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Abstract: In this paper, we present a systemic trapezoidatrebmethodology of a coiled rotor axial flux symonous motor
dedicated to electric traction, taking into acconfrgeveral constraints such as the speed lingtettergy saving, the cost of the
power chain and the reliability of the whole systéndeed the control law developed allows to impheeelectromotive forces
in phase with the phase currents, which reduceigleatonsumption. Also based on the technique efftwxing during periods
of high acceleration to reduce the phase currettteofnotor and then the vehicle consumption. Tpiingzation technique is
based on the increase of the excitation currend fgiven torque, thereby increasing the electritomoonstant. Therefore, the
phase current is lowered leading to a reductiomdnsumption. During the phases of constant speedatipn and high
decelerations, the value of the excitation curiertalculated iteratively to minimize the consumimat Finally, the results
obtained are with good level which encourages ket@nic integration phase of this control law.
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1. Introduction

The production of electric vehicles in large seieffers
from their low autonomy, their high costs relatiie
combustion vehicles, and the infrastructure of dvads

charging problem [1-3]. In this context, this papedresses

the problems of reducing the cost and increasitgraumy for

a given stored energy. Indeed, our choice wastgiddowards

the axial wound rotor motors with smooth pole, viahis in a

low-cost structure of production. Regarding thetista

converter, our choice fell on a structure to elmTiagnetic
switches to low cost of production compared tceedsivalent
structure with IGBTs [1-3]. A trapezoidal contrgbmxoach
optimizing the consumption seen in increasing aonton is
developed. This approach can impose control cuimgpitase
with the back electromotive forces and use the -fluging
technique during phases of strong accelerationsetiuce
consumption. The excitation current is optimized fbe
operating phases at constant speed and duringedetieh
phases as to optimize autonomy.

The paper briefly describes the choice and thegdesi
principle of the motor-converter at first time aghekcribes the

trapezoidal control strategy optimizing autonomy.

2. Power Chain Structure

Several configurations of power chain are showrthi
literature. We cite as examples:
» The four-engine wheels configuration to direct

mechanical linkage or gears.

The configuration with two motors front or reardivect
connection or with gear.

The single-engine configuration with mechanical
differential transmission more gears or gearledss T
configuration is chosen for our application becaitse
offers the advantage of low cost, because the
manufacture of a single motor is less expensiva tha
many engines. This configuration also avoids the
problem of slippage since it is impossible to cohtr
several motors at the same speed.

The power chain structure is illustrated by theifegl [4].
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frequency of 8000 Hz which leads to a good qualitythe

Energy storage

Figure 1. Power chain structure.

Usually the static converter is with IGBTs. In amase we
have replaced the transistor IGBT by electromagretiitch
to push the multiple disadvantages of IGBTSs.

During the phases of acceleration and constantdspee
operation, the motor is driven by the power coreretith
electromagnetic switch according to the scalarrobstrategy
imposing the motor phase current in phase with the
electromotive force, leading to a minimization afeegy
consumption [5], [6].

3. Systemic I nteractions

The sizes of the motor and the converter as welhas
parameters of order of the power chain are caledlat
according to one methodology of conception holding
account of the following interactions systems [1:12

* The sizing torque is calculated to the startingthod
vehicle on a slope, iteratively by the method oé th
genetic algorithms while respecting the thermal
constraints of the whole motor-converter.

* The magnetic inductions in iron are chosen closthéo
bends saturation to reduce the mass and therebéer
cost of the motor.

* The speed amplification report of the reducer

dynamic characteristic of EVs,
disadvantages which can be cited as examples :

it present a lot of

Energy losses leading to a reduced range for adtor
energy also establishes the temperature rise in the
transistors and diodes leading to the incorporatiba
cooling system in most cases.

The problem of potential-floating leading to a
complication of the electronic control circuit.

The intervention of capacity Trigger-emitter,
Trigger-collector and Collector-emitter. These aafes
occur especially at high frequencies leading to a
deterioration of the quality of control signals and
subsequently to performance degradation of theatdiver
drive system

The problem of static and dynamic Luch-up generally
leading to the deterioration of the converter. hist
paper we only present the design process of the
converter with electromagnetic switches. Design
methods of the IGBT inverter are highly processed a
presented in the literature [3].

The design parameters of the generator coil are/sio
figure 2.
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Figure 2. Design parameters of the generator coil.

For the electromagnetic switches converter strectthre
i€lectromagnet is a modular structure. Indeed, séwesdules

calculated in seen to reach the maximal speed @f t/Fan be stacked either in series or in parallehtveiase the
vehicle with a good interpolation of the referencettraction force, and thereafter the opening anosicy
voltages and a reduction of the ripple torque. frequency of the contacts of the static converter.

