Maurice Fadel 
email: maurice.fadel@laplace.univ-tlse.fr
  
Ngoc Linh Nguyen 
email: nlnguyen@laplace.univ-tlse.fr
  
Ana Llor 
email: ana.llor@laplace.univ-tlse.fr
  
Different solutions of predictive control for two synchronous machines in parallel

Keywords: PMSM, Predictive Control, SV-PWM, Dual Machine

The parallel operation of two synchronous machines connected to the same inverter requires taking into account information from both electrical machines to, on the one hand, ensure the stability of the whole system, and secondly to control energy efficiency. The classical approach is based on a master-slave procedure, where the master machine will be piloted while the second is simply connected in parallel. For the master machine it is then possible to determine the best control configuration of the inverter in order to minimize a criterion related to the current error. In this paper we propose three alternatives of predictive control, based on an evaluation of a global criterion taking into account sequentially or simultaneously the operating point of each machine. The control laws are then compared in terms of performances and losses. A fourth control law is proposed considering a single criterion applied to both machines at the same time. This last control law considers a large number of virtual control vectors whose enforcement is carried out through a modulation technique, such as SV-PWM. Digital simulation results obtained via Matlab-Simulink are showed for a low power application (800 W).

I. INTRODUCTION

The use of Permanent Magnet Synchronous Machine (PMSM) is in constant progress, in particular in areas where significant performance is needed. The specific contributions of the synchronous machine are in relation to the gain in weight and volume, but also on the dynamic, thanks to more efficient control laws [START_REF] Louis | Control of Synchronous Motors -Edition[END_REF]. For these reasons, this type of actuator is strongly preferred in the field of aeronautics. Overall, for embedded systems, it appears today other specific needs for actuators working in cooperation, i.e. when 2 or more actuators are combined to achieve the same objective. This is the case, for example, of the flaps on the aircraft wings to do a synchronized development of flight surfaces, even when both load torques are different. This is also the case for braking applications, using different actuators distributed and synchronized to a common goal. So, as soon as it concerns the association of several actuators for a same function, it seems reasonable to limit the number of static converters embedded, in order to reduce the weight and volume of the system. This is the context of our work, which considers two PMSM supplied from the same three-phase voltage inverter.

The intensive use of the synchronous machine as an actuator is also related to the autopilot operation, ensuring a rigid link between the rotation frequency and speed [START_REF] Louis | Control of Synchronous Motors -Edition[END_REF]. This procedure uses a position encoder and ensures the stability of the machine even under sudden torque impacts. Unlike asynchronous machines, parallel connected synchronous machines can present stability problems, since only one machine can be auto-piloted at a time. One solution, protected by a patent [START_REF] Foch | Power system comprising several synchronous machines synchronously self-controlled by a converter and control method for such a system[END_REF], [START_REF] B I D A R T | M o n o inverter dual parallel PMSM -Structure and control strategy[END_REF], has already been found. It is a strategy type Master-Slave to define at each moment the machine which will be controlled (Master machine), while the second is just connected in parallel (Slave). If the stability is guaranteed, then it can be interesting to consider the question of energy efficiency and performance of this solution. Indeed, when a single machine is considered, the degrees of freedom of the power inverter allow imposing any desired torque by reducing the consumed current [START_REF] Linh Nguyen ; Fadel | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF]. It is difficult to maintain this property when the inverter feeds two machines, and losses can become important. The deal is therefore to search control laws ensuring the stability of the two machines in order to reduce the energy consumption. The solution is found with a compromise, because supply voltages provided by the power inverter cannot be optimal for both machines at the same time. In this work we will work with a particular control type, which is the Model Predictive Control (MPC). The predictive control is based on a prediction model providing the currents evolution on the d-q axes, for all possible combinations of the inverter switches [START_REF] Rodriguez | Speed control of a permanent magnet synchronous motor using predictive current control[END_REF]. The best combination, evaluated using a criterion, is then retained and applied during the next sampling period. The criterion constitutes an arbitration to choose one alternative among all candidate solutions. It is on the criterion choice where we have focused our efforts, by comparing different possibilities, taking into account this particular system containing two machines. Here, we use nonsalient poles machines, for which the losses are minimal when the current on the d axis is zero. Five control laws (CL) will be evaluated and compared:

• CL1: from stability considerations, the master machine is chosen and the best control solution is evaluated with a criterion based on the sum of the squares of d-q current errors for the master machine. Only one machine is evaluated in the cost function.

