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Abstract

:

Featured Application


The work described in the paper offers an innovative solution for mitigating unwanted oscillations in rotating systems, such as carousel systems and cranes. This technology has the potential for practical applications in various industries that rely on precise and stable rotational movements. Specific applications could include manufacturing and material handling, but but we can also find use in the warehousing and logistics, amusement park rides, robotics and automation, etc.




Abstract


This paper describes an innovative design based on the spectral approach of a novel shaper that eliminates frequency components that induce unwanted residual oscillations in various flexible mechanical systems, such as tower cranes or chain carousels, which are vital to many manufacturing and material-handling processes. However, their physical structure leads to flexible effects that limit their usefulness. Apart from the circular motion problem, control is provided by a single actuator, which makes it a so-called underactuated system. The input signal needs to be modified so that the spectral components from several interconnected degrees of freedom are considered together during shaper design, which increases the complexity of this task since one of its components induces nonlinear behavior. This means that traditional shaping techniques, based on linear theory, fail to provide good performance over the whole input range. The underdamped dynamics of the model and the effect of nonlinearities on the spectrum of the final signal are examined; the proposed method for application as a command shaping control technique is applied; and its effectiveness is analyzed by simulation and real-time implementation. The theoretical results verified on an experimental crane system confirm the expected oscillation phenomenon and show that the designed nonlinear shaper can reduce the payload swing significantly.
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1. Introduction


The issue of controlling flexible structures is an extensive area of research, as in many applications, unwanted oscillations are generated due to various elasticities, especially in the case where nowadays there is a demand for the implementation of increasingly faster and more aggressive movements of mechanical systems with flexible elements. Input shaping is a feedforward filtering method that modifies the frequency characteristics of the input signal, thereby reducing the dynamic-motion-induced vibrational response of the system (extracting the input energy around the system’s natural frequency). Input shaping schemes first appeared in the 1950s, when early implementations were challenging without digital computers. This method began to be widely applied in the 1980s and 1990s when controlling the movements of various types of cranes by the operator [1,2,3], which created the need to generate a trajectory in real time, which again limited the number of available algorithms. These methods were often designed for linear movements, and even when the load moved in different axes (especially in the case of gantry cranes), each could be controlled separately due to multiple actuators.



Sensitivity to modeling errors caused significant residual vibrations [4]. Input shaping became helpful in many natural systems when a robust method was developed [5]. Later, improved methods were introduced to increase robustness further [6]. Due to its robustness, input shaping has been implemented on various systems where precise positioning is required, including robotic manipulators [7], elevators [8], conveyors, throttle control [9], MEMS [10], liquid filling machines [11], etc. While the basic shaping methods assume specific, unchanging characteristics of the system, in the case of various dynamic changes in the system, it is possible to use an extension with adaptive methods, which can also help eliminate nonlinearities [12].



Since the basic principle of shaping techniques is to delay the input signal, this technique can be combined with feedforward control actions, which are crucial to guaranteeing the delay-independent stability of time-delayed systems. Such an integrated approach not only tries to suppress oscillations but also ensures robust stability that takes into account intentional delays caused by shaping techniques and inherent delays of the system, which may also have multiple inputs and outputs [13]. Another possible extension (very popular today), which we also owe to the rapid development of computing technology, is the extension of heuristic methods, which are often based on experience, intuition, or experimental observation and are used to solve problems where a direct and exact calculation can be too complex, difficult, or even impossible. They include various techniques including genetic algorithms [14], neural networks [15,16,17,18,19], PSO algorithms [20,21], and fuzzy [22,23,24].



The remainder of this paper is structured as follows. Section 2 discusses the time and frequency properties of basic shapers. Section 3 demonstrates the description and simulation of a dynamical system. Section 4 presents a shaper design. The simulation and experimental results, which were performed to verify the proposed design method, are presented in Section 5. The article then ends with pertinent conclusions.




2. Input Shaping


Input shaping with time delays is a method of reducing residual vibrations by convolving a sequence of impulses with a baseline reference command to compensate for the undesired oscillatory couple of system poles by the dominant couple of shaper zeros, which ensures a finite settling time for system modes with a known natural frequency and damping ratio. This method can be divided into two categories. In off-line shaping, the trajectory is defined in advance and is constantly repeated during the motion cycle, such as in motor drives used in a printer, hard disks, etc. Suppose we know the trajectory in advance (or at least any initial part), which can be updated in regular cycles. In that case, it is possible to use different forward control (MPC) techniques, which require detailed information about the system and knowledge of the input signal [25,26]. On the other hand, online shaping is a method of preshaping a profile to generate a previously unknown trajectory in which the system is controlled by a human operator or a superior system that acts as a trajectory generator, which means that the input signal needs to be modified in real-time to eliminate spectral components from around the natural frequency.



