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Abstract

:

In the last decades, increasing energy prices and growing environmental awareness have driven engineers and scientists to find new solutions for reducing energy consumption in manufacturing. Although many processes of a high energy consumption (e.g., chemical, heating, etc.) are considered to have reached high levels of efficiency, this is not the case for many other industrial manufacturing activities. Indeed, this is the case for robotic and automatic systems, for which, in the past, the minimization of energy demand was not considered a design objective. The proper design and operation of industrial robots and automation systems represent a great opportunity for reducing energy consumption in the industry, for example, by the substitution with more efficient systems and the energy optimization of operation. This review paper classifies and analyses several methodologies and technologies that have been developed with the aim of providing a reference of existing methods, techniques and technologies for enhancing the energy performance of industrial robotic and mechatronic systems. Hardware and software methods, including several subcategories, are considered and compared, and emerging ideas and possible future perspectives are discussed.
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1. Introduction


The aim of this paper is to provide a comprehensive review and, therefore, to provide a reference of existing methods, techniques and technologies for enhancing the energy performance of industrial robotic and mechatronic systems, in particular, concerning electrical energy consumption. This documentation is intended to be a source of information for both engineers and scientists working on new solutions for a higher efficiency of industrial robotic and mechatronic systems. The different options currently available are categorized here into hardware and software.



The former exploits the availability of new materials, allowing for a lighter design while still providing the necessary structural–mechanical properties. Hardware solutions also include technologies for implementing new kinds of driving systems as well as energy recovery and distribution strategies. These allow for new scenarios of reduced energy consumption and therefore less environmental impact.



The software solution starts from the idea that energy consumption in industrial manufacturing facilities predominantly results from the operation and control of electrical drives in automated manufacturing processes such as assembly and packaging. Machines and robots are often operated dynamically to maximize production outputs (i.e., minimization of time), thus causing both high energy losses at high velocities as well as energy surpluses when decelerating. In addition, many axis-movement tasks are followed by idle times associated with a loss of productivity. Hence, methods and techniques for the minimization of the energy used have became important and worthy of investigation.



Finally, a third category can be identified, the mixed approach, in which both the hardware and the software modifications of the mechatronic system are considered together.



The paper is organized as follows: In Section 2, the different hardware solutions for enhancing the energy performances are discussed. In Section 3, the main software techniques for minimizing the energy used via motion-planning modification are reviewed. In Section 4, the most recent developments, in which both hardware and software approaches are considered in concert, are presented. Finally, Section 5 contains the conclusion, in which future directions to further increase the energy efficiency of mechatronic and robotic systems are discussed.




2. Hardware: Energy-Saving Design and Technologies


A variety of approaches have been proposed in literature to achieve the reduction of energy consumption by concentrating on the hardware aspect. The hardware approach achieves this objective through the optimal design of new systems as well as by considering the substitution or addition of energy-efficient components of existing systems. See Table 1 for an overview [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18].



Hardware improvement of robotics for energy efficiency can be further divided into the following three subcategories:




	
Robot type: The selection of more energy-efficient mechatronic and robotic systems available for a given application [4,5,11,19].



	
Hardware replacement: The re-design or substitution of components with more efficient components (i.e., more-efficient or lighter components, or both) [1,2,6,7,10,12,16,18].



	
Hardware addition: The addition of components for storing and recovering energy [20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36].








These are introduced below.



2.1. Robot Type


Through the proper choice of available automation system for a given application, an energy enhancement can be achieved, meanwhile keeping the productivity [4,5,11,19]. In [4], a comparison between parallel and serial manipulator configurations of a similar workspace and payload is carried out. The parallel configuration is shown on average to be more energy efficient in horizontal motion. However, it is less energy efficient in vertical movement. In [5], an under-actuated serial robot with three degrees of freedom (DOFs) is presented and compared with respect to industrial conventional robots (e.g., linear-axis system, or industrial robotic system) to operate a pick-and-place operation.



Further, the adoption of redundant manipulators is considered as a possible solution if an energy consumption reduction is needed. In [11,19], the effect of the kinematic redundancy insertion on the energy demand of parallel manipulators is considered. In this case, the redundantly actuated system can distribute arbitrary actuating torques in a certain combination; thus that which is more efficient can be chosen. Similarly, in [19], a comparison between a 3 Revolute joints (3RRR), non-redundant, planar, parallel manipulator and its kinematically redundant versions is performed, demonstrating that an energy-consumption reduction can be obtained in the second case. In [11], a robotic system based on a parallel mechanism with redundant actuation is evaluated, showing possibilities to reduce electric power loss, peak torque of actuating joints and friction loss.




2.2. Hardware Replacement


The second of the considered strategies is the lighter design of components to reduce the moving masses; this means reducing the weight and inertia of arms. In this manner, the driving torque can be reduced, in turn using less energy and leading to an easier control [1,2,6,7,10,12,16,18]. In [7], arms made of an ultralight carbon-fibre-reinforced polymer are studied, while in [18], an optimal design of a serial-link robotic manipulator is evaluated. In the latter, the aim is to find the arms’ optimum diameter as well as the optimum dimensions of lightening holes in order to minimize the masses without detrimentally affecting the structural–mechanical behavior. Lighter components can be installed as in [1,6], in which special lightweight rotary joints are designed as the result of an optimization process.



Following the well-known idea of reducing the moving masses by moving the actuator to the robot base [2,10,12,16], different solutions have been proposed for serial-link manipulators. In these works, the opportunity of installing the motor near or on the chassis is often achieved by transferring the motion via pulleys and timing belts. In [2], a planar redundant manipulator with three degrees of freedom is presented, in which the motion is transferred through aluminium pulleys, bearings, and timing belts. In [10,12], a lightweight tension amplifying mechanism is used: a joint is moved by pushing and pulling two cords connected on it, on diametrically opposed positions. In this way, the weight of the arms is reduced, as the motors are fixed on the chassis. Beyond this, it increases the joint stiffness, which is essential for a precise and rapid manipulation. In [16], a mechanical design of a three-dimensional, planar, redundant manipulator in which only three motors, mounted near the base, are needed to control a system of any number of degrees of freedom is presented. In more detail, the third motor actuates all except the first two joints as a result of the connection through shafts and gears between links.



