Tianyi Liu 
email: tianyi.liu@laplace.univ-tlse.fr
  
Maurice Fadel 
email: fadel@laplace.univ-tlse.fr
  
  
  
  
  
An Efficiency Optimizing Controller Design Method for Mono-Inverter Dual-PMSM System

Keywords: Dual, PMSM, Control, Efficiency

Reducing number of static converters in electromechanical systems will lead to a global degradation of energy efficiency. In the case of Mono-Inverter Dual-Permanent Magnet Synchronous Machine (MIDPMSM) system, several studies have shown this effect especially when the load torques are different. In this paper, after analyzing the performance of Optimal Predictive Control (OPC) for MIDPMSM system and the root cause of its low efficiency, an efficiency optimizing controller design method for MIDPMSM system is proposed. Based on this method, a controller is designed and its performance is evaluated and compared to OPC and significant performance and efficiency improvements can be identified.

I. INTRODUCTION

Researches in the Mono-Inverter Dual-PMSM (MIDPMSM) system (Fig. 1) have been carried out for decades. This concept was first introduced to induction machine due to its inherit stability that comes from slip [START_REF] Kelecy | Control methodology for single inverter, parallel connected dual induction motor drives for electric vehicles[END_REF]; [START_REF] Bouscayrol | Weighted Control of Traction Drives With Parallel-Connected AC Machines[END_REF]. And it has been used in some traction application such as a locomotive so as to reduce weight and system complexity. As the development of electronics, using PMSM as actuator or traction has become popular. Under the concept of "More Electrical Aircraft" [START_REF] Sarlioglu | More Electric Aircraft -Review, Challenges and Opportunities for Commercial Transport Aircraft[END_REF], an attempt to replace onboard mechanical power and hydraulic power with electrical power, the parallel connected PMSM actuators configuration makes sense in this mass sensitive application, where multiple actuators are used for the same purpose in the flight control system.

Various control strategies for this special system have been proposed in previous studies. [START_REF] Kelecy | Control methodology for single inverter, parallel connected dual induction motor drives for electric vehicles[END_REF]; [START_REF] Chiasson | Independent control of two PM motors using a single inverter: application to elevator doors[END_REF] has proved the torque controllability of this system. Other researches [START_REF] Asri | A speed sensorless field oriented control of parallel-connected dual PMSM[END_REF]; [START_REF] Lazi | Dual motor drives for PMSM using average phase current technique[END_REF] use average technique to transfer the two parallel machines into one and regular current control techniques for one machine can be applied. In [START_REF] Acampa | Optimized control technique of single inverter dual motor AC-brushless drives[END_REF], a more complicated "Mean and Difference" technique, which is initially proposed to the current control of parallel induction machines, is introduced into PMSM. Based on this, in [START_REF] Acampa | Predictive control technique of single inverter dual motor AC-brushless drives[END_REF] a predictive control scheme is applied. In [START_REF] Foch | Power system comprising several synchronous machines synchronously selfcontrolled by a converter and control method for such a system[END_REF]; [START_REF] Bidart | Mono inverter dual parallel PMSM -structure and control strategy[END_REF], the master-slave strategy, which only consider the machine with higher load torque and the other one is left open loop operating, is proposed.

As the system feasibility problem solved, efficiency problem comes into researcher's sight. Unlike common Mono-Inverter Mono-PMSM system whose efficiency can be optimized through Maximum Torque Per Ampere (MTPA) law which sets the current in d-axis equals to 0, efficiency optimization problem in MIDPMSM system is more complex due to the fact that it is not possible to set both machine's equal to zero when their torques are not the same [START_REF] Lee | Analysis and control of mono inverter dual parallel SPMSM drive system[END_REF]. [START_REF] Del Pizzo | High performance control technique for unbalanced operations of single-vsi dual-PM brushles motor drives[END_REF] has tried to apply MTPA law to MIDPMSM system by maximizing the ratio between total and . In [START_REF] Lee | Minimization of stator currents for mono inverter dual parallel PMSM drive system[END_REF], the maximum efficiency point of MIDPMSM system is studied.

With the popular of Model Predictive Control (MPC), it is also brought to MIDPMSM system. Proposed in [START_REF] Linh Nguyen; Fadel | Predictive Torque Control -A solution for mono inverter-dual parallel PMSM system[END_REF]- [START_REF] Bouarfa | Optimal Predictive Torque Control of Two PMSM supplied in Parallel on a Single Inverter[END_REF], Optimal Predictive Control (OPC) handles this system directly using optimal voltage vector prediction. It formulates the control problem into an optimization problem by minimizing a cost function which takes both torque reference and system efficiency into account at the same time. But experiment Error! Reference source not found. has shown that this type of control strategy presents even worse efficiency than other control strategies'.

