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Abstract

:

Alternating current electric drives are widely used in many commercial applications. Increasing energy efficiency and improving the quality of regulation are major goals. The speed control structure of the induction machine with indirect vector control with rotor flux orientation and the speed control structure of the permanent magnet synchronous machine with vector control with rotor flux orientation are taken into account. The control structures were modeled and simulated in Simulink. Different simulation regimes were made for different load torques and different parameters. Following the analyses performed, it was highlighted that the fuzzy regulation ensures the reduction of the energy consumption in transient states and the improvement in the quality indicators of the regulation. The fuzzy control systems are robust to the errors of identification of the machine parameters and to the effect of the disturbing load torque.
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1. Introduction


Reducing energy consumption throughout the operation of an electric drive is an important goal in the design of automatic control structures for electric machines. The use of fuzzy PI regulators in the control of electric drives is a feasible solution that ensures the reduction in electricity consumption and the improvement of regulation performances. In recent years, numerous papers have appeared in the literature dealing with the use of fuzzy PI regulators in such applications.



From the specialized literature, we can mention some works such as an application on smart energy management based on a control scheme, which integrates a fuzzy logic controller within a voltage-oriented control strategy, implemented, and simulated in Simulink [1]; a systematic categorization of multi-motor techniques with a review of fuzzy logic controllers and their functionalities in multi-motor control [2]; and an application of a reversible three-phase PWM converter in a wide range of AC voltage and DC voltage drives by using a double fuzzy PI controller [3]. The development of a power supply control system based on fuzzy logic for an electric vehicle, in order to minimize the total energy consumption and optimize the battery operation, is presented in [4]. The paper shows improvements in some dynamics such as overshoot, settling time, and steady-state error parameters. It is shown that this fuzzy controller increases the overall energy efficiency of the vehicle. A type-2 fuzzy logic controller as the speed controller, acting as the driver model controller in autonomous electric vehicles, is presented in [5] as an alternative to save energy and to preserve the performances. Several other recently published papers dealing with the problems of fuzzy control of electric drives may be mentioned, as follows. A type 1 Mamdani fuzzy logic controller for electric vehicle drive is discussed in [6]. A real time adaptive speed control system of vector controlled induction motor drive based on online trained type 2 fuzzy neural network controller is presented in [7]. The role of optimization algorithms based on fuzzy controller in achieving induction motoir performance enhancement is analyzed in [8]. An experimental setup for implementation of fuzzy logic control for indirect vector-controlled induction motor drives is presented is presented in [9].



The technology of control electric drives has been developed based on new control methods such as fuzzy logic, field-oriented regulation theory, and digital equipment based on advanced microprocessors. The problem of intelligent control of electric drives has been addressed in numerous papers over the years including the application of expert systems, fuzzy logic, and neural networks in electric drives [10]; fuzzy control of switched reluctance motor drives [11]; or fuzzy adaptive vector control of induction motor drives [12]. The control structure of AC drives were developed based on the basic theory and principles from the literature as follows. The induction motors and the permanent magnet synchronous motors are the main actuators in industrial and commercial use, which offer energy savings and system optimization, and their control structures were developed using the principles presented in [13,14,15,16]. The modeling and simulation of electric drive control systems were made based on the principles presented in [17]. The development of the fuzzy PI controllers was made based on the theoretical bases of the design of fuzzy PID controllers presented in [18]. The author has researched the field of fuzzy control of electric drives and has published works in the literature, as follows. Fuzzy control systems for DC drives and permanent magnet synchronous are presented in [19] and respectively in [20]. The demonstration of the robustness of fuzzy control systems is presented in [21]. Methods of designing PI fuzzy controllers based on a pseudo-equivalence with linear controllers are presented in [22,23,24]. A method to assure the stability of fuzzy control systems based on fuzzy PI controllers is presented in [25]. Additionally, some properties of fuzzy systems useful in control systems are presented in [26,27,28].



The paper presents a consideration of two digital fuzzy control structures of the two main AC machines used in practice: induction motors and permanent magnet synchronous motors. For each control system, the transient state characteristics obtained by simulation with Simulink are presented. Three types of load torques, common in practice, are considered. Transient state analyses are performed for nominal values of the machine parameters as well as in the case in which the machine parameters suffer a deviation of 100% from the nominal values. Based on the transient state characteristics, the values obtained for the performance indicators of the control systems can be highlighted such as overshoot, rise time, error, and others. A practical experiment conducted with a speed control system of a permanent magnet synchronous motor with a Hall sensor encoder, fed by a three phase inverter, based on a signal processor, demonstrated that by using fuzzy PI controllers, some performance indicators may be improved, obtaining a shorter rise time and a zero overshoot. An example of the calculation of the reduction in energy consumption is presented. The novelty of the paper is a synthetic analysis performed on the main alternating current machines by modeling and simulation, for nominal values and with deviations of the machine parameters, for three different types of load torques, resulting in 24 cases of analysis, with each case calculating the performance indicators of the regulation, demonstrating for each case that using fuzzy PI controllers obtains a reduction of the consumed energy, the improvement of the performance indicators, and the robustness of the control system.




