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ABSTRACT

Position estimation using only active phase voltagd current is presented to perform
high accuracy position sensorless control of a SRiMe. By extracting the amplitude of the first
switching harmonic terms of phase voltage and atirfer a PWM period through Fourier
analysis, flux-linkage and position are estimatathout external hardware circuitry such as a
modulator and demodulator, resulting in increasingt, as well as large position estimation
error produced when the motional back emf is igdanear zero speed. Hence the proposed
position estimation scheme covers the entire spaege including the standstill under various
loads and it has high resolution information depegan switching frequency. Fourier series
and Fast Fourier transform are employed to decoenffesphase voltage and current into its first
switching harmonic. A two-phase SRM drive systeonsisting of an asymmetrical converter
and a conventional closed-loop PI current contrpiie utilized to validate the performance of
the proposed position estimation scheme in compeve operating conditions. The estimated
values very closely track the actual values in dyicasimulations and experiments. It is shown
that the proposed position estimation scheme usmgier analysis is sufficiently accurate and
works satisfactorily at various operating points.

This research also proposes an accurate self-imdcetmeasurement method. In general,
when applying circulating currents within the baafya ferromagnetic material under conditions

of a time varying magnetic flux, the effects of gdairrent losses and resistance changes due to



heating decrease the magnetic field strength agrebly the reduced magnetic field decreases the
magnetic flux-linkage of SRM. These losses makéaallenge to the measurement of magnetic
characteristics of SRM. These motives lead to pgepmeasurement methodology based on 60
Hz sinusoidal excitation using a variable AC powgpply, which provides an alternative to time
domain integration approaches for self-inductanceflax-linkage measurement as well as
eliminates error arising from thermal and eddy ents effects. The validation of the proposed
method is verified with the correlation between theasurement and FEA results of flux-linkage.
Furthermore, this research proposes the solutiengiv cost and high efficiency drive
systems, consisting of a split AC converter andva-phase SRM. Its performance is analyzed
and verified with experiments at the rated speatkumarious loads. It is believed that this drive
system combined with the proposed position estonagtheme using Fourier analysis is a strong
contender to be a low cost motor drive system witigle switch per phase having comparable

efficiency and acoustic noise level as an asymmdtive system.
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CHAPTER 1 INTRODUCTION

Switched reluctance motor (SRM) drive technologyg ha@en developed over the last
three decades and is widely considered as an afiegrto conventional electrical machines like
induction and BLDC machines in emerging industragdplications. SRM have a simple
configuration and winding design which results aweér cost than classical machines for the
same power [1]. Moreover, lower cost converter logies applied to the machine as well as the
control strategy adopted to insure variable spegeration makes SRMs very attractive in
variable speed motor applications.

In SRM drives, it is necessary to have rotor posithformation to determine turn-on and
turn-off angles to excite and commutate the phasdings. Usually, optical encoders, resolvers,
or hall-effect sensors mounted on the shaft ard ts®btain rotor position information. These
external mechanical sensors, however, have settmalbacks even though they provide high
resolution position information. Position sensoms asually expensive and not feasible in very
low cost applications. They need to be properlgredd to the rotor shaft in order to avoid
mechanical problems. The cable for these positms@s need to be properly shielded in order
to avoid signal failures due to the external dis&mces such as EMI. When the motor is
connected to a PWM converter and is operated thréargg cables to get position information,
the signals containing position information may gtenuated or corrupted due to the external
disturbances. These EMI and temperature effectsceethe reliability of the system. In order to
avoid these drawbacks, this research proposes aappvoach to estimating rotor position in
SRM drives.

Current research has focused on estimation rotsitipo without position sensors and a
large number of position estimation algorithms hdeen proposed for position sensorless
operation of SRMs. Research on sensorless ope@iti®RM drives is reviewed in the following
section. The problems to be solved will be defiadter the review, and the objective of this

research will be summarized.



1.1 Previous Resear ch

Research on sensorless rotor position estimatiadhads is broadly classified into four
categories: 1) Active phase voltage and currentsoreanent, where rotor position information is
obtained from the terminal measurements of activasp voltage or current and associated
computations, 2) Mutual voltage measurement, wtbee mutually induced voltage in an
inactive phase due to the phase current in aneaptiase contains rotor position information, 3)
External signal injection, where low-magnitude, hifgequency signals are injected into an
inactive phase to determine the position by cattwaphase inductance variation information,
4) Intelligent control methods, such as artifiai@ural networks, fuzzy control, and neuro-fuzzy
control fall under this category and they have i§icemtly larger computational requirements
due to their complexity and having a large numldduzzy rules even though they are not model
dependent. Fig 1.1 summarizes the various sensagtsnation algorithms

Current Waveform Detection

@—— Back emf estimation

Analytical modeling of inductance
using Fourier series

Active Phase Voltage and
Current Measurement

o—— Current gradient measurement

O—— Flux/current method

Observer

Position Estimation —@—— Mutual Voltage Measurement Mutually induced voltage measurement

High frequency signal injection

@—  External Signal Injection @ Resonant signal injection

Modulated signal injection

Neural Networks

— Intelligent Controls L 4 Fuzzy model

Neuro-fuzzy model

Fig 1.1 Classification of position estimation teitjues



1) Active-phase voltage and current measurement
a) Current waveform detection
Acarnley et al. [2] first proposed a rotor positiaetection method for SRM by
monitoring the active phase current waveform. Timeddmental idea behind this technique is
that the rotor position can be obtained from th@@mental inductancedd /d ) in (1.1) if the

motional back emf and voltage drop in the phasalingncan be neglected.

Vi i R—Q%
di_"°h P 99 dt (1.1)
dt 01 '
i

The incremental inductance is reflected in phageentirise and fall times of chopper drives.
Thus rotor position can be detected by monitorimg phase current rise and fall times. This
method is useful at zero speed where there isenmtitional back emf since it detects the rate of
change of phase current. This method, unfortunatiédlynot estimate the motional back emf and
could not effectively compensate for its influeraoe the phase current rise and fall times. At
high speeds, the motional back emf becomes sdfisgymi that the phase current is not allowed
to chop and it is difficult to correlate the phaserent rise and fall times with the rotor position

In order to overcome this back emf effect, S.K. dapt al. [3-6] carried out detailed
mathematical analysis and experiments for posiéstimation using the current rise and fall
times in an inactive phase. If a diagnostic cur@nsmall magnitude is applied to the inactive
phase, the current rise and fall times in the imagqthase are measured for position detection. By
comparing the current rise or fall time with thenéi selected to switch off the phase current,
referred as the detect time, the rotor positiomsmated. The detect time is set to a value
corresponding to a position to maximize the motogue. Therefore, due to the low level of
diagnostic current, the influence of back emf i;mimized even at high speeds. This method is
applied to a four-phase and three-phase SRM. Hawaegative torque can be generated due to
the diagnostic current pulse applied to the inacpliase and it requires extra hardware such as
counters and comparators to generate the phasentwommutation signal. In addition, by
varying the detect time, it is possible to commeitiite phase current at an inappropriate rotor
position so that no negative torque is generateldtla® torque-speed characteristics of the SRM
can be altered by the detect time for the samesuriTable 1.1 summarizes the merits and

demerits of the position estimation methods usungent waveform detection technique.



Table 1.1 Comparison of the position estimationhoétusing current waveform detection

Reference No Merits Demerits
[2] a. Useful method even at zero speed Dmregard the back emf at high speeds
a. Minimize the back emf effect even jab. Negative torque generation
[3-6] high speeds b. External hardware such as counter gnd
comparator r

b) Back emf estimation
In order to suppress large estimation errors wheen notional back emf is ignored,
Ehsani et al. [7-9] proposed the method of onliretiomal back emf estimation based on the
ratio of the rising time to the falling time duriregcurrent chopping cycle. Assuming that the

motional back emf does not change during the chmappycle, the back emg, can be estimated

y-1 ( Al
e="—Vyus— R I +— 2
y+1 bus c Zj 0]-

where yis the ratio of the rising time to the falling tinturing a chopping cycld, is the

as,

reference current during a chopping cycle, &hds the swinging range of current waveform
during a chopping cycle. Substituting equation Xinfo the phase voltage equation of the SRM
and solving the equation for incremental inductaimcequation (1.1), position information can
be derived from the relationship between the catedl motional back emf and the incremental
inductance of the analytical model for SRM. Howewkrs method still neglected the motional
back emf near zero speed since it is very smalsénl@vel magnitude) compared to the DC bus
voltage and as a result, the rotor position cateogstimated near zero. Moreover, this method
requires an accurate analytical inductance modehifgh resolution position estimation. Table
1.2 summarizes the merits and demerits of the ipasé@stimation methods using the back emf

estimation technique.

Table 1.2 Comparison of the position estimationhoétusing back emf estimation

Reference No. Merits Demerits
a.Online back emf estimation based poa. Back emf still exists near zero speegd
phase current waveform b. Still large estimation error near zeyo
[7-9] b.Reduction of large estimation errpr speed
due to the ignorance of back emf | c. An accurate analytical inductange
model for high resolution estimatior




c) Analytical modeling of inductance using Fourieriger
Suresh et al. [10], Hongwei et al. [11], Fahimiaét [12-14], and Salmasi et. al. [15]
achieved sensorless control of SRMs using actias@lvoltage and current measurement. The
sensorless scheme relies on the dynamic modekds®M. Active phase currents are measured
and using these measurements, the dynamic equagpresenting the inductance model of the
active phases are solved to obtain rotor positifiormation. The inductance is a periodic
function of rotor position and the variation of fs@lductance with respect to the rotor position
can be represented by Fourier series [16]. Coriagléne first three components in the Fourier

series development, the self-inductance can bengise
2
L(.6) = ZLn(i)cos(nN,e+¢n) . n=012 (1.3)
n=0

wheren is the harmonic number and, is the number of rotor poles. Assuming the self-
inductance is maximum af=0 and minimum a@=7/N, , ¢,=¢, =¢,=0. The self-
inductance of the active phase is represented by,

L@i,6) = Ly(i) +Ly(i)cosN,&+L,(i)cos2N, 8 (1.4)
The three coefficients of equation (1.4) are defibbg the expressions of the self-inductance at

aligned, midpoint, and unaligned positions, showlow.

Lo=§E(La+Lu)+Lm} (L5
L=2 (L -Ly) (1.6)
LZZ%[%(La-}_Lu)_Lm} 01-7

where L, is the inductance at aligned positidr, is the midpoint position inductance, ahgl

is the inductance at unaligned position. Thesedtahces are given by polynomial functions.

n=k
L=1(0=0=) ajn (1.8)
T n=k
L = L(HZZ_'\L):ZO:W (1.9)



—L(g="1
L,=L(8= Nr) (1.10)

wherek is the order of approximation. The coefficiends, and b, are determined by curve

fitting so equations (1.8) and (1.9) fit inductarm®files obtained from experiments or finite
element analysis (FEA). This ensures the accurddhe inductance profile. Neglecting the
mutual inductance between phases, the phase valifigeential equation for the active phase is
given by,

V= R|+(L(| 0) +i oL(, H)de—me (1.11)
oi dt 08

wherev is the phase voltage applied to the stator windifdgs the phase resistance, a@ds
the rotor speed. Substituting the self-inductanieerg by equation (1.4) into equation (1.11)
yields,

v:Ri+{(L0(|)+| 0()J (L1(|)+|6L1()jcosN 9+(L2(|)+|6L§(l)j0052N e}glt (1.12)

+{- N,L,(i)sinN,8- N, L,(i)sinN, }i w
Once the phase current is measured and the edfimatter speed is known, three coefficients

L,.L,, and L, in equation (1.4) can be computed and then equétid 2) is numerically solved

to estimate rotor position. The main advantage hi$ tnethod is that it does not require
additional hardware and look-up tables bfi—6& characteristics. However, if the modeling
error is significant the numerical inductance maated experiments do not match well, hence the
accuracy of the position estimation depends orattairacy of modeling the SRM. In case of the
SRM with non-uniform air gap, there may be somergigancy between the inductance profiles.
Table 1.3 summarizes the merits and demerits ofpthtion estimation methods using an

analytical inductance modeling using Fourier series

Table 1.3 Comparison of the position estimationhoétusing an analytical inductance model

Reference No. Merits Demerits
a.No external hardware a.An accurate analytical inductange
[10-16] b.No magnetization look-up table model for high accuracy estimation
b.Not useful for the SRM with nor}-
uniform air gap




d) Flux/current method
With the knowledge of the relationship between phasgrent and flux-linkage, the rotor
position can be estimated using a look-up tabled efi — @ characteristics. The flux/current
method was first proposed by Hedland [17] and alairmethod was later proposed by Lyons et

al. [18]. Flux-linkage can be obtained by open loutpgration of(vph —ith) as given below,

A

A= [(Vpn=ipnR)dt (1.13)

The block diagram of this scheme is shown in Fiy 1.

* A
Vph > + Commutate atq
_ A _
R

N

Fig 1.2 Block diagram of flux/current method

A (1)at 6,

In this scheme, rotor position is identified by qmaring the estimated flux-linkage with the
reference flux-linkagebtained from a stored table of flux-linkage andrent vs. rotor position.
Lyons et al. [18] extended the work by using aehtdenensional table to find the reference flux-
linkage as a function of current and position fomalti-phase motor. The calculation and the
look-up table can be implemented using a microctietror dedicated hardware circuitry. Panda
et al. [19] proposed a self-measured flux/currdmracteristics by the controller without any
mechanical arrangement to lock the rotor. This/Buxrent method is simple and effective, but
has large estimation error in low and zero spegibns due to flux integration errors from
improper resistance measurement and error in ti@lsd current, and demands a high-memory
digital signal processor to store a good resolutbak-up table. Table 1.4 summarizes the merits

and demerits of the position estimation methodsgi8ux/current method.

Table 1.4 Comparison of the position estimationhoétusing flux/current method

Reference No. Merits Demerits
a.Simple computation of flux-linkagea.Large estimation error due fo
[17-19] by integration Of(vph_l th) improper resistance measurement
b.High resolution magnetization tabje
for high resolution estimation




e) Current gradient measurement
Gallegos-Lopez et al. [20] proposed a method tothisechange of the derivative of the
phase current to detect the position where a mitg and a stator pole start overlapping. Fig 1.3
shows the derivation of the phase current ancelegionship to rotor position [20, 21]. When the

phase inductance starts to increasé,avhere a rotor pole and a stator pole begin tolapethe

di
gradient of the phase current- , decreases or become zero as shown in Fig 1.3efbne, by

dt
monitoring the gradient of the phase current assgneonstant speed, rotor position can be
detected with a sensorless pulse given by a zessitrg detector.
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5u Hon 60 goff Ha
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L
Filtered \

Current
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dig
dt

Sensorless
Pulse

>t

Fig 1.3 Derivation of current gradient and itsatiinship to rotor position

Even though there is one sensorless pulse sign@aith phase conduction cycle that provides
absolute position information, relative positiorfoirmation is generated by multiplying the
frequency of the zero current gradients by 32 withase-locked-loop (PLL) techniques.
Therefore, a resolution of 32 pulses during thessdess pulses shown in Fig 1.3 can be



obtained, which is used to generate phase thertureenmutation pulse. The major advantage
of this method is that it does not require voltagensducers. It is realizable with simple
hardware and thus lends itself to low-cost apphecet In addition, it needs no priori knowledge
of the magnetization characteristics. However, drevback of this method is that the current
gradient signals are not applicable at the timstaiting; therefore, a separate starting procedure
has to be incorporated. It needs a plateau inrthectance profile to start to energizing a phase.
Table 1.5 summarizes the merits and demerits ofpthstion estimation methods using the
current gradient measurement technique.

Table 1.5 Comparison of the position estimationhoétusing current gradient measurement

Reference No. Merits Demerits
b. Realization with simple hardware | a.Not available at standstill
[20-21] C. Low—cqst_applications _ b.Needs a separate startup p_rocedure
d.No priori knowledge of magneticc. Needs the plateau in inductarce
characteristics is required profile to start to energize a phase
f) Observer

Lumsdaine and Lang [22] proposed model-based estingch as state observer to
determine the rotor position of the SRM. In thiselver-based state estimation scheme, the
dynamics of the motor are modeled in state spadkevahmathematical model runs in parallel
with the physical machine as shown in Fig 1.4.

Measured Measured
Vph Physical Iph
Motor

+

Estimator
Feedback Gain

Estimated
Iph

Motor Model

Estimated
[

Fig 1.4 State-observer-based system

The model has the same inputs as the physical maamnd the difference between its outputs
and the measured outputs of the real machine a¥d tes force the estimated variables to
converge to the actual values. This method requiegber an additional diagnostic pulse nor has



any inherent speed limitations. The state obsemesthod, however, has a complex
implementation since it requires substantial remetcomputations and needs knowledge of load
parameters as well as an accurate machine dynawielmThe needs for the computational
simplicity and robust stability properties promptié study of sliding mode observer. Briefly,
the sliding mode observer estimates rotor posiéind velocity from phase current and voltage
measurement.

Husain et al. [23] first presented a sliding-modiserver-based rotor position estimation
scheme for the SRM. The estimated rotor positiotaiobd from the observer is used for the
commutation of the machine phases. However, thdtsegresented in this paper were based on
computer simulation of a linear magnetic modeltf@ SRM. The discrete time implementation
using sliding mode observer was presented by Mc@aral. [24]. An error correction term is
computed based on the difference of the motor ¢xputed from the mathematical model and
that derived from motor measurements. A block diagrof the sliding-mode-observer-based
motor drive is shown in Fig 1.5.

—™ SRM
—>
Model
R ;
Measured g > Sliding Mode
i ph SR Observer |, »
Flux
I I

Measured | Estimator
Vph

Fig 1.5 Sliding-mode-observer-based system

The method in [24] considered the convergence @lbserver when there is an initial position
error and when there is a flux observer error. Ddpey on the initial position error, the sliding
surface could be different and consequently beecedtl in the position estimation as a lag or
lead between actual and estimated position. Themastd position converges after
approximately 35 ms for the worst case when thigalrerror is18C°. Although there is a large
error between flux observer and true motor fluxeréhis no significant impact on the position
and velocity estimations, demonstrating the rolkesgnof sliding observer toward parameter
variations and nonlinearity in machine modeling.
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Based on the sliding mode observer, Husain et 28] presented a four-quadrant
sensorless controller over wide speed range inotuzero speed. To avoid the unobservability at
zero speed with no phase current, a high frequeiplar speed is commanded, which dithered
the motor to allow the successful operation of ahserver at zero speed. However, this may
obviously result in some rotor hesitation problend ahe reference current in regulating the
phase current has the lower limit to continuoushintain the observability of the sliding mode
observer. Table 1.6 summarizes the merits and desmef the observer-based position

estimation methods.

Table 1.6 Comparison of the position estimationhoétusing observer

Reference No. Merits Demerits
[22] e.No additional diagnostic pulses a.Load parameters are required
f. No speed limitations b. Accurate dynamic model is requireq

a.First presented the sliding-modea. Only simulation verification

observer-based estimation scheme
a.Hardware implementation usinga.Long convergence time of thHe
[24] sliding mode observer estimated rotor position in larde
initial position error
a.Four-quadrant sensorless contr@l. Rotor hesitation problem at standst{ll

including zero speed b.Limitation of the reference current
[25] b. Successful operation of the obseryer command for consecutive operatipn

at zero speed by applying high of the sliding mode observer

frequency bipolar speed commandgf

[23]

2) Mutual voltage measurement
a) Mutually induced voltage measurement
Husain and Ehsani [26] proposed a sensorless méyodeasuring a mutually induced
voltage of an inactive phase of SRM. When a phasesit is regulated by PWM or hysteresis

control, the mutually induced voltage in an adjdaqarase is given by,

oWy
modt g du (1.14)
=M@=+ o

dt do

where A, =M () land M (6) is the mutual inductance. When the positive voltsgapplied to

the phase, the phase voltage equation of SRM ierged by the equation,

Vv :iR+%+vm (1.15)
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where A is the flux-linkage v, is the mutual voltage, andl is the phase resistance. Neglecting

the mutual voltage since the applied voltage igdgrequation (1.15) can be rewritten by,

. di .dL
V=IR+L(8)—+i— a)1
( )dt v (@)

where L is the self-inductance of a stator winding. Reiplgc% by « in equation (1.16), the

current gradient when the positive voltage is aggpbecomes,

ﬂ:i(v—i%w—iRj (1.17)
dt L(6) dég

Substituting equation (1.17) into equation (1.14¢ mutually induced voltage while the positive

voltage is applied to the adjacent phasg, is derived.

_M©),,_MO);d _igMO) ;M ,

V, I 1.18
mL(6) L&) d& L@ do ( )
Similarly when the zero voltage is applied to thase, the phase voltage equation is,
0=iR +M (1.19)
dt
Equation (1.19) can be rewritten as,
. di .dL
0=IR+L(O)—+i— 1)20
(6) o D
The current gradient when the zero voltage is adpB given by,
d___1 (iﬁwHRj 12
d L@\ db

Substituting equation (1.21) into equation (1.1g mutually induced voltage while the zero

voltage is applied to the adjacent phasg,, can be derived as,

vV :—M|%&)—|RM+|d—Mw
mT L) do L&) dé

(1.22)

From these mutually induced voltages, the rotoitpposcan be estimated from the calibrated
conversion tables for various currents and spéeHdis. is an effective way to estimate the shaft
position of the SRM because it provides a cleaati@hiship between the induced voltage and
rotor position. This method, however, requires ackyonizing signal to detect whether the

energized winding is operated in a conduction nmarde freewheeling mode. A sample and hold

12



circuit are needed to capture any one of the muuwdlages in conduction mode and
freewheeling mode. Moreover, a three-dimensioridéts required for accessing the data.

Tian-Hua et al. [27, 28] proposed a position estiomamethod to overcome the above
discussed disadvantages. In [27], the commutatigieaof the SRM is easily determined by
applying a rectifying and a passive filter to elmaie the high frequency harmonics of the
induced voltage. In [28], a position estimation neet using the slope of phase current was
proposed in the single pulse operation. The sldg#hase current changes from a positive value
to a negative value as the self-inductance inceease a result, the rotor position is estimated
from the slope of phase current in the single pafseration mode. However, this method can be
applied only in the hard chopping strategy, notthe soft chopping. Moreover, it requires
external circuitry such as rectifying circuit andspive filter. Table 1.7 summarizes the merits
and demerits of the position estimation methodsgusiutual voltage measurement.

Table 1.7 Comparison of the position estimationhoétusing mutual voltage measurement
Reference No. Merits Demerits
a.Estimation scheme with directa. Sample and hold (S/H) circuit fo
measurement of an internal signal, capture the mutually induced volta
mutually induced voltage b. Synchronization trigger signals to
control S/H circuit with PWM signal

c. Useful only in high frequency PWM
operation mode

a. Design rectifying circuit and passivea. Applicable only in hard choppin
filter to smooth the mutually induced PWM mode

[27-28] voltages b. External hardware such as rectifyipg

b.Applicable even in single pulge circuit and passive filter
operation mode

[26]

(]

3) External signal injection
a) High frequency signal injection

Another way to obtain rotor position informationtesdetect the phase current waveform
of an inactive or unexcited phase with high frequediagnostic signals and determine the rotor
position by calculating the phase inductance vamatlf a voltage pulse is applied to a non-
conducting phase for a short duration of time,ghase inductance remains unsaturated and the
current amplitude is small assuming that the matidrack emf and phase winding resistance
voltage drop can be neglected. For low currentl$evke phase voltage equation of SRM can be

written as,
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V =iR+ L(<9)ﬂ+ia)M (1.23)
dt dé
If the voltage is applied for a short period ofginequation (1.23) can be approximated as,
Ai At
V=L(O6)— L) =V— 1
) N 6) A 1)

The rotor position can then be estimated from a pimap of inductance to rotor position
information. The main limitation of this method tise inter-phase coupling effect which is
particularly severe when the active phase is uradegghigh frequency chopping for current
regulation. Eddy currents also affect the accumqyosition sensing.

Dunlop et al. [29] first investigated the effectsmutual coupling in his implemented
scheme of measuring the change in the diagnostierduover a fixed sampling period. Harris et
al. [30] also used a similar technique and mentiotiee problems of inter-phase coupling and
eddy current effects in detail. Another drawbacknpécting a diagnostic pulse from the main
converter is that their magnitude could be sigaifit; and hence can generate negative torque.

MacMinn et al. [31] also later implemented the cemtonal high frequency signal
injection method with power MOSFET transistors gngged with current sensing devices to
eliminate Hall-effect or resistive current sensors.

The flux sensing method proposed by Mvungi et 3R, [33] is based on applying
diagnostic pulses to an idle phase which is natdgeised for torque production and integrating
the voltage across the phase to obtain the phaseSb as to minimize mutual coupling effects,
the phase used for diagnostic sampling is the arhdst from the excited phase. The rotor
position is then obtained from the motor flux-anglerent characteristics data. Either flux or
current is kept constant during diagnostic sampkmgl the other variable is obtained as a
function of the rotor position. This method appetardrave potential for position estimation at
higher speeds, but an accurate knowledge of phaséing resistance is required for high
resolution position estimation.

Guo et al. [34, 35] proposed a single pulse injgctmethod for impressed pulses to
overcome this negative torque. While the conveitionjecting timing for impressed voltage
pulses use the end of exciting signal, this metingetts voltage pulses at the end of negative
phase voltage signal, which is coincident with thed of tail current generated after

commutating the excited phase. The extracted cupises are passed through a low-pass filter
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and then compared with the appropriate threshottetermine the excitation time of each phase.
However, this method requires external circuitriyifgecting the impressed voltage pulse. Also,
it might need to be waiting for the sensing putsdécrement to negligible levels not to generate
negative torque before the next pulse can be applibe rotor might move a considerable
distance during that period; therefore, the rotosifoon resolution will decrease. In order to
eliminate the effect of eddy currents after thegdw@stic pulse is injected, few microseconds have
to elapse and consequently, longer sensing pulseseguired. All these factors limit the
resolution at high speeds with this method of pmsisensing.

E. Kayikci et al. [36] proposed a load invarianspion estimation method based on the
high frequency signal injection method. A high freqcy rotating vector voltage is
superimposed on the main excitation voltage anshdtices high frequency currents whose
magnitude varies with rotor position. Thereforeg thigh frequency carrier current vector

contains the rotor position that is dependent an ittductance. The high frequency rotating

current vectorj;’ds_c, is given in equation (1.25), as was derived if].[3

iS40 = 1, (@772 +l| e RO 4| ei2RE J@—jw—n/a (1.25)

qds-c
It is comprised of a positive sequence carrierantrrthe first term of the right side of equation
(1.25), which contains no position information, aamdhegative sequence carrier current, the
second term of the right side of equation (1.29)jcW contains position information. A band-

pass filter is used to extract negative sequenceecaurrent including position information
from the stator rotating current vectdfys ,. Finally, the extracted signal is transformed btk

the negative carrier frame to be fed into the tiraglobserver [37]. The extraction the position is
dependent on the saliency information from highgdiency rotating current vector and is

illustrated in Fig 1.6.

+ i . 9
PI Current abc /| 'adsc | , o | dds € | Tracking

> ) > » olat k6 »> - P8 4>®—>
Controller dq ¢ e BPE e Observer

4
4

v

Cflmer ¢ R
Signal

Fig 1.6 The extraction of position from high frequog rotating current vector
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This method does not require additional hardwaréject high frequency sinusoidal voltage
signals and is less sensitive to parameter vanstitiowever, it does not considered the
saturation effect on position estimation at highrent levels and at rated load. Inductance
variations due to the saturation will result in giddal saliencies, which will degrade the
accuracy of the estimated position. Table 1.8 sunzemthe merits and demerits of the position

estimation methods using high frequency signatiige.

Table 1.8 Comparison of the position estimationhoétusing high frequency signal injection

Reference No. Merits Demerits
a. Investigation of the mutual couplin a.External circuitry for injecting
and eddy current effects on voltage pulses
[29-30] estimation performance b. Negative torque generation
c.Low variation of the measuring
current signal with rotor position
a. Implementation of conventional higha. External circuitry for injecting
frequency signal injection method voltage pulses
b.Elimination Hall-effect or resistiveé b. Negative torque generation
[31] current sensor by using powec. Distortion of the current pulses By
MOSFET transistors integrated with mutual coupling and eddy current
current sensing devices effects
d.Low variation of the measuring
current signal with rotor position
a.Flux-linkage  variation sensinga. External circuitry for injecting
method to avoid the back emf effect  voltage pulses
b.Injection of voltage pulses into theb. Negative torque generation
[32-33] one opposite to the excit(_ad phase t Distortion of _the current pulses lyy
minimize the mutual coupling effects mutual coupling and eddy current
effects
d.Low variation of the measuring
current signal with rotor position
a.Injection of voltage pulses into one.External circuitry for injecting
inactive phase voltage pulses
b. Elimination of the negative torque Iyb. Position information might be logt
injecting voltage pulses at the end|of during the time for sensing pulse [to
[34-35] negative phase voltage signal d(_acrement to negligible levels
c. Distortion of the current pulses by
mutual coupling and eddy current
effects
d.Low variation of the measuring
current signal with rotor position
a.No additional high frequencya.Disregard of saturation effect at high
sinusoidal voltage signal injection current
[36-37] b. Less sensitive to parameter errors | b.Degrade the accuracy of the
estimated rotor position at high
current
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b) Resonant signal injection

The main disadvantages of the classical moduldiased position estimation method
using carrier injection lies in the small variatiof the measurement signal with the rotor
position especially under high frequency and lowgnaic field levels. In order to increase this
variation, Laurent et al. [38] proposed the methodncrease the resolution of the measured
impedance by designing a resonance at the unalignedion by selecting a capacitor to be
connected in series with the machine phase. Thenags$ circuit is supplied with a high
frequency sinusoidal current generator. The redonapacitor value is determined so as to

obtain as,
L, [CLf =1 (1.26)
where L, is the minimum inductance at unaligned position apds the carrier frequency. By

measuring the voltage Ulc in Fig 1.7, a particutator position can be detected by a

synchronous demodulation technique based on thaotixin of the Ulc maximal amplitude.

1

C

High frequency
current generator Ule

L&)

Reg
Fig 1.7 Block diagram of resonance circuit method

The impedance of the resonant circuit from Figid& determined by,

Z(s):é+L(6)s+ Req:m_(c—ec)CserReq (1.27)

Note that at the unaligned position, the measumgekdance equals the equivalent resistance of
the circuit, whereas at the aligned position thpadance will be represented as the equivalent
resistance, the differential inductance betweenaligned and unaligned position, and carrier
frequency. This increases the resolution of the ed@mce and the equivalent inductance
variations and consequently improves the measurerasolution. However, a major problem of
this method lies in the fact that it needs to sathiphases which are about to be energized to

determine the rotor position. As soon as the unatigposition is found, the drive signal is
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provided to supply the power for the actual scarpigase while other phases are scanned at the

same time. Table 1.9 summarizes the merits and ritsnoé the position estimation methods

using resonant signal injection.

Table 1.9 Comparison of the position estimationhoétusing resonant signal injection

Reference No. Merits Demerits
a. Increase the variation of demodulated. External circuitry such as high
voltage signal by resonant circuit frequency signal generator apd
b.Enhancement the accuracy of the capacitor
[38] estimated position b.Distortion of the demodulated
voltage signal by mutual coupling
effect
c.Scan all phases to determine rqgtor
position as well as exciting phase

c) Modulated signal injection
Several alternative sensorless techniques basednadtulation schemes have been
developed in order to eliminate above mentionewvdaeks of high frequency or resonant signal
injection-based methods for position estimatione Thock diagram of the modulation-based

techniques is shown in Fig 1.8.

Control
Signal

Encoded

Sensing Inductance L&) Gating
Phase Modulator Demodulator Micro-Controller Signal

Fig 1.8 Block diagram of modulation-based system

In the frequency modulation (FM) based technigusppsed by Ehsani et al. [39-41], an
FM encoder generates a signal containing inductarac@tion information of the SRM. A
simple L-T converter which maintains a linear nelaship between inductance and time was
used. The time period of the FM signal can be written as,
T=K,L =% (1.28)

whereK; is a proportional constant ards the phase inductance. The encoded signal of the

phase inductance is then converted into a voltggesing F-V (frequency to voltage) converter.
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Because the phase inductance depends on the asitiop, the rotor position is estimated from
the output voltage of the F-V converter. The FMhtgque does not need an extra sinusoidal
source and it can oscillate itself under DC voltageitation [42]. However, position estimation
methods by using FM encoders require analog cixctitat converts a phase inductance into
frequency as well as the control circuit to contke encoded signal into the voltage fed to the
microcontroller. Moreover, the threshold value &edmine the commutation angle affects the
accuracy of the estimated position.

The phase modulation (PM) and the amplitude morulgAM) techniques proposed by
Ehsani et al. [43, 44] are based on the phase mptitade variations, respectively, of the phase
current due to the time varying inductance whennaseidal voltage is applied to the phase
winding in series with a resistance. The curreatvihg through the circuit in response to the
alternating voltage is a function of the magneticut impedance. Since the phase inductance is
varying periodically, phase angle between the atrend applied voltage also varies in a

periodic manner.

[V]or[A]

0 50 100 150 200 250 300 350 400 450
[Deg]

Fig 1.9 Basic waveforms correspondinglig,, and L., in AM/PM method

Fig 1.9 shows the input sinusoidal voltage and toerent waveformsi, and i,
corresponding to the minimum and maximum phase dtaghees, respectively [43]. Angles
®,and @, are the corresponding phase angles by which theepharrent lags the input voltage.
Furthermore, the current has the maximum peaken, thaveform and the minimum peak in the
I, waveform. The PM encoder technique measures thanitasieous phase angle on a continuous

basis, while the AM encoder technique measurepéh& current. The sinusoidal carrier voltage
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signal is chosen to have a frequency which is mhgher than the frequency of phase
inductance variation. The transient variation o tturrent phase or amplitude will contain
information about the motor winding inductance. Tii@n contribution is the verification of the
effect of frequency of the sensing signal injected an inactive phase on the performance of the
sensorless scheme. As the frequency increases)akienum inductance at the aligned position
diminishes, while the minimum inductance at thelignad position does not vary appreciably.
By measuring the inductance at a different frequeaA® kHz is chosen in [44] as the frequency
of the sensing signal and its performance is \egtibver a wide speed range with different loads.
However, it requires external hardware such ame wiave generator, a demodulator, and an
optical isolator to separate the phase winding ftoensensing circuit. Furthermore, the sensing
signal in an active phase can be corrupted dus toutual coupling with adjacent active phases,
resulting in a deteriorating of the performanceéhef sensorless scheme.

The modified AM encoder technique proposed by Suet<l. [45-47] was implemented
for sensorless control of SRMs over wide speedeampe amplitude of the modulated current
signal depends on the inductance of the sensingeplaad hence the rotor position. A
demodulator detects the envelope of the modulateat signal and converts it into an output
voltage. The output voltage of the demodulatomisnected to one of the inputs to a comparator,
the other input being a fixed dc threshold voltageesponding to a particular inductance value
at a particular rotor position. Therefore, the camapor output changes at fixed intervals and
generates an index pulse every particular rotoitipas Intermediate rotor positions between two
consecutive index pulses are estimated using limgarpolation of the time count in the
microcontroller. The main advantage of this metlowodr the conventional AM method is that
the dc threshold at one of the comparator inputsbeafixed which results in simpler hardware
and the resolution of estimated position can beaeodd if the internal timer clock of micro-
controller is very high. However, this method imgeghe lower limit on the speed operation,
which is determined by the timer overflow. Thisbecause if the time window between two
consecutive index pulses is too large for the titeercount, then the timer will overflow,
resulting in malfunctioning of the sensorless soherMoreover, the time span of two
consecutive index pulses during transient speedggsawill produce position error due to the
usage of linear interpolation between the indesesll
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Bishop et al. [48] proposed another modified AM hoet to make the system less
expensive and more robust by injecting only thatp@sportion of lower magnitude sinusoidal
source voltage for amplitude modulation. This mdticreases the peak voltage and current
level of the sinusoidal signal that will improveethignal-to-noise ratio (SNR) of the modulated
signal. Furthermore, this method allows the AM amotechnique to be used on switching
topologies other than ones with two switches pessph However, it still requires external
hardware such as a sinusoidal wave generator aadveeiope detector for the modulated signal.

