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Abstract

:

This paper discusses a real-time flow-rate estimation method for a tilting-ladle-type automatic pouring machine used in the casting industry. In most pouring machines, molten metal is poured into a mold by tilting the ladle. Precise pouring is required to improve productivity and ensure a safe pouring process. To achieve precise pouring, it is important to control the flow rate of the liquid outflow from the ladle. However, due to the high temperature of molten metal, directly measuring the flow rate to devise flow-rate feedback control is difficult. To solve this problem, specific flow-rate estimation methods have been developed. In the previous study by present authors, a simplified flow-rate estimation method was proposed, in which Kalman filters were decentralized to motor systems and the pouring process for implementing into the industrial controller of an automatic pouring machine used a complicatedly shaped ladle. The effectiveness of this flow rate estimation was verified in the experiment with the ideal condition. In the present study, the appropriateness of the real-time flow-rate estimation by decentralization of Kalman filters is verified by comparing it with two other types of existing real-time flow-rate estimations, i.e., time derivatives of the weight of the outflow liquid measured by the load cell and the liquid volume in the ladle measured by a visible camera. We especially confirmed the estimation errors of the candidate real-time flow-rate estimations in the experiments with the uncertainty of the model parameters. These flow-rate estimation methods were applied to a laboratory-type automatic pouring machine to verify their performance.
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1. Introduction


Pouring processes in the casting industry can be dangerous to workers because they perform the task of handling molten metal with extremely high temperatures. Accordingly, the need for automation of the pouring process has promoted improvements in the work environment in this context [1,2,3,4]. A tilting-ladle-type automatic pouring machine, where molten metal is poured into the mold by tilting the ladle automatically, is employed as one such automated pouring process. It can be installed relatively easily as part of the pouring process because it essentially employs the same pouring method as a manual handling of this task [5]. As a control system for the tilting-ladle-type automatic pouring machine, the teaching-and-playback control approach has been practically applied [6,7,8]. The pouring process requires the precision pouring of molten metal into the pouring basin of the mold to improve productivity and user safety. However, doing so can be difficult because the pouring flow rate is indirectly changed by tilting the ladle [9,10,11]. Furthermore, the molten metal can spill from the mold due to the falling trajectory of the outflow liquid varying in accordance with the flow rate changes.



To solve these problems, control technologies have been developed to improve pouring precision. The sloshing suppression controls of the liquid in the ladle were developed for suppressing the liquid vibration while the liquid is poured into the mold [12,13]. For keeping the pouring mouth of the ladle in a fixed position, a forward-and-backward and an up-and-down motions of the ladle were controlled synchronously to the ladle tilting [12]. Moreover, the sloshing caused in the ladle’s back-tilting-motion was suppressed by the input shaping approach in which the input command is shaped for generating the anti-phase sloshing in [12,13]. The sloshing caused in the pouring motion was modeled simply by a pendulum model in [14,15]. In addition, the sloshing was suppressed by combining the partial inverse dynamics approach and PID controller. The parameters of PID controller was designed using the metaheuristic search algorithm. The sloshing in the liquid container handled by a robotic manipulator was modeled by a spherical pendulum model in [16,17]. For suppressing the sloshing, the reference trajectories with the container’s position and orientation were shaped by an exponential filter, the parameters of which were designed using the spherical pendulum. The sloshing caused in the ladle’s forward-tilting-motion was suppressed by making the angular velocity in the ladle’s tilting motion smaller [18]. The control system for the liquid height in the pouring basin was constructed using the audio vibration sensing and the deep neural network [19]. The neural network in the pouring robot system was trained with a real-world pouring dataset with multi-modal sensing data, which contains more than 3000 recordings of audio, force feedback, video, and trajectory data of the human hand that performs the pouring task. The pouring skill of human was emulated by the robot with the haptic device using the parametric hidden Markov model [20]. In this approach, the human tele-operated the robot using a haptic device, and data from the demonstrations were statistically encoded by a parametric hidden Markov model. The Gaussian mixture regression was used at the reproduction in the robotic playback motion. The angular velocity of ladle tilting was optimized using the optimization approach with a Computational Fluid Dynamics (CFD) simulator for suppressing the casting defects [21]. The flow-rate feedforward control, based on the mathematical model of the pouring process, was developed in [22]. The falling position control of the liquid outflow from the ladle was developed to achieve precise pouring of the liquid into a steady position inside the pouring basin of the mold [23]. Additionally, a control method for positioning the ladle as low as possible while pouring the liquid was proposed in [24]. In these falling position control approaches, the ladle is moved in vertical and horizontal directions. However, the liquid can still spill from the pouring basin of the mold due to the splashing inside the ladle, which is caused by the movement of the ladle [25]. Therefore, the optimal positioning of the ladle which minimizes the amount of spilled liquid from the pouring basin of the mold was developed in [25,26]. In these studies, a control system was constructed using the flow-rate feedforward control. Pouring precision can be degraded by disturbances that emerge from variable pouring conditions. To suppress the influence of such disturbances, flow-rate feedback control has to be established. However, it can be difficult to directly measure the flow rate of poured molten metal because sensors e.g., the flow meter, can be damaged by the high temperature of the molten metal. Therefore, to measure the pouring flow rate, the real-time flow-rate estimation approach using the Kalman filter (KF), specifically an extended Kalman filter (EKF), was developed in [27,28]. However, this approach can only be applied to smooth shaped ladles, e.g., a fan-shaped ladle, due to the requirements of the Jacobian matrix used in the EKF. Nonetheless, ladles with complicated shapes for which it is difficult to derive a Jacobian matrix, have been used in practical settings. Thus, flow-rate estimation with an unscented Kalman filter (UKF), which does not require a Jacobian matrix, was proposed in [29]. Moreover, the flow-rate estimation method was integrated with the flow-rate feedback control system in [30]. However, it is difficult to implement and perform a real-time computation using an industrial controller, which has low computational power. To apply a real-time flow-rate estimation to an automatic pouring machine with a complicatedly shaped ladle, and implement the flow-rate estimation method in an industrial controller, the simplified flow-rate estimation method in which the steady-state KFs (SSKFs) and the EKF are decentralized to the motor systems and the pouring process, respectively, was proposed in our previous study [31]. The decentralization of Kalman filters (DKFs) were integrated with the flow-rate feedback control system in [32]. As a remaining issue, the appropriateness of the flow rate estimation method via DKFs as a real-time pouring flow-rate measurement in the automatic pouring machine must be verified. In [31], the effectiveness of the flow rate estimation by the DKFs was verified in the experiment with the ideal condition as the pouring process model in the DKFs is identified with the experimental pouring. However, some uncertainties in the model parameters identification with practical pouring can arise. It is especially difficult to identify the tilting angle of the ladle at the start of the liquid outflow, which can be influenced by the surface tension and density of the liquid in the ladle [32]. Moreover, in order to verify the effectiveness of the flow rate estimation, the true flow rate of the liquid outflow from the ladle in the experiment should be measured. It is, however, difficult to obtain the true flow rate of the liquid outflow.



