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Abstract

In this thesis, various electromagnetic losses, viz. core losses and stray losses of an induc-
tion machine have been studied and characterized for their fast and accurate representation in
the iterative motor design process. To accomplish this, the first part of the work uses the mea-
surement results of various medium power three-phase induction motors ranging from 1kW to
375kW output power. The factors affecting the stray losses and the magnetic circuit parameters
of a motor are then investigated for all these motors to develop various empirical correlations
of stray loss.

The operating slip of the motor represents its loading quotient and, the ratio of fundamental
to the carrier governs the time-harmonics in the load current. Loading of the motor and harmon-
ics present in the power supply source are also affect the loss distribution. The work attempts
to formulate this by testing the induction motors at combinations of different shaft-torques and
fundamental to carrier frequency ratios. Along with this, the impact of slot geometry on these
magnetic losses, in support of the proposed model’s capability, is demonstrated by designing
the motors of the same efficiency class but different fractions of stray losses.

The comparison of various existing state-of-the-art existing loss models with the proposed
model reveals that, apart from exhibiting the highest closeness to the measurement results, the
proposed model is usable for the already existing motor and the design phase. Moreover, the
model can determine the SL in case motors have the same output power but different geometric
design, which other existing models can not.

Moreover, the work presents a straightforward approach to core loss estimation in its final
part, wherein a more precise and realistic evaluation of eddy current loss is proposed. This
approach considers the variation in lamination thickness and the impact of phase angles of

TH-2876_156102029
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induction’s harmonics to figure out the area of the hysteresis loop. The approach makes the
core loss evaluation very fast by making the experimental requirements minimum.
Index Terms: Induction motors, Energy efficiency, Motor design, Stray losses, Eddy cur-

rent loss, hysteresis loss, Inverter power supply.
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1. Introduction

1.1 Research background

With utilising 53% of the total electrical energy generated worldwide, electric motor driven
systems (EMDS) form the largest energy consumption sector [1]. Within the EMDS sector,
77% of the net energy consumption pertains to the medium-sized motors of power rating below
375 kW [2] in which, more than 80% of motors are induction motors. Ease of construction,
minimal maintenance, and low cost are the salient features of prima facie, which make IM a
convenient choice in EMDS. This widespread use of IMs makes them a worthwhile candidate
for energy efficiency concerns and improvement measures. With an average efficiency of 84%,
total annual energy consumption and emissions estimates corresponding to these medium-sized
IM are 10500 TWh and 6800 million metric tons of CO,, respectively [2]. A recent forecast
released by the UN-Environment (a global environmental authority) shows [3]] that the use of
energy-efficient electric motors can reduce yearly CO, emission by 230 million metric tons and
result in an annual energy saving of 300 TWh by 2030.

With a growing emphasis on energy security and environmental safety, countries worldwide
are moving towards more stringent energy standards by upgrading their minimum energy per-
formance standards (MEPS). The USA, Japan, and the European Union have set motor MEPS
levels at IE3 (the equivalent of National Electric Manufacturers Association (NEMA) premium
efficiency) in 2015 and 2017, respectively [4]]. In China and India, IE2 (NEMA high-efficiency)
motors have been mandatory since 2011 and 2017, respectively [S]]. The move towards high-
efficiency motors has initiated a rigorous research and development worldwide in the field of
motor design, both in academia and industry [6], [7].

The design of a high-efficiency motor requires accurate estimation of losses. Typically, there
are five significant losses in a motor viz. stator copper losses, rotor copper losses, core loss,
friction-windage losses, and stray losses. Among these five losses, core losses and stray losses
are critical to estimate accurately, especially at the motor’s design phase. These two losses share
35% to 60% of the total motor losses (depending upon the motor’s power rating and efficiency

class), which is significant to affect the efficiency evaluation or enhancement method. The core
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1.2 Literature review

and stray losses depend upon the time and space distribution of the magnetic flux density in
the various motor segments. If the motor derives power from a PWM inverter, these losses get

augmented and become more complex to evaluate due to higher-order harmonics.

1.2 Literature review

Efficiency always remains of prime importance in both the control and design stages of a
motor. For an already installed motor, the high-efficiency operation is ensured with the optimal
air gap flux-based control technique, which reduces motor losses. Similarly, at the design stage,
the motor geometry is optimised for minimal losses. However, the design of a motor is an
iterative process which, involves several design variants depending upon the manufacturing
constraints. The qualitative analysis of all these variants requires all their losses estimates.
Hence, both the control and design of a motor need a fast and accurate loss estimation method
to ensure higher energy efficiency. As mentioned in the previous section, the losses critical to
estimate are the stray and core losses. The work carried out by different researchers on the
core losses, stray losses in an induction motor can be broadly classified into four categories,

as shown in Fig. ﬂ;ﬂ As far as SL is concerned, the definition, measurement process, and

SL evaluation

|

Measurements — Analytical/Numerical Equivalent Empirical
methods Circuit relations

Fig. 1.1: Evaluation of the magnetic losses: areas of research and practices.

the recommended allowance of SL vary significantly among the various prominent standards
followed worldwide. For example, according to the standard IEEE112B, stray losses are defined
as the fraction of the overall losses in a machine not accounted for by the sum of friction and
windage, stator and rotor copper loss, no-load core loss” [8]. According to the standard, a fixed
proportion of the motors output power can be presumed if the SL measurement is impossible.
This fixed percentage varies between 0.9 to 1.8 in four slabs depending upon the motor’s power
rating [8]]. Another universal standard IEC 60034-2-1 defines SL as the sum of losses caused by
load current in the core and other metal elements other than stator and rotor conductors, eddy
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1. Introduction

current losses in windings in result of load current-dependent flux pulsations and extra brush
losses generated by commutation [9]]. Unlike the slab-wise distribution of IEEE 112B, IEC
60034-2-1 presents a linear-log empirical expression for the SL percentage. In this expression,
the fraction of SL (ie, SL per unit output power) shows a continuous variation from 0.005 to
0.025. JEC 37, the Japanese Electrotechnical Committee’s standard, deemed SL a trivial loss
until the release of its upgraded version, JEC 2110, in 2017 [10]. The JEC 2110’s explanation
of SL is analogous to the same as the standard IEC 60034-2-1 [11].

The fact that all of these criteria do not treat the SL the same way leads some uncertainty
about the motor’s efficiency. Cao etal. et al. investigated 15 motors ranging from 11 kW to
150 kW and performed calorimetric tests to understand the changes in efficiency ratings while
using different standards [[12]]. The study corroborates that varying standards result in different
efficiency values of the motor.

Besides the standards, several scholars have devised model representations to determine the
SL. By defining SL as an excess core loss on load, Gao et al. in [13] and Cheaytani et al.
in [14] estimated SLs using 2-D and 3-D FEM models of IM, respectively. These studies com-
puted the core loss using time-varying magnetic field harmonics and material loss coefficients
(Ke, Kh) as constants in a post-process. However, it has been shown that the loss coefficients
differ considerably with field density and frequency [15]. Keeping the coefficients Ke and Kh
constants results in significant changes in the core loss and, consequently, the computed SL.
The major limitation of FEM-based approaches is that they necessitate comprehensive data of
motor’s geometry and material. This restricts their adoption for the motors already in operation
whose detailed geometry and material characteristics are are not available.

Several equivalent circuit-based techniques have been presented to represent the SL to cir-
cumvent the limitations of FEM-based methods. In this line, K. Yamazaki et al. provided
an electrical equivalent circuit-based approach [16]. They included an extra resistance in the
secondary of IM’s T-model equivalent circuit to adjust for SL. Levi et al. used a resistance
connected in parallel with the secondary leakage inductance to represent SL in [[17]. Other
circuits of this type are reported by [18-20]. M.Basic et al. proposed an interesting technique
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for formulating the SL and core losses in [21]. However, the expression given in [21] is de-
veloped for motors that have already been installed, and its application requires at least one SL
measurement value.

Several equivalent circuit-based approaches to represent the SL have been proposed to over-
come the limitation of FEM based models. K. Yamazaki et al. presented an electrical equivalent
circuit-based approach to determine SLs [[16]. To take into account SL, they added an extra re-
sistance in secondary of IM’s T-model equivalent circuit. In [17], Levi et al. represented SL
by a resistance connected in parallel with the secondary leakage inductance. Other such cir-
cuits are represented in [18-20]. In [21]], M.Basic et al. presented an interesting approach to
formulating the SL along with the core losses. The formula presented is developed for motors
already installed and needs at least one value of measured SL for each motor.In recent times,
Pragasen Pillay ef al. [22] proposed a statistical analysis based SL formula. According to this
formula, SL remains 1.1% of input power for a medium power IM. A similar investigation by
Agamloh et al. claims the SL to be 1.2% of the input power the motors of 0.75 kW-150 kW
at 60Hz [23]. These formulae provide the fixed values of the SL fraction i.e, S L/ Pg,,0rS L/ Py,
(1.1% or 1.2%).

Another important magnetic loss i.e, CL is relatively (in comparison to the SL) more ex-
plored in terms of empirical modelling and analytical formulations. Many time and frequency
domain models are reported in the literature for evaluation of CL in the post-FEA calcula-
tions [24}25]. These models are, in fact, the adjusted or extended versions of the two funda-
mental CL models i.e., Steinmetz equation and, two-term (eddy current and hysteresis losses)
CL model [25,26]. The up-gradation in these two models progresses from introducing the of
excess loss term [27]] to variabilisation of the loss coefficients [[15,28-32] and enhancements to
the Jiles-Atherton (JA) model [33,34]]. All these models have their own tradeoffs ranging from
the characterization of loss coefficients [35]], lack of flexibility [36]], processing time [33]], lim-
ited application domain, and complex realization [37]. In a baseline evolution, [38,/39] present
arapid CL estimation methods by introducing hysteresis and eddy current loss coefficients. The
formula is valid, however, if the supply voltage is equal to the magnetising voltage, which is
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valid only for high switching frequency and a modest load.

The recent advancements in the numerical approaches include coupled 1-D and, 2-D/3-D

analysis and, the analysis with realising the complex permeability [40], [41]]. The imaginary
part of the permeability is computed according to the eddy-current and hysteresis losses esti-
mated in the appearance of skin-effect. As long as an equivalent elliptical loop can substitute
the quasistatic loop, the concept of complex permeability is valid. At low and medium flux
densities, however, it is usually not achievable [42]. Another type of coupled techniques use the
combination a hysteresis model with a skin-effect allied 1-D eddy current model [37,43,44]. In
these techniques [37,/43],144]], the magnetic vector potential generated from the 2-D model (for
each mesh) is fed into the 1-D model developed in the lamination depth. The net magnetisation
(H) is calculated by revising the 2-D field residue while accounting for the 1-D model’s reaction
magnetisation. The combination effectively mimics the complicated dynamic properties of the
loss-loops. The coupling of the 1-D and 2-D models, on the other hand, necessitates nested
iterative techniques.
Similarly, theadvances in CL analytical modelling propose formulations of magnetisation com-
ponents relating to theeddy current loss (with skin effect) and hysteresis loss utilising thehys-
teresis models and include them into the field’s Maxwell diffusion equation [45]. However,
when numerically solved, these methods exhibit complex implementation, long processing
times, and convergence difficulties for numerical solutions. The setting of time step and ge-
ometry segmentation are the anothertwo key issues with numerical approaches. The results are
highly skewed due to numerical inaccuracies caused by insufficient time-stepping. [29] out-
lines the computing requirements for these FEM models, which should be met in order to avoid
erroneous core loss results.

The three distinct categories of all the existing CL methods can be termed as: a) Superposi-
tion based methods(SBM) b.) Non-superposition based methods(NSBM) c.) Hybrid methods.

A comparison of these methods is given in Table 1.1.
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Table 1.1: Comparison of methods of CL evaluation
SBM NSBM

cc vc cc vc wHm o brd
Accuracy
Praqy L H L-M H NA VH
Low B, low f Py M L LM L VH VH
. . Pgaay L M LM M NA VH
High B, High f Py L L LM L VH VH
Computation time S M S M VH VH
Model development NA M NA M H-VH VH
Flexibility VH H VH H L-M L-M
Application range S M SSM M H-VH H-VH

CC: Constant Coefficients; VC: Variable Coefficients; S: Small; L: Low; M: Medium; H: High;
VH: Very High; HLM: Hysteresis Loss Models; NA: Not Applicable.

1.3 Motivation

The induction motor has been the workhorse of the industry since its inception in the early
twenties. In the longevity of its industrial deployment, the IM went through several design
evolvements focused on achieving the next higher level of either efficiency or power density.
With the recent trend of adopting electric vehicles as means of transportation, the description
of motor efficiency gets previewed in a broader range. The motor is expected to exhibit high
efficiency for a wide range of operations. The design of a high-efficiency motor always requires
a precise evaluation of all the losses incurred in the motor. Two of the uniformly distributed
losses in an IM are stray losses and core losses. As briefly mentioned in the previous section,
the challenges with these losses include assumptions based on complex formulations of stray
losses, the impact of field penetration in lamination, errors in hysteresis losses due to hysteresis
minor loops, and exact magnetic field losses field characterisation. These challenges motivate
the researcher to find new solutions for determining these losses less time-consuming and more
precise. In line with this, the work presented in this report aims to the accurate formulations of

the stray and core losses in an IM and incorporate these formulations in motor design method-

ology.
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1.4 Aim of the thesis

The design and construction decisions significantly influence the losses in an electric motor.
With growing emphasis on motor efficiency, series of advancements have been observed in the
machine design process to reduce the motor’s losses. The improvements in material technolo-
gies have promoted the use of high-grade electric steel, superior insulating materials. Brazing
operation for rotor joints and vacuum pressure impregnations are recent improvements in virtue
of enhancements in the manufacturing process. Similarly, the use of smaller air-gap, lesser
stack length and, increment in slot fill factor are the major shifts in design strategies. The ad-
vancements in manufacturing technologies and finite element analysis have made it convenient
to shift towards the advanced slot geometries from the traditional slot geometries. However,
the main requirement to design a motor with higher efficiency or operate an exiting motor in an
energy-efficient region requires accurate loss estimates.

Hence, the aim of the thesis is outlined as follows:

e Study and analyse the various magnetic losses in an IM and their impact on motor perfor-

mance.

e Modeling of stray load losses in a medium power three-phase induction motor.

e Accurate estimation of the core losses with FEA based proposed method.

e Design of a high-efficiency IM with applying the proposed loss formulations.

To meet the objectives mentioned above, it remained imperative to design and prototype
the various versions of high-efficiency IMs. Also, the measurements of SL and CL for various

power supply parameters required the development of a standard test-bench.

1.5 Contribution of the thesis

Considering the objectives mentioned in the previous section, the work presented in this
thesis incorporates following principal contributions:

e The work introduces an empirical model of SL, which can be used to estimate the SL in

an IM at both the stages i.e, during the design of the motor as well as for the IMs already

in operation.
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o [llustrates the IM design for the reduction of SL adhering to the rule-bases developed with
the proposed model.
e Analysis and formulation of the impact of variations in switching frequency, fundamental
frequency and load-torque on SL.
e Proposes a CL estimation method for the inverter-fed IM. The method takes into account
the accurate realisation of material non-linearity and the impact of hysteresis minor loops.
An experimental setup of drivetrain configuration is developed in the laboratory to vali-
date the work mentioned above. The control strategies for drivetrains are implemented on the
dSPACE-1103 platform. Moreover, Moreover, using an eddy current brake (ECB), an hardware
emulation model is developed to assess the drive-cycles performance of the drivetrain configu-

ration.

1.6 Organization of the thesis

The renaming thesis chapters are organized as follows:

e Chapter 2: This chapter describes the origins and phenomenon involved in various mag-
netic losses in induction machines. All these magnetic losses are directly linked to the
space and time distribution of magnetic flux density. Hence, this chapter details the im-
pact of various structural parameters on motor’s flux distribution.

e Chapter 3: The chapter details the formulation of stray losses for a grid-connected three-
phase induction motor. A large pool of motors’ SL measurement values is used to corre-
late the origins of the SL and the factor affecting ECPs of an IM. Based upon the results
of the correlation, an ECP based SL model is proposed. The primary advantage of the
model lies in the fact that it can be used both at the design stage as well as for the motors
already in operation whose geometry and material details are not known. The impact of
loading of the motor is incorporated.

e Chapter 4: This chapter discusses design methodology to increase the motors efficiency
in line with the proposed SL model. The impact of shapes of stator and rotor slots on

SL and, motor performance is detailed. For this, at first, the initial geometry parameters
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of the motor are determined. Thereafter, re-shaping and tuning of the slot shapes are
explained as the next steps.

Chapter S: This chapter discusses the impact of inverter power supply on IMs SL values
at different load conditions. The three main parameters (switching frequency, fundamen-
tal frequency and, shaft torque) describing the state of the motor’s operation are selected
and, the SL values are measured for the variations in these parameters. The variation is
formulated with an empirical relation.

Chapter 6: The proposal of a CL evaluation method is described in this chapter. The
impact of variation of lamination thickness on eddy currents losses and, phase differences
between the various harmonics of B on hysteresis loss is briefly illustrated. A correct
realistic, fast and accurate method is deduced and, its application is demonstrated for
total 8 numbers of different IMs.

Chapter 7 This chapter concludes the work of this report with the research outcomes.
The chapter also narrates the future scope of the study along which the presented work

can be extended.
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2. Magnetic Losses in Induction Machines

2.1 Introduction

Design and operation of energy-efficient motor-driven systems (MDS) require accurate es-
timates of all the losses incurred in the motor. As a general trend of losses’ proportion in an
induction motor, the stator copper loss contributes the most, followed by the rotor copper loss,
core loss, stray loss. Mechanical loss shares the least. The estimate of these losses provides the
information of the motors overall efficiency and the temperature rise, which remarkably influ-
ences the types and sizes of insulation and cooling system. Among all the losses in an induction
motor, the copper and mechanical losses present a relatively uniform distribution within their
geometric space of occurrence. The magnetic losses (stray loss and core loss) show a very
high degree of variation within the motor’s geometry. This makes the estimation of magnetic
losses more complex than the other losses that can be calculated accurately with their lumped
parameter-based physics models.