Brosse.A et al. [49] presented the sensorless @oatiow speed and standstill based on
signal power evaluation, which is basically the Aiethod. The modulation signal with the
frequency of 600 Hz is injected into the machinecbgverter. If the back emf is neglected and
the resistive voltage drop is neglected at low dpgsaturation does not occur and the self-

inductance depends on only rotor position. The @lattage is simplified as,
v(t) = L(H)% (1.29)

The amplitude of the phase voltage is very semsttivthe noise and thus it is averaged through

the power of the phase voltage. It is defined as,

1 T/2
p=— jvz(t)dt (1.30)
=
-T/2

As the phase voltage depends on rotor positionptiveer of the phase voltage depends on rotor
position as well. It is measured and stored inakdp table to give the relationship between
power and rotor position. Therefore, the measuredep of the modulated voltage signal is
compared to the signal power stored in a lookufettdy different rotor positions. The difference
between measured and stored signal power driveac&irtig observer [37]. This approach is

illustrated in Fig 1.10.

Converter v(®) Signal Power PE) * £ € Tracking é‘
onverte "l (1.30) Observer g
- I P(6)
dé
Signal Power @g—é N
Lookup Table -
(P-6-1)

P

i 4

Fig 1.10 The position estimation method using digoaver evaluation
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This method requires no additional hardware tocingpe modulation signal into the stator
winding. The modulation signal is generated throthghconverter itself. However, this method
has a couple of disadvantages. The first is theerggion of negative torque. The modulation
signal is injected in the negative torque regiorewltontrolling a phase for positive torque.
Another problem is the delay of the commanded terdithis means the commanded torque
should be delayed for a short time so that the ggrenl phase can be modulated and the
modulated phase can be energized when there ddesichange in the sign of the commanded
torque.

Table 1.10 Comparison of the position estimatiothome using modulated signal injection
Reference No. Merits Demerits
a. FM-based position estimation schema. External hardware such as freque]my

b.No additional high frequency encoder and decoder

sinusoidal signal source b. Position resolution dependent on
[39-42] c. Generation of frequency encoded frequency of FM signal
signal by
-.L/T converter [39-41]
-.Wien bridge oscillation circuit [42]
[43] a.Present and implement PM and AM. External hardware such as sinusoifal

based position estimation schemes| signal generator and demodulator

a. AM-based position estimationa. External hardware such as sinusoiflal

he

scheme signal generator and demodulator
[44] b. Verification of the high frequencyb.Distortion of the sensing signal lpy

effect of sensing signals on the mutual coupling effect with adjacent
inductance variation phases

a. Modified AM-based position a. External hardware such as sinusoifal
estimation scheme signal generator and demodulator

b. Simple hardware by using a fixed db. Lower limitation of speed operatign

[45-47] value compatible with the sensing according to the timer overflow

signal c. Position error during transient speged

c.Increase the resolution of estimated changes
position by using a high frequency

timer clock
a. Modified AM-based position a. External hardware such as sinusoifal
estimation scheme signal generator and demodulator
[48] b.Injection of only positive portion of

sinusoidal voltage source
c.Improvement of SNR of th
modulated signal
a. Modified AM-based position a. Negative torque generation due to the
estimation scheme modulation signal injected into thHe
b. Position estimation based on sigpal negative torque region
[49] .
power evaluation b.Delay of the commanded torque af a
c. No additional hardware to inject the change in the sign of the commanded
modulation signal torque

1%
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The modulation encoding techniques for rotor posigstimation are based on extracting
the periodically varying phase inductance by apmya high frequency carrier signal. The
carrier frequency is higher compared to the sigoattaining the phase inductance information.
The encoded inductance information is decoded umirtgble demodulation circuitry. However,
the associated penalty is the need for externatlwere circuitry, which adds cost and
complexity to the drive system. When the high fesaey signal is injected into one of the phases,
the effective self inductance reduces consideraly to the high frequency behavior of the
magnetic laminations. As a result, in order to haveeasonable resolution and good variation

inductance with rotor position, the frequency &f ensing signal should be chosen optimally.

4) Intelligent control methods
Most recent literature on intelligent control medbauses artificial neural networks and
fuzzy control in SRM control. The block diagram thfese intelligent control methods are

generally illustrated as Fig 1.11.

Fuzzy Model
or
Neural Network

t%

Fig 1.11 The basic scheme of intelligent contretimods

Fuzzy models or neural network controllers providéor position information required by
conventional SRM drive. In general, intelligent ttoh methods are not model dependent, even
though they learn from off-line simulation and esip®ntal results consisting of input and
output data sets. Therefore, the estimation hasiina from dependencies of parameters and
disturbances. However, the number of computatisnirge compared to other methods and
many fuzzy rules are necessary for dynamic mapphdux linkage vs. current vs. rotor
position relationships, even though operation il estimated position from these intelligent

controllers has been shown to be satisfactory.
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a) Neural networks

Bellini et al. [50] used a neural network for systéentification control purposes. A
feed-forward type of neural network is used to tdgrhe dynamic states of an SRM. Its inputs
are the dwell angle and the state variables, comgi®©f phase current, flux-linkage, rotor
position and speed. Its outputs are the state hlagaat the next time step. Naturally, rotor
position along with speed is the output of the akoetwork. The size of training data set is 570
points for each input and the training of the tapdr neural network is performed with 8 hidden
neurons. It successfully proved by simulation thediral networks can be used in a closed loop
system as a position and speed estimator. Howgwequires a large number of computations
for the training of the neural network to match tiedined training data set.

Reay et al. [51, 52] proposed the enhanced posastimation algorithm at low speeds
assuming the inductance is substantially varying asusoidal function of rotor position and
rotor pole numbers. This method makes use of theahaetwork in order to learn rotor position
as a function of currents resulting from diagnostittage pulses injected into inactive phases.
This eliminates the requirement of a priori knovgedabout the magnetic characteristics of the
SRM. However, this method requires external hardwarinject diagnostic voltage pulses into
inactive phases, resulting in negative torque geigeT.

Mese et al. [53] proposed an approach to the skxssocontrol of an SRM using two
neural networks; one for position estimation anel ather for flux linkage estimation. The flux
linkage is estimated from the estimated rotor pmsialong with the phase current, and the error
between the real and estimated flux linkages refléhe difference between the real and
estimated rotor position. The flux linkage errorused to correct the estimated rotor position.
This process effectively decreased the systematesein the position estimation and overcame
the localization problem around the aligned andligned positions by using at least three
phase’s information. However, significantly largemory requirement and multiple layers with
many hidden neurons per layer are necessary femopt training of the neural network. In
regards to neural networks, most of the computati@&ffort is due to the large number of
neurons in hidden layers with 15 to 20 neurons.

Hudson et al. [54, 55] proposed an approach toedser the computational effort
significantly by inserting a pre-processor in theural network, generating a third input to the
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neural network that is the product of the phaseectrand flux-linkage. The proposed neural

network structure is shown in Fig 1.12.

Fig 1.12 The position estimation method using malimeural network

However, this method has the disadvantage thaadbaracy of the estimated rotor position is
highly dependent on the accuracy of the estimaliedlihkage. Table 1.11 summarizes the

merits and demerits of the position estimation méthsing neural networks.

Table 1.11 Comparison of the position estimatiothoe using neural networks

Reference No. Merits Demerits
a. Verification of neural network-basgda. A large number of computations fpr
[50] position estimation scheme by the training of neural network fo
simulation match the defined training data set

a.Enhancement of the accuracy |dcd.External hardware for injecting
estimated position at low speeds by diagnostic  voltage pulses injo
combining the diagnostic voltage inactive phases

[51-52] pulse injection method with theb.Negative torque generation
neural network

b.No prior knowledge of magnetic
characteristics

a.Sensorless control using two neura. Significant large memory and
networks; one for position estimation computations by using two neurfal
and the other for flux-linkage networks

[53] estimation
b. Correction of the estimated position
error by using flux-linkage error
a. Minimization of neural network with a.High dependence of the estimated
[54-55] no hidden layer and a pre-processor position on the estimated flux-linkade

with the product of flux-linkage and
phase current

b) Fuzzy model
Cheok et al. [56-59] developed fuzzy logic-baserposition algorithm for SRMs. In
this method, the flux-linkage and phase currenteslare inputs to the fuzzy logic system. The

inputs were assigned to some fuzzy set with trilaxguembership functions and passed through
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the fuzzy rule base whose output is a certain rptmition value. In order to discard the flux-
linkage measurement error which affects positidinregion error, the predicted values of rotor
position and flux-linkage by the fuzzy logic prewicare used in conjunction with the measured
values of flux-linkage from integration and rotoosgion from the fuzzy system output.
Therefore the fuzzy predictors forecast with veopd accuracy at steady speeds. Optimal phase
selector places weights on the estimated rotortipasi when more than one phase is excited.
The proposed method is shown in Fig 1.13.

Fuzzy Fuzzy
L » flux-linkage > decision |—
A (n-1, predictor Ap () block |4 ()
T

V() : Fuzzy
- . Fuzzy optimal
i(n), Integration >

Aoy Lmodel | g, | Pphase 6,(n)
T selector

g (n-1) Fuzzy gp (n) Fuzzy |g* (n)
» position » decision
predictor block
l 6,(n+1)
Controller

Fig 1.13 The position estimation method with fulayic estimation and prediction blocks

From Fig 1.13yv,,i, , and A, are voltage, current, and flux-linkage of eachsehaespectively,
g, is position resulted from excited phases. The aufiis € and p indicate the estimated and

predicted values respectively, and the supersdrimdicates weighted values. However, during
transients the fuzzy predictors may not performval due to the learning period required with
new events and the implementation was complex aldleet use of fuzzy logic learning rules in
real time and a very large number of fuzzy ruledlie input data.

A simplified fuzzy logic algorithm was presentedsoftware by Eyguesier et al. [60]. It
combined the well tried flux-current lookup tabletimod with a basic fuzzy logic system and a
prediction of the rotor position by linear interabbn. The estimation is better when the rotor is
not near the aligned and unaligned positions, anemwthe current is high. Therefore, the fuzzy
logic block puts a weight of confidence in eachesfimation and prediction. The prediction

gives the rotor position at the next sampling tane it is refreshed by linear interpolation with
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10 previous positions at a sampling rate of 10 KH® predicted values are compared with the
estimated values and then the value being close#itet actual position is sent to the micro
controller. However, confidence in predicted valuesl be low under transient speeds.

Therefore, the reliability of the predicted positiwaries with operating conditions and the
quality of the previous position data. Table 1.1@nmarizes the merits and demerits of the

position estimation method using fuzzy model.

Table 1.12 Comparison of the position estimatiothme using fuzzy model
Reference No. Merits Demerits
a.Prediction of flux-linkage anda.Too complex to implement due [o

position to minimize measurement many fuzzy rules
[56-59] errors and flux-linkage integratianb. Large number of fuzzy sets
errors
b.Good accuracy of estimated rotor
position at steady speeds
a.Simplified fuzzy logic algorithm a.Low confidence in predicted positign
based on the combination of flux- values during transient speeds
linkage lookup table with a fuzzy
predictor

[60]

c) Neuro-fuzzy model

A large number of fuzzy sets and fuzzy rules areesgary to ensure an accurate fuzzy
model. To extract and optimize fuzzy rules, theptidta neuro-fuzzy inference system (ANFIS)
was proposed by Zhongfang et al. [61, 62]. TharegBd rotor position will have error due to
the imperfect modeling around the aligned and gnalil regions as well as the noise in the
feedback signals. To overcome these problems arpfoua the estimation accuracy, the
parameters of membership functions are iteratiaglysted to give a minimum modeling error
using gradient descent and least squares methangeudr, the performance of the proposed
sensorless position estimation scheme was evaluhtedg open loop control with different
turn-on and turn-off angles, dc link voltage, adlae current hysteresis reference. Despite using
open loop control, the overall execution time o€ timplemented software routine of the
proposed method is large and the sampling frequentow, resulting in difficulties during the
real time implementation.

S. Paramasivam et al. [63] proposed position estomanethods using an artificial neural
network and adaptive neuro-fuzzy system with tHeutation of flux-linkage and compared the

performance between two estimators. The rotor jposis estimated with two inputs consisting
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of flux-linkage and phase current. However, in ordeform a very efficient mapping between
two inputs and one output, a large off-line traghidata set is required before getting into
implementation of the neural network-based positgstimator. The implementation of the
neuro-fuzzy-based position estimator required &rigy20 membership functions, and 400 fuzzy
rules to have high accuracy position estimatiorbl&4d.13 summarizes the merits and demerits

of the position estimation method using neuro-fuamdel.

Table 1.13 Comparison of the position estimatiothme using neuro-fuzzy model

Reference No. Merits Demerits

a. Adjustment of membership functions. Not verified in closed loop system
to minimize a modeling error byb.Hard to implement in real-time due o
using gradient descent and leastlarge execution time of the proposked
squares methods method

a.Comparison of neural network ama.Large off-line training data set fo
neuro-fuzzy-based position estimati- achieve high accuracy of estimated

[63] on methods position in  neuro-fuzzy-basqd

estimator — 5 layers, 20 membershi

functions, 400 fuzzy rules

[61-62]

Y

1.2 Objectivesfor ThisResearch

Existing position estimation methods have beeretggd. All methods use instantaneous
phase inductance or flux-linkage variation inforibatin some way to detect the rotor position.
The methods have been broadly classified into fieajor groups.

One approach is the method to estimate positioornmdtion based on terminal
measurements of active phase voltage or currentaasdciated computations. The method of
monitoring the slope of phase current varying wittremental inductance [2-6], the motional
back emf method [7-9], the dynamic model-based aetising Fourier series [10-16], the flux-
linkage/current method [17-19], the derivative dfape current method [20-21], and the
observer-based method [22-25] fall under this aategMost of methods do not require
additional hardware and rely on the machine charitics for estimating rotor position. The
terminal measurements of active phase voltage amcerd are employed as inputs for an
estimator to obtain the rotor position. The mogihssticated one is the observer-based method,
but it is computationally complex and needs an exaodel of the motor and the load. The
flux/current method are computationally simplerrithabserver-based methods and they may

produce large estimation error near zero speebdeifmotional back emf is neglected and the
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improper measurement of the resistance of the rstatoding will lead to an erroneous
estimation due to change in resistance causeddiingeor measurement error.

Second approach is to estimate position informafrom direct measurement of an
internal signal [26-28], mutually induced voltagean active phase in chopping drives. This is
possible since the mutually induced voltage carepeesented as a function of the rotor position
and current. However, the main disadvantage ofrtta@thod is the mutually induced voltage is
very small in magnitude and appears across thdiveaghase. Thereby it is difficult to extract
rotor position information by capturing the mutyaihduced voltage. Furthermore, it requires
external circuitry such as rectifying circuit andsgive filter in [26-28] as well as sample and
hold (S/H) circuit to detect the mutually inducealtage.

Third approach is to inject low-level and high-feegcy signals into an inactive phase to
obtain phase inductance variation which is thenprdgo position information. High frequency
signal injection method [29-37], resonant circuasbd method [38], modulated signal injection
method [39-49] belong to this category. The phasidtance in the inactive phase varies
between aligned and unaligned position and thezefmosition information can be easily
determined from phase inductance information. Herevthese methods are susceptible to
interference from the excitation currents in otpbases. Besides, they may produce negative
torque and extra hardware circuitry is needed fastrestimation methods. The maximum
inductance value can be varied by increasing tequigncy of the injecting pulse due to the
diminution of magnetic material permeability. Aghispeeds, the excitation waveform occupies
a major part of the phase period. Under this opegatondition, the duration available for test
signal injection is restricted and hence these austlare more suitable for low speed operation.

Fourth approach is the position estimation methgdnbelligent control using neural
network [50-55], fuzzy model [56-60], and neuroZyzmodel [61-63]. These methods are not
dependent on accurate prior knowledge of the magalkearacteristics of the motor, thus having
a freedom from dependencies of parameters andristces. However, a large number of
computations for the training of the neural netwtwkmatch the defined training data set and
many fuzzy rules are required to have high accucd®@stimated position. Hence these methods
are not the preferred approach for simpler implesatens in industrial applications.

After reviewing literature relating to the sensedeposition estimation of SRMs, it is

evident that position estimation in SRM drives rnegs additional work to overcome
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disadvantages of the discussed methods beforéahleeand commercially applicable method is
fully developed.

Prof. R. Krishnan and M. Wellner [64] proposed avrgosition estimation method to
give a reasonable solution to the problems of wedk publications: back emf effect near zero
speed, increase of drive costs with additional Wward except for measurements of active phase
voltage and current, flux-linkage measurement efrom improper resistance measurement,
accurate inductance model for high accuracy estimaand speed limitation by negative torque
generation. In the method, position informatioraiPWM period is estimated by using the first
switching harmonic phase voltage and current coaetputy Fourier series. Assuming the
resistance of the stator winding is much smallantimductive reactance in an equivalent circuit
for one phase of the SRM, inductive reactance @represented as the ratio of magnitudes of
the first switching harmonic phase voltage and entrr Dividing inductive reactance by the
switching frequency, phase inductance can be oddaémd therefore rotor position is estimated
from the relation between phase inductance and pusition at a given current. However, if a
stator winding is driven by regulated DC currentiwa small variationAl , phase inductance can
be expressed as the ratio of change in flux-linkagthe corresponding change in phase current
and is given as,

A
L=—" 1.31
A (1.31)

where AA is the variation of flux-linkage established by thariation in phase currefM . As
SRMs operate in the saturated region or with highrent, the nonlinear effect of saturation
significantly diminishes phase inductance given(by1) and thereby the rate of change of
phase inductance with respect to rotor positioro asninishes. Thus the accuracy of the
estimated rotor position will be degraded in saidaegion or at high current.

The various methods for sensorless position estmatuggested in literature have their
own merits and demerits depending on their priesipdf operation. Ideally, it is desirable to
have a position estimation scheme, which uses tentginal measurements and does not require
additional hardware and does not lead to an erimestimation due to the motional back emf
effect near zero speed and improper measuremeiné oésistance of stator winding. In addition,
it is desired to have reliable operation over engjpeed and torque range while maintaining high

resolution and accuracy even at saturated operptimgs.
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This research proposes a new approach to all flegggrements for position estimation
in the SRM. The rotor position is estimated by gdime first switching harmonic components of
phase voltage and current through Fourier analgsissisting of Fourier series and fast Fourier
transform. The proposed method differs from [64that the rotor position is estimated from a
unique flux-linkage value estimated by an increrakimductance at a given phase current with
taking into account of the variation of phase cotrrdue to the saturation effedthe objectives

of thisresearch are:

1) to propose a novel robust position estimatigoadhm independent of the motional back emf
effect near zero speed, resistance change of thdimg due to heating, and doesn’t require
external hardware circuitry such as a modulatoraaddmodulator;

2) to analyze and verify the proposed positiomegtion algorithm using Fourier series and fast
Fourier transform through dynamic simulations axpegiments with various loads;

3) to realize the proposed position estimation idtigm for a two-phase 6/3 SRM using a DSP-
based control system under various loads;

4) to propose offline inductance measurement eltimg the eddy current effect generated by
PWM switching, based on 60 Hz sinusoidal excitatisimg AC power supply;

5) to propose a low cost and high efficiency dsystem with lower acoustic noise.

This dissertation is organized as follows. In Cka®, an accurate measurement method
of magnetic characteristics of the SRM using ACitaxion is presented. It eliminates the effect
of thermal resistance change and eddy currentsh Wg proposed method, the accuracy of
estimated rotor position can be improved due toréuiction of magnetic characteristic errors
generated from thermal resistance changes and @ddsnt effects. However, this AC steady-
state-based measurement method cannot be used cuwathine operation since the topology of
the measurement is different from the converterSBM drives. Hence a new method of the
magnetic characterization in SRM drives is requiaed proposed. It decomposes active phase
voltage and current in a PWM period into theirtfssitching harmonic components. Chapter 3
describes how to compute the magnetic charactexisfithe SRM during normal operation and
Chapter 4 presents how to effectively estimatertter position with the computed magnetic
characteristics. In order to validate the propgsesition estimation method, comprehensive sets
of dynamic simulations and experiments under varimads are performed and analyzed in

Chapter 5 and 6, respectively. Chapter 7 presespéitaAC drive system with low acoustic noise.
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This drive system combined with the proposed pmsigstimation method will make a strong
solution for low-cost variable speed drive systeppli@ation. Concluding remarks including

contributions of the work are given in Chapter 8.
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CHAPTER 2 FLUX-LINKAGE MEASUREMENT USINGAC
EXCITATION

2.1 Introduction

SRM drives offer advantages in many applications wutheir constructional simplicity,
energy efficiency, and wide speed range. SRMs a&ehanically simple and robust due to their
lack of windings and brushes on the rotor [65]. Design, evaluation, and control of SRMs
require detailed knowledge of the flux-linkage @waeristics of the stator windings as a function
of rotor position and excitation current. HowevBRM drives are very difficult to model and
simulate by analytical methods because of theienaht nonlinearity and complex magnetization
characteristics. For a fixed supply voltage, phaseent is dependent on the flux-linkage or
inductance at given rotor position. FurthermoreMSRare commonly operated during magnetic
saturation and their excitation waveforms are nonsoidal. Hence, precise measurement of the
magnetic flux-linkage characteristics is importéamtverify machine design and for accurately
predicting the performance of SRM drives.

Generally, it is possible to calculate the magméiin curves without resorting to
experimental measurements by using finite elemerayais (FEA) [66-68]. However, the
accuracy of FEA depends on the size of the elemessd and in addition, it is difficult to model
non-linear effects because they are computatiomaligplex. Due to the inherent limitations of
FEA, experimental measurements are an importamntgbdhe design process, prototyping, and
production line verification of SRM drives.

A common method to obtain the motor's magnetizatibaracteristics is to measure the
voltage and current waveforms in the stator windamgl use the waveforms to calculate the
stator flux-linkage. In this method, a voltage pked to the phase winding and the terminal
voltage and current are measured. The flux-linkamye be found by taking the time integral of
the difference between the applied phase voltagetlaa voltage drop across the stator phase
resistance. In most integration techniques, thegmpractice is to apply a voltage pulse to the
stator winding by clamping the rotor to a know piosi. The current rises up to a steady state

level, and then the voltage is turned off, de-elzerg the stator winding. Throughout this time,
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integration takes place to determine the instamasdlux-linkage as a function of current and
position.

Prof. R. Krishnan et al. [69] described and comgararious methods to measure the
inductance of the SRM. Three approaches to implémmenproposed method are described and
compared. One of them is the direct measuremeitxofinkage by hardware integration of the
winding voltage. Others are the indirect measurenoérflux-linkage by the measurement of
rising current at constant voltage or the measunénoé decaying current when the stator
winding is de-energized. However, the direct methequires an elaborate hardware circuit
including op-amps for integration and the measureraecuracy is affected by the temperature
sensitivity and offsets in the hardware circuit.tlhe indirect method, there is a difficulty in
maintaining the voltage across the stator windioigtiouously throughout the measurement.

Recently, digital methods using a personal computeata acquisition system have been
presented to acquire the voltage and current wavsfoand thereafter integrate and plot the
flux-linkage. Data acquisition system proposed7f][measures the flux-linkage characteristics

by integration of(vph—ith) with voltage and current recorded in digital stgeraoscilloscope

(DSO). However, it has the difficulty in accuraggeshronization of the trigger signal to excite a
winding with the trigger signal for sampling dataDSO. This produces numerical integration
errors. Furthermore, the variation of the resistaotthe stator winding due to thermal effects
leads to a drift in flux-linkage characteristichig measurement is not fully automated in terms
of controlling phase current during the test. Thenes improved digital methods [71-73] have

been published by constructing a PC-based digiggration system with controlling phase

current.

An off-line PC-based measurement scheme with ap@tepdata acquisition system
employing choppers for measuring the inductanc€RM was proposed in [71]. This method
conducts the measurement under condition closaptmal operation since the chopper circuit
for the measurement setup is similar to the SRMvedsr. However, this method requires
several hardware interface circuits including thepper circuit consisting of two transistors and
two diodes, the base driver circuit, and the cdraneuit as well as the integration routine in
software. The main advantage in [72] is that sdeafl acid batteries is used to excite the stator
winding. Due to very low source resistance, batteggulation is better than rectifying ac
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voltage with capacitor filters. However, two or radratteries are required in series, depending
on the resistance of the stator winding and th& paaent required during the test.

In [73], a fully automated and user friendly expegntal method for measuring the
magnetization characteristics of the SRM was prego3he proposed measurement method is
based on the graphical programming environment,VIEBW software. However, thermal
resistance changes are neglected during the tbst.p&€rvious methods have not taken into
account impact on flux-linkage by thermally indugedistance changes and eddy current effects.
Circulating eddy currents in motor laminations proel power losses in the machine and
decrease the magnetic field strength. The reducadnatic field diminishes the magnetic
inductance or flux-linkage and thereby the torquipot of the machine diminishes. Furthermore,
as current flows through the stator windings, tbgistance of the phase winding increases. At
the same time, heat is transferred from the phasdings into the stator laminations, causing a
temperature rise in the stator and electrical t@st® of the stator windings. Due to the
complexity of these nonlinear effects, it is neaeggo develop a fully automated experimental
environment for accurately measuring the flux-lipggacharacteristics of the SRM.

The proposed method in this research is basedagsain the frequency domain of AC
equivalent circuit by using a variable AC powerglypinstead of chopping the dc power supply,
the measurement system can be more simplified laadchopper for adjusting the DC power
supply becomes superfluous. This simplified ancdomated method measures the magnetic
characteristics of SRM drives using reconfiguraBRGA hardware programmed graphically
with National Instruments LabVIEW. The FPGA-basedeasurement system provides
advantages in the measurement and control of mlentichines due to the timing, triggering,
and custom logic capabilities of the reconfiguratiigset. A measurement methodology based
on 60 Hz sinusoidal excitation using a variable pdver supply is developed which provides an
alternative to time domain integration approachasnfiagnetic characterization. An automated
software environment provides the ability to actelsameasure voltage and current waveforms,
perform sensor calibration, acquire rotor angulsiton, and eliminate error from thermal and
eddy currents effects. The measured flux-linkagefilpr is correlated with FEA results for

validation of the proposed method.
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2.2 Measurement of Eddy Currents

Eddy current losses are generated due to the egestef circulating currents within the
body of a ferromagnetic material under conditiohga eime varying magnetic flux. Circulating
eddy currents in motor laminations produce powssés in the machine and decrease the field
strength. The reduced magnetic field decreasemtgnetic inductance and thereby the torque
output of the machine. The magnitude of the eddyect effect can be measured by taking the
difference between the measured input power anddpper losses while running the motor at
rated voltage and frequency under no-load conditidlle assume that the power dissipation
effects from windage losses due to air resistandefréction losses due to mechanical friction in
the machine bearings are negligible. Per phasevagui circuit of SRM with ac excitation is
shown in Fig 2.1.
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Fig 2.1 Equivalent circuit with the eddy current
In this figure, V is the RMS input voltage,,is the reactive voltage in the phase inductance of
the stator windingi is the current in the phase resistance of therstataling, i,is the reactive
current in the phase inductance of the stator windjis the eddy current through the eddy
current pathsR, is the AC phase resistance in the stator windRgs the eddy current-flowing
resistance and, is the phase inductance of the stator windingetms of the equivalent circuit,

the resistance of the eddy current paths at vewyflequencies is very high compared with the
reactance and all the current flows through theudtmhce providing magnetization in the

machine [74]. The power relationship in the Fig 8.given by,
P=P, +Py =I’R,+I. R, (2.1)

Pr, =P-P, 2.2)
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where Pis the total real power input (WR_ is the copper loss (W), anié;, is the eddy current

loss (W). Since using an AC single phase suppiméasure inductance, the machine will have

not only eddy current losses but also hysteresisel® They are obtained by subtracting the
copper losses from the total losses. However, gsitelosses are much less than those of the
eddy currents. (Hysteresis loss is 17% of the toba¢ losses and in fact 83% of the losses are
due to the eddy currents [75].) Therefore, the drgsis losses are neglected in this research. A

reactive voltage and an eddy current loBg | are also represented as,

V 2
Vm =V=ilR, , P, =L (2.3)
Re
whereV,, is the RMS value of,. Based on the above equation, the eddy currenirfpresistor
is obtained as following,
2
Pre
From the Ohm’s law, the eddy current is obtained @ren the current in the stator winding is

calculated as below.
g = —0 (2.5)
i =0 —ig (6.6)
Self-inductance is obtained by dividing the RMS gghanductance voltag¥,, by the product of
the angular frequency and RMS phase inductancerautr,, .
L, =— (2.7)

Flux-linkage is obtained from the self-inductaneécualated in equation (2.7) and the RMS value

of the phase current as,
An =Ll (2.8)

2.3 Measurement of Resistance Change Dueto Heating

The change in resistance of the phase winding @tentperature has to be integrated for
accurate flux-linkage measurements. Improper valigesistance can lead to drift in flux-
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linkage characteristics. Measurements are madesuwificient time gap between measurements
so that the temperature effects are minimized. dR@sivalues for copper at any temperature
other than the standard temperature (usually spdc#t 20 Celsius) are measured through the
following formula [76].

R=R, [1+a (T -T,)] (2.9)

where, Ris the resistance at temperature “R,; is the resistance at reference temperaliye

a is 0.004041, which is the temperature coefficidnesistance for coppet, is the temperature

in degree Celsius.

2.4 Experiments

2.4.1 Experimental Setup

The systems for measuring the flux-linkage of tHeMSconsists of two-phase SR
machine with 4 stator poles and 6 rotor poles,tarrdamping and disk, several CompactRIO
devices, an interface drive circuit between AC powepply and the CompactRIO devices,
LabVIEW 7.1, PXI-7831R reconfigurable 1/0 devicangsthe LabVIEW FPGA Module. Fig
2.2 shows the completed experimental measuremamnt $& flux-linkage profile of the SRM.
Clamping and disk are used to fix the rotor positio a given angle and to lock the disk coupled
with the machine shaft through an attached clamp.

SR machine

Encoder / Clamping and Disk  CompactRIO

£ [
i ;
i = B : »
19, i o -8
y ¥ A — e
i » f
g -

»

Fig 2.2 The measurement system for flux-linkagdilgrof SRM
- Photo taken by Keunsoo Ha on May in 2005
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AC power supply is connected to the interface dirtuough a single-phase transformer
as shown in Fig 2.3. The applied AC power supplgdgisted at every measuring rotor position
so that the maximum reactive peak current reacheidglthe test do not exceed approximately

the rated machine current of 8A.

VAC 3
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JP2-3:-15VDC

JP3-2:A10- at (¢cRIO-9215)-1
JP3-3:NC

JP3-4NC

JP3-5:A10+ at (cRIO-9215)-2
JP3-6:A10- at (cRIO-9215)-2
JP3-7:GND

e N_pfw_ﬁ;‘y: :

Fig 2.3 Interface circuit for measurement phas¢age and current

Power supply £15/) is connected through JP2 in order to operatectineent sensor and op-
amp. Two optically isolated cRIO-9215 modules (4muhel £10V , 16-bit simultaneous analog
input modules) are used so that the phase voltaddghe current are isolated and cannot share
the same ground. The phase voltage is measuredggthiane analog input module (cRIO-9215,
JP3-1 and JP3-2) by the mode of sensing floatifigrdntial signals. To keep the voltage within
the common-mode range of the module, the negata of the signal is connected to the COM
of the cRIO-9215 throughMQ . The phase current is measured through anothéogirgut
module (cRIO-9215, JP3-5 and JP3-6). The curremsagesignal is amplified through a non-
inverting amplifier circuit as shown in Fig 2.3 atiten converted to a voltage. The converted
voltage signal is connected to the cRIO-9215 iefarenced single-ended mode.

From Fig 2.4, RMS values for phase current and @hlattage of the stator winding are
measured by LEM current sensor (LA25-NP) with aosecorder low pass filter and an
amplifier and the voltage attenuator, respectiv@lige actual resistance variation due to the
temperature changes is measured by a cRI0-921ha@nrel thermocouple input module) with a

J-type thermocouple. A quadrature encoder is usembtain the rotor position and detect any
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variations in rotor position after clamping. Theceder signals are acquired using a cRIO-9411
(6-channel differential digital input module). A WdIEW FPGA application for decoding the
encoder signals is downloaded into the PXI-7831KAMnodule. This reconfigurable FPGA
I/O module is also used to collect the voltageremir, and temperature of the stator winding. The

measurement data is also then passed to a Windostsapplication for computing the flux-

linkage.
O
Encoder
33 e
Thermocouple
I
Current sensor Voltage attenuator
h 4 v b4 v
¢RIO 9215 cRIO-9215 ¢RIO 9211 cRIO 9411

cRT0-9151 R-series Expansion Chassis

PXI-7831R reconfigurable 'O module

Fig 2.4 Block diagram for experimental measurensgatem

The real-time based system initiates the measureofi¢he flux-linkage of the SRM and
the following steps are performed.
i) An offset error adjustment of the current sensamd voltage of the stator winding by
calibration process is performed.
i) The rotor position is reset and fixed every tmechanical degrees by clamping device. The
rotor position is obtained from the encoder and nline monitored by running the LabVIEW
software program.
iii) The stator winding is excited by AC power siygwhich is adjusted so that the stator current
can rise up to a desired steady state current value
iv) Phase voltage, phase current, and resistantizea$tator winding due to temperature raises
are measured and then real input power, copperdosisthe eddy current loss are calculated.
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v) Flux-linkage is calculated by multiplying thelfs@ductance and reactive current in the phase
inductance. These calculated flux-linkage, phaseent; and position are automatically stored
onto the disk drive.

Based on the above steps, the detailed flowcharttHe execution of the proposed

method performed on the LabVIEW environment is giireFig 2.5.

Calibrate phase current & phase voltage l
Eddy current
; R=7 [Be i =valR

Lock the rotor position L
at every two mechanical degree r

l Reactive current
l,=1- L
Adjust the AC power
l Inductance
Measure the power factor L= VT, fal,
l Flux linkage
Ji

m m

Measure the RMS value of current and |
voltage, temperature of the winding

Real power and Copper loss
P=VTcosd, B, =I'R,
Reactive voltage and Eddy current loss
V=V, Py = Py

Fig 2.5 The flow chart for the measurement of flunkage

The LabVIEW environment is based on the conceptirdfial instruments (VIs), which
can be defined as layers of software and hardveai@ed to a personal computer, in such a way
that the computer acts as a custom-designed instiurthe VIs is consisted of two elements,
which are a front panel and a block diagram. Thatfpanel is a graphical user interface used
for data presentation and control inputs. The lay&nind the front panel is called the block
diagram and is essentially the program that imptem¢he user-defined analysis, acquisition,
and control. The developed front panel in this papshown in Fig 2.6 and it allows the user to

enter the resistance of the motor, supply powegueacy, etc. and displays the rotor position,
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calibration data, and the measurement data inagutlie phase current, the phase voltage, the

eddy current losses, the resistance value duesttethperature raises, the flux-linkage, etc.

I Flux-linkage with temperature (host)-final.vi Front Panel
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Phase voltage [Vims] Phase current [Armns] Reactive current [Arms] Inductance [H] Flux-linkage [Wh]
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Fig 2.6 The front panel for the measurement of-flakage

The encoder used in the test has the resolutiohG86 counts per revolution and the
rotor position is represented as an absolute pos#nd relative position. The temperature of the
stator winding is measured by a J-type thermocoapteused to calculate the actual resistance.
The power and eddy current is calculated by thecjple in section 2.2. The power factor can be
measured by checking the time shift between tha@hkaltage and the phase current. It can be
used in calculating the active power and the reagtiower. The phase voltage and current is
acquired at a sampling rate of @8. This provides 256 samples per 60 Hz cycle. Teegse the
reliability of the calculated RMS values, the diwatof the acquisition should include at least
three 60 Hz cycles. The measured voltage and tirerduare used to calculate the flux-linkage.
The flux-linkage value vs. phase current vs. posiis displayed and is automatically stored on

the computer disk.
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2.4.2 Experimental Results

Experiments to measure the flux-linkage vs. curdaaracteristics are performed every
two degrees. The rotor position is automaticallyesband appended to a file at the end of each
test. As the tested SRM has 4 stator poles ando8 poles and is designed with curved stator
poles for self-starting, there is asymmetry betwtdenpositive and negative slope of the flux-

linkage. Experimental results from the proposechm@tare given in Fig 2.7 and Fig 2.8.
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Fig 2.7 Experimentally measured flux-linkage varent for O to 30 degrees at steps of 2 degrees
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Fig 2.8 Experimentally measured flux-linkage vssifion
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These figures illustrate the flux-linkage vs. th&rent and the flux-linkage vs. position. A
number of measurements were performed and theliflkage characteristics were plotted to
portray a set of magnetization characteristicsnFFags 2.7 and 2.8, the magnetizing curves are
very smooth and it can be noticed that the curvesdenser near aligned position than at
unaligned position. Flux-linkage curves were linaathe fully unaligned position, but nonlinear

around the fully aligned position, as expectedthiese results, we can observe saturation with

currents greater than 7 A.

