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Abstract





Artificial intelligence tools one of which is fuzzy logic have advanced significantly in recent years and have found wide applications but they haven’t touched the power electronics and motion control area deeply where they are expected to usher a new era. In this thesis, the operation of a servomotor drive with non-linear load characteristics will be studied. The effects of defining real world ranges for the rule sets will be studied in terms of the optimum response of the servomotor as measured by the Integral of Absolute Error (IAE). Also, the effects of using three different types of output rule shape will be considered, namely “singletons”, “trapezoids”, i.e., truncated triangles, and “variable height triangles”. Two types of non-linear control system will be studied, one overdamped and the other underdamped. Antecedent and consequent processing will be performed using a number of different techniques, namely, MIN-SUM, MIN-MAX and PRODUCT-SUM. The Fuzzy Logic Control results will be compared with the same system operating under conventional PID control. A mechanism for choosing the maximum ranges for the input and output rule sets will be developed.








 


1. INTRODUCTION





The use of Fuzzy Logic Control (FLC) has become popular since its inception as Fuzzy Logic Set Theory over 30 years ago and its first use in feedback control systems in the early 1980’s. Fuzzy logic is a method of control that defines the characteristics and responses of a control system imprecisely. It is ideally suited for controlling non-linear systems because the control rules are based on human intuition and experience. 





A number of different types of Fuzzy Logic arithmetic have been developed over the years for use with control systems and it is the purpose of this thesis to test some of these in a non-linear servomotor application. The FLC results will be compared with a standard PID controller in the forward loop. The control systems to be considered are:





�SYMBOL 183 \f "Symbol" \s 10 \h�	(A) PID Controller in the forward loop,


�SYMBOL 183 \f "Symbol" \s 10 \h�	(B) MIN-SUM FLC with Singleton outputs ,


�SYMBOL 183 \f "Symbol" \s 10 \h�	(C) MIN-SUM FLC with Trapezoidal outputs,


�SYMBOL 183 \f "Symbol" \s 10 \h�	(D) MIN-MAX FLC with Singleton outputs,


�SYMBOL 183 \f "Symbol" \s 10 \h�	(E) PRODUCT-SUM with Triangular outputs.





The majority of these methods are often include “Gravity” in their title (e.g. MIN-SUM Gravity method) to denote that the output is derived using a defuzzification process often referred to as the “Center of Gravity” method. The MIN-MAX method is also referred to as the SUP-MIN method.





The DC drive units to be considered are a position control system and a speed control system with a fan type load that has a torque characteristic �EMBED Equation ��� as shown in Fig. 1. Both systems are additionally made non-linear due to the effect of voltage saturation of the driving amplifier, a particularly practical problem.


�EMBED MSDraw   \* mergeformat���


Figure � SEQ Figure \* ARABIC �1�. Speed and position FLC systems with a DC drive and DC servomotor





2. FUZZY LOGIC CONTROL METHODS





Fig. 2 illustrates that the input and output membership functions (can be visualised as simple probability curves) are linearly spaced and this will result in simpler calculations and thus, faster calculation times for the microprocessor. Although the shape of the FLC input functions are all triangular, the output functions vary between trapezoidal, triangular and singleton depending upon the type of consequent processing being used. Except for the PRODUCT-SUM (E), all antecedent processing utilizes the MIN process, as will be discussed later.





The input to the fuzzy logic controller is error E. In the case of the position control system it is the error between the setpoint position �SYMBOL 113 \f "Symbol"�* and the actual position �SYMBOL 113 \f "Symbol"�, while for the speed control system it is the difference between �SYMBOL 119 \f "Symbol"�* and �SYMBOL 119 \f "Symbol"�. A calculation to determine the rate of change of error CE will be performed within the FLC. Twenty five rule sets will be constructed based on E and CE, which will express what the output of the FLC should do under varying E and CE conditions and these are shown in tabular form in Table 1. 
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Figure � SEQ Figure \* ARABIC �2�. Different types of fuzzy logic membership functions.  (a) Common input error E, (b) common input change in error CE, membership functions. Output membership functions: (c) singleton, (d) trapezoidal, (e) triangular. NB = negative big, NS = negative small, Z = zero, PS = positive small, PB = positive big





� EMBED Excel.Sheet.5  ���


Table � SEQ Table \* ARABIC �1�. Fuzzy logic rule sets for different errors E and change in errors CE for both the position and speed control DC servomotor system





As an example fuzzy logic Rule 1 in Table 1 states 





“If the error E is negative small NS AND the change in error CE  is negative small NS, then the output of the fuzzy logic controller EO must drive the servomotor amplifier in a positive small PS direction”.





The highlighted area indicates that only four rules will be activated at any instant in time, E and CE being out of the range of all other rule sets.





