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 This paper proposes the data-based PID controller of flexible joint robot 

based on adaptive safe experimentation dynamics (ASED) algorithm. The 

ASED algorithm is an enhanced version of SED algorithm where the updated 

tuning variable is modified to adapt to the change of the objective function. 

By adopting the adaptive term to the updated equation of SED, it is expected 

that the convergence accuracy can be further improved. The effectiveness of 

the ASED algorithm is verified to tune the PID controller of flexible joint 

robot. In this flexible joint control problem, two PID controllers are utilized 

to control both rotary angle tracking and vibration of flexible joint robot. The 

performance of the proposed data-based PID controller is assessed in terms 

of trajectory tracking of angular motion, vibration reduction and statistical 

analysis of the pre-defined control objective function. The simulation results 

showed that the data-based PID controller based on ASED is able to produce 

better control accuracy than the conventional SED based method. 
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1. INTRODUCTION 

Data-based control of flexible joint robot have received great attentions by many researchers as 

compared to model-based control schemes [1, 2]. This is due to huge effort is required to obtain an accurate 

model of such complex system [3] and further design the model-based controller. Meanwhile, data-based 

control of flexible joint robot can be divided into two classes, which are feedforward data-driven control and 

feedback data-driven control. The examples of feedforward data-based control are input shaping and filtering 

techniques [4-7]. Here, the techniques utilize the information of vibration frequencies to design the input 

shaper and filter after generating a bang-bang input torque to the flexible robot system. Meanwhile, in the 

feedback data-based control, many researchers apply the multi-agent-based optimization tools to tune the 

feedback control, i.e., PID, based on the input and output data [8-11]. The advantage of feedforward  

data-based control is that it only requires one shot of output data to design the input shaping or filtering 

control schemes as compared to feedback data-driven control, which requires large number of data set. 

However, the feedforward data-based control is not able to handle any disturbances, while the feedback  

data-based control scheme can successfully handle any disturbances due to its closed-loop structure.  

Recently, in the feedback data-based control schemes, there are various of optimization tools used to 

tune a pre-defined control structure. For example, particle swarm optimization (PSO) has been widely 

applied to tune various controller for flexible robot. In [12], they used PSO to tune the dynamic neural 

network for two-link flexible robot robot. In particular, an improved PSO/Bayesian regularization (BR) has 

https://creativecommons.org/licenses/by-sa/4.0/
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been proposed with the integration of extremum response surface method and artificial neural network. In 

[13], new gains tuning and impedance control method have been applied for flexible base moving robots. 

Here, a new online PSO for gain tuning of impedance control at the contact moments of end effector has been 

proposed. In [14], they applied PSO to tune the linear and nonlinear active rejection controller. Meanwhile, 

genetic algorithm (GA) has been used to tune the PID with input shaping controller for input tracking and 

vibration control of flexible robot [15]. Several similar works on applying GA for tuning controller of 

flexible robot can be found in [16-18]. Furthermore, evolutionary algorithm (EA) has been used for system 

identification of flexible robot and controller tuning [19]. Similarly, evolutionary computation (EC) has also 

been applied for tip position controller of two-link flexible robot [20]. Meanwhile, bees algorithm and 

artificial bee colony have been used to tune the hierarchical PID [21] and intelligent PID [22] of single-link 

flexible robot, respectively. 

Based on the above literature, the main ineluctable limitation in their works is most of the methods 

requires heavy computation time to obtain the optimal controller parameter. This is because, in the  

multi-agent-based optimization, the computation times per iteration are proportional to the number of agents. 

Hence, it motivates us to propose a tuning strategy that requires less computation time, such as single  

agent-based optimization tools. So far, there are various single agent-based optimization tools that have been 

applied for data-based control such as simultaneous perturbation stochastic approximation (SPSA) [23], 

simulated annealing (SA) [24], random search (RS) [25] and safe experimentation dynamics (SED) [26, 27]. 

Based on findings in [28], it is shown that the adaptive safe experimentation dynamics (ASED) is the most 

significant single-agent based optimization tool as compared to the other single-agent-based optimization 

tools due to its simplicity, memory based structure and less number of coefficients. In addition, there are still 

no reported works adopt the ASED based method for controlling the flexible joint robot. Thence, it is worth 

to see the effectiveness of the ASED for data-based control of flexible joint robot.  

