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A New Approach to Predictive Torque Control with Dual Parallel PMSM System

An original approach to Predictive Torque Control "Split and Seek" (PTC SS) for Mono-Inverter Dual-Parallel Permanent Magnet Synchronous Machines (PMSM) system is presented. Only one cost function for both PMSM is defined to be minimized through the PTC approach. Unlike the Master-Slave classical control, solution of the cost function will depend on both PMSM references. The principle of this approach is to extend the possibilities of control by offering additional virtual vectors and to find the vector which minimizes the cost function. This process includes two steps: first one is searching for the angle and second one is searching for the magnitude. A model of the system is used to predict the behavior in the next sampling interval under these different virtual voltage vectors. After that, space vector modulation (SVM) technique will be applied to synthesize this vector. Simulations were built under Matlab/Simulink software to verify the applicability of this new approach. The obtained results verify the synchronism of two machines and the correct current tracking under different load and speed conditions. The performance improvement is highlighted from specific tests.

I.

INTRODUCTION

Nowadays, there are more and more driver systems including several permanent magnet synchronous machines operating in parallel. A classical system is generally multiinverter and multi-machine. Under the classical configuration of one inverter for each machine, each motor will be controlled independently. The quality of the response of the system is then excellent. However, the number of power electronic components will increase, and the system will be bigger and heavier. Another approach to these systems is using only one inverter to supply several synchronous machines. One of the advantages of this structure is the remarkable decrease of number of power electronic components. Therefore, the mass and the size of the system are reduced consequently. Nevertheless, setting two synchronous machines in parallel also requires some precautions in order to assure the stability of the whole system. This is due to the constant rotor flux as well as the absence of rotor winding able to positively react in case of transient operations. Some different control methods have been studied and developed for two synchronous machines in parallel. Ref. [START_REF] Bidart | Mono inverter dual parallel PMSM -Structure and control strategy[END_REF] uses field oriented control with master-slave structure (FOC MS) to operate this kind of system. The rotor positions of the two machines are compared in order to determine which motor is considered as the master during operating process. According to this selection, the master motor is fully controlled while the slave motor just follows the master. With this solution, the responses of the system are fairly well and the synchronism of two machines is obtained. However, the total losses of two machines are not considered.

Classical Predictive Torque Control (PTC Classic) [START_REF] Nguyen | Predictive Torque Control -A solution for mono inverter-dual parallel PMSM system[END_REF] evaluates the eight real voltage vectors of a three-phase twolevel inverter through a predefined cost function. In this function, the torque and flux are considered to optimize the operation of system. However, the problem of using only one voltage vector at each control period leads to strong ripples in the current. To solve this problem, a high sampling frequency was used (50 kHz or more). Nevertheless, this solution encountered problems related to the computation speed and time response of the hardware.

In this work, a new approach to PTC through an algorithm called "Split and Seek" is proposed to satisfy both requirements: low ripples and the limitation of sampling frequency. Along with eight real vectors, group of virtual vectors are also considered. "Split and Seek" procedure will look for the appropriate value of angle and magnitude of one vector. Virtual voltage vector found by the algorithm will be synthesized from basic voltage vectors by SVM technique [START_REF]Matlab/Simulink Model of Space Vector PWM for Three-Phase Voltage Source Inverter[END_REF] [START_REF] Kazmierkowski | Control in power electronics -selected problems[END_REF]. Current ripples are lower while sampling frequency is kept in an acceptable limitation (10 kHz).

In the first part of this paper, the mathematical model of driver system will be described in detail. The principle of "Split and Seek" algorithm will be presented in the second part. The third part shows the simulations results which are carried out under Matlab/Simulink environment to verify the new approach.

II.

MATHEMATICAL MODEL Therefore, a predictive model of the system is an essential component. The model must precisely describe the real system in order to calculate the prediction.

Mono Inverter -Dual Parallel PMSM Drives System

Two machines with different loads are connected in parallel and supplied by only one 3-phase 2-level inverter. Two control loops are used here: speed control loop and torque control loop (Fig. 1).

