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Abstract

:

The electromechanical systems under analysis include electric drives, working machines that perform specific tasks in the technological process, and working mechanisms that transmit mechanical power between the electric drive and the working machine. The vast majority of electric motors included in drive systems require rotational speed control. This task is most often performed with the use of closed-loop control structures based on speed controllers. A step or overly rapid change in the speed reference causes a temporary lock of the speed controller due to the applied limitations at its output. Particularly, unfavorable effects of such a lock can be observed in drive systems in which there is a long elastic coupling (transmission shaft) between the electric motor and the working machine. As a consequence, shaft torsion and accompanying twisting moments of considerable amplitudes appear. This article proposes an uncomplicated active torque limiter structure, which enables the uninterrupted operation of the speed controller thanks to the automatic adaptation of the rate of the speed reference change to any moment of inertia of the rotor and attached rotating masses. The results of the investigations confirm the effectiveness of the proposed structure.
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1. Introduction


Electric drives, being components of electromechanical systems, are used in all branches of industry and are the dominant recipient of electricity. For this reason, the failure-free operation of these systems is essential. The analysis of the operating states of drive systems is often associated with ensuring their operational safety. The key issue is to detect the occurrence of resonance and resonance-like phenomena, as they are most dangerous for the system. Dangerous phenomena include vibrations of considerable amplitude occurring in drive systems, especially in their working mechanisms, and these phenomena are caused by sudden changes in the driving torque or load torque. In such operating states, failures of mechanical elements occur most often. Failure to take into account these phenomena may damage the electric drives and sometimes stop production in the entire plant. One example is a complex drive system for electric submersible pumps powered by a soft starter [1]. In this case, an incorrect control strategy led to resonance and shaft failure. Therefore, comprehensive studies are needed to analyze the operating states of electrical and electromechanical systems.



In order to analyze the operating states of electrical and electromechanical systems, there is a need to conduct complex tests that are long and expensive. The solution to this problem is an analysis of the tested system presented in the form of a mathematical model. A mathematical model describes a physical object by a system of differential or algebraic equations or their combination. This description is more or less complex depending on the degree of accuracy in reproducing the processes taking place in the object under consideration. A mathematical model with lumped parameters describes an object with ordinary differential equations, while a mathematical model with distributed parameters describes an object with partial differential equations. Practice shows that, in order to obtain a high degree of representation of the physical phenomena occurring inside a tested device or a group of devices, the object should be analyzed as a system with distributed parameters [2,3,4,5].



Electric motors included in electric drives are coupled with working mechanisms via drive shafts, which are examples of mechanical power transmission. Mechanical power transmissions may be one-path or multi-path and may include gear trains and clutches [6]. Long drive shafts, defined as transmission shafts, are used primarily in drive systems in the steel industry, mainly in rolling mills [7,8] and paper machines [9]. In these applications, the length of the transmission shafts can exceed 10 m, and their diameters can reach 0.5 to 0.8 m. Transmission shafts are also used in drive systems of polymerization reactors. The length of these shafts ranges from 4 to 7 m. Moreover, transmission shafts are used in hydro generator sets, drive systems of ships, submarines, etc. [10,11,12].



Depending on the length and cross section, transmission shafts may show different susceptibilities to the moment of torsion, the measure of which is the value of the angle of twist [6,13]. In the case of a short mechanical coupling, the value of the angle of twist is insignificant and may be neglected under the assumption of a rigid mechanical coupling, while this value cannot be omitted in the case of a longer mechanical coupling, and such coupling should be considered elastic [5,13,14,15,16,17,18].



Several researchers [19,20,21,22,23,24] have undertaken tests of stresses and vibrations of transmission shafts with the use of various methods of analysis, especially mathematical modeling. To model the transmission shafts, classical methods based on the d’Alembert principle and Newton’s second law as well as the variational method are used. The variational method is based on a model with distributed parameters and consists of partial differential equations [13]. An example of a partial differential equation used to describe a long elastic element is the wave equation [25]. Partial differential equations can be solved analytically, but this is both tedious and time-consuming. Thus, these equations are usually converted into ordinary differential equations using finite differences [6]. Examples of models of long elastic elements based on ordinary differential equations include the multi-mass lumped parameter model presented in [6,24,26] and the two-mass model presented, inter alia, in [5,16,18,27,28], which do not guarantee accurate results in the numerical analysis. Equations describing a multi-mass model are usually solved by numerical integration.



Torsional vibrations not only strongly affect the operation of drive systems, but they also significantly complicate the analysis of the control system [29,30]. The task of the control system in such cases is to ensure that the speed of the drive system is achieved and maintained at a given level under various disturbances. Another task of the control system is to prevent mechanical oscillations in transient states, which can lead to the deterioration of the operating condition of the drive system. Therefore, the identification of the state of the mechanical system in electric drives is becoming an increasingly important problem [31,32].



In [33], an improved version of the adaptive nonlinear controller for a dual mass drive with nonlinear stiffness, damping, and friction with unknown parameters was proposed. The problem is complex and cannot be resolved with the standard backstepping approach. Therefore, several nonlinear control techniques were creatively used together to obtain a satisfactory result.



The papers [19,34] present the issues of modeling an elastic two-mass system and the damping residual vibrations therein.