Therefore, in the current study, we verified the appropriateness of the flow-rate estimation method using DKFs by comparing it with two other existing real-time flow-rate estimations. We confirmed the noise levels and the estimation errors of the candidate real-time flow-rate estimations in the experiments with/without the error between the ideal and the actual tilting angle at the start of the liquid outflow. As evaluation of the estimation error, the estimated flow rates were compared with the simulated flow rate which represents faithfully the experimental pouring with the model of pouring process. In one of the compared methods, the flow rate was estimated by differentiating the weight of the outflow liquid measured by the load cell with respect to time [33]. In this approach, a low-pass filter was applied for reducing the noise of the measured data. In addition, the angular velocity of ladle tilting motion was controlled by the fuzzy rules referring to the filtered data. In the second estimation method, the flow rate was estimated using a visible camera [34,35,36]. In the approaches [35,36], the liquid height in the target container was measured by the stereo camera or RGB-D camera for estimating the pouring state. The flow line of the inflow liquid in the clear target container was measured by the visible camera [37]. Therefore, in the case of the pouring situation using the clear ladle, the visible camera is able to estimate the flow rate of the outflow liquid by measuring the liquid volume in the ladle in real time. In the casting industry, since the ladle generally consists of gypsum and metal, detecting the liquid volume in the ladle using a visible camera is difficult. In this study, we used water as the target liquid and a clear acrylic container as a ladle. As such, we were able to discern the liquid volume in the ladle from the projected liquid area, as captured by the visible camera. This flow-rate estimation method cannot, however, be applied to practical pouring processes using molten metal. Nonetheless, we applied this flow-rate estimation method for verifying the appropriateness of the flow-rate estimation method by DKFs. Most practical automatic pouring machines have a rotary encoder for measuring the tilting angle of the ladle and a load cell for measuring the weight of the outflow liquid from the ladle. DKFs in which the flow rate can be estimated indirectly using the rotary encoder and the load cell are useful for the control of automatic pouring machine in practical use.



The remainder of this paper is structured as follows. The tilting-ladle-type automatic pouring machine used in this study is introduced in Section 2. The mathematical model for the pouring motion is derived in Section 3, and compensation for the measured weight by the load cell is presented in Section 4. The flow-rate estimation method by DKFs is described in detail in Section 5. The additional two flow-rate estimation methods are discussed in Section 6. In Section 7, the appropriateness of the flow-rate estimation by DKFs is verified experimentally by comparing the process with two other flow-rate estimations. Concluding remarks are presented in the final section.




2. Automatic Pouring Machine


The tilting-ladle-type pouring machine used in this study is presented in Figure 1. In the pouring machine, the ladle could be transferred according to two dimensions (the y- and z-axes) and could also be rotated (in the  Θ  direction). Each direction had a direct current (DC) servomotor to drive in the velocity control mode. In the y- and z-axes, the driving force of each motor was amplified by a ball-and-screw mechanism. The transfer distance and the tilting angle of the ladle could be measured by the rotary encoders installed in the motors. These motor drivers for driving the servomotors communicated with the controller through a controller area network bus.



The center of the ladle’s rotation shaft was placed near the center of gravity to avoid the increase in the capacity of the motor for rotating the ladle. This mechanism has been used with the recent practical automatic pouring machines. While rotating the ladle around the center of gravity, the tip of the ladle’s pouring mouth moved in a circular trajectory. By moving the tip of the pouring mouth, it became difficult to precisely pour the molten metal into the mold. Therefore, the position of the tip of the pouring mouth had to be invariably controlled while pouring; this was achieved using synchronous control of the y- and z-axes during rotational motion around the ladle’s  Θ -direction [38]. The weight of the outflow liquid could then be measured by the load cell equipped to the base of the pouring machine. In the load cell system, four sensing terminals were located on the four corners of the base of the pouring machine. The maximum measuring error of this load cell is 0.05 kg. The weight rate of the outflow liquid cannot be measured by the load cell. The amplifier of the load cell communicates with the controller by a serial communication method. The load cell data can be obtained with the sampling interval 0.02 s using the serial communication. The splash of the liquid in the ladle can be caused by varying the liquid shape in the pouring motion with tilting the ladle. For suppressing the splash, the input shaping approaches were proposed in [12,13]. However, it is difficult to suppress the splash in the different conditions from the parameters’ setting. The splash can be suppressed by making the variation of the liquid shape smaller. We applied the splash suppression approach by limiting the angular velocity of the ladle tilting [18]. In the preliminary experiments, the amplitude of the angular velocity has been limited within 12 deg/s for suppressing the splash in the expected pouring motion using this automatic pouring machine.



In this study, the target liquid was water, and a clear acrylic ladle was used to visualize its inside; the side area of liquid in the ladle was captured by a visible camera while pouring the liquid. The camera was located 1.5 m from the ladle in the lateral direction for capturing the whole area of the ladle. In the camera system, the images with   512 × 480   pixels were captured with the frame rate 30 fps. The processing time for obtaining the side area of the liquid in the ladle from the captured image is 0.06 s.




3. Mathematical Models of Pouring Motion


The pouring motion is represented by the block diagram in Figure 2. In the motorized pouring motion, the input command was applied to the motor for tilting the ladle. The liquid was poured from the tilted ladle, and the weight of outflow liquid was measured by the load cell.



3.1. Motor Model for the Tilting Ladle


In Figure 2, motor model   P t   for tilting the ladle is simplified as a first-order lag system and an integrator, which can be given as follows:


      d ω ( t )   d t     =    −  1  T  m t    ω  ( t )  +   K  m t    T  m t     u t   ( t )  ,     



(1)






      d θ ( t )   d t     =    ω ( t ) ,     



(2)




where  ω  deg/s is the angular velocity of the tilting ladle,   u t   is the input command applied to the motor,  θ  deg is the angle of the tilting ladle,   T  m t    s is the time constant, and   K  m t    deg/s is the gain constant. The time constant and the gain constant can be identified by a step response method. In this method, three step input commands were given as   u t   = 2, 4, and 6. The time and the gain constants were obtained from the response for each step input command. We determined these constants by averaging the obtained constants. In this study, identification experiments obtained    T  m t   = 0.022   s and    K  m t   = 0.980   deg/s.




