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�1. ABSTRACT



	The main goal in using electronic comutating motors as servo motors is to obtain a smooth torque. �To achieve that it is necessary to insure that magnetic flux is as close as posible to a sinusoidal shape. Torque ripple produces vibrations and noise during the running of a motor, especially when the speed of the motor shaft is small. The vibrations can decrease the operational time of the motor. It is desirable to have the torque which is not dependent on the shaft angle, but is only dependent on the excitation function.



2. INTRODUCTION



	The main problem in using electronically comutated motors is that they do not mostly have a sinusoidal magnetic flux, because the flux contains higher harmonics causing torque ripple of the motor. To compensate torque ripple it is necessary to reshape the supply current of the motor stator by adding higher harmonics into the stator currents.

The paper describes the real torque ripple compensation experiment for a permanent magnet motor.





3.  MATHEMATICAL REPRESENTATION OF MOTOR TORQUE



	The motor torque can be represented as cumulative torque consisting of phase torques. In that case the motor torque can be written as follows:					

� EMBED Equation.2  ���	(1)







where:

	ep - induced voltage of the phase

	ip - current of the phase

	( - angular velocity of the motor



If (=const., induced voltages can be written in the following way:  





 � EMBED Equation.2  ���	(2)





The phase currents can be represented in the same way. The motor torque is a sum of the phase torques, and it can be represented as: 



(3)

� EMBED Equation.2  ���



The coefficients Mp,m can be written as follows:



� EMBED Equation.2  ���	(4)





	In order to determine higher harmonics of the phase torques it is nesecery that the following conditions are satisfied. 



1. Phase currents must have the same amplitudes and shapes with a phase shift of 120(.

2. Induced voltages must have the same amplitudes and shapes with a phase shift of 120(.

3. Phase currents and induced voltages are half-wave symmetrical ( f(() = (f(( + 180() ).

	

If these conditions are satisfied, the phase torques have the same amplitudes and shapes with a phase shift of 120(.



If the phase torques have identical amplitudes and shapes they can be written:	





� EMBED Equation.2  ���	(5)





The motor torque can be then written as in (6) and (7): 



� EMBED Equation.2  ���	(6)





� EMBED Equation.2  ���		(7)





If higher harmonics in (7) do not exist, then (7) describes the desired smooth torque (� EMBED Equation.2  ���).



The even components of induced voltage and current can be written as given below: 



		

� EMBED Equation.2  ���		(8)





From (4) and (8) is derived: 





� EMBED Equation.2  ���	(9)







3.1. MATHEMATICAL REPRESENTATION OF MOTOR TORQUE RIPPLE



	Since the motor was connected as a star circuit, the sum of the currents can be written as:





� EMBED Equation.2  ���	(10)





Since the wave shapes of the currents are identical, �the equation (10) can be written in the form:





� EMBED Equation.2  ���	(11)



The set of the harmonics which should not be present in order to determine the optimal current is given as:  



� EMBED Equation.2  ���	(12)





The motor torque is represented in (13):

 

� EMBED Equation.2  ���	(13)





N is the highest current harmonic coefficient. If L is the highest voltage harmonic coefficient, it can be written: 



(14)



	     � EMBED Equation.2  ��� 			



(15)

    � EMBED Equation.2  ���	





The matrix E contains the Fourier coefficients of the induced voltage. The torque vector can be written as in (15). The optimal current can be calculated by using Lagrange minimization: 



	� EMBED Equation.2  ���		(16)









3.2. CALCULATION OF OPTIMAL CURRENT



	If the measured harmonics of the induced voltage are: 



e1,1  = 1;  e1,5  = 0.0646;  e1,7  = 0;  e1,11 = 0.0131



the optimal current harmonics can be calculated from:



� EMBED Equation.2  ���	(17)



The zeroes in the first matrix in the equation (17) represent the induced voltage higher harmonics equal to zero. The other numbers in the first matrix in the equation (17) represent the harmonics. �The symbol ( represents one third of the motor torque (the torque of one phase).



The optimal current harmonics are:



I1,1 = 1;  I1,5 = -0.0646;  I1,7 =  0;  I1,11 = -0.01314,



The currents are represented as rated values. 





