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Introduction

Permanent magnet synchronous motors (PMSM) are widely used in high performance motor drive applications such as numerically controlled machine tools and robots. In these types of applications, the performance of the motor drive system is strongly influenced by the load and disturbance characteristics [START_REF] Shin | Robust Motion Controller Design for Servo System with 2 Mass Characterisics[END_REF][START_REF] Bolognani | Theoretical and experimental comparison of speed controllers for elastic two-mass systems[END_REF]. In practice, the mechanical part of the drive introduces imperfections witch have to be carefully considered in high dynamic speed drives. In particular, transmission elements like flexible joints produce resonant frequencies witch are responsible for performance degradation as well as torsional vibrations of the mechanical load. Several methods based on different control algorithms have been examined for controlling such systems, including P, PI and PID-controllers, high-order linear controllers, state feedback controllers and observer based controllers. In [START_REF] Ferretti | Alternatives in precise load motion control of two mass servomechanism[END_REF] a comparison of several of these techniques has been presented. A review of several works dealing with suppression of torsional oscillations is reported in [START_REF] Vukosavic | Suppression of torsional oscillations in high-performance speed servo drive[END_REF]. Explicit formulas are given in [START_REF] Ferretti | Load Behavior Concerned PID Control for Two-Mass Servo Systems[END_REF] for load behavior concerned tuning of the PID controller on two-mass system. Three load speed control strategies are developed in [START_REF] Sousa | Design of robust controllers for PMSM drive fed with PWM inverter with inertia load variation[END_REF] where the load inertia variation is take into account in the synthesis of the controllers. The limitations of the PID, torque disturbance observer and LQG controllers have been also presented in [START_REF] Ferretti | Limitations in control of elastic servos with co-located sensors[END_REF]. Although, the use of the modern techniques of control (state-space controllers, observers, etc.) in the industry applications has been grown in the last ten years, more than 90% of industrial controllers are still based around PID algorithms [START_REF] Ang | PID control system analysis, design, and technology[END_REF]. In particular, the PID is the most widespread regulator for speed/position control of two-mass system [START_REF] Ferretti | Load Behavior Concerned PID Control for Two-Mass Servo Systems[END_REF]. Nevertheless, this type of regulator presents severe limitations in performance when the system to be controlled has parametric uncertainties, non-linear phenomenons or external disturbance [START_REF] Nordin | Controlling mechanical systems with backlash-a survey[END_REF]. The wide applicability of the PID stimulates the development of new tuning techniques for uncertain systems where the performance robustness and the stability are objectives to be achieved. Several techniques of synthesis were developed [START_REF] Zheng | On the design of multivariable PID controllers via MLI approach[END_REF][START_REF] Ramirezi | Robust PID control for robots manipulators with elastic joints[END_REF], however, in general, these methods are too complex and thus requiring high computational power for algorithm implementation. This paper aims at designing an optimal PID speed controller for a PMSM driving a flexible mechanical load (PMSMFL) that exhibits large variations of the moment inertia. The PID controller synthesis must be as simple as possible, to simplify the understanding and the modifications of the controller parameters. Besides, the synthesis must be easy to apply in the industrial environment. Optimization techniques and algorithms are used to found an optimal controller in the interval variation of load inertia. The coefficients of the first PID controller are determined in frequency domain. In the second part a Genetic Algorithm (GA) is used for determining the PID parameters of the controller. Selected simulation and experimental results for a PWM current regulated PMSM drive are used to show the performance and robustness of the proposed solutions in the presence of load and disturbance characteristics.

Dynamic model of the system

Electrical part: The electrical model of a PMSM can be described in the d, q rotor rotating reference frame as follows: [START_REF] Shin | Robust Motion Controller Design for Servo System with 2 Mass Characterisics[END_REF] 

di d dt = 1 L d (v d + Pω m L q i q -Ri d ) di q dt = 1 L q (v q -Pω m L d i d -Ri q -Pω m ψ dm ) (1) 
where v d and v q are d-q axis voltages, i d and i q are d-q axis currents, L d and L q are the d-q axis inductances, R is the stator windings resistance, ψ dm is the flux linkage of the permanent magnet, ω m is the angular velocity of the motor shaft and P is the number of pole pairs. The basic principle for controlling a smooth airgap PMSM is field orientation. If i d is controlled to be null the electromagnetic torque T m is proportional to i q , which must be fixed by closed-loop control.