The electromagnetic losses in an induction motor are originated from the distribution of mag-
netic flux density in time and space. Hence, their sources are categorised as: a.) fundamental
flux density b.) space harmonics of flux density c.) time harmonics of flux density. These
space and time harmonics of the magnetic flux density are directly linked to the harmonics in
magnetomotive force, variation in the permeance of the magnetic flux-path and the magnetic
saturation. The present chapter describes the phenomenon involved with the magnetic losses
in brief. Also, the chapter attempts to find and formulate the primary variables with which the

stray loss in an induction motor can be represented.

2.2 Magnetic field distribution in polyphase induction machine

These space and time harmonics of B(¢) are traced to the variation of magnetomotive force
MME. This section describes the space and harmonics in an inverter fed IM and their correlation

with SL.
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2.2 Magnetic field distribution in polyphase induction machine

Magnetic axis of
phase-a

fEE  Bee
e® |® © QR [®] |®
Fig. 2.1: Distribution of the phase MMEF- a-phase
2.2.1 Space harmonics in MMF with sinusoidal excitation
Fig[2.1| shows the the distribution of the magnetomotive force (MMF) generated by a dis-

tributed winding of one-phase in a three-phase machine [46]]. Fourier decomposition of this

MMF is given as [47]:

FAB.0) = 2Nsi(t) > KvlV) Ginwpe) 2.1)
T = v
where,
i(t) = I, sin(wr) 2.2)

where, Ng and, p are, respectively, per phase number of turns in stator winding and, pole-pairs.
Kyw(v) is the winding factor of the v-th space harmonic. It is expressed in terms of slots per pole
per phase (g), coil-pitch (y) and, pole-pitch (7) as [48]

sin 2
Ky(v) = [ L8 ) (sin @) (2.3)
gsin g 27

For a three-phase machine drawing a balanced set of currents, the net MMF is given as the sum

of MMFs of all the three phases, which are 120 shifted in space and it is:

Fg(0,1) = Fa(0,1) + Fp(0,1) + Fc(0,1) (2.4)
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Using (2.1)-(2.4), the net MMF is given as:

A
Ajcos(wt — ) — ?Scos(wt + 50)+
Fg0,1) = = (2.5)
2 77cos(a)t —76)......

where,

2
A, = —=Nsl,,.Ky(v) (2.6)
m

Expression represents multiple travelling waves rotating in different directions. All these
MMF harmonic waves travel with a speed less than the synchronous speed i.e., the speed of the
fundamental MMF-wave. The MMF waves corresponding to space harmonic numbers v = 6k—1
rotate in the reverse direction of the MMF wave of fundamental whereas, the MMF waves with
harmonic number 6k+ 1 rotate in the direction of fundamental MMF wave. The space harmonics

of order higher than 7 are negligible [49] and hence are neglected.

2.2.2 Space and time harmonics in MMF with inverter fed excitation

For an inverter-fed IM, the motor currents are expressed as:

h
io(0) = ) L) sin(not + $(n)) 2.7)
n=1
4 2
iy(t) = Z () sin(neot + () ~ 3°) (2.8)
n=1
s 2w
io(t) = Y Ly(n)sin(not + ¢(n) + 3) (2.9)
n=1

Evaluation of (2.I)-(2.4) for the MMF in relation to the current expressions (2.7)-(2.9),

gives:
Fs(0,1) = Fi(0,0) + Fs(6,1) + F1(6,1) + ... (2.10)
where,
Fi(6,0) = ZAvcos(va)t — pb) @2.11)
v=1
Fs(0,1) = Z A,cos(vwt + 5pb) (2.12)

v=1
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2.2 Magnetic field distribution in polyphase induction machine

F1(0,1) = ) Acos(vwt - Tp6) (2.13)

v=1

From expressions (2.11))-(2.13)), it is seen that the harmonics in current superimpose various
high-frequency waves to the MMF waves corresponding to the fundamental frequency. All

these rotating MMF waves produce additional SL.

2.2.3 Space distribution of the airgap flux density

Expressions (2.5) and (2.10) give the MMF distribution for winding excitation with sinu-
soidal and distorted currents, respectively. The average value of the reluctance offered by the
airgap is obtained from its effective length neglecting the permeance harmonics due to the slots.
The effective length of the airgap is the mean of actual physical airgap (g) which gets enlarged
due to the fringing at slot-ends and, it is determined by multiplying the g with Carter’s gap
expansion coefficient (K¢). With this, the airgap flux density (B,), for the stator MMF Fs (6, 1)
is

Fq(0,1
B0 =D < s 0.0, @.14)

C

where, 4, is the average value of the airgap permeance A(6, 6,). The variation in A(6, 6,) along
air-gap periphery due to stator (Ny) and rotor slots (Ng) is given by introducing periodic inverse

air-gap function as:

1 1 1
=8(0,6,) = + - (2.15)
6.6, ° 5@ " fo-6,) °
f5(0) = ag + ) @, cos(nN,0) (2.16)
fr@—6,) =by+ Z b, cos(nNg(8 — 6,)) (2.17)
n=1
The magnitudes of these slot permeance harmonics are:

ay = 22 (0.5 + 57255 ) sin (1.67X); 018

by = 72 (0.5 + 7572 sin (1.67Y)

where,

B .B
Yo (n so) y= (m) and,8 = f(Bso/3g).
t S tator ! Rotor
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t denotes the tooth width. ay and b, are the inverse of average effective air-gap length 1.e.,
1/(gK¢). Higher magnitudes of a, and b, lead to increased SL components linked with the space
distribution of air-gap flux density (i.e., no-load surface core losses and tooth flux pulsation core
losses). With the closed rotor slots, b,.; = 0.

Apart from the slot openings, the factor which affects the variation of airgap flux density
in a symmetrical induction machine is the magnetic saturation of the iron core. The overall
saturation in a machine is attributed to the two components of the net flux viz. leakage flux and
the main (magnetising) flux. The impact of saturation is deemed as a reduction in the magnetic
permeability. Hence, the saturation caused by the leakage flux (which occurs in the slots) is
modeled mathematically with an increased slot opening. Since the magnetic field distribution
in space is close to the sinusoidal, the variation in slot opening is also represented by a sinusoid
with a mean value equal to the physical slot opening. The per-unit variation in the slot-opening

(x) can, therefore, be represented as
k=1—vycos(20 — wr) (2.19)

The variation expressed by [2.19] ultimately affects the magnitudes of the slot permeance har-
monics of 2.18] The impact of saturation caused by the main field is included just with intro-

ducing a staurion factor (Ky).

(2.20)

1 in(26 — wt — ¢, +
/lg(O,Gr):/lg( sin( wt—¢ 901))

+
1+K51 1+K52

The airgap flux density variation with taking into account all the variations of the magnetic

permeance (2.15}2.20) is hence expressed as

Fq(0,t
Bo(6u1) = S < o Fs(6.02,0,6) (2.21)

c

2.2.4 Magnetic flux densities in the ferromagnetic structures

The expression for airgap flux density (2.21)) constitutes multiple harmonics of different

time frequencies and spatial distributions. A typical space harmonic of this distribution with
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order v, time-frequency w; and, magnitude By, ., 1s expressed is
Bgv,wi = Bgmv,wicos(wit —vpb) (2.22)

For a linear iron core, the governing equations for the 2-dimensional field distribution (in x and
y direction only) are

V X Bgy, =0,

V.Bg o, =0,
which leads to

V2Byyx = 0, V2 By, 0y = 0 (2.23)

The flux density component decreases along the direction-y i.e., towards the zero value of mag-

netic potential, so

By, iy = f()cos(w;t — vph) (2.24)
also, with
aBgv W; X 6Bgv w;y
— + — =0 2.25
o0x ay 2.25)
the variation is given as
9/0)
. :[ avy )sin(wit— vpo) (2.26)
R
where,
fO) = Bomwe® 2.27)

The expression (2.27) shows an exponential decay of the flux density along the depth of the
motor (towards the shaft, in negative y-direction) from the airgap. Same trend is achieved

towards the depth of stator yoke.

2.3 Magnetic losses in induction machine

2.3.1 Core loss

Based upon the phenomenon involved, the core loss is considered a sum of two distinct
losses: eddy current loss and hysteresis loss. The loss generated by the induced small circulating

currents (as shown in Fig[2.2)) in the iron core results termed as eddy current loss which is given
TH-2876_156102029
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by
Prady = f o2, dv (2.28)

where, V, J ., o denote the volume, eddy current density and electrical conductivity of the

eddy?
core, respectively.

Another component of the core loss, i.e, hysteresis loss is the result of work done by the
magnetising force against the internal friction of the magnetic domains. The hysteresis nature
of the iron core results a hysteresis loop when subjected to a cyclic variation. The area of the
loop in the B — H plane (as shown in Fig[2.3)) gives the measure of energy loss in one cycle and,

the power loss corresponding to it is given by

S :foH.dB (2.29)

2 |

Q/

leddy

Y

A

f [

Fig. 2.2: Eddy current path in a ferromagnetic slab
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Fig. 2.3: Hysteresis loop

Both these two components of the core loss depend upon the magnitude and, the rate of
change of flux density. Chapter 6 comprehensively discusses the core loss evaluation for an

induction machine.
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2.3.2 Stray loss: primary variables for the representation of stray loss

Various components of SL are, in fact,the additional eddy current losses (Pg4qy) in response
to the space and time harmonics. The expression for Pg4qy, for a sinusoidal excitation of flux-

density magnitude B,, and, frequency f is given as:
Prasy = kB, (2.30)

SL is the portion of the net Pggqy in @ machine, generated by the space and time harmonics.
These harmonics are generated from air-gap flux variation due to the slots, magnetic saturation
and, leakage flux [8-11]. Net Pg4q, produced by all the harmonics is:

Priay = keBlyt + > kBl ] (2.31)

mv*y
v=2

where, B,,, and w, are the flux density magnitude and frequency of the v-th space harmonic,respectively.
Denoting k, B2 w7 as Pgggy i.e., eddy current loss corresponding to the fundamental air-gap flux

density (B) and fundamental frequency (w),

< Bmv wmv i
PEgaay = PEday, [1 + ( B ) ( » ) ] (2.32)
. 1 I

The SL due to v-th harmonic is:

Bmv my 2
= ) (2.33)

SLy =P
1% Eddyl( B,

SL is hence,

n 2 2

Bmv a)mv

SL = Praqy, [ § (3_1) ( o ) ] (2.34)
y=2

Two of major SL components in a non-skewed IM are surface eddy current losses and, tooth

flux pulsation losses [46.50,51].

2.3.2.1 Surface eddy current losses

Modulation of the air-gap flux density due to slots results in higher-order space harmon-
ics, creating additional eddy current losses on the surface of the stator and rotor laminations.

The impact of stator slot openings is prominent and hence, the surface losses produced by the
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rotor slots is negligible [46]]. Harmonic numbers of the travelling flux-density waves of these
harmonics are v =N, + p [46]. Frequency of the additional eddy currents induced on the rotor

surface (corresponding to the v =N; + p) is hence,

fv:Svflﬁfv:(l_NXip

)ﬁ = %fl (2.35)
p

The magnitudes of these harmonics are determined from the magnitudes of the variations in

MMF due to slots as [49]]
Bmv 4 Fmv/lv _ Fmv/lsv _ Lmsv
B,  FiA4  FiA&y Ly

(2.36)

where, F,,, F are, respectively, the v-th harmonic and fundamental MMFs. A,,, A4, are specific
permeances of v-th harmonic and fundamental flux paths, respectively. L,, is magnetising

inductance corresponding the v-th harmonic expressed as [46]

2
- 6/10(TPth) ( L.D ) (237)

Lﬂ'lV -
T2 p>.g.Kc.Ks,

SL due to the eddy current losses corresponding to these harmonics (as per (5)) is:

2
N\ x5 (B
SLsurf = PEddyl [(?) Z( Bl ) ] (2.38)

v=2

2
N\ (L
S Lyt = Praay, [(;)Z( 7 )] (2.39)

=1 ml

from

Using the expression for zig-zag leakage inductances (zig-zag leakage inductance is the sum of

all the harmonic magnetising inductances other than fundamental [46])),

L= Ly (2.40)
v=2
from (2.39) and, (2.40),
2 2
Ns Llsz
S Lgyrr = Pragy,| — 2.41
= Peane[ ) (2] .41)

2.3.2.2 Flux pulsation losses

The variation in the main flux path permeance due to change in rotor position results in flux

pulsation losses both in stator and rotor. The impact of rotor slot is very small in case closed or
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narrow-opening rotor slots. The frequency of eddy currents generated by the flux pulsation due
to stator slot openings is f, = % /1 and, the same due to rotor slot openings is f, = % fi- The

magnitudes of these harmonics are given as [S0]

Iy
B, = KBy (_) (2.42)
bSO

where, neglecting the skewing,

L, + L Ls,
Ky=1- i — e’ (2.43)
Lmv + Llsz + LSlot Lmv gt Llsz + LSlot

here, Lg,,, is the slot leakage inductance. With L,,, > Lg,,, + Ljs,,

_ LSlot Iy
B, = ( L )(bso) B (2.44)

where, f, and, by, respectively represent the slot pitch and, slot opening. SL corresponding to

these harmonics in stator is calculated as

2
Nv ' (Bmtv)
SL,us =P — (2.45)
pulsS Eddyq [( p ) - Bl
With using (2.42)-(2.45),
N, s ? LS lots Lss :
i ((?) ( L1 byos (2.46)
similarly, for rotor
Ng ’ Lsior tsk .
SLpulsR = PEddy1 ((?) ( LY bor (2.47)

With (2.41)),(2.46) and, (2.47)

SL=SLys +SLpuss + S Lpusg (2.48)
2 2
Llsz + ks LS lotS +
Lm Lml

( k. Ly oir )2
Lml

'A%
=SL= PEddy1 ; (249)
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2. Magnetic Losses in Induction Machines

NrtsR

where, k, = 2~ and, k, = Ny
St

bsos

using the relations shown in (2.50)-(2.53)

. Equation (20) is written in form of IM’s output power with

212

w"A;
Pou = 3( Z )cosqﬁ (2.50)

N

where, w,4,,Z; and, cos¢ denote supply frequency,stator flux linkage, input impedance and,
power factor of a three phase IM. Rewriting (2.50)) in terms of average air-gap flux density (B)
results:

M) R (_Tf’hAzRR) ey @.51)

Zs _:>P0ut: Zg

POut:3( Z

where, Tpy,, A, Ry are, respectively, the stator number of turns/phase,area under a pole,and rotor

resistance. The expression of eddy current loss is:

Praay = k.w*B? (2.52)
Comparing (2.51)) and (2.52),
= Prigy = k*Pou (2.53)
From (2.49) and,(2.53)),
L.\ Lo \
1 5 (Llsz) + (ks ZI(IS) +
SL= kz(—) ml ml Pou (2.54)
p

2
Ls,
(kr S tR)
Lml

Since, in an IM Ljg ;s > Ly, Lis = Lisiois and, Lig = Lisir, the expression (25), with denoting

L, as L,, yields the primary variables developing a stray loss model for the induction motor as

Chapter 3 of this report explains in brief the development of the S model using these terms

and, the SL measurement data.
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2.4 Conclusion

2.4 Conclusion

This chapter presents a comprehensive analysis of the distribution and distortions in the
magnetic field density in an induction motor. This distribution significantly affects the magnetic
losses of the motor. The analysis leads to the preliminary findings of the chapter, which narrates
the influences of various magnetic circuit parameters of the motor on the stray losses. These
parameters include different inductances of the induction motor. The modeling of stray loss in
the induction motor using these parameters is discussed in chapter 3 and Chapter 5 whereas,
chapter 6 presents the accurate evaluation of the core loss of the motor considering the effect of

all the harmonics discussed in this chapter.
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3. Formulation of Stray losses in Medium-power Three-phase Induction Motors

3.1 Introduction

Stray losses in an induction motor comprise multiple components that originate from the
several structural requirements to make a motor and the various non-linearities. The structural
requirements primarily include formation of the stator and rotor slots and fixing the windings in
them. Similarly, the magnetisation non-linearity is the most effective with others being the non-
linearities associated with the electrical an d thermal conductances. As discussed in section 2.3
of the previous chapter, analytical evaluation of all these SL components is not straightforward,
it is time-taking and associated with several assumptions.

In this chapter, an electrical circuit parameters (ECPs) based SL model in IM is presented
to overcome the limitations of the previously proposed SL formulations. The ECPs used in
this model are the lumped circuit parameters used to represent an induction motor’s classical T-
network equivalent circuit. Shapes of the stator and rotor slots of a motor affect the distribution
of the magnetic field density, which has a direct impact on SL. In the equivalent circuit, the effect
of the stator-rotor slots on the magnetic field gets reflected by their corresponding leakage and

magnetization inductance. The work presents an SL model as a function of these inductances.

3.2 SL Modelling: Sources of SL. and proposed Models

For the development of an SL model, it is imperative to recognise and understand the fac-
tors influencing it. The three fundamental sources of the SL comprise leakage fluxes [50],
space-harmonics, and time-harmonics in the motor’s air-gap field [52]. The step wise distri-
bution of the windings’ MMF and variation in the reluctance along the air-gap due the rotor
and stator slots result in spatial harmonics, whereas the time harmonics are consequences of
magnetic saturation predominantly in tooth tips of the slots and the power supply. Table [3.1]
summarises all these sources of SL in an IM. It is, therefore, necessary for the loss model to
include all these eleven causes. However, direct measurement or estimation of these sources is
difficult; it becomes mandatory to represent them with measurable quantities. The most conve-
nient and relevant measurable quantities in this regard are the motor inductances. The sources

of SL mentioned in Table[3.1]are linked with the various inductances of an IM, and this enables
TH-2876_156102029
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3.2 S Modelling: Sources of SL and proposed Models

Fig. 3.1: T-model equivalent circuit of IM.

us to develop an SL model, which is a function of these inductances. The typical T-network

equivalent circuit of an IM, as shown (neglecting the core losses) in Fig. comprises three

inductances, which are the stator leakage inductance (L;s), rotor leakage inductance (L), and

the magnetisation inductance (L,,). The proposed model uses these three inductances to formu-

late the SL.

