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Abstract: In this paper, an effort is made to reduce the size, weight and cost of Electric Vehicles (EVs) with the
reconfiguration of propulsion motor topology. The new machine topology has been advantageously used to replace the
conventional motors. A Twin Rotor Axial Flux Induction Machine (TRAFIM) having higher power densities, shorter axial
lengths than classical Radial Flux Machines have been implemented in this work. This further reduces the other complexities
associated with the mechanical differential which is indented to provide different speeds to two wheels in necessary conditions.
The performance of EV has been remarkably improved with the proposed reconfiguration. This paper presents a
comprehensive analysis of an EV with the adoption of Twin Rotor Axial Flux Induction Machine (TRAFIM).
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1. Introduction

The fluxes representing the stator and rotor of a rotating electrical machine interact on each other and become
responsible for the production of torque. Based on the direction of flux in air gap with respect to the axis of shaft,
the rotating electrical machines are categorized into Radial Flux Machines (RFM) and Axial Flux Machines
(AFM). Though the Axial Flux Machine got invented in 1832 by Faraday, they got less operational opportunities
due to certain operational and manufacturing complexities. Simultaneously, the Radial Flux Machines found vast
applications for high speed operations (Haung, 1999; Aroulanandam, 2020). The Axial Flux Machines operate at
moderately low speeds at high torques and this consideration has become boon for vehicle mobility applications
(Metin, 2002).

The Axial Flux Machines are characterized by short axial length and larger diameters whereas the
conventional Radial Flux Machines have longer axial length and smaller diameter and it is well depicted in Fig 1.
In Radial Flux Machines, the conductor is placed axial to the shaft axis and the flux directs radially between
stator and rotor (Latchoumi, 2020). But, in Axial Flux Machines, the conductors are placed radially and the flux
direction in air gap is axial to shaft axis (Ramesh Babu, 2012; Ramesh Babu, 2012) .

@ (b)

Figure 1. Radial Flux Machine (a), Axial Flux Machines (b)

The Axial Flux Machines are compact in size, lighter and hence exhibit higher power densities
comparatively. These machines can be fabricated in different topologies to have single or multiple air gaps and
are illustrated in Fig-2.
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Figure 2. Axial Machine with a) Single air gap (b) Multiple airgaps

Since permanent magnets are glued on the rotor, the operating speeds are restricted for these machines.
The limitations of Radial Flux Machines like the cooling issues, inefficient use of rotor core and the bottle neck
for the flux lines at rotor slot root are well addressed by Axial Flux Machines. The other exclusiveness of AFM is
high power density. The power density is the ratio of weight to volume of machine which is higher in AFM
compared to RFM (Mahmoudi, 2013; Chinnamahammadbhasha, 2020; Pavan, 2020, 2015; Lim, 2016;
Balamurugan, 2020; Ellabban, 2010).

The torque produced on different portions of a conductor is not same as the distance from the axis varies to these
points AFMs (Balamurugan, 2017). Hence, the torque obtained is average of all these torques. But, the toque
produced on different portions of a conductor is same in RFMs as the distance is same from shaft axis to different
points on the conductor (Zahra, 2012).

2. Existing Topology

The figure 3 depicts the topology of Electric Drive Train conceptually and it is in present use.
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Figure 3. Block Diagram of Electric Vehicle in present use

This majorly consists of three subsystems called Electric propulsion System, Energy storage subsystem and
Auxiliary power supply subsystem. Based on the control inputs from brake and accelerator pedals, the vehicle
controller provides the required signals to the power electronic converter and it accordingly regulates the flow of
power between motor and battery. During the regenerative braking, the power flow is in reverse direction and the
energy is restored in the energy sources. The auxiliary power supply feeds power to different EV accessories like
climate control and power steering at different voltages. The transmission system sometimes include gear box
with differential or only differential. The control signals from the vehicle controllers decide the firing pulses for
inverter stack from which controlled voltage is obtained. The purpose of Differential is to create difference in
speeds mounted on same shaft/axle. This is needed especially when the vehicle has to take turnings or curves.
One wheel has to rotate at different rpm to that of other wheel to cover the distance in same time. Naturally, the
outer wheel runs at higher speed and lower torque being the inner one at lower speed and higher torque
(Balamurugan, 2020). The power exerted by these two wheels remains same. The Differential is employed not
only in vehicles, but also in other applications like Chinese sun dial, mechanical analog computers which perform
addition and subtraction.

In the proposed work, the topology of electric propulsion subsystem has been reconfigured. The speed torque
characteristics of typical motor used in Electric Vehicle is shown in Fig-4.

During field weakening region, the output power is maintained constant. This is the required region for an
electric motor to be used as propulsion system in Electric Vehicles. The speed ratio is the ratio of maximum
speed to the base speed. To have high torques at starting or to alter the torque to any desired value in coordination
with speed, a gear box is used. As the torque naturally reduces with increase of speed for an electric motor, a gear
box of reduced ratio is sufficient in Electric vehicles.
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Figure 4. Speed torque characteristics of propulsion motor
During the curved path, the required speeds at two wheels are estimated as follows.

If ‘d’ is the axle length between wheels and 13, I, are radii of curves from point of axis, the time taken by two
wheels must be same and it is determined as follows

Let S; and S; be the speeds.

And S, =T72

OrSir, = Sy

Ifr, >n, thenS, > S,

The existing system suffers from the following drawbacks:

i The conventional Radial Machines are more advantageous at high speeds whereas the EV applications
require low operating speeds

ii. The conventional mechanical differential contributes for 10-15%of total system losses
iii. Constraint for differential location
iv. Inefficient utilisation of energy sources.