Since the PMSM is driven by a current-source inverter, i q is a known quantity and thus serves as ideal current source to the motor. The electromagnetic torque is given by:

T m = k t i q , k t = 3 2 Pψ dm (2)
where ψ dm is the flux linkage of the permanent magnet. Mechanical part: A PMSM driving a flexible mechanical load can be modeled as a two-mass system where the first mass represents the motor, the second mass represents the load, and the shaft is considered mass or inertia free. In this paper, the load is coupled directly to the motor shaft through a flexible spring (no gear-box is used). The system is considered linear, the backlash or non-linear friction is neglected. Fig. 1 represents elements and simulation diagram for the elastic load system considered in this paper for the standard plant, where: J m , J l , are the motor/load inertias and θ m and θ l angular positions respectively, f m is the viscous friction coefficient, T sh is the shaft torque and ω l is the load speed [START_REF] Sousa | Design of robust controllers for PMSM drive fed with PWM inverter with inertia load variation[END_REF]. Considering that the load inertia uncertainty vector q is bounded in an interval as follows:
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Q = [q -, q + ] = [J l min , J l max ] = [0.5J l nominal , 5J l nominal ] (3) 
where Q represents the interval of the uncertainty parameter. The open-loop transfer function H(s) = {H(s, q)|q ∈ Q} from the motor torque T m to the load speed ω l is given by:

ω l (s,q) T m (s,q) = 1/2( f m + f l ) Jmq ( fm + f l )K sh s 3 + Jm f l + fmq ( fm + f l )K sh s 2 + J t K sh + fm f l ( fm + f l )K sh s+1 (4)
where J t = J m + q is the total inertia. The bode diagram of the open-loop transfer function H(s) is discussed in [START_REF] Sousa | Design of robust controllers for PMSM drive fed with PWM inverter with inertia load variation[END_REF] where the effect of critical resonance ω np [START_REF] Ferretti | Load Behavior Concerned PID Control for Two-Mass Servo Systems[END_REF] is emphasized. In fact, the control design for a high-bandwidth closed-loop system will depend on this resonance value that depends on the load inertia variation. A special corrector synthesis must be developed to take into account H(s, q) variation.

ω np = J t K sh J m J l (5)

Frequency Domain and Genetic Algorithm Optimization

Frequency Domain PID design: The control design objective is to find an optimal set of controller parameters p = {K p , T d , T i } ∈ P such that the speed control loop be stable for ∀q ∈ Q. In fact, we denote the design to be "robust" when system is stable and has nearly the same overshoot and settling time in presence of parametric variations.

The PID controller has the following transfer function:

G PID (s) = K p 1 + 1 sT i + sT d 1+saT d (6)
The output of the PID controller provides the motor torque that must not exceed the maximum motor torque. Thus, in a realistic PID design the saturation of the control signal must be considered. It is important to avoid large control signals that may excite nonlinear load dynamics. The robust design must insure not only closed loop stability but also desired performance specifications.

In general, a maximum tolerable overshoot of 5% of the load speed response and stability are the main criteria to be satisfied with the PID [START_REF] Ferretti | Load Behavior Concerned PID Control for Two-Mass Servo Systems[END_REF]. For industrial applications the settling time must be lower than 0.3s, and the control variable T m must be lower than the double of the maximum motor torque T max in transient state.

Moreover, the nominal inertia of the load is considered higher than the inertia of the synchronous motor J l nominal ≫ J m . The electrical and mechanical parameters of the PMSM are well-known and considered to be constant.

Taking into account the above information and the load inertia variations given by (3) an iterative technique to determine the optimum gains of the PID controller is defined as follows:

1. Three different load inertia references are studied :

• load minimum inertia reference (1):

J l = J l min • load nominal inertia reference (2): J l = J l nominal
• load maximum inertia reference (3):J l = J l max Consequently the three systems of parameters that represent the interval of variation are obtained.

