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An Induction Machine Design with Parameter
Optimization for a 120 kW Electric \Vehicle

Nan Zhao, Member, IEEE, and Nigel Schofield, Member, IEEE

Abstract—Electric traction machines have been applied to
both industrial variable speed applications and electric
vehicles. The induction machine (IM) is a potential
candidate for traction machines due to the established
industrial base. However, most of the existing studies on
traction IM design rely on optimization algorithms or
iterative calculation programs that subsequently give no
clear understanding of the design requirements for
field-weakening or extended speed operation. Hence,
published procedures to guide IM design for traction
applications are somewhat ad hoc to-date. This paper
identifies the key IM design parameters required to achieve
a traction characteristic within power supply constraints.
As an example, a 120 kW electric vehicle traction machine
is studied as a benchmark machine and then the proposed
design procedure is employed to re-design the machine to
improve its extended speed performance. Improvements in
terms of efficiency and field-weakening capability are
presented. Experimental results from the benchmark
machine are used for validation of the subsequent
simulation studies reported in this paper. Finally, the
identified parameters are shown to be similar with
brushless permanent magnet machines. Thus, a generalized
machine design philosophy can be concluded.

Index Terms—Induction motors, machine
traction motor drives, power electronics.

design,

. INTRODUCTION

The operational characteristics of traction systems, i.e. high
torgue at low speed and constant power from base speed to high
speed, are typical requirements in many electrical drive system
applications. The constant power speed ratio (CPSR), or
maximum speed to full-load base speed ratio, varies with
application, for example, the ratio may be 2:1 for lift machinery
[1] and some home appliances [2], 3:1 for computer numeric
controlled machine tools [3] and more recently, 2 to 3:1 for
electric and hybrid-electric vehicle systems [4].

The induction machine (IM) is a mature technology and a
suitable candidate for traction applications. IMs designed for
traction applications are supplied via power electronic (PE)
converters, rather than being connected direct-on-line (DOL) to
a fixed voltage, fixed frequency (FVFF) power grid. DOL
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connected IMs are currently the main machine technology used
in industry with a figure of 80% typically quoted [5]. However,
PE driven IMs, in variable torque-speed drive applications, are
becoming more popular since they offer a wider rectangular
torque-speed characteristic envelope from zero to full-load base
speed, improved system dynamics and potential for higher
system energy conversion efficiencies. Traction applications
also extend the IM torque-speed characteristic further towards a
maximum speed by field-weakening [6, 7]. Generally, high
torque at low speed and constant power at high speed are the
main initial design requirements for traction machines [8, 9].
Therefore, a higher value of CPSR is conducive to the reduction
of machine and PE rating [7], which requires a higher
maximum torque to nominal torque ratio [10-13]. The authors
in [11-13] pointed out that the machine maximum torque can be
improved by changing the machine slot geometry and airgap to
obtain lower stator and rotor leakage inductance. In addition,
the use of variable speed drives yields new design freedoms
compared to FVFF driven IMs that can be used in the traction
design procedure. Popescu et al. [14] introduced flat
wire-hairpin-winding to improve the machine maximum
starting continuous torque and power. In order to improve IM
field weakening performance, Guan et al. [15] assessed the
influence of machine equivalent circuit parameters and Seo et
al. [16] investigated the geometry details of IM stator and rotor.
However, the aforementioned publications only provide
methods to improve some certain aspects of conventional IM
performance. Thus, a complete traction machine design
procedure needs to be explored.

The design procedures proposed in [17-20] extended the
conventional IM design to an iterative design program over the
full IM speed range. However, these methods rely on the
developed software for simulation iterations and is time
consuming. More importantly, there is no clear guidance and
solutions for achieving the traction characteristics. The work in
[21] presented an IM design procedure for field-weakening
operation. It is carried out to evaluate IM parameters to achieve
a given field-weakening region of operation and then the
machine dimensions are obtained by solving a system of
non-linear equations based on the evaluated parameters.
However, this design procedure is highly dependent on the
machine mathematical model and hence the key IM design
parameters cannot be determined.

