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Abstract

In recent years, the rise in developing nations’ econontigities has resulted in the rapid expan-
sion of cities. This expansion of cities has emanated ar#&se in vehicular traffic, which has lead to
deterioration in air quality. Air quality deterioration fisainly because of the emission from internal
combustion engine vehicles, which shared nearly 20-25%tdtal air pollution. To address the
problem of unprecedented air pollution caused by the iatexombustion engine-based vehicle, gov-
ernments worldwide have launched various programs, pslieind incentives to increase penetration
of vehicles that are not fossil fuel-based. One of the aat®ptsolutions is to shift electricity-based
transportation, i.e., adaptation of electric vehicles ¢lEVI'he major challenge in the faster adoption
of EVs is to develop affordable electric vehicles that fulfile need of the market and mass users.
One possible way to accomplish these targets is to develeffiaient and low-cost drivetrain, apart
from high-capacity batteries, in a short span of time. Teetlgw an EV drivetrain in reduce time, it is
essential to adapt the available speed control method®geddor industrial applications to modify
for use in electric vehicles. In this thesis work, such ampéatéon is presented for an EV drive with
direct torque control (DTC) of induction motor (IM).

The EV drivetrains’ primary subsystems are the battery,gyawnverters, electric motor, and its
controller. Of which the electric motor is one of the main sygiems of the EV drivetrains. The
electric motor employed in the EV applications should hagé korque and power densities and high
efficiency over a wide range of operations. Thus rare eantmg@geent magnet (PM) motors have
suited well in all these parameters. However, the rardid@M’s price has increased over the past
years; consequently, the PM motors are more expensive. eil@rs essential to choose a suitable
motor that is robust in construction and less expensive Bidnmotors. Therefore, in the recent
past, the research work has gradually shifted towards ntdgse motors, which have performance
characteristics similar to PM motors. Thus, the low-cost augged IMs have become a possible
alternative for EV applications, and therefore, IM-basddadis considered in this thesis.

The IM’s speed control for an EV application is challengingedo the wide range of operations
and varying load conditions that the EVs practice duringidg. Therefore, in the context of EV
applications, a high-performance controller is esseritinlthe IM drivetrain. The high dynamic

performance of an IM is achieved by independently contigliihe torque and flux linkages. The

TH-2946_126102013



field-oriented control (FOC) and direct torque control (D BZategies for the IM are best suited for
a dynamic and wide speed range of operation. The DTC methas @ quick dynamic response
compared to the FOC method. Furthermore, the DTC schemeliinentation is simple and does
not demand any coordinate transformations and pulse widtiufation techniques compared to the
FOC strategy. Thus, in this thesis, the DTC-based IM driveoissidered due to its simple control
structure and competence to provide a high dynamic response

Despite these advantages, DTC has some challenges likednggke ripple, higher inverter loss,
high distortion in voltage, current waveform, variable ®hing frequency, and required low sam-
pling time. Several modified DTC techniques have been pexbds the literature to improve the
performance by either changing the switching strategy adifpimg its basic structure. Moreover,
the determination of optimal reference flux linkagg) over a wide range of speed operations is also
challenging for DTC-based IM drive. It has a significant irojpan drive performance. Therefore, in
the thesis, the impact df on DTC-based IM drive is described.

In the DTC strategy, thds also significantly impacts its performance. There are tin@sic
methods for selectindg for the IM drive system. Namely, variable flux control as aerehce
torque’s function, loss model-based flux controller, anc 8earch controller based on minimum
loss/minimum input power/minimum stator current. Thesehoes give an acceptable solution for
narrow speed and torque ranges, which is not favorable in EVEV applications, the drive has to
run over a wide operating range based on the vehicle driwobes, which they regularly practice on
the road. Moreover, it is found that the valueXdf significantly impacts the DTC performance and
plays an important role in improving the efficiency of thevdtrain. However, it is seen that there is
no generalized accepted method for determiningAthealue. It depends on individual applications.

Thus, in this thesis, the implementation of speed controCEbRsed IM drive over a wide speed
range is demonstrated. For the successful implementatibfTf G based IM drive over a wide range
of speed and torque, two methods are proposed for the selaxftsuitableAs:

1. Determination of\J using a Finite Element Analysis (FEA) based IM model.

2. Determination of\J using a non-linear equivalent circuit model of IM.

In the first work, the determination df is achieved using an FEA-based IM model. The FEA-
based IM model is developed on the ANSYS Maxwell platforme Winding scheme and lamination
designs of the motor are required to obtain an FEA-based IMemoThe simulations are carried
out with variations in motor speed\y), stator voltage\(s), and stator voltage frequencys). The

FEA simulation’s primary objective is to obtain suitabldues ofAs and T in lookup tables (LUTS)
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format over a wide speed range. The obtained LUTs providarnmdtion about the suitabl®; at
requiredN, and givenTg in context to the DTC strategy, with current and voltage t@msts over a
wide operating range. However, this method required a poeviedge about the motor's geometry,
i.e., winding scheme, slot dimensions details, and lartnadesigns, to develop an FEA model of
IM, which helps obtain accurate values of reference fluxdgein LUT format. This limitation is
overthrown if a non-linear equivalent circuit model of IMlidde developed and used.

Therefore, in the second work, the selectionAgfis determined using a non-linear equivalent
circuit model of IM. The no-load test, blocked rotor testdaron-linear magnetization curve test of
the IM was performed to obtain equivalent circuit parangeté&rhe non-linear magnetization curve
has been plotted, and the dependency of magnetizing intkeia,,) with magnetizing currenti)
is determined. Thus, the obtained non-linear equivalentitimodel of IM with varyingL, has been
used to determine th& in LUT format.

Both these methods calculatg, considering the reference speed, required torque, aed {}C
voltage. Moreover, the magnetic saturation effect is atswswlered while calculating an appropri-
ate AJ value. Finally, the two driving cycles, namely, the New Y@ky Cycle (NYCC) and New
European Driving Cycle (NEDC), are presented in this worklémonstrate the proposed method’s
suitability over a wide speed and torque range of operatfon€V applications. The proposed
method’s performance evaluation over a wide operatingeamigh the vehicle driving cycles (i.e.,
NYCC and NEDC) is carried out on the laboratory’s developgukemental setup. Further, to check
the robustness of the proposed methods, (i) the parametsitigigy analysis is performed, and (ii)
the comparative analysis of the proposed methods with ettisting techniques is demonstrated, and
experimental results are presented. The dynamic and sitatdyresponses for the considered cases
are demonstrated, and it is observed that the proposed dxttawe fewer torque ripples. Besides,
the input energy consumption and efficiency analysis of tresiclered vehicle driving cycles are
also presented. The experimental observations show thatrdposed methods yield improvement in
drive efficiency with minimal input energy consumption. Tpr@posed method is made acceptable
for EV application with few modifications in the DTC algonith

Moreover, the second proposed technique (non-linear algmi circuit model-based) is simple
and does not require complex mathematical equations tondiete A values in the LUT format.

It does not demand base speed calculation, which in genepaindls on the dc-link voltage, motor
current, motor flux linkage, and machine parameters. Therskeproposed method presented in this

thesis overcomes the drawback of the first proposed metHed-Fased approach).
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CHAPTER 1

INTRODUCTION

1.1 Research Background

In recent years, the rise in developing nations’ economiwiies has resulted in the rapid ex-
pansion of cities [1]. This expansion of cities has emanateithcrease in vehicular traffic, which has
lead to deterioration in air quality. The deteriorated aiality had become a major concern around
the world, and more specifically, in India. As per the Worldatlle Organization (WHO) report, 37
Indian cities are listed as the most polluted cities [2]. @hgollution in these Indian cities is mainly
because of the emission from the internal combustion en@@€) vehicles, which shared nearly
20-25% of the total air pollution in these cities [1]. To aelsls the problem of unprecedented air
pollution caused by the ICE-based vehicle, governmentéwante have launched various programs,
policies, and incentives to increase penetration of vehitiat are not fossil fuel-based [3—8]. One of
the acceptable solutions is to shift electricity-baseddpartation, i.e., adaptation of electric vehicles
(EVs). The EVs ensure emission-free transportation, aisceifficient and environment friendliness.
Thus, EVs will have the potential to have a significant impattransportation, the environment,
energy, hew industry creation, and overall economic dgveént.

For the rapid transition from ICE-based vehicles to EVs b8®([¥, 9], India’s government has
reformed its policies, incentives, and support for redeard development programs in academics,
industry, and start-up initiatives. Therefore, the R & Ddivties in academics and the automotive
industries have boosted to meet the rise in demand for EMsndjor challenge in the faster adoption
of EVs is to develop affordable EVs that fulfill the need of tharket and mass users. One possible
way to accomplish these targets is to develop an efficienti@metost drivetrain, apart from high

capacity batteries.
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The EV drivetrains’ primary subsystems are the battery,ggavonverters, electric motor (EM),
and its controller. Of which, EM is one of the main subsysteshshe EV drivetrains. The EM
employed in the EV applications should have high torque awlep densities and high efficiency
over a wide range of operations [10, 11]. Hence, rare-eagtingnent magnet (PM) motors are
preferred in EV applications as they are very well suitedlttha@se parameters. However, the rare-
earth PM’s price has increased over the past years; consgube PM motors are more expensive
[12]. Fig. 1.1 shows the rise in the magnet price over the mastyears. Of which, NdFeBDy

(NH42SH) is mostly used for electric motors [13,14]. Theref in the recent past, the research work

—— SM—Co (SC-3215)
—— NdFeBDy (NH42SH)
—— AINiICo-9

0 i i i i i
2008 2010 2012 2014 2016 2018 2020
Year

Fig. 1.1: Magnets price over the last ten years. These datexéracted from the report [13,14]. The
magnets price for the year 2020 are projected values.

has gradually shifted towards magnet-less motors, whigh parformance characteristics similar to
PM motors [15], such as induction motors (IMs), and switdaaggnce motors (SRMs) [12]. It is
essential to choose a suitable motor that is robust in ageigin and less expensive than PM motors.
However, in industrial applications, drive operations iar@stly predictable, which is not the case in
electric vehicles. In EV applications, the drive operasi@me over the wide range of speed and with
variable load conditions. Most EVs are used in the city avelasre frequency start and stops, quick
acceleration and deceleration, and low-speed operatmmegded [16]. Thus, the challenge is to
adapt the available speed control methods proposed fostinaluapplications to modify for use in
EVs. From the above discussion, it is understood that the Extdain should have the following

features:

e Reliable,
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e Maintenance-free,
e Low cost,

e Efficient over a wide speed range.

The literature review is carried out and discussed in thé seksequent section based on the

above goals.

1.2 Literature Review

The classification of electric motors for EV applicationsdepicted in Fig. 1.2. The DC motors

Electric motors for Switch
EVs reluctance
yDC motor AC motor ¢ |-> motors
Mot ith Mot ith .
otor wi otor without > PM hybrid
commutator commutator
y \J )
- Separatel Permanent magnet PM brushless
Self excited oxll ti .8 t)(l)rs Induction motors synchronous DC
motors A —l motors
. Permanent Field Cage Interior Surface
Series Shunt : :
magnet excited excited rotor mounted mounted

Fig. 1.2: Electric motor’s classification for EV applicaim

have well suited for electric propulsion because of theijie-speed characteristic and simple speed
control methods. However, the DC motor requires regulamteaance because of the commutator
segment [17]. The SRMs can be a possible option due to theicést. However, the SRMs have
some demerits like high torque ripple, high peak curremid,edectromagnetic interference problems
at high switching frequency [18]. The PM brushless dc motas/ roe the right choice for electric
propulsion. However, at very high-speed, the system efitsiedrops, and PM’s demagnetization
may be observed [17], which is undesirable for EV applicaioThus, the PM hybrid motors are
introduced to overcome the limitation of PM brushless motfbhe wider speed range and higher
overall efficiency are observed with the PM hybrid motorg,ibbhas complex construction [17].
However, IM is seen as one of the potential candidates for Bibra due to its robust construction
and is less expensive than PM motors [12, 18-20]. Table wslthe detailed motor parameters
comparison in context to the EV applications. A point-bageatling system is adopted to evaluate
electric motor performance, as shown in Table 1.1. The ggadiystem comprises several major

factors listed in Table 1.1, and each of these factors isagrad points from one to five, where five

TH-2946_126102013 3



points indicate the best. The grading system shows thatMhscbres the most compared to other

motors listed in the table.

Table. 1.1: Evaluation of electric motors performance fardpplications

Motor characteristic§ DC motor IM PMSM SRM
Mature Technology 5 4.5 4 3.5
Life time 35 5 4 4.5
Power density 2.5 4 5 3.5
Efficiency 2.5 4 4.5
Controllability 5 5 3
Torque ripple/noise 3.5 45 45 3
Reliability 3 5 4 5
Robustness 5 5
Torque density 4 5 4
Over-load capability 4 4 4
Speed range 2.5 4 4.5 4.5
Size and weight 4 5 4
Required maintenange 3 f 4 4
Cost 4 5 3
Total 46.5 62 60 56.5

Thus, the low-cost and rugged IMs have become a possibimaiiee for EV applications [21],
and therefore, IM based drive is considered in this thesis.

The IM’s speed control for an EV application is challengingedo the wide range of operations
and varying load conditions that the EVs practice duringidg. The high dynamic performance of
an IM is achieved by independently controlling the torqud #ox linkages. Therefore, the vector
control schemes have come into existence, controllingdigue and flux linkage of an IM indepen-
dently. The vector control techniques such as Field Orge@entrol (FOC), Direct Torque Control
(DTC), and their derived methods are better-suited com¢xiniques in dynamic response [22—25]
for EV applications.

In general, FOC has disadvantages, such as a complex cetitrolure and requires coordinate
transformation and pulse width modulator (PWM) signal getwr [26,27]. The DTC method gives a
quick dynamic response compared to the FOC method [28]héumiore, the DTC scheme’s imple-
mentation is simple and does not demand any coordinatefdramestions and pulse width modulation
(PWM) techniques compared to the FOC strategy. Thus, antasg imethods [24,25], DTC appears
to be a suitable strategy for EV applications due to its sénguintrol structure and competence to
provide a high dynamic response [29, 30]. The classificatidD TC schemes based on IM drives is

shown in Fig. 1.3. As far as EV applications are concerned; Dds some challenging issues which
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Fig. 1.3: DTC schemes for IM drive.

can be broadly classified as:

e High torque ripple, flux ripple, and variable switching fescy;

¢ Difficulty experienced at very low-speed operations for #und torque control;

e Parameter variations, mainly stator resistance mismathlth influences the flux linkage es-
timation at low-speed operations, and

e Determination of optimalg for a wide range of speed operations.

With these broad objectives in mind, this section mainly bagizes presenting the literature review.
The first part of this section deals with the literature revan torque ripples, flux ripples, the diffi-
culty encountered at low speed and parameter variationtrenchethods to overcome these issues.
The second part discusses the literature review on detegnaptimal A for a wide range of speed

operation.

1.2.1 Review on Torque and Flux Ripples Reduction, and Low Sged Performance of

the DTC Method

The DTC technique, applied to induction machines, wasaihjtiproposed by |. Takahashi [28] and
M. Depenbrock as Direct Self Control [31]. DTC'’s basic pipie involves the direct control of
the torque and the stator flux linkagas). It is done by selecting the inverter’'s accurate voltage
vectors that feed the machine. The basic scheme of a DTCatalgpends on choosing an optimal
switching vector table and two hysteresis comparators éth borque and statots. The estimated
torque and statoks are generally obtained from flux and torque estimators. Goatpto the field-
oriented control (FOC), the DTC has several advantages: dependence on machine parameters,

straightforward implementation, and better torque respatynamics. In DTC, the applied voltage
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vector remains constant for each sampling period untiktigea variation in the hysteresis regulators’
output. Therefore, the switching frequency is not consséaot depends on the rotational speed, load,
and flux and torque regulators’ bandwidth. Variable switghirequency is one of the drawbacks of
the DTC control studied by several authors such as [32, 33].

The other major disadvantage of DTC control is the high l@felorque and flux ripples, and
the study in [34] has developed a method called a discretmwvawodulation. In this method, the
switching tables and the number of switching voltage vectoe increased within the defined time
intervals over a fixed period to reduce the torque and fluXegp

On the other hand, Takahashi (and others) proposes a neseinstructure (two three-phase in-
verters) in [35] to decrease the torque and flux ripples. ¥MMiéi (and others) use variable switching
sectors [36] to reduce the switching frequency and the dngogharacteristics of the estimated flux
linkage.

In [37], a study has been carried out to predict the investewitching frequency based on the
torque and flux regulators’ hysteresis bands’ width. Thewation depends on the variation of the
average value of the torque slope equation of IM. Tests ar&daout by the varying value of the
width of the hysteresis bands. The switching frequency efitiverter is calculated by taking into
account both the machine and inverter parameters. This pentkaps continues an idea proposed
in [38] where the study of the variation of the hysteresisdvadth with the machine parameters is
carried out to obtain a constant switching frequency. Aalaea duty cycle control method is presented
in [39, 40], which ascertained the proper operation undeadst-state conditions with satisfactory
values in the current distortion and the torque ripple.

In [41], a DTC algorithm for three-level inverter-fed indiam motors has been presented to en-
counter problems such as the stator-flux drooping issuesi@hesirable torque control deterioration,
mainly at low-speed operations. In this regard, to obtaiat&sfactory performance at low-speed op-
eration, an adaptive observer is proposed using the statdbles and motor parameters’ estimations.

The authors in [22] improved DTC'’s behavior by introducingpigh frequency and low ampli-
tude signal in the torque controller, with which they ob&improved performance. In [42, 43],
the authors used the discrete-time sliding mode control@pMchnique for improving the perfor-
mance of the classical DTC technique. The SMC method rolouie parameter variations, and
this method does not use current regulators for the genarafi reference voltage vectors. These
reference voltage vectors are the PWM block’s input to mleawitching pulses to the inverter with

constant switching frequency. Though the method improvesltive’s performance, complexity and
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the computational burden are the limitations of this methdlde work presented in [44] addresses

current ripple optimization for the DTC-based IM drive. Wb|, a predictive scheme is addressed

with low computational requirements and low parameter ifeityg reducing the flux and torque

ripples for the DTC-based IM drive.

In [46—-49], the authors propose a technique for improvingCTdynamic performance using

intelligent techniques; called fuzzy/direct neural cohtrin this study, the switching table and the

hysteresis comparators are replaced by the fuzzy logic/ (@&tificial neural network (ANN) con-

trollers. The generated voltage vector from FL / ANN coréi@ make it possible to drive the flux

and the torque towards their references in an optimal way.

Table. 1.2: Summary on the various forms of DTC strategiedMadrives as shown in Fig. 1.3

DTC Schemes Torque Flux Switching| Low-speed Remarks
ripple ripple | frequency | estimation

Hysteresis Controller High High Variable poor Fast torque response and

Based DTC control structure is simple [32, 33].

Discrete Vector Low Low Constant poor Complex control structure [34].

Modulation Based DTC

Discrete PWM Low Low - Satisfactory| With the two three-phase invertertia tircuit,

Based DTC control structure becomes complex [35, 36].

Variable Hysteresis Medium | Medium| Constant| Satisfactoly Low-speed estimataatisfactory [37,38].

Controller Based DTC

Adaptive Observer Medium | Medium| Constant| Satisfactofy Satisfactory resp@ishe low-speed operations

Based DTC such as the issues of stator-flux linkage drooping
and torque control are improved [41].

Discrete-time Sliding Low Low - Satisfactory| Drive performance improved, but coht

Mode Control Based DTC complexity, and the computational burden increased [4R2,

Model Predictive DTC Medium | Medium - Satisfactory Low computational requirertseand low parameter
sensitivity, but control structure becomes complex [45].

Fuzzy Logic Based DTC | Medium | Medium - Satisfactory Complex control structure, 45|

ANN Based DTC Medium | Medium - Satisfactory Complex control structure, 48]

Table 1.2 summarizes the evaluation of the DTC schemes fairis. It is seen that the DTC

demerits (like torque ripples, flux ripples, high statorreunt, varying switching frequency, and low-

speed stability) and the techniques to overcome these d@sraex well reported in the literature. In

the DTC strategy, the value of reference flux linkagg)(also significantly impacts its performance.

Therefore, the upcoming subsection is devoted to the fitezaeview on determining optimal for

a wide range of operations and its effects on the DTC strategy

1.2.2 Review on Determination for Optimal Value of Referene Flux Linkage

According to the literature [15, 30, 50-55], several sgege for the determination of optimal in

vector control IM drive are reported:

1. Variable flux controller (VFC) as a torque’s function.

2. Flux search controller (SC)-based on minimum loss/ mimiminput power/minimum stator
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current.
3. Flux controller based on the Loss model.

4. Hybrid method.

Fig. 1.4 shows the classification of reference flux linkageemheination techniques. VFC is a

Reference Flux
Linkage
Determination

Variable Flux Controller Flux Search Controller (SC)- Flux Controller Hybrid
(VFC) as a function of based on minimum loss/ input based on the Loss yorl
Method
torque power/ stator current Model

Fig. 1.4: Determination of reference flux linkage techngjue

well-known strategy and accepted in the industry becaugs simplicity [28]. This method is based
on the limit cycle control for flux linkage and torque usingtioml PWM output voltage. Here,
the limit cycle defines the hysteresis bands of flux linkage @mque. The method is simple and
gives a satisfactory performance, but only for a narrow eaofjoperations [56]. However, for an
EV application, a wide speed range of operations are alwagsable. Therefore, SCs methods are
introduced [50, 57].

In the SCs method, the optimum value A is determined by the iteration process using the
measured motor input power. The control variable for SC®stzurrent is more suitable since it
is more sensitive to the flux variation than the input powet batter statistical properties [51, 57].
Therefore, the SCs based on stator current minimizationodstrate better performance than input
power as a control variable. The merit of the SCs is that thmeyiralependent of drive parameters
and can be very accurate. However, this method suffers flom @nvergence and torque ripples
if the step changes of the flux command are abrupt [54]. Fumnryreuro-fuzzy-based SCs are
proposed in [58-60] to improve the convergence performaodée optimumAg. Moreover, the
load torque pulsations and measurement error may alsodesetdrioration in the search algorithm’s
performance. Besides, it is observed for the drives wittefagdynamics, the convergence issue and
oscillation for flux’s optimum value in the control algonithare not desirable [15].

The A$ selection using a loss model-based flux controller is intoed in [30, 52] to overcome
the issue of convergence. TR¢ is obtained by minimizing the motor losses or combined wi t

inverter and DC-link capacitor [61]. The obtaingg¢ values are stored and tabulated as a lookup table
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(LUT) and implemented in the control algorithm. The loss eldohsed approach involves complex
mathematical operations, which require high computingetand large memory size for feeding LUT
(obtained from the offline calculation) in the control teitque for efficiency improvement. This
strategy’s performance depends on the exact identificationotor parameters and their variation
during operation [53, 62], and exact motor parameters ohetation is difficult [63].

There are also hybrid methods are reported [15, 25, 55] bybguny the advantages of the loss
model approach and the search controller for the improvémehe efficiency of a vector-controlled
drive. In this method, a loss model-based approach caésuthe initial value for the SC algorithm,
followed by searching for the final flux’s optimal value. Thenihof this method is the fast determi-
nation of Ay and is robust to parameters variation. However, the meshgefformance depends on
the accurate measurement of the power signal, the type afrsakorithm, and the determination of

initial value calculation from the loss model approach [54]

Table. 1.3: Summary of reference flux linkage determinat&mmniques

Methods Torque Wide Wide Computational | Need for detailed | Renarks

ripple | speed range| torque range complexity motor parametes
Variable flux High Limited Limited — — Simple but determination
controller (VFC) of the optimalAs value

is not satisfactory and
for limited speed range [56].

Flux search Medium Yes Yes Yes No Slow convergence issues and
controller (SC) ripples in torque are

(Online estimation) observed [25, 30, 51].

Flux search Low Limited Limited No Yes Limited range of operations [15]2

controller (SC)
(Offline estimation)

Flux controller Low Yes limited Yes Yes Favorable for EV applications and

based on the optimal As determination is

Loss model possible, but dependant on the mo
parameters’ accuracy [62—64].

Hybrid method Low limited limited Medium Yes Dynamic performance is actadye,
but for limited operating ranges
[54,65-67].

Based on the literature, the summary of the determinatiorefefence flux techniques is listed
in Table 1.3. Itis found that there is no generalized acceptethod for determining th& value.
It depends on individual applications. Therefore, in thatest of EV drivetrain, it is necessary to
have an algorithm foAg selection over a wide range of operations, which is easy flement in
practice and free from convergence issues. It should nat apeexcessive computational resource
and least sensitive to motor parameter variations. Furtbes, variableA; has a substantial impact

on the DTC operation and is explained in the next subsection.
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1.2.3 Impact of Variable Reference Flux Linkage on DTC Techique for an EV Ap-

plication

In the DTC technique, the reference flux linkagg X also significantly impacts its performance. In
conventional DTCA¢ is kept at a constant value (usually at rated value) as thegeschre set to
operate at a constant speed [68]. However, this is not amaptisolution for the control strategies
used in EV applications [69]. In these applications, theandbes not need to run at rated conditions
for all the speed ranges [70]. As far as the EV applicatioexancerned, where the variations in load
torque depend on the traffic and road conditions, it is noisadive to keep tha. at its rated value for
speeds lower than the base speed. Moreover, keeping tlevedtes ofAS for low-speed operations
may result in a very high value of torque reference [70]. Besj it is also observed that variallg
greatly influences the IM drive’s efficiency and performaf®®]. Hence, the optimal selection &

is crucial in the DTC strategy over a wide operating rangeefdrapplications.

In recent years, EVs have become a compulsion choice fongraesportation. Therefore, a new
way of study and research has been carried out in academindursdry to expedite EVS’ penetration.
The major challenge in the faster adoption of EVs is to dgv&av-cost EVs that fulfill the need of
the market and users’ daily needs. In the EV drivetrain, thariotor, unlike industrial motors, has
to operate over a wide speed and torque range of operatitresefbre, the challenge is to adapt the
available speed control methods proposed for industrigliGgiions to modify for use in EVs. Hence,
it is essential to choose a controller with an excellent dyicaesponse over a wide range of speeds.
Moreover, designing the cost-effective EV drivetrain; liukis the preferred choice due to the several
advantages over PM-based motors [21].

The IM’'s speed control techniques are well examined, andynmaethods, such as FOC and
DTC, have been reported in the literature [24, 25]. Amongé¢hmethods [24, 25], DTC appears to
be a useful scheme for EV applications due to its simple obatructure and competence to provide
a high dynamic response [29, 30]. However, it is seen thaDIRE€ demerits (like torque ripples,
flux ripples, high stator current, varying switching freqag and low-speed stability) [71] and the
techniques to overcome these demerits are well investigatine literature [23, 39, 40,44, 72-74].

In the DTC strategy, the reference flux linkagg') also significantly impacts its performance.
As reported in [15, 25, 30, 51, 56, 75-79], there are three&lmasthods for selectingg for the IM
drive system. Namely, variable flux control as a referencguis function, loss model-based flux

controller, and flux search controller based on minimum/toaBEmum input power/minimum stator
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current. The literature review gives an acceptable sailftio narrow speed and torque ranges, which
is not favorable in EVs. In EV applications, the drive hasuo over a wide operating range based on
the vehicle driving cycles, which they regularly practiaetbe road.

The work reported in the literature shows that the adaptabioDTC-based IM drive for EV
applications in general am selection, in particular, has not been extensively exachiBesides, it
is found that there is no generalized accepted method fermeéting theA. The detailed literature
review motivated to formulate the problem in the area of uheteation methods of appropriatg’ for

DTC-based IM drive over a wide range of operations.

1.3 Aim and Contributions

The IM employed in the EV drivetrain typically demands quic&nsient responses, better steady-
state speed performance, and a wide range of operationsIMfi€ontrol for an EV application

is challenging due to the wide range of speed operations arying load conditions that the EVs
practice on the road. Therefore, various research aesvitave been performed in IM speed control,
and one among the control methods of an IM is the DTC. The DTgears to be a suitable strategy
for EV applications due to its simple control structure awthpetence to provide a high dynamic
response. However, this scheme suffers from high torqueflardipples, which directly impacts
the drive performance. The DTC drawbacks and the methodget@wame those drawbacks are well
reported by the researchers.

In the DTC strategy, th&g also significantly impacts its performance. As reportedLi 5, 30,
51,63,76], the\s determination is one of the challenging problems in DTCeld# drive for a wide
speed range and varying load conditions. The work repontéftki literature shows that the adaptation
of DTC-based IM drive for EV applications in general ahglselection, in particular, has not been
extensively examined. Therefore, this thesis presents @-based IM for an EV application. The
main contribution of this thesis is to develop methods fdedwining a suitable value ofg. In the
EV applications, the variations in the available dc volthgen the battery source are observed as the
state of charge (SoC) phenomenon and operating conditgfljs Therefore, the proposed methods
calculateA, considering the reference speed, reference torque, andradr source voltage.

The thesis aims to design, develop, and implement a spe&ecbii C IM drive that can operate
for a wide speed range and stable at various operating mdetasthe successful implementation

of DTC-based IM drive over a wide range of speed and torque,methods are proposed for the
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selection of suitabld,:

1. Determination of¢ using a Finite Element Analysis (FEA) based IM model.

2. Determination of\J using a non-linear equivalent circuit model of IM.

In the first work, the determination @£ is achieved using an FEA-based IM model. The FEA-
based IM model is developed on the ANSYS Maxwell platforme Winding scheme and lamination
designs of the motor are required to obtain an FEA-based IMemoThe simulations are carried
out with variations in motor speed\y), stator voltage\(s), and stator voltage frequencys). The
FEA simulation’s primary objective is to obtain suitabldues ofAs and T in lookup tables (LUTS)
format over a wide speed range. The obtained LUTs providernmition about the suitablgl at
requiredN; and givenT, in context to the DTC strategy, with current and voltage tamsts over a
wide operating range. However, this method required a pmviedge about the motor's geometry,
i.e., winding scheme, slot dimensions details, and larunadesigns, to develop an FEA model of
IM, which helps obtain accurate values of reference fluxdgekin LUT format. This limitation is
overthrown if a non-linear equivalent circuit model of IMIilde developed and used.

Therefore, in the second work, the selectionAgfis determined using a non-linear equivalent
circuit model of IM. The no-load test, blocked rotor testdaron-linear magnetization curve test of
the IM was performed to obtain equivalent circuit parangetérhe non-linear magnetization curve
has been plotted, and the dependency of magnetizing inthecia,,,) with the magnetizing current
(im) is determined. Thus, the obtained non-linear equivaleatic model of IM with varyingL, has
been used to determine th¢ in LUT format.

Both these methods calculatg, considering the reference speed, required torque, aed }C
voltage. Moreover, the magnetic saturation effect is atswsitlered while calculating an appropri-
ateAg value. Finally, the two driving cycles, namely, the New Y&ky Cycle (NYCC) and New
European Driving Cycle (NEDC), are presented in this workiémonstrate the proposed method’s
suitability over a wide speed and torque range of operationthe EV applications. The proposed
method’s performance evaluation over a wide operatingeaamigh the vehicle driving cycles (i.e.,
NYCC and NEDC) is carried out on the laboratory’s developgueeimental setup. The experimen-
tal setup of speed control for IM drive with the DTC technidaagiven in Appendix A.6. Further,

consumption in input energy and efficiency analysis for @m®red driving cycles are also presented.
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1.4 Organization of thesis

The remaining thesis chapters are organized as follows:

e Chapter 2. This chapter begins with the mathematical model of IM. In fingt part, the
detailed mathematical representation of the IM with dédfgrreference frame transformations
used in the design of the control laws for steady-state andrmiyc operation are discussed. The
second part of the chapter describes the principle of dperaf the vector control strategies,
such as FOC and DTC methods, in brief.

e Chapter 3: This chapter first explains the impact of varialdg on DTC-based IM drive
performance. A detailed analysis is presented in this endptexplain the effects of variable
As on the motor’s behavior. Besides, this chapter discusgeBTC scheme with variablg:.
Further, a brief explanation of methods for determining Akien context to the DTC scheme
is presented. Finally, based on the determination methbd$,dhe detailed discussion on its
limitations in context to EV applications is summarized.sBad on the finding of this chapter,
the determination methods af are proposed for DTC based IM drive over a wide range of
operations and are explained in the next subsequent chapter

e Chapter 4. The FEA-based method to determiAg values is discussed in this chapter. A
detailed methodology to get the suitable valuedpbver a wide range of speed operations is
explained in detail. This chapter also presents the parrsensitivity analysis of the proposed
technique. Further, to check the proposed FEA-based apipso@bustness, the comparative
analysis of the proposed method with other existing tealesgs demonstrated. Experimen-
tal results are presented in this chapter. Lastly, the iepergy consumption and efficiency
analysis of the considered vehicle driving cycles are atesented. The method proposed
in this chapter requires a pre-knowledge about the mota@getry, i.e., winding scheme,
slot dimensions details, and lamination designs, to dgvefoFEA model of IM, which helps
obtain accurate values of reference flux in LUT format. Thwsthtion is overthrown if a non-
linear equivalent circuit model of IM will be developed argkd. Therefore, the determination
of reference flux linkage using a non-linear equivalentuwtranodel of IM is developed and
discussed in the next chapter.

e Chapter 5: In this chapter, the determination #f values using a non-linear equivalent cir-
cuit model of IM is presented. The chapter discusses thélelarocedure for determining

non-linear equivalent circuit parameters (.i.e., magmagi inductancel,) of IM. A detailed
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methodology to get the suitable valuesigbver a wide range of speed operations is explained
in detail. Parameter sensitivity analysis of the proposetirtique is investigated in this chap-
ter. The comparative analysis of the proposed approach(ivitdss model-based approach and
(i) FEA based method (as presented in chapter-4), and tperiexental results over a wide
range of speed for the vehicle driving cycles (i.e., NYCC BDC) are demonstrated in this
chapter. Further, the input energy consumption and theieffig analysis of the presented
vehicle driving cycles are also explained.

e Chapter 6: In this chapter, the conclusions drawn from the researctk @ outlined, and the

scopes for future work are summarized.
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CHAPTER 2

INDUCTION MOTOR MODELING AND

CONTROL

2.1 Introduction

A variable-speed drive with accurate control of torque apeesl are needed to achieve superior
dynamic performance in EV drivetrains. In the past, to aehigigh-performance, the DC machine
drive had managed to fulfill the demand due to the absencentfaicstrategies for the AC machine
drive. However, with the advent of power electronics desjt¢be change in the constant voltage and
frequency of the utility to variable voltage and variablequency (VVVF) has been achieved [81].
The VVVF drive is achieved significant improvements in thatcol of AC drive under steady-state
conditions. Moreover, the emergence in the vector con¥@l)(techniques (i.e., FOC, DTC, and
their derived forms) has resulted in remarkable progresisamynamics of VVVF drives [82].

The IM is used as an AC drive because of its robustness, easaiofenance, reliability, and,
most importantly, its low cost [83]. Due to the advantagei\vhfthis work focuses on EV drivetrain
using IM. For an EV drivetrain, the selection of an accuraietil strategy of IM is essential. The
motor controller for EV application should have a fast dymanesponse, high torque at low speed
for starting and zero speed, and lower torque ripple. IM’'s té€hniques are better suited for EV
applications because these control schemes can enabM tbeperate over a wide speed range and
give an excellent dynamic response.