2. Control Structures


2.1. Induction Motor


The block diagram of the fuzzy speed control structure for induction motors is presented in Figure 1.



The meanings of the notations in the Figure 1 are as follows: MAS—induction machine; ML—working machine; CONV—power electronic convertor; RG-i—stator phase current controllers; Ti—current sensor; Tθ—position sensor; TΩ—speed sensor; TCI—inverse Park coordinate transformation [14]; BCC—block for calculating the reference currents in the vector control structure of the asynchronous machine with rotor flux orientation [14,29]; RF-Ω—speed fuzzy PI controller; Ω—rotor speed; Ω*—speed reference; M*—torque reference; фr*—rotor flux reference; θs*—stator phasor position reference; id*, iq*—d, q stator current references; is*—stator current reference; Ωm—measured speed; θm—measured rotor position; ism—measured stator currents; eΩ—speed error; ei—current error; Si—control signals for power converter switches with pulse width modulation; Vcc—DC converter supply voltage; us—stator voltages; Ms—load torque. The induction motor is vector controlled with rotor flux orientation, with rotor flux reference ϕ*r and torque reference M* and the measured rotor position θm. The reference stator currents are calculated with the block TCI. The current regulators RG-i give the pulse width modulation signals Si for the electronic power convertor CONV, fed from a DC voltage source VCC. The power converter CONV gives the stator voltages us.



The mathematical model of the induction machine [14,29,30] is given by Equation (1) for a general flux orientation, where in the case or rotor orientation θf = θr.


      u _    s f   =    u _   s   e  − j  θ f      ,      i _    s f   =    i _   s   e  − j  θ f      ,      Φ _    s f   =    Φ _   s   e  − j  θ f      ,      u _    r f   =    u _   r   e  − j  θ f  + θ     ,      i _    r f   =    i _   r   e  − j  θ f  + θ   ,         Φ _    r f   =    Φ _   r   e  − j  θ f  + θ     ,      u _    s f   =  R s     i _    s f   +   d    Φ _    s f     d t   + j  ω f     Φ _    s f     ,      u _    r f   =  R r     i _    r f   +   d    Φ _    r f     d t   + j (  ω f  − ω )    Φ _    r f   ,      M =  3 2   n p   L m  Re { j    i _    s f   .    i _    r f  *  }   ,   J   d Ω   d t   = M −  k f  Ω −  M s    



(1)







The other notations in Equation (1) have the following meanings: usf, isf, Фsf—stator voltage, current, and flux, respectively, where the notation f means with general flux orientation; urf, irf, Фrf—rotor voltage, current, and flux, respectively; Rs—rotor resistance; Lm—magnetic flux inductance; ω—rotor frequency; ωf—stator frequency; J—motor inertia; kf—friction coefficient.



The block for calculating the reference currents in the vector control structure of the asynchronous machine with rotor flux orientation BCC has the block diagram from Figure 2a [14,29,31]. where the block CC has the structure from Figure 2b and the general magnetic flux ϕmc* is the rotor flux Фr*; np—is the pole pair number; Lm,r—magnetic and rotor inductances; s—slip frequency; Rr—rotor resistance; ωs*—stator frequency reference.



Two-position current regulators RG-i with hysteresis were used, considering an unfavorable regulation case.



Calculation values of the induction motor were: Rs = 12.4  Ω ; Rr = 124  Ω ; Lm = 0.8 H; Lsσ = 0.06 H; Lrσ = 0.06 H; p = 4; kf = 0.008 Nms; J = 0.01 kgm2; MMc = 7 Nm; MMt = 24 Nm; Ωb = 750 rot/min; PN(Mc) = 550 W; IsN = 1.77 A; IsM = 8 A; UsN = 220 V.




2.2. Permanent Magnet Synchronous Motor


The block diagram of the fuzzy speed control structure for permanent magnet synchronous motor is presented in Figure 3 [20].



The meanings of the notations in Figure 3 are the same as in Figure 1, and MSMP is the permanent magnet synchronous machine. The permanent magnet synchronous motor is vector controlled with rotor flux orientation [15,29,30] with rotor q current i*q as a torque reference, the rotor d current i*d at zero as a flux reference ϕ*r, and the measured rotor position θm.



The mathematical model of the permanent magnet synchronous machine [15,29,30] is given by the Equation (2).


      u _    s f   =    u _   s   e  − j θ     ,      i _    s f   =    i _   s   e  − j θ     ,      Φ _    s f   =    Φ _   s   e  − j θ     ,      u _    s f   =  R s     i _    s f   +   d    Φ _    s f     d t   + j ω    Φ _    s f   ,    M =  3 2  Re { j    Φ _    s f   .    i _    s f  *  }   ,   J   d Ω   d t   = M −  k f  Ω −  M s    



(2)







The notations in Equation (2) are similar to those in Equation (1).