Most existing literatures paid much attention on optimization
procedures to maximize IM performance, hence the induction
machine is required to be expressed as mathematical functions
for optimization algorithms [22]. For example, optimization
algorithms in [23-25] were developed for maximizing the ratio
of maximum torque to nominal torque, starting torque and
minimizing machine mass and volume respectively. The design
strategies proposed in [26, 27] determined the optimum rotor



slot shape for maximum efficiency. Furthermore, a trade-off
among the different constraints in terms of supply voltage, pole
number and maximum speed was investigated in [28]. However,
a wide multidimensional variable design space is required to
optimize the machine for all operating points, which is difficult
to implement and extremely time consuming for FEA
evaluation. In addition, the machine field-weakening capability
is rarely considered by the existing optimization algorithms.

To design a traction machine within the voltage and current
constraints imposed by the PE converter, it is necessary to have
a clear design procedure with identification of the key machine
design parameters. For brushless permanent magnet (PM)
machines, the back-EMF coefficient, ka, primarily impacts on
the machine maximum torque from zero to base speed. In the
field-weakening region, the ratio between k" and the d-axis
inductance-current product, Lglss, becomes the main design
factor to ensure constant power range [29, 30]. Similarly, for
switch reluctance (SR) machines, extended-speed operation
can be achieved by reducing the number of turns per phase from
that optimized for maximum torque/Ampere at base speed, with
the compromise being a reduction of torque/Ampere below
base speed [31], which is effectively the same procedure as for
brushless permanent magnet machines, i.e. tuning the &>/L /.,
ratio. Although the machine traction characteristics have been
compared between IM, PM and SR machines [32-34], the key
design parameters that determine that ensure extended speed, or
field weakening, operation are not discussed.

Thus, this paper identifies the key parameters for IM design
such that the design achieves a traction characteristic within PE
and supply constraints. The paper then presents an improved
IM design procedure that gives a clear guidance to traction
machine design. As an example of the design study, a 120 kW
peak electric vehicle induction machine is studied as a
benchmark design. The 120 kW machine was the prime mover
for a range of early all-electric delivery vehicles. While the
torque at low speed was sufficient it was found with increasing
road experience that the high speed power was not suitable for
sub-urban driving. This study uses experimental results from
the benchmark machine to validate finite element analysis
(FEA) models that are used to confirm the choice of IM
parameters suitable to result in an extended speed capacity, and
thus the new design procedure. The design procedure is used to
re-design the benchmark machine to achieve an improved
traction characteristic in terms of field-weakening capability
and efficiency. The proposed design procedure helps to clarify
and inform designers of the major machine parameters
influencing extended speed capability, thus focusing the design
philosophy.

Il. TRACTION MACHINE DESIGN METHODOLOGY

For a given PE converter driven traction machine, the
machine stator phase current is limited by the PE converter and
machine thermal rating. The stator phase current vector angle is
chosen to keep the machine operating at maximum
torque-per-Ampere (MTPA) until the maximum phase voltage
constrained by the DC link voltage is reached at the base speed
[35]. If the supply frequency keeps increasing, the machine
enters to the field-weakening region. At the beginning of the
field-weakening region, the machine can produce more peak

output power than rated power because of the increase of power
factor [36]. However, with the increase of supply frequency and
slip speed, the IM inductive reactance dominates resulting in
reduced output power to a point where peak power cannot be
realized at higher speeds. The ratio of this speed to the base
speed is defined as constant power speed ratio (CPSR) [37] and
the motor power rating decreases with the increase of CPSR
[9].

To explore the choice of suitable IM parameters it is
noteworthy to review the requirements for brushless permanent
machines (PMs) designed for operation in the field weakened
or extended speed region.

With the implementation of the rotor field orientation,
machine rotor excitation field is aligned with the d-axis and the
open-circuit back-EMF to the g-axis. However, the excitation
field of brushless PM and induction machines are provided by
PMs and rotor current respectively. PM machines with surface
mounted rotor magnets (SPM) have a non-salient rotor
structure which is same as per induction machines, hence SPM
machine analysis is employed to make a comparison with IM
analysis. For SPM machines, if one neglects all the machine
loss mechanisms, the maximum electro-magnetic torque is
derived as [38]:

TePM =3 pkc'):M Isq (1)

where p is the machine pole-pairs. In this case, since the direct-

and quadrature-axis inductances are equal, i.e. Lg = Lg, the

current excitation angle equals to zero. Hence, the SPM

machine maximum torque, from zero to base speed, is

determined by g-axis current ls, and back-EMF coefficient -
The SPM machine rotor speed is derived as [38]:
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Theoretically, the machine maximum speed is achieved
when the current excitation angle equals to 90 degrees:
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It can be noticed that if the machine back-EMF coefficient,
K™ equals the product Lglss, the maximum achievable speed is
theoretically infinite, which is informative in illustrating design
and operational trends.

