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Abstract: To concentrate the rays to the focal point and stabilize the temperature on the receiver were one of the 

complex works of the two-stage solar concentrator. This paper offers a new method of Fuzzy cascade controller 

system based on tuning up the optimization at Genetic Algorithm-simple additive weighting (GA-SAW) on the dual 

parabolic dish concentrator with Compound Parabolic Concentrator. The model and computation of three degrees of 

freedom robotic arm movement with the ray tracing method were used as the concentrator position predictor. In this 

research, the acquired fuzzy controller result had an average settling time 0.497 sec, and average rise time 0.277 sec 

faster than a conventional PID controller. This research was able to overcome the disturbance which was diffused 

rays, so there was a better output with the power and heat flux increased up to 62.49%. The monte carlo ray tracing 

method from Tonatiuh Software was used to investigate and movement validation of the dual parabola concentrator 

by showed the flux distribution on the receiver’s absorber. In the last stage, an experiment with a prototype had been 

conducted as a response verification of the controller system which produce a receiver temperature output as high as 

121ºC. The final result showed that the controller system managed to optimize the temperature on the receiver’s 

absorber and generate a stable thermoelectric output with power of 1.01 Watt. 

Keywords: Dual parabola concentrator, Fuzzy cascade controller, Robotic arm, Ray tracing, Genetic algorithm, 

Thermoelectric. 

 

 

1. Introduction 

The development of renewable energy is a big 

challenge for the world in order to offer a 

contribution to eco-friendly energy as a replacement 

for fossil energy. There are several development and 

innovation on renewable energy technology to 

obtain an optimal energy conversion system such as 

clustering photovoltaic [1], wind turbine placement 

[2], and the development of solar concentrator [3, 4]. 

The need to have a stable natural resource such as 

the sun’s energy, whereas the earth continues to 

absorb the solar radiation of 1.7 x 1017 W [5], so an 

optimal energy conversion was obtained. The 

utilization of solar energy to reach a high 

temperature and efficiency usually with 

concentrated solar power (CSP) technology [3]. 

CSP technology for high concentration using 

two-stage parabola dish concentrators was modelled 

on some research for instance, the concave shape 

utilization eliminated the dark areas on the receiver 

[6, 7], 500× geometrical concentration improvement 

[8], the thermal efficiency increased to 68.6% [9], 

and have high optical efficiency of 80-82% [10, 11]. 

Several models of two-stage parabolic dish 

concentrator were only able to be used on small to 

medium receiver e.g., High Concentrator 

Photovoltaic (HCPV) and Stirling Engine. In 

general, the receiver was placed together with the 

primary concentrator, so if it was used for a bigger 

scale, it will burden the system.  
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Dual Parabolic Dish Concentrator (DPDC) 

model was able to offer a solution for the receiver 

system’s placement for a bigger scale, which can be 

placed under the primary concentrator or on the 

ground [11]. This model used two parabolic dish 

concentrator and Compound Parabolic Concentrator 

(CPC) that moved separately. The problem for the 

DPDC model was there is not any controller system 

on the 3-DOF (Degree of Freedom) robotic arm as 

the secondary concentrator actuator, so to 

concentrate the sun rays to the focal point or 

receiver on certain time condition and the diffuse 

ray disturbance was not able applied.  

Some control system research and movement 

optimization for the multi-degree freedom robotic 

arm with various methods e.g., [12–14] generally 

was utilized for finding one coordinate point (x, y, z) 

axis. The optimization searching process of a certain 

angle on the 3-DOF robotic arm for DPDC was 

established with  a Genetic Algorithm (GA) with the 

flux distribution output evenly on the receiver 

absorber [11]. A development on optimization 

method and solar tracking movement control system 

was needed to obtain an optimum temperature and 

robust against the diffuse ray disturbance. There was 

a good development of solar tracking parabolic and 

PV that has been done such as dish tracking on ships 

with an error least than 3.7% [15], predictive control 

model for solar furnace [16], two-axis tracking with 

the gathered energy more than 40% compared to the 

fix position [17], 76.42% more by using active 

tracking based on astronomical position method [18]. 

An accurate control system was needed to overcome 

the real-time sun position angle differences and 

weather disturbance e.g., diffuse ray.  

The motivation for this research is to offer a 

solution to the development of the controller system 

on the DPDC model, especially with a 3-DOF 

robotic arm, so the temperature on the receiver’s 

absorber could be optimized. The main objectives 

are to predict the position of 3-DOF robotic arm and 

CPC with the optimization of Genetic Algorithm-

Simple Additive Weighting (GA-SAW), the 

application of fuzzy cascade controller on the 

secondary concentrator and optimise the flux 

distribution evenly on the receiver’s absorber.  

The development of ray tracing computation and 

interface by the Delphi program. The result of the 

optimization ray tracing of GA-SAW used as a 

reference for fuzzy control so it could control the 

positioning of CPC and the robotic arm’s angle. The 

diffuse ray disturbance improved with positioning 

optimization of secondary parabola concentrator and 

CPC with a fuzzy cascade controller method. Monte 

Carlo Ray Tracing simulation using Tonatiuh 

Software were utilised to validate the model and 

DPDC reflector position. The DPDC prototype was 

built with their own generator, utilizing 

thermoelectric to convert heat into electricity, to find 

the control system performance. 

This paper is organized as follows: Section 2 

presents our proposed method. Section 3 describes 

the design of optimization  and control. The section 

4 describes the results of the investigation and 

experiment. Finally, in Section 5, we present 

conclusions and future work. 

