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ABSTRACT Integration of the impacts of time and space harmonics simultaneously during the design stages
of inverter-fed induction machines (IMs) is crucial for the accurate calculation of electromagnetic (EM)
torque and ripples. Traditional magnetic field-based models offer an analytical approach for determining
the EM torque in IMs by calculating inductances. However, by assuming infinite core permeabilities,
these models neglect the impact of the core magnetomotive force (MMF) drops due to the difficulties in
accurately calculating these drops and the impracticality of isolating the contribution from each phase, which
is essential for inductances calculations. These factors contribute to deficiencies in this modeling approach,
which become more noticeable when the combined impacts of time and space harmonics on MMF drop
calculations are also disregarded. Therefore, this paper introduces a novel magnetic-field-based model to
predict the torque and torque ripples of inverter-fed induction motors by addressing the above limitations.
This involves modifying the turns and winding function, and calculating the core MMF drops based on
the timely variation of non-sinusoidal core flux densities, considering their major and minor flux-density
loop effects. Consequently, the associated energy is used to calculate the net available energy, thereby
enhancing torque calculations. Compared to the experimental results obtained from an 11kW prototyped
induction motor, the proposed model exhibits notable enhancements, achieving average accuracies of 96.4%
for average torque and 94.51% for torque ripples, in contrast to the respective traditional model accuracies,
81.1% and 45.1%.

INDEX TERMS Induction machine, magnetomotive force drops, minor flux density loops, pulse width
modulation, space harmonics, time harmonics, winding function.

I. INTRODUCTION ratings between 7 to 15 kW [2] and Audi e-tron 140 kW [3].

There is a growing interest in employing high-performance
electric motors such as induction motors in electric vehicles
(EVs) applications due to their lower cost; robust structure;
wider operating speed range; and higher reliability [1]. These
motors can serve as a practical solution for small and reg-
ular EVs, such as electric micro cars and three-wheelers,
utilizing small traction electric motors (e-motors) with power
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However, induction motors have lower power and torque
density and efficiency as compared to permanent magnet
synchronous motors [4].

The power and torque versus speed characteristics of
traction motors play a critical role in influencing the oper-
ating performance of EVs [5]. The inclusion of integrated
pulse-width modulation (PWM) inverters within the EV
drive system introduces additional time harmonics, which
when combined with space harmonics, negatively affect the
electromagnetic performance [6], [7]. Therefore, it becomes
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necessary to consider the effects of time and space harmonics
during the induction machine design stage to improve electro-
magnetic torque performance across the entire speed range.

2D/3D finite element analysis (FEA) is traditionally
used to accurately calculate induction motor performance.
However, FEA is a computationally intensive approach, ren-
dering it impractical for rapid exploration and iteration,
especially during the initial machine design phases. There-
fore, there is a need for an alternative, a computationally
efficient yet accurate magnetic field-based analytical model
that can be employed during the initial design and optimiza-
tion stages [8], [9]. Analytical models, such as the mag-
netic equivalent circuit model [10], subdomain model [11],
and Fourier-based model [12] produce reasonably accurate
results. However, they are not ideal for the initial design
stages due to their heavy reliance on complex geometric
information that is not readily available during the initial
motor design stages and leads to inaccurate electromagnetic
performance calculations.

The other analytical models [13], [14], [15], [16], [17]
are based on winding function (WF) and the physical
geometry of the induction motor. These methods yield a
detailed insight into motor behavior and have a relatively
low computational burden. These models use instantaneous
rotor-position-dependent inductances and are dependent on
the airgap flux density and its space harmonics. However,
assumptions of infinite magnetic permeabilities of the mag-
netic cores and idealized winding distributions led traditional
WF models to overestimate the airgap flux densities and
inductances, thereby negatively impacting the electromag-
netic torque calculation accuracy [6], [18].

Consequently, despite various efforts to account for space
harmonics through methods such as permeance differences
caused by stator and rotor slot openings [13], [19], [20], and
utilize stepped variations in winding functions [13], [14],
[15], [16], [17], it is important that all these models share a
common assumption of infinite permeability thereby neglect-
ing their impact on space harmonics. Furthermore, the models
reported in [6] and [7] attempted to address the significance of
non-sinusoidal excitations. However, the focus was primarily
limited to the combined effects of time and space harmonics
arising from the winding layout while neglecting the core
magnetomotive force (MMF) drops.