To demonstrate the basic principle of filtering, we consider the response of a dynamic oscillatory system, which is usually expressed simply by a slightly damped second-order linear transfer function consisting of the estimated values of natural frequency and damping to a series of two pulses, as shown in Figure 1 (red shows the response of the system to the pulses if each was applied individually, and blue shows the combined response of the system resulting from superposition).



This example illustrates that pulses of suitable amplitudes and times can be applied to a system so that the resonant modes of the system are destructively combined, resulting in the minimization of the resulting vector component pulses. The FIR shaper structure can be expressed by a series of Dirac pulses, where   D t   represents the time course of the Dirac pulse. Each of the pulses is assigned the corresponding amplitude   A t   for the time delay   T  D n    of the (nth) Dirac pulse relative to the first of the series, for which we assume a delay with a zero value (Figure 2).



From a mathematical point of view, the transition of the signal through a parallel combination of transport delays can therefore be replaced by the operation of convolutional multiplication of the reference signal with a sequence of Dirac pulses, which means that the control signal will be decomposed into several time-shifted components, which will individually excite sub-oscillations. However, these oscillations are attenuated in sum due to appropriately set phase shifts and amplitudes. This process requires one multiplication and one addition operation for each pulse. The basic block diagram of the molding principle is shown in Figure 3.



Since the input shaper must be placed directly in front of the time-varying controlled system, there is no feedback to help set the control signal correctly [5,27]. By identifying the output of the controlled system, it is possible to correctly configure the input shaper and then modify the control signal in the desired way.



2.1. Shaper Constraints


Due to the transcendental nature of the problem, there can be an infinite number of solutions. To choose a practical solution, it is necessary to define a set of different limiting equations (conditions), which are based on requirements, by which it is possible to determine the amplitudes and temporal positions of the pulses of the input shaper [28,29]. One of the fundamental limitations is the limitation of pulse amplitudes. If the pulse amplitudes are not limited, their values can reach positive or negative infinity due to time optimality [30]. The solution to this problem may be to limit the size of the pulses or require that all pulses have positive values. Limiting the pulse amplitudes is also necessary to ensure that the shaped input signal reaches the same final steady-state value as the original reference signal without shaping. This limitation is not explicitly stated in some filtered algorithm designs (especially in those where the filter has a non-linear character). It is often solved in an iterative way [31]. To prevent a change in the size of the control pulse, the sum of all amplitudes must equal one. The next limitation, perhaps the most important, is the condition for limiting residual vibrations (it was mentioned earlier as a vector condition). In many publications, this condition is associated with a dimensionless quantity of residual vibration amplitude, or the percentage ratio of vibrations (PRV) with input shaping to vibrations without input shaping. The mentioned ratio of amplitudes can be expressed as a function of the natural frequency,  ω , and the damping coefficient, b, of the system, which can be written in the form of an equation prescribing the zero value of the amplitude of the vector sum of all Dirac pulses forming the relevant type of shaper.



The limitations mentioned so far are sufficient for the design of the basic (early) shaper (ZV), which has a very symmetrical structure (two appropriately shifted pulses in time), as demonstrated in Figure 1. The first impulse can be applied almost immediately (which is mainly desired). However, the second pulse is shifted in time by half of the oscillation period, which in most applications has proven to be a sufficient settling time but is directly related to the system frequency, which means that in the case of low-frequency dynamics, a high delay can occur.



In reality, it is not possible to model this entirely accurately, or identify the parameters. Therefore, robustness to modeling errors is one of the other important factors. Suppose that small changes occur in the system, either due to inaccurate identification or in the case of a change in the length of the rope, the weight of the load, or any other property that can fundamentally affect the system parameters (mainly the frequency). In that case, the set parameters of this shaper will no longer be able to remove oscillations for the system, and with these changes, the residual oscillations will increase proportionally. Therefore, it is necessary to introduce another condition related to robustness. While the ZV shaper will theoretically provide zero vibration at the modeling frequency, it is sensitive to modeling errors [32]. This sensitivity makes the ZV shaper impossible to use practically on many systems.