It is estimated that over 75% of all electric motors installed in various types of equipment require speed control. This includes motors with additional angular position control. This applies not only to systems operating with an open-loop speed control, used e.g., in fan or pump drives, but also to complex closed-loop systems, e.g., used in servo drives and in driving lifting devices.



Drive systems with an adjustable angular velocity appeared at the turn of the 20th centuries, along with the publication of the idea of adjusting the angular velocity of a DC motor by changing the armature voltage. Currently, drives with AC induction and synchronous motors excited by permanent magnets dominate. Synchronous motors are also the basis for the construction of drives with a brushless direct current (BLDC) motor. The BLDC motor drive is characterized by a simplicity of control; however, due to inferior dynamic properties and torque ripple, it is intended for applications where precise speed or position control is not required. The range of applications of alternating current machines includes, above all, high levels of power and rotational speed. Moreover, often where there are special requirements regarding operating conditions, e.g., an inflammable, corrosive, or dusty atmosphere, the use of AC motors is a must.



A step or overly rapid change in the speed reference for control systems of electric motors cause a temporary lock of the speed controller due to the applied limitations at its output. Particularly, the unfavorable effects of such a lock can be observed in drive systems where there is a long elastic coupling (transmission shaft) between the electric motor and the working machine [5,6,13,17]. As a consequence, shaft twists and accompanying torsional moments of considerable amplitudes appear. The necessity of using limiters at the output of speed controllers results from the need to limit the torque produced by the motor and the resulting overloads in the mechanical system, in addition to the current flowing in the circuits of the motor windings and the power electronic converter.



The aim of the research presented in this article is to analyze the behavior of an electromechanical system containing (a) a drive system consisting of an induction motor, a motor power supply system, and a vector control system, (b) a transmission shaft, and (c) a working machine, the role of which in the system under consideration is played by a DC brake generator. An additional aim is to propose a structure that prevents the speed controller from locking in all operating states of the drive system and thus contributes to the effective damping of vibrations arising in the working mechanism and to improve the safety of its operation.



The authors’ own contribution is to identify the cause of the occurrence of weakly damped oscillations in the electromechanical system and to develop the structure of the module, which, when attached to a standard electric motor control structure, enables the uninterrupted operation of the speed controller and, consequently, the effective damping of oscillations in the mechanical system.




2. Mathematical Model of an Electromechanical System Containing a Long Elastic Coupling


2.1. Mathematical Model of a Transmission Shaft


In [21], the telegraphers’ equations (System of Equation (1)) with boundary conditions (System of Equation (2)) and their solution (Equations (3) and (4)), defined by d’Alembert, were proposed for a mathematical description of the transmission shaft:


   −    ∂ 2  M   ∂  x 2    =  1   v 2       ∂ 2  M   ∂  t 2      ;         −    ∂ 2  ω   ∂  x 2    =  1   v 2       ∂ 2  ω   ∂  t 2      ;         v =  1     J ′    S ′  c      =     G ρ     ,     



(1)






       M ( x , t )     x = 0   =  M 1  ( t )   ;               ∂ M ( x , t )   ∂ x       x = 0   = −  J ′    ∂  ω 1  ( t )   ∂ t   ,     



(2)






   M 1  ( t ) =  z v   ω 1  ( t ) −  z v   ω m  ( t −   l v   ) +  M m  ( t −   l v   ) ,    



(3)






   M m  ( t ) = −  z v   ω m  ( t ) +  z v   ω 1  ( t −   l v   ) +  M 1  ( t −   l v   ) ,    



(4)




where v is the phase velocity given in m/s,   J ′   and     S ′  c    are the linear densities (with respect to the length unit) of the moment of inertia and the torsional susceptibility coefficient,     S ′  c  = ρ / G  J ′   , ρ is the mass density given in kg/m3, G is the shear modulus given in GPa, M1 and Mm are the moments of torsion at the beginning and at the end of the shaft, respectively, ω1 and ωm are the angular velocities at the beginning and end of the shaft, zv is the wave impedance,    z v  =    J ′  /   S ′  c    = v  J ′   , and l is the shaft length. The abovementioned moments of torsion can also be presented in a discrete form:


   M 1  ( j ) =  z v   ω 1  ( j ) −  z v   ω m  ( j − n ) +  M m  ( j − n ) ,  



(5)






   M m  ( j ) = −  z v   ω m  ( j ) +  z v   ω 1  ( j − n ) +  M 1  ( j − n ) ,  



(6)




with predetermined initial conditions M1(0), Mm(0), ω1(0), and ωm(0), where n is the number of modeling steps, which is a number that expresses the time of the passage of the mechanical wave through the shaft, n = l/vh, h is the width of the modeling step size, j = 0, 1, … The time of the passage of the mechanical wave through the shaft, corresponding to the number n, is given as l/v in Equations (3) and (4).