3.3. ADDING OF HIGHER HARMONICS INTO MOTOR SUPPLY CURRENT 



� EMBED CorelDraw.Graphic.7  ���



Fig. 1: Block diagram of the motor velocity control circuit



	The aim of adding higher harmonics into the motor supply current is to obtain a smooth torque. In the described case the speed of the motor was controlled, and the load was linear (Fig. 1):

The control of the motor speed was realized in the rotor coordinates of the motor. The optimal current higher harmonics were added into the current inside the process of the conversion of d,q coordinates into a,b coordinates. Because the vector control is realized in a two-phase system, it is necesarry to realize accordingly the transformation d,q ( a,b. The transformation �d,q ( a,b is described in (18):



� EMBED Equation.2  ���		(18)	



	� EMBED Equation.2  ���			(19)



where:

( - load angle

     ia, ib, id - current components 

 



Because id=0 ((=90(), the equation (18) can be transformed into the equation (19). The transformation of the three-phase system into a two-phase system �(3f ( 2f) is described by the following equation:



		�EMBED Equation.2���		(20)

The functions sin*(() and cos*(() in the analyzed case are calculated by:



 (21)

�EMBED Equation.2���    



In the implemention of the control law into the microcontroller the values of the sine functions were stored in tables in order to speed up the calculation of the control algorithm. The control algorithm was implemented on a 16-bit microcontroller H8-532 manufactured by Hitachi. For all the calculations �fix-point arithmetic was used in order to speed up the calculation process. The control algorithm had to be finished in less than 512 (s, which was the time of repeating the interruption in which the control algorithm had to be executed. The structure of the program implemented on the microcontroller is shown in Fig 2.



� EMBED CorelDraw.Graphic.7  ���

Fig. 2: The sequence of execution on the microcontroller





3.4. RESULTS OF EXPERIMENT



� EMBED PBrush  ���



Fig. 3 : Sinusoidal currents

The magnetization current of the motor in the experiment was set to be 0. The speed of the motor was relatively small, 3.55 rpm. The results of the experiment are shown in Figs. 3,4,5 and 6.





In Fig. 3  the sinusoidal current supply of the motor is shown. The value omega (in Fig. 3 indicated with 1) represents the speed of the motor’s shaft. The current iq (2) represents the motor torque. The currents ia and iaref �(3, 4) are not sinusoidal due to the nonlinearities in the control system. The current iaref represents the current from the current transformation module.	















In Fig. 3 we can clarly see the influence of the 6th torque harmonic component (6 ripples per current period), which is described by the mathematical model of the motor. The ripple had an amplitude of 4.5 % of the load torque.







� EMBED PBrush  ���



Fig 4 : Optimal currents





In Fig. 4 the motor torque in the case of optimal current supply is shown. In the currents ia and ib (currents measured on the motor ) higher harmonics are added, and the torque ripple is reduced.

� EMBED PBrush  ���



    Fig. 5 : Nonlinear load ( sinusoidal current )     



After adding the higher harmonics into the current, the torque ripple was reduced to 1.5 %, and thus the triple reduction of the torque ripple was achieved.







The experiment was also conducted with the nonlinear sinusoidal load which often occurs in robotic mechanisms. The results of the experiment with nonlinear load are shown in Figs. 5 and 6. In that experiment the speed of rotation was 15.5 rpm.

It can be seen in Fig. 5 that the torque does not have a pure sinusoidal shape (the line indicated with 2) which is due to the influence of higher harmonics in the induced voltages.

� EMBED PBrush  ���



Fig 6 : Nonlinear load (currents with optimal �harmonics)







After adding higher harmonics into the currents, �the torque characteristic were improved. The torque became of almost pure sinusoidal shape.







4. CONCLUSION



As it can be seen from the presented results of the experiment, by adding higher harmonics into the current supply of the motor, a significant reduction of the torque ripple can be achieved. The presented method shows a great improvement achieved in the case of both linear and nonlinear load.

A smooth motor torque is very important in any manufacturing process which includes electrical motor drives, especially direct drives.
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