2. The initial value of T d 1 and the constant a 1 are fixed, based on an expertise of the open-loop system in the frequency domain and considering the resonant frequency nominal value. The values of the parameters T d 1 and a 1 are defined so that the non-linear modes of the system are not excited. In a second step, the coefficient T i 1 is fixed according to desired dynamics (rise time and settling time). Moreover, the initial value of T i 1 is selected to have no significative phase modification in the important frequency zone for stability. After having determined the parameters (T d 1 , T i 1 , a 1 ), it remains only the parameter K p to be calculated.For each load inertia reference only K p is tuned in the PID parameters. As result three sets of PID parameters are established:

• Set (1): K p 1 , T i 1 , T d 1 , a 1 • Set (2): K p 2 , T i 1 , T d 1 , a 1 • Set (3): K p 3 , T i 1 , T d 1 , a 1 where K p 3 > K p 2 > K p 1 and K p 1 , K p 2 K p 3 , T d 1 , T i 1 ∈ P . 3.
For every set of controller parameters, the overshoot evolution of load speed response is analyzed while the load inertia is changed from J l min to J l max (Fig. 2(a)).

Curve 1 shown in Fig. 2(a) has an overshoot that exceeds the criterion of 5% while the load inertia parameter is increasing towards the maximum inertia value. The overshoot evolution gives a more satisfying result in the Curve 2. Observing the fourth curve, the system becomes unstable (dashed arrow) in the case where the load inertia reach the minimum value. 4. The optimum value K p opt has to lie necessarily between K p 2 and K p 3 .

[K p 2 K p opt K p 3 ] (7) 
Moving from the minimum value of the range K p 2 up to the maximum value K p 3 , K p opt is detected. K p opt is found in the point where the system is still marked by stability and where the overshoot is as little as possible whatever the inertia value is.

In the simulated results, shown in Fig. 2(b), K p is changed from K p min (K p 1 ) to K p opt and the load inertia is moving from J l min to J l max . When these two parameters vary, the overshoot of the system response yields a surface. The variation of T i is chosen in the way that the system stays stable. Each surface correspond to a different value of T i . In fact, T i did not change the behavior in K p opt region. This is a one degree of freedom (K p ) optimization, in the second phase of this paper a three degree of optimization is carried out on K p , T d et T i to show if the decision to keep fix T d and T i was correct or not. Genetic Algorithm Optimization: A genetic algorithm (GA) is a nonlinear problem solving method based on the concept of natural evolution [START_REF] Goldberg | Genetic Algorithms in search, optimization ans machine learning[END_REF]. The GA is presented in this paper to optimize the 3 parameters of the PID controller. With the genetic algorithm, it is possible to carry out the search for the optimal solution in a three-dimensional space, in detriment of the quasi unidimensional search which was implemented with the previous approach. Each dimension of the three-dimensional search space corresponds to a variable of the individual x which must be optimized.

x i = [x 1 i , x 2 i , x 3 i ] = [K p i , T d i , T i i ] (8) 
where the index i represents any individual of the population. In considering the same limited uncertainty of the mechanical load inertia J l according to the interval given by 3, an area of space D is defined and limit the possible values of the PID parameters. If the search space of the solutions D containing the optimum parameters of PID controller is considerably large the execution time of the genetic algorithm is prohibitive too long. It is never simple to deal with this problem. The solution is achieved in general by the use of sub-spaces of search, or by the reduction of the population size n p and/or the number of generations n g . Indeed, it is clear that more the dimension of the population is raised, the bigger will be the genetic material diversity. This observation has a very positive influence on the quality of the final optimization result but it penalizes the calculation time (an increase of the number of generations will be necessary so that the population becomes homogeneous). Otherwise, it is established that the search of optimal solutions is more efficient if the number of generations is superior or equal to the population size [START_REF] Goldberg | Genetic Algorithms in search, optimization ans machine learning[END_REF].

D = [x 1 in ] × [x 2 in ] × [x 3 in ] = [K p min , K p max ] × [T d min , T d max ] × [T i min , T i max ] (9) 
The GA presented in this paper consists of three kinds of genetic operations: selection, crossover and mutation in order to approach the optimal solution [START_REF] Silva | Application of Genetic Algorithms to the Online Tuning of Electric Drive Speed Controllers[END_REF][START_REF] Filho | Characterization of induction machines with a genetic algorithm[END_REF]. The coding scheme for the individuals will be taken naturally as a string of real values. From some knowledge about the system to be regulated (PMSMFL) and the design of the PID controller according to the load inertia variation, the search space for optimal solutions witch is used for generate the population initialization is limited, so the convergence time of the AG is largely reduced. The procedures of GA to optimize K p opt , T i opt , T d opt parameters are as follows:

1. Population initialization: the initial population is generated randomly, covering the entire range of possible solutions (the search space D). The variation interval of every variable of D is defined as follows:

For every load inertia reference (J l min and J l max ), the maximal values of every coefficient K p , T i and T d are calculated, respecting the criteria of robustness and stability. Two sets of PID parameters are thus defined:

• Set(1): K p 1 , T i 1 , T d 1 ,
• Set(2):

K p 2 , T i 2 , T d 2 ,
The space of search D is defined by

D = [0, max(T d 1 , T d 2 )] × [0, max(K p 1 , K p 2 )] × [0, max(T i 1 , T i 2 )] (10) 
To determine the limits of the search space D no one physical restrictions (maximum torque and motor current) has been imposed to the system in closed-loop control. Therefore, the optimal values of the PID parameters are guaranteed and included in the D.

   x 1 opt = K p opt ∈ [0, max(K p 1 , K p 2 )] x 2 opt = T d opt ∈ [0, max(T d 1 , T d 2 )] x 3 opt = T i opt ∈ [0, max(T i 1 , T i 2 )] (11) 
2. Fitness function: The integrated square error (ISE) of the load speed and the load speed reference is used as fitness function.

f ad (x 1 i , x 2 i , x 3 i ) = 1 1 T Ê T 0 [ω l re f -ω l ] 2 dt (12)
The fitness functions of the individuals generating positives poles of the closed-loop system (instability) or generating a motor torque higher than twice T max must be strongly penalized. Moreover, the adaptation of every individual of the population must be calculated on the whole range of the load inertia variation. Considering that the closed-loop system has a linear behavior on the parametric variation, the fitness function of every individual is calculated according to the following equation:

f ad (x 1 i , x 2 i , x 3 i ) = 1 ∑ J lmax q=J l min 1 T Ê T 0 (ω l re f -L -1 [H(s, q)] * T m )dt (13)
where L -1 represents the inverse Laplace transformation, and * represents a temporal convolution.

Selection:

The normalized geometric selection method is used. This method limits the probability of selection the fittest individual especially at the early stages of the run process, preventing premature convergence on poor solutions [START_REF] Cai | Application of Genetic Algorithms in EKF fo speed Estimation of an Induction Motor[END_REF]. With this method, the probability of selection of the i th individual in the population of size n p is given by

p s = q s (1 -q s ) r s -1 1 -(1 -q s ) n p ( 14 
)
where q s is the coefficient of selection of the best individual and r s is its rank.

Crossover:

The arithmetic crossover is applied. The crossover of two individuals of the same population (p a 1 , p a 2 ), called parent, creates two better individuals (e 1 , e 2 ), which are called child. This type of crossover is defined as follows:

e 1 = p a 1 r c + p a 2 (1 -r c ) e 2 = p a 1 (1 -r c ) + p a 2 r c ( 15 
)
where r c is a random weighting variable and it is ranged between 0 and 1. The number of time that the arithmetic crossover must be applied to every generation is defined by crossover rate p c .

5.

Mutation: uniform mutation is applied at a random position of a selected string based on an uniform probability distribution. This has the potential to introduce new information in the population. The mutation probability is represented by p m .

6. Iterative: the GA repeats the procedure (2)-( 6) until the maximum number of generations n g is reached. In the end of the iterations the best PID controller is obtained.

One of the major step in applying the GA in the PID optimization is to determine its parameters values: the population size n p , the generation size n g , the coefficient of selection q s , the probability of crossover p c and the probability of mutation p m . The values of these parameters greatly determine how the algorithm will find a near-optimum solution and how it will find efficiently such a solution. The choice of these parameter values motivates several works of research. In [START_REF] Eiben | Parameter control in evolutionary algorithms[END_REF], the authors justify the choice of the parameters in order to maximize the performance of a genetic algorithm. The table I presents the values of the parameters used for the execution of the proposed genetic algorithm. The choice of these parameters is also based on many tests of performance and convergence of the AG. 