2. Proposed method  

2.1  Dual parabola dish concentrator 

The plan and design making of dual parabola 

consist of three parts, primary parabola, secondary 

parabola, and CPC as shown in Fig. 1 [11]. The 
 

 
(a) 

 

   
(b) 

Figure. 1 The model of dual parabolic dish concentrator: 

(a) geometry and (b) prototype 
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Table 1. Geometry computational result of DPDC 

Parameter Value Unit 

Diameter of primary parabola (Dp) 1.17 m 

Height of primary parabola (hp) 0.125 m 

Diameter of secondary parabola (Ds) 0.2042 m 

Height of secondary parabola (hs) 0.0246 m 

Vertex of secondary parabola (Pvs) 0.8 m 

Final focus (fe) -0.5 m 

Acceptance angle (σc) of CPC 40 ° 

Height (H) of CPC 0.1827 m 

Collector aperture (wa) of CPC 0.166 m 

Width of receiver wrc of CPC 0.12 m 

Length of robotic arm (l1) 0.675 m 

Length of robotic arm (l2) 0.585 m 

 

inputs were diameter, height, and the focus distance 

of primary parabola and focal length receiver. The 

mathematical geometry calculation used a basic 

equation of parabola y = x2 / 4fp with focus parabola 

on Eq. (1) as in the research by [6, 19].  

 

𝑓𝑝 =
(𝐷𝑝/2)

2

4ℎ𝑝
  (1) 

 

In this research, the receiver’s diameter of 0.04m 

was designed following the size of the 

thermoelectric type of TEC1-12715. There were 4 

thermoelectrics in this research. On the receiver, 

compound parabolic concentrator (CPC) was added 

to tackle the diffuse ray problem and concentrate the 

ray so it would be more focused [20].  

The design of CPC to the y-axis was defined as 

[21]. 

  

𝑦 =
𝑥2

2𝑤𝑟𝑐(1+𝑠𝑖𝑛𝜎𝑐)
                                              (2) 

 

The development of DPDC research obtained 

from the calculation of secondary parabola geometry 

and compound parabolic concentrator as shown in 

Table 1 [11]. This geometry design was utilized for 

the prototype as demonstrated in Fig. 1(b), which 

their movement system controlled by computer and 

the microprocessor as the driver.  

The design of DPDC used 3-DOF robotic arm to 

move the concentrator of the secondary parabola 

that directed the ray to the focal point from the 

receiver. On the edge of the primary parabola, there 

was a robotic arm l1, connected to l2 arm. The 

position and angle of the joint on every arm 

calculated with an inverse kinematic method [22]. 

The first arm moved back and forth, had an angle of 

Q1 to the x-axis. Q1 on the arm located on Pp1 (xp1, 

yp1), so the equation was [11] : 

 

𝑄1 = 

𝑎𝑡𝑎𝑛2 (
𝑙2√1−𝑐𝑛

2(𝑥𝑣𝑠−𝑥𝑝1)+(𝑙1+(𝑙2𝑐𝑛))(𝑦𝑣𝑠−𝑦𝑝1)

𝑙1+(𝑙2𝑐𝑛)(𝑥𝑣𝑠−𝑥𝑝1)−(𝑙2√1−𝑐𝑛
2(𝑦𝑣𝑠−𝑦𝑝1))

)    (3) 

     

Where, 

 

𝑐𝑛 = (
(𝑥𝑣𝑠−𝑥𝑝1)

2
+(𝑦𝑣𝑠−𝑦𝑝1)

2
−𝑙1

2−𝑙2
2

2𝑙1𝑙2
)               (4) 

 
The alteration of vertex coordinate point of the 

secondary parabola of Pvs (xvs, yvs) influenced by the 

deflected ray coordinate point position on the 

primary parabola Pp1 (xp1, yp1). The second arm 

moved up and down, had an angle of Q2 to l1 robotic 

arm: 

 

𝑄2 = cos−1 (
(𝑥𝑣𝑠−𝑥𝑝1)

2
+(𝑦𝑣𝑠−𝑦𝑝1)

2
−𝑙1

2−𝑙2
2

2𝑙1𝑙2
)     (5) 

 

The deflected ray coordinate points on the 

surface of the secondary parabola was obtain from 

Ps1 (xs1, ys1) and Ps2 (xs2, ys2). The angle of Q3 located 

on joint number 3, connected to the secondary 

parabolic concentrator. 

 

𝑄3 = 𝑎𝑐𝑜𝑠 (
𝑦𝑣𝑠−(𝑦𝑠1+𝑦𝑠2)/2

ℎ𝑠
)   (6) 

2.2  Ray tracing method 

In this research, the ray tracing method on dual 

parabolic dish system was developed [11] to find the 

robotic arm position and CPC on real-time. The 

principal of Snell Law used to calculate the ray 

tracing where the incoming angle and reflected 

angle have the same value [7], [19]. The ray tracing 

method utilized on the concentrator solar and optic 

to get the ray distribution on the absorber’s surface 

[5], [9, 10]. The general line equation of y = mx+c 

was applied at the ray tracing method. The value of 

ms was the gradient of the reflected line from the 

secondary parabola, which has an angle of 2αc to the 

reflected lines of CPC point Pcpc (xcpc, ycpc). However, 

the point of rrc1 (xrc1, yrc1) and rrc2 (xrc2, yrc2) which 

was the location of the outermost point from the 

receiver surface. The final target for the ray tracing 

was to find Pcrc (xcrc, ycrc) point that the focus point 

of the absorber’s receiver. 
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𝑥𝑐𝑟𝑐 =
(−𝑦𝑐𝑝𝑐−(𝑚𝑠𝑥𝑐𝑝𝑐)(𝑥𝑟𝑐1−𝑥𝑟𝑐2))