Calculation values of the permanent magnet synchronous motor were: PN = 400 W; IN = 3 A; IM = 8 A; nm = 4000 rot/min; nb = 3000 rot/min; MMc = 1.3 Nm; MMt = 3.4 Nm; J = 0.001 kgm2; kf = 0.0001 Nms; Rs = 0.6 Ω; Ld = 4 mH; Lq = 5 mH; p = 4; Φe0 = 0.072 Wb; Vcc = 200 V.




2.3. Fuzzy PI Controller


The block diagram of the fuzzy speed controller RF-Ω is presented in Figure 4.



The meanings of the notations in Figure 4 are: e—scaled angular speed error; de—scaled derivative of angular speed error; dMd—reference of the derivative of torque M; AW—anti-wind-up circuit; M*—torque reference; ce, cde, cdM—scaling coefficients; xt1—compound variable; BF—fuzzy block.



The fuzzy block BF is designed based on the principle of Mamdani, with fuzzification, rule base with nine rules, maxim-minim inference, and defuzzification with center of gravity [18,19,20]. For the input and output variables, three fuzzy values were chosen: negative, positive P, and zero Z—with the membership functions from Figure 5a. This configuration of fuzzification, inference, and defuzzification gives the highest nonlinear character for the fuzzy block [26,27,28], useful to improve control performances [19,21].



The fuzzy block BF may be analyzed based on the transfer characteristics presented in Figure 5 [19,22].



The membership functions for the two inputs and one output are presented in Figure 5a. The transfer characteristics dMd = fe(e; de) are presented in Figure 5b, were e is the variable and de is the parameter. The characteristics dMd = f(xt1; de) are presented in Figure 5c, were xt1 is a compound variable, given by relation xt1 = e + de. The gain characteristics dMd = KBF(xt1; de) is given in Figure 5d.



Figure 5 shows the characteristics of the fuzzy block for the induction machine. Those for the permanent magnet synchronous motor were almost similar.



The design of the fuzzy speed regulator was conducted by a pseudo-equivalence with the linear PI regulator [19,22,23,24], based on the following reasoning. If the fuzzy block BF is linearized around the permanent regime operating point with e = 0, de = 0, and dMd = 0, a relation of the form (3) is obtained:


  d  M d  =  K 0  ( e + d e )  



(3)







The value K0 can be determined with sufficient approximation at the limit on the characteristic families of the fuzzy blocks KBF = (xt1; de), see relation (4).


   K 0  =   lim    x  t 1   → 0    K  B F   (  x  t 1   ; 0 )  



(4)







Taking into account the correction made on the fuzzy block with the torque increment coefficient cdM, the characteristic of the corrected and linearized fuzzy block around the origin is given by the relations:


   d    M ~   d   =  c  d i    K 0  ( e + d e ) ,      c ~    d i   =  c  d i    K 0   



(5)







For the fuzzy speed controller RF-Ω with the linearized fuzzy block BF, the following input–output relationship can be written in the z domain:


   M n *  ( z ) =  z  z − 1      c ~    d i   [ e ( z ) + d e ( z ) ] =  z  z − 1      c ~    d i    [   c e  +  c  d e     z − 1   h z    ]   e Ω  ( z )  



(6)







With these observations, the transfer function of the fuzzy linearized RF-Ω speed controller becomes:


   H  R F   ( z ) =    M n *  ( z )    e Ω  ( z )   =  z  z − 1      c ~    d i    (   c e  +  c  d e     z − 1   h z    )   



(7)







A pseudo-equivalence of the fuzzy speed controller RF-Ω can be made with a continuous speed controller such as the one chosen for conventional speed control systems:


   H  R Ω    ( s )  =  K  R Ω    (  1 +  1  s  T  R Ω      )   



(8)







For this, the following quasi-continuous form is used:


   H  R F   ( s ) =    M n *  ( s )    e Ω  ( s )   =      H  R F   ( z )  |    z =   1 + s h / 2   1 − s h / 2     =      c ~    d i    h   (   c  d e   +  h 2   c e   )   [  1 +    c e    (  c  d e   +  c e  h / 2 ) s    ]   



(9)







It is observed that the above transfer function resembles the transfer function (9) of the linear speed PI controller, used in the conventional control structure. The identification of the coefficients of the transfer functions (9) and (10) shows some equalities, and from these equalities are deduced the relations of expression of the scaling coefficients based on the parameters of the already existing speed regulator:


    c e  =   h  K  R Ω      c  d M    K 0   T  R Ω       ,    c  d e   =  c e  (  T  R Ω   − h / 2 )   



(10)




where h is the sampling period.



The coefficient Kc is used to assure stability, according to the demonstration from [25]. A nonlinear correction is made to move the characteristics dMd = f(xt1; de), from Figure 5c, from the non-intervention area from the x axis, were dMd has zero values for e and de different from zero, in stability sector.




