtual synchronous reference

frame is derived as (3.24).

Based on (3.5), (3.6), and (3.16), and assurhiggis small enoughl, could be rewritten

as
V, V.
"= L Lc—L2 :ECLLSI_GI (4-3)
w dh™—qgh dgh ¢ —dh—qgh
Lid+ijqh
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Hence, due to pre-defined and constant injectedagel ratio of Udwe, In will be
proportional toLsq which is the difference ai- andd-axis incremental inductances, and can

directly reflect the machine saliency level.

a(d)
>

Fig. 4.1. Experimental method for Machine saliency investigation.

The block diagram to investigate the saliency leaskhown in Fig. 3.10 is implemented.
When the rotor of the SFPM machine i.e. actual Byomwous reference frame is locked at a
fixed rotor position and the virtual synchronougerence frame is rotating at a constant
angular speed, Fig. 4.1, then the high frequeh@ndg-axis current responses will have the
same phase angle, and the amplitude of responsentus modulated by the position
difference46 between virtual and actual synchronous referereb@ds as illustrated in Fig.
4.2 (a).

Then, applying the synchronous detection technitheeamplitude of HF response current
which is position difference dependent, is obtaimsdshown in Fig. 4.2 (b) by (3.25).
Moreover, the locus of the amplitude is depicte&io 4.2 (c) where the radius of the current
locus which isl, indicates the saliency level. If the radius isstant and clearly identified,

then the SFPM machine is suitable for HF injecti@sed sensorless control.
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A. Experimental Evaluation of Primary Machine Saliency

From the foregoing theoretical analysis of primaafiency, the rotor is locked at zero
position ¢r = 0 deg.), thus the phase angle of the virtual lssgor@ous reference frame is the
phase angle differena&). Then, a pulsating voltage sinusoidal signal (i amplitude of
8V and frequency of 550Hz is injected into theuwattsynchronous reference frani¥'-@""),
which rotates at a constant speed of 2Hz in theathag direction, as shown in Fig. 4.1,
without applying fundamental excitation. Furthdre tmeasured amplitude of carrier current
using synchronous detection technique (3.25) isvehim Fig. 4.3. From Fig. 4.3 (a) that
when the position difference i§ 6r 180, thed-axis current amplitude reaches the maximum
value, while the amplitude ofi-axis current is close to zero, which indicatest ttee
cross-saturation anglén is close to zero and the cross-saturation effeabdgligible at

unloaded condition.

Furthermore, the carrier current amplitude is mathd as two cycles per single electrical
cycle of position which defines the angle of 189 sensorless rotor position estimation, as
shown in Fig. 4.3 (a). The locus df-g" carrier current amplitude variations is depicted i
Fig. 4.3 (b), where the value &f is used to determine the center location of theiera
current circle and the radius of carrier currentleiis dependent di. Based on the previous
analysis, the radius of the locus cyklés proportional td_sq which is the difference aj- and
d-axis incremental inductances, and contains thlenfakchine saliency information. Hence,

the scale of the carrier current circle can bearpd as the machine saliency level.
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Fig. 4.3. Measured carrier current amplitude variation with position difference at no-load

(without fundamental excitation, iz=0A, iz=0A).

The machine saliency information at different lcahditions have been investigated by
applying fundamental excitation current to the prgpe Test-Machine I, as drawn in Fig.
4.4. The measured experimental results shown thieneg level is different at each
fundamental excitation current level. Meanwhileg thositive g-axis current leads to the

higher saliency level, which gives more benefits &aliency-based sensorless control
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4.2.3 Analysis of Secondary Saliency (Multiple Saliencies Effect)

The machine primary saliency investigation discdssethe previous section only relates
to the existence of a single spatial machine sajiewhich is described as primary saliency
and essential for the sensorless rotor positiomatibn. Due to some problems of practical
design to PM machine, such as slotting and magsetigration etc... [HOL98] [KIM04],
however, there may introduce other harmonic compisnevhich can be referred as

secondary saliency [DEG98] and adding the primawy secondary saliency together that is
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represented as the multiple saliencies effect. elewben the high-frequency voltage signal
is injected into the machine, the additional carrearrent components would occur
corresponding to the secondary saliency. Unlikectlbgs-saturation effect, which produces a
constant error in the estimated position informati a given load condition, the estimation
error caused by multiple saliencies varies wittor@osition, which inevitably affects, the
accuracy of estimated position information, the dvaidth of the position observer, the
sensorless operation stability and the operatiiigeficy.

Based on the previous discussion, the primary macbkaliency undergoes two cycles per
electrical period. However, the secondary saliebejpaves different from the primary

saliency and there will exist more cycles in orexical period.

-

Ic?'h

abe —| abC

L D sina —| LPR2

gh

dq

Fig. 4.5. Basic principle for the secondary saliency & multiple saliencies investigation.

The block diagram for the investigation of the swary saliency is shown in Fig. 4.5.
Pre-define the average and difference of the sergrtd and g-axis inductances and the
average multiple inductance [RAC10] [KIMO04] as

I‘q_hm+ I‘d_hm — Lq_ hm L d hm

B g ,
sa_hm 2 d h 2 (44)
_th+th+qu_hm+zLd_hm
>L= 2

A HF pulsating carrier voltage as shown in (4.2)ngcted on the actual synchronous

reference frameThen, the HF carrier current response in the d&yrachronous reference
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frame is represented as

I 1 |, +1,cos(F, I, ,,cos((Zhm §,—-Ag Ging n
w| 2| 1,sin@)r3l, L sin(@hm B, -2g) (4:9)
Where
V >L
| =-¢ ,
P (4% Z L2 - Lia_z Lzsa_ hm 22 L sJi' sd thOS((Z_ hm p r_A¢ } (4 5a)
_V Ly
|, =-= ,
" (4.% z L2 - Lia_z Lzsa_ hm 22 L s!i' sd hIQOS((Z— hm p r_A¢ } (4 Sb)
In hm :& 2 2 2 Lsd_hm (450)
N a)c ZL _Lsa_zl‘sa_ hm_zzl‘sn!' sd hnq:os((z_hmp r_A¢ )

In (4.5),In_nmis the disturbance depending on the rotor postiio® to secondary saliency,
wherehmindicates the harmonic component the order of @nynor secondary saliency and
hm=4,6,8 .... 4 ¢describes the initial phase difference between gmymand secondary
saliency. Then, applying the synchronous detectiechnique, the HF carrier current

amplitude considering the secondary saliency caexpesssed as

o Tigl a[1,+1,008@, 31, coS((Zhm §,~Ag
‘LPF(L }ms'”a)_i{ | sin(28,)+ Y1, sin(2hm P, -2 } (4.6)

ah n_hm

Ideally, if there is no secondary saliency in thachine, the measured carrier current
magnitudeijn|and ign| should be constant and independent of the raisitipn according to
(3.25). From the view of the multiple saliencids estimated saliency angle is assumed the
same as the actual rotor position, however, thenskant carrier currentgd| and ign| is
depended on the rotor positi6nas discussed in (4.6). It can be predicted treautiwanted
ripple component would be generated by the mulspleencies effect.

With aid of the actual rotor position from the edeqg the HF pulsating voltage signal (3.13)

is (Ve = 8V, fc = 550H2z) injected on the actual synchronous refedrame, while the test PM

machine is slowly spun manually or by the torque m&chine. Then, the amplitude of the
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dgaxis carrier response currents can be derived.

Experimental results of the prototype SFPM BLAC hiae is presented in Fig. 4.6, and
can be seen that the small current ripples arerobdeand clearly reveal the existence of
multiple saliencies and indicated that the SFPMhireis rotor-position-dependent and this
ripple term is six times to fundamental frequentite experimental result at no-load is
shown in Fig. 4.6 (a), and with-load conditionnsHigs. 4.6 (b) and (c), respectively. From
Fig. 4.6, different ripple amplitude can be obsdnat different load conditions, which

indicates that the effect of multiple saliencieals load-dependent.
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Fig. 4.6. Rotor-position-dependence of SFPM saliency at no-load and under different-load

conditions.

Clearly, the multiple saliencies inevitably affélae bandwidth of the position observer and
the accuracy of position information estimationwéoer, since the effect is limited, it can be
neglected and not needed to be compensated inRhajétted-based sensorless control for

the prototype SFPM machine.

4.3 Influence of Cross-Saturation

In term of the cross-saturation effect, the cragsigtion angle usually exists. When
current is zero ampfm is almost close to zero, which can be equivalest tlze
cross-saturation effect is negligible. However,hwihe fundamental excitation current, the
measured cross-saturation angliebecomes identified as drawn in Fig. 4.7, which psov

that the cross-saturation effect depends on tbofimdg-axis current.
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angle of cross-saturation, O, under different-load conditions.

4.4 Experimental Validation of Sensorless Control Operation

Based on the theoretical analysis and experimeasallts, it clearly shows that although
the machine saliency is not too large and varigh Waad current, it is still identical and
suitable for implementing the HF injection-basedssgless control, but need to be validated

by experiments. Hence, the HF pulsating carrietag@ signal injection-based technique
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considering cross-saturation effect is appliech® grototype SFPM machine to estimate the
accurate rotor position, which is based on theerurand speed close-loop sensorless control,

as shown in Fig. 4.8.
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Fig. 4.8. Basic structure for Sensorless control operation of SFPM machine using HF

pulsating voltage signal injection scheme.

A HF pulsating voltage signaV¢{ = 8V, f. = 550Hz) is injected into the estimated
synchronous reference frame of Test Machine-II, taedotor position is estimated from the
saliency-dependent response currents.

4.4.1 Sensorless Current Control at Steady and Dynamic States

The saliency level and cross-saturation effectoamté affected by the fundamental current
due to the variation of HF inductances. Hence, é¢fffect of fundamental current for
sensorless control is of great importance for leégbype machine and the cross-saturation is
compensated by the method introduced in [HAROOE €uarrent-closed loop control under
the step-transient in current, froigp= 1.5A toiq = -1.5A (speed 20 r/min to -20 r/min), is
applied to investigate the influence of fundamermatrent, and the experimental results

considering the cross-saturation effect are showkig. 4.9.

102



5 50
4 —Q-axis current 40
—Measured speed
3 —Estimated speed 30
2 20 o
£
1 10 E
<o : : : : : : 0o =
g B
-1 -10 @
2 " -~ | 20 a
- iq -
-3 -30
-4 -40
-5 -50
0 0.25 05 0.75 1 1.25 15 175 2
Time (s)

(a) g-axis current and open-loop speed responses

480

—Estimated position
- -Actual position

420

360
300
240
180

Rotor position (Deg.)

120
60

0
0 025 05 0.75 1 125 15 1.75 2
Time (s)

(b) Actual and estimated rotor positions

30

20

=
o

-10

Position error (Deg.)
o

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
Time (s)

(c) Estimated rotor position error
Fig.4.9. Measured step-current transient response for sensorless current control

operation, ig = 1.5A to ig = -1.5A (20 r/min to -20 r/min).
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From the results, it clearly shows that during tugrent step transientg current and
open-loop speed responses are performed well asteldin Fig. 4.9 (a) and estimated rotor
position and estimation error are shown in Fig®. éb) and (c), respectively. Since the
secondary saliency information is rotor positiopeledent and not very obvious in the SFPM
machine, there exists minor rotor position estioragrror oscillation which is not easy to be
compensated. Fig. 4.10 shows the sensorless spat&wldn steady-state using a pulsating

voltage signal injection-based sensorless contiuéime.
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Fig. 4.10. Rotor position estimation for sensorless-speed-control in steady-state, 10rpm.
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4.4.2 Sensorless Speed Control at Steady and Dynamic States

The experimental result shows good performanchefracking position at constant speed,
10 r/min. The results for the dynamic performandestep-change in rotor speed under
no-load, from O r/min - 10 r/min - 20 r/min - 10mih — O r/min, are presented in Fig. 4.11.
Hence, the good sensorless control performancétaned under both steady and dynamic
transient states. Although the estimated positioorereaches up to +20 deg. during the

transient process, the estimation position error &tdl be limited to £5 deg. under steady

state with no-load.
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Fig. 4.11. Measured step-speed response for sensorless-speed-control in dynamic-state

under no-load.
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Furthermore, another rotor speed step-transieoy 0 r/min to 20 r/min under full-load
condition is depicted in Fig. 4.12, it can cledsly seen that the estimated rotor position error
is increased (x12 deg, Fig 4.12 (e)) under fuldl@peration for the pulsating carrier voltage

injection due to the fundamental excitation curiedticed magnetic saturation.
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Fig. 4.12. Measured step-speed response for sensorless-speed-control in dynamic-state

under full load, 0 r/min to 20 r/min.
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Meanwhile, the speed-tracking behavior is comparedrig. 4.13, showing that from

forward rotating to backward rotating the estimaggded response in sensorless control

mode is shown a good agreement with the measussgispsponse in sensored mode.
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Fig. 4.13.

Comparison of measured step-speed responses for sensored and sensorless

speed-control operations under no-load condition.

4.5 Conclusion

In this chapter, a complete experimental investgamethod has been proposed in order to

analyze and verify the saliency level without tleed of any information of parameter values
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for the first time using high-frequency pulsatingral injection and implemented on a new
type of SFPM machine.

The experimental results validate that the prinsaljency of prototype SFPM machine is
large enough and suitable for high-frequency sigmattion-based sensorless control and the
limited secondary saliency will not deteriorate tperformance in the rotor position
estimation and the bandwidth of position observactm Furthermore, the conclusion is also
verified by the experiments based on the high-feegy pulsating signal injection-based

sensorless control in both steady and dynamicsstdteero and low speeds.
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CHAPTER 5

IMPROVEMENT OF SENSORLESSCONTROLLED

PERMANENT MAGNET SYNCHRONOUSMACHINESHAVINE

ASYMMETRIC BACK-EMF

5.1 Introduction

The sensorless control techniques become more arel popular in PMSM drive systems,
which can successfully obtain the rotor positiofoimation from machine voltages and
currents. Among those sensorless control schemissyaported that the HF signal injection
based techniques can accurately estimate the mdsition at zero and low speeds
[LIN14][LIU14][YOO14][CHE14], as introduced in Chagrs 3, 4 and 6, whereas the back
electromotive force (EMF) based sensorless corsitbheme has superior performance for
medium and higher speed applications [CHEO3][ZHAXMNIO3].