Focusing the attention on the driving system, for example, the motor and transmission, different options can be implemented to increase energy efficiency. Saidur [15] presents a detailed analysis on electric-motor energy losses and on strategies to increase the efficiency. These are mostly based on the design of a more efficient motor (e.g., increasing the cross-section of the coil, and the design of a low-loss magnetic core). In [8,9,14], the optimal efficiency design of a gear train, in terms of the optimal gear ratio taking into account the Coulomb and viscous friction, is presented. In [17], an application for a pneumatic asymmetric cylinder actuator is presented. In this application, it is possible to save energy by connecting the two chambers through a bypass valve during the constant-speed phase. Under this condition, an air pressure difference exists between the two chambers, as forces are equilibrated and the presence of the rod reduces one of the piston areas.




2.3. Hardware Addition: Energy Storing and Recovering


One of the most recent techniques adopted to reduce the energy expenditure of mechatronic and robotic systems is the addition of energy-storing and -recovering devices. The main idea behind these devices is to harvest the energy during the braking phase—which is usually wasted—store it, and provide it back to the system when necessary [20,21,22,23,24,25,26,27,28,29,30,31,32]. Two different types are considered and analyzed: (1) the type of energy-storing devices used, and (2) energy-sharing via the interaction between actuators exchanging energy in a multi-actuator system.



2.3.1. Energy-Storing-Devices Type


The energy-storing-devices type includes the components that allow the recovering and storing of energy to use when needed. According to [26], these kinetic-energy recovery systems (KERS) can be subdivided into the following:




	
Mechanical KERS (e.g., flywheels).



	
Electric KERS (e.g., chemical batteries, capacitors, and supercapacitors).



	
Hydraulic KERS (e.g., hydro-pneumatic accumulator).



	
Hydro-electric KERS (e.g., a hydraulic motor coupled with an electric generator).








In [26], a comparison between the different types of energy-recovery systems is made, considering aspects such as voltage instability, working temperature range, efficiency and cost. According to the authors, the flywheel results as the best KERS system in terms of voltage stability, temperature range and efficiency.



In [20,21], a flywheel is added to a mechatronic system in order to store energy: in this case, the flywheel is considered as an additional axis of the system. Gale et al. [20] simulated an anthropomorphic manipulator programmed to execute a number of typical movements generally used in manufacturing. The results show that a flywheel-based energy-storage system is fully compatible with the manipulator controller hardware, and it is able to achieve a reduction in power consumption. Xu et al. [21] analyzed the case of a three-degrees-of-freedom, rubber-tyred gantry crane robot provided with a surface-mounted permanent magnet synchronous motor (PMSM) and an integrated flywheel spinning at high speed. They demonstrated that the method can be used to perfectly meet the peak energy requirements of the crane during both acceleration and regenerative braking.



Pneumatic driven systems (e.g., grippers and actuators) are widely used in mechatronic systems given their simplicity and reliability. However, their efficiency is lower with respect to corresponding hydraulic and electrical technologies [24,25]. Thus, interesting results could be expected by applying an energy-reducing method. In [24], a hybrid pneumatic–electrical system that recovers exhaust air energy from pneumatic actuator outlets to generate electricity through a scroll-type air motor is proposed. In [25], an energy recovery scheme is studied that reuses the pressurized air released by retracting pneumatic soft actuators instead of venting to the atmosphere. Simulation results show that a suitable air accumulator allows savings of about 20% of the energy consumption with an acceptable residual pressure [25].



Hydraulically actuated systems have also been used. In [22], a closed-loop hydrostatic transmission equipped with a hydraulic energy-regenerative system is presented. The hydraulic accumulator is used as the energy-storage system without a reversal of the fluid flow. In [23], the authors substitute the hydraulic compensator, a device that allows governing the pressure drops over the control orifices in a plant, with a regenerative device: a hydraulic motor coupled with an electric generator and an electrical capacitor to store recovered energy. In this case, the pressure compensation is realized by adapting the electromagnetic torque of the generator to the load.




2.3.2. Energy-Sharing Devices


Energy-sharing devices base their working principle on the sharing of braking energy on a common network for driving other (non-braking) actuators. The most common way to implement such an idea is the DC-bus sharing system. Today, some commercial robot controllers allow for recuperating energy when a motor brake occurs (i.e., when one axis is braking, others that accelerate can use that energy). In most cases, if several axes brake at the same time, the available energy exceeds the installed DC-bus capacitance. Thus, the energy is dissipated on a balancing or chopper resistor [30]. By properly designing and adding the number of storing devices, this energy can be almost fully recovered and then shared. Either a single centralized or multiple decentralized energy buffers and rectifiers are to be chosen, as well as the proper line and the type of storing buffer (e.g., capacitor, flywheel, or pneumatic). In [29], the single capacitor energy buffer approach and EnergyTeam (i.e., a multi-star DC-bus connection of several industrial controllers with their own rectifier module) are analyzed and compared in terms of cost efficiency. The addition and installation of capacitor banks is relatively simple but is not so economical. The EnergyTeam is a promising solution, but it requires a robot controller able to receive external DC power. In [30,31,32], the case of a single centralized capacitor that is shared between different DC subgrids (i.e., a subgrid is composed by several drive systems), each one with its own rectifier, is considered. In these papers, a method to avoid the synchronization between every rectifier’s subgrids is proposed.



In [28], the advantages of a shared/common-bus operation of AC drives are shown, which include cost reduction, reduced space requirements and improved reliability. In [32], an investigation is presented on how shared DC-bus systems with a common storage capacitor affect the exploitation of regenerated energy from the electric drives of an industrial robot. Simulations to obtain specific efficiency indicators of the system with respect to the number of shared DC buses were performed, showing that, with a sufficiently high capacity, the regeneration energy of several systems can be efficiently utilized. Moreover, it is demonstrated that the number of robots does not affect the amount of energy saved.






