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ABSTRACT

In this thesis, advancecbntrol methods argresented for torque rippleeductionand
performance improvemeirt switchedreluctance motor (SRM) drives.

Firstly, a comparative evaluation of power electronic converters including
asymmetricN+1, C dump, split AC, and split DC convertéspresented fothreephase
SRMs in terms of cost, efficien@nd control performance.

Secondly, wo methods are proposedsing torque sharing function (TSF)
conceptdor torque ripplereduction of SRM ovea wide speed rangé\n offline TSF is
proposed to minimizehe copper loss and the absolute of clange of flux linkage
(ARCFL) with a Tikhonov factar Then an online TSF is proposdsy addinga
proportional and integral compensator with torque eiwdorque reference of the phase
with lower ARCFL. Thereforethetotal torqueof online TSFis determined by the phase
with lower ARCFL rather than the phase with higher ARCFL as in conventional . TSFs
The maximum torqueipple-free speed (TRFS) of theffline TSF and online TSF is
validated to be 7 times and 10 timeshagh as the best case in thesaventional TSFs,
respectively.

Thirdly, two methods are proposed Eliminate mutual flux effect on rotor
position estimation of SRM drigawvithout aprior knowledge of mutuallux, one is the
variablehysteresidband airrent control for the incominghase selfinductance
estimationandthe other isvariablesampling outgoingphaseselfinductance estimation

Compared with the conventional method which negleélstes mutual flux effect, the



proposed position estimation methdemonstrates an improvement in gosi estimation
accuracy by 2

Fourthly, a fixed-switchingfrequencyintegralsliding mode current controller for
SRM drives igpresentedwhich demonstrashigh dynamics, sbng robustness and none
steadystate errar

All the proposedcontrol methodsare verified by both simulations and
experiments with a 2.3 kW, 6000 rpm, thy@ease 12/8 SRM operating in both linear

magneticand saturated magnetic regions.
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Chapter 1

| NTRODUCTI ON

1.1 MOTI VATION

Switched Reluctance Machi®&RM) is gaining interest in hybrid (HEV) and Phigy

Hybrid Electric Vehicle (PHEV) applications due to its simple and rigid structure; four
guadrant operation, and extenelgzbed constaqiower ange [110]. SRM provesto be
reliable and cost effective in harsh environment due to the absence of windings and
permanent magnet on the rotor. Howewampared with conventional electric drives,
SRM suffers from high commutatidorque ripple acoustic noise and vibratiomorque

ripple is mainly resulting from poor tracking precision of phase current, nonlinear

inductance profiles, and nonlinear toreggrentrotor position characteristics [426].

Power electronic convertefd-2] for SRM drives playan important role in
seaching for cost effective solutions BRM applications, because costs of switches take
up a large amount of the total costs in motor driteghis thesis five popula power
electronic converter topologider threephase switched reluctance motor (SRdlives
including asymmetric power electronic convertdt;l power electroic converter, split
AC power electronic converter, split DCwer electronic converter, and dtimp power

electronic converter are investigated and compared in terms of device ,rasgs



efficiency, torque ripple average torque, and copper lossdse details of emparison

resultswill be included in this thesis.

Torque rippleof SRM can be reduceualy either optimizing motor design [229]
or control methods [333]. Theinstantarous torque control (DTC) [344] or indirect
torque control approaches are two major approachesrgue ripplereduction of SRM.
The control diagram of SRM using direct instantaneous torque control is shown in Fig.
1.1. In DTC, only oneloop torque cotrol is applied, which is easier than indirect torque
control in terms of the structuré. s and T arethe total torque reference and estimated

torque, respectivelyi.1, ixandiy: are(k-1)", k" and(k+1)" phase current, respectively.

Tere | Torque Power
P A——
controller, 'l: converter

A

d

Torque |
estimation

[

Fig. 1.1. lllustration of direct torque control of SRM.

In [37], a fourquadrant direct instantaneous torque control (DITC) is presented
for SRM drive.DITC is analyzed in both motoring anergerating operation by using
hysteresis torque controller. Then motoringode, generating mode and transition

between these modes are tested by experimental rekulf88], a novel Lyapunov



function-based direct torque control method is presented taeethetorque ripplebased
on nonlinear model of SRMHowever, complicated switching rules, uncontrolled

switching frequency and no oveurrent protection are limitations of DTC.

Indirect torque control of SRM can be classified into two categories: averag
torque control and instantaneous torque control. The control diagram of SRM using
indirectaveragaorque control is shown iRig. 1.2 ie ref iS the current reference, which is
constant for the given torque refereees ie refict), ie rety aNdie refgery are (k-1)", k"
and k+1)" phase currenteference respectively. The phase current is controlled as the
square waveform in average torque control, and therefore onkptuamgle and turoff
angle can be adjusted for the given torque refseOnline and offline optimization of
turnron and turroff angles in average torque controller are investigated in recent
publicatiors for torque ripple reduction, or efficienagnprovement 45-48]. In [45], the
optimization problem is defined and thejetiive function is selected as average torque
per ampere. Then optimal tuom and turroff angles can be obtained analytically to
maximize the average torque per ampere. 46|, [turnron and turroff angles are
optimized offline for torque ripple reduot of switched reluctance machine operating in
both discontinuous conduction mode and continuous conduction mode through numeric
simulations. In 47], the turron and turroff angles are optimized online at different
speeds and torque level, in order tduee the commutatiotorque rippleas well as to
improve efficiency.n [48], the turron and turroff angles are optimized to achieve the
maximum efficiency for switched reluctance generators working in single pulse operation

without apriori knowledge ofmagnetization curveddowever, for the average torque
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control, only two control parameters including tam or turnoff angles can be adjtex

and therefore torque rippteduction are still limited.

ie ref(-1)

i e ref(k) .| Current

don d.off

Torg | TOMQUE [ Conduction
—>»  current » Angle
characteristics Control

le ref(k+ 1I controller
L

4 A

—/] converter

Power

q SRM

A A 4

lk-1

ik

i1

Fig. 1.2. lllustration of indirect average torque control of SRM.

Instantaneous torque control is gaining interest in the areas of the torque ripple

reduction in SRM drives since the phase current profile varies at each sampled rotor

position. This adds up more flexibility in torque ripple reduction as well as efficiency

enhancement in SRM driveshe control diagram of SRM usingdirect instantaneous

torque control is shown iRig. 1.3 Current reference can be defined by currentijomgf

techniques and the phase currents are controlled by current hysteresis controller.
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Fig. 1.3. lllustration of indirect instantaneous torque control of SRM.
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Defining phase currd profiles are widely discussed in [%4] in order to reduce
commutationtorque ripple In [50], a novel method combing both machine design and
torque control algorithm is presented to minimineque rippleof switched reluctance
machine. The initial hearized phase current profile is obtained offline and then fine
tuned through torqel feedback dme. In [51], the speed ripple redumti for switched
reluctance machings presented by intelligent current profiling. The compensation
current, which is gesrated from dc link native voltage spike, is added to current
reference in order to reduce the possiblgue rippleor speed ripples. Optimal harmonic
injection isone ofoffline method to reduce commutatictorque rippleby defining phase
current profies. This method stems from the fact that the torque harmonics are integer
multiples of stator and rotor pole numbers. Therefore, harmoniwsaife ripple which
could be obtained by simulation [52] or adaptation rules [53], are added to the reference
currents in order to counteract therque ripple In [54], the series of injected current
harmonics are optimized offline to reduterque ripplein terms of the amplitude,
frequency and phase. In [55], half sinusoidal phase current profiles are optirtozed
minimize the torque ripple covariee of switched reluctance machirterough
simulation. Compared with optimal current harmonics injection in [54], half sinusoidal
waveforms with three degrees of freedom (Dofs), instead of a series of current harmonics,
are optimized to reduce computational complexieural network [5657] is also an
approach to tune the current profiles to reducedhgue ripple however, it suffers from

implementation complexity.



Torque sharing function (TSIE)8-65] is a promisingsolution among these phase
current profiling schemes. The torque reference is distributed among the phases by TSF,
and the sum of the torque contributed by each phase is equal to the total reference torque.
Then the reference phase current can be deiyethe torquecurrentrotor position
characteristics. Several TSFs have been reported, such as linear, cubic and exponential
TSFs, in order to achieve the primary objectives, which are maintaining the torque
sharing and minimum torque rippl€he secondarybjectives for the selection of TSF
includeminimizing the copper loss and enhancing the toispeed capabilitySelection
of torque sharing function will influence the phase current reference, and therefore the
copper loss of electric machine. Also, onderto track the torque reference, absolute
value ofrate of change of flux linkagéARCFL) should be minimized to extend the
torquespeed range. Otherwise, with limited i@k voltage, phase current is unable to
track the reference during high speecerapion, and therefore torque ripplecreass.

Due to the advantages of TSF, the research, targeting the improvement a¢cbsding
to the secondarybjectives, has been motivated and successfully accomplished. The
details of TSF based torque ripple ueton methods for SRM will be discussed in this

thesis. Two novel TSFs are proposed to improve tespeed performance.

Firstly, an offline torque sharing function (TSF) for torque ripple reduction
switched reluctance motor (SRM) drives over wide dpeange is proposedlhe
objective functionof offline TSF is composed of two secondary objectives with a
Tikhonov factorto minimize the square of phase current (copper loss) and derivatives of
current references (rate of change of flux linkage). The gzeg TSFs with different
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Tikhonov factors are compared to conventional TSFs including linear TSF, cubic TSF
and exponential TSF in terms of efficiency and torgpeed performance. Then
Tikhonov factor is selected based traufe between the copper loss daorquespeed
performance. The maximum torgupple-free speed (TRFS) of the selected offline TSF

is validated to be 7 times as high as the b&s¢ in these conventional TSFs.

Secondly, an online torque sharing function (TSF) for torque ripple reduantio
switched reluctance motor (SRM) drives over wide speed range is praposeercome
limitations of offline TSE Two operational modes are defined for the online TSF during
commutation: In Mode |, absolute value of rate of change of flux linkage (ARGF
incoming phase is higher than outgoing phase; in Mode Il, ARCFL of outgoing phase is
higher than incoming phase. In order to compensate the torque error produced by
imperfect tracking of phase current, a proportional and integral compensator \giib tor
error is added to the torque reference of outgoing phase in Mode | and incoming phase in
Mode Il. Therefore, the total torque is determined by the phase with lower ARCFL rather
than the phase with higher ARCFL as in conventional TSFs. The maximure-tgple-
free speed (TRFS) of the proposed TSF is increased to more than 10 times as the best

case in conventional TSFs.

Finally, the proposed online and offline TSFs are verified by both simulations and
experiments with a 2.3 kW, 6000 rpm, thygease 18 SRM operating in both linear
magnetic and saturated magnetic regions. Results show that the proposed TSFs has higher

average torque, and much lowerque ripplecompared to conventional TSFs.



In general, the encoder or resolver is installed to obtanrakor position and
speed for thearque or speed control of SRNIhis increases the cost and volume of the
motor drive, and reduces the reliability. Position sensorless control of SRM is widely
studied in thditerature [6671]. Magnetic characteristiasf the SRM including the flux,
seltinductance and back electromagnetic force (EMF) are rotor position dependent, and
therefore these parameters can be estimated to obtain the rotor pdsiti@duce the
cost as well as to improve performance of SRMealrposition sensorless control will be

studied in this thesis.

In this thesis,an approach toeliminate mutual flux effect on rotor position
estimation oswitched reluctance motor (SRM) drives at rotating shaft conditwgtheut
a prior knowledge of mutal flux is proposedNeglecting the magnetic saturation, the
operation of conventional saliductance estimation using phase current slope difference
method can be classified intoréle modes: Mode 1, 1l and lIAt positive-currentslope
and negativeurentslope sampling point of one phase, the sign of current sibpee
other phase changes in Mode | and llf does not change in Mode ITheoretically,
based on characteristics of a 2.3 kW, 6000 rpm, tphese 12/8 SRM, mutual flux
introduces a mamum +7% seHinductance estimation error in Mode | and II, while, in
Mode 1lI, mutwal flux effect does not existTherefore, in order to ensure that self
inductance estimation is working in Mode Il exclusively, two methods are proposed:
variablehysteresis-band current control for the incoming phase and varsdepling
seltinductance estimation for the outgoing pha€ampared with the conventional

method which neglects mutual flux effect, the proposed position estimation method
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demonstrates an imprement in position estimation accuracy 8y Phe simulations and

experiments with the studied motor validate the effectiveness of the proposed method.

For indirecttorque control of SRM, thphase current or flux linkage is controlled
in order to trackits reference.Therefore, the actual torque output is determined by the
tracking performance of current controller or flux linkage controller. Due to simpler
relationship between the flux linkage and input voltage, flux linkage controller is studied
in some pblications F2-73]. In [73], anovel sliding mode fluxinkage controller with
integral compensation is proposed for teqipple minimization of SRMHowever, the
flux linkage is directly immeasurable in SRM drives and needs to be estithatedh
the integration of the terminal voltage subtracted by the voltage across the ohmic
resistance.This method is sensitive to the variation of the ohmic resistance and
accumulation error due to integration. Also, it shows poorer accuracy at lower speed
when backEMF is small.Therefore, the accuracy of the flux linkage controller may be
deteriorated by the estimated flux linkage. Meanwimkxessarpvercurrent protection

is still not included in flux linkage controller

Current hysteresis control is one of tmest popular current control strategies in
SRM drives, due to its simplicity, fast dynamic response and motor independence.
However, it suffers from variable switching frequency. Also, in digital implementation of

hysteresis controller, limited samplingeamay lead to higher cumt ripples andorque

ripple.



Considering the limitation of the current hysteresis controdlefixed switching
frequency modebased sliding mode current controller with integral switching surface for
switched reluctance motd6RM) drives is presented in thisesis Based on equivalent
circuit model of SRM including magnetic saturation and mutual coupling, an integral
sliding mode controller is derived. The stability of sliding mode controller is analyzed in
two scenarios, onwith known motor parameters and the other with bounded modeling
error. In order to analyze the robustness of the sliding mode controller, the motor
controller parameter constraints are derived and the stability analysis is demonstrated by
considering motoparameter modeling error. The sliding mode controller is validated by
both simulation and experimental results with a /8, 6000rpm, three phase, 12/8
SRM over the wide speed range in both linear and magnetic saturation regions. Compared
to current hgteresis control controller, the sliding mode controller demonstrates
comparable transient response and steady state response in teyrgaefipple current
ripples, currentrootmeansquare errorsRMSE) and torque RMSE. Moreover, the
sliding mode cotroller has some advantages over the hysteresis controller including

constant switching frequep@nd much lower sampling rate.

1.2 CONTRIBUTIONS

The author hasontributed to a number of original developmeimstorque ripple
reduction and performance improwent of switched reluctance motor (SRM) drives.

Thesecontributionsare briefly describetelow.
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(1) Comparative analysis of power electronic converters for {phese switched
reluctance machinepublished ir{74-75].

(2) An offline torque sharing function (T$For torque ripple reduction of SRM over
the wide speed rangsybmitted in76].

(3) An online torque sharing function (TSF) for torque ripple reduction of SRM over
the wide speed range; published 7).

(4) An approach teeliminate mutual flux effect on rotgrosition estimation o5RM
drives at rotating shaft conditions withoutpaior knowledge of mutual flux
published i 7§].

(5) A fixed switching frequency sliding mode current controller with integral switching

surface foISRM drives;submittedn [79].

1.3 OUTLINE OF THE T HESIS

This thesis presents advanced control methods for torque ripple reduction and
performance improvement in switched reluctance motor (SRM) drives. The thesis will
focus on (i) comparative analysis of power electronic converters forphese SRM; (i)

offline and online torque sharing functions (TSFs) for torque ripple reduction of SRM

drives; (iii) rotor position estimation of SRM drives considering the mutual flux effect;

(iiii) a fixed switching frequency sliding mode current controlteearSRM drives.

Chapter 2 starts with operational principles of SRM based on equivalent circuit
modeling including both magnetic saturation and mutual coupling. Then finite element

analysis (FEA) of the studied motor iopided
11



Chapter 3 presents comptve analysis of power electronic converters for three
phase SRM Firstly, power electronic converters for thglease switched reluctance
motor drives are introduced. Three examples of tpfeese SRMs, which are 6/4, 6/10,
and 12/8 SRMs, are provide&econdly,a performancecomparison for 6/10 and 6/4
SRMs driven by an asymmetmpowerconwerter and\+1 converter is given based thre
current ratings of the devices and switching frequency of the cuwoertitol algorithm.
Finally, five popular power ectronic converters for thrgghase switched reluctance
motor (SRM) drives including asymmetric power electronic convef&rl power
electranic converter, split AC power electronic converter, split DGv@o electronic
converter, and @ump power electroniconverter aranalyzed andompared in terms of
device rating, cost, efficiencyand control performancelhen thesepower electronic
converters are compared for 12/8 SRM in terms of average taimugie rippleand

copper losdy simulation.