To design and implement the VC algorithm for an IM, it is regdi to understand the dynamic
model of IM subjected to control. In this chapter, the IM’stir@matical model that will eventually
be used in VC techniques is explained, which can be used &yzng the transient and steady-state

performance and designing the control algorithm.
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The remaining chapter is organized as follows: Section @s2idbes IM's mathematical model in
the different reference frames. A brief explanation of secbntrol strategies is presented in Section
2.3, and a detailed discussion of the direct torque contrateg)y is given in Section 2.3.2. The

conclusions are drawn in Section 2.4.

2.2 Induction Motor Modeling

To understand and analyze the VC of IM, the mathematical inofdihe motor is necessary. The
mathematical model of motor helps to explain the motor parémce at transient and steady-state
conditions. This model also assists in designing the ctiatrand in estimating their parameters. For

developing IMs mathematical model, the following assumiare made [84]:

1. Balanced stator and rotor windings.
2. Sinusoidal distributed magnetomotive force in windings
3. Uniform air gap.
4. Magnetic core saturation is neglected.
A
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Fig. 2.1: Three phase representation of stator and rotontities.

For a three-phase IM, the stator voltagegy(sd and stator flux linkagesAgy gy are represented

as [85]:
[Vryed = [R| [iryBd + P[ARY B4 (2.1)
[ArvBd = [Lg] [iryBd + [M][irYBH] (2.2)
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VRrs iRs ARs
where,[Vryed = | W |, [iRYBd= | iys |+ [ARYBI = | Ays |
Ves iBs ABs
Re 0 O Lis+Llm —5p —Ln
Rf=|0 R 0 |.[lLdd=| -5 Ls+Ln % | and
0 0 R i e
cos 6 cos(6 — &) cos(6 + %)
[M]=Lm | cos(6 + &) cos 6 cos(6; — &)
cos(6, — %) cos(6 +2Z)  cos 6

In equations (2.1) and (2.2), the terms gsandiry g, represent the three-phase stator and rotor
currents, respectivel\Rs represents the stator winging resistancg;Ls, andL, represent the sta-
tor self-inductance, leakage inductance, and magnetinthgctance, respectiveld, represents the
relative angle between the stator and rotor quantity as shiowig. 2.1;p represents the differential
operator.

Similarly, the three-phase rotor voltag&&y ) and rotor flux linkagesAryg,) are given by [85]:

Vrved = [Re][iryed + P[ArYBY (2.3)
[Arveq = [Lr] [iryed + [M] [iryBd (2.4)
VRr IR[ )\Rr
Where’[VRYBr] = VYr ’ [iRYBr] = in ’ [)‘RYBI’] . )\Yr y
VBr IBr ABr
R0 O Lir +Lm _L_2m —ij
R]=10 R 0 |.[L]= —L—2m Lir +Lm —L7m

In the above equations (2.3) and (2.R) represents the rotor resistante, L;;, andL, represent
the rotor self-inductance, leakage inductance, and magmgtinductance, respectively. Due to the
symmetry of the machine, the mutual inductance among stéiases and rotor-phases are equal.

The differential equations given in (2.1) to (2.4) are thedgoverning equations, and all the
steady-state and dynamic characteristics can be detatntiimeugh these equations. In these ex-
pressions, the mutual inductand®/() varies wrt rotor position, which is complex to solve [86].

Therefore, to simplify these expressions (21)2.4), the three-phase quantities are converted into
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two-phase direct and quadrature axes using Parks transfbine Parks transform also ensures that

power is invariant [84]. The transformation matrices arftedent reference frames are discussed in

the subsequent subsections.

2.2.1 Three-phase to Two-phase Transformation

The three-phase quantities can be converted into two-pstasenary reference frame (i.&x-3)

as [84-86]:

B

L . Xr Xr
Xl 20tz 2 g (2.5)
3 33 Y ap Y :
XB 0 2 2
Xg Xg

Xa 1 -3 -3 XR XR
2
Xg | =30 @ 2 || % |=Tas| % (2.6)
Xo i 3 3 X X
and, the inverse transformation matrix[®fs] is given as:

XR 2 0 1||Xq Xa

X |=| -3 5 1||X |=Trve| X (2.7)
Xe -3 -5 1| | % Xo

where, X can be voltage, current, and flux linkagé;z represents the two-phase components in
stationary of respective entities. By applying the transfation matrices[Typ] (2.6); [Trydg (2.7)),
the three-phase quantities can be converted into two-piasdities and vice-versa.

Fig. 2.3 shows the windings in natural frarR B(for stator and rotor)a 30 stationary (for

stator), andkyO0 rotating (for rotor) reference frames. By projecting teéerence fram®Y Bof the
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Br

Bs

Fig. 2.3: Transformation of three-phase to two-phase eefe frame.

stator and rotor quantities to the reference franoe8,0 (stator) andkyO (rotor), and applying the
transformation matrix[T,g] (2.6)) to the equations (2.1) and (2.3), the voltage eqoatizEecome:

dAgs

Vas = Rsigs + —dt (2.8)

~ Ruigy t e 2.9

Vps = Rslgs + at (2.9)
. dA

Vir = 0= Ry + d_;(r (2.10)
. dA

Vyr = 0 = Reiyr + d—tyf (2.11)

Since the IM is squirrel-cage, the rotor voltage terms, {4,) in equations (2.10) and (2.11) are

zero. By applying the three-phase to two-phase transfaomé the flux linkage equations (2.2) and

(2.4) we get;
F)\as L 0 McosB, —MsinG | |igs
A 0 L M sin6, M cos6, i
Bs . S r r Bs (2.12)
Axr M cosB, M sin6 L, 0 Inr
Ayr —M sin6. M cos6; 0 L, Iyr

Substituting the termsigs, Ags, Axr, @ndAy,) of the equation (2.12) in the equations (2.8 - 2.11)

and simplifying, we get;

Vgs Re+ 3Ls 0 4 Mcost] —4[Msing]| |igs
v 0 R+ 4L 4[Msing] <M cosh i
Bs _ s T giks dt [ ] dat [ '] Bs (2.13)
Ve 4Mcosg] 4[Msing] R+ILe 0 ixr
V| [~&Msing] &M cos] 0 R+&Le | [y
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The equation (2.13) model is in their respective refererm@és, i.e.vqs andvgs are in stationary ref-
erence frame whilg,, andvy, are in the rotor rotating reference frame. Moreover, therrquantities
in the equation (2.13) vary wrt rotor position, which is cdexpto solve [86].

For this reason, the model given by equation (2.13) has tarhgliied such that the model is
independent of rotor position and can do this by transfogire rotor quantities to the stationary
reference frame.

Fig. 2.4 shows the transformation of rotor rotating quassitky0O) to a stationary frame of
reference ¢ 30). The rotor rotating quantities in theyO reference frame can be transformed into a

a 30 stationary reference frame as:

XBr

Fig. 2.4: Transformation of rotor rotating quantities taa@i®nary reference frame.

Xar cosG —sin6 O Xur Xur
XBr = Sln er COSQr 0 Xyr = GBI' Xyr (2 14)
Xor 0 0 1 Xor Xor

where X, gor and Xyqyor represent the direct and quadrature components of regpesttities at sta-
tionary and rotor rotating reference frames, respectively
Using the transformation matrix{g,] (2.14), the rotor rotating quantities in ttx/O reference
frame are transformed intocgB30 stationary reference frame. Since thg andvgs given in equation
(2.13) are in a stationary reference frame, whileandvy, are in the rotor rotating reference frame.
For simplification of the model given by equation (2.13) tla#l rotor quantities are transformed to
a stationary reference frame ) using the transformation matriXjg,] (2.14), as shown in equations

(2.15- 2.18). As the stator of IM is excited by a balanced §ypgero sequence components are
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neglected.

Vgs 1 0 0 0 Vgs
Y 01 0 0 Y/
Po | _ s (2.15)
Var 0O O cosB —sin 6 Vyr
| Var | I 0O O sin6 cos6 1 wr |
V, U 0 V,
aBs _ aBs (2.16)
VaBr 0 TaBr nyr
s 10 O 0 igs
i 01 0 0 i
v ) A3 (2.17)
iar 0O O cosB —sin 6 Inr
L |Br ] L 0 0 Sln er COSGr ] L |yr ]
I U 0 I
aBs _ aBs (2.18)
IaBr 0 TaBr Ixyr

where[U] is the identity matrix.

Substituting the equation (2.13) in the equations (2.18)(&rl7) and simplifying, we get;

Vas Re+ 4L 0 4M 0 s
v 0 Re+dL 0 am i
Bs | _ sTds dt ps (2.19)
Var %M Max Rr“‘%'—r Lrax lar
| Vpr | i ~Mwy %M —Lrox Rr‘f‘%l-r 1L igr .
where% = w. Equation (2.19) shows that all the quantities of equath3) are referred to as

a stationary ¢ 3) frame of reference. Therefore, the model of equation (2sthdependent of the
rotor angle ;).

From the above analysis, it is clear that the coupled equaiintheRY Bsystem are transferred
into linear differential equations with two-coordinatarisformations. Namely, the Clarke transfor-
mation (transformation of the three-phase system onto aptvese system) and the Park transfor-
mation (transformation of the two-phase system onto artrarpirotating two-phase system). The
subsequent subsection describes the transformation dirde-phase stator and rotor quantities (2.1

— 2.4) of IM into a two-phase arbitrary rotating referencerfea
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2.2.2 IM Model in Reference Frame Rotating at Arbitrary Reference Speed

The transformation of a two-phase system onto an arbittaryy*) rotating two-phase system can be
achieved using the Park transformation. Fig. 2.5 showsrémstormation of a two-phase stationary
(a-B) system to an arbitraryxX — y¥) rotating system. The variable in tlhe 8 reference frame can

be transformed into ax’ — y* rotating reference frame as:

A
I
I
I

Fig. 2.5: Transformation of two-phase stationary to anteaty rotating two-phase reference frame.

XX cos 6,y sin 6 Xa X
¥ - / Y —Ty| (2.20)

The variables in arbitraryx{ — y*) rotating reference can be transformed into a stationar@)

reference frame using the transformation matT%ﬂ as given below:

Xa cos B,y —sin 6 XX X X
_ d y =Tt (2.21)

Xg Sin By  COs By Xy Xy
where 6,y is an arbitrary angle between the stationary direct axisand the real axisx{) of
arbitrary reference frame, andfg[ and [X3{] represents the direct and quadrature components of the
respective entities at stationary and arbitrary rotatefgnence frames, respectively.
By introducing zero sequence component in the equatio29)2and (2.21), the transformation

matrices Tyy] and [I',&l] are expressed as:

XX cosby sin6By O Xa Xa

XX | =| —sinBy cosBy 0| | Xz [ =Txy| Xg (2.22)
Xo* 0 0 1 Xo Xo

Xa cosby —sinBy O XX XX

Xo 0 0 1 Xo* Xo*
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In a generic form, the three-phase stator quantitieg, (Xys, andXgg) can be transformed into

two-phase arbitrary rotating quantitieX;( and X9 using the transformation matricg%;s] (2.6)

and [Tyy] (2.22). Fig. 2.6 shows the transformation of three-phastisguantities to two-phase

arbitrary rotating quantities. By using equations (2.6) éh22), the three-phase stator quantities are

@,
A \r
xx s
X Ys 7 \\ /(XX
= = A% _
Rs a X
K Rs
X Bs

Fig. 2.6: Vector diagram for stator quantities conversion.

transformed into two-phase arbitrary rotating quantiéies

cosbBy sinBy O 1 -3 —3 Xrs
XX 2
| = 3| —sinBy cosby O 0 ¥ B Xy's (2.24)
X
& 0 o 1|3 & 1 X
2 2 2 | |7
g cos By  COs (6y— )  cos (By+ ) Xrs
XS 2
_< - : 2 : 2
| =3| —sin8y —sin (By—5) —sin (6y+ ) Xy's (2.25)
s 1 1 1 X
2 2 2 i Bs

Similarly, the three-phase rotor rotating quantitieg.( Xy,, andXg,) can be transformed into
two-phase arbitrary rotating quantities;( andXj;) using the transformation matrix (2.26). Fig. 2.7

shows the transformation of three-phase rotor quantiti¢&d-phase arbitrary rotating quantities.

Fig. 2.7: Vector diagram for rotor quantities conversion.

X 2 _ _ .
| 73| sy —sin (6~ %) —sin (6 +F) | | X (2.26)
Xyr 1 1 1 X
2 2 2 Br

The three-phase stator voltage and flux linkage expressi@ngiven in (2.1- 2.2) can be trans-
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formed into a rotating reference*fy*) frame by using the transformation matrix (2.25). Then, the

voltage expression of (2.1) in th&-y* frame is represented as:

X8

xys] - [V;(yS] = [RS] [X:((ys] - [iiys} +p [[X:((ys] - [)‘:((ys]] (2-27)

Equation (2.28) is obtained after the multiplication of thatrix [X3,J with the (2.27).
5] D Vo = DGl IR K5 e + (X5l P (X5 S| (228)

After the simplification, equation (2.28) is written as:

Vil = IR [y + 5] P[5 | [N + (X5 K5 R [[A5]] (2.29)
1 Y g 3

By solving the second and third term of (2.29), yields thegdified voltage expression ixi — y*

frame as:

[Vaye] = [Re] [i%ys] + @y [3] [Asye] + P [[Aye]] (2.30)

-1
whered =
1 0

Similarly, the stator flux linkage expression (2.2 y* frame is given as:

) el = (L[5~ [yl + IMT | (X5 ™ ]| (2.31)
After multiplying (2.31) with the matriXX3 J, equation (2.32) is obtained.
[ 5l [N = [ L] 5] [ + [ D5 M1 DS Y [B] 232)

The stator flux linkage expression given in (2.33¥In- y* frame is obtained by the simplifying

the equation (2.32).
(Ays] = [Ls] [i%ys] + [Lm] [i%yr] (2.33)

Similarly, using the transformation matrix (2.26), theettiphase rotor voltage and flux linkage
expressions (2.3-2.4) can be transformed into an arbitcaaging referencext — y*) frame. The rotor

voltage expressions (2.4) in th&— y* frame is given as:

[x;(yl‘] - [V;(yr] = [Rf] [xyyr] - [iiyr] +p [[X;(yr] - [)‘;(yr]} (2-34)
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After multiplying (2.34) with the matriXX3,|, expression (2.35) is obtained.

5] DSr] ™ W3] = [X50] (R [X50] ™ ] + X5l o[ )5 " [A5:]| (2.39)

1 2

Solving the first and second terms of (2.35), the rotor valtapression in the — y* frame is written

as:

[Vigr] = [Re] [iyr] + (g — ) 91 [AG] + P [[A%]] (2.36)

Similarly, the rotor flux linkage expression given in (2.4ndbe represented in th&— y* frame

as:
[Xr] - [Asyr] = [L] [X;(yr]il [i%yr] + [M] “X;(yr] o [iiys}] (2.37)
By multiplying (2.37) with the matriXX, |, equation (2.38) is yielded.
5] 5]~ ] = 5] 111 DX5] ™ ] + | D) 1M ] ] [ (2.38)
Solving (2.38), the simplified rotor flux linkage expressiorthex* — y* frame is given as:
[Agyr] = [Le] [Bye] + [Lm] [i%ys) (2.39)

Finally, the equations (2.30), (2.33), (2.36), and (2.29resents the governing equations of the
voltages and flux linkages of the stator and rotor quantitiethe xX* — y* reference frame, and are

given below:

Vsl = [Re] [i%ys] + iy [3] [As] + P[As]]
Vi) = [R] [%yr] + (@hy— ) [3] [A%] + P[[A%]]
[

(2.40)
[)‘>)<(ys] = [LS] 'iys] + [Lm] ['xyr]
[A:((yr] = [LI’] [iiyr] + [Lm] [iiys]
The expended form of the matricpsy and[Ay 4 of (2.40) is written as:
V)?s = Rsiis_ a&y)‘))/(S"i' d(;\?xs
; dA
Vys = Reljs + WyAfs+ (2.41)

)‘)i(s = Lsiis"" Lmiir

A))/(S == LSI§S+ Lml;r
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Similarly, the expended form of the matricR&, | and[Ag,| of (2.40) is given as:

I d)\)><<r
V)?r = Rf'ir - (a&y_ wf))‘))/(r+ dt

. d
V;(r = Rr'?r + (Q&y_ wf))‘;(r +

)‘>)<(r = Lri;r + Lmiis

/\)j‘r
dt (2.42)

)\))/(r — Lri§r + Lm|§s

By usingAg, Ajs of equation (2.41) andy;, Ay, of equation (2.42), the relation betwef and

XA X X I
Axrs Ays@andAg, is given below.

A= OLgifs+ tmAX
XS Sixs T L, 'xr (2-43)
A= OLdis+ FAN

L

where,g =1— o

The IM model in an arbitrary rotating referencé ¢ y*) frame given in (2.41-2.43) can be rep-
resented in the different reference frames, such as sémjicand synchronous. Therefore, the up-
coming subsection presents the IM model equations in thestay reference -) frame and

synchronously rotating reference-€ g) frame.

2.2.3 IM Model in Stationary Reference @-8) Frame

The IM model expressions -3 frame are derived by substituting,y is equal to zero in (2.41) and
(2.42); and replacing the subscrigts j of (2.41) and (2.42) witlos and Bs, respectively. Then,
the voltages and flux linkages expressions of the stator@tnd guantities iro- frame are given as

follows:

. dA
Vas = Reigs+ T"’S (2.443)

: dA
Vas = Relgs + (2.44b)
)\as — Lsias+ Lmiar (2440)
)\BS = LSiBs + LmiBr (2.444d)

. dA

Var = Relgr — wr)\pr + Tar (2.45a)
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| dAg
VB" = RﬂBr + W Agr + T (2.45b)

Aar = Lrlar + Lmias (2.45¢)

)‘Bf = LI‘iBr + LmiBS (2.45d)

In a-B frame, using linear transformations, the three phasestitjean(i.e., voltages, currents,
and flux linkages) are referred to as a set of orthogonal dmate axes that are stationary with
respect to the stator [87]. Thus, the resulting differérgiguations ina-g frame are linear and
have constant coefficients for the case when the rotor spagds(constant. The equations inf3
are readily soluble by the operational methods. The costractures which required to deal with
stator quantities only, and less dependent upon rotor diggnimainly employ a stationary frame of

reference for the transformationRY Bto a 3 transformation).

2.2.4 IM Model in Synchronous Rotating Referenced — q) Frame

The IM model in the synchronously rotating referende-(g) frame is derived by replacingy, and
the subscripts x, y of (2.41) and (2.42) witly, d, andq, respectively. Then, the voltages and flux

linkages equations in thete— g frame are written as follows:

Vits = Refgs — @ihgs - o (2.46)
Vgs = Reigs+ sAds+ d;\tqs (2.46b)
Ads = Lsids+ Lmidr (2.46¢)

Ags = Lsigs+ Limiqr (2.46d)
OZRridr—(ws—wr)Aqr‘i‘% (2.47a)
0= Rrigr+ (05— &) Agr + dgfr (2.47D)
Adr = Lrigr +Lmids (2.47c)

Agqr = Lrigr + Limigs (2.47d)

Ind — g, the currentlgs & lgs) frequency is consistent with the rotating frequency aribisaved
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like a dc current. Then by controlling dc current, the ac entiin the reference frame is controlled
indirectly. The control structures with more number of Rjukators preferred — q frame of refer-
ence. As the PI controller in a stationary reference framdsha finite gain for ac component, thus
cannot guarantees the system to track ac reference witteaatysstate error [88,89]. However, the Pl
controller in thed — g frame holds an infinite gain for the input signals whose fegty is consistent
with rotating frequency, and thus achieves zero steadg-staor.

The IM equations defined in the — 3 frame (2.44-2.45) and — g frame (2.46-2.47) are used
to analyze IM performance in both transient and steadystanhditions. In the control algorithm,
the IM model equations given in (2.44-2.47) are used for #da-time implementation as well as in
simulation. The next subsection describes the electroetagtorque Te) expression in the different

reference frames.

2.2.5 Electromagnetic Torque Expression in Different Refeence Frame

Fig. 2.8 shows the three-phadeY(B and two-phased() windings. Assuming that each of the three-
phase windings hal; turns per phase and equal current magnitudes, the two-phiadengs will
have3—';ll turns per phase for mmf equality [84]. In other words, for powquivalence, the power

input to the three-phase motor model has to be equal to therdoput to the two-phase motor model.

l Y Nl

120° 120° 3N \]* d
lg

Fig. 2.8: Three-phase (RYB) and two-phase (dq) stator wmpsli

The torque expression in different reference frames carebeedl using the motor input power.
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The motor input powerH,,) in thed — g frame is given as [84]:

3 _
5 (Vasids 1 Vgsigs) (2.48)

Pn=
n 2

By substituting the stator voltages from (2.46) in (2.48)'s expression is rewritten as:

3. . . 3 /. dAqg dA 3 . .
Pn= ERS(I§S+ |§s) + > < dts +igs d?s> + éws()\dqus— Agsids) (2.49)
———

1 Y 3

In (2.49), the right side first term (1) represents the copgsr P.,) in the stator; second terms (2)

represents the stored magnetic enefpsg), and the third term (3) is the actual air-gap povwrggf).
Peu= %RS (i§s+ ig )
Pmag =3 (idsd)\ds + Iqsd)\qs) (250)

Pgap= Qws ()\dsiqs_ Agsids)

ThePyap can be determined usinig and ws as:

s
Pyap= TeF (2.51)
p
Thus, by usingPyap from (2.50) and (2.51), th& can be determined as:
3P :
By using the transformation matrix (2.20), (2.52) can beesented irr —  frame as:
3P, . .
Te: 7p (AQSIBS_)\BSIQS) (253)

The expression given in (2.52) and (2.53) can be used irtliracd directly in IM control meth-
ods to estimate th& value.

This section discussed the mathematical model of IM andtoamation of three-phase quantities
into an equivalent two-phase arbitrary rotating refereineme. The reduced IM model expressions
in a-B andd — g reference frames are described. Further,Tthexpression is explained th— g and
a-(3 frame. The developed IM model in the different referencenfra can be employed in the vector
control algorithms to achieve the desired control actiohe Tontrol techniques are discussed in the

next section.
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2.3 Vector Control Strategies

The most common control techniques for high-performancerior drives are vector control (VC)
techniques. In the VC strategy, independent control of tinelihkage and torque can be achieved,
which is similar to separately excited direct current (DGjtan control. This control develops a fast
dynamic response, better transient and steady-state pertfmrmance [25, 26].

Such control techniques are preferred in high-performapgaications, such as EV drives, high-
speed motor drives, robotics, servos, and multilevel cdexvased motor drives. Various derived
forms of VC techniques are developed in the late sixties amly seventies, and still in works are
continuing to improve their performance for the desiredliappon. The most popular VC strategies
are field-oriented control (FOC) and direct torque cont®IC) [90]. Fig. 2.9 shows the classifi-
cation of VC strategies with derived form of FOC and DTC [9lt].recent times, the FOC strategy
became the industry benchmark for high-performance agics. Therefore, most of the EV drive-
train controllers use a FOC strategy to control the IM. Inupeoming subsection, the basic principle

of FOC strategy and its variants is discussed.

Vector Control

/

A A

Field Oriented Direct Torque
Control Control (DTC)
‘ ‘ Hysteresis
Rotor Flux Stator Flux Controller e [ Fuzzy Logic
Oriented Oriented Based DTC | [ | Based DTC
+ + |, ANN Based
. . - - Space Vector DTC
Ipdlrect Field Dlrect Field Modulation |
Oriented Control Oriented Control Based DTC » Model
Predictive DTC

Fig. 2.9: IM vector control strategies classification.

2.3.1 Field Oriented Control Technique

In this scheme, the independent control of torque and fluxhisesed by controlling the decoupled
stator current components (i.gs andigs). These currentigis andigs are responsible for producing the
flux and torque, respectively. For controlling the torqud #ox, the valuesqys andiqs are compared

with their actual values. In the FOC strategy, all quargitiee converted into a rotor flux rotating
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reference frame, which is DC in nature. Hence, the controblite is preferred in DC value since it
is easy to handle, and a better control action is achieved.eldcttromagnetic torque given in (2.52)
can be represented with rotor flux quantities as:

_ 3PLn

Based on the flux linkage vector orientation, the FOC schenastassified into; 1) FOC scheme
with stator flux linkage orientation, 2) FOC scheme with aprdlux linkage orientation, and 3) FOC
scheme with rotor flux linkage orientation. The rotor fluxkiige vector-oriented FOC scheme is
widely adopted due to the less complexity, and easy to aetdeeoupling of torque and flux linkage
[92].

In the rotor flux linkage vector orientation, the g-axis roflax linkage @q) is always equal to
zero since the d-axis rotor flux is aligned with the rotatiafgrence frame real axis, as shown in Fig.

2.10. Therefore, (2.54) can be rewritten as:

[

\
\
\ eS (2 >

Fig. 2.10: Vector representation of FOC principle

qX
\

where K; = %;'L—"r“ is the torque constant.

SubstitutingAqr = 0 in (2.47a) and using (2.47¢)gr can be determined as:

B Lm .
Adr = (Trp+ 1) lds (2.56)

where,1, = % is the rotor time constant. Thus, thg, can be controlled by adjusting tig. In

(2.56), wheniys is kept constantdyq, can be approximately equal tgnlgs. Then, the (2.55) can be
further simplified as:

_ 3PL3.
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In (2.57),igs is called a flux producing stator current component, iget torque producing part
of stator current. Thus, by means of the FOC scheme, the wélliecan be effectively controlled by
adjusting theqs keepingigs constant.

The FOC scheme with rotor flux linkages orientation requilhespositions of rotor flux linkages
for every instant of time to control IM. Based on the acquiretbr flux linkage phasor positioréy),
FOC technique can be classified as direct rotor flux linkadgnated control (DRFOC) scheme and
indirect rotor flux linkage-oriented control (IRFOC) schef®3]. A brief description of these two

control strategies is given in subsequent subsections.

2.3.1.1 DRFOC Strategy

Fig. 2.11 shows the schematic block diagram of the DRFOCrsehén this scheme, the estimated
rotor flux linkage @;) helps to determiné;. The estimation of\; is achieved using measured stator
currents and rotor speed. Her@, is used to convert the stator current components in therstato
reference frameigs andigs) into a synchronous rotating reference frame, i€ andigs currents.
These currents are compared with their reference valgesifdigg), and the generated errors are
passed through Pl regulators. Based on the stator curnentstbe reference voltage¥{ andVyy)
are obtained and transformed into stationary referenceeineoltages\(ys* andVps*) to generate the
required inverter switching sequence for achieving ddsa@ntrol action. The errorA(-A,) value
of rotor flux linkage is passed through a Pl regulator to oletdij,. However, the value ofy is
determined from the torque controller after comparing #fenence torquelf’) and estimated torque
(Te) values wheready' is obtained from the speed controller shown in Fig. 2.11.

The control algorithm’s performance depends on the aceysasitioning off; for coordinate
transformation and maintaining the correct field orieotati Complex estimators or observers are

required to estimate the rotor flux position or angle.

2.3.1.2 IRFOC Strategy

The detailed schematic of the IRFOC scheme is illustrateBign 2.12. In this techniquefse is
determined by integrating the summation of calculated stiped and the estimated (or) measured

rotor speeddy) as given in (2.42).

6o [ (e + ) (2.58)
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l Pl aﬂ & > 3
VdA [y Vas
ldS Lys lgs
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l. . < Ibs >
qs dq < Lps 2 < les o
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Torque and Flux M
Linkage Estimator
@,

Fig. 2.11: Direct rotor flux linkage oriented FOC strategy

where,wy = %:;E [93].
The required slip speedd) is calculated from the values of reference currents,ijgandig.

Here, A, is indirectly controlled by adjusting thg, current. The remaining operation of this control

scheme is similar to the DRFOC scheme.

V.
s HQ\ Vos 4 —

gs Vs &
20> W, - »(dg > 2 i
—A % | v
i >
_ds ~ —> af —/3
s Vds A VC(S
ids l ia.r
aﬁ < as 3 | ———(
— A . . < ibx e
1) lqs do\ |« Lps 2\ |l les
r q\ <
Y Y +
Slip Calculator 2 1/s = \A i L
A Torque and Flux M
" Linkage Estimator
@y

Fig. 2.12: Indirect rotor flux linkage oriented FOC strategy

Both control strategies are extensively studied in theditee and widely used in motor drive

applications. However, the major drawbacks of DRFOC anddREchemes are [94]:

e Parameter dependenBy, L, in IRFOC, andrs for the DRFOC.

e Transformations from one reference frame to another neterérame is essential.
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e Require accurate location of the flux linkage angle.

e PWM signal generator required.

e Complex control architecture.

Whereas the advantages of these techniques are:

e Good dynamic performance.

e Low torque ripple and current harmonics.

e Operates at the constant switching frequency.

In this subsection, the basic principle of FOC strategy #msariant in the rotor flux orientation
scheme, i.e., DRFOC and IRFOC, are described. Also, thdetbsrhematic diagram with the merits
and demerits of both control schemes is explained. Howawether type of vector control technique
is reported in the literature, i.e., DTC, which has a fasigramnic response than the FOC scheme
and a simpler structure. In the next subsequent subsettiemasic principle of the DTC scheme is

discussed.

2.3.2 Direct Torque Control

The DTC scheme was proposed by Takahashi (1986) [28] andribemek (1988) [31]. In this
scheme, direct and independent control of torque and dtatolinkage is achieved by applying the
optimal switching voltage vectors for the voltage souraerter. The selection of switching voltage
vectors is made such that the torque and flux errors areatestrivithin the respective hysteresis
bands.

For an IM, the electromagnetic torqug) of the motor can be written as follows [95]:

Te= 3Pt A ®As

o IN N
:%Paﬂ, Al |As sin(6s— 6) (2.59)
= 3Par [Ar| As| sin(y)

where® represents the cross produgt:- (6s— 6;), andy is the angle between the rotor and stator flux
linkage vector,8;s and 6, are the angles of stator and rotor flux vectors with respetitdatationary
axis, respectively.

Fig. 2.13 shows the vector diagram of the stator and rotorlifkage vector in the stationary
reference frame. The equation (2.59) depicts that the valluR is controlled by adjusting, if
the magnitude of the stator flux linkage vectoXs() is held constant. The appropriate valueyas

achieved by selecting the optimal stator voltage vector.
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Fig. 2.13: Vector representation of stator and rotor flukdige vectors with respect to stationary
axis.

Fig. 2.14(a) shows the schematic diagram of a two-levebgaltsource inverter. The total number
of possible switching voltage vectors are eight, of whichase active voltage vectors, and the rest
are zero voltage vectors. A zero voltage vector is produtdteiupper switches of three limbs are
either ON or OFF state. Fig. 2.14(b) shows the graphicalessptation of active voltage vectors.
The mathematical description of voltage space vector usivegter switching states is expressed as

follows.

2 2 2m
%= Ve [%+Soej% +gce—1%] (2.60)

whereS,, &, andS; are the the inverter switches states as depicted in Fig(€).14

The stator flux linkage is obtained by integrating the sthamk-EMF {5 — Rds) as follows:
A= [ (- R) (2.61)

Wherexs = Aas+ jAgs, Vs = Vs + Vs, andis =igs+ Jigs-
Neglecting the stator resistance voltage drop (only fotyesis purpose) in the equation (2.61),

the change in stator flux linkage vector is given as follow&:[8
Mg = AT (2.62)

The equation (2.62) concludes that the change in statorifilkade vectorAJs, is proportional to the
space vectoffs, applied for the shorter interval of imAT . Therefore AAs follows the voltage space
vector,Vs, and the magnitude of change/Ms depends on the magnitudewafapplied.

Thus, applying an appropriate voltage vector based on taritaneous stator flux linkage vector

location, a constant magnitude and continuous movemehedadtator flux linkage vector is achieved.
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+

Fig. 2.14: (a) Schematic diagram of voltage source invei&1) and output voltage vectors (b)
Representation of instantaneous voltage vectors.

The stator flux linkage vector trajectory depicted in Figl®rotates in an anti-clockwise direction
along with the selected voltage vectors. The lookup tahi¢hie selection of voltage space vectors is
given in Table 2.1.

This section explains the basic principle of the DTC scheritle iwdependent control of and
statorAs. Based on the DTC principle, a detailed control architexfar the IM drivetrain is explained

in the subsequent subsection.
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Hysteresis Band

Fig. 2.15: Trajectory of stator flux linkage vector contnolanti-clockwise direction.

2.3.2.1 Hysteresis Controller based DTC Scheme

Fig. 2.16 shows the detailed schematic block diagram of yis¢ehesis controller-based DTC (HC-
DTC). The HC-DTC scheme requires a torque controller, flt@dler, and voltage vector switching
table. These are the main blocks of the HC-DTC scheme, whielexplained in the subsequent

subsections.

2.3.2.2 Torque Controller

The torque controller is a three-level hysteresis compardihe comparator output can be eithet
or 0 or —1, depends on the error of the torque. When the outputlisa torque increasing active
voltage vector is applied, and if the output-isl, a decreasing torque vector is employed. If the

comparator output is zero, it means the torque error is sraatl a null voltage vector has to be
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Fig. 2.16: Hysteresis controller based direct torque cbistrategy.

selected. The representation of torque error status is gigdollows:

+1, ifTE-5>T

dr(k) =9 -1, if Tg+2k <T, (2.63)
0, otherwise

where% is the torque hysteresis comparator band width.

2.3.2.3 Flux Controller

The flux controller is a two-level hysteresis comparatore dhtput of the comparator is eithetl or

—1 depending on the flux error. A voltage vector with incregsmflux is applied when the output
is +1, and if the output is-1, a flux decreasing voltage vector is employed. Dependintherflux
error, the comparator outputs eithef or —1. The general representation of the flux error controller

is given as,

+1, if Az -2 > )
dy. (k) = s AZ ® (2.64)
—1, if AZ+5 <As

whereATAS is the flux hysteresis comparator band width.
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2.3.2.4 \oltage Vector Switching Table

Table 2.1 shows the voltage vector switching table comgjsif optimal voltage vectors. The outputs
of the flux and torque controllers are the inputs to the switghkable. Moreover, to obtain the optimal
voltage vectors from the switching table, sector informmatiased on the stator flux linkage position is
also required. Based on the switching table’s inputs, tisgele voltage vector is selected, regulating
both the stator flux linkage and the torque in the required way

Table. 2.1: DTC Switching table scheme.

M NATe | S | S| S |3 S |
+1| +1 Vo (V3 |[V4|V5|Vs| V1
+1| =1 | Vs |[V1|V2|V3|Vs]|V5
+1| 0 |V7|Vs|V7|Vg|V7]|Vs
—1|+1|{V3|Vs|V5|Vs|V1|Vo
—1| —1|V5 (Vs |V1|Vo|V3|Vy
—1| O |Vs|[V7|Vsg|V7|Vs|Vy

The DTC-based speed control of IM is achieved by considdtiegneasured or estimated speed
(wxy inrad/sec oN; in rpm) as the feedback term. The feedback speg@d( N;) signal is compared
with the reference speedy or N;" ) and generated speed error is passed through a Pl regulasor.
output of the PI regulator is considered &S (shown in Fig. 2.16). The inner loop estimates the
magnitudes of estimated torqu&) and flux linkage As) based on stator voltages and currents. The
Te andAg are compared with their referenci( Ag) values, which are inputs to respective hysteresis
comparators. An optimized voltage vector is applied on tleomthrough the inverter based on
the generated error status from hysteresis comparatorseator information. The selected voltage
vector sequence reduces the errors and achieves the desirtedl operation.