The robustness of input shapers is most commonly graphically represented by sensitivity curves. These curves show the percentage of residual vibration against the normalized vibration frequency. Insensitivity is one of the key measures of robustness derived from the sensitivity curve [6,33]. Insensitivity is the width of the sensitivity curve at the tolerated percentage level (  V  T O L   ) with respect to the monitored parameter. Generally, the more robust the shaper is, the more it can handle damping in the event of nonlinearities. Singer and Seering were the first to develop an input shaping technique with an extended region around the system’s natural frequency, which is robust enough to be used in most cases. To reduce the sensitivity of the input shaper to natural frequency errors, the shaper must meet another constraint, which consists of setting the derivative of the vibration equation with respect to the natural frequency to zero at the modeling frequency (ZVD). Limiting the zero derivative places additional zeros on the flexible poles, flattening the sensitivity curve at the modeled frequency and increasing insensitivity. This shaper has one pulse more, and the time lead equals one period of the vibration frequency. This shaper is based on ZV, and we paid for the increase in robustness by increasing the transition time of the system, which means that input shaping has a fundamental compromise between robustness and the duration of the shaper. An input shaper with even greater insensitivity than the ZVD shaper can be obtained by setting the second derivative to zero. This shaper is called the ZVDD shaper [34]. We could thus modify the algorithm by using an indefinitely repeated derivation of the vibration percentage equation (ZVDDD…). For each derivative, an additional pulse is added to the shaper. Thus, the shaper is extended by half the frequency period.



It is generally proven that in real systems, a particular modeling error will occur, so it is not advisable to try to get the vibrations around the natural frequency to zero, but rather to limit the vibrations to a certain low but at the same time acceptable level [6]. The extra-insensitive shaper extends the robustness of the ZVD shaper. When modeling this type of shaper, the constant   V  T O L    is given, which is generally equal to the upper limit of the acceptable residual oscillations, and thus, with an increase in the allowed size of oscillations, the insensitivity to modeling errors increases. The El shaper has the exact same pulse times as the ZVD shaper but with different amplitude values, resulting in greater robustness. Like zero-derivative methods, this idea can be extended from a basic shaper with a single hump in the sensitivity curve to a higher level of robustness by adding constraints that create multiple humps in the curve, called Multi-Hump El Shapers.



Given the wide variety of systems that can benefit from input shaping, it seems desirable to develop a shaping method that specifies insensitivity and tailors the shaper’s robustness to the specific system for which it may be designed. There are several ways to design this type of shaper, for example, using an approximation method where the vibrations are limited below a certain tolerable level at several points in the range of the required parameters, but this method provides approximate solutions. The amplitudes and times of the shaping pulses are then generated using optimization procedures. In practice, it is possible to use a small number of points to suppress vibrations in a wide range of parameters. The second procedure is more challenging to implement but brings accurate solutions. The advantage is that they can be designed to have non-symmetrical sensitivity curves so that the shaper is more robust and resistant to frequency increases than frequency decreases or vice versa. One disadvantage of the SI shaper is that optimization is required [35,36].



An alternative limitation for constraints on time optimality allows the pulses to acquire negative but finite values, which causes a reduction in the time of individual pulses and thereby speeds up the entire process of ramping up to the desired value of the control pulse. With this type of shaper (UMZV), one can expect favorable properties concerning the overall delay, but at the expense of less robustness and possible high-mode excitation. Significant distinctions can be made between input-shaped commands and smooth commands based on their shape, design approach, and system response. The previous concepts cannot be used if a distributed delay is needed because they have a lumped delay [37,38]. As part of the design, it is necessary to determine the interval and the parameter D based on a spectral analysis. In most cases, smooth profiles have the effect of a low-pass filter, while input shaping is similar to a notch filter. Previous papers have indicated that shaped commands move systems faster than smooth commands [39]. The combination of three Dirac pulses with the same amplitude is another type of shaper that belongs to the group of faster shapers. The total delay of the shaper’s approach to the desired value of the control pulse is two-thirds of the system’s natural frequency period. This type of shaper represents a compromise between speed and the robustness of input signal shaping. If we continued to increase the impulses gradually, we would observe a decrease in the steepness of the course in the vicinity of the spectrum of the system’s angular frequency. However, this reduction would be accompanied by a gradual increase in the total value delay of the shaper up to the value   T D   when the signal at the output of the shaper would pass into a trapezoidal waveform with the length of the edges   T D   [40].