Chapter 4describes an offline torque sharing function (TSF) for torque ripple
reduction of SRM over the wide speed range. Two evaluation criteria of TSF are firstly
introduced: absolute value of rate of change of flux linkage (ARCFL) and copper loss.
Then optimizabn problem of the proposed offline TSF is staf€de objective function
combineghe copper loss and ARCFL with a Tikhonov factor. The proposed offline TSFs
can be derived with different Tikhonov factors by solving the optimization problem. Then
performance of conventional TSFs and the proposed TSFs with different Tikhonov
factors are compared in terms of efficiency and toispeed performance over the wide
speed range thugh both simulationand experimeist

12



Chapter 5 describes an online TSF for torgpele reduction of SRM over the
wide speed rangeFirstly, ARCFLs of incoming phase and outgoing phase for
conventional TSFs are compardthen twooperatioml modesof TSF are defined during
commutation. Next, principles of the proposed online TSF m dperational modes are
described and the maximum ARCFL tbfe proposed online TSI compared to the
maximumARCFL in conventional TSFs. Finally, the performance of conventional TSFs
and the proposed online TSF are compared in terms of torque ripplagaverque and

copper loss the wide speed range tigiosimulations and experiments.

Chapter 6 presentnapproach teliminate mutual flux effect on rotor position
estimation of SRM drives at rotating shaft conditions withoutpaor knowledge of
mutual flux. Firstly, a theoretical analysithe selfinductance estimation error due to
mutual flux is provided by using phase current slope difference method. Three
operational modes are defined during -setfuctance estimatiorin Modes | and II, the
mutual fux introduces a maximum =7% sétfductance estimation errowhile in Mode
lll, mutual flux effect does not existTherefore,two methods, includingvariable
hysteresis band current controller and varisampling seHinductance estimation
methods are proposed and analyzed in details. These two methods ensutbethsatlf
inductance estimation operates in Mode Il exclusitelyeliminate mutual flux effect.
Finally, smulation and experimental results are provided to verify the performance of the

proposed rotor position estimation scheme #ting shaft conditions.
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Chapter 7 presents faxed switching frequency sliding mode current controller
with integral switching surface fd8RM drives Firstly, sliding mode current controller
with integral swittiing surface is derived based on the equivalent circuit model of SRM.
Then the stability of sliding mode controller @nalyzed neglecting motor parameter
estimation error. Nextniorder to analyze the robustness of sliding mode controller, the
stability of sliding mode controller is analyzed by consideringtan parameter modeling
error. Based on the stability analysisoptor controller parameter constraints are derived
to ensure stability of the sliding mode controller in the presence of known bounds of
modeling error.Finally, the sliding mode controller is compared to hysteresis current
controller by both simulations and experiment in termsoofue ripple current ripple

currentrootmeansquare errorsSRMSE) and torque RMSE.

Conclusions are made @hapter 8.

14



Chapter 2
FUNDAMENTALFS SWI TCHED - REL

TANCEAOHI NE

2.1 EQUIVALENT CIRCUIT M ODELING OF SWITCHED

RELUCTANCE M ACHINE

Switched reluctance machif®RM) [1-2] has salient pole construction both in its rotor
and stator. Therefore, the airgap between ther lantd stator poles and, hence, the phase
inductance varies with rotor position. When a phase is energized, the rotor pole is pulled

towards the stator pole to reduce thectdace in the magnetic circuit.

In a threephase SRM, no more than two phasescanmedicted simultaneously.
During commutation, incoming and outgoing phases are denotdtaasl k-1)" phases,

respectivelyPhase voltage equations are derive(Rds.

Wy

v, = Ri, +—
¥ 2.1)
Vi1 = Ri g +2

where v, i, and / are the phase voltage, current and flux linkagekdfphase,

respectively:vi1, i1, and/ ., are the phase voltage, current and flux linkagekeff){
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phase, respectivelyWhen mutual flux is considered, flux linkage for incoming and

outgoing phasecan be expressed 2%)).

e= b * ks

_ (2.2)
/k-l - 4 1k + k/l,k
where/ and/ 1,1 are the seflux linkages ofk" and k-1)" phase; 1.1 and/ .1 are

mutual flux linkages.

The flux linkagecan be represented as (2i8 terms of the selindudance and

the mutual inductance.

e/, ?_g Lok My glke
e o
é/k—l U éMk-l,k Ly ks Ok é

whereL xandLy 1 are the selfinductances of th&" and k-1)"phase; M1 andMy.1x

2.3

([N

are the mutual inductances.

Considering magnetic saturation, the inductance is a functitreootor position
and current. Therefore, the phase voltage equations are derived)aby( substituting

(2.3 for (2.1).

e . d dMm i
T Y NV Y )
¢ 2p \& €2 di di_, g dt
gvk-l g ikg eu . dM, g, db 4, Ediy
M, |, +i : han SN

et 4
é k-1,k k dlk k1k % k-1 dlk_l dt

(2.4)
gw—k,k My 1 g_
tw,€ M Mg
My 1 Heaka gk-l a
5
e g MG U

whered andy , are rotor position and angular speed of SRM, respectively.
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Incremental inductase and incremental mutudhductance can be obtained as

(25) and 2.6). In linear magnetic region, the incremental inductance is equal to the self

inductance.
— dLy ,
I-inc_k - Lk,k +k _di
(2.5)
L = L + de-l,k 1
inc_k-1 k-1k 1 k-1 di
— de,k-l
Minc_k,k—l_l\/I k,k 1 +k lT
(2.6)
inc_k-1,k — Vkak Tk di

where Linc k and Linc 1 are the incremental inductances of #i&and &1)" phase

respectively Mc k1 andMinc_k1x are thencremental mutual inductances, respectively.
The voltage equation can be reformulated2ag) (

& di

ev, g _ i Slnck Mo ki1 qt

¢ &R & % ] »

e'k-1 0 k@ inc_k- 1,k inc_k -1, k-1
_ _ g

é dt
(2.7)
e W My 1 g
+u € T wg gl &
eUMy 1k Hgaks gk-l g
& Mg hg G

Electromagnetic torque &' phase can beerived as (2)8by neglecting magnetic

satuation and mutual coupling.

e(k) :%%iﬁ (28)

whereTgy is the torque produced i} phase, anék is thek™ phase current.
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For an-phase SRM, total electromagnetic torguean be represented &s9).
5
Te=a Ty (29)
k=1

The equation for mechanical dynamics is expreasg@.10)

dw,
dt

T,- T, =By, + (2.10

whereT, is the total electromagptic torque generatday SRM; T, is the load torqueB is

the friction constant] is the inertia of the machine.

2.2 FINITE ELE MENT ANALYSIS OF 6/4 AND 6/10 SRMS

The finite element analysis (FEA) of the studied SRMconducted in JIMAG software

[80]. Three examples of thrgghase SRMs, which are 6/4, 6/10, and 12/8 SRMs, are
analyzed. These three examples of tiplease SRMs diffr in terms of the number of
stators and rotors. In this section, 6/4 and 6/10 SRMs are compared in terms of structure,
inductance profiles and torque profiles according to FEA results of 6/4 and 6/10 SRMs.
The crosssection vievg of the 6/4, and6/10 SRMs are shown in Fig. 2.1 (a) and (b),
respectivelyThe inductance and torque profilesé# and 6/ 10 SRMs are shownFig.

2.2 and Fig.2.3 respectivelyConventional SRM configurations have higher number of
stator poles than the numberrofor polesas shown in Fig. 2(4). Using PDformula [4],
several new SRM configurations can be created where the number of rotor poles is higher
than the number of stator poles as shown in Eit{b). 6/4SRM and 6/10 SRM given in

Fig. 2.1are designed to have tlsame airgap length, stator and rotor outer diameters,

method of cooling, and stack lendihsed on the same power ratingsan be observed

18



that the width of the poles and the unaligned position is smaller in 6/10 SRM. This results
in a higher unalignednd lower aliged inductance as shown in Fig. 2-®wever, due to
higher number of strokes, and hence, a higher rate of change of inductance in one stroke,

its torque profile is similar to 6/4 SRM as shown in 2g.

(@)

(b)

Fig. 2.1. Cross sectioniew of 6/4and6/10SRMs.(a) 6/4 SRM. (b) 6/10 SRM
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2.3 ANALYSIS OF MUTUA L FLUX OF 12/8 SRM

The finite element analysis (FEA) of th&/8 SRM is also conducted in JIMAG software.
Compared with 6/4 and 6/10 SRMs, 12/ 8 has higher number of stators as shown in Fig.
2.4. The inductance and torque profiles of th#/8 SRMare positon dependent and

nonlinear as shown in Fig.5a) and Fig2.5b), respectively.

Fig. 2.4. Cross sectioniew of 12/8 SRM.
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Fig. 2.5. The FEA inductance and torque profiles of 12/8 SRM. (a) Inductance profiles.

(b) Torque profiles.

In threephase SRI two phases are excited during commutatitime magnetic
flux density distribution of 12/8 SRM dugnone phase and twghase excitation are
shown inFig. 26 (a) and (b), respectivelzompared with one phase excitation mode, the
two-phase excitation works at shditx path[81] and the flux linkage of an individual

phase includes both self and mutilak linkage.
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Fig. 2.6. Magneticflux density of 12/8 SRM. (ayingle phase excitation. (b) Two phase

excitation during phase commutation.
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Due b alternate polarities of windings of a thuglease motor, mutual flux is
always additive and symetric among individual phase&or the same current on
adjacent phases, the mutual inductance profiles obtained from FEA are showrRifd.Fig.
Mag is the miual indiwctance between phases A andTBe maximum value of mutual
inductance is around 2% of the selfluctance at the same current lev@he spatial
relationship between salductance and mutual inductance of 12/8 SRM is also shown in
Fig. 2.7.Themutual inductance profil®ag is shifted by around 7°ompared with the

selfi inductanceof phase ALa.
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Fig. 2.7. Relatonship between mutuand seHlinductance of the 12/8 SR{4) Mutual

Inductance. (b) Selhductance.

2.4 TORQUE PROFILES OF 12/8 SRM CONSIDERING

MAGNETIC SATURATION

The torque equation in (2.9) is only working in linear magnetic region. When the motor is
operating in magnetic sa@tion region, (2.9) is not applicable. Thus, analytical
relationship between torque profile and current at different rotor positions is required for
instantaneous torque control of SRM. Asalyzed in [82] nonlinear torque profile of

SRM can be expressanalytically as in (2.1

i2 2.11
Tek(CLi): a(q)lk( y : ( )
(1+b@)ic ( 9
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wherea (g) andb (g) are the parametens terms of the rotor position.

For the SRM used in this study, the parametefg) andb (g) are obtained by
using curve fitting tool in Matlab, bwtilizing the torque profile from finiteelement
analysis given in Fig. 2.59). As depicted irFig. 2.8, the calculated profilegsing (2.11)
matches closely with ones from finite element simulations for different rotor positions

and current levels. It b shows that2(11) is working both in linear and nonlinear

magnetic regions.

7 -
— oA —12A
°fl  4a —14a
5H — 6A — 16A
A 8 e
10A — 20A

[ N

Calculated and Real Torque profile (Nm)
o w

Dotted Line: calculated torque profile :

1
-

Fig. 2.8. Comparison of calculated and FEA torque profile.

Also, the torque equation i2.Q]) is invetible. Thus, the auent reference can be

obtained

10 15
Rotor Position (Deg.)
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\ (g) = 12@D) b@) *Jbi ¥ (&) (2.12

a@@ 2 T..(g)

Fig. 2.9shows the FEA and experimental measured torque profiles at different
rotor positions and current level$he comparison results shown in F&J9 demonstrate
high correlation between the FEA and measured torque profiles. The slight difference

between FEA and experimental torque profiles are negligible.

que profile (Nm)

o = N W O (o) N
T

" solid Line: FEA torque profile e
Dotted Line: measured torque profile

FEA and Measured Tor

1
[

10 . 15
Rotor Position (Deg.)

Fig. 2.9. Comparison of FEANnd measredtorque profile.
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Chapter 3
POWER ELECTRONIC CONVERTI
THREEHASE SWI TCHED RELUC

MACHI NES

3.1 INTRODUCTION

Switched Reluctance MachinéSRM) is a cost effective solution in automotive
applications due to the lack windingson the rotorand permanent agnetsThe costs of
power eleatonic converters for SRM drives also need to be considsirreswitchesare
relatively expensiven motor drives. Asymmetric power electronic conveftdr for a
threephase SRM shown in Fi.1 is the most widely usedper electronic converter in
SRM drives. It allows independent control of different phases and, therefore, it maintains
good control performance in terms of torque ripple reduction. However, it has two

switches and two diodes per phase, which is angilhg in low-cost applications.
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Fig. 3.1. Asymmetric power electronic converfdy.

Someconverters [1]such asN+1 power electronic converter shown in F&R2
with reduced number cfwitches have been proposed to reduce the costs compared with
the asymmetriqgoower electronicconverter. However, these converters cannot achieve
independent current control, which will result in undesiratdeque ripple during
commutation. In spite ofhe lower number of switches, device ratings of switches and
diodes are increased and power losses are increased accordingly. The switches with
higher power rating are more expensive and the total cost need to be calculated in specific

applications to deterinewhether it is reduced or not.

T
.
i L Ph. A% 4D, ph. Bg 4D, ph. Cé Ap,
% A =Ciy, 4 D,
X % K, KT, KT,

Fig. 3.2. N+1 power electronic convertgt].
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In addition, the convertefd] shown in Fig.3.3 with reduced number of switches
are only applicale for SRMs with even number of phases. Therefore, these converters

are na choices for thre@hase SRMs.

5
@]
I
Il
Q)
=

(@)

£D5 A D AD; AD,

Ph. A3 Ph.B
Ph.C|Ph.D

(b)

Fig. 3.3. Power electronic convertersrfSRMs with even number of phag&k
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With reduced number of switches and comparable control performance, split DC
and split AC power electronic convertdd are gaining interest in SRM drives. Both
split DC and split AC power electronic converterswhon Fig.3.4 have one switch and
one diode per phase. Compared to fHd power electronic converter, it allows partial

independent control during commutatiogadiing to lower torque ripple.

T1‘| Dzi T3_|

+ $ o= Ph. A Ph.C

%;AC Ve
Ph. B E
_Cg

A & | 05VeT Ds&
™ o4
(@)
Vdc__ C1 Tl 4 D2 i T3 5
AC Ph. A Ph. C
Il Ph. B i
D
I Vdc_: Cz ? 3
" o
(b)

Fig. 3.4. Split DC and Split AC power electronic converters for SRM. (a) Split DC

Converter. (b) Split AC Convertgt].
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The drawbacks of SRMs lie in their higtorque ripple especially during
commutation.C dump convertefl] shown in Fig.3.5 can provide higher magnetization

voltage by controlling the voltage of the capac(@er

Fog| ]
% ;AC Vae T Co i T
~

A A i

D
| >
L L T, Y+ Ph. Aé Ph. Bé Ph.C
| i,
AC Ve Co
¢

K K VO Dl

(b)

Fig. 3.5. C dump converters. (a) Comntional Cdump converter. (b) Fregvheeling C

dump convertefl].
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C dump converter shown in Fig. 5(a) does not allow freewheeling, whichtadds
acoustic noise and switchirligsses. However, @ump converter requires additional

capacior and inductor. The feewheeling Cdump converter without the inductor is
shown in Fig.3.5(b).

In [83-84], some convertershown in Fig. 3.6are proposed to provide higher

magnetization and demagnetization voltage to achieve faster commutation; haeyer,

suffer from higher losses and mugigher number of the switches.

I 7
1 T
T Co Ve ° Tyg
Ti1
.
i L "K T, AD, 1KT; AD,
AC -=C; vV Ph. A Ph.B
dc Dl D3
A A N, K Ty

Fig. 3.6. A power electronic converter with higher demagnetization voliag&4].

In [85], several types opower electronic converters for twihase SRMs are
compared in terms of cost, efficiency, and acoustic noise. The control performances such

astorque ripple copper losses, and average torquidefmotor are not investigated.