Recently, a new class of brushless machines h&Mtg located in the stator, for example,
the switched-flux PM (SFPM) and doubly salient PBBEPM), have been reported due to its
high efficiency, high power density and robust rdi@HUO5] [CHE11]. It is identified that
the SFPM machine has a better torque performarare ttte DSPM machine [ZHU10]. In
[OWE10], a newly developed SFPM machine with amralite poles wound, being with
good performances, such as fault tolerance, higiepdensity, was investigated. However,
the back-EMF of this machine is asymmetric and siosoidal, which can also be found in
a lot of other types of PMSM machines including ¥sfhachines, and hence a higher torque
ripple may be caused by the back-EMF harmonic corapts.

In this chapter, the performances of sensorlessaarf SFPM with two different winding

configurations being depicted in Fig. 5.1(a) andl &be investigated, whose back-EMFs
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exhibit different waveform characteristics, suchsemisoidal, asymmetric and non-sinusoidal
waves. The single-layer machine is found to exhalsgmmetric back-EMFs, due to which
the performance of conventional flux-observer basealsorless control will deteriorate. In
order to overcome this issue, a modified flux-ligkaobserver is developed and acts in
synergy with a harmonic elimination technique, Hyick a higher accuracy of rotor position
estimation is achieved. The performance of proposedsorless control strategy is
experimentally validated on a prototype SFPM maghiand the effectiveness of the
proposed rotor position estimation will be demaatstt by comparing with that of a
conventional flux-linkage observer based sensoresdrol under both steady and dynamic

states.

5.2 Topologies of PM Machines and Analysis of Back-EMFs

In this section, the various machine topologiesedasn Test Machine-1l will be firstly
introduced and the analysis of asymmetric and maunssidal back-EMF waveforms will be
given in order to highlight its potential influenca the rotor flux-linkage based sensorless

control techniques.

5.2.1 Topologies of PM Machines

Test Machine-1l with different stator topologies st®own in Fig. 5.1, i.e. all poles wound
(Fig. 5.1(a)) and alternate poles wound (Fig. 9)1(@re under investigation and exhibit the
different back-EMF features. Both topologies hakie same machine structure, i.e. very
simple and robust rotor, and “U-shaped” laminated segments around magnetized PMs in

the stator [ZHUOS5][HOA97].
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Fig. 5.1. Topologies of a SFPM machines.

The differences between these two machine topaoca® be identified and compared in
Fig. 5.1. Fig. 5.1 (a) shows the conventional maetstructure with all poles wound around
stator poles as explained in [ZHUO5][HOA97], i.eouthle-layer winding, and four

series-connected coils as one phase. Additionaedgh stator slot contains two coils of two
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phases. Unlike the conventional machine structhiee second machine topology is designed
to have single-layer windings, in which each stafot contains coils of one phase only and
alternate poles are wound. However, the slot aredli the same as the double-layer winding
machine, and each phase just utilizes two serieaaxied coils rather than four, Fig. 5.1(b).
Since the winding configurations are not the satime,measured back-EMF waveforms are
different.
5.2.2 Back-EMFs Analysis
In order to investigate the back-EMF charactesstand assuming the winding inductances
of the Test Machine-II are constatite three-phase back-EMFs can be represented as
Uy = Ri,+(L=M) pi,+ e,
Uy = ngb"'( L- M) pi,t+ e, (5.1)
U, = Ri;+( L- M) pi,+ e,
I, +,+.=0 (5.2)
Therefore, no matter which mode of operation, éi¢her BLDC or BLAC, the voltage

equation can be derived as
uan + l'Ibn-l- ucn: ea+ eb+ q (53)

Hence, the three-phase back-EMFs can be represanted

N

ea :Z%i == E‘ngismer_m]]:J

i=1

6= 6 =~ E,sin(6,~ 27/~ (54)

N
e :Z‘eCi == Emgisin(é?r+ 2713~
i=1

wherees, & andei are thath-order harmonics of the three-phase harmonic-EMKS. Emgi
presents the magnitude of title-order harmonics of the phase back-EMF.
Moreover, in order to investigate the influencehafmonics in different stator topologies,

the original winding configuration (Fig. 5.1 (ap separated into two series-connected coils
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for each set which transforms the double-layer wigdnachine into a single-layer winding
machine as the alternate poles wound machine (Rig(t), i.e. (coils Al and A3) is

described asai++a3+, and then the back EMF of phase A is given as
& 8w TR TR (5.5)
where e; is the phase A back-EMF of alternate poles wouadhime. € . and € . are

the back-EMFs of coils Aland A3, respectively. Thus, the expression of back-EMF
waveform of alternate poles wound machine can heritéen as

Z G [COS( iLgt+ ¢Ami* )}

i=1

N
C 4
e, = i €, [cos( ildot+g, . )]

i=1

(5.6)

whereeami*, andpami= are the magnitudes and phase anglethedrder back-EMF harmonic
andi is the order number of harmonic component forscail” and A3, respectively. The
frequency of the fundamental componenbis

In order to verify the foregoing analysis, the mead phase back-EMF waveforms of
alternate poles wound (A1A3 or A2A4) and all polesund machines at 400 r/min are
shown in Fig. 5.2 (a). In addition, the Discreteufter Transform (DFT) for each winding
configuration is also analyzed and shown in Fi@ ). Clearly, the vertical pair of coill
combination i.e. A1A3 and A2A4, their back-EMF wéwens are identical but not
symmetrical and non-sinusoidal in alternate poleand SFPM machines, whereas it is very
sinusoidal in all poles wound SFPM machine. Ithsious that the back-EMF waveform of
alternate poles wound SFPM machine includes some lkearmonics as shown in Fig. 5.2 (b),
because the positive and negative half cycles ok-EMFs of each pair of series-connected
A1A3 or A2A4 are not symmetrical. Furthermore, ig.F5.2 (c), the phase angle of the
second, fourth and sixth harmonics for both corhbmations, A1A3 and A2A4, are positive

and negative, which can make the resultant back Esieform essentially sinusoidal. This

115



is due to the series-connection of two winding sétthe all poles wound SFPM machine,
which will result in a coil compensation effect [IA08] because its phase angle difference is

18P and -188 as shown in Fig. 5.2 (d).
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Fig. 5.2. Analysis of measured back-EMFs and FFT analysis.

5.3 Conventional Flux-Linkage Observer Based Rotor Position Estimation

5.3.1 Flux-Linkage Observation

Generally, the rotor flux-linkage can be estimabgdthe flux-linkage observer, which is
produced by the permanent magnet and also candtk fas the rotor position estimation
[MAR97]. In a conventional flux-linkage observenetPM excitation flux-linkage is usually
calculated by the integration of terminal voltagéU91]. A simplified representation of the
flux-linkage observer is based on the phasor dragpha PMSM shown in Fig. 5.3, where
the current vectotsand the voltage vectdds are derived from the measured current and
terminal voltage, and the reference frame transétion from thea-b-c reference frame to
the stationary:-f reference frame. The- andf-axis voltages which are obtained from the
command voltages of the space vector pulse widtutation (SVPWM) and the measured

a- andg-axis currents are shown in Fig. 5.4.
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Fig. 5.4. Measured a- and 8-axis voltages and currents.

The stator voltage equations can be expressed as

_ay

S+R D 57
s dt s—'s ( )

U

whereUs andls are the stator voltage and current vectors, resdgtRs presents the stator
phase resistance, an#ls is referred to as the stator winding flux-linkagehe stator

flux-linkages in the stationary reference frame barderived from the- andg- voltages and
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currents shown in Fig. 5.4 which are mathematioakpressed as

W, =[(U-RO)dt

. (5.8)
Wy =] (U,-RO )t
Based on [SHEO02], the rotor flux-linkage can begkited by
LIJf :LPS_LSI S (59)

Hence, the PM excitation flux-linkage in the statioy reference frame can be expressed as

[SHEO2][LEE11][LUUO03][IDRO2][HINO3][PEL11]

LlJfa :J.;(Usa _RSDW) dt_ le g

t (5.10)
W, :jo(usﬁ—Rsmsg)dt— Ld

where Ls is the winding inductance. Then, the rotor positman be estimated from PM
excitation flux-linkage shown in Fig. 5.5 whichgsren by
17
6 :atar?[i] (5.11)
Lpfa

Afterwards, the rotor speed can be derived by

=94 5.12
W= (5.12)
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Fig. 5.5. Measured a- and 8-axis flux-linkages.

It should be noted that for a PM machine, its stitxx-linkage is usually dominated by the
PM flux, whose magnitude is almost constant dutivgoperation. Besides, the other part of
the stator flux is contributed by the stator wirglocurrent and is relatively small. In [WU91],
the angle of stator flux vector is directly used @stimate the rotor position while the
influence of stator winding current produced flurkhge is neglected. In addition, this
control strategy is not too sensitive to the indace variation. Nevertheless, in general, since
this sensorless control technique relies on théorstux-linkage, the stator winding
resistance should be accurately obtained and agration of voltage is needed.

More importantly, there is a drift problem caussdtibe integrator due to the offset error
components in both the measured voltages and ¢sirréhis offset is usually of a small dc
value and varies slowly, but can still drive theput of integrator into saturation and result in
an incorrect value. Thus, it needs to be compedsaterder to improve the accuracy of
estimated flux-linkage. Additionally, the accuramythe rotor position estimation will also be
affected by the asymmetric and non-sinusoidal &k Hence, in order to overcome the
above issues, an improved rotor flux-linkage basdor position estimation with the aid of
back-EMF harmonic elimination is proposed for thehancement of the accuracy of

sensorless operation and will be discussed inélesubsection.
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5.3.2 Sensorless Control Performance at Steady-State

Fig. 5.6 shows the rotor position estimations aositpn errors of the all poles wound and
the alternate poles wound machines at the steatly-stf constant speed (200 r/min).
According to the experimental results in both Fig$€ (a) and (b), the significant position
estimation error occurs due to the inaccurate nm&cparameters and machine controller. By
comparison, the oscillation error caused by thehimecbased on the alternate poles wound
topology (Fig. 5.6 (b)) is more obvious than thétle machine based on all poles wound

topology (Fig. 5.6 (a)) due to asymmetric back-Edifect.
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Fig. 5.6. Sensorless rotor position estimation at steady-state by conventional flux-linkage
observer without compensation, 200 r/min.
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5.3.3 Sensorless Control Performance at Dynamic-state

The experiments of sensorlesss control performaneearried out at the dynamic state of
a step-change in rotor speed, changing from 100hfen200 rmin, based on the all poles
wound and the alterate poles wound machine topedpgs shown in Figs. 5.7 and 5.8,
respectively. Similarly, the experimental resultdained form the steady-state, the alterate
poles wound machine still performs worse than ttidhe all poles wound machine, in terms
of the sensorless rotor position estimation emtich needs a futher improvement, as will be

described in the next section.
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Fig. 5.7. Rotor position estimation at dynamic-state based on all poles wound machine

topology, 100-200 r/min.
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Fig. 5.8. Rotor position estimation at dynamic-state based on alternate poles wound

machine topology, 100-200 r/min.

5.4 Proposed Rotor Position Estimation Based on Flux-Linkage Observer

A 12-slot 10-pole prototype SFPM brushless machmetroduced in Chapter 2 is used for
the validation of proposed control strategies. pr@posed rotor position error compensation
based on asymmetric back-EMF with the aid of babi-Eharmonics elimination method is
described in Fig. 5.9. The parameters of testinghin@ are listed in Table 2.3. The load

machine is a 500W brushed DC machine, and an encwitle resolution of 2048PPR is
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equipped on the test-rig to provide the actualrrptisition to the whole control system.

Voltage
Source
Inverter

Current '
Pl Controller

Flux
Observer

Fig. 5.9. Basic structure of overall sensorless control scheme.

The Test Machine-Il has a winding configuration @vhican be separated into two
series-connected windings, the influence of difiemachine topologies, i.e. all pole wound
and alternate pole wound machines, are investigatedder to highlight the effectiveness of
proposed rotor position estimator and compare witt of the conventional rotor position
tracking observer.

It is should be noted that only one PM machine ithble-layer windings/all poles wound
is prototyped. It is used for the investigationseinsorless control performance of such a
machine with either single-layer or double-layenaings. Thus, for single-layer winding
machine, only one set of windings wound on alterqeties is employed. In practice, the full
slot space will be utilized for the single layemdings and its torque or power density is the
same (or even higher due to higher winding facsrput harmonics would be usually higher
than the PM machine with double-layer winding.

5.4.1 Compensation of Asymmetric Back-EM F Effect

As discussed in the previous sectithtg harmonics in the three phase back-EMFs due to
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the asymmetric and non-sinusoidal effects may tesuhaccurate rotor position estimation.
Thus, those harmonics need to be eliminated befereleveloped compensation of position
error. In order to minimize the influence of asyntneeback-EMF in advance, the harmonic
elimination scheme shown in Fig. 5.10 is employebictv is based on an adaptive
closed-loop noise cancellation method, namely, ®@aap notch filter (ANF)

[WID75][JUN11][WAN14].

Fig. 5.10. Asymmetric back-EMF harmonic compensation method.

The measured back-EMF with harmonics can be udilaethe reference input signal to the
ANF which requires the functions of sin and coscwresponding to the feedback of
estimated rotor position. Besides, since the evamabnics (2, 4", 6", ...) in the phase
back-EMFs are of non-negligible amplitudes, theftuences will be mainly investigated in
this application, whereas the odd harmonics, (8", 7", ...) with small amplitudes are

neglected. Hence, the three-phase back-EMFs aocpiali(5.4) can be re-written as

N
€= 8 =~ Eg4sing + Esin i6;)+ E, cog i8;)

|;l
S :z & =~ EmgiSin(ef_ 277/3)9:9

i=1

+Egsin| itfer -~ 27 /3 |+, cositfer ~ 2 /] (5.13)

e :i g =- Engisin(9f+ 277/3

i=1

+E g sin| iTf6e + 2713 |+ E, cositfer+ 2r /}]
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whereEng andi are the amplitudes of phase back-EMFs and the analaber of harmonic

components, respectively.

According to Fig. 5.9, the two closed-loops hawe shme structure and characteristics. By
analyzing the cosine closed-loop as an exampletiferphase A, the weighwn can be

obtained by the integrator as [JUN11] as
w, = [ (KCif, Cosw,t) dt (5.14)

wherewn is the frequency of harmonics akds referred to as the adaption value. The same
working principle can also be extended to the dimsed-loop [JUN11]. The Laplace

transform of (5.14) can be presented as

W, (9= L w,)= LU ‘GQHG@J (5.15)

= 2 fl, s+ )+ (5 0y

whereL denotes that the Laplace transform of the exprassithin the parentheses is taken.