The traditional WF models reported in [8], [21], and [22]
use the saturation factor to consider saturation effects due
to the stator tooth tip areas calculated based on the full and
no-load airgap voltages. The airgap length is changed based
on the saturation factor to account for the core MMF drops.
This single saturation factor approach fails to appropriately
account for the core saturation in the different sections of
the machine and related core MMF drops. Furthermore, the
practicality of discretizing the individual stator phases and
rotor effects after considering the combined core MMF drops
in different sections for use in inductance calculations is ques-
tionable. In addition, traditional WF models only consider a
saturation factor at the rated operating speed of machines.
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Moreover, the time harmonics contribute to the additional
MMF drops within the core regions, especially due to the
core saturation. Since traditional WF models are primar-
ily designed for sinusoidal excitations and are not optimal
for operating with non-sinusoidal inputs, the additional core
MMF drops due to the time harmonics are neglected [23].
As a result, this compromises the accuracy of torque calcu-
lations in traditional WF models and is more pronounced
when they are applied to compute the torque in traction
induction machines powered by PWM inverters. Therefore,
it can be concluded that a computationally efficient mag-
netic field-based model is required to precisely predict the
torque characteristics of the traction induction motors, par-
ticularly during their initial designing stages. The model
should:

(a) Consider the simultaneous combined effects of time
harmonics and space harmonics.

(b) Integrate core MMF drops considering the timely varia-
tion of core flux densities.

(c) Be able to estimate the torque including its torque ripples
in both maximum torque per amp (MTPA) and field
weakening (FW) operating regions.

Therefore, this work proposes a magnetic field-based
model for small-scale traction induction motors to calcu-
late the average torque including its ripples considering the
points mentioned above particularly to be used at their initial
designing stages.

Il. ELECTROMAGNETIC TORQUE CALCULATION USING
THE TRADITIONAL WINDING FUNCTION MODEL

Through comprehension, the space harmonics content in the
airgap flux density has a high correlation to the quality of
the steady-state torque by producing parasitic torques [8].
Therefore, accurate integration of the space harmonics in
the proposed model is important for torque and its ripple
calculation as per the paper’s objectives.

As per the WF theory, the winding pattern is integrated into
the modeling by taking the aggregated winding turns distri-
bution of each phase along the circumference of the motor
considering the direction of the currents in each winding turn,
named as the turns function, A, (o), and the winding func-
tion, Ayin(cts, @), is then derived according to (1). Where,
“ag” is the electrical angle along the stator, and “w,” is the
rotor movement angle referred to the fixed stator reference
axis.

Pr
1
Awin(Qs, ) = Ayn(as) — f / Aurn(Qts)
pr(ag @ an) ]
X A;ﬁ} (o, oy dorg 1)

where, P and Ay (o, o) represent the number of poles and
the effective airgap length function respectively and the net
MMF generated at the windings [Ayin (o, o, t)] are calcu-
lated by summing up the MMF generated by each phase and
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as shown in (2) [20]:

Ayin(ag, ap, 1) = Z )"win,é(aw ay) X lé(t) ()
E=phase

In this context, phase current, ig(¢) exhibits a 1209 of
electrical degree phase difference between each other within
the three-phase system. Under the initial assumption of tra-
ditional WF models, the absence of MMF core drops results
in the net MMF generated at the windings appearing at the
airgap in the radial direction and used for the calculation of
the airgap flux density distribution, B (ay, oy, 1) as shown
in (3) [20]:

~7
Bug(cts, cty, 1) = Ar x 1077) x Ayin(as, ar, t) 3)
A (s, ay)

In traditional WF models, the airgap’s anisotropic configu-
ration and the slotting effects, are addressed by modeling the
non-slot areas of the machine and the effective airgap length
function according to (4) by modifying the airgap length
through Carter factor (Cyyeror) for the average core saturation
and slotting effects [8], [13]:

Chactor = rs/[(rs — byo) + 21 + %)]
8eff = (%) X Cfactor
Acf_stator(Qs) = ey ot V stator smooth airgap areas
Aef_stator(0s) = geff + hs 05 € stator slot opening
Acf_rotor (0, ) = geff s ¥ TOtOr smooth airgap areas
Aeﬁ’jotor(asa ap) = 8eff + hy g € rotor slot opening
Aeﬁ' (as, ar) = Aeﬁ‘_stator (a5) + Aeff_mmr (s, ar)

“

where 1y, by, g, hss and hy, represent the slot pitch, slot open-
ing, actual airgap length, and stator and rotor teeth heights
respectively and “«,” is related to the stator excitation fre-
quency (fs) and the operational slip (s) as shown in (5):

o = 2f(1 — )t ®)]

Then Bgg(oy, oy, t) is used to calculate the differential
magnetic flux across the air gap in the radial direction from
stator to rotor through the flux tubes while the magnetizing
inductances, self- and mutual-inductances of i and j circuits
are calculated based on (6) [8], [19], [21], [22]. Furthermore,
the rotor winding functions of the squirrel-cage induction
motor (SCIM) can be developed by considering the rotor
mesh loops comprising two closely positioned bars with ring
segments connecting them and regarding the rotor loop as a
single-turn coil and using (1):

Pr
Lij(a,) = 41 x 1077 - 5 - rgq /
0
)\win,j(asa ay) - Aurn,i(@s, 0tr)
Aeﬁ‘ (as, ar)
where [; and r,, represent the stack length and airgap radius,

respectively. The calculated magnetizing inductances of sta-
tor phase windings and rotor mesh loops are denoted by

dog 6)
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subscripts ““s” and “r”’, respectively, based on (6) used to
formulate the four inductance matrices: Lgg, L, Lgr, Lys and
where L,; = Ll. The additional slot leakage inductances
are added to the diagonal elements of Ly and calculated as
in [13]. Therefore, the magnetic energy conversion principles
can be used to evaluate the torque (7,,,) as shown in (7) [19].