3. Software: Enhancement of the Motion Planning Phase


The software approach relies on the modification and optimization of the motion planning phase of a mechatronic system. The first step of the general workflow of the software approach is the definition of a suitable system model: this is exploited to perform simulations and the analysis of different strategies, through the evaluation of the energy consumption and the dynamic behavior of the mechatronic system [37]. In literature, different approaches are used to build the model; it can be defined through a mathematical formulation and by considering only the main important factors (i.e., basic mathematical model) [38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70], or it is possible to also take into account secondary terms that increase the results’ precision but on the other hand need more computational efforts (i.e., extended mathematical model) [71,72,73,74,75,76,77]. The availability of software simulation tools allows thus the simple implementation of complex extended models [78,79,80,81] that can describe several physical domains [37,82,83,84,85]. These allow for the integration of several simulation approaches that are evaluated separately: control, kinematic, dynamic, physical behavior, and discrete event simulations [83]. The workflow proceeds with the assignment of the system parameters, such as links’ lengths, masses, actuator electrical parameters, and so forth. These can be retrieved by datasheets, the CAD model, estimation, or eventually direct or indirect measurements of the system. Then, a comparative analysis with a real system is generally performed to validate the overall dynamic model and possibly to improve it [37]. The system model is thus then ready to be exploited for testing the software optimization strategies.



Different solutions relying on the software approach have been published; see Table 2. All of these can be divided into two main subcategories:




	
Trajectory optimization: A modification of the path or the motion profile, or both, are performed.



	
Operation scheduling: Re-scheduling of subsequent movements and operations is considered.








3.1. Trajectory Optimization


The optimization of movements can be used to reduce terms such as time, vibration content and energy consumption of mechatronic and robotic systems [93]. The path and the motion profiles are modified in order to be more energy efficient. An important aspect of this approach is the application to existing systems without modifying or redesigning any hardware. Considering the trajectory, two main different groups can be defined: the point-to-point (PTP) trajectory, also called rest-to-rest (RTR), and the multi-point (MP) trajectory. Their applicability to different robotic and mechatronic systems depends on the complexity of both the kinematics and the level of detail of the considered dynamic model.



3.1.1. Point-to-Point Trajectory Optimization


In accord with [73], PTP trajectory optimization methods can be classified into inverse and direct approaches.



In the inverse approach [38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60], the mechatronic and robotic system is formulated through a mathematical model, generally simplified in order to reduce the computational effort. The trajectory, usually expressed as a polynomial function, is then synthesized taking into account the energy content and is minimized in an optimization.



On the contrary, the direct approach [37,71,72,73,75,84,85] models the mechatronic and robotic system in a more complete way without neglecting the contribution of secondary loss terms (e.g., motor losses, motor-drive losses, auxiliaries losses, etc.) and taking into account also the non-ideal behavior of losses, as some of these are motion parameter-dependent. The model is then exploited to test different motion planning strategies (i.e., different pre-defined motion profiles) and to assess the impact of different parameters on the energy consumption through a sensitivity analysis.



Both the approaches have been applied to various electro-mechanical systems. In principle, they could be applied to systems with a different level of complexity and number of degrees of freedom. However, the direct approach is generally applied only on test cases with a low number of degrees of freedom: simple one-degree-of-freedom systems (e.g., systems driving a constant inertia such as an elevator [71,73], or a generic system [72]) or two-degrees-of-freedom systems (e.g., storage and retrieval vehicles [74,75]). This is because the direct approach involves a higher computational effort. However, an exception is given by the [37,84,85] works, for which an extended model of a six-degrees-of-freedom anthropomorphic industrial manipulator is created, exploiting a model-based simulation tool. Indeed, the inverse approach has been adopted on a broad variety of systems with one degree of freedom—such as a liquid-crystal display glass-handling robot [43,44,46]; a toggle mechanism [45,47]; a precision positioning table [51,52,53]; a linear axis [57]; generic, one-degree-of-freedom systems [55,56,58]; and one-degree-of-freedom manipulators mounted on a flexible base [38,39]—with two degrees of freedom with rigid [49] and flexible links [59]; with three degrees of freedom, such as a redundant planar manipulator [40,54]; and with six degrees of freedom, such as an anthropomorphic industrial manipulator [41,42,48].



Considering the inverse approach, the mathematical model is simplified to reduce the computational effort for calculating the optimal trajectory. Usually, only the kinematic and dynamic properties (e.g., length, mass and inertia of links, gear ratios, friction coefficients, etc.) of the mechanical system and electrical parameters (e.g., motor winding resistance, motor torque and voltage constants) are taken into account and the linear behavior is modeled. Thus, the mechanical model can be expressed as


   τ = J  ( ϑ )   ϑ ¨  + H  ( ϑ ,  ϑ ˙  )   ϑ ˙  + G  ( ϑ )  ϑ   



(1)




where   ϑ   is the vector of the independent coordinates;   τ   is the vector of the input control torque;    J ( ϑ )    is the inertia matrix;   H   is a matrix that includes viscous friction, Coriolis and centrifugal terms; and   G   is a matrix that includes the gravitational and the Coulomb friction terms. The electrical equations of DC motor drivers at the jth axis are usually written as follows:


        e j  =  R j   i j  +  L j    d  i j    d t   +  K  e , j     ϑ ˙  j         τ j  =  K  t , j    i j  ,       



(2)




where    e j    is the supply voltage;    i j    is the current flowing in the winding;    R j    and    L j    are the resistance and the inductance of the motor, respectively;    K  t , j     is the motor constant, and    K  e , j     is the motor velocity constant. An exception to this common way to operate is presented in [48], where the losses of servo drives and inverters are taken into account as the bus-DC sharing is considered.



After the model development, the second step of the inverse approach is the definition of the trajectory type and the parameters to be optimized, that is, design variables. Often, for serial robots, the trajectory is formulated in the joint space exploiting either a high-degree polynomial [41,43,44,45,46,47,51,52,53] or a B-spline formulation [40,48,49]. In [42], the phase-space representation (i.e., joint velocity versus joint angle interpolation with B-splines for each joint) of the trajectory between two points is considered, while in [38,39,57] and in [55,56,58], a cycloidal trajectory and a modified parabolic velocity profile are adopted, respectively. When a high-degree polynomial formulation is chosen, the joint angular displacement is expressed as


   ϑ  ( t )  =  a 0  +  a 1  t +  a 2   t 2  +  a 3   t 3  + . . . +  a n   t n    



(3)




where each coefficient    a i    (with    i = 0 , 1 , . . . , n   ; n being the degree of the polynomial) is a real number and     a n  ≠ 0   . Under this condition,    n + 1    coefficients are to be determined. In a PTP motion, the initial and final position, speed, and acceleration are usually imposed. Therefore, at least a fifth-degree polynomial should be defined to satisfy all the constraints. In order to obtain a smoother motion and to apply an optimization process, a polynomial with a degree higher with respect to the number of imposed values has to be chosen. However, increasing too greatly the degree of the polynomial does not lead to significant increment in saved energy, as shown in [46]. When a B-spline formulation of joint-space profiles for serial robots is considered for trajectory optimization, the joint position profile     ϑ i   ( t )     of the ith axis is expressed as


   ϑ  ( t )  =  ∑  j = 0  m   c  i , j    N  j , d    ( t ,  k i  )  ,  ∀ i = 1 , 2 , . . . , n ,   



(4)




where     N  j , d    ( t ,  k i  )     are the basis functions and    c  i , j     are the    m + 1    control points [48].