The angular velocities at the beginning and end of the shaft can be calculated from the equations of motion for the electric motor and the working machine:


   J e    d  d t     ω 1  ( t ) =  M e  ( t ) −  D 1   ω 1  ( t ) −  D  1 m      ω 1  ( t ) −  ω m  ( t )   −  M 1  ( t ) ,  



(7)






   J L    d  d t     ω m  ( t ) =  M m  ( t ) −  D m   ω m  ( t ) −  D  m 1      ω m  ( t ) −  ω 1  ( t )   −  M L  ( t ) ,  



(8)




where Me(t) and ML(t) are the air-gap torque of the electric motor and the load torque of the working machine given in N·m, Je and JL are the moments of rotor inertia for the electric motor and the working machine given in kg·m2, and D1 and Dm are the coefficients of friction in the bearings. In order to take into account the viscous friction inside the shaft, the components    D  1 m   (  ω 1  ( t ) −  ω m  ( t ) )   and    D  m 1   (  ω m  ( t ) −  ω 1  ( t ) )   with lumped parameters D1m and Dm1 are introduced into Equations (7) and (8).



The assumptions for the model are as follows. System of Equation (1), which was used for the mathematical description of the transmission shaft under the boundary conditions (System of Equation (2)), was derived under the assumption that the shaft is homogeneous; i.e., the parameters along the shaft axis do not change. Moreover, the losses related to the viscous friction inside the shaft were omitted in the aforementioned equations in order to use the solution given by d’Alembert (Equations (3) and (4)). These losses have been taken into account alternatively by introducing additional terms into Equations (7) and (8). If the shaft is part of a complex system, then we can limit ourselves only to the quantities occurring at its boundaries, without the need to reproduce the phenomena for any point along the shaft axis. In this case, in Equations (3) and (4), there are only two values of the shaft length coordinate x: 0 (shaft beginning) and l (shaft end). This assumption leads to very simple equations of the discrete model (Equations (5) and (6)) of the lossless transmission shaft.



The proposed model of the transmission shaft is an alternative to the multi-mass model based on ordinary differential equations as well as to the model with distributed parameters based on partial differential equations. The advantage of the proposed model is its simplicity, as it is based on discrete algebraic equations that do not require numerical integration, unlike models based on differential equations. The proposed model of the transmission shaft has been verified experimentally using the laboratory stand shown in Figure 1.



Table 1 presents the specification of the components of the test stand for the drive system with elastic coupling shown in Figure 1.



The length and diameter of the shaft in the experimental system were designed adequately to the power of the components of the experimental system. The configuration of the experimental system allows for the use of shafts of different diameters, which allows for a good representation of the parameters of real systems in which the length of transmission shafts can reach over 10 m, and the power of electric drives can be several hundred or even several thousand kilowatts.



The test stand, shown in Figure 1, is fully configurable, thanks to which it is possible to mount additional steel discs on the shaft on the DC generator side, which allows the moment of load inertia to be changed. The angular displacements and velocities are measured by two rotary incremental encoders with a resolution of 3600 pulse/rev. These encoders are installed at the ends of the transmission shaft. HAS 50-S hall effect transducers from LEM are used to measure the motor phase currents. The measurement signals from the transducers are sent to a laboratory computer equipped with two multifunctional I/O devices.



At the stand for testing the electromechanical system containing the transmission shaft (Figure 1), a brushless DC motor, powered from a factory converter equipped with a closed-loop control system, was used. The control task was performed using a standard cascade structure with closed loops: outer for controlling the motor speed and inner for controlling the motor torque or current.



The presented waveforms were acquired by starting the motor and operation under a rated load after 5.5 s. Figure 2 shows the angular velocity at the beginning of the shaft obtained by computer simulation and by measuring in the test stand.



The presented waveforms show the lock of the speed controller when starting the motor, manifested by weakly damped oscillations of mechanical quantities with significant amplitudes, as well as the high efficiency of damping these oscillations after unlocking the speed controller from about 2.3 s. It was possible to determine this lock as a result of the modeling and simulation studies carried out. The high similarity of the simulation and experimental results confirms the adequacy of the proposed model.



Both waveforms presented in Figure 2 show a high similarity of the obtained results. Noise caused by disturbances in the measuring system is visible in the measured waveform. In the waveforms, during the increase in angular velocity, i.e., when starting the motor, the oscillating nature of these waveforms is clearly visible. On the other hand, after the motor reaches the speed close to the speed reference, i.e., after about 1.3 s from the initiation of the motor start-up, these oscillations disappear immediately.



Figure 3 shows the waveforms of the angle of the shaft twist, which largely reflects the moment of torsion.



The choice of the angle of twist for the presentation is a result of the possibility of direct measurements of the angles of rotation on both sides of the shaft with the use of the installed encoders and the calculation of the angle of twist as their difference, while in the case of measuring the moment of torsion, there is a problem with the accuracy of such measurements, especially in the transient states. The observed differences in the simulation results and the experimental tests are due mainly to differences in the parameters of the speed controller (the authors were not aware of the parameters of the speed controller used in the factory converter supplying the motor). However, there are no major differences in the dynamic behavior of the electromechanical system.



The waveforms of the angle of the shaft twist during motor start-up presented in Figure 3 show an oscillation of considerable amplitude that immediately disappears after the end of the start-up. In these graphs, it can also be observed that the rapid change in the load torque from 5.5 s does not have an oscillating effect.