(𝑦𝑟𝑐2−𝑦𝑟𝑐1)−(−
𝑚𝑠+𝑡𝑎𝑛2𝛼𝑐

1−𝑡𝑎𝑛2𝛼𝑐𝑚𝑠
(𝑥𝑟𝑐1−𝑥𝑟𝑐2))

−

             
(𝑦𝑟𝑐1(𝑥𝑟𝑐2−𝑥𝑟𝑐1)−𝑥𝑟𝑐1(𝑦𝑟𝑐2−𝑦𝑟𝑐1))

(𝑦𝑟𝑐2−𝑦𝑟𝑐1)−(−
𝑚𝑠+𝑡𝑎𝑛2𝛼𝑐

1−𝑡𝑎𝑛2𝛼𝑐𝑚𝑠
(𝑥𝑟𝑐1−𝑥𝑟𝑐2))

               (7) 

 

𝑦𝑐𝑟𝑐 =
(−

𝑚𝑠+𝑡𝑎𝑛2𝛼𝑐
1−𝑡𝑎𝑛2𝛼𝑐𝑚𝑠

(𝑥𝑟𝑐1−𝑥𝑟𝑐2))

(𝑦𝑟𝑐2−𝑦𝑟𝑐1)−(−
𝑚𝑠+𝑡𝑎𝑛2𝛼𝑐

1−𝑡𝑎𝑛2𝛼𝑐𝑚𝑠
(𝑥𝑟𝑐1−𝑥𝑟𝑐2))

−

     
(−(𝑦𝑟𝑐1(𝑥𝑟𝑐2−𝑥𝑟𝑐1)−𝑥𝑟𝑐1(𝑦𝑟𝑐2−𝑦𝑟𝑐1)))(𝑦𝑟𝑐2−𝑦𝑟𝑐1)

(𝑦𝑟𝑐2−𝑦𝑟𝑐1)−(−
𝑚𝑠+𝑡𝑎𝑛2𝛼𝑐

1−𝑡𝑎𝑛2𝛼𝑐𝑚𝑠
(𝑥𝑟𝑐1−𝑥𝑟𝑐2))

      (8) 

 

The input which have been given by the ray 

tracing according to the elevation position of (βsun) 

and azimuth (γsun) from the sun. Ray tracing 

conducted by simulation to predict the 

concentrator’s position. Ray tracing computation 

was done by Delphi Program with flowchart as 

displayed on Fig. 2.  
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Figure. 2 The flowchart of ray tracing method 

Astronomical calculation used to track solar 

position on real-time was [15] :  

The time zone calculation is htz = 15°tz  and the 

hour angle calculation: 

 

𝜔 = 180° +ℎ𝑡𝑧 − 𝜙 − 15°ℎ𝑡𝑚                              (9) 

 

htm = 9.87 sin(2B) – 7.53 cos(B) – 1.5 sin(B)  (10)   

 

𝐵 =
(𝑛−81)360

365
                                                       (11) 

 

The declination angle was: 

 

𝛿 = 23.45°𝑠𝑖𝑛 (
360(280+𝑛)

365
)

°
              (12) 

So, the value of (βsun) and (γsun) : 

 

𝛽𝑠𝑢𝑛 = sin−1(𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜔 + 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝛿) (13) 

 

𝛾𝑠𝑢𝑛 = cos−1 (
𝑠𝑖𝑛𝛿𝑐𝑜𝑠𝜙−𝑐𝑜𝑠𝛿𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜔

𝑐𝑜𝑠𝛽𝑠𝑢𝑛
)           (14) 

 

Where,  

tz is time angle, 

htm is equation of time, 

 is latitude of the location, 

n is number of day.  

2.3  The control method 

The control system for dual parabolic dish 

concentrator operated two parts of the concentrator 

which were the primary concentrator and secondary 

concentrator including the CPC as shown in Fig. 3. 

The target of the primary concentrator was the sun 

position of βsun and sun from the astronomic 

calculations. The output result from the primary 

concentrator position was the value of βp and p 

which could be used as an input for angle 

calculation on the robotic arms of Q1, Q2, Q3 and 

CPC rotation angle (r). This angle calculation was 

done by GA-SAW computation to obtain an optimal 

temperature on the absorber receiver. The control 

system which was used drives the primary 

concentrator, Q1 and Q2 robotic arms utilized the 

Fuzzy Logic Controller (FLC) single close loop with 

gyro sensor as the feedback control.  

An advanced controller needed to operate 

several conditions which affected each other in one 

process. Fuzzy cascade controller could improve 

this condition because it had primary and secondary 

control loop. The applications of fuzzy cascade 

controller have been administered in several times 

[23, 24].  
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Figure. 3 The control system of dual parabolic dish concentrator 

 

The secondary controller designed to react when 

an disturbance occurred, so it would maintain the 

output properly. The primary controller’s role was to 

give the output as a reference value on the second 

loop. In this case, the value of Q3 and r responded 

based on the GA-SAW’s result in a condition that 

the output result reached stability. Moreover, to 

maintain the optimal temperature condition on the 

absorber receiver, the Q3 and r used the fuzzy 

cascade with gyro sensor feedback and 

thermocouple sensor. This fuzzy cascade utilization 

was useful to respond towards the D1 and D2 

disturbance i.e. diffuse ray.  