3.2. The Pouring Process Model


The pouring process model   P f   in Figure 2 represents the volume balance of the topmost liquid volume in the ladle, which can be shown as the input–output relation from angular velocity  ω  to flow rate q m   3  /s of the outflow liquid. The cross section of the pouring process at tilting angle  θ  is presented in Figure 3, where the volume balance of the topmost liquid volume in the ladle can be given as follows:


      d  V r   ( t )    d t     =    − q  ( t )  −   ∂  V s   ( θ  ( t )  )    ∂ θ   ω  ( t )  ,    (  V r  ≥ 0 ,  θ ≥  θ s  )  ,     



(3)




where   V r   m   3   is the liquid volume over the pouring mouth,   V s   m   3   is the liquid volume under the pouring mouth, and   θ s   deg is the angle of the ladle at the start of the liquid outflow. Accordingly, volume   V r   m   3   can be approximated as follows:


      V r   ( t )     ≈    A ( θ ( t ) ) h ( t ) ,   ( h ( t ) ≥ 0 ) ,     



(4)




where A m   2   is the upper surface of the liquid in the ladle, and h m is the height of the liquid over the pouring mouth. As presented in Figure 3, surface A is changed by tilting angle  θ  deg of the ladle.



Using Bernoulli’s principle, flow rate q at liquid height h is given as follows:


     q  ( t )  = c  ∫ 0  h ( t )    L f   (  h a  )    2 g  h b    d  h b  ,    ( 0 < c ≤ 1 ,   h a  = h  ( t )  −  h b  )  ,     



(5)




where   L f   m is the width of the pouring mouth at height   h a   m from the bottom edge of the pouring mouth (see Figure 4a),   h b   m is the depth at the pouring mouth from the surface of the liquid in the ladle, g m/s   2   is the acceleration of gravity, and c is the flow-rate coefficient. Figure 4a and Equation (5) show the relation between the flow rate and the liquid height in the pouring mouth with the generalization of cross-sectional shape. In more detail, since the geometry of the pouring mouth is represented on the basis of the bottom edge of the pouring mouth, the width   L f   is defined by the function of the height   h a  . On the one hand, the flow velocity    2 g  h b     depends on the depth   h b   from the surface of the liquid. In design of the flow-rate control, the relation in Equation (5) can be implemented by the interpolation method [22] or the look-up table [39]. Accordingly, the flow rate   q ( t )   can be calculated by giving the liquid height   h ( t )   to the implementation of Equation (5) each sampling time. In the case that the cross-sectional shape of the pouring mouth is rectangle as shown in Figure 4b, the flow rate q shown in Equation (5) can be simplified as follows:


     q  ( t )  =  2 3  c  L f    2 g h   ( t )  3    ,    ( 0 < c ≤ 1 )  .     



(6)







In this study, since the ladle with the rectangular pouring mouth was used in the experiment, Equation (6) was applied as the relation between the flow rate and the liquid height on the pouring mouth. The flow-rate coefficient c can be identified by fitting the simulation result to the experimental result of the weight of the outflow liquid measured by the load cell. In this study, we obtained   c = 0.75  .



From Equations (3), (4) and (6), the dynamics of liquid height over the pouring mouth in the pouring process were derived as follows:


       d h ( t )   d t   = −   q ( h ( t ) )   A ( θ ( t ) )   −  1  A ( θ ( t ) )      ∂  V s   ( θ  ( t )  )    ∂ θ ( t )   +   ∂ A ( θ ( t ) )   ∂ θ ( t )   h  ( t )   ω  ( t )  ,   ( h ≥ 0 ,  θ ≥  θ s  )  .     



(7)







The actual weight W kg of the outflow liquid can be represented as:


       d W ( t )   d t   = ρ q  ( t )  ,     



(8)




where  ρ  kg/m   3   is the density of the liquid. In this study, since we used water as a target liquid,   ρ = 1.0 ×  10 3    kg/m   3   was applied.




3.3. Load Cell Model


The dynamics of the load cell can be simplified as a first-order lag system. Therefore, the load-cell model   P L   can be given as follows:


       d  W L   ( t )    d t   = −  1  T L    W L   ( t )  +  1  T L    W  ( t )  −  M g   a z   ( t )   ,     



(9)




where   W L   kg is the weight of the outflow liquid measured by the load cell, and   T L   s is the time constant of the load cell. The time constant can be identified by fitting the simulation and experimental results of the liquid pouring. In this study, the identification experiments obtained    T L  = 0.16   s. Furthermore,   a z   m/s   2   was the acceleration for transferring the ladle on the z-axis, and M kg was the gross weight of the ladle, the liquid in the ladle, and the actuator for transferring the ladle on the z-axis. We assumed that the weight variation of the liquid in the ladle while pouring had been sufficiently smaller than the gross weight M. Accordingly, the gross weight M was given as a constant parameter that could be obtained before pouring. Thus, the gross weight in this study is given as   M = 14.93   kg.




3.4. Motor Model for Transferring the Ladle on the y- and z-Axes


The motor models   P y   and   P z   are given as follows:


      d  v i   ( t )    d t     =    −  1  T  m i     v i   ( t )  +   K  m i    T  m i     u i   ( t )  ,    ( i = y , z )  ,     



(10)






      d  x i   ( t )    d t     =     v i   ( t )  ,    ( i = y , z )  ,     



(11)




where   v i   m/s is the velocity of the ladle, and   x i  [m] is the position of the ladle.   T  m i    s is the time constant, and   K  m i    m/s is the gain constant. Index i in Equations (10) and (11) refers to the direction for transferring the ladle; y and z refer to the direction on the y- and z-axes, respectively. The time constants and the gain constants can be identified by the step response method with the same procedure of the  Θ -axis. In this study,    T  m i   = 0.05   s and    K  m i   = 0.997   m/s were obtained as the same parameters on each axis by the identification experiments. Acceleration   a z   m/s   2   on the z-axis can be represented as follows:


      a z   ( t )     =      d  v z   ( t )    d t   .     