Table 3.1: Various Sources Of SL

Sr.No. Source

Lead to

[a—

Stator slot leakage flux (¢yss)
Rotor slot leakage flux (¢;sg)
Zig zag leakage flux (¢, )
Skew leakage flux (ke )
Belt leakage flux (@per )
Overhang leakage flux (¢;ons)
Incremental leakage flux (¢y;,)

Peripheral leakage flux (i)

leakage fluxes

O] 2 & W B~ W M

Harmonics in air gap MMF

—_
)

Variation in slot permeance

space

harmonics

[
—_

Magnetic saturation in tooth tips

time harmonics

3.2.1 Correlation of SL and leakage Inductances

The first eight sources of SL (as given in Table 3.1 are the different leakage fluxes of an IM

associated with the various flux-paths. Fig[3.2]shows the representative flux-paths of the these

leakages fluxes. In Fig@, zig-zag (¢i,), belt (dper;) and skew leakage (¢yg,) altogether form
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3. Formulation of Stray losses in Medium-power Three-phase Induction Motors

" N I}
| ’ \"'4._ ¢lZg
Pm — |
I I I S
T ~ 4__¢
I | — ¢ISR loH

(@) (b)
Fig. 3.2: Flux-paths of different leakage fluxes in IM with g = 2: (a) for slot and gap leakage fluxes; (b)
for end leakage flux.

the gap leakage flux (¢,,). These leakage fluxes are represented by the leakage inductances of
the IM and, their expressions in terms of specific permeances corresponding to these flux paths
and, winding pattern of the motor are written as [46]:
For stator leakage inductance((L;s)):
2
Lis = w (/llg + Aiss + /110Hs) 3.1
pq
For rotor leakage inductance((Ljz)):

2u, T;hL

Lig = . (ﬁlg + Aisg + /110HR) (3.2)

where; p,L,T,, and g symbolise the number of pole-pairs, active stack length, number of per-
phase stator winding turns, and the number of slots per pole per phase, respectively. A, Asss,
Aions are the specific permeances that represent the stator side of the air gap leakage flux, slot
leakage flux, and overhang leakage flux paths, respectively. The terms A;5x and A;opr are the
permeances that represent the rotor’s slot leakage and overhang (end ring in case of cage rotor)
leakage flux paths respectively. The expressions of these permeances are functions of stator and
rotor slot geometries. A higher value of the specific permeance implies higher value of leakage

inductance and leakage flux and eventually the higher SL and, hence,

SLoc Ligand SL o< Lig (3.3)
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3.2 S Modelling: Sources of SL and proposed Models

3.2.2 Correlation of SL and magnetising Inductance

The remaining three causes (i.e, 9 to 11 of the Table [3.1)) represent the distribution of MMF,
variation of the permeance along the air-gap, and saturation of the tooth bridges. All these
factors are directly linked to the magnetisation inductance (L,,) as shown in Fig. The

analytical expression of (L,,) for a three-phase induction motor is given as [46]:

(1K) F _6u0(Tthw)2( L )
- IO \/ES N 2 pchKS

where, 7, g and K,, are, respectively, the stator pole-pitch, length of the air-gap and winding

(3.4)

factor. F; denotes the magnitude of fundamental component of the MMF’s stepwise spatial

distribution which depends upon winding scheme as

- 3Tl V2K,

1 3.5)

np

and,

-
Ke=—— 3.6
¢ T-05vg (36

B,* By\™
y=4 §(5+2 0) (3.7)
8 8

In the expression (3.4), the Carter’s coefficient (K() reflects the effect of slot-openings and
flux scattering which ultimately affects the harmonics in air gap MMF [46] and variation in slot
permeance [46] (factors 9 and 10 in Table [3;1'[)). Similarly, the saturation factor (Kg) accounts
for the tooth tips’ magnetic saturation [46]. In (3.4), these factors (K¢) and (Ks) appear in
the denominator, and therefore, the higher value of either of the air gap harmonics or the slot
permeance variation results in higher K¢ and, consequently lower L,,. The abundance of air gap
harmonics or slot permeance variation lead to higher SL. In similar manner, higher saturation
in the tooth tips is represented by higher number of Ky, which lowers the L, and increases the
SL. Hence, it can be concluded that,

1

m

Development of the SL model makes uses of its the above mentioned dependance with the
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3. Formulation of Stray losses in Medium-power Three-phase Induction Motors

motor inductances. The next section explains the comprehensive model development.

3.3 Empirical formulation of SL using ECPs and its validation

The proposed SL model uses the motor equivalent circuit parameters (ECPs) L;s, Lz and
L,,. Eighteen three-phase induction motors, the series production of TMEIC, Japan are used
to evaluate the SL model. The ECPs of these motors are extracted following the procedure
specified in IEC 60034-2-1 and test data provided by TMEIC. In addition, TMEIC measured
the SL of these motors using the test method described in IEC 60034-2-1. The SL values at

rated operating conditions of these motors are expressed as
SL - KSLP()ut (39)

K, in the above expression, is a function of the three inductances L;s,L;z and L,,. Based upon
the dependency of SL postulated in (3.3) and (3.8), several possible empirical forms of Ky, are

developed as listed in Table[3.2] Using the ECPs of these motors, the SL values are determined

Table 3.2: Models formulated For Representation of SL

Notation Kq; Notation Kq;
N N )
R (B B (2E)

E3 (ﬂ + Q)m E6 (&)m(L_lr)n

Lm Lm Lm Lm

by applying the six empirical relations given in Table The exponents m and n used for these
models are estimated adopting a two-stage procedure. Wherein, at first, the initial values of
exponents are evaluated using the non-linear regression with 18 motors’ measured SL values.
Here, with leakage, magnetising inductances as variables and indices as constants, the expres-
sions of Ky, or Kg, (shown in Table [3.2)Table [3.3) are used as a predictive regression model.
Five-fold cross-validation is used to fine-tune these initial values. The SL test data of 18 motors
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3.3 Empirical formulation of SL using ECPs and its validation

is arbitrarily partitioned into five sub-sample sets of almost similar size without recurrence.Four
of the five sample sets are utilised as training data, and the SL. model’s indicesare determined
by fitting the model to these training data. Using the retrieved exponents, the SL for the test
data set is determined.

The process is repeated five times, each time with a distinct set of training and test data.

For each (ith) repetition, the perdition error (e,(i)) is determined as (3.10):

3
e(i) = Z (PsLma) — PSLC(t))2 (3.10)
=1

where, Ps () is the measured value of SL for motor 7 of the test data set; Ps;¢(; is the calculated
value of SL for the motor using the exponents evaluated with training data set and S denotes

test data sample size. At the end of five repetitions, cross validation error (CV) is calculated as:

5
CV(x) = % Z e, (i) (3.11)
=1l

The method is repeated until the CV value is reduced to a minimum. The final exponents
are those that correspond to the absolute lowest of CV.

Table indicates the percentage of errors in computing SL with respect to (w.r.z.) the
measurements values. Table @] reveals that, in comparison to the four models, models F1 and
F6 provide SL that is closer to the measurement, with standard deviations of errors of 16.98 and
19.73, respectively. The fluctuation in the values of the exponents m and n among the motors of
different pole-pairs, as shown in Table however is the main shortcoming of these models.

Table and Table show, respectively, the calculated with the six SL models and the
exponents’ values for these models. Table [3.6]shows the percentage of errors in the calculation
of SL with respect to (w.r.t.) measured values. The values of Table [3.6] show that the models
F1 and F6 give SL closer to the measurement in comparison to the other four models, and the
standard deviation of errors for F1 and F6 are 16.98 and 19.73, respectively. However, the main
shortcoming of these models is the variation in the values of the exponents m and n among the
motors of different pole-pairs, as shown in Table 3.7, The term, number of pole pairs p, is

included in the model expressions F1-F6 in an attempt to address this. The formulas for K
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3. Formulation of Stray losses in Medium-power Three-phase Induction Motors

are changed as a result of this modification, as shown in Table Where, K, denotes the

modified K expressions.

Table 3.3: Modified Expressions of Kgy, (Kg,)

Notation K}, Notation K},
FL GE) TR ) G
R (B (A
B Gee) m ) GE)

Table 3.4: Specifications of TMEIC Motors Of Different Ratings and Pole-pairs Used For Development
of The SL Models

Motor p P,y rpm Iy pf Motor p P,, rpm I pf
(kW) (kW)

M1 1 75 2970 130 0.878 MI0 2 132 1485 240 0.834
M2 1 132 2976 220 0.896 M1l 2 200 1487 355 0.859
M3 1 160 2979 275 0875 MIl12 2 315 1487 560 0.851
M4 2 75 1482 132 0.864 MI13 2 355 1486 660 0.854
M5 2 110 1484 200 0.844 Ml4 3 75 987 145 0.796
M6 2 160 1486 282 0856 MI5 3 90 989 170 0.801
M7 2 250 1486 435 0869 Ml6 3 132 989 245 0.82
M8 2 375 1485 660 0.858 MI17 3 160 989 295 0.825
M9 2 90 1482 160 0.857 MI8 3 200 989 380 0.797

Tables [3.8] and Table [3.9] show the SL values computed with the updated Ky, expressions
and, the error compared to themeasured SL. Table [3.10] lists the exponents utilised inthe mod-
ified expressions. The impact of incorporating the pole-pair term p in the SL models can be
described as follows when comparing Tables [3.6|and Table [3.9}

e Not all models (F1 to F6) are affected in similar manner by this amendment.

e With this change, the standard deviations of errors for the models F1, F3, and F6 observe

the reductions, while the same for the models F2 and F5 show increments.
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3.3 Empirical formulation of SL using ECPs and its validation

Table 3.5: Calculated SL Values (In kW) For The 18 Motors With The 6 Models

SL-Calculated with proposed 6 models

Motor SL-Measured
F1 F2 F3 F4 F5 F6
Ml 0.56 0.72 0.58 0.71 0.60 065 0.63
M2 1.09 1.05 0.87 1.01 087 096 0.93
M3 1. 25 135 089 121 L1535 14899 1.12
M4 0.45 0.39 0.23 048 046 047 0.50
M5 0.74 0.63 038 0.79 074 0.75 0.80
M6 0.94 LIE 131 2489 131 L7 L3k
M7 1.46 1.27 1.07 1.89 151 179 1.73
M8 2.29 255 4105 593 301 472 3.78
M9 0.45 0.56 0.12 047 065 042 0.60
M10 0.71 0.88 0.19 0.75 1.04 0.66 0.95
MIl11 1.58 .08 Q17 08B0 128 071 1.11
M12 241 1.76 149 266 208 246 238
M13 2.82 230 373 530 272 426 3.42
M14 0.23 029 0.16 0.18 039 039 0.25
M15 0.48 0.33 042 036 044 063 0.32
M16 1.01 0.74 0.07 022 097 046 5247
M17 1.20 098 0.10 030 1.28 0.60 46.59
MI18 1.08 1.99 0.13 064 253 098 1.22

e The modification makes the indices m and n of models F4 to F6 independent of the pole

number for the minimum values of their standard deviation.

e The exponents of models F1 to F3 still depend upon the number of pole-pairs for their

minimum values of standard deviations.

e Prior to this modification, model F1 expressed the least values of average error as well

as the standards deviation. The model F6 seconds. The modification does not alter this

trend and these two models show the minimum average errors and minimum standard

deviations in same order.

e Even after correction, the indices of F1 vary with the number of pole pairs (for the least

value of error’s standard deviation), which makes model F6 preferable.

The ideally appropriate model among these six models is identified after examining their

relative prediction performance as described in section IV.
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3. Formulation of Stray losses in Medium-power Three-phase Induction Motors

Table 3.6: Percentage Errors In SL Calculation Using the Proposed Models

Motor F1 F2 F3 F4 F5 F6
M1 2938 451  27.13 8.42 16.02  0.63
M2 358 19.84  7.28 19.80  12.15 14.60
M3 8.61 28.69 324 9.51 1292 10.11
M4 1347 4826  7.36 2.58 393 11.04
M5 14.74 4887  7.38 0.78 17D 8.82
M6 18.07 39.16 12342 39.06 8850 66.11
M7 13.06 26.68 29.17 3.20 2223 18.14
M8 11.36 81.36 159.05 31.67 106.17 6533
M9 22.60 73.04 273 44.48 7.68 3228
MI10 2451 7255  5.67 46.36 6.72  33.73
MI11 3050 89.05 48.62 1775 5453 2837
M12 26.79 38.07 1043 1335 2.30 1.07
M13 18.48 32.56 88.13 3.49 5142 2139
M14 27.02 29.13 2003 70.12 70.05 9.78
M15 31.77 11.52  24.02 8.09 32.10 32.18
M16 26.81 92.79 78.30 3.86 55.02 5247
M17 1794 91.84 7475 7.29 49.80 46.59
MI18 83.30 87.56 40.88 133.66 9.17 1243

Standard deviation 16.98 29.69 4541  33.18 31.88 19.73

Table 3.7: Values Of Exponents Used For Proposed 6 SL Models

Model F1 F2 F3 F4 F4 F5 F6  F6
Pole pairs m m m m n m m n
1.00 1.30 1.10 145 135 250 0.60 094 0.32
2.00 1.55 160 180 150 3.50 0.73 1.20 0.26
3.00 1.90 210 270 1.80 450 090 1.60 0.35

3.4 Selection of the appropriate model

As per the conclusion drawn in the precious section, the SL representations by models F1
and F6 are more significant. In a next step of evaluating the relative capabilities of these models,
two models-relative quality estimators viz. Akaike Information Criterion (BIC) and Bayesian
Information Criterion (BIC) are determined for all the models. The expressions for the AIC and

BIC weights (for a discrete distribution) are (3.12)),(3.13):

0'k2

AIC(k) = —n. 1n(7) + 2.K(k) (3.12)
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3.4 Selection of the appropriate model

Table 3.8: Calculated SL Values With Ky, modified as K,

SL-Calculated with proposed 6 models
Fl F2 F3 F4 F5 F6

Motor SL-Measured

M1 0.56 069 0.61 071 0.60 062 0.58
M2 1.09 1.01 091 1.01 0.87 092 0.86
M3 .28 131 095 121 143 104 103
M4 0.45 037 0.66 032 030 074 0.36
M5 0.74 059 103 052 048 1.17 057
M6 0.94 1.00 274 127 085 254 1.12
M7 1.46 121 275 123 1.00 277 L26
M8 2.82 232 78L 350 199 662 296
M9 0.45 0.51 045 032 042 070 040
MI10 0.71 0.80 0.70 0.51 0.66 1.09 0.63
M1l .55 1.02 072 057 083 123 0.74
M12 2.41 163 3 1J0 137 373 Li2
M13 229 210 423 313 180 603 251
M14 0.23 025 0.12 0.07 034 058 042
MI15 0.48 028 026 0.12 039 088 0.55
MI16 1.01 0.58 0.08 0.09 0.76 074 0.71
M17 1.20 0.75 0.10 0.12 098 096 0.92
M18 1.08 1.34 0.13 023 1.72 149 148

and,

2
BIC(k) = —n.In (O-Tk) + 2.K(k).In(n) (3.13)

Where, n is the sample size, o is the residual sum of squares (w.r.t. the measured) SL for k —th
model and K (k) denotes number of model parameters.

The model with minimum AIC or BIC score is considered the to express the most accu-
rate representation. The difference between the score a model and, score of the model with
least score (possessing the AAIC or ABIC of zero) provides the model’s relative quality. The
interpretation of AAIC or ABIC scores to select a model or to differentiate the two models is
reported as follows:

Criterion for AIC (as per Burnham and Anderson [53]]):

e For AAIC < 2 = substantial evidence for the model.

e For 7 > AAIC > 3 = less support for the model.
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Table 3.9: Percentage Error In SL Calculation With K¢

Motor Fl F2 F3 F4 F5 F6
M1 2484 923 2713 854 1148 5.19
M2 7.10 16,10 728 1973 1572 21.38
M3 469 2524 324 945 1650 17.34
M4 1791 46770 28.65 32.53 64.56 20.52
M5 2031  40.70  29.66 3428 58.78 2290
M6 6.90 191.55 35.03 9.65 17032 19.10
M7 17.25 8790 15.97 31.67 89.01 13.78
M8 17.77 18094 24.14 2945 135.09 1.85
M9 13.12 099 2970 7.08 5378 11.65
M10 1343 1.73 2857 658 5342 1146
M1l 3447 5347 63.60 4646 2059 52.24
MI12 31.37 5394 2920 43.11 5580 2854
M13 8.16 21582 37.51 2143 16343 9.66
M14 829 4744 69.75 4556 15320 82.54
M15 40.70 4533 74.25 1827 8432 15.34
Mi16 43.06 9259 91.05 2541 26.54 29.73
M17 37.57 91.81 89.87 1846 19.53 2341
MI18 2349 8780 7891 5837 37.12 36.67

Standard deviation 12.35 64.62 27.82 1544 5344 18.88

Table 3.10: Exponent Values With K¢,

Model F1 F2 F3 F4 F4 F5 F6  F6
Pole pairs  m m m m n m m n
1.00 1.30 1.09 145 135 240 060 095 033
2.00 1.30 1.10 156 135 240 0.60 095 0.34
3.00 142 160 210 135 240 070 095 0.34

e For AAIC > 10 = the model is unlikely.

Criterion for BIC (as per Kass and Raftery [54]): The strength of the evidence against the
model with the higher BIC value is given as follows:

e For ABIC < 2 = not a significant difference between the two models.

e For 6 > ABIC > 2 = positive.

e For 10 > ABIC > 6 = strong.

e For ABIC > 10 = very strong
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3.4 Selection of the appropriate model

For the selected six SL models (of Tablg3.3)), the values of absolute and relative AIC and
BIC scores are given in Table3.11]

Table 3.11: SL-prediction scores of the K¢, models

SL Model n Oy AIC AAIC BIC AAIC
Fl1 400 1.78 -33.70 0.00 -30.13 0.00
Fd 400 6096 2996 63.65 3352 63.65
F3 400 588 -12.14 21.55 -8.58 21.55
F4 500 343 -19.83 13.87 -15.38 14.76
BS 4.00 3576 2035 54.05 2392 5405
F6 500 177 -31.73 196 -27.28 2385

The values of Tabld3.T1] conclude that, the least values of both AIC and BIC belong to the
SL model F1 and, the model F6 comes next to it. However, the relative AIC and BIC scores of
F6 (i.e, score of F6- score of F1) are 1.96 and 2.85 respectively. This suggests that evaluation
with both the F1 and F6 models posses almost equal degree of accuracy and convenience. Since
the exponents m and n of the model F6 do not change with the pole number (as shown in Table
[3.10), model F6 is adopted for the SL representation.