In this chapter, power elegohic converters fothree examples of thrgghase

SRMs, whichare 6/4, 6/10, and 12/8 SRMs, are compared. Stideand 6/10have
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different inductancerofiles and number of strokes as shown in FEA results provided in
Chapter 2, thelesign of power convear for 6/10 SRM may differ from that of 6/4 SRM

in terms of current ratings and switching frequency. Therefommparative evaluation

of converter requirements for 6/10 a®d SRMs is presented firstly, which aheven by
asymmetric power electronmmnverter andN+1 power electronic converteParameters
including the device current ratings and switching frequency of the current hysteresis

control algorithm are evaluated in different conditions

Then as a more general approadike popular power eletronic converters
including asymmetric power electronic convertdt1 power electronic converter, split
AC power electronic converter, split DCwer electronic converter, and diimp power
electronic converter are reviewed and compared regarding deatiogs; conduction
losses, switching losses, number of switches and diodes, and number of passive
components including capacitors and inductors. Then, control performance of power
electronic converterfor 12/8 SRMare compared in terms tdrque ripple copper loss of
the machine, and average torque over a wide speed range tisioughtion Based on
the tradeoff between the cost and performance, conclusions regarding the power

electronic converter®r threephase SRMs are made finally.
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3.2 COMPARISON OF ASYMMETRIC AND N+1 POWER

ELECTRONIC CONVERTER S FOR 6/4 AND 6/10 8MS

6/10 SRM based on a novel pole design (PD) formula offers a better static torque
capability and, due to the higher number strokes, it produces higher torque per unit
volume with lowertorque rippleas compared to a conventional 6/4 SRM with a similar
power rating androlume. The design parameters of the power converters of these
motorsare not the same because 6/10 SRM has a different inductance profile and a higher
number of strokedn this sectiona performance comparisas presentedor 6/10 and

6/4 SRMs driven by an asymmetrigower converter andN+1 power converter,
respectively. Performance parameters are based on the current ratings of the devices and

switching frequency of #current control algorithm.

RMS values of switches and diodes in an SRM conve#erbe represented as (3.1) and

(3.2), respectively.

I, =5 Aitdq (3.1)

IDn = |— nDndq (32)

(3.3)
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where I, and Ip, are RMS currents of switchi,, and diodeD,; itn and ip, are the
instantenous currents of switdhand diodeD,; g, is the rotor pitcldefined in (3.3)Pris

the number of rotor poles.

In a 6/10 SRM, the pole pitch angle, which shows the mechanigh aavered
by each stoke, is lower due to the higher number of strokes. In another meaning, in every
36° of the mechanical rotor position, inductance profile repeats itself for each phase.
Therefore, since there are 3 phases, the inductance profile sep@adimes in one
revolution of the rotor as shown in Fi§.7 @. In 6/4 SRM, due to lower number of rotor
poles, each stroke ends in°@Mhd this results in 12 strokes ineorevolution as shown in
Fig. 3.7 p). Therefore, the fundamental frequency IhBSRM is 2.5 times faster than in
6/4 SRM, due to the higher number of strokes and this requires a faster phase
commutation. 6/10 and 6/4 SRMs have different inductance profiles and phase
commutation intervals, but similar torque profiles. Therefors, right cause differences
in the performance of the conveddor 6/10 and 6/4 SRM drives. Due to faster phase
commutation, the switching frequency of the hysteresis control algorithm of 6/4 and 6/10

SRM may be different and needs to be compared.
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6/4 SRM
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Fig. 3.7. Conduction angles for SRMs in one revoluti(a). 6/4 SRM. (b) 6/10 SRM.

For this purpose, simulation models of 6/10 and 6/4 SRMs have beelopd in

MATLAB/Simulink and RMS values of the currents of power electronic converters are

evaluated, to identify the effect of the difference in inductance profiles on the converter

performance. The same hysteresis current control algorithm is appliedth drive

models. In order to get more accurate solutions, torque and inductance profiles from finite
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element simulations of these two machines have been implemented-ap ltadkes. The

block diagram of the simulation model is shown in Bi.

Lookup Tablel«—4

" i -
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[ 1 2 [ I
echanical model of SRM

<

Fig. 3.8. Block diagram of the simulation model of switched reluctance machine.

3.2.1 Comparison with the Asymmetric Power Electronic Converter

In the simulation, asymmetriconverter worksn hard switching modeAverage torque
control is appliedThe mechanical turn on angis,and the turn off angley; are 3 and
15° for 6/10 SRM, and® and37° for 6/4 SRM, respectively. The hysteresis band is set to

be 0.5 A.

(1) Constant excitation cxent

Fig. 3.9 and Fig.3.10show the waveforms of phase current and converter device
current for 6/10 and 6/4 SRM respectively with a constant excitation current of 3A.
Comparative results of desigparameters are shown in Tal8el. There are slight
differences in RMS current between 6/10 and 6/4 SRMs. Switching frequency of 6/4
SRM is slightly higher than that of 6/10 SRM, due to the diffeterque and inductance
profiles. Also, this is valid for all simulations considering that the fundamental freguen
of 6/10 SRM is 2.5 times faster than 6/4 SRM. It should be noted that, both figures show
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only three strokes and, hence, the ranges of the rotor position axes are different.

Therefore, the current waveform in Fgy9for 6/10 SRM is naturally a closerew.
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Fig. 3.9. Simulation results of 6/4 SRM for the constant current excitation with

asymmetrigoower electroniconverter.
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Fig. 3.10. Simulation results of 6/10 SRM for the constant current excitation with

asymmetrigpower electroniconverter.
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Table3.1. Comparison of design parameters of converter using the sarrent ratings.

Parameters 6/10 SRM| 6/4 SRM
RMS of phase Current (A) 1.738 1.753
RMS of switched1., current (A) 1.326 1.32
RMS of dioded;., current (A) 1.15 1.172

Maximum switching frequency (Hz) 4000 8000

Average switchingrequency(Hz) 3000 3667

(2) Closed loop constant speed operation with same controller dynamics

The performance of the converters has been evaluated also for the same shaft
speed. For this purpose a clodedp speed control model is created with an average
torque contral For constant turon and turroff angles, the phase excitation current is
adjusted according to the speed error. Bigl and Fig.3.12 shows the current, torque
and speed waveforms of closkap controlled 6/4 and 6/10 SRM respectively for same
contrdler dynamics and speed reference. Both the current level and electromagnetic
torque in the transients is larger than that in steady state due to saturation of PI
controllers. To reduce the effect of saturation of Pl controller, parameters of Pl controller
can be decreased, which will be done in closed loop constead gperation with same
transientresponse timelhe results for the transients and steady responses are also listed

in Table3.2.
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Response time of 6/10 SRM is 0.18s, which is faster thaBBM (0.225s). Due
to the smaller torque pulsation, RMS current of power converter during steady response
for 6/10 SRM are lower than that of 6/4 SRM. The average switching frequency of

hysteresis control algorithm in 6/4 SRM is slightly higher than in GRM.
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Fig. 3.11. Simulation results of 6/4 SRM for the constant speed operation with same

controller dynamics with asymmetgpower electroniconverter.
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Fig. 3.12. Simulation results of 6/10 SRM for the constant speed operation with same

controller dynamics with asymmetgpower electroniconverter.

42



Table3.2. Comparison of design parameters of convargeng the same speed reference.

Parameters 6/10 SRM 6/4 SRM

Transient| Steady statq Transient| Steady stat

RMS phase current (A) 1.74 0.626 1.74 0.838
RMS current of switche$;; (A) 1.27 0.468 1.27 0.62
RMS current of diodeB., (A) 1.2 0.438 1.22 0.558

Average switching frequenditz) | Variable 2615 Variable 3055

(3) Closed loop constant speed operation with same transient response time

It can be observed from Fig. 3.11 and Fig. 3that, due to diffeznce in
inductance profiles antbrque profiles6/10 and 6/4 SRMs have different response times
with the same controller dynamics. Therefore, the parameters of controller have been
adjusted to get similar transient response in both machines for the gaetkrsference
as shown in Fig3.13and Fig.3.14 The response time for 6/10 a6t SRM are both
0.28s. Table 3.3 summarizes the results of transients and steady response of both
machines. RMS current of power converter during steady response forFA @ $ower
than that of 6/4 SRM considering the same speed response, due toolawerrippleof

6/10 SRM.
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Fig. 3.13. Simulation results of 6/4 SRM for the &iant speed operati with same

transient response time with asymmepraaver electroniconverter.
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Fig. 3.14. Simulation results of 6/10 SRM for the constant speed operation with same

transient respase time with asymmetrigower electroniconverter.
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Table 3.3. Comparison of parameters pbwerconverter considering the same transient

response.
Parameters 6/10 SRM 6/4 SRM
Steady Steady
Transient Transent
state state
RMS of phase current (A) 1.74 0.65 1.74 0.74
RMS of switched;; current (A) 1.27 0.488 1.27 0.548
RMS of diodedD., current (A) 1.2 0.456 1.22 0.517
Average switchingrequency(Hz) | Variable 2615 Variable 3438

3.2.2 Comparisons with theN+1 Power Electronic Gnverter

Similar to asymmetriggower electronicconverter, comparative evaluations have been
conducted inN+1 power electronicconverter working in hard switching mode. For
further comparisons with asymmetric bridge converter, thehar@cal turn on angle,

and the turn off angley; are also 3and15° for 6/10 SRM, and Yand 37 for 6/4 SRM,

respectively. The hystesis band is set to be 0.5 A.

(1) Constant excitation current

Fig. 3.15and Fig.3.16 show the waveforms of phasarcent and power device

current for 6/10 and 6/4 SRMith a corstant excitation current of 3 A, respectively.
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Fig. 3.15. Simulation results of 6/4 SRM for the constant current akom with N+1

converter.
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Fig. 3.16. Simulation results of 6/10 SRM for the constant current excitation M#th

converter.
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Comparative results of design parameters are shown in 3dbl€here are slight
differences in RMS current between 6/10 and 6/4 SRMs. Switching frequency of 6/4
SRM is slightly higher than that of 6/10 SRM, due to the different torque and inductance
profiles. Also, note that due to slower commutation, the waveforms of the phase current
in N+1 power converter varies from that in asymmetpower converter. This results in
the different device current ratings as listedrable 3.4. However, slower commutation
does not influence the average switching frequency of the hysteresis conbrdhalg
and,therefore the switching frequencies of asymmefpawerconverter andN+1 power
converter are theame Further, T, andD,4 are share switches and diodes for thrphase

currents and thus have much higher current ratings than other switchéis@es.

Table3.4. Comparison of design parameters of converter using the same current ratings.

Parameters 6/10 SRM| 6/4 SRM

RMS of phase current (A) 1.974 1.806
RMS of switchT,current (A) 2.32 2.77
RMS of diodeD, current(A) 2.575 2.42
RMS of switchT; current (A) 1.326 1.325
RMS of diodeD; current (A) 1.428 1.79
Maximum switching frequency (Hz 4000 8000
Average switchindgrequency(Hz) 3000 3667

(2) Closed loop constant speed operatiotih\wane transient response time
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It can be observed from Fig.17 and Fig. 3.18 that, due to difference in
inductance profiles antbrque ripple 6/10 and 6/4 SRMs have different response times
with the same controller dynamics. The response time for 6/10 4n8RI are both
0.28s. Table 35 summarizes the results of transients and stesgjyonse of both
machines. RMS current of power converter during steady response for 6/10 SRM is lower
than that of 6/4 SRM considering the same speed response. Since shdaobdTow

conducts three phase currents, it has much higher current rating than other switches.
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Fig. 3.17. Simulaton results of 6/4 SRM for the constant speed operation with same

transient response time witi+1 converter.
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Fig. 3.18. Simulation results of 6/10 SRM for the constant speed operation with same

transient response tinvgth N+1 converter.

Table 3.5. Comparison ofdesign parameters of power convertensidering the same

transient response.

Parameters 6/10 SRM 6/4 SRM
Steady Steady
Transients Transients

State State
RMS of phase current (A) 1.79 0.627 1.75 0.717
RMS of switchT, current (A) 2.5 0.86 2.24 0.95
RMS of diodeD, current (A) 2.16 0.72 2.12 0.85
RMS of switchT; current(A) 1.27 0.464 1.245 0.52
RMS of diodeD; current (A) 1.27 0.45 1.25 0.515
Average switching frequendyz) | Variable 2615 Variable 3438
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3.2.3 Conclusiors

The performance of asymmetpowerconverter andN+1 powerconverter for 6/10 SRM

and 6/4 SRM are compared in thsection Design parameters including the current
ratings and switching frequency for 6/10 SRM differ from tb6/4 SRM due to the
difference in their inductance and torque profiles. For a proper evaluation, dynamic
models of the machines have been implemented where inductance and torque profiles
from FEA analysis have been used as i{apktables. Using the sanmgsteresis control
algorithm, the phase commutation frequency in 6/10 SRM is still 2.5 times faster than 6/4
SRM for the same speed. However, it has been shown that the average switching
frequency of 6/4 SRM in one stroke is slightly higher than that @D RM in
asymmetricpower converter and\+1 power converter. This is mainly because of the

difference in their inductance profiles.

For the same shaft speed with the same controller parameters, it has been observed

that 6/10 SRM has slightly shorter regpe time and lower RMS current at steathbte

in both asymmetripower converter. This is because of the lowerque rippledue to

higher rate of change of inductance profile. Considering the same speed transient
response, RMS current of the power coteeduring the steady response for 6/10 SRM

is still lower than that of 6/4 SRM in both asymmepmwver converter andN+1 power
converter.For comparisons of design parameters between asymrpetnier converter

and N+1 power converterthere are slight fierences in the RMS current of the diodes

and switches, due to the longer commutation. The switching frequency of the hysteresis
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control algorithm ofN+1 powerconverter is nearly the same as that of asymmedicer

converter due to the same inductorfppes during operation.

3.3 COMPARISON OF POWER ELECTRONIC CONVERTER S

FOR THREE-PHASE SRMS

3.3.1 Comparison of Power Electronic Converters for ThreePhase SRMs

The five power electronic converters including asymmetric power electronic converter,
N+1 power electroniconverter, Cdump power electronic converter, split DC and split

DC converters are compared in terms of device rating, switching losses, conduction loss,
and control performance in this section for thpbase SRMs. The maximum RMS phase
current of the mtr isly and the DC link voltage i¥4.. The VA (voltampere) rating of

the converter is an important criterion to evaluate the cost of the converter. The converter
volt-ampere (VA) rating is defined aéxVxl whereV and| are the voltage rating and
RMS arrent rating of the switchedy\ is the number of the switches. For easier
comparison, the normalized power losses are used. The switching loss of single IGBT
with Vyc voltage stress anld current stress is assumed to be 1 p.u. The conduction loss of

IGBT or diode withl4 currentis also assumed as 1 p.u.

Asymmetric power electronic converter shown in FAd. has two switches and
two diodes per phase. When the phase A current is below the refefeacel T, are
turned on. When the phase current A rigbsve the referencd; and T, are turned off.

The energy stored in the motor will keep the current circulating until it decreases to zero.
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This is called as hard switching strategy for asymmetric power electronic converter. The
difference between soft siehing and hard switching is freewheeling of the diodes. The
energy stored in the phase inductor of the motor can keep circulating by only turning off
T,. Considering the voltage drop of the switches and diodes, much lower voltage is
applied to the motorral the phase current decreases more slowly compared with that in
hard switching strategy. Sofitching strategies help reduce the switching losses and
acoustic noise compared with the hard switching. The advantage of the asymmetric power
converter is thiait allows independent control of different phases. Theretorgue ripple

of the SRM can be reduced during commutation. However, the costs are relatively high
considering two switches and two diodes per phase. In asymrpetrer converter, the
voltage rating and maximum RMS current axg. and I4 and, therefore, asymmetric
power converter has 6VA rating in thrphase SRMs. The IGBT in asymmetric power
converter ha¥ voltage stress anid current stress and, therefore, switching loss of the
IGBT is 1 p.u. In hard switching mode, its total switching loss is 6 p.u. In soft switching
mode, asymmetric converter has 3 p.u. switching loss since only three switches are turned
off. Similarly, asymmetric power converter has 6 p.u. IGBT conduction loss and 6 p
diode conduction loss when working in hard switching mode. In soft switching mode,

IGBT conduction loss is increased to 12 p.u. and diode capnduocss is decreased to 3

p.u.