The HC-DTC scheme provides a fast torque response, and dine tabsence of the current
controller, PWM generator, coordinate transformatiom ciintrol structure is simple [28]. However,
it has some limitations like high torque ripple, high fluxgig, variable switching frequency, and flux
drooping at low-speed operation. Several methods are peabio the literature to improve HC-DTC
performance. Out of these methods, the Space Vector MaalBil C is popular and considered as
an alternate of HC-DTC scheme. In the next subsection, taeeSyector Modulation DTC strategy

is presented.
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2.3.3 Space Vector Modulation based DTC Strategy

The Space Vector Modulation (SVM) based DTC control schesr&hbwn in Fig.2.17. It has two
control blocks, one for the stator fluxd) and another for electromagnetic torqdg)( In the scheme,
the generation of stator voltage signa}’gs(andvgs) is accomplished by employing PI regulators for
achieving desired control action. The PI controller, whiogeit is the electromagnetic torque’s error
(Te"—Te), gives the output voltage valig required to minimize electromagnetic torque error. On
the other hand, the PI controller's output, whose input ésdtator flux errorAg — As), provides the
voltage valuevj, required to minimize stator flux error. The coordinate tfama block transforms
the voltages/ys andvys which are in the reference system fixed at the stator flux (auttanglebs)

to the stationary reference system. The voltages resuitorg the transformation are modulated
through the SVM block to generate the inverter’s requiredatwng signals. A trial and error method

is used to tuned PI controllers to achieve desired conttmracHowever, with more Pl regulators’

VC
Ak
PWM

introduction to the control structure, the control algamitbecomes complex.

T v, Vs
gs Bs S,
=0 " e/ s
— Vv » Inverter
Te * S: o
ﬂ, , I Ié — Olﬂ > M >
§ Vi r V,
* ﬂ‘s 0
CO,, —+ & VdC Sabc
h vy
0) ) < Vs &V 3 -
r Torque, Flux Linkage, & i |
and Speed Estimation |_ Las & Lgs » i Q
‘ 2  — o)
L~

Fig. 2.17: Space vector modulation based direct torquer@lostheme.

In another variant of the DCT scheme, the methods such ag fogic (FL) based DTC, artificial
neural network (ANN) based DTC, and model predictive (MP)YDifave also provided a significant
contribution in improving the performance of DTC. In the Based DTC scheme, predefined rules
are used to select the switching signals. The switchingatsgare obtained from the Mamdani de-
fuzzification method, and the number of rules has to be isefor better performance control [67].

Though, it results in improved transient response but nattmraduction in torque and flux ripples
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under steady-state [96]. Most researches have focused difiedloDTC techniques, namely, the
two-fuzzy controllers in the SVM-DTC technique, FL-DTC#gluatio control, FL-DTC- predictive
control, and even in the multilevel inverter domain [67,.96h the ANN-based DTC model, the
control algorithms are employed with SVM-DTC using two gapa ANN to improve control per-
formance and reduce torque and flux ripples [97]. The first ANdtHel has been used to select the
appropriate inverter switching states, and the secondnedd to determine the stator flux vector
region. In the MP-DTC technique, the switching signals ameeggated based on flux and torque error
minimization of cost function [98—100]. These modified teicjues have obtained improvement in
terms of torque and flux ripples reduction. However, thesertigjues make the control structure more
complicated, and it negates the merits of simplicity in thie(D

Table 2.2 summarizes the conclusions for the control metldtussed in this section from the
viewpoint of the controller’'s features, the easiness ofraji@n at low speeds, high speed, dynamic
performance, and implementation complexity. Since the Dii&hod gives a quick dynamic re-
sponse. Its implementation is simple and does not requyeaordinate transformations and PWM
techniques. Despite these advantages, DTC has some deslléke high torque ripple, higher in-
verter loss, high distortion in voltage, current wavefor@riable switching frequency, and required
low sampling time [71, 101-104]. Several modified DTC teqges have been proposed in the lit-
erature to improve the performance [23, 27, 39, 40, 44, 45{ZPby either changing the switching
strategy or modifying its basic structure. Moreover, théedwrination of optimalAs over a wide
range of speed operations is also a challenging problem T&@-based IM drive. It has a significant
impact on drive performance. Therefore, in the next chapher impact ofA; on DTC-based IM

drive is described.
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Table. 2.2: Summary on the various forms of vector contraitsgies as shown in Fig. 2.9

14%

TH-2946_126102013

Properties/ FOC DTC
Performance SFOC DRFOC IRFOC HC-DTC SVM-DTC | FL-DTC |ANN-DTC | MP-DTC
Defined Yes Yes Yes No Yes — — —
switching frequency
Torque ripple Low Low Low High Medium Medium Medium Medium
Low speed Favorable| Favorable Favorable Neutral Neutra| Favorableavofable | Favorable
High speed Neutral Neutral Neutral Favorable Unfavorahle — — —
Dynamic response Fast Fast Fast Very fast Very fast Very fast Very fast Very fas
Parameter sensitivity High High High Low Low Low Low Low
Coordinate transformation Yes Yes Yes No No No No No
PWM Modulator Yes Yes Yes No Yes No No No
Control tuning Pl gains Pl gains Plgaing Hysteresis bands Pl gaifs Pl gains | gaifs Pl gains
Complexity and processing High High High Lower Medium Medium Medium Medium
requirements




2.4 Conclusion

This chapter explains the motor modeling, and types of esfez frame transformationR<Y-B to a-
B anda-B to d-qg) used to design the control laws for steady-state and dynap@ration of the IM.
Generally, for the high dynamic performance applicatitr ¥ector control schemes are preferred.
Hence, this chapter explains the principle of operatiorhefiector control strategies, such as FOC
and DTC methods, in brief. The hysteresis controller-ba3&€ scheme is a highly encouraging
non-FOC method due to its ability to regulate the machinguerquickly and correctly. This scheme
evades the problem of field orientation.

Besides the advantages of DTC, it has some drawbacks, andf dnem’s the selection ofg.
The correct determination @fy for DTC-based IM drive is crucial, and it plays a vital roleen\a
wide range of speed operations. Therefore, in the next ehapie impact oy on DTC-IM drive

over a wide range of operations is explained in detail.
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CHAPTER 3

IMPACT OF REFERENCEFLUX LINKAGE

ON DIRECT TORQUE CONTROL

3.1 Introduction

As discussed in chapters-1 and 2, the DTC technique has sonitatibns like high torque ripple,
flux ripple, high stator current distortion, and variabletshing frequency [71]. Several methods are
presented in the literature to address the issues of torglie ripples in DTC [23,39,40,44,72—-74].
The work addressed in [39, 40] introduces a control tecteigith a variable duty cycle to ensure
current distortion’s satisfactory and a lower torque rgphder steady-state conditions. In [44], an IM
drive-based DTC scheme is presented to optimize the cunpgie. A predictive method with low
computational complexity and low parameter sensitivigddressed in [45], which reduces the torque
and flux ripples in a DTC IM drive. Since the issues of torqud #ax ripple, variable switching
frequency, and high current ripples are well explained altterature [23, 39, 40, 44,45, 71-74].

In the DTC scheme, the reference flux linkagg)(also significantly impacts its performance. In
conventional DTC IM drive, thd_ is to use at its rated value for speeds lower than base spsed, a
As vary inversely to the rotor speed above the base speed [@8}eter, this solution is not suitable
for the control schemes used for EV applications [69]. Iséhapplications, it is not necessary that the
motor will operate at rated conditions for speeds below Heelspeed [70]. As far as EV applications
are concerned, where the load torque varies depending omatifie and road condition, it is not
suitable to set thag to its rated value for speeds lower than base speed. Moreseiting theAg
to its rated value for low-speed operation may result in & ygh reference torque [70]. Thus, the
determination of the suitable value &f is significant over a wide range of operations and varying

load torque in EV applications.
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As reported in [15, 25, 30,51, 56, 75—-79], there are threi Imasthods for selecting; for the IM
drive system. Namely, variable flux control as a referenoguie's function, flux control based on loss
model, and flux control using a search controller with minimloss/minimum input power/minimum
stator current. In this chapter, the impact of variahieand methods of its determination for DTC-
based IM drive is discussed.

The remaining chapter is organized as follows: Section 8stbes the impact of variablk!
on an IM drive over a wide range of operations. A detailed ysislis presented in this section to
explain the effects of variabl& on the motor’s behavior. Besides, the DTC scheme with viridb
is discussed. Section 3.3 presents a brief explanation tifade for determining tha&.. Further, a
detailed discussion of its limitation in context to EV ajgpliions is discussed. The conclusions are

drawn in section 3.4.

3.2 Variable Flux Linkage And Its Impact

This section discusses the impact of variahjever a wide range of operations for an EV application.
The discussion starts with the analysis of the desired sgpeed characteristics of an EV drivetrain.
It is observed that the desired torque-speed charactsrisfian EV drivetrain are influenced by
motor As which is variable. An equivalent circuit approach is usedtitain the desired torque-speed
characteristics and is presented in the next subsequerse€urther, it is shown in the analysis
that the motos greatly influences the motor’s performance. In an EV draietrto tune the motor’s
characteristics with the desired characteristics, a obety is needed. In this thesis, the controller
chosen is DTC. The highlights of this section are as follond are discussed in the next subsequent
sections.

e EV Drivetrain and its desired torque-speed charactesistic

e Equivalent Circuit Approach To Obtain The Desired Chanasties

¢ Influence of flux linkage on the motor’s performance

e DTC scheme with variable reference flux linkage

3.2.1 EV Drivetrain And Its Desired Torque-Speed Characterstics

An EV drivetrain has mainly the subsystems consisting ofteebapack, power converters, controller,
and the EM viz. IM. The schematic of the EV drivetrain is shawirig. 3.1 with the DTC scheme.

The major subsystem of the EV drivetrain is the EM. The metéuhctioning completely de-
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Fig. 3.1: EV drivetrain configuration with battery pack, paveonverter, DTC controller and IM.

termines the EV drivetrain’s performance over a wide ranfjeperations [105]. Therefore, it is
necessary to understand the desired characteristics ofdell fior an EV application. The typical
desired characteristics of the EM for EV applications arewshin Fig. 3.2 [105]. The desirable

A
Torque

Heavy Traffic "\ Power

(low speed)

) Highway
| (cruising speed)

Base speed “ Maximum
1 Speed \"
J -

> >: Speed

Constant : Constant Power
Torque

Fig. 3.2: Electric motor’s desired torque-speed charties for an EV application.

driving conditions for EM in EV applications comprise thevi@peed region (i.e., heavy traffic) and
maximum cruising speed region (highway speed), as showigirBR2. At the low-speed region (less
than the base speed as marked in Fig. 3.2), the motor has tat@@é¢ constant torque mode. In the
high-speed region (higher than the base speed), the matdo legperate at constant power mode.
The desired characteristics of EM shown in Fig. 3.2 are obthif the motor voltage, current,
andA exhibit the characteristics, as shown in Fig. 3.3. The dtarstics are shown in Fig. 3.3 show
that the voltage supplied to the motor increases with theease in speed, whilg; is kept constant
in low-speed operation. This low-speed region, preferaibgnd around the city area, is regarded as
heavy traffic. At the point of base speed, the excitationagmtto the motor reaches its rated value.
After the base speed, the motor voltage is kept constanAaneakened. This region is regarded as
a highway region, where the motor can attain its maximunsargispeed.

As shown in Fig. 3.3, the characteristics are the requiredatteristics of voltage, current, and
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Fig. 3.3: Required characteristics of motor voltage, autremd flux linkage for an EV application.

As for the motor to obtain the desired characteristics, as shiowFig. 3.2, in EV applications.

As discussed in chapter- 1, the rugged and low-cost inductiotors (IM) have become a viable
alternative for EV applications [21]. Thus, IM based driee &n EV application is considered in this
thesis. The characteristics shown in Fig. 3.3 are the reduattributes of the motor to be used for
EV application; therefore, it is essential to analyze IM&sfprmance. The performance of the motor
is evaluated by examining its equivalent circuit. Since Bvtonsidered in this thesis, its equivalent

circuit analysis is presented in the next subsection.

3.2.2 Equivalent Circuit Approach To Obtain The Desired Chaacteristics

The equivalent circuit of IM is shown in Fig. 3.4. To obtairetbharacteristics, as shown in Fig. 3.3,

the following analysis is made using IM’s equivalent cikcui

~ i, L ‘. L
i R J Oy 78 J Wy Iy
s a b C
_—’% 2~y 0 ~Y c
t
Vg ]wsﬂ“s Ev - Er ja)SLm a)s/lr g%
JOg Ay
s ° a

Fig. 3.4: Per-phase equivalent circuit of IM with rotor gtiaes referred to the stator.

Using the equivalent circuit, as shown in Fig. 3.4, the stat@nd stator currenid) are expressed

as [62]:

As = Les+Lmir (3.1)
— jol+ %

I o b SIS 3.2
Is Iy jlm (3.2)
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wherews = 211fs and fs is supply voltage frequency applied to stator winding.
Substituting the expression fshown in (3.2) into (3.1), and taking the magnitude and sgjoér

(3.1), the stator flux linkage is expressed, as shown in:(3.3)

2 2 2
(2 (5" ()]

wherewy) is slip frequency. Upon using a valid approximation, i.e.,

oL, 1
< = 3.4
R Ay (3-4)
(3.3) can be simplified as:
. ReLs >
As=I1 3.5
i~ 35)

Based on the equivalent circuit model, as shown in Fig. Bglntechanical output powery is

obtained as:

(1-9
s

3. 3. W
PO == Tea}m = éll?Rr = EII’ZRT@ (36)

wherewmn andw are mechanical and electrical velocity of rotor, respetyivFrom (3.6), the rotor

current is written as:

. 4\ Tewy
2 e
’ <3p> R (3:7)
Moveover, from (3.5) slip frequencyy) in terms ofi; andAg is evaluated as:
_ (RLs\ i
an= () & 39)
Substituting (3.8) in (3.7), the rotor current is expresiserms ofAs, Te, and motor parameters
as:
2 2
i2 = 167\ T (Ls (3.9)
9p? ) A2\ Lm
Taking magnitude and square of (3.2) and solving (3.9) arlg),(8tator currenti{) is determined
as:
16\ T2 (Lol \? (A2
2 B ‘e Skr s
2= (o) 22 () +(3) 510

From (3.10), the motor torqudy) is given by (3.11),

(3P (A [, A2
R_<4><uh -3 (3.11)

whereis is stator current ands is stator flux linkage of IM respectively. The relation in18), shows

the dependency of with Ag andis, assuming all other parameters of IM, (L, Ls, andL,) as
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constant.

Solving (3.11) and simplifying for stator flux linkage, wetge

Lsis 64 L2 T2
As\@JH\/l <§Lﬁnr|02é (3.12)

(3.12) shows the expression of moty; which is a function ofTe andis. At the low-speed region

(less than the base speed), the motor has to operate atrdestpie mode, as shown in Fig. 3.2. To
obtain the desired. characteristic, thds must follow the relation (3.12) upto base speed, as shown
in Fig. 3.3. Moreover, upto base speed, motor currhig kept constant at its maximum value. In
this mode, T is constant, and power is proportional to speed and is limeaeases with speed, as
shown in Fig. 3.2. The motor output powé) is obtained using (3.6).

In the high-speed region (higher than the base speed), ther hnas to operate at constant power
mode. Upto base speed, the motor runs at maxingimFrom the equivalent circuit shown in Fig.

3.4, the expression of maximum torque is given by (3.13);

3p)\ /1-S V2
Tem= <—> < > 2 (3.13)
e (Rs+ R+ 62(Lat mz)

Substituting (3.13) in (3.6), the motor output pows)(is re-written as;

3p V2(1-9)
p— (2P (3.14)
( 4 > (Rs+ \/R§+w§(|-s+ Lr)z)

The expression (3.14) shows that the motor output power pertdent on excitation voltagersf

at/beyond the base speed and remains constant. The excitattages {s) to the motor reaches its
rated value (see Fig. 3.3), and further incremeniiis not preferred due to the motor rating. Thus,
the high-speed region is also regarded as a constant povgsr. mo

In order to obtain the expression &f beyond the base spedd,in (3.11) is replaced by (3.15)
[106]:

. Vs— WsAs

= 3.15
Is R ( )

The expression (3.15) is obtained, considering the ststatg-condition of IM. From the equivalent

circuit of IM, as shown in Fig. 3.4, the stator voltage equatviewed from the termina f is given

by:
Vs = Rels+ jwsAs (3.16)

Taking the magnitude and solving fiar one can obtain the expression, as shown in (3.15).
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Solving (3.11), (3.15), and (3.13), the expressioAgé determined by (3.17), which is applicable
for speed beyond the base speed.
3 Vsl-g (_U)sLm+ RsLr \/ngsz + %TEZ - Rg)
° I—m (Rg - Léwsz)

The relation (3.17) determines the expressioAs@t maximuml and ratedss. Therefore, the desired

(3.17)

torque characteristic shown in Fig. 3.2 beyond the basedspedbtained ifAs follows the relation, as

shown in (3.17).

1. Consider the equivalent circuit of IM, as shown in Figure 3.4.

2. Perform IEEE standard tests, no-load and blocked rotor tests at rated conditions,
to obtain the parameters of IM.

3. Solve the equivalent circuit to obtain the expressions of 7e and As for speeds
below and above the base speed as shown in steps below:

Upto Base Speed
1. To obtain the desired 7e, As must
follow the relation shown in (3.12), at
maximum stator current .
2. The desired value of Te is obtained
using (3.13), assuming all other
parameters of IM (p, Lm, Ls and Lr) as
constant.
3. Upto the base speed, Te is constant,
as shown in Figure 3.2.
4. In this mode, Pm is proportional to
speed and increases linearly with speed,

Above Base Speed
1. To obtain the desired value of 7e,
As is first determined using (3.17).
2. Again, stator current is determined
using (3.15).
3. Thereafter, the desired Te is
obtained using (3.11), assuming all
other parameters of IM (p, Lm, Ls
and Lr) as constant.
4. In this mode, Pm is constant, and
is obtained using (3.14), as shown in
Figure 3.2.

as shown in Figure 3.2, and is obtained
using (3.6). Note: Here, Vs is maintained
Note: In this region, to obtain the| |constant at its rated value.

desired Te, stator current and As must
be constant, as shown in Figure 3.3.
Note: At base speed, vs reaches its rated
value.

Fig. 3.5: Steps wise procedure to obtained desired chaistae as shown in Fig. 3.2

The relations (3.11) to (3.17) show that Te, Vs, |s, anday are all interrelated. These quantities
have a significant impact on a wide range of operations in BMiegtions. The step-wise procedure
and its flowchart to obtain the desired characteristics Esge 3.2) for electric motor are shown in
Fig.(s) 3.5 and 3.6. These characteristics are obtainedted Iconditions, assuming all other IM
parameters as constant (magnetic saturation ignored)a Wwidte range of operations, it is observed
that variableAs is desirable. Besides, it is also accepted tareatly influences the performance of

the motor. In the next subsection, the impacAgbn the motor’s performance is addressed.
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Consider the equivalent circuit of IM
shown in Figure 3.4.

Perform No-load and blocked rotor tests at rated
conditions, to obtain the parameters of IM.

v

Solve the equivalent circuit to obtain the value of Te
and As for speeds below and above the base speed.

Determination of characteristics curves
(for Te and As) above base speed

Determination of characteristics curves
(for Te and As) upto base speed ‘At base speed, Vs

eaches its rated value

To obtain the desired Te,
calculate As using (3.12),
at maximum  stator

[ Calculate As using (3.17) |
L]

Calculate stator

current. current using (3.15)
Using (3.13), obtain the desired value Calculate the desired value
of Te. Upto the base speed, Te is of Te using (3.11)
constant, as shown in Figure 3.2. 1]

And using (3.14), obtain the
| Using (3.6, obtain the value of Pm | value of Pm.

To obtain the desired characteristics of|
_|Te, as shown in Figure 3.2, combine the
"|curves obtained for Te, for speeds
below and above the base speed.

¥

To obtain the characteristics of As, as shown in
Figure 3.3, combine the curves obtained for As,
for speeds below and above the base speed.

Fig. 3.6: Flow chart to obtained desired characteristicshasvn in Fig. 3.2

3.2.3 Impact of Flux Linkage on the Motor’'s Performance

The issue of variablds is addressed in this section. Fig. 3.7 shows the vectors ghet flux

density in the air-gap of the IM at no-load and load. The tastimagnetic fieldB.e) of IM is

the vector sum of the stator magnetic fieBkY and the rotor magnetic fieldg) and is given by

(3.18) [107]
Bnet = BS+ BR
The electromagnetic torque, which keeps the rotor turri;ngiven by (3.19)

—  —
Te — kBR X Bnet
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wherek is the motor constant. The magnitude of the electromagtmtigie is given by

Each term in the expression (3.18B.20) must be considered separately to understand the IM’s

ER} (IR

(b)

Fig. 3.7: Magnetic fields in an induction motor at two rotoesgs (a) aty rad/secand slip &) (b)
atayp rad/secand slip &) (wherew, > w, and$;, < S).

overall behavior.
¢ Bg The stator magnetic field is directly proportional to thereat flowing in the stator, as long
as the stator core is unsaturated.

e Bg: The rotor magnetic field is directly proportional to thereunt flowing in the rotor, as long
as the rotor core is unsaturated. The current flow in the intweases with increasing slip.

e B The net magnetic field is proportional to tBg and Br as given by (3.18), which are
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eventually proportional to the currents flowing through $Mtator and rotor. The current
flowing through the IM depends and proportionate to the agploltage. Therefore, the
in the motor is proportional to the applied voltage and tladostcurrent.

e sind: The angled is the angle between net and rotor magnetic fields. With taagh in speed,
slip changes lead to a change in the rotor-indudgg €.m.f.'s frequency. As rotor reactance
is a function ofEg frequency, a change in rotor curretg)(will be observed. As a resultg
now lags further behind thEg, and the rotor magnetic field8¢) shift with thelg, changing
in angled is observed as shown in Fig. 3.7. Therefore, the change am spieed eventually

leads to the change in angle

The expression (3.20) shows that the torque is directly gtamal to the net magnetic field, rotor
magnetic field, and angl@. The net magnetic field can also be analyzed in terms of flkketirby

the stator of IM. The calculation of flux linked by the coilsaigplained in [108] and given by
{pnit€/2
Aph_coil (t) = ImNc / Bﬂet(R& e,t)de {ph =a,b, C} (3.21)
{phi—€/2

whereB; is the radial component of the resultant magnetic fiRidis the stator inner radiug is
the spatial angld,, is the motor length, anbl. is the turns per coil {pnh; ande/2 represents angle
of axis and coil pitch for one coil of any phase.

The total flux linkage for a phasé,, is determined using the flux of individual coils of that

phase as given by

coils

Aph(t) = P'Zl Acoil {ph=ab,c} (3.22)

Usingabc—to — dg transformation, direct and quadrature axgs#ndAq) flux linkages can be

obtained. Thus, the total flux linked by the stator of an IMiigeg by
As=1/(A2+A2) (3.23)

The flux linked @s) by the IM’s stator is fundamentally the function Bfe: and which is even-
tually the function of stator current. As the stator currenanges, the angl@ changes. It is also
clear that the torque will also change given by (3.20). Thenge inB,; indicates the change k..
Moreover, in a wide range of operations with the change iorrgpeed, the back e.m.f. induced in the
stator winding changes; as a result, stator current charges consequence, the changes are seen in
motorAg as well as inle.

It is seen from the above discussion that the matdnas influenced on the torque-speed charac-
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teristics of the motor. As EV applications are concerneis, fiiot necessary that the motor operates at
rated conditions over a wide varying speed and torque rafigerefore, to tune the motor’s character-
istics with the required attributes for EV applicationsomtroller is needed. Moreover, it is observed
that the variable\s is desirable for a wide range of operations. Thus, to obtardesired character-
istics, as shown in Fig. 3.2, the input feed to the contratheist be of nature, as shown in Fig.3.3.
In this thesis, the controller chosen is DTC. The bettergrarhnce of DTC strategy depends on the
accurate determination af over a wide speed range, in EV applications. In the next siiose the

DTC strategy with variabld; is explained.

3.2.4 DTC Overview

| | Vd{‘
. -
@, !
7 Aw, PI 1; + ~AT, a1, 7:1 Sae L
Controller | e o
. Switching |
Table |
Variable reference | —lD
flux linkage | S ’
hC
| < ||
Flux and Voltage and 1%
Torque Iaﬁs Current L |
| Estimations | Transformations |
DTC Block A 1,1
. @b L
Speed Encoder IM

Fig. 3.8: Block diagram representation of DTC based IM driVee sub-blocks, voltage & current
transformation, and flux and torque estimation block wishdiétailed implementations are shown in
Fig. 3.9.

A brief description of the DTC strategy is explained in clea@®. In this section, DTC with
variable flux linkage (as one of the reference command symabiscussed. A block diagram of the
DTC-based IM drive is shown in Fig. 3.8. DTC algorithm aimsdisontrol the instantaneous values
of Te andAg of an IM directly and independently. The control action isrigal out with the selection
of a suitable voltage vector from a switching table. Thedala of voltage vector is decided based on
error status (i.e., torque errdfy), flux linkage error 44)), and sector positionN). The errors status
is generated by the comparison between the respectivenefeand estimated values, respectively.

The DTC based speed control of IM, as shown in Fig. 3.8, iseaeldl by considering the follow-
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ing blocks:
e \oltage and current transformations block: The actual motor voltage and currents are mea-
sured, andbcto a — 3 transformation is performed as discussed in chapter dpsee2.3. In
the stationary reference, i.e,— 8 frame, using the measured actual stator phase currenis (i.e
ias andips), Vyc, and inverter gate switching signals,( S,, andS.), thea — 3 components of

stator voltage and current are determined as:

Vas = <V%C) (255— So— SC)

(3.24)
Ves= (%) (®-)
las = las (3.25)

iBs = (%) (las+ 2ips)

¢ Flux linkage and torque estimations block The performance of the DTC scheme depends
on the accurate estimation &f andT.. Several estimation methods fdyandT, are proposed
in the literature for DTC-based IM drive [109]. Most of the thneds are based either on the
voltage model or on the current model. The estimation metiasid on the voltage model
has the inaccuracy in the low-speed region, whereas therdumodel’s technique is sensitive
to machine parameters. In [110], a voltage-current mod€@NY is introduced and widely
accepted as th&; and T estimation technique for DTC over a wide range of operatidrige
VCM scheme is explained in detail in the next subsequentasect

e Encoder block for rotor speed measurement An incremental optical encoder is used to
measure the motor’s speed. Generally, the encoder is nbtmtbe shaft of the machine set.
The encoder’s output is directly fed to the high computingcessors (i.e., DS1103, DSP, and

FPGA) measurement unit, which gives the IM’s measured speed

3.2.4.1 \Voltage-Current Model Based Flux Linkage and Torqe Estimation

Using (2.44) from chapter 2, section 2.2.3an- 3 frame, theAqs andAgs can be determined as:
Aas = f (Vas_ iasRs) dt
Aps= | (Vps—ipsRs) dt

The relation in (3.26) shows that the estimatiomgf andAgs usesa and3 components of the

(3.26)

stator voltage and current. Tlieand3 components of stator voltage and current (Mas, Vs, ias,

andigg) are obtained using (3.24) and (3.25).
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The accurate estimation #fs andAgs in (3.26) depends on the actual measured signals’ accuracy.
The actual signals, i.eigs andips, andVyc, as shown in Fig. 3.8, are measured by using sensors. The
sensors used for measurement have inherent noise andsét-efhich leads to an inaccuracy in the
flux linkage’s estimation. Therefore, to achieve the adeustator flux linkages estimation, (3.26) is
modified for a wide speed operation. Using the voltage m¢@e26) is modified to estimatg,s and

Ags @s:
Aas = f (( as— lasRs) + Yac) dt

Aps = J (Vs = ipsRs) + ¥c) dlt

where,y,c andyp. are the error compensation factor for the estimationgfandAgs, respectively.

(3.27)

The error compensation factors are determined using threrdumodel. In the current model, the
estimation of rotor flux linkages, i.eA’qr andA’g,, are achieved using rotor voltage expression of
(2.45). The term¥/,, andVp, in (2.45) are equal to zero as the rotor windings are shoifted.rotor

voltage expressions are modified as:

0=Rigr— ﬂ})\lﬁr d)\ g

dA (3.28)
0= Rrig + @A qr + dtﬁr
Using (3.28), the\’; andA’g, are estimated as:
Nar =1 (3 (Lrias —A'ar) + ax\ gy ) (3.29)

Nge = I (% (Lmigs—A'gr) — @A'ar ) dt
% is the rotor time constant.

The rotor flux linkagesX'qr andA’g,) from the current model are estimated using (3.29). The

wheret, =

relation between stator and rotor flux linkages are obtaurs#ag the expression of (2.44) and (2.45)

as:

(3.30)

whereo =1— éﬂr is the leakage factor.

Finally, the error compensation factor,{ andyp.) values are determined from a PI controller
by passing the difference of estimated stator flux linkages (Aas-A’as) and @gs-A’gs) using (3.27)
and (3.30).

The final values of\4s andAgs are estimated using (3.27) after substitutiorygfandyp. values,
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respectively. Thus, the magnitude and angléagfan be evaluated using (3.28) as:
(3.31)

As= 1/ (Aast3,)
s = arctan(;\—gz)
The T, can be estimated using (3.27) and (3.25), as discussed pectiy section 2.2.5:
(3.32)

3P . .
Te= 5% ()\as|[is - )‘leas)

The accurate estimation @k and T, is essential for the satisfactory performance of the DTC
strategy over a wide range of operations. The detailed imgiation block diagram of the VCM

scheme and transformation block (voltage and current) levenis in Fig. 3.9. Moreover, a precise
Vas

Sabc =~

V e Val\v:[ij(zsa—s,,—sc) lgs = las —V/L>

—  » )

PR v e (o b
as>'bs | NG ‘ s

Transformation Block
v ¥ P X
a5 > Error
ﬂ‘éﬂs)a(/lﬂs _l,ﬂs)

v,
as » X
V:&—> A ZJ.((Vas _lasRs)+7ac)dt 4
lgs »{\as T
e .
'ps > ﬂ’ﬁs = J-((Vﬂs _l,BSRs)+7ﬂc)dt 4p \ A
Voltage model
A e
. >[I 1 ) | | A : L, ), .
lyg—— Agr = I(T—(Lmlas — Ay ) + wriﬁrJ dt or | Ays = (L_m]lw +(oLgiy)
. r [ r
lgg——™ A
Bs Br
' 1 . ' ' > ' ' .
o ——*| A= (T_ (Lwips =20 )= @0 ] dt Aps = [L—’"jﬂﬁr +(oLsig,)
> = ’
Current model
Voltage and Current Model Based Estimation
3P/, . -\ Aas A
Te :EE(/laslﬁs _ﬂ'ﬂslas) — A = (/'I.§S+/'L§s)—9£
iﬁsl 0, :arctan[jﬁsj —
Flux linkage estimation

Tas! 2l sl i
Torque estimation

Implementation block diagram of VCM scheme andgfarmation block. The diagram

shows in this figure are the sub-block diagram of voltage &enirtransformation, and flux and

Fig. 3.9:
torque estimation block for the DTC strategy shown in Fi@. 3.

and accurate estimation @f and T, is possible in the DTC strategy when a motor operates with
suitableAs. For an applied voltage and current in the DTC strategy, anuzn always estimate the

62
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As andTe. The estimated values af and T, are whether the actual required values of Agand T,
considering the motor’s voltage and current rating congsaare decided by comparing with their
respective reference (i.é\y & T) values in the DTC strategy.

In conventional DTCA; is kept at a constant value (usually at rated value) as thosesdare set
to run at a constant speed. However, in EV applications, t@mnusually does not operate at rated
conditions for all the speed ranges [70]. For a wide rangepefations (see Fig. 3.2), a varialig¢
(see Fig. 3.3) is desirable in the DTC scheme. For proper egxige control over a wide range of
speed and torque, the in the DTC scheme is shown in Fig. 3.8 should be variable. Blee a
suitable selection ok will also help in estimating the accurade values andl. over a wide range
of operations.

Thus, the selection of optimal is very critical for EV applications over a wide range of aper
tions [111]. From the above discussion, it can be seen th@bla A is preferred over a wide range
of operations and will impact the performance of the motoorébver, the EV drivetrain efficiency
can also be improved by adjusting the command depending upon the control algorithm over wide
operating conditions. Numerous techniques on determiapignal A for IM drive have been re-
ported in recent years [15, 25, 30,51, 63, 76]. Some of thexeate flux linkage value determination

techniques for IM drive are discussed in the upcoming sectio

3.3 Determination of Optimal Reference Flux Linkage for an Induction

Motor Drive

According to the literature, the three basic strategiedtierdetermination of optimalg in vector
control IM drive are reported:

1. Variable flux controller as a torque’s function.

2. Flux controller based on the Loss model.

3. Flux search controller-based on minimum loss/ minimuputrpower/minimum stator cur-

rent.
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3.3.1 Variable Flux Controller

This method is a well-known technique and widely used in gtidubecause of its simplicity [28]. In

this scheme, the determination Ayf is evaluated based on the desired torque value (3.33):

T*
‘)‘s*’ = Msn‘ \/ T_e (3-33)
en

where Ag, is the nominal flux linkageTen is the machine’s nominal torque, afg is the desired
torque. This method is based on the limit cycle control of finkage and torque using optimum
pulse width modulation (PWM) output voltage. Here, the timyjcle defines the hysteresis bands
of flux linkage and torque. The instantaneous values of theliikage and torque are calculated
from the primary variables (i.e., voltage and current agaptio the IM). These primary variables can
be controlled directly and independently by selecting raptn inverter switching modes. In this
strategy, one of the variables is controlled and is measaredtimated. This measured or estimated
value is used in the drive’s feedback control for predefirefdrence values, as shown in Fig. 3.10.
In Fig. 3.10, the command sign@} can be stator flux or stator direct axis current, @acan beT

or stator quadrature axis current.

\

Control PWM
Strategy Inverter

Cl
Vdc
5 Y
Control variable
(measured or estimated) Stator voltage and

current measurements

Fig. 3.10: Block diagram of flux controller.

Fig. 3.11 shows the block diagram representation of the Dif&iegy with a variable flux con-
troller. The control strategy block is shown in Fig. 3.10éplaced with the DTC strategy block, as
shown in Fig. 3.11. Tha¢ in this scheme is the reference torque function Tg.given by relation
(3.33). The complete control strategy was developed onythehsonously rotating referencd £ q)
frame [28]. The method is simple and gives satisfactorygsernce, but only for a narrow range of
operations. Moreover, it is sensitive to the motor’'s par@meariations due to temperature changes

and magnetic circuit saturation [56].

3.3.2 Loss Model-Based Flux Controller

This technique for flux control is based on the IM’s loss mddeletermine an optimalg at desired

conditions. In [62], the optimum value @af is determined from the IM loss minimization algorithm,
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= Table
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Variable flux controller _ _
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flux linkage S, h
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Flux and Voltage and
Torque qu\ Current
| Estimations [«—— Transformations
A
DTC Block @,

Speed Encoder

Fig. 3.11: Block diagram of the DTC strategy with a variablexftontroller. The control strategy
block of Fig. 3.10 is replaced with the DTC block. The contstiategy developed on the syn-
chronously rotating reference frame.

and a loss model has been developed in tern;,0fe, N;, and motor parameters. In literature, the

copper and iron losses of an IM are usually modeled as follows

3. 3.
Pi= §|5R5+ El?Fer (3.34)

Peore = Ke fsz)\sz +Kp fs/\g,z (3.35)

The copper loss model (3.34) includes ohmic losses on ther stad the rotor, and the approxi-
mate iron loss model (3.35) includes eddy current losseshgsidresis losses. The consti&atand
Kn represent the eddy current loss and hysteresis loss ceaffidihe values dke andKy, values can
be determined by performing a no-load experiment on IM.

