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II. INTRODUCTION

Today multi-converter multi-motor systems occupy an important place in industry applications such as electric powertrain, textile paper industries and autonomous mobile. Recently, reliably, efficiency and economic factors become more and more necessary to design the control of these systems .In other hand, research efforts have been made to reduce the number of power electronic devices required in multi-motor drive systems, to reduce the overall complexity, therefore the powertrain cost and the possibility to operate the system in fault condition.

Multi-motor multi-converter system can be composed by converter supplying several machines or many converters fed only one machine or, the combination of these two possibilities.

Most of these inverters use insulated IGBTs as the power device. Indeed, in the event of a failure in the power inverter, the conventional EV powertrain topology cannot ensure the vehicle traction operation. Therefore, the need to develop decoupling control of five leg inverter is highly desirable. In this case, during post-fault operation, the faulty leg is isolated by a specific switch (i.e. fast-acting fuse) and the drive operates therefore with five legs inverter.

In this context, this paper describes an independent control of two induction motors fed by five legs inverter. Experiments and simulations on an induction motor drive are carried-out to show that the developed independent control of five legs inverter is effective and provides a simple configuration with high performance in terms of speed and torque responses.

III. ELECTRIC VEHICLE AND DUAL-MOTOR CONFIGURATION

There are several possible EV configurations regarding the electric propulsion and the energy sources [START_REF] Chan | The state of the art of electric, hybrid, and fuel cell vehicles[END_REF]. In the adopted dual-motor configuration, tow three phase PWM inverters are associated to two induction motors in front of the electric vehicle.

The novel structure in this paper consist to associate only five legs inverter to drive the two induction motors as show by Fig . 1.a.The advantages of this topology is to reduce the number of the power components and therefore the weight and the cost of the EV powertarin. In other hand, this structure can be used in event of an IGBT failure.

A. Electric Vehicle Modeling and Dynamics Briefly

The proposed strategy takes into account the EV aerodynamics, and is not applied to the sole induction motor. The vehicle model is based on mechanics and aerodynamics principles (Fig. 1) [START_REF] Tabbache | Design and control of the induction motor propulsion of an electric vehicle[END_REF]. The road load is then given by
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The power required to drive the EV at a speed v has to compensate the road load F w .

= v w P vF

( 2 )

The mechanical equation (in the motor referential) used to describe each wheel drive is expressed by

ω + + = m B L m d J T T T dt (3)
The following equation is derived due to the use of a reduction gear.

ω ⎧ ω = ⎪ ⎨ ⎪ = η ⎩ m Wheel Wheel m t i T T i ( 4 )

IV. VECTOR REPRESENTATION OF FIVE LEGS PWM INVERTER

In general, two induction motors are supplied by two classical three phase inverters. This system requires twelve (12) controllable power switches (IGBTs-Isolated Gate Bipolar Transistor) to operate with independent variable speed of the two motors. In event of power switch failure, the corresponding leg should be isolated. In this case, the two classical three phases form one inverter composed of five legs. In other hand, the operation of more industry applications should be ensured by five legs inverter. This inverter used also in specified application in order to reduce the power switches compared to the two classical inverters. 
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V. INDEPENDENT CONTROL OF TWO INDUCTION MOTORS FED BY FIVE LEGS INVERTER

The control scheme of the induction motor associated to the five legs inverter is presented in Fig. 3. It is based on two classical indirect field oriented control for each motor and a specified Pulse Width Modulation (PWM) of five legs inverter.

A. Indirect field oriented control (IFOC)

IFOC aim is to decouple the flux and the torque control. To achieve this goal, the flux must be oriented on the d-axis in the d-q frame [START_REF] Rehman | Alternative energy vehicles drive system: Control, flux and torque estimation, and efficiency optimization[END_REF].
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The induction motor model in the d-q reference frame is then described by 
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The steady-state motor torque can be written as

e rs q r M T p I L = φ ( 8 ) 
In this paper, two PWM strategies will be presented. Each method is used in order to avoid the offset components in the motor torque.

B. Pulse Width Modulation strategy based on the cancellation of the voltage reference

In this paper, the five legs inverter fed two induction motors (Fig. 1.b) which two phases share leg C. Legs A and B of the inverter are connected directly to the phases a 1 and b 1 of the first motor. Legs D and E are connected to the inverter phases a 2 and b 2 of the second motor. This technique is based on the cancellation of the single phase voltage connected to the common leg. For this, the reference voltages of the two motors can be written as:
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The main drawback of this technique is the reduction of the maximum reference voltage by factor 3 1 compared with the reference voltage in classical three phase systems [START_REF] Kimura | Independent Vector control of two PM Motors with Five-leg Inverter by the Expanded Tow-Arm Modulation Method[END_REF].