(12)








3.5. Synchronous Control for Transferring and Rotating the Ladle


Since the rotation shaft of the ladle is placed near the center of gravity, the tip of the pouring mouth in the ladle moved in a circular trajectory, making it difficult to precisely pour the liquid into the mold (see Figure 5a). To rotate the ladle around the tip of the pouring mouth, the ladle is transferred synchronously on the y- and z-axes while tilting it (see Figure 5b). The synchronous controller can be described as follows:


     r y    =     L a  cos  θ a  −  L a  cos  (  θ a  − θ )  ,     



(13)






     r z    =     L a  sin  θ a  −  L a  sin  (  θ a  − θ )  ,     



(14)




where   L a   m is the length from the tip of the pouring mouth in the ladle to the rotation center of the ladle;   θ a   is the angle between the line segment with length   L a   and a horizontal line; and   r y   m and   r z   m are the reference trajectories on the y- and z-axes for rotating the ladle around the tip of the pouring mouth. These reference trajectories were applied to the position feedback controllers on each axis.





4. Compensation of Measured Weight by Load Cell


In an automatic pouring machine, as presented in Figure 1, the load cell for measuring the weight of the liquid in the ladle was equipped at the bottom of the automatic pouring machine. Consequently, the weight measured by the load cell was influenced by the movement of the ladle on the z-axis (see Equation (9)) due to the synchronous control noted in the previous section.



To obtain only the weight of liquid outflow from the ladle, the influence of the movement on the z-axis was subtracted from the measured weight as follows:


      W  L c    ( t )  =  W L   ( t )  −  W  L z    ( t )  ,     



(15)




where   W  L c    kg is the compensated weight, and    W  L z    ( t )    is the weight transformed from acceleration   a z   m/s   2   of the ladle’s movement on the z-axis and can be estimated as follows:


       d  W  L z    ( t )    d t   = −  1  T L    W  L z    ( t )  +  1  T L    M g   a z   ( t )  .     



(16)







The acceleration can be estimated by the SSKF, which is derived in the following section.



Figure 6a presents the results of the measured weight by the load cell. The sampling interval of the load cell data are 0.02 s. The black and magenta solid lines indicate the weights before and after compensation, respectively. The dashed line indicates the weight of the outflow liquid in the simulation using the pouring flow-rate model with weight compensation. The vibration of 4.5 Hz has appeared in the measured weight. It is caused by the resonant vibration of the automatic pouring machine excited by the pouring motion. In the design of flow-rate estimation, the vibration can be regarded as the process noise of the load cell. Figure 6b presents the angular velocity of the motor for tilting the ladle. Figure 6c,d present the acceleration of movement of the ladle on the z-axis and the transformed weight, respectively. As presented in Figure 6, the influence of movement on the z-axis was reduced to within the compensated weight.




5. Flow Rate Estimation by Decentralization of Kalman Filters


5.1. The Design of Flow Rate Estimation


In the first flow-rate estimation method [28], the EKF was applied to the pouring motion using the input command for tilting the ladle to the measured weight of the outflow liquid. This estimation method is applicable only where the ladle has a smooth shape (e.g., fanned), since a complicated shape does not satisfy the twice differentiability concerning the tilting angle. The Jacobian matrix in the EKF requires this twice differentiable of the model parameters obtained from the ladle shape. To avoid the twice differentiability of the model parameters concerning the tilting angle and simply construct the flow-rate estimation system in an automatic pouring machine with complicatedly shaped ladle, the SSKFs and EKF were decentralized to the motor systems and the pouring process, respectively, in [31]. The motor system and the pouring process are sequentially connected as shown in Figure 2. The angular velocity is added as the input in the pouring process. In addition, the angle of the ladle can be detected by the rotary encoder. Therefore, in the case that the angular velocity of the ladle tilted by the motor system on the  Θ -axis and the acceleration of the ladle transferred by the motor system on the z-axis can be estimated precisely by the SSKFs, and the pouring flow rate can also be estimated precisely by the EKF with only the pouring process model [31]. A block diagram of flow-rate estimation by DKFs is presented in Figure 7.



In this approach, a discrete-time SSKF was applied for estimating the angular velocity of the motor for tilting the ladle. The discrete-time state equation of the motor system can be given as follows:


         ω  n + 1        θ  n + 1         =         1 −   T s   T  m t       0      T s    1          ω n       θ n      +        T s   K  m t     T  m t        0      u  t n   ,     



(17)






     y n    =        0   1          ω n       θ n      ,     



(18)




where   T s   s represents the sampling interval and is given as   0.020   s in this study. The angular velocity estimated by the discrete-time SSKF with the model of the motor system in Equation (18) is applied to the estimation of the pouring flow rate described later.



Similarly, a discrete-time SSKF was applied to estimate acceleration for transferring the ladle on the z-axis and is represented as follows:


         v  z n + 1        x  z n + 1         =         1 −   T s   T  m z       0      T s    1          v  z n        x  z n       +        T s   K  m z     T  m z        0      u  z n   ,     



(19)






     y  z n     =        0   1          v  z n        x  z n       .     



(20)







The acceleration on the z-axis was estimated as:


      a  z n   = −  1  T  m z     v  z n   +   K  m z    T  m z     u  z n   .     



(21)







We designed an EKF for estimating the pouring flow rate. The discrete-time state equation of the pouring process can be represented as follows:


     x  n + 1     =    f (  x n  ,  u n  ) ,     



(22)






     y n    =    η (  x n  ) ,     



(23)




where


    x   =         h   W    W L      T  ,     



(24)






    u   =          ω ^      a ^  z      T  ,     



(25)






     f ( x , u )    =          1 −   T s   A ( θ )     ∂ A ( θ )   ∂ θ    ω ^   h −    T s  q  ( h )    A ( θ )   −   T s   A ( θ )     ∂  V s   ( θ )    ∂ θ    ω ^        W +  T s  ρ q  ( h )         ( 1 −   T s   T L    W L  )  +   T s   T L    ( W −  M g    a ^  z  )       ,     



(26)






     η ( x )    =     W L  .     



(27)







The input vector u consists of the angular velocity   ω ^   on the  Θ -axis and the acceleration    a ^  z   on the z-axis estimated by the SSKFs. Then, the Jacobian matrices used for updating the Kalman gain in the EKF can be given as:


      ∂ f ( x )   ∂ x     =     A f  =      α 11    0   0      α 21     α 22    0     0    α 32     α 33      ,     



(28)






      ∂ η ( x )   ∂ x     =     C f  =     0   0   1     ,     



(29)




where


      α 11  = 1 −   T s   A ( θ )      ∂ q ( h )   ∂ h   +   ∂ A ( θ )   ∂ θ    ω ^   ,   α 21  =  T s  ρ   ∂ q ( h )   ∂ h   ,   α 22  = 1 ,   α 32  =   T s   T L   ,   α 33  = 1 −   T s   T L   .     