TheN+1 converter shown in Fi@.2 has four switches and four diodes pease.
When the current of phase A is below the referefigand T, are turned on. When the

current of phase A rises above the refereiigand T, are turned off andVycis applied.
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The energy stored in the phase inductor of the motor will keep thentwireulating
throughD; andD, until it decreases to zero. This is valid for rmpmmutation intervals.
During the commutation intervals, the phase B is built up by turninfend Ts. Thus,

the phase A freewheels throughandD; and only zero voltag can be applied to phase

A. Therefore, demagnetization voltage fdt1 power converter is zero. In order to
achieve fast current turning ofly. is preferred. This topology achieves non independent
control of the current, whit might be undesirable fdrigh-performance motor drives.
The costs may be reduced with the lower number of switches and diodes. However, the
power ratings off; andD,4 are much higher than those of other switches and diodes due to
repeated switching. The shared swilighin N+1 corverter has B current stress andyc
voltage stress. Other three switchesNfil converter havey current stress aniyc
voltage stress. Thereforé&y+1 converter has 6VA rating in total. Fo+1 power
converter, T; has three times switching power lossedto repeated switching and
therefore total switching loss is also 6 p.u. SimilaNy1 power converter has 6 p.u.

IGBT and diode conduction losses.

C dump converter shown in Figg.5(a) has four switches, four diodes, one
inductor, and two capacitors.oTanalyze theVA rating and losses of the Gump
converter, its operational principles are described. Five modes are illustrated3riLBig.
When phase A current is below the referedges turned on an®y is applied. Phase A
flows throughC; and T; in mode 1 or 2. When the current of phase A rises above the
reference T is turned off and/yVo is applied. The phase A is working in mode 3, 4, or
5. When the current of phase B needs to be builT s turned on and; is turned off.
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The current ofphase B flows througl€C, and T,. The current path of phase A flows
throughD;, Co, andC; and charge€;. Thus, the &@&ump converter allows independent
control of different phasedl, is used to control of the voltagé to provide higher
demagnetizationvoltage during the commutation. The additional inductor and
switches/diodes are needed, which may increase the costs. Also, it does not achieve
freewheeling, which may increase the acoustic noise and switching losses. When the
voltageV, of the Cdump conerter is controlled at\2,. and 3/4, the maximum voltage

for switches is ¥4. and 3/4.. The VA rating of Cdump converter is increased to
AxNgXlg and 4x3/ycXlg, respectively. The switching loss is 8 p.u. and 12 p.u. in two
cases. With the same curreating of IGBT and diode, the conduction loss of IGBT and
diode in Gdump converter is decreased to 4 p.u. since the numbertohewiand diodes

are decreased.
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Fig. 3.19. Five mods of the Cdump converter.

Split DC converter shown in Fi@.4 (a) has three switches, three diodes, and two
capacitors. When the current of phase A is below the refer@ads, turned on, and

0.5Vycis applied. Current of phase A flows throughandT;. When the current of phase
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A rises above the referencg,is turned off and0.5V. is applied. The current of phase A

flows throughD; andC,. When the current of phase B needs to be builTups turned

on andT; is turned off. The current of phase fws through C; and T.. The
demagnetization voltage of phase A-G5Vy, leading to higher commutaticiorque

ripple. The split DC converter allows partial independent control of different phases.
Moreover, efforts have to be made to balance the wltdg; and C,. In addition, the
increased number of capacitors adds additional costs to the system and lowers the power
density concerning the bulky capacitors. The voltage rating of three switches in split DC
converter isV4c and, therefore, the split DEnverter has 3¥;cxlq VA rating. The total
switching loss of split DC converter is 3 p.u. consideNggvoltage stress and current

stress. The conduction loss of IGBT and diode iit B converter are both 3 p.u.

Split AC converter shown in Fi@.4 (b) has three switches, three diodes, and two
capacitors. When the current of phase A is below the referéntefurned on an¥yis
applied. Current of phase A flows throuGh and T:. When the current of phase A rises
above the referencd; is turned off and-Vy. is applied. The current of phase A flows
throughD; andC,. When the current of phase B needs to be builTus turned on and
T, is turned off. The current of phase B flows throu@hand T,. The demagnetization
voltage of phase A isVq4.. The split AC power converter also allows partial independent
control of different phases. Compared with the split DC power converter, split AC
converter provides higher magnetization/demagnetization voltage, which decreases the
commutationtorque rpple Moreover, no efforts have to be made to balance the voltage
of C; and C,. The voltage rating of three switches in split AC converterMg and,
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therefore, the split AC converter has 34%Xlq VA rating. The VA rating of split AC
converter is the sae as the asymmetric power electronic converter. The total switching
loss of split AC converter is increased to 6 p.u. considerihg Wltage stress. Since
current rating of split AC converter and split DC converter is the same, the split AC

converter hathe same conduction loss as the split DC converter.

Detailed comparison of the five studied power electronic converters in terms of
VA rating, power loss, and control performance is listedTable 3.6. N+1 power
electronic converter and split AC powalectronic converter have the same VA rating as
the asymmetric power electronic converter despite the reduced number of switches and
diodes. Therefore, these threeneerters have similar costs. diimp converter has the
same magnetization/demagnetizatiooltage as split AC and asymmetric converters
when the voltagd/, of the capacitor is controlled avg. However, it has higher VA
rating and switching losses. Therefore, split AC and asymmetric power converters are
more effective in terms of cost and cahiperformance. In simulation¥, of the Gdump
converter is controlled at\V3. rather than ¥4. to compete with the other converters i

terms of control performance.
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Table3.6. Comparison opower eleatonic convertes.

Converter

Asymmetric Converter

N+1 Converter

Hard switching

Soft Switching

Number of Switches 6 6 4
Number of Diodes 6 6 4
Number of Capacitors 1 1 1
Number of Inductors 0 0 0
Magnetization Ve Ve Ve
Demagnetization Voltage -Vye -Vye -Vye
Total Power Ratings (VA) 6Vad g 6Vad g 6Vyd g
IGBT Switching Losses(p.u. 6 3 6
IGBT Conduction losses (p. u 6 9 6
Diode Conduction Losses(p.y 6 3 6
Phase Independence Yes Yes No
Freewheeling No Yes Yes
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Table3.6. (Continued)

Split AC Cdump
Converter Split DC Convertel
Converter|  Converter
Capacitor Voltag&/, 2Vie | 3V
Number of Switches 3 3 4 4
Number of Diodes 3 3 2 2
Number of Capacitors 2 2 2 2
Number of Inductors 0 0 1 1
Magnetization 0.5Vyc Ve Ve Ve
Demagnetizaon Voltage -0.5Vyc -Vic -Vic | -2Vyc
Total Power Ratings (VA) 3Vidld 6Vacdla | 8Vadd | 12Vydd
IGBT Switching Losses (p.u.) 3 6 8 12
IGBT Conduction losses (p.u, 3 3 4 4
Diode Conduction Losses (p.U 3 3 4 4
Phase Independence partial partial yes yes
Freewheeling No No No No

3.3.2 Comparison of Control Performance of Power Electronic Converters

through a Simulated 12/8 SRM

Similarly, 12/8 SRM simulation model is built by Matlab/Simulink, using torque as well

as inductane profiles shown in Fig. 2.9nstanaineousdrque control using linear torque
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sharing function (TSF[63-64] is applied. Thaurn-on angled,,, turn-off angledy, and
overlapping angleal,, of linear TSF are set t0°52(° and 2.8, respectively. Hysteresis
current control with 0.5A hysteresis band is applied andliBICvoltage Vy. is set to
300V. The torque reference is set to N&. The RMS current andtorque rippleare

expressed as8(4) and (35), respectively.

= Ly (3.4)
7, (l;‘k q
Tow- T

Trlp = maXT min (3.5)

whereiyis K" phase currentTay, Tmax andTmin are the average torque, maximum torque,

and minimum torge, respectively.

The comparison oforque ripple the average torque, and RMS current of the
power convesdrs is shown in Fig. 3.20, Fig. 3,2dnd Fig. 3.22respetively. As shown
in Fig. 3.2Q C dump converter shows the lowastque rippleup to 6000rpm due to
higher demagnetization voltage. Since split AC and asymmetric power converters have
the same magnetization/demagnetization voltage, they have the teegne ripple
average torque and RMS current. Split AC has the same VA rating, switching; lasde
lower conduction losses compared with asymmetric converter and, therefore, split AC
power converter is preferred in terms of efficiency. The phase current is not
independently controlled itN+1 power electronic converter, leading to 20@8tque

ripple and much lower average torque at higher speed. Althdblidhconverter has the
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same VA rating, conduction loss and switching loss as asymmetric power coriNefter,
power electronic converter is worse in terms of torque speed perfornigriceonverter

is not recommended for this reason. Split DC converter produces around one fifth of
average torque of split DC and C dump converters at 6e@0with one half of VA
rating, conduction loss and switching loss. Therefore, split AC converter ahan@
converer are the possible candidates for do@st and higiperformance SRM drives.
They have similar RMS current and average torque up to 80 However, split AC
converter shows almost twiderque rippleover the wide speed range with one half of
VA rating and switching losses compared with thel@np converter. In conclusion, split

AC converter is a better candidatelow-cost SRM drives, while @ump conerter is

more promising in higiperformance motor drives.
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3.3.3 Conclusiors

A comparative evaluation of five power electronic converters including asymnietdic,
split AC, split DC, and Cdump converters is presented for thptmse SRMs. The
evaluation is based on VA ratjn conduction loss, switching losse®rque ripple

average torque, and RMS current. Among five listed power electronic convephts,
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AC and Cdump converters are promising candidates in terms of efficiandytorque
speed performance. @Qump convedr has much lowetorque rippleover a wide speed
range. However, it has higher VA rating and additional inductor and capacitoefdrieg

C dump converter is recommended in hjggrformance SRM drives. Split AC converter
has relatively lower cost and gbgerformance over a wide speed range, which is

recomnended in lowcost applications.
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Chapter 4
AN OFFLI NE TORQUE SHARI NG
FOR TORQUE RI PPLE REDUC

SWI TCHED RELUCTANCE MOTOR

4.1 INTRODUCTION

Torque sharing function (TSF) is gaining interest I tareas of the torque ripple
reduction in SRM drives. The total torque reference is intelligently divided to each phase
and the torque introduced by each phase tracks its reference defined by the TSF. Then the
reference phase current is obtained accordimgthe torquecurrentrotor position
characteristics. Linear, cubic and exponential TSF are among the most frequently used
ones. The actual torque output of TSF is determined by the tracking performance of each
phase. A thespeed of SRM increases, phazarent is not able to track the reference
during high speed due to the limited Bi6k voltage and, therefordprque rippleis
increased. One important evaluation criterion for TSF is the maximum absolute value of
rate of change of flux linkage (ARCFL)itlv respect to rotor position, which should be

minimized to extend the torgigpeed range. The other evaluation criterion is copper loss,
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which should be minimized to improve efficiency of SRM drives. The selection of TSF is
more challenging considering thotorquespeed range and efficiency. Different selection

methods for TSF are studiedcarding to these two criteria.

TSF can be offline or online. In the areas of offline TSFs, most publicdtons
on optimizing control parameters of existing TSFsoading to one or two secondary
objectives of TSFs. In [86], several popular TSFs including linear TSF, cubic TSF,
sinusoidal TSF, and exponential TSF are investigated and evaluated. Toa tamnad
overlap angles of different TSFs are optimized in ordenitcimize both the maximum
absolute value of rate of change of flux linkage (ARCFL) and copper loss by using the
genetic algorithm. In [87], a novel family of TSFs is proposed and an optimalisTSF
selectedrom the proposed family by making trad# between the copper loss and the
maximum ARCFL. Te objective function ifigherorder of copper loss andbesnot
directly combine two secondary objectives. [88], a piecewise cubic torque sharing
function with six degrees of freedo@dFs) is optimized to mimize the copper loss and
iron loss of switched reluctance motor drives. However, the overlagpiggin these
TSFs [8688] is defined only at the positive torque production areatarglie rippledue
to negative torque of outgoing phase cannot becextiuin [89], a piecewise quadratic
TSF with six degrees of freedom (DoFs) is proposed for torque ripple reduction of
switched reluctance generator over a wide speed range. The ripple component is
intentionally added to the torque reference and therefeeglapping region of the
proposed TSF is greatly extended. This te#u better performance itorque ripple
reduction compared to other offline TSFs{88]. However the shape of proposed TSF
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is limited to quadratic waveform. Other shapes of TSFs, waiemot limited to linear,

quadratic, cubic and exponential, may hagtdy torque speed performance.

In this chapter an offline TSF for torque ripple reduction of SRM drives over
wide speed range is proposed. Unlike offline TSFs mentioned above, the sha
proposed TSF is flexible, and not limited to the specific type. Also, according to the
balance between torque speed performance and efficiency, theffton overlapping
angle of the proposed TSF can be adjusted and will not be limited to pdsitoe
production areaThe objective functiorof the proposedl SFs directly combinesthe
squares ophasecurrent(copper loss) and derivatives of current reference (rate of change
of flux linkage) with a Tikhonov factor. Torque sharing function becomgsaéty
constraint of the optimization problem, while phase current limits become inequality
constraints of the problems. Then the analytical expression of the proposed TSFs with
different Tikhonov factors can be derived by using method of Lagrange naultipThe
effect of Tikhonov factors on the torqgpeed performance and efficiency of SRM drive
is alsoinvestigatedin the thesis Performance of conventional TSFs and the proposed
TSFs are compared in terms of efficiency and toispeed performance ovére wide
speed rangeBy balancing between the torque speed performance and efficiency, an
offline TSF with specific Tikhonov factor is selected. The Simulation and experimental

results are provided to verify the performance of the proposed offline TSF.
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4.2 TORQUE SHARING FUNCTION

4.2.1 Conventional Torque Sharing Functions (TSE)

For threephase SRM, no more than two phases are conducted simultaneously. During the
commutation, the torque reference of incoming phase is rising to the total torque
reference graduallyand the torque reference of outgoing phase decreases to zero
correspondingly. Only one phase is active when there is no commutahentorque

reference ok" phase is defined as (#.1).

€0 0g <g
|
:|:Te_ ref frise(q) Qn ¢ ¢ onq +ov
|
Te_ref(k) =1 Te_ ref qon +%v ¢ q <0ffq (41)

Te_ref ffall(cy) gf ¢ $ off q +ov
qoff + @ ¢ q¢p q

—— —) —) —
o

whereTe ref(q IS the refeence torque fok" phase T e_reflS total torque referencé;se(d) is
the rising TSF for the incoming phadey(d) is the decreasing TSF for the outgoing
phase, andl,, dor, doy and d, are turnon angle, turroff angle, and overlapping angle,

respetively. Pole pitchd, is defined as (4)2y using the number of rotor polis.

)
N

p

Do (4.2)

The most commoT SFs[86] arelinear, cubic and exponential TSF. These TSFs are

introduced as follows.

1) Linear TSF
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Linear TSF can be regsented as i4.3), andits waveform is shown in Fig. 4.During
commutation, the TSF for the incoming phase is increasing linearly from 0 to 1, whereas

TSF for the outgoing phase is decreasing from 1 to 0.

T Te ref (1) Te ref e ref (k+1)
e ref— — — N\, i T

[0}

on doff dr

Fig.4.1. Linear TSF.

frise(q) :i( q- og

ov

ffall (q):l _1( q _ofg)

ov

(4.3)

2) Cubic TSF

The cubic TSFshown in Fig. 4.Zan be representes (4.4 with coefficientsth, U, U,

and k. It has to meet the constraints §4.5). By substituting 4.4) for (4.5, the
coefficients of cubid@ SF can be derived as (# &dcubic TSF can be obtained as {4.7
A ) d ) ) d )

Te_ref TeirEf(k-l) :4— = ): Te_ref(k) :‘ o ) : TeJef(kJrl)

| | | |
—— —

Fig. 4.2. Cubic torque sharing function.
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3) Exponential TSF

Exponential TSF islefined as (4.8 where an exonential function is used to define the

TSF.

(@) =1 -erp B
fa (@) = eXpM)
q

ov

(4.8)

4.2.2 Evaluation Criteria of TSF

To evaluate the torquspeed performance and efficiency of different TSFs, two criteria

are defined as follows.

1) Rate of change of flux linkage tlirespect to rotor position

TSF is a proper approach to minimize torque ripple of SRM during the
commutation. However, the torque ripple is dependent on tracking precision of TSF. In
order to maximize rippkreetorque speed region, the required v voltage should
be minimized. Therefore, the rate of change of flux linkage with respect to rotor position
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becomes an important criterion to evaluate the tospeed performance of a specific
TSF. The maximum absolute value of rate of change of flux IBKARCFL) M, is
defined as4.9).

_ d/
M, :max{dl”se, fall
dg dg

} (4.9
where/ ise is the rising flux linkage for the incoming phadey is the decreasing flux
linkage for the outgoing phase.

The maximum rippldree speed (TRF)maxcould bederived as4.10)andVy. is
the DClink voltage.