In speed control loop, RST-type controller is used. The speeds of two machines are updated here and controller will generate the reference value of torque for predictive torque controller. Predictive controller obtains the states of monoinverter dual-parallel PMSMs and reference torque from speed controller and predict the adequate voltage for SVM block.

Predictive Model of Dual-Parallel PMSMs

In this paper, two identical PMSMs are considered. Besides, they are assumed to satisfy the following conditions:

-neglecting the magnetic saturation; -back electromagnetic force (EMF) is sinusoidal; -eddy current, magnetic hysteresis losses and the cogging torque are very small and can be ignored.

From that, the basic electrical equations of a PMSM in (dq) rotor flux reference frame can be expressed as follows:
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where u d , u q , i d , i q , L d , L q are respectively (dq) frame stator voltages, currents, dq-inductances,  f is the flux generated by the permanent magnet, R s is the stator resistance, ω e = pω r (where ω r is the rotor speed), p is the number of poles pair. The electromagnetic torque is given by (3)
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With non-salient type PMSM, L d = L q = L S . The equation (3) can be rewritten in ( 4)
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And the mechanical equations of the PMSM are in (5) (6
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where J is the inertia, f is viscous friction coefficient, T L is the torque of load and θ r is the rotor position.

In order to build the predictive model of dual-parallel PMSMs, it is necessary to write in discrete time all these equations for both machines. With a sampling time T s small enough, it can be considered that the following quantities: u d , u q and ω r , θ r are constant in one sampling period. In this case, using a first order approximation the discrete-time model of dual-parallel PMSMs, it can be obtained.
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The predictive torque of two machines will be calculated from the discrete-time model by ( 8)
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Model of the three-phase two-level inverter

In this study, a standard three-phase two-level inverter is used to operate the two PMSMs in parallel and is expressed in Fig. 2. The phase-to-neutral voltages can be expressed as functions of inverter's leg states:
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where s X (X = A,B, or C) is represented for two states of each inverter leg.

TABLE I THE BASIC CONFIGURATIONS OF

A THREE-PHASE TWO-LEVEL INVERTER 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 0 0 1 XO X XO u s u E         (10) 
There are 8 basic inverter configurations (see Table I), corresponding to 8 control vectors.

4. Speed Controller -Type RST with Anti-windup From the mechanical equation of PMSM presented in [START_REF] Miranda | Predictive torque control of induction machine based on state space models[END_REF], the transfer function from torque to speed is built:
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Performing Z-Transform; a model in Z-domain will be obtained:
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Based on the coefficients of mechanical model of PMSM a 0 , a 1 , b 1 and using pole assignment method, the parameters of controller will be calculated as follows:
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where p 1 , p 2 are the desired poles
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With the setting up s 0 = 1 and s 1 = 1, the RST controller is equivalent to the PI controller. The structure of RST Anti-Windup controller is shown in Fig. 3.

Predictive Torque Controller

In this controller, the model of mono-inverter dual-parallel PMSMs is used to calculate the prediction of the torque. The predicted torque and the reference torque from the speed controller will be added to a cost function. Moreover, to get better performance, the currents in d-axis of two machines are also included in this function. The cost function then is built in the following form:
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where T 1 * , T 2 * are the torque reference values from the speed ,i d2 k+1 are the torque predicted values and q 1 , q 2 are the weight factors. To make the balance between the torque and d-current components, these factors are chosen as follow:
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Predictive torque controller will use a "Split and Seek" algorithm to look for a suitable voltage vector in order to minimize the cost function above. It is noticed that, in the case of system with only one machine, PTC SS can find the voltage in order to let the cost function go to zero. However, with the dual-parallel machine system, the cost function just goes to a value (g min ≠ 0). The responses of the system can be different with the reference values (T e ≠ T * , i d ≠ 0) but the system still operates well and stable.