This paper presents the data-based PID controller of flexible joint robot using ASED algorithm. In 

the new version of SED, the updated tuning variable is enhanced to adapt with the variation of the objective 

function during the tuning process [28]. The effectiveness of the ASED algorithm is verified for finding the 

optimal PID controller of flexible joint robot. In particular, two PID controllers are utilized to control both 

angular tracking and vibration of elastic joint robot. The performance of the proposed data-based PID 

controller is assessed in terms of trajectory tracking of angular motion, vibration reduction and statistical 

analysis of the pre-defined control objective function. The results of the simulation showed that the data-

based PID controller based on ASED algorithm could exhibit slighltly improvement in the control accuracy 

than the standard SED algorithm. 

 

 

2. RESEARCH METHOD 

The synthesize of data-based PID controller of flexible joint robot using ASED is explained in this 

section. Firstly, the problem setting of data-based PID controller of flexible joint robot is presented. Here, the 

structure of conventional PID controller and its parameter are explained. Secondly, we show the procedure to 

find the optimal PID parameters using ASED such that the given control objective function is minimized. 

 

 

2.1.  Problem setting of data-based PID controller 

Figure 1 shows block diagram of the PID control system for flexible joint robot. In the Figure 1, the 

symbols G, YR(t), Y(t), V(t), and θ(t) are defined as flexible joint robot plant, reference, rotary angle, control 

input and oscillation angle, respectively. Note that the flexible joint robot is a class of underactuated system 

since only one control input is used to regulate both rotary angle and oscillation angle.  
 

 

 
 

Figure 1. Control system block diagram of flexible joint robot 
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Furthermore, two PID controllers, which are denoted by the symbols K1(s) and K2(s) are fed back 

from the rotary angle and the oscillation angle, respectively. The detailed expression of both PID controllers 

are given by (1) and (2). 

 

𝐾1(𝑠) = 𝑃1 (1 +
1

𝐼1𝑠
+

𝐷1𝑠

1+(
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where P1, P2  R, I1, I2  R, D1, D2  R and N1, N2  R are the proportional gains, integral gains, derivative 

gains and filter coefficients, respectively. Our aim is to design data-based PID controller such that the rotary 

angle follow the desired reference trajectory with minimum oscillation angle. Therefore, the control objective 

function is designed as (3) 

 

𝐽(𝑷, 𝑰, 𝑫, 𝑵) = 𝑤1�̂� + 𝑤2�̂� + 𝑤3�̂�       (3) 
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for the time duration of [t0, tf]. In (3), the symbols P=[P1 P2]T, I=[I1 I2]T, D=[D1 D2]T, and N=[N1 N2]T, which 

contribute to 8 tuning variables in PID controllers. In order to properly regulate this kind of multi-objective 

function in (3), several weight coefficients are introduced, which is denoted by the symbols w1 R, w2 R 

and w3 R. Finally, the problem setting for data-based PID controller is given by: 

Problem 1. Based on the given plant G with PID controller structure in Figure 1 and the available input and 

output data, find the PID controllers K1(s) and K2(s) such that the objective function in (3) is minimized. 

 

2.2.  Data-based PID utilizing adaptive safe experimentation dynamics 

In this section, the proposed ASED algorithm is used for finding the optimal PID controller of 

flexible joint control problem. Initially, the conventional SED algorithm that was firstly introduced by 

Marden et. al., [29] is reviewed. Next, the enhanced version of SED, which is called ASED is presented. 

Ultimately, the procedure to utilize the ASED algorithm in finding the optimal PID controller of flexible joint 

robot is shown. Since our aim is to minimize the objective function in (3), we consider the minimization 

optimization problem as (7). 

 

min
𝑧∈𝐑𝑛

𝐿(𝒛),         (7) 

 

where L: Rn → R is an unknown loss function with the tuning variable vector 𝒛 ∈ 𝐑𝑛. The SED algorithm 

[29] updates 𝒛 ∈ 𝐑𝑛 to find an optimal solution z* Rn of (7). The updated equation of SED algorithm is 

expressed by (8). 

 

𝑧𝑖(𝑘 + 1) = {
ℎ(𝑧�̅� − 𝐾𝑔𝑟1)    if  𝑟1 ≤ 𝐸,

𝑧�̅�                         if   𝑟1 > 𝐸,
      (8) 

 

where 𝑘 = 0,1, …, is iteration number, 𝑧𝑖 ∈ 𝐑 is the 𝑖th element of 𝒛 ∈ 𝐑𝑛, and 𝑧�̅� ∈ 𝐑 is the 𝑖th iteration of 

�̅� ∈ 𝐑𝑛. The symbol �̅� is denoted as the current best value of the tuning variable. The symbol 𝐾𝑔 is the size of 

interval to determine the random steps on 𝑧𝑖 ∈ 𝐑 , the symbol E is the probability to change the element of 

the tuning variable and 𝑟1 ∈ 𝐑 is the random value that is generated uniformly between 0 and 1. In (8), the 

function h is given by (9). 
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ℎ(. ) = {