The derivative of the pouring flow rate q to the liquid height h can be derived from Equation (5) as follows:


      ∂ q ( h )   ∂ h     =    c  L f   ( h )    2 g h   .     



(30)







Based on the Jacobian matrices in Equations (28) and (29), it was confirmed that twice differentiability of the model parameters according to the ladle shape was not required. Therefore, this estimation method could be applied to a complicatedly shaped ladle.



Following this, the pouring flow rate   q ^   m   3  /s could be estimated by substituting the estimated liquid height on the pouring mouth as follows:


      q ^   (  h ^   ( t )  )     =    c  ∫ 0   h ^   ( t )     L f   (  h a  )    2 g  h b    d  h b  .     



(31)







In the EKF, the time-update equations can be represented as follows:




	
Predict


      x ^   n  −    =    f (   x ^   n − 1   ) ,       P  n  −    =     A  f n − 1    P n   A  f n − 1  T  +  Q f  ,     











	
Update


     G n    =     P n −   C  f n  T    (  C  f n    P n −   C  f n  T  +  R f  )   − 1   ,        x ^  n    =      x ^  n −  +  G n   {  y n  − η  (   x ^  n −  )  }  ,       P n    =     ( I −  G n   C  f n  T  )   P n −  ,     
















where    x ^  −   is a priori state estimate,   x ^   is a posteriori state estimate, and   Q f   and   R f   represent covariance matrices of the system noise and the observation noise, respectively. Furthermore,   G n   is the Kalman gain, and   P −   and P are a priori error covariance and a posteriori error covariance, respectively.




5.2. Simulations


Flow-rate estimation by DKFs was performed in the simulation for the tilting-ladle-type automatic pouring machine. The ladle used in this study is presented in Figure 8.



The model parameters of the ladle were obtained from the three-dimensional data of the ladle. In Figure 9, the horizontal area   A ( θ )   m   2   on the pouring mouth and volume    V s   ( θ )    m   3   under the pouring mouth (presented in Figure 3) are indicated in (a) and (b), respectively. Figure 9c,d are the derivatives of (a) and (b) for the tilting angle, respectively.



The derivatives   ∂ A ( θ ) / ∂ θ   and   ∂  V s   ( θ )  / ∂ θ   can be derived as follows:


       ∂ A ( θ )   ∂ θ   =   A ( θ ( k + 1 ) ) − A ( θ ( k ) )   Δ θ   ,     ∂  V s   ( θ )    ∂ θ   =    V s   ( θ  ( k + 1 )  )  −  V s   ( θ  ( k )  )    Δ θ   ,     



(32)




where   Δ θ   is the sampling interval of the tilting angle, and k is the sampling number, which has the relation of   θ ( k ) = k Δ θ  . In this study, we used   Δ θ   = 1.0 deg. The volume    V s   ( θ )    is decreased with increasing the tilting angle  θ . The horizontal area   A ( θ )   is increased with increasing the tilting angle until reaching the bottom of the ladle,   θ ≤ 40   deg. In the tilting angle over 40 deg, it is decreased with increasing the tilting angle. In particular, it is decreased as the quadratic curve by increasing the area of the channel to the pouring mouth.



To estimate the angular velocity of the motor for tilting the ladle, the covariance of process noise   Q t   and the covariance of observation noise   R t   were assumed as follows:


     Q t    =    diag ( 1.0 ×  10  − 3       deg 2  /  s 2   , 1.0 ×  10  − 7      deg 2  ) ,     



(33)






     R t    =    1.84 ×  10  − 7      deg 2  .     



(34)







To estimate the acceleration of the movement of the ladle on the z-axis, the covariance of process noise   Q z   and covariance of the observation noise   R z   were assumed as follows:


     Q z    =    diag ( 1.0 ×  10  − 8      m 2  , 1.0 ×  10  − 4       m 2  /  s 2   ) ,     



(35)






     R z    =    5.0 ×  10  − 6      m 2  .     



(36)







Similarly, to estimate the state of the pouring process, the covariance of the process noise   Q f   and the covariance of the observation noise   R f   were assumed as follows:


     Q f    =    diag  ( 25    m 2  , 1.0    kg 2  , 1.0    kg 2  )  ×  10  − 11   ,     



(37)






     R f    =    5.0 ×  10  − 4      kg 2  .     



(38)







In the simulations, the feedforward flow-rate control [22] was constructed to realize the desired flow rate, The reference flow rate applied to the flow rate control is presented in Figure 10.



The simulation results obtained without any disturbances are presented in Figure 11, where (a) indicates the input command applied to the motor for tilting the ladle, and (b) and (c) indicate the angular velocity and the tilting angle of the ladle, respectively.



The black solid lines are the results simulated using the motor model, and the chained lines are the results estimated using the SSKF. Furthermore, (d–f) indicate the liquid height, the pouring flow rate, and the outflow weight, respectively. The dotted magenta lines are the reference values, and the black solid lines are the results simulated using the pouring process model. The chained green lines are the results estimated using the EKF. In Figure 11b, the amplitude of angular velocity of the ladle is within 12 deg/s. Therefore, the splash of the liquid in the ladle could be suppressed into the level that has no influence on the pouring motion. As presented in Figure 11e, the flow rate could be precisely estimated by the flow-rate estimation using the DKFs.



The following disturbance simulations were performed. In the practical pouring process, the volume of molten metal in the ladle was uncertain due to temperature changes in the metal. Therefore, an error between the ideal liquid volume, designed in the control system, and the actual liquid volume occurred (see Figure 12).



The error between the ideal and actual tilting angles at the start of the liquid outflow increased alongside an increase in the error between the ideal and actual liquid volumes. In the disturbance simulations, the ideal tilting angle   θ s   at the start of the liquid outflow was given as 20 deg, and the error between the ideal and actual tilting angles at the start of the liquid outflow was +3 deg. The simulation results are presented in Figure 13, where the graphs are illustrated similar to Figure 11.



As presented in Figure 13e, the error between the reference and the simulated flow rates was the result of disturbance. However, the estimated flow rate converged rapidly to the simulated flow rate. In addition, the error between the reference and the simulated outflow weights was increased by the disturbance as shown in Figure 13f. However, the estimated outflow weight tracked precisely to the simulated outflow weight. DKFs can estimate robustly the outflow weight, even if the disturbances are occurred in the pouring motion.