Then, multiplying by the casit, the Laplace transform &, can be obtained as

fu(9) =5 TWa (s )+ Wl s )]
:m[ﬁu;(sﬁ U ( 52 M)]mefﬁ L9+ Ul 2 )]

(5.16)
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Similarly, the Laplace transform & is given by

fio(s) = (S+—mfﬁuan$ (52 do) [+ Eﬁtan 5- ul s24)]
(5.17)

Since u, =u_ - f, - f,,, the Closed-loop transfer function of the ANF dsnexpressed

as

ag=f4$= s+ (5.18)

Based on the theoretical analysis, the harmonicpemsation shown in Fig. 5.10 is of the
similar principle as the second-order notch fillene frequencyw is the main factor that the
ANF can filter out the harmonic components. Thaugadfk is used to determine the settling
time for the system response, e.g. the larger va@flkethe system response will be faster.

The three-phase back-EMFs with/without the harmapimpensation scheme and the DFT
analysis are given in Fig. 5.11. It can clearly ¢men that the three-phase back-EMF
waveforms have been significantly improved and bezoore sinusoidal, and the harmonics
are effectively reduced by the ANF harmonic eliniol method as shown in Fig. 5.11 (b),

and the DTF analysis is shown in Fig. 5.11 (c).
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Fig. 5.11. Measured three-phase back-EMFs.

With the aid of back-EMF harmonic compensation rodththe loci of the measured
voltage and PM excitation flux-linkage, as can bersin Figs. 5.12 and 5.13, respectively,
the non-sinusoidal flux-linkage in Fig. 5.13 (a)daused by the asymmetric back-EMFs
shown in Fig. 5.12 (a). With the aid of proposedisBMF harmonic compensation method,
the loci of both voltages and flux-linkages haverbsignificantly improved as can be seen in
Figs. 5.12 (b) and 5.13 (b), respectively. Addisithyy Figs. 5.12 (c) and 5.13 (c) show the
DFT analysis for both the voltages and flux-linkegethout/with the compensation. It can

be clearly seen that those high order harmonicslarenated.
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Fig. 5.13. Measured PM excitation flux-linkage loci - alternate poles wound. (a) Without

harmonic compensation. (b) With harmonic compensation. (c) Harmonics analysis.

5.4.2 Proposed Rotor Position Observer and Positon Error Compensation

As mentioned earlier, there is an offset errorhe tonventional flux-linkage observer,
which is caused by the integration operation ofi@h. Hence, the high-pass filter (HPF)
which has a transfer functios/(stwo), is utilized as an integrator. Similarly, as theare
integrator is 13, the combined transfer function becomess##p), which is of the same
principle as a LPF [SHEO2][LUUO3]. Then, based 6rlQ), the estimated flux-linkage can
be represented as

W, = HPF[—%w;(US - Rsusﬂ— I,
(5.19)

W= HPF{—%‘PS+(US— RSDISH— I L.

wherewo is the cut-off frequency. According to (5.1%,is the total resultant PM excitation
flux-linkage vector after low-pass filtering theatir flux-linkage. The LPF based
flux-linkage observer can reduce the drift offsetoe but still have some phase and
amplitude errors in the total PM excitation flurkage. Moreover, it should be noted that all

the machine parameters, iR.andLs need to be accurate for ensuring the accuracgtof r
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position estimation. HoweveRs and Ls usually vary when the operation and temperature

conditions are different and difficult to obtaineth actual values. All these issues may

deteriorate the sensorless operation and resulaaturate rotor position estimation.

In order to improve the accuracy of rotor positiestimation, the rotor position error

compensation based on the rotor flux-linkage igppsed and its procedure is described in

Fig. 5.14.

Fig. 5.14. Proposed rotor position error compensation scheme.

i
Phase E 10
se Error
Calculation 'mﬂ
*

Basically, the PM flux-linkage is utilized as thed reference input signals, and the LPF

(1/s+wo) is also employed to make the proposed compensatoe effective in the rotor

position estimation. Hence, the compensating flakdge vector can be written as

v, :(Sf% wm}(coﬂ(eﬁ )

Vs :(s+1% Wfﬂ}r(sm(e:))

(5.20)

wherewo presents the cut-off frequency; is the estimated rotor position calculated from

the compensating flux-linkage vectdﬁ(aand qffﬁ). k is referred to as the adaption value.
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Theoretically, the proposed rotor position comp#éngas low insensitive to the machine
parameters. However, the position error compensdiesed on (5.20) can only exhibit a
good performance at steady-state due to slow dynesponse. Since its dynamic response
is not fast enough for the variable speed operatospeed error based compensation is
therefore proposed, as shown in Fig. 5.14.

Firstly, the phase difference needs to be caladjathich can be expressed as

A6 = arcsin( 6 —6°) (5.21)

r
where &° is the resultant rotor position with the aid ofetiproposed position error

compensation. Thus, the phase differeaéeis derived and can be utilized as the rotor
position estimation error. In order to improve thgamic operation, the rotor speed can be

calculated from the steady-state compensator whiderived as
w; =[ 6 ()-8 (k-1)]/at (5.22)

wherek presents the sampling instant, aigis referred to as the duration time.

Normally, Ats can be the same as the PWM sampling time (2e-&s)ce, the calculated
speed can reflect the change of estimated rototigr@sin principle, the estimated rotor
speedw: Is calculated by the estimated rotor position®20Q). Then, the speed correction
wcor COrresponding to the position estimation error loarobtained by the PI controller when

the phase differena®) (5.21) exists, which can be presented as

(LK
o P 1+st

.

) j[@Aemgn(af)] (5.23)
whereTs is the sampling interval.

When the compensator is at steady state, the sjpeeEttionwcor Will be converged to zero
and the same to the phase differed¢ke Consequently, the average rotor speed with the

speed error can also be compensated. Thus, a lagberacy of rotor position estimation can

be achieved by the integrator under both steadydgndmic states.
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5.4.3 Sensorless Control in Steady-State Performance

According to the theoretical analysis and discussiothe previous section, the estimated
rotor flux-linkage-based observer technique is enpénted for the sensorless control
operation in order to verify the robustness of p®a position error compensation together
with the harmonic-EMF compensation scheme. The raxjgatal validation will firstly be
tested at steady-state and then followed by thamiyerstate operation.

Figs. 5.15 and 5.16 show the rotor position esiomnatand position errors of the all poles
wound and the alternate poles wound machines adstetate of constant speed (200 r/min).
By applying the back-EMF harmonic compensation dhd position estimation error
enhancement schemes, the oscillation error andd»&tant error in rotor position estimation
based on all poles wound machine shown in Fig. BuEsreduced and become smoother.
Hence, the high accurate rotor position estimai®rachieved for the all poles wound

machine.
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Fig. 5.15. Rotor position estimation at steady-state based on all poles wound machine with

proposed harmonic and position estimation error compensation scheme, 200 r/min.

Furthermore, similar test is also conducted onafterate poles wound machine. Firstly,
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with the aid of adaptive harmonic compensation swheoscillation error caused by the
asymmetric back-EMF can be reduced. However, thiendrgic componsation scheme can
only eliminate the error produced by the harmomigsthe DC constant error still exists as
shown in Fig. 5.16 (a). Hence, the accuracy ofrrptusition estimation is further improved
by the proposed position error compensation metkagl, 5.16 (b). It is obvious that the
proposed position error compensator has signifigantproved the accuracy of estimated

rotor position.
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machine topology, 200 r/min.
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5.4.4 Sensorless Control in Dynamic-State Perfor mance

The experimental dynamic performance for a stemghan rotor speed ranging from the
100 r/min to 200 r/min, is shown in Fig. 5.17. Tiwor position and position error are
estimated by the proposed position estimator basetthe rotor flux-linkage with the aid of
back-EMF harmonic compensation. Besides, the ettohrator position error is significantly
reduced and a better dynamic performance is alse\ad by comparing with that of the

conventional rotor position estimation shown ing=i§.7 and 5.8.
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Fig. 5.17. Rotor position estimation with harmonics elimination and proposed position
error compensation at dynamic-state based on alternate poles wound machine,

100-200 r/min.
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5.4.5 Comparison of Sensorless Operations

The ability of position-tracking behavior is comedrin Fig. 5.18. It shows that the
proposed rotor position estimation exhibits lowesiion error and better performance than
the conventional rotor position estimation with@mampensation, based on alternate poles
wound machine topology, Fig. 5.18 (a). Moreoverabyplying the proposed method to both
the all poles wound and alternate poles wound mashithe similar performance can also be

achieved as compared in Fig. 5.18 (b).
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Fig. 5.18. Comparison of rotor position estimations, 200 r/min.
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Furthermore, the performance of proposed sensocl@ssol under full-load condition is
depicted in Fig. 5.19, from which it can be cleasben that the position estimation error is
increased for both machine topologies under fuddlooperation due to the magnetic

saturation induced by the increase of fundamemntataion current.

w0 360
()
= |
=~ 270 ,
S .
£ 180 ,
g |
« 90
S ]
g 0 | | 1 |
—Estimated position = -Actual position ™
()
—Estimated error (=}
15 §
@
\/\J\f\/\/\’\ 0 §
2
-15 ‘§
0 0.02 0.04 0.06 0.08 0.1 o
Time (s)
(a) Alternate poles wound machine
" 360
()]
o] |
= 270 I
2 |
£ 180 |
2 / l
§ a0 :
g 0 : : :
—Estimated position = -Actual position ‘gb
—Estimated error =}
15 ‘2'
@
\/\/\/\/\/\/\/ 0 t
K]
-15 =
0 0.02 0.04 0.06 0.08 01 &

Time (s)

(b) All poles wound machine

Fig. 18. Rotor position estimation under full load condition, 200 r/min.
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TABLE 5.1

COMPARSION OF CONVENTIONAL AND PROPOSED SENSORLEGSSONTROL

METHODS
Conventional method Proposed method

Applicability BLDC/BLAC BLDC/BLAC
Standstill and low speed NOT applicable NOT appliea
Sensitivity of machine Sensitive NOT sensitive

parameters
SNR High High
Steady-state operation Medium GOOD
Dynamic-state operation Medium GOOD

5.5 Conclusion

This chapter has experimentally investigated tfleence of asymmetric back-EMF on the
sensorless control operation of the prototype SRRathine under two different winding
configurations, i.e. all poles wound and alterrnadées wound. The all poles wound SFPM
machine has a symmetrical back-EMF waveform, witlist alternate poles wound SFPM
machine exhibits an asymmetric back-EMF waveform.

The modified rotor flux-linkage observer with thiel @f back-EMF harmonic elimination
scheme can significantly reduce the oscillatiomrem the rotor position estimation and can
achieve a higher accuracy in rotor position estiomatAdditionally, the developed sensorless
control strategy also has other advantages, i®. @@plementation and less sensitive to the
machine parameters.

Although the developed sensorless technique isiaappd SFPM machines, it is equally
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applicable to the DSPM machines and PMSMs with asgtric and non-sinusoidal
back-EMFs, e.g. caused by partial demagnetizatid?Ms and non-ideal magnet dimensions

and properties etc.
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CHAPTER 6

IMPROVED SENSORLESSCONTROL BASED ON DIFFERENT
WINDING CONFIGURATIONSUSING HIGH-FREQUENCY

SIGNAL INJECTION

6.1 Introduction

Newly developed switched-flux PM (SFPM) machine tendesigned to have alternate
poles wound structure, which provides fault toleemand high power density, as reported
and investigated in [OWE10]. However, due to tiftuance of asymmetric back-EMF in the
alternate poles wound machine, higher torque rgpmecur because of the back-EMF
harmonics. [BAR10] analyzed the PM machine with tdifferent rotor topologies and
various winding configurations, e.g. dual threegghawindings, which can avoid the
unbalanced radial forces and reduce the torquéeriyppder faulty operation. [BAR12] further
investigated the sensorless position detectionlskiyaby the HF carrier signal injection at
low speed and standstill in the PM machines cdetloby dual inverters. In [LIN14], the
authors validated the proposed method on a paatidype of switched-flux PM machine
having unknown parameters by investigating the annsaliency level and the influence of
secondary saliency as well as the sensorless ¢tguertormances. [XU13] proposed the
square wave signal injection method to obtain theitpn information, which can simplify
the signal process without using any low-passrf{t®F).

Test Machine-Il, the winding coil connections cam ie-arranged into several types of
machine winding configurations (MWC), such as allgs wound and alternate poles wound,
single and dual three-phase topologies. MoreowecesTest Machine-1l is usually based on

an all poles wound topology, each phase comprisihgour winding coils in series
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connection, in which the winding coil connection Q@) is changeable and have different
machine saliency characteristics. This chapterstigates the influence of machine saliency
on the sensorless control operation based on fifereit MWCs and WCCs. Firstly, by
injecting a HF carrier signal, the machine salielesael can be evaluated experimentally. The
influence of saliency on the HF signal injectiorséd sensorless operation for different
MWCs and WCCs can then be investigated withoutiafoymation of machine parameters.
Further, by utilizing the mid-tapped winding wirdee machine saliency can be measured
separately, in which the machine saliencies ardasino those as the machine based on the
alternate poles wound machine.

However, a secondary saliency caused by the magsaturation or current harmonics
may exist in the machine, due to which the senssrt®ntrol performance will deteriorate.
Hence, the orthogonal signal based position trackibserver is proposed to improve the
accuracy of rotor position estimation rather thatilizing existing position observer.
Furthermore, the effectiveness of sensorless rptsition estimation based on different
MWCs and WCCs will be demonstrated comparing tho$ethe sensorless control
performance without compensation, and the dualketpiease application. Finally, a simple
position error compensation method will be propdsedmproving the sensorless operation

based on different winding coil connections.

6.2 Prototype Machine Topology and Difference Winding Configurations

6.2.1 Prototype M achine Topology

The 12/10 stator/rotor pole SFPM machine with thedimg coil numbers shown in Fig.
6.1 has a simple machine structure and robust.rétee conventional SFPM machine, Fig.
6.2 (a), is usually all poles wound (MWC-1) and tegghase is comprised of four
series-connected winding coils for each phase [ZBBIDA97], in which winding coils

1-4-7-10 are connected in series to form phase.&\, Al-A2-A3-A4 for phase A, and
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similarly for phases B and C, as shown in Fig. (@2 Two winding coils of two phases are

placed in each stator slot.
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Fig. 6.1. Topologies of 12/10 stator/rotor with coils numbers.