2.2. Mathematical Model of an Induction Motor


The analysis of static and dynamic phenomena occurring during motor operation is necessary both at the design stage and during the operation of drive systems. Carrying out such an analysis requires the development of mathematical models of the tested motors. Circuit models are the basis for the mathematical description of drive systems, including automated converter-fed motor systems used in numerous technological processes.



In the case of circuit modeling, the task is reduced to solving two basic problems: (a) formulating a system of differential equations and (b) determining the values of the coefficients (parameters) appearing in these equations. A well-carried out model parameter estimation of the selected object is the key to its diagnostics and simulation. If the selection of the model and estimation methods are appropriate for a given object, then this solution can be duplicated, and satisfactory results can be obtained in terms of the simulation or diagnostics of the object under consideration.



For mathematical descriptions of induction machines, usually, equations written with the use of space vectors, which formulate the vector form of the circuit model, are used. The vector form of a circuit model is obtained after applying the definition of a space vector to the equations of the voltage balance for the stator and rotor circuits of a three-phase induction machine. As a result of this transformation, voltage equations containing vector variables represented on the plane of complex variables or after transformation to the matrix form, variables represented in the Cartesian coordinate system are obtained.



The space vector definition is based on the assumption that a symmetrical three-phase system of quantities, represented in natural coordinates (denoted as a, b, c or u, v, w) by phase values (e.g., voltages, currents, and fluxes), can be replaced by one rotating or stationary space vector (of the voltage, current, or flux, respectively), associated with an orthogonal or polar coordinate system, while the coordinate systems can be stationary, i.e., naturally associated with the stator, or rotating, e.g., with the rotor.



In [35], a mathematical model of an induction motor, taking into account the skin effect in the rotor cage bars by varying the rotor resistance and leakage reactance, was proposed. The model formula was based on the voltage equations of an induction machine written with the use of space vectors, related to the coordinate system rotating at any speed ωa:


      u ¯   s  =  R s     i ¯   s  +   d  d t       ψ ¯   s  + j  ω a     ψ ¯   s    ;            u ¯   r  =  R r     i ¯   r  +   d  d t       ψ ¯   r  + j (  ω a  −  p b   ω m  )    ψ ¯   r  ,   



(9)




where us, ur, ψs, ψr, is, and ir are space vectors of voltages, flux linkages, and currents of the stator and rotor, respectively, Rs and Rr are the resistances of the stator and rotor windings, ωm is the rotor angular velocity, and pb is the number of pole pairs. System of Equation (9) is completed with the flux-current dependencies (System of Equation (10)) and the equation of the rotor motion (Equation (11)):


      ψ ¯   s  =  L  σ s      i ¯   s  +  L m       i ¯   s  +    i ¯   r      ;            ψ ¯   r  =  L  σ r      i ¯   r  +  L m       i ¯   s  +    i ¯   r    ,   



(10)






    J m    d  d t     ω m  =  m e  −  m m    ;          m e  =  p b  Im      ψ ¯   s *  ⋅    i ¯   s    ,   



(11)




where Lσs, Lσr, and Lm are the leakage inductances of the stator and rotor windings and the magnetization inductance, Jm is the moment of rotor inertia, me is the air-gap torque of the motor, mm is the sum of the load torque of the working machine (external load) and the torque of mechanical losses of the motor (internal load). The air-gap torque or electromagnetic torque of an induction motor is the torque produced by the rotor current obtained by the electromagnetic induction from the magnetic field of the stator winding.



With the high slip of the rotor of the squirrel cage induction motor, occurring, e.g., during direct start-up, there is a one-sided displacement of the current in the cage bars, related to the skin effect. Taking into account the skin effect in the rotor cage bars is intended to improve the accuracy of the mathematical modeling and the obtained simulation results in relation to the measurement results and is particularly important in deep-bar and multi-cage squirrel-cage induction motors. For this purpose, variable parameters of the rotor winding were used in Equations (9) and (10):


    R r  =  R  r n      S p    σ  b  r 1     ≈  R  r n      h r   σ  =  k r   R  r n     ;          L  σ r   ≈    L  σ r n      k r    ,   



(12)




where Rrn and Lσrn are the resistance and leakage inductance of the squirrel cage winding without a skin effect, Sp is the cross-section area of the bar, br1 is the rotor slot width approximately equal to the bar width, and hr is the bar height.



The depth σ of the current penetration into the cage bar, measured from the outer part of the bar, determines the active cross-sectional area of the bar through which the current passes for a given frequency f2, so the rotor resistance depends on σ. The depth of penetration (magnetic diffusion depth) is determined by solving the magnetic diffusion equation, which, for a quasi-static magnetic field or at low frequencies of the flowing current, describes the penetration of the magnetic field into the conductor, as well as the alternating current distribution in the conductor. The magnetic diffusion equation is derived using the laws of Faraday, Ampere, and Gauss, where, in the case under consideration, (a) a one-dimensional case is assumed (a cage bar without skew, a conducting current in the direction of the rotor shaft axis), (b) the magnetic field acts in the direction of the developed rotor circumference and depends only on the coordinate measured in the direction of the bar height with a negligible edge effect, and (c) the reference frame is associated with the rotor (the rotor is stationary with respect to this frame). The depth σ of the current penetration into the cage bar, measured from the outer part of the bar is given as follows:


  σ =     2 ρ   ω μ     =  1  2 π         10  7  ρ    μ r   f 2      ,  



(13)




where f2 is the frequency of the rotor current, ρ is the conductor resistivity, and μ is the magnetic permeability. Thus, the variable kr in the dependencies (12) is a function of the square root of the flowing current frequency, which can be expressed as follows:


   k r  =      f 2     f  2 g r       ,  



(14)




where f2gr is the frequency at which the depth of penetration of the current is equal to the height of the bar.