6. Other Flow-Rate Estimation Methods for Comparison


To verify the appropriateness of the flow-rate estimation by DKFs, we constructed two additional types of flow-rate estimation.



6.1. Flow-Rate Estimation by Differentiating Load Cell Data


Flow rate was estimated by differentiating the weight of the outflow liquid measured by the load cell. However, because the load cell data included a significant level of noise, it was processed by a low-pass filter. This flow-rate estimation method could be described as follows:


      d  W  l f     d t     =    −  ω  l f    W  l f   +  ω  l f    W L  ,     



(39)






     q  l f     =    −   ω  l f   ρ   W  l f   +   ω  l f   ρ   W L  ,     



(40)




where   W  l f    is the weight of the outflow liquid processed by the low-pass filter,   ω  l f    is the cut-off frequency of the low-pass filter,  ρ  kg/m   3   is the liquid density, and   q  l f    m   3  /s is the estimated flow rate. In this study, the cut-off frequency is given as   ω  l f    = 1.5 rad/s for noise reduction. In the experimental implementation, the method described in Equations (39) and (40) could be represented by the discrete time equations as follows:


     W  l f n + 1     =     ( 1 −  ω  l f    T s  )   W  l f n   +  ω  l f    T s   W  L n   ,     



(41)






     q  l f n     =    −   ω  l f   ρ   W  l f n   +   ω  l f   ρ   W  L n   ,     



(42)




where   T s   s is the sampling interval. In this study, it is given as    T s  = 0.020   s.




6.2. Flow-Rate Estimation Using a Visible Camera


To estimate the flow rate by attaching different sensor to the load cell, we conducted the flow-rate estimation using a visible camera. In this approach, the side area of liquid in the ladle was measured using a visible camera. As presented in Figure 14, the shaded parts refer to the measurement areas, and it was assumed that these areas were on the same plane for simplifying measurement.



Figure 15 presented the parameters of the ladle for obtaining the liquid volume in the ladle. In Figure 15,   D 1   m and   D 2   m denote the depth of the liquid in the ladle, and   A 1   m   2   and   A 2   m   2   are the side areas of the liquid in the ladle.



To estimate the pouring flow rate, the volume   V c   m   3   of the liquid in the ladle was calculated as follows:


      V c   ( θ )     =     V 1   ( θ )  +  V 2   ( θ )  ,     



(43)




where   V 1   m   3   and   V 2   m   3   are the volumes of the liquid in the front and rear parts of the ladle, respectively, as follows:


      V 1   ( θ )     =     A 1   ( θ )   D 1  ,    V 2   ( θ )  =  A 2   ( θ )   D 2  .     











The side areas   A 1   m   2   and   A 2   m   2   are varied with the tilting angle  θ  deg of the ladle. The depths   D 1   m and   D 2   m are constant without regard to the tilting angle of the ladle.



Then, the pouring flow rate   q c   m   3  /s could be estimated by differentiating volume   V c   with respect to time and can be denoted as follows:


     q c    =      d  V c   ( θ  ( t )  )    d t   .     



(44)







In the experimental implementation, the differential form described in Equation (44) could be represented by the backward difference as follows:


     q  c n     =       V  c n    (  θ n  )  −  V  c n − 1    (  θ  n − 1   )    T c   ,     



(45)




where   T c   s is the sampling interval of the visible camera and is given as 0.06 s in this study.



This approach is difficult to apply in the practical pouring process in the casting industry because the ladle generally consists of gypsum and metal, which means that the liquid volume in the ladle cannot be measured by the visible camera. However, our purpose in this study is to verify the appropriateness of the flow-rate estimation method by DKFs, which is able to be applied in the practical automatic pouring machine. Therefore, in this study, since we used water as the target liquid and a clear acrylic container as a ladle, we could apply this flow-rate estimation approach using the visible camera to the automatic pouring machine.





7. Experimental Verifications


The flow-rate estimation method by DKFs was applied to the laboratory-type automatic pouring machine (see Figure 16), and the appropriateness of this flow-rate estimation approach was verified via the pouring experiments described in the current section.



The conditions of the experiments were the same as for the simulations noted in Section 5.2.



The flow-rate feedforward controller was also applied to control the flow rate based on the reference pattern (see Figure 10). In the first experiment, the flow-rate estimation was performed using an ideal condition, with no error between the ideal and the actual tilting angle at the start of the liquid outflow. The experimental results are presented in Figure 17, where (a) is the input command applied to the motor for tilting the ladle; (b) and (c) indicate the ladle’s angular velocity and angle, respectively; and (d) and (e) indicate the liquid height in the pouring mouth of the ladle and the pouring flow rate, respectively. In Figure 17d,e, the dotted magenta lines indicate the reference patterns, and the dashed cyan lines indicate the simulation results obtained from the pouring process model by applying the results of (b) and (c). The chained green lines show the estimated results gained by using the EKF in the flow-rate estimation via DKFs. Figure 17f presents the weight of the outflow liquid. The black solid line is the weight measured by the load cell, and the remaining lines are shown in the same manner as (d) and (e). The state variables in the pouring motion were estimated in real time, as presented in Figure 17. To verify the appropriateness of the flow-rate estimation by DKFs, we applied the two other types of flow-rate estimation methods described in Section 6. Moreover, to verify the validity of the system parameters in DKFs, we also applied DKFs with the different covariance of process noise   Q f   to Equation (37). The covariance of the process noise was given as follows:


     Q f    =    diag  ( 250    m 2  , 1.0    kg 2  , 1.0    kg 2  )  ×  10  − 11   .     



(46)







The process noise in the liquid height on the pouring mouth was increased as compared with Equation (37). In Figure 18a–d, the black solid lines are the simulation result obtained from the pouring process model, and these results were the same as the dashed line in Figure 17e. The solid green lines in Figure 18a–d indicate the results of flow-rate estimations using the EKF with the covariance of the process noise in Equation (37) that in Equation (46), the derivative of the load cell data, and the visible camera, respectively. As presented in Figure 18a,b, the estimated results were similar to the simulated result. The result in Figure 18c shows that the flow rate exhibited a higher level of noise compared with the result estimated by the EKF. Additionally, the response was delayed by the low-pass filter applied for noise reduction. The flow rate of the outflow liquid from the ladle does not have a negative value (i.e.,   q ≥ 0   m   3  /s). However, it was confirmed that the flow rate during the back-tilting motion of the ladle from 16 s to 17 s indicates the negative value as shown in Figure 18c. This response was caused by the fact that the load cell data was influenced by the movement of the ladle on the z-axis as shown in Figure 6.