Parameter

Simulation Results

To verify the effectiveness of the two optimum PID controllers, computer simulations have been carried out using a PMSMFL control experimental setup (Fig. 3) and the MATLAB /SIMULINK softwares. The PWM inverter is composed by a set of 3x2 IGBTs with a switching carrier frequency of 15kHz. To drive such device 3 duty cycles must be generated to obtain the ON/OFF switch orders.The maximum DC Source voltage V bus available is 300V . The Park transformation and the rotor position feedback is used to generate the dq-axis current (i d , i q ). The current control is achieved only by DC bus and 2 machines lines current measurements. The control is implemented with an anti-windup PI controller structure (See parameters in appendix). Fig. 4 (a) shows the system response for a 30 rpm load speed reference step with the first frequency domain PID controller. The closed-loop system is ever stable, however the overshoot and settling time goes up when the load inertia increases. The maximum overshoot 15.1% is obtained pour J l max . The speed response of the GA PID controller is presented in Fig. 4 (b). In this case, an overshoot reduction is observed (10.8% for J l max ), the time response variation is almost the same. The frequency domain PID optimization maintains stability but allows quite large performance variations. On the other hand the GA method allows to tune another set of parameters providing stability and less performance variations under load uncertainty. 

Experimental system and results

To verify the performance of the proposed PID speed controllers, some experiments were carried out with a experimental test set-up shown in the figure 5(a). The drive system consists of triphasic PWM IGBT inverter with a carrier frequency of 15kHz and a 2.5KW permanent magnet synchronous motor. The motor is coupled with the load (a controllable brake) by a flexible spring and a long shaft that delivers the torque. The synchronous-resolver that is directly coupled with the PMSM is used to measure the motor position. A 3600 pulse/rev incremental encoder is attached to the load shaft to measure the load position. The experimental system response for a 30 rpm load speed reference step is presented in the figure 6.

The dynamics and the overshoot of the load speed using the two approaches of PID synthesis are almost identical to those obtained in simulation. It is obvious that the simulation model does not take into account all physical phenomena witch are present in the experimental case (backlash, resistant torque due alignment imperfections, etc.). With the frequency domain PID the load speed overshoot is 16, 67% for J l max . This value decreases to 11, 7% in using the GA PID controller. The figure 7 shows the load speed response for a dynamic speed reference cycle. This cycle is composed by high speed acceleration, braking and inverted rotation of the synchronous motor. This type of cycle is characteristic in the industrial applications domain. The speed response achieved with the frequency domain PID controller provides almost the same performances in terms of overshoot, compared with the GA PID controller. The system performance is excellent with a remarkable stability for all load inertia range. 

Conclusion

This paper has described the robust design and comparison of two PID controllers for PMSM drive coupled to an elastic load with large load inertia variations. It has bee verified that the classical synthesis of a PID in frequency domain is not robust in performance (settling time, overshoot), but the optimization maintain the system stability whatever the inertia is (bounded variations). The experimental results obtained with the experimental test set-up has shown that the speed system response of the GA PID controller is a little more satisfying than the frequency domain PID controller. Moreover, the optimization of the PID parameters in the first case is easily implemented in off-line mode due to classical well known frequency domain approach. If J l , f m and K sh varies 3D GA optimization must be possible and studied later. 
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 2 Figure 2: Overshoot evolution of load speed response
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 3 Figure 3: The schematic diagram of the PMSMFL control experimental setup.
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 4 Figure 4: The system response for a 30 rpm load speed reference step.

  The wheels can be attached to the load side to change the load inertia according to the variation range given by (3). The real-time control algorithms are implemented with the high performance DSP 1104 card. The control software was developed as a SIMULINK block diagram from witch a functionally identical program could be generated in C-language by the Real Time Interface (RTI), compiled and then downloaded onto the DSP. A user interface was developed under Desktop software to control the system (Figure5(b)). This interface allows to modify the PID parameters and the speed reference in real-time, as well as it permits to visualize the data of experimental results or printed them out through MATLAB software. A sampling frequency of 5kHz is used for the speed closed-loop control. (a) Experimental test set-up (b) Desktop environment
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 5 Figure 5: Experimental test set-up and user interface for the system control.
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 6 Figure 6: The experimental system response for a 30 rpm load speed reference step.
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 7 Figure 7: Experimental Load speed response for a dynamic speed reference cycle.

Appendix

The system parameters used in the simulation/experimentation results.

PMSM and load parameters