In order to check the correctness of the applied induction motor mathematical model, an experimental verification of the obtained simulation results was carried out. Measurements during the direct starting of the motor were made with the use of an electromechanical unit, which included a squirrel-cage induction motor with the following parameters: a rated power of 4 kW, a rated voltage and rated current of 400 V and 8 A, respectively, at the star connection of the stator winding, and a power factor of 0.86. The motor was connected directly to the rated voltage grid, and the waveforms of the phase current and phase voltage as well as the instantaneous power calculated for one phase of the motor on the basis of the measured values of voltage and current were recorded.



A comparison of the measured and simulated motor phase current waveforms during start-up is shown in Figure 4, where the red lines show the phase current after filtering the fundamental frequency component using a FFT low-pass filter of 14 Hz.



In the waveforms of the phase currents obtained both by computer simulation and by measurement, the presence of a low-frequency component (red line) can be observed, although it has a lower amplitude in the case of the measurement. Both waveforms show a comparable start-up time and a comparable current amplitude during and after starting the motor.



A comparison of the waveforms of the measured and simulated instantaneous power for one motor phase during start-up is shown in Figure 5, where the red lines show the instantaneous power after filtering the component with double the fundamental frequency using a FFT low-pass filter of 50 Hz.



As in the case of currents, the presence of a low-frequency component (red line) can be found in the waveforms of instantaneous power, simulated and calculated on the basis of the currents and voltages measured. However, in the case of instantaneous power, the low-frequency component is modulated by the low-frequency component present in the motor phase current waveforms.



Based on the comparison of the results of the simulation and experimental tests, it can be concluded that the adequacy of the applied mathematical model of the induction motor is satisfactory. The advantage of modelling and simulation studies is the possibility of obtaining information on quantities that are difficult to measure or are inaccessible, e.g., magnetic fluxes, electromagnetic torque, and the angular velocity and angular position of the rotor. By comparing the results of the computer simulation with the results of measurements in terms of the quantities available for measurement and by stating their similarity, it is possible to evaluate the adequacy of the mathematical model used and the analogous similarity of the quantities that are difficult or impossible to measure. As a standard, readily available measurement values include currents and voltages, i.e., electrical quantities.





3. The Control Structure of an Induction Motor


The speed control systems of induction motors are largely based on frequency techniques. There are two basic techniques for the frequency control of induction motor angular velocity or rotational speed: scalar control and vector control. Scalar control techniques are used primarily in drive systems with medium dynamic requirements. In this group, the most popular on the market is a drive system with a squirrel-cage induction motor, powered by a transistor voltage inverter and controlled according to the principle of a constant ratio of supply voltage or induced voltage to frequency, varying from 0 to the rated value. The idea behind this method is to keep the magnetic flux in the air-gap of the motor approximately constant. Such systems are characterized by good mechanical dynamics. In applications where the quality of control is determined by the requirements of the technological process or product, vector control methods are used, and they include two basic strategies: field-oriented control and direct torque control.



Figure 6 shows a block diagram of the speed control system of an induction motor (AC motor), based on the torque and flux control [36].



This closed-loop control strategy is designed to control the torque, flux, and rotational speed of an induction motor. The loops include an inner-loop three-state torque controller, a two-state (bang-bang) flux controller, and a linear outer-loop PI controller used to control the rotational speed of an induction motor in a cascade control system.



Analogous solutions in the speed control path are being used in the case of brushed and brushless DC motors, which alternatively have closed loops for controlling motor torque or armature current, similarly to the field-oriented control of an induction motor. Measurements of line-to-line voltages in the considered system (Figure 6) can be replaced by measurements of the DC voltage in the intermediate circuit of the frequency converter, supplying the motor and the reading of the angular position of the motor (inverter) voltage vector from the voltage vector selection table.



The torque reference limiter used in the system causes a temporary lock of the speed controller given an overly rapid change in the speed reference. Disabling the closed-loop speed control results in the appearance of poorly damped oscillations, especially visible in the working mechanism. The immediate cause of the oscillating effect is a rapid change in the torque produced by the drive motor with a simultaneous lack of oscillation damping caused by locking the speed controller. This applies to various systems equipped with closed-loop speed control, including systems with DC motors, as shown by the waveforms presented in Figure 2 and Figure 3. The same waveforms also show that the oscillating effect does not occur in the case of a sudden change in load torque produced by the working machine, as it is not accompanied by a speed controller lock. The solution to the problem of vibration damping in all operating states of the drive system, as well as during start-up and reversal, i.e., in the states when the speed controller is locked as a result of a limitation at its output, is a slowdown of the rate of the speed reference change. The intensity of this slowdown should be adapted to the actual moment of the inertia of the electric motor rotor and the associated rotating masses. In more complex working mechanisms, it is connected to the necessity to determine the equivalent moment of inertia, considered in terms of the motor shaft.