The next step of the approach is to define a function to be minimized, referred to as the cost or objective function. There have been several function formulations proposed in literature; these include the following:




	
minimum effort (i.e., sum of squared torque) [40,59];



	
minimum torque-rate (i.e., sum of squared-derivative torque) [59];



	
minimum electrical energy [42,43,44,45,46,47,51,52,53,55,57,58], expressed as     ∫  0  T  e  ( t )  i  ( t )  d t   ;



	
minimum mechanical energy [38,39,41], expressed as     ∫  0  T   ϑ ˙   ( t )  τ  ( t )  d t   ;



	
minimum of grid energy (i.e., considers the energy exchanged between axes due to recovery process) [49];



	
minimum of losses in a robot DC motor drive [56].








In addition to the energy expenditure, other quantities can be minimized, such as the residual vibration amplitude [38,39].



A wide range of optimization algorithms are used to find the optimum trajectory. These include the following:




	
gradient-based optimization algorithms [48], and more specifically, sequential quadratic programming (SQP) [56];



	
genetic algorithms (GA) [41,57];



	
real-coded genetic algorithms (RGA) [43,44,45,46,47,51,52,53];



	
radial-basis function networks and genetic algorithms (RBF-GA) [38];



	
Pontryagin’s minimum algorithm (PMP) [55,58];



	
metaheuristic algorithms (MA) [39];



	
discrete dynamic programming (DDP) [59];



	
iterative dynamic programming (DP) [42].








In the direct approach, the electromechanical model of the system is more complex compared to the previous system; in fact, in this case, the non-linearities and secondary losses contributions are taken into account. The model, besides the dynamics of the system, has to include several energy losses due to the mechanical parts, the motor and the drive system. In Table 3, a qualitative categorization of energy losses by proportionality to the speed    ϑ ˙    and torque   τ   is reported [15,72,73,84,85].



In this case, the trajectory is not synthesized by an optimization process, but instead, different standard pre-defined industrial motion laws are considered in order to evaluate their impact on the energy consumption:




	
triangular velocity [71,72,73];



	
harmonic [73];



	
cycloidal [71,72,73];



	
third-degree polynomial [73];



	
fifth-degree polynomial [71,72,73];



	
seventh-degree polynomial [71,72,73];



	
modified trapezoidal [73,74,75];



	
modified sinusoidal [73];



	
Gutman 1-3 [73];



	
Freudenstein 1-3 [73];



	
Freudenstein 1-3-5 [73].








The trajectories are defined following three different approaches: In [37,71,72,74,75,84,85], they are defined numerically with a time discretization. In [54], an analytic approach is exploited. Finally in [73], it is demonstrated that the energy losses in a PTP motion depend only on the root-mean-square (RMS) value of the speed or acceleration. The RMS values are obtained by multiplying some characteristic coefficients (i.e.,    c  V  R M S     , and    c  A  R M S     ) that describe the “geometry” of the profile by the parameters of the PTP motion (i.e., displacement   ϑ  , and inverse of the cycle time T), as follows:


        ϑ ˙   R M S   =  θ T   c  V  R M S            ϑ ¨   R M S   =  θ  T 2    c  A  R M S         



(5)







The direct method involves the comparison of different planning strategies on the basis of some metric related to the energy consumption. In [71], the electrical energy is considered, while in [72,74,75], the grid energy is chosen. This is done also in [73], but there it is purged from the terms that do not depend on the motion. Finally, in [54], the sum of the squared torque is used.



Because the direct method is numerical, it allows for analyzing the impact that every factor has on the energy consumption through a sensitivity analysis. In [73], the impact of both constant force (i.e., relevant increase of the Coulomb friction) and inertia (i.e., counterweight mass) are considered. In [72], a sensitivity analysis is performed considering a variation of the Coulomb and viscous friction coefficients of the mechanical inertia and of the axis displacement. The works of Paryanto et al. [37,84,85] focus on the development of a modular model for industrial robots, able to analyse the power consumption and the dynamic behavior. They exploit the model to perform a sensitive analysis to investigate the effects of the robot operating parameter (i.e., payload, operating speed, and trajectory smoothness) on the energy consumption. Finally in [74,75], the trajectory optimization of a storage and retrieval vehicle is considered. The impact of kinematic parameters (i.e., speeds and accelerations) on the energy consumption and on the lift times is analyzed. In addition, in [74], a method to calculate the optimal lifting starting point and the optimal velocity is presented.



The results show that the trapezoidal trajectory profile is a good trade-off for increasing the saved energy without affecting the cycle time. Indeed, the energy consumption is related to the constraints at the initial and final times: less constraints imply less energy consumption [46,71]. In this way, a five-degree polynomial trajectory consumes less than a cycloidal and a seven-degree polynomial [71,73]. Richiedei et al. [73] and Hansen et al. [72] show that a large constraint on the cycle time (i.e., a longer cycle time) gives a significant chance to obtain energy savings.



If a constant cycle time is considered, a different behavior is achieved [43,44,45,46,47,52,53]; it can be demonstrated that increasing the degree number of the polynomial trajectory profile leads to a decreasing of the absolute input energy. However, the use of a high-degree polynomial becomes counterproductive after a convergence point: the rate of saved-energy becomes smaller, while a more intensive computational effort is needed [46,47].



