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Computer Aided Thought Process for Robust PMSM Control

Permanent magnet synchronous machines are commonly used with a pulse width modulated inverters to obtain easy to use variable speed actuators. Such drive systems may be applied to different types of mechanical loads. The inverter must feed the machine with a sinusoidal current controlled in magnitude and phase to obtain a brushless behavior. Robust speed control techniques must be implemented when the mechanical load is uncertain or to maintain the performance whenever the load changes. This paper points out that internal torque/current control must be effective before tuning a speed controller. Thought process is explained step by step and is computer aided. The design of the different control loops are made in simulation with optimization approach or robust formulation. Due to DSP development the implementation on the actual device is described and controllers are tested easily.

I. INTRODUCTION

The use of using synchronous machines in several emergent applications stimulate the research for optimizing the control of such type of motor [START_REF] Comnac | Torque and speed Control of inverter-fed IMSM Using Sliding Mode[END_REF], [START_REF] Cerruto | A robust adaptative controller for PM motor drives in robotics applications[END_REF], [START_REF] Vas | Sensorless vector and direct torque control[END_REF]. Permanent Magnet Synchronous Machine (PMSM) and its inverter provide a good weight to power ratio. Moreover, a safe brushless behavior opens its application field to aeronautics, vehicles, etc. Applications types are very different e.g.: traction in electrical vehicle, speed control for pumps or position control for little air plane flaps. To control a PMSM in such different conditions the inverter must feed the machine with currents directly linked to the rotor position [START_REF] Peyras | Robust observer for sensorless control of synchronous drive with uncertain parameters[END_REF].

Accurate torque and current control of the PMSM drive are of paramount importance to allow high performance speed or position control [START_REF] Moberg | Robust Control of a Flexible Manipulator Arm:A Benchmark Problem[END_REF] [START_REF] Ferretti | Load Behavior Concerned PID Control for Two-Mass Servo Systems[END_REF]. Synchronous machines are now able to be used in variable speed applications due to inverter control. The voltage source inverter controlled in current regulated mode can feed the machine with sinusoidal current waveforms. The currents are controlled in magnitude to fix the torque and in phase to provide synchronization by using the rotor position knowledge. To have an ideal brushless behavior the internal current loop must: be accurate -exhibit low time response -be sinusoidal -handle adequately saturation and dead time effects.

If the internal current control loop is effective, the outer mechanical controller for speed or position control of the load can be easily designed easily. Under load variation two approaches can be adopted due to simulation facilities and mathematical formulation. Simulation can be made on computers to define by trial and error the optimal controller. A second approach consists in using optimization algorithms (Genetic Algorithm, Linear Quadratic, etc) to design robust controllers.

In Section II, the drive and its mechanical load are described for industrial practical application. In Section III the complete current control is detailed before establishing speed controller in Section IV. Section V presents the computer aided optimization and robust syntheses of controllers and implementation on DSP and experimental results are provided in Section VI.

II. DRIVE STRUCTURE

A. PMSM structure and load caracteristics

For most applications using PMSM drive, a classical current controller is sufficient. To get a constant torque, the current orientation in a d,q reference frame is kept constant. Indeed, the torque produced is proportional to the Iq and there is no need for back emf compensation. So, the control law in the d,q reference frame is designed to fix Id=0 and set Iq to provide the torque required by speed loop. Current control is made as follow:

-a Park transformation is used to convert the 3-phase equations in a 2-dimensional d,q reference frame rotating with the rotor.

-a regulation with 2 simple PI controllers on the 2 currents Id and Iq.

-gating signals are sent to the IGBT inverter are generated by using Pulse Width Modulation technique consisting in a comparison of the desired voltage reference, with a given slope with a duration period called Td=1/fd where fd is the switching frequency of the inverter. The result of the three comparisons provides the ON/OFF orders to the six IGBT drivers (with duty cycle a i ).

The three current references are generated with the same magnitude Iq (so the produced torque) and 120°a part from each other. An additional phase shift j can be added to optimize the control current strategy. In this case the torque is maximized using j=0.

The Park transformation recalled in (1) uses the rotor position q. p q p q q p q p q q P (1)

The 2-dimentional rotating reference frame model for the smooth poles PMSM can be written as shown in (2.1) and (2. Where Ld = Lq = Ls is the cyclic inductance, Rs is the stator resistance, y r is the magnet flux, w is the rotor velocity.

The control diagram shown in Figure 1 presents an internal current control loop and an external mechanical speed loop. It is not necessary and doubtful to mix current and speed control because that provides high order problems and it is clear, for most of applications, the position and speed controls are link to load behaviour with no high dynamics (eg: robotics… ) and current can be controlled with the highest dynamics and controlled accurately separately in cascade structure presented in Figure 1. Two stator currents, one dc bus voltage, motor position, load position and velocities needs to be measured to implemented the control law shown in Figure 1.