1 P 0Weoe(ay,i(?)

Tem =73 .
. _(i® Lss(otr) Lor(otr) i5(t)
wetorsi) = (30} (2o ) (269)
(7N

where [i5]3x1 and [i; ]y, x 1 represent the stator and rotor mesh
loop current matrices, respectively, and N, is the number of
rotor mesh loops.

lIl. DEVELOPMENT STEPS OF THE PROPOSED MODEL
The accuracy of the torque calculation, as in (7), primarily
depends on the quality of the calculated inductances and
stator and rotor currents, which are unknown variables that
vary depending on the voltage excitation, as in (8) [19].

Vs =Ryis + %[Lss(ar) cis 4+ L (o) - ir] ] ®)
0=R i + GILL(@)-is + L) - ir]

where [Rs]3x3, [R/]v, xn, and [vs]3x1 are the matrices of
stator and rotor resistance, and stator phase voltages respec-
tively. According to (6), the inductances are influenced by
their spatial harmonic content, which is affected by three
main factors: (i) winding layout; (ii) presence of stator slot-
ting effects; and (iii) presence of rotor slotting effects. The
spatial harmonics in the winding layout are closely related
to the chosen winding pattern, while stator slot openings
contribute additional space harmonics (Sg,) in the order of
(2kQs=£1), and the rotor movement causes time-variant rotor
slot harmonics (S,;) due to the permeance variations in the
order of (2kQ,=+1). Here, Qs and Q, represent the number of
stator and rotor slots per pole, respectively, and k is a positive
integer.

Furthermore, as per (8), the space harmonics introduce
time harmonics in the stator currents, and the situation
becomes even more intricate when PWM non-sinusoidal
voltage excitations are involved since non-sinusoidal cur-
rents lead to non-sinusoidal core flux densities resulting in
time-dependent core MMF drops that affect the torque and
torque ripples differently leading to various parasitic effects.
Consequentially, traditional WF models, which rely on sinu-
soidal currents, typically overlook these additional parasitic
effects resulting in significantly lower accuracies.

Therefore, the proposed model aims to address the PWM
time harmonics effects on the torque calculation of the
induction motors considering the parasitic effects due to
the interactions between space harmonics mainly originating
from the winding layout and the core MMF drops. Further-
more, the primary focus of this model is to facilitate designers
during the initial design stages of traction induction motors
for EVs.
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A. WINDING FUNCTION MODELING CONSIDERING SPACE
HARMONICS AND INTERACTION WITH TIME HARMONICS
In reference to (1)—(5), the precise representation of the
stator winding and turn function is necessary to encounter
their space harmonic effects. These space harmonics can be
attributed to the following principal factors:

B Induction motor’s stator winding layout.
B Stator slot geometry, number of stator slots and poles.

The use of Ampere’s law in developing the turn and wind-
ing functions leads to distinct variations in the slot openings
based on the winding turns present in neighboring slots.
Traditionally, it is presumed that these turns were uniformly
spread across the width of the slot openings [19], when
openings are not very small. Therefore, the turn distribution
changes with the choice of the slot opening, irrespective of
the slot geometry or winding arrangement. However, during
the initial design phase, the stator slots were designed to
conform to the permissible standard slot fill factor values
while determining the required number of conductors and
their sizes based on the current density values. As a result,
the conductors are distributed throughout the stator slots
rather than being assumed to be concentrated solely at the
slot opening areas. Consequently, to formulate the turn and
winding functions accurately, it is more precise to consider
the actual occupied area of the phase windings (A,;), which
is distributed within the slot. Therefore, a modification is
proposed to the step changes occurring at the slot opening
area by considering the virtual winding-occupied area as a
rectangular shape, as shown in Fig. 1. The height of this
rectangular shape matches the slot height (/,), and its width
() is calculated using (9). Here, within this /,, area, the turns
and winding functions exhibit a linear variation as in Fig. 1:

Acon = (”d2/4) X Npn_si and Ly, = Acon/lsn 9

where d and Npj_g represent the diameter of the single
conductor and the number of conductors per slot. Hence,
a quantitative assessment of the efficiency of the suggested
adjustments to the turn and winding function is executed
based on the four-pole induction motor with 36 stator
slots and 12 conductors per slot and employing distributed

stator
core

2n,
A traditional WT Ay thodificd
n, - ) \:/ )l(//
g 0 /
E / Min modified
-n,
2n,  Mintraditional WT

Angular position (deg)

FIGURE 1. Stator winding and turns functions of single phase winding:
conventional vs modified versions.
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windings and the evaluated fundamental and overall har-
monic distortion of the winding functions of each phase
under two different slot opening conditions. This is compared
with the outcomes obtained through FEA results as shown in
Fig. 2. Where to analyze the space harmonics solely due to the
winding arrangement, the analyses are conducted as follows:

B Smooth stator and rotor surfaces.

