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Embedded systems are using more and more electric motors. To reduce the volume and weight it is important to share the static power conversion devices. Mono-Inverter Multiple-Permanent Magnet Synchronous Motor (MIMPMSM) system is an effective solution to this purpose. In this paper, a controller of MIMPMSM system containing N (N≥2) PMSM is proposed. It is designed through analyzing the existence of finite steady state operating point. Based on the conclusions of analysis, two control strategies: master-selection and non-master-selection are discussed. The simulation has demonstrated their effectiveness in different operating scenarios.

INTRODUCTION

MIMPMSM system (Fig. 1) has been studied and used for decades. This type of system configuration tends to reduce weight and complexity by removing duplicate electrical components. MIMPMSM system was first introduced to induction motor due to its inherent 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]. As the development of electronics, PMSM has been more and more widely used as actuator or traction purposes. Especially in the aviation domain, PMSM has become an optimal candidate for replacing actuators based on pneumatic power or hydraulic power, which is known as "More Electrical Aircraft" [START_REF] Sarlioglu | More Electric Aircraft -Review, Challenges and Opportunities for Commercial Transport Aircraft[END_REF]. The parallel connected PMSM actuators configuration makes sense of this mass sensitive application, where multiple actuators are used for the same purpose in the flight control system. Fig. 1 A 2-level 3-phase inverter driving N PSMSs in parallel Some studies [START_REF] Chiasson | Independent control of two PM motors using a single inverter: application to elevator doors[END_REF]- [START_REF] Liu | An Efficiency Optimizing Controller Design Method for Mono-Inverter Dual-PMSM System[END_REF] have intended to solve the control problem of a special case that a MIMPMSM system integrating two PMSMs. Among these studies, [START_REF] Chiasson | Independent control of two PM motors using a single inverter: application to elevator doors[END_REF] has proved its feasibility and provided a controller design criterion on this configuration. In [START_REF] Del Pizzo | High performance control technique for unbalanced operations of single-vsi dual-PM brushles motor drives[END_REF]- [START_REF] Lazi | Dual motor drives for PMSM using average phase current technique[END_REF] average techniques have used to map multiple motors into one. [START_REF] Acampa | Predictive control technique of single inverter dual motor AC-brushless drives[END_REF]- [START_REF] Bouarfa | Optimal Predictive Torque Control of Two PMSM supplied in Parallel on a Single Inverter[END_REF] have tried to adapt Model Predictive Control to MIMPMSM system. [START_REF] Bidart | Mono inverter multi-parallel permanent magnet synchronous motor: structure and control strategy[END_REF] is a special strategy, which is called Master-Slave. At each instant, it chooses one out of two motors as control object by comparing their electrical position to guarantee the stability of the system. This approach is simple and high efficiency [START_REF] Liu | Comparative study of different predictive torque control strategies for mono-inverter dual-PMSM system[END_REF]. [START_REF] Lee | Control Method for Mono Inverter Dual Parallel Surface-Mounted Permanent-Magnet Synchronous Machine Drive System[END_REF] has proposed a system efficiency optimization method based on steady state. Especially [START_REF] Chiasson | Independent control of two PM motors using a single inverter: application to elevator doors[END_REF]; [START_REF] Lee | Control Method for Mono Inverter Dual Parallel Surface-Mounted Permanent-Magnet Synchronous Machine Drive System[END_REF] have provided a steady state analysis method. [START_REF] Liu | An Efficiency Optimizing Controller Design Method for Mono-Inverter Dual-PMSM System[END_REF] has explicitly used steady state solution existence criteria as controller designing and system optimizing method. Its result has shown the effectiveness.

As the control problem of Mono-Inverter Dual-PMSM (MIDPMSM) system well solved, it is interesting to move to the MIMPMSM system containing more than 2 motors. [START_REF] Liu | An Efficiency Optimizing Controller Design Method for Mono-Inverter Dual-PMSM System[END_REF] has provided a good starting point of controller designing method by discussing the steady state solution existence of a MIMPMSM system. Based on the method, in this paper, feasibility of MIMPMSM system is proved. And a controller of MIMPMSM system is developed. Finally, a simulation is conducted with the help of MATLAB/Simulink to illustrate its feasibility.