The noise in the flow rate estimated by the visible camera (as presented in Figure 18d) was smaller than that estimated by differentiating the load cell data (see Figure 18c). Hence, we confirmed that the flow rate could be estimated roughly using the visible camera.



The real-time flow-rate estimation is required to process within 0.02 s for realizing the high-precision real-time flow rate control [32]. The processing times in the flow-rate estimations using DKFs and the derivative of the load cell data were within 0.02 s. The processing time in the flow-rate estimation using the visible camera was 0.06 s by taking the time for the frame rate of the camera and the image processing.



Figure 19 presents the experimental results for the pouring conditions alongside the tilting angle error at the start of the liquid outflow which was +3 deg. Figure 20 presents the estimated results of the flow rate for comparing the three types of flow-rate estimation, as discussed in previous sections.



These figures are shown in the same manner as in Figure 17 and Figure 18. In Figure 20d, the trends of flow-rate estimation by the visible camera are similar to the simulation result. On the other hand, errors between the DKFs estimation results and the simulation result occurred at the start of pouring (see Figure 20a,b). However, these errors can be potentially reduced by updating the KF process. As shown in Figure 20a, the flow-rate after 11 s can be estimated precisely by DKFs with the covariance of the process noise in Equation (37). Moreover, the estimation result of the flow rate by DKFs with the covariance of the process noise in Equation (46) can track the simulation result faster than that in Equation (37). As presented in Figure 20, the noise in the flow rate estimated by DKFs was the smallest in the estimation methods performed in this study.



We compared quantitatively the accuracies of each flow-rate estimation. Since the simulation results of the flow rate were generated by the pouring process model with the experimental conditions, we consider that the simulation results of the flow rate represented the actual flow rate in the experiments faithfully. The accuracies of the flow rate estimations were evaluated by the integral absolute error (IAE) of the estimated and the simulated flow rates as follows:


     I A E    =     ∑  i = 0  N   |  q  e s t i   −  q  s i m i   |  Δ T ,     



(47)




where i is the sampling number and N is the total number of the sampling in the estimation.   Δ T   is the sampling interval of the flow rate estimations.   q  e s t    and   q  s i m    are the estimated and the simulated flow rates shown in Figure 18 and Figure 20. Table 1 presents the results of IAE. In Table 1, the IAEs in the ideal condition with no error between the ideal and the actual tilting angles at the start of the liquid outflow and the condition with +3 deg error between the ideal and the actual tilting angle at the start of the liquid outflow were shown. Furthermore, we also compared quantitatively the amounts of noises in the estimated flow rates. The amounts of the noises were evaluated by the total variation (TV) [40] of the estimated flow rates as follows:


     T V    =     ∑  i = 1  N   |  q  e s t i + 1   −  q  e s t i   |  ,     



(48)







Table 2 presents the results of TV. This table is shown in the same manner as in Table 1. However, TV as shown in Equation (48) includes not only the amounts of the noises but also the variation of the set-point changes in the flow rate. The set points in the flow rate are changed monotonically as shown in Figure 10. Therefore, we used the modified TV (mTV) [41] for eliminating the variation of the set-point changes from TV as


     m T V    =     ∑  i = 1  N   |  q  e s t i + 1   −  q  e s t i   |  −  | 2  q  s i m m   +  q  s i m N   −  q  s i m 0   |  ,     



(49)




where   q  s i m m    is the extreme point of the set-point changes which has the shape of one pulse.   q  s i m N    and   q  s i m 0    are the final and initial values of the set-points in the flow rate, respectively. These parameters were obtained from the simulation result of the flow rate which does not have the noises. In this study,    q  s i m m   = 2.0 ×  10  − 4     and    q  s i m 0   =  q  s i m N   = 0.0   were given. Table 3 presents the results of mTV. As seen from the comparison with TV and mTV, the evaluation values by mTVs are smaller than those by TVs because mTVs can suppress the influence of the set-points changes. Therefore, we can compare clearly the amounts of the noises by mTVs.



In the evaluations by IAEs to the condition with +3 deg error between the ideal and the actual tilting angle at the start of the liquid outflow, IAE of DKFs with the covariance of process noise in Equation (46) was slightly smaller than that in Equation (37). Thus, the estimation accuracy of the flow rate by DKFs can be improved by increasing the covariance of process noise in the liquid height on the pouring mouth. However, the amount of noise in the estimated flow rate was increased by increasing the covariance of process noise in the liquid height on the pouring mouth as shown in the evaluation by mTVs. In the application of DKFs in the flow-rate control, the covariance of process noise in the liquid height on the pouring mouth should be increased while evaluating the noise in the estimated flow rate.



Both the IAE and the TV of DKFs were the smallest in the estimation methods performed in this study because the noise in the estimated flow rate by DKFs could be suppressed. However, IAE of DKFs was increased with increasing the error between the ideal and the actual tilting angle at the start of the liquid outflow. Therefore, we consider the present flow-rate estimation by DKFs to be appropriate for estimating the flow rate in a pouring motion with small disturbances.




8. Conclusions


In this study, we verified the appropriateness of a real-time flow-rate estimation method using the DKFs in a tilting-ladle-type automatic pouring machine. The design of this flow-rate estimation method was described in detail. This method was implemented using a laboratory-type automatic pouring machine and experimentally compared with two other flow-rate estimation methods. In the estimation using the derivative of load cell data, we were unable to recognize the flow rate due to large amounts of noise. In the estimation using a visible camera, we were barely able to recognize the flow rate. The noise in the flow rate estimated by DKFs was smallest among the approaches performed in this study. However, it was confirmed that the estimated precision of this method may be degraded by disturbances, such as uncertainty about model parameters. Although the estimated precision can be improved with increasing the covariance of process noise in the liquid height on the pouring mouth in DKFs, the amount of noise in the estimated flow rate also is increased. Accordingly, we consider flow-rate estimation by DKFs to be appropriate for estimating flow rate in a pouring motion with small disturbances. In the practical applications, it might be difficult to maintain the pouring condition with small disturbances because of varying temperature of the molten metal in the ladle and attaching the slag to the ladle. Therefore, we plan to integrate the online model parameters identification to the flow rate estimation system.