2.4. Look-Up Table Implementation of the Fuzzy Block


The solution for implementing the fuzzy blocks that gives the highest response speed, both in simulation and in practical applications, is the tabular implementation of the fuzzy block, in the form of a matrix, stored in the memory of the numerical control equipment. The models of the AC machine speed control structures are relatively complex, which makes the duration of a calculation step relatively long. The use of a pulse width modulation in the calculations resulted in a large number of iterations. The introduction of the fuzzy block in the simulation scheme in the form of the structure that requires the performance of fuzzification, inference, and defuzzification operations at each integration step, makes the calculation time increase even more. It is recalled that the inference method and the defuzzification method used are time consuming. The same fuzzy block computation problems arise when the practical implementation of fuzzy control on a physical control system of AC machines is required, at which an adequate real-time response speed must be ensured. The fuzzy block BF is represented by a nonlinear function of two variables dMd = fBF(e, de). This function is implemented tabularly, in the form of a matrix DMd of elements dMd(ae, ade), stored in the computer’s memory. Such a ‘fuzzy memory’ has a data output dMd and two address inputs ae and ade. At the output, the memory shows the real value dMd stored at the address (ae, ade.). Addresses have integer values. In order to create the matrix, the discourse universes of the input quantities of the fuzzy block e and de are discretized in nc parts. By tabulating the function dMd = fBF(e, de) for all combinations of input values, we obtain (nc + 1)2 values for the output dMdk = fR(eae, deade), where ae = 1, ..., nc + 1 and ade = 1, ..., nc + 1. These values are stored in the matrix DMd = [did(ae, ade)]. This array memory must be addressed with values ae and ade. For the quantity e, a translation is made from [-eM, eM] to [1, nc + 1], and for the quantity de, a translation is made from [-deM, deM] to [1, nc + 1]. Memory addresses are integers, so to determine them, the integer part of et and det must be calculated:


    e t  =    n c    2  e M    e +    n c  + 2  2    ,   d  e t  =    n c    2 d  e M    d e +    n c  + 2  2  ,     a e  = [  e t  ] ,     a  d e   = [ d  e t  ]   



(11)







The function of the fuzzy block BF is implemented with an approximation of it:


  d  M d  =  f  B F   ( e , d e ) ≅ d  M d  (  a e  ,  a  d e   ) =  f  B F  *  ( [  e t  ] , [ d  e t  ] )  



(12)







In the simulation, an implementation of fuzzy memory was chosen for an analog-to-digital converter of only eight bits, a situation that is the most unfavorable case. Figure 6 shows the multi-input-single-output (MISO) transfer surface of the fuzzy block for the asynchronous machine. It was obtained by tabulating the function fBF(e, de) with a resolution of 1/28 of the universes of discourse of the inputs.



The required memory decreases significantly. The number of samples for each speech universe becomes 28 + 1 = 257. The number of memory locations required is 66.049. The required memory capacity is almost 265 KB. Such fuzzy memory can be stored in RAM during calculations. The simulations showed that even in this unfavorable case, good values of the quality indicators of the regulation can be obtained.





3. Results


3.1. Transient Features


3.1.1. Simulation Conditions


The analysis of the behavior of the regulation systems was done in some cases, as specified below. The abbreviated specification of the analysis cases was made according to the symbols in Figure 7.



It was chosen to analyze the behavior to the modification of the parameters in time, due to the temperature, the magnetic saturation, or the modification of the load and the case of deviations when estimating the machine parameters. The values of the parameters taken in the analysis for the case of induction machine (mas) are presented in Table 1 and for the case of the permanent magnet synchronous machine (msmp) in Table 2 for the tuned case (a) and for the detuned case (d).



The results obtained using the fuzzy PI speed controller, denoted with (f), were compared with the results obtained in the conventional control case, denoted with (c) when using a linear PI speed control. The linear regulator was designed using the symmetry criterion in Kessler’s version [32], which is a currently recommended method in practice. In the case of conventional control, a smoothing element located at the prescription input of the control system is also used, which is commonly in practice [29,32].



Three types (1, 2, 3) of load torques Ms were considered [29]. Their mechanical characteristics are represented in Figure 8a–c, respectively.



In the simulation scenario with load torque 1, it was considered to start the drive unloaded, then load it with a nominal torque and then reverse it. In the simulation scenarios with load torques 2 and 3, it was considered to start the drive in nominal load and then to reverse it.




3.1.2. Induction Motor Characteristics


The transient state characteristics of the torque M and angular velocity Ω, in cases mas-1(2,3)-f-a(d), are presented in Figure 9.



For detuned parameters, the torque is greater in the transient region and the rise time is longer. The overshoot at the start and at reverse is zero. In the transient state, the machine is driven with the maximum torque. Therefore, the acceleration is maximum and the speed variation has a maximum slope.



The transient state characteristics of the angular velocity Ω, in cases mas-1(2,3)-f(c)-a(d) are presented in Figure 10.



The values of the performance criteria indicators are presented in Table 3 and they are discussed in Section 4.




3.1.3. Permanent Magnet Synchronous Motor Characteristics


The transient state characteristics of torque M and angular velocity Ω, in cases msmp-1(2,3)-f-a(d), are presented in Figure 11.



The transient state characteristics of the angular velocity Ω, in cases msmp-1(2,3)-f(c)-a(d), are presented in Figure 12.