Vae
I\/ll

Whax =

(4.10

2) Copper loss of electric machine

Copper loss is an important factor influencing efficiency of SRWIS phase
currentcan be deriveas (4.1). RMS current is calculated betweennkan and turroff

angle and copper losses of two conducted phases are averaged

1 qoff. %.
Irms: _(ﬁlidq + Iﬁj ¢ (41])
9 @

P Gon

4.3 THE PROPOSED OFFLINE TORQUE SHARING FUNCT ION

4.3.1 Derivation of Offline Torque Sharing Functions (TSFs)

A family of offline TSFs isdescribed irthis section which minimizestorque rippleand
copper loss ofSRM drives over the wide speed rande&vo secondary objectives for
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selecting an appropriate TSF include copper loss minimization and torque speed
performance enhancement. If instantarsesguagd currents, shown in (4.12) and (4,13
are minimized in each rotor positiorRMS current in (4.1 can be minimized

accordingly.

Re1=1k 1(9) (4.1

R =ik(@) (4.13

wherePy.; andPy represents the copper loss of oungophase and incoming phase.

As discussed above, the actual torque is dependent on the tracking performance of
two phases. By minimizing the derivatives of current reference, it is easier for each phase
to track its individual reference and therefore kesque ripplewill be produced at higher
speed. Thus, the torque speed performance of offine TSF is expressed in terms of
absolute rate of change of current referemtgch needs to be minimized in order to
maximize the torqueipple-free speed range dhe SRM. The derivatives of current
reference may be negative and thus absolute derivatives of current references are
considered to evaluate the torque speed performance. If the square of derivatives of
current reference is minimized, the absolute dexieat of current reference can be
minimized accordingly. For this reason, the square of the derivatives of current references

is used as part of objective function of offline TSF to improve torque speed capability.

The derivatives of the current referenadsncoming phase and outgoing phase

can be represented as (4.a4d (4.15).
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_ ik-l(Q)' ik -1( 9
d.,= By (4.19

— ik(q)' ik( 9)
d, _—Dq (4.15

whereiy.1(do) andiy1(d) are currents of outgoing phasepagviousrotor positiond, and
present rotopositiond; ix(dh) andix(d) are currents of incoming phasepaéviousrotor

positiond, and present rotgrositiond;, Var i ati on of rotdawh positi

The objective function of offline TSF combines both copper loss and square of
derivaives of reference with TikhonoYactors [90-91]. The objective function] is
defined as(4.16). It can be seen from (4.18hat the objective function include four
objectives: the squared current of outgoing phase, the squared current of incoming phase,
square current derivatives of incoming phase and outgoing phase. The Tikhonov factors
are weight factors indicating the importance of each objeckee. example, if one
objective needs to be emphasized, its Tikhonov factor can be selected as a larger value

than the other threBikhonovfactors.

., L 8@)-i(9 P 1L8) (g
J=m,(g) k k t (4.16)
(@ Mi( g 32 Dy 3 +—197é Dg

wherem, n, sandt areinitial Tikhonovfactors

Objective function in (4.16is simplifiedto 4.17 by as s wlimconsgantt hat &

J=al,(g) (Y o, )qi( J@d k) D (4.17)

72



wherea, b, c andd are allnew Tikhonovfactors These parameters are defined in (4.18

S {
=Rmb =R = d—= 4.1
a=Rmb=Rnc 55 d 5z (4.19

According to definition of TSF, the sum of the torque reference of two phases should be

equal to the total reference. Thus, this equaliystraint is obtained if#.19).

1UL(g.iy)

2 |k_1(C7)+ 1 u( QK)'Z
Hg

E Ik( y :-re_ref (419

The current reference of both phases should not exceed the maximum gy &ritus,

inequality constraints ambtained as (4.20) and (4)21
ik-l < :tmax (4-ZQ
<3 (4.29)

Finally, the gtimization problems represented as (4.2

min J=a,(@) bi2( ¥ 68 .()gic( ) d &) @l o)

Subject to:

Sll(@i ), 1 k(g (422
1 Ik-l(q)+ Ik( y :Teiref

12 ug 2 g

Iik-1< :‘max1 ik <tr‘r:1ax

Method of Lagrange multiplief®0] is applied to solve the optimization problem.
Lagrange functiowith optimization problem ir{4.22 can be represented @23. The
basic idea of method of Lagrange multipliers is to combine the objective function with a

weighted sum of the constraints.
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wherea, 8, andas, are Lagrange multipliers.

According to Lagrangenultipliers [90], inequality constraints listed in (25) and

(26) have tasatisfy (4.24 and (4.25).
1,0,09-1,.0) D (4.29
120 (¥- 1) O (4.29
To meet the requireemt in(4.24) and (4.25 four possible cases need to be considered,
which are shown i14.26), (4.27), (4.28), and (4.R9espectively. The fourth case cannot

meetthe equality constraint in (4.1%ince two phase currents are both equal to the

maximumcurrent. Therefore, the fourth case will not be considered.

/=0, 4 i ()9 Kudi () ¢ 5 (4.29
12,0, £=0i 1 ()93 ad () G<Sha (4.27)
/=0, 4, O, ()94 0d i () 45, (4.29
/=0, £ i, () Fad () 9 5. (4.29

For the first case, according to the theory of LageaNlultiplier, the minimum point is

obtainedby solving (4.30.

W M o Mg (4.30
My K, /p
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where @.30 stands for partial derivatives of Lagrange functiowith respect tdy, ix.1,

ay.

Firstly, we set the derivative of the Lagrange functioth respect tahe current

of incoming phase zero

0 (4.30)

M (9)
Solving(4.31), (4.32 can be derived.
(2b+2d )i (g 2di () (4.32

Since d+2d+ayi 0(4.32 can berewritten as (4.38 This will be verified later whesy is
obtaned at the end.

o d (4.33
'k(Q)—m'k(Q)

Similarly, (4.34 can bederived for the outgoing phase

2C (4.39

1(q) = mik 9

Finally, substituting4.33 and @.34) to (4.19, Lagrange factos is obtained. By
putting & to (4.33) and 4.34), the current references of incoming phase and outgoing
phase are derived. If these values are no greater than the maximum current, the current
reference of incoming phase and outgoing phase satisfy the firsincé&26 and the

current referece s confirmed.

If the current reference of outgoing phase is calculated greater than the maximum

current, the first case cannot be satisfied, and the second case is applied. iBgbstitut
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(4.27) in (4.19, the current reference for incominggse is derivedsa(4.35. Similarly, if
the current reference of incoming phase is greater than the maximum current, the third
case is applied and the current reference of the outgoing phase can dsovée by

substituting (4.28into (4.29.

T _ EIJL(q'ik—l) |2
. _ e_ref 2 ug max
L B TR ) (439
2 g

It should be noted that, initial value of the current reference should be set
according to4.33 and(4.34). Thus, for the proposed offline TSF, both tamangle and
initial value should be predefined, which is similar to conventional TSkeier, turn
off (or overlapping) angle of conventional TSF is defined only at the positive torque
production area in advance, which may cause higrglue rippleat higher speeds. In
order to avoid this problem, twoff (or overlapping) angle of the proped TSF is
optimally adjusted according to a tradeoff between tospeed capability and copper
loss.At lower speed, copper loss is more important, and Tiiklsonov factorof squared
current in objective function should be set larger. As the spedte ahachine increases,
the torque ripple becomes more significant due to high rate of change of current
reference. Derivatives of current reference become a critical factor, and therefore its

Tikhonov factorin the objective function should be larger.

4.3.2 Seledion Guide of Tikhonov Factors

Firstly, performance of conventional TSFs is compared in terms of copper loss and rate of

change of flux linkage. The selection of Tikhonov factors will be given based on the
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performance evaluation of the conventional T$F42/8 SRM with DClink voltage 300

V is applied for the comparison. All angles are mechanical anbgbeque reference is set

to be 1Nm. As investigated in [86], torque speed performance and copper loss of TSFs
are affected by the selection of tton ande, turnoff angle and overlapping angle. To

give a fair comparison between conventional TSFs and the proposed offline TSF, two
selections of turon angle, turroff angle andoverlapping angle are provided@he first
selection of these angles is basednoimimization of copper loss [87]Commutation

angle .7 where incoming phase and outgoing phase produces the same torque at the

same current level, can be determined according tatRg.

7 T T T
6
5
€
z 4
g3
=)
o
= 2
1
0 Solid Line: incoming phase
. Dotted.Line: Outgoing phase

N
o

5 7.5 10 15
Rotor Position (Deg.)

Fig. 4.3. An illustration of commutation angle of the studied SRM.

After simulations with different turon angles and overlapping anglés;n-on

anglegy,n, andturn-off angle gu andoverlapping angleg, of linear TSF, cubic TSF, and
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exponetial TSF is set t®&°, 2(° and 2.8 in order to improve torquspeed performance
TSFs. Compared with the first selection, overlapping aggles increased byl°, and

turn-on anglegy, is decreased by 1n the second selection.

Typical waveforms of refence torque, reference current, flux linkage and rate of
change of flux linkage in terms of rotor position for the second selection ebtuamgle,
turn-off angle and overlapping angle are shown in Fig. 4.4. It can be found that flux
linkage varies withrotor position and shows sharp decrease at the end of commutation.
Absolute value of rate of change of flux linkage with respect to rotor position of outgoing
phase is much higher than that of incoming phase in all three types of conventional TSFs.
Thus, he maximum torqueipple-free speed is actually determined by the outgoing
phase. As shown in Fig. 4.4, when the torque reference is set to thslirmaximum
absolute value of rate of change of flux linkalgle of linear TSF, cubic TSF, and
exponential TSFra 18.8Wb/rad, 7.15Nb/rad and 27.2Vb/rad, respectively. According
to (4.10), the maximum torgtrgople-free speed (TRFS) of linear TSF, cubic TSF, and
exponential TSF are calculated as 16 rad/s, 42 rad/s, and 11 rad/s, respectively. Therefore,
the maxinum TRFS of linear TSF, cubic TSF, and exponential TSF are only 152 rpm,
400 rpm, and 105 rpm, respectively. However, according to the first section afnturn
angle and overlapping angle, the maximum ARCFL of linear TSF, cubic TSF, and
exponential TSF armcreased to 29.@b/rad, 13.4Vb/rad and 54Vb/rad, respectively.
Therefore, conventional TSFs for second selection ofdurangle and overlapping angle

have relatively better torqespeed capability.
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Reference Torque (Nm)
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Fig. 4.4. Torque reference, current reference, flux linkage, and rate of change of flux

linkage of conventional TSFs. (a) Reference torfpjeReference currenfc) Flux

linkage (d) Rate of change of flux linkage.

Offline TSFs areproposed to extend torquipple-free speed range. In order to
solve the optimization problemn (4.22), the Tikhonov factors need to be determined in
advance. Tikhonov factor indicates the importance of its objective. The Tikhonov factor
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of one of the ofectives in (4.22) is set to unity to create the base. The relative difference
between the selected values and the base value defines the importance of the objective
function. Therefore, the Tikhonov factor of derivative of incoming plidaseset as 1. Tén

ratio between maximum ARCFL for outgoing phase and maximum ARCFL is denoted as

(4.36).

r=— dg (4.36)

The tracking performance of the outgoing phase is usually much poorer than that
of incoming phase, and therefarés normally mucHarger than 1. As shown in Fig. B,
is around 10 in the studied SRM. To ensure that incoming phase and outgoing phase has
relatively similar ARCFL, ACRFL of the outgoing phase should be minimizadtinyes.
Since ARCFL is represented as the derivatifecarrent reference in the objective
function, the squared current reference of the outgoing phase should be minimiZed by
times compared to incoming phase. Therefore Tikhonov factor of derivative of outgoing
phase is set to® times as high as that ofidoming phase=r’xd= r% Then only two
Tikhonov factorsa andb need to be defined. Since we set Tikhonatdaof derivative
of outgoingr®times as high as thaf incoming phase, the Tikhonov factor of the squared
current of outgoing phase should leéatively higher than the incoming phase in order not
to increase the squared current of outgoing phase significantly. Therefore, the Tikhonov
factor of the squared current of outgoing phase can be(ketl) times as high as that of
the incoming phase.hE selection oh is dependent on the characteristics of SRM and

subject to changes. To simplifig,is initially set tor. If b is set to be the valug, the
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objective function in4.22 is simplified as(4.37). The selection of Tikhonov factors is
dependat on the characteristics of SRM and therefore there is no analytical expression
for Tikhonov factors. However, based on the known characteristics of the motor, the rate
of change of flux linkage or copper loss for different Tikhonov factors can be dennce
Tikhonov factors can be adjusted accordingly.
I=q(rig.(@) (P 0,1 )g (NG (&) iqla)° (4.37)

According to (4.3}, g can be adjusted to balance between copper loss and the
square of derivatives of the current reference.i$f selected as a larger value, themer
losses are emphasized and hence importance of the square of derivatives of the current
reference is relatively smaller. Fig.5 shows waveforms of reference torque, reference
current, flux linkage, and rate of change of flux linkage of the propasadyfof offline
TSFs. Wherg=0.2, the current reference of the outgoing phase is not zero at the end of
commutation. SRM works in continuous conduction mode and this mode may have
higher copper loss. Wheq increases to 0.4, the current reference of antgphase
decreases to zero at the end of commutation and overlapping angle of this mode is about
11°. Asqincreases to 1, the overlapping angle decreasgsaiod no significant negative
torque is produced in this mode, which is similar to conventio8#&ls. By decreasing the
value ofq, the rate of change of current reference is decreased. As a result, overlapping
region of the proposed TSF is increased. Flux linkafgeffline TSFs shown in Fig. 4.5
changes much more smoothly than those of conventidsigs, due to much lower rate of
change of the current reference. Compared with conventional TSFs, the maximum

ARCFL of the proposedSFs is significantly reduced.
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Fig. 4.5. Torquereference, current reference, flux linkage and rate of change of flux

linkage of proposed TSFs. (a) Reference tor¢ieReference currenfc) Fluxlinkage.

(d) Rate of

4.3.3 Comparison between Conventional TSFs and Proposed Offline TSF

1) Comparison of the maximum absolute value of rate of change of flux liGK&§eFL)

0 2 4 6 8 10 12 14 16 18 20

Rotor Position (Deg.)
(d)

change of flux linkage

82



The maximumARCFL of the offline TSFs is shown in Fig.6. The maximum absolute

value of rate of change of flux linkad#. of the proposed family of TSFs increaseshas

value ofq increases. When=0.4, M,.is equal to 1Wb/rad and the maximum torque
ripple-free speed is 2866 rpm. As analyzed above, the maximum topplefree speed

of linear TSF, cubic TSF, and exponential TSF are only 152 rpm, 400 rpm, and 105 rpm,
respectively. Thus, the maximum torqugeple-free speed of the proposed offline TSF is

7 times as high as that of cubic TSF, 18 times as high as that of linear TSF and 27 times
as high as that of exponential TSF. The torgpple-free speed range is gttty extended

compared with that of conventional TSFs.

M; of offline TSF (Wb/rad)

Fig. 4.6. Comparison of the maximum absolute rate of change of flux linkage.

2) Comparisn of RMS value of current

The compason of phase current between conventional and proposed i$SFs
shown in Fig. 4.7 The RMS current of the proposed TSFs shows fluctuation with the

value ofg and has not reported significant current increase especially gvtseno less
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than 0.4. RMS currérof proposed TSFs is shown to be a little higher than those of cubic
and exponential TSFs. It should be noted that the calculation of RMS value is based on
reference current of different TSFs. Due to limited torgpeed capability of TSFs; the
reaktime current profiles differ from the reference current profiles, which will be shown

in the next section for each TSF.

RMS Current (A)

—OfflineTSF —Cubic TSF —Linear TSF —Exponential TSF

Fig. 4.7. Comparison of RMS value of current.

4.4 SIMULATION VERIFICAT ION

The proposed and conventional TSFs are compared in terms of RMS curréotcared

ripple by simulation. Thethreephase 12/8 SRM simulation model is built by
Matlab/Simulink, and torque as well as inductance profiles showigir2.5are stored in

look up tables. Hysteresis current control is applied and current hysteresis band is set to
be 0.5A. Asymmetric power electronic converter shown is used to drive the machine
with 300v DC-link voltage.The torque references of two phases defined by offiBE

can be derived and then convertedcurrent reference by using (2)12hus, torque
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reference defined by the offine TSF or other conventional TSFs applies to SRM
operating either in linear magnetic region or saturated magnetic region and theiapplicat

of the proposed offline TSF can be extended to magnetic saturation region.