In (3.34) and (3.35), the termg i, and fs have to be determined in terms of motor parameters,
«r, Te andAs.

Theis, i, and fg are determined using (3.36), (3.37), and (3.38), and austed in section
3.2.2:

o 16 T2LAZ A2

_ -l As 3.36
ST OPAZ 1A 12 (3.36)

16 T2 L2

2 e s
_ 201 ks 3.37
" 9PeaZLe (3.37)

1 4 Ty RL2

fo= — e 3.38
S 271[ +3P)\52 L2 (3.38)
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By substituting (3.36) and (3.37) in (3.34) and solving, Bagis rewritten as:

8 [T.]? Lis) 2 Ly\2 | 3 Ae \?
Pu= — | <2| (14+=2) |R[1+=X °R 3.39
cu 3P2 |:AS:| < + I—m S + Lm +R|'_ + 2 S L]_s"‘l—m ( )

Similarly, by substituting (3.38) in (3.35) and solvingeth.qr¢ is determined as:

2 ~
1 4 ToRL217 ., 51 4 ToRL2
Peore = Ke— — AL+ KpAs— — 3.40
core e4n[°‘*+3p)\g 2] T e on [T e g, 349
Finally, the total motor lossH4) is determined as:
Rotal = Peu+ Peore (3.41)

The optimumA{ for a given condition can be determined by minimizing (3.4MNt. As. Fig. 3.12
shows the block diagram representation of the loss modedebfux controller. In Fig. 3.12, the
command signaC; can be stator flux or stator direct axis current, @acan beT. or stator quadra-
ture axis current. The required optimal valueGafis determined from the loss model approach by

minimizing (3.41) wrtAs.

Y

G
Control PWM
Strategy ™ Inverter W
Cl
4

A

L Flux linkage

optimization

 §

A4

Motor loss Stator voltage and
calculations current measurements|

Fig. 3.12: Block diagram of loss model-based flux controller

Several methods are reported in the literature for the lassnization approach and its improve-
ment. The method is equally acceptable in the FOC strategyelss in the DTC strategy [15, 30].
The control strategy was developed in the synchronousbtingt referenced — ) frame. Fig. 3.13
shows the block diagram representation of the DTC stratétfyaMoss model-based flux controller.
The control strategy block is shown in Fig. 3.12 is replacdti the DTC strategy block, as shown in
Fig. 3.13. The\{ is optimized based on thE andw'.

The algorithm’s execution response is fast, as the optiwéa calculated directly from the loss
model. The optimal operating point can be calculated from strategy with the acceptance of the
exact determination of losses in the drive. However, forftlewing reasons, it cannot be possible
in practice [58]:

e The determination of losses such as stray load loss, ir@edds case of saturation, and copper
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Fig. 3.13: Block diagram of the DTC strategy with a loss mdaeded flux controller. The control
strategy block of Fig. 3.12 is replaced with the DTC blockréténe synchronously rotating reference
frame is used to develop the control strategy.

loss because of temperature rise are difficult to predict.
e The measurement of all control signals using sensors cdrpbssible due to its cost lim-
itation. It means that the estimation process for certagntjties is being performed, which

naturally leads to an error.

This strategy’s performance depends on the accurate matameters identification and their

variation during operation [62], and accurate determamatf motor parameters is difficult [63].

3.3.3 Flux Search Controller

The search control (SC) techniques employ iterative adljeist of the flux command in the machine
controller. The iteration process is carried till the meadwariables settle down to the lowest value
for a given torque and speed. Fig. 3.14 shows the block diagrgplementation of the SC algorithm.
In this algorithm, the input power (or current) has been mired for a giverily andwy by adjusting
aAg value [30,51]. The SC algorithm iteratively changes the fewel searching for the optimal
excitation that gives the minimum input power (current)tfoe existing operating condition.

The SC algorithm’s basic flow chart is shown in Fig. 3.15, wehkris the measured quantity
(motor input power, DC input power, and stator current), aimglthe control variable (stator or rotor
flux linkages). In Fig. 3.14, the command sig@alcan be stator flux or rotor flux or stator direct
axis current, an@; can beT" or stator quadrature axis current. The required optimalevalf C;
is determined from the SC-based algorithm on the measumabi@ Fig. 3.16 shows the block

diagram representation of the DTC strategy with a flux seaotttroller. The control strategy block
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Fig. 3.14: Block diagram of search controller algorithm.

Initialize then measured
f(x) and x

Compared f(x) and x with
their previous value
Y
Determine the perturbatio9

direction of x for minimum

Y

1 Iterate }

Fig. 3.15: Flow chart of search controller algorithm.

is shown in Fig. 3.14 is replaced with the DTC strategy blaskshown in Fig. 3.16. Th&; value
is optimized for a givernTy" and «j° to achieve the minimum input power for the desired operating

condition. The complete control strategy developed on yimetgonously rotating referencd  q)

frame.
—a 1T =1 |y
| | 2
. ! !
@, A i AT T N —
Q, PI | 1.+ |- 1 abe
- Controller g " 1 i, s
) % | Switching |
r N T A Table
o, Minimum | . |
B e | |
Y Variable
reference flux |
linkage S
Vi |
- Flux and (e~  Voltage and
Motor input power Torque 1 dgs Current -
or stator current % Estimations «——] Transformations
1,1
}o, a bl Py
DTC Block —_— — 1T —
Speed Encoder IM

Fig. 3.16: Block diagram of the DTC strategy with flux searohteoller. The control strategy block
of Fig. 3.14 is replaced with the DTC block. Here the conttidtegy developed on the synchronously
rotating reference frame.

As the input power is a parabolic function of the machine al&r, various SC methods such as
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fuzzy [112] and neuro-fuzzy methods [59] are available famimizing the input power (or current)
for a given output. The merit of the SCs is that they are inddpat of drive parameters and can
be very accurate. However, this method suffers from slowemence and torque ripples if the step
changes of the flux command are abrupt [15, 25]. The load ¢topglsations and measurement error
may also lead to deterioration in the search algorithm’soperance. Moreover, it is observed for
the drives with faster dynamics, the convergence issue stitlagion for flux’s optimum value in the
control algorithm are not desirable [15].

There are also hybrid methods are reported [15, 25] by canmpithe advantages of the loss
model approach and the search controller. In this methodssrmodel-based approach calculates
the initial value Cp) for the SC algorithm, followed by searching for the final flugptimal value.
Fig. 3.17 shows the block diagram representation of theitiyinodel scheme. The merit of this

method is the fast determination &f and is robust to parameters variation. However, the meshod’

C2 _ A
=1 Control PWM
Strategy Inverter ﬂ@
N/

Minimum

A Vdc
Y Y
Loss CO DC-link power or motor I
Minimization input power or stator  f«a—"abc
Model current measurement

Fig. 3.17: Block diagram of hybrid algorithm.

performance depends on the accurate measurement of the signal, the type of search algorithm,

and the determination of initial value calculation from tbes model approach.

3.3.4 Limitations

Based on the published reports in the literature, Table I3ofvs a summary of reported techniques

from aspects such as torque ripples, wide speed range, orgeet range, and computational com-

plexity.
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Table. 3.1: Summary of reported techniques for selectiaefefence flux linkage

0L

flux linkage sector selection

Methods Torque | Wide Wide Computational | Need for detailed | Renarks
ripple speed range| torquerange| complexity motor parametes
Conventional High No No — — Constant flux approach (not suitable for EV
applications [69]).
Variable flux method High Limited Limited — — Simple but determination of the optimal valueXaf
is not satisfactory and for limited speed range [56].
Loss model based Low Yes limited Yes Yes Suitable for EV application and cated&ine optimalis,
(optimal DTC) but depends highly on the accuracy of motor parameters f§2-+
Flux search controller Medium | Yes Yes Yes No Slow convergence issues and torquiesipp
(Online estimation) [25,30,51].
Flux search controller Low Limited Limited No Yes Does not account for all operatimgpge [15, 25].
(Offline estimation)
Maximum torque per Medium | limited limited Yes Yes Suitable for EV applicatiomgth limited
ampere flux controller range of operation [65].
New online loss Medium | limited limited No Yes Optimum flux and power savings fminimum losses
minimization are obtained, but, convergence time is not defined [66].
Fuzzy logic based stator Low limited limited Medium No Dynamic performance is goodi timited ranges of

speed and torque [67].
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It is concluded that the technique proposed in [69] is noirdbke for EV applications with
a wide range of speed operations. This technique sets thhimeato operate at a ratexf with
constant speed\{). The method, such as a variable flux method in [56], cannteragne theAs
optimal value and operates for a limited speed range. Thentaglel-based technique (also referred
to as optimal DTC) in [62—64] exhibits low torque ripples lva limited operating range. However,
the algorithms associated with optimal DTC are complicated required detailed knowledge of
motor parameters. The method proposed in [30, 51] is the fiaxch controller based on online
estimation. The process is independent of motor paramietersuffers from slow convergence and
torque ripples [25]. In [15, 25], the flux search controllechinique based on offline estimation is
proposed. This method exhibits low torque ripples withs$atitory performance but does not account
for all operating conditions. The method proposed in [64-+&6& an acceptable performance in the
low-speed region. The demerits of this method are; it is @dfiwith limited N, and T, ranges and
exhibits torque ripples. In [67], the presented method heetiafactory performance with low torque
ripples but accounts for limited rangeshif andTe.

This section discussed the three methods for the deterioninat A; in vector control IM drive.
The detailed implementation procedure for each methodakeed. Each method has its own merits
and demerits; hence the selection methods\fodepend on the dedicated application. The selection
of AJ is crucial for a wide range of operations as well as for theciefficy improvement of the EV

drivetrains.

3.4 Conclusion

This chapter explains the impact of varialdg¢ on the performance of DTC-based IM drive. It is
clear that the characteristics shown in Fig. 3.2 cannot beeaed by the constari; method. For a
wide range of speed and torque, a variakjg(see Fig. 3.3) is desirable in the DTC scheme. Hence,
the selection of optimaA is critical and has a substantial impact on IM drive perfanoeafor EV
applications over a wide range of operations and the EV tldirés efficiency improvement. The
determination methods @f are broadly classified into three categories. For each rdetherits and
demerits are discussed. It is found that there is no gemethiccepted method for determining the
reference flux linkage.

Thus, the determination of optimaf is one of the challenging issues in DTC of IM for a wide

range of operations and variable load conditions. Hencaaretis a need for revisiting the DTC
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technique over wide speed and torque ranges in EV applicatibherefore, in the next subsequent
chapters, the determination methodsig¢fare proposed for DTC based IM drive over a wide range

of operations.

TH-2946_126102013 72



CHAPTER4

REFERENCEFLUX LINKAGE
DETERMINATION FORDIRECT TORQUE
CONTROL INDUCTION MOTOR DRIVE
BASED ONFINITE ELEMENT ANALYSIS

MODEL

4.1 Introduction

As discussed in chapter -3, th¢ significantly impacts the motor’s performance in the DTCesub.
As reported in [15, 25, 30, 51, 56, 75—79], the optithaldetermination is also one of the challenging
issues in DTC-based IM for a wide range of operations in EMiegimon.

As per literature, there are three waysf determination for the IM drive system, namely,
variable flux control as a torque’s function, flux controlEsed on the loss model, and flux search
controller (SC)-based on the minimization of loss/inputvpd’stator current. The first method is
simple and gives an acceptable performance, but only formwaange of operations [56]. In the
second method, the is obtained by minimizing the motor’s losses or combinedhwhie inverter and
DC-link capacitor [61]. The obtained optim&} values are stored in the lookup table (LUT) format
and implemented in the control algorithm. In [15], an offlmethod is presented to determihg by
minimizing the motor’s losses. The major demerit of the logsimization technique is sensitive to
motor parameter variations [62]. Besides, the performarfidess minimization techniques depends

on the accurate identification of motor parameters, andigganotor parameters identification is
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difficult [63].

In the third method, the optimum value &f is determined by the iteration process using mea-
sured motor input power [30, 51]. Also, fuzzy and neuro-fubased SCs are proposed in [58—60] to
improve the optimum\¢ value’s convergence performance. Search-based algasfitimain advan-
tage is the robustness to parameter variations since they evothe real-time measured variables.
Besides, a LUT-based offline SC method for selecting ther@dtvalue ofAg is presented in [25]. In
this offline method, the obtained data of suitableare stored in LUT format and fed to the machine
controller for efficiency optimization. This method’s dis@ntage is that it has only a narrow range
of operations [25]. The SC suffers from convergence issndg@que ripples if the step changes of
the flux command are abrupt [15, 25]. The load torque pulsatend measurement error may also
lead to deterioration in the search algorithm’s perfornearit is observed for the drives with faster
dynamics, the convergence issue and oscillation for flustsyaum value in the control algorithm are
not desirable (for example, in EV applications) [15].

As far as the LUT based works for the selectionAgfare concerned, the reported works are
either sensitive to motor parameter variations or do nob@accfor a wide range of operations [15,
25]. Moreover, these works do not explain the techniqueisop@mance for vehicle driving cycles
(especially the speed and the torque) which an EV is asneddd experience on the road. The work
reported shows that the use of DTC-based IM drive, for EViappbn in general andg selection in
particular, have not been extensively studied. Besidesfaund that there is no generalized accepted
method for determining th&Z. The literature review gives an acceptable solution forreomatorque
and speed range, which is not favorable in EVs. In EV appdoat the drive has to run over a wide
range of operations based on the driving cycle, which theghtrpredict on the road.

Since research activities in DTC for IM drive have mostly centrated on industrial application
and not towards application to EVs. However, in EV applmadi, it is desirable to have an algorithm

for A¢ selection, with the following features;

It should account for magnetic saturation in the motor.

It should not use excessive computational resources andicshe fast.

It should be least sensitive to the motor’s parameter vanat

It should be applicable for a wide speed range.

Therefore, this chapter presents a selection method dbr DTC-based IM drive over a wide
range of operations in the context of EV drivetrain. The viogkimary objective is to propose a

method for determining a suitable value of variahjefor DTC of IM over a wide range of operations.
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The two driving cycles, namely, the New York City Cycle (NYT&hd New European Driving Cycle
(NEDC), are considered in this work to illustrate the praabsnethod’s validity over a wide range
of operations. In EV applications, the DC voltage variatisexperienced wrt the discharge of the
battery and operating conditions [80]. Thus, the proposethod first sets the maximum torque
limit based on the available DC voltage and then determinegptoperA;. The proposed method
calculates\, considering the reference speed, tordii, @nd DC voltage. The contributions of this

chapter are:

e Atechnique is proposed to determine a suitable valuedbr the DTC of IM.

e The proposed approach uses a Finite Element Analysis (FE£9dbIM model to consider the
magnetic saturation effect for calculating an approprigtealue.

e The proposed method calculai&s considering the reference speed, tordii, @nd DC volt-
age.

e The offline calculated values @f are collected and stored in the lookup table (LUT) format
and is fed to the DTC algorithm.

e It is less sensitive to the motor’s parameter variation hsag stator resistance and leakage

inductance, and magnetization inductance.

The performance evaluation of the proposed method overasygded range with the vehicle driving
cycles (i.e., NYCC and NEDC) is carried out on the developgzeemental setup in the laboratory.
The technical details of the experimental setup are givelsppendix A.6. The comparison of the
proposed methodology is made in terms of the speed, torqukflax linkage responses, dynamic,
and steady-state performance, with conventional DTC (eob&;) and variable flux technique, for
various vehicle driving cycles. Further, the input energpsumption and efficiency analysis for
considered driving cycles are also discussed.

The remainder of this chapter is organized as follows: 8eeti2 explains the FEA-based method
to determine)g values. An FEA-based IM model is developed, and simulatamescarried out on
the developed model to obtain tAgvalues. A detailed methodology to get the suitable values; of
over a wide range of speed operations is explained in SedtihrSection 4.3 presents the parameter
sensitivity analysis of the proposed method. Section 4fihele the implementation of obtained
as a reference flux linkag@J) in the DTC algorithm. Section 4.5 shows the comparativelystof
the proposed LUT-based DTC with conventional DTC (constdiitand variable flux technique. The
comparison is carried out in terms of the speed, torque, ardiflkage responses for driving cycles,

dynamic and steady-state performance, and the demomstaperimental results. Moreover, the
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input energy consumption and efficiency analysis of the idemnsd driving cycles are also discussed

in Section 4.5. Finally, Section 4.6 presents the conclusicthe chapter.

4.2 Finite Element Analysis (FEA) based IM model

This section explains the methodology for the determimatibAs in context to DTC-based IM drive
over a wide range of operations in EV applications. The deteation ofAS is achieved by using the
Finite Element Analysis (FEA) based IM model. The FEA-bakéddnodel using ANSYS Maxwell
2D is developed, and simulations are carried out to deterrtia suitable values dis over a wide
range of speed. Fig. 4.1 shows the machine’s geometry, andirttension details of stator and rotor

slots are given in Table 4.1. The parameters of the IM aredist Appendix A.2.

Top layer
winding (T)

BsO —p»| |t—

Bottom layer
winding (B)

@

Stator

Stator
slot

Hs2

(d)
Fig. 4.1: ANSYS Maxwell three-phase induction motor moadgINlaxwell 2D (Half view) (b) Stator
slot (c) Rotor slot (d) Lamination sheet.

Fig. 4.2 shows the B-H characteristic of the ferromagnatie ecised in the FEA model of the IM.
The winding scheme of the stator is listed in Table 4.2. Thtostwinding has two layers with four

slots per pole per phase. Each phase has 28 turns and a eollTrslot and out from 11B slot with a
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Table. 4.1: Dimension details of stator
and rotor slots

Dimension | Stator Rotor Unit
Outer diameter 135 69| mm
Inner diamete 70 20| mm

HsO 0.8 | 0.65| mm
Hs1 0 0 | mm
Hs2 14.6| 14.2) mm
BsO 2.5 1 | mm
Bs1l 4 6.27| mm
Bs2 9 3.5 | mm
Rs 1.2 | 0.41] mm

slot pitch of 10 (T and B stand for top and bottom layer windird the slot, respectively), as shown

in Fig. 4.3(b).

B (tesla)

(o) 1 2 3 a 5 6 7
H (kA per meter)

Fig. 4.2: B-H curve of the core material.

Table. 4.2: Two layers winding
scheme of the stator

Phasg Turng Inslgt Outslot
A 28 1T 11B
A 28 2T 12B
A 28 3T 13B
A 28 4T 14B
-C 28 5T 15B
-C 28 6T 16B
-C 28 7T 17B
-C 28 8T 18B

B 28 9T 19B

B 28 10T 20B

B 28 11T 21B

B 28 12T 22B

With the required machine’s geometry (see Fig. 4.1), theditnension details (see Table 4.1),
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Top layer
winding (T)

Bottom layer
winding (B)

Fig. 4.3: Two layer winding scheme of the three-phase indoamnotor model shown in Fig. 4.1
(a) Stator winding scheme with two layers (b) Stator phage layers winding (c) Complete two
layers winding of the stator. The winding scheme is desigmigid 4 slots per pole per phase as per
Table 4.2.

and the winding scheme (see Table 4.2), the IM FEA model igldped on ANSYS Maxwell. The
simulations are carried out with variations in motor speéd, (stator voltage\(s), and stator voltage
frequency €s). The FEA simulation’s primary objective is to obtain sbitvalues ofAs andTe in
lookup tables (LUTs) format over a wide speed range. Themdda UTs provide information about
the suitableAg at requiredN, and givenT in context to the DTC strategy, with voltage and current
constraints over a wide speed range.

The multiple sets of simulations are carried out vithvarying from 100 rpm to 2850 rpm (rated)
in 50rpm steps. For eadk, fsis chosen at a 5% slip, and fefy with respectivelN, are shown in
Table 4.3. Thé/is varied from 10 V to 110 V with steps of 10V. The motor is suggiwith the 50%
of the rated phase voltage. This is due to the limited dc inpitage for the inverter. For each value

of Vs andN;, the corresponding values of stator current, flux linkagel @rque are obtained. The
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obtained values of stator current, flux linkage, and torqeetlae instantaneous values. Therefore,
they are further processed to get per phase rms quantitresoftained rms values of quantities are
arranged in tabular form, as shown in Table 4.4. The exetdieps shown in Fig. 4.4 explain the
process to be followed for FEA simulations and obtainingrine values of stator currenkg), flux
linked (As) by the stator coil, and the motor torqui)in tabular form. Fig. 4.5 shows the flowchart
of the process explained in Fig. 4.4.

Table. 4.3: Few stator frequencies at slip of 5%

Rotor Synchronous | Frequengty
speedK)(rpm) | speed k) (rpm) | (fs)(H2)
100 10526 176
300 31578 526
500 52632 877
1000 105263 1754
1500 15785 2632
2000 210326 3509
2500 263158 4386
2850 3000 50

1. Set the excitation voltage: Vs (Input phase voltage) B
Parametric solution Vs from 10 V to 110V, in steps of 10 Ve Sf“Ee})
2. Set the rotor speed: Nr
3. Set the stator voltage frequency: fs
1. Set the simulation time and run the FEA model of the motor. o
2. Record the value of Is, s (for a,b,c phases) and Te for each V. __Stage2 >
3. These recorded values are instantaneous values. -
1. Since, the simulation time step is same for all these value. Calculation of total flux linkage : Zs

2. Select a complete cycle from recorded data, for 7s, As O e T e O o et e PR G
(for a,bzc phases) and 7e for each V. for all the three phases flux linkage (say Aa, 45, Ac ),
3. Obtained the RMS value of /s (from one complete cycle). foreachils
RMS value:w 2. By performing abc to ¢ transformation on a
stationary frame of reference, 4__and Aps are
4. For the same complete cycle, I obtained WIS
obtained the Mean value of 7e. C_ Stage3 > : (_ Staged >
_2 1
iTe Aas —§Vas _j{ﬂbs +ﬂcs] Tabulate the calculated
Mean Value:% P 1 1 valLLcs in .talt)ué?r 5form
where, 7 is the number of data points in a Ps _ﬁ( hs CS ] as shown In table >.
GG . 3. Therefore, C f/'Stage 5%/ D)
5. The calculated value of current is the Go to Stagé 11 far/;ext
RMS value of a phase current (sa)'/ a’ phase). A= ( /153 B /1;3,) set of values (Ve and
6. The calculated value of torque is the average (total) i, see table 4.3)

torque developed in the motor.

Fig. 4.4. Execution steps for the FEA simulation to obtaia ¥alues in tabulated form as shown in
Tables 4.4 and 4.5.

Tables 4.4 and 4.5 shows some of the obtained tabulatedsvat aiifferentN, and its correspond-
ing fs with the variation ofVs from 10 V to 110 V. In a similar manner, for al, between 100 rpm

to 2850 rpm at 50 rpm steps, the corresponding valugg af, andT, are obtained and arranged in
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Set the excitation voltage: Vs (Input phase voltage)
Use Parametric solution setup: Vs from 10 V to 110V, in steps of 10 V

Y
|Set the rotor speed (V) and stator voltage frequency (f5) ( see table 4.3)|

|Set the simulation time and run the FEA model of the motor |

Record the instantaneous values of Is, As (for a,b,c phases)
and Te, for each Vs

Obtain a complete cycle from recorded data, for Is, As (for
a,b,c phases) and 7e

Calculate the RMS value of Is (from one complete cycle). The calculated value of Is is for
one of the phase (say ‘a’ phase) (see Figure 4.4, stage 3)

Calculate the mean value of 7e (from one complete cycle). The calculated value of 7e is the
total torque developed in the motor (see Figure 4.4, stage 3)

The obtained complete cycle of s (from recorded data) are
for all the three phases flux linkage (say 4a, b, Ac)

Perform abc to aff transformation on a stationary frame of reference,
to obtain Aas and Zss flux linkages (see Figure 4.4, stage 4)

Obtain total flux linkage (4s), using Aasand Ass flux
linkages (see Figure 4.4, stage 4)

Tabulate the calculated values of Is, As and Te, for each Vs
in tabular form as shown in table 4.4.

(see table 4.3), have
NO

imulations performed?,

Fig. 4.5: Flow chart of the process explained in the Fig. th4un the FEA simulation and to obtain
the values in tabulated form as shown in Tables 4.4 and 4.5.

tabular form.

The tabulated values show that the high valug @hdAg are observed at lower speeds, which are
impracticable for the IM used in this experiment. Since tamaplate current rating of IM is 2.5 A.
This work’s primary concern is for EV application, where thréve needs to operate over a wide speed
and torque range with varying load conditions. So, limitihg current to its nominal rated values is
not a preferable condition. Therefore, considering the Bddiin this work with its electrical design
constraint, it is overburden to twice the rated current&alu

Thus, considering IM’s overloading factor to twice its chteirrent value, processing of calculated

data values ofs, Te, andAg are concluded. While processing the calculated valuesgdkee points

TH-2946_126102013 80



Table. 4.4: Calculated values at 300 rpm motor
speed and 5.26 Hz stator voltage frequency

Stator Flux | Torque Input phase
current(rms) linkage Nm) | voltage(rms
(A) (Wb V)
0.47 057 017 10
1.94 108 052 20
4.33 145 076 30
6.76 178 096 40
9.32 206 116 50
12.05 228 134 60
14.85 246 149 70
17.79 261 159 80
20.66 272 166 90
2350 282 172 100
26.31 291 178 110

Table. 4.5: Calculated values at 2500 rpm motor
speed and 43.86 Hz stator voltage frequency

Stator Flux | Torque Input phase
current(rms) linkage Nm) | voltage(rms
(A (Wh \2)
0.21 007 002 10
0.42 014 007 20
0.62 021 015 30
0.83 028 026 40
1.03 035 041 50
1.24 042 059 60
1.45 049 081 70
1.65 056 105 80
1.86 063 133 90
2.06 070 163 100
2.28 077 194 110

corresponding to the high value gfi.e.;> 5 A, are discarded from all the obtained tabulated values.
For example, Table 4.4 has few values correspondingy to 5 A. For such cases, the obtained
tabulated values are again sorted with the current limisugng the corresponding values to high
current are discarded from the respective tables. Thedsualees are again tabulated, as shown in
Table 4.6.

Further, some tables have the calculated values withindbeptéable current limit, as shown in
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Table. 4.6: Sorted values at 300 rpm motor
speed and 5.26 Hz stator voltage frequency

Stator Flux | Torque Input phase
current(rms) linkage Nm) |voltage(rms
(A) (Wb V)
0.47 057 017 10
1.94 108 052 20
4.33 145 076 30

Table 4.5. In Table 4.5, all the values are within the acdadptaurrent limit. Therefore, for such
tables, further sorting of data points is not required. ke Imanner, the processing and sorting of
calculated values for all the tables are completed and gedhim tabular form, and a few of them are
as shown in Tables 4.5 and 4.6. These sorted data are fuathdated based ow, variations. Since
the variations Vs are observed from 10 V to 110 V with 10 V steps, a total of 11dsalare further
framed. In each table, the variationsNp are observed from 100 rpm to 2850 rpm. For example,
Table 4.7 is shown for 50 V.

Table. 4.7: Few of chosen values at phase voltage

50 V
Rotor Stator | Torque Flux
speed(rpm) current(A) (Nm) Linkage(Wb)
250 391 089 049
500 386 091 05
1000 373 096 051
2000 312 109 053
2500 103 041 035
2850 101 039 031
250 430 110 052
1000 393 124 054
2000 240 126 062
1750 243 140 067
100 493 595 088

Table 4.7 is obtained by choosing corresponding 50 V data ffable 4.5, 4.6, and the rest of
similar Tables (not shown). However, Table 4.6 does not B& data. In such cases, the particular
table can be ignored.

In similar manner, these eleven voltage tables are framedGov to 110 V. For eaclvs, the

torque and flux linkage curves are plotted as shown in Figlu@snd 4.7.
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e Fig. 4.6 showsle vs. N;: The torque curves are plotted wxf, for eachVs. This is used as
torque LUT. Using curve fitting, these curves are furthemesdi as shown in Fig. 4.11.

e Fig. 4.7 showsAs vs. N;: This curve shows the flux linkage curves vidt, for eachVs.
However, to get flux linkage LUTAs vs. N curves are needed, at differéftvalues, which is

discussed in detail in the last paragraph of this section.
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Fig. 4.7: Agvariation at 50 V wriN;.

These graphs (see Fig(s). 4.6 and 4.7) are plotted withtiar&in N, and fs (for Te andAg) at a

particularVs. As a result, multiple data points are observed at a paatictdlue ofN;. If these sets
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of data points are fed to the machine controller, pulsatiorspeed and torque can be seen, which,
of course, is unacceptable for a drive system. Thus, thehgrape shown in Fig(s). 4.6 and 4.7
are further defined with limits such ag limit, base speed, anti limit. These limits are explained

in detail using relations (3.11) to (3.17) in chapter- 3. He hext subsequent sections, using these
relations thekg limit, base speed, anti, limit are defined to obtained suitable valuesAglandTe in

LUT format.

4.2.1 Flux linkage limit calculation

The flux linkage limit is calculated, considering (3.15),iefhcan be written as shown in (4.1),

Vs— IR
As = Sa:s (4.1)

In this work, the IM used is excited with 50% of its rated phaskage i.e., 110 V (rms). There-
fore, the statoAs must be calculated at 110 V voltage to obtain the maximum fhket by the stator
coil. So, (4.1) can be re-framed as shown in (4.2),
Vind

o (4.2)

| As10v) | =

whereViyg is the maximum voltage across the stator winding of inductimotor [107] and also
termed as stator winding back-emf. The stator winding beok-is the voltage difference of stator

input voltage and stator resistance drop. TRg,is defined using (4.3),
Ving = (fzﬁvs) _ <\/§ ISRS) (4.3)

where,Vs andlg are the phase rms values of stator input voltage and cumesgectively. The stator
winding of the IM used is connected in a star fashion. Underabove-stated conditions, tigis
calculated and is found to 0.8 Wb. Therefore, in this the&i8,Wb is considered as the maximum

flux linked by the stator coil. The same value of flux linkagesed wherever the ratéd is required.

4.2.2 Base speed calculation

For the base speed determination, the relation betwganday is examined and is determined using
(4.4).

1
= — 4.4
Ws= W + oT (4.4)
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2
whereqy is rotor speed in rad/seo,= 1— % is the leakage coefficient, and= ';—r' is the rotor time

constant [69]. Using (4.4), the base speed is determined as;

1
=5 — — 4.5
W = Ws ot (4.5)

Here, « is considered as base speed in rad/sec. Table 4.8 showddhkatian of base speed wrt

Table. 4.8: Base speed calculation with varaible flux

Phase voltage(rmsY¥| 110 100 90 80 70 60 50
Flux linkage{Vb) 0.809 | 0.731| 0.653] 0.578 0.496 0.420 0.342
Maximum voltage inducedAq) (V) | 254.276| 229.782 205.287 180.792 156,30 131.80 107.31
ws(rad/seq 181.38| 181.38 181.38 181.38 181/38 181.38 181.38
o (rad/seq 4737 | 47.37| 47.37| 4737 4737 4737 47137

variableAs. It is found that with variablé\s, base speed is not changing, and it remains constant for
all values ofVs. In this thesis, the base speed is calculated as 47.37 cadl$ris, the equivalent

speed in rpm, i.e., 500 rpm, is considered as base speed.

4.2.3 Torque limit calculation, and LUTSs for T and Ag

This section determines the suitable valuesigfind Te in the lookup table (LUT) format. The
calculatedT, defines the maximal value Gt at a reference speed and dc source voltage in the DTC
algorithm. Therefore, it is mandatory to limit the torquduea Using relation (3.11), the maximum
value of torque is obtained. This will ensure the limit ofqoe value for correspondin, Vs andN;.
The observation chart fdr, andAs wrt rotor speed at different phase voltages is shown in Tél8le

The obtained curves foxs andTe are shown in Fig.(s) 4.8 and 4.9. If these sets of data poigts a
used in the DTC, vibrations in the motor speed are observedadeeptable motor operation, the ob-
tained curves ols andT, (shown in Fig.(s) 4.8 and 4.9) are refined using a cubic sjtitepolation
curve fitting. The obtained smoothened curves are showngirfdyi4.10 and 4.11. Few torque LUT
entries are shown in Table 4.10, and the complete detailedthble is given in Appendix A.1.2.

The torque lines are shown in Fig. 4.11 ensure that at a §lyésay 30V, 40 V, 50 V), the motor
can develop the torque (maximum) shown by these lines. Fample, if the motor is operating at
30V, it can achieve a maximal torque of 0.49 Nm upto base spAsdpeed increases, the torque
capability developed by the motor reduces. And, if a torgu@ 49 Nm is needed at any other speed
(> base speed), the voltage level must be increased to meaetdasmand.

Fig. 4.10 showsgs variations wrtN,, andVs. TheAg LUT is obtained by determining thi, verses
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Fig. 4.8: Flux linkage variation wrt speed at different phasltages. The flux linkages are not
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smooth; if used in the DTC as reference flux, it causes otoifia in motor speed.

1.4

—30V
— 40V |
50 V

Fig. 4.9: Torque variation wrt speed at different phaseag#s. The torques are not smooth; if used

500 1000 1500

Speed (rpm)

in DTC, it causes oscillations in motor speed.

N; curves at distinct values @t. Therefore, curve fitting is further executed on the obidisets of

data to accomplisiAg verses\; plots.

For example, at 1000 rpm, complete data point&@ndAs values are available with variations of
Vs, as shown in Table 4.9. Using curve fitting, the fitted-mod@&l®0 rpm has been determined. This
fitted-model showgg variation wrtT at 1000 rpm. Similar steps are carried out for the remaihing

values to obtain the fitted-models. These fitted-models slavations betweeids and T, values at
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Fig. 4.10: Flux linkage variation wrt speed at different ph&oltages. The flux linkages are smooth,
and it is acceptable for DTC.
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Fig. 4.11: Torque variation wrt speed at different phaséagas. The torques are smooth, and it is
acceptable for the DTC.

all possible speeds from 100 rpm to 2850 rpm. The obtaherhd T, values at distinct speeds are
arranged in tabular form to get the requitkd_UT. FewAs LUT entries are shown in Table 4.11, and
the complete detailed LUT table is given in Appendix A.1.1Flw chart to determine the suitable
values ofAg andTe in LUT format is shown in Fig. 4.12.

The obtained LUT for\s shows flux variations wiN; andTe. The Te LUT shows motor torque
variations wrtN, andVs. In EV applications, the variation in DC voltage is expeded wrt the

discharge of the battery and operating conditions [80]. r@toee, for inverter fed IM, the relation
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Table. 4.9: Torque lookup table and flux linkage table wrt
speed at different phase voltage

N: (rpm)/ 500rpm | 1000rpm | 1500rpm | 2500rpm | 2850rpm
Vs (V)

30 Te| 0.49 0.39 0.27 0.14 0.12

As| 0.356 0.256 0.218 0.176 0.167

40 Te| 0.93 0.78 0.57 0.31 0.27

As| 0.45 0.32 0.28 0.23 0.21

50 Te| 1.22 1.08 0.84 0.45 0.39

As| 0.54 0.36 0.31 0.25 0.23

Table. 4.10: Torque lookup table wrt motor speed and phase

voltage (as shown in Fig. 4.11).