The values of the performance criteria indicators are presented in Table 4 and they are discussed in Section 4.





3.2. Performance Indicators


The values of the performance indicators for the induction machine control system are presented in Table 3, and the values for the synchronous machine control system are presented in Table 4. They are obtained from the above characteristics.



The meanings of the notations in the tables are: σ1—speed overshoot at start-up; trΩ—rising time; σ1M—the maximum deviation of the speed from the effect of the disturbing load torque; tcM—time to eliminate the effect of disturbance; σ1r—speed overshoot at reversal; trr—reversal rise time; E—integral criterion; Δσ1—overshoot difference between overshoot at nominal parameters and overshoot at detuned parameters; Δσ1M—maximum deviation difference; ΔtrΩ—rise time difference; ΔtcM—difference of torque effect elimination time. The error integral criterion has relation (13). It is integral to the square of the speed error.


  E =  ∫     (   Ω *  − Ω  )   2  dt  



(13)








3.3. Some Results from a Digital Implementation


In [20], the author presented an example of the implementation of a speed control system of a brushless motor with a Hall sensor encoder, based on a TMS320LF2407 DSP platform. The structure of the equipment is presented in Figure 13a.



The test platform is using a Texas Instruments motion control kit MSK 2407, monitor software, and development software installed on a personal computer (PC), a power electronic converter PM-50 with a three phase inverter and auxiliary circuits, with structures from Figure 13a. The implementation of the fuzzy block BF may be done using a look-up table, as presented in Section 2.4. This is the way that assures the minimum time response in the practical implementation of a fuzzy block. Using the fuzzy PI controller, the characteristics in Figure 13b may be obtained. This was compared with the characteristic for a linear PI speed controller. This example demonstrates that using fuzzy PI controllers may improve some performance indicators, obtaining a shorter rise time and a zero overshoot.




3.4. Example of Calculating the Reduction of Energy Consumed


Using the results obtained by simulation, from the transient state characteristics of torque and speed and the values of the performance indicators in the tables, a simple calculation of the energy difference ΔW between the energy consumed in linear regulation and the energy consumed in fuzzy regulation in transient states can be made. An empiric formula may be used:


  ∆ W ≅  (   M c   Ω c   t  rc   −  M f   Ω f   t  rf    )  ≅  (  1.05 .  M n  . 1.05 .  Ω n   t r  −  M n   Ω n   t r   )  ≅ 0.1 .  P n   t r  ,  



(14)




were M is the torque; Ω is the speed; and t is the duration of transient regime for the linear, or conventional case denoted with c and for fuzzy case denoted with f. The case of nominal speed control, denoted with n, was chosen. The duration of the longer transitional regime was chosen from the conventional case tr. Based on the characteristics and table values, for the case of conventional regulation, it is approximated that the torque and the rotation speed were 5% higher than in the case of fuzzy regulation. Thus, it can be said that the energy difference was about 0.1 of the nominal energy consumed during the transient state.





4. Discussion


From the characteristics of the transient regime and from the values from the tables presented above, the following can be observed. Fuzzy logic-based control provides zero overshoot σ1, unlike conventional control, which provides a greater overshoot, both in the case of tuned parameters and in the case of detuned parameters, for all three load torques. The rise time trΩ was smaller in all cases with fuzzy control. The effect of disturbing load torque was eliminated faster in the case of fuzzy control: tcM and σ1M were smaller. The reversal time trr was shorter for fuzzy control. The error integral criterium had smaller values for fuzzy control. The values of all quality indicators were better in the case of fuzzy control, in all cases analyzed. It should be noted that better values were obtained in the most unfavorable cases using bipositional current regulators and the implementation of fuzzy memory with the lowest resolution. The values of the torque developed by the machine in transient mode were lower in the case of fuzzy control than in the case of conventional control. The duration of the transitional regime was shorter. These aspects were valid in all cases analyzed, for different values of the parameters and for different load torques. The fact that at fuzzy control, the torque developed by the machine was lower, the speed overshoot was zero, and the duration of the transient state was shorter, leading to the conclusion that the consumed energy was smaller, which leads to energy saving.




5. Conclusions


The paper presents an analysis performed by the modeling and simulation of the behavior of the speed control structures with a fuzzy PI controller of the asynchronous machine vector controlled with indirect orientation after the rotor flux and the speed control structure with a fuzzy PI controller of the permanent magnet synchronous machine vector controlled with orientation after the rotor flux. The analyses were performed for nominal values of the machine parameters and for deviated values of the parameters by 100%. Additionally, three different types of load torques commonly encountered in practice were considered. The paper shows the design of the fuzzy regulators used. The fuzzy blocks were implemented in the tabular manner, as matrix stored in memory, the solution that gives the highest response speed.



The values obtained for fuzzy regulation were compared with the values obtained for conventional regulation with linear PI speed regulators. Linear PI regulators are the most common and widely used in commercial electric drives.