B. Practical phenomena

All theoretical models are used does not consider some practical issues like saturation on duty cycles, inverter dead time effects and sampling frequency limitation. To have the more linear behaviour in closed loop and to consider internal loop ideal in the external one: -the PWM is chosen to be symetric form -the inverter voltage is a limited DC bus E = 300V with a defined switching frequency (Fd = 10kHz) -Dead time effects (Tdt=7µs here) are added to avoid short circuit when two opposite switches commute in the same inverter leg are taken into account. Dead times introduce difference in the phases voltage thus the current values are affected.

A smooth poles PMSM is used, it is a 2.55kW Infranor machine with the following parameters: For the load, a lo ng axe is used, link to the ro tor through an elastic joint. An additional brake (to fix a resistant torque), 0, 1 or 2 wheels can be added representing three possible inertia values (Figure 2). This experimental set-up represents a complete industrial device, digital voltage and current sensors must also be taken into account with 12bits precision and relative noise on each measurement to be realistic.

III. CURRENT CONTROL

A. Dead Time management

In a PWM voltage inverter model, there are different ways to compute the voltage knowing the DC bus voltage E. The switch positions and the DC bus voltage E, give the opportunity to compute at each sampling period the equivalent average phase between phase voltage and phase to ground voltage used in the Park transform. If the ground is used as mid point in the inverter source, it becomes easy to use the duty cycle a i to compute the voltage: Vi = a i *E

In industry there is no ground connection between inverter and the load (Figure 3) the combination of switches is thus needed.

Depending on the state (ON/OFF) of each leg, equivalent average voltage can be computed at each sampling period using the following equations ( 3 
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Where fma, fmb, fmc are the modulating signals sent by the comparator to the IGBT drivers. Each fm is time varying each sampling period to have a sinusoidal voltage With dead time, the torque applied to the mechanical load is not stable and not proportional to the desired Iq current. Modifying the voltage references modifies the duty cycles to compensate dead time effects and current shown on Figure 6 can be obtained.

B. PI and saturation management

To complete the current control structure some words must highlight the importance of saturations. The current control in d,q axis does not need back emf compensation. So, a classical PI can correct and fix the desired current dynamics. But duty cycles are linked to the voltage reference exiting from the current regulators. The duty cycles are limited to 0.05<a<0.95 and in case of saturation the integral terms increases the non linear phenomenon. An anti wind-up structure (Figure 7) must be used to reduce this nonlinear problem, which limit the saturation duration and let the current control as linear as possible.

Park transformation, symmetric PWM, dead time compensation, PI with high dynamic and anti wind-up control are elements necessary to have a correct current control. Considering a current dynamics fixed to be quicker than the mechanical one, allows considering the 

IV. SPEED CONTROL

A. Mechanics

The PMSM mechanical parameters (Jm,fm) are linked to the load (Jl,fl) to be controlled through a joint. In the case studied, an elastic joint (stiffness Ksh) is considered (eg: in machine tools, robotic actuators … ).

(4) Due to load inertia variation for example, the transfer function ( 4) is not so simple to control. The following figure represents the Bode variation and possible instability and performance variation under different inertia Jmin<J<Jmax.

PID speed control

With the mechanical model a PID controller ( 5) is applied to control the load speed with control diagram Figure 9. The approximate derivative terms is used (with a pole 1/N in high frequency to filter the non causal derivative effect of K d s)
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)
Choosing an inertia and tuning PID coefficients is easy but did not guarantee stability and constant performances under parameters variations [START_REF] Ferretti | Load Behavior Concerned PID Control for Two-Mass Servo Systems[END_REF].

So fixing in frequency domain Kd to be quick, fixing Ki to be accurate, allows to carried out simulations and optimisations to select the best Kp. Considering current control and classical PID controller, it is easy nowadays to optimize PID parameters with trial and error methods or genetic algorithm under computer aided simulation environment (Matlab/Simulink© here).

V. CONTROLLER OPTIMISATION

A. Frequency domain technique

Knowing bounded parameters variation, it is easy to define min and max interval in which controller' s coefficients will be tested. The best combination is selected after a performance criterion established. In main industrial case, no overshoot (not greater than 5%), a time constant as little as possible and stability maintained are performances generally adopted.

After several computations, Figure 10 shows the overshoot evolution when inertia varies depending on Kp and Ki coefficients. These curves allow to define the optimal set of parameters Kp,Ki,Kd (circle in Figure 10) to keep stability and to have an overshoot as less as possible in all the inertial interval. Details can be found in [START_REF] De Sousa | Controllers robust design for PMSM drive fed with PWM voltage inverter with elastic joint and inertia load variation[END_REF].

A Genetic Algorithm can be used in its easiest form to found the best 3 parameters and this study has been made and a little bit better controller has been found see experimental results et the end.