Speed | 500rpm | 1000rpm | 1500rpm | 2500rpm | 2850r pm
voltage

30V 0.49 0.39 0.27 0.14 0.12
40V 0.93 0.78 0.57 0.31 0.27
50V 1.22 1.08 0.84 0.45 0.39

Table. 4.11: Lookup Table of flux linkage which is used as
reference flux in the DTC scheme

Speed | 500rpm | 1000rpm | 1500rpm | 2500rpm | 2850r pm
torque

0.3Nm| 0.30 0.21 0.18 0.15 0.14
0.7Nm| 0.45 0.32 0.28 0.23 0.21
1.5Nm| 0.72 0.48 0.41 0.33 0.31

between the stator excitation voltag&)(and inverter input dc voltagd/{c) must be considered and

is calculated using (4.6) [113].

0.8xV,
Vo === (4.6)
Using (4.6),Vyc is calculated as:
V3|V,
Ve = 0"85’ (4.7)

This section explains the determination methoddfusing an FEA-based IM model. The ob-
tainedAJ values are stored in LUT format, witky, base speed, and torque limits. The suitable value
of Ag is chosen from its LUT at reference speed dadin addition, a proper value of maximufi
(i.e., Tem is also chosen from its LUT at reference speed and dc sonpeg voltage. To check the
robustness of the proposed method, the parameterd{jandL ;5) sensitivity analysis has performed

and is discussed in the next section.
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Objective: To obtained desired characteristics (Torque and
flux linkage) as Figure 3.2

The desired characteristics is split into two parts: below the base speed
(low speed region) and above the base speed (high speed region).

Define current limit, flux linkage limit, torque limit ( for these two region)
and base speed (Based on nameplate values) (See sections 4.2.1- 4.2.3)

Construct the FEA model of IM with the slot dimensions
and winding scheme as listed in Table 4.1 & 4.2

Run the model at different voltages, speeds and stator
frequencies (Table 4.3 & Figure 4.4: Execution steps)

A
Record the values of current,
flux linkage and torque

v

Use abc to aff
transformation

v

Obtain the calculated values in tabulated form as
shown in Table 4.4 & 4.5 (see Figure 4.5: Flow chart)

Is current in
defined limit?

Go to step 4 J
\

flh?r th(ei V'glu;S \glt}l;l currmg Obtainin abular
1mit an o tained the sorte form as shown in
values in tabular form as Table 4.5

shown in Table 4.6

Go to step 4
Filter the values Are flux linkage
with flux linkage and torque in
and torque limits defined limits?

Yes

o
-

Plot the curves for flux linkage and torque w.r.t. motor
speed at different phase voltages (see Figures 4.8 & 4.9)

Are these
curves
smooth?

Use curve fitting to smooth | No
the curve as shown in
Figures 4.10 & 4.11

Arrange the data in LUT format for flux linkage
and torque as shown in Table 4.10 & 4.11

Fig. 4.12: Flow chart to obtain LUTSs for flux linkage and toequsing FEA-based IM model.
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4.3 Parameter Sensitivity Analysis

In this section, the robustness of the proposed method mieead by performing parameter sensitiv-
ity analysis. The effect of parameter sensitivity on theppsied method is observed witth percent
(%) variations inRs andL;s. The FEA motor model is made ready with these variations thedets

of simulations are performed. The calculated values are/stio Tables 4.12-4.15. These values are
obtained from the simulations test of the modified FEA modéhwhange in parameters values by
+5%. Tables 4.12-4.15 show the obtained values with paramatiations at 300 rpm and 2500 rpm,

with respect to Tables 4.4 and 4.5.

Table. 4.12: Calculated values at 3q8im motor speed and.86 Hz stator voltage frequency
with £5% Rs variations and constaihjs wrt Table 4.4 (herei:d indicates+5%).

Stator currentgy) Flux linkage Qs) Torque {Te)
_ ) - _ (wb) - _ (Nm) - Input phase
With With With With With With
voltage(rms)(V)
(Rs+ 0Rs) | (Rs— 0R) | (Rs+ 0Rs) | (Rs— ORs) | (Rs+ 0Rs) | (Rs— ORy)
0.46 0475 0568 058 0167 Q172 10
191 198 107 1085 051 0523 20
4.24 445 144 146 075 0767 30
6.60 692 176 180 094 0977 40
9.05 960 203 208 113 118 50
11.70 1245 225 231 131 136 60
14.32 1542 243 249 146 152 70
17.12 1853 257 263 155 161 80
19.90 2155 269 275 162 167 90
22.60 2451 279 285 168 173 100
25.26 2749 288 294 174 179 110

Table 4.12 and 4.13 show calculated values at stator voftagaency 26 Hz and motor speed
300rpm, with 5% variations inRs andL,s, respectively, wrt Table 4.4. In Table 4.12 and 4.13, the
first three values are within the acceptable current limé. (i5 A). As discussed in section 4.2, the
values that are not in the current limit range are discardaud the respective tables. Therefore, from
the tables (Table 4.12 and 4.13), the values correspondimggh current are discarded. Fig. 4.13
shows the plot for calculated values of Table 4.12 at 300 rpch%26 Hz with £5% Rg variations
and at constants (wrt Table 4.4). Fig. 4.14 shows the plot for calculated eslwf Table 4.13 at
300 rpm and 26 Hz with+5% L5 variations and at constaRy, (wrt Table 4.4). In Fig(s). 4.13 and
4.14, an arrow is pointed to show the values within the aed#gtcurrent limit of 5 A, and remaining

values beyond the limit are discarded. The percentage ehangplculated values with variations in
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Table. 4.13: Calculated values at 3qiim motor speed and.36 Hz stator voltage frequency

with £5% L, variations and constaii; wrt Table 4.4 (here;:d indicates+5%).

Stator currentgs) Flux linkage@s) Torquelle)
- ) - - (wb) - - (Nm) - Input phase
With With With With With With
voltage(rms)(V)
(Lis+0Lys) | (Lis—9Lis) | (Lis+ L) | (Lis — OLis) | (Lis+dLys) | (Lis— SLis)
0.46 0472 0569 Q575 Q164 Q165 10
193 195 107 1081 0512 0514 20
4.32 4.36 144 1452 Q752 Q755 30
6.72 678 177 1782 Q953 Q956 40
9.27 936 205 2061 115 1157 50
11.98 1210 227 2284 133 1341 60
14.78 1491 245 2465 148 1487 70
17.71 17.86 260 2618 158 1585 80
20.60 2076 271 2723 165 165 90
2342 2356 281 2822 171 1739 100
26.23 2641 290 2911 176 181 110

Table. 4.14: Calculated values at 25@0n motor speed and 436 Hz stator voltage frequency

with £5% Rs variations and constaiis wrt Table 4.5 (here;:d indicates+5%).

Stator currentgy) Flux linkage@s) Torque{e)
. ) - - (wb) - - (Nm) . Input phase
With With With With With With
voltage(rms)(V)
(Rs+ 0Rs) | (Rs—0Ry) | (Rs+0Rs) | (Rs— ORs) | (Rs+ ORy) | (Rs— ORy)

0.207 0212 Q069 Q071 Q00199 00203 10
0414 0425 0138 0141 Q0695 00701 20
0.619 0623 0209 0212 Q149 0151 30
0.825 0832 Q0278 0283 0264 0267 40
1.025 1036 0348 0353 0413 0418 50
1.236 1234 Q417 Q424 0596 0603 60
1.442 1454 0488 Q0495 0811 0821 70
1.646 1655 0556 0566 1059 1071 80
1.852 1862 0629 0636 1336 1352 90
2.059 207 0698 Q71 1634 1652 100
2.273 2285 Q768 Q775 1949 197 110

parameters for 300 rpm and?®s Hz wrt Table 4.4 are shown in Table 4.16 and 4.17. The taiblew
that the maximum change in percentage, within the acceptalstent limit, for the calculated values
are (-2.12t0—-2.77)% forlg, (+0.92 to—1.75)% forAs, (+3.52 t0—1.17)% for Te.

Table 4.14 and 4.15 show calculated values at 2500 rpm ar@&b 43z, with 5% Rs and L;s
variations, respectively, wrt Table 4.5. The obtained @alin these tables are within the acceptable
current limit. Fig. 4.15 shows the plot for the calculatetuea of Table 4.14 at 2500 rpm and.&88

Hz, with 5% Rs variations and constatis, wrt Table 4.5. Fig. 4.16 shows the plot for calculated
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Table. 4.15: Calculated values at 25@0n motor speed and 486 Hz stator voltage frequency

with £5% L, variations and constaii; wrt Table 4.5 (hereitd indicates+5%).

Stator currentgs) Flux linkage@s) Torque(ly)

- ) - - (wb) - - (Nm) - Input phase
With With With With With With

voltage(rms)(V)
(Lis+0Lis) | (Lis—9Lis) | (Lis+Lys) | (Lis— OLis) | (Lis+dLys) | (Lis — SLis)

0.207 0212 Q0699 00704 00197 00201 10
0.414 Q421 Q1399 0141 Q0696 Q0706 20
0.619 0623 Q2096 0212 Q1491 01501 30
0.825 0832 02789 0282 02654 02672 40
1.024 1036 Q3498 0353 Q415 Q4177 50
1.237 1242 Q4198 0424 Q5977 06017 60
1.442 1454 Q4893 0494 08136 08188 70
1.648 1655 05586 0565 10622 10691 80
1.853 1861 06299 0635 134 13485 90
2.059 2071 06998 Q705 16385 16492 100
2.273 2286 Q7698 Q774 19531 1966 110

8

7 i current reaches 5A

current (A) with Rs
current (A) with Rs+5% variation
current (A) with Rs —5% variation

—e— flux linkage (wb) with Rs

—e— flux linkage (wb) with Rs +59% variation
—e— flux linkage (wb) with Rs —5% variation -|

—w—torque (Nm) with Rs

—%— torque (Nm) with Rs +5% variation i
—w— torque (Nm) with Rs —5% variation

]

L L
50 60

L
70 80

Stator Voltage (V)
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L
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Fig. 4.13: Calculated values (Table 4.12) with stator tesise Rs) variations of 5% for 300 rpm at

stator voltage frequency of 5.26 Hz wrt Table 4.4.

values of Table 4.15 at 2500 rpm and 88 Hz, with+5% L5 variations and constams (wrt Table

4.5). The percentage change in calculated values withti@rgain parameters for 2500 rpm and 8@

Hz wrt Table 4.5 are shown in Table 4.18 and 4.19. The tables shat the maximum change in

percentage for the calculated value ard.42 to—1.19)% forls, (£1.42)% forAg, (+1.5t0 —2.76)%

for Te.

These observations show that, f65% parameter variations, the maximum variationdgandTe

are (+0.92to—1.75) % and {3.52 to—1.17)%, respectively, up to the base speed. Beyond the base
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current reaches 5A
7+ : current (A) with.Ls i
current (A) with Ls +5% variation

61 current (A) with'Ls —5% variation |
—e— flux linkage (wb) with Ls
—e— flux linkage (wb) with Ls +5% variation

5r : —e— flux linkage (wb) with Ls —5% variation |
—w— torque (Nm) with Ls

4r —w— torque (Nm) with Ls +5% variation R
—w— torque (Nm) with Ls —5% variation

3r i
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1r i
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Stator Voltage (V)

Fig. 4.14: Calculated values (Table 4.13) with stator lgakimductancel(s) variations of 5% for
300 rpm at stator voltage frequency of 5.26 Hz wrt Table 4.4.

3.5

current (A) with Rs

3k current (A) with Rs +5% variation . .
current (A) with Rs —5% variation
—e— flux linkage (wb) with Rs

2.5F —e—flux linkage (wb) with Rs +5% variation .
—e— flux linkage (wb) with Rs —5% variation
> —w—torque (Nm) with Rs

—w—torque (Nm) with Rs:+5% variation
—w—torque (Nm) with Rs:—5% variation
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10 20 30 40 50 60 70 80 90 100 110
Stator Voltage (V)

Fig. 4.15: Calculated values (Table 4.14) with stator tesixe Rg) variations of 5% for 2500 rpm at
stator voltage frequency of 43.86 Hz wrt Table 4.5.

speed, the variations iy andTe are @1.42)% and {1.5 to —2.76)%, respectively. The observations
confirm that the proposed approach is least sensitive todhatwns of parameters. These offline
obtained values of; andT, are arranged in LUT format and are fed to the DTC algorithmictvis

discussed in the next section.
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3.5 w \ ‘

current (A) with Ls

current (A) with Ls +5% variation
current (A) with Ls —5% variation
—o— flux linkage (wb) with Ls

2 5L .—e—=flux linkage (wb) with Ls +5% variation i
—e— flux linkage (wb) with Ls —5% variation
—%— torque (Nm) with Ls

21 == torque (Nm) with Ls +5% variation
—w— torque (Nm) with Ls =5% variation
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L L
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Fig. 4.16: Calculated values (Table 4.15) with stator lgekenductancel(s) variations of 5% for
2500 rpm at stator voltage frequency of 43.86 Hz wrt Table 4.5

Table. 4.16: Percentage (%) change in calculated valuealné®.12 at 300pm
motor speed and.86 Hz stator voltage frequency wittt5% Rs variations and
constant_s wrt Table 4.4 (heretd indicates£5%).

% change in stator % change in flux % change in torque

current (as) linkage Qs) (Te) BBk phasd
With With With With With With

voltageyas)(V)
(Rs+ ORs) | (Rs— ORy) | (Rs+ ORs) | (Rs— ORs) | (Rs+ ORs) | (Rs— ORs)

212 —1.06 035 —1.75 176 —1.17 10
154 —2.06 092 —0.46 192 —0.57 20
2.07 —2.77 068 —0.68 131 —0.92 30
2.36 —2.36 112 —1.12 208 —1.77 40
2.89 —3.00 145 -0.97 258 -172 50
2.90 -3.31 131 -1.31 223 —1.49 60
3.56 —3.83 121 -1.21 201 —-2.01 70
3.76 —-4.15 153 -0.76 251 —1.25 80
3.67 —4.30 110 —1.10 240 —0.60 90
3.82 —4.29 106 —1.06 232 —0.58 100
3.99 —4.48 103 —1.03 224 —0.56 110

4.4 Implementation of Proposed Method

Fig. 4.17 shows the schematic block diagram of the closeg-IM speed control technique with
the DTC strategy. The inner loop determines the estimatepiéo(Te) magnitude and flux linkage
(As) magnitude based on stator voltages and currents, as sigtuschapter-3, section 3.2.4. The

and g are compared with their reference values, and the correépprerrors are generated. These
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Table. 4.17: Percentage (%) change in calculated valuddg(#al3) at 300 pm
motor speed and.86 Hz stator voltage frequency wittt5% L, variations and
constantRs wrt Table 4.4 (heretd indicates£5%).

% change in stator % change in flux % change in torque
. current (ag) . - linkage @s) . . (Te) . Input phase
With With With With With With
voltageVas)(V)

(Lis+0Lis) | (Lis— 0Lys) | (Lis+0Lys) | (Lis — OLis) | (Lis+ OLys) | (Lis— OLys)

212 —0.42 017 —0.87 352 294 10

0.51 -0.51 092 —0.09 153 115 20

0.23 —0.69 068 —0.13 105 065 30

0.59 -0.29 056 -0.11 072 041 40

0.53 -0.42 048 —0.04 086 025 50

0.58 -041 043 -0.17 074 —0.70 60

0.47 —0.40 040 —0.20 067 020 70

0.44 —0.39 038 —0.30 062 031 80

0.29 —0.48 036 -0.11 060 060 90

0.34 —0.25 035 —0.07 058 -1.10 100

0.30 —0.38 034 —0.03 112 —1.68 110
Table. 4.18: Percentage (%) change in calculated valuéde(#al4) at 2500pm

motor speed and 486 Hz stator voltage frequency witt5% R variations and
constant_is wrt Table 4.5 (heret9d indicates+5%).

% change in stator

% change in flux

% change in torq

e

current (as) linkage Qs) (Te) 108t phfse

With With With With With With
voltageW/as) (V)
(Rs+ ORs) | (Rs— 0Rs) | (Rs+ ORs) | (Rs— ORs) | (Rs+ ORs) | (Rs— ORs)

142 —0.95 142 —1.42 050 —1.50 10
142 —1.19 142 -0.71 071 —0.14 20
0.16 —0.48 047 —0.95 066 —0.66 30
0.60 -0.24 071 —1.07 —1.53 —2.69 40
0.48 —0.58 057 —0.85 -0.73 —1.95 50
0.32 —0.24 071 —0.95 -1.01 -2.20 60
0.55 —0.27 040 —1.02 -0.12 —1.35 70
0.24 —0.30 071 —1.07 —0.85 —2.00 80
0.43 -0.10 015 —0.95 —0.45 —1.65 90
0.05 —0.48 028 —-1.42 -0.24 —-1.34 100
031 -0.21 025 —0.64 —0.46 —1.54 110

generated errors are the inputs to respective comparaterstorque error is input to the torque
hysteresis comparator, and flux error is input to the fluxdngsis comparator. The torque hysteresis
comparator outputs are +1,-1,0, and flux hysteresis cortgrasatputs are +1,-1 (where +1 indicates
for an increment, -1 for decrement, and 0 to remains uncliBngehe two hysteresis comparators

output along with the sector informatioN) are the three inputs to an inverter switching table. The
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Table. 4.19: Percentage (%) change in calculated valuddeg(#al5) at 2500pm
motor speed and 436 Hz stator voltage frequency witti5% L1 variations and
constantRs wrt Table 4.5 (herexd indicates£5%).

% change in stator % change in flux % change in torque

. current (ag) - . linkage @s) . . (Te) - Input phase
With With With With With With

voltageWas) (V)
(Lis+0Lys) | (Lis—OLys) | (Lis+9dLys) | (Lis — Lis) | (Lis+ OLys) | (Lis — OLis)

142 —0.95 014 —-0.57 15 -05 10
142 -0.23 007 -0.71 057 —0.85 20
0.16 —0.48 019 —0.95 06 —0.06 30
0.60 -0.24 039 -0.71 -2.07 —2.76 40
0.58 —0.58 005 -0.85 -121 -1.87 50
0.24 —0.16 004 —0.95 —1.30 —1.98 60
0.55 -0.27 014 -0.81 —0.44 -1.08 70
0.12 —0.30 025 —0.89 -1.16 -181 80
0.37 —0.05 001 —0.79 —0.75 —1.39 90
0.05 —0.53 002 -0.71 —0.52 -117 100
0.31 —0.26 002 —0.51 —0.67 -1.34 110

switching table output is switching signalS,{c), which are generated for inverter switches.

H q‘F
=+ I’d(,
— c—— — c— c— — 1

4 Aw. 7" 1 —
_r ! PI e+ AT, 1, T, S se
+_‘ Controller IA | o H, 4 bﬁ_’ o
ol | -
r
-H, H,

Switching

& Table

Torque LUT

B
S

n
Tg I Flux LUT

Reference flux and torque blocks

Speed Encoder
*LUT stands for Lookup table

Fig. 4.17: Block diagram of the speed control of IM with DTGwersystem. The LUTSs folg
andT, obtained in the previous section are included here. Thefibemation and estimations blocks
are explained in chapter-3, section 3.2.4.

The obtained\s and T LUTs are used in the DTC algorithm as the reference flux arglimras
shown in Fig. 4.17. Thag LUT has two inputs, namely reference torqdg ) and reference speed
(«y'). Based on these two inputs, propgris selected from its respective LUT. For eagh the value
of maximum torqueTen) given to the controller changes. Theg,is selected from its respective LUT

wrt «§ and dc source voltag®/{.). The PI controller block’s output i&". The PI controller output,
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Tg', is monitored by torque LUT for desired speed and given decsowoltage.

Besides, for the calculation of accurateandTey,in the LUTS, an average of two nearest possible
values from the LUTs are considered by the algorithm. Fa thason, a step size for speed, dc
voltage, and torque is considered as 50 rpm, 10 V, afd\dn, respectively. These step sizes are
chosen to ensure that the algorithm execution time is fastdrobtain accuratd; and Ten, values

from their respective LUTSs.

4.5 Result and discussion

The experimental setup of speed control for IM drive with BiEC scheme is shown in Appendix
A.6. The complete system has been developed in the labprtasirbed to mimic the EV conditions
as far as possible. The developed setup is facilitated teh@imotor for different driving cycles. It
has tested and examined the performance of the control@rsowide torque and speed range. The
control algorithm is realized on a dSPACE1103 platform, #mdampling time is chosen as #48ec.

To check the effectiveness of the proposed method, a cosgpawtiith (i) conventional technique
with constant reference flux and (ii) variable flux technidgae discussed in chapter 3, and as given
in (3.33)) is carried out (as shown in Table 4.20).

Table. 4.20: Comparison table for the considered cases

Method Driving cycle response Energy consumption
Case | : Conventional Speed, For different
Case Il : Variable flux (see chapter-3, section 3.3) Torque ivirdy
Case Il : Proposed LUT based and Flux linkage cycles

A multiple series of experiments are conducted and invad in the laboratory with the de-
veloped test-bed setup. Comparative evaluations are figutrand discussed in the next subsequent
sections. The proposed approach (Cases lll) is comparédiégtexisting methods (Cases | and I1)
in terms of performance indices of the drive (suchiNasTe, andAg responses), ripples if and As.
Besides, input energy consumption and efficiency analysislgo discussed in detail and presented

in sections 4.5.3 and 4.5.4, respectively.

4.5.1 Drive cycle response

The proposed technique and the other two existing methadsdlin Table 4.20) are tested experi-

mentally on the following vehicle driving cycles:

e New York City Cycle (NYCC)
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e New European Driving Cycle (NEDC)
The speed, torque, and flux linkage responses with the amesiccases are demonstrated for NYCC
and NEDC driving cycles. Further, the root mean square £(RMSES) for the response are calcu-

lated using (4.8) with each considered case, and a comyaeatalysis is shown in Table 4.21.

5 e
RMSE= “:1m (4.8)

whereeis the error between reference and estimated valuesnasthe sample’s number of points.

Table. 4.21: RMSE results chart

NYCC NEDC

Casel| Casel] Casel|ll Casel Casell Case lll
Speed (rpm) 172.68 88.78 63.00 5743 2768 15|57
Torque (Nm) 0.16 0.10 0.07 0.1 0.11 0.06
Flux linkage (Wb)| 0.34| 0.15 0.04 0.27 0.18 0.08

Fig. 4.18 shows speed responses of the considered casbs tCC. Fig. 4.18(c) is the DTC
speed response for the proposed method (case Ill), andy4glB(a)-4.18(b) are speed responses for
the conventional technique (case I) and variable flux tegri{case Il), respectively. The responses
for torque and flux are shown in Fig.(s) 4.19 and 4.20, resp#ygt Fig.(s) 4.19(a) and 4.19(b) shows
the torque responses for the case | and Il. The observatiicates that the torque responses with
cases | and Il are not acceptable, as ripples are detectatk Bie motor is not able to produce the re-
quired torque, as the flux selection in these cases is noeprbpy. 4.19(c) shows the torque response
with the proposed approach (case Ill). The observation shbat the torque response is satisfactory
with a low ripple. The flux linkage response for case lll iswhadn Fig.4.20(c). The observation
shows that the propeY; is selected for the proposed method. As a result, the motablesto de-
velop the required torque with case lll. The flux responsénaw in Fig.4.20(c) confirms that the
variations in flux (reference as well as estimated) is deleréor a wide range of operation. Besides,
close observation of 15 sec is made for the NYCC as shown ufsiyid.21- 4.23. These results show
that the case | and Il have convergence issues; conseqguéeticcurate tracking of reference speed,
torque and flux is not acceptable. Whereas case Il shows a@tinely fair performance in terms of
speed tracking, torque, and flux tracking.

Similar observations are reported with NEDC, and the oladiems are presented as in Fig.(s)
4.24- 4.26. As observed, the existing techniques (casellandh the DTC strategy are unacceptable

for a wide speed range. Whereas observations are fair wath kbb(in terms of speed, torque, and
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flux responses). Moreover, the ripples in measured torqaiesm@rll with case 1, and appropriate

AJ selection (so as estimatéd) is achievable to develop the motor’s requifkd Besides, case I
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determines the low value of flux compared to cases | and lldeed higher than the base speed. This

is acceptable for EV applications with a wide speed range.
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Fig. 4.24: NEDC speed response (a) Case | (b) Case Il (c) OaSpéed tracking is better for Case
Il compared to Cases | and Il. The RMSE for Case lll is 15.50ilevfor Cases | and Il are 57.43
and 27.68, respectively.
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Table 4.21 shows the speed RMSE value for cases | and Il ane Aigd torque ripples are seen
for cases | and Il. Since, the flux level is either constant twe changing operating conditions or does
not get the acceptable range of variations to settle for imapvalue. The result ensures that cases |
and Il are not able to determine the accurhfevalue. Thus, cases | and Il may not be acceptable for
drives with fast dynamics. Table 4.21 clearly marks thatéddgprovides comparatively satisfactory
performance. Further, to check the reliability of the pregub method, the dynamic and steady-state

responses are observed and discussed in the next subssecid.

4.5.2 Dynamic and steady state response

The steady-state response and the transient at startihgst®jp response at different speeds are ana-
lyzed and demonstrated in this section. The performandeatats such as torque ripple expressed
in standard deviationd(Te), relative torque errorTg,,), and relative flux errorXg,r) are calculated for
the considered cases. Fig. 4.27 illustrates the dynamiedspesponse of the DTC-based IM drive
with step-change in speed. The speed response is testedbgiich the speed from O rpm to 1000
rpm and back to 250 rpm, as shown in Fig. 4.27.

The torque response (reference and measured) with thegeadmoethod (case I11) shown in Fig.
4.27(c) are comparatively fair. Also, fewer torque rippége observed with case 1ll as compared to
cases | and Il.

To understand the impact of the proposed technique on t@addlux ripples, torque ripple ex-
pressed in standard deviationT), relative torque errorTg), and relative flux erroig,) are calcu-
lated using (4.9)-(4.11) [114] for the considered casedfarent operating points. The experimental

observations at 106pm with considered cases are shown in Fig(s). 4.28- 4.31.

1 D/Ar A 2
A 10 A
=—) Tgi 4.10
exn ni; d ( )
A —A i
YoXerror = qur;:/lx)(r \f/)qxesn) x 100 (4.11)
e

AN
whereTg; is the actual sample, n represents sample’s numbeepresents torque or flux linkage
used for the calculation of errofvgis an average valueef is the reference value, amgtiis either

measured or estimated value.
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4.5.3 Energy Consumption Analysis

The input energy consumption for considered cases is detednusing (4.12). In this calculation,

input dc source voltage/§c) and dc source currenliy) are obtained wrt time.

Ein = z (Vac* lge* At) (4.12)

Table 4.22 shows the input energy consumptions in Watt-(édr) for two different loads. The %
saving in input energy consumption wrt case lll for the twividg cycles are listed in Table 4.22,

and is calculated using (4.13).
_ Eini — E
Energy saving%) = <M> %100 (4.13)

whereE;,; is the input energy consumption witlrepresents for different cases, afg s is input

energy consumption for case Ill.

Table. 4.22: Comparative analysis on input energy consompt Wh at 0.5 Nm and at 1.5 Nm loads

0.5 Nm Load 1.5 Nm Load
- ,Energy-saving(%) in Case I|I ,Energy- saving(%) in Case |
Driving cycle| Case| Casell Case HEorCase | ForCase i Casel| Casell Case Il For Casé | ForCase i
NYCC 5.71 5.00 3.89 46.79 28.54 15.44 1470 13.Q14 17.%1 11.80
NEDC 13.30| 11.66 10.6 25.47 10.00 69.p3 6839 58/22 18.91 4517.

The comparative analysis listed in Table 4.22 shows tha Bhpossesses the lowest consump-
tion of input energy compared to cases | and Il. A significavirgys of energy are achieved in case
[l wrt the other cases. The reduction in consumption of tiput energy establishes the accuracy of
the proposed technique.

Further, multiple sets of experiments are conducted indberkatory to analyze the said cases’

efficiency performance and briefly discussed in the nextesyisnt section.

4.5.4 Efficiency analysis

The efficiency analysis for the said cases is inspected widk aperating speeds and at different load
torques. These efficiencies are calculated using instaotenvalues of input and output powers over
a period. The instantaneous values of inverter input posvealculated by measuring. andlyc at
their respective node points using a differential voltagebp (YOKOGAWA-700924) and the current
probe (YOKOGAWA-701933). The motor's output power is ohtad by measuring the shaft torque
and speed using the KISTLER-4503B/CoM0-4700 torque seniwoe technical details of the used

differential probe, current probe, and torque sensor atengn Appendix A.4.
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The efficiency maps provide more insight information for alevoperating range. These effi-
ciency maps are calculated for speed variations from 100to@2000 rpm and load torque variations
from 0.5 Nm to 2.5 Nm. The evaluated efficiency maps are showkig. 4.33. The observations
show that case lll yields a higher efficiency as comparedemther cases.

The efficiency improvement for Case lll is primarily due te tminimum input power consump-
tion compared to the other cases for the fixed power outpat. £B84 shows efficiency graphs with
variations in speed and load torque. These observatiorfgroaiat the proposed method results in
improved efficiency as compared to the other consideredscase

From the presented results and observations, it is fourtdhikgproposed method has compara-
tively no convergence issues. It does not required the cengmsive calculation dfg at every instant
(as calculated offline and stored in its LUT). It has loweqtee ripples. The proposed approach is ac-
cepted for practical applications where the torque refazaanges quickly (see Fig. 4.19 and 4.25).
This proposed approach also accounts for any operatingitcondescribed by motor torque and
speed with minimal consumption of input energy. Furthes dbserved that the proposed technique

results in improved efficiency over a wide operating range.
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4.6 Conclusion

This chapter presents an offline LUT-based approach tordaterthe reference flux of the DTC
strategy for IM drive. The method uses the FEA-based IM madeaialculate suitable values of
flux linkages. The FEA model ensures that the effect of magsaturation is taken into account.
The multiple sets of FEA simulations are carried out to gbtae accurate values of flux linkage.
The obtained flux linkage values are stored in lookup tabten&d and fed to the DTC algorithm
as reference flux linkage. The proposed approach ensurethéhabtained flux linkage values in
lookup table format give accurate information of refereftigr at the required speed and given torque
with dc voltage constraint. Thus proposed approach caksileeference flux linkage considering
the reference speed, torque, and DC voltage. Further, drigpared with the existing conventional
technique and variable flux approach to check the proposddoatie robustness. The comparison is
based on tracking speed, torque, and flux for different Vehidving cycles. The observation shows
that the proposed method is less sensitive to the motorépater variation, such as stator resistance
and leakage inductance, and magnetization inductanceexpeimental observations show that the
proposed method yields improvement in drive efficiency witimimal input energy consumption.
The proposed method is made acceptable for EV applicatidin few modifications in the DTC
algorithm.

However, this method required a pre-knowledge about thersaeometry, i.e., winding scheme,
slot dimensions details and lamination designs, to devaiopEA model of IM, which helps obtain
accurate values of reference flux and maximum torque in L@ieét. This limitation is overthrown
if a non-linear equivalent circuit model of IM will be devg@led and used. Therefore, the determi-
nation of reference flux linkage using a non-linear equivatgrcuit model of IM is developed and

discussed in the next chapter.
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CHAPTERS

REFERENCEFLUX LINKAGE
DETERMINATION FORDIRECT TORQUE
CONTROL INDUCTION MOTOR DRIVE
BASED ONNON-LINEAR EQUIVALENT

CIRCUIT APPROACH

5.1 Introduction

In the context of an EV application, an offline lookup tabl&J{D) based method has been proposed
to determine\g, and presented in chapter- 4. The technique proposed irhdyeear- 4 used an FEA-
based IM model to calculate an appropridtevalue. These values obtained are calculated offline
and stored in the LUT format and fed to the DTC algorithm asnexice flux.

The demerit of the method presented in chapter-4 is a predidge about the motor's geometry
detalils (i.e., winding scheme, slot dimensions detaild,lamination designs) and material’s B vs. H
curve to built an FEA model of IM. This limitation is overttwa if a non-linear equivalent circuit
model of IM will be developed and used. Therefore, the deiteation of reference flux linkage using
a non-linear equivalent circuit model of IM is developed amtussed in this chapter.

The method proposed in this chapter uses a non-linear deniv@rcuit model of IM to achieve
the above goal. The procedure to determine non-linear alguit/circuit parameters is explained in
detail in section 5.2. The non-linear equivalent circuiised to calculat@s as a function of voltage,

speed, and torque. Further, the non-linear equivalentiicitakes into account the magnetic satura-
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tion. TheAg values are calculated offline using the non-linear equntatecuit and implemented in
the controller as a LUT.

The summary of the contributions of this chapter are:

e A method for determining the propgg values for the DTC-based IM drive over a wide range
of operations.

e The proposed technique uses a non-linear equivalent cirmdel of IM to consider the mag-
netic saturation effect for calculating an appropri&evalue.

e The proposed approach calculafgsconsidering the reference speadf’), reference torque
(Tg), and DC source voltage.

e The offline determined values @f are collected and stored in the lookup table format and are

fed to the DTC algorithm as reference flux linkagg,

The remainder of the chapter is organized as follows: Sedi@ discusses the procedure for
determining of non-linear equivalent circuit paramete.(imagnetizing inductanck,) of IM. A set
of experiments are performed in the laboratory to obtaimtlgnetization curve of the IM. Section
5.3 explains the method to determiAg values for the DTC algorithm. The non-linear equivalent
circuit of IM is solved, and the suitable values A&f are determined over a wide range of speeds.
The obtained\s values are stored in LUT format and implemented in the DT@ritlgm as reference
flux (Ag). The detailed procedure to determine the suitable valtidsg is presented in Section 5.3.
Parameter sensitivity analysis of the proposed methodvisstigated in Section 5.4. Section 5.5
shows the comparative analysis of the proposed approath(iyibss model-based technique and
(i) FEA-based method (as presented in chapter-4), andqberienental results over a wide range of
speed for the vehicle driving cycles (i.e., NYCC and NEDGQ)xtker, the input energy and efficiency
analysis of the considered driving cycles are demonstiatedction 5.5. Finally, the conclusions are

presented in Section 5.6.

5.2 Determination of the Magnetizing Inductance of Inducton Motor

This section presents the detailed procedure to deternoindimear equivalent circuit parameter, the
magnetizing inductance of IM. The per-phase non-lineaivatgnt circuit model of IM is shown in
Fig. 5.1, wherd_;, is magnetizing inductance. The stator input curregj (s the sum of rotor current

(iar) and magnetizing current,) and is given by (5.1):
ias:iar‘|‘im (5-1)
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When the motor's,, increases due to magnetic saturation in the iron core, lative permeability

decreases; as a consequence, decreménpt ismobserved.

b Jin

Note: ‘s’ stands for slip

—

Fig. 5.1: Per-phase non-linear equivalent circuit of IM.

The parameters of IM considered in this work are listed in égfix A.2. The parameters are
obtained from the IEEE Standard (142017) no-load test and blocked rotor test of IM. With the
equivalent circuit parameters of the IM used in this warl & 0.5275 H and core loss resistanég,
~ 1.76 kQ), it is observed thait, > i, whereic is the iron loss branch’s current (not shown in Fig.
5.1). Thereforei is ignored in further analysis, and core loss resistancetistmown in Fig. 5.1.