Calculated values of SL with the modified F-6 are compared with the four other latest and
prominent empirical SL relations reported in the literature. These relations include a). SL
formula by Pillay ef al.; b). SL formula by Agamloh et al.; ¢). SL percentage provided by IEEE
112-B; d). SL’s logarithmic expression of IEC 60034-2-1. Fig. [3.3|shows the comparison of SL
values obtained from the the proposed and existing models. It is noteworthy to observe from
Fig. @ that, for the motors of different power ratings, the trend of calculated SL values, with
the proposed model, is in compliance with the results of the existing four SL relations and the
measurements. However, the proposed model F-6 shows minimum error in comparison to the
existing models. Also, the existing models yield the same SL values for the motors of the same
output power but the different pole-pairs, whereas the proposed model F6 results in the different

SL values for such motors in line with the measurement.
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1] Measured V) F-6 E=] Pillay et. al.
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Fig. 3.3: Comparison of the results with: a).Measurement values of SL b).Proposed SL model F-6 c).SL
formula provided by Pillay et al.; d). SL relation provided by Agamloh et al.; e). SL % fixed by IEEE
112-B; f). Logarithmic SL expression of IEC 60034-2-1

3.5 Impact of motor’s loading on SL

The SL formulation presented in above sections provides the rated SL value of a motor.
However, in many of industrial applications, motors do not always run at its rated capacity. On
an average, 44% of the motors in industrial sector operate with loads less than or equal to 40%
of their rated load [55]. SL also changes with loading of the motor and an SL model needs
to incorporate it. This section presents the adaption of the proposed model for variable load

operation of the induction motor.

3.5.1 SL variation with loading

Eight different IMs of 2.5kW output power are tested to understand the trend of SL variation
with the loading. Nameplate details of these motors are given in Table [3.12] These prototype
motors are designed with the permutations of two distinct stator and rotor slot designs as shown
in Table [3.13] for two different rotor bar materials i.e, copper and aluminium. The test set of

these motors, hence consists:
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3.5 Impact of motor’s loading on SL

e Eight distinct motors of equal power ratings.

e Four sets of two IMs with each set comprising motors of same exactly geometry but

different rotor bar cum end-ring material (copper and aluminium).

Table 3.12: Specifications of Tested IMs

Motor Py, Design Speed Cage bar Voltage Slots  Lamination
kW  Stator Rotor (rpm) material /f Ng- thickness
N,
M-1 25 SD-1 RD-1 1482  Copper 200/50 36-28 0.5mm
M-2 25 SD-2 RD-1 1482  Copper 200/50 36-28 0.5mm
M-3 25 SD-2 RD-2 1482 Copper 200/50 36-28 0.5mm
M-4 25 SD-1 RD-2 1482 Copper 200/50 36-28 0.5mm
M-5 25 SD-1 RD-1 1482  Aluminium 200/50 36-28 0.5mm
M-6 25 SD-2 RD-1 1482  Aluminium 200/50 36-28 0.5mm
M-7 25 SD-2 RD-2 1482  Aluminium 200/50 36-28 0.5mm
M-8 2.5 SD-1 RD-2 1482  Aluminium 200/50 36-28 0.5mm
Table 3.13: Slot Shapes Of The Two Design Prototypes
Stator slots: Initial design SD1 Stator slots: Modified design SD-2
—— By, i L By, |
T Dim. (mm) Dim. (mm)
350:2.4 BSOZI.S
Bs1:6.0 351:6.0
HsZ 332:8.5 352:9.5
R=2.75 R=2.5
HS0=1.0 HS0=O
1'717 Hs1=0.67 HS1= 167
ﬁs—l H»=18.33 H»=18.0
i Bgg — —1 Bgg —
Rotor slots: Initial design RD1 Rotor slots: Modified design RD-2
Hs()
< Dim. (mm) Dim. (mm)
B=5.5 B=5.0
B;1=6.32 B;1=6.32
B»=3.17 B»=1.50
Hy=0.3 Hy=0.3
HS1=1.0 Hs1= 225
Hp=2.5 Hp=1.25
H;=14.0 H;=1.80
B, — HS4: 140
s2
R1:2.4
R>=3.12
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3. Formulation of Stray losses in Medium-power Three-phase Induction Motors

The design parameters common to all these eight IMs are: inner-outer diameters, slot area
and end-rings area, stack length and, winding scheme. The eight IMs differ only in terms of
slot geometries and rotor bar material. These IMs are tested for SL at variable load conditions
adhering the test standard-IEC60034-2-1. Next subsection details the test-procedure and the

results.
3.5.2 Experiments and SL test results
The SLs, for the eight IMs are measured using the Eh-star test (as per the procedure men-

tioned in section 6.2.1). Figure [3.4(a)-(b) show the results for copper and aluminium rotor

motors. respectively.

40- 50
351 45-
40-
A30- 35
3 25- 2 30
7 201 — M1 B2 VLS
151 Mo 20-
) 151 —M-6
10 — M3 101 —M-7
5 — M4 5] —— M-8
20 30 40 50 60 70 80 90 100 20 30 40 S0 60 70 80 90 100
Loading (%) Loading (%)
(@) (b)

Fig. 3.4: Test results:variation of SL with loading for the 2.5kW IMs: (a) Cu motors, (b) Al motors

The results shown in Fig. [3.4(a)-(b) reveal that:
e All the motors (M1 to M8) provide same rated output power and belong to the same
efficiency class yet, their SL values are different.
A(SL)

e SL of an IM does not exactly vary in the same proportion of output power (i.e.=~ #

d(Pout)

5o..~) and, this implies that the relation between SL and Po,, is not linear. The SL

varies with the order of variation higher than unity with output power, and hence a fixed
percentage-based formulation of SL w.r.t. Py, is not justified for variable load scenarios.
e For the same output power, the motors with aluminium rotors show higher SL values,
vis-a-vie copper rotors. This is because of higher values of slips the aluminium rotor

motors run at, for the same Py, in comparison to the copper rotor motors. Hence, the
TH-2876_156102029
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3.5 Impact of motor’s loading on SL

stator current and the leakage fluxes result higher values of SL.
An empirical relation of SL is formulated based on the above observations and rated SL

values of set-1. The next section explains the model’s development in detail.

3.5.3 Adapting SL model for loading condition

As discussed in previous subsection, the variation of SL with motor’s output power is not
linear. Followings are the feasible adjustments in the proposed SL model to incorporate impact
of motor’s loading.

(i) Selecting current dependent leakage inductances (i.e, writing L;s and Lz functions of
stator and rotor currents, respectively).
(i) Forming L,, a function of the magnetising current.
(i11)) Making the exponents m and n functions of motor’s slip.

The L;s and Lz do not vary much with loading due to a large air in the path of leakage
flux lines in comparison to the magnetising flux lines(till Is /s 4eq < 2) [46,49]]. Since the
L;s and Ljz do not show a significant variation w.r.t load current, they considered constant (as
determined from no-load and block rotor test). On the other hand, the L,, changes with the
loading because variation in load results in a change of the magnetising voltage due to the
change in stator resistive drop as:

Em = VS —IRS

The magnetising flux-linkage corresponding to the is:

1
l/’m = fEmdt = __.]Em
We

Ym
L)

From the above expression, it is evident that L,, is a function of flux-linkage y,,, and magnetising

L,(n) =

current (1,,). Since both, i, and I,, change due to loading, the L,, also changes with loading.
The variation of L, can is evaluated using the no-load test at different voltages, and Fig.
shows a typical L,, variation. It is clear from Fig. [3.5.3| that L,, rises with an increase in load

current. However, the L,, variation shown in this figure does not take into account the impact of
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Fig. 3.5: Variations due to load-change: (a) K with slip for M-1, (b) L,, with i,.

leakage fluxes as it uses no-load test data and the leakage flux is minimal at no-load conditions.

The other factor that affects L,, is tooth-bridge saturation. As the leakage fluxes increase
with the load current, the tooth-bridge begins to saturate. Thereby, the permeance of the slots
reduces leading to decrease in L,,.Since, both the above phenomena tend to have an opposing
influence on L,,, the L, variation w.r.t loading is dependent on the motor’s geometry. For
example, a motor with a higher tooth width has a different L,, variation than a motor with a
narrower tooth. To incorporate the effect of L,, variation on SL (i.e. flux dependent variation),

the relation is modified for load-dependent L,, as:

L (l Li ) (l L ) (3.14)
POut P Lm(]m) p Lm(lm)

The third option is to make the exponents m and n function of slip. Hence, based on the above

discussion, the modified version of (3.14]) is:

1 Lg V91 Li \"¥
KSL:(_ & ) (— R ) (3.15)
anl(Im) p Lm(IWl)

To keep the number of variables small, exponent n(s) is taken as a constant multiplier of m(s)

with zero offset, i.e. n(s) = k.m(s). Using this, (3.15] becomes:

1 L]S m(s) 1 LlR k.m(s)
Ksi = |- — 1
St (me(1m>) p L(L) (5-16)

Determination of the exponents m(s) and n(s) uses measured values of SL fractions in total
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3.5 Impact of motor’s loading on SL
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Fig. 3.6: (a) SL variation: Measured and estimated with the three variants of SL. model for M-1, (b)
Variation of the exponent m(s) corresponding to (3.17)

output power i.e., S L/Pg, at different loadings of the motor. This fraction is the measure of
Ky by its definition. [3.5.3] shows the K, variation for the motor M-1. The relation between

these K values and the m(s) is given as:

1
——log (K1) = log(A) + klog(B) (3.17)
m(s)
where,
1 (L 1 (L
A=—(=Eland,B=—|Z£]).
p\Ln p\Ln

The right term in is solely a geometry and material dependant term and can be eval-
uated during the design or the testing. However, neglecting the saturation makes this term a
constant and as a result, the variation of m(s) w.r.t. loading (or the Py, or the measured Ky,)
will always lead to a constant:

1
—— log (Ks1) (3.18)
m(s)

The m(s) variation meeting this constraint with correlation R?> = 0.99 is deduced as:
m(s) = (1 — 5) V2" (3.19)

k= —— (3.20)
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3. Formulation of Stray losses in Medium-power Three-phase Induction Motors

3.6 Conclusion

This work described in this chapter presents a model to estimate the SL for the three-phase
grid-connected induction motors. The presented model uses motors’ inductances and other
nameplate data to determine the SL. The accuracy of the proposed model is compared with
results obtained with the other prominent SL formulation present in the literature, which include
the SL relations of IM test standards IEC-60034-2-1 and IEEE-112B. It is reported that the
proposed model estimates S more accurately for the given set of induction motors. The SL
value in motors increases with the number of poles for the same output power. However, all the
existing SL. models do not account for this fact while estimating it. The proposed model, being
the number of pole dependant, is able to estimate the SL close to the measurement in line with
this fact.

An important motor-design related question that arises now is: ”In case two motors have
same output power, the same number of poles, the same number of slots on the stator and rotor,
will the SL of these motors be different and will the proposed model be able to predict it?”
To answer this, motors of same output power but different slot shapes are designed using the

hypothesis the proposed model. The next chapter describes the design of these motors in details.
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4. Design of Motors for High Efficiency

4.1 Introduction

The work presented in this report, regarding the SL, has two-fold objectives. The first
objective is to propose a model that can be used to estimate the SL in IMs. For this purpose, we
used 18 motors in the range of 75kW to 375 kW. These motors are under series production in
TMEIC and have been extensively tested. We used this data to test and calibrate the proposed
models. Chapter 2 of this report describes the work on above mentioned first objective. The
second objective of the work is to apply the SL model to design of IMs. For this purpose, IMs of
2.5kW output power rating are designed using the SL model obtained in chapter 3. The reason
for choosing smaller motors for this purpose are:

e Validation of the model required two stator designs, 2 rotor designs with copper bars and

2 rotors design aluminium bars. Therefore, 2 stators and 4 rotors, in total, are prototyped.
The cost of prototyping 2 stators and 4 rotors for 75kW (or higher power) motors was
beyond the financial means of the laboratory.

e The lab does not have a test-bed that can be used for reliable measurements beyond SkW.
Moreover, in this work, it can be seen that the proposed SL model works for motors with
smaller ratings as well. The experiments also led to the conclusion that it can cover a
wide range of IMs. The models can predict the SL for larger as well as smaller motors
because it is based on the premise that SLs are dependent on leakage and magnetisation
inductions. The large and small motors have a different ratio of leakage to magnetising

inductances, and the proposed models capture it.

4.2 Design specifications

4.2.1 Essential standard specifications

The design specification of the motor are as listed below in Table 4.1} It is a radial flux,
squirrel cage, three-phase induction motor adhering the IE3 efficiency class. The structure of

the motor is aimed to support both the flange and foot mounted IM 2001 arrangements.
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4.3 Design of initial motor model

Table 4.1: Specifications of 2.5kW Induction Motor

Sr.No Specification Value Unit  Symbol
1 Continuous shaft power 2.5 kW Pous
2 Pole-pairs 2 Number p
3 Rated speed 1485 rpm N,
4 Supply voltage (line) 200 Volt. Vs
5 Frequency 50 Hz f
6 Phases 73 Number m
7 Power factor (desired) > 0.85 - p.f.
8 Efficiency (desired) > 0.85 - n
9 Insulation class F - -
10 Slot fill-factor 0.4-0.65 % FF
11 Cooling Air natural - -

4.2.2 Design constraints

The design constrains and guidelines followed to achieve the IM design of adequate power

density and minimal losses are listed in Table [4.2]- Table

Table 4.2: Current densities’ allowances

Current densities for air-natural IMs:

Sr.No. Specification Value Unit  Symbol
1 In stator conductors 5 A/mm? Js
2 In rotor bars 2 A/mm? Jrp
3 In end-rings Air natural A/mm? JrE

Table 4.3: Selection of motor-slots

Selection of stator-rotor slots:

Sr.No. Slot-combination Consequence
1 Ng = Ng Magnetic locking
2 Ng - Ng = £3P Cogging and crawling
3 Ng - Np = P, £2P, £5P Hooks and cusps
4 Ng -Nr==+1,+£2, (xP+ 1), (xP +2) Noisy operation
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Fig. 4.1
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4.3 Design of initial motor model

Table 4.4: Design guidelines

Selection of stator-rotor slots:

Sr.No. Parameter design value
1 Air-gap length < lmm
2 Specific magnetic loading <0.7T
3 Slot loading < 125A/inch?
4 FF < 65%
5 Lamination thickness < 0.5mm
6 Stacking factor > 95%
7 Aspect ratio (Stack length/pole-pitch) <3
p=1
300 =2
250 p=3
< 200
£
= 150
S 100
50
0
0 20 40 60 80 100
Sg (kVA)

Fig. 4.2: Variation of the output-coefficient (Co) with apparent airgap power (S,) and pole-pairs (p) of
the motor

4.3 Design of initial motor model

4.3.1 Initial sizing of the motor

There exist two state of the art design concepts to approximate the motor’s dimensions (i.e,
airgap diameter D, and active stack length L). These two concepts are: a.) output-coefficient
based design concept b.) rotor’s tangential stress based design concept. The first one starts
the motor design with the term DgzL, known as output coefficient (Cy). Cj , in fact, reflects
the volume of the motor and, its value varies with the motor’s power rating as shown in Fig.
Similarly, tangential stress based method begins with tangential stress (o;)on the rotor’s
surface which varies between 0.2-4 Nm/cm? based upon the power rating of the motor. This

work adopts the output-coefficient based design concept to design the 2.5kW IMs.
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4. Design of Motors for High Efficiency

4.3.1.1 Stator dimensions

The airgap apparent power (S ,) of the motor is

Po,
S ¢ = 3Epaels = 3KgVpnls = Kp—24— (4.1)
cos 07,1,
where, K = f,—Phg cos ¢is N> Ven, Is are, respectively, the input power factor, efficiency, input

phase voltage and phase current at rated operating condition. With the definitions of specific

current loading (ac) as
_ 3Q@Te)ls
ac = ——

4.2
Di. (4.2)
and, exploring the expression of E,,,, as
Emag = 27TfKWTPh¢g (4.3)
Using the expressions @.1H{4.3]
S, = Kyn’D;,Ln acB, = CoD;,L n (4.4)
where, Cy is the output coefficient expressed as Cy = KanacBg.
With the comparison of 4.1 and, [4.4]
1 KgPo,
Dizs [ o E Ow 4.5)
nCy cos 6,m,
With introducing the ratio of stack length to pole-pitch (1 = (?), which lies between 0.6 to 3,
5| 2p?KgPo,
Dy = | A (4.6)
nACofn, cos by,
and,
D
L=()a=ra @.7)
P

Total height of the stator slot (Hs) is determined from the tooth flux density B;,, ac, B,, stator

current density (Jg) and the fill factor (FF) as

_ac By
~ B,JsFF

S

(4.8)
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4.3 Design of initial motor model

The height of the stator yoke is evaluated such that the flux density in yoke remains half of that
in the stator-tooth. With the target value of the yoke flux density of as B, the height of stator

yoke (Hc¢g) 1s given as

ﬂ'Dl‘YBg

Hes = : 4.9
S = 4B, (4.9)

The outer diameter of the motor is hence

Doy = Dis + 2 (Hes + Hy) (4.10)

4.3.1.2 Size of stator slots

Previous subsection details the evaluation of stator-slot height. For the determination of
rest of the slot-dimensions, at first effective slot area (Acu), which includes the area of copper

conductors with insulation, is estimated from the fill-factor (F'F) as

Zsﬂ'dz
Acy =
T 4FF

(4.11)

Slot width at the top (Bg;) is determined at first and for this, the width of tooth-bridge W,y is
fixed. Wi 1s chosen using the target value of the tooth flux density B,s and, B;s. With applying

the flux balance,

B, nD;
Wy = 2 —2 4.12
5= BN (4.12)
By is obtained as
D,
B, = - W, 4.13
S1 Ny S ( )

where, D;. = D;; + 2(Hys + Ho15). Hos and, Hy, are the heights of slot opening and slot wedge,
respectively. There values lie in the range of 0.5mm to 3mm. Another width of the slot i.e, slot
height at the bottom (Bs,) is calculated by solving the expressions of Acu and, Hg in terms of

(Bg1) and, (Bg»). This results

0.5
B, = (4ACM tan (1) 4 Bgl) (4.14)
Ng

Opening of the slot (Bs;) is kept as 2mm. Its value varied between 2mm to 3mm in all the

further design iterations.
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4. Design of Motors for High Efficiency

