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ABSTRACT

This study offers a mechanism to control low-speed orientation using semi-active control. The
semi-active system consists of a variable mass system and a torsional spring. The torque
generated by a variable mass system controls the platform’s orientation. An evaluation of the
control system’s effectiveness is tested on a solar panel. The variable mass was represented by
moving the water from one reservoir to another located at the left and right sides of the panel
using an electrical pump. A solenoid valve controls the flow. The test results indicate that the
energy consumption of electrical pump as actuators is reduced. Based on several references, the
actuator energy consumption for controlling the orientation of solar panels was generally 2% -
3%, while in this study 0.79%.

KEYWORDS
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INTRODUCTION

Both passive and active control methods can be used to change the orientation of a
mechanical system [1]. Each system has pros and cons, especially when it comes to how much
it costs, how reliable it is, how much energy it uses, how much maintenance it needs, and how
well it works overall [2]. Passive devices are stable by nature and don't need any outside energy
to work. They are easy to set up, usually have a simple structure, cost less, and require less
equipment to set up [3]|. However, the passive control performance is less than optimal because
it cannot adapt to the ever-changing excitation [4].

Active control systems, on the other hand, have to get all of their power from outside to run
their actuators and control systems. In many situations, these systems need a lot of resources,
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so they are expensive and can be unstable when sensors break, especially in systems with
centralized control [1].

Orientation control using active control generally uses an electric motor as the primary
actuator. Active control systems are the right choice for orientation control that requires high
speed and precision, such as rocket direction and stability control [5, 6], track settings, and
satellite synchronization [7]. In addition, active control systems are also widely used in
orientation control with low speed and do not require high accuracy, such as orientation control
of solar panel platforms. Some orientation control techniques have been applied to single-axis
and dual-axis solar tracking systems to improve performance, particularly from energy gain
|8]. For instance, Huang ef al. created a 1-axis, 3-position solar tracking system in which the
trackers can only operate at three different angles. This tracker design uses a DC motor to rotate
the solar panel platform. The movement of the platform is regulated by time using IC [9].

Chin CS et al. developed a single-axis orientation control system with an east-west rotation.
This platform system consists of a PV panel, servo motor, battery, charger, two light sensors
(LDR), an external load, and a microcontroller. The platform rotates automatically based on
sunlight detected using two LDR sensors at night; the system does not operate to reduce energy
consumption. This orientation control system was pre-modeled using MATLAB™/
Simulink™ [10].

Al-Mohamad used a programmable logic controller (PLC) to make a system for controlling
the orientation of a single-axis solar panel platform. The PLC is used to control the movement
mechanism of the platform. Monitoring the operation process of this solar panel platform
orientation system can be done with a personal computer [11].

Oner et al. designed a platform control system for a two-axis solar tracker. A spherical
motor, which is under the control of a microcontroller, moves the platform. This spherical
motor has the ability to move across the horizontal and vertical axes. When compared to using
other motors, a minimum of one motor is required for each axis [12]. Yao et al. also used a
two-axis orientation control system. Automatic tracking dual axis system with hybrid strategy,
i.e., normal tracking strategy and daily adjustment strategy using time-based control as well as
sensor-based control. A high degree of accuracy is not important, so a simple daily adjustment
strategy is used [13].

The amount of energy that the orientation control system uses is a big part of its
development. The control strategy must reduce energy costs while maintaining service quality
[14]. The use of a control system oriented towards low energy consumption is the reason for
developing a passive control system. But on the other hand, passive controllers have
disadvantages, especially the inability to respond to disturbances that arise and the low ability
to change orientation at large deviations [15, 16].

One of the main reasons for the high amount of power used is that electric motors are used
as the main actuators in active control. The average daily energy consumption of single-axis
actuators is estimated to be about 2%-3% of the energy generated [17]. Several studies have
shown that single-axis solar tracking can increase the energy produced by 12-20% compared
to fixed PV systems [2]. This energy consumption will be required for each weather condition
[18]. The use of actuators as prime movers needs to be a concern, especially in controlling
extensive mass mechanical systems, which will require actuators that have tremendous power.