SYSTEM ANALYSIS AND CONTROLLER DESIGN

For a PMSM, it is important to control the angle between the stator flux generated by excitation and the rotor flux imposed by the permanent magnet. But in MIMPMSM system, power supply voltage is common to all motor. Therefore, its stability cannot be guaranteed under different mechanical loads when a regular PMSM controller used. As discussed in [START_REF] Liu | An Efficiency Optimizing Controller Design Method for Mono-Inverter Dual-PMSM System[END_REF], control is feasible only when imposed steady state exist. In this chapter, this existence problem is discussed in two steps: In the first step, system constraint condition is analyzed and pointing out that controller must properly constrain the system to have finite solution existence. In the second step, criteria on the regulated variable is derived so that solution exists.

Model of MIMPMSM system

In this paper, a non-salient pole PMSM is considered. Its steady state equations of electrical machine in d-q frame can be expressed as follow:

[ 𝑉𝑉 𝑑𝑑 𝑉𝑉 𝑞𝑞 ] = [ 𝑅𝑅 𝑠𝑠 -𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝑅𝑅 𝑠𝑠 ] [ 𝐼𝐼 𝑑𝑑 𝐼𝐼 𝑞𝑞 ] + [ 0 𝜔𝜔 𝑒𝑒 𝜑𝜑 𝑓𝑓 ] (1) 
1. INTRODUCTION MIMPMSM system (Fig. 1) has been studied and used for decades. This type of system configuration tends to reduce weight and complexity by removing duplicate electrical components. MIMPMSM system was first introduced to induction motor due to its inherent 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]. As the development of electronics, PMSM has been more and more widely used as actuator or traction purposes. Especially in the aviation domain, PMSM has become an optimal candidate for replacing actuators based on pneumatic power or hydraulic power, which is known as "More Electrical Aircraft" [START_REF] Sarlioglu | More Electric Aircraft -Review, Challenges and Opportunities for Commercial Transport Aircraft[END_REF]. The parallel connected PMSM actuators configuration makes sense of this mass sensitive application, where multiple actuators are used for the same purpose in the flight control system. Some studies [START_REF] Chiasson | Independent control of two PM motors using a single inverter: application to elevator doors[END_REF]- [START_REF] Liu | An Efficiency Optimizing Controller Design Method for Mono-Inverter Dual-PMSM System[END_REF] have intended to solve the control problem of a special case that a MIMPMSM system integrating two PMSMs. Among these studies, [START_REF] Chiasson | Independent control of two PM motors using a single inverter: application to elevator doors[END_REF] has proved its feasibility and provided a controller design criterion on this configuration. In [START_REF] Del Pizzo | High performance control technique for unbalanced operations of single-vsi dual-PM brushles motor drives[END_REF]- [START_REF] Lazi | Dual motor drives for PMSM using average phase current technique[END_REF] average techniques have used to map multiple motors into one. [START_REF] Acampa | Predictive control technique of single inverter dual motor AC-brushless drives[END_REF]- [START_REF] Bouarfa | Optimal Predictive Torque Control of Two PMSM supplied in Parallel on a Single Inverter[END_REF] have tried to adapt Model Predictive Control to MIMPMSM system. [START_REF] Bidart | Mono inverter multi-parallel permanent magnet synchronous motor: structure and control strategy[END_REF] is a special strategy, which is called Master-Slave. At each instant, it chooses one out of two motors as control object by comparing their electrical position to guarantee the stability of the system.
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, where θ dM 1 ,M k = θ M k -θ M 1 . θ M 1 and θ M k correspond to the electrical angle of M 1 and M k . It is assumed that all motors have the same parameters and operate at the same speed in steady state. By merging model of M 1 ~MN , the steady state model of MIMPMSM system can be obtained (shown in (2)).

System constraints

Refer to the conclusion of [START_REF] Liu | An Efficiency Optimizing Controller Design Method for Mono-Inverter Dual-PMSM System[END_REF], control is feasible when and only when voltage solution exists for desired torque (I qM 1 … I qM N ) and speed (ω e ), which requires more or equal number of unknown variables than constraints. In (2) there are 2N + 1 unknown variables including

V dM 1 , V qM 1 ⏟ 2 , I dM 1 … I dM N ⏟ N , θ dM 1 ,M 2 … θ dM 1 ,M N ⏟ N-1
. While 2N constraints are provided. To properly constraint the system, the controller must apply an addition constraint on one of I dM 1 … I dM N and θ dM 1 ,M 2 … θ dM 1 ,M N so that its solution is finite. Here constraint on I d is preferred because the resulted controller structure would be less complex.