Sergaki et al. [56] declares that 3–8% can be achieved in industrial robot motor drives. Wang et al. [58] show an improvement of the 16% with respect to a conventional system. Richiedei et al. [73] show it is possible to obtain energy savings greater than 30% of the maximum possible consumption (within the feasible domain) in a non-fixed cycle time. The modified parabolic velocity profile suggested by Park et al. [55] allows savings of up to 12.5% in each repetition of the PTP motion and furthermore, up to 33% of input energy under the same peak acceleration. A comparison of methods in terms of achievable energy savings is not available and, as a result of the various and different ranges of applications, this would be hard to perform.




3.1.2. Multi-Point Trajectory Optimization


In MP trajectory optimization, the energy consumption of a mechatronic system is achieved by both optimizing the path and the timing [68,69,70,79,80,81]. In literature, the studied systems are usually multi-degrees-of-freedom systems. If planar motion is to be achieved, both planar (e.g., two-degrees-of-freedom [70] and three-degrees-of-freedom [68] redundant manipulators) and spatial kinematics (e.g., six-degrees-of-freedom anthropomorphic industrial manipulators [69,79,80,81]) are exploited. The system dynamics are usually modeled by means of a classical formulation, Equations (1) and (2). Generally, parameters are retrieved by datasheet, by CAD, or are estimated on the basis of some assumptions [68,70,79,80,81]. Rarely are the dynamic parameters obtained through an identification procedure such as that in [69], for which the robot performs a specific excitation trajectory and data about torque, speed and acceleration are collected directly or indirectly before the dynamic parameters are extrapolated.



Different techniques can be found in literature for the applied methodology and the trajectory representation. In [79], a path of at least three points (either “no-fly” or “fly” points), connected through straight lines and circular arcs in the proximity of a fly point is planned. The method searches among alternative paths, close to the fly points, so as to reduce the energy consumption during the execution of the trajectory, without worsening the cycle time. In [80], a similar approach is followed, that is, initial and final points and a series of intermediate points are considered, but in this case, the joint-space path is interpolated through a non-uniform cubic B-spline. In [68], a variational approach within the B-spline function is implemented. In [69,81], the searching methods are used in combination with a commercial robotic programming studio. This provides a set of trajectories in the form of the “time history” of each joint and, by evaluating these, the trajectory that allows for the minimum consumption is chosen. Finally, in [70], a set of via-points in between the initial and final position, also taking into account the presence of obstacles, is searched by using an invasive weed optimization (IWO) method; then the computed points are connected with a cubic polynomial to form a continuous and relatively smooth trajectory.



This approach considers several cost functions to be minimized in the optimization process in order to retrieve the less-energy-hungry trajectory profile:




	
minimum effort (i.e., sum of squared torque) [80];



	
minimum electrical energy [68], expressed as     ∫  0  T  e  ( t )  i  ( t )  d t   ;



	
minimum mechanical energy [70,81], expressed as     ∫  0  T   ϑ ˙   ( t )  τ  ( t )  d t   ;



	
minimum grid energy [79];



	
minimum of squared velocity [69];



	
minimum of acceleration average value [80].








The algorithms utilized for the searching phase are the following:




	
invasive weed optimization (IWO) [70];



	
artificial immune system (AIS) [80];



	
steepest gradient method (SGM) [68];



	
genetic algorithm (GA) [80];



	
weighted objective genetic algorithm (WGA) [80].








The MP trajectory optimization method allows for optimizing the energy consumption without detrimental effects on the cycle time. In some cases, the cycle time can even be shortened. A comparison between different methods in terms of energy saved is not straightforward. Indeed, this highly depends on several parameters, such as the system type and the considered task. Some authors [68,69,79,81] compare the results of their optimization algorithm with that provided by a commercial integrated development environment for robotics. Paes et al. [69] claim savings of energy of up to 4%, compared to the fastest trajectory obtained with ABB RobotStudio, in a pick-and-place movement. Furthermore, the cycle time results are 3% shorter. Mohammed et al. [81] achieve an energy reduction of up to 30% with their module compared to ABB RobotStudio in a pick-and-place task, both with and without a payload. In [79], savings of up to 18% of the energy, compared to the fastest trajectory obtained with ABB RobotStudio in a pick-and-place operation, are achieved, while the cycle time is shortened by 11%. Hirakawa et al. [68] consider three kinds of operations: a linear trajectory in which up to 30% of energy is saved, a top-to-bottom linear trajectory in which up to 70% of energy is saved, and a circular trajectory that consumes 42% less energy.





3.2. Operations Scheduling


Operations scheduling is a further approach related to the motion planning modification that can be found in literature, which saves energy by reducing the energy consumption of a single robotic system or a robotic cell [61,62,63,64,65,66,67,76,77,78,88,89,91,92]. In a robotic cell, a robot works synchronously with other robots or mechatronic systems, and the whole work has to be balanced in order to avoid queues. Moreover, in some operations, robots have to share the same working area. Thus, a robot waits for the completion of the previous robotic operation before executing its task in order to avoid collisions. The scheduling approach focuses on the optimization of the robot cell operations as a whole, and two main methods can be found: time scaling [61,62,63,64,65,76,77,78] and sequence scheduling [66,67,88,89,91].



3.2.1. Time Scaling


This method is based on the fact that, in most of the cases, an industrial robot has been programmed to realize the operation as fast as possible (i.e., shortest cycle time without considering the energy consumption) and with a consistent idle time, or wasted time, between two operations until the next operation is run. This approach implements the idea that a sensible energy-expenditure reduction could be achieved by slowing down as much as possible the speed (i.e., reduction of acceleration mean and peak values). The consequent increment in the operation time is compensated for by speeding up the slow movements and by reducing idle times; thus the cycle time is not affected.



In [76,77], this approach is applied to optimize the motion of an anthropomorphic robotic cell (electro-mechanical model is needed) from the end of a process to the home position, in order not to affect the overall industrial process. Moreover, the activation of a mechanical brake during the robot idle state (also in short-time idle state) is considered to reduce the energy consumption. The works [65,78] consider the scheduling optimization of a serial and a parallel manipulator, respectively, while performing a pick-and-place task. Also in this case, the optimization can be performed only on a selection of paths in order not to affect the manufacturing process’ efficiency and robustness. In [61,62,63,64], an improved method, called dynamic time scaling, is considered. This exploits dynamic programming, instead of the linear assumption adopted in the previous method, to further reduce energy consumption. Wigstrom and Lennartson [61] prove the improvements that the new method can give when considering a two-degrees-of-freedom planar manipulator. In [62,63,64], it is also applied to a generic robotic cell.