To verify the performance of the proposed offline TSF in both linear magnetic
region and saturated magnetic region, torque reference is set to Nenlahd 3Nm,
respectivelyWhen the torque reference is set to M, the maximum current is 18
and motor is operating in linear magnetic region. As the torque reference is increased to 3
Nm, the maximum current reference is abouAl&nd the motor is operating in saturated
magretic region. The torque rippl&;, is defned as (4.38 The torque rippleduring
commutationis named as commutatiotorque ripple During one phase conduction,
torque ripplestill exist due to current ripples from the hysteresis current cofftoofjue
ripple during one phase conducti@named ason-commutatiortorque ripple

— Tmax - Tmin
Trip - T— (43&

av

whereT,, Tmax andTmin are the average torque, maximum torque, and minimum torque,

respectively.

There is a sampling time limitation in thaigital implementation of current
hysteresis controller, which results in higher current ripples leading to higiogre
ripple in any type of TSFs Therefore, the sampling time becomes an important factor
determining theorque rippleof both conventional SFs and the proposed offline TSF. In

simulation, the sampling timgampieis set to 0.1rs and 518, respectively. WheRamplelS
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set to 0.1ns, thetorque rippleils mostly contributed by the tracking performance of TSFs
rather than higher sampling time and, hence, the tracking performance of the TSFs can be
compared more effectively in tesof torque ripple. Due to the limitation of the digital
controller hardware, the sampling time isn® in the experiments. Therefore, the
sampling time in simulation is also set ton$ so that a fair comparison between the
experimental results and simtita results can be conducted. Same operating conditions
have been applied withampieS M8, SO the effect of sampling time @rque rippleusing

different TSFs can be investigated by simulation.

4.4.1 Simulation Results with Lower Sampling Time

(1) SimulationResults at 300 rpnTfe=1.5Nm, go=2.2, andtsampic0.118)

In this simulation, torque reference is set to M. Fig. 4.8 shows simulation
results of linear, cubic, exponential, and proposed T§E&4 andg=1) at 300 rpm. Due
to current ripple intvduced by hysteresis controller, the torque ripple at one phase
conduction mode is 20%. As discussed above, terge-free speeds of linear and
exponential TSFs are both lower than 300 rpm, and thus the current references are not
ideally tracked as sk in Fig. 4.8(a) and Fig. 4(8). However, considering inherent
20% torque ripple, the commutation torque ripple of linear and exponentiali¥ 86t
obvious. Proposed TSFg=0.4 andg=1) and cubic TSF achieve better tramkidue to

smoother commutation
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Fig. 4.8. Simulation results with differentSFs épeed300 rpm,T,=1.5 Nm, g,,=2.2,

and tsampi0.1 s). (a) Linear TSF (b) Cubic TSE (c) Exponential TSF(d) Proposed

TSF(g=0.4). (e) Proposed TSH£1).

(2) Simulation Results at 3000 rpffie=1.5NmM, gp,=2.2, tsampi=0.1n8)

In this simulation, torque reference is sefltt Nm and sampling time is 0:1s. Fig. 4.9
shows simulation results of linear, cubic, exponential, and proposed TSF< (@and
g=1) at 3000 rpm. Since the maximum TRFS of linear, cubic and exponential TSFs are
much lower than 300fpm, tracking error. fie maximum TRFS of proposed TSE(.4)
is close to 3000 rpm, and thus the tracking precision of proposed FE®H) is very

high. The commutatioriorque rippleof offline TSFis close to norcommutation torque
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ripple. According to the analysis given akowy increasing the coefficiemf of the
proposed TSF, the rate of change of flux linkage increases. Among five proposed offline

TSFs, TSF ¢=1) has the poorest tracking ability. Therefore, offline T§EL] shows

highertorque ripplehan TSF ¢=0.4).
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Fig. 4.9. Simulation results with different TSHspeed&3000 rpm,Te=1.5NmM, F2.2,

and tsampie0.1 8). (a) Linear TSF(b) Cubic TSF (c) Exponential TSF(d) Proposed

TSF@=0.4). (e) Proposed TSk£1).
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(3) Simulation Results at 1800 rpMd=3 NM, go,=2.2, tsampi=0.1118)

In this simulation, torque reference is set tbli® and sampling time is set to 1% to
verify the application of the proposed offline TSF to saturated magnetic region. Offline
TSF @=0.4) is compared to linear TSF, cubic TSF and exponential F&f<4.10shows
simulation results of linear, and theoppsed TSFsgE0.4) at 1800 rpm. Théorque
ripple of conventional TSFs are higher than he proposed offline G&F4). Also, due to
negative torque produced by torque tracking error of conventional TSFs, the average
torque is decreased. At 1800 rpm, theque response of two phases almost tracks its
reference and the maximum TRFS of proposed TB.4) is close to 1800 rpm when
the torque reference is Rm. The maximum TRFS of the offline TSKE=0.4) is
decreased from 3000 rpm to 1800 rpm as the toref@eence is increased from INBn

to 3Nm, due to higher rate of flux linkage at higher torque outputs. Therefore, the offline
TSF @=0.4) shows no deteriorated performance when the motor is ogeirataturated

magnetic region.
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Fig. 4.10. Simulation results with different TSFspeed&1800 rpm,Te=3 Nm, F2.9,
and tsampi0.1 18). (a) Linear TSF(b) Cubic TSE (c) Exponential TSF(d) Proposed
TSF(g=0.4).
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4.4.2 Simulation Results with Higher Sampling Time

(1) Simulation Results at 3000 rpMid=1.5Nm, gn=2.2, tsampicS NS)

The sampling time is incread to 3rs to investigate the effect of the sampling time on
torque ripple Fig. 4.11 shows simulation results of linear, cubic, exponential and
proposed offline TSF at 3000 rpm when the torque reference M. &nd sampling time

is 5ms. According tosimulation results in Fig. 4.9r tsampic0f 0.1 118, thetorque ripples

of linear TSF, cubic TSF, exponential TSF and offline TSF at 3p00arearound 40%,

54%, 57%, and 30%, respectively. As the sampling time is increasedsotietorque
ripples of linear TSF, cubic TSF, exponential TSF and offline TSF are increased to 67%,
73%, 67% and 43%, respectively. With much higher sampling tiorque ripple of

TSFs are increased due to current hysteresis controller. According to simwdatitie of
offline TSF in Fig. 4.14d), tracking error of offline TSF is still close to zero. Therefore,
the maximum TRFS is proved to be around 300, which is not effected by the
sampling time. Although thiorque rippleof offline TSFis increased, the offline TSF kti
demonstrates better performance in torque ripple reduction compared with conventional

TSFs in linear magnetic region.
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Fig. 4.11. Simulation results with different TSFspeed&1800 rpm,T,e=3 Nm, F2.5,
andtsampieS M8). (&) Linear TSHb) Cubic TSFE(c) Exponential TSHd) Proposed TSF

(g=0.4).
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(2) Simulation Results at 1800 rpMid=3 NM, go,=2.2, tsampie=S MB)

In magnetic saturation regioil, {~3Nm), the sampling time is increased totkbat 1800

rom. Hg. 4.12shows simulation results of linear, cubic, exponential and proposed online
TSF at 4000 rpm when the torque reference is 3Nm and sampling tinme.i®\6cording

to thesimulation results in Fig. 4.10r tsampic0f 0.1 18, thetorque rippleof linear TSF,
cubic TSF, exponential TSF and online TSF at 1009 were around 25%, 33%, 33%,
and 17%, respectively. As the sampling time is increasedrns, $hetorque rippleof
linear TSF, cubic TSF, exponential TSF and online TSF are 53%, 63% and 37%,
respectivelySimilarly, as shown in Fig. 4.1@l), the maximum torquegpple-free speed

of the proposed offline TSF is around 18@@n, when the torque reference is set to 3Nm.
With higher sampling time, the torque ripple of offline FF'$s still smaller than

conventional TSFs in magnetic saturation region.
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Fig. 4.12. Simulation results with different TSFspeed1800 rpm,T,e=3 Nm, 2.5,

andtsampieS M8). (&) Linear TSHb) Cubic TSE(c) Exponential TSHd) Proposed TSF

(g=0.4).
4.4.3 Comparison of Torque Ripple and RMS Current

Torque rippleof different TSFscan be compared more fairly when the sampling time is
set to 0.1ns. In this case, the effect of the sampling time on tegpesd performance of
TSFs can be nearly eliminated and tbeue rippls of TSFs are mostly contributed by
the tracking performamcof TSFs. In this sectiortiorque ripple and RMS current are
compared when the sampling time is set to i1 Also, torque ripple of TSFs are

influenced by overlapping angle and current hysteresis band. Therefore, comparison
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between conventional TSFsa the proposed offline TSF is conducted at different

overlapping angles and current hysteresis band.

The torque ripple and R®lcurrent are compared in Fig. 4(83 and (b) using the
second selection of tiion angle and overlapping anglg£5°,¢,=2.%) when the torque
reference is 1.5Nm. Therque rippleof linear, cubic, and exponential TSFs at 300
is almost two times as high as those at 8a®. The proposed TSFs show much lower
torgue ripple whermg is less than 0.6 at 3000 rpm. Therefore, maTing torque ripple
offline TSFs ¢=0.2 andg=0.4) are preferred. It should be noted that the proposed TSFs
show slight increase in torque ripple at lower speed, which is caused by inherent current
ripple of hysteresis controller. By decreasing theanirhysteresis band, torque ripple at
lower speed can be further reduced. However, as showigind.13(b), offline TSF
(g=0.2) shows much higher RMS current than other offline TSFs. Wheér and 0.6,
offline TSFs show comparable RMS current as thealinand cubic TSFs with much
lower commutation torque ripple. Therefore, their overall performance is better than
linear and cubic TSFs. Considering toregpeed capability, offline TSFg£0.4) is a

promising choice for torque ripple reduction with relatwhigh efficiency.

The torque ripple and RM&urrent are compared in Fig. 4.@&) and (b) using the
first selection of turron angle and overlapping anglg£6° g~2.5) when the torque
reference is 1.5Nm. Compared withtorque rippleshown in Fig.4.13 (a), thetorque
ripple of conventional TSHs increased due to poorer tracking capability. Since the first

selection of turron angle and overlapping angle is based on the minimum copper loss,
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very slight decrease in RMS current of conventional TS#s ke observed compared

with Fig. 4.13 (b).
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Fig. 4.13. Comparison oforque rippleand RMS current of different TSK3.=1.5

Nm, F2.2, andtsampic0.118). (a)Torque ripple (b) RMS current.
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Similar comparison can also be applied to saturated magnetic rdgig®3 (N\m)
as shown in Fig. 4.16sing the second selection of tton angle and overlapping angle.
Torque rpples with different current hysteresis band are compane#tig. 4.15(a) and
Fig. 4.1%b) to investigate the effect of hysteresis bandooque rippleof different TSFs.
By decreasing the current hysteresis band fromAOté 0.1 A, the offline TSFd=04)
produces only 5%orque rippleup to 1800rpm, which is around one third of linear TSF,
one fifth of exponential TSF and one sixth of cubic TSF. At the speed less thgm©00
torque ripple of cubic TSF and the proposed offline TS§=@.4) are 4.2% ah 5%,
respectively. Therefore, by decreasing the current hysteresis band, the diffetengaan
ripple between cubic TSF and the proposed offline T§F{@) at low speed can be
neglected. With 0.2 current hysteresis band, the maximtorgue rippleof offline TSF
is only 16.6% up to 1808m, whiletorque rippleof conventional TSFs are increased
significantly. The offline TSF with lower current hysteresis band achieves better torque
ripple reduction; however, switching losses of power electronic ctarvare getting
higher. The selection of hysteresis band of the current controller depends on the
application. Also, due to higher average torque output,tdhgue rippleat saturated
magnetic regions lower than that in the linear magnetic region witie same hysteresis

band.
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4.5 EXPERIMENTAL VERIFIC ATION

The proposed offline TSK€0.4) is verified in a 2.8W, three phas&2/8 SRM shown in

Fig. 4.16 FPGA EP3C25Q240 is used figital implementation of the proposed offline
TSFs. The torgueurrentrotor position characteristics are stored as look up tables in
FPGA. Torque is estimated from this leog table by measuring the phase current and
rotor position, and converted intm @nalog signal through digitéd-analog conversion

chip in the hardware. The offline TSF is obtained and converted to current reference off
line by selecting different values qf Then current reference is stored in another look up
table as a functionfahe rotor position in FPGA. In the experiment, current hysteresis
band is set to be 0A and DClink voltage is set to 30¥. The proposed offline TSF
(g=0.4) is compared to linear TSF, cubic TSF, and exponential TSF in the experiment.
The sampling timef the digital controller in the experimental setup is set te5As
verified with the simulation results previously, higher current ripplestarglie ripple

can be observed when the sampling time is setrte Eather than 0.is. Similarly, the
experimental SRM is operating in two different operating conditiohsT£~=1.5 Nm,
speed3000rpm, tsampieS M8 (2) Tre=3 NM, speed1800rpm, tsampieS M. Experimental
results will be compared with simulation results at the same torque reference, the same

speed and the same sampling time.
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Fig. 4.16 Experimental sefuof SRM drive.

(1) Experimental results at 300pm (Tre=1.5NM, go=2.2, andtsampic5 M8)

Fig. 4.17shows current reference, current response, and estimated torque at 3000
rpm when the torque reference is set toNmd. The motor is working in linear magtic
region. According to theoretical analysis and simulation results, the maximum-torque
ripple-free speed of the offline TSE£0.4) is closdo 3000 rpm. As shown in Fig. 4.17
(d), the tracking error of the proposed offline TSF can be negligible andfone the
maximum TRFS of the proposed TSF is verified to be around 3060 by the
experiment. Also, theéorque rippls of linear TSF, cubic TSF and exponential TSF at
3000rpm arearound 67%, 80 %, 67%, and 47%, compared to 67%, 73%, 67% and 43%
torqueripples in simulation resultsn Fig. 4.11 Therefore, the experimental results of
TSFs match the simulation results in termsaofue ripple torque response, and current
waveforms at the same operation condition. At 30p0, the offline TSF =0.4)

achieves much better tracking and output torque is almost flat ignoring the torque ripple
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of current hysteresis controller. Compared with the offline T#0.4), the conventional
TSFs shows much highdorque ripple due to current tracking error. Among dbr
conventional TSFs, the linear TSF shows slight decreagesque ripplecompared with

cubic TSF and exponential TSF.
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CH2: Current response (5 A/div); CH3: Torque (INm/div)ACBurrent reference (5 A/div);
Fig. 4.17 Experimental result with different TSFSdeed3000 rpm, T=1.5 Nm,
Gov=2.%, and tsampied N8). (a) Linear TSF(b) Cubic TSF (c) Exponential TSF(d)

Offline TSF(g=0.4).

(2) Experimental results at 180pm (Trer=3 NM, go=2.2, andtsampie5 N5)
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Fig. 4.18shows current reference, current response, and estimated totg@0at
rpm when the torque reference is set tdr8. The motor is working in saturated magnetic
region. As theoretical analysis and simulation results, the maximum TRFS of the offline
TSF ©=0.4) is around 180€pm when the torque reference is set tdr8. As shown in
Fig. 18(d), the tracking error of the proposed offline TSF is close to zero, which
experimentally provethat the maximum TRFS of the proposed TSF is around G800
Since the maximum TRFS of the offline TS#=0.4) is much higher than convental
TSFs, the offline TSFgE0.4) achieves better tracking at 18G0n than conventional
TSFs. Therefore, the offline TSIEH0.4) shows lower ripples than conventional TSFs.
Simulation resultsTe=3 Nm, spee&1800rpm, andtsample=5 M8) in Fig. 4.12show that
the torque rippls of linear TSF, cubic TSF, exponential TSF and online TSF are 53%,
57%, 63% and 37%, respectively. Expeental results shown in Fig. 4.58ow that the
torque ripple of linear TSF, cubic TSF and exponential TSF are around 58%, and
60%, and 40%. Therefore, experimental results of different TSFs are close to the
simulation results in terms ¢drque ripple torque response, and current waveforms when
sampling time, torque reference, andespef the motor are the san¥éhe apfication of

offline TSF in magnetic saturation region is verified by this experiment.
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CH2: Current response (5 A/div); CH3: Torque (2Nm/div)4ACBurrent reference (5 A/div);
Fig. 4.18 Experimental result with differé TSFs Speed1800 rpm, T.e=3 Nm,
2.2, and tsampied 18). (&) Linear TSF(b) Cubic TSF (c) Exponential TSF(d)

Offline TSF(g=0.4).