Proceeding with the analysis, constraints on this regulated variable must be discussed because the solution does not necessary exist under all condition. For example, as the I dM 1 is chosen as the constrained variable, the required voltage (V dM 1 , V qM 1 ) is consequently determined. Since all motors are parallel connected to the same inverter, the voltage magnitude is the same. Then it is possible to determine the constraints on I dM 1 by discussing each motor's steady state existence. Obviously, the solution exists only when I dM 1 satisfies all motors' constraints. Thus, compared to analyzing the giant model ( 2), it would be more convenient to work with the model of each motor then extend the conclusion to all motors.

(5) can be applied between M 1 and M k (1 < k ≤ N).

𝑉𝑉 𝑑𝑑𝑀𝑀 1 2 + 𝑉𝑉 𝑞𝑞𝑀𝑀 1 2 = 𝑉𝑉 𝑑𝑑𝑀𝑀 𝑘𝑘 2 + 𝑉𝑉 𝑞𝑞𝑀𝑀 𝑘𝑘 2 (5) 
Considering M k , the only unknown variables in ( 4) is I dM k and θ dM 1 ,M k . Replacing V dM k and V qM k with the right side of ( 4), the expression of I dM k can be got.

𝑍𝑍 2 𝐼𝐼 𝑑𝑑𝑑𝑑 2 + 𝛼𝛼𝐼𝐼 𝑑𝑑𝑑𝑑 + 𝛽𝛽 = 0 (6) 
where

𝑍𝑍 = √𝑅𝑅 𝑠𝑠 2 + (𝜔𝜔 𝑒𝑒 𝐿𝐿 𝑠𝑠 ) 2 𝛼𝛼 = 2𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 2 𝜑𝜑 𝑓𝑓 𝛽𝛽 = (𝜔𝜔 𝑒𝑒 𝐿𝐿 𝑠𝑠 𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 ) 2 + (𝑅𝑅 𝑠𝑠 𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 + 𝜔𝜔 𝑒𝑒 𝜑𝜑 𝑓𝑓 ) 2 -(𝑅𝑅 𝑠𝑠 𝐼𝐼 𝑑𝑑𝑀𝑀 1 - 𝜔𝜔 𝑒𝑒 𝐿𝐿 𝑠𝑠 𝐼𝐼 𝑞𝑞𝑀𝑀 1 ) 2 -(𝑅𝑅 𝑠𝑠 𝐼𝐼 𝑞𝑞𝑀𝑀 1 + 𝜔𝜔 𝑒𝑒 𝐿𝐿 𝑠𝑠 𝐼𝐼 𝑑𝑑𝑀𝑀 1 + 𝜔𝜔 𝑒𝑒 𝜑𝜑 𝑓𝑓 ) 2 (7) 
(6) is a quadratic equation related to I dM 1 which means that the existence criterion of each motor relay on I dM 1 only. Its constraint can be calculated by analyzing the solution existence of ( 6). ( 6) has two real solutions when and only when

4𝑍𝑍 4 𝐼𝐼 𝑑𝑑𝑀𝑀 1 2 + 4𝛼𝛼𝑍𝑍 2 𝐼𝐼 𝑑𝑑𝑀𝑀 1 + 𝛼𝛼 2 + 4𝑍𝑍 2 (𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 1 ) -𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 )) ≥ 0 (8)
where

𝑓𝑓(𝑥𝑥) = 𝑥𝑥 2 + 2𝑅𝑅 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝜑𝜑 𝑝𝑝 𝑅𝑅 𝑠𝑠 2 + (𝜔𝜔 𝑒𝑒 𝐿𝐿 𝑠𝑠 ) 2 . 𝑥𝑥 (9) 
Each motor in 𝕄𝕄 1 must satisfy (8) so that the steady state solution for entire system exists. As the coefficient before