A set of experiments are performed in the laboratory to detex the non-linear magnetization
curve. An IM runs at its synchronous speed by using the dctsmator, which is mechanically
coupled (MC) to IM. The schematic of the experimental setupdetermining the non-linear mag-
netization curve is shown in Fig. 5.2. TRL andR2 are the external resistances connected in series

with the dc shunt motor’s armature and field winding, resgelst The measurement of current

R1 —

A

Y 3-phase
DC < AC
voltage voltage

A

DC shunt motor 3-phase induction motor

Fig. 5.2: Schematic representation of experimental seiupdétermining non-linear magnetization
curve.

drawn by IM is recorded corresponding to increasing voltagdo about 125% of rated voltage to
result in core saturation.
For every increment in the applied voltage to the IM, IM’sagés maintained at its synchronous

speed with the help of the dc motor. This ensures that thecewlourrent in the rotor of IM remains
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2
TS

m

Fig. 5.3: Magnetizing inductance of the induction mototedsxperimentally.

zero. Therefore, the overall air-gag is produced only due tQs. Moreover, zero net active power
reading by the wattmeters (W1 and W2) ensures that the IM tivaendat its synchronous speed. The
experiment is performed at the no-load condition to obth@rton-linear magnetization curve.

The rms values of applied voltage and the current drawn byMh&re noted. As the experiment
is performed at no-load condition, the current drawn by ¥Médd mainly consists of théy, since the
core loss current is usually minimum. Therefore, the natloarrent value is noted here and treated
asim.

The stator winding impedance drop is neglected, as the hesgRRs is only about 252% of
the magnetizing reactance. Also, the stator winding leakagctancel(s=0.0141H) is very small
compared to the magnetizing reactancg=0.5275H). Therefore, the applied voltag¥.} to the
stator is viewed as the induced voltage in the stator windivigich is the product of magnetizing

reactance an, and is given by (5.2):

whereaw is the frequency of th¥; in radians per second.

Since a set of values & and the, drawn by the IM are noted. Using (5.2), the value gfare
obtained for corresponding valuesigf Thus, the non-linear magnetization curve of IM is plotted
and shown in Fig. 5.3. Based on the obtained experimentalatat a polynomial fit, variation dfy,

can be represented as shown in (5.3):

1

L= (m)(—s.sszm“ +34.75° — 1041im? + 8125, + 1565) (5.3)

The expression (5.3) shows the dependendy,pivith i,,. The flow chart to obtain the non-linear
magnetization curve of IM is shown in Fig. 5.4. Thus, the oigd non-linear equivalent circuit

model of IM with varyingLy, is used further to determine thg in LUT format and discussed in
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Obtain the experimental setup of IM mechanically
coupled with a dc shunt motor (see Fig. 5.2 )

v

Drive the IM at synchronous speed with help of
dc shunt motor

Y

_ |Increase the voltage excitation of IM in steps up to
"] 125 % of rated voltage to result in core saturation

Y

» Check the speed of IM for each voltage excitation

Change the speed of IM with
the help of a dc shunt motor

4

Is speed =
synchronous speed ?

Check the wattmeters reading

NO

s net active power is
zero?

Note down the rms line voltage applied
to IM and rms line current drawn

NO
Is voltage reached to

125%?

The line current is mainly magnetizing current (im), since
the core loss current component is usually very small.

Y

Since the stator impedance drop is neglected, the applied voltage
to the stator terminal is regards as stator induced voltage

Y

Plot the non-linear magnetization curve of IM as
shown in Fig. 5.3, with the Lm and im.

Fig. 5.4: Flow chart for the determination of the non-linezagnetization curve.
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section 5.3.

5.3 Determination of Reference Flux Linkage

This section explains an offline technique for determimidgn context to DTC-based IM drive over
a wide range of operations in EV applications. The approads & non-linear equivalent circuit
model of IM to calculate an appropriate valueXif. The non-linear equivalent circuit model of IM
with varyingLn, is discussed in detail in Section 5.2. The section’s printdmjgctive is to obtain the
suitable values oks over a wide range of speed. The obtained valuek afre stored in LUT format
and fed to the DTC algorithm as reference fldX). This LUT gives information about the proper
A¢S at the required speed and given torque with voltage andmucoastraints.

To obtain the suitable values #f over a wide range of operation, the per-phase non-linedv-equ
alent circuit shown in Fig. 5.1 is solved, with variationsvif) N;, and fs. For solving the per-phase
non-linear equivalent circuit, the following points haweeln considered:

e Determine the equivalent circuit parameteRs, (Lis, Ry, Lir) using the no-load and blocked

rotor tests.

¢ Solve the equivalent circuit shown in Fig. 5.1 and obtainrttagnitude ol as;

Vs ZnZ;
b N 27
where Z, = & + jaxbir, Zn= jasbm, Zeq=Zs+ #24-, Zs = Rs+ janLis, andas = 2rtfs,

e Substitutel , as given in relation (5.3) in equation (5.4).
e Using numeric computation, solve the non-linear equiviabgrcuit as shown in Fig. 5.1 with

the variations in/, N;, andfs.

Numerical methods can be used for solving the non-lineaataoys (5.4) and (5.3) with the variations
in Vs, N;, and fs. In this presented work, Newton-Raphson (NR) method is usesblve these
equations for finding the root with the error of approximat&D-3. By NR iterative process, the
value ofl, is determined first. With the obtained valuelgf L, can be determined using relation
(5.3). Further, the non-linear equivalent circuit of IM Ihed to determine the values hfandl,
with the variations invg, Ny, and fs. The values ofs andl, are determined using the relations (5.5)

and (5.6) respectively.

Vs

7 (5.5)

“5‘ =
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Vs —1sZs

I | =
W= =5

(5.6)

The flow chart for NR iterative process is shown in Fig. 5.5.

Define f(x) as given in
relation (5.4) using (5.3)

Set the maximum error as 10~ and initialize
the guess for the solution as x(0)=y

Compute: f'(x)

Y

Set the values of Vs, Nr and fs as
shown in Table 5.1

v

Set n=0

Y

Compute: x(n+1) = x(n)—

S |
/'(x(n))

n=n+1

NO

YES
/ Print the root x(n). This is the required value /

of Im at a particular set values of Vs, Nr and fs.

Compute the values of /s and /- as given
in relations (5.5) and (5.6)

Y

( Stop )

Fig. 5.5: Flow chart of Newton-Raphson iterative processi&iermining magnetizing currerity).

For each variation iNs, N;, andfs, the corresponding values ©f are determined. To obtain the
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value ofT, firstly, the mechanical powePg) is determined as in (5.7):

3I2R (1 -
Py = JrR(1=S) (5.7)
S
Once the mechanical power is calculated, the toiMLie determined using (5.8):
Pm
T.= 2 5.8
°= & (5.8)

wherew is equal toZ2 05N, the friction and windage losses, and stray load loss akrégh[107].

The per-phase voltage equation of IM is given by (5.9)

dA
Vs = isRs + dfs (5.9)
By integrating (5.9), the per-phase flux linkage is given iyl Q)
Aas = /(Vs = isRs) dt (510)

where,vs andig are per-phase instantaneous values of stator voltage arehtuespectively, and are

determine as shown in (5.11) and (5.12),

is = ImaxSin(wst — @) (5.12)

where Vmax Imaxis the maximum value of stator voltage and current, respalgtiandg is the phase

angle betweens andis, is defined as shown in (5.13):

(5.13)
eq

whereReq andXeq are the equivalent values of resistance and reactanced/ieara the terminal (a,b)

as shown in Fig. 5.1.

Thus, by substituting (5.11) and (5.12) in (5.10) and saj\trfor A5 gives:

Ao — Vimax Imaxs
as— —

coswst + cos(wst — @) (5.14)

Similarly, Azs andAys are determined, as:

Y/ 2n [ 2n
Abs = — (’:‘X cos<w5t — ?> mZ;;RS cos<w5t o— ?> (5.15)
_ Vmax an |mast am
Acs= o cos(wst 3 ) o cos(wst Q 3 ) (5.16)
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By transforminga—b—c to af3 on a stationary frame of referenck,s andAgs are:

V3

Aas = 7 ()\cs_ )\bs) (5-17)
2 1
ABS g § |:Aas_ E (Abs—i— Acs):| (5.18)

OnceAgqs andAgs are known, the totals by the stator winding is given by:
A =1/ (A3t 2Z.) (5.19)

TheVs is varied from 10 V to 110 V with steps of 10V. The motor is sugglwith 50% of the
rated phase voltage. This is due to the limited dc input geltfar the inverter. The nameplate ratings
of fs andN; are 50 Hz and 2850 rpm, respectively. Based on the rating\thes been chosen in
50 rpm steps ranging from 50 rpm to 2850 rpm. Tés chosen in 5 Hz steps ranging from.2
Hz to 50 Hz. With synchronous speelsf of 3000 rpm, the slip (minimum) of the motor is0®
or 5%. Therefore, the possible combinationsfgandN; are such that the motor’s slip should not
be less than .05. Table 5.1 shows the few possible combination$soN;, and motor slip §) for Vs

variations from 10 V to 110 V at steps of 10 V.

Table. 5.1: Few possible combinationsfgfN;, and slip €)
for computer computation witlis variations from
10V to 110 V at 10 V step size.

fs(Hz) | N (rpm) | Ns(rpm)|  slip @)
25 | 50to 142 150 | (67 to Q053
5 | 50to285 300 | (B3to Q05
75 | 50 to 427 450 | (B9 to Q051
10 | 50 to 570/ 600 | ®2 to Q05
50 |50 to 2850 3000 | .98 to Q05

For each variation iV, N;, and fs, the values ofs, A5, andT, are determined. The determined
values oflg, Te, andAg are noted in tabular form, and few tabulated values aralistdables 5.2 and
5.3.

Table 5.2 shows the calculated values at motor speed 50 rdnfisat 2.5 Hz. Similarly, at the
motor speed of 50 rpm, the valueslg], Te, andAg are calculated withs variations from 10 V to 110
V, for the rest offs (see Table 5.1). Likewise, for al; shown as in Table 5.1, the valueslgf, T,
andAg are calculated with variations ify andVs.

The tabulated values show that the high valuek ahdAg are observed at lower speeds, which

are impracticable for the IM used in this experiment. Sideerameplate current rating of IM is 2.5
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Table. 5.2: Calculated values at 50 rpm motor
speed and 2.5 Hz stator voltage frequency

Stator Flux | Torque Input phase
current(rms) linkage (Nm)| voltage(rms)
(A) (wb) V)
0.97 054 069 10
2.02 101 265 20
3.32 126 512 30
4.83 135 7.49 40
6.39 139 978 50
7.96 143 | 1215 60
9.43 154 | 1535 70
10.95 162 | 1847 80
1251 167 | 2148 90
14.05 173 | 2470 100
1559 179 | 2813 110

Table. 5.3: Calculated values at a 2850 rpm motor
speed and 50 Hz stator voltage frequency

Stator Flux | Torque Input phase
current(rms) linkage (Nm)| voltage(rms)
(A) (wb) V)
0.15 006 001 10
0.30 012 005 20
0.45 018 011 30
0.60 025 019 40
0.75 031 029 50
0.89 037 042 60
1.04 043 057 70
1.19 049 075 80
1.33 055 095 90
1.48 061 117 100
1.63 067 141 110

A. The main concerned of this work is for EV application, wi¢hne drive needs to operate over a
wide speed and torque range with varying load conditions, li8dting the current to its nominal
rated values is not a preferable condition. Therefore, idengg the IM used in this work with its
electrical design constraint, it is overburden to twicerdted current value.

Thus, considering IM’s overloading factor to twice its hteirrent value, processing of calculated

data values ofs, Te, andAg are concluded. An overload factor of IM to twice its ratedreat value
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ensures the inductance’s variation due to magnetic satorat the motor. While processing the
calculated values, the data points corresponding to the vagues ofls > 5 A, are discarded from
all the obtained tabulated values. For example, Table 5s2fdwa values corresponding tg > 5

A. For such cases, the obtained tabulated values are aga#a sdth the current limit, ensuring the
corresponding values to high current are discarded frometfgective tables. The sorted values are

again tabulated, as shown in Table 5.4.

Table. 5.4: Sorted values at a 50 rpm motor
speed and 2.5 Hz stator voltage frequency

Stator Flux | Torque Inputphase

current(rms) linkage (Nm) voltage(rms)
(A) (wb) )
0.97 054 069 10
2.02 101 265 20
3.32 126 512 30
4.83 135 749 40

Further, some tables have the calculated values withindbeptable current limit, as shown in
Table 5.3. In Table 5.3, all the values are within the acdaptaurrent limit. For such tables, further
sorting of data points is not required. In like manner, thecpssing and sorting of calculated values
for all the tables are completed and arranged in tabular,fard a few of them are as shown in Tables
5.3and 5.4.

These sorted data are further tabulated baseW®;orariations. Since the variations W are
observed from 10 V to 110 V with 10 V steps, a total of 11 tablesfarther framed. The variations
in N; and fs are observed in each table, from 50 rpm to 2850 rpm afdH2 to 50 Hz, respectively.
For example, Table 5.5 is shown for 40 V.

Table 5.5 is obtained by choosing corresponding 40 V data ffable 5.3, 5.4, and the rest of
similar Tables (not shown). However, Table 5.4 does not A& data. In such cases, the particular
table can be ignored.

Similarly, these eleven voltage tables are framed for 10 ¥1t@ V. For each/s;, the torque and

flux linkage curves are plotted as shown in Figures 5.6 and 5.7
e Fig. 5.6 showsl; vs. N;: The torque curves are plotted wxf, for eachVs. This is used as
torgue LUT. Using curve fitting, these curves are furthemesti as shown in Fig. 5.8.
e Fig. 5.7 showsAs vs. N;: This curve shows the flux linkage curves vidt, for eachVs.

However, to get flux linkage LUTAs vs. N; curves are needed at differeftvalues, which is
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Table. 5.5: Few chosen values at 40 V phase voltage

Rotor Stator | Torque Flux
speed(rpm) current(A) (Nm) Linkage(wb)
250 289 031 017
500 269 027 015
750 277 035 017
1000 258 029 016
2250 185 039 019
2750 089 027 023
2850 Q74 028 030
250 282 028 016
1000 276 047 019
2000 152 049 026
1900 064 028 035
150 370 379 077

discussed in detail in the last paragraph of this section.

k.o’ ®
.
o‘....
2_.00': ': |
> .:
.
.
0 i I{ l."J'"‘"""-“"
0] 500 1000 1500 2000 2500

Speed (rpm)

Fig. 5.6: Te variations at 40 V wri\;.

These graphs (see Fig(s). 5.6 and 5.7) are plotted withtiar&in N, and fs (for T andAg) at
a particulaivs. As a result, multiple data points are observed at a paatictdlue ofN;. If these sets
of data points are fed to the machine controller, pulsatiorspeed and torque can be seen, which,
of course, is unacceptable for a drive system. Thus, thehgrape shown in Fig(s). 5.6 and 5.7
are further defined with limits such ag limit, base speed, antt limit. These limits are explained

in detail using relations (3.11) to (3.17) in chapter- 3. He hext subsequent sections, using these
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Fig. 5.7: Ag variation at 40 V wrt\;.

relations, the\g limit, and T limit are defined to obtain suitable valuesafandT, in LUT format.

5.3.1 Flux linkage limit calculation

In this section, the same relations are used for the calonlaif flux linkage limit as discussed in

chapter-4. The flux linkage limit is calculated, considgr{8.15), which can be written as shown in

(5.20),

Vs— IR
As = — wss i (5.20)

In this work, the IM used is excited with 50% of its rated phaskage, i.e., 110V (rms). There-

fore, the statoAs must be calculated at 110 V voltage to obtain the maximum fhked by the stator
coil. So, (5.20) can be re-framed as shown in (5.21),

. (5.21)

| As110v)| =

whereVinq is the maximum voltage across the stator winding of inductieotor [107] and also
termed as stator winding back-emf. The stator winding berok-is the voltage difference of stator

input voltage and stator resistance drop. TR, is defined using (4.3) as discussed in chapter-4

and is obtained as:
Vind = (\@\@Vs) —~ (\fZIsRs) (5.22)

where,Vs andlg are the phase rms values of stator input voltage and curesgectively. The stator
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winding of the IM used is connected in a star fashion. Underabove-stated conditions, thgis
calculated and is found to 0.8 Wb. Therefore, in this thesi8,Wb is considered as the maximum

flux linked by the stator coil. The same value of flux linkagesed wherever the ratéd is required.

5.3.2 Torque limit calculation, and LUTs for Te and Ag

This section determines the suitable valuesigfand Te in the lookup table (LUT) format. The
calculatedT, defines the maximal value @t at a reference speed and dc source voltage in the DTC
algorithm. Therefore, it is mandatory to limit the torquduea Using relation (3.11), the maximum
value of torque is obtained. This will ensure the limit ofgoe value for corresponding, Vs, and

N;. The observation chart far, andAg wrt rotor speed at different phase voltages is shown in Table
5.6. Few torque LUT entries are shown in Table 5.6, and theptetmdetailed LUT table is given in
Appendix A.1.4.

Table. 5.6: Torque lookup table and flux linkage table wrtanot
speed at different phase voltages

N; (rpm)/ 50rpm | 500rpm | 1000rpm | 1500rpm | 2850rpm
Vas (V)

10 Te| 0.210 | 0.210 0.140 0.110 0.040
As| 0.029 | 0.029 0.020 0.018 0.016
50 Te| 2.410 2.410 1.620 1.270 0.510
As| 0.341 0.341 0.258 0.234 0.207|
70 Te| 3.480 | 3.480 2.280 1.800 0.750
As| 0.497 | 0.497 0.394 0.364 0.325
90 Te| 4510 | 4.510 3.160 2.450 1.490
As| 0.653 | 0.653 0.571 0.508 0.476
110 Te| 5.500 | 5.500 3.890 2.940 1.880
As| 0.809 | 0.809 0.719 0.651 0.608

The torque lines are shown in Fig. 5.8 ensure that, at giké¢say 50 V, 70 V, 110 V), the motor
can develop the torque (maximum) shown by these lines. Fample, if the motor is operating at
50 V, it can achieve a maximal torque of 2.4 Nm upto base spéadspeed increases, the torque
capability developed by the motor reduces. If a torque ofNe is needed at any other speed (
base speed), the voltage level must be increased to meaetdesmand.

Fig. 5.9 shows\g variations wrtN;, andVs. TheAs LUT is obtained by determining th& vs. N,
curves at distinct values dt. Therefore, curve fitting is further executed on the obtisets of data
to accomplisMg vs. N, plots.

For example, at 500 rpm, complete data point$.atndAs values are available witl; variations,
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Fig. 5.8: Torque variations wrt speed at different phastagels. The torque curves are smooth, and
it is acceptable for the DTC.
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Fig. 5.9: Flux linkage variations wrt speed at different gdhaoltages. The flux linkage curves are
smooth, and it is acceptable for the DTC.

as shown in Table 5.6. Using curve fitting, the fitted-modeéb@@ rpm is determined. This fitted-
model showsAg variation wrtTe at 500 rpm. Similar steps are carried out for the remairig
values to obtain the fitted-models. These fitted-models slavations betweelds and T, values at
all possible speeds from 50 rpm to 2850 rpm. The obtaikeaind Te values at distinct speeds are
arranged in tabular form to get the requirkd_UT. Few As LUT entries are shown in Table 5.7, and

the complete detailed LUT table is given in Appendix A.1.3Flw chart to determine the suitable
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Objective: To obtained desired characteristics (Torque and
flux linkage) as shown in Figure 3.2

The desired characteristics is split into two parts: below the base speed
(low speed region) and above the base speed (high speed region).

Define current limit, flux linkage limit, and
torque limit (See sections 5.3.1- 5.3.2)

v

Obtain the non-linear equivalent circuit model of IM as shown in
Figures 5.1-5.4

Solve the non-linear equivalent circuit of IM at different phase voltages, rotor speeds and stator
voltage frequencies (see Table 5.1) using computer computation (see Figure 5.5)

\
Record the values of current,
flux linkage and torque

v

Use abc to of} transformation for flux linkage
calculation (see equations (5.14-5.19))

Obtain the calculated values in tabulated form as
shown in Table 5.2 & 5.3

Is current in
defined limit?

|

- 5 \
l; 1lt§r thz vzlu.es \tht}ll currerg Obtam i @abolar
1m1{ an .0 tamle tf € sorte: form as shown in
values in t?lbu ar form as Table 5.3
shown in Table 5.4

Filter the values
with flux linkage
and torque limits

and torque in
defined limits?

Plot the curves for torque (7e) and flux linkage (As) w.r.t. motor speed
(Nr) at different phase voltages (Vas) (see Figures 5.6 and 5.7)

Are these
curves
smooth?

Use curve fitting to smooth | N
the curve as shown in
Figures 5.8 & 5.9

Arrange the data in LUT format for flux linkage
and torque as shown in Table 5.6 & 5.7

Fig. 5.10: Flow chart to determine the flux linkage)(and torque Tg) values in lookup table format.
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values ofAg andTe in LUT format is shown in Fig. 5.10.

Table. 5.7: Flux linkage lookup table which is used as
reference flux in the DTC scheme

N; (rpm)/ | 50rpm | 500rpm | 1000rpm | 1500rpm | 2850rpm
Te (Nm)
0.1 0.530| 0.530 0.255 0.199 0.177
0.3 0.550 | 0.550 0.285 0.234 0.216
1 0.618| 0.618 0.390 0.358 0.352
15 0.667 | 0.667 0.464 0.444 0.405

The method discussed in this section to determliinendTe values in LUTs format is simple and
does not require any complex mathematical equations.

Furthermore, itis noticed from Fig. 5.7 that thevalue starts to decrease from 500 rpm onwards.
A similar observation is observed for thgvalue. As shown in Figures 5.6 and 5.7, these observations
conclude that the base speed can be considered 500 rpm. dbase speed determination, the
relation betweenw; andw has been examined and is presented in chapter -4, secti@n 4.2

It is found that with variablé\s, base speed is not changing, and it remains constant foalaks
of Vs. Table 5.8 shows the calculation of base speed wrt varigblén this thesis, the base speed is
calculated as 47.37 rad/sec. Thus, the equivalent speguninite., 500 rpm, is considered as base
speed. Itis concluded that the method proposed in this enéptAs determination does not require
base speed calculation, which in general depends on thaldeeltage, motor current, motar, and

machine parameters [69].

Table. 5.8: Calculation of base speed with variable flux

As (wb) 0809 | 0731 | G653 | 0575 | Q497 | 0419 | 0341
Vas (V) 110 100 90 80 70 60 50
Ving (V) | 254.28| 22978 | 20529 | 18079 | 15630| 13180 | 10731
ws (rad/sec) 18B8| 18138 | 18138 | 18138 | 18138 | 18138 | 18138
wr (rad/sec) 4836 | 4736 | 4736 | 4736 | 4736 | 4736 | 4736

The obtained LUT foAs shows flux variations wiN; andTe. The Te LUT shows motor torque
variations wriN, andVs. In the case of EV applications, the variation in DC voltagexperienced wrt
the discharge of the battery and operating conditions [BA&refore, for inverter fed IM, the relation
between the stator excitation voltag&)(and inverter input dc voltagéd/{c) must be considered and
is calculated using (4.6) [113] as discussed in chapterddsaabtained as:

Vs| = 5.23

TH-2946_126102013 139



Using (5.23) V4 is calculated as:

Ve = (5.24)

The suitable value ok{ is chosen from its LUT at reference speed dndin addition, a proper
value of maximumily (i.e., Tem) is also chosen from its LUT at reference speed and dc sonpc# i
voltage.

The conclusions of this section are summarized as:

e The proposed method acknowledges the inductance’s \@aridtie to magnetic saturation in
the motor while processing the calculatedandAs values.

¢ Itis simple and does not require any complex mathematiazi@ons to determine thi and
Te values in LUTSs format.

e It does not demand base speed calculation, which in genepaindls on the dc-link voltage,

motor current, motoAs, and machine parameters.

To check the robustness of the proposed method, the paman{ete, Ry and Lis) sensitivity

analysis has been performed and is discussed in the neidrsect

5.4 Parameter sensitivity

In this section, the robustness of the proposed method imieed by performing parameter sensitiv-
ity analysis. The effect of parameter sensitivity on theppsied method is observed witth percent
(%) variations inRg andL;s. Using computer programming, a non-linear equivalentuiirie solved
with these variations (as discussed in section 5.3), theegadre calculated, as shown in Tables 5.9-
5.12. Tables 5.9-5.12 show the obtained values with pasmatiations at 50 rpm and 2850 rpm,
wrt Table 5.2 and 5.3.

Table 5.9 and 5.10 show calculated values at stator voltageiéncy 5 Hz and motor speed 50
rpm, with 5% variations inRs andLs, respectively, wrt Table 5.2. In Table 5.9 and 5.10, the first
four values are within the acceptable current limit (i.eA)5As discussed in section 5.3, the values
that are not in the current limit range are discarded fronréispective tables. Therefore, the values
corresponding to high current are discarded from the tgbksle 5.9 and 5.10). Fig. 5.11 shows the
plot for calculated values of Table 5.9 at 50 rpm arfit2z with +5% Rs variations and at constabys
(wrt Table 5.2). Fig. 5.12 shows the plot for calculated ealof Table 5.10 at 50 rpm andb2Hz with

+5% L variations and at constaRy (wrt Table 5.2). In Fig(s). 5.11 and 5.12, an arrow is poirted
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Table. 5.9: Calculated values at 56m motor speed and.2 Hz stator voltage frequency

with £5% R; variations and constaibfs wrt Table 5.2 (here;:d indicates+5%).

Stator currentgy) Flux linkage @s) Torque {Te)
. * . . (wh) . - (Nm) . Input phase
With With With With With With
voltage(rms)(V)
(Rs+ 0Rs) | (Re—ORs) | (Rs+ 0Rs) | (Rs—ORs) | (Rs+ ORs) | (Rs— ORs)
0.955 Q997 0526 Q555 Q665 Q703 10
1.991 2084 0985 Q104 262 2719 20
3.268 3405 124 127 4,996 5215 30
4.749 4914 1328 138 7.197 7.750 40
6.276 6509 1353 145 95 10617 50
7.811 8116 138 148 11317 13041 60
9.245 9623 1491 159 14393 16374 70
10.729 11182 1572 167 17389 19628 80
12251 12781 1623 172 20277 22769 90
13754 14361 1682 178 23361 26135 100
15.256 1594 1742 184 26642 29725 110

Table. 5.10: Calculated values at §8m motor speed and.2 Hz stator voltage frequency

with £5% L, variations and constaiis wrt table 5.2 (here;:-d indicates+5%).

Stator currentgs) Flux linkage@s) Torquele)
- G - - (wb) - - (Nm) - Input phase
With With With With With With
voltage(rms)(V)
(Lis+0Lys) | (Lis—9Lis) | (Lis+8Lys) | (Lis — OLis) | (Lis+dLys) | (Lis— OLis)

0.96 0987 0538 Q549 0689 0691 10

1.99 2049 0981 1031 2647 2653 20
3.271 3352 1256 1287 5116 5124 30
4.69 4977 1335 1389 7482 7498 40
6.191 6429 1369 1413 9768 9792 50
7.862 7985 1401 1459 12134 12165 60
9.143 9477 1524 1587 15329 15370 70
9.853 10992 1602 1632 18444 18495 80
11514 12562 158 1685 21448 21511 90
13.455 14085 169 1784 24662 24736 100
14.195 16184 1751 1824 28086 28173 110

show the values within the acceptable current limit of 5 AJ eemaining values beyond the limit are

discarded. The percentage changes in calculated valuesaviaitions in parameters for 50 rpm and

2.5 Hz wrt Table 5.2 are shown in Table 5.13 and 5.14. The tables shat the maximum change in

percentage, within the acceptable current limit, for tHewdated values are{2.89 to —3.16) % for

ls, (+2.87 t0—2.89) % for A, (+3.91 t0—3.47) % for Te.

Table 5.11 and 5.12 show calculated values at 2850 rpm andzp@ith +5% Rs andLs varia-

tions, respectively, wrt Table 5.3. The obtained valueb@sé tables are within the acceptable current
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Table. 5.11: Calculated values at 28%0n motor speed and 56z stator voltage frequency

with £5% R; variations and constahjs wrt table 5.3 (here;:d indicates+5%).

Stator currents) Flux linkage@s) Torque(le)
. * : . (wb) . - (Nm) . Input phase
With With With With With With
voltage(rms)(V)
(Rs+ 0Rs) | (Rs— ORs) | (Rs+ ORs) | (Rs—ORs) | (Rs+ ORs) | (Rs— ORs)

0.146 Q155 Q0589 0061 Q01 001 10
0.296 Q305 Q118 Q122 Q05 0051 20
0.439 0458 Q178 0182 Q108 0113 30
0.588 0608 Q246 0253 Q188 Q193 40
0.738 Q758 Q304 Q315 0286 0294 50
0.878 0915 0363 Q374 0415 Q0423 60
1.027 1057 Q425 0435 0563 Q575 70
1177 1192 0482 0498 Q741 Q751 80
1.317 1340 0541 0558 Q94 0951 90
1.467 1489 0602 0618 1158 1174 100
1.615 1638 0661 Q677 1392 142 110

Table. 5.12: Calculated values at 28%in motor speed and 56z stator voltage frequency

with £5% L, variations and constais wrt table 5.3 (here;:d indicates+5%).

Stator currentgs) Flux linkage@s) Torque(ly)
- G - - (wb) - - (Nm) - Input phase
With With With With With With
voltage(rms)(V)
(Lis+0Lys) | (Lis—OLis) | (Lis+ L) | (Lis— OLis) | (Lis+dLys) | (Lis — SLis)

0.149 Q151 Q059 Q061 Q01 001 10
0.299 Q301 Q119 Q122 Q05 005 20
0.449 Q449 Q179 Q182 011 0108 30
0.599 0598 0249 0248 Q189 Q187 40
0.749 Q746 Q309 Q307 0288 0293 50
0.889 0893 0369 0368 Q417 Q422 60
1.039 1041 Q429 Q429 Q566 Q574 70
1.189 1189 Q49 0491 Q745 Q749 80

133 1337 Q55 0552 Q943 0948 90
1481 1485 0611 0614 1161 117 100
1.629 1635 Q671 Q675 140 1416 110

limit. Fig. 5.13 shows the plot for the calculated values ablE 5.11 at 2850 rpm and 50 Hz, with
+5% Rs variations and constartts, wrt Table 5.3. Fig. 5.14 shows the plot for calculated value
of Table 5.12 at 2850 rpm and 50 Hz, wittb% L5 variations and constams (wrt Table 5.3). The
percentage changes in calculated values with variatiopmiameters for 2850 rpm and 50 Hz wrt
Table 5.3 are shown in Table 5.15 and 5.16. The tables shdwhanaximum change in percentage
for the calculated values are-2.67 to—3.33) % forls, (+1.94 t0—1.67) % forAs, (+1.82 t0—2.73)

% for Te.
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Fig.5.11: Calculated values (Table 5.9) wit% variations in stator resistandes) at 50 rpm motor
speed and 2.5 Hz stator voltage frequency wrt Table 5.2.
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Fig. 5.12: Calculated values (Table 5.10) wits% variations in stator leakage inductantg)(at
50 rpm motor speed and 2.5 Hz stator voltage frequency witTaB.

These observations show that, f66% parameter variations, the maximum variationddrand
Te are (-2.87 to —2.89) % and {-3.91 to —3.47)%, respectively up to the base speed. Beyond the
base speed, the variationsigandTe are ¢-1.94 to—1.67) % and {1.82 to—2.73) %, respectively.
The observations confirm that the proposed approach is deasitive to the variations of parame-
ters. These offline obtained valuesXif andTe are arranged in LUT format and are fed to the DTC

algorithm, which is discussed in chapter-4, section 4.4check the proposed approach’s effective-
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motor speed and 50 Hz stator voltage frequency wrt Table 5.3.

3.5 \ ‘ ‘
current (A) with Lls
current (A) with LIs +5% variation
3r current (A) with Lls —5%: variation i
e —e— torque (Nm) with LlIs
2.5F =@ torque (Nm) with Lls +5% variation b

~—©— torque (Nm) with Lls —5% variation
—w— flux linkage (wb):with Lls i
—w— flux linkage (wb):with LIs +5% variation
—w— flux linkage (wb) with LIs —5% variation

N
T

Percentage variation in
H
[,

o
&)

I i i i

10 20 30 40 50 60 70 80 90 100 110
Stator Voltage (V)

Fig. 5.14: Calculated values (Table 5.12) wilts% variations in stator leakage inductantg)at
2850 rpm motor speed and 50 Hz stator voltage frequency vele &a3.

ness, the comparisons with the existing technique areechaut, and the experimental results are

demonstrated in the next section.
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Table. 5.13: Percentage (%) change in calculated valuele 29) at 50 pm motor speed
and 25 Hz stator voltage frequency witt5% R variations and constamhis wrt table 5.2
(here,£9 indicates+5%).

% change in stator % change in flux % change in torque

_current (as). .Iinkage Q\S). | (Te) | Input phase
With With With With With With

voltageW/ag) (V)
(Rs+ 0Rs) | (Rs— ORs) | (Rs+ 0Ry) | (Rs— ORs) | (Rs+ ORy) | (Rs— OR)

1.55 —2.78 259 271 362 —1.88 10
1.44 -3.16 247 —259 113 —2.60 20
157 —2.56 158 -0.91 242 —1.86 30
1.67 -1.73 163 —-241 391 —-3.47 40
178 —-186 266 —-4.20 286 —8.86 50
1.87 —1.96 349 —-3.61 6.86 —7.33 60
1.96 —2.05 318 —-3.29 6.23 —6.67 70
2.02 —2.12 296 —-3.10 585 —6.27 80
2.07 -2.17 281 —2.97 560 —6.00 90
211 221 277 —2.86 542 —5.81 100
214 —2.25 268 —2.82 529 —5.67 110

Table. 5.14: Percentage (%) change in calculated valulele al0) at 50 pm motor speed
and 25 Hz stator voltage frequency withi5% L5 variations and constai®; wrt table 5.2
(here,£0 indicates+5%).

% change in stator % change in flux % change in torque

| current (a) . . linkage Q\s) . . (Te) . Bt pirase
With With With With With With

voltageVas) (V)
(Lis+0Lys) | (Lis—0Lys) | (Lis+0Lys) | (Lis—OLys) | (Lis+SLys) | (Lis — OLis)

1.03 —-1.75 037 —1.67 015 —0.15 10
1.49 —1.44 287 —2.08 012 —-0.11 20
1.48 —0.96 032 —2.14 008 —0.08 30
2.89 —3.04 111 —2.89 011 -0.11 40
311 —-0.61 151 —1.65 012 -0.12 50
123 -0.31 203 —2.02 013 -0.12 60
3.04 —0.50 104 —-3.05 014 —0.13 70
10.02 —-0.38 111 —-0.74 014 -0.14 80
7.96 —-0.42 539 —0.90 015 -0.14 90
4.23 —-0.25 231 —-3.12 015 —-0.15 100
8.95 -3.81 218 —1.90 016 -0.15 110

5.5 Result and Discussion

The experimental setup of speed control for IM drive with BEC scheme is shown in Appendix
A.6. The complete system has been developed in the labypitasirbed to mimic the EV conditions
as far as possible. The developed setup is facilitated taheimotor for different driving cycles. It

has tested and examined the performance of the controlleraowide torque and speed range. The
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Table. 5.15: Percentage (%) change in calculated valuele all) at 2850 pm motor speed
and 50H z stator voltage frequency wittt5% R variations and constaihjs wrt table 5.3
(here,£9 indicates+5%).