2.4.3 Evaluation
For available two phases 4/6 SRM, experimental oreasents are performed in order to

compare flux-linkages to simulation results given EEA even though FEA method has a
variation depending on the elements used. The medsund finite element results of the motor

from the unaligned to aligned position with a stépwo degrees in the rotor position are shown

in Fig 2.9.
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Fig 2.9 Comparison of the flux-linkage at variousrent levels
From 2.9, there is high correlation in the aligmedion, but small discrepancies occur since it

may be attributed to the clamping action beingstaing enough to hold the rotor through the

torque, attempting to align the rotor with the msaistator pole when current is applied. Further,
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the steel manufacturers provide the inexact B-Hrattaristics and to a smaller degree, the
magnetic properties of the core material can beodesd due to the punching process.
Table 2.1 shows a comparison of the flux-linkagenbgasurement and finite element

analysis methods at discrete points to evaluatedhelation between the results.

Table 2.1 Comparison of the measured flux-linkage

Current Position Measured FEA Error
(A) (Degree) [Wb-turns] [Wb-turns] [%0]

0 0.087496 0.084159 3.81

10 0.077822 0.076428 5.34

’ 20 0.061711 0.057124 7.43
30 0.039639 0.035425 10.63

0 0.197373 0.195733 1.65

10 0.171717 0.169498 2.55

° 20 0.132155 0.129321 4.20

30 0.091079 0.088792 4.90

0 0.239582 0.239278 0.44

10 0.210998 0.209278 151

! 20 0.160824 0.157634 3.64

30 0.123702 0.120856 4.22

In the aligned position, both the analytical andté element results are close to the measured
flux-linkage with approximately 4% error. The maxim error is approximately 11% and the
error reduces as the current increases in the mgndt can be seen from Table 2.1 that the
magnetic characteristics from the proposed experiahenethod have satisfactory results. The
closeness of the values suggests that a high emdedcan be placed on the results obtained by
the real-time measurement method.

In order to evaluate the eddy current effects or-finkage, the eddy current is measured
using the proposed method in this research. Theetedf the eddy current on the flux-linkage at

the unaligned position is illustrated in Fig 2.10.
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Fig 2.10 Effect of the eddy current on the fluxkliige under the unaligned position

From Fig 2.10(a), the measured data representsftirenation without the eddy current, that is
to say, the eddy current is eliminated from thd ocearent of the stator winding, and the FEA
represents the information with eddy current. Fi0b) gives the percentage error for different
currents at the unaligned position. The error redwas the current increases in the stator winding.

The maximum error is found to be approximately 12%A. In spite of using laminated core to

14 24 3A 4A sA 6A 7A 2a
Current [A]

(b) Percentage error with the eddy current
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reduce the undesirable eddy current effect, tinmying current applied to the stator winding
produces an eddy current in the core in the dmaatanceling the original magnetic field. This

results in a reduction in the flux-linkage or selffuctance.

2.5 Conclusions

In this chapter, an automated method to measuselifiiage of the SRM has been
proposed and it has eliminated error from therreaistance changes and eddy current effects.
The measured flux-linkage has been compared with FESults for validation of the proposed
method. The following are believed to be originahtibutions of this chapter:

1) A method of magnetic characterization of the SRhgsc excitation independent of eddy
current effects and without the use of a dc choppsrbeen proposed.

2) The proposed method has been experimentally vériéied correlated with FEA of a
prototype SRM.

3) Excellent correlation between the proposed methbdneasurement and finite element
analysis results has validated the proposed apiproac

4) The proposed method has taken into considerat®wadhation of resistance in the winding
during measurements.

5) For a flexible measurement environment and usendlliness of the measurement system, a
LabVIEW environment has been developed. This gre#dktilitated the experimental

measurement.
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CHAPTER3 COMPUTATION OF FLUX-LINKAGE BASED
ON THE FIRST SWITCHING HARMONICS OF
PHASE VOLTAGE AND CURRENT USING
FOURIER ANALYSIS

3.1 Introduction

The general principle behind most sensorless scheawewed in Chapter 1 is that, if
one can measure flux-linkage or inductance togetligr phase current, then the rotor position
can be determined from the magnetic characterisfitse SRM. The accuracy of rotor position
information can be determined from an accurate oreasent of flux-linkage or inductance.
Hence, in the previous chapter, the automated rdethoneasure flux-linkage of the SRM was
proposed. With the proposed method, the accura@gtiiated rotor position can be improved
due to the reduction of magnetic characteristiorsrgenerated from thermal resistance changes
and eddy current effects.

However, the flux-linkage measured by this AC syesithte measurement method cannot
be used during machine operation since the cirmgblogy of the measurement system is
different from the converter in normal SRM drivés.SRM drives, the current flowing into the
stator winding is regulated by switching on or péiwer devices which connect each phase to a
DC power supply. Therefore, a new method of magradtaracterization in SRM drives for this
type of control is required and it is proposed dadeloped in this chapter.

The SRM control at a constant switching frequentythie converter causes to have
harmonic components in phase voltage and curresidé® dc components. With harmonic
analysis in frequency domain, harmonic frequenaymanents of phase voltage and current can
be obtained. If the fundamental frequency in harmepectrum of the phase voltage and current
is to the switching frequency, it is shown that thagnetic characteristics of the SRM drives can
be computed based on the decomposed first switdingionic components of phase voltage
and current. Assuming the resistance of the staioding is much smaller than inductive
reactance in an equivalent circuit for one phasethef SRM, inductive reactance can be

represented as the ratio of magnitudes of thedustiching harmonic phase voltage and current.
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Dividing the inductive reactance by the switchimgguency, phase inductance can be obtained
and flux-linkage can be obtained from the multiglion of phase inductance and current. Hence
rotor position information can be estimated frora thlationship between flux-linkage and rotor
position at a phase current measured in SRM drives.

If the SRM is controlled at a constant switchingginency, which is reflected in phase
voltage and current, we can assume that phasegeadtad current are continuous and periodic
with the switching frequency and thereby they cam decomposed into their frequency
components consisting of magnitude and phase aRglethe decomposition of phase voltage
and current in frequency domain, Fourier seriesfastiFourier transform (FFT) are selected. In
harmonic analysis of phase voltage and currentpdgoonent is ignored since the first switching
frequency component is only of interest in the s@achphase voltage and current.

A procedure to extract the first switching harmooa@mponents of phase voltage and
current in a PWM period is presented in this chaptea method using Fourier series, the first
switching harmonic component of phase current mpaed with the help of the slope of phase
current during turn-ON and turn-OFF times, assuntiveggradients of phase current are linear in
a PWM period. Higher slope of phase current in ihedware implementation leads to easier
computations for flux-linkage or inductance in a Mgeriod. Thus the hard chopping method,
one of methods in PWM control strategies, is sebkah order to obtain a higher slope in the
phase current.

On the other hand, in a method using FFT, phasag®land current are sampled at a
constant rate, at least two times the switchinguUeacy, in order to ensure that all relevant
information is contained in sampled signals. An-afiasing filter eliminates distortions in the
signal, resulting in sufficient attenuation at weqcies above the switching frequency. With
these considerations of the sampling rate andadiasing filter, the sampling rate and sample
size for FFT computation are presented. A procetiureompute the flux-linkage based on the
decomposed first switching harmonic componentshafsp voltage and current is presented in
this chapter.
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3.2 Fourier Series Development

The decomposition of phase voltage and current ther first switching frequency
components based on Fourier series is describiikisection. It was originally reported by Prof.
R. Krishnan and M. Wellner [64]. The SRM is conlfiedl at a constant switching frequency and
assuming phase voltage and current are continuaodipeariodic with the switching frequency,
they are decomposed into a weighted sum of sinakdidnctions. The first harmonic

components of phase voltage and current are witaeompute the inductance or flux-linkage.

3.2.1 General Form of Fourier Series
The Fourier series is a mathematical tool use@malyzing an arbitrary periodic function

by decomposing it into a weighted sum of much sanpinusoidal component functions. fi{t)
is continuous and periodic with T,(t) is expressed as sum of harmonic sine waves armad a d

value as,
f(t) = % + 3 [a, cosgat) + b, sin(ewyt)] (3.1)
n=1
where, for any non-negative integer

W, = n%l_—n, is the nth harmonic of the function bft)

T
:é[j f (t) Leos,t)dt, are the even Fourier coefficientsfdt), and
0

;
b, :éq f (t) Bin(wyt)dt, are the odd Fourier coefficients é{t)
0

Given a periodic signdi(t), straightforward calculations in trigonometric rforcan be

used to find the amplitude and phase angle in thei€r series development as,

f(©=c, Bint +4,) (3.2)

n=0
Periodic functionf (t) is decomposed into the following various forms as,
DC term: ¢, [Sin(g,)
Fundamental or first harmonic term:[Sin(ct + ¢,)

n-th harmonic termg, Sinwt + @, )
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If the first harmonic term in equation (3.1) is regented ag(t ,)it is expressed as,
g(t) = a cosit) + b sin(t) 3B
Comparing the first harmonic term in equation (3amh equation (3.3), we can represent the

phase angle and amplitude of the first harmonim tefra periodic functiorf (t ps,

L =t e 3.4
¢, =tan (bl) (3.4)

G =vay +bf (3.5)
Based on equations (3.4) and (3.5), we can contpet@amplitude and phase angle of the first

switching harmonic term in phase voltage and cuyiéri (t) is replaced with the phase voltage

and current, respectively.

3.2.2 Computation of the First Switching Harmonics of Phase Voltage and Current
3.2.2.1 First Switching Harmonic of Phase Voltage

In hard chopping PWM current control mode, thaultesg phase voltage waveform in
SRM drives is shown in Fig 3.1. T is a PWM periodierse of chopping frequency, and d is the

ratio of turn-on time to a PWM period, referredtias duty cycle.

v(t)
Ve

t _| Vg ,0st<dT
V(t)‘{—vjf JdTst<T

Fig 3.1 Phase voltage characteristic during one Pyghibd
A dc value in phase voltage is of no concern simeeare only interested in the first harmonic

term in phase voltage. The first harmonic of phastage is given by,

v, = % Ju(t) ost)dt (3.6)
v, = % v(t) Gin(et)dt 3.7)

By substituting/(t)in Fig 3.1 into equation (3.6), the coefficienttbe cosine part in the first

switching harmonic of phase voltage can be expdeasge
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dT T
v, =$ [V, [Gos@t)dt+ [(-V,.) E:os@t)dt}
0 a7

- 2V inr)
7T

(3.8)

By substituting/(t)in Fig 3.1 into equation (3.7), the coefficient thie sine part in the first

switching harmonic of phase voltage can be expdeasge

v, =20 [V, Bin@t)dt + [(-V,) l];in(ax)dt}
T 0 dT
y (3.9)
= Td - cos@rd)}

From equations (3.8) and (3.9), the phase angleaamditude of the first switching harmonic of
phase voltage can be expressed as,

v, = tan i (-aL) (3.10)
Vb1

Ve =4/Var + Vi (3.11)

Consequently, (t) the first switching harmonic function of phasetagk in trigonometric form
can be represented as equation (3.12) and it carttaé amplitude and phase angle as,
Vi(t) = Vg Sinfat + V) 13)

3.2.2.2 First Switching Harmonic of Phase Current

By the phase voltage applied to the stator windpitgse current increases when the
phase voltage is positive and decreases when #geploltage is negative. This phase current
waveform during one PWM period is shown in Fig..3Be gradient of phase current is linear.
It is very important that the current may have etéht values at the beginning and end of a

PWM cycle.
i)

4y i3 e 0<t<dT
4iy = dI

i _Wt ,dT<t<T
¢ i = 4iy - A,
dT , where

io:Ailmi%

T

Fig 3.2 Phase current characteristic during one Pyghibd
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The first switching harmonic of phase current carcbmputed as,

W s E! i(t) [Eost)dt 3.13)
=2 [}.(t) Sin(et)dt (3.14)

By substituting(t)in Fig 3.2 into equation (3.13), the coefficienttbé cosine part in the first

switching harmonic of phase current can be expdeasge

dTAI AI

E{ A L e msw)dt} (3.15)
3 dﬂll2 lo
_W[ﬁcosemwzm [$in(27d) -1} - [$in(27d)

By substituting(t)in Fig 3.2 into equation (3.14), the coefficient tbe sine part in the first

switching harmonic of phase current can be expceasge

E{Tﬁt [Sin(at)dt + J (e Al t) E‘kin(al)dt}

L-aT
=5 n2[ﬁsm(2m|) 27d [Gos@rd)} - [ﬂl—cosem)} (3.16)
L A 1+S|n(2m)—dEIOSQlU)}
(1-d)Or 2

From equations (3.15) and (3.16), the phase amgleamplitude of the first switching harmonic
of phase current can be expressed as,

= tan (L) (3.17)
I

iclz\/ia21+i§1 (3.18)

Consequently, (t) the first switching harmonic function of phasereat in trigonometric form
can be represented as equation (3.19) and it certtaé amplitude and phase angle as,

iy (t) =gy (BNt +i,,) (3.19)

3.2.2.3 Phase Difference
The trigonometric form of the first switching harmo of phase voltage and current in

equations (3.12) and (3.19) can be transformedambasor form as,
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P{w (1)} = Plv, Binat + vy} = v (3.20)

P{i, )} = Plic Bin(at +iy)} =iqe"” (3.21)
whereP{ } denotes phasor transform operator. Phase differeeteeen two instantaneous

phase angles is defined as,

¢= |V¢1 - i¢1| (3.22)

3.3 Fast Fourier Transform Development

Because the analog waveform consists of an infimitenber of contiguous points, the
representation of all their values is a practiogpossibility. Thus the analog values have to be
sampled at regular intervals and the sample valresthen converted to a digital binary
representation. Provided the number of samplesrdedoper second is high enough the
waveform will be adequately represented. The thealey necessary sampling rate is called the
is the frequency of the highest frequency sinusoid

Nyquist rate and if ., where f

max max

component in the signal of the significant amplguth this section, phase voltage and current
waveform will be sampled at regular time intervalsd the values of a time series will be

transformed into the frequency domain.

3.3.1Discrete Fourier Transform

Assume that a waveform has been sampled at ceegidar time intervall to produce
the sample sequend(nT)} = x(0),x(t),---,{(N -1)T]of N sample values, where is the
sample number froon=0ton=N-1. The data valuex(nT) will be read only when
representing values of a time series such as agelvaveform. The DFT aof(nT) is then
defined as the sequence of complex valiBgkQ)} = X (0), X(Q),---, X[(N-1)Q] in the
frequency domain, wher@ is the first harmonic frequency given 6y= 27/ NT . N -complex
DFT values in the frequency domak(k), are understood to represextkQ) and they are
given by,

N-1 _
X(K)=Y x(nT)e " k=01, ,N-1 (3.23)

n=0

54



In this equationk represents the harmonic of the transform compoaedtthe upper and lower
indices in the summation reflect the fact thk&T) =0 outside the randgg<n< N -1. X(k)

have real and imaginary components in generaladah thek -th harmonic
X (k) = R(k) + jl (k) (3.24)
and
X () =[R(K)? +1(K)*] 2 13)
and X (k) has the associated phase angle

d(k) = tan ™[I (k) / R(K)] 8)2

3.3.2Fast Fourier Transform

In this section, it will be shown how the computaal redundancy inherent in the DFT is
used to reduce the number of different calculatioesessary, thereby speeding up the
computation. The drawback of using DFT for pradtaggplications is its intensive computational

requirement. To compute each(k) defined in equation (3.23), for each valuekofdirect
computation ofX (k) involves N complex multiplications 4N real multiplications) andN -1
complex addition 4N -2 real additions). Therefore for computid samples ofX (k) for
k=01,--,N-1, N? complex multiplications andN(N —1) complex additions are required.

The DFT defined in equation (3.23) can be re-writs,

N-1

X(k)= Y x(nT)e 1™ k=01,,N~-1 (3.27)
n=0
Also, the factore™ 2N will be written aswj, , thus
W), =e 127N (3.28)
so that equation (3.27) becomes,
X (k) = Nfx(nT)ka” , k=01,---,N-1 (3.29)
n=0
where
W = g1 @ N)kn = CO{ZTnknJ - jsin[zTﬂmj , nk=01---,N-1 (3.30)
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The parameteW,"is called the twiddle factors of the DFT. The twigdactors have the
symmetry property,

WNZ =—wk | k=0,1,---,N/2-1 (3.31)
the periodicity property,

WEN =w | k=01,---,N/2-1 (3.32)
and the useful relationship to reduce the redungahthe DFT.
W =Wy, (3.33)

By reducing these redundancies, a very efficiegbrithm called the Fast Fourier Transform
(FFT) can be derived.

3.3.2.1 Decimation-In-Time Fast Fourier Transform

In exploiting the computation redundancy expresBgdequations (3.31), (3.32), and
(3.33), the data sequence is divided into two egagluences, one of even-numbered data, and
one of odd-numbered data. For the sequences tbdzpial length, they must all contain an even
number of data. If the original sequence consit@noodd number of data, then an augmenting
zero should be added to render the number of data &he terms in the even sequence may be
designated ax,, with n=0 to n=N/2-1 while those in the odd sequence becoxyg, .

Then equation (3.29) may be rewritten as,

N2 N2 o
—_ n n+
X(k) = ZXZnWN + ZX2n+1WN
n=0 n=0

N/2-1 N/2-1
= ZXZnWI\%nk -'-Vvl\ll< Zx2n+1Wl\?nk , k=01,-,N-1

n=0 n=0

(3.34)

Equation (3.33) give®V2™ =W,%, so that equation (3.34) becomes,

N/2-1 N/2-1
X(K)= Y %o WiGTs + Wi D %0 WY, . k=01, N~-1 (3.35)
n=0

n=0

Equation (3.35) may be written as,
X(K) = Xpp(K) +WEX (k) ., k=01,--,N-1 (3.36)
On comparison of equation (3.36) with equation93.2 is seen thaiX,,(k) is indeed the DFT

of the even sequence, whik,,(k is)that of the odd sequence. Therefore, the DHK) can
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be expressed in terms of two DFT%;,(k and X;,(k ). The twiddle factoM/,, occurring in
both X;,(k) and X,,(k) needs calculation once only. This-point DFT is converted into two
DFTs each ofN /2 points. This process is then repeated uX{k) is decomposed intdl /2

DFTs, each of two points, both of which are inigalmpled data. Thus, in practice, the initial
data is reordered and thi/2 two-point DFTs are calculated by taking the datpairs. These
DFT outputs are suitably combined in fours to pdeviN /4 four-point DFTs which are
computed and approximately combined to prodNcE eight-point DFTs which are computed,

and so on until the finalN -point DFT, X(k), is obtained. At each stage common factors which
are powers otV are incorporated to reduce the number of compddoutations. Thus the total
number of complex multiplications is reduced(ltb/2)log, N . Each butterfly contains two
complex additions so the number of complex addstioecomesl log, N . Fig 3.3 represents the
computation of N =8)-point DFT. We can see that the computation igpered in three stages,

beginning with the computations of M(/2) two-point DFTs, then 2{ /4) four-point DFTSs,
and finally, 1(N /8) eight-point DFT.

X210 Xu@

Fig 3.3 8-point Decimation-in-time FFT algorithm
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3.3.2.2 Decimation-In-Frequency Fast Fourier Transform

In previous section, Decimation-in-time FFT candixained by repeatedly dividing an
initial DFT of the form equation (3.29) into twaatrsforms, one consisting of the even number
terms and one of the odd number terms, until thi@inransform was reduce to two-point DFTs
of the initial data. An alternative approach, edllthe Decimation-in-frequency FFT, is to
separate the initial transform into two transformse containing the first half of data and the

other containing the second half of the data. Tiheaparates the frequency teix{k) into even

and odd samples &f. The N -point DFT can be split into two summations, onewdfich
involves the sum over the firdd /2 data samples and the second sum involves theNla&t

data points. Then, equation (3.29) can be rewraten
N/2-1 N-1
X(k)= 2 XMW"+ D x(mWy"
n=0 n=N/2
N/2-1 N/2-1 N (3.37)
= D MW + W2 Y x(n +E)w§n , k=041,---,N-1

n=0 n=0

SinceW*’? = (-1)¥, equation (3.37) can be written as,

N/2-1
X(k)y= > [x(n) + (—1)kx(n+%)}w,'\j” , k=01,--,N-1 (3.38)
n=0
The even numbered DFT coefficients are given by,
N/2-1 N
X (2k) = Z [x(n) + x(n+E)}W,5” ., k=01,---,N/2-1 (3.39)
n=0
and the odd numbered DFT coefficients are given by,
N/2-1 N
X(2k+1) = z {x(n) - x(n+3)}w,'§” ., k=021,---,N/2-1 (3.40)
n=0

This process of decomposition is repeated untilléisé stage consists of two-point DFTs. The
decomposition and symmetry relationships are redersom the Decimation-in-time FFT
algorithm. The bit-reversal occurs at the outpstead of the input and the order of the output

samplesX (k) will rearranged as shown in Fig 3.4. Consequerthig, computation of thé\ -
point DFT by the Decimation-in-frequency FFT regsi(N /2)log, N complex multiplications
and Nlog, N complex additions, just as in the Decimation-mdi FFT algorithm. The 8-point

Decimation-in-frequency FFT is given in Fig 3.4.
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X(0) & ) %21(0) X(0)
x(l).\ / XIM X21(1)>©< X(4)

* X(2)

x(2)

x(3) « X (6)
x(4) X@®
%) / /\i Ws: : 25 = X(9)
X(6)¢ i i—l %2(2) i:i x24(0); ; X®
o 45 %5 S

Fig 3.4 8-point Decimation-in-frequency FFT algbnit

3.3.2.3 Comparison of DIT and DIF Algorithms

For the Decimation-in-time FFT algorithm, it is ionpant to note that, if the input signal
data are placed in bit-reversed order before bagythme FFT computations, the outputs of each
butterfly throughout the computation can be plarethe same memory locations from which
the inputs were fetched, resulting in an in-platgo@thm that requires no extra memory to
perform the FFT. For the Decimation-in-frequené&yf Falgorithm, it is important to note that, if
the input data are in order before beginning th& Eémputations, the outputs of each butterfly
throughout the computation can be placed in biereed order memory locations from which
the inputs were fetched, resulting in an in-platgo@thm that requires no extra memory to
perform the FFT. The number of complex multiplioas required for both algorithms is the
same. In this research, only the first switchingnt@ic components of input signals, phase
voltage and current, are required for the companadif flux-linkage of the SRM and thereby the
sampled input signals do not need to be placedtirebersed order. Hence the Decimation-in-
frequency FFT algorithm is going to be used fordbeputation of the first switching harmonic

components of phase voltage and current.
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3.3.3 Computation of the First Switching Harmonics of Phase Voltage and Current
The FFT computation in real-time DSP system, inowhC28x DSP system will be
implemented, uses radix-2 decimation-in-time anglate FFT algorithmN -point FFT can be

computed with data sampling at the rate of at IBigsist frequency.

3.3.3.1 Sampling

Sampling is the acquisition of a continuous anaiggal at discrete time intervals and is
a fundamental concept in real-time signal procegssirherefore, the rate at which an analog
signal should be sampled to ensure that all thevaglt information contained in the signal is

captured or retained by sampling. If highest fremmyecomponent in a signal fs,,, then the
signal should be sampled as the rate of at I1Bfgt, for the samples to describe the signal

completely:
Fo22f . (3.41)

where F, is the sampling frequency. Thus, if the switchireptiency at PWM operation is 5 kHz,

then to preserve or capture all required informmatiothe phase voltage and current, it should be
sampled at 10 kHz or more. Sampling at less thanrdke specified by the Nyquist sampling
theorem leads to a folding over or aliasing effactghat the original signal cannot be recovered
if we were to convert to the sampled data backtiay.

In practice, aliasing is always present becauseide and the existence of signal energy
outside of the band of interest. The problem therdeciding the level of aliasing that is
acceptable and then designing a suitable antikagjddter and choosing an appropriate sampling
frequency to achieve this. In order to reduce ttiects of aliasing, sharp cutoff anti-aliasing
filters are normally used to limit the band of #ignal or the sampling frequency is increased so
as to widen the separation between the signal ajidfrequency spectra. Ideally, anti-aliasing
filter should remove all frequency components abitnvefold-over frequency, which is the half
the sampling frequency. However, the practical sasp of the anti-aliasing filter introduces an
amplitude distortion into the signal as it is nlat in the pass-band. Also, the signal components
greater than the stop-band frequency will be atited) but those between the cutoff and stop-
band frequency, which is called the transition Wwjdtvill have their amplitudes reduced

monotonically. The anti-aliasing filter should pide sufficient attenuation at frequencies above
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the Nyquist frequency. Because of the non-ideaparse of practical filters, the effective
Nyquist frequency is taken as the stop-band frequeim specifying the anti-aliasing filter, it is
useful to take the ADC resolution requirements itoount. Thus a filter would be designed to
attenuate the frequencies above the Nyquist freqyuema level not detectable by the ADC, for
example to less than the quantization noise IéMals, for a system using a B-bit linear ADC,
the minimum stop-band attenuation would typicaklly b

Avin = 20log(+/15 x 25*) )4
where B is the number of bits in the ADC aAg,,is the minimum stop-band attenuation in low-
pass filter. The values oA, for 10-bit and 12-bit ADC resolutions are 68 dB &80 dB,
respectively.

The use of an analog filter at the front-end of &PDsystem also introduces other
constraints such as phase distortion that the plesg®nse is not linear with frequency, so that
the components of the desired signal will be sdiftephase or delayed by amounts which are
not in proportion to their frequencies. The amaooindistortion depends on the characteristics of
the filter including how steep its roll-off is. Gemally, the steeper the roll-off meaning the
narrower the transition width, the worse the phadiséortion introduced by the filters, and the
more difficult it is to achieve a good match in ditygle and group delay between channels in a
multi-channel system. In order to minimize the ghdsstortion in the anti-aliasing filters, over-
sampling has been introduced in real-time signatgssing, so that the transition width is wider
and the phase distortion can be reduced. Over-sagnpdmbined with additional digital signal
processing leads to an improved signal-to-noige.réthen using higher sample rates, the noise
power is spread over a wider range of frequendiksrefore the effective noise power density at
the band of interest is lower at higher samplinggaand this leads to an enhancement of the
signal-to-noise ratio.

Assuming that each phase of SRM can be independdntlen with 10 kHz PWM
method and phase voltage and current of SRM ar@lsdnand acquired with 12-bit ADC real-
time DSP system, the band of interest frequencigsnds from 0 to 5 kHz and the first
switching harmonic frequency is 5 kHz. The antasiling filter should attenuate the levels of
frequencies in the stop-band to less than quardizabise level for the ADC, which is 80 dB in
12-bit ADC real-time DSP system, so that they aoé detectable by ADC. The third-order

Butterworth filter can be used because it has ldittebt pass-band region, so that it has the least

61



attenuation over the desired frequency range. Ghgohe folding frequencyk, /2 as the
effective stop-band frequency, then the minimumdang frequency can be computed as,

= Anin = 20l0g(H (f)))

07" 3.43
= 20log /[“(ffj ] (3.43)

where A, is the minimum stop-band attenuation, 80 dB forbit2ADC resolutions,H (f)and
f. are the gain and cutoff frequency of the thirdesrButterworth anti-aliasing filterf is the
folding frequency,F /2. From equation (3.43), we ha'e>107.7kHz=F,/2. Thus the
sampling frequency should be greater thdh4kHz. LettingF, = 250kHz, the aliasing level at

5 kHz can be obtained as,
1 _ 1

(5] e

The level of aliasing error relative to the sigleadel at 5 kHz can obtained as,

=85%x107° (3.44)

85x107°

x100= 0.0012[%] (3)4
0.7071

3.3.3.2 First Switching Har monics of Phase Voltage and Current

The FFT routines accept complex-valued inputs; effoee the number of memory
locations required i2N for N -point FFT. To use the available complex FFT progfar real-
valued signals, we have to set the imaginary gartsero. The complex multiplication oM -
point FFT has the form which requires four realtiplitations and two real additions.

(a+ jb)(c+ jd) =(ac-hd) + j(bc+ad) (3.46)

The number of multiplications and the storage resjuents can be reduced if the signal has
special properties. For example, if the input sigeareal, onlyN /2 samples fromX (0) to
X(N/2) need to be computed due to the complex conjugaieepty. If the input sequence is

purely real valued, then

X(-k)=X"(k)=X(N-k) , k=01,---,N-1 (3.47)
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where X (k) is the complex conjugate (k) . It has the equivalent meaning as,

XM +k)=X"(M-k) , k=0,1,---,M (3.48)
whereM =N /2 if N is even, orM =(N-1)/2 if N is odd. This property shows that the first
(M +1) DFT coefficients fromk =0to M are independent. Hence, the FFT frpoint real

valued sequence required +2 memory locations to compute the FFT, which is highl
preferable in contrast to the FFT that consurislocations forN -point real valued sequence.
By using equation (3.30), N-point FFT computatiepresented as equation (3.29) can be

expanded as,

X (k) = Nz_lx(nT)W,'\f”
=0

N_lx(nT) [ﬁco{ ' (2:( D , k=01,---,N-1

By twiddle factors, the output sequence of N-piRT FEomputation can be divided into real and

(3.49)

imaginary parts in equation (3.49). In most FFT goaons developed for general-purpose
computers, the computation of twiddle factors isbedded in the program and the twiddle
factors only need to be computed once during thegram initialization stage. In the

implementation of FFT algorithm on DSP controllgris preferable to tabulate the values of
twiddle factors so that they can be looked up dutime computation of FFT. Hence, twiddle
factors are initialized in memory as SIN and COfies Storing twiddle factors would require
N locations, which isN /2 samples containing half cycle of SIN ahd/2 samples containing

half cycle of COS. In this research, the first hanm of input functions, phase voltage and
current in this research, are only needed for FBimputation and thus the first harmonic

component of equation (3.49) can be expressed as,

X @ =x(0)+x(@) Eﬁco{ =] sm(2 j+ x(2) [ﬁco{— D?j =] sm(% D?D
[ﬁ (3.50)
+Xx(N -2) co{— N - 2)} -] sm(— (N - Z)D

+x(N -1 [ECO{—HN 1)) - jSIﬂ[Z— (N - 1)))
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Real and imaginary parts of the first harmonic mgdut function can be divided into equations
(3.51) and (3.52) and consequently to compute itise tiarmonic of N-point FFT, it requires
N/2multiplications andN +1additions for real part antl/2multiplications andN —1additions

for imaginary part.

Re[X(l)}:x(o)—x(%j+ X +x(N - 1))@0{2@ (x(@) +x(N - 2))@;0{2N” Dzj

SRR )
(SRR

Im{X (L)} = (x(1)+x(N 1) E'kln(zNﬂ +(=x(2) +x(N - 2))mn(zl\|” Qj

(s o2
RESEERES

Hence N locations are required to store the abeiddte factors:N/2 samples containing half
cycle of SIN function and samples containing haifle of COS function. These SIN and COS
values are saved into a memory of DSP controlleotapute the first harmonic of input function.
In this research, the SRM is controlled at the dwitg frequency of 5 kHz and phase
voltage and current are sampled at the rate ofkP&Oto reduce the aliasing effect in sampling,
where the size of FFT (N) is 50 samples and ths¢ fimrmonic frequency is given by 5 kHz.
Hence 25 values of SIN and 25 values of COS atlized into a memory of DSP controller. If
the sampled sequence of phase voltage is represasfe(n)} =v(0),v(@@),---,v[(N —-1)] of N
sample valuesN point FFT values of phase voltage in frequency @onare represented as
{Vik}=vO,v@,--,V[(N-1)], wherek is the harmonic number. Hence the first harmonic
component in the FFT computation of phase voltageepresented ag () and real and

imaginary components of (1) are obtained from equations (3.51) and (3.52).réfoee, the
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amplitude and phase angle of the first harmonic proment of phase voltag¥, (lcan be

expressed as,

Ve = (ReVA)})? + (Im{v )} (3.53)
o Imv)
Vg =tan (—Re{\/(l)}] (3.54)

whereV (1) is the first harmonic component in the FFT compaoiaof phase voltage and
Re{v(@)} andIm{V (1)}are the real and imaginary part\f ,(fespectively. Similarly, if the
sampled sequence of phase current is represenfethgs=i(0),i 1),---,i[(N —1)] of N sample

values, N point FFT values of phase current in the frequedoyain are represented as
{1(Kk)}=1(),1 @, --,I[(N-1)], wherek is the harmonic number. Hence the first harmonic

component in the FFT computation of phase currentepresented abk(l) and real and
imaginary components df(l) are obtained from equations (3.51) and (3.52).r8fbee, the
amplitude and phase angle of the first harmonic pmment of phase current(l), can be

expressed as,

=y (Refl @)} + (Im{11)} ) (3.55)
L (m{y}
5 =tan (—Re{l(l)}j (3.56)

where | () is the first harmonic component in the FFT compataof phase current and

Re{l1)} andIm{I(1)} are the real and imaginary partiofl) , respectively.

3.3.3.3 Phase Difference
Given phase angles of the first switching harmasfiphase voltage and current in a
PWM period, phase difference between two instamasn@hase angles in a PWM period can be

defined as equation (3.57) and it gives a valuadmans that varies from 71to 7.

B = Vg ~igg) (3.57)
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3.4 Computation of Flux-Linkage

For most doubly salient motors with windings coricatied on stator teeth or poles, the
mutual coupling between phases is small and theag®elequation for one phase winding of
SRM can written in terms of the current and fluxkkge for that phase as,

v(t) = R +% (3.53)

wherev is the terminal voltage, is the phase currenRis the phase resistance, ahds the
flux-linkage linked by the stator winding. In a diy salient configuration of SRM, the flux-
linkage is a function of the rotor position and gdecurrent. Thus, equation (3.53) can be
expanded as,

vity=Rrm+ 94 dl, 91d6 (3.54)
3 dt . 96 dt

where%—/_1 is the incremental inductance and the third temihe right side of (3.54) is a back
[

emf generated from the variation of the rotor positThe flux-linkage can be described as the
multiplication of the phase current and inductaat¢he stator winding, which is a function of
the rotor position and phase current. Thus, byewglg the mutual inductance between phases,
the differential equation governing the dynamicshef SRM can be expressed as,

=R Oy 0000
dt 9 dt 086 dt
(a2 902

g dt di ) dt

(3.55)

Neglecting the nonlinear effects of the saturafiorequation (3.55), an applied voltage being
equal to the sum of the resistive voltage dropuatide voltage drop, and induced back emf,

respectively, is given as,

vty =R+ LR 4, PE (3)56
dt dé

where w, is the rotor speed arnds the inductance dependent on the rotor positimh hase

current. The induced back emf is defined as,

et) =i D%E—lj—; (3.57)
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Where% can be defined as a back emf constant simildrabdf the dc series excited machine.

The back emf constant is dependent on operating poid can be obtained with constant current
at the point. Using the phase voltage dynamic éguaincluding the induced back emf
expression, the equivalent circuit for one phas#®iSRM is derived and shown in Fig 3.5.

0, 220 o N
AR

@ ¢

Fig 3.5 The single-phase equivalent circuit of SRM

The voltage equation, then, is given by,
v(t)—e(t)=R[ﬂ+LBg—l .18)

If the SRM is driven by PWM current control strageand the voltage source is periodic function

with the fixed chopping frequency,, the equivalent circuit of the SRM is represeriggimple

resistor and inductor circuit in Fig 3.6.
it

@ :

o

Fig 3.6 The simplified equivalent circuit of SRM

Assuming the resistance of the stator winding i€lmemaller than the inductive reactance since
the chopping frequency is usually in the range ¢d 20 kHz, the equivalent circuit of SRM is

simplified into purely inductive circuit and thedactive reactance is expressed as,

X, =L =Y (3.59)
Icl
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wherewz? is the fundamental frequency of the voltage sowgeis the amplitude of the
S

first switching harmonic phase voltagg, is the amplitude of the first harmonic phase aure
andT,is the reciprocal of switching frequency of PWM rag applied to the stator winding.

Finally, the inductance of SRM is estimated by gsihe first switching harmonic of phase
voltage and current and the inductive reactantkdrsimplified equivalent circuit of the SRM.