[ 1 0 0 1 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 2 𝑐𝑐𝑠𝑠𝑠𝑠 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 2 -𝑐𝑐𝑠𝑠𝑠𝑠 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 2 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 2 ⋮ ⋮ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 𝑁𝑁 𝑐𝑐𝑠𝑠𝑠𝑠 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 𝑁𝑁 -𝑐𝑐𝑠𝑠𝑠𝑠 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 𝑁𝑁 ] [ 𝑉𝑉 𝑑𝑑𝑀𝑀 1 𝑉𝑉 𝑞𝑞𝑀𝑀 1 ] = [ 𝑅𝑅 𝑠𝑠 -𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 ⋯ 0 0 𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝑅𝑅 𝑠𝑠 ⋯ 0 0 ⋮ ⋮ ⋱ ⋮ ⋮ 0 0 ⋯ 𝑅𝑅 𝑠𝑠 -𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 0 0 ⋯ 𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝑅𝑅 𝑠𝑠 ] [ 𝐼𝐼 𝑑𝑑𝑀𝑀 1 𝐼𝐼 𝑞𝑞𝑀𝑀 1 ⋮ 𝐼𝐼 𝑑𝑑𝑀𝑀 𝑁𝑁 𝐼𝐼 𝑞𝑞𝑀𝑀 𝑁𝑁 ] + [ 0 𝜔𝜔 𝑒𝑒 𝜑𝜑 𝑓𝑓 ⋮ 0 𝜔𝜔 𝑒𝑒 𝜑𝜑 𝑓𝑓] (2) 2
Proceedings of the 20th IFAC World Congress Toulouse, France, July 9-14, 2017 I dM 1 2 is always positive, the solution of ( 8) can be divided into two cases. In the first case, for the equation ( 11),

4𝑍𝑍 4 𝐼𝐼 𝑑𝑑𝑀𝑀 1 2 + 4𝛼𝛼𝑍𝑍 2 𝐼𝐼 𝑑𝑑𝑀𝑀 1 + 𝛼𝛼 2 + 4𝑍𝑍 2 (𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 1 ) -𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 )) = 0 (11)
when there are real roots, which is equivalent to

𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 ) ≥ 𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 1 ) (12) 
The solution of ( 8) is

(-∞, - 𝛼𝛼 2𝑍𝑍 4 -√𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀𝑘𝑘 ) -𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀1 )] ∪ [- 𝛼𝛼 2𝑍𝑍 4 + √𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀𝑘𝑘 ) -𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀1 ) , +∞) (13) 
In the second case, when there is no real root, the solution is

(-∞, +∞) (14) 
Define set 𝕀𝕀 M k , as expressed in [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF], which represents the constrained range of I dM 1 determined by M k . Thus, for the entire system, I dM 1 must be regulated in the range determined by 𝕀𝕀 = 𝕀𝕀 M 2 ∩ … ∩ 𝕀𝕀 M N . This constraint on I dM 1 leads to two different control strategies. Their control schemes are shown in Fig. 3. They refer to the Master-Slave strategy [START_REF] Bidart | Mono inverter multi-parallel permanent magnet synchronous motor: structure and control strategy[END_REF] which means only one motor is controlled. They are introduced below.

1) Non-master selection

Compared to Master-Slave strategy, the master selection part is removed. A dedicated block is responsible for calculating appreciate reference of I dM 1 . At each instant, it will evaluate f(I qM 1 ) and f(I qM k ) then calculate 𝕀𝕀 M k by [START_REF] Nguyen | A new approach to Predictive Torque Control with Dual Parallel PMSM system[END_REF]. In final 𝕀𝕀 can be obtained. I dM 1 * is set to the minimal magnitude value in 𝕀𝕀 under the Maximum Torque Per Ampere (MTPA) law. It should be noticed that if 𝕀𝕀 = (-∞, +∞), I dM 1 * is set to 0. The motor under control remains unchanged.