C. Pulse Width Modulation strategy based on the addition of the voltage reference

This technique based on the addition of the reference voltage of the third phase reference voltages of second motor to the first one. The same principle is applied to the reference voltages of the second motor. The equations below illustrate the principle of this technique [START_REF] Jones | Five-leg inverter PWM technique for reduced switch count two-motor constant power applications[END_REF].
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In terms of dynamic performances, the both techniques present a promising solution in the control of five legs inverter. Nevertheless, the technique based on Cancellation of the reference voltage of the phase connected to the common leg decreases the reference voltages by a fixed ratio. While, the technique based on addition of the reference voltage of the phase connected to the common leg has a variable ratio according to the dynamic speed and torque.

VI. EXPRIMENT RESULTS

A. Test bench

The test bench used to validate the proposed control strategies is illustrated by Fig. 4. It main components, in addition to the induction motors and the DC machine are: 1) a DSP TMS320 development board interfaced to a standard PC, 2) an absolute encoder attached to the motor shafts, 3) Hall effect sensors for voltage and current measurements, 4) a five legs PWM inverter, 5) a DC-DC converter .

The load torque is provided by DC machine controlled as generator.

B. Experimental results

Experimental results are carried out to test the developed control technique of the five legs inverter. In the case when the induction motors operate at different speeds the current in the common leg is not sinusoidal (Fig. 6). In the previous situation, both induction motors absorb sinusoidal currents as shown by Fig. 7. In order to evaluate the proposed independent control strategy performance, simulations have been carried-out on an electric vehicle using a 37-kW induction motor based powertrain. The EV and the used cage induction motor rated data and parameters are given in the Appendix.

To evaluate the EV dynamic performances with five legs inverter, a series of tests in different load conditions were performed to emulate different type of traction behavior. For that purpose, a New European Driving Cycle (NEDC) is used as the speed reference.

A. Electrical differential

To handle EV stability while cornering or under slippery road condition, the two induction motors should be controlled by different speeds. In this context, the electric differential allows to provide the references speed of each induction motors.

The principle of the electric differential is show by Fig.9 [START_REF] Haddoun | SDTC neural network traction control of an electric vehicle without differential gears[END_REF]. As show by Fig. 9, for the straight-line regime, the motor rotation speeds are the same value. For the turning regime, the rotation speeds for each motor are different [START_REF] Tabbache | An adaptive electric differential for electric vehicles motion stabilization[END_REF].
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where Δω is imposed when the vehicle crosses a turning way. 

B. Experiment results

In order to validate the proposed independent control with the electric differential, many scenarios are made.

Firstly, the electric vehicle cross a linear way which the both induction motors are the same reference speeds. Moreover, right and left turning respectively are simulated. In this case in two induction motors have different speeds.

The EV vehicle speed can be obtained through gear ration and wheel radius. In all the speed range, the proposed independent control provides the appropriate speed to the two wheels in order to maintain the EV best achievable performances.

In EV context, Simulations are carried-out using a European driving cycle (Fig. 10). 
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 1 Fig.1 EV dual induction motors fed by five leg inverters

Fig. 1 .

 1 Fig.1.b shows the five legs inverter fed two induction motors. This structure uses a common leg for supplying in the same time two induction motors phases. In Figure1.b, leg C is used as a common leg.The voltage vector applied to the two induction motors in Concordia frame (α, β) of the five legs inverter is defined by the following equation.
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 2 Fig.2 Vector representation of five legs inverter Five legs inverter have 2 5 (32) different voltage vectors that each switch have only two possible states (open or closed) (Fig.2) [3].
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 3 Fig.3 Independent control structure

Figure 5

 5 Figure 5 illustrates the two induction motor speeds. As shown by this figure the developed technique ensures the separate control of the two induction motors.
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 7 Fig.7 Experimental setup
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 6 Fig.6 Five leg inverter current
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  Fig.10. EV induction motors speeds VIII. CONCLUSIONThis paper describes an independent control for five legs fed two induction motors. The developed control can be used in event of power inverter failure in classical system with two three phases' inverters. In this context, two PWM strategies are presented. The first one is based on the cancellation of the reference voltage related to the common leg. In the second strategy the voltage is added to the others healthy phases. In term of performances, the both techniques present a promising solution for independent control of the five legs inverter. Nevertheless, the first technique increases the reference voltage with fixed ratio. While, the second one has a variable ratio according to the dynamics speed and torque.Simulations and experiment on an induction motor drive are carried-out to show robustness of the developed control in terms of speed and torque responses.