6.2.1 Different Machine Winding Configurations

Unlike the conventional structure of MWC-1, Fig2 §a), the SFPM machine can also be
alternate poles wound, MWC-2, Fig. 6.2 (b). In th&se, coils 2, 4, 6, 8, 10, and 12 are
removed and each phase only has two coils, e.tg toand 7 are connected in series for
phase A, in which only one winding colil is containe one stator slot. It is also possible to
control Test Machine-1l with dual 3-phase inverfdWBVC-3, Fig. 6.2 (c), and MWC-4, Fig.
6.2 (d). In this case, there are two possible wdysinding connection. One is to form two
three-phase windings by connecting coils 1 and Alaand A2, whilst coils 7 and 10 as Al1*
and A2*, Fig.1 (c). Another one is to form two tbfphase windings by connecting coils 1
and 7 as Al and A2, whilst coils 4 and 10 as Ald A2*, Fig. 6.2 (d).

It should be noted that the relative positions leefvthe stator poles and rotor poles are
different in SFPM machines. By way of example, as be seen from Fig. 6.1, the stator
poles 1 and 7 are aligned with the rotor slots)sthihe stator poles 4 and 10 are aligned with

the rotor poles. Consequently, in terms of the nmeckaliency, Test Machine-1l having all
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poles wound and alternate poles wound exhibit iffe machine saliency characteristics.
Compared with the alternate poles wound machine @A®)Y, the saliency effect would be
expected to be reduced due to a saliency canceadfiiegt in the all poles wound machine
(MWC-1). Further, for dual 3-phase connections, tfechine saliency of MWC-3 (Fig. 6.2
(c)) is expected to be identical to that of MWCFIg( 6.2 (a)), whilst the machine saliency of

MWC-4 (Fig. 6.2 (d)) is expected to be identicathat of MWC-2 (Fig. 6.2 (b)).

A2
X <y 5
& ' \Z
o ! o 1
< > <
KA l <
1A%
(a) MWC-1, All poles wound (b) MWC-2, Alternate poles wound
A2 Al
%\ Cy+ %\ Cy
g | . ! ¢
g 1 1
< = < i— =
(39 ’\:) *Cg) l ’9
73 @ ) o

v

v

(c) MWC-3, dual three-phase connection 1 (d) MWC-4, dual three-phase connection 2

Fig. 6.2. Topologies of 12/10 stator/rotor SFPM machines based on winding coil

arrangements.
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Moreover, MWC-3 and MWC-4 can operate as two stehdagle three-phase machines
with currents in phase, as shown in Fig. 6.3, rathan the 3® phase shift as in the
conventional dual three-phase PM machines. Hehegurrents will be the same for each set
of single three-phase windings. These two MWCs hidne benefit of a simple control

algorithm, but exhibit complexity in the harmonntrol algorithm.

Fig. 6.3. Dual three-phase vector of winding arrangements.

6.3 Investigation of Machine Saliency Property
6.3.1 High-Frequency Permanent Magnet BLAC Machine M odel

In terms of the evaluation of machine saliency,gakency level will be investigated firstly
based on different winding coil arrangements, whach shown in Fig. 6.1. Moreover, for
illustration, the basic machine saliency investmatwill be firstly based on MWC-1, which
is the conventional structure of the prototype nvaehFor the PM machine with salient poles,
the d-axis inductance is smaller than tpaxis inductance. Hence, it is possible to utitize
HF injection based method for the sensorless rgiosition estimation. Then, the

high-frequency voltage model for a PMSM in the $yooousd- andg- axis reference frame
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can be expressed as (3.20). The definitions okth#sinductances are given by (4.1)

In general,Lqgh and Lqanare different due to the influence of cross-satomatHowever,
Lagi=Lqan IS considered in many practical applications. Mwe¥, Ldn and Lqn are also
different because of the rotor geometric and magsaturations. The difference betwdei
and Lqn which is Lgr-Lan indicates the saliency level of machine. Furtheend Lgn-Lan IS
constant and large enough, the machine would heldeifor the method of HF injection.
Hence, the saliency level has to be investigated fin order to implement the sensorless
operation. Therefore, to analyze the saliency efffototype machine, a simple experimental
investigation is proposed in the next section.

6.3.2 Primary Saliency Evaluation

To evaluate the machine saliency level, a simplasmeement method for the primary
saliency is employed as introduced in Chaptersd34anThe rotor position has to be locked
stationary ¢ = 0°), and the injection signal I3. = 8V, fc = 550Hz. Also, the speed rotational
direction in the virtual synchronous reference feais negative, Fig. 4.3. Then, the phase
angle of HF d- and g-axis carrier current responses will be the samendd, the
amplitude-modulated carrier current response cavbbaned as illustrated in Fig. 6.4, which
is based on MWC-1.

To obtain the amplitude of carrier current respoinsm the carrier current response, the
synchronous detection method [MAD95] and a low-ddss (LPF) are applied. Therefore,
the amplitude of position-dependent carrier curresponse can be obtained as shown in Fig.
6.4 (b) by (3.25). The carrier current circle byamae saliency is illustrated in Fig. 6.4 (c)
where the radius of saliency cirdligindicates the saliency level, and the center lonabf
saliency circle is determined lby. The higher value df, indicates the higher saliency level.
The machine saliency clearly exists. Therefore HRanjection-based sensorless control can

be applied to the prototype machine based on diftevIWCs.
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Fig. 6.4.
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(c) Locus of carrier current circle by machine saliency
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6.3.3 Experimental Evaluation of Machine Saliency

From the foregoing theoretical analysis of primagfiency in the previous section, the
machine saliency based on each MWCs needs invesfigst in order to prove the influence
of primary saliency or secondary saliency (multipédiencies) [DEG98] [ROC10] [KIM04]
on the sensorless control operations.

With an aid of accurate rotor position informatimom an encoder, a HF pulsating carrier
sinusoidal voltage signal (6WJ¢ = 4V, fc = 550Hz) is injected into the virtual synchronous
reference framed{'-q""), while the machine in the speed close-loop coratdow speed in
the sensored mode, 25r/mig,= 1.2A. Thed- andg-axis carrier current responses and the
carrier current circles due to machine saliencylmmmeasured as shown in Figs. 6.5 and 6.6.
The carrier current response is basically modulatedwo cycle per single electrical rotor
position. Also, as mentioned earlier, the highepbtonde indicates the higher saliency level.
Thus, it can be found from the experimental resthitgd the amplitude of carrier current of
MWC-2 and MWC-4 shown in Figs. 6.5, 6.6 (b) andd4df bigger than MWC-1 and MWC-3
as comparing in Figs. 6.5, 6.6 (a) and (c), du¢heosaliency cancellation in MWC-1 and
MWC-3. Theoretically, MWC-1 should have identicallisncy level as MWC-3, whilst
MWC-2 should also have identical saliency level M¥/C-4, the difference being the

manufacturing tolerance.
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based on four types of MWCs, 25 r/min.
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Additionally, an interesting phenomenon can be tboumMWC-2 and MWC-4 as shown in

Figs. 6.5 (b) and (d), the amplitudes of measlirandg-axis carrier current responses are

non-constant, which is caused by the effect of ipleltsaliencies and will deteriorate the

accuracy in sensorless rotor position estimationtt@ other hand, when the winding coils 1,

4, 7 and 10 are all in series connection (MWC{i¢, additional harmonics can be cancelled

as shown in Figs. 6.6 (a), and similar situatiofiorswinding coils 1 and 4 or 7 and 10 in

series connection (MWC-3) as shown in Fig 6.6 (e¢ do the coil compensation effect
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Carrier g-axis current (A)
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Carrier d-axis current (A)

(c) MWC-3

Carrierg-axis current (A)
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(d) MWC-4

Fig. 6.6. Machine carrier current circles due to machine saliency based on four types of

MWCs, 25 r/min.

Considering the machine saliency information beliegermined by the radius of carrier
current circleln, the measured radius of carrier current citgléor the prototype machine
under different winding configurations and load r(eat) conditions can be obtained, as
shown in Fig. 6.7. Although the saliency level @ too large, it is still suitable for the HF
carrier signal injection based sensorless conwohrique. As can be seen, MWC-1 has

similar saliency level as MWC-3, whilst MWC-2 alkas similar saliency level as MWC-4.
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As mentioned earlier, the differences between MWa&hd MWC-3, or MWC-2 and MWC-4
are due to the manufacturing tolerances, as weth@sneasurement errors. Also, different
saliency characteristics are exhibited. The lovedieacy for MWC-1 and MWC-3 are due to
saliency cancelling effect, and the higher saliefmy MWC-2 and MWC-4 are due to

multiple saliencies effect caused by the magneiticration.
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Fig. 6.7. Measured radius of carrier current circle by machine saliency, I, various with d-

and g- axis.
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6.4 Sensorless Rotor Positon Estimations

A dSPACE platform together with a 12/10 stator/ropmles prototype SFPM machine
shown in Fig. 2.11 are employed to evaluate théersay level and sensorless control
operations based on different MWCs. The overalssdass control scheme based on the HF
injection technique is described in Fig. 6.8. Tésting machines are introduced in Section II,
and the parameters are listed in Table 2.2. Thet he@chine is a 500W brushed DC machine,
and an encoder with high resolution of 2048PPRgispped on the test-rig to provide the

actual position information to the whole controtgm.
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a)* Iq u PWM Invearst:r
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Fig. 6.8. Overall sensorless control scheme

In order to validate the effectiveness of senserleantrol operations based on the four
types of MWCs, the HF pulsating carrier voltagensaiginjection method is applied to the
prototype SFPM machine. The testing conditions npédtion voltage and frequency for
MWC-1 areU¢ = 8V, fc = 550Hz, and MWC-2, MWC-3 and MWC-4 atk = 4V, f. =

550Hz for each winding set, which is injected itite estimated synchronous reference frame,
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and the rotor position information can be obtairfeain the carrier current response.
Moreover, the winding coil connections based on MiWv@nd MWC-2 are controlled as a
single three-phase machine, and coil arrangemeasgedoon MWC-3 and MWC-4 are
operated as a dual three-phase machine
6.4.1 Existing Rotor Position Tracking Estimator

Before the rotor position estimation, the posittapendent carrier current response should
be extracted from the carrier current responsesinyguhe synchronous reference frame filter
[DEG98]. However, since the noise on input sigres A great impact on the estimated rotor
position, the position tracking observer is popuathe sensorless rotor position estimation.
In addition, the PI controller is utilized in thersorless rotor position tracking observer
[HAROQ] due to its fast response in the dynamicrafpen, but may slow down the response

in steady state. The basic principle of positi@cking observer is described in Fig. 6.9.

Fig. 6.9. Existing rotor position tracking observer.

Using theg-axis amplitude-modulated carrier current as thmuirsignal to the position

tracking observer, which can be expressed as

f(A6)=

=1,sin2(6,-6;) (6.1)

e
Iqh
r

According to Fig. 6.9, whenlnsinZ(Hr—He) is small enough, the assumption that

I, sin 2(9r —6?f) = 2In(6?r —6?re) is considered, and then the transfer function eetwthe

actual and estimated rotor positions, can be egpdeas
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& 21k B+21k
R (6.2)
6 & +21k 5+21k

r

wherel, is load-dependent, and the valueggdndk; of PI controller can be on-line adjusted
according toln in order to maintain the bandwidth in the positiacking observer. To
overcome the drawback of the observer, the impr@asition estimator will be discussed in
the next section.
6.4.2 Improved Rotor Position Tracking Estimator

In order to enhance the accuracy of rotor posiéstimation, the orthogonal Phase-Locked
Loop (PLL) observer shown in Fig. 6.10 can be z#iti [JUN11]. The basic principle of PLL
tracking observer is to synchronizes the input antbut signals in phase, and use PI
controller to force the generated sinusoidal wanwefdo follow the input signal. The
advantage of PLL observer is that the harmonicsiroiccthe carrier current response can be
reduced and its phase angle contains the positifammation, which can be used for the

position estimation error compensation.

Sh

ah

Fig. 6.10. Application of orthogonal PLL position tracking observer.

Generally, the frequency in the conventional PLIsexer is fixed, but the fundamental
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frequency is dependent on the speed of the mackieece, the orthogonal PLL tracking
observer can be employed to avoid such an issu¢oamiotain a better performance than that

of the conventional PLL observer. The high-frequevaltage equations can be presented as

Ugn | _ Lyw O idh
bl I ©3

The transformation matrix can be given as

Ugy | | COSAE) — SiNQG )|| Uy, .
Uan _[Sin(AH) cospd )} Uz, (6.4)

Meanwhile, the high-frequency carrier currents barexpressed as

ign | _| cos@B) sinQ@ )] ian 6.5)
I4n | -sin(A@) cospd) i '
From (6.3), and (6.5), (6.5) can be represented as
Ly, O || cos@8) sinQ@)||i,,
“*{o qu{—sinme) COSAG)}L/J 6:6)

where wn is the angular frequency of high-frequency carrieurrent. Then, the

high-frequency can be derived as

{igh} 1 { cos@8) sinpg )T{th 0 T{ coskf ) - si{o ﬂuﬂ 67)
igm | @, |—sin@8) cospé) 0 Ly sinfd ) cob )| Us,

After low-pass filtering, the carrier curreint, andl” s are applied to the orthogonal PLL as
input signals, which are filtered out from the @ricurrent response by low-pass filters. It
should be noted thaff) is the phase detector output [HAROO][JUN11], &mel second-order

harmonic is ignored in the orthogonal PLL obsenvewhich the value of Pl gains can be

easily determined. Hence, the two input signalskeapresented as

I (s) = Asin Z(wst+gj = Acos .t 6.9

I (S) = Asin 2wt
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wherel”,(s) andl’4(s) are the quadrature input signais. is referred to the fundamental

frequency of the input signal, and A is the ampl@wf the fundamental. Thez{f) is equal to

z( f) =14 (s)cos29,t= [, (9 sin2),t= Asin(z(a)s—a*)s) 9 (6.9)

It should be noted that(f) is the phase detector output [HUAO8][DEG98], aihe
second-order harmonic is ignored in the orthogdtdl observer in which the value of PI

gains can be easily determined. In order to congienghe position estimation error, the

phase difference needs calculate first, which @aexpressed as

NO=6F -8 (6.10)

r
whered; andé are the actual and estimated rotor positions. ;Tthenspeed error correction
ws_corcorresponding to the position estimation error lvarbtained by the PI controller if the

phase differencaé (6.10) exists, which can be presented as

W, oo = —(kp+ 1‘1‘:;31] hAosign(of ) | (6.11)
whereTs is the sampling interval. After the stability afrapensator at steady state, the speed
correctionws_corWill converge to zero and the same to the phaéereinceAd. Consequently,
the average rotor speed with the speed error canted compensated, and the accuracy of
rotor position estimation can be enhanced. The®feness of sensorless operations will be
evaluated in the next section.
6.4.3 Validation of Sensorless Control Operations

Several experiments will be carried out to validdite effectiveness of sensorless control
operations based on the four types of MWCs.
A. Sensorless Control Performance at Steady-State

Fig. 6.11 shows the sensorless rotor position estoms in steady-state by utilizing the
existing rotor position tracking observer, whichates at a constant speed, 25 r/min. The

experimental results show good position trackinggsmances, but still exhibit the position

estimation error such as significant oscillatiomoerdue to some additional current ripple
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occurred in the carrier current response by thdipielsaliencies (Fig. 6.11 (b) and (d)), and
the DC error which may be caused by the cross-amy@ffect or phase shifting in phase
angle. By comparison, although MWC-2 and MWC-4 bl#lve higher saliency level than
that of machines based on MWC-1 and MWC-3, the raoguof rotor positon estimation is
still deteriorated by the influence of multipleisakies which are already explained in Figs.
6.1 and 6.6. Hence, MWC-1 and MWC-3 are more ateurathe sensorless rotor position

estimation.
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Fig. 6.11. Sensorless rotor position estimation in steady-state based on existing position

estimator, 25 r/min.