B Eliminated the influence of core MMF drops.

As depicted in Fig. 2, the accuracy of the proposed tech-
niques in predicting the fundamental winding MMF stands
at 99.9%, with an average accuracy of 91% for higher-order
harmonics compared to FEA results of a similar induc-
tion motor with two different stator slot opening lengths.
However, in conventional WF approach the above accuracies
are reported as 97% and 78%, respectively.

25 o Traditional WF model ®Proposed model ®FEA

520 ZL
=15 0

56789 101112131A4151617181920212223

1234567891011121314151617181920212223
Harmonic order

FIGURE 2. Comparison of the space harmonics of the winding MMFs due
to the conventional and proposed approaches compared with the FEA
results.

The analysis of harmonics, including space harmonics
influenced by the winding function and time harmonics influ-
enced by the sinusoidal PWM inverter, can be conducted
corresponding to their waveforms, as depicted in Fig. 3.
Accordingly, the winding function of each phase, along
with their combined waveform and the PWM line/phase
voltages, demonstrates a symmetrical distribution across the
positive and negative halves of a cycle. Consequently, the
second-order harmonics are uniformly distributed across both
halves, leading to their combined effect summing to zero
according to Fourier transform theories. Hence, second-order
harmonics are absent from the winding function, PWM volt-
age, and input current waveforms of IMs under healthy
conditions.

g 2n,

c on

o 0 - : ; :
é -n, 90 180 270 360
> 2n, .

z Electrical angle (deg) (a)

Voltage

“10rn ,
‘L 180 U\—‘u 360

Electrical angle (deg) (b)

&
a

FIGURE 3. Symmetrically distributed waveforms. (a) Winding function
distribution of single-phase in one pole pair. (b) Line voltage of
sinusoidal PWM inverter output.

Furthermore, space harmonics due to the winding func-
tions of each phase are in the order of triplen (3rd and
9th are more dominant), (64 £ 1) [A’s = 0, 1, 2 are more
influential] and the space harmonics due to the stator slotting
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effects. However, the symmetrical arrangement of the stator
phase windings with 120%(electrical degrees) displacement
resulted in the combined winding function waveform with
eliminated triplen harmonics. Conversely, the six-step PWM
inverters generate time harmonics in the order of the (6n %+ 1),
where n is a positive integer, the harmonic orders; 1%, 5th,
70 11% and 13" are more dominant and the eliminated
triplen harmonics effects followed by symmetrically dis-
placed three-phase currents by 120 degrees, when connected
to IMs running under healthy conditions [24].

Hence, during the initial design phases of electric motors,
it is necessary to account for the cumulative impacts of
winding space harmonics and the more significant PWM cur-
rent harmonics and space harmonic orders mentioned earlier.
Consequently, the resulting airgap MMF can be determined
by referencing the three-phase induction motor, as depicted
in (10). Additionally, it is important to note that this model-
ing approach is not restricted solely to the specified current
harmonic orders. Designers have the flexibility to incorporate
higher-order harmonics according to their preferences.

Ain,a(0ts) = Z
B=1,3,5.7.9.11,13,5y
)&Win,B(Ols) = )\win,A(as - 2”/3)
Awin,C(as) = )"win,A(Ols + 2”/3)

iphe(t) = Z I,y cos[x (w5t + ve)]
x=1,5.7.11,13

Ayin(ag, t) = Z Z

£=A,B,C x=1,5,7,11,13
I,y cos[x (wst + ye)]

Npg cos(Basy)

)\win,s,x(as)

(10)
where Ng and I, , denote the peak magnitudes of the wind-
ing function and phase currents of the 8 space and x™ time
harmonics respectively.

Additionally, y¢ signifies the phase shifts of (27/3) radi-
ans between the three-phase currents. Given the fixed and
predetermined nature of the machine’s winding function,
the influence of individual time harmonics on the airgap
MMF is determined through the superposition principle
which involves analyzing the impact of each current har-
monic [ipp ¢(t)] separately. Therefore, according to (10), the
individual significant time harmonics interact with the signif-
icant space harmonics to generate the net MMF waveform.
The resultant space harmonics of the MMF waveform are
due to the fundamental time harmonic with their respective
phase sequences indicating forward or reverse rotation. The
synchronous speeds of the space harmonics relative to the
fundamental time harmonics and their corresponding syn-
chronous speeds relative to the fundamental harmonic are
depicted in Fig. 4.

In Fig. 4(a), individual space harmonics are depicted as
creators of corresponding poles based on their harmonic order
and are equal to the harmonic order times the machine poles.
While maintaining a constant number of winding turns per
phase (N7pp,), the winding turns per pole (Ny,) of the ,Bth
higher order space harmonics can be calculated using (11),
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Fundamental
—5th harmonic
—7th harmonic
1 1th harmonic

Rotating synchronous speeds:
Fundamental = N,

Airgap mmf (p.u)

0.5 5™=(1/5)xN,
7% = (1/7)xN,
! 1" = (/11N ) f ;
0 1.0472 2.0944 3.1416 4.1888 5.2360 6.2832

Electrical angle (rad)
N @)

A \ZA\
forward reverse
’kc 120 ]y &(; 120 ]y‘

harmonic orders:1,7,13,19.. ®) harmonic orders:5,11,17,23..