• CL2: only one criterion is used for both machines: the sum of the squares of q-axis current errors.

• CL3: the approach is the same as for CL2 but the criterion contains the sum of the squares of both, d-axis and qaxis current errors.

• CL4: in this case the two machines are controlled separately, considering the sum of the squares of d-axis and qaxis current errors, for each machine. The two obtained control configurations are then averaged and the final reference voltage is applied via a PWM solution.

• CL5: the approach is the same that described in CL3. The selected vector is used as a basis to consider, in a region close to it, a finite number of virtual vectors which will be evaluated by the cost function to minimize the criterion. As for t he C L 4 c o nt ro l l a w t he s o l u t i o n i s a p p l i e d v i a a P W M modulation. This last control method will be presented more in detail in Section III.

These five control laws are then compared in terms of quality of response and Joule losses, for one reference profile type. The quality of the response is evaluated through the squared error of d-q axes currents. Numerical simulations using Matlab-Simulink software, for different load profiles on both machines, have been carried out.

II. PRINCIPLE OF THE PREDICTIVE CONTROL FOR ONE MACHINE

The proposed control law can be classified in the family of ″Model Predictive Control (MPC)″ [START_REF] Rodriguez | Model Predictive Control with Constant Switching Frequency Using a Discrete Space Vector Modulation with Virtual State Vector[END_REF], [START_REF] Camacho | Model Predictive Control[END_REF], represented in figure 2. The predictive model must be the most accurate possible to predict the future behavior of the system when applying a control combination of the inverter [START_REF] Morel | A comparative study of two predictive current control for a permanent magnet synchronous machine drive[END_REF]. A two-level three-phase inverter has a finite number of possible configurations. To select the most appropriate vector, an optimal control problem must be solved after definition of a criterion of satisfaction. The voltage vector minimizing this criterion should then be chosen to be applied.

A. Model of PMSM (Permanent Magnet Synchronous Machine)

In this paper we consider a non-salient pole PMSM. Considering that the magnetic circuit operates in linear regime, the electromotive force is sinusoidal and the magnetic losses and the cogging torque are negligible. Equations of the electrical machine in the d-q frame are expressed as follows:

Where u d , u q , i d , i q , L Y d and Y q represent, respectively, the voltages and stator currents, synchronous inductance and flux in the d-q axes. Y f is the flux generated by the permanent magnets, R s the stator resistance, w e = n p .w r (where w r is the rotor speed) and n p t h e n u m b e r o f p o l e p a i r s . T h e electromagnetic torque is given by equation ( 5), and the speed by equation ( 6).
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J represents the inertia of the rotor, f the coefficient of viscous friction, T L the load torque and q r the rotor position. With a low switching period we can consider that during that period the speed remains constant. In this case, the discrete model of the synchronous machine can be expressed as presented in equation ( 8 
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In fixed (a,β) reference frame, stator voltages are represented by equation [START_REF] Hassaine | Robust Speed Control of PMSM using Generalized Predictive and Direct Torque Control techniques[END_REF], while in (d,q) reference, they are represented by equation ( 13) :

Where R(k) represents the rotation matrix between (a,β) to (d,q) frames.