Figure 7 shows the speed control system for an induction motor based on the structure shown in Figure 6 with an active torque limiter attached.



The proposed structure enables the uninterrupted operation of the speed controller thanks to the automatic adaptation of the rate of the speed reference change to any moment of inertia. A static structure was used as a torque limit controller because the phase shifts caused by astatic controllers adversely affect the oscillation damping process. Two cases of a static controller were considered, i.e., linear and non-linear, wherein the functions of the first and fifth power of the motor torque were used, respectively. In both cases, the controller coefficients were experimentally adjusted to obtain the desired level of torque limitation.



In the current research, the authors limited themselves to examining the control system equipped with a PI controller with a basic structure, thus focusing on examining the influence of the proposed active torque limiter. In future research, how the proposed active torque limiter works with a controller equipped with an anti-windup filter will be studied.




4. The Results of Investigations


To verify the proposed solutions, simulation investigations were performed. The algorithm computer program in the C++ programming language was written by the research team. Open and free software was used to write the simulation program. The independent development of a simulation program enables optimization of the algorithm code, which in the future may be implemented in an inverter with a digital signal processor.



The tested drive system consists of an induction motor with a power of 4 kW coupled with a DC brake generator via a steel drive shaft 0.66 m long and 8 mm in diameter. A steel disc is installed on the DC generator side, which acts as an additional rotating mass. The moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft is 0.17 kg⋅m2, while the moment of inertia of the total mass containing the rotor of the induction motor and the clutch is 0.042 kg⋅m2.



Figure 8 shows examples of the waveforms of the air-gap torque of the induction motor (a) and the torque at the point of connection of the induction motor with the transmission shaft (b) in the tested drive system with the basic control structure (Figure 6), when starting the motor. The torque at the point of connection of the induction motor with the transmission shaft is described in the graphs as “torque at shaft beginning”. The torque at the beginning of the shaft is equal to the moment of torsion, while its waveform largely reflects the waveform of the angle of the shaft twist. The control system uses the limitation of the torque reference at the speed controller output to 1.57 of the motor’s rated torque. The speed controller coefficients were adjusted experimentally.



The lock of the speed controller is clearly visible for approximately half a second from the initiation of motor start-up. During this time, the signal at the speed controller output equal to the torque reference reaches a constant limit (saturation), which is visible in the air-gap torque waveform (Figure 8a). Although the air-gap torque remains constant at the limit value, the torque at the shaft beginning oscillates with considerable amplitude because there is no damping from the locked speed control loop. These oscillations occur as a result of a sharp change in the air-gap torque produced by the motor at the initial stage of the start-up.



Figure 9 shows the waveforms of the same quantities as in Figure 8, but during the motor reversal.



The lock of the speed controller is also visible for approximately 1.2 s from the initiation of the motor reversal, in the time interval 1.6 s < t < 2.8 s. During this time, the air-gap torque reaches the negative level of the torque reference limit, and, in the waveform of the torque at the beginning of the shaft, weakly damped oscillations of considerable amplitude occur. On the other hand, when the speed controller leaves the limitation zone, oscillations are quickly damped as a result of unlocking it. Moreover, the unlocked speed controller copes with the task of damping oscillations effectively without the use of any additional damping loops or devices.



The oscillating character is also shown by the angular velocity of the motor during motor start-up (a) and motor reversal (b), followed by an immediate damping effect after the end of each of the two abovementioned processes, as shown in Figure 10. The angular velocity at the point of connection of the induction motor with the transmission shaft is described in the graphs as the “angular velocity of motor”.



Figure 11, Figure 12 and Figure 13 show examples of air-gap torque waveforms of an induction motor as well as the torque and angular velocity at the point of the connection of the induction motor to the transmission shaft in the tested drive system equipped with an active torque limiter (Figure 7) during motor start-up and reversal. The abovementioned figures show a comparison of the relevant quantities when two types of torque limit controller are used, i.e., linear and non-linear. As in Figure 8, Figure 9 and Figure 10, the torque and angular velocity at the point of connection of the induction motor to the transmission shaft are described in the graphs as “torque at shaft beginning” and “angular velocity of motor”, respectively. The moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft is 0.17 kg⋅m2. In the tested system, a step change of the speed reference* was forced at the input of the active torque limiter.



In the case of the basic control structure in Figure 6, the air-gap torque of the motor changes rapidly at the initiation of the motor start-up and remains constant due to the signal limitation at the speed controller output during that start-up (Figure 8a). In the case of the structure with an active torque limiter, shown in Figure 7, changes in the air-gap torque of the motor result from the operation of a non-locked speed controller and force damping oscillations in the mechanical system (Figure 11).



Comparing the (a) and (b) waveforms in Figure 11 and Figure 12, it is possible to find a more favorable operation of the non-linear torque limit controller due to smaller overshoots appearing in the torque waveforms. On the basis of additional studies, not presented in the article, it is also possible to find a smaller differentiation of the levels of torque limitation for various values of the moments of inertia in the working mechanism in the case of the non-linear controller. Therefore, further results apply to a system with a non-linear torque limit controller.