2.2. Input Shaping for Multiple Vibration Modes


There are also ways to use input shaping to reduce vibration in multiple modes. One way is to design shapers for each oscillation mode and combine them [41,42]. The resulting shaper will minimize vibration at the desired frequencies, with added robustness for higher-mode excitation. Another way to design a shaper is to solve the constraint equations for the two modes simultaneously [43,44]. This method reduces vibrations near the modeling frequencies but does not suppress high-vibration modes as much. If the second pair of oscillating poles still causes an unacceptable vibration level, adding a second filter for the faster poles and connecting it in series with the first one is possible. To solve the problem of multiple vibration modes, it is also possible to use the previously mentioned adaptive methods [45]. Another possible solution to the problem of multiple vibration modes is a solution based on the zero-placement nominal mode technique, which means that all modes are placed in the allowed range (two EI shapers) [46].





3. Problem Formulation and System Description


A dynamic system can be determined by modeling the system using the equations of motion and then solving for the Laplace or Fourier transform of the output in terms of the input. The transfer function of a rotary pendulum system is a mathematical representation of the system’s behavior. It describes the relationship between the input (angular acceleration of the carousel) and the output (angular position of the load). A damped oscillatory system is mainly expressed by a second-order linear transfer function, which consists of estimated values of the natural frequency,  ω , and damping, b. In this case, we consider the linearization of the pendulum model for small deflection values [47,48] and a rope that is solid, inelastic, and not subject to any twisting, friction, or other non-ideal properties. On the contrary, we do not assume any other oscillating modes given by the flexibilities of the arm, column, etc. The dynamics of a gantry crane usually consist of two interconnected parts that represent the oscillation of the load in each axis.



The dynamics of the motor can affect the dynamic properties, but if the dynamics of the motor (response) are faster than the dynamics of the load, there is no significant influence on the position of zeros in the transfer function of the system. Then, the motor should be able to effectively control the load without significantly changing the dynamic characteristics of the overall system. Its contribution to the overall system’s response can only be in the rounding of the waveforms, which means that the response is smoother, and thus the motor is unlikely to be a limiting factor in controlling the system’s response. If the bandwidth of the motor servo is much higher than the natural frequency of the load, it means that the motor responds quickly to changes in the control signal, which will ensure fast and accurate control of the load. The dynamics of the actuators (also current loop, etc.) can be defined by a first-order transfer function with a low time constant, but it is omitted because the electrical time constant of the actuator is negligible compared to the mechanical time constant of the entire system.



The subject of the analysis in this article is a rotating carousel system, which consists of a fixed structure and arms that rotate around the axis of the vertical structure. Both arms have oscillating rope-suspended loads that exhibit low damping properties. A similar mechanism is the rotary pendulum, which has several basic similarities with the described system. The chain carousel rotates at a prescribed angular velocity about a vertical axis, while the loads move in several degrees of freedom that are coupled. The dynamics of these systems are usually characterized by significant feedforward nonlinearities, nonholonomic constraints, a non-minimum phase, and underactuated dynamics. A chain carousel model with a diameter of 62 cm and a rope length of 22 cm in the Cartesian plane is shown in Figure 4.



This case is interesting because two different accelerations controlled by one motor affect the deflection of the load relative to the stable position. One acceleration is the tangential acceleration proportional to the angular acceleration, which we directly influence by controlling the torque of the motor driving the mechanism.


   a  t a n g   = r × ϵ = r ×   d ω   d t   .  



(1)







The second acceleration is the centrifugal acceleration, which is proportional to the square of the angular velocity of the load.


   a  r a d   = r ×  ω 2  .  



(2)







The resulting acceleration amplitude acting on the hinge is


    a  x 2  + a  y 2    =    a  r a d  2  +  a  t a n g  2    .  



(3)







This acceleration turns with the motion of the arm. The resulting block diagram in Figure 5 represents an intuitive principle model from the distribution point of view, split into tangential and radial components.



Since the pendulum is attached to the rotating frame like a carousel, during the braking maneuver, the coordinate system of the pendulum does not coincide with the coordinate system of the arm due to torsional but also Coriolis and other forces. We also consider a torsionally freely rotating rope whose torsional force is insufficient for the load, which means that in addition to the linearization of the pendulum, we also consider the linearization of the system by ensuring that the carousel does not turn too much of an angle during the braking maneuver.