3. Proposed Topology

A Twin Rotor Axial Flux Machine based Power Electronic differential has been suggested in the present
work to sweep out the short comings of existing topology (Ezhilarasi, 2020). This proposed novel differential
system efficiently and effectively utilizes the energy resources. The twin rotors are exactly identical in physicality
and performance and make the same sense of real twins. The block diagram which shows the reconfiguration of
Electric Vehicle System is shown Fig-4.1.
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Figure 4.1. Block Diagram of Proposed Topology.
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The multi-output Inverter feeds the two sets of three phase windings placed on the stator of Twin Rotor Axial
Flux machine (Rahim, 2020; Garikipati, 2021; Arunkarthikeyan, 2021; Subapriya, 2020) . The two rotors are
coupled to two wheels through two independent shafts. The delivers the required voltages and frequencies to the
stator windings in accordance with control signals supplied by the controller. The controller is fed with the actual
wheel speeds and the steering positions after having done the required modeling.

1. Modelling of Trafim

To carry out any sort of analysis in quantitative form on electric machines, their mathematical models
are generally considered. As the stator and rotor magnetic axes of a dc machine act at right angle and stationary
with respect to each other, the process of obtaining its mathematical model is comparatively an easy task. In case
of three phase induction machines, there are three windings on stator and three windings on rotor. Their magnetic
axes are mutually displaced by 120°. Hence, its mathematical model involves complex voltage equations having
variable parameters. To avoid these complexities, Linear Transformations are used. The Linear Transformations
include Phase transformation and Active Transformations. Phase transformations are used to convert three phase

system or (a, b, ¢) system into two phase system or (a, B) System being total power and mmf are maintained
constant.

[V p]= [Transformation matrix][Vapc]

The Active Transformation is used to convert (a, B) system into a d-q model or model to a common reference
frame.

The voltage equations of a single air gap axial flux induction machine are
Vds = idsRs + Yas ids
VZ]S = iqus + LIJqsiqs
Vdr = idrRr + q"drl’dr

Virp = iRy +¥gpigy o —m—————— [1]

The electromagnetic torque equation for single air gap axial flux induction motor is identified as

T, = 52 Lol laslgr = fgsiar)

The mathematical process has been extended to Twin Rotor Axial Flux Induction Machine and the voltage
equations are
Vas = tasRs + Waslas
Vas = lgsRs + Wgsigs
Vare = tar1 Ry + ¥arilar
Var1 = lgriRe + ®gr1igr
Varz = laraRy + ¥aralar
Varz = lgraRy + Woralgr

The electromagnetic torque for twin rotor motor is calculated as

Table 1. Motor Parameters

Vasi Vgs Stator voltages in d-q frame
Vart, Vgr Rotor 1 voltages in d-q frame
Vara: Vgra Rotor 2 voltages in d-q frame

w Flux linkages
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p Number of poles
i Current
L, Mutual Inductance

5. Simulation Results

To carry out the simulation studies to access the performance of the power electronic differential in EV, a
software package called VEHICLE-SIMULATOR X has been used. The results are presented in Fig-5.

ile Edit Help

Energy Usage Table (kJ)
POWER MODE

in Out Loss
Fuel o
Fuel Converter
Clutch
Hyd. Torque Converter
Generator
Torque Coupling
Energy Storage 964 8560 551
Energy Stored -8147
Motor/Controlier 7744 6218 1526
Gearbox 6218 5717 501
Final Drive 5717 5717 o
Wheel/Axle o 5369 -5369
Braking
Aux Loads 966 o 966
Aero 818
Rolling 1630

Figure 5. Energy usage in EV

The stator and rotor currents and electromagnetic torques of TRAFIM to synchronous reference frame are
shown in figures 5.1 to 5.3.The Fig-5.1 shows the Stator currents in d-q frame and rotorl currents in d-q frame.
Fig-5.3 shows the torque waveform obtained when multi air gap machine is modeled through MAT-LAB code.
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Figure 5.1. Stator and rotorl currents in d-q axes

3p .. , .. .
T, = EELm{ lgs{iars + lar2} — las{igr1 + igr2}}

Fig-5.2 shows the stator and rotor2 currents in d-q frame.
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stator and Rotor2 dq axis cumrents
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Figure 5.2. stator and rotor2 currents

6. Validation of results

The torque obtained by writing MAT-LAB code is validated when single rotor motor is fed through Inverter
based on the concept of Field Control using the Simulink Models in MAT-LAB. Fig-6 shows the torque obtained
when d-q transformation theory is applied for field control of motor.
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Figure 5.3. (a).Rotorl torque in synchronous d-g frame
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Figure 5.3. (b) Rotor2 torque in synchronous d-q frame
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Figure 6. Torque and speed with Field Oriented Control

7. Conclusions

This paper highlights the advantages of Axial Flux Machines like reduced size, reduced weight and low
cost for Electric Vehicles (EVs) applications. The configuration of EV has been completely modified with
TRAFIM as propulsion motor. These machines have shorter axial lengths and have higher power densities when
compared to conventional Radial Flux Machines. This topology further reduces the complexities associated with
the mechanical differential. The mathematical model of TRAFIM has been obtained to synchronously rotating
reference frame and the stator and rotor currents are instantaneous. The topology of EV has been reconfigured
with use of TRAFIM. With the proposed topology, the position of differential and space occupied by the
propulsion motor is reduced since axial machines are compact in size. With the proposed configuration,
transmission system is eliminated as two rotors of axial motor resemble like wheels and can be used as wheels for
electric vehicle.
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