3. The optimization and control design 

3.1  Robotic arm movement 

The mathematical calculation process of robotic 

arm movement was done with Eq. (3) to (6), but in 

order to obtain the arm position with an optimal 

angle, considering the amount of ray concentrator to 

the receiver was hard to calculate it conventionally, 

hence why an optimization computation on the 

robotic arm was needed. Some research about 

robotic arm optimization with end effector at one 

point were achieved with Genetic Algorithm (GA) 

program on 2-DOF [13], 6-DOF [14], [25]. This 

research also employed the Genetic Algorithm 

method to finish the ray tracing optimization with a 

population size parameter of 80, the crossover of 0.6 

and the mutation rate of 0.01. In the early stage of 

this research, a sampling process had been done to 

find the sun elevation angle, started from 30° until 

90° as a primary data, which later it will be used as 

an input in a real-time process. The GA optimization 

process conducted with the mathematical equation 

with a ray tracing method where Eq. (12) as an 

objective function to find the focus point of the 

receiver [11]. 

 

𝐹𝑜𝑏𝑗 = ∑ √(𝑥𝑐𝑟𝑐1,𝑖 − 𝑥𝐺𝐴1,𝑖)
2

+ (𝑥𝑐𝑟𝑐2,𝑖 − 𝑥𝐺𝐴2,𝑖)
2𝑛

𝑖=1      (12) 

 

Fig. 4 displayed a movement pattern graphic of 

the robotic arms 1 and 2 and the end effector point 

at the x-y axis. From the optimization result, it is 

shown that the robotic arm position has a linear 

motion, following the pattern of solar rays 

movement. 

 

 
Figure. 4 The robotic arm movement for sun 

elevation 30°-90° 
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This pattern facilitated the angle searching 

process of the robotic arm for different sun position. 

Linearly, the transformation angles on the robotic 

arm were obtained, with values of Q1, Q2, Q3 and 

CPC rotation angle (r) as shown in Fig. 5. The 

angle value of Q1 tended to follow the pattern from 

sun elevation because the joint 1 attached on the 

edge of the primary parabola. The outcome of this 

optimization process was the initial prediction 

answer from the position and angle of the secondary 

parabola concentrator. 

To speed up the position searching process of 

the secondary parabola, the initial outcome was 

converted into a linear regression equation. The goal 

was it could be used in real-time utilizing the sun 

position calculation on local time.  
 

 
Figure. 5 The rotation angle of Q1, Q2, Q3 and CPC (σr) 
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Figure. 6 The flowchart GA-SAW 

The linear regression was acquired from an 

equation such as: 

 

𝑄1 = −1.8093 + 1.0203𝛽𝑠𝑢𝑛                       (15) 

 

𝑄2 = 88.7402 + 0.0158𝛽𝑠𝑢𝑛                        (16) 

 

𝑄3 = 77.5945 − 0.8665𝛽𝑠𝑢𝑛                        (17) 

 

𝜎𝑟 = 43.49 − 0.5233𝛽𝑠𝑢𝑛                             (18) 

 

The linear regression output used as an approach 

against the outcome target. In order to reach optimal 

temperature condition on the heat receiver, so re-

optimization was done with genetic algorithm with 

the addition of simple additive weighting as 

revealed in Fig. 6. 

3.2  Simple additive weighting 

A control process needed a fast and accurate 

response time when making a decision to get an 

optimal result. As revealed in Fig. 6, the 

optimization process from the genetic algorithm still 

in global optimum reach, where there were several 

results needed to be selected based on the target 

condition. To produce a local optimum, the ray 

result needed to be reviewed several output criteria. 

The final result selection was conducted by a Simple 

Additive Weighting (SAW) scale system with 

various criteria:  

C1  = the total of the incoming ray at the target,  

C2  = the number of heat flux on the center of 

the receiver,  

C3  = the total of heat flux,  

C4  = the heat flux deviation 

C5 = the deviation of the incoming ray on the 

receiver.  

Simple additive weighting used to find the 

accumulative weight score from rating performance 

in every alternative on every attribute [26, 27]. 

The equation for maximum criteria: 

 

𝑟𝑖𝑗 =
𝑥𝑖𝑗

𝑀𝑎𝑥𝑖𝑥𝑖𝑗
                   (19) 

         

The calculation for minimum criteria: 

 

𝑟𝑖𝑗 =
𝑀𝑖𝑛𝑖𝑥𝑖𝑗

𝑥𝑖𝑗
                   (20) 

 

The simple additive weighting method was 

evaluating every alternative result with an equation: 

 

𝑉𝑖𝑗 = ∑ 𝑤𝑗𝑟𝑖𝑗
𝑛
𝑗=1                   (21) 
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Table 2. The weighting criteria of heat flux optimization 

Maximum Minimum 

C1 C2 C3 C4 C5 

0.4 0.34 0.06 0.19 0.01 

 

Where:

  rij   =  The value of normalized performance 

xij  = The attribute value which every criterion  

Vj   = The rank of every alternative 

wj   = The weight value of every criterion 

iji xMax
  
= The biggest value of every criterion 

iji xMin    = The smallest value of every criterion 

In this research, a hybrid of Genetic Algorithm 

and Simple Additive Weight was implemented as an 

optimization system of flux distribution. The 

weighting criterion divided into a maximum and a 

minimum as demonstrated on Table 2.  

3.3  Fuzzy controller 

Fuzzy logic had been applied in several 

applications because their easy and reliable control 

system i.e., DC geared motors driver [15], stepper 

motor [22]. This research used fuzzy control to 

control the primary concentrator and the robotic 

arms position, so the concentration direction was 

accurate and produced an optimum temperature. The 

input from the fuzzy system was angle value of Q1, 

Q2, Q3 and r from the GA-SAW optimization result. 

The system employed the closed-loop controller as 

plant feedback, utilized the figure from temperature 

sensor measurement and gyro sensor. The control 

inputs were an error (e) and error of change (de). 