L=Vagls (3.60)

g 207
Therefore, by multiplying equation (3.60) by theeeage phase current in a PWM period, flux-
linkage is obtained as,
A=LII (3.61)

where| is the average phase current flowing into theostatinding for a PWM period. The

flow chart for computing the flux-linkage in a PWbériod is represented in Fig 3.8.

| Calculate the first switching harmonic of phase voltage |

‘ Fourier series - FFT ‘
Vy by (3.8) Re{(V(D} by (3.51)
Vi by (3.9) Im{(V(D)} by (3.52)

| Calculate the first switching harmonic of phase current |

l Fourier series e FFT L
ig by (3.15) Re{(I (D} by (3.51)
b by (3.16) IM{(1(D} by (3.52)
| ® |
Calculate the magnitude of the first switching harmonic of phase voltage and current
i Fourier series - FFT ‘
Vg by (3.11) Va by (3.53)
i by (3.18) i by (3.55)
[ t |
Calculate the phase angle of the first switching harmonic of phase voltage and current
l Fourier series - FFT l
Vg1 by (3.10) Vg1 by (3.54)
igr by (3.17) ig1 by (3.56)
| ® |
Calculate the inductance
L=Yagls
i 2
Calculate the flux-linkage|
A=LII

Fig 3.7 The flow chart for computing the flux-lirdg@in a PWM period
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3.5 Conclusons

In this chapter, a new method of magnetic charaetigon in SRM drives for PWM
current control has been proposed based on harnr@gjaency analysis in frequency domain.
The following are believed to be original contrilomis of this chapter:

1) A new method of magnetic characterization in SRMel for PWM current control under
hard chopping has been proposed.

2) The proposed method used the first switching harmmoomponents of phase voltage and
current in a PWM period.

3) For the computation of the first switching harmomiemponents of phase voltage and
current, the decompositions of phase voltage aneicuinto their first switching frequency
components through Fourier series and FFT have fregosed.

4) The magnetic characterization of the SRM by theppsed method is used for rotor position

estimation with given phase current.
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CHAPTER 4 ESTIMATIONALGORITHM

4.1 Introduction

Position estimation without a mechanical positiemsor is considered to be desirable
due to the compactness in weight and volume, lawst due to elimination of the mechanical
assembly and mounting associated with a rotor iposisensor. The driving factor behind
sensorless operation of any electrical drive inclgdhat of SRMs is the quest for low-cost
drives having high performance. A comprehensiveerg\of the sensorless position estimation
methods for SRMs was discussed in Chapter 1. Depgiot the technique adopted, the position
estimation methods were classified into four mgjaups.

References [2-25] used terminal measurements ofeaphase voltage or current and
associated computations to estimate the rotoriposiMost methods do not need any hardware
for sensing signals except for phase voltage amckereu In addition, they do not need any
probing pulses. However, they may produce largegmesibn errors near zero speed if the
motional back emf is neglected and improper measent of the winding resistance will lead to
an erroneous estimation.

References [26-28] estimated rotor position by gisimutually induced voltage in an
inactive phase in the chopping mode. Mutually iretligoltage is very small in magnitude and
appears across the inactive phase, therefordiffisult to extract rotor position information by
capturing the mutually induced voltage.

References [29-49] used low-level and high-freqyesignals injected into an inactive
phase to obtain phase inductance variation whiclhén mapped to position information.
However, the injected signals in these methods riedok low to minimize negative torque,
avoid inter-phase coupling effects, and minimize tlolume and cost of external injection
circuitry.

References [50-63] used intelligent control methoosisting of fuzzy models and
artificial neural network controllers. These methodre not dependent on the magnetic
characteristics of the motor, thus independentasimeter variations and disturbances. However,
a large number of computations for the traininghaf neural network and many fuzzy rules are

required to have high accuracy position estimation.
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With a review of previous literature relating teeteensorless position estimation of the
SRM, a robust position estimation technique to coere these detrimental effects will be
necessary and a novel position estimation metho8RM drives is presented in this chapter.

If flux-linkage is measured together with phaserent, rotor position information is
determined from the relationship between flux-lig&aand rotor position at given phase current.
In Chapter 3, a new measurement method of fluxalygk in SRM drives based on the
decomposed first switching harmonic componentshasp voltage and current in a PWM period
has been proposed. Phase inductance of the SRidtimated by using the first switching
harmonic components of phase voltage and currehtf@inductive reactance in the simplified
equivalent circuit of the SRM. Flux-linkage of tB&®M is easily obtained by the multiplication
of phase inductance and the average phase cunrarRWM period.

However, if phase current flowing through a statording is controlled by regulated dc
current with a small variatioal , phase inductance can be expressed as the rativanfie in
flux-linkage to the corresponding change in phaseent and is given as,

M
Al

where AA is the variation of flux-linkage established by pplied phase current aidl is

L 4.1)

the variation of phase current at regulating agpikase current. A typical flux-linkage curve
with respect to phase current of the SRM is illatstd in Fig 4.1.

A4 L =M, Incremental inductance

A A
L= *, Self-inductan!
: ref

B T

Fig 4.1 Typical flux-linkage vs. phase current cweristics of the SRM
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From Fig 4.1,1 . is the regulated phase current valégjs the current rotor positionl, is the

flux-linkage at(l .6, ). Al is the current band in regulating phase curremd, &/ is the flux-

ref 1

linkage band when phase current is controlled betwe, —A—Zl and | +A—2|. Self-inductance

L, which can be referred as apparent or static irheet [77, 78], is defined as the slope of the

straight line from the origin through the actualemgiing point on the magnetizing curve.

Incremental inductancg, , which can be referred as dynamic inductance T8J, is defined as

the ratio of change in flux-linkage to the corresping change in phase current at the operating
point on the magnetizing curve.

Obviously, it can be noted from Fig 4.1 that thE-seluctance is equal or very close to
the incremental inductance when the magnetic natisrinot saturated. However, both self and
incremental inductance will gradually decrease las material becomes saturated. Hence
incremental inductance is significantly less thiaa torresponding self-inductance. Similarly, at
the rated phase current, incremental inductanaeases initially up to a certain rotor position
similarly to the self-inductance and then decreasethe rotor moves towards aligned position
because the iron is saturated at the aligned posdr high phase current. Hence even small
variations of the incremental inductance at theraijpey currentl ; in saturated region causes
an increase in the position error and thus theracy of the estimated rotor position will be low.

Fig 4.2 shows their characteristics at 2 A, 3 AJ 4MA when phase currents are regulated with a

switching frequency of 5 kHz.

0.05¢
0.045 w{2[A]
3[A]
0.040
4[A]
0.035
0.030

T 0.025
0.020
0.015
0.010 -
0.005 7

| | |

| | |

1 1 1
42 50 58 66 74 82 90 98 106 114 122
[Deg]

Fig 4.2 Incremental inductance at 2A, 3A, and 4/ewkhe switching frequency is 5 kHz
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In addition, the variation of the incremental inthrce at constant rotor position
produces variation of phase current waveform asrtter pole moves towards the aligned
position as shown in Fig 4.3. It shows the varatod phase current at the unaligned, mid, and

aligned positions when the phase current commaRdisnd the switching frequency is 5 kHz.

Fig 4.3 Phase current at the unaligned, midpoid,aigned position when =2Aandfpy =5kHz

6: 132 0.0133 0.0134 0.0135 0.0136 0.0137

(b) Phase current at the mid position
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(c) Phase current at the aligned position

In SRMs, flux-linkage is a function of the rotor gaon and phase current and it can be
described as the multiplication of phase currerd amlf-inductance of the stator winding.
Neglecting the mutual inductance between phasesydftage equation for one phase of the

SRM is given by,

v(t):REﬂ+ﬂﬂ+ﬂ% 4.3)
oi dt 06 dt
From equation (4.3), the rate of change of phas@cuwith respect to time can be derives as,
041 d6
ﬂ:V_R[ﬂ_ﬁa (4 4)
dt 04 '
oi

Considering the nonlinear effects of the saturatsmuation (4.4) can be expanded as,

di v—-RO-i Bg—:;o(ljf
2o 4.%)

dt L
0i

When a positive voltage is applied to the statandivig during turn ON as the rotor pole is

moving towards the aligned position, the rate cirgfe of inductance with respect to phase
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current at a constant rotor position is negative the incremental inductante at constant rotor

position in the denominator of equation (4.4) \wdo than the self-inductante

oL <0 | L__a/l

V>o ) . i T A
0i |on oi

<L (4.6)
ON

Hence, as the rotor pole is moving towards thenaligposition, the rate of change of phase
current with respect to time increases during Qi as shown in Fig 4.3. On the other hand,
while a negative or zero voltage is applied todtaor winding during turn OFF as the rotor pole
is moving towards the aligned position, the rateledinge of inductance with respect to phase

current at constant rotor position is negative #redincremental inductanée at constant rotor

position in the denominator of equation (4.4) \wdo than the self-inductante
% L :ﬂ

vs0 |, — i
0i |orr

<0 , <L (4.7)

0i opr

Hence, as the rotor pole is moving towards thenaligposition, the rate of change of phase
current with respect to time decreases during @Ff as shown in Fig 4.3.

Therefore, this incremental inductance or the wanmaof flux-linkage given by equation (4.1) is
not used for estimating the rotor position since yariation of the incremental inductance with
respect to rotor position is too small to estimidwe rotor position as the rotor moves towards
aligned position. This makes it difficult for pasit estimation being useful in SRM.

In the proposed position estimation method, therrgiosition is estimated from the
dynamic mapping of flux-linkage or inductance veage current vs. rotor position relationship
given by FEA. Therefore, the method to convert itteremental inductance to be compatible
with FEA results, self-inductance or flux-linkags,presented in this chapter. The incremental
inductance at a given phase current and rotoripos converted into the flux-linkage in this
development. With the estimated flux-linkage, tb#r position is obtained from the relationship

between the flux-linkage and rotor position at giydase current.

4.2 Flux-Linkage Estimation

From Fig 4.2, at low current, such as I=2A fawa-phase 6/3 SRM (6 stator poles and
3 rotor poles) being employed in this researchnigue rotor position is defined by the given
phase incremental inductance between its unaligmedaligned position. However, at medium

or high current, such as I=4A or higher, the phaseemental inductance starts to fall off from
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the mid-point of the unaligned and aligned positibrexhibits the same incremental inductance
at multiple rotor positions for given phase currértterefore, the gradient of flux-linkage with
respect to phase current increases when low cuiseapplied to the SRM, but it decreases
rapidly as phase current reaches its rated valdeadls to multiple rotor position values when
estimating rotor position using the incrementaluctdnce and given current for that phase. To
solve this problem, several schemes have beenshebliin literature.

Relevant work:Acarnely et al. [2] first suggested the waveforetedtion method using

the variation of the incremental inductance asretion of phase current and rotor position. By
monitoring the incremental inductance, the rotosipon can be detected indirectly. The

variation of incremental inductance is reflectedhia phase current rise and fall times. Thus the
rotor position can be estimated effectively by momng phase current rise and fall times. The

current rise and fall times in a PWM cycle can kpressed as in the following,

A
T = 0i G (4.8)
v-ro-229¢
96 dt
By,
S i 4.9)
£ = .
_v -Rrn-24d¢
90 dt

whereT, is current rise timeT; is current fall time,d is hysteresis current bantljs average

current,V is supply voltageRis phase winding resistancg}/dl is incremental inductance, and
(04/06) [1d G/ dt) is motional back emf. During normal operation, B@ supply voltage is much

greater than the resistive voltage drop and theomalt back emf. Assumingl is kept constant,
the PWM current rise and fall times are then diyegtoportional to the incremental inductance
varying as a function of rotor position and curréftierefore, the possibility of using the current
rise and fall times in the active phase for positdetection is suggested. However, the main
problem of this method is that no account is tatethe back emf influence on the current rise
and fall times. In order to overcome this back efiéct, S.K. Panda et al. [3-6] carried out
detailed mathematical analysis and experimentpdsition estimation using the current rise and
fall times in an inactive phase. If a diagnostigrent of small magnitude is applied to the
inactive phase, the current rise and fall timeshi& inactive phase are measured for position

detection. Therefore, the influence of back enmhisimized even at high speeds. This method is
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applied to 4-phase and 3-phase SRM. By compariad?iWM current rise or fall time with pre-

selected detect timg, , rotor position information can be estimated asashin Fig 4.4 [6].

Rise or ! ! !
Fall Time ! ! !
T, orTs : : :
Tq : : l
1 i : 6[deg]
Aligned Unaligned & Aligned
Position Position Position

Fig 4.4 PWM current rise or fall time vs. rotor pims
When the current rise or fall time falls below thee-selected detect tin®g,, the phase being

excited is commutated and another phase in exaitaequence is to be excited to produce a
positive torque. However, the negative torque cangbnerated due to the diagnostic current
pulse applied to the inactive phase and it requardsa hardware to compare the current rise or

fall time with the pre-selected detect time. Inifidd, by varying the pre-selected detect tiffje,

the torque-speed characteristics of the SRM caalteeed. In order to overcome the drawback
leading to multiple rotor positions in estimatirggar position information using the incremental

inductance at medium and high currents, Hongwal.4lL.1] used phase incremental inductances
of multiple active phases and they have one-torefaion with the rotor position at any phase

current. This method is applied to an 8/6 SRM. @pproach is illustrated in Fig 4.5 [11].

E[H]

f[deq]

f[deq]

-30 -15 0 15 30

Fig 4.5 The rotor position estimation method usimgemental inductances of multiple active phases
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As shown in Fig 4.5, when the rotor position ishegt region A,—30°<§-15°, phase A is active
and the rotor position is estimated from the inaatal inductance of phase A. On the other
hand, when the rotor position is at the region-B5° < 8 < 0°, though phase A is still active, the
incremental inductance of phase A loses uniquemessus rotor position at high or medium
currents, and thus it is not used to estimate obar position. However, phase B is excited for
positive torque production and its incremental rtdace has one-to-one relation with the rotor
position, and thus it is used to estimate the rptsition. For the 8/6 SRM, the relative position
displacement between two phasel$. Thus there exist four phase incremental indu&anc
regions having one-to-one relation with the rotosipon and positive torque production, within
an electrical cycle of the 8/6 SRNd(°. These phase incremental inductance regions arktas
estimate the rotor position. Therefore, this metisoalseful only if phase incremental inductance
regions having one-to-one relation with the rotarsipon and positive torque production
consecutively exist within an electrical cycle bEtSRM. However, in case of the SRM with
non-uniform air gap, this method is impossible fiplg because the self-inductance is not
symmetrical and in addition, phase incremental ataluce regions having one-to-one relation
with the rotor position and positive torque prodoictdo not consecutively exist within an
electrical cycle of the SRM. Therefore, this methednot appropriate for estimating rotor
position of the prototype, two-phase 6/3 SRM witioa-uniform air gap.

Proposed approachn order to overcome these drawbacks such as éaxdkeffect at

high speed, negative torque generation due toilgmdstic current pulse into the inactive phase,
and the restriction to the SRM with the symmetriagaductance profile, a novel position
estimation method using the incremental inductaiscg@roposed. In the proposed position
estimation method, the incremental inductance iweded into a flux-linkage or self-inductance
to be compatible with FEA results, resulting inmstting an accurate rotor position at the region.

Flux-linkage is chosen in this research and thpg@gch is illustrated in Fig 4.6.

A A i)

Ay 5

dT dT
T T

Fig 4.6 Flux-linkage and phase current in a PWMaquer
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The flux-linkage in a PWM period can be drawn oae kaft side of Fig 4.6, assuming that the
ringing and glitches of phase current at the irtstswitching are ignored as shown in the right
side of Fig 4.6 and the hard chopping PWM curremtol| strategy is chosen for PWM
operation. The flux-linkage of the stator windirendoe calculated by taking the time integral of
the difference between the applied phase voltagetla® voltage drop across the stator phase
resistance.

Case (i): Turn ON

dT
A, = [(v=Ri)dt+, (4.10)
dT
A,-A=[(v-Ri)dt (4.11)
0
hA _WemRUWET |, o (4.12)
dT dT
Case (ii): Turn OFF
A,= [(v=-Ri)dt+4, (4.13)
dT
A,-A,= [ (v=Ri)dt (4.14)
dT

A=A, _(V -RI)A-d)T
1-d)T @-d)T

whereV,, is the DC supply voltage] is the duty cycle], is the average current during turn

=-V,_ —-RO (4.15)

ON time, andl; is the average current during turn OFF time. Asegnthat the average

currents during turn ON and turn OFF times areecloseach other and neglecting the resistive
voltage drop compared to the DC supply voltage,rétationships between the slopes of flux-
linkage with respect to time during turn ON andht@FF can be simply expressed as,

A=A :| A =4, | (4.16)
| dT | |@-d)T|
Defining “a” as the slope of flux-linkage with resy to time during turn ON,
/]2 _/11
=22 4.17
dT ( )

By the definition of incremental inductance,=AA/Al , the slope of flux-linkage with respect

to time, “a”, can be rewritten as,
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(4.18)

whereAl, =1, -1, as shown in Fig 4.6. From equations (4.16) anti8 .the flux-linkage in a
PWM period, A;, can be represented as the slope of flux-linkaigje nespect to time during turn
ON and the duty cycle applied to the stator windaridn DC bus voltage and it is given as,
Ay=—alll-2d) T+, (4.19)
Fig 4.7 shows the flux-linkage calculated from heremental inductance. From Fig 4.7,
the measured flux-linkage estimated from the ineneta inductance has one-to-one relation

with the rotor position at any phase currents dredrbtor position can be estimated from the

flux-linkage and measured phase current in a PWikbge

0.5

041

Flux- 0-3]
linkage
[V-s]
0.2r

0.1p

:5'0 éO 7'0 86 9;0 160 liC léC
Position [deg]
Fig 4.7 Measured flux-linkage estimated from inceatal inductance
However, the measured flux-linkage estimated fromihcremental inductance is dependent on

time as in (4.19) and hence it is varying with exgfo the rotor speed as shown in Fig 4.8.

0.5

0.4

Flux- 0-3
linkage
V-s
(V=] 0.2f
0.1

Aligned
Unalignm

i s S S S - —
O0 50 100 150 200 250 300 350 400
Speed [rpm]

Fig 4.8 Measured flux-linkage estimated from inceaal inductance vs. rotor speed at 2A when the
switching frequency is 5 kHz
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Fig 4.8 shows the variation of the flux-linkageimstted from the unaligned to aligned position
according to the variation of the rotor speed. FFog4.8, the estimated flux-linkage is larger as
the rotor speed is lower, while it decreases Sicamitly as the rotor speed is higher. At the end of
each conduction period for each phase, the fluxaye is to be reset to zero to reduce the error
accumulated at the flux-linkage estimation. Howeesen using a zero initial condition during
the flux-linkage estimation, the flux-linkage erecumulated during a phase conduction period
never goes to zero. Hence at lower rotor speediswar current, the estimated flux-linkage by
using the slope of flux-linkage during turn-ON Hasge errors, leading to increase the position
error. It was mainly attributed to the assumptibattthe phase current and flux-linkage are
linearly varying as shown in Fig 4.6.

In contrast to the assumption, phase current ig#gtnon-linear with respect to time due
to the saturation effect as the rotor pole movegtds aligned position as shown in Fig 4.3.
Moreover, the gradients of phase current during-@N and turn-OFF times are steeper as the
rotor pole moves towards aligned position due &dbcrease of the rate of change of inductance
with respect to phase current at constant rotoitipns The non-linearity and higher gradient of
phase current generated as the rotor pole movesdsvaligned position incurs the non-linearity
of flux-linkage. Therefore, the non-linearity ofgge current and flux-linkage in a PWM period
produces a large numerical integration error agdb@ pole moves towards aligned position. In
addition, the accumulated flux-linkage error inceaduction period must be larger at lower speed
where the phase conduction period is longer.

It should be noted that the estimated flux-linkage PWM period depends on the rotor
speed as well as the estimated rotor position aedsored phase current. However, the flux-
linkage estimated from the incremental inductarfoeukl be a unique value regardless of the
rotor speed and represented as a function of qmeition and phase current in order to be
compatible with FEA results every PWM period. Thiere, the flux-linkage estimated from the
incremental inductance should be scaled down doue a unique value varying as a function
of rotor position and phase current regardlesefrotor speed. This approach is illustrated in
Fig 4.9.
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@ Original flux-linkage obtained from a DSP (solution (1))
@ Converted flux-linkage obtained from a DSP (solution (2))

Fig 4.9 Conversion a flux-linkage estimated fromraremental inductance into a unique flux-linkage
If we assume that the variation of the rotor spisegmall during phase conduction, the flux-
linkage estimated from the incremental inductarice,can be a unique value over phase
conduction period, based on the calculation§ Qf A psp: and)Tc given at a certain rotor

speed in a PWM period.
a) wa
By the assumption that the rotor speed is not Sogmtly varying during phase

conduction period]J,, corresponding to the conduction time can be ddrass

Hoff _Hon .
TdW:T, (if wz0) (4.20)

where 6. is the commutation angle where the stator windsngot energized and its unit is

radian, g,,,is the excitation angle where the stator windingriergized and its unit is radiag,is
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the rotor speed estimated by the derivative ofest@mated rotor position and its unit is rad/s,
and T, is the conduction time with the unit of second.
b) Amax_DSP

It can be seen from Fig 4.9 that a trian®#BC is similar to a trianglAAED since two

pairs of corresponding angles are congruent andeifdefineA, ., pspas the maximum flux-
linkage at the instant ofy, commutating a phasel,,, pspcan be expressed as equation (4.21)

due to the proportionality of the correspondingesidf similar triangles.

A (4.21)

wheret,,, is the time elapsed after exciting a phaisds the flux-linkage estimated from the
incremental inductance before scaling.
C) Ac

By using the property of the similarity betweerriarigle AAED and a triangleAFHJ ,

Amax_rea €anN be defined as the maximum flux-linkage givgrFBA at (6,4 ,1), wherel is the

average current in a PWM periorEfC can then be obtained as equation (4.22) due to the

proportionality of the corresponding sides of santriangles as,

Amax_FEA_/iO Dh“ +)|0 42)

Amax_DSP

c

where Ayis the flux-linkage given by FEA 48,1 , wherel is the average current in a PWM

period./TC is the estimated flux-linkage scaled down or um@nquentlyﬁc IS not varying with

respect to the rotor speed and knowing the phagentuand the estimated flux-linkage scaled
down or up, the rotor position can be estimatechgushe unique relationship between flux-
linkage and position at given phase current. Tl fichart for estimating flux-linkage is
represented in Fig 4.10.
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Given the incremental inductance and average current
Ll

\
Given variables ~
d,T, 655 Gonstewm s Aos Amax_Fear &

A J
Calculate the slope of flux-linkage during turn ON time
L; Al
dT

v
Calculate the flux-linkage
A=-a(l-2d)[T+A

A J
Calculate the conduction period time
ot ~ Gon

w

wa =

Y
Calculate the maximum flux-linkage at the instant commutating a phase,t =Ty,

wa Y
/]max_DSP = [A
PWM

v
Calculate the flux-linkage to be compatible with FEA results

~ A Ay _~
Ae :% A +4,
max_DSP

A 4
Output, /TC

Fig 4.10 The flow chart for flux-linkage estimation

4.3 Position Estimation

The relationship between flux-linkage and rotorifias for each excitation current is
unique over a phase period regardless of the speed. This particular feature of the SRM is
then used to estimate the rotor position from teemated flux-linkage of a machine phase
winding through the stored information of flux-liage and rotor position for each phase current.
Fig 4.11 shows the magnetization characteristitheftwo-phase 6/3 SRM used in this research

and it is stored in the form of flux-linkage asuadtion of rotor position and phase current.
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Fig 4.11 Flux-linkage profile for two-phase 6/3 SRM

From Fig 4.11, the flux-linkage starts to satufaden 4A and it is periodic with a period of 120°.

If at a given instant, the estimated qux-Iinkag%ﬁ and the phase current)(of particular phase

are known, then from the stored flux-linkage chtastics of the SRM, the rotor positio@Q

will be found provided it is also known whether tbperating mode is motoring or braking.
From the motor geometry in this research, it carioo@d that for the two-phase 6/3 SRM, the
relative angular displacement between two phasé8®decause the number of stator and rotor
poles are 3 and 6, respectively. It can be obsdinoma the flux-linkage profile of each phase at
2A as shown in Fig 4.12. From Fig 4.12, the SRMitsteeliably even the rotor poles are fully
aligned to the stator poles and it cannot rotatkward since the region with the positive slope

of flux-linkage is longer.
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Fig 4.12 Flux-linkage profile of both phases at 2A
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If the mechanical angle of the rotor is assumeblet@qual to the electrical angle of phase B, the
displacement between the mechanical angle of ttee emd the electrical angle of phase A is
still 60 °© and the relationships between theseeangie represented as,
6,=6; +60°=6+60°
(4.23)
;=6

where 8,and g5 are the electrical angle of phase A and phaseefpectively andd is the

mechanical angle of the rotor. Hence the flux-lopdkgorofile of phase B is stored for easier
estimation of the rotor position and the storeainkage profile is two dimensional array with
equally spaced phase current for row and rotortijposfor column. The appropriate new rotor
position is estimated from this stored flux-linkag®file at given phase current and it is easily
estimated by using the characteristic that therrotmnot rotate backward. Thus the rotor
position is obtained from searching a few forwaangs of the previously estimated rotor
position, instead of searching whole points of thr position array in two-dimensional flux-
linkage table. In this research, 4 points are seteevith consideration of the resolution of
estimated rotor position per PWM period at thedapeed. The approach to estimate the rotor

position in two-dimensional flux-linkage table Ikistrated in Fig 4.13.

Fig 4.13 The position estimation with the estimdtag-linkage at a given current

Fu| =1, +1

() A >A(6,,1)
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From Fig 4.13,1 is the measured phase current value at the cuR@/M cycle, |, is the
closest lower current to the average current Bnel is the next higher current thdg in the
equally spaced current array of the two-dimensidhal-linkage lookup table. Thus, and
|, +1 are phase current values surrounding the avenagent| . ‘L’ is the interpolated flux-
linkage value between=1, andi=1,+ 1, ‘*’ is the flux-linkage value given by FEA?TC is
the estimated flux-linkage at the current PWM cy(ﬁgd is the previously estimated rotor
position at the previous PWM cycl§, Is the estimated rotor position at the current P\éjide,

g, is the closest point to the previously estimatetr position and it is the index of equally

spaced rotor position array of the two dimensidhed-linkage tableA(8,, 1) is the flux-linkage

with the minimal displacement between the estimétedlinkage and interpolated flux-linkages.
With known the previously estimated rotor positiand phase current, the linear interpolated

flux-linkages betweem=1, and i =1, + lare obtained by,

A(Hn,l):A(Hn,la)+[/1(6?n,Ia+1)—/1(0n,|a)]Eﬁ ;H , n=0123 (4.24)
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where Al is the interval between elements in the currerdyaof the two-dimensional flux-

linkage table. Then, the displacement between shienated flux-linkage and interpolated flux-
linkages is computed and the rotor position cagyine minimal distance is obtained. If the
estimated flux-linkage is greater than the flux<dge with the minimal displacement from the
estimated flux-linkage as shown in Fig 4.13(a), leev rotor position is estimated by the linear

interpolation betweeni(g,1) and A(6,,1) along the rotor position dimension as,

~ _ A=A(6,1)
6=6,+6, QL]EEA(HZJ)‘/‘(%")} (4.25)

On the other hand, in case that the estimatedlithkage is less than the flux-linkage with the
minimal displacement from the estimated flux-linkags shown in Fig 4.13(b), the new rotor

position is estimated by the linear interpolaticetieenA(g,,1) and A(g,1) along the rotor

position dimension as,

50l A1) A
6=6,-[6 eO]EEA@’I)_A(QO’I)} (4.26)

However, in saddle regions around unaligned omnaligposition, the position having the
minimal displacement between the estimated flukege and interpolated flux-linkages may not

be appropriate for the new estimated rotor positiimat is to say, as shown in Fig 4.14, the

position having the minimal displacemeélgma, may be far from the previously estimated rotor

position, é;ld . It may produce large position estimation errosaddle regions.
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Fig 4.14 The position estimation with the estimdtag-linkage around unaligned position
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In order to overcome this detrimental effect, deiee two temporary positions.éerm1 and

Bempe» With the first and second minimal displacemertiMeen the estimated flux-linkage and
interpolated flux-linkages at a given current ahdnt compare the estimated two temporary
positions to the previously estimated rotor poai,tiéo,d. The nearest rotor position to the

previously estimated rotor positioéemm, will be the new estimated rotor position arouhd t

unaligned or aligned positionﬁ. Thus it enhances the accuracy of the estimated pwmsition

in the work. The flow chart for rotor position esétion is represented in Fig 4.15.

| Given the estimated flux-linkage and average current /Tc and | |

Y
| Find the closest lower current to the input current, I,

Calculate the interpolated flux-linkages between I and 1, +1
A(6,,1) ,wheren= 0123

4
Calculate the displacement between XC and A(6,,1), ‘/lc -A(,,1 )‘ |

Find temporary rotor positions with the first and second minimal displacement
gtema ’ ‘gteme

Calculate displacements between §0|d and temporary rotor positions
mlnlz‘gold _Htem;l‘ » miny :‘Hold _Htem[Q

_Saddle region
gtem;i - etempz‘ >1

A:>A6.1)
es
Y v
Estimate rotor position using Estimate rotor position using
by linear interpolation by linear interpolation

between A(6,,1)and A(6, +1,1) between A(6,,1)and A(6, -1,1)
I

v
Output.

Fig 4.15 The flow chart for rotor position estinuati



4.4 Conclusons

If the stator winding is controlled by the averafpecurrent with a small current band,
phase inductance is defined as the ratio of chanfiex-linkage to the corresponding change in
phase current at the operating point on the magngticurved —i. The phase inductance for

SRM drives is referred to incremental inductancee Thcremental inductance or flux-linkage

induced from the multiplication of the incremeniadluctance by phase current is not used for

estimating the rotor position in SRM drives sinhe variation of incremental inductance with
respect to rotor position is too small to estimair position in saturated regions or at high
currents. Hence, a new method to convert the inengéahinductance to be compatible with FEA
results has been proposed in this chapter. Thenmamtal inductance at a given phase current
and rotor position has been converted into flukdige. With the estimated flux-linkage, the
rotor position has been determined from the refastigp between the flux-linkage and rotor
position at a given phase current. The following believed to be original contributions of this
chapter:

1) A new rotor position estimation algorithm irrespeetof the motional back emf effect near
zero speed and resistance changes of the statdingidue to heating or measurement error,
and without additional hardware except for measerdgm of active phase voltage and
current has been proposed.

2) The proposed method depends on the incrementakttmte computed using the first
switching harmonic phase voltage and current ilé/FPperiod.

3) A method to convert the incremental inductanceRMXdrives to be compatible with FEA
results regardless of rotor speed has been proposed

4) The proposed conversion method of the incrementiddtance improves the accuracy of
estimated rotor position in saturated regions drigt currents.

5) A method to estimate the rotor position in the $addgion such as unaligned or aligned

position has been proposed.
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CHAPTERS DYNAMIC SIMULATIONSFOR POSITION
ESTIMATION USING FOURIER ANALY SIS

5.1 Introduction

SRMs are controlled using voltage synchronized wotbr position. The profile of phase
current together with the magnetization charadiesigdefines the electromagnetic torque and
hence generates the speed of the motor. Therdferanotor requires some sort of electronics
and control for normal operation in order to geteerthe proper electromagnetic torque and
regulate phase current or speed of the motor. Sepewer converter topologies for SRM drives
are designed, according to the number of motorgshasd the desired control algorithm. The
particular structure of SRM converters definesfteedom of control for an individual phase.

In this research, an asymmetric converter whichtivaspower switches and two diodes
per phase is chosen for the SRM drive since itdusl performance compared to other well
known converters, even if it increases drive cagtibrequires independently control of motor
phases [79]. With the asymmetric converter, théfigation of the proposed position estimation
algorithm is achieved using a novel two-phase SR self-starting capability. The novel two-
phase SRM has 6 stator poles and 3 rotor pole# &ad a flux-reversal-free-stator [80, 81].

This chapter contains dynamic simulations execatetifferent current commands under
various loads to verify the performance of the psgd position estimation method using Fourier
analysis. The SRM starts to run from standstilhwiarious loads; 25%, 50%, 75%, and 100% of
the rated load which is 4 N-m for the prototype SRe simulation procedure is also illustrated
with comprehensive sets of SRM operation. The edgchand actual values of the flux-linkage,
rotor position, and speed are compared in a PWNbgeand their results are also analyzed
under different operating conditions such as temtsstartup as well as low and high speed.
Voltage drops and switching transients of switchilegices and diodes are neglected since they
are much smaller than DC-link voltage and mechéarioge constant of the motor. Therefore,

switching devices and diodes are assumed to bé idea
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5.2 Two-phase SRM and Modeling

Fig 5.1 shows flux lines for a phase in a two-ph&&8eSRM (6 stator poles and 3 rotor
poles) using computer-based FEA [80]. The SRM has main stator pole and two auxiliary
stator poles in each phase. The shape of rotos p®lseparated by a uniform and non-uniform
air gap. The uniform air gap region is generallyrfed to minimize reluctance so that inductance
can be maximized. The non-uniform air gap regiondasessary to keep increasing inductance
until the uniform air gap generates inductanceasphe maximum. The difference between the
air gap in the uniform and non-uniform region isafinand does not exceed a few times the
minimum air gap as seen from Fig 5.1. This polepsitis to ensure that the design will not
have zero-torque at rotor positions where the statal rotor poles fully align. Magnetic
characteristics of inductance, flux-linkage, andjte are analyzed with FEA and its results are
correlated with measurement results as publishg8Gh Thus, predicted results from FEA are

mainly used for the analysis, dynamic simulati@m] experiments in this research.

Fig 5.1 Finite element flux pattern of a two-phé&se SRM

Fig 5.2 shows the flux paths and the normal-foriegrm of the SRM when stator poles
are aligned with rotor poles. In a conventional SRV normal forces of one phase are exactly
opposite and separated by 180°, thus causing @fafrdation of the stator in the process of it
being cancelled through the stator and rotor bodws the resulting acceleration of the stator.
As shown in Fig 5.2, it is seen that the normatésrpull in three different directions and prevent
oval deformation of the stator and hence in thegatiion of stator acceleration that invariably

leads to reduced acoustic noise [82].
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(a) Phase-A windings are excited (b) Phase-B windings are excited

Fig 5.2 Flux path and normal force diagram wherepalre aligned

While the rotor rotates, the self-inductance ox{limkage of each phase varies with rotor
position periodically as shown in Fig 5.3. Thusorgbosition can be estimated by estimating the

self-inductance or flux-linkage with given phasereat of a particular phase.

Fig 5.3 The flux-linkage profile at various phaserents and rotor positions

Flux-linkage of the two-phase 6/3 SRM employed his tresearch is periodic with a
period of 120° and an angular displacement betwkeenndividual phases is 60°. While the
positive slope region of flux-linkage which genesatthe positive torque is about 70°, the
negative torque is generated for 50° correspontirthe negative slope region of flux-linkage.

Machine parameters are presented in detail in Agipeb.
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Due to the non-uniform air gap design, an accusatalysis of the motor’'s behavior
requires a formal, and relatively complex, mathécaatapproach. The instantaneous voltage
across the terminals of a single phase of an SRlbrswinding is related to the flux linked in
the winding by Faraday’s law,

v=REﬂ+% (5.1)

wherev is the terminal voltagd, is the phase currenRis the resistance of the stator winding,
and A is the flux linked by the winding. Because of ttmubly salient construction of SRM in
which both the rotor and stator have salient pales magnetic saturation effects, the flux linked
in a phase varies as a function of rotor positiod phase current. Thus, equation (5.1) can be
expanded as,

oA di 04 d6
+

v=RO+2 2 200 (5.2)
di dt 06 dt

where%—f‘ is defined as an incremental inductan%%,%is the instantaneous back emf, and
i

dé . : . . .
EIS the rotor angular velocity. Assuming that theNSk operated in unsaturated region,

where the inductance or flux-linkage is linearlyyag with the rotor position for a given phase
current, and the mutual effects between two phaseseglected, the torque of a single phase of
the SRM can be simply expressed by the produdieerivative of the phase inductance with

respect to the rotor position and the square ophiase current.