In the same way, the IM electro-magnetic torque and
synchronous speed can be derived by neglecting all of the
machine losses [39, 40]:
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Note, L is the stator inductance and is equal to the induction
machine direct- and quadrature-axis inductances, i.e. Ls = Ly =
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Lsq, Lm is the stator-to-rotor mutual inductance, L, the rotor
inductance, and p the number of pole-pairs, as discussed in
[39].

In addition, since the IM stator and rotor leakage inductances
are much smaller than the magnetizing inductance, the
maximum torque and speed equations can be further simplified
from (4) and (5), by neglecting the stator and rotor leakage flux,
to give equations (6) and (7) respectively:

2
™ (max) :spk(:M Isq = 3p|;m|s (6)

e

W
™ (max) = m (7)

where k¥ is induction machine back-EMF coefficient which
equals to Lilsq.

Equations (4) and (6) indicate that, for certain magnitudes of
stator current, maximum torque can be achieved by maintaining
y at 45 degrees from zero to base speed. Hence, similar to SPM
machines, the induction machine maximum torque, from zero
to base speed, is also determined by the g-axis current lsq and
induction machine back-EMF coefficient, /. According to
(7), the minimum value of d-axis inductance-current product,
Lslsq, determines the maximum achievable speed. However, to
ensure constant power operation, lsg has to be kept above a
certain value. Thus, Ls is the only variable that may be adjusted
to extend the constant power region. On the other hand, the
reduction of L results in the decrease of ¥/, and hence the
rotor design will have to be adjusted to compensate. Therefore,
under the assumption of negligible loss, induction machines
and brushless PM machines have similar key design
parameters, which leads to a similar, and importantly, a more
informed design procedure.

@,

I1l. IM DESIGN PROCEDURE FOR TRACTION APPLICATIONS

A. IM design at base speed

According to Equation (4), the induction machine torque is a
function of y for certain magnitudes of stator current and it can
be maximized when y is optimized. Corresponding to the
machine constant torque region, the induction machine MTPA
trajectory is ideally achieved by maintaining y at 45 degrees
from zero to base speed, although the actual MTPA trajectory
deviates from the ideal trajectory due to saturation effects, as
illustrated in Fig. 1 (path A-B). The current-limit circle in Fig. 1
is determined by the maximum stator phase current. The
voltage-limit ellipses are determined by the phase voltage
corresponding to different supply frequencies. Therefore, from
the machine operation point of view, the machine base speed
point should be set at point B in Fig. 1.

From the machine design point of view, the maximum torque
at base speed is directly determined by the machine
magnetizing inductance:

N K, )
LmzzﬂO%( - dplj Iefi (8)
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where b, m, p, N1, Kap1, ler, 7 and Jer represent the permeability
of vacuum, phase number, pole-pair, number of stator winding

turns, winding factor, effective core length, pole-pitch and
effective airgap length respectively. For fixed machine
dimension, N; and Je are the key variables to adjust the
magnetizing inductance.

In addition, rotor design impacts the machine maximum
torque. Shallow rotor slots can be used for traction machine
design, which reduces the leakage flux and hence increase the
magnetizing flux [41, 42]. Further, the reduction of leakage
inductance will improve the machine field weakening
capability.
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Fig. 1. IM operating trajectory.

B. IM design at maximum speed

With increased supply frequency, although the stator current
is still maintained at maximum, the voltage provided by the PE
converter is not large enough to maintain the MTPA trajectory.
In this case, the d-axis component of stator current deceases
with an increase of stator phase current vector angle, resulting
in the machine field-weakening region, as shown in Fig. 1 (path
B-C). In this region, the stator phase current vector angle is
between 45 to 90 degrees and the machine output power is
reduced with increase of the value of y, as shown below:
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Therefore, to achieve a high value of CPSR, the maximum
speed of the constant power region is another design target.
According to Equation (7), the machine speed is maximized by
reducing stator inductance Ls which is the sum of magnetizing
inductance L and stator leakage inductance Lg. Hence, from
the machine design point of view, the machine maximum speed
is mainly determined by the number of stator series turns per
phase. At the same time, the stator phase current vector angle y
is also reduced at high speeds, which extends the machine
constant power region.