2) Master selection

On the other hand, it is possible that not only regulate I dM 1 passively under the constraints but also choose the motor as M 1 which satisfies f(I qM 1 ) > f(I qM k ), M k ∈ 𝕄𝕄 1 . Therefore, the constraint range 𝕀𝕀 is always (-∞, +∞) in such case. I dM 1 * can be arbitrary. This strategy is similar with the Master-Slave strategy oriented for MIDPMSM system. While in Master-Slave, I qM 1 ≥ I qM k , M k ∈ 𝕄𝕄 1 , is the master criteria. In fact, these two criteria are equivalent under specific condition. Fig. 2 shows the curve shape of (8) when motors are rotating in positive direction. The curve can be divided into three zone: I q < -𝑅𝑅 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝜑𝜑 𝑝𝑝 𝑅𝑅 𝑠𝑠 2 +(𝜔𝜔 𝑒𝑒 𝐿𝐿 𝑠𝑠 ) 2 , I q ≤ -𝑅𝑅 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝜑𝜑 𝑝𝑝 𝑅𝑅 𝑠𝑠 2 +(𝜔𝜔 𝑒𝑒 𝐿𝐿 𝑠𝑠 ) 2 ≤ 0, and I q > 0. They can be identified with red, green and blue correspondingly. Their explanations are: 1) Red zone: motor mode. f(I qM 1 ) > f(I qM k ) when I qM 1 > I qM k .

2) Green zone: generators mode. f(I qM 1 ) > f(I qM k ) when I qM 1 > I qM k .

3) Blue zone: generators mode. f(I qM 1 ) > f(I qM k ) when

I qM 1 < I qM k .
In summary, the criteria I qM 1 ≥ I qM k is equivalent to f(I qM 1 ) ≥ f(I qM k ) only when all motors are operating in the green and blue zone. But in the red zone, they are no longer equivalent. The criteria f(I qM 1 ) ≥ f(I qM k ) must be used in this situation.

Fig. 2 Curve shape of 𝑓𝑓(𝑥𝑥) when motor is rotating in the positive direction.

Stability Analysis

In the proposed control strategies, there is only one motor close loop controlled. Other motors are operating open loop. It is important to evaluate their stability. As the steady state existence being guaranteed in the last part, their stability can be evaluated by the linearized model of each motor around this state. [START_REF] Novak | Stability issues of high-speed PMSM feedback control systems[END_REF] has presented the linearized model of PMSM. It is shown in [START_REF] Bidart | Mono inverter multi-parallel permanent magnet synchronous motor: structure and control strategy[END_REF]. where 𝛿𝛿 M k is the angle between voltage vector and back-EMF vector. Refer to the conclusion of [START_REF] Novak | Stability issues of high-speed PMSM feedback control systems[END_REF], the corresponding derivation around steady state is

[ - 𝑅𝑅 𝑠𝑠 𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 - 𝑉𝑉 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿 𝑀𝑀 𝑘𝑘 𝐿𝐿 𝑠𝑠 -𝜔𝜔 𝑒𝑒 - 𝑅𝑅 𝑠𝑠 𝐿𝐿 𝑠𝑠 -𝐼𝐼 𝑑𝑑𝑀𝑀 𝑘𝑘 - 𝜑𝜑 𝑓𝑓 𝐿𝐿 𝑠𝑠 - 𝑉𝑉 𝑐𝑐𝑠𝑠𝑠𝑠 𝛿𝛿 𝑀𝑀 𝑘𝑘 𝐿𝐿 𝑠𝑠 0 𝑁𝑁 𝑝𝑝 2 𝜑𝜑 𝑓𝑓 𝐽𝐽 - 𝑓𝑓 𝐽𝐽 0 0 0 -1 0 ] (16) 
The eigenvalues of ( 16) represents the stability of M k , M k ∈ 𝕄𝕄 1 . There are 4 state variables in this matrix: I qM k is determined by load torque; I dM k can be calculated by [START_REF] Asri | A speed sensorless field oriented control of parallel-connected dual PMSM[END_REF]. But only the smaller magnitude solution is kept. The bigger magnitude solution corresponds to a non-stabile state at which the system cannot operate. It is shown in Fig. 4(b); ω M k equals to zero since there isn't relative movement between voltage vector and back-EMF vector in steady state; the input vector can be determined by [START_REF] Lee | Control Method for Mono Inverter Dual Parallel Surface-Mounted Permanent-Magnet Synchronous Machine Drive System[END_REF].