In Fig. 6.12, the accuracy of rotor position estiorais further improved by the proposed
rotor position tracking observer. Obviously, thesition estimation error in the sensorless
rotor position estimation is slightly reduced (Figsl2 (a) and (c)) and improved (Figs. 6.12
(b) and (d)) The proposed rotor position observer exhibits lopasition estimation error and
better performance than that of existing rotor positracking observer. According to the

experimental results based on the improved rotaitipo estimator, MWC-1 and MWC-3
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are still better than MWC-2 and MWC-4 which exhibiultiple saliencies, in terms of

sensorless rotor position estimation.
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Fig. 6.12. Sensorless rotor position estimation in steady-state based on improved position

estimator, 25 r/min.

B. Sensorless Control Performance at Dynamic-State

Furthermore, the experimental dynamic performarictep-change in rotor speed based on
the improved rotor position estimator, changingrfretandstill to 25 r/min, is presented in
Fig. 6.13. During dynamic transient, the positicaicking behavior and the speed responses
are good for MWC-1 and MWC-3 but a bit slow to eefl the speed transient from standstill
to 25r/min for MWC-2 and MWC-4. It shows that altlglhh the machine saliencies in
MWC-2 and MWC-4 are higher, the influence of mu#ipsaliency on the sensorless

operation is more significant
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Fig. 6.13. Sensorless rotor position estimation in dynamic-state based on improved position
estimator, 0-25r/min.
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C. Comparison of Sensorless Control Operations Based on Different MWCs
Although the machine saliency level based on MW&k@ MWC-4 are significantly higher,
the secondary saliency still exists due to the rmaagnsaturation. Hence, the sensorless

control performances based on the four types of M\&@ summarized in Table 6.1.

TABLE 6.1
COMPARISON OF SENSORLESS CONTROL PERFORMANCES BASEN

DIFFERENT MACHINE WINDING CONFIGURATIONS

MWC-1 MWC-2 MWC-3 MWC-4
Saliency level Medium High Medium High
Multiple NO YES NO YES
Saliencies effect
Position Accurate Inaccurate Accurate Inaccurate
estimation error|
DC constant NO YES NO YES
position error
Oscillation errorl NOT Obvious Obvious NOT Obvioug Obvious
Steady-state Good Medium Good Medium
Dynamic-state Good Medium Good Medium

6.5 Improved High-Frequency Carrier Voltage M easur ement

The conventional structure of SFPM machine, Fig, 8. usually all poles wound as double
layer machine, and each phase contains four windiogs in series connection
[ZHUO5][HOA97]. The first sequence type of WCCs 1s4-7-10, which are in series

connection to form one phase (Type-1), Fig. 6.15i(a. A1-A2-A3-A4 for phase A, and
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similarly for phases B and C, as shown in Figs4d). Two winding coils of two phases are
placed in each stator slot. Differing from the Tyjpehe second sequence of WCC for SFPM
machine can also be re-arranged as the winding &erl-4-10 which are connected in series
to operate as the phase A (Type-2), Fig. 6.15.@)A1-A3-A2-A4 for phase A and similarly
for phases B and C, as can be seen in Fig. 6.14n(aydition, it is also possible to control
the prototype SFPM machines with dual three-phasesriers. In this case, the two
three-phase windings by connecting winding coilantl 7 as A1 and A2 for set 1, whilst
winding coils 4 and 10 as Alnd AZ for set 2, Fig. 6.14 (b). More importantly, it stdbe
noted that there is a difference in relative posifbetween the machine stator poles and rotor
poles for set 1 and set 2. As can be seen from6Flg.the machine stator poles 1 and 7 are
aligned with the rotor slots, whilst the machinatast poles 4 and 10 are faced the rotor poles.
Due to different alignment between machine statat eotor, the alternate coils in SFPM
machine will exhibit different saliency featureshalugh the overall saliency in Type-1 and

Type-2 WCCs is the same.
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(a) All poles wound, single three-phase

~

9)

I

v

S

(b) All poles wound, dual three-phase

Fig. 6.14. Topologies of 12/10 stator/rotor SFPM machines.
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(a) Winding coil connection - Type-1 (d) Winding coil connection - Type-2

Fig. 6.15. Sequence of winding coil connections.

Additionally, with the aid of mid-tapped winding mes between winding coils A3 and A2
(Type-2), the machine saliency can be measured ftwndifferent part of the winding
connections, i.e. winding coils A1 and A3 are reddrto set A’, and similarly winding coils
A2 and A4 are presented as set A” as shown in@:is. By connecting set A’ and set A”,
the additional harmonics would be cancelled dugh&ocoil compensation effect [HUAQS]
which can be referred to set A, Fig. 6.16. Compaséthi Type-2, the saliency effect in
Type-1 would be expected to be reduced due torgglieancelling effect and the multiple
saliencies will not exist. According to Type-2, tliachine saliency measured from set A’ is
expected to be identical to that of set A” (Figl&, but each may exhibit the secondary

saliency, which will affect the sensorless conpetformance.

Sensorless, set A’ Sensorless, set A” N

»  Sensorless, set A <

Fig. 6.16. Measurement of HF carrier voltage signals.

Injecting a HF pulsating carrier voltage signal3j@into the virtual synchronous reference
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frame, the HF carrier voltages are derived as

U | _[ 1o+l COS@RE+6,)| o 6.12)
Uy, |, sin(2A8+6,) '

To evaluate the machine saliency information, aptmmethod for investigating the
machine saliency is proposed as shown in Fig 8Mith the aid of accurate rotor position
information from an incremental encoder, a HF pirtgacarrier sinusoidal voltage signal
(6.3) Uc = 8V, fc = 550H2z) is injected into the virtual synchroneaterence framed("-q"),

while the machine operates at low speed in theosedsmode, 25r/min with current about

1.2A.

uabc
abc uw u;,r
dgh - h
Hr > 2singa. LPF .
—
H’r—b dqg u1h
/

Fig. 6.17. Principle of machine saliency measurement.

By applying the synchronous detection method amdgass filter (LPF), the amplitudes
of positon-dependent carrier voltages can be obtebased on Type-1 and Type-2 as shown
in Figs. 6.18 (a) and (c), and re-written as

Uyt [+ NG+6
=LPF( " |@2sina)=| " “_COS( ) (6.13)
us l,sin(206+6,)

vr
udh

vr
gh

u

The machine saliency circles are illustrated insFi§.18 (b) and (d) where the saliency
circle indicates the full saliency information tiife circle is bigger, the saliency level is higher.

As mentioned earlier, the overall saliency forseat Type-l and Type-Il are the same.
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Carrier g-axis voltage (V)
)
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Carrier d-axis voltage (V)

(d) Type-2 — carrier voltage circle by machine saliency, set A

Fig. 6.18. Measured HF carrier voltage responses based on different types of winding coil

connections, 25 r/min.

6.5.1 Experimental I nvestigation of Machine Saliency

Based on the theoretical analysis of machine sali@mthe previous section, the machine
saliency based on different part of WCCs in Typse2ds to be investigated in order to prove
the influence of primary saliency or multiple satées on the sensorless rotor position
estimation.

The same experimental conditions are also appti¢de different WCCs based on Type-2.
With the aid of mid-tapped winding wires, tbeandg-axis carrier voltage responses can be
measured from the set A and set A” at the same as1shown in Figs. 6.19. Clearly, similar
to the principle of carrier current responses, dhandg-axis carrier voltage responses are
also modulated as two cycle per electrical positdareover, the higher amplitude of carrier
voltage response indicates the higher machinensglilevel. The experimental results show
the saliency level in set A is significantly highe¢Fig. 6.19 (a)) than that of the saliency
measured from both set A and set A” as shown gsF6.19 (b) and (c) due to less winding
coils and inductances. Theoretically, set A hadentical saliency level as set A” according

the analysis in section II.
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Fig. 6.19. Measured HF amplitude variations of carrier voltage responses based on types of
winding coil connections in Type-2, 25 r/min.
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Furthermore, the amplitudes of measdreand g-axis carrier voltage responses in set A
and set A” in Type-2 are non-constant as shownigs.F6.19 (b) and (c), respectively. This
non-constant issue is due to the secondary salignalfiple saliencies effect). However, this
issue can be avoided when the winding coils 1,,4,07or 1, 7, 4, 10 are all connected in
series (Type-1 and Type-2).

In Fig. 6.20, the locus of carrier voltage circeused by machine saliency are measured by
the mid-tapped winding wire based on the diffei@quence of WCCs in Type-2. As can be
seen from Figs. 6.20 (b) and (c), set A has sinskliency level as set A”, and both sets are
affected by the multiple saliencies, due to whioh $ensorless rotor position estimation will
deteriorate. According to the FFT analyses Figl 6T¥pe-1 and Type-2 are the same, and set

A and set A” are almost identical as discusseth@previous section.
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Fig. 6.20. Measured carrier voltage circles by machine saliency based on types of winding

coil connections in Type-2, 25 r/min.
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Fig. 6.21. FFT analysis based on types of winding coil connections in Type-2, 25 r/min.
6.5.2 Validation of Sensorless Rotor Positon Estimations

To validate the effectiveness of sensorless rotsitipn estimation based on the different
sequence of WCCs, such as Type-1 and Type-2, dsawe¢he mid-tapped winding wires
based HF carrier voltage signal measurement, thepti&ating carrier voltage injection
technique is applied to the prototype SFPM machifiee experimental conditions of
injection voltage and frequency for atk = 8V, fc = 550Hz, which is injected into the
estimated synchronous reference frame, and therrdioe position information can be

obtained from the carrier voltage response.
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A. Single Three-Phase Operation

Fig. 6.22 shows the sensorless rotor position esitim at the steady state of constant speed
25 r/min with current, 2.2A, by utilizing the midgped winding wires for extracting the HF
carrier signals. The experimental results show gsedsorless rotor position tracking
performance based on the Type-1 and set A in TypesZhown in Figs. 6.22 (a) and (b),
respectively. However, a significant oscillatiorogrexists in the rotor position estimation
based on set A and set A” due to the additionaimueics in the carrier voltage response
caused by the multiple saliencies effect, as showhkigs. 6.22 (c) and (d), respectively.

Additionally, the comparison between set A andAeih Type-2 is shown in Fig. 6.22 (e).

g 360
o 300
5 240
£ 180
3
a 120
§ 60
e o ! ! ! ! _
—Estimated position = -Actual position qn)b
o
—Estimated error 30 g
e
\/\/\/'\/-\ 0 T
c
.0
-30 '§
0 0.1 0.2 0.3 0.4 05 %
Time (s)
(a) Type-1, set A
g 360
o 300
.s 240
£ 180
3
a 120
g 60
=
e 0 : : : :
—Estimated position = -Actual position 'g':;,
—Estimated error 30 2
s
c
.2
-30 g
0 0.1 0.2 0.3 0.4 0.5 o
Time (s)

(b) Type-2, set A

174



0 f f f f
—Estimated position = -Actual position

Rotor position (Deg.)
=
[0
o

w
o

—Estimated error

/\/V\./\/\’\f

0 0.1 0.2 0.3 0.4
Time (s)

t'» o
o
Position error (Deg.)

o
[

(c) Type-2, set A

gab 360 | i
(=} 300 I I
[ !
§ 240 5 | P |
= 180 | 2 [ '
S 120 ! : ?
§ 60 1 [
e o I | b _
—Estimated position = -Actual position a}b
. o
—Estimated error 30 =
S
NASYVAN A AN ER
c
.0
30 g
0 0.1 0.2 0.3 0.4 05 &
Time (s)
(d) Type-2, set A”
360
2 300
& 240
g 180 |7 2
E- 120
,,g 60
(-3 0 f f f 1
——Estimated position_A' ——Estimated position_A" —_
= =Actual position —Estimated error_A' af
—Estimated error_A" 30 =}
S
0 o
c
.0
30 £
0 0.1 0.2 0.3 0.4 05 &
Time (s)

(e) Comparison
Fig. 6.22. Sensorless rotor position estimations at steady-state, 25 r/min.
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As can be seen, the rotor position estimation basedet A and set A” have similar
performance but the peak error is in the opposrection with each other, which can be a
good feature for the rotor position compensatiortcdgkding to the saliency analysis shown in
Figs. 6.19 (b) and (c), comparing set A" with sét there is a phase difference due to ¢HF
andg-axis carrier signals, which can be eliminated gy tonnection of two sets (A" + A”)
due to the saliency cancelling effect.