C. IM design procedure for traction applications

Although IM design for traction applications is different
from that of the conventional DOL IM, the classical design
method can be used to initialize the traction machine design
procedure. Classical IM design typically proceeds from the
application of classical sizing equations. According to the
torque and power requirements at the rated operating point, the
machine electric and magnetic loadings are determined by
previous experience, given the method of cooling and the
lamination material and hence the machine dimension, slot
geometry and stator winding are chosen using established



empirical sizing formula. Then, the flux densities of the
machine slots, yokes and air gap are calculated by machine
magnetic circuit analysis. Discriminant analysis is applied to
check the flux densities of different parts of the machine stator
and rotor laminations.

However, conventional DOL IMs are designed to satisfy
high start-up torque and overload capabilities, the consequence
of which leads to the stator phase current vector angle y
differing from 45 degrees. For variable-speed IMs, the
magnitude and frequency of the supply voltage can be adjusted
to manage the starting requirements, hence, more attention can
be paid to the requirements of MTPA and field weakening
operations. The value of y at base speed can be effectively
decreased to 45 degrees by reducing machine magnetizing
reactance. Therefore, the machine can be designed with
maximum torque per Ampere-turns by reducing the number of
winding turns. Note, maximum torque per Ampere-turns is
different from MTPA. Due to the maximum current limitation
imposed by the power electronics, the reduction of stator
winding turns leads to a deceased machine electrical loading,
reducing the maximum torque in the constant torque region. On
the other hand, it decreases the value of Ls and hence y at high
speed, which extends the machine constant power region.
Furthermore, the machine conduction loss is significantly
decreased with the reduction of the number of winding turns.
This trade-off is typical of other machine technologies, i.e. PM
[29] and SR machines [31].

The decrease of torque due to reduced stator turns can be
compensated by the rotor re-design. As discussed previously,
PE converters control current and frequency. Hence, large rotor
resistance for starting at line frequency is no longer a
requirement. Therefore, conventional deep and narrow rotor
slots can be replaced by shallow and wide ones. In this way, the
geometric centres of rotor bars will be closer to the rotor outer
surface to increase the torque production. Additionally, rotor
leakage inductance will be reduced to benefit the high speed
performance.

After the analytic study the machine performance is
subsequently confirmed via detailed finite-element analysis
that accounts for magnetic saturation. Here the design is further
optimized for phase current, drive requirements and machine
efficiencies.

In summary, the traditional philosophy for traction IM
design has been to (i) design a machine capable of peak torque
and power at the base speed operating point, and then (ii) to
analyze the design to test suitability for extended speed.
Invariably the first design iteration will have poor extended
speed capability because it is focused by maximizing torque per
Ampere. Hence, the first design has to be iterated until a
suitable solution is realized. While the outcome is arguably a
solution, the designer does not have a fundamental appreciation
of what drives the design solution. However, the proposed
design procedure discussed here clearly informs the designer of
the major design parameters influencing extended speed
capability, thus focusing the design choices, this is a
contribution of the paper. The conventional design procedure
(dashed-box) is thus modified to capture the ideas discussed
here in a new Traction IM Design Procedure (solid-box), as
illustrated in Fig. 2. The key IM electro-magnetic parameters
are now identified and thus focus the traction machine design.

The design process is still iterative in terms of the thermal, loss
and mechanical considerations.

Conventional IM design procedure

Requirements
at rated speed

k2
Initial machine physical
dimension, slot geometry
and winding configuration;

Machine magnetic
circuit calculation

Flux densities
greater than the
aximum values?2

Traction IM design procedure
Traction
requirements
Modification of
machine dimension
Refine rotor slot and|

geometry for k"
Refine number of
stator turns for Ly
No

Modification of
~»machine dimension
and slot geometry

Reset empirical
coefficients

Yes

Equivalent circuit
parameters and rated
performance calculation

Achieve maximum
power at top speed?

Yes
No
Achieve maximum
orque at base speed

Yes
Loss and thermal
assessment

Satisfy overal
requirements?.

No

Satisfy rated
equirements?

Fig. 2. IM design procedure for conventional and traction application.