4.6 CONCLUSIONS

In this chaptera novel offline TSF for torque ripple reduction with high efficiency is
presented. The objectives of the offline TSF aocenposed of both minimization of
copper loss and torgtspeed performanceith a Tikhonov factor. The Tikhonov factor
(g=0.4) is selected considering the toregmeed performance and efficiency of SRM
drive. Performance of conventional TSFs and the pexposfline TSFs are evaluated in
terms of RMScurrentand rate of change of flux linkage with respect to rotor position.
The maximum torquepple-free speed of the offline TSIg£0.4) is increased to almost

3000 rpm, which is 7 times as high as cubic TE¥-times as high as linear TSF and 27
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times as high as exponential TSF. The simulation results show that the offline TSF
(g=0.4) has comparable copper loss as the linear and cubic TSFs, and much lower
commutation torque ripple both in linear and saturatednetic region. The performance

of the proposed offline TSK£0.4) is verified with an experimental &8V, three phase

12/8 SRM drive.
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Chapter 5
AN ONLI NE TORQUE SHARI NG
FOR TORQUE RI PPLE REDUC

SWI TCHED RELUCTANCE MOTOR

5.1 INTRODUCTION

For online torque sharing functionsT$F9 in torque ripple reduction of switched
reluctance motor (SRM)ISFs aretuned online by estimated torque feedback or speed
and therefore these TSFs are not fixed compared with offline TSFs. In [92], a nonlinear
logical TSF for torque ripple reduction and efficiency enhancement is introduced. Only
incoming phase or outgoing phase torque is changed and the other phase is kept the same
within current limit of the motor. Therefore, only incoming or outgoing phase produces
torque rippleand the totatorque ripplemay be reduced. However, theoretical analysis of
the maximumabsolute value of rate of change of flux linkagé&k CFL) of logical TSF

has not been provided. In [@8l], an iterative learning controller is propogdedadd a
compensation current to the current reference to reduce the torque ripple resulting from
nonlinearity of SRM. In [95], turon angle of the adaptive TSF is adjusted with speed in
order to reducdorque ripple However, the shape of TSF is not atpd and thus the

torquespeed performance improvement is still limited. It should be noted thagrthes
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ripples of SRM are known to be highest when the outgoing phase produces the negative
torque [96]. Ifthe overlapping region is limited to positit@que producing region, the
torque produced by incoming phase is no higher than the total torque reference, and the
total torque response will be lower than its reference. This leadighertorque rippls.

In [97], amodified TSF is presented to redumeque rippleand enhance torgespeed
performancdor SRM. By applying the modified TSF, the phase torque tracking error is
added to the torque reference of the other phase. Therefore, the torque response of
incoming phase can be higher than the totajue reference to compensate the negative
torque produced by outgoing phase. Also, positive torque produced by incoming phase
can be compensated by outgoing phase. Therefore, this TSF demonstrates better

performance in torque ripple reduction.

In this chapter an online TSFfor torque ripple reduction d8RM is proposed.
Absolute value of rate of change of flux linkagsRCFLs) of incoming phase and
outgoing phase for conventional TSFs including linear, cubic, exponential TSFs are
compared. The comparisoesults show that ARCFL of incoming phase for conventional
TSFs is a little higher at the start of commutation and the ARCFL of the outgoing phase
becomes much higher as commutation ends. Based on this fact, the operation of SRM is
divided into two modesin mode |, ARCFL of incoming phase is higher than outgoing
phase, while in mode Il, ARCFL of outgoing phase is higher than incoming phase. The
online torque control based on TSF is realized by using a proportional and integral (PI)
compensator with the®r between the torque reference and estimated torque. The output

of Pl compensator is added to the torque reference of the wpitaslewer ARCFL, that
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is, the outgoing phase in Mode | and incoming phase in Mode Il. Therefore, the
maximum torqueipple-free speed (TRFS) of the proposed online TSF is dependent on
the phase which has lower ARCFL rather than higher ARCFL in conventional TSFs.
Torque speed performance of online TSF is greatly improved. In addition, torque
expression in terms of rotor positiamd current are derived in both linear and saturated

region of SRM and the proposed online TSF is applied to nonlinear region of SRM.
Finally, the performance of conventional TSFs and the proposed online TSF are
compared in terms of torque ripple, averageue and copper loss the wide speed range

through simulations and experiments with al2\8 6000rpm, 12/8 SRM.

5.2 PROPOSED ONLINE TORQUE SHARING FUNCTION

5.2.1 Comparison of Rate of Change of Flux inkagesof Conventional TSFs

ARCFL of incoming phase and ouigg phase for conventional TSFs including linear,
cubic, exponential TSFs is compared in this section. A 2.3 kW, 6000 rpm;ptinase
12/8 SRM with DCIlink voltage 300V is used for the comparisofihe inductance profile
and torque profile of studied SRilalreadyshown inFig. 2.5Turn-on angled,,, turn-off
angled. and overlapping angle,, of linear TSF, cubic TSF, and exponential TSF are set
to &, 2(° and 2.8, respectively. Please note thaetangles provided in this chaptme
expressed in méanical degrees. Torque reference is set to Ken1Typical waveforms

of reference torque, reference current, flux linkage and ARCFL in termsoofpasition

are shown in Fig. 5.1.
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Fig. 5.1. Torqu

linkage of conventional TSFs. (a) Reference torque. (b) Reference current. (c) Flux

Rotor Position (Deg.)
C]

e reference, current reference, flux linkage, and rate of change of flux

linkage. (d) Rate of change of flux linkage. (e) ARCFL.

Compar

TSF is shown

ison regarding ARQ@Fof incoming phase and outgoing phase linear

in Fig. 5(&). Based on this comparison, two operational modes (Mode |
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and II) are clearly noted in this figure. In Mode I, ARCFL of incoming phase is higher; in
Mode Il, ARCFL of outgoing phse becomes much higher. Two operational modes are
applied to all three types of conventional TSFs. Therefore, the maximum ARCFL is
determined by the incoming phase in Mode | and the outgoing phase in Mode II. Since
maximum ARCFL at the end of commutatiamuch larger than the one at the start of
commutation in conventional TSFs, the maximum TRFS is defined by the outgoing

phase.

5.2.2 Proposed nline TSF

Based on the comparison of ARCFL of incoming phase and outgoing phase, two
operational modes are introducadd principles of the proposed online TBFthese
modes are explaindd this section. The goal of the proposed online TSF is to minimize
the maximum ARCFL. The copper loss of online TSF will be compared to conventional

TSFs through simulation results.
(1) Mode |

As discussed above, the ARCFL of outgoing phase is lower than incoming phase
at the start of commutation which is denoted as MadeHg. 5.1 Since ARCFL of the
outgoing phase is lower in Mode I, for an ideal case, it can be assumed that theftorque

the outgoing phase is equal to its reference

Te reteny = Te (k) (5.1)
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Tor gque t r aTookthenngomiag phase cansbe obtained=®)(which could be

positive or negative.

Te e =Tey * T (5.2)
Adding (.1) and 6.2) together, %.3) and (5.4 ¢an be derived. The total torque error is
d e n ot € dwhithis inteeduced by the incoming phase.

T

e_ref —

T

e ref(ky) T = ¥

ere(b Te(ky Te(x T (5.3)

T =T. + T (5.4)

e_ref e
Since the outgoing phase has better tracking performance, its torque reference can be
modified as

Tne

W =
e_ref(k 1)

Te rekny + L (5.9

The torque regmse of the outgoing phase can be obtained assuming the tracking error of

the outgoing phase is zero.

Te?ek\.Nl) = Tenervc\elf( k1) = Te_ ref( k1) +T (5 6)

The torque response of the incoming phase is kept the sand2asiiice the torque
reference of the incoming phaseuschanged. Then, the torque response of incoming

phase can beepresented as (5.7

new —T

e W= Te® Terery T (5.7)
By adding 6.6) and 6.7) together, the sum of the torque response of incoming phase and
outgoing phase are obtained &8). The torqe ripple is eliminated if the tracking error
of outgoing phase is zero. Therefore, in Mode I, the torque error is determined by tracking

precision of the outgoing phase, which has lower ARCFL.
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-I-new = T new +T new
e

e (K e (k1)
= (Te_ ref(k) ~ -q (-F?a_ ref( k 1) -Fl) (5.8)
= Te_ ref

The control diagram of onlean TSF is shown in Figs.2 Only two phases are
conducting during commutationk-0)" phase andki" phase represents the outgoing
phase and incoming phase, respectivélyd, i) illustrates the torque equation of the
SRM in both linear magnetic and gedted magnetic regions, which can be obtained by
either experiment or FEA simulatioh(d, T) represent the torque to current conversion in
both linear magnetic region and saturated magnetic region. If precise-tangiastangle
characteristics of SRMre known| (d, T) is the inverse mapping df (d, i) at the same
position. The control diagram in Fig..3can be applied to SRM in both linear magnetic

and saturated region, since (5.8) is applicable in both regions.

___________

Te_ref

10T Pt el T (d )

new
T97 ref(k-1)

Fig. 5.2. Control diagram of online torque sharing function in Mode I.

Transfer function$d.1)(s) andH(s) represent current response for outgoing and
incoming phases, respectively. Time delay of current cofdap is dependent on the
rotor position and speed; therefore an analytical expression is hard to obtain. The
maximum time delay of the current control loop is considered to simplify the controller
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design.Hy.1)(s) and Hy(s) are denoted ag5.9) and (5.10). Maximum time delay is
assumed to be 0.001s both for the incoming and outgoing phases. This maximum time

delay can be obtained by simulation, which is dependent on speed and motor parameters.

1
Hun(S)=—— (5.9
(kD t,s+1
H (S) —L
Wt s+1 (510
wherel and(} are time delay of outgoing phase and incoming phase.
Thus, the currents of each phase are obtain€sl B and 6.12.
oy = | (5.11)
k-1) T 7 @ ref (k- .
(1) 77 g ol kD
.1 .
't T 7 s e (5.12)

As shown in Fig. 2, online TSF can be regarded ad@sed loop control system,
where Gg.1)(S) is the feedback compensator and TSF is regarded asfoieesd

compensator. The open loop transfer function of online TSF can be obtaifeti3as (
TSH9= Gy (3 Hy( ¥ (5.13)

The torque error transfdunction E(s) is defined as (5.)4and the torque response is

represented as (5.15
E(9 = -I;_ref -1, (5.14)

Te = (1 'frise )Te_ ref H(k- 1) (S) 'f'riseTe_ ref H( R (S) E('Q Gt k 1)(3) H( k-l)( 3 (5-15)
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Combining 6.13, (5.14 and 6.19, the transfer function from reference to error of

online TSF an be derived a$(16).

E(S) :1- (1 'frise)H(k-l) (S) friseH(k)(S)
T 1+TSH 9

e_ref

(5.16)

In case of conventional TSF, since there is no torque error compens&itig(s) equals
to zero and open loop transfer functi®®Hs) equals to zero. Therefore, the transfer

function from reérence to error of conventional TSFs is illustrate(basy).

E S Te re - TE
T( ) = _ref =1 ('l fri_se)H(k-l) (S) frisEH(k)(S) (517)
e_ref e_ref

By applying online TSF, the torque error is added to the torque reference of
outgoing phase to compensate the torque error mainly introduced by the inqimasgy
in Mode |. Torque reference of the outgoing phase was defing&din As shown in Fig.
5.2, by adding compensat@.1)(S), the torque reference of the outgoing phase can be

expresseas (5.18.

Tener\'gf(k- 1) :Te_ ref(k4) T DG,(9 (5.18)

As compared to54), Gi-1)(S) in (5.18 is set to 1. As explained earlier, this is valid for an

ideal case where the tracking error of the outgoing phase is assumed to be zero. Thus, the
open loop transfer functioRSHs) of online TSF is equal tdy.1)(S) as shown in(5.13.

At low frequenciesH.1)(s) will be close to one and therefore the open loop transfer
function TSKs) in (5.13 will be also close to 1. Now, the transfer function from

reference to error ainline TSF can be expressed as
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E(S) - 1' (1 -frise )H(k- 1) (S) 'friseH( K (S)
T 2

e_ref

(5.19)

Compared to the transfer functior the conventional TSFs in (5.1 7t can be observed
that for the same torque reference, torque error of online TSF is reduced by only 50% and

therefore the performance of online TSF in torque rippleatentuis still limited.

The parameters of the proportional and integral (Pl) compenGatexs) are
adjusted to increase the gain of the open loop transfer function at low frequencies. The
crossover frequency is normally selected no larger than one ténthme aminimum
switching frequency. The switching frequency of the studied SRM varies between 10 kHz
and 50 kHzdepending on the rotor position and hysteresis band. Therefore, the crossover
frequency is selected as about 1 kHz. In order to ensure thétwgtadhiase margin is
selected greater than ®@ne possible selection of compensaBriy(s) is shown in
(5.20. The compensatdg.1)(s) could be later adjusted according to the operation of the
motor. Bode plots ofi(.1)(s) andGy.1)(S)Hk-1)(s) are shown in Fig5.3 The amplitude of
open loop transfer function is greatly enhanced after comperSatofs) and thus the
torque tracking error can be further reduced.

10
Guer(9 =10 += (5.20)
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Fig. 5.3. Bode plot of the open loop transfer function before and after compensation.
(2) Mode I

In Mode I, the ARCFL of incoming phase is lower than that of outgoing phase
and therefore the torque error of online TSF is detexchiby tracking ability of the
incoming phase in Mode Il. Similarly, the control diagram of online TSF in Mode |
shown in Fig. 5.4The compensator of incoming phasg(s) is selected the same Gg.

1(9)-

Fig. 5.4. Control diagram of online torque sharing function in Mode II.
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Comparison of online TSF in Modeahd Mode Il is shown iable5.1. The
compensator based on the torque error is added to the torque referenceutfoimego
phase in Mode |, while the compensator is added to the torque referencencbtheng

phase in Mode II.

Table5.1. Comparison of the online torque sharing functions

Mode | Mode Il

Te_ ref (k) = frise (q)Te_ ref Te_ ref (k) = frise (q)Te_ ref -lG( k)(Te_ ref T)
1;_mﬂkl):(1_ fie @) T et *C%k@(nga 1) 1;_mﬂkl):(1_ fie (@) T et

5.2.3 Comparison between Conventional TSFs and Proposed Online TSF

In conventional TSFs, the torque error is determined by the phase with worse tracking
ability (higher ARCFL) and therefore the maximum ARCHL of conventional TSFs is
defined as in (5.21 The torque error of online TSF is determined by the phase with better
tracking ability (lower ARCFL) in Mode | and II, and therefore the maximum AR®EL

of the online TSF is defined as (5)22

d/._ ., .d/, (5.2))
M, = max{| == == |}
g dg
: d/; d/mu
M, =min{|] —=£&|, 52
 =min =gl 1=570 b (522

where/ ise is the rising flux linkage for the incoming phage, is the decreasing flux

linkage for the outgoing phase.
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Comparison of linear TSF and linear bdsonline TSF is shown in Fig. 5.5
Torque referece is set to be Nm. The M, of linear based online TSF at the end of
commutation is much lower than that of linear TSF. Wheof linear based online TSF,
linear TSF, cubic TSF, and exponential TSF isWk/rad, 18.8Nb/rad, 7.13VNb/rad and
27.2\Whb/rad, respectively. Therefore, the maximuworqueripple-free speedTRFS of
linear based online TSF, linear TSF, cubic TSF, and exponential TSF are 4194 rpm, 152
rpm, 400 rpm, and 105 rpm, respectively. The maximum TRFS of linear based online
TSF is more thadO times as high as that of the cubic TSF, which has best torque speed
performance among the conventional TSFs. The maximum ARCFL of cubic based online
TSF, exponential based online TSF, and linear based online TSF are very similar,
therefore only linear dsed online TSF is considered in thiesisand from this point
forward it will be referred as online TSF. Since torque reference from the online TSF
varies at different speeds, the copper loss of online TSF is also a function of speed.
Copper loss of ontie TSF at different speeds will be compared to those of conventional

TSFs in the next section through simulation results.
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Fig. 5.5. Comparison of maximum ARCFL of linear TSF andioalTSF.

5.3 SIMULATION VERIFICAT ION

The proposed online TSF is compared to conventional TSFs in terms of RMS current,
torque ripple and average torque through simulation results. Thek¥2/3 6000 rpm,
threephase 12/8 SRM model is implemented in Matlab/Sinkuby using torque as well

as inductance profiles from finite element analysis (FEA) as shown in Fig. 2.5. Hysteresis
current control is applied to the current control loop with B.5hysteresis band.
Asymmetric power electronic converter is used to sat@SRM operation under 300
DC-link voltage. The torque rippl&, is defined as (5.23). Th®rque rippleduring
commutation are named as commutatiorgue ripple During one phase conduction,
torque ripplestill exist due to current ripples from tlhgsteresis current controforque

ripple during one phase conduction are named ascoammutatiortorque ripple
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Tp = (5.23)

whereTay, Tmax andTmiy are the average torque, maximum torque, and minimum torque,

respectively.