III. PROPOSED ALGORITHM FOR PTC: "SPLIT AND SEEK"

The idea of using not only the converter discrete real states but also the virtual voltage vector in the entire of the space vector with the support of SVM technique is mentioned in some reference [START_REF] Rodriguez | Model Predictive Control with Constant Switching Frequency Using a Discrete Space Vector Modulation with Virtual State Vector[END_REF] [START_REF] Restrepo | A Simple Switch Selection State for SVM Direct Power Control[END_REF]. These vectors can be located in any position in the converter control region. Fig. 4 shows the control regions of the three-phase two-level converter where the real state vectors (solid line) and several additional virtual vectors (dash line) have been presented. Under SVM technique, the maximum voltage can be created is:
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According to [START_REF] Rodriguez | Model Predictive Control with Constant Switching Frequency Using a Discrete Space Vector Modulation with Virtual State Vector[END_REF], if the difference between any two vectors is Δα = 10 o and ΔV = 10V, there will be 360 312 1 36 32 1152 10 10
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tested with a predefined cost function. However, with such a large number of vectors, the amount of computation will be big also, especially in the case of mono-inverter dual-parallel machine system.

To overcome this problem, a "Split and Seek" algorithm is proposed. Instead of considering all the virtual vectors each control interval, "split and seek" algorithm will firstly search for the angle and then for the magnitude of the virtual voltage vector. The process to carry out this algorithm is divided into two steps: angle seeking and magnitude seeking. Both of two steps will be described in detail below.

1. Angle Seeking Proper value of angle will be looked for in space vector. This procedure includes two steps.

Firstly, the entire space will be split into six sectors by six basic active voltage vectors. These six basic vectors will be put into the model of system to calculate the prediction. Corresponding to each vector, a value of the cost function will be obtained. The vector which gives us the minimum value of the cost function will be chosen as the starting point for the next searching procedure.

Here, from the basic vector found in the first step, the two adjacent sectors (left and right) will be considered and continue to be split. A group of ten virtual voltage vectors will be created around the basic vector. These vectors have the same magnitude that the basic vector has but the angle is different between them (Δα = 10 o ). A predefined cost function will be used to evaluate these vectors. The voltage vector which corresponds to the minimum value of the cost function will give us the good angle.

With this procedure, the numbers of virtual vectors to be considered is 6+10=16.

2. Magnitude Seeking The voltage vector found in the optimal angle searching procedure will be passed through the optimal magnitude searching. In this process, the voltage vectors will keep the optimal angle found in previous search while their magnitude is varied. A magnitude step equals to ΔV = 10V will be defined. The range of magnitude will be varied from zero to maximum value as in [START_REF] Linder | Model Predictive Control for Electrical Drives[END_REF]. So the number of virtual voltage vectors will be tested is: 312 1 32 10 After the two searching procedures, an appropriate virtual voltage vector will be found. The SVM block is responsible of modulating this voltage vector and generating pulses for the inverter. The total number of voltage vectors need to be tested decreases to 16+32=48 (<<1152).
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IV. SIMULATION RESULTS

Several simulations have been performed to verify the capability of the PTC SS. Firstly, PTC SS is tested at three set point ω ref = 25×π, -25×π and 0 (rad.s -1 ) under different condition of load. Next, PTC SS will be compared with FOC MS in [START_REF] Bidart | Mono inverter dual parallel PMSM -Structure and control strategy[END_REF] about the total losses during operating process. The third one will evaluate the spectrum and THD between the two methods: PTC SS and PTC Classic.

The simulations were carried out under Matlab/Simulink environment. Parameters of the simulation system are given in Table 2.

A. Proposed algorithm in PTC with mono-inverter dual-parallel

PMSMs driver system In this simulation, this algorithm will be applied in predictive controller and verified with mono-inverter dualparallel PMSMs driver system. Two machines will be controlled at several set speed under different load conditions. From t = 0.0(s) to t = 0.4(s), speed is set to ω ref = 25×π (rad.s - 1 ) (25% nominal speed). At t = 0.4(s), two machines are reversed and the set point gets the value ω ref = -25×π (rad.s -1 ). Finally, both machines are kept standstill from t = 0.8(s) to t = 1.2(s). In the operating process, the loads of two machines are different. While the load of the first motor is kept constant at the value equals to half of the nominal torque, the load of the second motor changes between two values T low = 1(Nm) and T high = 4(Nm).