IVV. REDESIGN OF AN EXAMPLE TRACTION IM

A. Benchmark traction induction machine

An example traction induction machine, the P120, used for
the 7.5 tonne Smith Newton electric vehicle, is studied as a
reference benchmark machine, as shown in Fig. 3. This
machine is designed to have 120 kW peak power at 1800 RPM
and top speed of 7200 RPM. The benchmark machine (Motor 1)
design parameters are detailed in Table I, while the machine
dimension is shown in Fig. 4. This machine is modeled by finite
element analysis (FEA) software and the FEA model validated
by machine test data provide by Smith EV, USA, as illustrated
in Fig. 5 (for the 7-turn design). Keeping the FEA torque and
power consistent with the measured torque and power, the
phase current is calculated and compared with the measured
phase current. The FEA and measured data show good
agreement, hence the FEA analysis tool is used for further
redesign analysis. Here, two points on the torque-speed
characteristic are considered as key for design; (i) Point 1 is 640
Nm at 1800 RPM, which is the maximum speed point at which
maximum torque can be delivered. This point determines the
machine and traction power electronic inverter maximum
current rating. (ii) Key Point 2 refers to the maximum torque at
top speed (7200 RPM). However, due to the machine design
and DC-link voltage limit, the original machine cannot is not
capable to achieve 120 kW over the desired extended speed
range, as shown in Fig. 5.
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Fig. 5. Experimental torque, power and phase current characteristics of the
benchmark machine.

B. Traction induction machine design study

As discussed above, machine constant power region can be
extended by reducing the number of stator series turns per
phase. Hence, by maintaining the dimensions and lamination
geometry of the benchmark 1M, the machine torque and power
performance with a variable number of stator winding turns is
investigated, as illustrated in Fig. 6. It can be noticed that with
reducing turns, from 7 to 4, the machine high speed
performance is improved, in Fig. 6 (a). However, with fixed
phase current, reduction of winding turns reduces electrical
loading and hence the maximum torque in the constant torque
region is reduced, as illustrated in Fig. 6 (b). This is the design
trade-off. Moreover, according to Equation (7), the value of

d-axis inductance-current product, Lslsg, determines the
machine maximum speed of constant power region. When the
machine operates above the maximum speed of constant power
region, it is driven along the maximum torque per volt (MTPV)
trajectory, as illustrated in Fig. 1 (path C-A).

Therefore, the stator current of benchmark machine (7 turns)
reduces significantly with the increase of speed, as illustrated in
Fig. 6 (c). Since the constant power region is extended with the
reduction of winding turns, the machine enters to the MTPV
region at higher speed and hence the phase current starts to drop
at higher speed. The decrease of torque due to reduced stator
turns can be compensated by the rotor redesign. As discussed
previously, conventional deep and narrow rotor slots can be
replaced by shallow and wide ones, as shown in Fig. 7. In this
way, magnetizing inductance is increased due to the reduction
of leakage flux. Note, since the stator phase current vector
angle is robust to the rotor resistance and reactance, the
machine MTPA will not be impacted.

With the same constraints of the benchmark IM (Motor 1), a
new IM (Motor 2) with the same rotor bar material (aluminium)
is designed by utilizing the proposed procedure. The machine
rotor slot geometry is illustrated in Fig. 7 (b) and design
parameters are detailed in Table I. Motor 2 has the same stator
winding scheme with Motor 1, but it has lower number of turns.
Keeping the same stator slot area, the lower number of turns
allows an increase in the conductor diameter to further reduce
the resistance.

In addition, compared to Motor 1, shallow and wide slots are
applied to Motor 2. Hence, the number of rotor bars is reduced
to be 58, which keeps the torque ripple within the constraint.
Although the reduction of slot area leads to higher real rotor
resistance, the equivalent rotor resistance may be reduced due
to the decrease of the number of stator series turns per phase.

To investigate the influence of a more conductive rotor bar
on the traction characteristic, aluminium bars are replaced with
copper. Thus, maintaining the same stator design of Motor 2,
the machine rotor is redesigned with die-cast copper bars
(Motor 3). However, die-cast copper bars will introduce design
issues in terms of manufacture and mechanical stress. Motor 3
is therefore used to investigate the electromagnetic
performance influenced by more conductive materials without
considering the mechanical stress issue. The rotor slot area is
further reduced as illustrated in Fig. 7 (c) and design parameters
are detailed in Table I.
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Fig. 6. Machine performance as a function of stator winding turns.

C. Machine performance and analysis

Fig. 8 illustrates the machine performance results within the
same supply voltage and current constraints. Tables Il and 111
compare the results for Motors 1, 2 and 3 at 1800 RPM and
7200 RPM respectively. Compared to Motor 1, Motor 2
maintains the same maximum torque at corner speed. Note,
since the airgaps, associated bearings, mechanics etc. of the
original and proposed machines are the same, the mechanical
losses will be similar, hence have not been included here clarity
of the electro-magnetic discussion.