4.3.1.3 Airgap length and rotor dimensions

Typical value of the airgap in medoum power IMs lies between 0.35mm to 6mm. The airgap
length is a tradeoff between the magnetization current (or no-load power factor), the unbalanced
magnetic pull, and manufacturing accuracy. Empirical relation followed for its initial value’s
(in mm) determination are as undermentioned:

The airgap length for a two pole motor-

o ~ (0.1 +0.02/Po.) (4.15)

and, for the motors with higher number of pole-pairs-

I, ~ (0.1 +0.012+/Po,,) (4.16)

The diameter of the rotor (D,) is hence,

D, = Dy -2, (4.17)

4.3.14 Stator winding

Double layer, 5/6 short pitched, distributed winding scheme is adopted for these 2.5kW
machines to keep the MMF harmonics as well as the copper losses (with the reduction of mean-
length of the coil)small. Initial estimation of the number of turns per phase is done following
the under-mentioned expressions. For the given values of magnetic flux (airgap) per pole (¢,),

winding factor (K,,)and, phase value the of magnetisation voltage (E,,,), the turns per phase

are
de,
Emag = _KWTPhE = Emag(w) = _KWTPhw¢g(w) (418)
For the rated frequency of f,
Emag(f) = _27TwaTPh¢g(f) (419)
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4.3 Design of initial motor model

where, ¢, is calculated as

D
P

¢, = LfBg(s).ds = <B,>

0

7TD,'SL
P

(4.20)

where, ds is the incremental displacement along the airgap and, < B, > denotes the average

airgap flux density over a pole-pitch. Total number of conductors (for the three-phase IM) are
Z =3Q2Tpy) (4.21)

and, this gives conductors per slot equal to Z/Ny. Size of the concoctor is selected such that,
the current density remains within prescribed limit (as given in Table 4.2). These numbers
are further tuned to match the desired requirement of power factor, efficiency, slot-fill factor,

no-load and blocked rotor currents of the motor as shown in Fig. 4.1}

4.3.1.5 Rotor bar and end rings

The rated current in the rotor bar is calculated by applying the MMF balance as (for 3-phase

M)

6T p K

) = (4.22)
Ng

The area of rotor bar is selected that, the current density in the bar remains within prescribed

limit (as given in Table 4.2)). Similarly, the end-ring current is found with the summation of

currents of the bars under one pole as

0.5
RB
¥)

IRE = (423)

sin (
Area of end-ring is chosen to keep its current density in the limit given in Table All the
rotor slot dimensions are estimated applying the (4.12) to (4.12) with reference to the rotor
parameters. The height of the end-ring is estimated such that, the gap between the shaft diameter
and the end-ring’s inner diameter remains 3mm-6mm. Accordingly, the width of end-ring is

calculated using its calculated area.
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4.4 Determination of equivalent circuit parameters

T-network equivalent circuit of an induction motor is shown is Fig[3.1 Chapter 2 includes
the expressions of three parameters of this circuit out of the total five (with neglecting the core
losses). The estimation of the remaining two elements of this circuit is done as

a.) Stator resistance:

1 L
Rs = p=Tp—x (4.24)
A acs

where, A,acs and,y denote number of parallel paths, conductor area and, AC resistance factor,
respectively.

b.) Rotor resistance:

l [ 1
Ry=p— +p—=| ——— 4.25)

agpr agr | 2sin (FP)
where, Ip,lgR,apgr and, agg are the bar-length,end-ring’s length, bar-area and, end-ring’s area,

respectively. The resistance equivalence of R}, in the T-network is

2TpuKw)’N
A, S ”’NW) : (4.26)
R

Temperature corrections of these resistances are done as R(7,) = R(Ty) (1 + a (T, — T;)). Here,
R(T,), R(T,) are the resistance values at temperature 7, T, respectively and, « is the tempera-

ture coefficent of the resistance.

4.5 Design improvements with revamping geometry for higher efficiency

The geometry parameters obtained from the relations mentioned in section 4.3 are further
tuned following the algorithm shown in Fig. The tuning of the parameters aims to assure the
maximum possible values of efficiency and power factor avoiding the thresholds of current den-
sities, fill-factor and magnetic saturation for the selected materials. Table 4.5]enlists the design

specifications of the IM and, Table shows the shapes and dimensions of slot-geometries.
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Table 4.5: Design Specifications Common To Both 2.5kW Motors

Parameter Unit Value Parameter Unit Value
Stator:
Outer diameter mm 170 Number of circuits - 1 x Star
Inner diameter —mm 100 Turn/Coil number
No. of slots 36 Wire size mm 0.8 mm x 4
Length mm 80 Coil pitch slots 8 (88.33%)
Rotor:
Outer diameter mm 99 Mean length of turn mm
Inner diameter ~—mm 30 Turns/phase number
No. of slots 28 Core material Steel grade  50C350
Windings:
Type - Double layer  Rotor bar material Copper
Skew - Non skewed
Insulation class - F
Table 4.6: Slot Shapes Of The Two Design Prototypes
Stator slots: Initial design SD1 Stator slots: Modified design SD-2
I o I Dim. (mm) Dim. (mm)
Bs0=2.4 BS0=1.5
B;1=6.0 B;1=6.0
Bs2:8.5 352:9.5
R=2.75 R,=2.5
H=1.0 Hy,=0
HS1=O.67 HS1= 167
H=18.33 H»=18.0
— By I—
Rotor slots: Initial design RD1 Rotor slots: Modified design RD-2
H
e Dim. (mm) Dim. (mm)
By=5.5 Bs=5.0
B;=6.32 B;1=6.32
By»=3.17 B»=1.50
Hs0:0.3 HS():O.?)
Hs1=1.0 HS1= 225
HS2=2.5 HS2=1.25
H3=14.0 H;=1.80
"B, H54: 140
R1:2.4
R,=3.12
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4.6 Motor Design using proposed SL model

This section presents the investigation of the proposed model for its suitability in the design
of induction motors with a lower SL. The design of four-pole, 2.5 kW, 200 V IM, as detailed in
the previous sections, is considered for this. The stator and rotor slot shapes of the motor are
re-designed using the proposed SL model. All the other parameters of the motors voz. number
of slots (both in stator and rotor), ferromagnetic material, winding scheme, motor diameters,
stack-length, air-gap length (given in Table [4.5) are kept as it is. The design steps followed are

discussed in the forthcoming subsections in detail.

4.6.1 Design strategy
The discussion in section III showed that the SL, in different models (Table[3.2), is a function
of the ratio of L;;/L,, and L;./L,,. Hence, the design strategy of an IM, for reduced SL, is based

on minimization of these ratios without affecting the motor’s characteristics. The expressions

for these ratios in terms of slot geometries can be written using (3.1)), (3.2) and (3.4) as [46]]

L n’gKcKy (/hg + Aiss + /llOHS)

= 4.27
Lm QKWZT ( )
i m*gKcKs (/llg + Ajsp + /IIOHR) (4.28)
g gKw*t '
The permeances Ay, Ajss, Adions of the stator for a two-layer winding are:
13
Aiss = 1 Z Aiss k (4.29)
k=1
where
1 _ Hsl + HSOCOSZ’}/k_ _ Hs2 .
ISS_1 — 3BS1 s ASS 2 — Bsz s
1 _ HSZCOS)/k_ _ HSZ.
ISS3 = B, ISS 4 = B,
HSO Hcl Hs2
Ass s = (1 +cosyg)? LI
1555 = ( Yi) ( B, "B, "B, )
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4.6 Motor Design using proposed SL model

In the above expressions, y; is the phaser displacement between the currents of upper and lower

layer of stator winding. If both the layers belong to same phase, y; = 0.

5gKc/Byo
A= ——— 4.30
le 5+ 4ch/BS() ( )
Aions = 0.34% (l.s — 0.64y) (4.31)

where /., is the length of end-connection and y is the coil pitch. Similarly, the slot permeance

for rotor slots of geometry RD1 (in Table 4.6) is:

(4.32)

2K, |(HaAy  HpA; 3Hg3A3
Aisgr = >

+ +
3A BsO BSO Bxl + 2Bs2

143 il pitch
where K; = 1/4 + 3/4K,; K, = +4’8 and, 8 = ;Z;e_’; ’l.tfch. Permeances Aj, and A;oux of the rotor

are similar to that of the stator as (4.30) and (4.31). Since the winding scheme and geometries
other than slot geometries are unchanged during modifications, the objective to reduce L;s/L,,

and Ljz/L,, in can be summarised as reduction of term:

Fobj = KcK; (/l]g + /llSS) (433)

The magnitude of F,;; can be reduced by:

(i) Reducing Byy: Decreasing By, to the minimum value constrained by the winding place-
ment, reduces Carter’s coefficient K¢, thereby increasing L,,.

(i) Increasing By,: Decreasing By, will, however, increase ;55 as seen from (#.29). By,
is increased to compensate for the increase in A;55, and thus, the overall 4,55 remains
unchanged.

(iii) Decreasing Hyy: To reduce the A;55, without impacting L,,, Hy, can be reduced. Here,
reducing H, to zero, while keeping the total slot depth constant, reduces A;s .

By doing the above three changes, the stator slot geometry SD1 changes to SD2, as shown in
Table [4.6] The overall impact of the changes is that the magnetizing inductance L,, increases,

and hence SL reduces. Moreover, the changes done ensure that both the slot geometries, SD1
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4. Design of Motors for High Efficiency

and SD2, have the same slot area and hence, the same slot fill factor. Similar to the changes
made in stator slot geometry, the rotor slot geometry RD1 (Table {.6)) is modified as follows:
(i) All the sharp edges in RD1 are rounded to reduce the flux concentration. A circular
arc replaces the triangular shape in the uppermost section of RD1 in RD2.This change
reduces the leakage flux at the slot’s tip and results in uniform distribution of flux density
along the section’s height. However, to keep the net leakage flux of this section constant,
the width of the section is reduced.
(i) Adding a segment S3 to RDI increases the slot width, resulting in lower flux leakage.
However, to keep the net slot area same as RD1, the slot bottom width Bs2 is decreased.

The above changes in RD1, result in the new rotor shape RD2 and its permeance function is:

4
1
Aisp = — A 4.34
ISR 4; 155 & (4.34)
where )
Hy
(e
ISR.1 = ; n @

Aisg2 = Hy /By

Hg)? H,

-1+ (E) ), (e

AisR3 = — In T
B

o
By

Aisga = 2Hg3A3/3(By; + 2By,)

The shape RD2 results in lower saturation factor Kg and hence increases L,,. Since the
expression of L, in (3.4) does not explicitly involve the rotor slot geometry; hence, FEA is
necessary to understand the extent of the impact the rotor slot shape has on L,. The next

subsection discusses the FEA of the motor geometries.

4.6.2 FEM Simulation

This subsection presents the FEA of all the four motor types. The FEA models are run at
synchronous speed to simulate the no-load (NL) condition to accurately evaluate the L,,, and
verify the impact of the slot geometry on L,,. Fig. 4.4 shows the results of FEA, and it can be

seen that the no-load current(/y;) for M3 is least, and it is 14.67% less in comparison to M1
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4.6 Motor Design using proposed SL model

(c) Laminations of Design-1 and Design-2

Fig. 4.3: 4 Pole, 2.5 kW motor designs- Design-1: standard-design motor (initial design); Design-
2:motor with modified slot geometry (modified design); Photographs of the laminations of Design-1 and
Design-2.
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(from 5.45 A in M1 to 4.65 A in M3). Moreover, the stator and rotor tooth flux density (Fig.
4.4e), for one rotation of the rotor, shows least harmonic content for motor M3. Furthermore,
the performance parameters of all the four motors are evaluated using FEA and are listed in
Table {.8] The results in Table 4.8] show that all the motors have almost the same operating
parameters, but M3 has the smallest L;s/L,, and L;z/L,, ratio.

Table 4.7: 2.5kW Motor Variants

Prototype M1 M2 M3 M4
Stator-Rotor SDI1-RD1 SD2-RD1 SD2-RD2 SDI1-RD2

The analysis given in this subsection, confirm that the motor M3 has the highest L,, and

hence, should have the least SL. In the next section, it eventually will be shown that M3 indeed

has the least SL.
Table 4.8: Specifications Of The Prototype Motors

Sr.No. Parameter M1 M2 M3 M4
1 I5(A) 10.39 10.28 10.14 10.13
2 Tgia.(Nm) 17.65 17.65 17.64 17.73
3 pf 0.83 0.84 0.85 0.85
4 P, (W) 2989.65 2984.25 2977.54 2990.64
5 Pc.p(W) 216.68 211.93 206.65 206.00
6 Pcus(W) 64.70 64.69 64.65 64.97
7 Pou (W) 2708.27 2707.63 2706.24 2719.67
8 rpm 1465.00 1465.00 1465.00 1465.00
9. Tsu(Nm)  20.62 24.17 26.97 22.75
10 Ty10x(Nm) 40.99 42.94 44.37 42.08
11 Lis(mH) 3.06 3.13 3.19 3.08
12 Lirg(mH) 5.00 4.95 4.89 4.80
13 L,,(mH) 78.87 83.23 87.60 82.02
14 Lis/L,, 0.039 0.038 0.036 0.038
15 Lig/L,, 0.063 0.059 0.056 0.059

4.7 Experimental results with prototyped motors

The previous section discussed the design of IM for lower SL, and out of the four motors,
M3 was predicted to have the least SL. To verify the conclusions, both the stators SD1 and

SD2, and the rotors RD1 and RD2, were prototyped and tested. This section discusses the test
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(a) Motor Prototypes (b) Load test setup

Fig. 4.5: Photographs of the 4 pole, 2.5 kW motor prototypes and load test setup

procedure and the measurement results. The tests done on the motors are: a). No-load and
blocked rotor (NLBR) tests- for evaluation of ECPs, b). Eh-star test- for SL. measurement. The

following subsections describe the test procedure and discuss the results.

4.7.1 Tests On motor-prototypes

1). No-load and blocked rotor tests: Results obtained from NLBR tests are given in Table
The windage and friction losses are determined here by extending the Voltage® versus
input power minus joule losses curve to zero value of Voltage2 @I] and no-load core loss (Pcyre)

is calculated as:

3
Pcore = Pinne = Pw = Rs(T) ) I

i=1

where, P;, v is the input power to the motor in no-load condition, Py is windage and friction
losses, Rs(T) denotes temperature-corrected per phase resistance of the stator winding and I;
is the rms value of stator current of i phase. The ECPs evaluated from the NLBR test data are
shown in Table[d.10] and the results show that the motor M3 has the highest value of L,,, as well

as the smallest values of L;s/L,, and L;z/L,,.

2). Eh-star test: The SL, for all four motors, was measured using Eh-star test, following
the procedure given in [9]. The reason for choosing the Eh-star test is that it does not need me-

chanical coupling or any dynamometer, and hence easy to implement with minimum numbers
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4.7 Experimental results with prototyped motors

Table 4.9: No-Load And Blocked Rotor Test Results

Ing Waie Pw  Pcore Vae Ip;,
Motor
A) —Pc,p(W) W) (W) (V) (A)
M1 4.84 58.25 2044 37.81 38.14 11.24
M2 4.36 59.17 21.15 38.02 37.59 11.28
M3  4.20 55.00 20.59 3441 3641 11.12
M4 442 59.25 2225 37.00 38.72 11.98

Table 4.10: ECPs Calculated With NLBR Test Data

Sr.No.

ECP Ml M2

Rg(©2) 090 0.90
Ls(mH) 3.70 3.53
Rr(Q2) 032 0.33
Lg(mH) 649 6.26

M3 M4
090 0.90
353 352
0.33 0.32
6.19 6.17

L,(mH) 77.67 80.52 84.15 79.40
Lis/L, 0.048 0.044 0.042 0.044
Lig/L, 0.084 0.078 0.074 0.078

of equipment [56]]. Moreover, this test has higher precision, and the accuracy of the Eh-star test

is higher in comparison to the reverse rotation test [S6]. The results of the test have a reasonable

correlation with the input-output test in compliance with IEC 60034-2-1 [56]]. The SL value,

using Eh-star test, is given by:

SL:k[(l_s)(P+_P—)_PW_PC()re

2 . i
where k = 1/1 + (%) . Measurements were recorded for 6 test points and it is ensured that 7,

remains less than one third of /_. The measured values of SL are shown in Table Plots

between SL and (I_/1,)* for all four prototypes are shown in Fig The slopes of these plots

give SL at rated operating conditions. The maximum and minimum SL values are 35.9 W and

25.87 W, which correspond to the motors M1 and M3, respectively.
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Fig. 4.6: Eh-star test results obtained for different motor prototypes

4.7.2 Comparison of SL with different relations

SL values are calculated for all the motor prototypes with the proposed model F6 (modified
for pole pairs) and compared with measured SL along with the SL calculated using four other

stage-of-the-art relations mentioned in the literature, and the values are shown in Table @

Table 4.11: SL For 2.5kW Motor Prototypes(In watt)

IEEE IEC Pillay Agamloh
112 60034-2-1 et.al et.al.
Ml 35.90 27.85 45.00 57.53 31.98 34.88
M2 29.93 25.13 45.00 57.53 31.98 34.88
M3 25.87 23.66 45.00 57.53 31.98 34.88
M4 33.24 25.39 45.00 57.53 31.98 34.88

Motor Measured F6

A careful investigation of the SL data shown in Table d.11] reveals that:

e Measured SL is maximum for M1 and minimum for M3, with respective SL values equal
to 1.44% and 1.03% of the rated output power. Hence, the slot geometry plays a signifi-
cant role in reducing SL.

e Measurements show different SL values for all the four prototypes, and the relations
reported so far in the literature (Columns 4 to 7 of Table 4.1T)) give a constant value for
all the four motors.

e The proposed model F6 gives different SL values for all these motors. The value of
SL, predicted using F-6, is highest for M1 and lowest for M3, which is in line with

measurements.
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5. Stray loss in Inverter fed Motors

5.1 Introduction

The time harmonics of the inverter power supply result in a higher rate of change in magnetic
field densities at different segments of the iron core. As a consequence, both the SL. and CL
get increased by an inverter power supply. Compared to a sinusoidally excited motor with
the same fundamental frequency, the CL in an inverter fed IM has risen to 35% [57]], [58].
Furthermore, applications such as electric traction demand a wide range of field weakening
(high-frequency operation), which elevates the CL proportion even more. The impact of time
harmonics depends upon the ratio of fundamental to the switching frequency [59]. This ratio
varies from 20 (medium power application) to 200 (small power applications) in the majority
of inverter fed IM-drives [60,/61]].