{ 𝑉𝑉 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿 𝑀𝑀 𝑘𝑘 = 𝑉𝑉 𝑞𝑞𝑀𝑀 1 𝑉𝑉 𝑐𝑐𝑠𝑠𝑠𝑠 𝛿𝛿 𝑀𝑀 𝑘𝑘 = -𝑉𝑉 𝑑𝑑𝑀𝑀 1 ( 17 
)
As it is difficult to obtain the analytical expression of the eigenvalues, Fig. 4(a) has shown a representative result of a MIMPMSM system with two motors. Roots of M 2 is drawn respect to I dM 1 changing from -10A to 10A, ω e = 400rad/ s. I qM 1 = -5A, I qM 2 = -4A. All eigenvalue located in the left panel. The system is stable.

SIMULATION

To verify the feasibility and stability of the proposed controller, a simulation is conducted in MATLAB/Simulink environment. The used motors' parameters are shown in TABLE I.

During the simulation, the system is consisted of three motors.

The first motor has the highest friction parameter so it is the master motor when no external load applied. After simulation started, all motors are brought to steady speed operation condition. Then a triangular shape torque load is applied to the second motor to test the situation when load torque relationship changed. Its shape is shown in Fig. 6. It can be identified that when there is no external load applied, I dM 1 is set to 0. When load torque of M 2 becoming bigger than M 1 (I qM 2 < I qM 1 ), I dM 1 also increases due to the constraint applied. This is essential for the proper operation of the system. Fig. 5(b) illustrates the result of the master-selection strategy. When no external load applied, its behavior is similar to non-master selection strategy, but as soon as I qM 2 < I qM 1 , M 2 is chosen as the control object and its Id becomes 0. As a comparison, Fig. 7 has shown the result of a regular controller for one motor. It is obvious that when the load torque of M 2 exceeds M 1 , M 2 lost synchronous immediately due to steady state non-existence.

CONCLUSION

This paper has illustrated a controller for MIMPMSM system. It proves that MIMPMSM system using a 2-level 3-legs inverter is completely feasible because there are more degrees of freedom than constraints. And the controller is designed oriented for the steady state existence. Once the steady state solution exists, its stability can be subsequently guaranteed thanks to the auto-synchronization characteristic of a PMSM. Simulation has demonstrated its feasibility and stability. 
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 12 Fig. 1 A 2-level 3-phase inverter driving N PSMSs in parallel
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 12 Fig. 1 A 2-level 3-phase inverter driving N PSMSs in parallel
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 1 Fig. 1 A 2-level 3-phase inverter driving N PSMSs in parallel
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 12 Fig. 1 A 2-level 3-phase inverter driving N PSMSs in parallel

Fig. 4 Fig. 3

 43 Fig. 4 Eigenvalues around steady state by changing I d1 from -10A to 10A.(a) Smaller magnitude of I d1 is chosen. (b) Bigger magnitude of I d1 is chosen.

Fig. 6

 6 Fig. 6 Load Torque applied to the second motor Fig. 5 has shown the simulation results of each control strategy.Both are operational. Fig.5(a) refers to the non-master selection strategy. It can be identified that when there is no external load applied, I dM 1 is set to 0. When load torque of M 2 becoming bigger than M 1 (I qM 2 < I qM 1 ), I dM 1 also increases due to the constraint applied. This is essential for the proper operation of the system. Fig.5(b) illustrates the result of the master-selection strategy. When no external load applied, its behavior is similar to non-master selection strategy, but as soon as I qM 2 < I qM 1 , M 2 is chosen as the control object and its Id becomes 0. As a comparison, Fig.7has shown the result of a regular controller for one motor. It is obvious that when the load torque of M 2 exceeds M 1 , M 2 lost synchronous immediately due to steady state non-existence.

Fig. 5 Fig. 7 A

 57 Fig. 5 Simulation result of (a) non-master selection. (b) master selection.
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  𝑑𝑑 , 𝑉𝑉 𝑞𝑞 : Stator Voltage.