The 8 different control states of the inverter are represented in TABLE I. Configurations 0 and 7 are identical in terms of output voltage, so onwards only the combination 7 will be evaluated.

i 0 1 2 3 4 5 6 7 A s 0 1 1 0 0 0 1 1 B s 0 0 1 1 1 0 0 1 C s 0 0 0 0 1 1 1 1 TABLE I: INVERTER CONFIGURATIONS
We can define a cost function from the predicted currents on d-q axes. These predictions are marked by the exponent "p" and, with the values of references, we can write the cost function. Note that, since it is a non-salient pole machine, we impose i dref = 0. The choice of the control configuration s X (X = A,B,C) minimizing the cost function ( 14) allows imposing the torque while minimizing losses, because the current on the axis d will be the minimum. In addition, this control ensures the stability of the synchronous machine [START_REF] Rodriguez | Speed control of a permanent magnet synchronous motor using predictive current control[END_REF]. .

Fig. 2.: Mono inverter dual parallel PMSM

There are 2 speed loops, one for each of the machines with a common reference speed w ref = w r1 = w r2 since the machines must turn at the same speed. Two PI speed regulators provide the reference torque for each machine, which also depend on the load torque. The control configuration applied to the inverter is unique and built taking into account the data of the two machines to obtain the desired speed, while ensuring the stability of the whole system.

T he v o l t a g e s a t t he t e r m i n a l s o f t he t w o m a c hi ne s a re identical in the (a,β) reference frame and the currents prediction in the machines is given by the following relationships:

The voltages at the terminals of the machines in the (d,q) reference can be calculated by ( 16):

(16)
Where

, ( ) represent the electrical angles associated with the positions of the rotor machines. Here, we consider that these two informations are measurable and delivered by position sensors. Depending on the chosen control law, the cost function is calculated differently.

CL1:

For this control law, first master and slave machines must be identified. To ensure the stability of the system, it is necessary to control the machine with the highest mechanical load angle. So, to determine the master machine, the electrical positions , must be compared. The machine that has the smallest value of this angle will be the master machine. Then, for this master machine, the best control vector is obtained by analyzing the following cost function for all the possible inverter configurations. For this control law the two machines are considered at the same level and the cost function is evaluated by considering only currents on the q axis:
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Same considerations as for the CL2 control law, but the cost function is completed by terms on the d axis:
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Both machines are considered independently through two identical cost functions, which provide an optimal vector for each machine. Then, an average vector is obtained, for instance, by applying each vector half of the sampling period with a modulation technique.
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Finally, the selected cost function is the same as in CL3 (eq.19). In addition, the obtained control vector serves as a base to look for a better virtual voltage vector, situated in one of the two adjacent sectors of this base solution, which will lead to a lower value of the cost function [START_REF] Linh Nguyen ; Fadel | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF]. That implies using virtual vectors, which will be defined in a finite number, in order to reduce the computational cost of the algorithm. These virtual vectors are characterized by spaced angular positions of Da=10°, and step amplitudes of DV=10 V from 0 to V max (E/√3) (Figure 3). The research of the best vector consists on a systematic sweep of solutions starting from the evaluation of the cost function for the 7 different control vectors representing the real states of the converter. The vector corresponding to the lower value of the cost function will be chosen (V 2 in figure 3). In a second step, several virtual vectors defined in the two Fig. 4: Block scheme of CL5 adjacent sectors of the chosen vector, will be evaluated in the cost function. These vectors will be spaced of Da=10°. That will allow us to determine the angle of the optimum vector to be applied. Next step is calculating the amplitude of this v e c t o r. S o , v i rt u a l v e c to rs , w i t h t he s a m e a ng l e t ha n t he calculated in the last step, but with different amplitudes, will be tested in the cost function. These last vectors will be spaced of DV=10 V from 0 to V max . The three steps of this algorithm are represented in Figure 4.

The total number of vectors to be evaluated in the cost function is 6 in the first step, 10 in the second (5 virtual vectors per sector of 60°) and 30 in the last step, if E=300V. The total number is 6+10+30=46 vectors, which is a relative low number of calculations for the obtained precision. For an equivalent precision in the cost function, and considering directly virtual vectors spaced in the whole control region of the converter, a higher number of calculations must be realized.