The output from the fuzzy logic controller was a 

command signal, which later, it commanded the DC 

plant motor. The error and error of change for 

elevation (βsun), and azimuth (γsun) on the primary 

concentrator used the Eq. (22) as revealed below : 

 

{
𝑒𝛽𝑠𝑢𝑛,𝛾𝑠𝑢𝑛

(𝑡) = {
(𝛽𝑠𝑢𝑛 − 𝛽𝑝) → 0° ≤ (𝛽𝑠𝑢𝑛 , 𝛽𝑝) ≤ 90°

(𝛾𝑠𝑢𝑛 − 𝛾𝑝) → 0° ≤ (𝛾𝑠𝑢𝑛 , 𝛾𝑝) ≤ 360°

𝑑𝑒𝛽𝑠𝑢𝑛,𝛾𝑠𝑢𝑛
(𝑡) = 𝑒𝛽𝑠𝑢𝑛,𝛾𝑠𝑢𝑛

(𝑡) − 𝑒𝛽𝑠𝑢𝑛,𝛾𝑠𝑢𝑛
(𝑡 − 1)

 (22) 

 
On the secondary concentrator, there were two 

robotic arms with error and error of change for Q1 

and Q2, used Eq. (23) as shown below: 

             

{
𝑒𝑄1,𝑄2

(𝑡) = {
(𝑄

1
− 𝑄

1
′) → 0° ≤ (𝑄

1
, 𝑄

1
′) ≤ 90°

(𝑄
2

− 𝑄
2

′) → 0° ≤ (𝑄
2

, 𝑄
2

′) ≤ 90°

𝑑𝑒𝑄1,𝑄2
(𝑡) = 𝑒𝑄1,𝑄2

(𝑡) − 𝑒𝑄1,𝑄2
(𝑡 − 1)

      (23) 

The setpoint value from the angle compared 

with the number from temperature condition to 

achieve small error number, which leads to an 

optimum temperature. The secondary concentrator 

motor on the end effector and CPC rotation angle 

(r) used the error and error of change formula on 

Eq. (24), which cascade with temperature control on 

Eq. (25), as followed: 

 

{
𝑒𝑄3,𝜎𝑟

(𝑡) = {
(𝑄

3
− 𝑄

3
′) → 0° ≤ (𝑄

3
, 𝑄

3
′) ≤ 90°

(𝜎𝑟 − 𝜎𝑟
′) → 0° ≤ (𝜎𝑟, 𝜎𝑟

′) ≤ 90°

𝑑𝑒𝑄3,𝜎𝑟
(𝑡) = 𝑒𝑄3,𝜎𝑟

(𝑡) − 𝑒𝑄3,𝜎𝑟
(𝑡 − 1)

      (24) 

 

{
𝑒𝑇12

(𝑡) = (𝑇12 − 𝑇12
′) → 0°𝐶 ≤ (𝑇12, 𝑇12

′) ≤ 150°𝐶

𝑑𝑒𝑇12
(𝑡) = 𝑒𝑇12

(𝑡) − 𝑒𝑇12
(𝑡 − 1)

      (25) 

 
Membership function had a vital role in 

increasing the fuzzy control performance. On every 

variable input from e and de of the FLC, used to 

operate the DC motor control, which had 5 

membership function (mf). The membership 

function tuning on the fuzzy controller with genetic 

algorithm managed to reduce error on tracking 

motion 2-DOF robot [28], so in this system, the 

membership functions numbers obtained from GA-

SAW optimization result. Fuzzy sets were defined 

as Negative Big (NB), Negative Small (NS), Zero 

(ZE), Positive Small (PS) and Positive Big (PB), as 

displayed on Fig. 7: 

On this fuzzy control, the triangle membership 

function was utilized to compare three 

transformation condition of the temperature value, 

which have an acute value variations. The advantage 

were it was able to detect a small temperature 

modification and suggested an accurate and quick 

decision for the control process of the motor 

velocity. The output of the fuzzy result was PWM 

number which controls the movement speed of the 

DC Motor. DC motor was able to move clockwise 

(CW), or counter-clockwise (CCW), as 

demonstrated on Fig. 8:  

 

 

Figure. 7 The membership function  of fuzzy (e) and (de) 
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Figure. 8 The fuzzy output 

 

Table 3. The function rules of fuzzy (e) and (de) 

e 

de 
NB NS ZE PS PB 

NB CCWF CCWF CCWS CCWS ZE 

NS CCWF CCWS CCWS ZE CWS 

ZE CCWS CCWS ZE CWS CWS 

PS CCWS ZE CWS CWS CWF 

PB ZE CWS CWS CWF CWF 

 

The Mamdani Rule applied on Fuzzy Inference 

System (FIS) in form of IF-THEN statement, this 

was an easy rule and have been used on computation 

a lot. The defuzzification process transformed the 

fuzzy output to crip output, using the Centre of 

Gravity Method (COG) [12]. The modification of 

angular position from the secondary parabola and 

the temperature difference from the sensor 

processed with 25 control rules of Fuzzy Mamdani. 

The rule was displayed in the Table 3, which was 

used in the fuzzy controller of dual parabola 

concentrator.   