This paper demonstrates that the use of fuzzy PI regulators for regulating the speed of AC electric motors leads to a reduction in energy consumed in transient states and an improvement in the quality indicators of regulation. The paper also demonstrates that control systems based on fuzzy logic are more robust to errors in identifying the parameters of electric machines. They are also more robust to the effect of disturbing load torque.
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Figure 1. Block diagram of the three-phase asynchronous machine speed control system with fuzzy speed controller. 
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Figure 2. (a,b) The structure of the block for calculating the reference currents in the vector control structure of the asynchronous machine with rotor flux orientation (BCC). 
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Figure 3. Block diagram of the three-phase permanent magnet synchronous machine speed control system with fuzzy speed controller. 
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Figure 4. Block diagram of the fuzzy speed controller. 
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Figure 5. The transfer characteristics of the fuzzy block BF: (a) membership functions; (b) family of characteristics fe(e; de); (c) family of characteristics f(xt1; de); (d) family of characteristics KBF(xt1; de). 






Figure 5. The transfer characteristics of the fuzzy block BF: (a) membership functions; (b) family of characteristics fe(e; de); (c) family of characteristics f(xt1; de); (d) family of characteristics KBF(xt1; de).



[image: Energies 14 02083 g005a][image: Energies 14 02083 g005b]







[image: Energies 14 02083 g006 550] 





Figure 6. MISO transfer characteristic dMd = fBF(e, de) of the fuzzy block implemented as a look-up table. 
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Figure 7. The meanings from the notation of the analysis cases. 
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Figure 8. The mechanical characteristics of the torques (a) type 1, (b) type 2, (c) type 3. 
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Figure 9. Electromagnetic torque M and angular velocity Ω, in cases: (a) mas-1-f-a(d), (b) mas-2-f-a(d), (c) mas-2-f-a(d), a—solid line, d—dashed line. 
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Figure 10. Angular velocity Ω, in cases (a) mas-1-f(c)-a, (b) mas-2-f(c)-a, (c) mas-3-f(c)-a, (d) mas-1-f(c)-d, (e) mas-2-f(c)-d, (f) mas-3-f(c)-d, f—solid line, c—dashed line. 
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Figure 11. Electromagnetic torque M and angular velocity Ω, in cases (a) masmp-1-f-a(d), (b) msmp-2-f-a(d), (c) msmp-2-f-a(d), a—solid line, d—dashed line. 
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Figure 12. Angular velocity Ω, in cases (a) msmp-1-f(c)-a, (b) msmp-2-f(c)-a, (c) msmp-3-f(c)-a, (d) msmp-1-f(c)-d, (e) msmp-2-f(c)-d, (f) msmp-3-f(c)-d, f—solid line, c—dashed line. 
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Figure 13. (a) Equipment structure for practical experimentation. (b) Speed characteristics on the graphic interface. 
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Table 1. The values of the parameters taken in the analysis for the induction machine (mas).
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Rr [Ω]

	
J [kgm2]

	
kf [Nms]




	
a

	
d

	
a

	
d

	
a

	
d






	
12.4

	
24.8

	
0.01

	
0.02

	
0.0008

	
0.0016
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Table 2. The values of the parameters taken in the analysis for the permanent magnet synchronous machine (msmp).
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Rr [Ω]

	
J [kgm2]

	
kf [Nms]




	
a

	
d

	
a

	
d

	
a

	
d






	
0.6

	
1.2

	
0.001

	
0.002

	
0.0001

	
0.0002
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Table 3. Performance indicator values for the induction machine.
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Analysis Case

	
σ1

[%]

	
trΩ

[s]

	
σ1M

[%]

	
tcM

[s]

	
σ1r

[%]

	
trr

[s]

	
E

.10−5

	
Δσ1

[%]

	
Δσ1M

[%]

	
ΔtrΩ

[s]

	
ΔtcM

[s]






	
Mas-1-c-a

	
4.5

	
0.19

	
5.7

	
0.15

	
2.0

	
0.13

	
720

	
4.5

	
3.1

	
0.1

	
0.14




	
Mas-1-f-a

	
0

	
0.09

	
2.6

	
0.01

	
0

	
0.12

	
679




	
Mas-1-c-d

	
9.6

	
0.34

	
8.3

	
0.25

	
3.2

	
0.45

	
1068

	
9.6

	
6.4

	
0.25

	
0.23




	
Mas-1-f-d

	
0

	
0.09

	
1.9

	
0.02

	
0

	
0.15

	
909




	
Mas-2-c-a

	
0.6

	
0.09

	
-

	
-

	
0.6

	
0.16

	
701

	
0.6

	
-

	
0.01

	
-




	
Mas-2-f-a

	
0

	
0.1

	
-

	
-

	
0

	
0.12

	
703




	
Mas-2-c-d

	
4.4

	
0.12

	
-

	
-

	
3.2

	
0.23

	
954

	
4.0

	
-

	
0

	
-




	
Mas-2-f-d

	
0.4

	
0.12

	
-

	
-

	
0

	
0.13

	
937




	
Mas-3-c-a

	
1.9

	
0.19

	
-

	
-

	
3.8

	
0.22

	
863

	
1.9

	
-

	
0.08

	
-




	
Mas-3-f-a

	
0

	
0.11

	
-

	
-

	
0

	
0.14

	
896




	
Mas-3-c-d

	
4.5

	
0.32

	
-

	
-

	
5.1

	
0.33

	
1021

	
3.5

	
-

	
0.2

	
-




	
Mas-3-f-d

	
1.0

	
0.12

	
-

	
-

	
1.3

	
0.16

	
1011
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Table 4. Performance indicator values for the synchronous machine.






