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This paper presents a new approach of Optimal Predictive Torque Control (OPTC) for two Permanent Magnet Synchronous Machines supplied in parallel on a single mutual-ized three-leg twolevel inverter. In the field of multi synchronous machine control with a single inverter, the classic Predictive Torque Control (PTC) rests on the selection of a configuration of switches among a discrete set of possible solutions by the minimization of a single criterion of performance, sum of the criteria specific to each machine. It leads then to the definition of an applied voltage which results from a compromise between the machines. The method suggested here rests on the calculation of the optimal controls, for each of the two machines separately, on a continuous set of solutions, and the generation of the applied voltage via the calculation of a median value. In addition to the reduction of the computing time divided by 7, this control law improves the Total Harmonic Distortion (THD) of the line cur-rents.

INTRODUCTION

Nowadays, the concept of "more electric plane" [START_REF] Quigley | More Electric Aircraft[END_REF] wants to become a reality. The industrial efforts focus on the replacement of the hydraulic and pneumatic powers by the electrical energy, with the major aim to improve the on-board availability, diagnosability and energy efficiency. To satisfy this ambition, the Permanent Magnet Synchronous Machines (PMSM) are particularly attractive thanks to their high density of power, their low cost of maintenance and their good dynamic performance. The study of this paper deals with the control of a set of PMSM supplied with a single mutualized inverter. The main aim of such an association is to reduce the mass of on-board power electronics, which can results for example in an approach of cooperation for the control of shutters of the wing of a plane and for the reliability of the system thanks to the redundancy of the machines. Nevertheless, the PMSM must be selfcommutated. This requires the establishment of a rigid link between the rotational frequency and the stator field frequency. Several solutions of control for two PMSM with a single inverter already came out, as in [START_REF] Bidart | Mono inverter multi-parallel permanent magnet synchronous motor: strucutre and control strategy[END_REF], which corresponds to a classic Master-Slave control. Other approaches [START_REF] Fadel | Direct Torque Control -A solution for mono inverter-dual parallel PMSM system[END_REF]; [START_REF] Fadel | Different solutions of predictive control for two synchronous machines in parallel[END_REF]; [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF] ensure the control of the machines simultaneously. But up to now, it is the PTC approach [START_REF] Rodriguez | Predictive Control of Power Converters and Electrical Drives[END_REF]; [START_REF] Fuentes | Speed control of a permanent magnet synchronous motor using predictive current control[END_REF]; [START_REF] Fadel | Different solutions of predictive control for two synchronous machines in parallel[END_REF]; [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF] which remains the most effective. With the emergence of faster and more powerful calculators, PTC becomes an attractive alternative compared to the linear classical controllers [START_REF] Rodriguez | Predictive Control of Power Converters and Electrical Drives[END_REF]. It offers an intuitive regulation, takes into account non-linearity or saturations on the outputs or on the command and allows controlling the system with the fastest dynamics towards the sampling time.

However, in order to minimize the performance criterion describing the association of the two machines, PTC uses only a discrete set of 7 voltage vectors feasible by the inverter, which causes high current ripple. The Predictive Torque Control Split & Seek algorithm [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF] (PTCSS) proposes an amelioration by making use of a set of vectors that is still discrete but larger, in order to have more choice for better controlling the currents. Nevertheless, this approach increases the count of configurations to be tested, whereas there is a simpler means to obtain even better similar performance. The work presented here introduce a new Optimal Predictive Torque Control approach (OPTC) which allow to obtain the exact solution of the optimization problem for the association of the two PMSM on a continuous set of voltage vectors. This makes it possible to obtain the maximum of possible theoretical performance towards the analytic minimization of the criterion. The PMSM are supposed with identical characteristics and are supplied by a single three-leg two-level inverter. They are controlled at the same speed but will be subject to different load torques most of the time. Fig. 1 illustrates the speed predictive control of the association of two PMSM.

ASSOCIATION OF TWO PMSM SUPPLIED IN PARALLEL ON A SINGLE INVERTER

Three-leg two-level inverter

We do not consider dead times. The phase neutral voltages v XN for each phase are given by the following matric equation:
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with U DC voltage of the DC bus and s x state the switch from the top of the commutation cell x (1 for closed, 0 for open). With three legs and two levels, we have 2 3 = 8 configurations feasible by the inverter, illustrated on Fig. 2.