4. Result and discussion 

4.1 The scenario and investigation for 

concentrator movement 

A small change at the elevation position (βsun) 

and the azimuth (γsun) from the sun causing the focus 

point shifted on the receiver, which led to less 

optimum heat flux on the receiver. One way to 

optimize it was controlling the parabolic 

concentrator’s position so the sun rays could 

concentrate right to the receiver. Table 4 revealed a 

comparison between two transformations of 

movement condition scenarios from the concentrator 

in order to investigate the heat flux value on the 

receiver’s surface.  
On the first scenario, every joint moved so it 

needed an accurate control and time to obtain the 

right position. On the second scenario, half of the 

joints moved, and the other half stopped, in order to 

find the efficiency from the motion control. From 

the scenario in Table 4, the system condition of the  

 

 
Table 4. The scenario rule for concentrator movement 

Condition 
Scenario (Sc) 

First Second 

Primary parabola concentrator 

Joint azimuth (γsun) Move Move 

Joint elevation (βsun) Move Fix 

Secondary parabola concentrator 

Joint 1 (Q1) Move Fix 

Joint 2 (Q2) Move Fix 

Joint 3 (Q3) Move Move 

Compound parabolic concentrator 

Joint CPC (r) Move Move 

 

 
Figure. 9 The peak, average flux, and power for the sun 

elevation angle 60°-64° investigations 

 

every 0.5° interval or +2 minutes against the sun 

position. 
The calculation for sun position use Eq. (10) and 

Eq. (11), then the GA-SAW computation  was done 

to get optimization angle of Q1, Q2, Q3 and CPC 

rotation angle (r). This investigation used an 

example of the sun elevation angle (βsun) at 60°-64°. 

Fig. 9 displayed the findings of the heat flux and 

power difference result between two scenarios. 

Fig. 9 showed that scenario number 1 had bigger 

heat flux and power on every sun elevation angle 

change. It was caused by every joint position 

adapted to the GA-SAW optimization result. 

Whereas for scenario number 2, there was not any 

heat flux decreasing to the βsun transformation at 

0.5° to 1°. Moreover, on βsun > 1°, there was a 

significant number of differences caused by the heat 

flux declined. In general, the result from the second 

scenario was the peak flux and average flux reduced 

by 36.39% and 41.52% respectively. The first 

scenario result revealed that the sun elevation 

increased linearly with peak flux and average flux 

inclined of 7.31% and 2.48% respectively. The 

power in the first scenario rose by 2.48%, and in the 

second scenario fell 41.52%. 
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                                             (a)                 

 

 
                                            (b) 

Figure. 10 The distribution of flux from the sun elevation 

angle investigation of 64° on: (a) first scenario and (b) 

second scenario 

 

       
(a)                                         (b) 

Figure. 11 The ray tracing simulation from the sun 

elevation investigation with an angle of 64° on: 

(a) first scenario and (b) second scenario 

 

From the investigation result of two scenarios, 

the first scenario model for main movement control 

application was the one that could be used, whereas 

the second scenario was used as a positioning 

improvement control if there was an error or 

diffused ray in less than two minutes. Thus, the 

fuzzy cascade control on Q3 and r were utilized to 

optimize the temperature on the receiver’s surface. 

The GA-SAW investigations result validated with 

Monte Carlo Ray Tracing (MCRT) method on 

Tonatiuh Software to find the heat flux value and 

the flux distribution value. 

Fig. 10(a) demonstrated that the flux distribution 

from the first scenario had a concentrated peak flux 

on the coordinate (-0.003, -0.003) of 231 kW/m2 and 

the average flux was 56 kW/m2. In contrast with 

scenario number 2 where there were two spots of 

peak flux on the left side of the receiver. This 

happened because the limited position of the 

secondary concentrator made it quite hard to 

concentrate the rays to the receiver and ended up 

with several rays scattered and caught by the CPC. 

On the second scenario, the peak flux decreased 140 

kW/m2 and the average flux fell 32 kW/m2. The 

amount of power produced with scenario number 

one was 815 Watt, whereas with scenario number 

two was 464 Watt, so overall there were 42.94% 

differences between the first and second scenario. 

Fig. 11(a) displayed an illustration of ray tracing 

on the first scenario, which illustrated the ray 

direction towards the focal point on the condition 

where every ray concentrated on the middle of the 

receiver. Fig. 11(b) illustrated the ray tracing result 

on the second scenario, where the ray from the 

primary concentrator was only able to be aught by 

secondary concentrator half of it, so the result 

tended to scatter and there were several ray losses. 

The theoretical calculation which GA-SAW 

computed the optimization success to validate it 

with ray tracing simulation of Tonatiuh Software. 

4.2 The response comparison of fuzzy cascade 

and PID controller  

This study displayed a comparison between 

fuzzy cascade response of the control system and 

PID conventional controller, with several 

interferences such as the incoming sun rays and 

temperature difference. The testing result used a sun 

elevation angle βsun of 60° where the joint angle 

value Q1=59.411°, Q2=89.709°, Q3=25.55° and 

r=76.12°. Fig. 12 showed the response time of the 

joint angle on Q1 and Q3 with the fuzzy controller. 
 

 
Figure. 12 The response time of Q1 and Q2 using the 

fuzzy controller on sun elevation of 60° 
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It revealed that on sun elevation βsun=59°, they 

only needed 0.55 sec to reach the Q2’s target from 

the previous condition. The next stage was 

comparing the response time of fuzzy controller and 

PID, thus the performance of joint number 3 (Q3) of 

the secondary controller against the transformation 

or disturbance of sun ray direction could be found. 

The utilization of PID control in general, have 

been applied to several driver motor application [15], 

[18]. The PID setting control have been through a 

trial and error with KP=2.6, KI=0.005 and KD=0.04 

with an equation below: 

 

𝑢(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝐾𝐼 ∫ 𝑒(𝑡)𝑑𝑡 + 𝐾𝐷
𝑑𝑒(𝑡)

𝑑𝑡
             (26) 

 

Fig. 13 demonstrated the contrast between Q3 

positioning control response when the incoming sun 

rays got interfered on -0.2°, 0.3°, -0.5°, 1° and 0.5°. 