T =1y gLED)

5.3
=3 48 (5:3)

5.3 Control and Converter Topology

SRM drives are controlled by synchronizing the &twn of the motor phases with rotor

position. From equation (5.3), it is obvious thasitive (or motoring) torque is produced when a

phase is excited at rotor positions with positﬁ%>0for that phase, and negative (or braking)

. . . L . .
torque is produced at rotor positions with negagzao. Hence a control system is required

that determines rotor position and applies the @lwaading excitations at the appropriate instant.
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The voltage applied to the motor phases is modillatéh a duty cycle to reach the desired
current in the excited phase. The instant of comatmg the phase currents is linked to the rotor
position. Given the desired phase current commadhd, current controller evaluates the
difference between actual and desired phase cuwoemtnand and then calculates an appropriate
PWM duty cycle to regulate the phase current. Thasp voltage is controlled by the supply
voltage chopped with a fixed frequency and a dytglec The commutation angle, the energy
stored in the stator winding inductance is sentht® voltage source, should be determined to
minimize the torque ripple when exciting a phadee €xcitation and commutation table for the
operation of the two-phase 6/3 SRM is given in &dhll.

Table 5.1 Excitation and commutation table

T. >0 T, <0
Excitation foro° < <50 Commutation foi0° <8 <50°
Phase A Commutation folb0® <6<110 Excitation fosr < <110
Excitation fon10<6<12¢ | Commutation fonll®P<68<120
Commutation  foi0° < 6 <50° Excitation for° <6 <50°
Phase B Excitation fob0*<6<110 Commutation fob0<8<110
Commutation fonl®®<8<120¢ | Excitation fon1 < 6<120

The magnitude of phase current flowing into a statnding is controlled using a closed
control loop with a current feedback. The phaseerurin a phase winding is directly computed
by equation (5.2) and Euler's method to solve ing brder differential equation. The actual
phase current is compared with a desired value hafs@ current, forming an error signal.
Neglecting the saturation effects, equation (5a2) loe expressed as,

ﬂ:-Bi_lﬁmmi+l (5.4)
dt L L o8 L

The input phase voltage, needs to be decoupled to control the phase duasrdeveloped in
[83] and it can be expressed as equation (5.5) dfinidg a new voltage input with the

relationship to the old voltage input,
vev+ L (5.5)
o0

Substituting equation (5.5) into equation (5.4)adpn (5.4) can be simply expressed as,
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% = —%i + % (5.6)
The new voltage inpu? is obtained from a control voltage generated by the PI current
controller. The time constant of the converter drecurrent feedback filter are neglected due to
the large electrical time constant of the motosuteng in the transfer function of converter and

current feedback filter are simplified inkg and H_, respectively. The closed loop transfer

function of the current controller is derived byAp as developed in [21].

1 HcKr (KpcS+ Kic)
G.(s)0—B 5.7
S0 kK. AKK (5.7)
c S + S+ Ic
L L
where K, is the converter gainH_is the feedback gain of the current filtef,, is the

proportional gain, and,. is the integral gain. For dynamic simulations, gheasrrent is sampled

every 200us, and the closed control loop and PWM signals ase apdated every 296 with 1
kHz of the current control loop bandwidth. The damygatio is 2 and the switching frequency is
5 kHz. The coefficients of the Pl controller aretedmined using the method described in
Appendix A. With sampled phase voltage and curf@n200ps, the rotor position is estimated.

The current flowing through the SRM winding is régad by switching on or off power
devices, such as MOSFETSs or IGBTs, which connetit &M phase to a DC bus. The power
converter topology is an important issue in SRMtamnbecause it largely dictates how the
motor can be controlled. There are several convéoigologies available and the decision is
coming down to trading off the cost of the drivemgponents against having enough control
capability such as independent control of phasegeheral, an asymmetric converter with two
independent power switches and diodes per phake imost popular converter topology due to
its high performance and reliability even at higists. The configuration of a power converter
for two-phase SRMs is illustrated in Fig 5.4.
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Fig 5.4 The asymmetric converter with two switchad two diodes per phase

From this asymmetric converter, it is possible tmtool an individual phase independently
resulting in great freedom of control [79]. Othe@wer converter topologies [79] share some of
the power devices for several phases or have repamtent phase control, thus saving on power
converter costs, but with these, the motor phasemat be fully controlled independently.
Therefore, the asymmetric converter is attractoreSRM drives. With the asymmetric converter,
the SRM is usually controlled by either currenttcolhor voltage control. The main advantage of
current control over voltage control is that thegh current can be controlled precisely, which
means that torque is properly controlled and tlieicgon of torque ripple or noise is possible.
Hence current control is selected for SRM driveser€ are two types of current control.

1) Hysteresis current control

. Al ,
The current is controlled between two current Ievedual tol J_r?, wherel  is

reference current anézl— is hysteresis band. The switching frequency iyingrin SRM drives.

Thus it is inappropriate for the proposed posigstimation method.
2) Pulse Width Modulation (PWM) current control

The current is regulated close kg, using PWM. The switching frequency is fixed in

SRM drives, which reflected in phase voltage andlerit. Because the SRM is controlled at the
fixed switching frequency, phase voltage and cur@®e decomposed into their switching
harmonic components in frequency domain throughriBoanalysis. With PWM current control

of the SRM, assuming that each phase of the SRMbeandependently controlled, there are two

PWM current control strategies except for singléspwperation: Hard chopping mode and soft
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chopping mode. In the hard chopping mode, both el@ssistors T, and T, or T; andT, in

Fig 5.4) are driven by the same pulsed signaltieetransistors are switched on and off at the
same time. It increases the current ripple by geldactor. In contrast, in the soft chopping mode,

the low side transistorsT{ andT, in Fig 5.4) is left on during phase conductionigerand the
high side transistorsT{ and T, in Fig 5.4) is chopped according to the pulsedaliglt allows

not only control of the current but also a minintiaa of the current ripple. The differences of

the SRM control between two PWM current contrcht&gies are illustrated in Fig 5.5.

Unaligned Aligned Unaligned Aligned

Stator Poles L’ |_| u |_| |_| u
Rotor Poles I_l I—l I_I |_|

S~

Inductance

PV H : PWM
Upper Switch i

Lower Switch

Ve H i +Vpe

Phase Current

1 H T T
Turn On Turn Off Fosition Turn On Turn Off Fosition

Soft Switching Hard Switching

Fig 5.5 SRM drives by soft and hard chopping method

Assuming that the gradient of phase current isaline a PWM period, the first switching

harmonic component of phase current is computetl thi¢é helps of slopes of phase current
during turn-ON and turn-OFF times. Higher slopgbése current in hardware implementation
makes an easy computing of the flux-linkage or atdnce in a PWM period. From the

aforementioned, PWM current control under hard ¢y strategy is chosen since the
switching frequency is fixed and it generates nmoaneent ripple, which increases the gradient of
phase current and makes easy computation of flikkagie varying as a function of rotor position

and phase current. Acoustic noise consideratiggnizred in this study.
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5.4 Dynamic Simulation Results Using Fourier Series

Position estimation using the first switching hames of phase voltage and current
decomposed by Fourier series is simulated by uslagab. Several simulations at different
currents commands have been executed to proveatigty of the proposed position estimation
algorithm under various loads. For each currentroand, the estimated and actual values of
flux-linkage, rotor position, and speed are preseénhote that no speed control loop is included.
In dynamic simulations, the symmetrical PWM methath a fixed frequency (set at 5 kHz) is
employed for dynamic current control. The asymmodbridge converter is designed to apply a
phase voltage in hard-chopping mode to increasedteeof the change of phase current for a
PWM period. The differential equations governing thperation of the SRM are solved for a
given instant of time starting from zero initialnbtions with a small simulation integration time
step, lus in this research, by using a simple Euler's metloo faster computation of the system
solution. Individual phase current, flux-linkagerdque, and other mechanical quantities such as
the rotor position and speed are easily obtainethgusimulations and especially the flux-
linkage, rotor position, and speed calculated ftbm differential equations are assigned to the
actual values, and then compared to the estimatieds. Magnetization data obtained from FEA
are stored into a lookup table. The inclusion déisgion limits on Pl integrator is embedded in
the current controller to provide an anti-windumdtionality. The estimated rotor speed is
filtered out by using an exponentially weighted mngvaverage filter (EWMAF), which is called
the first order IIR filter, at the sample rate okHlz and filter coefficient of 0.95, resulting in
increasing the degree of filtering. The reason why EWMAF is chosen is that the most recent
estimated speed is given more emphasis than olleew as well as reflects better the state of
the process in dynamic control systems.

The simulation includes a precise finite elemerdlysis model of the two-phase 6/3
SRM, which was verified in [80, 81], and the loaddpplied to the machine from start-up
condition. Based on the magnetic characteristicanfrFEA, discrete data sets of three
dimensional relationships between inductance vsentivs. position and torque vs. current vs.
position can be obtained. By using linear interpolg the inductance and electromagnetic
torque for any rotor position and excitation cutrean be retrieved [21]. Voltage drops and

switching transients of power electronic devices raggligible compared to the DC-link voltage
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and mechanical time constant of the motor, theegftite switching devices are assumed to be

ideal. The flow chart for dynamic simulations uskaurier series is represented in Fig 5.6.

[ LoopCount=0,6 =6, V. =325

<
L]

| LoopCoun++ |

no

Estimate rotor speed (¢&) |

| Exponentially weighted moving average filter (EWMAF) |

| Calculate the conduction period time (Tgy,,) |

LoopCoun=0

Y
| Commutation control to determine &, and Gy |

| Calculate elapsed time after exciting a phase (tpwm) |

Obtain phase current values(l4,1,,13) at t =0,dT,and T and duty cycle (d) |

| Calculate the average phase current (1) |

| Calculate flux-linkage as in Fig (3 7) (1) |

[ Find the flux-linkage (Ao, Amax_rea) at (6n, 1) and (Gt 1) |

'

| Estimate a unique flux-linkage as in Fig (4 1C) (/TC) |

| Estimate a rotor position as in Fig (4 15) (8) |

| Current control |
[

Fig 5.6 The flow chart for dynamic simulations siourier series

5.41NoLoad Test

In order to validate the performance of the progogesition estimation scheme using
Fourier series, various dynamic simulations ardopered at different phase current commands
under no load. The SRM is initially at standstilidano load when a reference current command
is applied and it runs with phase current regutatidote that in these simulations, no speed

control loop is included. This test provides theufes of the flux-linkage estimated from the
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incremental inductance, the rotor position estithdtem the estimated flux-linkage and given

phase current by looking up the magnetization tahted the rotor speed estimated by the
derivative of the estimated rotor position withpest to time. At the rate of 5 kHz, the estimated
and actual values of flux-linkage, rotor positiand speed are obtained during 400 PWM cycles
at different operating conditions such as transgattup as well as low and high speeds. The
average and maximum values of the results obtaiueithg 400 PWM cycles are presented in

Table 5.2.

Table 5.2 Simulation results using Fourier sertesadous current commands under no load

Position Error [deg] Speed Error [rpm] Flux-linkageor [%]
Iref Average
(A Speed nY IAdd (|AA|/ Apga) (10O
[rpm] Average | Maximum Average | Maximum Average | Maximum
Startup 0.1512 0.8215 0.4704 4.1074 0.7146 3.9970
240 0.3010 0.4318 0.2358 0.7236 0.7475 1.36p5
2 324 0.3052 0.4801 0.2284 1.2498 0.8735 1.69B1
549 0.4806 0.6047 0.2617 1.9954 1.2438 2.51y6
710 0.5755 0.7074 0.2632 1.6223 1.4778 3.20B0
Startup 0.1145 0.8214 0.3403 3.6484 0.5170 3.9970
499 0.4912 0.9339 0.5703 4.8534 1.2426 5.76p7
3 699 0.6039 0.9997 0.5585 6.8251 1.5198 5.4455
965 0.7597 1.1663 0.6639 6.6309 1.8899 5.04B5
1133 0.8445 1.2652 0.8190 7.5480 2.1410 4.75B7
Startup 0.1101 0.6121 0.3176 2.6195 0.4006 2.5466
4 745 0.5852 1.4156 0.4281 6.6002 1.4329 8.82p2
988 0.7352 1.4971 0.5806 11.1191 1.7818 10.5310
1212 0.8628 1.6168 0.9399 12.0083 2.0590 11.4%88
Startup 0.0956 0.3739 0.3872 1.99483 0.3712 1.785
5 755 0.6035 1.7581 1.5064 15.5255 1.4951 11.4317
1137 0.8150 2.2810 2.0330 19.3312 2.0606 11.9124
Startup 0.1006 0.2959 0.5355 1.5634 0.3339 1.7918
6 890 0.5563 2.1473 0.9885 11.8949 1.4334 12.3796
1305 0.7813 2.7445 1.5807| 17.9467 2.0218 16.0711

Fig 5.7 shows the estimated and actual valuesgdl@it startup when applying the phase
current command of 3A under no load. Fig 5.7(a)wghohat the estimated flux-linkage is
compared with the actual flux-linkage given by FEifulation results and the absolute values
of the percentage errors between them are pldtredn Table 5.2, the average flux-linkage error

is approximately 0.51 % and the maximum flux-linkaggror is approximately 3.98 %. Based on
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the estimated flux-linkage and given phase currdaat,rotor position is estimated every PWM
cycle. Fig 5.7(b) shows the estimated and actuak nposition and the position error between
them. From Table 5.2, the average position err@pigroximately 0.11 deg and the maximum
position error is approximately 0.82 deg. Fig 5¢cj&hows the estimated and actual speed and
the speed error between them. From Table 5.2, tbeage speed error is approximately 0.34
rpm and the maximum speed error is approximatéy Bom. It is noted from Fig 5.7 that the
flux-linkage error is slightly larger right aftetastup and it causes the rotor position and speed
error to be increased.

Fig 5.7 Simulation results using Fourier seriestattup and * =3A under no load
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Fig 5.8 shows the simulation results at high spef&én applying the phase current
command of 3A under no load. Fig 5.8(a) shows thatestimated flux-linkage is compared
with the actual flux-linkage given by FEA at theptand the absolute values of the percentage
errors between them are plotted as the error abdit®m. From Table 5.2, the average flux-
linkage error is approximately 2.14 % and the maximflux-linkage error is approximately
4.75 %. Fig 5.8(b) shows the estimated and actial position and the position error between
them. From Table 5.2, the average position err@pisroximately 0.84 deg and the maximum
position error is approximately 1.26 deg. Fig 5&(leows the estimated and actual rotor speed
and the speed error between them. From TableteZverage speed error is approximately 0.81
rpm and the maximum speed error is approximatédd fom. From 5.8, the flux-linkage error
increases around the unaligned position and it rdghes when the rotor is moving towards
aligned position. This results from a higher gratief phase current around the unaligned
position. It increase high frequency componenthatexpansion of phase current using Fourier
series and thereby phase current in a PWM periodatabe satisfactorily represented as the
fundamental switching harmonic, resulting in ingieg the flux-linkage error around the

unaligned position.

Fig 5.8 Simulation results using Fourier series.afl133pmandl” =3A under no load
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5.4.2 L oad Test

In order to validate the performance of the prodgsesition estimation algorithm using
Fourier series under various loads, various dynamnuilations are performed at different phase
current commands. The SRM is initially at standstith various loads when a phase current
command is applied and it runs with phase curregulation. Note that no speed loop is
included. The SRM runs at 25%, 50%, 75%, and 10@%ulbload which is 4 N-m for the
prototype. This test provides the results of thexHfinkage estimated from the incremental
inductance estimated by the first switching harraafiphase current and voltage using Fourier
series, the rotor position estimated from the estidah flux-linkage and phase current by using a
magnetization look-up table, and the rotor speduinated by the derivative of the estimated
rotor position with respect to time. At the rateSokHz, the estimated and actual values of flux-
linkage, rotor position, and speed are obtainednduB00 PWM cycles at different operating
conditions such as transient startup as well asdod high speeds. The average and maximum
values of the results obtained during 300 PWM cyeale presented in the following Table 5.3.

Table 5.3 Simulation results using Fourier sertesgous current commands under various loads

Torauel Iref Average| Position Error [deg] Speed Error [rpm] Flux-linkalgeror [%0]
o] | (] | Speed 06| A (BA|/ Apga) 100
[rom] Average | Maximum Average | Maximum Average | Maximum
1 7 894 0.4671 1.4596 2.1607 11.6441 1.5162 11.9B08
2 9 884 0.4856 1.2741 3.6077 14.3888 1.4012 11.2p56
3 11 852 0.4736 1.6102 2.5794 18.28%5 1.3021 16.2p3
4 13 778 0.4345 1.6494 2.1741 16.1477 1.1299 13.6p4

Fig 5.9 shows the simulation results when applyimg phase current command of 9A
under half load, 2 N-m. The SRM starts to run fretandstill and it is keeping up until the
average speed during 300 PWM cycles is 778 rpm.5F¢a) shows that the estimated flux-
linkage is satisfactorily tracking the actual fllimkage given by FEA and from Table 5.3, the
average flux-linkage error is approximately 1.40a#d the maximum flux-linkage error is
approximately 11.22 %. Fig 5.9(b) shows the estahand actual rotor position and the position
error between them. From Table 5.3, the averaggigo®rror is approximately 0.48 deg and
the maximum position error is approximately 1.29.déig 5.9(c) shows that the estimated and
actual speed and the speed error between them. Fadnie 5.3, the average speed error is
approximately 3.60 rpm and the maximum speed esrapproximately 14.38 rpm. It is noted
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884rpm andl =9 A under half load, 2 N-m

form Fig 5.9 that the position error increases trigifore phase commutation and during phase
Fig 5.9 Simulation results at

changeover due to saturation effects.
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(c) Speed estimation

Fig 5.10 shows the estimated and actual valuekixflihkage, rotor position, and speed
when applying the phase current command of 13A uhudldoad, 4 N-m. The SRM starts to run
from standstill and it is keeping up until the aage speed during 300 PWM cycles is 778 rpm.
From Fig 5.10(a), the average flux-linkage erraapproximately 1.12 % and the maximum flux-
linkage error is approximately 13.65 %. The maximilum-linkage error is slightly larger than
that when applying the phase current of 9A undéf lload. It resulted from a lot of high
frequency components of phase current around taégmed position due to the higher rate of
change of phase current generated when applying ¢ugrent references. It is shown in Fig
5.10(b) that the estimated and actual rotor posifad the position error between them are
described. From Table 5.3, the average positiooreg approximately 0.43 deg and the
maximum position error is approximately 1.64 deig $.10(c) shows the estimated and actual
speed and the speed error between them. From TaBle the average speed error is
approximately 2.17 rpm and the maximum speed esrapproximately 16.14 rpm. It is noted
from Fig 5.10 that the flux-linkage error increasgeund the unaligned and the position error
increases right before phase commutation and duphgse changeover as in previous

simulations.
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778rpmandl =13A under full load, 4 N-m

Fig 5.10 Simulation results at
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(c) Speed estimation

5.5 Dynamic Simulation Results Using Fast Fourier Transform

Position estimation using the first switching hames of phase voltage and current
decomposed by FFT is also simulated at differemtecti commands and under various loads.
For each current command, the estimated and acahats of flux-linkage, rotor position, and
speed are presented. Note that no speed contmidaacluded and the current command is the
only external input of simulations. As mentionedhe previous section, the symmetrical PWM
method with a fixed frequency (set at 5 kHz) is &yed for dynamic current control. The
asymmetric bridge converter under hard choppingemnecemployed and it has the integration
time step of lus. After taking samples of phase current and veltaigregular time intervals, 1
us, the FFT computation of a sequence of samplasasmplished to obtain the first switching
harmonics of phase voltage and current every PWdlecthrough Matlab’s FFT function. The
magnitudes and phase angles of the first switchargnonics of phase voltage and current are
computed every PWM cycle through Matlab’s ABS amdG\_E functions and by using them,
the incremental inductance and flux-linkage arenmeged every PWM cycle. Based on the
estimated flux-linkage and phase current, the rptmition is estimated every PWM cycle from

the relationship between flux-linkage and rotoripas at given phase current. The estimated
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rotor speed is filtered out with a EWMAF, referrasithe first order IIR filter, at the sample rate
of 1 kHz and filter coefficient of 0.95, resulting increasing the degree of filtering. The
EWMAF is chosen so that the most recent estimapegd is given more emphasis than older
values as well as reflects better the state ofptieeess in dynamic control systems. Voltage
drops and switching transients of power electra@eices are negligible compared to the DC-
link voltage and mechanical time constant of theamatherefore, the switching devices are
assumed to be ideal. The flow chart for dynamiauations using FFT is represented in Fig 5.11.

[ LoopCount=0,6 = 6,,V,, =325

<
L]

[ LoopCoun++ |

nc

Estimate rotor speed (&) |

| Exponentially weighted moving average filter (EWMAF) |

| Calculate the conduction period time (Tgy,) |

[ LoopCoun=0 |

| Commutation control to determine 8., and Gy |

| Calculate elapsed time after exciting a phase (tpwm

Obtain phase current values(lq,15,13) at t =0,dT,and T and duty cycle (d) |

| Calculate the average phase current (1) |

Calculate flux-linkage (1)
using Matlab’s FFT, ABS. ANGLE, Eqgs (3 60) and (3 61)

| Find the flux-linkage (A0, Amax_rea) at (Gon, 1) and (Gt +1) |

!

| Estimate a unique flux-linkage as in Fig (4 10) (/TC) |

| Estimate a rotor position as in Fig (4 15) (5) |

| Current control |
[

Fig 5.11 The flow chart for dynamic simulationsngsFFT
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5.5.1 No Load Test

In order to validate the performance of the progogesition estimation scheme using
FFT under no load, various dynamic simulations peeformed at different phase current
commands. SRM is initially at standstill with natbwhen a phase current command is applied
and it runs with phase current regulation. Notd ti@a speed loop is included. This test also
provides the estimated and actual values of flakage, rotor position, and speed for a PWM
period. At the rate of 5 kHz, the estimated andi@ctalues of flux-linkage, rotor position, and
speed are obtained during 400 PWM cycles at difteoperating conditions such as transient

startup as well as low and high speeds. The avenagenaximum values of the results obtained

during 400 PWM cycles are presented in the follgniable 5.4.

Table 5.4 Simulation results using FFT at variousent commands under no load

Position Error [deq] Speed Error [rpm] Flux-linkageor [%0]
Iref Average
(Al Speed nY: IAad (/82| / Aggp) 100
[rpm] Average | Maximum Average | Maximum Average | Maximumni
Startup 0.0062 0.0152 0.0629 0.1621 0.2254 2.3598
240 0.1352 0.1575 0.1127 0.3303 0.3856 1.00p3
2 324 0.1863 0.2093 0.1001 0.4978 0.5120 1.31p1
549 0.3178 0.3405 0.0871 1.1982 0.8843 2.19]13
710 0.4113 0.4360 0.0854 0.8430 1.1216 2.85p5
Startup 0.0031 0.0079 0.1737 0.3078 0.1281 4.6418
499 0.3239 0.9031 0.3450 3.8829 0.8843 5.57p8
3 699 0.4356 0.6878 0.3083 5.73738 1.1615 5.16§12
965 0.5879 0.8077 0.3617 6.0887 1.5312 4.61p9
1133 0.6738 0.9088 0.4742 6.2624 1.7816 4.49p7
Startup 0.0087 0.0209 0.2961 0.5074 0.0891 1.4535
4 745 0.4254 1.4360 0.4639 9.6199 1.1340 8.82p2
988 0.5705 1.5611 0.5644 9.75138 1.4838 10.4347
1212 0.6895 1.6168 0.9029 11.1730 1.75589 10.8173
Startup 0.0129 0.0332 0.4631 0.768 0.0958 1.3168
5 755 0.4578 1.8503 1.0923 14.4914 1.2120 11.0486
1092 0.6407 2.1789 1.1748 16.5782 1.7013 11.6%56
Startup 0.0126 0.0267 0.6962 1.3550 0.0946 1.9262
6 897 0.3986 2.1473 0.9867 10.8062 1.1806 12.3796
1360 0.6500 2.7719 1.8058 16.3356 1.9374 16.1274
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Fig 5.12 shows the estimated and actual valuekixflihkage, rotor position, and speed
at startup when applying the phase current comméid under no load. Fig 5.12(a) shows the
estimated and actual flux-linkage given by FEA #mel absolute values of the percentage errors
between them. From Table 5.4, the average and nuaxiflux-linkage errors are approximately
0.11 % and 2.35 %, respectively. Fig 5.12(b) shtivesestimated and actual rotor position and
the position error between them. From Table 5.d,aberage and maximum position errors are
close to zero. Fig 5.12(c) shows the estimatedaatuhl speed and the speed error between them.
From Table 5.4, the average and maximum speedsearer approximately 0.17 rpm and 0.30
rpm, respectively. It can be noted from Fig 5.12t tine rotor position and speed error is almost
zero even if the flux-linkage error is slightly dgr right after startup. With known the initial
rotor position at standstill, the estimated fluxkiage is lower than the flux-linkage at the initial
position and given phase current. Hence the ragsitipn is estimated as the initial rotor position
with the estimated flux-linkage at given phase entriby using the characteristic of the prototype
SRM that the rotor cannot rotate backward, disaigs€hapter 4.

Fig 5.12 Simulation results using FFT at startup &n=3A under no load
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Fig 5.13 shows the estimated and actual valuekixflihkage, rotor position, and speed
at high speed when applying the phase current cordmB3A under no load. The SRM starts to
run from standstill and it is keeping up until ttreerage speed during 400 PWM cycles is 1133
rpm. Fig 5.13(a) shows the comparison of the esdchand actual flux-linkage given by FEA
and the absolute values of the percentage erronsebr them. From Table 5.4, the average flux-
linkage error is approximately 1.78 % and the maximflux-linkage error is approximately
4.49 %. Based on the estimated flux-linkage ands@lairrent, the rotor position is estimated
every PWM cycle. Fig 5.13(b) shows the estimated actual rotor position and the position
error between them. From Table 5.4, the averaggigo®rror is approximately 0.67 deg and
the maximum position error is approximately 0.9@.dEig 5.13(c) shows the estimated and
actual speed and the speed error between them. Fadnie 5.4, the average speed error is
approximately 0.47 rpm and the maximum speed ésrapproximately 6.26 rpm. It can be seen
from Fig 5.13 that the flux-linkage error increasesund the unaligned position and the position

error increases right before phase commutatiordandg phase changeover.

Fig 5.13 Simulation results using FFT@t1133pmandl* =3A under no load

A4

Area
[%]

(a) Flux-linkage estimation

115



400
400
400

200 25

\ \

v /

\fwmﬁ&f\fm“wwf\
| 1 |
T
1 1

200 250

Samples
(b) Position estimation

I

I

100 150
[ [
; ;
100 150
[
-

50
\

150
1000~~~ -~

Ag
[deg]
a,
[rpm]
D
[rpm

400

250 300

200
Samples
116

150
(c) Speed estimation

50



5.5.2Load Test
In order to validate the performance of the progopesition estimation algorithm at

different phase current commands under various sloadrious dynamic simulations are
performed. SRM is initially at standstill with vatis loads when a phase current command is
applied and it runs with phase current regulatiote that no speed loop is included. This test
provides the results of the flux-linkage estimatexn the incremental inductance estimated by
the first switching harmonic of phase current antlage using FFT, the rotor position estimated
from the estimated flux-linkage and phase currgntiging a magnetization look-up table, and
the rotor speed estimated by the derivative oeitenated rotor position with respect to time. At
the rate of 5 kHz, the estimated and actual vatddiix-linkage, rotor position, and speed are
obtained during 300 PWM cycles at different opagtconditions such as transient startup as
well as low and high speeds. The average and mainalues of the results obtained during
300 PWM cycles are presented in the following Tdbe It can be observed from Table 5.5 that

the estimated values satisfactorily track the datales under loads.

Table 5.5 Simulation results using FFT at variousent commands under various loads

Position Error [deg] Speed Error [rpm] Flux-linkageor [%]
Torque| Iref Average
Nm] | [A] Speed Ing| |Add (|81]/ Agga) (100
[rPm] | Average | Maximum Average | Maximum Average | Maximum
1 7 845 0.3387 1.2054 1.5104 8.4918 1.2123 10.9599
2 9 926 0.3409 1.4029 1.3833 17.1263 1.1833 12.3852
3 11 892 0.2537 1.6964 1.8884 18.4599 1.0794 15.4B4
4 13 820 0.1890 1.7476 1.6967 16.9927 1.0091 14.3p5

Fig 5.14 shows the estimated and actual valuekixflihkage, rotor position, and speed
when applying the phase current command of 9A uhdHlrload, 2 N-m. The SRM starts to run
from standstill and it is keeping up until the aage speed during 300 PWM cycles is 926 rpm.
Fig 5.14(a) shows the estimated and actual flukalge and the absolute values of the percentage
errors between them. From Table 5.5, the averagk maximum flux-linkage errors are
approximately 1.18 % and 12.38 %, respectively. ¥4 (b) shows the estimated and actual
rotor position and the position error between thénom Table 5.5, the average and maximum
position errors are approximately 0.34 deg and Hd@, respectively. Fig 5.14(c) shows the
estimated and actual speed and the speed erroedretivem. From Table 5.5, the average and

maximum speed errors are approximately 1.38 rpomlant rpm, respectively. It is noted form
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Fig 5.14 that the position error increases righfolee phase commutation and during phase

changeover due to saturation effects.

*

s
pd :

9 A under half load, 2

92G-pm andl

Fig 5.14 Simulation results at

15

o
, , S
I I ®
I I
I I
I I
I I
I I
I I
[ ———re—
| I \LTCWO
\\\\\ F————4—-——-—-HLO
| | N
I I
I I
I I
I I
I I
I I
I I \
e
T ,\\#\\\Wm
i ey E N
I I
I I
I I
I I
I I
I I
I I 1)
I I <)
/82
I =
I I @
I I 0
I I
I I
I I
I I
I I
I I
| |0
\\\\\ «WL\“HJ1IJV\\H*M\M\\ o
| | —
I I
I I
I I
I I
I I
I I
I I
I I
Lo 1 & O
[ ———— N " 0]
I |
I I
I I
I I
I I
I I
I I
I I
I I \
| |
o Lo OO
—
— m —
o
QLS
~

(a) Flux-linkage estimation

300

l.E
1,,,,,,,,,,

300

100 150
Samples

50

(b) Position estimation

118



—H— @
S &
150 \ \ I \ \ &
1 1 1 1 1
| | | | |
fop 1000 = - - - === fo— - == IR S
e I 1 I [l
' | | | | |
| | | | |
(rpml g S L I L ]
1 1 1 1 1
| | | | |
| | | | |
0 \ \ \ \ \
0 50 100 150 200 250 300
2 \ \ I \ \
| | | | |
N S ]
| | | | |
A i : : ] :
oy 10 b ]
P I i . L -
e T D oo e e
W ’,\«l“ u‘“ \WL‘ D |
) I SRS o I B N * o _
0 50 100 150 200 250 300

Samples

(c) Speed estimation

Fig 5.15 shows the estimated and actual valueligflihkage, rotor position, and speed
when applying the phase current command of 13A ufulldoad, 4 N-m. The SRM starts to run
from standstill and it is keeping up until the aage speed during 300 PWM cycles is 820 rpm.
Fig 5.15(a) shows that the estimated flux-linkaggeampared with the actual flux-linkage given
by FEA at the top and it shows the absolute vatidke percentage errors between them as the
error at the bottom. From Table 5.5, the average-lihkage error is approximately 1.00 % and
the maximum flux-linkage error is approximately 3% %. The error magnitudes are similar to
those in the dynamic simulations using Fouriereserilt is shown in Fig 5.15(b) that the
estimated and actual rotor position and the posiigor between them and the average position
error is approximately 0.18 deg and the maximunitjposerror is approximately 1.74 deg. Fig
5.15(c) shows that the estimated and actual speddhe speed error between them and the
average speed error is approximately 1.69 rpm hadtaximum speed error is approximately
16.99 rpm. It can be seen from Fig 5.15 that thex-finkage error increases around the
unaligned position due to the higher gradient acigghcurrent around the unaligned position and
the position error increases right before phasencotation and during phase changeover due to
the saturation effects.
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820rpmandl =13A under full load, 4 N-m

Fig 5.15 Simulation results at
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(c) Speed estimation
5.6 Analysis

In order to have a high performance practical pmsi¢stimation algorithm, it is essential
to have reliable characteristics about the accuaaciyresolution of the estimated rotor position.
In this research, detailed analysis of the propgsesition estimation method using Fourier
analysis has been carried out from standstill amteu various loads in order to estimate these
attributes with the dynamic simulation. The SRM Heeen started up from zero speed at
different current commands under various loadsighds run with phase current regulation. The
loads of 25%, 50%, 75%, 100% of the rated load, #,Nave been applied to the SRM. Note
that in the simulations, no speed control loomduded.

Each phase is turned ON 8®° (mechanical angle) from its unaligned region amded
OFF at110° (mechanical angle) from its aligned region. Phadtage and current of the excited
phase are used for rotor position estimation durisgconduction period. The speed range is
defined as: when it is lower than 1,000 rpm, itaferred as low speed, while it is higher than
1,000 rpm, then it is referred as high speed.

On the other hand, at the current command of 2é rttor speed does not exceed 800

rpm in the simulations since the positive torquaageted during the conduction period is not
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enough to increase the rotor speed. Thereby, atutient command of 2A, it is referred as high
speed when the rotor speed is higher than 700 rpm.

The simulation results under no load are summaiizdcble 5.6.

Table 5.6 Comparisons of simulation results unaeload

Fourier series Fast Fourier Transform
Iref | Speed — - — -
Al [rpm] Position Error Speed Error Flux-linkage Position Error Speed Error Flux-linkage
[deg] [rpm] Error [%] [deg] [rpm] Error [%]

Avg. Max. Avg. Max. Avg. Max. | Avg. Max. Avg. Max. Avg. Max.

Startup|| 0.15 0.82 0.47 4.10 0.71 3.98 0.01 0.02 0.06 0.l6 .22 0| 2.35

2 Low 0.36 0.50 0.24 1.32 0.95 1.85 0.21 0.23 0.10 0.67 .60 0| 1.50
High 0.57 0.70 0.26 1.62 1.47) 3.2 0.41 0.43 0.08 840 1.12 2.85
Startup|| 0.11 0.82 0.34 3.64 0.51 3.98 0.01 0.02 0.17 0.80 .12 0| 4.66

3 Low 0.61 1.03 0.59 6.10 1.55 5.4] 0.45 0.80 0.34 245 1.20 5.12
High 0.84 1.26 0.81 7.54 2.14 4.75 0.6f 0.91 047 266 1.78 4.49
Startup|| 0.11 0.61 0.31 2.61 0.40 2.54 0.01 0.02 0.29 0.p0 .08 0] 1.45

4 Low 0.66 1.45 0.50 8.85 1.60] 9.64 0.5p 1.50 051 699, 1.30 9.62

High 0.86 1.61 0.93 12.04 2.05 11.45| 0.69 1.62 0.90 11.17, 1.76 10.82
Startup|| 0.09 0.37 0.38 1.99 0.37 1.7§ 0.01 0.0 0.46 06 .090] 131
5 Low 0.60 1.75 1.50 1552 1.49 11.43| 0.46 1.85 1.09 1449 1.21 11.06

High 0.81 2.28 2.03 19.33 2.06 1191 0.64 2.18 1.17 16.58 1.70 11.66
Startup|| 0.10 0.29 0.53 1.56 0.33 1.7§ 0.01 0.02 0.69 135 .100[ 1.92
6 Low 0.55 2.14 0.98 11.89 1.43 12.37| 0.40 2.15 0.99 10.81) 1.18 12.38
High 0.78 2.74 1.58 17.94 2.02 16.07 | 0.65 2.77 181 16.34 1.94 16.13

w

Table 5.6 shows the average and maximum errorgugflihkage, rotor position, and speed
obtained during 400 PWM cycles at transient stagng low and high speeds. The maximum
errors of flux-linkage, rotor position, and speed approximately 16 %, 3 deg, and 19 rpm,
respectively. The speed tolerance with the maxirapeed error is approximately 2 %.

Table 5.7 shows the summary of the simulation tesekecuted at different current
commands under various loads, where the averagenamdnum values of flux-linkage, rotor
position, and speed obtained during 300 PWM cyakespresented. The average actual rotor
speed obtained during 300 PWM cycles is approxiina@80 rpm. Table 5.7 shows that the
maximum errors of flux-linkage, rotor position asygeed are approximately 15 %, 2 deg, and 18
rpm, respectively. The speed tolerance with theimasn speed error is approximately 2 %.
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Table 5.7 Comparisons of simulation results un@eious loads

Fourier series Fast Fourier Transform
Torque Iref — - — -
[N-m] (Al Position Error Speed Error Flux-linkage Position Error Speed Error Flux-linkage
[deg] [rpm] Error [%] [deg] [rpm] Error [%]
Avg. Max. Avg. Max. Avg. Max. | Avg. Max. Avg. Max. Avg. Max.
1 7 0.46 1.45 2.16 11.64 151 11.93| 0.33 1.20 151 8.49 1.21 10.9p
2 9 0.48 1.27 3.60 14.3§ 1.40 11.22| 0.34 1.40 1.38 17.120 1.18 12.38
3 11 0.47 1.61 2.57 18.28 1.30 15.22 | 0.25 1.69 1.88 18.45 1.07 15.48
4 13 0.43 1.64 2.17 16.14 1.12 13.65| 0.18 1.74 1.69 16.99 1.00 14.39

It is demonstrated in these simulations that tlop@sed position estimation algorithm is
reliably fulfiled at startup and low and high sgdeeunder various loads. It is capable of
providing an accurate position estimation to overeahe disadvantages of requiring position
Sensors.