Similarly, using the same principle to reduce th®rein the rotor position estimation, a
very simple compensation method is proposed, Fig3.6When the effect of multiple
saliencies can be effectively cancelled, the cgaih error will significantly be reduced. By
adding the rotor position estimation errors fronthbset A and set A”, the average rotor
position estimation can be calculated, and thetiegfo the rotor positon tracking observer.
Therefore, high accuracy of rotor positon can b@ea@d, whilst the oscillation error in the

rotor positon estimation can be minimized, as showfig. 6.24.

Error
estimation

Fig. 6.23. Proposed rotor position estimation error compensation.
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Fig. 6.24. Improved rotor positon estimation, 25 r/min.
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B. Dual Three-Phase Operation

As mentioned in section Il, the prototype machiaa be operated as the dual three-phase

machine, Fig. 6.25.

Injection 1

Set 1_AI+A2
{ Inverter 1

Injection 2

Inverter 2
{ crte Set 1_Al*+A*

Fig. 6.25. Control of dual three-phase scheme.

Differing from the previous application, the migsed winding wires are not required.
Similarly, the same testing conditions are alsdieggdU. = 4V, fc = 550Hz for each set), the
sensorless rotor position estimation at the stestatg of constant speed 25 r/min with current,
2.2A, Fig. 6.26. However, a significant oscillatierror is very obvious in the rotor position
estimation based on set 1 and set 2 due to thepheuttaliencies effect, as shown in Figs.
6.26 (a) and (b), respectively, which is the sam#ha position estimation based on set A'and
set A”. The comparison between set 1 and set Baws in Fig. 6.26 (c). Clearly, the rotor
position estimation based on set 1 and set 2 haviéas performance as set A and set A”,

and the peak errors are in the opposite directibm ®ach other.
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Fig. 6.26. Sensorless rotor position estimations at steady-state, 25 r/min.
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Furthermore, by applying the same proposed roteitipa estimation error compensation
method, Fig. 6.23, the average rotor position esion can be re-calculated, and then applied
to the rotor positon tracking observer. Therefdhe, good sensorless control performance

with high accurate rotor position estimation isiaebd, as shown in Fig. 6.27.
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Fig. 6.27. Improved rotor positon estimation, 25 r/min.

It should be noted that the proposed rotor posiistimation error compensation shown in
Fig. 6.23 is based on the HF carrier voltage resppand it is also applicable to the rotor

position estimation based on HF carrier currenpoase based method.

C. Comparison of Sensorless Control Operations Based on Different WCCs

The sensorless control performances based on theyipes of WCCs are summarized in

Table 6.2.
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TABLE 6.2

COMPARISON OF SENSORLESS CONTROL PERFORMANCES BASEN

DIFFERENT WINDING COILS CONNECTIONS

WCC type-1 WCC type-2 | WCC type-2_ A'WCC type-2_A"
Saliency level High High Medium Medium
Multiple
NO NO YES YES
Saliencies effect
Estimation error
YES YES NO NO
cancellation
Multiple
Saliencies errot YES YES NO NO
cancellation
Oscillation error] NOT Obvious NOT Obvious Obvious Obvious
Steady-state Good Good Good Good

6.6 Conclusion

This chapter has experimentally investigated tHeience of machine saliency on the
sensorless operations based on the different maeghimding configurations and winding coil

connections, by which the SFPM machine can openatther single or dual three-phase

mode.

The prototype SFPM machine exhibits the appardmney for applying the HF injection
based method. By comparison, the saliency levaeddas MWC-2 and MWC-4 is obviously

higher than MWC-1 and MWC-3. However, the secondaljency also exists in MWC-2

and MWC-4 which will deteriorate the accuracy & titor position estimation.
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In addition, the sensorless rotor position estioretibased on the different sequence of
WCCs (Type-1 and Type-2) have also experimentaiyestigated as well as the different
WCCs in Type-2. Moreover, with the aid of mid-tagpeinding wires, the machine saliency
can be measured from set A’ and set A” separatéiyhich the saliency level for set A’ and
set A” are similar but with phase shift, whilst tmeiltiple saliencies are contained which will
deteriorate the accuracy of the rotor positiomestion.

Furthermore, the improved rotor position estimatan enhance the sensorless operation.
The experimental results verify that the accuratyotor position estimation is improved,
and the proposed position tracking observer isebdttan that of the existing position
observer, in terms of multiple saliencies effedsd) the proposed error cancellation method

is applicable to dual three-phase SFPM machinespafdmed by the experiments.
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CHAPTER 7

SIXTH-HARMONIC BACK-EMF BASED SENSORLESS

CONTROL FOR SWITCHED-FLUX PERMANENT MAGNET

SYNCHRONOUSMACHINE

7.1 Introduction

Back-EMF is induced when there is a motion betwten armature windings and the
air-gap magnetic field generated by PMs. Thusptiek-EMF is related to the rotor position
of electrical machine. Back-EMF based sensorles$ralotechniques can be categorised as
integration of back-EMF which is PM excitation fHinkage [SHEO2][PEL12][SAL10],
zero-crossings of fundamental back-EMF [ROSO03][V#|9and harmonic back-EMF i.e.
third order of harmonic components [SHE06a][SHESHEOG6b][KRE94|[MOR92][LIU14].
However, since the frequency and amplitude of &kl are both proportional to the rotor
speed, the accuracy of rotor position estimatiolmsged at zero and low speed, but shows
good performance above certain speed. Therefomjarome the limitation at standstill and
low speed, the saliency-based sensorless controlhoake are usually employed
[ZHU11][KIMO3].

Some recent sensorless control techniques basetaononic back-EMF have been
reported. In [SHEO6a][SHEO04][SHEO6b][LIU14], someagtical issues in implementing the
3rd-harmonic back-EMF based sensorless control wepsrted for the rotor position
detection. In [GEN10], a novel sensorless contigbithm based on the back-EMF without
the use of voltage probes was presented. A sinoplest method that can easily allow a speed
transition and smooth torque for the sensorlessovemntrol strategy under different load

conditions was developed in [WAN12]. In [FAEQ9], reew software scheme using a
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phase-locked loop (PLL) based on the 3rd-harmoadkiEMF detection was published and
showed that the torque could be improved duringhigé speed operation. Moreover, the
estimated flux-linkage harmonics result from theksBMF can be utilized to compensate the
influence of harmonic currents by adding the hanmaenrrents to the fundamental currents
in order to reduce the torque harmonics in [DEG98].

In Test Machine-Il, the 6th-harmonic back electrdreforce (EMF) is dominant, whilst
the 3rd-harmonic back-EMF is much smaller. Seveeal position estimation methods for
the sensorless control based on the 6th-harmoucicB&IF will be introduced in this chapter.
Firstly, by detecting the zero-crossings of the -lg@inmonic back-EMF with/without
eliminating the influence of the 3rd-harmonic bddWF, the related rotor positions can be
determined precisely at these zero-crossings. Herysince the intermediate rotor positions
need to be determined by linear interpretation betwtwo zero-crossings, it only exhibits
excellent performance under steady state but natyatimic state. The continuous rotor
position can be obtained from the proposed new rebseby utilizing the combined
6th-harmonic back-EMF and flux-linkage, togethethma synchronous reference frame filter
(SRFF). Experimental validation show that (a) byneiating the 3rd-harmonic back-EMF
effect, the accuracy of the proposed 6th-harmoracklEMF zero-crossings detection
method can be improved, (b) SRFF is effective toimize the influence of non-constant
amplitudes of the 6th-harmonic back-EMF and flux<lige, (c) the comparison between the
fundamental, the 3rd-harmonic back-EMF and the gsed method are presented in order to

highlight the effectiveness of proposed contratetgy under different operating conditions.

7.2 Configuration of PM Machine and Back-EMF Analysis

7.2.1 Configuration of PM Machine
For the Test Machine-Il which is 12/10 stator/rotpoles SFPM machine under

investigation, it is comprised of four series-cocted winding coils for each phase, i.e. coils
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Al1l-A2-A3-A4 for phase A, and similarly for phase @&d C, which is the conventional
structure as shown in Fig. 7.1. The back-EMF wawefoinduced in the different winding
configurations are firstly analyzed in order to estigate the influence of harmonic

components in the back-EMFs.

Fig. 7.1. Topology of SFPM machine.

7.2.2 Analysis of Back-EMFs

To investigate the harmonic components in the [k&dk, the back-EMF waveform can be
analyzed under several types of back-EMF wavefoiths. back-EMF waveforms for each
of the two pairs of diametrically opposite coil doimation, namely A1A3 and A2A4 are
shown in Fig. 7.2 (a), together with the resultaatk-EMF waveform when the two pairs of
coil combination are connected in series. It caaty be seen that the back-EMF waveforms
for the two pairs of coil combination A1A3 and A2/Ade asymmetric and non-sinusoidal. It
indicates that both back-EMF waveforms are richthef harmonics, i.e. 2nd, 4th and 6th

harmonics, which also includes odd harmonics wittals amplitudes according to the Fast

185



Fourier Transform (FFT) analysis shown in Fig. (b2 However, when the two pairs of
perpendicularly disposed coil combination A1A3 afdA4 are connected in series, the
harmonics in the back-EMF waveform can be cancelléterefore, the resultant phase

back-EMF waveform is essentially sinusoidal, astvaseen in Fig. 7.2 (a).
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(b) FFT analysis

Fig. 7.2. Phase A back-EMFs based on different winding configurations.
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7.3 Detection of Harmonic Back-EM Fs and Third-Har monic Cancellation

7.3.1 Detection of Harmonic Back-EMF

When the machine windings are Y-connected, the dialrback EMF is included in the
phase back EMF rather than line back EMF irrespecbf the operational mode and
synchronously rotates with the fundamental comptsmen order to detect the harmonic
back-EMF, a very simple method is utilized in whi¥hconnected resistance network is
required [SHEO6b]. Hence, the neutral point 6f Y-connected stator windings and the
central point $§1” and “s2” of Y-connected resistance networks in Fig. #& employed for

detecting the harmonic back-EMFs.

a

i 28 Resistance
skp. = Networks
3/ 2(83“‘6’(,)
52 sl
-

Ug)p = €3

Fig. 7.3. Detection of harmonic back-EMFs.

Based on the Fourier analysis, the sum of thresglialtage equation can be derived as

uan + ubn + ucn = ea 1&3+2&4 + eb_l&3+ 284 + Q_l&ﬁ}\‘- 2&4

= 3x(%_1&3+ 2ea ¥ & 183004 & 183 224 ) (7.1)
= 3x(%_1&3+2&4)

Then, the average of the sum of three phase badksEdn be expressed as

Ugn = (Upy U+ U) /3 (7.2)
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According to (7.1) and (7.2), a triplen harmonicsdescribed in (7.3) can be measured
between the central poinsl” of the first resistance network and the macheatral point
“n”, from which the harmonic back-EMF afin can be obtained as

l"Isln = ( e3_1&3+ 284 + %_1&3— 2&4+ %_1&3— 2&4+ D]]:D]

=6 1831204

(7.3)

Similarly, the harmonic back-EMF disn is measured between the machine winding
neutral point " and the central points2” of the second resistance network, which can be
derived as

U = (uan_2&4 + ubn_2&4+ ucn_2&4) /3

= (ea_2&4 T8 et %_2&4)/3

_ — 7.4
_%_2&44' %_2&4"' %_2&4"’"'“‘ %_2&4"' %_2&4 ( )

1
=X (%_1&3+ 284 + Qs_l&3+ 2&4)

2

In Fig. 7.4, the harmonic back-EMF waveforms arasoeed by the method shown in Fig.
7.3. More specifically, on the condition of harmoreomponent in the back-EMF, the
amplitude ofusn is obviously bigger than that ofin as can be seen in Fig. 7.4, which shows
the 8" harmonic component iogn is dominant and can be utilized for the sensonessr
position estimation. However, it can also be fouhalt ugn contains a large®harmonic
component which may affect the effectiveness otsdass control operations and needs to
be further eliminated.

Additionally, Figs. 7.4 (a) and (b) show that thepditudes of harmonic back-EMF ofin
and uen are relatively small, which may easily fail thenserless operation. Hence, the
amplitudes olusin anduson can be amplified to a significant level as showirig. 7.4 (c) and
(d) by a Texas Instrument TLO74 operational amglifn order to increase the stability of

sensorless control performances based on the @thené back-EMF.
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Fig. 7.4. Measured harmonic back-EMFs and harmonic analysis.

7.3.2 Third Harmonic Effect and Cancellation

As mentioned earlienion has contained the largé? harmonic component, which will
deteriorate the sensorless performances. Thus3rthbarmonic component measured from
Usin can be utilized to reduce the influence Bff@armonic component amgn as its amplitude

is twice, which can be derived as

usln = %_1&3 = 2X e&_2&4 (75)

1
Ug,, = Ex (%_1&3+ 204t & 123 2&4) = € seut & e (7.6)
To minimize the influence of8harmonic component amgn, a simple method is proposed,

and can simply be re-expressed as

*

U, = uszn_(usl n/ 2) = %_2&4 (7-7)

In Fig. 7.5, the 8 harmonic component effect arn is analyzed, and has significantly
been reduced inen. Moreover, it can be anticipated that if the iefige of the '8 harmonic
on ugn can completely be eliminated by the proposed nuktllbe more accurate rotor

position estimation will be achieved.
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Fig. 7.5. Influence of third harmonic on back-EMF of uszn.

7.4 Existing Back-EM F Based Rotor Position Estimations

In this section, the conventional fundamental bBbk= and the existing harmonic
back-EMF based sensorless rotor position estimatah briefly be described first and the
improved rotor position estimation based on sixdnatonic back-EMF will be introduced in

the following section.
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7.4.1 Rotor Position Estimation Based on Fundamental Back-EM F
The most commonly used method for sensorless dantroedium and high speed ranges
is the fundamental back-EMF based observer [SHE®]L2]. The algorithm of the

fundamental back-EMF technique according to [WANZT2h be expressed as

cody .
U, = R + (L, +# (8050 (7.8)
.ody .
Ug = Rlﬂ+a(leﬂ +zppm13|n6’r) (7.9)
ws_aﬂ :J(uaﬂ +wpmxiaﬁ)mt (710)
e = Yo s
® = atan2—- (7.11)

s_a

whereypm, U andi are the permanent magnet flux linkage, termindlage and measured
current, respectivelyRs is the stator resistance ahglis the winding inductancé; is referred
as the electrical rotor position. However, the peob for the fundamental method is the
sensitivity of machine parameters which need tabeurate otherwise the accuracy of the

rotor position estimation will be degraded.