B. State space speed control

State space representation is more convenient to use optimization and robust techniques [START_REF] Ji | Kalman Filter and LQ Based Speed Controller for Torsional Vibration Suppression in a 2-Mass Motor Drive System[END_REF], [START_REF] De Sousa | Design of robust controllers for PMSM drive fed with PWM inverter with inertia load variation[END_REF]. So letting the current ideal a state space mechanical vector x=(qm, ql, wm, wl) is chosen and a 4 dimensional system is written in [START_REF] Ferretti | Load Behavior Concerned PID Control for Two-Mass Servo Systems[END_REF] and the control diagram with integral term added is given in Figure 11: 

A state feedback law is used with an integral terms added on load velocity wl. There are five state feedback coefficients to be tuned. A pole placement strategy is not used here but an LQ optimisation is used to tune the controller. Moreover, only three coefficients are used in the LQ formulation (instead of 5dimentionnal state +1control) to obtain the same degree of freedom than for PID part. The study letting the 6 original coefficients is not presented. So, the algorithm finds three coefficients defining the best set of gains, knowing the load parameters and the performance criterion. Different simulations must be carried out to found a global optimal set of parameters on inertia variation that let poles stable whatever the load is. Figure 12 demonstrates the closed loop best poles variation obtained: whatever the inertia is they are stables, as quick as possible and with variation as little as possible.

Following curves (Figure 13) show effective stability whatever the bounded inertia is for both controllers -PID and LQ. Simulations are first carried out to define the controller performances with numerous load values. A confirmation test is also made with the current control and PWM switch effects without main modification. VI. DSP IMPLEMENTATION For an experimental point of view the approach to follow is quite the same. The previous computer aided analyses and designs can be used in real time with DSP program. An inverter, a SM, a mechanical load, elastic joint and processor cards have been bought and assembled. Following the proposed through process, first tests consist in defining an accurate current control and the quality of all measurements (E, I1, I2, wl, wm, qm, ql). The second step consists in testing the robust speed control of the drive. Prototyping and transferring the Matlab/Simulink© previous studies are now easy using DSP© 1104 card and control desktop. This environment allows to define input/output and to use the same block diagrams and functions as in the simulation.

Figure 14 shows in the first part (a), the mechanical assembling made corresponding to the project presented at the beginning: A 2.5KW Synchronous machine is linked to the load with an elastic joint. The load is a powder controllable brake, and two disks allow having three different inertia values.

Part (b) of Figure 14 shows the acquisition desktop allowing drawing all main information (d,q current, positions, velocities) Part (c) of Figure 14 represents the same control diagram as presented in previous chapters, with only DSP1104 input/output block linked to the experimental device. Current, Position and Speed are the input information. The 3 modulation voltages sent to the PWM module of the card are the outputs. The same results have been obtained on the actual device. With no, one or two wheels, the inertia value vary and the performance in closed loop changes. With the robust design made with PID an effective improvement and a behavior as robust as possible is obtained.

VII. EXPERIMENTAL RESULTS WITH INERTIA VARIATION

The frequential approach with iterative optimisation p ro v i d e s t he s a m e re s u l t s t ha n a n o p t i m i s a t i o n u s i ng genetic algorithm. To be noticed, a basic GA is used to let the controller design easy to be used in industry. Some computer aided simulations must be carried out in the iterative approach, more numerous generations must be tested to obtain the genetic algorithm result. To initiate the GA algorithm an accurate knowledge on the device behavior is needed. The PID completed with iteration is quicker and easier to be tested. The conclusion is not the same for state LQ optimisation not tested in this paper.

VIII. CONCLUSIONS

T h i s p a p e r d e s c r i b e s s t e p b y s t e p h o w t o t r e a t a complex control problem. The complexity is linked to numerous elements involved with their own problematic and specification. A structured approach is required to control separately all problems when it is possible. Drivers of IGBT are elements considered effective. After current control, PWM saturation management and dead time compensation a second level is passed considering the current control effective too. The varying mechanical behaviour is identified and an optimisation and a robust approach are applied after. By respecting this structured step by step approach, an experimental set-up was built too. Due to simulation tools accuracy and computer aided control design, the theoretical and simulated performances are closed and are easily implemented on the actual device.

In a robust control approach of an Electrical Drive it is not possible to neglect important electrical phenomena. If internal values are well managed (eg: duty cycle, current… ), it is easier to implement more complex control algorithm on external values used for motion control (eg: position, velocity… ). Moreover, decoupling control variables and hierarchical control structure allow to control step by step the entire device. It is not necessary to use complex method when a quick quasi optimal synthesis can be made. Future works concern a state space optimisation with more than three degree of freedom to have a more robust closed loop behaviour. In this way more complex polynomial regulators will be tested and more complex state space optimisations will be tested too (LQ, H2 Hinf, LMI… ) 

  For electrical characteristic: -statoric resistance : R S = 0.8 -statoric inductance : L S = 2.2 mH -F.E.M constant : K fem = 0.5 Vs/rad -number of poles pair : Npole = 4 For the mechanical part: -damping coefficient: f = 0.0088 N.m.s.rad -1 -inertia (1 wheel): J = 0.0061 Kg.m 2 -constant resistant torque: Cr = 1 N.m
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 45 Figure 4: Dead-time degrading the current regulation -Iref=1.5A
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 6 Figure 6: Current control with dead-time compensation -Iref=1.5A
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 7 Figure 7: Anti wind-up PI for current control
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 109 Figure 10: Transient and steady estimation position error at 1.25A taking into account dead times
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 13 Figure 13: speed control -optimal PID and optimal state feedback step response with different inertia
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 15 Figure 16: Closed loop PID (Iteration) with 3 inertias
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