3.2.2. Sequence Scheduling


Other approaches deal with searching a more energy-efficient sequence of operations by keeping the cycle time fixed. In [88], the authors aim to reduce the acceleration load in a production cell by processing and optimizing a given working schedule, without compromising on the cycle time, and warranting the collision and deadlock avoidance. The idle time between different operations is then used to reduce velocities and accelerations for reducing the energy consumption. With the same purpose, in [91,92], the consumption of the robots into a scheduling model of the overall system is evaluated: the energy requested to perform each operation is modeled and parametrized as a function of the operation’s execution time. The optimal energy schedule is then derived by solving a mixed-integer non-linear programming problem.



The goal of the sequence planning approach [66,67] is to reduce the energy consumption of individual and interacting robots in a working station without changing the original paths or the total cycle time. The optimization problem is formulated as the minimization of the weighted squared angular accelerations for all joints (approximate measure of the energy consumption). The weight factor is meant to tune the optimization on the basis of the influence the acceleration of a joint has on the overall energy consumption. Constraints on the shared zone are defined when a group of robots have to move in and out of shared zones (a robot may therefore need to wait for another robot before entering the zone). This method does not rely on a dynamic model, and thus it does not require system identification or confidential robot data. Instead, it is based on an initial sampling of trajectories (i.e., joints displacement, velocity, and acceleration) and torque (i.e., derived from current) performed during the execution of a movement in real time. From this logged data, the optimization process retrieves an optimized trajectory in which idle times are reduced and waiting times are eliminated.






4. Mixed Approaches


Recently, more attention has been paid to the design and control of mechatronic and robotic systems by also considering the minimization of the consumed energy. In this regard, new techniques are being studied and validated considering both the hardware and software modification of the automatic system.



Two main ideas seem to have potential to allow the reaching of important results in this field, also overcoming the already achieved results. These rely on the co-exploitation of either elastic-energy storing systems or energy-sharing devices and optimal motion planning techniques, that is, natural motion and optimized sharing, respectively.



4.1. Natural Motion


This method involves the modification of the physical system by means of the insertion of elastic elements into the mechanism, with proper motion planning [13,94,95,96,97,98], with the aim of exploiting the free vibration mode of a mechanical system performing a cyclic task. In this way, most of the required energy needed for carrying out the task could be supplied by the elastic elements instead of the actuators (i.e., elastic elements store energy during part of the cycle as potential elastic energy, and then they release it to the rigid bodies, increasing their kinetic energy). Then, the actuators have to counteract the effect of dissipative forces and guide the mechanism through the desired trajectory. A possible drawback of this approach is when the end-effector has to be maintained in a fixed position (e.g., during a picking or a placing operation). This could be overcome by releasing the mechanical brake during the stop [94]. Two different approaches are presented in [97]:




	
Natural dynamics modification (NDM), in which the mechatronic system body or parts of it are designed to perform a given periodic task efficiently; that is, the system’s natural frequency is adapted to the task.



	
Natural dynamics exploitation (NDE), in which the mechatronic system motion is altered in order to exploit the system’s natural frequency; that is, the task is adapted to the system’s characteristics.








Almost all works deal with planar mechanisms. Barreto et al. [94] consider a multibody optimization of a two-degrees-of-freedom, five-bar linkage in order to find the proper joints’ spring constants as well as the trajectory that minimizes the torque requested to the motor, exploiting the natural motion. The formulation for both the NDM and NDE approaches are derived; that is, the best elastic constant and the optimal cycle frequency are computed, respectively. In [97], a two-degrees-of-freedom manipulator with prismatic joints in which elastic elements are inserted is considered. Here, an off-line analytical method for energy consumption minimization that exploits both the NDM and NDE methods is presented. In [96], a NDM approach in which a new design concept of an energy-saving planar serial robot composed by springs and reaction wheels, as actuators are considered. An enhancement can be found in [95], where adaptive elastic devices are adopted at each joint of a SCARA (Selective Compliance Assembly Robot Arm) robot to reduce the total energy in pick-and-place tasks. This solution allows for choosing the cycle time and to change the start and stop points’ position, as a result of a proper tuning of the adaptive elastic devices (i.e., NDM approach). A similar approach is considered in the work of Uemura and Kawamura [98]. Here, a generic energy-saving control based on system resonance for various robotic systems (i.e., multiple degrees of freedom) performing a pick-and-place task (i.e., non-linear dynamics) is proposed. Indeed, the control method adapts the joints’ stiffness in order to minimize the necessary actuators’ torque, considering a periodic motion that is not necessarily harmonic (i.e., strictly sinusoidal).




4.2. Optimized Sharing


The addition of energy-sharing devices to mechatronic and robotic systems allows for exploiting the available kinetic energy that instead would be wasted and in addition, for opening new scenarios for motion planning optimization. This is valid both when different systems are cooperating in a robotic cell as well as in multi-degrees-of-freedom mechanisms. Even if not many works have been published, some interesting applications and results can be found. Indeed, the concept of the cooperation between a trajectory planner and energy recovery and sharing devices has been considered [48,49,57,72]. However, most of these works rely only on the concept that the braking energy can be fully recovered and is then essentially subtracted from the total energy requested [48,49,57,72].



On the contrary, in [86], a study of the optimal trajectory also considering the energy recoverable as the result of an optimization of the energy that could be shared between two axes working together is carried out. The results show how a proper coordination of the axes, that is, shifting and overlapping of the two trapezoidal-velocity profiles, allows for increasing the amount of utilized regenerative energy and thus the reduction of energy consumption.



In a similar manner, Hansen et al. [99] consider an optimization method of multi-axis servo-drive mechanisms able to work while the system performs its task. This method exploits the idle times that exist between the motion cycles and the energy exchange via coupled inverter DC links. Thus, the standard double-S velocity profile is stretched and delays on the starting of the motions are inserted in order to reduce the consumed energy.