Due to the reduction of stator resistance and equivalent rotor
resistance, it contributes a 22% reduction in Joule loss and

hence achieves a 1.7% higher efficiency at 1800 RPM.
Reducing the turns increases the flux for the same applied
voltage, hence the machine flux density is slightly larger
compared to the benchmark machine, as shown in Fig. 9 (a) and
(b), which slightly increase the iron loss. Fig. 10 (a) compares
the airgap flux density of the two machines at 1800 RPM. More
importantly, due the reduction of stator inductance Ls, higher
current is achieved in the extended speed region, hence, Motor
2 significantly increase the power output by 48.6% at 7200
RPM. Due to limited DC-link voltage, both Motor 1 and 2
operate in field-weakening region, as shown in Fig. 9 (c) and
(d). However, Motor 2 has higher airgap flux density than
Motor 1, as illustrated in Fig. 10 (b), which leads to higher
output power.

Table I. Machine design details.

Motor 1 Motor 2 Motor 3
Stator outer diameter (mm) 291
Stator inner diameter (mm) 211
Rotor outer diameter (mm) 209
Rotor inner diameter (mm) 114 135 145
Machine active axial length (mm) 250
Number of poles 6
Number of stator slots 54
Number of rotor slots 64 58 64
Number of turns per phase 7 6 6

Stator winding double-layer distributed

Rotor bar material

aluminium copper
Stator copper mass (kg) 10.88 10.88 10.88
Stator iron mass (kg) 43.83 43.83 43.83
Rotor conductor mass (kg) 6.95 4.34 10.25
Rotor iron mass (kg) 29.66 29.14 27.40
Total mass (kg) 91.32 88.19 92.36
Yl “‘ ‘2l ‘
(a) Motor 1. (b) Motor 2 (c) Motor3

Fig. 7. Comparison of IM rotor slots.

For Motor 3, the rotor slot area is further reduced by using
copper in Fig. 7 (c). However, it has almost same value of L
with Motor 2. Compared to Motor 2, the torque-speed
characteristics of Motor 3 is slightly improved, as illustrated in
Fig. 8 (b). The efficiency of Motor 3 is higher than Motor 2 at
1800 RPM due to the more conductive rotor bar, but it is lower
at 7200 RPM due to the higher phase current. Therefore, using
more conductive materials will not significantly improve the
machine torque-speed characteristics. From which it is
concluded that the IM key design parameters of £ and L
highly impact on the achievable traction characteristic within
PE and supply constraints. After the corner speed of 1800 RPM,



the machine operation is limited by the supply voltage, which
requires the current vector to rotate towards the g-axis until the
maximum torque per voltage (MTPV) is achieved [43, 44].
Therefore, in the speed range of 1800 RPM to 3600 RPM, the
machine power factor initially increases (1800 RPM to
2700RPM) and then reduces (from 2700 RPM to 3600 RPM),
as shown in Fig. 8 (d). To keep constant power, the supply
current is reducing in the speed range of 1800 RPM to 2700
RPM and then increases again, as shown in Fig. 8 (c).

140

120 +

100 r

(o)
o
T

Power [kW]
(2]
o

Required power envelope

ey
o

Motor 1
—&— Motor 2
= > -Motor 3

! ! !

0 1800 3600 5400
Speed [RPM]

(a) Output power versus speed characteristics.

N
o

o

7200

500

N

S

S
T

w

o

o
T

Phase current [A]

Motor 1
—&— Motor 2

= Motor3
200 1 1 1

0 1800 3600
Speed [RPM]

(c) Phase current versus speed.

5400 7200

0.05

Motor 1
—e— Motor 2
— % -Motor 3

0.04 r

0.03 ¢

slip

0.02 r

0.01 ¢

O 1 1 1
0 1800 3600 5400
Speed [RPM]

7200

(e) Slip versus speed.

Furthermore, the leakage inductance of the three motors is
calculated and shown in Fig. 8 (f), which takes the
load-dependent local saturation into account. Due the reduced
stator winding turns and the redesigned rotor slots, Motor 2 and
3 achieve lower leakage inductance than Motor 1, which
improves the machine field weakening performance. Note that
for Motor 3, the design change to realise high speed operation
results in a small compromise in terms of torque ripple
(increase of approx. 3%).
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Fig. 8. Performance comparison of the machine designs.