Table 4. Performance indicator values for the synchronous machine.





	
Analysis Case

	
σ1

[%]

	
trΩ

[s]

	
σ1M

[%]

	
tcM

[s]

	
σ1r

[%]

	
trr

[s]

	
E

.10−5

	
Δσ1

[%]

	
Δσ1M

[%]

	
ΔtrΩ

[s]

	
ΔtcM

[s]






	
Msmp-1-c-a

	
6.7

	
0.07

	
6.4

	
0.04

	
11.4

	
0.09

	
6.81

	
6.7

	
5.1

	
0.01

	
0.04




	
Msmp-1-f-a

	
0

	
0.06

	
1.3

	
0

	
0

	
0.08

	
6.17




	
Msmp-1-c-d

	
16.2

	
0.13

	
5.4

	
0.04

	
13.1

	
0.16

	
12.65

	
16.2

	
4.8

	
0.05

	
0.04




	
Msmp-1-f-d

	
0

	
0.08

	
0.6

	
0

	
0

	
0.13

	
11.96




	
Msmp-2-c-d

	
4.5

	
0.07

	
-

	
-

	
9.9

	
0.09

	
7.02

	
4.5

	
-

	
0

	
-




	
Msmp-2-f-d

	
0

	
0.07

	
-

	
-

	
0

	
0.08

	
6.37




	
Msmp-2-c-a

	
10.8

	
0.12

	
-

	
-

	
11.8

	
0.15

	
13.05

	
10.8

	
-

	
0.04

	
-




	
Msmp-2-f-d

	
0

	
0.08

	
-

	
-

	
0

	
0.12

	
12.29




	
Msmp-3-c-a

	
10.8

	
0.08

	
-

	
-

	
13.1

	
0.1

	
7.76

	
10.8

	
-

	
0

	
-




	
Msmp-3-f-d

	
0

	
0.08

	
-

	
-

	
0

	
0.1

	
6.99




	
Msmp-3-c-a

	
13.1

	
0.16

	
-

	
-

	
13.1

	
0.17

	
14.50

	
13.1

	
-

	
0.03

	
-




	
Msmp-3-f-d

	
0

	
0.13

	
-

	
-

	
0

	
0.13

	
13.63

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
r--~-- - -~ IC* d
Co ! i
'i:'m—l—) + Ih
. ! CC | ICI —
M o i
| q —
| |
. L — - — - _ C# —
: S0g £ j\es ' g
'LECC s N A

(a)

o Iy
Ve 2L,
3ngLlm iy
500y






media/file18.png
(a)

M..P

M, P






media/file21.jpg
(@ (&) )






media/file26.png
0.8

0
=
....................................................... <
[en]
......................................................... ™
Q
[ ] (] 00
3 3
[s/ped] ‘T i
0
Q
©
5 o
0
=
<
[an]
N
Q
Q Q 00
[an] (]
ol [s/pei] ‘T '
0
-
........................................................ -
e
o,
=
10
; (o]
o o 00
Q Q
1) ) _.n..
[s/pel] ‘T

(c)

(b)

(a)

||||||||||||||||||||||||||||

0.8

0.6

]ll\l‘....lnl.l...‘lnla
....................................................... <
L]
....................................................... o
i [
.x.[
[a=] o GD
2 2
[s/pei] ‘T i
........................................................ 0
o
rl\.\ll»‘l\l\l\\n.. ©
...I.|..1..Il.llllll||.!||[
........................... =
! o
| o
| (o]
3 2
[s/ped] ‘G i
0
: -
I S S 0
A | ©
(o] 0 Dﬁ...
(=] (-
0 o

[s/ped]

t Is]
()

t[s]
(e)

t[s]
(d)





media/file27.jpg
(b)

(a)





media/file3.jpg
2L,
o

(a)

Sl

(b)





media/file22.png
T _ T 2
w
—
-
0
o
A1 u“ 0
o o o o o o o
'y} o [Ip] w o L
— ~— . ! — —
[s/pel] 't _ '
0
0
o
ff!rf_ 3
o o - o o o o
Ty (=) o .uw (] Ty
I 1
[s/pel] ‘T
O
(o]
N
L o)
-
-
i
O
(o]
o
- o o (o] Q = o
Tg} o fe} lg] o fe}
= = _ A 4

[s/pel] ‘T

t [s]

(b)

t [s]
(a)