𝑍𝑚𝑎𝑥 , 𝑧�̅� − 𝐾𝑔𝑟2 > 𝑍𝑚𝑎𝑥 ,

𝑧�̅� − 𝐾𝑔𝑟2,    𝑍𝑚𝑖𝑛 ≤  𝑧�̅� − 𝐾𝑔𝑟2 ≤ 𝑍𝑚𝑎𝑥 ,

𝑍𝑚𝑖𝑛 , 𝑧�̅� − 𝐾𝑔𝑟2 < 𝑍𝑚𝑖𝑛 ,
     (9) 

 

where the pre-determined minimum and maximum of tuning variable are denoted by 𝑍𝑚𝑖𝑛 and 𝑍𝑚𝑎𝑥, 

respectively, and 𝑟2 is another random number that is generated independently from 𝑟1. The step-by-step 

procedure to execute the SED algorithm are given by: 

S1: Determine the values of 𝑍𝑚𝑖𝑛 ,  𝑍𝑚𝑎𝑥 , 𝐾𝑔 and  𝐸. Set the initial conditions of the tuning variable 𝒛(0). 

Calculate the loss function 𝐿(𝒛(0)) and set �̅� = 𝒛(0) and �̅� = 𝐿(𝒛(0)).  

S2: Execute �̅� = 𝒛(𝑘) and �̅� = 𝐿(𝒛(𝑘)) when the value 𝐿(𝒛(𝑘)) < �̅�. Otherwise, go to S3. 

S3: Generate random numbers 𝑟1 and 𝑟2 independently and execute the updated equation in (8). 

S4: Calculate the loss function 𝐿(𝑧𝑖(𝑘 + 1)). 

S5: If the pre-defined termination criterion (such as based on the designated maximum number of iteration 

𝑘𝑚𝑎𝑥) is satisfied, the algorithm terminates with the optimum tuning variable 𝒛∗ ≔
arg min

𝑧𝜖{𝑧(0),𝑧(1),…,𝑧(𝑘+1)}
𝐿(𝒛). Otherwise, repeat S2. 

Based on our preliminary study in the controller tuning process, there is a probability that the 

obtained control tuning parameter converges too early which may degrade the overall control performance 

accuracy. It clarifies that the conventional SED algorithm is still not enough to achieve good convergence 

accuracy. This is because the updated tuning variable in (8) is only depends on 𝐾𝑔 and uniformly distributed 

numbers 𝑟1 and 𝑟2, which make it similar to basic random search strategy. Therefore, in order to solve the 

above issue, we adopt the ASED from [28] as the optimization tool for data-based PID controller of flexible 

joint robot. In particular, the updated in (8) is modified as (10). 

 

𝑧𝑖(𝑘 + 1) = {
ℎ(𝑧�̅� − 𝐾𝑔𝑟1) + 𝐾𝑎 (

𝐿(𝑧𝑖(𝑘))−�̅�

𝐿(𝑧𝑖(𝑘))
)    if  𝑟1 ≤ 𝐸,

𝑧�̅� + 𝐾𝑎 (
𝐿(𝑧𝑖(𝑘))−�̅�

𝐿(𝑧𝑖(𝑘))
)                         if   𝑟1 > 𝐸,

    (10) 

 

where 𝐾𝑎 is another gain to adjust the adaptive mechanism. Note that, by using the new updated in (10), the 

probability of perturb each element of tuning variable is increased, which could lead to extra effort of finding 

the optimal tuning variable [28]. Furthermore, by using the new updated in (10), the procedure to implement 

ASED for data-based PID controller of flexible joint robot is given as follow 

Step 1: Determine the maximum iteration 𝑘𝑚𝑎𝑥 and consider 𝐿(𝒛) = 𝐽(𝑷, 𝑰, 𝑫, 𝑵) and 𝑧𝑖 = log 𝜓𝑖. Note that 

𝜓 = [𝑃1   𝐼1   𝐷1   𝑁1   𝑃2   𝐼2   𝐷2   𝑁2]T is the tuning variable vector and 𝜓𝑖 = 10𝑧𝑖(𝑖 = 1,2, … , 8). 

Step 2: Execute the ASED algorithm. 

Step 3: After  𝑘𝑚𝑎𝑥 is achieved, obtain the optimal tuning variable  𝒛∗ = 𝑧̅. Then, implement to PID 

controller 𝜓∗ = [10�̅�1    10�̅�2    ⋯   10�̅�8]T in Figure 1. 