Permanent Magnet Synchronous Machine (PMSM)

The following classical assumptions are considered: sinusoidal back electromagnetic force, non-saturation of the magnetic circuit, neglecting iron losses. with V dq , I dq , respectively dq frame voltage, current vectors, R stator resistance, L d , L q dq frame inductances, φ f the amplitude of sinusoidal flux due to the magnets, and ω electric pulse. The synchronism relationship gives ω = pΩ with p number of pairs of poles and Ω rotor mechanical speed. Smooth poles imply that the dq inductances are identical and the cyclic inductance L s =L d =L q . The amplitude φ f of flux due to the magnet being constant, the electromagnetic torque C em is controlled only and directly by the value of the quadrature current via the torque constant K c :
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The mechanical equation is given by: [START_REF] Rodriguez | Predictive Control of Power Converters and Electrical Drives[END_REF] with J, Cch, f respectively inertia, load torque and viscous friction coefficient. 

Ω - - = Ω . . f C C dt d J ch em

Principle

PTC [START_REF] Rodriguez | Predictive Control of Power Converters and Electrical Drives[END_REF]; [START_REF] Fuentes | Speed control of a permanent magnet synchronous motor using predictive current control[END_REF]; [START_REF] Fadel | Different solutions of predictive control for two synchronous machines in parallel[END_REF]; [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF] consists in characterizing the inverter by its 7 useful configurations [START_REF] Rodriguez | Predictive Control of Power Converters and Electrical Drives[END_REF]; [START_REF] Fuentes | Speed control of a permanent magnet synchronous motor using predictive current control[END_REF]. At every calculation time, each configuration is tested by predicting currents at the next time in order to evaluate a criterion, which intuitively reflects the desired performance for the association of the two machines. The configuration which minimizes the criterion is applied. Thus, the classical predictive control of an invertermachine system looks like the resolution at every calculation time of a combinatorial optimization problem, with a count of iterations (configurations to be tested) n iter = 7. This control law is used classically without modulation, with a variable switching frequency. However, with so few available voltage vectors, the currents are subjected to a strong harmonic pollution. Increasing the switching frequency or decreasing the period of calculation lead quickly to hardware limits [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF]. PTCSS uses another approach by proposing to rather increase the number of control vectors in order to have more choice for the evolution of the currents. The access to vectors which are not directly feasible by the inverter is given here by the Space Vector Modulation technique (SVM) [START_REF] Vazquez | Model Predictive Control with constant switching frequency using a Discrete Space Vector Modulation with virtual state vectors[END_REF]. It makes it possible to generate a virtual vector in median value by using a pair of real vectors. Thus, SVM creates artificially a continuous set S c of voltage vectors. The idea of PTCSS [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF] is to discretize this continuous set S c of linear control of the inverter by choosing an angle step Δ arg (here 10°) and a module step Δ mod (here 10 V) to obtain the discrete set S d . With U DC = 540 V (see Table 1.), the number of control vectors move from 7 to 1152.

Prediction

Here, Euler approximation of the continuous model ( 2) is used to obtain a discrete state model by supposing the mechanical speed constant on the interval of prediction T s . From now on the index k will describe the sampled quantity X k of all quantity X as: X k = X(kT s ). Thus, the prediction of the currents at the next time k+1, function of the selected control vector V dqk , is given by: with the following meanings: X ˆprediction of all X and 12 two-order identity matrix.
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Performance criterion

Speed control needs taking into account the electromagnetic torque and the stator flux. In order to have uniform terms in the criterion, direct and quadrature currents are used [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF]. With i=1 or 2, for the machine i, the performance criterion g i is given by: ( ) ( )
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with X ik value of X of the machine i at time k, X ref reference of X and ||x|| two-norm of x. Generally I dref = 0 and I qref will correspond to the desired torque via (3). The criterion g i corresponds to the squared distance between the current reference vector and the current vector predicted at the next time. When considering two PMSM in parallel, the total performance criterion g is expressed as the sum of the two criteria for each machine. It reflects the desired spirit of cooperation by looking for a compromise between the two machines. However, the voltage delivered by the inverter being single, to determine the optimal vector, it is necessary to reason in a single frame. The rotation for passing from the dq frame of the second machine to the dq frame of the first machine is an isometry: it preserves distances. If the quantities of the second machine are expressed in the dq frame of the first machine, the performance criterion g 2 is preserved. Thus, for the demonstration presented in this paper, all the following dq quantities are expressed in the dq frame of the first machine. The total performance criterion is given by the following equation: 

Combinatorial optimization problem & solution

The optimization problem becomes:

( ) V V g d S ∈
min [START_REF] Vazquez | Model Predictive Control with constant switching frequency using a Discrete Space Vector Modulation with virtual state vectors[END_REF] With the parameters on Table 1 the complete test of all vectors of Sd as in PTC will lead to a iteration count n iter = 1152. Here, the enumeration of all the configuration of the inverter is not viable. PTCSS algorithm proposes to use a dichotomizing search heuristic to reach an adequate solution more quickly. The performance criterion is evaluated by carrying out first a search among the 7 useful real vectors, then a search in angle around the best found real vector, and finally a search in module in the direction of the last found vector [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF]. With parameters on Table 1 the iteration count falls from 1152 to 51.