% change in stator % change in flux % change in torquie
.current (as). .Iinkage Q\S). | (Te) _ Input phase
With With With With With With
voltageVas)(V)
(Rs+ ORs) | (Rs—0Rs) | (Rs+ ORs) | (Rs— ORs) | (Rs+ ORs) | (Rs— ORs)
2.67 -3.33 183 —1.67 0 0 10
1.33 -1.67 167 -1.67 0 -2 20
244 —1.78 111 -111 182 —2.73 30
2 —1.33 16 -1.2 105 —1.58 40
16 -1.07 194 -161 138 —-1.38 50
1.35 -2.81 189 —1.08 119 -0.71 60
1.25 -1.63 116 -1.62 123 —0.88 70
1.09 -0.17 163 —1.63 12 —0.133 80
0.98 -0.75 164 —1.45 105 -0.11 90
0.88 —0.61 131 —-131 103 —-0.34 100
0.92 —0.49 134 —1.04 128 -0.71 110

Table. 5.16: Percentage (%) change in calculated valulele ®al2) at 2850 pm motor speed
and 50H z stator voltage frequency witht5% L5 variations and constaiR; wrt table 5.3
(here,£0 indicates+5%).

% change in stator % change in flux % change in torque
. current (a) . . linkage Q\s) . . (Te) . WEh: ohas
With With With With With With
voltageWas) (V)
(Lis+0Lys) | (Lis—0Lys) | (Lis+0Lys) | (Lis — OLys) | (Lis+dLys) | (Lis — OLys)
0.67 —0.67 167 —1.67 0 0 10
0.33 -0.33 083 —1.67 0 0 20
0.22 022 056 —-1.11 0 182 30
0.17 033 040 080 052 158 40
0.13 053 032 097 069 —1.03 50
0.11 -0.34 027 054 071 —0.48 60
0.10 —0.10 023 023 070 —0.70 70
0.10 —0.10 0 —0.20 067 013 80
0 —0.53 0 —0.36 074 021 90
-0.07 -0.34 —0.16 —0.66 077 0 100
0.06 -0.31 —0.51 -0.75 071 -0.43 110

control algorithm is realized on a dSPACE1103 platform, idampling time is chosen as 4@ec.
To check the effectiveness of the proposed method, congparisith the existing technique are
carried out, and experimental results are demonstratddsiséction. The existing technique is:
e Case I Loss model-based technique (as discussed in chaptect®yrs8.3.2) proposed in [62]

for determining the accurate reference flux value at reduingerating conditions. In [62],
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the suitableA; value is calculated from the IM loss minimization algorithamd a loss model

is developed in terms ofs, Te, N;, and motor parameters. Here, the developed loss model
is sensitive to thd_, variation. Thus, in this work, to compare with the proposeethnod
(regarded asase lll), the variation inLy, (5.3) has been incorporated with the obtained loss
model, and results are demonstrated in the next subsecgtitrs

e Case II: The method proposed in chapter-4, which used an FEA-b&sedddel to calculate

the suitable\s value.

A multiple series of experiments are conducted and invatd) in the laboratory with the de-
veloped test-bed setup. Comparative evaluations are figutrand discussed in the next subsequent
sections. The proposed techniques (Cases Il and Ill) is aoeadpwith the existing method (Case 1),
in terms of performance indices of the drive (suchNasTe, andAg responses), ripples if and As.

Besides, input energy consumption and efficiency analysislgo discussed in detail and presented

in sections 5.5.3 and 5.5.4, respectively.

5.5.1 Drive cycle response

The IM drive’s performance is demonstrated in this sectarttie following vehicle driving cycles;
¢ New York City Cycle (NYCC)
¢ New European Driving Cycle (NEDC)

The responses of speed, torque, and flux linkage with theidemesl cases are presented for
NYCC and NEDC driving cycles. Besides, the root mean squamse(RMSES) for the response
are calculated using (5.25) with each considered casesy aomhparative analysis is shown in Table

5.17.

%RMSE= (5.25)

whereeis the error between reference and estimated valuesnasmthe sample’s number of points.

Table. 5.17: RMSE results chart

NYCC NEDC

Casel| Casel] Casel|ll Casel Casell Case lll
Speed (rpm) 67.02 63.00 6190 16.34 15557 1532
Torque (Nm) | 0.1726 0.07] 0.0584 0.11 0.06 0.04

Flux linkage (wb)| 0.0411 0.04] 0.0237 0.10 0.08 0.054
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Fig. 5.15 shows the speed responses of the considered cashe NYCC. Fig.(s) 5.15(c) and
5.15(b) are the DTC speed responses for case Il (non-liegaivalent circuit-based approach) and
case |l (FEA-based approach), respectively. Fig. 5.15(H)d speed response for case | (loss model-
based approach).

The observations for torque and flux are presented in Fig(d6 and 5.17, respectively. The
torgue response for the case | (loss model-based appraashdwn in Fig. 5.16(a). The observation
indicates that the measured torque response with case It iacoeptable as accurate tracking of
reference torque is not possible for a wide range of operstiorhe torque ripples are observed
in case |, with a %RMSE value of 17.26%. Since the motor capnaduce the required torque,
as the selection of reference flux in this case is not accuaateshown in Fig. 5.17(a). The Fig.
5.16(c) shows an acceptable result in torque response && KDgnon-linear equivalent circuit-based
approach) with a %RMSE value of 5.84%. Here, the ripple insuezd torque is low compared to
the case | and is improved compared to case Il (FEA-basedagipy. The %RMSE value of torque
for case Il is 7%. The flux linkage response for case lll is gnawFig. 5.17(c). The observation
shows that the prope¥; is selected for the method proposed in case lll. As a resdmtotor is able
to develop the required torque with case lll. The flux respaashown in Fig.5.17(c) confirms that
the variations in flux (reference as well as estimated) igaele for a wide range of operation. The
%RMSE value in flux response for Case | is 4.11%. Whereasage<|l and Ill, %RMSE values in
flux response are 4% and 2.37%, respectively.

Besides, close observation of 15 sec is made for the NYCCaagrsim 5.18-5.20. The chattering
of speeds to settle down to zero rpm are seen with the caseshoa# in Fig. 5.18(a) (marked by
the arrow in the respective figures). Whereas the speednsspeith case Il is quite satisfactory.
Moreover, the torque and flux responses are not satisfatboryase I, as shown in Fig.(s) 5.19(a)
and 5.20(a). These results show that case | has convergesumsj as a consequence, the accurate
tracking of reference speed, torque, and flux is not acckptsithereas case Il shows comparatively
fair performance in terms of speed tracking, torque, andtflacking. The observations confirm that
case lll yields an acceptable performance. In addition,eQHsensures improvement in tracking
speed, torque, and flux responses compared to Case Il oveleaavige of operations.

Similar observations have been reported with NEDC, and bHsemvations are presented as in
Fig.(s) 5.21-5.23. As observed, case | with the DTC strategyacceptable for a wide speed range.
In comparison, observations are fair with cases Il and HItérms of speed, torque and flux re-

sponses). Moreover, the ripples in measured torque are wittalcase Il and appropriatd; selec-
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Fig. 5.15: Speed response for NYCC (a) Case | (b) Case Il (s @& The RMSE for Case lll is
61.9 and for case Il is 63.00. Whereas, for case | is 67.02.
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tion (so as estimateds) is achievable to develop the motor’s requifkd Besides, cases Il and I
determine the low value of flux compared to the case | for siwglter than the base speed. This is
acceptable for EV applications with a wide speed range.

Table 5.17 shows the RMSE values for speed response, taqdd|ux response with the con-
sidered cases. The RMSE results chart shows that the valtresase | are comparatively high. And
torque ripples are seen for case I. As the flux level with caseelther constant over the changing
operating conditions or does not get the acceptable rangariations to settle for an optimal value.
The result ensures that case | is not able to determine thesaed s value. Thus, case | may not
be acceptable for drives with fast dynamics. Table 5.17riglenarks that case Il provides com-
paratively satisfactory and improved performance conp&oecases | and Il. Further, to check the
proposed method’s reliability, the dynamic and steadiestesponses are observed and discussed in

the next subsequent section.

5.5.2 Dynamic and steady state response

The steady-state response and the transient at startihgigp response at different speeds are ana-
lyzed and demonstrated in this section. The performandedtats such as torque ripple expressed
in standard deviation(Te), relative torque errorTg,), and relative flux errorAg;) are calculated for
the considered cases. Fig. 5.24 illustrates the dynamedspsponse of the DTC-based IM drive
with step-change in speed. The speed response is testedibgiy the speed from 0 rpm to 1000
rpm and back to 250 rpm, as shown in Fig. 5.24.

The torque responses (reference and measured) with thelicasewn in Fig.5.24(c) are com-
paratively fair. Also, have fewer torque ripples are obedrwith case Ill as compared to the case I.
It is seen that the drive performance in Case Il is improvedanpared to case Il.

To understand the proposed technique’s impact on flux andéaipples, torque ripple expressed
in standard deviationd(Te), relative torque errorTg,), and relative flux errorXgr) are determined
using (5.26)-(5.28) [114] for the considered cases at miffeoperating points. The experimental

observations at 106pm with considered cases are shown in Fig(s). 5.25- 5.28.

1 /A A 2
e — 4=
A 18 A
==Y Ty 5.27
RIS (5.27)

TH-2946_126102013 155



2500 8
—— measured
------ reference
— 2000 .
e
=
< 1500 u
D
5]
o
9 1000
500r
0 i i
[0} 200 400 600 800 1000
Time (sec)
(@)
300
2500- b
measured
= 2000~ Ll - reference 1
(=
< 1500 1
D
5]
o
9 1000 |
500 B
0 i
[0} 200 400 600 800 1000
Time (sec)
(b)
300
measured
2500 8
-------- reference
— 2000 .
e
=
< 1500 8
<5}
<)
o
9 1000 |
500 H
0 i
[0} 200 400 600 800 1000

Time (sec)

(c)
Fig. 5.21: Speed response for NEDC (a) Case | (b) Case Il (8% €k Speed tracking is satisfactory

for all the considered cases. The RMSE for Case | is 16.39¢evidni Cases Il and Il are 15.57 and
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_ Avg(Xret) — Avg(Xesti)
Y% Xerror = AVGXear) x 100 (5.28)

where'l%i is the actual sample, n represents sample’s numbeepresents flux linkage or torque
used for the error calculation8ygis an average valueef is the reference value, amdtiis either
estimated or measured value. The comparative analysis lwdsed on torque ripple expressed in %
standard deviationd(Te), % relative torque errorTg,,), and % relative flux errorAg) over a wide

speed range are shown in Table 5.18.
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Table. 5.18: Comparative chart based on torque ripple egptkin standard
deviation ET), relative torque errorTg,) and relative flux errorAg,r)

Torque ripple expressed in % standard deviatiohef
100 rpm| 500 rpm 1000 rpm 1500 rpm 2000 rpm 2500 rpm

Case | 7.66 7.02 6.69 6.79 6.90 3.70
Case Il 6.89 5.51 3.83 3.80 2.87 2.43
Caselll] 6.01 531 3.97 3.37 2.77 2.26

% Relative torque errofTgr)
100 rpm| 500 rpm 21000 rpm 1500 rpm 2000 rpm 2500 rpm

Case | 11.47 7.10 2.50 3.32 4.14 2.49
Case Il 8.12 7.96 1.85 1.40 1.09 0.52
Caselll| 7.73 6.64 181 1.37 0.93 0.47

% Relative flux error4err)
100 rpm| 500 rpm 1000 rpm 1500 rpm 2000 rpm 2500 rpm

Casel| 0.012 0.002 0.013 0.056 0.10 0.06
Casell| 0.005 0.013 0.04 0.06 0.09 0.09
Case lll] 0.004 0.01 0.06 0.06 0.07 0.08

Fig. 5.29 shows the torque ripple expressed in % standaidttev (o T.), % relative torque error
(Terr) and % relative flux errorXg,r) for the considered cases. These observations show thag the
andAg ripples with Case Ill have reduced compared to the case | @nioigroved compared to case
Il. Fig. 5.29 indicates that Case Il provides improved parfance. Further, consumption in input

energy and efficiency analysis are explained for the consitleases over a wide speed and torque

range and presented in the next section.

5.5.3 Energy consumption analysis

The consumption in input energy for the considered casestesmined using (5.29). For the deter-
mination of input energy consumption, the instantaneowsriar input voltage\(yc) and currentlc)

are recorded in dSPACE1103 wrt time. Table 5.19 shows thé epergy consumptions in Watt-hour

(Wh) at two different loads.

En = z (Ve X lge x At) (5.29)

Table. 5.19: Comparative analysis on input energy consompt Wh at 2.0 Nm and at 2.5 Nm loads

2.0 Nm Load 2.5Nm Load
- L Energy-saving(%) in Case || ,Energy- saving(%) in Case |l
Driving cycle| Casel Case|l Case Mo case For Case Tl Casel| Casell Case Il For Case 1 For Case Tl
NYCC 51.30| 50.96| 49.50 3.51 2.87 59.61 57.82 5572 6.52 3.63
NEDC 100.70 98.58 95.19 5.46 3.44 142{44 139.73 131.67 7.%55 775
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The % saving in input energy consumption wrt case Il for tve triving cycles are listed in
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Table 5.19, and is calculated using (5.30).

Energy savin() = < ini 100 (5.30)

whereE;, j is the input energy consumption withepresents for different cases, dfgls is consump-
tion of input energy in case lll.

The comparative analysis listed in Table 5.19 shows that Bapossesses the lowest consump-
tion of input energy compared to cases | and Il. A significavirggs of energy (5.46 % for 2.0 Nm
load and 7.55 % for 2.5 Nm load) are achieved in case Il for KEIDmpared to the other cases. Be-
sides, the percentage of energy-saving has improved inlCasecompared to Case Il. The reduction
in consumption of the input energy establishes the accwhbthe proposed technique.

Further, multiple sets of experiments are conducted indberhatory to analyze the said cases’

efficiency performance and briefly discussed in the nexteyent section.

5.5.4 Efficiency analysis

The efficiency analysis for the said cases is inspected wilk aperating speeds and at different load
torques. These efficiencies are calculated using instaotenvalues of input and output powers over
a period. The instantaneous values of inverter input poweecalculated by measuring andlyc at
their respective node points using a differential voltagep (YOKOGAWA-700924) and the current
probe (YOKOGAWA-701933). The motor’s output power is ohtd by measuring the shaft torque
and speed using the KISTLER-4503B/CoMo0-4700 torque senBuoe technical details of the used
differential probe, current probe, and torque sensor atengin Appendix A.4.

The comparative analysis on the efficiency over the widedpeege and varying load torque for
the considered cases is presented in Table 5.20. The effjaeaps provide more insight information
for a wide operating range. These efficiency maps are cadzlifar speed variations from 100 rpm to
2000 rpm and load torque variations from 0.5 Nmto 2.5 Nm. Maduaited efficiency maps are shown
in Fig. 5.30. The observations show that case Il yields adiigfficiency as compared to the case I.
The efficiency improvement for Case Il is primarily due te iminimum input power consumption
for the fixed power output. Fig. 5.31 shows efficiency graplith wariations in speed and load
torque. These observations confirm that the proposed métiaged I, non-linear equivalent circuit
approach) results in improved efficiency compared to cadeleover, the efficiencies obtained using
Case Il and Case lll are quite similar.

From the presented results and observations, it is fourtdhkaproposed methods (case Il and
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Table. 5.20: Efficiency’s comparative analysis chart olierwide
speed range and varying load torque for the considered cases

% Efficiency at 100 rpm with varying load

0.5Nm| 1.0Nm| 15Nm| 2.0Nm| 2.5Nm
Casel| 16.76 20.17 22.58 23.97 25.45
Casell| 19.69 22.91 26.06 26.58 28.67
Case lll| 20.16 23.40 24.80 26.43 28.02
% Efficiency at 2000 rpm with varying load
0.5Nm| 1.0Nm| 15Nm| 2.0Nm| 2.5Nm
Casel| 48.29 60.20 63.46 67.04 70.5
Casell| 49.08 59.27 67.20 70.10 73.08
Case lll| 49.03 61.98 68.49 71.53 74.74
% Efficiency at 1 Nm over the wide speed range
100 rpm| 500 rpm 1000 rpm 1500 rpm 2000 rpm
Casel| 20.17 33.58 40.66 49.65 60.20
Casell| 22.91 36.04 41.74 49.09 59.27
Case lll| 23.40 39.33 41.69 49.41 61.98
% Efficiency at 2.5 Nm over the wide speed range
100 rpm| 500 rpm 1000 rpm 1500 rpm 2000 rpm
Casel| 25.45 42.77 49.88 63.54 70.5
Casell| 28.67 46.04 54.07 65.72 73.08
Case lll| 28.02 44.68 54.83 62.92 74.74

>~

A"

IIl) have comparatively no convergence issues. As they doetuire the comprehensive calculation
of A at every instant (as calculated offline and stored in its LUTey have fewer torque ripples.
The proposed approaches are accepted for practical apptisavhere the torque reference changes
quickly (see Fig. 5.16). These methods also account for aryabing condition described by motor
torque and speed with minimal input energy consumption.thear the method proposed in this
chapter has an advantage over the method proposed in cdagtsithe non-linear equivalent circuit
approach does not need a pre-knowledge about the geomélry ofotor, i.e., winding scheme, slot
dimensions details and lamination designs to determine@dharate values of reference flux in the

DTC algorithm.
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5.6 Conclusion

This chapter discusses the offline lookup table-based appriom determine the reference flux linkage
of the DTC strategy for IM drive. The method uses a non-lineguivalent circuit model of IM
to determine the suitable values of flux linkage. The noadmmodel ensures that the effect of
saturation is taken into account. A set of experiments arfopeed in the laboratory to obtain the
magnetization curve of the IM. Further, the relation betwl® motor's magnetizing inductance and
magnetizing current is established. Besides, the IEEEI&tan112- 2017) no-load test and blocked
rotor test are performed on the tested motor to obtain its/algnt circuit parameters. The obtained
equivalent circuit with varying magnetizing inductancéixts the non-linear model of IM.

The obtained non-linear equivalent circuit is solved withiations in applied stator voltage, rotor
speed, and stator voltage frequency to get the accuraterikagle values. The obtained flux linkage
values are stored in the lookup table format and fed to the RgGrithm as the reference flux
linkage. The proposed technique ensures that the obtaimetinfkage values in lookup table format
give accurate information of reference flux at the requineelesl and given torque with dc voltage
constraint. Thus proposed approach calculates referancinkage considering the reference speed,
torque, and DC voltage. Further, to check the proposed rdisthffectiveness, it is compared with the
loss model-based technique and FEA-based approach (fgdserchapter-4), based on the tracking
of speed, torque, and flux linkage with different vehiclesuhg cycles. The observations confirm that
the proposed technique is suitable for dynamic speed ratfeedracking of speed, torque, and flux
linkage are satisfactory for the given vehicle driving egl

Further, the proposed technique is simple and does notreegny complex mathematical equa-
tions to determine reference flux linkage values in lookigtetéormat. It does not demand base speed
calculation, which in general depends on the dc-link vatagotor current, motor flux linkage, and
machine parameters. The proposed method is least sensitiaiations in motor parameters. The
dynamic and steady-state responses for the consideresi arx@séemonstrated, and it is observed that
the proposed approach has fewer torque ripples. Beside$oitind experimentally that the proposed
technique yields improvement in the drive efficiency coneplao the loss model-based technique and
FEA-based approach, with minimal input energy consumpfidre method presented in this chapter
overcomes the drawback of the FEA-based approach propossthpter-4. However, this method

requires intensive offline calculations to develop the lgnkable for the reference flux linkage.
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CHAPTER G

CONCLUSIONS ANDFUTURE WORK

6.1 Conclusions

The thesis’s framework is based on implementing a low-caost efficient DTC IM drive for EV
applications. This work started with the choice of the coinstructure that is best suited to the
EV application. Generally, for the high-performance cohalgorithms, the FOC scheme is widely
employed. However, the FOC scheme has a complex contratsteuand requires coordinate trans-
formation and pulse width modulator (PWM) signal generaitrerefore, an alternative strategy, the
DTC scheme, is chosen because it is simple in structure amgetence to provide a high dynamic
response and does not demand any coordinate transformatichpulse width modulation (PWM)
techniques. Moreover, for an efficient and low-cost draeir the selection of EM is important as
EM is one of the main subsystems of the EV drivetrains. Inwusk, the low-cost and rugged IM
is preferred as an alternative to PM motor to drive the EV.idkes the IM drives’ efficiency can
be improved in two ways; 1) by changing the motor geometryraatkrial, 2) by incorporating the
optimal reference flux (stator or rotor) selection methothim used control scheme, which reduces
the motor losses. In this thesis work, the two approachepraosed for the selection of suitable
Ad:

1. Determination of\J using a Finite Element Analysis (FEA) based IM model.

2. Determination of\§ using a non-linear equivalent circuit model of IM.

For the implementation of the DTC algorithm for an IM, it igjtéred to understand the dynamic
model of IM subjected to control. Therefore, in this theslspter-2 covers the mathematical model-
ing of IM and the vector control schemes. The DTC scheme id imsthis work due to its advantage
over another control scheme (FOC). Besides the advantd@eRQ it has some drawbacks, and one

of them’s the selection ofg. Itis found that the value ofg significantly impacts the DTC perfor-
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mance and plays an important role in improving the efficiemitthe drivetrain. Hence, in this thesis,
chapter-3 focused mainly on the impact of variakhleon DTC-based IM drive performance.

In chapter-3, a detailed analysis has been presented @irxipé effects of variablas on the mo-
tor’'s behavior. Besides, this chapter focussed on the DTi€rse with variable\;. It is observed that
a variableA¢ is desirable in the DTC scheme for a wide range of speed agddorfurther, a brief
explanation of methods for determining th¢ in context to the DTC scheme is presented. Finally,
based on the determination methods\¢f the detailed discussion on its limitations in context to EV
applications are summarized. The selection of optiAgais critical and has a substantial impact on
IM drive performance for EV applications over a wide rangepérations and the efficiency improve-
ment of the EV drivetrain. It is found that there is no genieeal accepted method for determining
the reference flux linkage. Thus, the determination of ogkiAg is one of the challenging issues
in DTC of IM for a wide range of operations and variable loadditions. Based on this chapter's
finding, the determination methods Af are proposed for DTC-based IM drive over a wide range of
operations and are explained in the next subsequent chapter

In chapter-4, an offline LUT based approach to determineAthef the DTC strategy for IM
drive is presented. The method proposed in this chaptertbedsEA-based IM model to calculate
suitable values of flux linkages. The FEA model ensures tmateffect of magnetic saturation is
taken into account. The multiple sets of FEA simulationscareied out to obtain the accurate values
of flux linkage. The obtained flux linkage values are stored Uil format and fed to the DTC
algorithm as reference flux. The proposed approach ensuamethe obtained flux linkage values in
LUT format gives accurate information af at the required speed and given torque with dc voltage
constraint. Moreover, the proposed approach calculiesonsidering the reference speed, torque,
and DC source voltage. Further, to check the robustnesseogpribposed method, it is compared
with the existing conventional technique and variable flppraach. The comparison is based on
tracking speed, torque, and flux for different vehicle dwyicycles. The observation shows that
the proposed method is less sensitive to the motor’s paeamatiation, such as stator resistance
and leakage inductance, and magnetization inductanceexperimental observations show that the
proposed method yields improvement in drive efficiency witimimal input energy consumption.
The proposed method is made acceptable for EV applicatidh few modifications in the DTC
algorithm. This chapter’s work contributed towards thelmation in SCI journal listed in the list of

publications, serial number-4.

TH-2946_126102013 174



However, this method proposed in chapter-4 required a posvledge about the geometry of
the motor, i.e., winding scheme, slot dimensions detaild, lamination designs, to develop an FEA
model of IM, which helps to obtain accurate values of refeesfiux and maximum torque in LUTs
format. This limitation is overthrown if a non-linear eqaient circuit model of IM will be developed
and used. Therefore, the determination of reference fllkadje using a non-linear equivalent circuit
model of IM is developed and discussed in the next chapter.

The chapter-5 discussed the non-linear equivalent cincaiel approach to determine th¢ of
the DTC strategy for IM drive. The method proposed in thispteauses a non-linear equivalent
circuit model of IM to determine the suitable values of fluskiage. The non-linear model ensures
that the effect of saturation is taken into account. A sekpeeiments are performed in the laboratory
to obtain the magnetization curve of the IM. Further, thatteh between the motor’s magnetizing
inductance and magnetizing current is established. Bgside IEEE Standard (1122017) no-load
and blocked rotor tests are performed on the tested motdsteoroits equivalent circuit parameters.
The obtained equivalent circuit with varying magnetizinductance exhibits the non-linear model of
IM. The obtained non-linear equivalent circuit is solvedhwariations in applied stator voltage, rotor
speed, and stator voltage frequency to get the accuraterikagle values. The obtained flux linkage
values are stored in the LUT format and fed to the DTC algoriths the reference flux linkage.
The proposed technique ensures that the obtained flux knkalyes in LUT format give accurate
information of reference flux at the required speed and gigeque with dc voltage constraint. The
proposed approach calculates reference flux linkage cemsgithe reference speed, torque, and DC
voltage. Further, to check the proposed method’s effantigs, it is compared with the loss model-
based technique and FEA-based approach (presented irecdpbased on tracking speed, torque,
and flux linkage with different vehicle driving cycles. Thbservations confirm that the proposed
technique is suitable for dynamic speed range as the trgqaiiirspeed, torque, and flux linkage
are satisfactory for the given vehicle driving cycles. Toimpter's work contributed towards the
publication in SCI journal listed in the list of publicatignserial number-1.

Moreover, the technique proposed in chapter-5 is simpledaed not require any complex math-
ematical equations to determing values in LUT format. It does not demand base speed caloolati
which in general depends on the dc-link voltage, motor creotor flux linkage, and machine
parameters. The proposed method is least sensitive tdigadgan motor parameters. The dynamic
and steady-state responses for the considered cases apadfiexted, and it is observed that the

proposed approach has fewer torque ripples. Besides, auisdf experimentally that the proposed
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technique yields improvement in the drive efficiency conegato the loss model-based technique
and FEA-based approach, with minimal input energy consiamptThe method presented in this

chapter overcomes the drawback of the FEA-based approapbged in chapter-4.

6.2 Scope for Future Work

The thesis aims to design, develop, and implement a spedthbc@TC-based IM drive that can
operate for a wide speed range and stable at various ogeratides. For the fulfillment of these ob-
jectives, few design methods are presented and discusesate & the issues that have not addressed

in this thesis and may be the subject of future researchstesllbelow:

¢ Inverter nonlinearities are ignored in this thesis work. e@an use techniques to introduce
nonlinearity compensation for the proper voltage signedsimation.

e Further different inverter topologies can be used with ttoppsed design.

e The regenerative braking can be one of the perspectivesiftiref extension in this work. A
setup can be developed to implement a control strategy éittrisal braking over a wide
range of operations.

¢ With the proposed design, a drivetrain configuration for alspassenger car can be developed
and prototyped for testing on the actual road driving cdon# scenario.

¢ Different DC-DC converter topologies can be further stddiead examined as the extension of

the proposed design for efficiency and overall performanmgadvement.
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A.1 Proposed Lookup Tables

A.1.1 FEA Based Lookup Table For Flux Linkage

The FEA-based lookup table for flux linkage proposed in okragtis listed in this section. The complete lookup tablaisging from Orpmto 2850rpm. Due

to page-width constraints, the lookup table is listed insgations as shown below.

Table. A.1.1: FEA based lookup table for flux linkage upto 9pth

Ny (rpm)/ | Orpm | 50rpm | 100rpm | 150rpm | 200rpm | 250rpm | 300rpm | 350rpm | 400rpm | 450rpm | 500rpm | 550rpm | 600rpm | 650rpm | 700rpm | 750rpm | 800rpm | 850rpm | 900rpm | 950rpm
Te (Nm)
0.1Nm 0.148 | 0.148 | 0.148 0.148 0.148 0.148 0.148 0.14 0.148 0.148.1480 | 0.146 0.141 0.135 0.129 0.124 0.118 0.114 0.11p 0.1(
0.2Nm 0.218 | 0.218 | 0.218 0.218 0.218 0.218 0.218 0.21 0.218 0.218.2180 | 0.215 0.207 0.198 0.189 0.183 0.175 0.16 0.16¢4 0.1¢4
IO—O\ 0.3Nm 0.299 | 0.299 | 0.299 0.299 0.299 0.299 0.299 0.29 0.299 0.299.2990 | 0.289 0.279 0.267 0.256 0.247 0.237 0.22 0.221 0.2]
h 0.4Nm 0.314 | 0.314 | 0.314 0.314 0.314 0.314 0.314 0.314 0.314 0.314.3140 | 0.310 0.298 0.284 0.271 0.260 0.248 0.237 0.229 0.27
0.5Nm 0.349 | 0.349 | 0.349 0.349 0.349 0.349 0.349 0.34 0.349 0.349.3490 | 0.344 0.331 0.316 0.301 0.289 0.276 0.264 0.25p 0.24
0.6 Nm 0.382 | 0.382 | 0.382 0.382 0.382 0.382 0.382 0.38 0.382 0.382.3770 | 0.363 0.346 0.329 0.317 0.303 0.290 0.28 0.278 0.26
0.7Nm 0.451 | 0.451 | 0451 0.451 0.451 0.451 0.451 0.45 0.451 0.451.4510 | 0.432 0.416 0.398 0.380 0.372 0.366 0.35] 0.338 0.3
0.8Nm 0.464 | 0.464 | 0.464 0.464 0.464 0.464 0.464 0.464 0.464 0.464.4640 | 0.439 0.422 0.403 0.384 0.376 0.370 0.35% 0.34p 0.33
0.9Nm 0.475 | 0.475 | 0.475 0.475 0.475 0.475 0.475 0.47% 0.475 0.475.4750 | 0.468 0.450 0.429 0.408 0.392 0.374 0.35 0.34p 0.3
1.0Nm 0.506 | 0.506 | 0.506 0.506 0.506 0.506 0.506 0.50 0.506 0.506.5060 | 0.496 0.476 0.454 0.432 0.414 0.395 0.37 0.36p 0.3§
1.1Nm 0.537 | 0.537 | 0.537 0.537 0.537 0.537 0.537 0.53 0.537 0.537.5370 | 0.523 0.501 0.477 0.454 0.436 0.416 0.41 0.408 0.4(
1.5Nm 0.719 | 0.719 | 0.719 0.719 0.719 0.719 0.719 0.71 0.719 0.719.7190 | 0.689 0.666 0.623 0.586 0.556 0.532 0.51 0.498 0.4
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Table. A.1.2: FEA based lookup table for flux linkage from @Q@pmto 1950rpm

N; (rpm)/ | 1000rpm | 1050rpm | 1100rpm | 1150rpm | 1200rpm | 1250rpm | 1300rpm | 1350rpm | 1400rpm | 1450rpm | 1500rpm | 1550rpm | 1600rpm | 1650rpm | 1700rpm | 1750rpm | 1800rpm | 1850rpm | 1900rpm | 1950rpm
Te (Nm)
0.1Nm 0.105 0.103 0.102 0.102 0.101 0.101 0.100 0.100 0.099 0.097 .0960 0.096 0.095 0.094 0.094 0.093 0.093 0.092 0.091 0.09
0.2Nm 0.157 0.155 0.154 0.153 0.152 0.152 0.151 0.150 0.144 0.146 .1440 0.142 0.141 0.140 0.138 0.137 0.135 0.134 0.132 0.130
0.3Nm 0.209 0.195 0.193 0.191 0.190 0.189 0.188 0.186 0.184 0.181 .1790 0.171 0.170 0.168 0.166 0.165 0.164 0.162 0.160 0.15
0.4Nm 0.218 0.214 0.212 0.210 0.209 0.208 0.207 0.205 0.203 0.200 .1980 0.196 0.194 0.193 0.191 0.190 0.188 0.187 0.185 0.18
0.5Nm 0.243 0.240 0.237 0.236 0.234 0.233 0.232 0.230 0.227 0.224 .2220 0.220 0.218 0.216 0.214 0.213 0.211 0.209 0.207 0.204
0.6 Nm 0.264 0.261 0.259 0.258 0.257 0.255 0.253 0.250 0.247 0.244 .2410 0.239 0.237 0.235 0.233 0.231 0.229 0.227 0.224 0.22%
0.7Nm 0.319 0.313 0.294 0.291 0.290 0.286 0.285 0.285 0.274 0.279 .2750 0.272 0.270 0.268 0.265 0.263 0.261 0.259 0.256 0.254
0.8Nm 0.323 0.317 0.303 0.301 0.299 0.298 0.296 0.293 0.29¢ 0.286 .2820 0.279 0.277 0.274 0.272 0.270 0.268 0.265 0.262 0.25
0.9Nm 0.330 0.325 0.322 0.319 0.318 0.316 0.314 0.311 0.307 0.308 .2990 0.296 0.293 0.291 0.289 0.286 0.284 0.281 0.278 0.27%
1.0Nm 0.349 0.343 0.340 0.337 0.335 0.333 0.331 0.328 0.324 0.320 .3160 0.312 0.309 0.307 0.304 0.302 0.299 0.297 0.294 0.29
§ 11Nm 0.401 0.398 0.385 0.374 0.366 0.361 0.357 0.354 0.352 0.350 .3480 0.345 0.340 0.336 0.332 0.328 0.325 0.322 0.319 0.311
1.5Nm 0.482 0.441 0.436 0.433 0.431 0.429 0.426 0.423 0.414 0.415 .4120 0.407 0.403 0.400 0.397 0.392 0.388 0.384 0.380 0.374
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Table. A.1.3: FEA based lookup table for flux linkage from @@pm to 2850r pm

N (rpm)/ | 2000rpm | 2050rpm | 2100rpm | 2150rpm | 2200rpm | 2250rpm | 2300rpm | 2350rpm | 2400rpm | 2450rpm | 2500rpm | 2550rpm | 2600rpm | 2650rpm | 2700rpm | 2750rpm | 2800rpm | 2850rpm
Te (NmM)
0.1Nm 0.090 0.089 0.089 0.088 0.087 0.087 0.087 0.086 0.086 0.08% .0850 0.084 0.084 0.084 0.083 0.083 0.082 0.081
0.2Nm 0.128 0.126 0.124 0.123 0.122 0.121 0.120 0.119 0.119 0.118 .1180 0.117 0.117 0.116 0.116 0.115 0.115 0.114
0.3Nm 0.158 0.156 0.156 0.155 0.154 0.154 0.152 0.152 0.151 0.150 .1490 0.148 0.146 0.145 0.143 0.142 0.141 0.140
0.4Nm 0.181 0.179 0.177 0.176 0.176 0.173 0.172 0.171 0.171 0.169 .1680 0.168 0.166 0.166 0.165 0.164 0.163 0.161
0.5Nm 0.202 0.200 0.197 0.195 0.193 0.192 0.190 0.189 0.189 0.183 .1870 0.187 0.186 0.186 0.185 0.183 0.182 0.180
0.6 Nm 0.219 0.216 0.214 0.212 0.210 0.209 0.208 0.207 0.205 0.20% .2040 0.204 0.203 0.203 0.202 0.201 0.199 0.198
0.7Nm 0.250 0.247 0.245 0.242 0.240 0.239 0.236 0.233 0.231 0.231 .2280 0.225 0.222 0.220 0.219 0.217 0.215 0.213
0.8Nm 0.256 0.253 0.250 0.247 0.245 0.245 0.243 0.241 0.241 0.240 .2400 0.238 0.237 0.236 0.234 0.232 0.230 0.228
- 0.9Nm 0.272 0.268 0.265 0.265 0.262 0.262 0.260 0.259 0.258 0.256 .2540 0.252 0.252 0.250 0.248 0.246 0.244 0.242
i 1.0Nm 0.286 0.286 0.283 0.283 0.279 0.279 0.276 0.276 0.274 0.274 .2720 0.270 0.268 0.266 0.262 0.260 0.257 0.255
1.1Nm 0.314 0.311 0.308 0.306 0.304 0.302 0.300 0.297 0.293 0.290 .2870 0.285 0.283 0.280 0.274 0.272 0.270 0.268
1.5Nm 0.373 0.368 0.364 0.359 0.354 0.349 0.345 0.341 0.338 0.33%5 .3280 0.326 0.323 0.322 0.321 0.319 0.316 0.313
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A.1.2 FEA Based Lookup Table For Torque

The FEA-based lookup table for torque proposed in chaptieridted in this section. The complete lookup table is raggrom Orpmto 2850rpm. Due to

page-width constraints, the lookup table is listed in satises as shown below.