Fig. 6 and Fig. 7 show the responses of two machines. It is shown that the synchronism of two machines is guaranty. Their speeds are approximately the same and follow the reference value. Response of the system with the set point is very fast. It takes only about 0.05s to go to the reference. Besides, the system is stable even when the load of the second motor suddenly changes. The steady state is reestablished after a very short time (~0.05s). In Fig. 7, the 3-phases currents of each machine are shown.
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B. PTC SS compared with FOC MS and PTC Classic about

losses: PTC SS will be compared with classical control in [START_REF] Bidart | Mono inverter dual parallel PMSM -Structure and control strategy[END_REF] under master-slave structure about the total losses and also with PTC Classic. The simulation is repeated for both methods. The set point is setting up at different values while the loads of two machines are different. The total losses of two machines are calculated by:
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The value of W loss is shown in the Table 3.

C. The spectrum and the THD of A-phase current of two machines: In order to estimate the improvement of the proposed algorithm, another tested was carried out.

The proposed algorithm will be applied in predictive controller and compared with classic PTC in [START_REF] Nguyen | Predictive Torque Control -A solution for mono inverter-dual parallel PMSM system[END_REF].

The system will operate under several reference speeds:
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with different load conditions: The fundamental frequencies which are correlative with the reference speed can be calculated as follows:
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The sampling time applying for both predictive controllers is 10 -4 (s).

In Fig. 8, the A-phase currents of two machines are presented. FFT analysis was used to get the spectrum and total harmonic distortion of phase-A current of two machines.

Spectrums of the A-phase current of two machines are shown for both cases: PTC Classic and PTC in Fig. 9 and Fig. 10. It is clear that the PTC Classic presents the very low range harmonic content. It is mean there are many high orders harmonics in the currents.

Table 4 shows the total distortion harmonic. With PTC Classic, the current THD values are very high (>20%). When compared with PTC SS, the THD values have been reduced considerably (<1%). It is shown that the quality of system is improved.

These results are reasonable because of the fact that the more virtual voltage vectors there are, the more exact voltage can be found. It permits to reduce again the cost function. 

V. CONCLUSION

Control of two synchronous machines with a single inverter, especially in the case of different loads, is a compromise. The control must guarantee both the stability and acceptable performance in terms of torque ripple and efficiency.

PTC Classic is the first solution for this kind of system by choosing the best achievable voltage vector, among the six basic possible from the standard three-phase two-level inverter. This vector should have minimized the cost function constructed by combining the constraints of two machines.

PTC SS, which is presented in this paper, increases the possibility of PTC Classic by creating additional virtual voltage vectors (1152 vectors in total). These vectors are distributed between the adjacent basic vectors. This method proposes a procedure for the selection of the best virtual vector which minimizes the cost function. The procedure proceeds in two steps: choosing the best angle and then adjusting the amplitude of the voltage in order to ensure that the cost function will be lower than the case of PTC Classic. Therefore, there are only 48 vectors be tested at each control period. The numerical implementation thus is simple and effective. Performance obtained by simulation show a very low THD (~ 1%) and a very large gain on losses (nearly twice -Table 3).

Further work is underway to experimentally validate these results and to further improve the procedure for selecting the best among 1152 considered vectors.
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	USING IN SIMULATION
	DC voltage

TABLE 3

 3 

			THE TOTAL LOSSES OF TWO MACHINES
			FOC MS   10.3 J	PTC Classic   12.57 J	PTC SS   4.69 J
	load T	1 2.5 	  N m	;	load T	2 5 	  N m

TABLE 4 THE

 4 

				FUNDAMENTAL COMPONENT AND THD
				Fundamental (A)		THD (%)
			PTC Classic	PTC SS	PTC Classic	PTC SS
			MC1	MC2	MC1	MC2	MC1	MC2 MC1 MC2
	1 	2.675 8.043 2.635 8.028 21.62 14.37 0.79	0.52
		2	2.346 7.988 2.326 7.896 27.56 16.19 1.04	0.61
	3 	2.227	7.85	2.182 7.851 26.70 15.15 1.22	0.66