It should be noted from Figs 5.7 to 5.10 and fragsf.10 to 5.12 that the error between
estimated and actual values of flux-linkage, rgposition, and speed increases around the
unaligned position or right before phase commutatidhe maximum absolute average
percentage error between the estimated and admxalirikages is approximately 16 %, but the
significant differences occur at the beginninghef phase conduction period, namely, around the
unaligned position, which yields inaccurate resitdtsthe position and speed estimation. It can
be observed that the error between estimated amdldtux-linkages gives relatively accurate
results as the rotor pole is moving towards thgnald position.

As shown in Fig 5.3, the rate of change of fluxkige with respect to the position
around the unaligned position is lower than thatuad the aligned position, thus the phase
voltage applied to the winding is greater and tite of change of phase current in the unaligned
position is eventually greater, assuming the spsembnstant during operation. As the rate of
change of phase current is higher, the high freqp@&omponents at phase current in a PWM
period increase and thus phase current in a PWhM@enannot be satisfactorily represented as
the fundamental switching frequency component. €quently, the flux-linkage error around
the unaligned position is larger than the flux-aglk error around the aligned position.

On the other hand, the error between estimatedaatuzl position is slightly larger right
before phase current commutation and during phbhaageover due to saturation effects. The
rotor position can be estimated using the estimétedlinkage and phase current in a PWM

period. Indeed, the magnetic material of the maelsaturates for different current levels and
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thereby the slope of inductance or flux-linkage banvarying with respect to the magnitude of
the excitation current. That is to say, the rateclodinge of inductance with respect to phase
current is not zero in saturated region and thugesavith respect to the rotor position and the
magnitude of phase current.

On the other hand, in unsaturated region, theafathange of inductance with respect to
phase current is almost zero and thereby the stépeductance or flux-linkage is closely
constant with respect to the position regardlesthefmagnitude of phase current. Hence the
estimated position can be altered in saturate@neggcording to the phase current value selected
from the triangular current waveform in a PWM pdrid herefore, in this research, the average
value of phase current in a PWM period is emplagectduce the position error being able to be
generated due to the saturation effect.

In the proposed position estimation method usingrieo analysis, the rotor position is
estimated with the measurement of active phaseag®land current in a PWM period. This
means that the resolution of the estimated rotaitipo is directly susceptible to the PWM
period, which is the reciprocal of PWM switchingduency. Assuming that the variation of the
rotor speed is small in a phase conduction petioel resolution of the estimated rotor position
per PWM period increases as the PWM period decsedd®t is to say, the resolution of the
estimated rotor position is proportional to the P\&Mtching frequency.

In addition, the rotor speed affects the resolutbrstimated rotor position. Assuming
that phase conduction period is not varying regasliof the rotor speed, the number of PWM
pulses during phase conduction period must be @ima as the rotor speed increases. While
the rotor speed diminishes, the number of PWM puthkging phase conduction period must be
increased. Assuming that phase conduction peri@@Disand PWM switching frequency is 5
kHz, phase conduction period time at 1000 rpm @aoliained as,

1 = L seciconduction (5.8)

100qrev/ min]><;][min/seck6[conductiori revj

The number of PWM pulses per conduction period lmambtained by dividing the conduction
period by PWM period and it can be obtained as,

1—(1m[sec/conductior]|/ 200 usec/PWM] =50 PWM/ condcutior 2
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where 50 PWM pulses can be obtained for a condugiriod if the PWM switching frequency
is 5 kHz. Thereby, the resolution of the estimatetbr position in a PWM period can be
calculated as,

60[°/condcutiofh / 50 PWM/condcution=1.2[°/ PWM] (5.10)

Consequently, the estimated rotor position hasréteal resolution ofl.2° per PWM
period while the rotor speed is 1000 rpm. With thedation between the resolution of the
estimated rotor position and speed, the resolutidhe estimated rotor position per PWM period
decreases according to the increase of the roemdspnd it become36° at the rated speed of
3,000 rpm for the prototype SRM.

5.7 Conclusions

In this chapter, verification of the proposed positestimation algorithm has been
achieved using a novel two-phase SRM with 6 statdes and 3 rotor poles and having a flux-
reversal-free-stator [80, 81]. Detailed analysigh& proposed position estimation method has
been carried out from standstill and under varioasls in order to estimate these attributes with
the dynamic simulation. The symmetrical PWM metheoith a fixed frequency (5 kHz) is
employed for dynamic current control. The inclusafnsaturation limits on the Pl integrator is
embedded in the current controller to provide atramdup functionality. The estimated rotor
speed is filtered out by an exponentially weightealving average filter (EWMAF). The SRM
has been operated from zero speed at differenerucommands under various loads and has

run with phase current regulation. The loads of 2586, 75%, and 100% of the rated load, 4

N-m, have been applied to the SRM. The following laelieved to be original contributions of

this chapter:

1) Position estimation b¥ourier seriesdevelopment of phase voltage and current waveforms
for a PWM cycle has been analyzed and validateslitiir dynamic simulations at different
current commands and under various loads.

2) Position estimation by¥FT development of phase voltage and current wavefdonsa
PWM cycle has been analyzed and validated throughardic simulations at different
current commands and under various loads.

3) Excellent correlation of dynamic simulation resud{susing between Fourier series and FFT
has confirmed the validity of the proposed positgstimation method.
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4) The proposed position estimation method has sutdgsgerformed under different
operating conditions such as transient startup@mdind high speeds.

It is demonstrated in these simulations that tleppsed position estimation algorithm is reliable

at startup and low and high speeds under varioadslolt is capable of providing an accurate

position estimation to overcome the disadvantag@esition sensors.

126



CHAPTER 6 EXPERIMENTAL EVALUATION OF POSITION
ESTIMATION USING FOURIER ANALY SIS

6.1 Introduction

In the previous chapter, the performance of th@@sed position estimation method was
verified with comprehensive dynamic simulations endifferent current commands and various
loads. Experimental evaluation of the proposedtosistimation method is performed in this
chapter. Comprehensive sets of experiments areicwith different current commands under
various loads. The SRM is operated at standstth warious loads; 25%, 50%, 75%, and 100%
of the rated load, 4 N-m. The estimated and actalaks of the flux-linkage, rotor position and
speed are compared in a PWM period. Experimengaltseare analyzed and correlation between

dynamic simulations and experiments is provided.

6.2 Experimental Setup

The implementation of the proposed estimation algor using Fourier analysis is
accomplished by a classical asymmetric bridge caexeA 16-bit DSP controller of Texas
Instruments is employed in order to control thevester. The proposed position estimation
algorithm is implemented in C-language in the DSAtwller. The magnetization profile of
flux-linkage vs. position vs. phase current is stbmto a SARAM (single-access RAM) for a
faster access and it is used with measured phasenttior estimating the rotor position every
PWM cycle.

Phase current and DC bus voltage from which anegeephase voltage is calculated with
a PWM duty cycle are fed to the DSP through a mulieinnel ADC with 12-bit resolution and
80 ns conversion rate. These signals are sampledltolate the first switching harmonic of
phase voltage and current. For measuring phasenturr the position estimation scheme using
Fourier series, 6 points are sampled in a PWM cgok then phase current values at the instant
of turn-on and turn-off of switching devices ardcotated by using a linear least squares (LLS)
fitting algorithm.
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On the other hand, in the position estimation se&hasing FFT, 50 points are sampled at
a sampling rate of 250 kHz in a PWM cycle and theyused for calculating the first switching
harmonic of phase voltage and current. 3-phase éW@&psupply is fed to a full-bridge rectifier
and the full voltage across the DC link capaci®oB25 V. The duty ratio of PWM chopper is
controlled by a PI current controller with anti-wup functionality. Gains of the PI controller are
calculated in Appendix A. A rotary encoder with tlesolution of 1024 [pulses/rev] is coupled to
the rotor shaft and the actual rotor position isvpded using this encoder. It is used for
evaluating the accuracy of the estimated rotortjgosi

The accuracy of the estimated rotor position ineexpents is also compared with the
simulation results in order to evaluate the cotretabetween them. 2.2 hp, two-phase 6/3 SRM
is loaded using a separately excited DC generatapled to its shaft and different loads are set
by changing a load resistance through sliding kvfoa rheostat. The experimental SRM drive
system is shown in Fig 6.1.

|:>|n,sys Pm,dc

VL Pout,Gen

@ % Converter

SRM DC Generator

Fig 6.1 Experimental setup

6.3 Experimental Evaluation of Fourier Series-Based Algorithm

To evaluate the performance of the proposed posggiimation method using Fourier
series, several experiments at different currentancands have been executed under various
loads. For each current command, the estimatecetud! values of flux-linkage, rotor position,
and speed are presented in the following subsectiote that no speed control loop is included.
In experiments, the asymmetrical PWM method witHix@d frequency (set at 5 kHz) is
employed for dynamic current control. The inclusafnsaturation limits on the PI integrator is
embedded in the current control loop to provideaah-windup functionality. The asymmetric

bridge converter is employed to apply a phase gelia a hard-chopping mode to increase the
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rate of the change of phase current in a PWM peBicshmples of phase current and 6 samples
of DC bus voltage are taken with the same ADC @iggignals. From the sampled DC bus
voltage and the duty cycle provided from the curremntrol loop, average DC bus voltages
during turn ON and turn OFF times are calculateein¢#, accurate DC bus voltages in a PWM
period can be obtained.

From the sampled phase current and LLS fitting ratigm, the slopes of phase current
during turn ON and turn OFF times are calculated dereafter three phase current values at
t=0,dT, andT are calculated, wherd is the PWM duty cycle and@ is the PWM period.

Based on these average DC bus voltages and these glirrent values in a PWM period, the
flux-linkage is estimated. Discrete magnetic da&is ®f three dimensional relationships between
flux-linkage vs. current vs. position are obtairfemin FEA and flux-linkage values are stored
into the two dimensional lookup table with phasgeunt for row and rotor position for column.

By using linear interpolation in the two-dimensibflax-linkage lookup table with the
estimated flux-linkage and average phase currkatrdtor position is estimated. The rotor speed
estimated by the derivative of the estimated rgposition is filtered out by using an
exponentially weighted moving average filter (EWMA®hich is called the first order IIR filter,
at the sample rate of 1 kHz and filter coeffici@ft0.9, resulting in increasing the degree of
filtering. The EWMAF is chosen because the mostmecestimated speed is given more
emphasis than older values as well as reflecteb#te state of the process in dynamic control
systems. Different loads are applied to the SRNhfstartup by using a separately excited DC

generator. The flow chart for experiments usingriauiseries is represented in Fig 6.2.
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| Estimate rotor speed (¢) |

| Exponentially weighted moving average filter (EWMAF) |

| Calculate the conduction period time (Tgy) |

nc

6.3.1 No Load Test

With the experimental setup described in Fig 6l proposed position estimation

> oopCoun =
yes

LoopCoun=0 |

| Commutation control to determine 8, and Eoft |

L]

| Calculate elapsed time after exciting a phase (tpywm) |

Obtain sampled phase voltage and current and duty cycle (d)
samples (N)=6

|Calculate phase current values (I1,1,,13)att = 0,dT.and T|

| Calculate the average phase current (1) |

| Calculate flux-linkage as in Fig (3 7) (1) |

| Find the flux-linkage (Ao Amax_rea) at (6yn, 1) and (Gt 1) |

(]

| Estimate a unique flux-linkage as in Fig (4 1C) (/TC) |

| Estimate a rotor position as in Fig (4 15) (§) |

| Current control |
[

Fig 6.2 The flow chart for experiments using Fouseries

scheme using Fourier series is performed at difteplase current commands under no load.
The SRM is initially at standstill with no load wihe phase current command is applied to the
SRM and it runs with phase current regulation. Nb&t no speed control loop is included. This
test provides the results of the flux-linkage estiea from the incremental inductance, the rotor
position estimated from the estimated flux-linkeaged given phase current by looking up the
magnetization table, and the rotor speed estimbiedhe derivative of the estimated rotor

position with respect to time. At the rate of 5 kHikze estimated and actual values of flux-
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linkage, rotor position, and speed are obtainedndu400 PWM cycles at different operating
conditions such as transient startup as well asadogvhigh speeds. The number of PWM cycles
is determined by the available memory space of D& controller [84]. The average and

maximum values of the results obtained during 40VPcycles are summarized in Table 6.1.

Table 6.1 Experimental results using Fourier saatesrious current commands under no load

Position Error [deg] Speed Error [rpm] Flux-linkageror [%]
ref | Ayerage a6 Ag (|AA|/ Aggn) CLOO
Al Speed FEA
[rPm] | Average | Maximum Average | Maximum Average | Maximum
Startup 0.1150 0.4785 0.9509 3.473)7 0.6788 2.5683
230 0.1201 0.4020 1.6594 5.4490 0.3974 3.66y6
2 308 0.1632 0.5493 1.8519 9.0424 0.5267 4 5747
566 0.2257 1.3379 3.0344 10.7069 1.1366 11.5844
757 0.4174 2.0176 4.1957 18.3642 1.9383 16.2953
Startup 0.2625 0.5711 1.2683 3.5708 1.3729 2.8413
475 0.2705 0.9742 2.8452 15.5190 0.9234 8.97p9
3 660 0.2679 1.4980 3.3973 15.3150 1.4834 11.8487
921 0.4897 1.2801 5.0940 15.7720 2.3991 14.9309
1111 0.5336 1.6401 6.1007 29.7714 2.3791 16.8226
Startup 0.5351 1.0048 2.1523 5.574p 2.4448 4.2937
4 683 0.2450 2.0015 3.7208 17.5003 1.0060 17.7931
951 0.2950 1.3446 4.5094 23.4027 1.40715 15.3196
1156 0.4131 1.6866 6.5342 21.7721 2.0583 17.3868
Startup 0.7518 1.2863 2.9198 6.498[L 2.9743 5.194
5 702 0.3037 0.8128 4.4372 18.6855 1.2576 11.3145
1051 0.4081 1.4386 5.4785 17.1675 1.9649 16.8406
Startup 0.8171 1.4228 3.4317 8.4019 3.0109 5.8137
6 854 0.4195 1.2017 6.1064 22.7399 1.8164 13.3203
1266 0.5488 1.9037 6.8371 23.6163 2.7170 18.6364

Fig 6.3 shows the estimated and actual valuesugflihkage, rotor position and speed at
startup when applying the phase current comman@Aofunder no load. These values are
obtained every PWM period. The rotor position sezéro at the aligned position. Fig 6.3(a)
shows the estimated and actual flux-linkage andatheolute values of the percentage errors
between them. From Table 6.1, the average fluxalygkerror is approximately 1.37 % and the
maximum flux-linkage error is approximately 2.84 Pitg 6.3(b) shows the estimated and actual
position error and the position error between thEram Table 6.1, the average position error is
approximately 0.26 deg and the maximum positiooreis approximately 0.57 deg. Fig 6.3(c)
shows the estimated and actual rotor speed anertbe between them. From Table 6.1, the

average speed error is approximately 1.26 rpm hadrtaximum speed error is approximately
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3.57 rpm. It can be observed that the proposediposestimation scheme using Fourier series

works reliably at startup under no load.

3A under no load

*

Fig 6.3 Experimental results using Fourier sertestatup and
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(c) Speed estimation

To verify the validity of the proposed positioniggition scheme using Fourier series at
high speed under no load, the phase current comwiaB4 is applied to the SRM at standstill
and it is keeping up until the average speed dutb@®PWM cycles is 1111 rpm. Fig 6.4 shows
the estimated and actual values of flux-linkageomr@osition and speed. Fig 6.4(a) shows the
estimated and actual flux-linkage and the absolatees of the percentage errors between them.
From Table 6.1, the average flux-linkage errorgpraximately 2.37 % and the maximum flux-
linkage error is approximately 16.82 %. Fig 6.4¢hpws the estimated and actual position and
the position error. From Table 6.1, the averagetiposerror is approximately 0.53 deg and the
maximum position error is approximately 1.64 demy &.4(c) shows the estimated and actual
speed and the average speed error. From Tabléhé.ayerage speed error is approximately 6.10
rpm and the maximum speed error is approximately 29pm. As the speed increases, the
resolution of the estimated rotor position in a PVgktiod increases due to the decrease of the
number of PWM pulses for a conduction angle and tthe position error slightly increases
compared to the results at startup under no Idathn be also pointed out that the flux-linkage
error increases around the unaligned position,isguhe increase of the position and speed
error. However, it is stabilized as the rotor isving towards aligned position.
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3A under no load
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Fig 6.4 Experimental results using Fourier sertegallllrpmandl
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(c) Speed estimation
6.3.2Load Test

In order to validate the performance of the propgogesition estimation scheme using
Fourier series in a more comprehensive operatimgliion, various experiments are performed
at different phase current commands under varioads. The load generated form a separately
excited DC generator is fed into the SRM coupleddchaft and it is adjusted by changing a
resistance of a rheostat. The SRM runs at 25%, 56%, and 100% of full load which is 4 N-m
for the prototype SRM. Higher current commands ntbe: 7A is applied to the SRM for the
reliable startup since the SRM cannot recover fepatling at lower current less than 7A by its
torque performance [81]. The SRM is initially aarststill with various loads when a phase
current command is applied and it runs with regagpphase current. Note that no speed control
loop is included. This test provides the resultthefflux-linkage estimated from the incremental
inductance estimated by the first switching harraafiphase voltage and current using Fourier
series, the rotor position estimated from the estiah flux-linkage and phase current by looking
up a magnetization table, and the rotor speed atstohnby the derivative of the estimated rotor
position with respect to time. In general, the flinkage given by FEA is stored into a memory

space of the DSP controller and the rotor positsoastimated by the relationship between the
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estimated flux-linkage and measured phase curfémrefore, the higher rate of change of flux-
linkage with respect to rotor position at given ghaurrent gives a better accuracy of the
estimated rotor position. However, in the prototyp®-phase 6/3 SRM, the flux-linkage is
saturated from 6A. Hence even small variation ef élstimated flux-linkage in saturated region
causes to increase the position error. This is usecdhe rate of change of flux-linkage with
respect to rotor position in saturated region iwdothan that in unsaturated region. Thus in
experiments, to reduce the position error in séddraegion, the flux-linkage profile linearly
varying with respect to the rotor position from angated to saturated region is stored into a
DSP memory.

At the rate of 5 kHz, the estimated and actual eslof flux-linkage, rotor position, and
speed are obtained during 300 PWM cycles at difteoperating conditions such as transient
startup as well as low and high speeds. The nurobd?WM cycles is determined by the
available memory space of the DSP controller [G4je average and maximum values of the

results obtained during 300 PWM cycles are sumrednaz Table 6.2.

Table 6.2 Experimental results using Fourier satakifferent current commands under various loads
Torque| Iref Average Position Error [deg] Speed Error [rpm] Flux-linkageor [%]
N-m] | [A] [srpcrenejd Iag |Add (8|1 Apga) 1LOO
P Average | Maximum Average | Maximum| Average | Maximum
1 7 895 0.3483 1.1006 5.2576 18.0279 1.4143 14.7p68
2 9 885 0.3044 1.1177 4.7058 16.4863 1.3372 14.7p66
3 11 844 0.2960 1.1633 3.8047 13.5337 1.3420 13.4{13
4 13 776 0.3931 1.1702 4.1952 14.9454 1.4352 18.1/19

Fig 6.5 shows the performance of the position egion scheme using Fourier series
when applying the phase current command of 9A uhddérload, 2 N-m. Fig 6.5(a) shows the
estimated and actual flux-linkage and the absqgbateentage error between them. From Table
6.2, the average and maximum flux-linkage errors @pproximately 1.33 % and 14.76 %,
respectively. Fig 6.5(b) shows the estimated artdahaotor position and the position error
between them at the bottom. From Table 6.2, theageeand maximum position errors are
approximately 0.30 deg and 1.11 deg, respectiviély.6.5(c) shows that the estimated and
actual speed and the speed error between them. Fabha 6.2, the average and maximum speed

errors are approximately 4.70 rpm and 16.48 rpepeetively. It is evident that the position
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error decreases when the rotor is moving towardmped position due to getting rid of the

nonlinear effects of the saturation as shown inGga).

Fig 6.5 Experimental results using Fourier sertes a885rpm andl” =9A under half load, 2 N-m
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(c) Speed estimation

Fig 6.6 shows the estimated and actual valuesugflihkage, rotor position, and speed
when applying the phase current command of 13A wihdeé load. The SRM is initially at
standstill and it runs until the average rotor spdering 300 PWM cycles reaches 776 rpm. Fig
6.6(a) shows that the estimated flux-linkage is parad with the actual flux-linkage given by
FEA and the absolute values of the percentagesebetiween them are plotted as the error at the
bottom. From Table 6.2, the average flux-linkageoreis approximately 1.43 % and the
maximum flux-linkage error is approximately 13.11 Based on the estimated flux-linkage and
phase current, the rotor position is estimatedyei2%M cycle. Fig 6.6(b) shows the estimated
and actual rotor position and the position errotmeen them. From Table 6.2, the average
position error is approximately 0.39 deg and th&imam position error is approximately 1.17
deg. Fig 6.6(c) shows the estimated and actualdspee the speed error between them. It can be
seen from Table 6.2 that the average speed erppsoximately 4.19 rpm and the maximum
speed error is approximately 14.94 rom. From Fgfef, the flux-linkage error increases around
the unaligned position due to the higher rate angje of phase current around the unaligned
position. It causes the increase of the positiah speed error. However, the position error tends

to decrease when the rotor is moving towards tigaed position as in Fig 6.5.
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Fig 6.6 Experimental results using Fourier sertes a776rpmandl* =13A under full load, 4 N-m
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6.4 Experimental Evaluation of Fast Fourier Transform-Based Algorithm

The performance of the position estimation schesmeguthe first switching harmonic of
phase voltage and current decomposed by FFT ifieceat different current commands under
various loads. For each current command, the attoinand actual values of flux-linkage, rotor
position, and speed are presented. Note that nedspantrol loop is included and the current
command is the only external input of experimeiitee SRM is operated with regulating phase
current from standstill with various loads.

As mentioned in the previous section, asymmetifd&M method with a fixed frequency
(set at 5 kHz) is employed for dynamic current conand an anti-windup functionality is
included in the current control loop. The asymneetsridge converter operating under hard
chopping mode is employed to increase the ratdafge of phase current in a PWM period. DC
bus voltage and phase current are sampled at disgmgite of 250 kHz and the sample size of
FFT computation is 50 samples in a PWM period. FifT computation of the sampled DC
bus voltage with the duty cycle provided from theerent control loop, real and imaginary parts

of the first switching harmonic of phase voltages aralculated. In addition, from FFT
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computation of the sampled phase current, real ievaginary parts of the first switching
harmonic of phase current are calculated.

For FFT computation of the sampled data in a PWhkbgetwiddle factors, composed of
N /2 samples containing half cycle of SIN function add2 samples containing half cycle of
COS function, are stored into an initialized memofythe DSP. Based on real and imaginary
parts of the first switching harmonics of phaseag¢ and current, the flux-linkage is estimated
in a PWM period. Flux-linkage values given by FE#& atored into the two dimensional lookup
table with phase current for row and rotor positioncolumn. By using linear interpolation in
the two-dimensional flux-linkage lookup table witte estimated flux-linkage and average phase
current, the rotor position is estimated.

The rotor speed estimated by the derivative ofestenated rotor position is filtered out
by using an exponentially weighted moving averatierf(EWMAF), which is called the first
order IIR filter, at the sample rate of 1 kHz arltef coefficient of 0.9, resulting in increasing
the degree of filtering. The EWMAF is chosen beeaile most recent estimated speed is given
more emphasis than older values as well as reflestter the state of the process in dynamic
control systems. Different loads are applied to M from startup by using a separately

excited DC generator. The flow chart for experinsarging FFT is represented in Fig 6.7.
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Fig 6.7 The flow chart for experiments using FFT

6.4.1 No Load Test

In order to validate the performance of the propgogesition estimation scheme using
FFT, various experiments are performed at diffepdrase current commands under no load. As
the experiments using Fourier series at the prevéaation, the SRM is initially at standstill with
no load when a phase current command is appli¢idet&RM and it runs with regulating phase
current. No speed control loop is included. Thearmsize for FFT computation conducted in a
PWM period is 50 and the sampling frequency isteae250 kHz, reducing the aliasing effect
discussed in Chapter 2. Twiddle factoks/2 samples containing half cycle of SIN function and

N /2 samples containing half cycle of COS function, st@ed into an initialized memory of
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the DSP and these twiddle factors are used to leddcueal and imaginary parts of the first
switching harmonic of phase voltage and currenonfithese real and imaginary parts, the
magnitude and phase angle of the first switchingnoaic of phase voltage and current are
calculated. This test also provides the estimatedamtual values of flux-linkage, rotor position,
and speed for a PWM period. At the rate of 5 kHie &stimated and actual values of flux-
linkage, rotor position, and speed are obtainedndu400 PWM cycles at different operating
conditions such as transient startup as well asaloavhigh speed. The number of PWM cycles is
determined by the available memory space of the &#oller[84]. The average and maximum

values of the results obtained during 400 PWM cyele presented in the following Table 6.3.

Table 6.3 Experimental results using FFT at diffiéirrent commands under no load

Position Error [deg] Speed Error [rpm] Flux-linkageror [%]
Iref Average
A [Srfff]d nY IAdd (|AA|/ Apga) (10O
Average | Maximum Average | Maximum Average | Maximum

Startup 0.4518 0.7184 1.4758 2.8809 2.6341 4.17116

236 0.1881 0.4822 1.8480 6.3790 0.7363 5.50p4

2 314 0.2577 0.8943 3.2245 11.0724 1.0801 9.47B5
590 0.5922 1.2854 8.3459 27.1738 2.1589 11.0761

774 0.6238 1.6743 10.7887 25.1936 2.3061 13.6797
Startup 0.4425 0.8671 1.5727 3.6999 2.3017 3.85932

490 0.4068 1.2421 5.9109 19.4738 1.5823 11.0161

3 676 0.6442 1.3548 11.0311 30.2657 2.3562 12.2106
941 0.6094 2.0893 10.1536 30.9586 2.4360 17.0758
1144 0.8561 1.9715 13.067% 245110 3.3168 18.3464
Startup 0.1976 0.7256 1.6048 5.1568 0.8927 2.3935

4 705 0.6342 1.5586 9.9982 24.3159 2.3329 14.2313
976 0.7128 1.5190 10.8604 25.1939 2.9084 15.8663
1189 0.9549 1.8449 14.3880 25.3826 3.8394 16.5392
Startup 0.0875 0.4255 1.0851 3.363p 0.3692 1.3069

5 724 0.6040 1.4314 10.1744 22.2554 2.1913 13.5979
1085 0.8747 1.8458 15.2846 31.1438 3.1725 18.6$25
Startup 0.5617 1.9575 3.4674 10.9815 1.5013 4.2924

6 874 0.7247 1.6199 12.3772 33.4202 2.6855 15.4853
1280 0.9641 2.0968 16.6907 37.5575 3.6249 18.8$66
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Fig 6.8 shows the estimated and actual valuesugflfhkage, rotor position, and speed at
startup when applying the phase current comman@Aofunder no load. These values are
obtained every PWM period and the rotor positioh teezero at the aligned position. The
estimated and actual flux-linkage and the absolatae of percentage error between them are
shown in Fig 6.8(a). From Table 6.3, the averagd amaximum flux-linkage errors are
approximately 2.30 % and 3.85 %, respectively. €i§(b) shows the estimated and actual
position error and the average position error. Fii@hle 6.3, the average and maximum position
errors are approximately 0.44 deg and 0.86 degentisely. Fig 6.8(c) shows the estimated and
actual speed and the speed error between them. Fablha 6.3, the average and maximum speed
errors are approximately 1.57 rpm and 3.69 rpmpeetsvely. It can be observed that the

proposed position estimation scheme works reliabktartup under no load.

Fig 6.8 Experimental results using FFT at startogh B =3A under no load
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Fig 6.9 shows the estimated and actual valuesugflfhkage, rotor position, and speed at
high speed when applying the phase current commo&Bé& under no load. The SRM starts at
standstill and it runs with regulating phase currentil the average speed during 400 PWM
cycles is 1144 rpm. Fig 6.9(a) shows the estimatetiactual flux-linkage error and the absolute
values of the percentage errors between them. Hialote 6.3, the average and maximum flux-
linkage error is approximately 3.31 % and 18.34éspectively. Fig 6.9(b) shows the estimated
and actual position and the position error betwdesm. From Table 6.3, the average and
maximum position error is approximately 0.85 ded 4r07 deg, respectively. From Fig 6.9(c)
and Table 6.3, the average and maximum speed arerapproximately 13.06 rpm and 24.51
rpm, respectively. As the experimental results gistourier series at high speed under no load, it
has the characteristic that the position errorhsljgincreases as the speed increases due to the
low resolution at high speed, but it is reliablglstized as the rotor is moving towards aligned
position. Comparing these results with those imgigtourier series, it can be noted that they are
slightly larger because phase current shifted duant anti-aliasing LPF and the propagation
delay time of devices linked to ADC channels of B&P is sampled without any compensation
for correcting the shifted phase current, while shdted phase current is compensated by LLS

fitting algorithm in using Fourier series.

Fig 6.9 Experimental results at=1144rpmand!~ =3A under no load
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6.4.2 Load Test

To verify the validity of the proposed position iggition scheme using FFT by load
conditions, comprehensive experiments are perforatedifferent phase current commands
under various loads. The load generated form araegta excited DC generator is 25%, 50%,
75%, and 100% of full load which is 4 N-m for theototype. The SRM is at standstill with
various loads when a phase current command isegpahd it runs with regulating phase current.
No speed control loop is included. As the experitmamsing Fourier series, higher current
commands more than 7A is applied to the SRM in otdegenerate enough positive torque to
move the SRM at standstill. This test provides pgeformance of the proposed position
estimation scheme using FFT under various loadsmasationed in section 6.3.2, the flux-
linkage lookup table linearly varying with respdot rotor position is stored into the DSP
memory to enhance the accuracy of the estimated paoisition around the aligned position. The
estimated and actual values of flux-linkage, rgtosition and speed are compared at the rate of
5 kHz and the results are summarized in Table ®é.results show that the proposed position

algorithm using FFT exhibits a good performancdit¢rent currents under various loads.

Table 6.4 Experimental results using FFT at varmusent commands under various loads

Average Position Error [deg] Speed Error [rpm] Flux-linkalgeror [%0]
Torque| Iref 9
N-m] | [A] [Srp;e]d a6 |Add (|81]/ Agga) (100
P Average | Maximum Average | Maximum| Average | Maximum
1 864 0.6960 1.5221 11.20601 26.6586 2.5967 18.17
2 889 0.8884 1.5678 14.4568 25.5034 2.9398 16.500
3 11 853 0.8369 1.6458 11.174p 27.9180 2.8596 58.67
4 13 819 0.7842 1.6916 9.6334 23.2913 2.5371 18.4p3

Fig 6.10 shows the estimated and actual valueligflihkage, rotor position, and speed
when applying the phase current command of 9A uhdHrload, 2 N-m. The SRM starts to run
from standstill and it is keeping up until the aage speed during 300 PWM cycles is 849 rpm.
From Fig 6.10(a) and Table 6.4, the average andrmam flux-linkage errors are approximately
3.26 % and 16.30 %, respectively. Fig 6.10(b) arabld 6.4 show that the average and
maximum position errors are approximately 0.90 ded 1.74 deg, respectively. From Fig
6.10(c) and Table 6.4, the average and maximumdspeers are approximately 10.90 rpm and
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23.63 rpm, respectively. It can be observed thatpitoposed estimation scheme works reliably

even around the aligned position.

Fig 6.10 Experimental results using FFTat88%pm andl* =9A under half load, 2 N-m
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(c) Speed estimation

Fig 6.11 shows the estimated and actual valueligflihkage, rotor position, and speed
when applying the phase current command of 13A whdeé load. The SRM is initially at
standstill and it runs with phase current regulatumtil the average speed during 300 PWM
cycles reaches 819 rpm. Fig 6.11(a) shows the atgdnand actual flux-linkage error and the
absolute values of the percentage errors betweem Fable 6.4, the average flux-linkage error
is approximately 2.53 % and the maximum flux-linkagyror is approximately 13.46 %. Fig
6.11(b) shows the estimated and actual rotor posédnd the position error between them. From
Table 6.4, the average position error is approxatyad.78 deg and the maximum position error
is approximately 1.69 deg. Fig 6.11(c) shows thareded and actual speed and the speed error
between them. From Table 6.4, the average speed isrrapproximately 9.63 rpm and the
maximum speed error is approximately 23.29 rpm. Experimental results confirm the
dynamic simulations results. The flux-linkage enmgreases around the unaligned and it cause
the increase of the position and speed error. Hewdhese errors decrease when the rotor is
moving towards the aligned position. Comparing ¢hessults with those in using Fourier series

under full load, it can be observed that they &ighty larger due to the sampling of the shifted
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*

phase current at ADC channels of the DSP contreligtout compensation for correcting the
Fig 6.11 Experimental results using FFTa@t819rpmandl =13A under full load, 4 N-m

shifted phase current, as discussed in the pregectson.
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(c) Speed estimation
6.5 Analysis

In order to have a high performance practical pmsiéstimation scheme, it is essential to
have reliable characteristics about the accuradyrasolution of the estimated rotor position. In
this research, experimental verification of thegm®ed position estimation scheme using Fourier
analysis has been carried out. The SRM has bedadsiap from zero speed at different current
commands under various loads and it has run witls@lturrent regulation. The loads of 25%,
50%, 75%, 100% of the rated load, 4 N-m, have kaggilied to the SRM by switching a
resistive load which is connected to a DC generdtoe rotor position set to zero at the aligned
position. Note that no speed control loop is ineldicand each phase is excited with the fixed
conduction angle regardless of current commandetod speed.

The conduction angle @0° is used so that there will be no overlap betweenghases.
Hence, the rotor speed range has the limitation¢lwis lower than 1,500 rpm in experiments.
This is due to the tail current which flows intoetmegative inductance slope region after
commutating the excited phase. It basically produgegative torque and forms the upper limit
on the rotor speed which can be achieved usingéhsorless operation. Each phase is turned

ON at50° (mechanical angle) from its unaligned position &mthed OFF al1(® (mechanical
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angle) from its aligned position. Phase voltage @ndent of the excited phase are used for rotor
position estimation during its conduction periodielto the lack of an available memory space
of the DSP controller, the estimated and actualeslof flux-linkage, rotor position, and speed
during 400 or 300 PWM cycles have been stored ek after the average and maximum values
of them have been obtained.

From the following tables to be discussed, whenabwial rotor speed is lower than
1,000 rpm, it is referred as low speed, while higher than 1,000 rpm, then it is referred as high
speed. On the other hand, at the current commar2d othe rotor speed does not exceed 800
rpm in experiments since the positive torque gderdrduring the conduction angle is not enough
to increase the rotor speed. Thereby, it is refea® high speed when the rotor speed is higher
than 700 rpm.