Table. A.1.4: FEA based lookup table for torque upto 8pM

Ny (rpm)/ | Orpm | 50rpm | 100rpm | 150rpm | 200rpm | 250rpm | 300rpm | 350rpm | 400rpm | 450rpm | 500rpm | 550rpm | 600rpm | 650rpm | 700rpm | 750rpm | 800rpm | 850rpm | 900rpm | 950rpm
VaS (V)
10V 0.039 | 0.039 | 0.039 0.039 0.039 0.039 0.039 0.03 0.039 0.039.0390 | 0.039 0.039 0.038 0.038 0.037 0.037 0.03¢ 0.035 0.03
20V 0.203 | 0.203 | 0.203 0.203 0.203 0.203 0.203 0.203 0.203 0.2(03.2030 | 0.203 0.202 0.201 0.199 0.196 0.192 0.187 0.18p 0.17
30V 0.487 | 0.487 | 0.487 0.487 0.487 0.487 0.487 0.48 0.487 0.487.4870 | 0.463 0.452 0.450 0.448 0.440 0.430 0.42¢ 0.404 0.3
40V 0.931| 0.931 | 0.931 0.931 0.931 0.931 0.931 0.93 0.931 0.931.9310 | 0.882 0.880 0.886 0.873 0.859 0.841 0.821 0.804 0.74
§ 50V 1.219 | 1.219 1.219 1.219 1.219 1.219 1.219 1.21 1.219 1.219.2191 | 1.192 1.192 1.190 1.180 1.161 1.136 1.10¢ 1.098 1.0§
60V 1.651 | 1.651 1.651 1.651 1.651 1.651 1.651 1.65 1.651 1.6%1.6511 | 1.647 1.641 1.631 1.615 1.594 1.569 1.54 1.509 1.47
70V 2.197 | 2.197 2.197 2.197 2.197 2.197 2.197 2.19 2.197 2.197.1972 | 2.187 2.173 2.155 2.132 2.105 2.074 2.03¢ 2.008 1.964
80V 2.569 | 2.569 2.569 2.569 2.569 2.569 2.569 2.56 2.569 2.569.5692 | 2.552 2.530 2.505 2.474 2.440 2.402 2.362 2.321L 2.21
90V 3.226 | 3.226 | 3.226 3.226 3.226 3.226 3.226 3.22 3.226 3.226.2263 | 3.193 3.156 3.115 3.069 3.020 2.969 2.91% 2.850 2.8(
100V 3.774 | 3.774 3.774 3.774 3.774 3.774 3.774 3.774 3.774 3.774.7743 | 3.729 3.682 3.632 3.580 3.525 3.469 3.411 3.358 3.2
110V 4.288 | 4.288 | 4.288 4.288 4.288 4.288 4.288 4.28 4.288 4.288.2884 | 4.235 4.179 4.119 4.057 3.993 3.926| 3.85¢ 3.789 3.74
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Table. A.1.5: FEA based lookup table for torque ranging fada0rpmto 1950rpm

N, (rpm)/ | 1000rpm | 1050rpm | 1100rpm | 1150rpm | 1200rpm | 1250rpm | 1300rpm | 1350rpm | 1400rpm | 1450rpm | 1500rpm | 1550rpm | 1600rpm | 1650rpm | 1700rpm | 1750rpm | 1800rpm | 1850rpm | 1900rpm | 1950rpm
Vas (V)
10V 0.033 0.031 0.030 0.029 0.028 0.026 0.025 0.024 0.023 0.021 .0200 | 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.010 0.0099
20V 0.171 0.166 0.161 0.155 0.151 0.146 0.141 0.137 0.132 0.128 .1240 | 0.120 0.117 0.113 0.110 0.106 0.103 0.100 0.098 0.095
30V 0.388 0.355 0.343 0.332 0.322 0.312 0.302 0.293 0.285 0.277 2700 | 0.263 0.257 0.251 0.245 0.239 0.234 0.229 0.224 0.22
s 40V 0.778 0.731 0.710 0.690 0.672 0.655 0.638 0.623 0.608 0.594 5710 | 0.559 0.547 0.536 0.515 0.505 0.498 0.480 0.465 0.45
@ 50V 1.078 1.067 1.059 1.032 1.007 0.982 0.959 0.937 0.915 0.895 .8420 | 0.806 0.783 0.751 0.704 0.688 0.672 0.656 0.641 0.624
60V 1.444 1.412 1.381 1.351 1.321 1.292 1.264 1.236 1.209 1.182 1561 | 1.130 1.104 1.079 1.054 1.029 1.005 0.981 0.957 0.931
70V 1.927 1.890 1.852 1.816 1.780 1.744 1.708 1.673 1.639 1.604 5701 | 1.535 1.502 1.468 1.435 1.401 1.368 1.335 1.302 1.26
80V 2.236 2.194 2.153 2113 2.073 2.034 1.996 1.958 1.921 1.884 8481 | 1.812 1.777 1.741 1.706 1.671 1.637 1.602 1.567 1.53
90V 2.748 2.694 2.640 2,588 2.537 2.486 2.437 2.388 2.340 2293 2462 | 2.200 2.155 2.111 2.066 2.023 1.980 1.937 1.894 1.852
100V 3.236 3.178 3.121 3.064 3.008 2.952 2.897 2.842 2.784 2.734 6812 | 2.628 2.575 2,523 2.471 2.419 2.368 2.317 2.266 2.214
110V 3.652 3.584 3.518 3.452 3.387 3.323 3.260 3.198 3.136 3.075 0153 | 2.956 2.897 2.839 2.781 2.723 2.666 2.610 2.554 2.49
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Table. A.1.6: FEA based lookup table for torque ranging f@®00rpmto 2850rpm

N (rpm)/ | 2000rpm | 2050rpm | 2100rpm | 2150rpm | 2200rpm | 2250rpm | 2300rpm | 2350rpm | 2400rpm | 2450rpm | 2500rpm | 2550rpm | 2600rpm | 2650rpm | 2700rpm | 2750rpm | 2800rpm | 2850rpm
Vas (V)
1ov 0.0088 0.0079 0.0070 0.0061 0.0053 0.0046 0.004p 0.0034 029.0 | 0.0025 0.0022 0.0019 0.0018 0.0017 0.0016 0.0016 0.0016.0015
20V 0.093 0.090 0.088 0.086 0.084 0.083 0.081 0.080 0.079 0.078 .0770 0.077 0.076 0.076 0.076 0.075 0.075 0.075
30V 0.215 0.211 0.207 0.202 0.198 0.194 0.189 0.185 0.180 0.17% .1430 0.155 0.150 0.144 0.138 0.132 0.128 0.121
s 40V 0.440 0.422 0.410 0.399 0.380 0.365 0.348 0.337 0.325 0.31%5 .3090 0.302 0.294 0.290 0.285 0.281 0.277 0.272
- 50V 0.611 0.597 0.582 0.568 0.553 0.538 0.523 0.508 0.492 0.476 .4500 0.442 0.425 0.407 0.401 0.398 0.390 0.385
60V 0.908 0.884 0.860 0.836 0.812 0.788 0.763 0.738 0.713 0.687 .6620 0.635 0.609 0.582 0.555 0.528 0.500 0.473
70V 1.236 1.202 1.169 1.136 1.102 1.069 1.035 1.001 0.967 0.933 .8980 0.863 0.828 0.792 0.756 0.721 0.685 0.649
80V 1.498 1.464 1.429 1.394 1.359 1.323 1.287 1.251 1.214 1.177 .1401 1.102 1.063 1.024 0.985 0.945 0.905 0.866
0V 1.810 1.768 1.726 1.685 1.643 1.602 1.560 1.518 1.47§ 1.434 .3921 1.350 1.307 1.264 1.221 1.177 1.134 1.091
100V 2.164 2.114 2.063 2.013 1.963 1.912 1.862 1.812 1.762 1.712 6611 1.611 1.560 1.510 1.459 1.408 1.358 1.307
110v 2.443 2.388 2.333 2.278 2.223 2.169 2.114 2.060 2.005 1.951 .8961 1.841 1.787 1.732 1.677 1.622 1.567 1.512
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A.1.3 Non-Linear Equivalent Circuit Based Lookup Table For Flux Linkage

The non-linear equivalent circuit-based lookup table fox finkage proposed in chapter-5 is listed in this sectiome Tomplete lookup table is ranging from 0

rpmto 2850rpm. Due to page-width constraints, the lookup table is listesluibsections as shown below.

Table. A.1.7: Non-linear equivalent circuit based lookabplé¢ for flux linkage upto 956pm

N (rpm)/ | Orpm | 50rpm | 100rpm | 150rpm | 200rpm | 250rpm | 300rpm | 350rpm | 400rpm | 450rpm | 500rpm | 550rpm | 600rpm | 650rpm | 700rpm | 750rpm | 800rpm | 850rpm | 900rpm | 950rpm
Te (Nm)
0.1Nm 0.530 | 0.530 | 0.530 0.530 0.530 0.530 0.530 0.530 0.530 0.530.5300 | 0.489 0.450 0.415 0.383 0.354 0.328 0.30¢ 0.286 0.269
0.2Nm 0.540 | 0.540 | 0.540 0.540 0.540 0.540 0.540 0.54 0.540 0.540.5400 | 0.499 0.461 0.426 0.395 0.367 0.342 0.32 0.301 0.284
0.3Nm 0.550 | 0.550 | 0.550 0.550 0.550 0.550 0.550 0.55 0.550 0.550.5500 | 0.509 0.472 0.438 0.407 0.380 0.355 0.334 0.31p 0.299
0.4Nm 0.559 | 0.559 | 0.559 0.559 0.559 0.559 0.559 0.559 0.559 0.5%9.5590 | 0.520 0.483 0.450 0.420 0.393 0.369 0.347 0.329 0.313
0.5Nm 0.569 | 0.569 | 0.569 0.569 0.569 0.569 0.569 0.569 0.569 0.569.5690 | 0.530 0.495 0.462 0.432 0.405 0.382 0.361 0.343 0.328
0.6 Nm 0.579 | 0.579 | 0.579 0.579 0.579 0.579 0.579 0.579 0.579 0.579.5790 | 0.541 0.506 0.474 0.444 0.418 0.395 0.37% 0.358 0.343
B 0.7Nm 0.589 | 0.589 | 0.589 0.589 0.589 0.589 0.589 0.589 0.589 0.589.5890 | 0.551 0.517 0.485 0.457 0.431 0.409 0.389 0.37R 0.3%7
® 0.8Nm 0.598 | 0.598 | 0.598 0.598 0.598 0.598 0.598 0.598 0.598 0.598.5980 | 0.562 0.528 0.497 0.469 0.444 0.422 0.40% 0.38p 0.372
0.9Nm 0.608 | 0.608 | 0.608 0.608 0.608 0.608 0.608 0.60&43 0.608 0.608.6080 | 0.572 0.539 0.509 0.482 0.457 0.436 0.417 0.40p 0.386
1ONm 0.618 | 0.618 | 0.618 0.618 0.618 0.618 0.618 0.618 0.618 0.618.6180 | 0.583 0.550 0.521 0.494 0.470 0.449 0.431 0.41p 0.401
1L1Nm 0.628 | 0.628 | 0.628 0.628 0.628 0.628 0.628 0.628 0.628 0.628.6280 | 0.593 0.561 0.532 0.506 0.483 0.462 0.444 0.42p 0.416
1.2Nm 0.637 | 0.637 | 0.637 0.637 0.637 0.637 0.637 0.637 0.637 0.637.6370 | 0.604 0.573 0.544 0.519 0.496 0.476 0.45 0.443 0.430
1.3Nm 0.647 | 0.647 | 0.647 0.647 0.647 0.647 0.647 0.647 0.647 0.647.6470 | 0.614 0.584 0.556 0.531 0.509 0.489 0.472 0.45[7 0.445
1.4Nm 0.657 | 0.657 | 0.657 0.657 0.657 0.657 0.657 0.657 0.657 0.657.6570 | 0.625 0.595 0.568 0.543 0.522 0.503 0.48 0.47p 0.460
1.5Nm 0.667 | 0.667 | 0.667 0.667 0.667 0.667 0.667 0.667 0.667 0.667.6670 | 0.635 0.606 0.580 0.556 0.535 0.516 0.501 0.48p 0.474
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Table. A.1.8: Non-linear equivalent circuit based lookablé¢ for flux linkage ranging from 100@mto 1950rpm

Ny (rpm)/ | 1000rpm | 1050rpm | 1100rpm | 1150rpm | 1200rpm | 1250rpm | 1300rpm | 1350rpm | 1400rpm | 1450rpm | 1500rpm | 1550rpm | 1600rpm | 1650rpm | 1700rpm | 1750rpm | 1800rpm | 1850rpm | 1900rpm | 1950rpm
Te (Nm)
01Nm |0.255 0.243 0.233 0.225 0.218 0.213 0.209 0.206 0.204 0.202 1990 | 0.198 0.198 0.198 0.197 0.197 0.196 0.196 0.195 0.194
02Nm | 0.270 0.258 0.248 0.240 0.234 0.229 0.225 0.222 0.220 0.219 2180 | 0.218 0.217 0.217 0.217 0.217 0.217 0.217 0.216 0.214
03Nm | 0.285 0.273 0.264 0.256 0.250 0.245 0.241 0.239 0.237 0.236 2350 | 0.234 0.234 0.234 0.234 0.234 0.234 0.234 0.234 0.234
04Nm | 0.300 0.289 0.279 0.272 0.266 0.261 0.258 0.255 0.253 0.252 .2520 | 0.251 0.251 0.251 0.251 0.252 0.251 0.251 0.251 0.25
05Nm | 0.315 0.304 0.295 0.288 0.282 0.277 0.274 0.272 0.270 0.269 .2690 | 0.269 0.269 0.269 0.269 0.269 0.268 0.268 0.268 0.26
06Nm | 0.330 0.319 0.310 0.303 0.298 0.293 0.290 0.288 0.287 0.286 .2860 | 0.286 0.286 0.286 0.286 0.286 0.286 0.286 0.286 0.28
07Nm | 0.345 0.334 0.326 0.319 0.314 0.310 0.307 0.304 0.304 0.304 .3040 | 0.304 0.304 0.304 0.304 0.304 0.304 0.303 0.303 0.30
08Nm | 0.360 0.350 0.341 0.335 0.330 0.326 0.323 0.322 0.322 0.322 3220 | 0.322 0.322 0.322 0.322 0.321 0.321 0.321 0.321 0.32
09Nm | 0.375 0.365 0.357 0.350 0.345 0.342 0.340 0.340 0.340 0.340 .3400 | 0.340 0.340 0.339 0.339 0.339 0.339 0.339 0.339 0.33
10Nm | 0.390 0.380 0.372 0.366 0.361 0.358 0.358 0.358 0.354 0.358 .3580 | 0.358 0.358 0.357 0.357 0.357 0.357 0.357 0.356 0.35¢
11Nm | 0.405 0.395 0.388 0.382 0.377 0.376 0.376 0.376 0.376 0.376 .3760 | 0.376 0.376 0.376 0.375 0.375 0.375 0.374 0.374 0.374
12Nm | 0.419 0.411 0.403 0.398 0.395 0.395 0.395 0.395 0.394 0.394 .3940 | 0.394 0.394 0.393 0.393 0.393 0.393 0.393 0.392 0.391
13Nm | 0.434 0.426 0.419 0.413 0.413 0.413 0.413 0.413 0.413 0.413 4130 | 0.412 0.412 0.412 0.412 0.411 0.411 0.411 0.411 0.41
- 14Nm | 0.449 0.441 0.434 0.432 0.432 0.432 0.432 0.431 0.431 0.43]1 4310 | 0.431 0.431 0.430 0.430 0.430 0.429 0.429 0.429 0.42
® 15Nm | 0.464 0.456 0.451 0.451 0.451 0.450 0.450 0.450 0.450 0.450 .4440 | 0.442 0.441 0.440 0.439 0.437 0.437 0.433 0.432 0.43
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Table. A.1.9: Non-linear equivalent circuit based lookabplé for flux linkage ranging from 200@m to 2850rpm

N; (rpm)/ | 2000rpm | 2050rpm | 2100rpm | 2150rpm | 2200rpm | 2250rpm | 2300rpm | 2350rpm | 2400rpm | 2450rpm | 2500rpm | 2550rpm | 2600rpm | 2650rpm | 2700rpm | 2750rpm | 2800rpm | 2850rpm
Te (Nm)
0.1Nm 0.194 0.194 0.193 0.193 0.193 0.192 0.192 0.191 0.191 0.190 .1890 0.189 0.188 0.186 0.184 0.182 0.179 0.177
0.2Nm 0.216 0.216 0.216 0.215 0.215 0.214 0.214 0.213 0.212 0.211 .2100 0.209 0.207 0.205 0.203 0.201 0.199 0.196
0.3Nm 0.234 0.234 0.233 0.233 0.233 0.232 0.232 0.231 0.230 0.229 .2280 0.227 0.226 0.224 0.222 0.220 0.218 0.216
0.4Nm 0.252 0.251 0.251 0.251 0.251 0.250 0.250 0.249 0.249 0.248 .2470 0.246 0.244 0.243 0.241 0.239 0.237 0.235
0.5Nm 0.268 0.268 0.268 0.268 0.268 0.268 0.268 0.267 0.267 0.266 .2650 0.264 0.263 0.262 0.260 0.259 0.257 0.255
o 0.6Nm 0.286 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.28% .2840 0.283 0.282 0.281 0.279 0.278 0.276 0.274
o 0.7Nm 0.303 0.303 0.303 0.302 0.302 0.302 0.302 0.302 0.302 0.302 .3020 0.302 0.301 0.300 0.298 0.297 0.294 0.291
0.8Nm 0.321 0.320 0.320 0.320 0.320 0.320 0.319 0.319 0.319 0.319 .3190 0.318 0.318 0.318 0.317 0.316 0.315 0.313
0.9Nm 0.338 0.338 0.338 0.337 0.337 0.337 0.337 0.336 0.336 0.336 .3360 0.335 0.335 0.335 0.335 0.335 0.334 0.333
1.ONm 0.356 0.355 0.355 0.355 0.355 0.354 0.354 0.354 0.354 0.353 .3530 0.353 0.353 0.352 0.352 0.352 0.352 0.352
1.1Nm 0.374 0.374 0.373 0.373 0.373 0.372 0.372 0.372 0.372 0.371 .3700 0.370 0.370 0.369 0.369 0.369 0.369 0.369
1.2Nm 0.392 0.391 0.391 0.391 0.390 0.390 0.389 0.389 0.388 0.388 .3870 0.387 0.386 0.386 0.386 0.386 0.385 0.385
1.3Nm 0.410 0.409 0.409 0.408 0.407 0.407 0.406 0.406 0.405 0.404 .4040 0.404 0.403 0.403 0.403 0.402 0.402 0.402
1.4Nm 0.427 0.426 0.426 0.425 0.425 0.424 0.423 0.422 0.422 0.422 .4210 0.420 0.420 0.419 0.419 0.419 0.419 0.419
1.5Nm 0.429 0.429 0.425 0.423 0.423 0.422 0.422 0.420 0.419 0.419 .4170 0.416 0.412 0.410 0.409 0.409 0.406 0.405
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A.1.4 Non-Linear Equivalent Circuit Based Lookup Table For Torque

The non-linear equivalent circuit-based lookup table fowgtie proposed in chapter-5 is listed in this section. Theptete lookup table is ranging fromr@m

to 2850rpm. Due to page-width constraints, the lookup table is listeslibsections as shown below.

Table. A.1.10: Non-linear equivalent circuit based lookaiple for torque upto 9560pm

Ny (rpm)/ | Orpm | 50rpm | 100rpm | 150rpm | 200rpm | 250rpm | 300rpm | 350rpm | 400rpm | 450rpm | 500rpm | 550rpm | 600rpm | 650rpm | 700rpm | 750rpm | 800rpm | 850rpm | 900rpm | 950rpm
VaS (V)
10V 0.211 | 0.211 | 0.211 0.211 0.211 0.211 0.211 0.211 0.211 0.211.2110 | 0.193 0.181 0.172 0.166 0.161 0.156 0.151 0.14p 0.14
20V 0.765 | 0.765 | 0.765 0.765 0.765 0.765 0.765 0.76% 0.765 0.765.7650 | 0.708 0.666 0.635 0.611 0.592 0.573 0.55 0.54p 0.57
30V 1.317 | 1.317 1.317 1.317 1.317 1.317 1.317 1.317 1.317 1.317.3171 | 1.216 1.141 1.086 1.045 1.011 0.980 0.95 0.92p 0.8
40V 1.866 | 1.866 | 1.866 1.866 1.866 1.866 1.866 1.866 1.866 1.866.8661 | 1.725 1.620 1.542 1.483 1.435 1.389 1.34¢ 1.3017 1.271
:“:5 50V 2.410 | 2.410 2.410 2.410 2.410 2.410 2.410 2.410 2.410 2.410.4102 | 2.234 2.104 2.007 1.934 1.873 1.814 1.759 1.708 1.66
60V 2.948 | 2.948 2.948 2.948 2.948 2.948 2.948 2.948 2.948 2.948.9482 | 2.703 2.523 2.395 2.307 2.245 2.197| 2.15¢ 212 2.0
70V 3.479 | 3.479 3.479 3.479 3.479 3.479 3.479 3.479 3.479 3.479.4793 | 3.317 3.160 3.011 2.872 2.745 2.631 2.52¢ 2.439 2.3§
80V 4.000 | 4.000 | 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000.0004 | 3.769 3.544 3.351 3.194 3.065 2.963 2.883 2.821L 2.71
90V 4511 | 4511 | 4511 4511 4511 4511 4511 4511 4.511 4.511.5114 | 4.283 4.127 3.920 3.808 3.694 3.580 3.468 3.360 3.24
100V 5.010 | 5.010 | 5.010 5.010 5.010 5.010 5.010Q 5.010 5.010 5.010.0105 | 4.798 4.629 4.459 4.313 4.188 4.075 3.96¢ 3.860 3.7
110V 5.495 | 5.495 5.495 5.495 5.495 5.495 5.495 5.495% 5.495 5.495.4955 | 5.221 4.943 4.779 4.650 4.520 4.389 4.261 4.134 4.01
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Table. A.1.11: Non-linear equivalent circuit based lookaiple for torque ranging from 100@mto 1950rpm

N, (rpm)/ | 1000rpm | 1050rpm | 1100rpm | 1150rpm | 1200rpm | 1250rpm | 1300rpm | 1350rpm | 1400rpm | 1450rpm | 1500rpm | 1550rpm | 1600rpm | 1650rpm | 1700rpm | 1750rpm | 1800rpm | 1850rpm | 1900rpm | 1950rpm
Vas (V)
10V 0.140 0.134 0.130 0.127 0.124 0.121 0.118 0.115 0.112 0.110 .1080 | 0.105 0.103 0.101 0.099 0.097 0.094 0.092 0.090 0.088
20V 0.510 0.495 0.481 0.468 0.457 0.446 0.435 0.425 0.415 0.407 .3990 | 0.390 0.381 0.373 0.365 0.358 0.349 0.341 0.334 0.327
30V 0.872 0.847 0.823 0.801 0.782 0.763 0.744 0.726 0.710 0.696 .6820 | 0.667 0.652 0.638 0.625 0.612 0.598 0.583 0.571 0.559
2 40V 1.236 1.201 1.167 1.136 1.109 1.083 1.056 1.030 1.007 0.987 .9680 | 0.947 0.925 0.905 0.887 0.869 0.849 0.828 0.810 0.794
" 50V 1.615 1.569 1.524 1.484 1.449 1.415 1.380 1.346 1.316 1.290 2661 | 1.237 1.209 1.183 1.159 1.136 1.109 1.083 1.059 1.03
60V 2.061 2.015 1.963 1.910 1.861 1.812 1.764 1.719 1.679 1.645 6131 | 1.577 1.542 1.509 1.478 1.449 1.415 1.381 1.352 1.324
70V 2.280 2.217 2.156 2.100 2.049 2.001 1.955 1.913 1.872 1.834 .7961 | 1.760 1.724 1.689 1.655 1.621 1.586 1.552 1.517 1.48
80V 2.724 2,677 2.631 2.586 2.542 2.498 2.455 2.412 2.370 2.327 2852 | 2.243 2.202 2.160 2.118 2.076 2.034 1.992 1.949 1.90
90V 3.159 3.068 2.981 2.899 2.823 2.750 2.682 2.618 2.558 2502 4492 | 2.398 2.351 2.306 2.264 2.224 2.186 2.149 2.114 2.08
100V 3.652 3.549 3.448 3.348 3.250 3.154 3.061 2.970 2.882 2.798 7172 | 2.641 2.568 2.501 2.446 2.402 2.363 2.328 2.293 2.26
110V 3.892 3.777 3.666 3.560 3.458 3.360 3.266 3177 3.093 3.013 .9382 | 2.867 2.802 2.741 2.685 2.633 2.585 2.541 2.500 2.463
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Table. A.1.12: Non-linear equivalent circuit based lookaiple for torque ranging from 200@m to 2850rpm

N (rpm)/ | 2000rpm | 2050rpm | 2100rpm | 2150rpm | 2200rpm | 2250rpm | 2300rpm | 2350rpm | 2400rpm | 2450rpm | 2500rpm | 2550rpm | 2600rpm | 2650rpm | 2700rpm | 2750rpm | 2800rpm | 2850rpm
Vas (V)
1ov 0.087 0.084 0.082 0.080 0.078 0.076 0.073 0.069 0.066 0.062 .0590 0.057 0.054 0.052 0.050 0.047 0.045 0.040
20V 0.320 0.312 0.304 0.296 0.289 0.280 0.271 0.260 0.249 0.239 .2290 0.219 0.209 0.199 0.190 0.180 0.170 0.160
30V 0.548 0.535 0.520 0.507 0.494 0.480 0.464 0.445 0.427 0.409 .3920 0.376 0.359 0.342 0.326 0.309 0.292 0.275
2 40V 0.777 0.758 0.738 0.718 0.700 0.679 0.655 0.628 0.602 0.578 .5560 0.536 0.516 0.496 0.477 0.457 0.437 0.417
« 50V 1.017 0.992 0.966 0.942 0.918 0.892 0.862 0.828 0.794 0.761 .7310 0.700 0.669 0.638 0.607 0.576 0.545 0.510
60V 1.297 1.266 1.233 1.202 1.172 1.139 1.100 1.057 1.014 0.972 .9330 0.894 0.854 0.815 0.775 0.736 0.696 0.655
70V 1.447 1.411 1.375 1.337 1.300 1.261 1.221 1.180 1.139 1.097 .0551 1.013 0.970 0.927 0.884 0.840 0.797 0.754
80V 1.862 1.818 1.773 1.728 1.682 1.635 1.587 1.538 1.489 1.438 .3861 1.332 1.278 1.222 1.165 1.107 1.049 0.992
0V 2.046 2.014 1.982 1.950 1.918 1.886 1.854 1.822 1.790 1.757 .7241 1.690 1.657 1.623 1.589 1.555 1.521 1.486
100V 2.226 2.194 2.162 2.130 2.098 2.066 2.034 2.002 1.970 1.937 .9041 1.870 1.837 1.803 1.769 1.735 1.701 1.666
110v 2.426 2.392 2.358 2.326 2.295 2.264 2.233 2.202 2.171 2.139 .1082 2.076 2.044 2.012 1.979 1.947 1.915 1.882
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A.2 Induction Motor Rating Details and Equivalent Parameters

The used IM nameplate data and its electrical equivalentitiparameters, which are determined
from standard no-load and locked rotor tests are listed loleTA.2.1.

Table. A.2.1: Induction motor parameters values

Nameplate and Parameters Value
Manufacturer DE LORENZO
Connection type Y (star)
Number of Phases 3ph
Power 1.1 kw
Voltage (phase) 220V
Rated current 25A
Number of Poles 2
Frequency 50 Hz
Rated speed 2850 rpm
Stator Resistance 4.29
Rotor Resistance 3.3
Stator Leakage Inductance 0.0141 H
Rotor Leakage Inductance 0.0141 H
Magnetizing Inductance 0.5275H

A.3 Machines used for Loading the Induction Motor

Powder brake and DC machine (used in regenerative mode)lwsare used to load the induction

motor. The nameplate details of these machines are:

Table. A.3.1: Powder break nameplate details

Nameplate Data Value
Manufacturer DE LORENZO
\oltage (DC) 0-20vV

Rated speed 4000 rpm
Rated torque 20 Nm
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The nameplate details of DC machine are:

Table. A.3.2: DC machine nameplate details

Nameplate Data Value
Manufacturer DE LORENZO
Winding type Shunt

Rated power 1.1 kW
Armature voltage 220v

Rated current 6.8 A

Rated speed 3000 rpm
Field voltage 160V

Rated current 0.26 A

A.4 Measuring Equipments

The list of the equipments used are:

TH-2946_126102013

Table. A.4.1: List of measurement equipment

Apparatus Model

Differential voltage probe YOKOGAWA 700924
Current probe YOKOGAWA 701933
Digital oscilloscope YOKOGAWA DLM2054
Torque Sensor Kistler 45@&3
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A.5 \oltage Source Inverter Components

The hardware components used for building 3-phase invargegiven in Table. A.5.1.

Table. A.5.1: List of hardware components

Components Description Quantity
Dc link capacitor 450 V, 50QuF 1

Inverter switch (IGBT) FGH40N60 6
Inverter gate driver IC IR2130 1
Optocoupler IC HCPL2601 6

e Fairchild semiconductor ‘FGH40N60SFD 600 V, 40 A field St&BIT’, Technical Datasheet,
2008.

¢ International rectifier ‘IR2130 3-Phase Bridge Driver’ chmical Datasheet, 2004.

e Fairchild semiconductor ‘HCPL2601 optocoupler (4.5-5/5)Technical Datasheet, 2011.
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A.6 Experimental Test Bed

The schematic shown in Fig.A.6.1, and experimental setogvshn Fig.A.6.2, consists of a three-
phase squirrel cage IM ( parameters are given in Table A.@dlyder brake (for IM loading), a VSI,

and dSpace DS1103 platform. The heart of this lab drive iD8f board, DS1103 board, which
is employed to execute the computation of the control scheriide DS1103 board is a real-time
controller made by dSPACE GmbH for motion control purpo3ése control algorithm is realized on

a dSPACE1103 platform, and its sampling time is chosen gss4@.

A

Inverter

A: Voltage sensor, B: Interface board, C: dSPACE1103,
D: Current sensor, E: Speed encoder, F: IM

Fig. A.6.1: Schematic diagram of experimental setup

The control scheme uses two phase curreigtsy) and DC-link voltage \{4c = 320V), which
are measured using hall effect current sensors (LTS-6NPyaltage transducer (LV-25P). Further,
the values ok, = 0.0425 andk; = 0.825 are used in the speed control loop in DTC based drivetrain

configuration as shown in Fig. 4.17.

A.6.1 DSP Board, dSPACE DS1103

The DS1103 board is based on the Motorola PowerPC 604e/323dbtessor, which forms the
main processing unit and intended to interface with Petstamputers (PC). The purpose of the PC
is to download the control scheme on to the board. The ReaéTinterface (RTI) given by dSpace
links the experimental setup and the simulink (Matlab 200zdhWorks, Inc.) model through the

Control Desk platform. Thus, the variables of simulink miazbn be accessed by the Control Desk (a

TH-2946_126102013 7



Torque Sensor ¢
& z
Noe

Fig. A.6.2: Real time implementation test bed

platform links simulink and RTI), which also interacts witite DSP during the running of the control
algorithm. Consequently, the control signals inside th€[B&n be observed, captured, and varied by
the Control Desk.

Three of the sixteen Analog to digital (A/D) conversion snivailable on the DS1103 board are
used for measuring the input signals ( two stator currents[2@ voltage). Each unit of A/D has

a 16-bit resolution with 4us sampling time, and the acceptable input voltage range af 82D
conversion unit ist 10V. Also, the DS1103board has eight digital to analog (DiAits available for
the visualization of signals. The resolution of D/A coneeris 14-bit with the voltage range10V.

For further information about dSpace DS1103 can be foundi&1103 Controller Board Features
Release 2014-A - May 2014”, and “dSPACE DS1103 User’s Guide”

A.6.2 Stator Current Measurement

Two stator currents are measured in the laboratory tesséegh using hall effect current transducers
of LEM viz. LTS 6-NP. The sensor converts a currenttof 6A into a voltage of+—5V. The output

of the current transducer is a low current value based onaheeesion ratio of 1:2000. The current is

passed through a resistor of 208@@&s specified by the datasheet. The voltage across the nesista

is the output of the current sensor, which is the input to tfi@ éonverter unit of the dSPACE-1103
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Control Desk. A gain of 9.302 is initially multiplied to thaput voltage signal to obtain the actual
current in the control algorithm. The gain is updated to %4dda on the experimental calibration.

The actual current obtained after multiplication is usethicontrol algorithm.

A.6.3 \oltage Measurement

The DC voltage, which is the input to the inverter in the satuihe only measured voltage. The DC
voltage is measured using a hall effect transducer of LEM.Vi25P. The primary voltage rating of
the transducer is 10V to 500V, which is converted to a voltagge of 0 to+—5V on the secondary
side. The transducer has a conversion ratio of 2500:10@0th&routput is current in the range of 0 to
25 mA, as specified in the datasheet. The current is passe@sistance of 20 to convert current
to an equivalent voltage. The equivalent voltage is fed ®@AVD converter of the dSPACE-1103
Control Desk. A gain of 114.5 (obtained using experimergshultiplied to the measured voltage at
the A/D to obtain the actual measured voltage. The actuasuned voltage and the PWM pulsé&,(

S, andS,) are given as an input to the control algorithm.

A.6.4 Speed Measurement

The speed is measured using an incremental optical enddl&S 9040, which is mounted on the
common shaft of the machine set. The resolution of the emdsd24 pulse per revolution. The
output from the is directly fed to the DS1103 position encageasurement unit, which gives the
measured speed of the induction motor. For further infoilonatbout DS1103 speed encoder can be
found in “DS1103 Controller Board Features Release 2014vhay 2014”, and “dSPACE DS1103

User’'s Guide”.
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