In this study, the sampling interval in the load cell data acquisition was limited to 0.02 s by the specification of the load cell amplifier with the serial communication. The noise in the load cell data might be reduced by the amplifier with a fast sampling rate and the higher order filter. In future work, we will reconstruct the sensing system in the automatic pouring machine for improving the accuracy of the flow rate estimation. Furthermore, we will try to develop the high-precision and robust state estimation system of the automatic pouring machine using the sensor fusion approach such as the integration of the load cell and visible camera.
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Figure 1. Automatic pouring machine. 
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Figure 2. Block diagram of motorized pouring motion. 
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Figure 3. Cross section of the pouring process. 
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Figure 4. Parameters on pouring mouth. 
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Figure 5. Motion of ladle with/without synchronous control. 
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Figure 6. Experimental results of the weight compensation system. (a) Weight data measured by load cell; (b) Angular velocity of ladle tilting; (c) Acceleration on z-axis estimated by SSKF; (d) Weight data transformed from estimated acceleration on z-axis using Equation (16). 
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Figure 7. Block diagram of flow-rate estimation by DKFs. 
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Figure 8. Geometry of ladle (inside dimension). 
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Figure 9. Model parameters of ladle. (a) Horizontal area on pouring mouth; (b) Volume under pouring mouth; (c) Derivative of horizontal area A with respect to angle  θ ; (d) Derivative of volume   V s   with respect to angle  θ . 
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Figure 10. Reference pouring flow rate. 
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Figure 11. Simulation results of flow-rate estimation with error of tilting angle +0 deg at the start of liquid outflow. (a) Input command to motor for tilting ladle; (b) Angular velocity of tilting ladle; (c) Angle of tilting ladle; (d) Liquid height on pouirng mouth; (e) Flow rate of outflow liquid from ladle; (f) Weight of outflow liquid from ladle. 
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Figure 12. Tilting angle of ladle at the start of liquid outflow. 
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Figure 13. Simulation results of flow rate estimation with error of tilting angle +3 deg at the start of liquid outflow. (a) Input command to motor for tilting ladle; (b) Angular velocity of tilting ladle; (c) Angle of tilting ladle; (d) Liquid height on pouirng mouth; (e) Flow rate of outflow liquid from ladle; (f) Weight of outflow liquid from ladle. 
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Figure 14. Measurement of side area of liquid in ladle. 
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Figure 15. Parameters of ladle for obtaining liquid volume by a visible camera. 
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Figure 16. Laboratory-type automatic pouring machine. 
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Figure 17. Experimental results using automatic pouring machine (tilting angle error at the start of liquid outflow:   + 0   deg). (a) Input command to motor for tilting ladle; (b) Angular velocity of tilting ladle; (c) Angle of tilting ladle; (d) Liquid height on pouring mouth; (e) Flow rate of outflow liquid from ladle; (f) Weight of outflow liquid from ladle. 
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Figure 18. Comparison of flow-rate estimations in experiments with tilting angle error at the start of liquid outflow:   + 0   deg. (a) Estimated flow rate by EKF with covariance as shown in Equation (37); (b) Estimated flow rate by EKF with covariance as shown in Equation (46); (c) Estimated flow rate by differentiating weight of outflow liquid measured by load cell; (d) Estimated flow rate by visible camera. 
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Figure 19. Experimental results using automatic pouring machine (tilting angle error at the start of liquid outflow:   + 3   deg). (a) Input command to motor for tilting ladle; (b) Angular velocity of tilting ladle; (c) Angle of tilting ladle; (d) Liquid height on pouring mouth; (e) Flow rate of outflow liquid from ladle; (f) Weight of outflow liquid from ladle. 
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Figure 20. Comparison of flow-rate estimations in experiments with tilting angle error at the start of liquid outflow:   + 3   deg. (a) Estimated flow rate by EKF with covariance as shown in Equation (37); (b) Estimated flow rate by EKF with covariance as shown in Equation (46); (c) Estimated flow rate by differentiating weight of outflow liquid measured by load cell; (d) Estimated flow rate by visible camera. 






Figure 20. Comparison of flow-rate estimations in experiments with tilting angle error at the start of liquid outflow:   + 3   deg. (a) Estimated flow rate by EKF with covariance as shown in Equation (37); (b) Estimated flow rate by EKF with covariance as shown in Equation (46); (c) Estimated flow rate by differentiating weight of outflow liquid measured by load cell; (d) Estimated flow rate by visible camera.



[image: Applsci 11 06701 g020]







[image: Table] 





Table 1. Integral absolute errors (IAEs) between estimated flow rates and simulated flow rates.
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Estimation Method

	
Tilting Angle Error at Start

	
Tilting Angle Error at Start




	

	
to Liquid Outflow +0 deg

	
to Liquid Outflow +3 deg






	
DKFs with Covariance of Process Noise in Equation (37)

	
   4.277 ×  10  − 5     

	
   2.005 ×  10  − 4     




	
DKFs with Covariance of Process Noise in Equation (46)

	
   6.236 ×  10  − 5     

	
   1.909 ×  10  − 4     




	
Differentiating Load Cell Data

	
   2.431 ×  10  − 3     

	
   2.518 ×  10  − 3     




	
Visible Camera

	
   1.420 ×  10  − 3     

	
   1.568 ×  10  − 3     
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Table 2. Total variations (TVs) of estimated flow rates.
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Estimation Method

	
Tilting Angle Error at Start

	
Tilting Angle Error at Start




	

	
to Liquid Outflow +0 deg

	
to Liquid Outflow +3 deg






	
DKFs with Covariance of Process Noise in Equation (37)

	
   4.855 ×  10  − 4     

	
   4.746 ×  10  − 4     




	
DKFs with Covariance of Process Noise in Equation (46)

	
   8.628 ×  10  − 4     

	
   8.357 ×  10  − 4     




	
Differentiating Load Cell Data

	
   1.443 ×  10  − 1     

	
   1.486 ×  10  − 1     




	
Visible Camera

	
   3.861 ×  10  − 2     

	
   4.006 ×  10  − 2     
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Table 3. Modified total variations (mTVs) of estimated flow rates.
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Estimation Method

	
Tilting Angle Error at Start

	
Tilting Angle Error at Start




	

	
to Liquid Outflow +0 deg

	
to Liquid Outflow +3 deg






	
DKFs with Covariance of Process Noise in Equation (37)

	
   8.549 ×  10  − 5     

	
   7.460 ×  10  − 5     




	
DKFs with Covariance of Process Noise in Equation (46)

	
   4.628 ×  10  − 4     

	
   4.357 ×  10  − 4     




	
Differentiating Load Cell Data

	
   1.439 ×  10  − 1     

	
   1.482 ×  10  − 1     




	
Visible Camera

	
   3.821 ×  10  − 2     

	
   3.966 ×  10  − 2     
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