2.1 MIN-SUM FLC with Singleton Outputs (B)





Fig. 3 illustrates the MIN-SUM process which is one of the simplest processes to perform. The error E and change in error CE inputs have membership of four rules, two of them shown in the figure. For instance in Rule 1, the crossing point of the NS function and the error E gives a degree of membership �SYMBOL 109 \f "Symbol"�ER1. At the same time the crossing point of the Z function and the CE input creates another degree of membership �SYMBOL 109 \f "Symbol"�CER1. The MIN antecedent process then takes the minimum height and defines the height of the output singleton function as �SYMBOL 109 \f "Symbol"�EOR1 = �SYMBOL 109 \f "Symbol"�CE�R1. This will be repeated for the four active rules and in general can be written:





	�EMBED Equation ���	          (1)





where i is between 1 and 25.
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Figure � SEQ Figure \* ARABIC �3�. MIN-SUM FLC with singleton output membership functions





The SUM or consequent processing consists of directly adding all the individual output functions to create a general output function �SYMBOL 109 \f "Symbol"�EO given by:





    �EMBED Equation ���        (2)





where a,b,c,d are the four active rules. The final process to obtain the actual output voltage is to determine the center of gravity or centroid of �SYMBOL 109 \f "Symbol"�EO:





�EMBED Equation ���      (3)





2.2 MIN-SUM FLC with Trapezoidal Outputs (C)


The MIN antecedent processing in this method is exactly the same as the previous method. The difference is the output functions are triangular shaped with their tops cut off at the height designated by the minimum (MIN) degree of membership (�SYMBOL 109 \f "Symbol"�E or �SYMBOL 109 \f "Symbol"�CE). The usual consequent mechanism when dealing with trapezoidal outputs will be referred to as the SUP-MIN method (also the MIN-MAX method) which requires that the union of the four output rules forms the output membership function:





    �EMBED Equation ���        (4)





Unfortunately, the area needs to be calculated under this moderately complicated output membership shape which requires considerable computational time. Therefore, it will be better to use the SUM process while still utilising the area within each separate trapezoidal output rule. If the area of each output rule SRi is:





           �EMBED Equation ���	          (5)





Then, using the center of gravity method to find the actual FLC output:





     �EMBED Equation ���	          (6)





Fig. 4 is a pictorial representation of the process.
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Figure � SEQ Figure \* ARABIC �4�. MIN-SUM FLC with trapezoidal output membership functions





2.3 MIN-MAX FLC with Singleton Outputs (D)





The MIN-MAX (or SUP-MIN) process is easily performed when singleton outputs are used. The antecedent MIN process is the same as before but a true consequent union process can now be adopted. The union process means that if the within the four active rules more than one has the same output membership function, only the rule with highest amplitude output degree of membership will be used. (4) is valid for this method which is illustrated in Fig. 5.
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Figure � SEQ Figure \* ARABIC �5�. MIN-MAX FLC with singleton output membership functions showing that the Rule 1 output is ignored because another rule with the same output has a higher degree of membership





2.4 PRODUCT-SUM with Triangular Outputs (E)





Antecedent processing in the PRODUCT-SUM method requires that the degree of membership of both the error and change in error for each rule are multiplied together the obtain the output degree of membership. That is:





	�EMBED Equation ���		          (7)





Then, the output membership function shape will become a triangle with height �SYMBOL 109 \f "Symbol"�EORi. Consequent processing will add the four active rule output triangles together to form the full output membership function. The area of each output rule is given by:





	�EMBED Equation ���		          (8)





And the actual FLC output by equation (6) and the method demonstrated in Fig. 6.
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Figure � SEQ Figure \* ARABIC �6�. PRODUCT-SUM FLC with triangular output membership functions





3. POSITION AND SPEED CONTROL





3.1 Fuzzy Logic Position Control





Limits of  the rule set, Emax, CEmax and EOmax, shown in Fig. 3 were changed and the resultant response of the position control system operating under MIN-SUM singleton output conditions will be studied using the integral of absolute error (IAE) (9). Non-linearity will be introduced by limiting the output voltage of the drive amplifier to a certain value.





		�EMBED Equation ���		           (9)





3.2 Fuzzy Logic Speed Control





A speed control system will be implemented with both a non-linear load, with characteristics shown in figure 10, and a voltage limited drive amplifier.
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Figure � SEQ Figure \* ARABIC �7�. Torque-speed characteristic of fan type load





Simulation tests will be performed using the different fuzzy logic techniques discussed earlier and compared with the results of the system operating under PID control. The PID controller will replace the FLC in Fig. 1. Emax, CEmax and EOmax will remain the same for all FLC tests.
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