	𝐼𝐼 𝑑𝑑 , 𝐼𝐼 𝑞𝑞 : Stator Current.							
	𝐿𝐿 𝑠𝑠 : Stator windings inductance.				
	𝜑𝜑 𝑓𝑓 : Permanent magnets flux.				
	𝑅𝑅 𝑠𝑠 : Stator resistance.							
	𝜔𝜔 𝑒𝑒 : Electrical speed							
	And the torque equation is					
	𝑇𝑇 𝑒𝑒 = 𝑁𝑁 𝑝𝑝 𝜑𝜑 𝑓𝑓 𝐼𝐼 𝑞𝑞				(3)
	N [ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 𝑘𝑘 𝑐𝑐𝑠𝑠𝑠𝑠 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 𝑘𝑘 -𝑐𝑐𝑠𝑠𝑠𝑠 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 𝑘𝑘 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 𝑑𝑑𝑀𝑀 1 ,𝑀𝑀 𝑘𝑘	] [	𝑉𝑉 𝑑𝑑𝑀𝑀 1 𝑉𝑉 𝑞𝑞𝑀𝑀 1	] = [ 𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝑅𝑅 𝑠𝑠 -𝐿𝐿 𝑠𝑠 𝜔𝜔 𝑒𝑒 𝑅𝑅 𝑠𝑠	] [ 𝐼𝐼 𝑑𝑑𝑀𝑀 𝑘𝑘 𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘	] + [	0 𝜔𝜔 𝑒𝑒 𝜑𝜑 𝑓𝑓	]

p is the pole number. Power invariant law is applied to all quantities during Clark-transform. All motors involved in a MIMPMSM system can be expressed by a set 𝕄𝕄 = {M 1 , M 2 , … , M N }. Since they are parallel connected, while in definition d-axis is fixed to the flux's orientation, input voltage vectors V ⃗ ⃗ is different in each motor's frame. To simplify the analysis, one of these motors is defined as reference motor (M 1 ) and all the rest motors' voltage is expressed as a transform of M 1 's voltage. For motor M k ∈ 𝕄𝕄 1 , 𝕄𝕄 1 = 𝕄𝕄 -{M 1 } , its steady state model can be expressed as

  𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 𝜑𝜑 𝑓𝑓 -𝑓𝑓 𝑀𝑀 𝑘𝑘 (𝜔𝜔 𝑒𝑒 + 𝜔𝜔 𝑀𝑀 𝑘𝑘 ) -𝑇𝑇 𝑙𝑙𝑀𝑀 𝑘𝑘 √𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 ) -𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 1 ) , +∞) 𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 ) ≥ 𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 1 ) (-∞, +∞) 𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 ) < 𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 1 )
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	𝕀𝕀 𝑀𝑀 𝑘𝑘 = {	(-∞, -	𝛼𝛼 2𝑍𝑍 4 -√𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 ) -𝑓𝑓(𝐼𝐼 𝑞𝑞𝑀𝑀 1 )] ∪ [-	𝛼𝛼 2𝑍𝑍 4 + (10)
				𝑑𝑑𝐼𝐼 𝑑𝑑𝑀𝑀 𝑘𝑘 𝑑𝑑𝑑𝑑	= -	𝑅𝑅 𝑠𝑠 𝐿𝐿 𝑠𝑠	𝐼𝐼 𝑑𝑑𝑀𝑀 𝑘𝑘 + (𝜔𝜔 𝑒𝑒 + 𝜔𝜔 𝑀𝑀 𝑘𝑘 )𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 -	𝑉𝑉 𝑠𝑠𝑠𝑠𝑠𝑠 𝛿𝛿 𝑀𝑀 𝑘𝑘 𝐿𝐿 𝑠𝑠
				𝑑𝑑𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 𝑑𝑑𝑑𝑑 𝑑𝑑𝜔𝜔 𝑀𝑀 𝑘𝑘 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 𝑑𝑑𝛿𝛿 𝑘𝑘𝑀𝑀 𝑘𝑘	= -(𝜔𝜔 𝑒𝑒 + 𝜔𝜔 𝑀𝑀 𝑘𝑘 )𝐼𝐼 𝑑𝑑𝑀𝑀 𝑘𝑘 -= 𝑁𝑁 𝑝𝑝 = -𝜔𝜔 𝑀𝑀 𝑘𝑘 2 𝐽𝐽 𝑘𝑘	𝑅𝑅 𝑠𝑠 𝐿𝐿 𝑠𝑠	𝐼𝐼 𝑞𝑞𝑀𝑀 𝑘𝑘 +	𝑉𝑉 𝑐𝑐𝑐𝑐𝑠𝑠 𝛿𝛿 𝑀𝑀 𝑘𝑘 𝐿𝐿 𝑠𝑠	-	(𝜔𝜔 𝑒𝑒 + 𝜔𝜔 𝑘𝑘𝑀𝑀 𝑘𝑘 )𝜑𝜑 𝑓𝑓 𝐿𝐿 𝑠𝑠	(15)