5. Conclusions


In this paper, a comprehensive review has been provided and is therefore a reference for existing methods, techniques and technologies for enhancing the energy performance of industrial robotic and mechatronic systems. Starting from a first categorization of hardware, software and mixed techniques, different approaches and methodologies have been revised and the main results highlighted. On one hand, the hardware approaches found in the literature have been categorized into three main categories, namely, robot type selection, hardware replacement and hardware addition. On the other hand, the software approaches mainly rely on the modification and optimization of the motion planning phase and have been organized into two different groups, namely, trajectory optimization and operation scheduling. Finally, mixed approaches have been presented, including the recent techniques that exploit both hardware and software modification, showing the main contributions found in literature.



The mixed approach is currently seeing growth of novel solutions in which different combinations of hardware and software techniques drive the core of new formulations. Such a design approach offers significant potential for reducing the requested energy or enhancing the productivity in mechatronic and industrial robotic systems, as well as for opening new optimization scenarios.
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Table 1. Hardware: Energy-saving (re-)design and technologies literature.
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	Reference
	Year
	Document Type
	Category
	Subcategory
	
	Case Study





	[4]
	2001
	Conference paper
	Robot type
	—
	—
	3-DoFs parallel manipulator and serial manipulator



	[5]
	2014
	Conference paper
	Robot type
	—
	—
	Underactuated serial kinematics



	[11]
	2015
	Journal paper
	Robot type
	—
	—
	Parallel manipulator with redundant actuation



	[19]
	2015
	Conference paper
	Robot type
	—
	—
	Parallel manipulator with redundant actuation (3RRR)



	[15]
	2010
	Review
	Replacement
	Electric actuator
	—
	Generic mechatronic system



	[17]
	2009
	Journal paper
	Replacement
	Pneumatic
	—
	Generic pneumatic system



	[7]
	2002
	Conference paper
	Replacement
	Reduction of components weight
	Lighter arms
	Redundant serial robot (7 DoFs)



	[18]
	2016
	Conference paper
	Replacement
	Reduction of components weight
	Lighter arms
	Serial robot (5 DoFs)



	[1]
	2007
	Journal paper
	Replacement
	Reduction of components weight
	Lighter joints
	Redundant serial robot (7 DoFs)



	[6]
	2008
	Journal paper
	Replacement
	Reduction of components weight
	Lighter joints
	Redundant serial robot (7 DoFs)



	[2]
	2016
	Conference paper
	Replacement
	Moving the actuators at the base
	—
	Serial robot (3 DoFs)



	[10]
	2015
	Conference paper
	Replacement
	Moving the actuators at the base
	—
	Elbow joint (1 DoF) wrist joint (3 DoFs)



	[12]
	1993
	Journal paper
	Replacement
	Moving the actuators at the base
	—
	Redundant serial robot (7 DoFs)



	[16]
	2012
	Journal paper
	Replacement
	Moving the actuators at the base
	—
	Underactuated serial kinematics



	[20]
	2015
	Conference paper
	Addition
	Energy-storing devices
	Flywheel
	Serial robot (6 DoFs)– ABB IRB 140



	[21]
	2011
	Conference paper
	Addition
	Energy-storing devices
	Flywheel
	Serial robot (3 DoFs)–crane



	[22]
	2012
	Conference paper
	Addition
	Energy-storing devices
	Hydraulic
	Generic hydraulic system



	[23]
	2014
	Journal paper
	Addition
	Energy-storing devices
	Hydraulic
	Generic hydraulic system



	[24]
	2011
	Conference paper
	Addition
	Energy-storing devices
	Pneumatic
	Hybrid pneumatic/electric system



	[25]
	2016
	Conference paper
	Addition
	Energy-storing devices
	Pneumatic
	Generic pneumatic system



	[26]
	2013
	Conference paper
	Addition
	Energy-storing devices
	Several
	Generic mechatronic system



	[27]
	2011
	Conference paper
	Addition
	Energy-storing devices
	Supercapacitor
	Mechatronic system (1 DoF)–elevator



	[28]
	1997
	Conference paper
	Addition
	DC-bus sharing
	—
	Mechatronic system–drives



	[29]
	2011
	Conference paper
	Addition
	DC-bus sharing
	EnergyTeam
	Generic mechatronic system–robot



	[30]
	2012
	Conference paper
	Addition
	DC-bus sharing
	Single capacitor
	Generic mechatronic system–robot



	[31]
	2013
	Conference paper
	Addition
	DC-bus sharing
	Single capacitor
	Generic mechatronic system–robot



	[32]
	2013
	Journal paper
	Addition
	DC-bus sharing
	Single capacitor
	Generic mechatronic system–robot
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Table 2. Literature on energy-saving software.
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	Reference
	Year
	Document Type
	Category
	Subcategory
	Case Study





	[71]
	2014
	Journal paper
	Trajectroy optimization
	PTP–direct
	Mechatronic system (1 DoF)–elevator



	[72]
	2014
	Conference paper
	Trajectroy optimization
	PTP–direct
	Generic mechatronic system (1 DoF)



	[37]
	2010
	Conference paper
	Trajectroy optimization
	PTP–direct
	Serial robot (6 DoFs)



	[84]
	2010
	Journal paper
	Trajectroy optimization
	PTP–direct
	Serial robot (6 DoFs)



	[85]
	2014
	Journal paper
	Trajectroy optimization
	PTP–direct
	Serial robot (6 DoFs)



	[73]
	2016
	Journal paper
	Trajectroy optimization
	PTP–direct
	Mechatronic system (1 DoF)–constant inertia



	[74]
	2012
	Journal paper
	Trajectroy optimization
	PTP–direct
	Storage and retrieval vehicle (2 DoFs)



	[75]
	2013
	Journal paper
	Trajectroy optimization
	PTP–direct
	Storage and retrieval vehicle (2 DoFs)



	[38]
	2013
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Serial robot (1 DoF) mounted on a flexible base



	[39]
	2016
	Journal paper
	Trajectroy optimization
	PTP–inverse
	Serial robot (1 DoF) mounted on a flexible base



	[40]
	2016
	Journal paper
	Trajectroy optimization
	PTP–inverse
	Redundant serial robot (3 DoFs)



	[41]
	2010
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Serial robot (6 DoFs)



	[57]
	2015
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Mechatronic system (1 DoF)–linear axis