 

 

3. RESULTS AND ANALYSIS  

The efficacy of the ASED algorithm in finding the optimal PID controller flexible joint robot is 

demonstrated in this section. In particular, the convergence curve response of the objective function in (3), 

the rotary angle, oscillation angle and input responses, and the statistical analysis of objective function, 

integral square error and integral square input are presented and analyzed. In this study, 25 trials are 

considered to evaluate the statistical performances of ASED. In this study, the model of the flexible joint 

plant G is taken from [30]. The reference YR(t) is expressed by (11).  

 

𝑌𝑅(𝑡) = 25(tanh(0.005(𝑡 − 0.7)) + 1)      (11) 

 

for 0<t<4. Here, the objective is to find the optimal PID controller such that the rotary angle can follow  

the pre-defined trajectory in (11) with minimum oscillation angle. The coefficients of SED are given as 

Kg=0.01, E=0.65, Zmin=−3, Zmax=3. Meanwhile, the coefficients of ASED are same with SED, except for 

Ka=0.03. The weighting coefficients are set as w1=400, w2=200 and w3=2. The initial values of the tuning 

variable is given as z(0)=[0.5 1.0 0.0 1.0 0.0 1.0 0.0 2.0]T. Note that the initial values are selected after 

performing several preliminary experiments by guaranteeing a stable response is obtained. 

Figure 2 shows the response of the objective function convergence after 300 iterations to produce 

the best tuning variable z*=[1.3193 0.9048 -0.2557 2.2148 -0.6915 1.1147 -0.4844 1.8258]T that corresponds 
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to 𝜓∗ = [20.8589   8.0320   0.5551   163.9941   0.2035   13.0240   0.3278   66.9505]T. Note that the 

convergence response in Figure 2 is the best convergence response out of 25 trials. It shows that the ASED 

based method is able to minimize the objective function in (3) and produce better output and input responses, 

which can be clearly seen in Figures 3, 4 and 5. Here, the red-dotted line corresponds to the response of the 

controller based on initial PID parameters (k=0), while the straight black line refers to optimal PID 

parameters (k=300). In Figure 5, it shows that the data-based PID utilizing ASED successfully improves the 

rotary angle tracking, with very minimal overshoot and almost zero steady state error. In terms of oscillation 

angle as shown in Figure 4, the optimal PID controller can minimize the oscillation angle faster than the 

initial PID controller, which is within 3 seconds. Furthermore, it produces slightly lower magnitude of 

oscillation angle, which is from -0.9 degree to 3.6 degree, as compared to initial PID controller. Similarly, the 

control input of optimal PID controllers produces lower settling time but with higher magnitude of input as 

compared to the initial PID parameter. 

 

 

  
  

Figure 2. Convergence curve response Figure 3. Rotary angle responses 

 

 

  
  

Figure 4. Oscillation angle responses Figure 5. Input responses 

 

 

Furthermore, the control performances of the data-based PID based on ASED are also compared 

with the data-based PID based on standard SED, in terms of the statistical analysis of the objective function, 

integral square error and integral square input. Table 1 depicts the performance comparison for both methods 

after 25 trials. Here, the numerical values with bold in Table 1 indicate the best performance. It shows that 

the ASED produce slightly better statistical values (in terms of mean, best, worst and Std.) in the objective 

function and tracking error than the standard SED. Moreover, the ASED also yields slightly lower mean and 

best values in the control input analysis than the standard SED. Therefore, it justifies that the proposed ASED 

can yield improvement in the PID control accuracy, especially on the objective function and the tracking 

error than the standard SED. 
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Table 1. Statistical performances between standard SED and ASED 
Algorithm Standard SED ASED 

𝐽(𝑷, 𝑰, 𝑫, 𝑵)(× 103) 

Mean 10.6071 10.5990 

Best 10.4915 10.4879 

Worst 10.8443 10.8049 

Std. 0.0788 0.0748 

�̂� + 𝜃 

Mean 3.3807 3.3712 

Best 3.2280 3.2191 

Worst 3.7808 3.7490 

Std. 0.1312 0.1159 

�̂�(× 103) 

Mean 4.8453 4.8429 

Best 4.7898 4.7826 

Worst 4.9078 4.9203 

Std. 0.0352 0.0355 

 

 

4. CONCLUSION  

In this study, a data-based PID utilizing ASED algorithm for flexible joint robot has been presented. 

The results demonstrated that the proposed ASED based method has a good capability in the improvement of 

the PID control accuracy. In particular, it is shown that the proposed ASED based method is able to produce 

lower values of objective function, integral square error and integral square input as compared to standard 

SED based method. The findings also be justified through the responses of the rotary angle tracking  

and the oscillation angle. In the future, the ASED algorithm can be extended to tune various types controller 

such as fuzzy logic controller and neural network controller. 
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