  𝐼𝐼 𝑎𝑎 ,𝐼𝐼 𝑏𝑏 ,𝐼𝐼 𝑐𝑐 𝐼𝐼 𝑎𝑎𝑀𝑀 1 ,𝐼𝐼 𝑏𝑏𝑀𝑀 1 ,𝐼𝐼 𝑐𝑐𝑀𝑀 1 𝐼𝐼 𝑎𝑎𝑀𝑀 𝑁𝑁 ,𝐼𝐼 𝑏𝑏𝑀𝑀 𝑁𝑁 ,𝐼𝐼 𝑐𝑐𝑀𝑀 𝑁𝑁 Proceedings of the 20th IFAC World Congress Toulouse, France, July 9-14, 2017

	𝜔𝜔 𝑟𝑟𝑒𝑒𝑓𝑓	+ -𝜔𝜔 𝑀𝑀 1	PI	𝐼𝐼 𝑞𝑞𝑀𝑀 1 * 𝐼𝐼 𝑑𝑑𝑀𝑀 1 *	Current Controller 𝐼𝐼 𝑑𝑑𝑀𝑀 1 𝐼𝐼 𝑞𝑞𝑀𝑀 1 𝑆𝑆 𝐵𝐵 𝑆𝑆 𝐶𝐶 𝑆𝑆 𝐴𝐴	E	𝑉𝑉 𝐵𝐵 𝑉𝑉 𝐶𝐶 𝑉𝑉 𝐴𝐴	MIMP SYSTEM	𝜔𝜔 𝑟𝑟𝑒𝑒𝑓𝑓	+	-	PI 0	𝐼𝐼 𝑞𝑞 * * 𝐼𝐼 𝑑𝑑	𝐼𝐼 𝑑𝑑 Current Controller	𝐼𝐼 𝑞𝑞	𝑆𝑆 𝐴𝐴 𝑆𝑆 𝐵𝐵 𝑆𝑆 𝐶𝐶	E	𝑉𝑉 𝐴𝐴 𝑉𝑉 𝐵𝐵 𝑉𝑉 𝐶𝐶	MIMP SYSTEM
			Choose Minimum Magnitude		𝕀𝕀 𝑀𝑀 2	Value Range determination	𝐼𝐼 𝑞𝑞𝑀𝑀 1 𝐼𝐼 𝑞𝑞𝑀𝑀 2						Park Transform			
				𝕀𝕀	∩	𝕀𝕀 𝑀𝑀 3	Value Range determination	𝐼𝐼 𝑞𝑞𝑀𝑀 1 𝐼𝐼 𝑞𝑞𝑀𝑀 3									…	𝐼𝐼 𝑞𝑞𝑀𝑀 1
																		𝑑𝑑 𝑀𝑀 1		Master Selection	… 𝐼𝐼 𝑞𝑞𝑀𝑀 𝑁𝑁
						𝕀𝕀 𝑀𝑀 𝑁𝑁	Value Range determination	𝐼𝐼 𝑞𝑞𝑀𝑀 1 𝐼𝐼 𝑞𝑞𝑀𝑀 𝑁𝑁		𝜔𝜔 𝑚𝑚	𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑			𝑑𝑑		… 𝑑𝑑 𝑀𝑀 𝑁𝑁

TABLE I PARAMETERS

 I OF PMSM

	Symbol	Description	Value
	𝑽𝑽 𝒅𝒅𝒅𝒅	Voltage of the DC bus	30V
	𝑰𝑰 𝒏𝒏	Nominal Current	4.3A
	𝑷𝑷 𝒏𝒏	Nominal Power	913W
	𝒇𝒇 𝒅𝒅𝒅𝒅𝒅𝒅	Current Control frequency	10 kHz
	𝑹𝑹 𝒔𝒔	Stator resistance	1.25Ω
	𝑳𝑳 𝒔𝒔	Cyclic inductance	1.65 mH

While the efficiency problem must be solved in future. [17]; [18] have proposed the optimal efficiency control strategy for MIDPMSM system. But for MIMPMSM system, the calculation of optimal operation point and regulating strategy are interesting study point.