Based on this fact, it is very important to come up with a new way to control the orientation
of a mechanical system using a low-energy mechanism. The new plan is to use semi-active
control with ways to control mass, stiffness, and damping [19]. Active control devices use
more energy than semi-active devices, but semi-active devices don't need an outside power
source because they can store energy locally, like in batteries.

Semi-Active Stiffness Dampers (SASD) adjust valve openings to control oil flow. and
adjust the damping coefficient in real time [20, 21]. A semi-active control system has also been
applied to orientation control using additional mass. The test is carried out on a solar panel
platform, the additional mass is placed on the platform, and the value is fixed by changing the



additional mass’s position. The use of this mechanism requires very little energy consumption
[22].

This study proposes a semi-active control strategy for low speed control of the platform
orientation. It focused on coarse positioning of the platform orientation by employing a low-
power secondary driver, therefore making it more simple and energy-efficient. In order to
implement a low-power secondary driver, additional moment approaches are implemented.
The additional moment is generated from a changes in the location of the platform center of
gravity. Therefore, the platform become unbalanced and resulting in a change in the platform
orientation. The supporting spring are used to support and stabilize the platform dynamic
during the orientation change.

METHODS

This section will describe a semi-active control system model, equipment design and
specifications, simulation, as well as experimental procedures to control the orientation of the solar
panel platform. Control is done by adjusting the additional mass weight.

Semi-active system control model

The model of a semi-active control system applied to control the orientation of the solar panel
platform is shown in Figure 1. Several dynamic parameters must be controlled, namely mass,
stiffness, and damping. The mass used is water that can be weighed and placed in a PVC pipe as
a reservoir on both sides of the solar panel platform.

Figure 1. Solar panel platform orientation control model

Assuming the mass moves with a small 8 angle, the equation of motion can be expressed as in
eq. (1): ) '
JO+cO0+kO=1 1)

T = Mymgxcoso 2)

J, ¢, ke, and 7, respectively, are moment of inertia in kgm?, equivalent rotational damping
coefficient in Nm/rad/s, equivalent rotational stiffness in Nm/rad, and driving torque in Nm. While
6, and 6 respectively are angular acceleration and angular velocity respectively. From eq. (2), #am
as the value of the additional mass in kg, x is platform length in m, and g as the acceleration of
gravity in m/s?. The driving torque is affected by the additional mass.



The additional mass is water and was placed in reservoirs at the left and right sides of the solar
panel. The solar panel platform with a fixed position from the equilibrium point which is 0.5x.
The moment of inertia of the solar panel platform whose value is obtained based on eq. (3):

] = ]platform +]additional mass
J = mpe[(x* + ¥?)/12] + myp, 0.5x° (3)

mpr in kg is the mass of the platform, x in m is the length of the platform, and y in m is the
width of the platform. k. as the equivalent rotational stiffness can be calculated analytically
from the linear spring stiffness value. Figure 2 shows @ as the deflection angle (degree) of the
platform Fi is the resultant spring force in N. Fix is the spring force on the horizontal axis in
N, and Fiy is the spring force on the vertical axis in N. The torque value 74 produced by the
spring can be calculated using eq. (4):

75 = Fiya (4)
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Figure 2. Orientation control system free body diagram

The distance between the platform’s center and the additional mass’s position is 0.5X. a is
the position of the spring’s end of the platform’s horizontal frame, and b is the position of the
end of the spring on the solar panel support pole, as shown in Figure 3.

Figure 3. Geometry model of spring condition



Based on Figure 3, @y and a4 is the angle between the spring and the platform support
post before and after the platform position shift occurs. The angles before and after the platform
moves to the horizontal are ffy and f. o is the initial length of the spring, and /; is the length
of the spring after it moves by 6. From Figures 2 and 3, Fiy can be decomposed into eq. (5):

Fyy = Fycosa, (5)
with
Fy = k(AD (6)
and
b? + 12 — a?
- - 7
cosa, 2b1. (7)

The designed solar panel platform consists of 4 springs, two springs for each side of the
solar panels, so eq. (5) and eq. (6) become eq. (8):