However, when addressing the SL, literature is broadly restricted to the space harmonics,
and sinusoidal excitation [22,/46,47]]. [46] and [47], present theoretical expressions to estimate
the SL in a grid-connected IM. These expressions are rather complex, require the motor’s com-
plete geometry details, and need modifications as the slots’ geometry changes. In a lumped
element-based approach, Alger et al. present an extended equivalent circuit of IM to include
the impact of harmonics [47]. Direct and exact evaluation of these coupled lumped parameters
is strenuous. As discussed in Chapter 1, a precise model representation of the SL accelerates
the iterative motor design process. It requires less response time when incorporated in motor
control than the purely physics-based methods. This chapter illustrates the adaptation of the

proposed SL model (detailed in chapter 3) for an inverter driven environment.

5.2 Background: Stray losses in inverter fed IM

Primary sources of SL in an IM are the various leakage fluxes, space and, time harmonics
of the magnetic flux density (B(#)). These space and time harmonics of B(¢) are traced to the
variation of magnetomotive force MMF. This section describes the space and harmonics in an

inverter fed IM and their correlation with SL.
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5.2 Background: Stray losses in inverter fed IM

5.2.1 Space harmonics with sinusoidal excitation

Fourier decomposition of the magnetomotive force (MMF) generated by a distributed wind-

ing of one-phase (in a three-phase machine) is given as [47]:

FAB. 1) = 2Nsi(t) > Kv®¥) Ginwpe) (5.1)
T p— \%
where,
i(t) = I, sin(wr) (5.2)

, Kw(v) is the winding factor of the v-th space harmonic. Ny and, p are, respectively, per
phase number of turns in stator winding and, pole-pairs. For a three-phase machine drawing
a balanced set of currents, the net MMF is given as the sum of MMFs of all the three phases,

which are 120 shifted in space and it is:
Fs(0,1) = Fa(6,1) + Fp(0,1) + Fc(6,1) (5.3)

Using (1) and (2), the net MMEF is given as:

A
Ajcos(wt — ) — ?Scos(wt + 560)+
Fs(0,1) = = 54
s 2 Iﬁcos(wt —76)...... oY
7

where,

2
A, = =NgI,,.Ky(v) (5.5)
T

Expression (5.4) represents multiple travelling waves rotating in different directions. All these
MMF harmonic waves travel with a speed less than the synchronous speed i.e., the speed of the
fundamental MMF-wave. The MMF waves corresponding to space harmonic numbers v = 6k—1
rotate in the reverse direction of the MMF wave of fundamental whereas, the MMF waves with
harmonic number 6k+ 1 rotate in the direction of fundamental MMF wave. The space harmonics

of order higher than 7 are negligible [49] and hence are neglected.
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5.2.2 Space harmonics with inverter fed excitation

For an inverter-fed IM, the motor currents are expressed as:

h
i(f) = Z L,(n) sin(nwt + ¢(n)) (5.6)
n=1
4 2
i(t) = ) L(n) sin(nat + ¢(n) - =) (5.7)
n=1
h 271_
i) = Z L(m) sin(nt + $(n) + =) (5.8)
n=1

Evaluation of (5.1)-(5.3) for the MMF in relation to the current expressions (5.6)-(5.8) gives:

Fs(8,1) = F1(6,1) + F5(6,1) + F+(6,1) + ... (5.9)
where,
Fi(0,0) = ZAvcos(va)t — po) (5.10)
v=1
Fs(0,1) = Z A,cos(vwt + 5pb) (5.11)
v=1
F1(0,1)= ) Acos(vwt - Tp6) (5.12)

v=1

From expressions (5.10)-(5.12)), it is seen that the harmonics in current superimpose various
high-frequency waves to the MMF waves corresponding to the fundamental frequency. All

these rotating MMF waves produce additional SL.
5.2.3 Correlation of SL with the inverter power supply

The major components of SL viz. surface core loss, tooth flux pulsation loss and, phase belt
pulsation loss are the additional eddy current losses in reaction to the space harmonics of the

B(t). The expressions of these losses derived using the diffusion equation and Faraday’s law

show that these losses vary directly as the square of MMF [46,49]]. Hence, SL in a cumulative
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effect of all the MMF harmonics for an inverter fed motor can be expressed as:

SL=) SLi)= ) KF} (5.13)
i=1 i=1
2 2
F F
= SL =K F? (1 + kz(—z) + k3(—3) + ) (5.14)
F, F,

where, S L(i) is the net SL with i-th time-harmonic and all the space harmonics. F; is the
magnitude of the MMF corresponding to the i-th current harmonic (as shown by (7)-(9)). K;
is the proportional coefficient of the SL-MMF relation. With a linear relation of MMF with
current, the series sum used in (5.14) is directly proportional to the total harmonic distortion
(THD) in the motor-current (a directly measurable quantity), and hence the SL in an inverter

fed motor can be written as

SL =K F;f(THD) (5.15)

where, f(THD) is a single valued monotonic function of motor’s current THD. The deter-
mination of this function is explained in section-IV, which uses the experimental results of SL.

The test procedure and the experimental results are detailed in the next section, i.e. section-III.

5.3 Experimental Estimation of SL

Total six squirrel cage induction motors of different slot geometries are selected to record the
variation of SL with inverter power supply. Among these six motors, four motors are of same
power ratings but different slot-geometries whereas, the other two motors are of another power
ratings which differ only in terms of lamination thickness. Nameplate details of these motors
are given in Table [5.1] and, Table [5.3] shows their slot geometries. As the literature report, two
prominent sources of the SL i.e., tooth-saturation and permeance variation are very specific to
the slot shape. The major limitations of existing analytical SL methods [46,47,51] is that, they
use conformal transformation for the airgap flux density distribution (to determine the arigap
conductance harmonics) assuming that the slots are infinitely long and possess uniform width

(equal to slot-opening Bg(). As a consequence, the airgap conductance harmonics’ calculations
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in [46,47,51] use only two dimensions of a slot (i.e., slot-opening and tooth width), it is therefore
not possible with these expressions to differentiate two IMs of same number of slots but different
slot geometries (except the slot-opening) for SL. The purpose of selection of four similar motors
is, hence, to examine the SL variation among the IMs of the same power rating and, pole pairs

but different slot geometries.

Table 5.1: Specifications of Tested IMs

Motor Py, Design Speed Cage bar Volt. Slots Lamination
kW  Stator Rotor (rpm) material /f Ns-N,  thickness
M-1 25 SD-1 RD-1 1482 Copper 200/50 36-28  0.5mm
M-2 25 SD-2 RD-1 1482 Copper 200/50 36-28 0.5mm
M-3 25 SD-2 RD-2 1482 Copper 200/50 36-28 0.5mm
M-4 25 SD-1 RD-2 1482 Copper 200/50 36-28 0.5mm
M-5 1.5 SD-3 RD-3 2889 Aluminium415/50 36-34  0.5mm
M-6 1.5 SD-3 RD-3 2889 Aluminium415/50 36-34  0.3mm

5.3.1 Test operating points

The ratio of switching frequency to the fundamental frequency varies highly among the
various applications (from 10 to 200). Therefore, the IMs selected in this work (as shown Table
are tested for a wide range of this ratio. Another important parameter affecting the SL is
the fundamental frequency and loading of the motor. The SL measurements are performed to

analyse all these parameters’ impact on all the operating points as given in Table[5.2]

Table 5.2: IMs Operation Domain

fO TOI'qU.C ﬁ)/ fsw
(Hz) (Nm) Ratio

Minimum 30 0 10
Maximum 60 14 200
Steps 4 5 5

5.3.2 Measurement procedure

SL for these four IMs is evaluated using the input-output test. The test is reported to be the

most accurate among all the SL evaluation methods [56]. Since the power ratings of the IMs are
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Table 5.3: Slot Shapes Of The Two Design Prototypes

Stator slots: SD1 Stator slots: SD-2
—— By—i F
Dim. (mm) Dim. (mm)
By=2.4 By=1.5
Hs, BS1:6.O BS1:6.O
852:8.5 BS2:9.5
I R=2.75 R=2.5
H s1
Hy HS()=1.O Hs()=0
—i Bgo i— H,=0.67 i By — H,=1.67
H,=18.33 H»=18.0
Rotor slots: RD1 Rotor slots: RD-2
Dim. (mm) Dim. (mm)
Ao B,1=0 By,1=0
BS0=5.5 Bso=5.0
B1=6.32 B1=6.32
B,=3.17 B»=1.50
H,=0.3 H,=0.3
Hslzl.O Hslz 225
H52=2-5 Hs2:1.25
H;=14.0 H;=1.80
Hs4= 140
R1=2.4
R,=3.12
Stator slots: SD3 Rotor slots: RD-3
Dim. (mm) 1T Dim. (mm)
By =2.0 Ho |
B,1=8.0 B,1=3.65
B»,=10.0 B,=1.22
H,=1.0 Hy H,=3.0
H»=0.9 H»=10.12
H;=8.6 Hi=2.80
Hs3- )
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not very high and they can be loaded upto their rated power, the input-output test is preferred. If
the IM is inverter fed, all the CL and SL related tests require two sets of measurements- a)- load
and no-load test with PWM power supply b)-load and no-load tests with sinusoidal excitation.

These tests are performed as follows:

5.3.2.1 Rated load test

The test IM is coupled with magnetic power brake as load and loaded for different torque
values as shown in Table [5.2] Voltages, currents and shaft torque are recorded at the thermal

equilibrium.

5.3.2.2 No-load test

The no-load (NL) test is performed with the hot motor after the load test. The friction and
windage losses and core loss are obtained from the no-load test at different supply voltages
with sinusoidal power supply. Fig. [5.2] (a)-(b) show the NL-test results. Detailed step-wise
procedure for these test in line with IEC-60034-3-2 is discussed in [[62]], [63]]. Given the fact that,
SL-estimation is highly sensitive to the torque and current measurements [64], the equipments
used are selected in compliance with IEEE 112-B (i.e, 0.2% accuracy for voltage and current
measurements and, 0.5% accuracy for toque and speed measurements).

The measurement set-up for these test (as shown in Figl5.1| comprises: a).torque sensor
(Kistler 4503B) and CoMo Torque Type 4700 data acquisition system. b) 2-level, H-bridge
three-phase inverter ¢). 1.5 kW IM motor prototype d). Digital oscilloscope: YOKOGAWA
DLM?2054 with voltage and current probes e). Voltage and current transducers: LEM sensors
LV25-P and LA 15P f). dSpace DS1103 for data acquisition g).Photo-tachometer. ~ SL from
these test data is obtained as difference of CL between the loaded and no-load conditions of the
IM [14], [51] i.e.,

SL = Pcorer — Pcorent (5.16)

where, Pc,.r and, Pc,.. n are, respectively, the CL at loaded and no-load conditions for
the same voltage, f and f,,. The CL, here, is calculated using the cycle-averaged value of input

power (P;,) and then, applying the input-output power balance as:

PCore:Pln_PCuS _PCuR_POut (517)
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Powder Brake 3-¢IM

CoMO 4700

Fig. 5.1: Experimental setup: Schematic and test-bench

where, Pc,s and, Pc, are the stator and, rotor copper losses, respectively, determined using
the frequency and temperature dependant values of stator and rotor resistances (i.e., Rs(7T, f;),

Ri(T, f;)) and stator-current harmonics /; as

100

Peus =3 ) IPRs(T, f) (5.18)
i=1
’ 100 X i .,
Pcur = 3RR(T, fIg? Ri(T, il ——— .1
cur = 3R(T, )Ix, +3; x( ,ﬁ)( XWXW) (5.19)

here, X,,; and, Xjg; are the magnetising and rotor-leakage reactances w.r.t. i-th harmonic,

Pou = PShaft + PWindage + PBearing (520)

and,

Pspafi = Tspagiwr (5.21)

Tspaf and w, are the measured values of shaft torque and rotor speed in rad/s respectively.
To reduce the measurement discrepancy, the obtained SL test data is smoothened (for corre-
lation coefficient, R*> > 0.95) by applying linear regression analysis with squared value of the

torque. The process needs repeated measurements. The SL for the rated operating point is then
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Fig. 5.2: No-load test results for at(a) M1, (b) M2.

Py (W)

calculated by multiplying the slope of the plot with rated torque. Fig. [5.3]and Fig. [5.4] ((a)-(e))
show the SL values of M1 and M2 plotted against the fundamental and switching frequency for
different torque values (operating points of Table [5.2)). Similarly, Fig. [5.5] show the measured
SL values for M3 and, M4. Examination and comparison of these results for different IMs draw
following observations:

e As can be seen, the SL of the M1 is always the highest value and lowest for M3 in all the
experiments. SL values for M2 and M4 always lie between the same of M1 and M3. For
example, at the rated torque at 30Hz frequency with 300Hz switchings, they amount to
62.18W, 57.83 W, 48.30 W, and 52.25W for M1, M2, M3 and M4, respectively.

e SL notably increases with frequency. As Fig. [5.3|f) shows, the order of variation of SL
with frequency is greater than one.

e The impact of carrier frequency on SL is quite prominent as expected. Low switching
frequency (f;,) operation makes the motor current highly distorted and consequently,
raise the net SL. As shown in Fig. @ and Fig. @ ((a)-(e)) (a)-(d), the impact of f;,
shows a rapid decrement in the f,/f range of [10,50]. For very high f;,/f (i.e. 100-

200), SL with inverter fed IM is almost equal to that of a sinusoidally excited IM.
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5.4 Proposed SL formulation

This section presents the development of the SL model for inverter fed IM using the mea-
sured values of SL. The exact analytical formulation of the SL is not possible [18] due to
non-linear behaviour of magnetic core, dependence of iron-loss coefficients on magnetisation
and frequency, impact of magnetic field distribution on current density distribution within the
conductors (proximity and skin effect) and, the impact of slot-tapering on flux pulsation. Devel-
opment of an empirical model is, hence, the most suitable option to account quantitatively the
SL. [65] presents an empirical SL. model for grid-connected IMs, which includes the impact of
motor geometry on SL as well. The model in [65]] uses motor inductances, the number of pole
pairs and, output power as input variables. However, this model is developed neglecting the im-
pact of power supply harmonics, which limits its application to the grid connected IMs. When
modified to use inverter fed IM, the model will need to incorporate the following additional

variables: THD, f;,, (or fy./f).

5.4.1 SL Model structure

In case of inverter fed IM, the variation in SL is associated with the changes in three power
supply parameters: 1.) Output power (P,,,), 2.) Supply frequency (f) and, 3.) f/f, ratio (7) or
current THD in motor current.

Incremental change in SL,corresponding to the changes in above three parameters is:

oS L oS L oSL
dSL=——dPy, + —d —d 5.22
OPon our T af f+ o7 T ( )

Since, the three variables (P,,),f and,7) are mutually exclusive, the variation (5.22) can be
expressed as:

SL = fi(Pou) (N f3(T) (5.23)

Here, variation of SL with Py, (i.e. fi(P,,) in (5.22)) is recognised as reported in [65] i.e.,

1L\"(1Lr\"
fi(Pow) = Ks1Pou = (I;L—’S) (;L—’R) Pou (5.24)

where, p is number of pole-pairs and, L,,,L;s,L;z are the magnetising inductance, stator leakage
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5. Stray loss in Inverter fed Motors

inductance and rotor leakage inductance, respectively (as shown in Fig{3.1). Formulation of

J2(f) and, f3(7) uses following measurement observations:

5.4.1.1 Impact of frequency (for £,(f))

As shown in Fig. [5.3]f), SL increases with the fundamental frequency for constant f;,, and,
load torque (7';). With two trend related observations that, the rate of increment of SL with f is

higher than one and, SL is zero at zero f, the simplest form of is given as:

B
L) = a(%) (5.25)

where, o and S are the constants and f, is rated frequency i.e. supply frequency for rated speed,

rated torque.

5.4.1.2 Impact of THD in motor-current (for f;(7))

Fig. [5.3]and Fig. [5.4show the measured values of current THD and SL for different switch-
ing frequency-ratio. Here it is evident that SL decreases monotonously with increment in f;,,/ f
ratio following the grid SL value asymptotically. Also,the rate of change of SL with f;,/f
depends upon the f;,/f. This rate decreases as the ratio f;,/f increases i.e. the impact of
switching frequency variation is high at low switching frequency. Hence, the fractional change

in SL (due to change in 7 only) shows a decreasing trend with 7 i.e.,

dfi(1) dr
= (5.26)
f(@) (a+b1)
Solving provides the general solution as:
H() = (5.27)

(a+b1) tC
where, a, b, r, k and, C are the equation constants. The expression relates SL (analogously
the current THD) variation with f/ f;,, for constant 7. However, the current THD decreases as
the T, is increased (Fig. [5.3(e) and Fig. [5.4(e) )). This is because only the fundamental current
increases when 7T is increased. The rotor resistance to slip ratio for higher order harmonic
currents observe negligible change due to higher value of their synchronous speed and thus,

the change in harmonic current with 7 (or slip) is very small. To incorporate this, f3(7) is
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5.4 Proposed SL formulation

further multiplied with a factor (1/1y)*. Here, I, is the no-load current at the same f;,,.The final

expression of SL with the f,(f) and f3(7) is

(1 Lis\"(1 Lig\" TAQTEAS k
= ((;L—m) (;L—m) PO”’) (“(;) )(z) (“ —<a+w)
N——

Ji(Pou) L) f(@)
(5.28)
The expression (5.28)is summarised as
SL = KGridKlnvP0ut (529)
where,
1 Ls\"(1Lg\"
Koria = ((—ﬁ) (—ﬂ) ) (5.30)
P Lu) \pLy
and, 5 )
f I k
K., = = -] ({C+—— 5.31
! (“(f, L)\~ @rbry (531

5.4.2 Parameter identification

Extraction of parameters of the SL model (5.28) uses both the end-conditions (f=f, & 7=0)
and, non-linear regression. At first, @ is determined as f5(f,) =1 = a =1. Similarly, at 7= oo
, f3(t)=1 which implies, C=1. For identification of remaining constants, non-linear regression
with the least least-squares technique is applied and, the best empirical fit for K, is exhibited

by the relation:

e (e 1) )T )

~——
S1(Pour) £ £

(5.32)

The obtained value of the coefficient of correlation (R?) with (5.31)) is 0.98. The values of the

exponents m and, n are 0.95 and 0.34, respectively.
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5. Stray loss in Inverter fed Motors

5.4.3 Statistical evaluation

The errors spectrum with the proposed model for results is given in Table[5.4] There is no
reference model in available in the literature to compare with (in terms of relative error), and,
hence, only the absolute error with the measurements is compared. The model parameters are
trained using the test data of M1 and M2 and, in further verification of these parameters, the SL
for M3, M4, M5 and, M6 is calculated. Comparison of the calculated and measured SL for M3,
M4, M5 and, M6 for the two extremes of fsy/f and T is shown in Fig. @] ((a)-(d)).