In this paper, from the point of view of system constraint, the root cause of low efficiency for OPC is studied. Based on these analysis, a new controller design method for efficiency optimization purpose is presented. In the second part, experimental results prove the feasibility and it also shows the new control scheme takes great advantages in term of efficiency and control quality comparing to OPC.

II. OPTIMAL PREDICTIVE CONTROL FOR MIDPMSM SYSTEM

Before proceeding to the analysis, the model of inverter and PMSM as well as the working principle of OPC for MIDPMSM system are illustrated.

A. Three phase inverter model

A 2-level 3-phase inverter is used in MIDPMSM system. Its mathematical model can be expressed by [START_REF] Kelecy | Control methodology for single inverter, parallel connected dual induction motor drives for electric vehicles[END_REF].
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where , , represent the corresponding phase voltage, voltage of the DC bus and , , the switching states of each phase which have the following relationship:

= 0 ⇔ = 0 = 1 ⇔ = (2)
This inverter can provide 2 3 = 8 configurations, or 8 feasible voltage vectors in -frame, which is stationary (Fig. 2) respect to the stator. Two of them, and , correspond to the same null vectors.

B. Modelling of PMSM

In this paper a non-salient pole PMSM is considered. This assumption means the electromotive force is sinusoidal, the magnetic losses and the cogging torque are negligible and the magnetic circuit operates in linear region. Defining the d axis of d-q frame align with the rotor's flux, the equations of the electrical machine can be expressed as follow:

= - - - + 1 0 0 1 - 0 (3) 
, : Stator Voltage.

, : Stator Current.

: Stator windings inductance.

: Permanent magnets flux.

: Stator resistance.

: Electrical speed

The continuous model has to be discretized since MPC algorithm must be executed by digital controller. Defining the interval of prediction and merging each machine's model together, the discretized state model for MIDPMSM system is shown in [START_REF] Kelecy | Control methodology for single inverter, parallel connected dual induction motor drives for electric vehicles[END_REF]. The index k represents the samples taken in = . And it will be assumed that the rotor speed is constant over a period .

= -, where and correspond to the electrical angle of each machine.

Since two machines are connected in parallel, while d-q frame is fixed to the flux's orientation by definition, input voltage vectors are different in each machine's frame if their rotor position is not the same. In (4) it is mapped from machine1's frame into machine2's. And voltage vector is represented by its value in machine1's frame in order to simplified the equations.

+ 1 + 1 + 1 + 1 = 1 - 0 0 - 1 - 0 0 0 0 1 - 0 0 - 1 - + 1 0 0 1 - - 0 0 (4) 

C. Working principle of OPC

For the torque control of a PMSM, the electromagnetic torque and the stator flux, respectively and , should be controlled. The cost function is designed based on this so that these currents are brought to their reference. Thus, the cost function for one machine is expressed by:

= _ + 1 - + 1 + _ + 1 - + 1 (5) 
As a smooth pole PMSM, _ is set to zero according to MTPA law [START_REF] Peter | Sensorless Vector and Direct Torque Control[END_REF]. At each instant, the current in the next period is predicted and the best voltage vector that minimize the cost function must be selected either by Finite-Control-Set method [START_REF] Linh Nguyen; Fadel | Predictive Torque Control -A solution for mono inverter-dual parallel PMSM system[END_REF]; [START_REF] Linh Nguyen; Fadel | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF]or analytical calculation [START_REF] Bouarfa | Optimal Predictive Torque Control of Two PMSM supplied in Parallel on a Single Inverter[END_REF].

In the case of MIDPMSM system, the cost function is extended by defining two sub-cost functions for each machine:

= + 1 + _ + 1 - + 1 (6) = + 1 + _ + 1 - + 1 (7) 
and the global cost function g which has to be minimized is now the algebraic sum of the two sub-criteria: which intends to set the optimal state for two machines directly. In the last step, the voltage vector is either set directly to inverter [START_REF] Linh Nguyen; Fadel | Predictive Torque Control -A solution for mono inverter-dual parallel PMSM system[END_REF] or by Space Vector Modulation [START_REF] Linh Nguyen; Fadel | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF]; [START_REF] Bouarfa | Optimal Predictive Torque Control of Two PMSM supplied in Parallel on a Single Inverter[END_REF]. Its block diagram is shown in Fig. 3.