Table Il. Comparison of Machine Performance at 1800 RPM.

Motor 1 Motor 2 Motor 3
Power (kW) 120.52 121.01 120.93
Torque (Nm) 639.38 641.96 641.56
Lq (MH) 2.26 1.51 1.53
Torque ripple (%) 2.16 2.85 243
Iphase_rms (A) 448.34 444.09 436.09
Iron loss (W) 296.42 358.30 351.91
Joule loss (W) 11242.09 8821.62 8567.84
Total loss 11597.45 9227.86 8978.69
Efficiency (%) 91.22 92.91 93.09
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Table I111. Comparison of Machine Performance at 7200 RPM.

Motor 1 Motor 2 Motor 3
Power (kW) 44.45 64.17 73.11
Torque (Nm) 58.95 85.11 96.96
Lq (MH) 2.42 1.80 1.80
Torque ripple (%) 5.77 5.23 8.24
Iphase_rms (A) 206.13 297.97 351.46
Iron loss (W) 242.90 391.16 410.83
Joule loss (W) 2535.11 4301.59 6076.91
Total loss 3721.01 5635.74 7430.73
Efficiency (%) 92.28 91.93 90.77

(d) Motor 2 at 7200 RPM.

Fig. 9. Flux distributions of Motor 1 and 2.
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Fig. 10. Airgap flux density of Motor 1 and 2.

D. Final traction induction machine design

The rotor of Motor 2, with aluminium rotor bars, keeps the
comparable cost and manufacturing difficulty with the
benchmark machine. Therefore, maintaining the same rotor
design of Motor 2, the number of winding turns is further
reduced to 4 (referred to as Motor 4). With lower value of L,
Motor 4 achieves a constant power region from 1800 RPM to

7200 RPM. Compared to the benchmark machine, Motor 4
requires a higher phase current of 654.53 A to satisfy the target
maximum torque at 1800 RPM, as illustrated in Fig. 11 and
Table IV. Although the maximum current of Motor 4 is higher
than the benchmark machine, the Joule loss is significantly
reduced and hence efficiency improved to achieve the
maximum torque.
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Table V. Performance of Motor 4.
1800 RPM 7200 RPM
Power (kW) 120.98 120.88
Torque (Nm) 641.82 160.32
Lg (mH) 0.65 0.81
Torque ripple (%) 1.78 3.24
Iphase_rms (A) 654.53 438.16
Iron loss (W) 329.71 554.07
Joule loss (W) 7890.69 4169.19
Total loss 8279.34 5666.25
Efficiency (%) 93.60 95.52

V. CONCLUSIONS

Traction machines, supplied via PE converters, have to be
designed for the complete power-speed characteristic rather
than starting and rated operating points as would generally be
the case for FVFF IMs. Therefore, the machine design
procedures are different. According to existing published
works on variable speed IM design, most of the machine design
relies on optimization algorithms or iterative calculation
programs and the key parameters for machine design are thus
not clearly identified. This paper identifies the key design
parameters influencing the realisation of a traction
torque-speed characteristic. These are the back-EMF constant,
k™ and the d-axis inductance-current product, Lslss. Hence, the
paper proposes a traction induction machine design procedure
that generalizes brushless permanent magnet (PM) machine
design procedure to that of IM design when considering designs
suitable for extended speed or field weakening operation. At
base speed the back-EMF constant, £, is the dominant
parameter. The maximum torque can be achieved by
maintaining the stator phase current vector angle, vy, at 45
degrees from zero to base speed. In the constant power region,
the minimum value of d-axis inductance-current product, Lslsq,
determines the maximum achievable speed. Therefore, the IM
extended-speed operation can be achieved by reducing Ls (by
reducing the number of turns per phase).

In addition, wide, shallow and open slots are used for traction
machine design, which reduces leakage inductance and moves
geometric centers of the rotor bars closer to the rotor outer

surface to increase torque production.
The design concept is similar to that of PM machine design,

where the back-EMF coefficient, k-, is adjusted and the d-axis
inductance—phase current product, Lqls, increased to improve
the extended field weakening region.

The proposed design procedure is applicable across different
ratings. As an example, a 120 kW induction machine is studied
as a benchmark machine is subsequently redesigned using the
proposed design procedure to illustrate the improvement in
performance capability and improvements in terms of
efficiency, power factor and field weakening capability.
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