Improvement

Here, the SVM technique is not used with all its potential: there remains a freedom of action to minimize the performance criterion more. In fact, instead of discretizing S c and searching an approximate solution on S d by an heuristic, the optimization problem can be solved exactly on S c and lead to a direct expression of the best control solution for the association of the two PMSM at every time.

NEW APPROACH: OPTIMAL PREDICTIVE TORQUE CONTROL OF AN ASSOCIATION OF TWO PMSM

Prediction

The terms of the prediction formula for a single machine can be gathered in the following form:
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The prediction contains two terms:

• Predicted free mode: Î RL indicates the value of the currents resulting from the part of the derivative on which we do not have control

• Predicted forced mode: Î RF is a current variation, representing the action of the part of the derivative we control and is the image of the voltage delivered by the inverter applied during T s period of prediction

The forced mode Î RF allows moving the current that result from the free mode in order to get closer to the reference. Î RF is directly linked to the selected voltage vector V dq , and the assumption of smooth poles L d = L q = L s lead to the following transformation:

RF dq I V . s s T L = (9)
Note that as there is only a single inverter, Î RF will be common to all the machines, whereas the free mode current Î RL is specific to each machine.

Performance criterion a) For a single machine

Consider the machine number i, with i=1 or 2. Let us seek to introduce the forced mode into the performance criterion g i : 
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Assume ΔI sepi the distance between the free mode currents and the reference currents, function of the speed and the load torque of the machine:
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with <u|v> scalar product of u and v unspecified vectors.

b) For a set of two machines

Assuming (15), the total criterion g becomes ( 16): 

Exact solution: optimal voltage vector

Recall that to find the optimal voltage vector for the performance criterion comes back to find the optimal variation of the forced mode currents for this same criterion.

a) For a single machine

In the case of a single machine i, i=1 or 2, equation ( 13 The ideal (i.e. without saturation constraint) optimal variation of currents Î RFi * ideal for a single machine i will be expressed as in ( 21). This corresponds to the inversion of the state model to find the optimal control. In the real case, it is necessary to take into account the saturation constraint. Thus, in the constrained case, for a single machine i, the real optimal variation of the forced mode currents Î RFi * is written:
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with, for all unspecified vector u and for all unspecified scalar K max , sat(u, K max ) the vector with the same direction as u but with norm saturated by K max . The performance criterion will be cancelled only if the forced mode currents can be delivered.

b) For two machines

By factoring the coefficient 2 in (16) and by expressing a norm, the optimization problem becomes (25): Thus, by omitting the coefficient 2 in front of the norm, the optimization problem for the association of two PMSM looks like the one for a single machine (20). Therefore, the optimal solution for (25) is expressed as follows:
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The conclusion of this demonstration leads to the idea of OPTC. The optimal control vector for the association of two PMSM results from an average between the ideal optimal control vector for each machine taken separately. This average value corresponds to the best performance described by the total criterion that can be done for the co-operation of the two machines with a selection of the control solution in the continuous linear control set of the inverter. In practice and most of the time, it is not possible to cancel the total performance criterion, and therefore to reach the reference values for the two machines. However, this solution will have made as well as possible for the association. The total performance criterion could be cancelled if and only if the two PMSM are in the same state, i.e. subjected to the same load torque. Thus, at every calculation time, the non-constrained optimal variation of the forced mode currents Î RF1 *ideal and Î RF2 *ideal are calculated for each machine separately, and then a mean value saturated by the maximum variation I RFmax will give the optimal solution for the association of the two PMSM. The corresponding optimal voltage vector V dq * is given only by a simple linear transformation: 

SIMULATION & RESULTS

The modelling of the association of the two PMSM on a single three-leg two-level inverter was made under MATLAB/Simulink environment. The useful parameters are summarized in Table 1.The two machines are subjected to the same speed profile (positive, negative, zero), see Fig. 5. For future experimental results, the tests are carried out at low speed because of mechanical constraints on the experimental bench (speed limited at 140 rad.s -1 ). The PMSM will have different load torque profiles, as described on Fig. 6.

Performance

The following results present the currents in the dq frame for each machine with PTC, PTCSS and OPTC. As envisaged, PTCSS improves the behavior of the line current, however OPTC exhibits better performance. The reference profile at low speed highlights the weakness of PTCSS: the PMSM running in a reduced voltage zone, with constant steps Δ arg and Δ mod , the number of virtual voltage vectors in the discrete set S d that are useful for the working point decreases. Here, among the 1152 available virtual vectors, only 108 of them are really useful. The iteration count for PTCSS remaining the same one, the efficiency of the algorithm falls. OPTC is not affected by the working point of the PMSM because it determines directly the optimal vector, and give good speed response (Fig. 10).