« The continuous bus voltage is calculated to maximal | N€ stackin parallel has the advantage that duuiéncy of

speed to have the possibility to cover a large iezic closing and opening of the switches is clearly bigh regard
speed. to the stack in series structure, because thesenactre

performed by action of the attraction force of tgenerator
coils.

4. Converter Structure The parallel stack of two modules is illustratedigure 3

The static converter is a two-level inverter vodtad his [3]-
structure is the least expensive compared to otmedoffers
good quality of voltages and currents wave-formsijctv
leads to a good dynamic characteristic of EVs. Tuwerter
types are studied, the IGBT converter structure &mel
electromagnetic switches converter structure. Thter
structure has the disadvantage of low switchingjfesmcy
(Below 150 Hz), but it is less expensive and doeispose
the problem of floating potential, since each itgelarm is
controlled by a single electro-magnet. Against, tGBT
structure offers the possibility to achieve a shiitg

Figure 3. Sacking in parallel of two modules.
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The equation of movement of the stem is deductedh fr estimated to:
the fundamental relation of the dynamics [3]:

1 1
F.= = =1337hz (3
dv o Xpir 12xNZ, M Ton+Tosr  2Xx3.74e—3 ©)
nmpotXE=nmpx PRl T —y: (1) . o
cuT oAt In conclusion, the structure to parallel stackinghvonly
v = 3% (2) one module is chosen for the continuation of survey

dt

Where v and Mare respectively the velocity and the masS. M otor-Converter M odel
of the moving rod, nmp is the number of moduleg, idlthe ] ) )
spires number of the generating coi i the thickness of the _ The motor is supplied by a voltage inverter at tewels.
copper layer, B is the opening of the movable stem, XIGBT transistors are replaced. by |d§al e!ectromagne
displacement of the mobile stem apd is the relative switches, to reduce losses and sink multiple disathges of

permeability of copper. IGBTS, such as:

This structure presents the time of opening andbtie of * Tail current. , _ N
closing weakest, since closing and opening of thevep * The problem of floating mass leading to a compierat
contacts take place joint-stock of two generatingsc The of the control circuit. _
increase of the number of module increases theiémcy of * Static and dynamic Luch-up phenomenen leading to a
closing and opening of contacts, what brought ushmose deterioration of the converter in the majority abes.
only one module to push the problem of increasb@tost of ~ * SWitching and conduction losses significant.
the structure, slightly. . Heat IQBT tran3|st_ors, Ieadmg to the need for the

For only one module, the time of closing and opgri& integration of a cooling system in the most cases.

Each phase of the motor is equivalent to a resiator
series with an inductance and a back electromotive
Tor=Tor =3.74€-3 s force. The model of the three phases is descrilyed b
the following equations [4], [5]:

estimated to:

From where the frequency of closing and to the opeis
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Figure 4. Smulink model of the motor-converter.
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The equations of phase voltages are expressedl@sso

ulthxil'H-tx%"'el (4)
: dt
) di
U =R Xi, +L x—+e, (%)
dt
Us =Ry xig+L; x%"'es (6)
L,=L-M )

Where g, & and g are respectively the electromotive forces

of the phases 1, 2 and 3, L is the phase inductamt®/ is the
mutual inductance.

The electromagnetic torque is given by the follayin
equation:

®)

1 . . .
Tem_a(e1x|l+e2 X1; +e3><|3)
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the speed controller. Three control loops are usembnvert
currents to the three reference voltages of themot

The model of the reference current generator islantpd
under the environment of Matlab / Simulink as shown
according to the figure 6:

8. Moded of the Back Electromotive
Forces

The three back electromotive forces are estimatad the
following three equations:

a:co{px Qxt +g] (9)
b:co{pXQXt—ﬁ[+Ej (10)
3 2
4AXT T
C=cog pxQXt———+— 11
{r 2 a

Motor model is implanted under Matlab / Simulink as

shown in the figure 4:

6. Speed Regulator

. Kiv
\: 1 + ? =
Reference Speed o
— Transfer Fen 4 TN
(2) : —p L
Mesured Speed laref
e
Gain 1

Figure 5. Smulink model of the speed regulator.

The comparison of the reference speed and the mespo
speed provides the amplitude of the reference otsre
minimizing the error between the reference speed the
speed of response. Indeed, the reference speethfzaced to
the response speed. The comparator attacks
proportional-integral-type (Pl regulator) to proeidthe
amplitude of reference currents minimizing the speeor.
The Simulink model of speed regulator is illustdatey the
figure 5.