FIGURE 4. Airgap MMF waveform in one pole pair due to fundamental
time harmonic. (a) Space harmonics and their synchronous speeds.
(b) Phase sequences of different space harmonics orders.

this updates the modeling process, enabling the calculation of
harmonic winding functions (A, g), as illustrated in (11):

Nthp = NTph/(P x B) ]
)\win,ﬂ(as) = Awin(B as)/.B

Therefore, the speed at which the revolving flux gener-
ated by the B space harmonics rotates is (1/8) times the
fundamental synchronous speed of the induction motor and
the direction of rotation is decided by the order of the space
harmonics. In this context, when space harmonics intersect
with higher-order time harmonics, especially when they are in
the same harmonic order as the space harmonics, the resulting
rotating magnetic fields also rotate at the fundamental syn-
chronous speed of the motor therefore having a direct impact
on the machine’s average torque. Conversely, when there is
interaction between space and time harmonics of unequal
orders, it leads to torque ripples as their synchronous speeds
differ from the fundamental speed.

The analysis of these harmonics is contingent upon the
assumption of ignoring core MMF drops. In the following
section, an examination of the effects stemming from core
MMF drops is presented.

(11)

B. INTEGRATION OF CORE MMF DROPS CONSIDERING
THE INFLUENCE OF SPACE AND TIME HARMONICS

The assumption of infinite core permeability in the tradi-
tional WF model became invalid due to the finite material’s
frequency-dependent permeability. As a result, the core MMF
drops are no longer zero, instead, they become a function of
the operating frequency and the level of the core flux densi-
ties. Since the flux density levels vary in different sections
of the machines, the proper MMF drop calculations were
conducted by sectionizing the stator and rotor cores as shown
in Fig. 5. Therefore, Ampere’s law is applied to redefine the
net airgap MMF [A e (s, £, f5)] as in (12):

Aper(as, ar, t, f) = Ayin(o, 1, f5) — Aam(as, £, f5)
where A g (o, t,fv) = Aatn_sta(asa tafs)
+Aam_rot (0, t, fs)

12)
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FIGURE 5. Stator and rotor core sections of IM for MMF drop calculations.

where Agnm(os, t, f;) represents the net total MMF drops at
the core areas, which is due to the combined core MMF drops
at the core sections: teeth, tooth, and yoke areas of the stator,
Aam_sta(as, t, fs) and rotor, A gy, ror(0ts, £, f5) calculated along
the stator reference axis and against time, which then consid-
ered the rotor movement over time.

Since magnetic field intensity, H, represents MMF drops
per unit length, the MMF drops can be understood by examin-
ing the B-H characteristics of core materials. As a result, the
core flux densities can be used as a direct means to estimate
the frequency-dependent MMF drops of each core section,
following the material’s B-H characteristics, as illustrated in
Fig. 6 and multiplying the readings by their respective mean
magnetic path length (Zeqn)-

el 100Hz
=15 200Hz
%12 ———300Hz
5 0.9 ———400Hz
': 0.6 —— 600Hz
503 —— 1000Hz
= 0+ } t t = ———2000Hz

10 100 1,000 10,000 100,000
MMF drops per unit length (AT/m)

FIGURE 6. B-H characteristics of M19-29G laminations at sample
frequencies [26].

In addition, assuming the flux passing through each
section is concentrated and uniformly distributed in each
section with no losses, the mean flux densities within the sec-
tions By.-(c, t), are calculated as in (13). These calculations
employ the surface integral of the corresponding flux density
at the airgap calculated using the proposed modifications and
it is necessary to consider the flux density in half of the stator
and rotor’s pole sections for yoke sections:

27t [(Ns5OrNyy )

Bgec(as, ) = Bag(axa t)-ds [ Asec (13)

0

where Ngg, Ny and Ay, represents the number of stator and
rotor slots and cross-sectional areas of each section where
the flux is perpendicular respectively. Therefore, A i, (s, 1,fs)
in (3) is replaced by the net airgap MMF, A, (o, 1, f),
to calculate the more accurate airgap flux density, By, (s, 1),
of the machine, which accounts for the MMF drops.
According to the WF theory, the higher order time harmon-
ics caused timely variation of the core sectional flux densities
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Bt max Binax
DCliasi=0.5%[Boit max Bt min]

Bm[ 1min

—
T

~
|
|
|
|
L

=

Flux Density (T)
~ =)

'
]
T

-
minor loop 2

0 0.002 0.004 0.006 0.008 0.01
Time (sec)

FIGURE 7. Core flux density variation over time with minor flux density
loops.

to be non-sinusoidal. This then followed the nearly sinusoidal
variations with the sinusoidal excitations. Furthermore, these
additional time-variant non-sinusoidal magnetic fields based
on their magnitudes and phase shifts, create additional minor
loops, which are influenced by their DC bias levels [25],
as shown in Fig. 7. Therefore, this needs consideration in
the calculation of core MMF drops under the non-sinusoidal
core flux densities and using the proposed novel approach
considering the alternative approaches:

B Superposition principle by decomposing the non-
sinusoidal core flux density waveform harmonics and
calculating the MMF drops by treating them as sinu-
soidal waveforms with no minor loops. However, this
causes the DC bias effects of each harmonic not to be
considered and, therefore, zero DC bias causes MMF
drops to be underestimated.