Figure 14 shows the waveforms of the torque at the beginning of the transmission shaft and the angular velocity of the motor in the control system from Figure 7 during the motor’s reversal. The parameters of the mechanical system during the reversal of the motor are the same as during the start-up, described above Figure 11.



In the case of motor reversal, the analyzed system has non-oscillating properties, as shown in Figure 14.



Subsequent studies concern the behavior of the considered system for different moments of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft. The following moments of inertia mentioned above were considered: 0.056 kg⋅m2 and 1 kg⋅m2, respectively. Figure 15 shows the waveforms of the air-gap torque (a) and the torque at the beginning of the shaft (b), while Figure 16 shows the waveforms of the angular velocity reference (a) and the angular velocity of the motor (b) during motor start-up in the system shown in Figure 7 for the 0.056 kg⋅m2 moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft.



In this case, the system behaves in a practically non-oscillatory manner. In Figure 16a, it can be observed that the slope of the waveform of the angular velocity reference at the output of the active torque limiter is practically constant during start-up, because such a small (0.056 kg⋅m2) moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft is not able to modify the predetermined value of this slope in practice.



Figure 17 shows the waveforms of the air-gap torque (a) and the torque at the beginning of the shaft (b), while Figure 18 shows the waveforms of the angular velocity reference and the angular velocity of the motor during start-up in the system shown in Figure 7 for the 1 kg⋅m2 moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft.



In Figure 18a, it can be observed that, in contrast to the case illustrated in Figure 16a, the slope of the angular velocity reference during motor start-up is strongly modified by the output signal of the torque limit controller due to the significant value of the 1 kg⋅m2 moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft.



Note that the waveforms for the moment of inertia mentioned above, amounting to 0.056 kg⋅m2, are in the range of 0 < t < 1.2 s, whereas, for the moment of inertia amounting to 1 kg⋅m2, the waveforms are in the range of 0 < t < 3.6 s. Despite the visual similarity of the waveforms shown in both cases, the time needed to reach the steady state for the moment of inertia of 1 kg⋅m2 is about 3 times longer.



In the case of using an active torque limiter in the control system, no speed controller lock was found in any operating state of the system, so the mechanical torques or torsional moments as well as the angular velocities in the working mechanism are practically non-oscillating, i.e., with slight overshoots. Such an improvement in the dynamics of the system was achieved at the cost of slightly extending the start-up time and the reversal time.




5. Conclusions


Electromechanical systems consisting of electric drives, working machines, and mechanisms with long elastic couplings are characterized by complex dynamics that are defined by all system components. Mathematical modeling of such systems involves the formulation of mathematical models for each component of the system and combining these models into a whole. Particularly, complex mathematical descriptions may appear in the case of transmission shafts, i.e., long elastic elements that cannot be described using two-mass or three-mass lumped parameter models. For the mathematical description of transmission shafts, multi-mass models or models with distributed parameters can be used, and the latter approach has used in this study. As a result of the application of telegraphers’ equations and solutions defined by d’Alembert, the transmission shaft was modeled analogously to the delay line known from acoustical engineering.



The dynamic behavior of electromechanical systems is significantly influenced by the electric motor control strategy, so the development of this strategy cannot be limited solely to the dynamics of the electric motor and the synthesis of its control, excluding other system components. The effect of such an approach would be leaving the phenomena occurring in the mechanism and the working machine beyond control in a situation where the dynamic behavior of this part of the system is significantly influenced by the torque produced by the motor, which, on the one hand, may cause an oscillating effect but may also contribute to the damping of oscillations, even if they occur as a result of the working machine.



The amplitude of the oscillation of torques and velocities in the mechanical system is influenced by the parameters of the transmission shaft, i.e., its length and diameter, and by the moments of inertia of the masses attached to it. As mentioned in the introduction, in real conditions, transmission shafts can reach even several meters. The reflection of such real conditions in the laboratory stand, equipped with shafts of relatively short length (0.66 m), was possible thanks to the selection of a small diameter for these shafts, e.g., 8 mm.



The results presented in this paper show that, in order to effectively dampen the oscillations in the mechanical system, there is no need to use additional solutions in the field of electric motor control or additional damping devices, because this goal can be achieved by using a closed-loop speed control, which is already included in the control systems of the electric motor. A significant improvement in the dynamics of the entire electromechanical system can be achieved by ensuring the uninterrupted operation of the speed controller, i.e., by preventing its operation from being locked. In other words, the closed-loop speed control must be able to function efficiently in all operating states of the drive system. One way to do this is to slow down the speed reference change at the speed controller input. This slowing down should depend on the total moment of inertia of all rotating masses connected to the rotor of the electric motor, including the mass of the rotor itself. In such a situation, manually adjusting the rate of the speed reference change is not very effective, as it may lead either to an unnecessary extension of the settling time or to a locking of the speed controller. The solution proposed in this paper is to automate the process of adjusting the rate of the speed reference change by extending the standard motor speed control system with the uncomplicated structure of an active torque limiter. This structure ensures the uninterrupted operation of the speed controller in all operating states of the drive system, which is confirmed by the presented results. Thanks to this solution, the oscillations in the mechanical system are not only quickly damped, but these oscillations practically disappear and are reduced to slight overshoots appearing in the waveforms of the torques and moments in the mechanical system. The presented waveforms show that the amplitude of these overshoots depends on the moment of inertia of the rotating masses connected to the rotor of the motor. This is obvious because the parameters of the plant (process) change. The solution that eliminates the influence of the moment of inertia on the overshoot amplitude involves equipping the active torque limiter with an adaptive structure, but that would be associated with a significant expansion of the entire limiter structure.