Thereis a sampling time limitation in the digital implementation of current
hysteresis controller, which results in higher current ripples leading to higiogre
ripple in any type of TSFs. In addition, since online TSF can be regarded as feedback
control sysem with torque error as the input, with the higher sampling time, the time
delay of the input (torque error) is also increased. The control performance of the online
TSF is deteriorated due to higher sampling time tangue ripplemay be increased for
this reason. Therefore, the sampling time becomes an important factor determining the

torgue rippleof both convational TSFs and an online TSF.

In simulation, the sampling timBampeis set to 0.1nms and 5mrs, respectively.
When tsampe IS set to 0.1ns, the torque rippleis mostly contributed by the tracking
performance of TSFs rather than higher sampling time and, hence, the tracking
performance of the TSFs can be compared more effectively in terms of torque ripple.
Then torque reference is set to be MrB to analyze the linear operation at 3pfh, 3000
rpom and 600Gpm. Also, the torque reference is set to be 3Nm to analyze the nonlinear
operation both at 400€pm. The switching frequency is between 188z and 10kHz

depending on the speed and current.
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Due to the limitation of the digital controller hardware, the sampling timens 5
in the experiments. Therefore, the sampling time in simulation is also sestedthat a
fair comparison between the experimental results and simulation results can be
conducted. The switching frequency is betweerkB@ and 10kHz depending on the
speed and current. Same operating conditions have been applieghith s, so the
effect of sampling time ornorque rippleusing different TSFs can be investigated by

simulation.

5.3.1 Simulation Results with Lower Sampling Time

(1) Simulation Results at 300 rprfi=1.5Nm andtsampic0.118)

Fig. 5.6shows simulation results of linear, cubic, exponential, and online TSFs at
300 rpmwhen the torque reference is set to 1.5 N sampling time is set t0.1 ns.
The maximum TRFSs of linear and exponential TSFs are both lower than 300 rpm, and
thus the current references are not ideallgked as shown in Fig. 5.6 (a) and Fig. &p
Considering 20% neoommutatiortorque ripple the commutation torque ripple of linear
and exponential TSFs can be neglected aximum TRFSs of linear and culdiSFs

are both higher than 300 rpm, and they show no tracking torque error.
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Fig. 5.6. Simulation results with different TSFspeee300 rpm, Te=1.5 Nm, and
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(2) Simulation Results at 3000 rpid=1.5Nm andtsampie=0.118)

Fig. 5.7shows simulation results of linear, cubic, exponential, and online TSFs at

3000 rpm. At higher speed, therque ripples of linear, cubic and exponential TSFs are

significantly increased. The TRFS of online TSF is about 4000 rpm. At the start of

commutation (Mode [), online TSF shows no tracking error of the outgoing phase and

torque error produced by incoming gleais totally compensated by the outgoing phase.

At the end of commutation (Mode Il), tracking error of the incoming phase is close to

zero and torque error produced by outgoing phase is totally compensated by the incoming

phase. Thus, no commutatitorque rippleis produced by applying the online TSF.
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Fig. 5.7. Simulation resultswith different TSFs(spee&¢3000 rpm,Te=1.5 Nm, and

tsampie=0.1118). (&) Linear TSE(b) Cubic TSE(c) Exponential TSHd) OnlineTSF

(3) Simulation Results at 6000 rpMid=1.5Nm, tsampic0.1178)

Fig. 5.8 shows simulation results of linear, cubic, exponential, and online TSFs at
6000 rpm when the torque referenceli§ Nm and sampling time is 0.1s. TRFS of
conventional TSFs are much lower than 6@0®. Therefore, théorqueripple of linear,
cubic and exponential TSFs sgnificantly increased at 600Pm. Due to much higher
torque ripplein conventional TSFs, pscially negative torque introduced by the outgoing
phase and the average torque is decreased. The TRFS of online TSF &080orgm,
which is slightly lower than the maximum speed of SRM. Minor tracking error is

produced by applying online TSF and simabmmutation ripples are generated.
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Compared with 20% necommutationtorque ripple the commutation ripples are still

small.
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Fig. 5.8. Simulation reslis with different TSFs gpeed6000 rpm, T,e=1.5 Nm, and
tsampie0.1118). (&) Linear TSE(b) Cubic TSE(c) Exponential TSHd) OnlineTSF
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(4) Simulation Results at 4000 rpid=3 Nm andtsampie0.1 1)

Here, torque reference is increased tdN® to verify the application of the
proposed online TSF in the magnetic saturation redtan.5.9shows simulation results
of linear, cubic, exponential and proposed online TSRO0 rpm vhen the torque
reference is 3Im and sampling time is Orfs. Due tahigher rate of flux linkage at higher
torque outputstorque rippleof conventional TSFs are increased compared with those in
lower torque output at the same speed. At 4000 rpmiotioee ripple of the proposed
online TSF iskept as the minimum (13%) whilerque rippleof conventional TSF
increase up to 60%. Therefore, the online TSF shows no deteriorated performance when

the motor is operating in the magnetic saturated region.
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Fig. 5.9. Simulation results with different TSFspeed4000 rpm, T,e=3 Nm, and

tsampe=0.1178). (a) Linear TSF(b) Cubic TSF(c) Exponential TSHd) OnlineTSF.

5.3.2 Simulation Results with Higher Sampling Time

(1) Simulation Results at 6000 rpMid=1.5Nm andtsampie5 N'5)

The sampling time is increased ta® to investigate the effect of@élsampling
time ontorque ripple Fig. 5.10shows simulation results of linear, cubic, exponential and
proposed online TSF at 6000 rpm when the torque referenceNsridnd sampling time
is 5nms. According to simulation results in Fig.8 for tsampie0f 0.1 18, thetorque ripple
of linear TSF, cubic TSF, exponential TSF and online TSF at f@fdGrearound 67%,

74%, 80%, and 20%, respectively. As the sampling time is increasedsotietorque
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ripples of linear TSF, cubic TSF, exponential TSF antirenTSF are increased to 100%,
93%, 80% and 40%, respectively. With much higher sampling tiargue rippls of

TSFs are increased due to current hysteresis controller. Furthermore, due to longer time
delay in the feedback control system, the online $i%#ws twicdorque ripple However,

the online TSF shows one half wirque rippleas the best case in conventional TSFs.
Therefore, the online TSF demonstrates better performance in torque ripple reduction

compared with conventional TSFs at higher sanggiime in linear magnetic region.
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Fig. 5.10. Simulation results with different SFs (speed¢6000 rpm,T,e=1.5 Nm, and

tsampieD M8). (&) Linear TSE(b) Cubic TSE(c) Exponential TSHd) OnlineTSF
(2) Simulation Results at 4000 rpi4=3 Nm andtsampie5 Ns)

In magnetic saturation regioil,{=3 Nm), the sampling time is increased tor®
at 4000rpm. Fig. 5.11 shows simulatioasults of linear, cubic, exponential and proposed
online TSF at 4000 rpm when the torque referenceNsn3and sampling time is Bs.
According to the simulation results in Fig. 5.9 fe4mpe0f 0.1 s, thetorque ripple of
linear TSF, cubic TSF, expomgal TSF and online TSF at 400Ppm are around 67%,
88%, 67%, and 13%, respectively. As the sampling time is increasedsotetorque
ripples of linear TSF, cubic TSF, exponential TSF and online TSF are 67%, 90%, 88%

and 41%, respectively. Due to higy back EMF at higher current level, rate of change of
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phase current is reduced. The influence of the sampling time on current hysteresis
controller becomes negligible and therefore no significant changes are obsexvegién

ripple of conventional TSEsHowever, with much higher sampling time, the control
performance of the online TSF shows some degree of deterioration such as the fluctuation
of the waveforms in the incominmutgoing region. This leads to much higher
commutatiortorque ripple Howeverwhen the sampling time isr&s, the torque ripple of

online TSF is still smaller than conventional TSFs in magnetic saturation region.
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Fig. 5.11. Simulation results with different TSF§speed¢4000 rpm,T,.=3 Nm, and

tsampie=D M8). (&) Linear TSE(b) Cubic TSE(c) Exponential TSHd) OnlineTSF

5.3.3 Comparison of Torque Ripple and RMS Current

Torque ripplecan be compared more fairly when the sampling time is set ts0Olf this
case, the effect of the sampling time on torgpeed performance of TSFs can be nearly
eliminated and theorque ripples of TSFs are mostly contributed ¥ the tracking
performance of TSFs. In this sectidorque ripple average torque, RMS current are
compared when the sampling time is set torfs1The torque ripple of different TSFs is
compared irFig. 5.12 Thetorque rippls of linear, cubic, and exential TSFs at 6000
rpm are more than three times as high as-emmmutation ripples. Below 1000 rpm,

cubic TSF shows lowetorque ripplethan exponential TSF and linear TSF. However, it

146



shows highetorque rippleat higher speed. At 6000 rpm, linear TB&s around 15%
lower torque as compared to cubic TSF. Tdrgueripple of the proposed online TSE

kept constant over a wide speed range aedisl to the noicommutation ripples. Thus,
the maximum torque ripple of online TSF is only 25%, 27%, &% 8f that of linear,

exponential and cubic TSFs.
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Fig. 5.12. Comparison of torque ripple of different TSH&~1.5Nm andtsampie0.1118).

RMS current of diffeent TSFs are compad in Fig. 5.13 Differences in RMS
current for different TSFs are minor and can be neglected below 3000 rpm. At higher
speeds, the RMS current of the proposed online TSF shows slight increase. Hosvever, a
shown in Fig. 5.14the average torque of conviemal TSFs is decreased as the speed
increases. This is due to the poor tracking capability of conventional TSFs. The proposed
online TSF has much better tracking capability and it follows the torque reference with
much lower commutatiotorque ripple Therefore, it should be noted that, due to higher

average torque output, RMS current of online TSF is slightly higher.
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Fig. 5.14. Comparison of average torquBeg=1.5Nm andtsampi0.118).

Online TSF hasnuchbetter tracking capability as compared to otterventional
TSFs. In order to meh with the same average torque, higher torque reference should be
given to other conventional TSFs, which may eventually results in higher RMS current

than online TSF. Therefore, the ratio between RMS current andhgeveorque is
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introduced as (5.24in order to compare performance of different TSFs for the same
torque reference. This index works as an operational parameter rather than a design

parameter for thenotor.

|
Ratio= % (5.24)

av

Comparison of the ratio between conventional TS#sanline TSF is depicted in
Fig. 5.15. Ratio of online TSF is close to that of conventional TSFs at speeds lower than
2000 rpm and much lower than that of conventional TSFs at higher speed. Therefore, for
per unit average torque, online TSF produces edgm or lower RMS current than

conventional TSFs, which will not pose challenge on the rating of the motor.
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Fig. 5.15. Comparison of RMS current per average torque of differens TB&=1.5Nm
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The analysis on the performance of TSFs in magnetic saturation region, the
sampling time is also set to % to eliminate sampling time effect. Torque ripple, RMS
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current, average torque and RMS current per averagpieoof different TSFs are
compared in Figs5.165.19when the torque reference is set thr@. Online TSF shows

no obvious increase itorque rippleas the speed increases, while, thue rippleof
conventional TSFs are greatly increased below 400Q Adnspeeds higher than 5000

rpm, the current control capability of the SRM reduces and, hence, all TSFs show similar
torque ripple Among the three conventional TSFs, linear TSF shows the miniongue

ripple at 4000 rpm, which are still five times agghias online TSF. Compared with
conventional TSFs, online TSF shows slightly higher RMS current, higher average
torque, and lower RMS current per average torque over the wide speed range. Therefore,
in magnetic saturation region, the online TSF is morecéffe than conventional TSFs in

terms of torque ripple reduction.
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Fig. 5.16. Comparison oforque rippleof different TSFsTre=3 Nm andtsampie0.118).
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5.4 EXPERIMENTAL VERIFIC ATION

The proposed online TSF is verified in a X8/, 6000 rpm, threphase 12/8 SRM.
FPGA EP3C25Q240 is used for digital implementation of the proposed TSF. Current
hysteresis band is set to be 8.,5and DClink voltage is set to 3WV. The sampling time

of the digital controller in the experimental setup is set ts5In the experiment, the
speed of the motor is between 40Qn and 6000rpm. The switching frequency is
between 2(kHz and 10kHz depending on the speed and torque. As verified with the
simulation results previously, higher current ripples &orque rpple can be observed
when the sampling time is set tors rather than 0O.f&rs. Similarly, the experimental SRM

is operating in two different operating conditions: [lg=1.5 Nm, speed6000rpm, and
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tsampieD M8 (2) Tre=3 Nm, speed4000rpm, andtsampieS 8. Experimental results will be
compared with simulation results at the same torque reference, the same speed and the
same sampling time. The torgaarrentrotor position characteristics are stored as look

up tables in FPGA. Torque is estimated fromst lookup tables by measuring the phase
current and rotor position, and converted into an analog signal through-theatahlog
conversion chip in the hardware. It should be noted that the torque output of each phase
could be negative, since the sedettigitatto-analog conversion chip is unipolar. Thus,

2Nm offset is added to the torque out of each phase in the next a couple of figures and no
offset is added to the total torque. The torque reference of online TSF is adjusted online

according to thereor between the torque reference and estimated torque.

(1) Experimental Results at 6000 rpii=1.5 Nmandtsampie=5 N5)

The torque reference is set to INim and sampling time is %rs in this
experiment. Fig. 5.208) and (b) show the torque response eamdent response dihear
TSFat 6000 rpm, respectively. Fig. 5.2d4) and (b) show the torque response and current
response otubic TSF at 6000 rpm, respectively. Fig. 5.22 (a) and (b) show the torque
response and current respo$@xponentiall SFat 6000 rpm, respectively. Fig. 5.23(a)
and (b) show the torque response and current responealioé TSFat 6000 rpm,
respectively. Thetorque ripple of linear TSF, cubic TSF and exponential TSF at
6000rpmare around 93%, 102 %, 100%, and 40%, compace0%, 93%, 80% and
40% torque rippls in simulation results in Fig. 5.10. In the experiment, the online TSF

produces less than one halftofque rippleof the best case in conventional TSFs, which
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matches the simulation results in termstafque ripple torque response, and current
waveforms at the same operation condition. Online TSF has better torque speed

performance than conventional TSFs in linear magmegjion by experimental results.
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Fig. 5.20. Experimental results of linear TSBEpee&6000 rpm,Te~=1.5Nm, andtsampi=S

ns). (a) Torque. (b) Current.
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Fig. 5.21. Experimental results of cubic T5peed6000 rpm,Tie~=1.5Nm, andtsampi=S

ns).(a) Togue. (b) Current.
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Fig. 5.22. Experimental results of exponential TSSp€ed-6000 rpm,Te~=1.5 Nm, and

tsampi=S M8). (a) Torque. (b) Current.
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Fig. 5.23. Experimental results of online TSEpeed6000 rpm,Te=1.5Nm, andtsample

=5ns). (a) Torque. (b) Current.

(2) Experimental Results at 4000 rpme=3 Nmandtsampie=5 M)

In this experiment, the torque reference is increased tdém3to verify the
performancef online TSF in the magnetic saturated region. The sampling time is still set

to 5ns. Fig. 5.24 (a) and (b) show the torque response and current respbnsarofSF

155



at 4000 rpm, respectively. Fig. 5.25 (a) and (b) show the torque response and current
response otubic TSFat 4000 rpm, respectively. Fig. 5.26 (a) and (b) show the torque
response and current responsexjfonential TSkt 4000 rpm, respectively. Fig. 5.27 (a)

and (b) show the torque response and current responealioé TSFat 4000 rpm
respectively. Simulation result3 =3 Nm, spee&4000 rpm, and tsampi=S N8) in Fig.

5.11 show that théorque rippls of linear TSF, cubic TSF, exponential TSF and online
TSF are 67%, 90%, 88% and 41%, respectively. Experimental results shown in Figs. 27
30 show that thdorque ripplesof linear TSF, cubic TSF and exponentiBEF are
increased to up to 67%, 83% and 93%, and 40%. Therefore, experimental results of
different TSFs are close to the simulation results in terms$ofue ripple torque
response, and current waveforms when sampling time, torque reference, and $peed of
motor are the same. The application of online TSF in magnetic saturation region is

verified by this experiment.

Fig. 5.24. Experimental results of linear TSBpeed4000 rpm,Te=3 Nm, andtsampied

ns). (a) Torque. (b) Current.
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