B Therefore, the most appropriate approach is to consider
the instantaneous core flux densities and the B-H char-
acteristics including the major and minor flux density
loops as well as the DC bias, which is calculated as
half of the peak-to-peak flux density at minor loops as
depicted in Fig. 7.

Determining the minor hysteresis loops requires experi-
mentation that is not feasible at the IM design stages and
the mathematical approaches are used for determining the
hysteresis losses of the minor loops [25], which are not used
to determine the MMF drops at the minor loops. Therefore,
the alternative method proposed in this paper is to calculate
the frequency of the minor loop (f;,) using its period (7y,),
as shown in Fig. 7, and calculate the MMF drops using B-H
curves for the minor loop frequencies as shown in Fig. 6.
In addition, this method will also determine the instantaneous
flux densities, which accounts for the DC biases.

Moreover, due to the high correlation between core flux
densities and airgap flux density distribution within the linear
segments of their respective B-H curves during operation, the
corresponding MMF drops exhibit analogous trends to airgap
flux densities. This resemblance extends to both space and
time-harmonic orders. However, when saturation conditions
come into play, the MMF drops deviate into non-linear pat-
terns, consequently affecting the spatial and time harmonics
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of airgap flux density and, therefore, the electromagnetic
torque and its ripple content.

C. INTEGRATION OF CORE MMF DROPS INTO TORQUE
CALCULATION

The process of calculating core MMF drops necessitates the
examination of rapid fluctuations in flux densities which are
primarily governed by the net airgap MMF and emerge from
the collective impact of phase currents and their respective
winding functions. Given the complex nature of this interde-
pendence, accurately separating, and evaluating the distinct
contributions of each phase to MMF drops is challeng-
ing. Consequently, integrating a traditional WF as described
in (6), to calculate accurate self and mutual inductances poses
significant challenges within this framework.

The situation becomes even more complex when the core
flux densities reach the saturation region of non-linear B-H
characteristics. Since energy stored in the magnetic field can
be calculated based on the flux density [27], the proposed
solution in this paper is to use the net energy, Wy (o;, t),
to calculate the net torque of the machine (Tep,_zer), as shown
in (14), while removing the energy associated with the MMF
drops, Wy, (o, t), calculated based on the airgap magnetic
flux density due to the MMF drops Bug_am(cs, t) as in (15).

1 ) f ) 0 [Weoe(atr, i(1)) — Weam(aty, 1)]
2 2 ou,

Wam(or, 1) = W Opﬂ ng_am(as, t)dog
Bagfatn(a& 1)=(4m x 10_7) X Nam(as, tvfs)/Aejj‘(as’ 1)
(15)

(14)

Tem_net =

Therefore, the proposed model considered the space har-
monics due to the winding layout and the core MMF drops,
while considering the time harmonics generated due to the
PWM excitation and the total procedure of the proposed
model used for torque calculation is shown in Fig. 8.

IV. IMPLEMENTATION AND VERIFICATION OF THE
PROPOSED MODEL FOR THE INVERTER-FED

INDUCTION MOTOR

The time-stepping approach, which converts the continuous
functions into a discrete function is used in implementing the
proposed model. Therefore, the machine’s airgap perimeter
is divided into N equidistant segments based on the sam-
pling frequency. The discrete data points are extracted from
each segment and employed in the subsequent calculations
required for torque estimations, enabling the proposed model
to be implemented in MATLAB.

For development and validation purposes, a laboratory
prototyped SCIM with specific characteristics highlighted
in Table 1 was utilized. The SCIM features a double-layer
distributed winding layout with 3 slots per pole per phase and
a coil span of 9. Additionally, the rotor bars are made of alu-
minum and have a pear-shaped design. For further validation
FEA-based electromagnetic transient studies were conducted
using the ANSYS Maxwell-Twin Builder co-simulation
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Calculate inductances matrices using
(6) using turns and winding functions

| Calculate W,,.(a,,t) using (7) |
l

Calculate B,g(0, ) using A,,;(0,1) at (3)
under neglected core MMF drops

Set time (£)=0
Set iteration (i)=1
T

L
Calculate timely variation of
Aan(05,2,f;) using (12) and (13)
|

B-H curve

Re-calculate the B,g(a,7) by replacing A,(01,f;) at
(3) with calculated A,.(atf;) at (12)
L

i

i+1
employ calculated —

Bag(as, 1)

| Calculate fundamental airgap flux density (B,1) |

t+time step

i

Yes
Calculate the By amn(0,) using Agim(0i,2,15),
and associated W,(0,,7)

Calculate the T, e (f) using (14)

FIGURE 8. Flowchart of torque calculation procedure by the proposed
model.