When the disturbance appeared at -0.2°, the Q3 

angle responded with an angle improvement on 

26.209° with r=75.79°, within 1.872 sec. At 

extreme interference such as 1° deviation needed 

2.762 sec to reach a stable condition. It caused by 

the angle from an earlier position with Q3 target 

angle of 22.573° and r=75.3° had a farther distance. 

As long as the disturbance happened between -1°  

error  1°, so the r had a transformation range 

from -1° till 1° from normal angle condition.   

The response time output distinction between 

fuzzy and PID controller could be seen in Table 5. 

The fuzzy controller had an average settling time 

(Ts) 0.497 sec, and average rise time (Tr) 0.277 sec 

faster than a conventional PID controller. This 

comparison result showed the fuzzy cascade control 

had a better response than PID conventional 

controller. 

 

 

 
Figure. 13 The comparison response of Q3 using fuzzy 

cascade and PID controller on sun elevation of 60° 

 

 

Table 5. The comparison between the response output for 

fuzzy and PID controller 

C
o

n
d

it
io

n
 

Fuzzy PID 

Tr 

(sec) 

Ts 

(sec) 

Error 

position 

(%) 

Tr 

(sec) 

Ts 

(sec) 

Error 

position 

(%) 

0 0.55 1.1 0.00195 0.9 1.64 0.003205 

-0.2° 0.67 0.99 0.01144 0.99 1.64 0.018840 

0.3° 0.66 1.12 0.00407 1 2.08 0.003125 

-0.5° 0.78 1.33 0.00036 1.02 1.55 1.93E-05 

1° 0.78 1.23 4.2E-05 0.89 1.62 4.20E-05 

0.5° 0.67 1.32 1.98E-05 0.99 1.53 1.97E-05 

 

The fuzzy cascade control considered two 

conditions, which were the target angle position and 

heat flux as feedback. In contrast with similar 

research, the  fuzzy controller had better advantages, 

it could adapt to the nonlinear system, so it could 

follow the changes faster [29, 30].  

Fig. 14 exhibited a heat flux result from the ray-

tracing simulation with the input of sun irradiation 

of Is = 1000 W/m2 and material reflectivity of 95%. 

From this model, a heat flux data from ray-tracing 

computation was acquired, which later clustered into 

several pieces, thus the number of photons scattered 

on the receiver’s surface could be discovered. 

As displayed on Fig. 14, at disturbance 1° 

happened in 15.906 sec to 16.277 sec, where sensor 

2 (Stmp2) was zero, because, in this condition, the 

rays tended to go out from the receiver area. When 

sensor 1 (Stmp1) and sensor 2 (Stmp2) have same heat 

flux value so the error value was smaller or almost 

zero, which indicated that the distribution of flux 

had spread evenly and had reached the optimal 

condition. 

 

 

 
Figure. 14 The heat flux output on absorber’s receiver for 

fuzzy cascade controller 
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(a)                                                         (b)                                                         (c) 

Figure. 15 The flux distribution when 1° interference occurred to the response of: (a) TM1, (b) TM2, and (c) TM3 

 

                                                                   

(a)                                                         (b)                                                         (c) 

Figure. 16 The ray-tracing simulation of fuzzy response at 1° on the response of (a) TM1 (b) TM2 (c) TM3 

 

 

We validated the heat flux computational result 

from controller respond with MCRT simulation on 

Tonatiuh Software to find the flux distribution on 

the absorber’s receiver. Fig. 15 displayed the 

simulation result with the distribution of flux on the 

condition of TM1=15.906 sec, TM2=16.928 sec and 

TM3=18.56 sec. On TM1 condition, the average 

number of heat flux and power were 24 kW/m2 and 

351.766 Watt, respectively. The flux distribution 

occurred at the edge of the receiver, and the 

concentration point became smaller spot. These led 

to unevenly heat produced and not an optimal 

performance from the receiver. 

The simulation results on TM2 and TM3 have 

almost similar output value with the average heat 

flux of 39 kW/m2 where it produced power of 

572.091 Watt and 571.597 Watt. Although both had 

almost similar output, TM3 condition had more equal 

flux distribution. The peak distribution of heat flux 

located in the middle with the coordinate of (-0.0063, 

0.0069) with the average heat flux and power 

increased 62.49%. The secondary concentrator’s 

position in this system was very crucial to determine 

the direction of the reflected ray to the focal point. 

As Fig. 16 illustrated the simulation of ray tracing 

direction transformation, caused by the 1° 

interference of the sun. 

On the initial condition, there was not any 

change from the secondary concentrator position. 

Therefore, on the TM1 condition, the secondary 

concentrator still located on Q3 =25.32° causing the 

direction of ray did not concentrate to the centre of 

the receiver. When we compared with TM2 and TM3 

positions, we were able to see that the ray direction 

had been concentrated to the center of the receiver. 

Fuzzy cascade controller of the secondary 

concentrator repeatedly improved the position until 

an equal flux distribution obtained, and in the end, 

the secondary concentrator position was received 

with Q3 =22.57° and the time response was 2.762 

sec. 

The simulation experimentation above was done 

according to the ideal condition which was the 

primary concentrator position in accordance to the 

azimuth and elevation and the arm angles of l1 and l2, 

which was consistent to the calculation. On the 

second experiment, it was done non-ideal condition, 

for example the positioning error on arm angle l1 or 

l2, which could happen on real plant condition. In 

this investigation, the initial angle of arm l1 was 

Q1=59.411°, and later, when an error occurred 

turned to Q1=59.61°. No change occurred for 

Q2=89.709°, Q3=25.55° and r=76.12°. The aim was 

to see the response of control system while adjusting 

the secondary parabola position, in order to reach an 

even heat distribution on the receiver surface.  Fig. 