4. Shaper Design


In most cases, the fixed shaper is designed, based on a linearized version, around the operating point of the nonlinear system, which causes linear behavior (when the payload swing angles are relatively small). By eliminating the corresponding component of the spectrum in the angular acceleration signal, we will simultaneously eliminate this part of the spectrum in the angular velocity signal as well (since the zeros in the velocity spectrum are the same as the zeros in the acceleration spectrum but divided by the velocity itself). Typically, the shaper is designed for shaping the acceleration spectrum. In applying the structure according to Figure 6, when we eliminate the relevant spectrum components in the angular acceleration (velocity) control signal, we can successfully suppress oscillations in the tangential direction [40].



Based on the relations derived in Section 3, (1)–(3), it is clear that it is also necessary to shape the spectrum of the square of the angular velocity, which is proportional to the centrifugal acceleration. At large angular velocity values, oscillations can also occur in the radial direction due to the action of centrifugal forces, which causes a non-linear effect. As a result, the spectrum of the input signal is distorted, and the problem of shaping is more complex in this case. If we apply the scheme according to Figure 7, it is possible to suppress oscillations in the radial direction and vice versa, so oscillations in the tangential direction will appear [40].



One of the possible solutions to effectively eliminate oscillations in both axes and remove the second component of the oscillation is to connect a series shaper extended by nonlinearity (Figure 8) [40].



This combined filter gives the square root in the branch for centrifugal acceleration, which linearizes the given term, but to shape the spectrum correctly, the square root must be given in front of the shaper [40].




5. Verification of the Method


5.1. Simulation Verification


This section conducted simulations based on the Matlab software (version number for MATLAB is 9.12.0.1884302 (R2022a)) simulation platform to verify the proposed method. Figure 9 shows the resulting motion of the simulated load in the Cartesian system for the unshaped (red) case and for the linear (green), non-linear (blue), and combined (black) ZVD shapers.



It can be seen from the resulting simulations that the radial component remains with the linear shaper and the tangential component remains with the non-linear shaper. In the case of a linear shaper, there is a ten-fold attenuation in the tangential direction and twice as much in the radial direction. In the case of a non-linear shaper, the direct component is equally damped, and in the radial direction there is a six-fold attenuation. In the case of the combined shaper, the tangential component is damped thirty times and the radial component twelve times compared to the unshaped case. It is also possible to notice that the trajectories are not curved due to the torsional (Coriolis, etc.) force during the end of the input pulse.




5.2. Real-System Verification


Among the next steps in verifying the shaping methods is the realization of experiments on a reduced carousel model, which is shown in Figure 10. The dimensions of the real model are the same as those considered in the simulation.



A brushed DC-max16S GB KL 24V motor from Maxon company Maxon Motor AG, located in Sachseln, Switzerland, controls the slew motions. It is possible to control the speed or position of the motor based on a signal from the ENX10 EASY 1024IMP incremental encoder. On the other side of the shaft is a three-stage planetary gear GPX19 with a gear ratio of 186:1. This motor is connected to the Jrk G2 24v13 controller, which generates the required PWM properties based on commands from serial communication with the microcontroller STM32F407VGT6. A threaded rod with a diameter of 6 mm is connected to the motor shaft, which serves as a vertical segment and forms the central support of the entire carousel structure. The top of the carousel is made of a laminated carbon fiber strip attached to a vertical bar. This belt is the mounting point for the pendulums, which are connected by rope to bearings that help dampen the effect of the torsion force. All mounts, couplings, and loads are 3D printed. Another aspect of this setup is how we sense this motion. A high-frame-rate CB013MG-LX-X8G3 camera from Ximea company Ximea GmbH, located in Münster, Germany, is located at the bottom of the device, which sense the pendulum’s movement from below. Using optical flow technology and the OpenCV library, the camera captures oscillations, which makes it possible to identify the presented system with sufficient quality.





6. Results


During the realization of the experiments, the crane started rotation and rotated at the same speed (26 rpm) until the oscillations generated by the acceleration stabilized. Experiments with various changes in the testing paradigm (load changes) were also performed. The first load weighs 1.5 g (Figure 11), the second one weighs five times this, that is, 7.5 g (Figure 12), and the third one weighs 10 times the original, so 15 g (Figure 13). Since this article deals with the analysis of finite impulses, we are mainly interested in the moment when the crane receives the command to stop. The figure shows the trajectory of the load in the unshaped (red), linear (green), non-linear (blue), and combined (black) cases. Each resulting load movement is smoothed using a Savitzky–Golay filter [49].