7. Currents Regulator s

The reference current generator allows generatimget
currents with trapezoidal shapes and phase shiéative to
each other by an angle equal to 120 ° electrichis Three
phase currents are out in phase with electromdtivees to
minimize consumption and its amplitudes are colddoby

The models of the back electromotive forces €¢ &) are
estimated from the following algorithm:

{Begin

if

a>1/2;

al=1/2.Kk.Q:

else

al=0;

if

a<-1/2;

a2=-1/2.K.Q;

else

a2=0;

el=al+a2;

if

b>1/2;

b1=1/2.K.Q:

else

b1=0;

if

b<-1/2;
ab2:-1/2Ke.Q;

else

b2=0;

e=bl+b2;

if

c>1/2;
c1=1/2.K.Q:
else

c1=0;

if

c<-1/2;
c2=-1/2.K.Q;
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else

c2=0;

e=cl+c2;

end}.

With K. is the back electromotive constant afdis the
motor angular speed.

The Simulink model of the back electromotive forigs
illustrated by the figure 7.
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Figure 6. Smulink model of currents regulators.
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Figure 7. Smulink model of the back electromotive forces.

9. Control Signals Generator

The control signal generator compares the threzraate
voltages to a triangular signal with frequency #igantly
higher than the frequency of the voltages provitigdthe
currents regulators. The output of each compatack an
hysteresis variant between 0 and 1 for outputtimgdignals
for controlling the switches S1 , S3 and S5 . Thees
controller and current controller adjusts the pulggth of the
control signals so as to impose currents in phaise the
electromotive forces against and minimize the ebetiveen
the reference speed and the speed of responsalsSiign
controlling the switches S2, S4 and S6 are respagti
complementary to the signals S1, S3 and S5. Taepteshort
circuits, control pulses S2, S4 and S6 are shadtémevoid

duplication between two signals control arm. Thiayléo the
closing of the power switch is held in account by proposed
model. The Simulink model of the generator consighals is
shown in figure 8:

10. Dynamic Equation

The dynamic equation of the vehicle is derived frthra
fundamental relationship of dynamics:

(vaRr)X%:rdem_(Fr+Fa+Fc)er (12)

The equation of motion of the vehicle is implemeruader

the environment of Matlab/ Simulink as shown inthe figure
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Figure 8. Smulink model of control signals generator.

Figure 9. Smulink model of the dynamic equation.

11. Excitation System Optimizing
Consumption

The excitation system use the over-fluxing techaiduring
phases of strong accelerations to
(Excitation current augmentation). The excitatianrent is
optimized for the operating phases at constant dszeel
during deceleration phases as to optimize auton(figyre
10).

LT

Figure 10. Excitation system.

reduce consumptio 8or

12. Global Model of the Power Chain

The coupling of different models of the electrichice
power chain leads to overall model implemented aride
environment of Matlab/ Simulink as shown in to figare 11
[9-12]:

—1 1

Figure 11. Global model of the power chain.

13. Descriptions of the Simulations
Results

Scalar control has the disadvantage of convergexice
startup, but for the electric car application, #Huxeleration
during start-up is reduced to avoid the problemabfupt
starting and to increase the reliability of the ieth This
property makes it very robust the scalar controkfectric car
application. This feature is illustrated in Figur2. Also this
figure shows that the speed of response precisétwfs the
reference speed, which shows the performance afdhtol
technique chosen. This characteristic validategydgsocess
of the power chain.

90
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Response speed: Fixed excitation
Response speed: Variable excitation

40t

Speed (km/h)

30+

20+

10+

.10 I I | I I I I | I
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Figure 12. Speed response.
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Figure 13 shows that the starting current is sigaiftly
reduced, which shows the good choice of the paemetf
speed and currents regulators.

Phase current (A)

Electromagnetic torque (N.m)

Figure 14 shows that the torque on the motor sisaft
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Figure 13. Phase current.
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Figure 14. Torque on the motor shaft.

negative during deceleration, since the inertiath&f drive
power is negative.

The electric vehicle recovers energy hang decéterat is essentially owed to the delay to the closinghef power
phases. This property is illustrated by figure 15.

Recovered energy (kw.h)
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10 20 30 40 50 60 70 80 90 100
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Figure 15. Energy recovered.

The control law imposes a phase shift ideally z&ro
minimize consumption, but in reality this phaseftsisi close
to zero since the time constant of the motor iszawb. This
property is illustrated by figure 16:
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Figure 16. Paces of current and back electromotive force.
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Figure 17. Paces the phase voltage and back el ectromotive force.

The figure 17 shows that the shape of the cureenear to
trapezoidal shape, which shows the effectivenesghef
selected control law. The distortion in the shap#e current

contacts.

The current of excitation presents its elevatedesburing
the phases of strong acceleration to minimize Btegehicle
consumption (figure 18)
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Figure 18. Excitation current.
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The electric vehicle recovers energy hang decéberat environment of Matlab / Simulink, validates thissim
phases. This property is illustrated by figure hé a0.

306

304

approach and leads to a scientific results to gewdl. As
future work, it will be interesting to start theogbtem of
excitation system parameters optimization.
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Figure 19. Battery load voltage.
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Figure 20. Battery load current.
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