17 displayed the comparison of fuzzy cascade 

control and PID, which was observed from the flux 

distribution result on the receiver surface. 
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(a) 

 

 
(b) 

Figure. 17 The flux distribution when angle l1 error 

occurred: (a) Fuzzy cascade and (b) PID 

 

The GA-SAW optimization fixed the initial 

position of vertex Pvs (xvs, yvs) secondary parabola 

Pvs (0.4047, 0.6872) into Pvs (0.4037, 0.6902). On 

the fuzzy cascade control system, the GA-SAW 

input reference value was utilized as the initial 

inquiry, and later it was analyzed on the second 

stage to acquire a stable temperature condition. In 

this experiment, the fuzzy cascade control system 

was very effective adjusting the heat distribution 

evenly, with modified the angle of Q3=24.85°. 

Therefore, it was difference with PID control which 

based only on unfocused concentration result and 

uneven flux distribution. 

4.3 The prototype experiment 

This subchapter explored the controller respond 

on Q3 joint and the temperature optimization on the 

receiver using the prototype. The prototype as 

illustrated in Fig. 1(b) had been used to verify the 

obtained result of the previous method and 

simulation. The application of the control system in 

this experiment utilizing the closed-loop controller 

methods. Therefore, the controller feedback as the 

data signal was needed for the input using gyro 

sensor MPU6050 and thermocouple of K-Type with 

MAX6675 driver. Three thermocouple sensors 

placed on the left side (Stmp1) and on the right side 

(Stmp2) with the distance from the centre 0.04 m, and 

the last sensor (Stmp3) located on the middle of the 

receiver, in order to observe the temperature’s 

change. On the receiver’s surface, four types of 

thermoelectric TEC-12715 were placed as a 

conversion output of heat to power. Thermoelectric 

was one of the potential Nano power electric 

generator [31]. The electric power generated by the 

thermoelectric, which attained from energy balance 

[32]: 

 

𝑃𝑡𝑒𝑐 = 𝑄ℎ − 𝑄𝑐                     (27) 

This experiment conducted on 21-22 October 

2019, at 09.13, with the sun azimuth γsun=99.7°, and 

sun elevation βsun=60°. Two pairs of photodiode 

sensors detected the incoming sun rays and act as a 

ray intensity comparison to the primary concentrator. 

The experimentation demonstrated the controllable 

and stable temperature condition on the receiver and 

created an optimal power. Illustration Fig. 18 and 19 

displayed the two days temperature measurement 

result on the receiver’s surface 

The first-day experiment showed there was 

external interference at 171 seconds until 238 

seconds, leading to unstable temperature. At 274 sec, 

the controlled managed to fix the secondary 

controller position, thus the heat concentration 

stayed at the middle of the receiver. 

Fig. 19 showed the second-day investigation’s 

result, which revealed the condition was relatively 

stable with the average temperature Stmp3=115°C. On 

the first-day investigation, the average temperature 

Stmp3=121°C which higher than the second-day 

outcome, however, the unstable condition on Stmp1 

and Stmp2 caused unevenly heat distribution on the 

receiver.  

 

 
Figure. 18 The temperature measurement experiment 

result on the receiver day 1 
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Figure. 19 The temperature measurement experiment 

result on the receiver day 2 

 

 
Figure. 20 The thermoelectric measurement output 

experiment result 

 

A single parabola, with a diameter of 3.56 meter 

could produce a temperature of 109.85°C [33]. The 

utilization of dual parabolic dish concentrator was 

more efficient with a smaller diameter so it could 

get temperature 10.15% higher. 

From both, first-day and second-day 

experiments, the produced current and electric 

voltage from the thermoelectric were obtained, as 

illustrated in Fig. 20. The focus of this research was 

to keep the optimal power when external disturbance 

appeared. The interruption on the first day made the 

power decreased from 1.15 Watt to 0.9 Watt, at 213 

seconds. At 265 secs, the control stabilized with 

power of 1.15 Watt. On the second day, the control 

stabilized starting from 124 secs, and the power was 

1.13 Watt, so the average power produced on the 

second day, which was 1.01 Watt, higher than the 

first day’s power, 0.91 Watt.  

The investigation on the conventional 

thermoelectric application without water cooler 

produced the temperature differences on the hot and 

cold side of 65°C, with a generated voltage of 0.55 

Volt [34], and produced power less than 1 Watt [32]. 

In this study, the maximum produced voltage was 

2.3 Volt, with a temperature difference of 59°C. The 

higher the temperature difference on both sides of 

the thermoelectric, the bigger the power produced.  

5. Conclusions and future work 

 The optimization method and 3-DOF robotic 

arm controller system successfully implemented on 

Dual Parabolic Dish Concentrator model with CPC. 

The GA-SAW optimization method could predict 

and optimize the movement position of the robotic 

arm on several sun direction changes condition. The 

single fuzzy controller on the primary concentrator 

and fuzzy cascade on the second concentrator 

managed to overcome the sun direction interference 

at an angle of 1°, which increased the power of 

62.49%. The result of the fuzzy controller had a 

better response with settling time (Ts) 0.497 sec and 

average rise time (Tr) 0.277 secs, compared to 

conventional PID. The experiment used the 

application of fuzzy cascade controller system at 

DPDC prototype generated optimum temperature 

and power on the receiver. The utilization of DPDC 

with smaller diameter could raise the temperature on 

absorber’s receiver up to 10.15%, compared to 

single dish concentrator. For future work on this 

experiment, we were able to develop a robotic arm 

design to be more efficient to increase the 

performance of the controller system. 
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