III.

OPTIMIZED CONTROLLER DESIGN METHOD From this point, OPC should be able to bring the d-q currents of each machine to their reference so that the torques are set and efficiency is maximized. But experiment (Fig. 8) has shown that there are offsets between current reference and response. OPC seems to have provided a "compromise" solution that neither torque is set nor efficiency is maximized. The system is still operational thanks to torque controllability. Meanwhile the PI controller used in speed loop has compensated these offset.

The key point to this problem is study the system constraints. Recall the steady-state equations of the electrical machine in the d-q frame:

= - + 0 (9) 
It is easy to extend (9) to MIDPMSM system through merging two separate models together.

must also be mapped into machine2's frame. The steady-state model of MIDPMSM system is shown in [START_REF] Foch | Power system comprising several synchronous machines synchronously selfcontrolled by a converter and control method for such a system[END_REF].

1 0 0 1 - = - 0 0 0 0 0 0 - 0 0 + 0 0 (10) 
In order to simplify the analysis, two machines are thought to be identical. Apart from machine parameters there are 8 state variables: , , , , , , , in this model and 4 equations. These variables are divided into three groups:

1) , , 2) , 3) , , 
The first variable group represents the control objective. The second group is the input to MIDPMSM system. The third group gathers all remaining variables that is not constrained. For a general controller for MIDPMSM system, it must find an input so that the speed and torque, respectively , and , are brought to their reference. In other words, if the control is feasible, treating control objective as known variable in [START_REF] Foch | Power system comprising several synchronous machines synchronously selfcontrolled by a converter and control method for such a system[END_REF], the solution of , must exist. Otherwise no matter how the controller is designed, the control objective would not be achieved. Now the controller design problem becomes solution existence problem of [START_REF] Foch | Power system comprising several synchronous machines synchronously selfcontrolled by a converter and control method for such a system[END_REF]. If a controller is designed to regulate only the speed and torque, obviously this system is underconstrained since there are 5 unknown variables remained but only 4 equations available. It may cause unexpected result such as singularity, which is related to [START_REF] Kelecy | Control methodology for single inverter, parallel connected dual induction motor drives for electric vehicles[END_REF]; [START_REF] Chiasson | Independent control of two PM motors using a single inverter: application to elevator doors[END_REF], or current exceeding physical limitation. On the contrary, if a controller tries to bring more than 4 variables to their reference, for example, both machine's equal to zero, it becomes over-constrained and no solution exists. In the case of OPC, for the reason that linear quadratic optimization method is used, a solution with minimal distance to the control objective is obtained. While from the point of view of control quality, none of the control objective is achieved since static error always exists.

In order to make the MIDPMSM system properly operate, in the first place, the controller must and only can apply an additional constrain to one of the variables in the third group so that the MIDPMSM system is adequate constrained. Then, the efficiency of a MIDPMSM system should be optimized in such a procedure that the controller sets a reference to this additional constrained variable which brings the system to maximum efficiency state. A similar scheme has been proposed in [START_REF] Lee | Minimization of stator currents for mono inverter dual parallel PMSM drive system[END_REF]. The author has chosen whose value is calculated by an efficiency optimization procedure. But the analysis here provides a systematic explanation to the control scheme design.

IV.

NEW CONTROL SCHEME The method of controller design has been discussed in section III. While in the control strategy proposed in this paper, among three variables, rather than is chosen as the constraint. For the reason that first, limiting inside a proper region is essential for system controllability. It is better to have an explicit and direct control on . Second, the only non-linearity inside the steadystate model ( 10) is related to , making it as a known variable can eliminate the non-linearity and simplify the analysis process and calculation. Third, in some applications, especially aerospace applications where angle deflection of two machines must be the same, must always be limited. Another benefit is that current sensor on the second machine can be saved. With these consideration, the steady-state model can be rewrite into a nonhomogeneous linear equations. It is shown in [START_REF] Bidart | Mono inverter dual parallel PMSM -structure and control strategy[END_REF].

- 0 1 0 - 0 0 1 0 - 0 - - = - + - + (11) 
A. Controller scheme The controller's block diagram is shown in Fig. 4. Two machines are separated as "Master" and "Slave". For the master machine, or machine 1, its torque is controlled directly by a PI speed controller. For the slave machine, or machine 2, its torques is controlled through indirectly regulating master machine's [START_REF] Lee | Minimization of stator currents for mono inverter dual parallel PMSM drive system[END_REF]. Its torque reference is given by a PI controller that regulates the optimized .