TABLE 1. Induction machine used in the investigations.

Parameter Value Parameter Value
Electrical steel M19-29G Rated power 11 kW
D, 1572 mm Peak power 36 kW
Dj, 90.06 mm Rated speed 2,905 rpm
D;, 88.9 mm Rated frequency 100 Hz
Airgap length 0.58mm P 4
L 131.5mm DC link voltage 465V
Turns per phase 72 Rated current (RMS) 354 A

using PWM excitation. Since lower-order current harmonics
have prominent effects on the torque, the harmonics are
limited to their 20" order. The harmonic spectrum of the
current excitation for the selected speed points in the MTPA
and FW regions under continuous power/torque conditions
and MTPA operation point where the power/torque is 82%
higher than that under continuous conditions are shown in
Fig. 9. The latter case can be considered as a traction motor
operating at the boost or between the continuous and peak
operating conditions.

The accuracy of the proposed model is centered around the
quality of two factors: (1) the turns and winding functions
that calculate the inductances; and (2) the core MMF drops.
This pertains to the direct influence of time harmonic effects,
where the airgap MMF reflects the interaction of phase cur-
rents with the winding function, while the core MMF drops
relate to timely variations in core flux densities.

Therefore, the optimal approach to validate the model’s
accuracy is calculating the inductances using (6), and inte-
grating the combined influence of spatial and time-harmonic
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FIGURE 9. Current harmonic spectra for the simulated PWM-fed SCIM at
different speeds under continuous power/torque and power/torque 82%
higher than the continuous operation conditions.

effects through the airgap flux density calculated over time
by considering the influence of core MMF drops, which is
required to calculate Wy, (c;, t) using (15). In such, Table 2,
the averaged self- and mutual inductances of stator phase
windings and the self-inductance of the rotor mesh loop,
along with the root mean square of the mutual inductances
between stator phase windings and rotor mesh loops, are
presented with accuracies compared with FEA results.

TABLE 2. Comparison of calculated inductances by the proposed and
traditional WF models with the FEA results.

B [tesla]

260
225

2.08
1.91
173
1.56
1.39
121
1.04
0.87
0.69
0.52
0.35

0.17

0.00

FIGURE 11. Core flux density distribution: (a) Continuous operation at
2,905 rpm; (b) Power/torque 82% higher than the continuous operation
at 2,830 rpm.

TABLE 3. Comparison of averaged Airgap flux density comparisons of
proposed and traditional WF models with FEA results.

Traditional WF
Inductances FEA  Proposed model (TWF) model
Self stator winding [mH] 14.18 14.12 (99.6%)  11.5 (81.5%)
Mutual stator winding [mH]  -4.56 -4.20 (92.1%) -6.2 (64%)

Mutual stator winding to
rotor mesh loop [puH]
Self rotor mesh loop [puH] 3.28

36.57  36.49 (99.8%)
3.01 (91.8%)

31.2 (85.3%)
3.01 (91.8%)

Moreover, the impact of time harmonics and the influ-
ence of minor flux density loops on MMF drops can be
verified using the time-varying airgap flux densities at dif-
ferent positions within the airgap. Such a comparison is
presented in Fig. 10, utilizing identical PWM voltages as
input parameters obtained from FEA simulations and flux
densities obtained at the stator tooth section. Thus, speed
points in the MTPA region operating under continuous and
82% higher power/torque than the continuous operation con-
ditions were considered. Furthermore, Fig. 11 shows the
FEA results of core flux densities for the above conditions
and Table 3 provides estimates of selected prominent space
harmonics of the airgap flux density over time in both the
MTPA and FW regions.

27+ e FEA @ 60A (peak)
~ 18 < Proposed model @ 60A (peak)
= S P FEA @ 50A (peak)
= 0.9 AR Proposed model @ 50A (peak)
Z 0.0
< N
= -0.9 y
5 =3
w -1.8 9

-2.7 4 t t t {

0 0.0025 0.005 0.0075 0.01
Time (ms)

FIGURE 10. Comparison of average flux density in stator tooth region:
(a) Continuous operation (50 A peak) at 2,905 rpm; (b) Power/torque
82% higher than the continuous operation (60 A peak) at 2,830 rpm.
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Speed Harmonic FEA Proposed TWF

(rpm) order (T) model (T) (T)