T T T
I N SN N S R 0
' . . -—
: ; P
T 1 § -
A U U SRR SRR SO ©
. - - o
! : m m
—— : : -
[ [ (=] (o] [ o =]
) (=] o g (=] Ty
- — . ! - 4
[s/ped] ‘T .
o™
0
h
|l|l|.|luln|1|||l|t.ll!.\
-
0
o
S o
Q Q (o] [ Q Q (=]
le} o Ig) [ Q Ig)
- - . 1 - -—
[s/pel] ‘& _ _
w0
i o
L _ o
: -
i R
r_
un
L]
._...
(] o [ ] ] (=] =] n.l....__..U
Iy (=] [Ty Fy} O [Ty
= = . i M

[s/pel] ‘T

t, [s]

(e)

t Is)
(d)





media/file19.jpg





media/file7.jpg
Ba






media/file28.png
Data bus I

Address bus I

= ":] TMS320LF2407 | Dats SRAM |
with
RS-232 rmonitor EZFROM
‘::k:b‘bh oft
— <} sHTheEre 2 ch. DAC
CAaN
MSHK 2407 1.0
Hall =ign=al
encoder signals
[ MC-BUS 1
conector 3 currert Brushless || H=ll
measuremerts zens.

U
Y

rmotor

O
[
O

Encoder

]
&

L

¥

3 phase inwverter

Fh-50

(a)

100

g0

=11

40

20

(b)

200





media/file14.png
il

ifh |'|'|'| il

ﬁ%

A

|'|'|'|'l'|II|III

m%f

mwmﬁ'ﬁ'
"I'"I"Iull'l"|

I|I"||I

l
!
i

=,
__-—.

ll‘

ﬁﬂﬂ$“
i IﬂH
i Nﬁ“

i
a'l""'l““

'il
i
)

$
. ﬂﬂﬂﬁ i
u i

||m
'|

il i

H.WW%
I||||| I|I||I||I| i

Illllllllllll III Il |=
HNH

|||I IIII||||
i

- -
- -t -
PR — -
p——





media/file6.png
RG-i f V. M08

TCl | & € o Rz
CONV =P msmp
- 1
Ptl:EIE:I jsm L0 M

TLd





media/file15.jpg
Hxxyzu
L Comeot parameters: a - tuned
d- detuned

Controller type: c - linear FI

f- fuzzy PI
Load torque type: 1,2,3
AC machine: mas -induction machine

msmp -permanent magnet synchronous machine





nav.xhtml


  energies-14-02083


  
    		
      energies-14-02083
    


  




  





media/file11.png
FARE | S 5 R N -
R S S SO S T S §
ol : ' : :

-2 (-eM) -1 (-eb) 0 1(b) 2 (M)
e

oL ! ! ! ! !
(-dh) -3 -2 -1{-dnT) 0 1 (dMIT) 2 3 (D
dM

(a)

dMd

2 de=
™0
[~ -0.25
1.5 1 s
L -0.75
1 -1
0.5
0
-0.5
1
| S
b :
-2
-2 2
e
(b)





media/file16.png
A XXy~ Bl

I— —ase of parameters: a - tuned
d - detuned
Controller type: ¢ - linear P
- fuzzy Il
Load torque type: 1, 2, 3

A machine: mas -induction machine

INSmp —permanent magnet synchrnnnus machine





media/file2.png
E‘: : AL B
BCC |4} ut

E T T 7\ Mas

Iy = Ti A

Ta

TL.






media/file20.png
x%

||||||||||||||||||

50+

[WN] ‘W

-50

ILH.... -
G_. [an] [an]
' i
[WN] ‘W
.
(] (] Q
i ?
[WN] ‘W

1.5

1.9

0.5

2.5

15

0.5

[s/peu] 5

o)
..1..;&\%.\ -
0
(]
"
(=] (=] (=] e
[ ] (o ]
[s/pei] 75!
0
~
................... -
W,
..................... o
[an]
[an] [an] (] <
[an] (4]
A N
[s/pel] ‘o5
o)
(]
|||||||||| - 2
T |.0n\ 0O
—
..................... Ly
(]
b o
(] (] Q
o Q
Al N

t [s]
()

t, [s]

(b)

t, [s]
(a)





media/file23.jpg
’. { g
I






media/file10.jpg





media/file5.jpg
o R k1 :
SiliEs a |¥

Qg P'es,)|






media/file24.png
0.8
0.8

1
0.6
Vo
B
Vo
N
Nk
0.6

0.4

0.4

0.2
0.2

0.8
0.8

0.6
0.6

0.4
0.4

0.2

(o]

(o]

[s/pel] ‘T35

500

o
S
‘@

1.5
1.5

o
0.5
0.5

nuk o r(.r o

500

) o
S
@

[s/pei] ‘o

t, [S]
(c)

t [s]
(b)

t [s]
(a)





media/file1.jpg





media/file25.jpg
©






media/file12.png





media/file9.jpg
2 A 0 e 2 3w
g

awa

7 a0 1@e2 3o
an

(a)






media/file0.png





media/file8.png
[
[a—y

P

-

€
=






media/file17.jpg