Table 5.4: Error Spectrum Of the Proposed SL Model for Four IMs

Error(%) No. of test-points % of test-points

10-20 51 17.83
21-30 132 46.15
31-50 59 20.63
50-70 33 11.54
70-100 11 3.85
>100 0 0

Noteworthy observations, derived from the Table [5.4] and Fig. [5.3] regarding the prediction

capability of the proposed SL model are mentioned below as:

e The proposed method ensures the accuracy of SL estimation with the estimation error less
than 30% for 63.98% operating points of the test sample. Test points with error higher
than 50% are 15.39% of the test domain.

e Measured SL is maximum for M1 and minimum for M3,with respective SL values equal
to 1.44% and 1.03% of the rated output power. Hence, the slot geometry plays a signifi-

cant role in SL deviation.

5.5 Conclusion

This chapter describes the up-gradation of the proposed SL model for inverter fed appli-
cations of the IM. In order to understand the impact of inverter power supply pattern on SL,
experimental data of a wide range of inverter power supply parameters (i.e.,f and fsw/f) and
motors’ loading (7) of two IMs is analysed to develop this model. Total 128 IMs’ operating
points are tested in this dimensional space of f, fow/f,T,. The model uses IMs equivalent cir-

cuit parameters, nameplate details, and directly measurable electrical quantities to estimate the
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SL, making the model applicable for both design and operation stages. To verify the accuracy
of the proposed model, two IMs (of similar rated characteristics but different geometries) are
tested for SL for another 128 operating points. Comparing the calculated SL with the measured
SL shows the 50% interval of the accuracy to have 84.61% of the total 288 operating points.

The correlation coefficient (+?) with the proposed model is estimated to be 0.997.
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6. Core loss for Inverter fed Motors

6.1 Introduction

Unlike the SL, the fundamental components of CL, the physical theories associated with
these components and, their mathematical representation have been explored extensively. CL
comprises only two or three (if excess loss is treated separately) distinct components, whereas
the SL is the result of a total 9 different sources (as given in Table[3.T)). As a result, the evalua-
tion of CL with the post-FEA calculation is not as complex (and erroneous) as it is in the case
of SL. In the opinion of chapter 2 of getting the exact loss-estimate of an IM, this chapter de-
scribes a fast and precise core loss estimation method for the inverter-fed induction machines.
The presented method considers the influence of time variation of magnetic permeability on
the lamination thickness and, consequently, the eddy current loss. In addition, the proposed
method offers an objective approach to precisely evaluate the hysteresis loss. The results ob-
tained from the proposed method are compared with the existing methods for an inverter-driven
induction motor. The technique exhibits sufficiently high accuracy with reduced complexity

and implementation time for a wide range of inverter switching frequency and motors loading.

6.2 Classification of CL models

Evaluation of the CL Steinmetz equation(SE) and the classical two-term model (CTTM) are
the two empirical relations for CL evaluation for a sinusoidal magnetic field variation. How-
ever, in an electric machine, due to various reasons like stepwise MMF distribution, variation in
air-gap permeance due to slots,magnetic saturation, and power supply harmonics, the stator and
rotor’s flux density deviates from the sinusoid. Consequently, CL estimation with these two re-
lations (i.e., SE, and CTTM) is not suitable for a motor and shows erroneous results. Therefore,
researchers have proposed various techniques to estimate CL, and they can be broadly classified

as:

6.2.0.1 Superposition based CL models (SBM)

Superposition based models use the Fourier decomposition of the flux density (B) wave-

forms, and net specific core loss (P¢y,) is calculated as the sum of CLs of all the harmonics as

Per, = ) Pevi(fi Buas) (6.1)
i=1
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where, Pcy i(fi, Bmax.i) 18 the specific core loss generated individually by the i — th harmonic of
Bu.xi magnitude and, f; frequency. Two different formulations/models are in wide practice to
determine the CL with (6.I). These models are developed for a sinusoidal excitation. One of
them is the Steinmetz equation written as

Pcp, = Cop.f*B° (6.2)

max

where, f, B,.. denote frequency and, magnitude of the magnetisation, respectively. C,, @
and, f3 are Steinmetz coefficients. The model (i.e, (6.2))) employs least number of coefficients.
However, its application range (in terms of B,,,,,f) is very limited as it is erroneous to represent
the two phenomenal components of the core loss (hysteresis loss and eddy current loss) using
a single empirical term. Since, both of these components show different degrees of variations
with the B,,,, and f. Therefore, another model of CL, with a scientific formulation of the eddy

current loss, represents it with two-terms as

Pcr, = knfB2, + k. f*B2 (6.3)

ax max

where, K, K,, and « are frequency and magnetization dependant loss-coefficients.
The FFT decomposition facilitates the application of (6.2) and, (6.3) as it is. However,

applying the superposition for a non-linear routine is the main concern here, particularly for

Pys.

6.2.0.2 Non-superposition based CL models (NSBM)

These methods evaluate the CL in the time-domain analysis of the instantaneous magnetiza-
tion quantities, i.e., B(f) and H(t). This time-domain analysis led to several modifications in the
(1) and (2) to present an empirical relation. For example, the first such dynamic time-domain
model MSE(Modified Steinmetz Equation) presented the CL using a cycle averaged value of

the squared rate of change of B(?), i.e., equivalent frequency (f,,) as

Pcr, = (Cufoy Boo)f (6.4)
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where,

2 ("[dB|
Jeq = ABZHZJ(; [E] dt (6.5)

The above techniques 1) and 2) can be further branched out and a comprehensive overview is

given in Figl6.1] Also, there exist hybrid methods which determine the Pg4q, using (6.3)) and

CL evaluation for nonsinusoidal excitation

o o,

SBM NSBM " ¢ Hybrid _
1 1 1 ! 1 ] i1 {0 sm
: i Variable { i
Constant Variable Clomiis Variable HLM -’ Ke, Ky, Cmé
:K,, Kp, Cn Ke,Kp, Crm i Ke, Kn, Cm Ke, Ky, Cm — L i |+ i
Pl HLM
_ — SL i sy
Formulation Lookupég : Lookup NSBM:
table qullam’n whle VM i | | Variable |
.................................................... By I ] L KoK
}Jsing B,f Using B Using f i HLM

I:Using Beg I:Using By I:Using Beq | I
* - Using B, Using B, Using By,

........

Fig. 6.1: Classifications of the CL estimation approaches

Py using hysteresis loss models [37,66].

6.3 Qualitative analysis

All the existing models claim to have good accuracy for the range (in terms of B, f)
and, the material using which they are developed. Hence, the utilization of these models needs
a thorough comparative qualitative analysis. Table 1.1 narrates their relative comparison for
various application parameters. The estimation error with the above models varies depending
on the application. In some cases, the error exceeds 80% of the estimation [|15]]. One of the main
reasons for higher error is that these approaches are based on curve fitting an equation to the
measurement results, and so the fitting is performed at a certain condition. Hence, the model
gives an accurate loss estimation as long as the test conditions match with the conditions in
which the data is taken. On the other hand, the mathematical hysteresis models in combination
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with 1-D eddy current models show a much higher accuracy. The overall performance of these
hybrid techniques is mainly attributed to the hysteresis model used. Based upon the synthesis
approach, the HLMs broadly fall into two categories, i.e., a).domain wall movement based
HLMs and b). curve fitting based HLMs. The relative comparison of various HLMs is given

in Table However, the development of the hysteresis models requires in-depth insight

Table 6.1: Prominent hysteresis loop models and their comparison

Sr.NoParameter JA Preisach Glabus modified  Stoner-
Wohlfarth
1 Approach CF CF DWM DWM+RT
2 Reversibility Additional Additional Yes Yes
model model
3 Anhysteresistc  Yes Yes Yes Yes
4 Variables 5 5 4 6
5 Run Time H VVH H VH
6 Realisation Easy Moderate Difficult Difficult
7 Materials Medium fer- Thin films Soft ferrites Hard magnetic
rites materials
8 Minor loops Yes Yes - Yes

CF: Curve-fitting; DWM: Domain wall movement; RT:rotation of H-vector

into the material properties and measurement data under different test conditions. There exists
a possibility of further treatment for centro-symmetricity in case of DC bias magnetisation
[67].Moreover, the integration of these models into the FEA simulations is not straightforward
and simulations take much longer time to run.

From the above discussion, it is evident that there is a need of a comprehensive CL model.
Such CL model should address the following difficulties:

e The high error in the estimation of Pgyq, due to variation of lamination thickness espe-

cially, at higher magnetisation.
e Precise and rapid evaluation of Py, for a highly distorted magnetic field variation.

Next section details the proposed CL method addressing the above difficulties.

6.4 Proposed CL Method

The proposed method uses flux density waveforms retrieved from the FEA and evaluates the
CL in the post-processing. The formulation of the proposed method employs the superposition

based approach for P44, and, time-domain approach for Pgy, [36,37], which, in classical form
TH-2876_156102029
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(for a homogeneous distribution of B) is expressed as [68], [69]

+B’7l
1 o1’ dB(f) 1
P = — — 2 |.dB@#) +— H(t).dB(t
. Tf(lz dt) <>+T56 (1).dB(1)
-B,, C
PEddyS Physg

(6.6)

where, 7 is the lamination thickness and u is material’s magnetic permeability. The dependance
of 7 on frequency (f) and material permeability (1) due to skin-effect further complicates (6.6)

by replacing 7 with 7(f, ) i.e., [69]

sinhe — sine )1/2 6.7)

(fop) =T \@r(

e(coshe — cos €)

where,

e=T\ufon (6.8)

The computation of (6.6) is difficult because it uses B(f) as primary variable and, frequency
dependant permeability expression i.e., (6.7). To simplify (6.6) and, use it for CL estimation,
the following modifications have to be done:

1. Changing of the equation’s domain (i.e., from B(#)-variable form to time-variable form).

2. Assuming the permeability time-invariant for the range of integral.

In the the following subsections, the use of equation (6.6]) for CL estimation is explained.
6.4.1 Eddy current loss(Pggq,)
Rewriting the integral term of Pprqy, (6.6) in time-variable form gives
T

2 2
Lot/ (dB(t)) P

PEd(fa#): T 12 dt

(6.9)
0

Evaluation of for a sinusoidal field variation(B(#)) with time-independent 7 i.e. 7(f, )
provides

ot(f, W’
6

PEd(f’ M, Bmax) = ( )Bzmaxf2 (610)
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To apply (6.10) for a nonsinusoidal field variation (B(#)), magnitudes of all the harmonic

orders are calculated and net Pgyqy, 18 determined as sum of Pgggy, s of all harmonics i.e. for

B(t) = ) Buaicos(it + ) 6.11)
i=1
Prags, = ) Pra(firtir B 5) (6.12)
i=1

Generally, while solving (6.9) to get (6.10), the material permeability (u) is assumed constant
for a particular value of B,,,, and f. This, in fact simplifies the evaluation of treating
7(f, ) a constant. In [[70], this constant u is taken corresponding to the B, whereas, [60]
suggests the u at average value of excitation.

However, the value of 1 depends upon the magnetisation (as shown in Figl6.3}(b)), and hence, it
does not remain constant for all the instants of a time period. Fig. [6.3|c) shows the variation of u
over a time period i.e., u(B(t)). Value of u is minimum at the maximum value of the excitation.
Hence, taking the u of maximum magnetisation overestimates the lamination thickness (as per
(6.7)) and consequently gives higher Pgqqy, value (as per (6.10)). Also, it is imperative to
mention here that the variation in ¢ within the cycle increases with the increase in the maximum
magnitude of the waveform (B,,,). The Figl6.3(c)-(d) show its variation for both higher and
smaller magnetisation B,,,,. As a consequence, 7 also modulates along a fixed value 7(f, i) (as
shown in Fig[6.3|e)) calculated by (6.7)-(6.8). As mentioned in Section II-C, the variation in
7 has been one of the major sources of error in Pg,,, estimation. Hence, the expression @)

needs to be evaluated with taking the time-variation of 7 into account as

T;
1 o

dB(®)\*
Pea(f) = 715 r(ﬁ,mB(r))z(%) dt (6.13)
0

In a simplest form, the variation in 7 (as shown in Figl6.3}(e)) can be written as

T(f, 1) = 105 + Aty|sin(wi)| (6.14)
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6. Core loss for Inverter fed Motors

where,

Tof = T(fvﬂmax) ;’ T(fa :umm) (615)

ATf = T(f’ :umin) - T(f, /-lmax) (616)

Solving the expression (6.13)) and (6.14) for sinusoidal B(r) gives

’ 2
Pra(f, Bowo 7)) = (%)Bzmﬁ 6.17)
where, 7'(f, u) comes out as
Ars\ 12
T (f,p) = (TZOf + (T) ) (6.18)

which is the root mean squared (rms) value of 7(f, ). The proposed method hence suggests the
evaluation of with taking the rms of the 7. This rms value of 7(f,¢) is calculated using
(6.7), (6.14) and,(6.15). The proposed modification does not impose the restriction on applying

the superposition and, the Pg4y, for a non-sinusoidal B(f), with it is calculated as
Priay, = ) Pra(fis Buax i T7) (6.19)
i=1

where, Pry(f, Bmax, T') is calculated using (6.17). For numerical values of B-data obtained by

FEA, the discrete form of the proposed evaluation (6.19) is used as

1 o & Bi(k + 1) — B;(k))*
PEd<f,~>:E%ZT'(ﬁ,MBi(k»Z( ( ;1)— - ©) (6.20)
i =1 +

where, k denotes the discrete time instant and, N; is total number of time instants in the time-
period of T;. Comparison of the P44, values obtained from (6.10) and (6.17)) with the measured
values is shown in Figl6.2]

6.4.2 Hysteresis loss Py

The term for Py, in (6.6) is f -times the area of the hysteresis loop in B — H plane. In
inverter fed motors, flux density waveforms (of different motor segments) consist of higher-
order time harmonics, which results in several minor loops. SBMs, in this case, calculate the
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50+
------- With 7'(f, Bm) .
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Fig. 6.2: Eddy current losses evaluations with the proposed and existing (6.10) method at f =

400Hz.

net hysteresis loss as sum of areas of all the loops [31,35].

However, this method results in higher Py, because the sum of areas of the loops created by
each harmonic independently is greater than the actual hysteresis area. The reason for the higher
estimation of Py, is mainly due to the following three reasons:

e The addition of a harmonic in a sinusoidal B-waveform does not always create a minor
loop. As shown in Figl6.4] (a and b), both the B-waveforms (of equal fundamental com-
ponent B, ) comprise equal magnitudes of 3"? and 5" harmonics (Binax;»Bmaxs) but their
B-H loops are different. The B-H loop of B-waveform (a) does not form any minor loop
whereas, the B-H loop of B-waveform(b) results in two minor loops, each corresponding
to the one harmonic component.

e the area of the minor loop (if generated) for a particular harmonic is not exactly equal
to the area of the hysteresis loop created by that harmonic independently with the same
magnitude.The minor loop area is affected by the DC-bias offered at its location by the
major loop. Figl6.3(f) shows this impact taking DC offset OT and, 0.8T.

e it is not necessary that the difference of time instants of maxima and minima of a minor
loop provides the time period of a particular harmonic. The superposition of multiple har-
monics with different phase-angles may shift the location of these maxima and minima.

The above limitations result in the inaccurate prediction of the hysteresis loss for a distorted
B-waveform using an empirical expression. Modelling of the hysteresis loop gives a good solu-
tion. The Preisach model, the Glabus modified, and the Jiles-Atherton model are the prominent

hysteresis loop models [71]. These models use H (or B) as an independent variable and compute
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Fig. 6.3: (a) B — H graph for the ferromagnetic material 50C350; (b) Differential permeability (u) with
B(¢) for graph (a); (c) Deviation in (u) for a sinusoidal induction of higher B,,,,; (d) Deviation in (u) for
the sinusoidal induction of lower B,,,,; (¢) Fluctuation in T with u of (c); (f) Effect of the DC-bias on
area of the hysteresis minor loop.
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B, THD =47.72%
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Fig. 6.4: (a) Electromagnetic induction waveform-A (47.2% THD); (b) Electromagnetic induction
waveform-B (47.2% THD); (c) Hysteresis loop with reference to the waveform-A; (d) Hysteresis loop
with reference to the waveform-B.

the corresponding B (or H) value. HL is created using these B-H values for one complete cycle.

The proposed method puts forward a new alternate time-domain approach to determine the
area of HL for a distorted B-waveform without evaluating the H (i.e., without forming the ma-
jor and minor HL). The method uses the following two data: a).measured values of HL areas
(dynamic) with sinusoidal excitations as a prerequisite which are evaluated using Epstein frame
as detailed in section III. b).time-instant B values of the distorted B-waveform which can be
directly retrieved from the magnetic vector potential based formulation in FEM. Due to the
symmetry of B-waveform, only the half-cycle data is used here. In execution of the proposed
method, time spaced half cycle B-data is examined sequentially for its rate of change to get
all its local and global extrema (B;,B,,Bs..By as shown in Figl6.4}(b)) as points of zero slope.