The current controller keeps using OPC but its cost function is adapted to only control the master machine. Until now, the torque control of two machines is assured.

B. Efficiency optimization

In the second step, in order to maximize the system efficiency, it is necessary to minimize the total current in d-axis of each machine. From the steady-state model ( 13), the analytical expression of and can be obtained:

= + - + - = + - + - (12) 
where = + . Defining the system efficiency as the ration between total mechanical power and total electrical power, the expression is shown in [START_REF] Del Pizzo | High performance control technique for unbalanced operations of single-vsi dual-PM brushles motor drives[END_REF].

= + + + + + + × 100% (13) 
Substituting and with [START_REF] Lee | Analysis and control of mono inverter dual parallel SPMSM drive system[END_REF], a typical curve of system efficiency respects to is shown in Fig. 5. It illustrates the system efficiency under different speed while the torques keep the same. Define a cost function:

= + (14) 
. When ( 14) is minimized, the system efficiency is consequently maximized. As and are related to , , , and , must be responsible for minimizing this cost function as it is the only degree of freedom. Since the other three quantities are controlled closed-looply, they will converge to their real value. By optimizing the cost function ( 14), the MIDPMSM system will converge to its optimal efficiency state finally.

Because it is difficult to obtain the analytical expression of the solution to the cost function [START_REF] Linh Nguyen; Fadel | Predictive Torque Control -A solution for mono inverter-dual parallel PMSM system[END_REF]. is obtained by an exhaustive method. Judging from Fig. 5, it can be identified that the position of optimal is related to torques relationship. When < , it appears in the left axis, which means that machine 1 is in advance to machine 2, and vice versa. Moreover, this optimal is unique. The exhaustive optimization procedure is designed as, at each instant, in either -π 2 , 0 or 0, π 2 depending on torques relationship, a group of consisted of 50 values with constant interval is evaluated, and the best one which minimize the cost function is selected. A Low-Pass filter is added to eliminate high frequency change of .

V. EXPERIMENT AND COMPARISON In order to verify the feasibility and performance of the new control strategy, an experiment is conducted. The machine's parameters are shown in TABLE I.

During the experiment, the MIDPMSM system were first put in steady state. Then, an external load torque was applied to machine 1 so as to test the system transient as well as efficiency optimization effect under unbalanced load torque situation. Its shape is shown in Fig. 7. For machine 2 the load torque was not applied.

Fig. 6 shows the experiment results of the new control scheme. For comparison purpose, OPC is also tested under the same condition. Its results are shown in Fig. 8. Both control strategies are operational. But from the results, it is easy to identify the advantages of the new proposed control scheme. It is illustrated in the speed responses that the new control scheme has much better performance in handling torque changes. It has faster transient than OPC. Meanwhile, significant mismatches between current reference and response are notable in OPC while they disappeared in the new one thanks to the properly applied constraints. On the other hand, current in d-axis is significantly reduced due to the optimization process In order to have a better impression of efficiency improvement, an indicator which represents the supplementary joule losses is used. Its expression is shown in [START_REF] Linh Nguyen; Fadel | Predictive Torque Control -A solution for mono inverter-dual parallel PMSM system[END_REF].

= + (15) 
Its results of each control scheme are shown in TABLE II. The new control scheme has reduced Joule Losses by 30%. VI.

CONCLUSION In this paper, a controller design method for efficiency optimization purpose for MIDPMSM system has been proposed. Rather than implementing control and optimization in one cost function, the controller must first assure the proper speed and torque control of each machine. Moreover, in order to avoid overconstrained situation, constraints applied to MIDPMSM system by the controller must be carefully analyzed. Only one of the three variables: , , can be constrained. With these requirements fulfilled, in order to maximize the system efficiency, the constrained variable can be optimized and regulated.

In the second step, a new control scheme based on this idea is proposed. The experiment has verified its feasibility and performance indicator shows dramatic improvements in system efficiency.

In the future the optimization method must be improved. It is an open-loop method that relays on correct parameters of the system. If parameters are mismatch, its effectiveness will be reduced. It would be interesting to be integrated with parameters identification or closed-loop max efficiency point searching method.
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	EXPERIMENT RESULT
	Control Scheme	supplementary Joule Losses (J)
	New control scheme	5.54
	OPC	7.92
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