Table 6.5 shows the summary of the experimentalltegxecuted at different current
commands under no load, where the average and maxwalues of flux-linkage, rotor position,
and speed obtained during 400 PWM cycles at trahsirtup and low and high speeds are

presented.
Table 6.5 Comparison of experimental results unddoad
Fourier series Fast Fourier Transform
I[f]f [rSppn?]e d Position Error Speed Error Flux-linkage Position Error Speed Error Flux-linkage
[deg] [rpm] Error [%] [deg] [rpm] Error [%]

Avg. Max. Avg. Max. Avg. Max. | Avg. Max. Avg. Max. Avg. Max.
Startup|| 0.11 0.47 0.95 3.47 0.67 2.56 0.45 0.71 1.47 2.88 632 4.17

2 Low 0.16 0.76 2.18 8.39 0.68 6.6( 0.34 0.88 4.47 14.871.32 8.68

High 0.41 2.01 4.19 18.3¢ 1.93 16.27 | 0.62 1.67 10.78| 25.19 2.30 13.67

Startup|| 0.26 0.57 1.26 3.57 1.37 2.84 0.44 0.86 1.5%7 3.9 302 3.85

3 Low 0.34 1.25 3.77 1553 1.60 11.92| 0.55 1.56 9.03 26.89 2.12 13.43
High 0.53 1.64 6.10 29.77 2.37 16.82| 0.85 1.97 13.06| 2451 | 3.31 18.34

Startup|| 0.53 1.00 2.15 5.57 2.44 4.29 0.19 0.72 1.60 5[5 .89 0] 2.35

4 Low 0.27 1.67 4.11 2045 1.20 16.51| 0.67 1.53 10.42| 24.75 | 2.62 15.05

High 0.41 1.68 6.53 21.77 2.05 17.38| 0.95 1.84 14.38| 25.38 | 3.83 16.53
Startup|| 0.75 1.28 291 6.49 2.97 5.19 0.08 0.42 1.08 3.86 .36 0| 1.30

5 Low 0.30 0.81 4.43 18.48 1.25 11.31| 0.60 1.43 10.17| 2225 | 2.19 13.59
High 0.40 1.43 5.47 17.14 1.96 16.86 | 0.87 1.84 15.28| 31.14 | 3.17 18.66

Startup|| 0.81 1.42 3.43 8.40 3.01 5.81 0.56 1.95 3.46 10,.981.50 4.25

6 Low 0.41 1.20 6.10 2273 1.81 13.32| 0.72 1.61 12.37| 33.42 2.68 15.48

High 0.54 1.90 6.83 2361 271 18.63| 0.96 2.09 16.69| 37.55 | 3.62 18.86
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Table 6.5 shows that the maximum errors of flukdige, rotor position and speed in
experiments are approximately 18 %, 2 deg, and88 respectively. The speed tolerance with
the maximum speed error is approximately 3 %. Tah@e shows the summary of the
experimental results executed at different curcemimands and under various loads, where the
average and maximum values of flux-linkage, rotosifion, and speed obtained during 300
PWM cycles are presented. From Table 6.6, the geeaatual rotor speed obtained during 300
PWM cycles is approximately 850 rpm. Table 6.6 shdhat the maximum errors of flux-
linkage, rotor position and speed in experiments agproximately 16 %, 2 deg, and 27 rpm,

respectively. The speed tolerance with the maximpeed error is approximately 3 %.

Table 6.6 Comparison of experimental results undepus loads

Fourier series Fast Fourier Transform
Torque Iref — - — -
[N-m] Al Position Error Speed Error Flux-linkage Position Error Speed Error Flux-linkage
[deg] [rpm] Error [%] [deg] [rpm] Error [%]
Avg. Max. Avg. Max. Avg. Max. || Avg. Max. Avg. Max. Avg. Max.
1 7 0.34 1.10 5.25 18.02 1.41 14.72 | 0.69 1.52 11.20| 26.65 2.59 13.14
2 9 0.30 1.11 4.70 16.48 1.33 1476 | 0.88 1.56 14.45| 2550 | 2.93 16.54
3 11 0.29 1.16 3.80 1353 1.34 1241 0.84 1.64 11.17| 27.91 2.85 13.67
4 13 0.39 1.17 4.19 14.94 1.43 13.11| 0.78 1.69 9.63 23.29] 2.53 13.46

It can be pointed out from Tables 6.5 and 6.6 thatposition error in using Fourier
series is smaller since the shifted phase curreattd an anti-aliasing LPF and the propagation
delay time of devices fed to DSP controller is cemgated with a LLS fitting algorithm after
sampling phase current. These results satisfagteeilify that the proposed position estimation
algorithm works reliably under various loads in Iepentation and overcomes the
disadvantages of requiring position sensors.

From the experiments, the maximum errors betweereftimated and actual values of
flux-linkage, rotor position, and speed arise abtime unaligned position or right before phase
commutation, which can be observed from Figs 6.8.60and from Figs 6.8 to 6.11. This is
because the rate of change of flux-linkage wittpees to rotor position is lower around the
unaligned position, thus the phase voltage appiethe winding is greater, and thereby the
gradient of phase current is eventually higheruassg the rotor speed is constant in operation.
It produces a lot of high frequency componentsha tevelopment of phase current using
Fourier analysis and it is hard to represent phaseent in a PWM period as only the

fundamental switching frequency component. Consattyyethe flux-linkage error around the
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unaligned position is slightly larger than thatward the aligned position, causing the position
and speed error to increase.

On the other hand, in dynamic simulations, therdoeiween estimated and actual rotor
position is slightly larger right before phase emtrcommutation and during phase changeover
due to saturation effects. However, in experimenis,reduced by using the flux-linkage profile
linearly varying with respect to rotor position finrophase excitation to commutation angle.
Hence the accuracy of the estimated rotor poséronnd the aligned region is improved.

The correlation between dynamic simulations andegrents of the proposed position

estimation scheme using Fourier series is providddble 6.7 and 6.8.

Table 6.7 Comparison of experiments and simulaticmsg Fourier series under no load

Experiments Simulations
Iref | Speed — - — -
A [rpm] Position Error Speed Error Flux-linkage Position Error Speed Error Flux-linkage
[deg] [rpm] Error [%] [deg] [rpm] Error [%]

Avg. Max. Avg. Max. Avg. Max. | Avg. Max. Avg. Max. Avg. Max.
Startup|| 0.11 0.47 0.95 3.47 0.67 2.56 0.1%5 0.82 0.47 4010 .710[ 3.98

2 Low 0.16 0.76 2.18 8.39 0.68 6.6( 0.36 0.50 0.24 132 950[ 1.85
High 0.41 2.01 4.19 18.3¢ 1.93 16.27| 0.57 0.70 0.26 1.62 1.47 3.2(
Startup|| 0.26 0.57 1.26 3.57 1.37 2.84 0.11 0.82 0.34 3.64 510 3.98
3 Low 0.34 1.25 3.77 15.53 1.60 11.92| 0.61 1.03 0.59 6.10 1.55] 5.4
High 0.53 1.64 6.10 29.77 2.37 16.82| 0.84 1.26 0.81 7.54 2.14 4.79
Startup|| 0.53 1.00 2.15 5.57 2.44 4.25 0.11 0.1 0.31 261 .400] 254
4 Low 0.27 1.67 4.11 2045 1.20 16.51| 0.66 1.45 0.50 8.85 1.60) 9.64
High 0.41 1.68 6.53 21.77 2.05 17.38| 0.86 1.61 0.93 12.00 2.05 11.45
Startup|| 0.75 1.28 291 6.49 2.97 5.19 0.09 0.37 0.38 199 370 1.78
5 Low 0.30 0.81 4.43 18.48 1.25 11.31| 0.60 1.75 1.50 15.520 1.49 11.43
High 0.40 1.43 5.47 17.14 1.96 16.86| 0.81 2.28 2.03 19.33 2.06 11.91
Startup|| 0.81 1.42 3.43 8.40 3.01 5.81 0.10 0.29 0.53 166 .330] 1.78
6 Low 0.41 1.20 6.10 2273 1.81 13.32| 0.55 2.14 0.98 11.89 1.43 12.37
High 0.54 1.90 6.83 23.61 271 18.63| 0.78 2.74 1.58 17.94 2.02 16.07

Table 6.8 Comparison of experiments and simulaticisg Fourier series under various loads

Experiments Simulations
Torque Iref — - — -
[N-m] (Al Position Error Speed Error Flux-linkage Position Error Speed Error Flux-linkage
[deg] [rpm] Error [%] [deg] [rpm] Error [%]
Avg. Max. Avg. Max. Avg. Max. | Avg. Max. Avg. Max. Avg. Max.
1 7 0.34 1.10 5.25 18.02 1.41 14.72 | 0.46 1.45 2.16 11.64 1.51 11.93
2 9 0.30 111 4.70 16.48 1.33 14.76 | 0.48 1.27 3.60 14.38 1.40 11.22
3 11 0.29 1.16 3.80 13.53 1.34 12.41| 0.47 161 257 18.28 1.30 15.22
4 13 0.39 1.17 4.19 14.94 1.43 13.11| 0.43 1.64 217 16.14 1.12 13.65
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It can be pointed out from Tables 6.7 and 6.8 that flux-linkage error is large in
experiments because the flux-linkage is estimataah fphase current values indirectly estimated
from sampled currents in a PWM period, even thassyinpled currents are compensated. On the
other hand, in simulations, phase current valuesdaectly calculated from the differential
equation of (5.4) and the inductance given by FilAich is represented as the actual inductance.
Calculated phase current values in a PWM perioduserl for flux-linkage estimation and
therefore, errors between the estimated and afttxalinkage given by FEA are smaller.

Despite large flux-linkage error in experimentsge tmaximum position errors in
experiments are slightly smaller than those in &atmns at high current references where the
nonlinear effects of saturation is incurred arotimel aligned position. The reduction of the rotor
position errors in experiments is attributed asrtter position is estimated from the flux-linkage
lookup table eliminating the saturation effects,eventhe flux-linkage is linearly varying with
respect to rotor position from phase excitatiorcéonmutation angle. It increases the rate of
change of flux-linkage with respect to rotor pasitiat a given phase current in saturated region
and hence eventually increases the accuracy oédtimated rotor position around the aligned
position at high current references.

However, even though the accuracy of the estimatdédr position is improved in
experiments, the rotor speed error is larger coatpty that in simulations. This is caused by the
difference of the selection of filter coefficient a EWMAF (exponentially weighted moving
average filter), which filters out the estimatetbraspeed. In simulations, the rotor position error
is slightly larger than experiments and thereby filter coefficient to filter out the estimated
rotor speed is determined as the value closewdith is 0.95, in order to increase the degree of
filtering and smooth the estimated rotor speed. tbm other hand, in experiments, it is
determined as the value less than the value ef fiibefficient chosen in simulations because the
rotor position error in experiments is smaller tilsamulations. Hence the selection of large filer
coefficient close to 1 will reduce the rotor speeabr in experiments.

Generally, when the filter coefficient is set toga value, the filtered signal, which is the
estimated rotor speed in experiments, can be saffitom large lags and thereby it can severely
degrade the stability margin of the closed speap lsystem. Therefore, a compromise to
achieve sufficient noise attenuation with minimuittefed signal lags has to be made when

selecting an appropriate filter coefficient. Thrbug thorough analysis, it can be demonstrated
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that the experimental results are very close tostimilation results and the performance of the
proposed position estimation algorithm using Fausiries has satisfactory results, which leads
to reliable operations at different operating ctinds such as transient startup as well as low and
high speeds under various loads without positiosGes.

Table 6.9 and 6.10 show the correlation betweemhyn simulations and experiments of

the proposed position estimation scheme using FFT.

Table 6.9 Comparison of experiments and simulaticgiisg FFT under no load

Experiments Simulations
Iref | Speed — - — -
Al | [rom] Position Error Speed Error Flux-linkage Position Error Speed Error Flux-linkage
[deg] [rpm] Error [%] [deg] [rpm] Error [%]
Avg. Max. Avg. Max. Avg. Max. | Avg. Max. Avg. Max. Avg. Max.
Startup | 0.45 0.71 147 2.88 2.63 4.17 0.01 0.02 0.06 0.16 .220[ 2.35
2 Low 0.34 0.88 4.47 1487 1.32 8.68 0.21 0.23 0.10 0.67 0.60 1.90
High 0.62 1.67 10.78| 25.19 | 2.30 13.67| 0.41 0.43 0.08 0.84 1.12 2.89
Startup | 0.44 0.86 157 3.69 2.30 3.84 0.01 0.02 0.17 0.80 .12 0| 4.66
3 Low 0.55 1.56 9.03 26.89 2.12 13.43| 0.45 0.80 0.34 5.24 1.20] 5.13
High 0.85 1.97 13.06| 2451 | 3.31 18.34| 0.67 0.91 0.47 6.26 1.78 4.44
Startup | 0.19 0.72 1.60 5.15 0.89 2.3 0.01 0.02 0.29 0.50 .08 0| 1.45
4 Low 0.67 153 10.42| 2475 | 2.62 15.05| 0.50 1.50 0.51 9.69 1.30] 9.64
High 0.95 184 14.38| 25.38 | 3.83 16.53| 0.69 1.62 0.90 11.17) 1.76 10.82
Startup | 0.08 0.42 1.08 3.36 0.36 1.3(¢ 0.01 0.03 0.46 06 .090f 1.31
5 Low 0.60 1.43 10.17| 2225 | 2.19 13.59| 0.46 1.85 1.09 1449 121 11.06
High 0.87 184 15.28| 31.14 | 3.17 18.66 | 0.64 2.18 1.17 16.58 1.70 11.66
Startup| 0.56 1.95 3.46 10.98 1.50 4.25 0.01 0.02 0.69 1.35 0.10 1.9
6 Low 0.72 161 12.37| 33.42 | 2.68 15.48| 0.40 2.15 0.99 10.81 1.18 12.38
High 0.96 2.09 16.69| 37.55 | 3.62 18.86| 0.65 2.77 181 16.34 1.94 16.13
Table 6.10 Comparison of experiments and simulatiming FFT under various loads
Experiments Simulations
Torque Iref — - — -
[N-m] Al Position Error Speed Error Flux-linkage Position Error Speed Error Flux-linkage
[deq] [rpm] Error [%] [deq] [rpm] Error [%]
Avg. Max. Avg. Max. Avg. Max. | Avag. Max. Avg. Max. Avg. Max.
1 7 0.69 1.52 11.20| 26.65 | 2.59 13.14| 0.33 1.20 151 8.49 1.21] 10.9p
2 9 0.88 1.56 1445 2550 | 2.93 16.54| 0.34 1.40 1.38 17.12 1.18 12.38
3 11 0.84 1.64 11.17 2791 | 285 13.67| 0.25 1.69 1.88 18.45 1.07 15.48
4 13 0.78 1.69 9.63 23.29 2.53 13.46| 0.18 1.74 1.69 16.99] 1.00 14.39

It can be pointed out from Tables 6.9 and 6.10 tmaiximum position errors in

experiments are slightly smaller than in simulagiat high current references since the rotor
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position is estimated from the flux-linkage lookible eliminating the saturation effects, where
the flux-linkage is linearly varying with respeat totor position from phase excitation to
commutation angle. On the other hand, average pasition errors in experiments are slightly
larger than in simulations. This is because th&eshphase current due to an anti-aliasing LPF
and the propagation delay time of devices linkedARRC channels of the DSP are sampled
without any compensation for correcting the shiffgthse current, while the shifted phase
current is compensated by linear least squares)(fittlg algorithm in the position estimation
scheme using Fourier series. Nevertheless, rotsitipo errors in experiments are less than 2
deg and the rotor position is therefore reliablyreated in a PWM period.

In spite of the accurate estimation of rotor positin experiments, the rotor speed error is
larger compared to that in simulations. As the expents using Fourier series, this is attributed
to the different selection of filter coefficient titter out the estimated rotor speed in experiraent
When the filter coefficient is set to large valtiee degree of filtering increases and the filtered
signal is therefore to be smooth. In simulatiohs, filter coefficient is set to 0.95, while it ists
to 0.9 in experiments. Hence the selection of Idiige coefficient close to 1 will reduce the
rotor speed error in experiments.

However, filtering out or smoothing the estimatedor speed is good when the filter
coefficient is set to large value, but this is askid at the expense of large lags on the filtered
signal, which is the estimated rotor speed. Theeefa compromise to achieve sufficient noise
attenuation with minimum filtered signal lags hade made when selecting an appropriate filter
coefficient. From a thorough analysis, it can bendestrated that the experimental results are
very close to the simulation results and the penforce of the proposed position estimation
method using FFT has satisfactory results, whidddeto a reliable operation at different
operating conditions such as transient startupedsas low and high speeds under various loads

without position sensors.

6.6 Discussion

The experimental evaluation of the proposed pasitstimation algorithms based on
Fourier series and FFT has been performed in thapter. A comparison of performance of the
proposed position estimation algorithms at differeperating conditions, such as transient

startup and low and high speeds, was given in teeiqus section. It is shown that the average

158



and maximum position error with Fourier series-blggesition estimation algorithm are smaller
than what under the same phase current referemcad. This is because phase current shifted
due to an anti-aliasing LPF and the propagatioayd@me of devices linked to ADC channels of
the DSP is compensated by LLS fitting algorithm. tBea other hand, in the FFT-based position
estimation algorithm, the shifted phase currentsasnpled without any compensation and
therefore the estimated flux-linkage estimated froimase voltage and current has large errors,
resulting an increased error in the rotor positionaddition, the accuracy of the estimated rotor
position depends on the sampling frequency and keasige for FFT computation. Increasing the
sampling frequency and sample size with a faster more powerful DSP controller could
improve the estimation accuracy of the FFT-basegitipo estimation algorithm, but it increases
the drive cost.

In order to compare the computational burden fochealgorithm in experiments,
execution time to conduct each algorithm on the B&Rroller is measured and given in Table
6.11. The proposed position estimation algorithmespgerformed using a 16-bit DSP controller
of Texas Instruments, the TMS320F2808. The cloelgdency of the DSP is 100 MHz and the
machine cycle is 10 ns. Table 6.11 summarizesxbeuwtion time to compute the first switching
harmonics of phase voltage and current and estithatéux-linkage, rotor position, and speed
for each algorithm for a switching frequency oft$zk

Table 6.11 Comparison of computation time on DSRe&zh position estimation algorithm [uni&]

Fourier series Fast Fourier Transform
ltems . o
(sample size = 6) (sample size = 50)
First switching harmonics computation 27.9 92.8
Flux-linkage estimation 11.8 11.8
Rotor position estimation 11.8 11.8
Rotor speed estimation 1.4 1.4

The Fourier series-based position estimation algorirequires 27.8s to compute the
first switching harmonics of phase voltage and entrrin a PWM period, while 92 is

required in the FFT-based position estimation dllgor. From the comparison of computation
time in Table 6.11, implementing the FFT-based tpmsi estimation algorithm on DSP
controllers for SRM drives can be difficult duethe execution time required to extract the first

switching harmonics of phase voltage and currerd PWM period. Hence the Fourier series-
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based position estimation algorithm is better sufte low-cost and real-time drive systems due
to its higher accuracy, lower execution time, aattdy performance than the FFT-based position

estimation.

6.7 Conclusons

In this chapter, performance of the proposed pwsigstimation method using Fourier
analysis has been carried. Comprehensive setspefiexents have been performed on a DSP-
based two-phase SRM drive system at different atircemmands under various loads. The

SRM is operated from zero speed at different cirtemmands under various loads. The loads

of 25%, 50%, 75%, and 100% of the rated load, 4,Num applied to the SRM by switching a

resistive load which is connected to a DC generdtbe proposed position estimation method

leads to a reliable operation under different ofiegaconditions such as transient startup as well
as low and high speeds under various loads withosition sensors. The following are believed
to be main contributions of this chapter:

1) Position estimation bifourier seriesdevelopment of phase voltage and current waveforms
for a PWM cycle has been analyzed and experimgntallidated at different current
commands and under various loads.

2) Position estimation by¥FT development of phase voltage and current wavefdonsa
PWM cycle has been analyzed and experimentallylasdd at different current commands
and under various loads.

3) The correlation of experimental results obtainedubing between Fourier series and FFT
has confirmed the validity of the proposed posigstimation method.

4) Excellent correlation between dynamic simulatior @axperimental results validates the
proposed approach to position estimation in SRMedi

5) A DSP-based control system embedded with TI TMS280B has been realized to execute
the proposed position estimation algorithms.

6) The proposed position estimation method has begrergmentally demonstrated and
verified under different operating conditions suah transient startup and low and high
speeds.

Through these experiments, the proposed positibma$on algorithm is capable of providing

robust and accurate position estimation at staatuplow and high speeds under various loads.
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CHAPTER 7 LOW COST AND HIGH EFFICIENCY TWO-
PHASE SRM DRIVE SYSTEM

7.1 Introduction

High efficiency drive systems are currently appliechome appliances and power tools.
Also, the industry wants to move away from bruslaed commutator-based machines for
reasons of reliability, safety, longevity, and aston noise concerns. Hence the search for a
simpler and lower cost brushless variable speedomdtive has intensified with three
requirements - machine, power converter, and cbakgorithm.

Firstly, the machine should be a brushless motorgoeapable of high speeds and also
easy to manufacture. Due to this factor, SRMs seenie a preferable machine compared to
other electric machines. Another key point to @ag low cost motor drives is to minimize the
number of switching devices. One of cost effecgedutions is using a single switch per phase
converter topology. The last is a sensorless cbwithout position sensors.

Variable speed motor drive systems mostly needetorgtor position information for
operation and these sensors should be mountedeoshtift. However, these position sensors
have several drawbacks. The critical problem i¢ Hesmsor cable should be shielded to avoid
signal attenuation or interference with an extermalise. In order to overcome these
disadvantages, a reliable position estimation sehevithout position sensors is eventually
necessary for low cost drive systems.

Hence, the proposed position estimation using Eoamalysis for a two-phase 6/3 SRM
gives a solution to meet the requirements of adost drive system. However, in order to reduce
drive costs, the classical asymmetric bridge caevevith two switches and two diodes is costly
due to increased number of switching devices.

Thus, in order to reduce the drive costs, the gglitconverter which has the structure of
single switch and single diode per phase can beobttee solutions and it is combined with the
proposed position estimation method. Hence it disppensable to analyze and verify the
performance of the split AC converter. In this deapthe comparison of the split AC converter

to other well-known converters is described. Itsfggenance is also numerically estimated and
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experimentally compared with well-known asymmetiitddge converter with respect to cost,
efficiency, and acoustic noise.

7.2 Comparisonsof Converters

Converter design has been one of the main resemsphkcts of SRM drives since
performance and cost of the drive are highly affédiy the converter configurations. A number
of converter topologies suitable for SRM drives éndoeen proposed in literature [21, 85] for
given applications. There are several methodolofgiegonverter classification but all of them
give way to the classification by the number of powwitching devices. Due to the high cost of
power semiconductors and their drive circuits corgao other components in SRM drives, a
large amount of effort has gone into developing S&Me converters which utilize the fewest
possible number of power switches. Among many cdavetopologies, five types of
configurations which are shown in Fig 7.1 have bleemmd to be feasible for the considered two-
phase SRM drive. Both qualitative and quantitateenparisons are presented to find the most

appropriate converter configuration in terms ofwenter efficiency, cost, and performance.

Fig 7.1 Converter topologies feasible for two-ph&&M drive
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The VA (volt-ampere) rating of the converter is mnfant in that it provides a useful
measure of the actual power rating of the semicotodwswitches that reflects the drive cost. The
per-unit voltage stress (V) times per-unit currstiess (1), multiplied by the number of total
power switches (N) in the converter gives the coteve/A rating (N<V><I). Based on this VA
rating, the relative converter efficiency can baleated by comparing the converter power
losses among each different configuration. The edey power losses can be estimated from
each device switching and conduction losses bygudgarivation in Appendix C. The device

switching loss is determined by maximum voltage aadent stress and the device conduction
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loss is determined by the average current and forwaltage drop from the datasheet under the
assumption of the same conditions of control scheswgching parameters, and torque-speed
operation.

For easier comparison between the different coaxgrhormalized power loss is used by
setting the discrete IGBT switching loss 1p.u. he tase of hard chopping in the asymmetric
converter, total IGBT switching loss is 4p.u. sinicleas four switches for a two-phase SRM. The
rationale is applied to estimate power loss forrdmaining converters. Note that the all other
converters also have 4p.u. total IGBT loss. Thearas as follows: the N+1 has three switches;
switch T3 in Fig 7.1(d) has twice the device switchlosses due to the repeated switching
operation for every phase.

The split DC and split AC converters have half theenber of switches when compared
to the asymmetric converter, hence the voltagecamnt stresses seen by the switch agg, [V
21], and [2Vy, |], respectively. Hence, they have the same octeweating (4VI) as the
asymmetric converter resulting in the same totalypét switching loss (4p.u). The single
controllable converter also has a 4VI rating beeanfsits voltage (2V) and current (2I) stress,
thus having the same total IGBT switching loss {@p.

The per-unit conduction loss of the discrete IGBId aliode can be determined by
measured average current and on-state voltagefdnopthe device datasheet, and was found to
be 1.33p.u. and 0.99p.u., respectively, when coethsn the discrete IGBT switching loss
(1p.u.). Thus, the total IGBT and diode conductmsses in the asymmetric converter under hard
chopping are 5.3p.u. and 3.96p.u., respectivelyhénsoft chopping mode, IGBT switching loss
decreases due to the reduced number of switchidgte IGBT conduction loss increases to
1.98p.u.. Table | shows the comparison of the tobalverter losses between different converter
topologies based on the discrete per unit losewige, total IGBT and diode conduction losses
for all converters can be determined.

Table 7.1 shows the comparison of converter loasemng the above discussed converter
topologies for two-phase SRM. It can noted from[€ahl that the split AC converter has the
lowest power losses resulting in the highest caeveafficiency due to its smaller VA rating and

fewer number of power switches than any other cdeke
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Table 7.1 Comparison of converter losses amongertewtopologies for two-phase SRM drive

Asymmetric Single
TLype of y N+1 SplitDC |  Split AC | controllable
Convert
VARating | 4V! 4V 3V 4V AV AV
IGBT
Switching | 4 2 4 4 4 4
IGBT 53 7.95 53 53 2.65 53
Conduction
Diode 3.96 1.65 3.96 3.96 1.98 3.96
Conduction
Total 13.26 11.60 13.26 13.26 8.63 13.26
Converter

Another important factor for selecting convertepdtogy is overall drive cost which is
mainly determined by the number of power semicotwggc isolated gate drivers, passive
components, sensors, and control circuits. Tab shows the overall comparison of the

considered split AC converter with other converiarterms of performance, component count,
efficiency and cost.

Table 7.2 Overall comparisons among converter tmpet for two-phase SRM drive

Features Asymmetric N+1 Split DC| Split AC cor?tlrr(])?::ble
switch
Phase Independence Yes No Partial Partial No
Commutation Time Fast Slow Slow Fast Slow
Free Wheeling Yes Yes No No Yes
Performance Very Good Fair Fair Good Low
Number of Rectifier Diodes 4 4 4 2 4
Number of Switches 4 3 2 2 1
Number of Diodes 4 3 2 2 2
Number of Floating Power 5 2 2 2 1
Number of DC Capacitors 1 1 2 2 2
Cost High Medium| Low Low Lowest
Converter Efficiency High Medium Medium | High Medium
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One of the key components other than power switctigvices that affect the overall rive
cost is the DC capacitor. As shown in Table 7.2igd7.1, the split AC and split DC converters
require two DC link capacitors each, and the simgistrollable switch converter also requires
two capacitors; one for the DC link and the otlmrdnergy recovery. Therefore, the cost of the
split DC and split AC converters could double doethe additional cost of the DC link
capacitors. The increased current ripple ratingeiases the capacitance requirement which adds
to cost to the overall drive. However, the pricdugion obtained by the reduced number of
power semiconductor devices and their gate drikauits still keeps the overall drive cost of the
split DC and split AC converters lower than the gemtional asymmetric converter. Employing
appropriate control algorithms to minimize the euatrripple can reduce the capacitor size [86].
When comparing the split AC and split DC convertére cost of the split AC is lower due to its
lowest number of rectifier diodes.

Although the single controllable switch convertethe least expensive, it is not desirable
for our considered drive system due to its low @eniance and efficiency. The split AC
converter has the same power rating as the asymngetiverter but utilizes fewer components
and the total converter loss is the lowest amongcahverters, thus making the split AC
converter the most inexpensive and highly efficieonhfiguration. The classic asymmetric
converter is less competitive because of its higlst; however, due to its high performance and

reliability it has been chosen for performance carigon with the split AC converter.

7.3 Experiments
7.3.1 Efficiency

In order to validate the considered drive systesmmrehensive sets of experiments were
performed on the experimental setup described iap@hn 6. The voltage and current can be
measured using a differential probe and a curreéaobegy respectively. The product of the
instantaneous voltage and current to obtain théamt@sneous power is computed in the
oscilloscope. The average power can then be detedniThe Appendix C describes how to
calculate the power and efficiency. Experimentalasugements were performed in order to
compare them to estimations. It can be seen frenfdlfowing tables that subsystem and system

efficiencies for drive system are evaluated by messent and estimation at various loads.
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7.3.1.1 Rectifier Efficiency

Rectifier diode forward drop is 1 V given by datashand the mean value of DC link
current is used for estimating power losses.

Table 7.3 Rectifier efficiency at various loads{B80pm)

Torque Estimations [% Measurements [%0]

[N-m] | Split AC | Asymmetric| Error | Split AC | Asymmetric| Error
1 99.69 99.70 -0.01 98.43 99.30 -0.871
2 99.70 99.68 0.02 99.18 99.49 -0.31
3 99.68 99.67 0.01 98.03 99.50 -1.471
4.5 99.64 99.65 -0.01 98.63 98.39 0.24

Generally, the asymmetric drive system utilizes tuk-bridge rectifier, but in case of the
considered split AC drive system, the half bridgetifier provides the DC bus voltage for each
phase winding. The number of diodes for rectifyiaitage at the considered split AC drive
system is half the number of asymmetric drive sysé@d it can be seen from Table 7.3 that the
rectifier efficiency is high under the full load.

7.3.1.2 Converter Efficiency

Converter power losses dissipated from the switghiansients and conduction can be
derived analytically by using device charactersstimm the datasheet and the measured peak
and average currents with the assumption that caodepower switch forward voltage drops are
assumed to be constant over various loads.

Table 7.4 Converter efficiency at various load0{B€pm)

Torque Estimations [% Measurements [%0]

[N-m] | Split AC | Asymmetric| Error | Split AC | Asymmetric| Error
1 96.66 95.30 1.30 98.01 95.46 2.55
2 97.59 96.43 1.16 96.54 98.75 -2.21
3 97.90 97.01 0.89 96.23 97.20 -0.97
4.5 97.92 97.22 0.70 97.19 96.86 0.33

Although the total number of switching devices iffedlent, two converters have the same
switching losses since the voltage rating at thie AR drive system is doubled. However, it can

be found from Table 7.4 that switching device’s adwction losses and diode losses for the split
AC drive system are half that of the asymmetricvelrsystem and the total converter losses
consequently are reduced compared to the asymndetres system under full load.

167



7.3.1.3 Machine Efficiency

The air gap power of SRM can be estimated by myitig the electromagnetic torque
and rotor speed. Table 7.5 shows the comparisoeffaiiency in the machine only for the
asymmetric drive system and the considered splidAZe system at various loads while driving
at 3000 rpm.

Table 7.5 Machine efficiency at various loads (362)

Torque Estimations [% Measurements [%0]

[N-m] | Split AC | Asymmetric| Error | Split AC | Asymmetric| Error
1 63.99 66.09 -2.10 64.55 67.01 -2.46
2 66.10 73.70 -7.60 69.14 71.65 -2.51
3 70.63 75.32 -4.69 74.76 76.18 -1.472
4.5 79.57 79.64 -0.0f 81.11 82.45 -1.34

The difference in machine efficiency between twstegs is 2.46% at low load and is decreased
to 1.34% at full load. The machine efficiency ag¢ @plit AC drive system is to a small extent
lower than that of the asymmetric drive systenhatftll load, But it is always lower since in the
free-wheel mode, the terminal voltage is equal émzresulting in lower current ripple and
lower core loss with the use of soft chopping diivéhe asymmetric drive system.

7.3.1.4 Overall Efficiency

Table 7.6 shows the comparison of efficiency in $siggtem aspect including rectifier,
converter, and motor efficiency between the asymmetive system and the considered split
AC drive system at various loads while driving @03 rpm.

Table 7.6 System efficiency at various loads (3Q00)

Torgue Estimations [%0] Measurements [%]

[N-m] | Split AC | Asymmetric| Error | Split AC | Asymmetric| Error
1 61.66 62.89 -1.28 62.27 63.52 -1.29
2 64.31 70.96 -6.65 66.21 70.39 -4.1§
3 68.92 72.95 -4.06 70.52 73.67 -3.19
4.5 77.63 77.29 0.34 77.75 78.58 -0.83

The deviation between two systems is 1.3% at lad land is 3-4% or so at the middle load, but
it is significantly decreased to 0.8% under fulado The split AC drive system produces the
efficiency corresponding to that of the asymmatirive system although the machine efficiency

of the split AC drive system is lower than thatloé asymmetric drive system. It was caused by
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the higher efficiency of the rectifier and convertieie to the reduction of switching losses and

conduction losses of switching devices and diodes.

7.3.2 Acoustic Noise

The acoustic noise has been obtained from thetirealspectrum analyzer. In order to
accurately measure the audible noise caused bwtwmhbs in electrical machines, it usually is
made in an anechoic chamber after calibrating teasaring equipments and measuring sound
pressure at several points. However, an anechanlolr is not available in the normal
laboratory environment and, therefore, measuremesatsbe made in an ordinary large room

after measuring the ambient noise.

7.3.2.1 Sound Pressure Level

As for small motors, the sound pressure level ftbm test motor should be measured
over a hypothetical hemisphere, centering on thenmand with a radius of 1 m [87] as shown in
Fig 7.2.

Fig 7.2 Locations for measuring the sound preslewed (radius=1m)

After measuring sound pressure levels of eighttgaivith a microphone, each sound pressure

level is averaged in decibels and it can be exprkas,

L, :10Iog{l[iloﬂ} (7.1)

n

where Ep is the averaged sound pressure level in decilbeld g; is the sound pressure at the

th measurement point and n is the total numberezsurement points.
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Table 7.7 Measured sound pressure level (No Load

Location of point|  Split AC [dB] Asymmetric [dB]

P1 40.00 41.30
P2 42.50 45.50
P3 42.40 41.80
P4 39.00 38.00
P5 41.20 39.70
P6 44.30 44.30
pP7 42.80 42.50
P8 42.80 42.80
Lp 42.15 42.54

Table 7.8 Measured sound pressure level (Full Load)

Location of point |  Split AC [dB] Asymmetric [dB]

P1 62.90 62.70
P2 63.00 63.70
P3 64.60 61.10
P4 60.80 62.30
P5 60.50 63.80
P6 59.40 61.80
P7 61.80 61.90
P8 64.20 62.30
Ly 62.48 62.54

The ambient noise was 34.80 dB and it was belownrthasured acoustic noise from the tested
two-phase SRM and no correction is required for ah®ient noise. It can be seen from the
Table 7.7 for no load and Table 7.8 for full loddttthe acoustic noise from the considered split
AC drive system is slightly lower than the asymnueatirive system and it produces a reasonably

quiet operation.

7.3.2.2 Frequency Spectrum

Fig 7.3 and 7.4 show that the frequency spectitheficoustic noise are measured from
the considered split AC drive system and the asytmendrive system. The frequency spectra
throughout eight locations of point were found &wvé very similar pattern and a measurement at

P2 location is taken for illustration.
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Fig 7.4 Frequency spectrum of acoustic noise aaflyenmetric drive system at 3000 rpm under fultlloa

The frequency component at 160 Hz is due to theueracy of the phase current at 3000 rpm and
the noise level of the split AC drive system isseldo that of the asymmetric drive system. The
frequency spectra also show a frequency compornel@ kHz, which is the PWM frequency of

the phase current. The noise level of the splitki®e system is 2 dB greater due to the hard
chopping drive. The peak component at the frequsepegtrum can be found at 800 Hz and this

frequency coincides with five times the phase fertqy. It is referred that vibration is maximum
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when the natural frequency of the stator pole adeg with the odd times the phase frequency
[88].

7.4 Conclusions

A split AC drive system for a novel two-phase flteversal-free-stator SRM has been

proposed in this chapter and it has a single-swtahphase topology. The following are

considered to be main contributions of this chapter

1)

2)

3)

The proposed drive system has been analyzed wethrétical comparisons to several types
of converter topologies and its performance hasnbegperimentally verified with
comparisons to an asymmetric drive system in terhedficiency and acoustic noise.
Although the machine efficiency in the proposed/@isystem is lower than the asymmetric
drive system under the soft chopping PWM curremtrcd, the overall system efficiency is
very close to the asymmetric drive system due ® libtter efficiency in rectifier and
converter. Excellent correlation between estimatiand measurement validates the
efficiency of the proposed drive system.

The acoustic noise spectrum of the proposed dyistes has lower average sound pressure

level than the asymmetric drive system.