A. Sensorless Control in Steady-state Perfor mance

The steady-state performance for the fundamentek-BMF based sensorless control
method is tested at the condition of 40V DC-linktage, at a constant rotational speed 100
r/min with about 2Ag-axis current is shown in Fig. 7.6. According te #xperimental results,
the DC position estimation error is occurred duectoss-coupling effect or inaccurate

machine parameters.
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Fig. 7.6. Rotor position estimation at steady-state, 100 r/min.

7.4.2 Rotor Position Estimation Based on Third-Harmonic Back-EMF

Another back-EMF based method is to utilize the-lBdmonic back-EMF for the
sensorless rotor position estimation which becomese popular in the research study
[SHEO6b][KRE94][LIU14]. Since the 3rd-harmonic baEMF has three cycles of frequency
against the fundamental back-EMF, the zero-crossingthe 3rd-harmonic back-EMF are
related to some particular positions [KRE94], Qex/3, 2t/3, n, 4n/3, 5u/3, 2, as illustrated

in Fig. 7.7.

Fig. 7.7. Zero-crossings of the third-harmonic back-EMF.

According to [SHEO6b][LIU14], the initial rotor pan dp of each half-cycle between two
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zero-crossings could be known. Then, the estimetéal position can be calculated by a

simple integration which can be derived as

| LN (7.12)

Otd

& =6+, afdt=6,+

wherewr in (11) is actually the average machine speed wtéchbe calculated from the time
cycle of zero-crossings, whiléttc is the time interval of position estimation. Howgvier
the conventional 3rd-harmonic back-EMF based sésrcontrol, the estimated rotor
position will only be accurate under steady-statd deteriorated during dynamic transient
state due to the shape change of estimated rosutrqro
A. Sensorless Control in Steady-State Performance

Similarly, the steady-state performance for thedthiarmonic back-EMF based sensorless
control method is operated at the condition of 4D@-link voltage, at a constant rotational
speed 100 r/min with about 2&axis current is shown in Fig. 7.8. It can be stwt the
positon estimation error is larger and obvious ttuéhe small amplitude of third-harmonic
back-EMF in the Test Machine-1l as explained in firevious section. Also, due to the
inaccurate speed estimation, the position errdrlyéilaccumulated since the estimated rotor

position contains some error on each zero-crogsung.
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Fig. 7.8. Rotor position estimation at steady-state, 100 r/min.
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7.5 Proposed Position Estimations Based on Sixth-Harmonic Back-EMF

Since the 6th-harmonic back-EMF in the Test Machine dominant and can be used for
the sensorless control operation, and has simiterciple as the method based on the
3rd-harmonic back-EMF [SHEO6b][LIU14]. The sevenalw position estimation method for
the sensorless control based on the 6th-harmocicBMF will be introduced in this section.

In order to demonstrate the effectiveness of teh@rmonic back-EMF based sensorless
control operation, both steady and dynamic measem&rhave been carried out on the Test
Machine-Il, whose parameters are listed in Chadler Table 2.3. Both the A/D
current-sampling and inverter pulse-width-modulatsavitching frequencies were 10 kHz. In

Fig. 7.9, the overall sensorless control schemedas the 6th-harmonic back-EMF is

implemented.
. ] Vv
a)ﬂ" Speed Current dq dq SFPM
_"() PID Controller PID Controller| abc Motor
o 2]
- /
_ a.b
LPF {99 "L
abc
o l P N U,
¥ e -gw
’ Speed G Position [
Estimator ’ Observer |2

Fig. 7.9. Overall sensorless control scheme.

7.5.1 Rotor Position Estimation Based on Integration and Zero Crossings Detection

In this sub-section, the integration and zero-éngss detection of the 6th-harmonic
back-EMF based rotor position estimations will lesatibed in order to highlight its potential
problems. In the next sub-section, a new continuot® position estimation method based

on 6th-harmonic back-EMF will be proposed.
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In Fig. 7.10, the initial rotor positiofy is calculated from the integration af, . which is

the 6th-harmonic flux-linkagef ¥, comparing with the electrical rotor positién It shows
that one period of electrical rotor position ovie tsix identical cycles of the 6th-harmonic
back-EMF. Therefore, the terminal phase A voltagds required for detecting the first
related rotor position of zero-crossings @, which isn/12. When the first related rotor
position is obtained, the following discrete pasis can also be located, which af, 51/12,
n/12, 34, 1In/12, 13/12, 5/4, 1/12, 19%/12, 7/4 and 23/12 as shown in Fig. 7.10, in
which the related can also be seen in Fig. 7.1&nTto obtain the estimated rotor position,
the rotor position estimator based on the integnaind zero-crossing detection shown in

7.12 is implemented.

Oy
00
/8 : : 27
0 VRN
N /\uf\ \/A Hs2n
N /N /N N M

N /v
AN VA A A
/12 3n/4 177/12 237/12

Fig. 7.10. Position detection from zero crossings.
Fig. 7.11 shows the relationship between the temmphase-A voltage, the actual rotor

position and relateéy at each zero- crossing point g4, at steady-state in constant speed of

100 r/min.

196



Rotor position (Deg.)

—Theta_0 --Actual position —Ua

12
Q
o &
=
_1 g
-2
0 0.02 0.04 0.06 0.08 0.1

Time (s)
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Fig. 7.12. Integration and zero-crossing detection based rotor position estimations.

A. Integration based Rotor Position Estimation

Since the zero-crossings of the 6th-harmonic flokdge are related to the rotor positions,

each cycle between two zero-crossings can be kdaterder to detect the initial rotor

position 6o. Then, the estimated rotor positioé?re can be calculated by integration

[SHEOBD][LIU14] as

6 =6,+ j; afdt (7.13)

where &J is the estimated speed that calculates from thee tiluration between the
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zero-crossings oy, and current, and usually the average speed betweernast two

zero-crossings of, i.e.

77/ 6

of = 3 (7.14)

wherety is referred as the time interval of the previoal bycle between two zero-crossings
of ¢,

Thus, the rotor position estimation at steady-staa exhibit accurate rotor position
information since the speed is constant and doéscimange ideally. Fig. 7.13 shows the
steady-state rotor position estimation based osgmation, (7.13), at a constant speed, 100
r/min. Furthermore, the position estimation err@ynoccur on each zero-crossing point due
to the inaccurate speed estimation will be resetah of zero-crossings and then the error is
not increased.
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Fig. 7.13. Rotor position estimation based on integration, 100 r/min.

However, the variation of average speédl is usually too slow to reflect the speed

transient change. The dynamic operation of rot@edpstep-change from 50 r/min to 100
r/min is demonstrated in Fig. 7.14. As it can bensérom the results, the large position

estimation error is appeared during the speed iganshange due to the sharp change of
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estimated rotor position at each zero-crossingtpuach is shown in Fig. 7.14 (b).
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Fig. 7.14. Rotor speed and position estimations based on integration at dynamic-state,

50 - 100 r/min.

If the rotor speed is fast enough, the estimatiwareavill not be accumulated, and then is
automatically reset to zero when each zero-crosgoigt is detected. However, the sharp

change of the estimated rotor position will alsppgen at low speed and deteriorate the
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control performances, such as torque ripple ancentidistortion, due to inaccurate average

speed estimation.

B. Zero-Crossing Detection Based Rotor Position Estimation

As mentioned in the previous section, the sharmghavill happen to the estimated rotor
position at each zero-crossing point during theadyic transient or at low rotor speed, in
which the operating performance will be degradduer&fore, to avoid the sharp change of
estimated rotor position, the conventional Phaskdd loop (PLL) based rotor position
tracking observer can be utilized to improve thr@and speed estimations. According to
Fig. 6.9, the position difference between rotorifp@s fp and estimated rotor position can be
used as references to calculate the position etstimarror, which has the same principle of
position difference between actual rotor positiord a&stimated rotor position. Then, the
calculated estimation error can be applied to theoRtroller. Hence, a speed correction can

be expressed as

k (At
1+7°

&f=LPFEéK)+ jﬂw (7.15)

wherek, andk; are the proportional and integral gains of Pl pdlEr, respectivelyAt is
referred to the sampling interval.

The rotor position estimation based on zero-crgssidetection at a constant speed at
steady-state, 100 r/min, is shown in Fig. 7.15. Tdsults show the similar performance as
the rotor position estimation based on integratiout, the sharp change of estimated rotor
position is significantly improved. Moreover, thensorless rotor and speed estimations
based on zero-crossings detection at dynamic-&ate/min to 100 r/min is shown in Fig.
7.16. The estimation error in both rotor positiord apeed estimations are reduced, but the

DC error still exists which needs further improverne
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Fig. 7.15. Rotor position estimation based on zero-crossings detection, 100 r/min.
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Fig. 7.16. Rotor speed and position estimations based on zero-crossings detection at

dynamic-state, 50 - 100 r/min.
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It can be concluded that the rotor position ancedpestimation still have large estimation
errors, such as DC constant error or oscillatiosaredue to the unstable estimation of twelve
accurate rotor positions. To further improve theuaacy of the rotor position estimation in
the sensorless control performances, the Two-PtyasePhase-locked loop (TP-PLL) based
rotor position tracking observer is employed, thé performance is still limited because of
the non-constant amplitude of the 6th-harmonic Hakl and its integration, the

6th-harmonic flux-linkage, which will be introducédthe next sub-section.
6.5.2 Improved Rotor Position Estimation Based on Sixth-Har monic Back-EMF

To improve the accuracy of rotor position estinvatithe TP-PLL observer with the aid of

non-constant compensation based ldign and its integratiol, is proposed, Fig. 7.17.

3rd-Harmonic
”S.’nl Elimation
e

SRFF e L N

Integration

|': [TP-PLL Technique]

b e e e e e e e e = = = = —— — — 4

Fig. 7.17. Proposed rotor position estimation with non-constant compensation scheme.

As mentioned before, if the®3harmonic component inen is completely cancelled, the
calculated u;2n will mainly be the 6th-harmonic back-EMF. Hences, integration, i.e. the

6th-harmonic flux-linkage/s, will be a continuous sinusoidal signal with constamplitude

which can be used as the reference input signatherproposed rotor position tracking
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observer. In fact, the amplitude of calculattafgin IS non-constant since the harmonics are

not all eliminated. It will deteriorate the rotopgtion accuracy in the sensorless control
operations. Therefore, a compensation schemeynehsonous reference frame filter (SRFF)
[REI13][DEG98] as shown in Fig. 7.18 and a novebrgosition estimation are proposed to

reduce the error in the rotor position estimation.

s2n

[/ . dg
e

89 Y

r

Fig. 7.18. Model of synchronous reference frame filter.

In this application, the high-pass filter (HPFEsosen to eliminate all harmonics. SRFF is

basically based on the two signals. One is (7.1¢kvban be rewritten as
U, = K sin(wt+@) + & e, = K, sin( 6<6) (7.16)
where Kap, @r and ¢n are the amplitude, angular speed and initial presgle of the

6th-harmonic back-EMF, and its integrati@t, which can be expressed as
= —A,coq 6x6,) (7.17)

whereAqpis the amplitude offsn.
Basically, SRFF uses the reference frame transtowmasynchronizing system. When

applying the frame transformation with the aid stimated rotor position, the two input
signals u;2n and ¢, which are the spectral components of interest aifidbe centered at

DC (OHz). All the components including relevant damental and higher order harmonics
will appear as harmonic ripples. Then with the aida HPF (5Hz cut-off frequency), the

harmonic ripple components can be easily filtered. deanwhile, applying the reverse
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frame transformation, the fundamental and high oh@emonics which are contained ldg2n

and ¢, can beobtained. Then, subtracting from the original ingignals, the spectral
components of interest which are the 6th-order barmback-EMF and flux-linkage will be
derived.

In Fig. 7.19, the effectiveness of the non-constammnpensation scheme is validated.
Clearly, the 6th-harmonic flux-linkage and the uedf 6th-harmonic back-EMF with

non-constant amplitude, Fig. 7.19 (a), have sigaiftly been improved as shown in Figs.

7.19 (b) and (c).
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Fig. 7.19. Measured sixth-harmonic flux-linkage and unified sixth-harmonic back-EMF with

proposed compensation scheme.

After compensating the non-constant issue, theh@timonic flux-linkage will be a

continuous signal with constant amplitude, which ba represented as

W, =—A,coq 66, (7.18)

whereA, is the amplitude ofw;n . Ap varies with different temperature of permanent nedg

So, it should be detected in every cycle in ordeavioid the amplitude changing.

Moreover, the assistant signal (o€2n, its amplitude is related to rotor position andywag

with the rotor speedsf, can be unified té\, which is rewritten as

K
af

il —
usZn -

Essin(6x6,) = A sin( 6<6,) (7.19)

where &J is the estimated speed response Kpds the unify-value of the 6th-harmonic

back-EMF. In order to obtain the continuous rotassipon from (7.18) and (7.19), the
TP-PLL observer is employed which was first pukdghn [EMUOOQ], and its principle is

simply explained in Fig. 7.20.
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s

Fig. 7.20. Principle of two-phase type phase-locked loop observer.

According to the Fig. 7.20, the close-loop transfenction between the actual and

estimated rotor position information can be exprdsss

G° 6A K, [B+6A K

r —

6 S+6AkOs+6AK

r

(7.20)

Equation (7.20) represents as a simple standaahdemrder control system. The values of
ko andk; of PI controller can easily be determined andina-adjusted.

By applying the TP-PLL observer, the sinusoidahaigcan lock the input and output phase
and then generate the phase angle in order totdbeg@hase error between the input and
output signals. Furthermore, the frequency of tgui signal can be obtained by the PI
controller as a filter together with the integratito keep generating the estimated rotor
position and also to avoid the sharp-change ofestenated rotor position. Therefore, with
the aid of SRFF, a TP-PLL rotor position estimatan achieve high accuracy of continuous

rotor position estimation at both steady and dyuastates.