It can be noted that, in the case of control laws CL1, CL2 and CL3, the switching frequency is variable. The commutations are realized, when necessary, after each evaluation of the cost function. Meanwhile, control laws CL4 and CL5, use a modulation technique in order to apply several configurations during the same control period. In the case of CL4, the two optimal configurations obtained for each cost function are applied for half of the period time. In CL5 method, the calculated virtual vector must be reconstructed from two real control vectors of the converter. In order to make comparisons of the simulation results, the sampling frequency is set to 20 kHz for all the methods, which will correspond to the modulation frequency for methods CL4 and CL5. Better results are expected for control laws working at constant switching frequency, since the others (CL1 to CL3) should be evaluated at higher frequencies (» 50 kHz) in order to obtain equivalent precision.

IV. TEST PROCEDURE

The different control laws will be compared under particular speed (figure 5) and load torque (figure 6) profiles. The comparison is based in two indicators, evaluated over the complete time horizon. The first is used to evaluate the dynamic performance of the control (22) and the second to characterize losses by Joule effect (23), only in the machines. Power converter losses are not considered since only the energy efficiency in the PMSM is studied. For this particular system it is not possible to obtain both i d currents equal to zero except for the case where both load torques are identical.

V. COMPARISON OF CONTROL LAWS:

The complete simulation of the system is performed under Matlab-Simulink enviroment (Figure 7). Simulation results for the different proposed control methods (CL1 to CL5) are showed next, for the reference profiles presented above (Figure 8 to 16). For each control law, are showed:

• Speed response of both machines, with the speed reference in red, and response of machine 1 (blue) and machine 2 (green).

• d-q currents for each machine, where i dref is always set to 0, and i qref is proportional to the required electromagnetic torque. From these simulation results, we can conclude that model predictive control is an interesting and powerful solution for the management of the synchronous machines in parallel on the same inverter. The observed behavior depends strongly on the selected cost function.

Table III summarizes the results of the 5 control laws giving the numerical values of the indicators. We find that the law of command LC3 guarantees a very good control of the speeds for both machines (the ISE indicator is minimal). However, control law LC5, operating with constant switching frequency, guarantee minimum losses operation with a gain of over 60% with only a small increase of the ISE test (below 1% ″Master-slave″ control solution (CL1) is relatively satisfactory with regard to the ISE test, but presents larger losses (more than 3 times the minimum losses). The control law CL2 is also eligible from the point of view of the ISE test, but since the test does not consider d-current, generated losses are very important. The control law CL4 shows high values for the two indicators, with an ISE test increased by 7% and higher losses of a factor greater than 2.5. The consideration of virtual vectors is therefore very effective, allowing building the most suitable voltage vector to minimize the test. The criterion can be still minimized by choosing many more virtual vectors, which will lengthen the procedure for the election of the best control vector. The algorithm proposed in CL5 is a good compromise between the quality of the system response (low current ripple, high dynamic response) and the computation effort required to evaluate the algorithm. These results must be validated by experimental results under realization.

VI. CONCLUSION:

Setting two synchronous machines in parallel connected to the same inverter reduces the embedded electronics, and so weight and volume are also reduced. However this power structure shows a stability problem as well as low efficiency of the energy conversion. For this purpose, the predictive control offers various solutions, with control laws acting on predetermined indicators. Five different control laws have been tested, minimizing different cost functions. The voltage inverter gives, at each moment, a voltage (amplitude and phase) which may not be optimal for each of the machines and therefore this opens the way for the optimization. In this sense, a control law based using a finite number of virtual vectors, allows the system reaching a minimum of the cost function lower than with classical predictive algorithms It is still possible to reduce the value of the criterion by testing a higher number of virtual vectors, which lengthen the procedure for the election of the best control vector. This represents a compromise between control quality and calculation time of the algorithm.
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		ISE (	21 . r ds -)	Losses D (J)
	CL1	578.676	3.274
	CL2	578.937	666.269
	CL3	578.211	2.721
	CL4	618.571	2.641
	CL5	581.901	1.024
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 III Numerical results for comparison indicators.
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