	[42]
	1996
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Serial robot (6 DoFs)



	[43]
	2011
	Journal paper
	Trajectroy optimization
	PTP–inverse
	Underactuated serial kinematics



	[44]
	2011
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Underactuated serial kinematics



	[46]
	2014
	Journal paper
	Trajectroy optimization
	PTP–inverse
	Underactuated serial kinematics



	[49]
	2013
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Generic mechatronic system (2 DoFs)



	[48]
	2012
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Serial robot (6 DoFs)



	[50]
	2012
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Generic mechatronic system (1 DoF)



	[51]
	2011
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Mechatronic system (1 DoF)–positoning table



	[45]
	2012
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Mechatronic system (1 DoF)–toggle mechanism



	[47]
	2014
	Journal paper
	Trajectroy optimization
	PTP–inverse
	Mechatronic system (1 DoF)–toggle mechanism



	[52]
	2011
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Mechatronic system (1 DoF)–positioning table



	[53]
	2012
	Journal paper
	Trajectroy optimization
	PTP–inverse
	Mechatronic system (1 DoF)–toggle mechanism



	[86]
	2011
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Generic mechatronic system (2 DoFs)



	[54]
	2006
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Redundant serial robot (3 DoFs)



	[55]
	1996
	Journal paper
	Trajectroy optimization
	PTP–inverse
	Generic mechatronic system (1 DoF)



	[56]
	2002
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Generic mechatronic system (1 DoF)



	[58]
	2015
	Journal paper
	Trajectroy optimization
	PTP–inverse
	Generic mechatronic system (1 DoF)



	[59]
	2004
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Flexible links robot (2 links)



	[60]
	2017
	Conference paper
	Trajectroy optimization
	PTP–inverse
	Redundant serial robot (4 DoFs)



	[71]
	2016
	Conference paper
	Trajectroy optimization
	Multi-point
	Serial robot (6 DoFs)



	[80]
	2016
	Conference paper
	Trajectroy optimization
	Multi-point
	Serial robot (6 DoFs)



	[68]
	1997
	Conference paper
	Trajectroy optimization
	Multi-point
	Redundant serial robot (3 DoFs)



	[81]
	2014
	Conference paper
	Trajectroy optimization
	Multi-point
	Serial robot (6 DoFs)



	[69]
	2014
	Conference paper
	Trajectroy optimization
	Multi-point
	Serial robot (6 DoFs)



	[70]
	2011
	Conference paper
	Trajectroy optimization
	Multi-point
	Serial robot (2 DoFs)



	[77]
	2014
	Journal paper
	Operation scheduling
	Time scaling
	Serial robot (6 DoFs)



	[76]
	2012
	Conference paper
	Operation scheduling
	Time scaling
	Serial robot (6 DoFs)



	[87]
	2006
	Journal paper
	Operation scheduling
	Time scaling
	Serial robot (2 DoFs)



	[65]
	2011
	Conference paper
	Operation scheduling
	Time scaling
	Serial kinematics, parallel kinemaitcs



	[78]
	2013
	Journal paper
	Operation scheduling
	Time scaling
	Serial kinematics, parallel kinemaitcs



	[64]
	2013
	Conference paper
	Operation scheduling
	Time scaling
	Industrial robotized cell



	[61]
	2011
	Conference paper
	Operation scheduling
	Time scaling
	Serial robot (2 DoFs)



	[63]
	2013
	Journal paper
	Operation scheduling
	Time scaling
	Industrial robotized cell



	[62]
	2012
	Conference paper
	Operation scheduling
	Time scaling
	Industrial robotized cell



	[88]
	2008
	Conference paper
	Operation scheduling
	Sequence scheduling
	Flexible manufacturing system



	[89]
	2015
	Journal paper
	Operation scheduling
	Sequence scheduling
	Industrial robotized cell



	[66]
	2015
	Conference paper
	Operation scheduling
	Sequence scheduling
	Industrial robotized cell



	[67]
	2017
	Journal paper
	Operation scheduling
	Sequence scheduling
	Industrial robotized cell



	[90]
	2008
	Conference paper
	Operation scheduling
	Sequence scheduling
	Mechatronic system (1 DoF)–elevator



	[91]
	2012
	Journal paper
	Operation scheduling
	Sequence scheduling
	Industrial robotized cell



	[92]
	2010
	Conference paper
	Operation scheduling
	Sequence scheduling
	Industrial robotized cell







PTP = Point-To-Point
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Table 3. Qualitative categorization of energy losses [15,72,73,84].
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Loss Type

	
Definition of Energy

	
Proportionality






	
Load

	
Coulomb friction

	
    E coulomb   ( t )  =  ∫  0  T   f c   sign  ( ϑ  ( t )  )  ϑ  ( t )  d t   

	
   ∼  ϑ ˙    




	
Viscous damping

	
    E viscous   ( t )  =  ∫  0  T   f v    ϑ ˙    ( t )  2  d t   

	
   ∼   ϑ ˙  2    




	
Motor

	
Resistive

	
    E R   ( t )  =  ∫  0  T  R  i   ( t )  2  d t   

	
   ∼  τ 2    




	
Core (hysteresis and eddy)

	
    E core   ( t )  =  ∫  0  T   f core    ϑ ˙    ( t )  2  d t   

	
   ∼   ϑ ˙  2    




	
Stray

	
    E stray   ( t )  =  ∫  0  T   f stray   i   ( t )  2  d t   

	
   ∼  τ 2    




	
Coulomb friction

	
    E coulomb   ( t )  =  ∫  0  T   f c   sign  ( ϑ  ( t )  )  ϑ  ( t )  d t   

	
   ∼  ϑ ˙    




	
Viscous damping

	
    E viscous   ( t )  =  ∫  0  T   f v    ϑ ˙    ( t )  2  d t   

	
   ∼   ϑ ˙  2    




	
Holding brake

	
    E brake  = const .   

	
const.




	
Inverter

	
Resistive

	
    E R   ( t )  =  ∫  0  T  R  i   ( t )  2  d t   

	
   ∼  τ 2    




	
IGBT switching

	
    E  s w   = const .   

	
const.




	
PLC controller

	
    E  P L C   = const .   

	
const.








IGBT = Insulated Gate Bipolar Transistor; PLC = Programmable Logic Controller
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