A. Sensorless Control in Steady and Dynamic Perfor mances
Several operating tests have been carried outgtdight the effectiveness of the proposed

rotor position tracking observer. The estimatedrgosition based on the proposed method,
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at a constant speed of 100r/min, is shown in Figl.7Comparing the experimental result
with integration and zero-crossing detection basetr position estimations, the more
accurate rotor position estimation is achieved, small oscillation error, and DC constant
error caused by the cross-coulping effect is siggftly improved. Meanwhile, the

position-tracking behavior is compared in Fig. 7.82shows that the proposed new rotor
position estimation exhibits lower position estiroaterror and better performance than that

of the rotor position estimation without compensati
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Fig. 7.21. Rotor position estimation based on proposed method at steady-state, 100 r/min.
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Fig. 7.22. Comparison of rotor position estimations for sensorless control, 100 r/min.
Furthermore, the same dynamic operating conditians also applied to the Test

Machine-Il by the proposed method. In Fig. 7.23 theasured dynamic performance of
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speed step-response from 50 r/min to 100 r/minemahstrated. Clearly, the proposed
method which is based on the continuous rotor jposiand a good speed response is
obtained as shown in Fig. 7.23 (a). The positidmegion error is significantly reduced, Fig.
7.23 (b). Hence, the better dynamic performanceactsieved comparing with that of the
positon estimation based on integration and zevesings detectioMoreover, although the
estimated position error reaches up to 10 degnguhe transient process, the estimation

position error can still be limited to +5 deg. taaly state.
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(b) Dynamic rotor position estimation
Fig. 7.23. Rotor speed and position estimations based on proposed method at

dynamic-state, 50 - 100 r/min.
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Additionally, the operating performance during 8tart up from standstill to 100 r/min is
investigated in Fig. 7.24. The sensorless contrajes is switched in at 0.37s. During the
speed increasing period, the estimated positiar erfinally almost reduced to zero and the
estimated speed also follows well to the desirebdpas shown in Figs. 7.23 (a) and (b). The
switching from the low speed to sensorless corgtagie is smooth and achieved the high

accuracy of rotor position estimation.

Fig. 7.24.

< 200
g 150
= 100 Fe gL
T 0 ~
g 0 - 4 =z
(%] ~
. 0 %
---Reference speed —Estimated speed g
- - Actual speed —Q-axiscurrent | -4
— 160
£
g€ 80
= \-q
- 0 I . l I " t 1
e
5 80
0 0.2 04 06 0.8 1 1.2 14 1.6
Time (s)
(a) Estimated speed and g-axis current response
w 420
8 360 )
g 300 /‘ ;: i i ‘
2 240 4=
g 180 trrf” |
2 120 4
2 60 3 | |
¢ o (ML AT T ~
Switching point —Estimated ppsmon 300 g
- -Actual position 200 2
—Estimated error 100 5
0 &
-100 §
-200 £
-300 2
0 0.2 04 06 038 1 1.2 14 16
Time (s)

Measured speed-step responses, from 0 to 100 r/min, using proposed rotor

(b) Estimated position and error

position and speed estimation.
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B. Comparison of Back-EM Fs Based Sensorless Operations

The comparison of effectiveness of sensorless pdeition estimations based on the three
back-EMF methods is shown in Fig. 7.25. By analgzihe estimated errors in the rotor
position estimations under the same testing canditithe estimation accuracy in the
fundamental back-EMF based and the 3rd-harmonik-BMF based has not performed as

good as the proposed method due to the influencerasfs-coupling magnetic saturation

[ZHUO7].
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Fig. 7.25. Comparison of rotor position estimations based on different back-EMF methods,

100 r/min.
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TABLE 7.1

PERFORMANCE COMPARSION OF BACK-EMF BASED SENSORLESSONTROL

Fundamental 3rd-harmonic 6th-harmonic
back-EMF back-EMF back-EMF
Standstill and low NOT applicable NOT applicable NOT applicable
speed
Sensitivity of Sensitive NOT sensitive NOT sensitive
machine parameterg
Sensitivity of higher Less sensitive Medium sensitive Medium sensitiye
order harmonics
Signal to noise ratio High Medium Medium
Steady-state Medium Medium High
operation
Dynamic-state Medium Medium High
operation

7.5 Conclusion

In this chapter, the 6th-harmonic back-EMF basetadess control is proposed for the
prototype Test Machine-lIl since its amplitude isgdar and dominant, whilst the
3rd-harmonic is relatively small which may eas#yl fn the rotor position estimation.

Considering the 3rd-harmonic and non-constant effedbe proposed new rotor position
estimation together with the harmonic eliminatiomd aSSRFF by utilizing the combined

6th-harmonic back-EMF and flux-linkage, the conting rotor position is therefore obtained,

211



and more accurate rotor position estimation iseaed at both steady and dynamic states.
Furthermore, the comparison with the fundamentad #me 3rd-harmonic back-EMF

techniques shown that the proposed method has besifgonse and performance due to less

influence by the cross-coupling magnetic saturathout it still has limit in the low speed

region as any flux linkages or back-EMF based nagho
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CHAPTER 8

GENERAL DISCUSSIONSAND CONCLUSIONS

This thesis has mainly focused on the sensorlessratoof PMSMs, with particular
reference to SFPM machines, based on the HF caigaal injection method at standstill
and in low speed region, and the fundamental antdiaic back-EMF techniques in medium

and high speed regions, without the requiremeantmsition sensor.

8.1 Sensorless Control Techniques

8.1.1 Saliency Characteristics of Different Types of Per manent Magnet M achines

Machine saliency produced by the machine geomatiisotropy or magnetic saturation is
an essential requirement for saliency based sa&ssocontrol techniques, such as HF carrier
signal injection based techniques which are welletied in many industrial applications
due to their effectiveness of sensorless contrdiopgances at zero and low speed range.
Based on the practical application, this thesisqmées a simplified experimental method for
measuring the machine saliency information.

Besides, in reality, the lower magnitude of HF atggl voltage the higher error may occur
in the rotor position estimation and it is accepgahat 30% of total available DC bus voltage
can be used for signal injection in terms of thed®n of high-frequency injected voltage
and the selection of injection frequency is betwg&&® ~ 1/10 PWM frequency.

Furthermore, based on the different types of PMhmas, i.e. IPM, SPM, and SFPM
machines, each type of PM machine exhibits differsaliency characteristics which are
summarized in Table 8.1. In addition, the differsaliency features for the machine based on

the different machine winding configurations arenpared in Table 8.2.
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TABLE 8.1

COMPARISON OF SALIENCY BASED ON THREE TYPES OF PMAGHINES

IPM machine SPM machine SFPM maching
Injection type Pulsating voltage signal injection
Reference frame Virtual/Estimated
Saliency detection Detectable
Carrier current Amplitude-modulated
Primary saliency High Medium Low
Secondary saliency Low Low Medium
Load effect Sensitive Sensitive Sensitive
Signal to noise ratig High Low Medium
TABLE 8.2

COMPARISON OF SALIENCY BASED ON DIFFERENT WINDING

CONFIGURATIONS

All poles wound Alternate poles wound
Carrier signal injection Pulsating voltage sigmgéction
Saliency detection Detectable
Carrier current Amplitude-modulated

Primary saliency Medium High

Secondary saliency Low High
Load effect Sensitive Sensitive

Signal to noise ratio Medium High
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8.1.2 High-Frequency Carrier Signal Injection Based Sensorless Control

According to the detailed discussions on the cotiweal HF carrier signal injection based
sensorless techniques in Chapter 3, the sensappesation capability of SPM machine (Test
Machine-l) has experimentally investigated. Since main challenge of SPM machine is
difficult to identify the rotor position due to itew ratio of spatial rotor saliency, the HF
eddy-current loss reflected resistance-based ssliemay be used for the sensorless rotor
position estimation. However, the inductance basadhine saliency level of Test Machine-I
has met the requirements for implementing the Hifierasignal injection based sensorless
control methods such as magnetic polarity detectmmpensation for the influence of
cross-saturation and the good performances at\st@ad dynamic states. Hence, the HF
eddy-current loss reflected-based saliency candgdigible due to flux-density magnitude,
and the influence of saturation will not be obvieuth higher injection frequency.

Following the Test Machine-1l which is SFPM machisanilar testing conditions are also
applied in order to investigate its potential maehsaliency level whether it is suitable for
the HF pulsating carrier signal injection methodsdzh sensorless control, in which the
sensorless operations are well performed underraeesperimental conditions such as
sensorless current and speed close-loop contrédrpences at steady and dynamic states
under no load and full load conditions.

Since the Test Machine-Il can be re-arranged iat@il machine winding configurations
such as all poles wound topology and alternativiegpavound topology, single and dual
three-phase operations, the machine saliency fevedach machine winding configurations
have been experimentally measured. The prototygeMSkachine exhibits the apparent
saliency, but the secondary saliency exists imattegnative poles wound machine which will
affect the overall efficiency of sensorless contpérations, and the improved rotor position

tracking observer is utilized to enhance the aayuod rotor position estimation.
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8.1.3 Fundamental and Har monic Back-EM Fs Based Sensorless Control

Since the saliency based sensorless control meitwodnly operate at standstill and low

speed, the back-EMF based techniques are usuafijoged to overcome this issue such as

fundamental and harmonic back-EMFs, flux-linkageseslber and other observer based

methods.

The comparison between these fundamental and hanback-EMF based methods is

summarized in Table 8.3.

TABLE 8.3

COMPARISON BETWEEN FUNDAMENTAL AND HARONIC BACK-EMRBASED

SENSORLESS CONTROL

Fundamental | Third-harmonic| Sixth-harmonic| Asymmetric
back-EMF back-EMF back-EMF Back-EMF
Machine type BLDC and BLDC and BLAC BLAC
BLAC BLAC
Neutral point Not required Required Required Nouiesd
Machine Sensitive NOT sensitive NOT sensitive Sensitive
parameters
Other-order NOT sensitive Sensitive Sensitive NOT sensiti
harmonic
components
Signal to noise High Medium Medium High
ratio
Steady-state Good Good Good Good
Dynamic-state Medium Medium Good Medium
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The fundamental back-EMF based sensorless contaethad is applied to the Test
Machine-Il under different machine topologies, ial poles wound and alternate poles
wound machines, in which the alternate poles woumathine exhibit the asymmetric
back-EMF.

However, the conventional control strategy basefloalinkage observer is very sensitive
to machine parameters, which will cause the inateusensorless rotor position estimation.
Additionally, for the alternate poles wound machitige position estimation error is also
affected by the asymmetric and non-sinusoidal &dE effect. Hence, to minimize the
error in the rotor position estimation and imprave overall control performances, the
position error compensation scheme with the aiddafptive harmonic compensation method
is proposed for the rotor flux-linkage based rgbosition tracking observer. The issue of
sensitivity of machine parameters can be avoidedl the more accurate rotor position
estimation is achieved. Meanwhile, the robustnéssensorless rotor position estimation is
also enhanced.

Furthermore, a novel sensorless control methochti®duced, which is based on the
sixth-harmonic back-EMF. The new sensorless comtagked rotor position estimations have
the similar principle as the method based on tire-thrarmonic back-EMF method. Several
key features can be summarized as follows:

(1) The harmonic component must exist in the au-@ld.

(2) The natural point of Y-connected machine strecis accessible.

(3) The Y-connected resistance network is required

Without the aid of the resistance network and theiral point of Y-connected machine, the
novel sensorless control technique based on thie-Ba¢rmonic back-EMF cannot be used. In
this thesis, the proposed rotor position estimatonbining with the best feature of harmonic
compensation, the high accuracy of sensorless nptsition estimation at steady and

dynamic-states are achieved.

219



8.2 Future Work: Hybrid Sensorless Control for Wide Speed Oper ation

Since this thesis is focused on two different typéssensorless control strategy, each
method exhibiting different working feature, thespible future work is to combine these two
methods to achieve a good sensorless performangede speed range operation.

At standstill and in low speed region, the highgfrency carrier signal injection based
methods can successfully estimate the rotor positidormation. However, carrier signal
injection methods also have some disadvantageh, asiextra losses, torque ripple, current
harmonics and transient disturbances, in whichs#resorless rotor position estimation may
be failed in the higher speed range. Therefoiis,rgasonable to combine with the back-EMF
based sensorless control methods in order to ael@esensorless control performance in the
whole speed range operation since the back-EMRas¢hods can effectively performed in
the medium and high speed ranges. NeverthelesdyatieEMF based sensorless control
strategies, i.e. fundamental back-EMF based, fiuikalge based, and other observer based,
are very sensitive to the machine parameters. Heheefurther sensorless control method

needs to be developed in order to avoid this issue.
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APPENDICES

Appendix | Specification of Prototype Machines

Test Machine-l [ZHU97]

Air-gap length

0.5 mm

Coils per phase

2 connected in parallel

Inner diameter

37.0 mm
Lamination axial length 26.0 mm
Magnet axial length 26.0 mm
Magnet height 11.0 mm
Magnet out diameter 12.0 mm
Magnet outer diameter 34.0 mm
Magnetic recoil permeability 1.05
Magnets SPM
Max. phase current amplitude 6.0 A
Mutual-inductance -1.31 mH
Number of poles 2
Number of slots 3
Outer diameter 100.0 mm
Outer diameter of retaining sleeve 36.0 mm
Output power 1.0 KW
Phase resistance: 0.466 ohm
Pole-arc/pole-pitch 1.0
Rated DC voltage 70V
Rated phase current amplitude 22A
Rated speed 3000 rpm
Rated torque 0.3 Nm
Retaining sleeve thickness 1.0 mm
Self-inductance 3.19 mH
Slot opening 3.0 mm
Tooth body width 22.0 mm
Tooth tip angle 113.8 deg.

Turns per coll
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Test Machine-1l [CHE10]

Air-gap length 0.5 mm
Coils per phase 2 connected in parallel
Copper wire diameter 1.03 mm
Inner diameter 37.0 mm
Lamination axial length 26.0 mm
Magnet axial length 26.0 mm
Magnet height 11.0 mm
Magnet out diameter 12.0 mm
Magnet outer diameter 34.0 mm
Magnetic recoil permeability 1.05
Magnets SPM
Max. phase current amplitude 6.0 A
Mutual-inductance -1.31 mH
Number of poles 2
Number of slots 3
Outer diameter 100.0 mm
Outer diameter of retaining sleeve 36.0 mm
Output power 1.0 KW
Phase resistance: 0.466 ohm
Pole-arc/pole-pitch 1.0
Rated DC voltage 70V
Rated phase current amplitude 22A
Rated speed 3000 rpm
Rated torque 0.3 Nm
Remanence 12T
Retaining sleeve thickness 1.0 mm
Self-inductance 3.19 mH
Slot opening 3.0 mm
Stator skewing None
Supply voltage 200.0V
Tooth body width 22.0 mm
Tooth tip angle 113.8 deg.
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Appendix Il Sensorless Rotor Position Signal Faultsin Sensorless Control

Based on Harmonic Back-EM Fs
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Initial Rotor Position Detection
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