7. Discussion


The resulting waveforms from the experiments on the real model clearly confirmed the predicted behavior, which turned out to be identical to the simulated trajectories. The perpendicularity of these two components is also clearly visible. In the case of using a linear shaper, there was an almost six-fold attenuation in the tangential direction and three-fold in the radial direction. The non-linear shaper damps the tangential component three times and the radial component six times. Depending on the weight of the load, there is more dampening. In the case of the combined shaper, there is a six-fold attenuation in both directions, but in the case of a greater weight, it is more.



Due to the not very significant changes in the results of the experiments with different weights of loads, the theory of the immaterial suspension, which is basically a mathematical pendulum where the period of oscillations does not depend on the weight of the load, was confirmed.



Compared to the simulation, the bending of the plane in which the load oscillates due to the twisting of the hanging rope is visible. In the case of shaped courses, this rolling is not so pronounced. By using bearings, we managed to eliminate the effect of the torsional force to a certain extent.



It is also important to mention the limitations of our approach. Although the combined filter shows a significant improvement over the linear or non-linear filter, its effectiveness may be limited at higher angular velocities. Due to the fact that there are limits regarding the rotation angle of the carousel during the braking maneuver, it is important to remember that in the case of turning by 180 degrees, opposite oscillations can be induced, which greatly impairs the effectiveness of the proposed algorithm. The solution to this problem would be the use of a shorter shaper, for example, UMZV, which would minimize the size of the turn during the braking maneuver. Therefore, it would be worthwhile to investigate how effective these algorithms are at higher speeds.



From the point of view of safety, it is also important that there is no greater displacement of the stopping point compared to the space where oscillations occur in the unformed case. In our case, we chose the speed limit.




8. Conclusions


In this paper, based on system analyses, we designed and implemented an innovative shaper, which, based on various experiments, successfully suppresses those frequency components that generate oscillations in rotating systems such as carousel systems or cranes. Such systems are usually driven by one drive, while it is necessary to simultaneously eliminate oscillations in different directions. In each of them, oscillations occur for different reasons, which represents a non-linear problem. It is clearly demonstrated that the combined filter, which takes into account the complexity of the input signal, provides significantly better results in limiting load oscillations during the braking maneuver compared to an unshaped, linear, or non-linear filter alone.



When we look at previous studies in this area, many of them mostly focused on the use of linear filters, but less focused on nonlinear or combined approaches. Our work brings a new dimension by showing that integrated solutions can be more effective than individual components. This gives us evidence of the limitations of linear methods and shows the need to develop methods that take nonlinear effects into account. The same problem is solved in another paper [50], where the problem is analyzed in a similar way, but the solution is difficult to calculate and use.



It is also important to emphasize that even though our results show the positive effects of the combined filter, there are still possibilities for its further optimization. Further investigation is also needed in the context of the mentioned high angular speed of rotation.



The use of such approaches can also be applied in the case of more complex systems, such as mobile chassis that move in a warehouse environment, where there is a requirement for the fastest possible movements while scanning various barcodes or QR codes using a camera. Due to oscillations during movement, it is necessary to wait until the image stabilizes and focuses so that the images are sharp. Such a system can, in addition to forward and backward movement, move along a circular trajectory, which represents a similar issue to the carousel investigation case. Therefore, in addition to investigating time-optimal solutions, our future research will also focus on applications for other systems.
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Figure 1. System response to a single and combined impulse. 
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Figure 2. The internal structure of the (nth) order shaper. 
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Figure 3. Block diagram of the system with input shaper. 






Figure 3. Block diagram of the system with input shaper.



[image: Applsci 13 11946 g003]







[image: Applsci 13 11946 g004] 





Figure 4. Block diagram of the carousel model in Cartesian coordinates. 
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Figure 5. Block diagram of the carousel model in polar coordinates. 
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Figure 6. Structure of linear shaper. 
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Figure 7. Structure of non-linear shaper. 
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Figure 8. Structure of combined shaper. 
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Figure 9. Simulated load and trolley trajectories for the unshaped and shaped case. 
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Figure 10. The experimental carousel system. 
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Figure 11. Experimental load (1.5 g) and trolley trajectories for the unshaped and shaped case. 
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Figure 12. Experimental load (7.5 g) and trolley trajectories for the unshaped and shaped case. 
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Figure 13. Experimental load (15 g) and trolley trajectories for the unshaped and shaped case. 
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