The type of torque limit controller included in the active torque limiter also influences the amplitude of the overshoot. After selecting a static controller, the dynamics of the system were compared with regard to the linear and non-linear transition function used in this controller, and improved properties were found in the non-linear controller. Due to the simplicity of a practical implementation, a transition function proportional to the fifth power of the motor torque was used. Similar results (not presented in the paper) were obtained using the function proportional to the third power of the motor torque. The use of only odd functions results from the necessity to obtain both their positive and negative values.
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Figure 1. Stand for testing a drive system with elastic coupling. 
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Figure 2. Comparison of the results of simulation tests (brown line) and experimental tests (black line) for the angular velocity at the beginning of the shaft [21]. 
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Figure 3. Comparison of the results of simulation tests (brown line) and experimental tests (black line) for the angle of the shaft twist [21]. 
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Figure 4. Motor phase current waveforms during start-up: (a) simulated; (b) measured. 
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Figure 5. Waveforms of single phase instantaneous power during motor start-up: (a) simulated; (b) measured. 
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Figure 6. Block diagram of the speed control system of an induction motor containing a long elastic coupling (transmission shaft). 
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Figure 7. Block diagram of the speed control system for an induction motor, equipped with an active torque limiter. 
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Figure 8. Waveforms of the air-gap torque of an induction motor (a) and the torque at the point of connection of the induction motor with the transmission shaft (b) when starting the motor in the drive system shown in 0. 
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Figure 9. Waveforms of the air-gap torque of an induction motor (a) and the torque at the point of connection of the induction motor with the transmission shaft (b) during the motor reversal in the drive system shown in Figure 6. 
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Figure 10. Waveforms of angular velocity during motor start-up (a) and motor reversal (b) in the drive system shown in Figure 6. 
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Figure 11. The waveforms of the air-gap torque of an induction motor in the control system shown in Figure 7 with a linear (a) and non-linear (b) torque limit controller during motor start-up. 
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Figure 12. Waveforms of the torque at the beginning of the transmission shaft in the control system shown in Figure 7 with a linear (a) and non-linear (b) torque limit controller during motor start-up. 
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Figure 13. Waveforms of the angular velocity of the motor in the control system shown in Figure 7 with a linear (a) and non-linear (b) torque limit controller during motor start-up. 
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Figure 14. Waveforms of the torque at the beginning of the transmission shaft (a) and the angular velocity of the motor (b) during the motor reversal in the control system shown in Figure 7 after a step change of the speed reference* at the input of the active torque limiter. 
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Figure 15. Waveforms of the air-gap torque (a) and the torque at the beginning of the shaft (b) during motor start-up in the system shown in Figure 7 for the 0.056 kg⋅m2 moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft. 
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Figure 16. Waveforms of the angular velocity reference (a) and the angular velocity of the motor (b) during motor start-up in the system shown in Figure 7 for the 0.056 kg⋅m2 moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft. 






Figure 16. Waveforms of the angular velocity reference (a) and the angular velocity of the motor (b) during motor start-up in the system shown in Figure 7 for the 0.056 kg⋅m2 moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft.
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Figure 17. Waveforms of the air-gap torque (a) and the torque at the beginning of the shaft (b) during motor start-up in the system shown in Figure 7 for the 1 kg⋅m2 moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft. 






Figure 17. Waveforms of the air-gap torque (a) and the torque at the beginning of the shaft (b) during motor start-up in the system shown in Figure 7 for the 1 kg⋅m2 moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft.
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Figure 18. Waveforms of the angular velocity reference (a) and the angular velocity of the motor (b) during start-up in the system shown in Figure 7 for the 1 kg⋅m2 moment of inertia of the total mass containing the rotor of the DC generator and the disc installed at the end of the shaft. 
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Table 1. Specification of the components of the stand presented in Figure 1.
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Component of the Stand

	
Parameters






	
Brushless DC motor PMSg 132 S4 from Komel

	
rated power: 4.0 kW




	
rated voltage: 400 V




	
rated current: 11.5 A




	
rated speed: 1500 rpm




	
DC generator PKMa44a/117 from Elmor

	
rated power: 4.6 kW




	
rated voltage: 230 V




	
rated current: 20 A




	
rated speed: 1450 rpm




	
Incremental encoder Sendix 5000 from Kuebler

	
supply voltage: 5–24 V DC




	
resolution: 3600 ppr




	
interfaces: RS 422




	
switching frequency: 300 kHz




	
Steel shaft

	
length: 66 mm




	
diameter: 8 mm




	
mass density: 7900 kg/m3




	
shear module: 77.5 GPa




	
wave impedance: 0.01 Nms




	
phase velocity: 3132 m/s
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