Total Harmonic Distortion

The Total Harmonic Distortion (THD) of the line currents evaluates the ratio between the RMS values I hi of the harmonics and the RMS value I f of the fundamental:

f i i h I I THD ∑ = 2 (28)
Table 2 shows THD for PTC, PTCSS and OPTC. PTCSS and OPTC improve THD compared to PTC clearly. However, OPTC proposes a ratio better than that of PTCSS. Again, this is explained by the reduction of useful vectors for PTCSS because of the particular working point imposed here and which highlights the effectiveness of OPTC for the control of the currents and therefore of the electromagnetic torque. 

CONCLUSIONS

PTC [START_REF] Rodriguez | Predictive Control of Power Converters and Electrical Drives[END_REF]; [START_REF] Fuentes | Speed control of a permanent magnet synchronous motor using predictive current control[END_REF]; [START_REF] Fadel | Different solutions of predictive control for two synchronous machines in parallel[END_REF] allows to control very simply a set of two PMSM by advantageously using the discrete nature of the three-leg two-level inverter. This approach facilitates the conception of the control through an intuitive performance criterion, while intrinsically taking into account voltage saturations, unlike classical linear correctors [START_REF] Fuentes | Speed control of a permanent magnet synchronous motor using predictive current control[END_REF]. However, with an approach which offers only few control solutions, there is strong harmonic pollution on currents. Among the solutions suggested to mitigate this problem, PTCSS [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF] proposes using more voltage vectors thanks to SVM technique [START_REF] Vazquez | Model Predictive Control with constant switching frequency using a Discrete Space Vector Modulation with virtual state vectors[END_REF]. Against the increased number of possible configurations, the Split & Seek algorithm allows the number of tests to be reduced. Yet, there is a means for better controlling the currents, while avoiding increasing the iteration count. Unlike PTC and PTCSS which rest on the search for a solution on a discrete set, OPTC entirely uses the continuous set of linear control of the inverter and directly finds the exact expression of the optimal voltage for the best theoretical compromise for the two PMSM. In practice, the non-constrained voltage vectors for each machine taken separately are calculated by inversion of the state model, and then their saturated mean value is applied. OPTC ensures a harmonic behavior of currents of better quality than with PTC and PTCSS. The computing time was not experimentally evaluated yet but promises to be shorter than that of PTC. Besides, compared to PTCSS, OPTC is not subjected to the constraints related to constant search steps. Moreover, the reasoning which leads to the development of OPTC is easily extensible to the case of 3 PMSM or more. It is also the case of the Master-Slave control [START_REF] Bidart | Mono inverter multi-parallel permanent magnet synchronous motor: strucutre and control strategy[END_REF], PTC [START_REF] Fadel | Different solutions of predictive control for two synchronous machines in parallel[END_REF] and PTCSS [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF].
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  The quantities of each machine are expressed with the PARK & CLARKE transformation. The state model of the PMSM is given as follows:
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 2 Fig. 2. Configurations of the three-leg two-level inverter
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 44 The norm of V dq , voltage vector of the inverter, is limited by U DC voltage of the DC bus and by technique of modulation used, here SVM: ) in (17) give I RFmax the maximum evolution of the forced mode currents during T s the period of calculation: Continuous optimization problem Thus the combinatorial optimization problem formulated by PTCSS is transformed into a continuous optimization problem with OPTC and is written as follows:
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 44 Figure 4. illustrates the principle of OPTC for the association of two PMSM on a single inverter.
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 78910 Fig. 7. Currents in the dq frame of each machine via PTC

Table 1 . Parameters of simulation
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	Symbol	Description	Value
	U DC	Voltage of the DC bus	540 V
	f dec	Switching frequency	10 kHz
	R	Stator resistance	0.955 Ω
	L s	Cyclic inductance	1.65 mH
	φ f	Amplitude of the flux due to the magnets	0.039 Wb
	p	Number of pairs of poles	4
	K c	Torque constant	0.32 Nm/A
	J	Inertia	2.14 ×10 -4 kg.m 2
	f	Viscous friction coefficient	6.09×10 -3 N.m.s/rad
	Ω n	Nominal speed	6250 tr.min -1

Table 2 . Evaluation of THD on line currents
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		Speed			PTC			PTCSS		OPTC
		50 rad.s -1		103.4 %		20.63 %			7.49 %
	100 rad.s -1		46.46 %		16.94 %			4.04 %
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		Fig. 5. Speed reference profile for the two PMSM