It is believed that the proposed split AC two-ph&RM drive system combined with the

proposed position estimation scheme using Founatyais is a strong contender for low cost

motor drive systems with single switch per phaseintp comparable efficiency and lower

acoustic noise level as the asymmetric drive system
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CHAPTER 8 CONCLUSIONS

8.1 Discussion

The proposed position estimation method based efirdt switching harmonics of phase
voltage and current in SRM drives has been veriftesimulations and experiments. In order to
extract the first switching harmonics of phase agdt and current, Fourier series and FFT have
been selected. A comparison of performance of tstipn estimation method using Fourier
series and FFT was given in Chapters 5 and 6. @hdts show that the average and maximum
position error with Fourier series-based positistineation algorithm is smaller under the same
phase current reference and load. This is becauasepcurrent shifted due to an anti-aliasing
LPF and the propagation delay time of devices linhke ADC channels of the DSP is
compensated by LLS fitting algorithm.

On the other hand, in FFT-based position estimatigorithm, the shifted phase current
is sampled without any compensation for correciingnd thereby the flux-linkage estimated
from phase voltage and current has large errassltneg in increasing the rotor position error. In
addition, a sampling frequency and sample sizé=fof computation determine the accuracy of
the estimated rotor position. Increasing the samgpfrequency and sample size with a higher
speed DSP controller could improve the estimati@sueacy of the FFT-based position
estimation algorithm, but it increases the drivestcdience the Fourier series-based position
estimation algorithm is better suited for low-casid real-time drive systems due to its higher
accuracy, lower execution time, and better perforceahan the FFT-based position estimation.

Practical aspects to be considered while implemgritie proposed position estimation
algorithms are discussed below:

1) _The slope of phase current in a PWM peridd: estimate the incremental inductance, the

slope of the phase current during turn ON and @FF and the maximum and minimum
current value during a PWM cycle are required ieotly, assuming that the initial current
value is known at the moment of PWM signal appiaatHowever, critical current values,
viz. the maximum and minimum current value whenngskFourier series cannot be
accurately measured in implementation due to thecking noise generated in PWM

operation. Hence they should be calculated thrabghslope of phase current during turn
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2)

3)

ON and turn OFF, which can be measured in the P\Wah so that switching noise is not
generated. The slope of phase current can be atddufrom the sampled current values at
each of the three ADC trigger points during turn @hd turn OFF instant and the least
squares algorithm.

Hard chopping PWM strategyn the hard chopping strategy, both IGBT devicka phase
are driven by the same pulsed signal - two IGBTicksv/are switched on and switched off at

the same time. Therefore a greater current ripptapared to the soft chopping strategy is
present and thereby the gradient of phase currgéghbeveasier to measure, resulting in the
increase of the accuracy of the estimated rotoitipas

Limitation of PWM duty cycle and current sensimgeiDigital signals transferred from one
device to another device as well as analog sigoale sensed in the DSP incur some time
delay. These may result in erroneous position esiom and shifting phase current

waveforms in a PWM period. Hence to avoid thesélera, delay time of gate drive circuit,
the ringing in the current waveform at the insw@iwitching, delay time of ADC triggering
signal in the DSP, delay time of sample and hotdudi in the DSP, and delay time of an
anti-aliasing low pass filter should be taken iatount. Furthermore, it should be noted
that analog input signals are sensed with the délag generated after ADC trigger signals
in the DSP. In the developed drive system, if th2CAclock is 12.5 MHz, the sample and
hold time is 160 ns with selection of the acquisitvindow width (ACQ_PS) of the DSP as
1 [89], and the cut-off frequency of an anti-aliesiLPF is 5 kHz, the total delay time
generated after switching on or switching off powdewices is approximately 24s and
therefore the PWM duty cycle range is limited betwel3% to 87% if the switching
frequency is 5 kHz.

The proposed position estimation method in thigaesh has a lot of advantages which

include eliminating the position estimation err@ngrated near zero speed if the motional back

emf is neglected, external hardware circuitry regglin high frequency signal injection methods,

and resistance changes due to temperature changestar windings. However, it has a couple

of disadvantages which are as follows:

1)

It is difficult to work in single pulse operationate, where the SRM operates at high speeds.
At high speeds, the rate of rise of the phase nuigevery low and can at times become

negative since the back emf is large and can a&stioe even larger than the supply voltage.
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Therefore, the SRM operates with a single pulseuafent in the stator windings and allows
no time for chopping to take place.
2) It requires a prior knowledge about the magnetaratteristics of the SRM before getting

into the implementation.

8.2 Conclusions

In this research, a novel position estimation meéthsing the first switching harmonics
of phase voltage and current through Fourier arsliigs been presented to perform high
accuracy position estimation for SRM. The firstt®ing harmonic phase voltage and current in
a PWM period are used to estimate the incrementaldtance from which the flux-linkage can
be estimated. From the estimated flux-linkage rtiter position and speed are known in a PWM
period. In order to validate the performance of pineposed position estimation scheme using
Fourier analysis, it has been analyzed and compsale set of simulations and experiments
have been accomplished and verified with a two-pl&3 SRM drive system, which consists of
an asymmetric converter and a closed-loop PI ctigentroller, at different conditions such as
transient startup as well as low and high speedtemumarious loads. The average absolute
differences of the percentage errors between thenasd and actual flux-linkage is
approximately 3 % and the maximum flux-linkage eri® approximately 18 %. The average
estimated position error obtained from the estiohdliex-linkage at measured phase current in a
PWM period is approximately 1 deg and the maximuwsitpn error is approximately 2 deg.
The average estimated speed tolerance to the aspemld is approximately 2 % and the
maximum estimated speed tolerance is approxim8téty These experimental results have been
correlated with dynamic simulations. It is evidémat the proposed position estimation method
using Fourier analysis is sufficiently accurate amdks satisfactorily at various operating points
such as startup and low and high speeds underusdoads.

An automated method to measure the flux-linkagéhef SRM using ac excitation has
been proposed and it has eliminated errors frommthkeresistance changes and eddy current
effects. The measured flux-linkage has been comdparth FEA results for validation of the
proposed method. For flexible measurement envirommand user-friendliness of the

measurement system, a LabVIEW environment has teezioped.
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A split AC two-phase SRM drive system for low cestd high efficiency applications
has been presented and numerically analyzed. W®rpence has been verified with the
comparisons of numerical estimations and experimeiith respect to efficiency and acoustic
noise. It is believed that this drive system corebirwith the proposed position estimation
method using Fourier analysis is a strong contetaldére a low cost motor drive system with
single switch per phase.

8.3 Contributions
The following are believed to be original major trdsutions of this research and what is
claimed are:

1) A novel position estimation algorithm using thesfiswitching harmonics of phase voltage
and current through Fourier analysis is presentddch has features of estimating rotor
position
a) irrespective of the motional back emf effect neanozspeed,

b) without external hardware circuitry such as a mattul and a demodulator in high
frequency signal injection methods, and

c) irrespective of resistance changes of the statodiwg due to temperature changes or
measurement error.

2) Position estimation bifourier seriesdevelopment of phase voltage and current waveforms
for a PWM cycle is proposed, analyzed, and valwlateough dynamic simulations and
experiments under various loads.

3) Position estimation byrast Fourier Transforndevelopment of phase voltage and current
waveforms for a PWM cycle is proposed, analyzed] aalidated through the dynamic
simulations and experiments under various loads.

4) A DSP-based control system embedded with TI TMS280B is realized to validate the
performance of the proposed position estimatioorétyms.

5) An accurate flux-linkage measurement method usthgid AC power supply is presented
and validated through comparing the results of Bxpnts and FEA, which has features of
eliminating the thermal effect of the stator resmiste and the eddy current loss in the motor
[90].

176



6) Low cost and high efficiency split AC drive systewith lower acoustic noise is presented,

analyzed, and validated through numerical estimadiod experiments.

177



APPENDIX A. DERIVATION OF K,AND K,

Proportional and integral gains of a Pl controfler a specific second-order system,
which is common in this research, were derived faeaign specifications given by the system

bandwidthaw, and the damping rati. For a given second-order system transfer funs(EQ(B)

is represented as,

_ 2ws+af
Gils)=57 Crot 0.
where,
20, = KK
o = KleKi (A.2)

K, is a specific system constant akg and K; are the proportional and integral gains of a Pl
controller, respectively. The system bandwidth is the frequency at which the magnitude of

G, (jw) drops tol/~/2 of its zero-frequency value. Thus we have,

: (k) +(2¢ e} 1
Gljw) ., = == (A.3)
e J(—aé+aﬁ)2+(25%%)2 V2
By rearranging (A.3), we have,
of - 20+ 202)efed - of =0 (A.4)

This equation leads to,

f :(1+ 2(2)aﬁi,/(1+ 2(2)2 +102f (A.5)

Since wj is a positive real value for agy, the plus sign should be chosen in (A.5). Theesfor

the bandwidthw;, of the second order system is determined as,

n =\/(1+ 20%)+ L+ 202 +129, (A.6)

By rearranging (A.2) for the controller gaits, andK; , we have,
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Ko @ - 4 _a (A7)
COKK, w7
1 K,
Substituting (A.6) into (A.7) yields,
2{ ag Ell
\/(1+2( 1+2()2+1 1 "8

K, =
2¢ \/(1+252)+\/(1+252)2 +1

Hence, for a given set of bandwidt, and damping ratig , a proportional gairk ; and an

integral gainK; are calculated algebraically above. Based on (A ®yoportional gairkK ,, and

an integral gairK;, for the velocity loop controller are given as,

20,4, JH,

«1*2(“ i “25“) " A9)

2, \/(1+ 202)+ L+ 2¢2f +1

Based on (A.9), a proportional gai,. and an integral gaii;, for the current loop controller

are given as,
. 20w, o-6)
\/(1+ 2(3)+Jc(3+ 272f +1 el (A.10)

Kic =
2(0\/(1+2502)+ (1+2(CZ)2+1
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APPENDI X B. SPECIFICATIONS OF TWO-PHASE SRM DRIVE

SSYTEM
Number of stator poles 6
Number of rotor poles 3
Stator pole arc [deg] 36
Rotor pole arc [deg] 72
Minimum inductance at 2A [mH] 6
Maximum inductance at 2A [mH] 103
Air gap length [mm] max: 0.7, min: 0.3
Number of turns [turns/phase] 110
Stack length [mm] 85
Rated voltage [VAC] 230
Rated torque [Nm] 4
Rated speed [rpm] 3,000
Rated current [A] 13
Inertia coefficient [Nm/rad/s] 0.0007
Friction coefficient [kg-m"2] 0.0003
Speed feedback gain [V/rad/s] 31407
Current feedback gain [V/A] 3/20
Torque feedback gain [V/INm] 3/4.5
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APPENDIX C. CALCULATIONS OF POWER EFFICIENCY

C.1 Calculation of the Converter L osses
The estimation of IGBT switching, IGBT conducti@nd diode conduction losses during
the whole current commutation period are conveldsses are given as follows. The IGBT
switching losses are given by,
Puy on =05V [ gy Tt ) tawen [ Feom

(C.1)
Psw_off = (0'5 ka O pk |:ﬂoff E'fsw) |:ﬂdwell |:n:com
whereV, 1o tons torr s tawens fsws foom @re peak voltage stress, peak current stresschswit

time delay, switch-off time delay, current dwelng, switching frequency, and commutation

frequency, respectively. The IGBT or diode condutlpsses are given by,

Tcom
I:?:ond = i J.Von |:ﬂondt ::Von |:Ion Gtﬂ dM (CZ)
Tcom 0 TSW Tcom
wherev,,,,i,,, T..m are IGBT or diode on-state voltage drop, IGBT @dé instantaneous on-

state current, and current commutation time, respedy.

C.2 Calculation of the Output Power of SRM

The losses of DC generator including the coppesessmechanical losses, core losses,
stray losses, and brush contact losses can bdataltin advance and based on these losses, the
output power of SRM can calculated.
1) Copper losses (in case of separately excitéd) fie

Poppe = 2[R, (C3)

The change in resistance of the armature due tpdeature and skin effect has to be
considered in order to calculate the accurate aolmgses in the DC generator. Improper value
of resistance can lead to reduce the input powd®fgenerator, resulting in reduction of the
output of the tested drive system. Temperature aneagents are made right after driving and
resistor values for copper at any temperature othan the standard temperature (usually

specified at 20 Celsius) are measured throughdit@afing formula [76].
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R = Rrele-l-a mT _Tref )] ‘qg:
where Ris resistance at temperatur®”’,* R, is resistance at reference temperafije a is

0.004041, meaning the temperature coefficient sistance for coppefl, and is temperature in
degree Celsius. Skin effect can be neglected simedrequency of DC generator at the rated
speed is 100 Hz and the AC/DC resistance ratiity.u
2) Mechanical losses & core losses

These two losses can be calculated while drivingCagenerator as a DC motor at no

load. The output power of DC motor is ideally zaral all of the input power turns into losses.

If,m Ia,m
—— — M
+ Ra

+ +
Vdc,in 7‘ ng @Ea 7‘ Vdc,in

[og

Fig C.1 Circuitry for measuring mechanical and doeses

The copper losses in the field and the armatucsiitgr at no load are given as,

Propoerm = 17 Ry 10, [R, (C.5)
The remaining portion of the input power must betional losses of the motor, which is the
summation of mechanical losses and core lossescdighe rotational losses with respect to
speed are expressed as,

Focn* P = Pon ~ Pooun 6
=Viein Llam * 11 1) = Popperm
3) Stray losses
It is noted that the stray losses is miscellanetnsses associated with mainly

electromagnetic radiation and they can be assuraadrglly to be 0.5 percent of the full load
power.

P,., =0.005xP,,, (C.7)

4) Brush contact losses [91]
There is an electric power loss in the brushes thake with the commutator. The
potential difference occurs between the commutstioface and the brush material close to the

brush contact surface. This potential differenceeganonlinearly with current density and the
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total potential difference across brushes is 1iwder the full load in this machine and it causes
the reduction of 1~2 % of the machine and ovesatesm efficiency.
Porush = Voren X 12 (C.8)
5) Output power of DC generator
It equals to the load voltage multiplied by thedaarrent in DC generator.

P e =V, O, (C.9
6) Output power of SRM
Consequently, based on the beforehand calculagsg¢doand the output power, the total
input power of DC generator correspond to the adyppower of the tested drive system.
Poisan = Pyoen = (C3) +(C.6)+(C.7) +(C.8) +(C9) (C.10)

7) Rectifier efficiency
It can be found from Fig 6.1 that the rectifien@gncy is given as,

P
Mo =22 (C.11)

in,sys
8) Converter efficiency
It can be found from Fig 6.1 that the convertercedhicy is given as,

— in,SRM
n. === C.12
conv = ( )

in,dc
9) Machine efficiency
It can be found from Fig 6.1 that the machine efficy is given as,

Pu
Tow =D S (C.13)

in,SRM
10) System efficiency

It can be found from Fig 6.1 that the overall sgs&fficiency is given as,

P
,75ys = P—SRM = ,7rec |jlconv |]:7SRM (C 14)

in,sys

183



REFERENCES

(2]

(3]

[4]

[5]

[9]

[10]

[11]

[12]

R. Krishnan, "Whither motor drives: A case stud switched reluctance motor drives,"Etectrical
Machines and Systems, 2007. ICEMS. Internationaf€ence on2007, pp. 472-480.

P. P. Acarnley, R. J. Hill, and C. W. Hoopdbgtection of rotor position in stepping and switdhe
reluctance motors by monitoring of current wavefsfnEEE Trans on .Industrial Electronicsol. 1E-32,
pp. 215-222, 1985.

S. K. Panda and G. A. J. Amaratunga, "Wavefdetection technique for indirect rotor-position sieg of
switched-reluctance motor drives. Il. Experimemésults,"Electric Power Applications, IEE Proceedings
B [see also IEE Proceedings-Electric Power Appiimas], vol. 140, pp. 89-96, 1993.

S. K. Panda and G. A. J. Amaratunga, "Wavefdetection technique for indirect rotor-position sieg of
switched-reluctance motor drives. I. AnalysiSléctric Power Applications, IEE Proceedings B [sés0
IEE Proceedings-Electric Power Applicationspl. 140, pp. 80-88, 1993.

S. K. Panda, C. Keng Young, and L. Kai Sanggditlect rotor position sensing for variable reluca
motors," inindustry Applications Society Annual Meeting, 19@hnference Record of the 1994 IEEE
1994, pp. 644-648 vol.1.

S. K. Panda, K. C. Leong, W. T. J. Lau, andXA. L. K. S. Lock, "Further developments in irgdit-rotor
position sensing of variable-reluctance motors gisiaveform-detection technique," limdustrial
Electronics, Control, and Instrumentation, 1993o8eedings of the IECON '93., International Conferen
on, 1993, pp. 1009-1014 vol.2.

F. R. Salmasi and M. Ehsani, "A novel approxhuto-calibrating sensorless switched reluctanctor
drive," InIECON '03. The 29th Annual Conference of the IEEID3, pp. 2471-2476 Vol.3.

H. Gao, B. Fahimi, F. R. Salmasi, and M. Ehs&Bensorless control of the switched reluctancéomo
drive based on the stiff system control conceptsaigdature detection," 2001, pp. 490-495 vol.1.

F. R. Salmasi, B. Fahimi, H. Gao, and M. Ehs&&ensorless control of switched reluctance madtive
based on BEMF calculation,” i#ypplied Power Electronics Conference and Exposijtkii92. APEC 2002.
Seventeenth Annual IEEEZ002, pp. 293-298 vol.1.

G. Suresh, B. Fahimi, K. M. Rahman, and M. &tis"Inductance based position encoding for séassr
SRM drives," InPESC 99. IEEE 30th Annydl999, pp. 832-837 vol.2.

G. Hongwei, F. R. Salmasi, and M. Ehsani, Uadnce model-based sensorless control of thersedtc
reluctance motor drive at low speeBgdwer Electronics, IEEE Transactions a]. 19, pp. 1568-1573,
2004.

B. Fahimi and R. B. Sepe, Jr., "Developmend-gfuadrant sensorless control of SRM drives dver t
entire speed range," BvVth IAS Annual Meeting. Conference Record of 6022EEE 2002, pp. 1625-
1632 vol.3.

184



[13]

[14]

[17]
[18]

[19]

[20]

[21]
[22]

[25]

[26]

[27]

(28]

B. Fahimi and A. Emadi, "Robust position setess control of switched reluctance motor drivesrdhe
entire speed range," PESC 02. 2002 IEEE 33rd Annu2002, pp. 282-288 vol.1.

B. Fahimi, A. Emadi, and R. B. Sepe, Jr., "Fquadrant position sensorless control in SRM drioeer
the entire speed rangd&bwer Electronics, IEEE Transactions o). 20, pp. 154-163, 2005.

F. R. Salmasi and B. Fahimi, "Modeling switdheluctance Machines by decomposition of double
magnetic salienciesMagnetics, IEEE Transactions orgl. 40, pp. 1556-1561, 2004.

B. Fahimi, G. Suresh, J. Mahdavi, and M. Ehisd&new approach to model switched reluctanceanot
drive application to dynamic performance predicticontrol and design," iRower Electronics Specialists
Conference, 1998. PESC 98 Record. 29th Annual JEBES, pp. 2097-2102 vol.2.

B. G. Hedland, "A method and a device for seless control of a reluctance motor," 1986.

J. P. Lyons, S. R. MacMinn, and M. A. Presttflux-current methods for SRM rotor position estion,”
in Industry Applications Society Annual Meeting, Cogriee Record of the 1991 IEEER91, pp. 482-487
vol.1.

D. Panda and V. Ramanarayanan, "Sensorlessotoih switched reluctance motor drive with self-
measured flux-linkage characteristics,FRESC 00. 2000 IEEE 31st Annuy2000, pp. 1569-1574 vol.3.
G. Gallegos-Lopez, P. C. Kjaer, and T. J. Hlévl "A new sensorless method for switched rednce
motor drives,"Industry Applications, IEEE Transactions ao). 34, pp. 832-840, 1998.

R. KrishnanSwitched Reluctance Motor DriveSRC press, 2001.

A. Lumsdaine and J. H. Lang, "State obserfervariable-reluctance motordyidustrial Electronics,
IEEE Transactions onvol. 37, pp. 133-142, 1990.

I. Husain, S. Sodhi, and M. Ehsani, "A slidimgpde observer based controller for switched raluc
motor drives," inndustry Applications Society Annual Meeting, Cosriee Record of the 1994 IEEE
1994, pp. 635-643 vol.1.

R. A. McCann, M. S. Islam, and I. Husain, "Aigpation of a sliding-mode observer for positiordeapeed
estimation in switched reluctance motor drivésdustry Applications, IEEE Transactions eo]. 37, pp.
51-58, 2001.

S. A. Hossain, I. Husain, H. Klode, B. LequesA. M. Omekanda, and S. Gopalakrishnan, "Foudrpre
and zero-speed sensorless control of a switchadtaglce motor,Industry Applications, IEEE
Transactions onyol. 39, pp. 1343-1349, 2003.

I. Husain and M. Ehsani, "Rotor position segsin switched reluctance motor drives by measuring
mutually induced voltagesihdustry Applications, IEEE Transactions mo). 30, pp. 665-672, 1994.

M. Bin-Yen, F. Wu-Shiung, L. Tian-Hua, and G.-Chen, "Design and implementation of a sensorless
switched reluctance drive system&rospace and Electronic Systems, IEEE Transactiangol. 34, pp.
1193-1207, 1998.

L. Tian-Hua and C. Yih-Hua, "Implementationammicroprocessor-based sensorless switched retecta
drive," inIndustrial Electronics Society, 2000. IECON 2006tH2Annual Confjerence of the IEEEDOO,
pp. 375-380 vol.1.

185



[29]

[30]

[34]

[35]

[36]

[39]

[40]

[41]

G. R. Dunlop and J. D. Marvelly, "Evaluatiohaself-commutated switched reluctance motorPrioc. of
Int. Conf. on Electric Machines and Drivel987, pp. 317-320.

W. D. Harris and J. H. Lang, "A simple motiestimator for variable-reluctance motorstiustry
Applications, IEEE Transactions owgl. 26, pp. 237-243, 1990.

S. R. MacMinn, W. J. Rzesos, P. M. Szczesnyg, B M. Jahns, "Application of sensor integration
techniques to switched reluctance motor drivegjustry Applications, IEEE Transactions ao]. 28, pp.
1339-1344, 1992.

N. H. Mvungi, M. A. Lahoud, and J. M. Stephens"A new sensorless position detector for SRefjvin
Power Electronics and Variable-Speed Drives, Fountiernational Conference o990, pp. 249-252.
N. H. Mvungi, "Switched reluctance motor comtiaiion using its magnetisation characteristics Vitual
Environments, Human-Computer Interfaces and Measeant Systems, 2004 IEEE Symposiun2664,
pp. 113-118.

H. J. Guo, W. B. Lee, T. Watanabe, and O.rloRura, "An improved sensorless driving method of
switched reluctance motors using impressed volpadge," inPower Conversion Conference, 2002. PCC
Osaka 2002. Proceedings of {t&02, pp. 977-980 vol.3.

H. J. Guo, M. Takahashi, T. Watanabe, andcBinbkura, "A new sensorless drive method of Sveitth
Reluctance Motors based on motor's magnetic charstits,"Magnetics, IEEE Transactions oml. 37,
pp. 2831-2833, 2001.

E. Kayikci, M. C. Harke, and R. D. Lorenz, "&ad invariant sensorless control of a SRM drive gisiigh
frequency signal injection," imdustry Applications Conference, 2004. 39th IA8ust Meeting.
Conference Record of the 2004 IEED04, pp. 1632-1637 vol.3.

M. W. Degner and R. D. Lorenz, "Using multiglaliencies for the estimation of flux, positionda
velocity in AC machines,Industry Applications, IEEE Transactions eo). 34, pp. 1097-1104, 1998.
P. Laurent, M. Gabsi, and B. Multon, "Sensssleotor position analysis using resonant method fo
switched reluctance motor," Industry Applications Society Annual Meeting, Coerfiee Record of the
1993 IEEE 1993, pp. 687-694 vol.1.

M. Ehsani, I. Husain, and A. B. Kulkarni, "Elination of discrete position sensor and currenssein
switched reluctance motor drivesridustry Applications, IEEE Transactions mo). 28, pp. 128-135,
1992.

M. Ehsani, I. Husain, and K. R. Ramani, "Lowast sensorless switched reluctance motor drives for
automotive applications," iBlectronic Applications in Transportation, IEEE Wshop on1990, pp. 96-
101.

M. Ehsani, I. Husain, and A. B. Kulkarni, "Elination of discrete position sensor and currenssein
switched reluctance motor drives,"limdustry Applications Society Annual Meeting, Cosriee Record of
the 1990 IEEE1990, pp. 518-524 vol.1.

186



[42]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Y.J. Wang, Y. Y. Sun, C. C. Huang, and M.TGai, "Rotor position detection of switched relune
motors using FM technique,” ontrol Applications, Proceedings of the 1999 IBBEternational
Conference on1999, pp. 939-944 vol. 2.

M. Ehsani, I. Husain, S. Mahajan, and K. Rnfaai, "New modulation encoding techniques for iadir
rotor position sensing in switched reluctance ngtdndustry Applications, IEEE Transactions eo). 30,
pp. 85-91, 1994.

G. Suresh, B. Fahimi, and M. Ehsani, "Improeainof the accuracy and speed range in sensodesok
of switched reluctance motors," APEC '98. IEEE Thirteenth Annydl998, pp. 771-777 vol.2.

G. Suresh, B. Fahimi, K. M. Rahman, M. Ehsanid |. Panahi, "Four-quadrant sensorless SRM dvitle
high accuracy at all speeds,"APEC '99. IEEE Fourteenth Annydl999, pp. 1226-1231 vol.2.

G. Suresh, B. Fahimi, K. M. Rahman, and M. &hs"Analysis of amplitude modulation methods for
sensorless SRM drives," IECON '98. Proceedings of the 24th Annual Confeeavfcthe IEEE1998, pp.
917-922 vol.2.

G. Suresh, K. M. Rahman, B. Fahimi, and M. &tis"Self-tuning sensorless SRM drives for lowtcos
mass production,” iB3rd IAS Annual Meeting. Conference Record of 8881EEE 1998, pp. 593-600
vol.1.

P. Bishop, A. Khalil, and I. Husain, "Low levemplitude modulation based sensorless operafian o
switched reluctance motor," PESC 04. 2004 IEEE 35th Annuab04, pp. 3347-3352 Vol.5.

A. Brosse, G. Henneberger, M. SchniedermdyeD. Lorenz, and N. Nagel, "Sensorless contra 8RM
at low speeds and standstill based on signal peweduation,” inlndustrial Electronics Society, 1998.
IECON '98. Proceedings of the 24th Annual Confeearfache IEEE1998, pp. 1538-1543 vol.3.

A. Bellini, F. Filippetti, G. Franceschini, Tassoni, and P. Vas, "Position sensorless coot@ISRM
drive using ANN-techniques," iB3rd IAS Annual Meeting. Conference of the 1998EB98, pp. 709-
714 vol.1.

D. S. Reay, Y. Dessouky, and B. W. William$heé use of neural networks to enhance sensorlestsopo
detection in switched reluctance motors, Systems, Man, and Cybernetics, IEEE International
Conference on1998, pp. 1774-1778 vol.2.

D. S. Reay and B. W. Williams, "Sensorlessitias detection using neural networks for the cohaf
switched reluctance motors,"” @ontrol Applications, Proceedings of the 1999 IHBternational
Conference on1999, pp. 1073-1077 vol. 2.

E. Mese and D. A. Torrey, "An approach for sahess position estimation for switched reluctametors
using artifical neural networksPower Electronics, IEEE Transactions eo). 17, pp. 66-75, 2002.

C. Hudson, N. S. Lobo, and R. Krishnan, "Seless control of single switch based switched ralnce
motor drive using neural network," 80th Annual Conference of IEEE004, pp. 2349-2354 Vol. 3.

C. A. Hudson, N. S. Lobo, and R. Krishnan,riSarless Control of Single Switch-Based Switched
Reluctance Motor Drive Using Neural Networkqtlustrial Electronics, IEEE Transactions oml. 55, pp.
321-329, 2008.

187



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[66]

[67]

[68]

A. Cheok and N. Ertugrul, "A model free fuzpgic based rotor position sensorless switchecctahce
motor drives," in31st IAS Annual Meeting, Conference Record of 896 1EEE 1996, pp. 76-83 vol.1.
A. Cheok and N. Ertugrul, "High robustness aelibbility of a fuzzy logic based angle estimatio
algorithm for practical switched reluctance motdves,” inPESC 98. IEEE 29th Annydl998, pp. 1302-
1308 vol.2.

A. D. Cheok and N. Ertugrul, "High robustnessl reliability of fuzzy logic based position estition for
sensorless switched reluctance motor drivesyer Electronics, IEEE Transactions ao). 15, pp. 319-
334, 2000.

N. Ertugrul and A. D. Cheok, "Indirect anglgtiemation in switched reluctance motor drive usmgy
logic based motor modelPower Electronics, IEEE Transactions mo). 15, pp. 1029-1044, 2000.

C. Eyguesier, K. J. Tseng, F. Yan, and S. CAdjasic algorithm of sensorless rotor positiotegtion
using fuzzy logic for the switched reluctance matoves," inISIE '99. Proceedings of the IEEE
International Symposium ¢t999, pp. 684-688 vol.2.

W. Zhongfang, A. D. Cheok, and W. Lim Khiari§ensorless rotor position estimation algorithm for
switched reluctance motors using fuzzy logic,PEBSC. 2001 IEEE 32nd Annya001, pp. 1701-1706 vol.
3.

A. D. Cheok and W. Zhongfang, "Fuzzy logicanposition estimation based switched reluctanceomo
DSP drive with accuracy enhancemefmgwer Electronics, IEEE Transactions ao). 20, pp. 908-921,
2005.

S. Paramasivam, S. Vijayan, M. Vasudevan, RAAR. Arumugam, and R. A. K. R. Krishnan, "Realn&
Verification of Al Based Rotor Position Estimatidechniques for a 6/4 Pole Switched Reluctance Motor
Drive," Magnetics, IEEE Transactions oml. 43, pp. 3209-3222, 2007.

M. Wellner and R. Krishnan, "Position estinaatin switched reluctance motor drives by fourier
transformation,” Property of Virginia Tech 2003.

H. H. Moghbelli, M. Moallem, and C. M. Ong, p@rational characteristics of switched reluctancéom
drives," inIndustrial Electronics, Proceedings of the IEEEdmtational Symposium 94992, pp. 643-647
vol.2.

H. H. Moghbelli, G. E. Adams, and R. G. Hdfrediction of the instantaneous and steady statgi¢ of
the switched reluctance motor using the finite @etrimethod (FEM)," inndustry Applications Society
Annual Meeting, 1988., Conference Record of th&818B&E 1988, pp. 59-70 vol.1.

A. M. Omekanda, C. Broche, and M. Renglet,|&Qkmtion of the electromagnetic parameters of éched
reluctance motor using an improved FEM-BIEM-apgimato different models for the torque
calculation,"Industry Applications, IEEE Transactions eo). 33, pp. 914-918, 1997.

S. S. Murthy, B. Singh, and V. K. Sharma, 'lférelement analysis to achieve optimum geometry of
switched reluctance motor," TENCON '98. 1998 IEEE Region 10 International Cogrfiee on Global
Connectivity in Energy, Computer, Communication &aahtrol, 1998, pp. 414-418 vol.2.

188



[71]

[72]

[73]

[75]

[76]

[79]

[80]

[81]

[82]

R. Krishnan and P. Materu, "Measurement astrinmentation of a switched reluctance motor fhiiustry
Applications Society Annual Meeting, ConferenceoReof the 1989 IEEEL989, pp. 116-121 vol.1.

V. Ramanarayanan, L. Venkatesha, and D. Paikdiax-linkage characteristics of switched reluatan
motor," inPower Electronics, Drives and Energy Systems fdustrial Growth, Proceedings of the 1996
International Conference 911996, pp. 281-285 vol.1.

V. N. Walivadekar, S. K. Pillai, S. S. Sadgtand R. Bhandhari, "PC based data acquisitiotesyfor
measurement of switched reluctance motor (SRM)Pdwer Electronics, Drives and Energy Systems for
Industrial Growth, Proceedings of the 1996 Intefaatl Conference qril996, pp. 957-963 vol.2.

V. K. Sharma, S. S. Murthy, and B. Singh, "improved method for the determination of saturation
characteristics of switched reluctance motdrsstrumentation and Measurement, IEEE Transactmms
vol. 48, pp. 995-1000, 1999.

A. D. Cheok and N. Ertugrul, "Computer-basetbanated test measurement system for determining
magnetization characteristics of switched reluatamotors,'Instrumentation and Measurement, IEEE
Transactions ornvol. 50, pp. 690-696, 2001.

A. C. Worley and J. M. Stephenson, "Eddy cotigehaviour in saturating laminations with impessfux
waveforms," inElectrical Machines and Drives, Sixth Internatiol@bnference onl993, pp. 229-233.

J. Faiz and M. B. B. Sharifian, "Core lossesreation in a multiple teeth per stator pole shétd
reluctance motor,Magnetics, IEEE Transactions aml. 30, pp. 189-195, 1994.

T. R. Kuphaldt, "All about Circuits - Chap 1Phe physics of conductors and insulators - Tentpeza
coefficient of resistance,” 2003.

H. Wei, H. Wei, and M. Cheng, "Inductance aweristics of 3-phase flux-switching permanent neag
machine with doubly-salient structure,"Power Electronics and Motion Control ConferenceQ@0
IPEMC '06. CES/IEEE 5th Internation&006, pp. 1-5.

A. Ganiji, A. Ganji, P. Guillaume, R. Pintelcemd P. A. L. P. Lataire, "Induction motor dynaraitd static
inductance identification using a broadband exoitetechnique,'Energy Conversion, IEEE Transaction
on,vol. 13, pp. 15-20, 1998.

H. Keunsoo, L. Cheewoo, K. Jaehyuck, R. ARKKrishnan, and A. S.-G. O. Seok-Gyu Oh, "Desigd a
Development of Low-Cost and High-Efficiency Variakbpeed Drive System With Switched Reluctance
Motor," Industry Applications, IEEE Transactions eo). 43, pp. 703-713, 2007.

0. Seok-Gyu and R. Krishnan, "Two Phase SRMhWIux Reversal Free Stator: Concept, Analysis,
Design and Experimental Verification," #1st IAS Annual Meeting. Conference Record of 696 2EEE
2006, pp. 1155-1162.

S. G. Oh and R. Krishnan, "Two-Phase SRM VHiilx-Reversal-Free Stator: Concept, Analysis, Dgsig
and Experimental VerificationJhdustry Applications, IEEE Transactions amo). 43, pp. 1247-1257,
2007.

W. Chi-Yao and C. Pollock, "Analysis and retlan of vibration and acoustic noise in the switthe

reluctance drive,Industry Applications, IEEE Transactions mo). 31, pp. 91-98, 1995.

189



[83]

[86]

[87]
[88]
[89]

[90]

[91]

H. K. Bae, H. K. Bae, and R. Krishnan, "A syuaf current controllers and development of a n@wtent
controller for high performance SRM drives,"lidustry Applications Conference, 1996. Thirty-Ei&S
Annual Meeting, IAS '96., Conference Record ofl8&6 IEEE 1996, pp. 68-75 vol.1.

TMS320F2809, F2808, F2806, F2802, F2801, C28020C2&8nd F2801x DSPs (Rev. J) Data Manual
Texas Instruments, 2003.

R. Krishnan, P. Sung-Yeul, and H. Keunsoo,édty and operation of a four-quadrant switchedcteluce
motor drive with a single controllable switch-tlmevest cost four-quadrant brushless motor dritrejustry
Applications, IEEE Transactions owgl. 41, pp. 1047-1055, 2005.

H. Keunsoo, L. Cheewoo, K. Jaehyuck, R. Krafjnand O. Seok-Gyu, "Design and Development of
Brushless Variable Speed Motor Drive for Low Ca#ll &ligh Efficiency,” inrd1st IAS Annual Meeting.
Conference Record of the 2006 IEED06, pp. 1649-1656.

S. J. Yangl.ow-Noise Electrical MotorsClarendon, 1981.

P. Vijayraghavan and R. Krishnan, "Noise iaattic machines: a reviewifidustry Applications, IEEE
Transactions onvol. 35, pp. 1007-1013, 1999.

TMS320x280x%,2801x,2804x DSP Analog-toDigital caievefexas Instruments, 2005.

H. Keunsoo, O. Seok-Gyu, B. MacCleery, an&Rshnan, "An automated reconfigurable FPGA-based
magnetic characterization of switched reluctancehimes," inISIE 2005. Proceedings of the IEEE
International Symposium 2005, pp. 839-844 vol. 2.

G. R. Slemon and A. Straughétiectric Machine Addison Wesley, 1980.

190