Fundamental 0.835 0.824 1.091

Stator 17" 0.210 0.214 0.254

2215 slotting 19" 0,138 0.154 0.188
Continuous

Rotor  20®  0.115 0.121 0.171

slotting 227 0.126 0.163 0.173

Fundamental 0.419 0.404 0.657

Stator 17" 0.110 0.116 0.169

2l slotting 19" 0.072 0.081 0.128
Continuous

Rotor  20®  0.064 0.072 0.117

slotting 227 0.066 0.073 0.119

Fundamental 0.871 0.854 1.183

2,830 Stator 17" 0274 0.247 0.203

Between — qioting  19n 0.186 0.167 0.242
continuous

& peak Rotor  20®  0.179 0.143 0.194

slotting 22" 0.186 0.151 0.201

According to Table 3, in MTPA and FW regions, under the
continuous operation conditions, the accuracy of airgap den-
sity calculation in the proposed model is 98.2% and 96.4%,
respectively, while the traditional WF model with neglected
core MMF drops had accuracies of 70% and 67%, respec-
tively. Furthermore, following a similar trend, the proposed
model exhibits 98% accuracy when operating between con-
tinuous and peak operating conditions, while the traditional
WF model accuracy drops further to 65%.

V. EXPERIMENTAL VALIDATION OF THE PROPOSED
MODEL

To validate the accuracy of the proposed model in predicting
average torque and torque ripple, a laboratory prototype of
the aforementioned three-phase 11 kW SCIM was tested
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FIGURE 12. Experimental test setup to validate the proposed model.
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FIGURE 13. PWM voltage and current waveforms of Inverter-fed SCIM at
3,910 rpm and 11.5 Nm.
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FIGURE 14. Comparison of torque profiles by different models with the
measured one at different motor speeds. (a) At 1,500 rpm in the MTPA
region; (b) At 3,910 rpm in the FW region.

in various operating conditions within both the MTPA and
FW regions using the experimental test setup shown in
Fig. 12. The motor’s speed was controlled through a variable
frequency drive (VFD) and loaded using a dynamometer.
During these tests, the experimental torque profiles were
compared with those predicted by the proposed method and
the traditional WF method, which does not account for core
MMF drops. Here, torque ripples (Tem_rip) are determined
using (16). The maximum, minimum, and average torque are
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FIGURE 15. Comparison of calculated and measured average torque and
torque ripple for different speed conditions: (a) At 1,500 rpm in the MTPA
region; (b) At 3,380 rpm in the FW region; (c) At 3,910 rpm in the FW
region; (d) At 4,445 rpm in the FW region. (e) At 2,610 rpm and 2,400 rpm
in the MTPA region @ 8% higher rated current, 54A(peak).

represented as Tem_maxs Tem_min» AN Tepm_ayg, TESPECtively.

Tem_ripple = (Tem_max - Tem_min) x 100% / Tem_avg (16)

Figure 13 depicts the line-to-line PWM voltages and
phase current obtained during a loaded condition at a speed
of 3,910 rpm. In addition, Fig.14, presents a comparison
of instantaneous torque profiles generated by the proposed
model and traditional WF methods and Fig. 15 provides
additional comparisons of average torques and torque ripples
across various operating speeds and torque levels.

Referring to Fig. 15, the proposed model demonstrates
high accuracy in predicting the average torque and torque
ripple within the MTPA region, achieving 96.3% and 94.62%
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accuracy, respectively, while in the traditional WF model, the
accuracies are reported as 84.5% and 49.1%, respectively,
when compared to experimental data in the MTPA region.

Furthermore, within the FW region, the proposed model
maintains its accuracies of 96.4% for average torque and
94.49% for torque ripple, compared to traditional WF models,
these accuracies are significantly lower, 77.7% for average
torque and 41.1% for torque ripple prediction when compared
to experimental data. Hence, the enhanced torque calculation
in the proposed model compared to the traditional WF can
be attributed mainly due to the integration of time depen-
dent core MMF drops considering minor flux density loop
effects.

Furthermore, employing an Intel Core i5-7400 CPU oper-
ating at 3.3 GHz and that is equipped with 16 GB of RAM,
the proposed model achieves an average computation time of
12.5 minutes. In contrast, the 2D FEA simulations, to reach a
steady state in both the MTPA and FW regions consumed an
average of 50 minutes with its default settings.

VI. CONCLUSION

This paper introduces a novel, computationally efficient
magnetic field-based model for calculating electromagnetic
torque and torque ripple in traction IMs design for EVs driven
by PWM inverters, operating in both the MTPA and FW
regions. The proposed model modifies the turns and winding
functions considering the virtual winding occupied area, and
the major and minor flux density loop effects resulting from
the non-sinusoidal core flux densities emerged due to the
combined effects of time and space harmonics are consid-
ered when calculating the core MMF drops. In addition,
the calculated net energy serves as the solution to address
the impracticality of isolating the MMF drops from each
phase and this improvement enhanced the torque calculation
of the proposed model. The results demonstrated the effec-
tiveness of the proposed model, with an average accuracy
improvement of 15.3% in torque and 49.4% in torque ripple
calculations across a wider speed range when compared to
the traditional winding function-based model. Consequently,
the proposed model holds great promise for enhancing the
precision of torque calculation, thereby playing a crucial role
in the design of traction induction machines.
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