From the sequentially stored values of these extrema, the net HL area is evaluated using the
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6. Core loss for Inverter fed Motors

measured HL areas for sinusoidal magnetisation of different magnitudes as described below:

e area of major loop (A,,)- the maximum absolute value of the stored extrema(B,,,,) corre-
sponds to the major loop. Hence, the loop area measured for maximum magnetisation =
B, for sinusoidal excitation is taken as an area of major loop.

e the area of a minor loop (A;)- the difference between consecutive maxima and minima
(AB=B, — B,_) gives the height of minor loop in B-H plane. The measured HL area
corresponding to the maximum B value equal to the half of the AB; is taken as the area of

the minor loop(with zero DC bias) i.e.,

(6.21)

AB;
AOi — Ameasured i

2

where A,cqsured(Bi) 1s the measured value of the HL area with the sinusoidal magnetization
of the maximum magnitude of B; without DC bias. The DC bias offered at the location
of a minor loop is equal to Bpc,=(B,, + B,-1)/ 2)(Fig@b)). The area of minor loop with
this DC bias is calculated as [[72]]

Ai = AQ,‘ (1 aF chBDcia) (622)

where kpc and « are the constants representing the variation in HL area with DC bias.
They are obtained from the measurements as per [72] and, there values for the steel used
in this work are 0.67 and 2 respectively.

e total area of the HL and, the corresponding specific hysteresis loss is determined as

L
Py, = (Am £ A,-) f (6.23)
i=1

where L and f are total number of the minor loops and fundamental frequency respec-
tively.
The proposed method uses hysteresis loss data with sinusoidal excitation as a prerequisite which

are evaluated as detailed in Section I'V.
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6.5 CL Characterisation of material

The IM used in this work is made of ferromagnetic core material S0C350. The loss charac-
terisation of this material is done with 352 turns Epstein frame. The setup consists of primary
and secondary windings mounted uniformly on the four sides of the frame inside which the
sample iron-sheets are placed. A pulsating (of sinusoidal time variation) magnetic field is set up
in the sample iron sheets by exciting the primary side from a 3kW power amplifier. The THD
in voltage (or B-waveform) is limited to 0.5%. The field strength H(?) inside the sample sheet

is determined from the primary current as:

NpI(f)

lmezm

H() = (6.24)

where, /.., is mean length of the magnetic flux path, Np is the number of turns in primary
winding. The flux density B is defined via measurement of the voltage induced in the secondary

winding (vg (7)) as
t

B(t) = j(” = 1NS f ve()dt (6.25)

0
where, Ac,. 1S the crosssection area for the flux, Ny is the number of secondary windings. The

total iron loss for the volume of sample iron-sheets is obtained as shown
N
Pey = ~-(Piy— I'Rp) (6.26)
Ng

where, P is the total iron loss of the core sample, Py, is the input power for the primary coil,
Rp is the primary coil resistance. Total core loss estimated with (6.26)) is sum of two losses viz.

eddy current loss and hysteresis losses,
Pcr = Pgaay + Phys. (6.27)
The components of field strength H(¢) in (6.24) corresponding to these losses are,

H(t) = H(®)gaay + H(Opys, (6.28)
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The instantaneous value of H(f)gqay is determined from the instantaneous flux density in (6.23)

as
,dB(1)

H(Oraay = %T’(f,u) — (6.29)

Using (6.28), (6.18)) for the effective 7'(f, 1) lamination thickness, field strength corresponding

to the magnetic hysteresis H(f)qy,. is obtained as

o dB(t)
H =H({) - —T1 L .
(Dyst. O] o7 (f> ) 7 (6.30)
The area under the B(r) versus H(t) curve, i.e.,
ApNer = 56 H()dB(r) (6.31)

gives the net core loss P¢; of a cycle, whereas the area under the B(7) versus H(f)gy,,. curve

P, 95 H (D35, dB(0) 6.32)

evaluates the hysteresis loss. Figl6.5] shows both these areas for 1.3T, 100Hz. Figl6.6(a)-(d)
show the the separated specific losses (Pg44y, and Ppy, ) for the range of and magnetisation
strength at low and high frequencies. As Pggq, here is determined with taking the skin effect
into account, applying loss separation to the measured total CL gives Py, with skin effect. The

excess loss term is neglected in this estimation [35],73,/74].

1
[AM 3 LOLE t)]

NV
Anyst = H @y dB(t)]

/
] / 100 200 300
//’/"Z// H(Asmp/m)

1.5
=10

?7

B(Tesla)

Fig. 6.5: B-H loops with reference to the overall and magnetising field intensities at ”100Hz,1.3T"".
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Fig. 6.6: Loss segregation: ”Pggqy and Ppyg.” for the end-values of the magnetic-induction and supply

frequency.
6.6 CL Evaluation for IM

This section presents the application of the proposed method in the evaluation of CL for
an inverter fed IM. For this, a 1.5kW three phase IM is selected. Table @ shows the rated
parameters of this IM. As mentioned in Section-IIC, the proposed method uses one cycle time
data of flux density, a 2-D FEA model of the 1.5kW IM is developed in Maxwell Ansys 19.2.
The stator windings of the FEA model are excited with measured current waveforms and, the
model is run with the anhysteretic magnetisation and active eddy current effect.

Retrieving the B-data for all the nodes of mesh elements and their CL calculation demands
requires storage. Hence, the motor geometry is divided into small segments [15,/75,/76] of ho-

mogenous flux density. Both the tangential (Br)and radial(Bg) components of magnetic field
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density inside a segment are constant [[15][75[76]. Figl6.7 shows the motor crosssection with
segments. To apply the proposed method,both By and By are extracted from the FEA model for
one fundamental time period.Using the By and Bg, specific CL for the segment evaluated as

a). Pgaays: using the expression (6.20) i.e., the evaluation with instantaneous flux density de-
pendant permeability (i.e., u(B()). Pgqay, With Br and By are determined separately and added
to get total Pggqy, .

b). Ppy,,: using the expression @

Net CL of the machine is estimated as

S
Pep =) milPuys, i + Pras, i) (6.33)
i=1

where, S is the total number of geometry segments and, m; denotes the mass of i-th segment.

The FEA model is run for multiple measurements of motor currents to encase the entire
range of the IM’s operation (0.5 Nm to 2.5 Nm) and carrier frequency variation (300Hz to
SkHz). For each operating point, CL is evaluated by applying the proposed method at two
conditions, i.e., a). on-load and, b). no-load at the same voltage.

For the selected motor, the housing-stator interface stress is very small (0.423 MPa); hence
its impact is not included in FEA [77]. FEA with taking the stress into account prerequisites a
static 2-D stress/structure FEA to get the stress values for each location of the core [78], [79].
The electromagnetic FEA is then performed using the stress dependant permeability i.e., u =
u(oy, 0, By, By) where, o and B are the von Mises stress and magnetic flux density, respec-
tively. Subscripts 1 and 2 denote the orthogonal components of a 2-D distribution [78], [79]].

Figl6.§] shows the evaluation process for both conditions (i.e., with and, without stress).
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(a) (b)
Fig. 6.7: (a). IM model for the 2-D FEA , (b). Segments for one slot-pitch (in mm).

Table 6.2: Motor Operation Domain

Speed Torque fsw  Power

(rpm) (Nm) -supply

Upper 2889 2.5 5000 Sine pulse

value width

Lower 2889 0.5 300 modulation

value

Steps 1 5 10 (SPWM)

6.7 Experimental measurement of CL

Fig. [6.9)shows the results obtained with the proposed technique. For experimental verifica-
tion of these results, the IM is operated with an inverter power supply.
CL is evaluated for a total 50 operating points of the motor, as given in Table [6.2] For all

these operating points,the motors’s is fixed at 2889rpm by varying its terminal voltage. Figl6.13]
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6. Core loss for Inverter fed Motors

shows the voltage variation for the two extremes of switching frequencies, i.e., 300 Hz and 5
kHz. No-load CL values corresponding to these 50 operating points are obtained by running

the decoupled motor at voltage corresponding to the torque value (as shown in Fig. [6.13}(a).)

Table 6.3: Specifications of the test IM

Sr. Parameter Unit Value

1 Pole-pair - 1
2 VR&atea-frequency Volt./Hz 415/50

3 Output power kW 1.5

4 Core iron-grade 50C350
5 Lamination thickness mm 0.5

6 Slots: Stator, Rotor Number 36,34
7 Outer diameter mm 135

8 Inner diameter mm 75

9 Stack length mm 100
10 Air-gap width mm 0.5

6.7.1 Measurements-Set-up and procedure:

Mechanical (windage and bearing) losses of the IM are first calculated with the sinusoidal
power supply as per [9]. Correction for stator resistance for temperature, skin depth and prox-

imity effect is done as[24]:
I
Rs(T, f) = Rso(1 + a(T —20))(1 + l—(knR(f) - 1) (6.34)

where, [; is the the stack length and /,, is half the mean length of a stator turn. k,z(¢) is skin
and proximity effect factor depends upon the conductor size, number of strands, conductor per
slot and slot dimensions. Stator copper losses are calculated with the measured values of input

rms phase currents (/) as:

3
Peus = Rs(T, f) ) I} (6.35)
i=1

However, it is not possible to directly measure the rotor copper losses (Pc,) for an inverter fed
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squirrel cage IM.
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Fig. 6.9: Variation in on-load CL with fsw for T equal to (a) 2.5 Nm, (b) 1.5 Nm, (c) 1.0 Nm (d), 0.5
Nm.
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Fig. 6.10: Variation in no-load CL with fsy for T equal to (a) 2.5 Nm, (b) 1.5 Nm, (c) 1.0 Nm (d), 0.5

Nm.

The presence of current harmonics make them non-negligible even for the no-load condition.

Hence, their values are obtained from the FEA. For this, the current density waveforms at

different segments (S ) of the rotor-bar (as shown in Fig@ are used and, P,z is determined

as:
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Fig. 6.11: Determination of Pc,r: (a) Rotor bar segments (b) Current density magnitude in segment-4

for Tr = 1.5Nm and f¢ = 3000Hz.

S» 2
. . Ngl
Pcug = Ne (Z pcud (O Ap(i) Lyar + 2Rbe<f>( . ”’) ] (6.36)
i=1 P
where, J(i) = rms value of current density, A, = area of i-th bar-segment, L,,, = active bar
length, R, = resistance of end-ring segment between the adjacent bars, Iz, = rms value of bar

current, pc, = copper-resistivity. The CL is determined using the measured values of the one

cycle-averaged input power (P;,) and then, applying the input-output power balance as:

Pcore = Py — Pcus — Peur — Pow (637)
where,
Pou = PShaft + PWindage + PBearing (638)
and,
PShaft = TShaftwr (639)

Tspaf and w, are the measured values of shaft torque and rotor speed in rad/s respectively using
torque sensor (Kistler 4503B) and CoMo Torque Type 4700 data acquisition system. Other
equipments of the test-bench are: a) 2-level, H-bridge three-phase inverter b). 1.5 kW IM
motor prototype c). Digital oscilloscope: YOKOGAWA DLM?2054 with voltage and current
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probes d). Voltage and current transducers: LEM sensors LV25-P and LA 15P f). dSPACE

DS1103 for data acquisition f). Photo-tachometer. Fig6.12]shows the experimental setup.

|
Eif T s
—

: Controlling |
PC { - : Lt

Torque Sensor ™ 1" f=er
3 @ \\e =1

Magnetic DC Suppl — \ e
Brak
raxe Magnetic 1.5kW,

E Powder Brake 3-¢IM

CoMO 4700

Fig. 6.12: Test-measurement setup: schematic and the physical test-bench

6.7.2 Results and discussions:
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Fig. 6.13: Profile of the motor’s: (a) phase voltage and (b) stator current with change in shaft-torque

Following the proposed and other four widely used CL estimation methods described in the
literature, the CL values for all the operating points (as given in[6.2)) are determined. The four

methods of the literature adopted for the comparison are:
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Table 6.4: Error Estimates: With proposed and the existing CL methods

Parameter M-1 M-2 M-3 M-4 Proposed
Max.Error(%) 5591 3798 3324  10.67 13.61
Min. Error(%) 19.44 9.26 6.94 3.85 4.11

O Errors 10.05 8.11 7.24 2.11 2.35
fswatE(Max) 300Hz 300Hz 300Hz 300Hz  300Hz
fswatEMin) 5Khz  5Khz  5Khz  5Khz 5Khz

e CL estimation as per (6.3) with taking the constant values of loss coefficients K, and Kj:
M-1 (K,=3.717W/Kg/Hz*/T?, K;=0.0449W/Kg/Hz* | TP).

e CL estimation as per with frequency and magnetisation dependant K, (i.e., K.(B,,, f.;))
and constant Kj: M-2.

e CL estimation as per (6.3) with taking both the K, and K, the functions of frequency and
magnetisation (i.e., With K.(B,,, foq);Kn(Bm, foq)): M-3.

e CL estimation with using the analytic expression of eddy current loss and, Jiles-Atherton
model for the hysteresis loss: M-4.

Figs|6.9H6.10] show the measured and estimated CL values with all the techniques mentioned
above. These results draw the following conclusions:

e The presented approach assuresCL estimation accuracy comparable to method M-4. With
the proposed method, the values ofminimum and maximum errorsare 4.11% and 13.61%,
respectively. These values, while adopting the methodM-4 for CL estimation, are3.85%
and 10.67%, respectively. The proposed solution, on the other hand, is significantly more
straightforward to execute than M-4.

e Both the suggested technique and M-4 demonstrate consistent error (i.e., the smallest
values of the standard deviation of errors (o°g,rs)) for a given T;. For instance, for T,
=2Nm, 0 g5 for the proposed method and M-4 are 2.35 and 2.11, respectively,indicating
that the proposed approach’s evaluation of hysteresis loop area is equivalent to that of the
JA method. However, there is no direct method for accuratelymeasuring hysteresis loss
(and thus HL area) alone.

e Atlow f,, method M-2 and M-3 manifesthigher inaccuracy because time harmonics are
dominant and B-waveforms have more distortion than at high f,. At higher f,, where
the current waveforms are close to a sinusoid, the error gets persistent. However, in
compared to the proposed approach and M-4, the inaccuracieswith these methods arestill

substantial.
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e When the motor is lightly loaded where, the supply voltage is small (Fig[6.13). In this
situation, the fraction of the magnetisation voltage (emqgnerisation = Vsuppiy — isRs — p'is Lis;
p’ = d/dt) to the input voltage is high. Hence, the no-load CL is higher than the on-load
CL due to higher magnetisation voltage at no-load conditionsbecause saturation is not
prudent at low voltage, and P¢,z and, stray losses are minor. The CL begins to increase
as the load (along with the motor’s terminal voltage) increases because of : a). local
saturation as a result of increased leakage fluxes becomes effective and results in the rise
ofcore loss [46[]; b). with the higher value of slip, the joule losses of the rotorbecome
considerable [31]; c). additional load-dependent losses (i.e., stray load losses), which
grow with torque, become significant [9,80]. Because of a)-c), the CL during on-load is
higher than the CL at no-load for the voltage profile shown in Fig@ EVEN €yagnerisation

in on-load condition remains smaller than the same of no-load condition.

6.8 Conclusion

For inverter-fed motors, a fast and accurate core loss computation approach is proposed in
this chapter. The proposed method calculates eddy current loss by considering the fluctuation in
material permeability over the period of time-varying magnetisation. In addition, the technique
offers an approach for evaluating hysteresis losses that is relatively straightforward to imple-
ment. The developed methods accuracy is confirmed by comparing it to existing CL models.
An inverter-fed IM is used to do this. The IM is operated for a wide range of switching fre-
quency and load torque. For all of these operating points in this range, the CL of the motor
is calculated using the proposed and four other widely used existing CL approaches. The pro-
posed model is shown to have the lowest estimation error. The results of the proposed method
are comparable to those of an analytically appended Jiles-Atherton method for hysteresis loss

with a maximum and minimum error divergence of 2.94% and 0.26%, respectively.
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6.8 Conclusion
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7. Conclusions and Future Work

The thesis is focused on the formulation of the magnetic losses that occurred in a symmet-
rical three-phase induction motor. The summary of the work and its salient contributions are as

described below:

7.1 Conclusions and summary of the work

Modeling of stray loss in an induction motor using the equivalent circuit parame-
ters.

This work presents a model to evaluate the SL in a grid-connected IM. The model used
motors’ leakage and magnetizing inductances to determine SL. For its accuracy, the pro-
posed model is compared with two such states of the art models proposed in the past and
the SL allowance formulated in the prominent standards IEEE-112B and IEC-60034-2-1.
The model is found to estimate SL more accurately for the given set of motors.

Design of induction motor for higher efficiency by reducing the stray loss.

In order to demonstrate the suitability of the stray loss model presented (in the previous
work) in the design phase, four IMs of similar configuration were designed, prototyped,
and tested. The design of the primary motor model then revamped for the reduction of
stray loss following the design strategy postulated by the proposed model. SLs for these
motor prototypes are calculated with the proposed model and the other models from the
literature. The concludes model’s capability of predicting the stray losses for motors with
the same rating but different geometric configurations. This ascertains model’s use in the
design.

Impact of inverter power supply on stray loss and its formulation. // The work
presents a fast and accurate empirical stray loss model for inverter fed three-phase in-
duction motors (IMs). The model is intended to quantify the SL both at the design stage
and, normal operation of the IM. The development of the model considers the variations
of frequency, switching frequency and motor’s loading. Test data of 128 operating points
of two training IMs are used to develop the model. The accuracy and prediction capability
of the proposed model is presented with the measured SL values for 128 operating points
of another set of two IMs of the same specifications and different geometries.

Core loss estimation for an inverter-fed induction motor with more accurate realisa-
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7.1 Conclusions and summary of the work

tion of material non-linearity and impact of hysteresis minor loops.

The work presents a fast and accurate core loss evaluation method for inverter-fed induc-
tion machines. The proposed method takes into account the influence of time variation
of magnetic permeability on the eddy current loss. Furthermore, the proposed method
presents an accurate approach to precisely evaluate the hysteresis loss. The results ob-
tained from the proposed method are compared with the existing methods for a 1.5kW
inverter-driven induction motor. The method shows sufficiently high accuracy with re-
duced complexity and implementation-time for a wide range of inverter switching fre-

quency and motor’s loading.
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7. Conclusions and Future Work

7.2

Scope for future work

This thesis describes the methods to accurately evaluate the magnetic losses of an induction

machine. The work can further be extended for:

Modeling of stray losses in other popular variants of the electric motor i.e, permanent
magnet synchronous motor, synchronous reluctance motor.

Development of the more accurate representation of stray loss by applying the conformal
transformation to more complex shapes of the slots.

Deployment of the proposed SL model in various motor control techniques and its further
improvement.

Evaluation of core losses with taking into account the magnetic field generated by the
eddy current in addition to the proposed approach.

Developing an inverse Jiles-Athorton model for the iso-parametric approach that can be

used to include dynamic losses and to model asymmetric minor loops.
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