Ty = 4kAlcosa, (8)
for rotation system with displacement 8 <, so
Al = af cos a; 9)

maximum 6 = 20° and with that assumption the maximum error obtained is approx. 0.1. From
eq. (7) and eq. (9) then eq. (8) becomes

b+ 12 —a?\*
— 2 1 10
T = 4ka < 250, > 0 (10)
If

b2 + 1 — a?\’
— 2 1 11
k. = 4ka ( 2bL > (11)

according to eq. (11), eq. (10) can be written as eq. (12):
75 = k.6 (12)

The value of & is calculated by measuring the change in the length of the linear spring due
to the loading. c; as the equivalent rotational damping coefficient, obtained from the inherent
damping from friction and other energy dissipation mechanisms.

Wind force effect

Platforms installed in open spaces will always get external disturbances, such as wind. The
effect of wind on the platform structure depends on the pressure or force generated by the wind
and the structure’s shape, size, and orientation |23]. The procedure for determining wind loads
on solar panel platforms is based on standards such as EN 1991-1-4 [24] and ASCE/SEI 7-02
[25]. gp or wind pressure, can be calculated using eq. (13):

qp = — pvg (13)
2
vp 1s the wind speed and p is the air density at the installation site of the platform. The force

exerted by the wind Fy, on a structure with a height of fewer than 15 m can be calculated by
the eq. (14) [23]:



Ey = ceqpA (14)

cris the coefficient of force, and 4 in m? is the area of the platform structure. If the pressure
1s considered constant at the surface, then the force coefficient has the same value as the
pressure coefficient, cr = cp. If the platform orientation model is considered, as shown in
Figure 4, then the force coefficient can be calculated based on the boundary pressure

coefficients cp1 and c¢p2 as eq. (15):

_ (cpl + CPZ) (15)

Cs )

Figure 4. Pressure distribution on sheds roofs [23]

The values of ¢p1 and cp2 as models of the influence of the wind on an identical open surface
inclined plane for the solar panel platform system are shown in Table 1.

Table 1. ¢, values for sheds roofs [23]

Tilt angle, 0
0° 10° 20° 30° 40° 50° 60°-90°
ct 0 08 12 16 16 14 1.2
2 0 0 04 08 08 1.0 1.2

An additional driving torque called 7w was generated due to the wind force on the surface
of the platform. This external torque is represented by force acting at a certain distance (7wp)
about the rotating point of the solar panel platform, as shown in eq. (16):

JO0+cO+kb=1+1, (16)
and
Tw = FWer (17)

Design and specifications

An additional mass control method is designed by moving water from one side of the
platform to the other using two direct current (DC) motors as a driver of water flow and a
solenoid valve as a flow direction control. The platform design is shown in Figure 5.
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Figure 5. Platform design with additional mass weight variation

Motor power is selected based on the value of the water flow and the head of the pump, as
shown in eq. (18):
P = pwgahy (18)

P is the value of the power used for the operation of the motor as a water pump, pw is the density
of water at a pressure of 1 atm and a temperature of 20 °C, and ¢ is the flow rate in the channel.
hy 1s the total head of the pump, which can be calculated using eq. (19):

hy, = Az + h¢ (19)

Az is the difference in height from the water flow, /¢ is the major flow loss, namely the flow
loss that occurs due to friction. The height difference can cause the water flow to continue from
a high position to a low position even though the water pump is off. Therefore, a solenoid valve
is used as an on-and-off water flow. The results of calculations using eq. (18) and eq. (19)
obtained a minimum head of 1.18 m and the minimum power required for a water pump is 1.7
watts, then the specifications of the water pump used are shown in Table 2.

Table 2. Complete specifications of the pump used

Specifications Indicator
Dimension 92 mm x 46 mm x 35mm
Operating voltage 6 -12 volt
Average current 0.5-0.7A
Maximum flow 700 ml/30 s
Maximum suction 2m
Head 3m
Outer diameter 8 mm
Inner diameter 4.8 mm

The variable mass condition was obtained by moving the water from one reservoir to
another reservoir at the left and right sides of the panel using an electrical pump. The reservoir
uses a PVC pipe. The length of the PVC pipe is 680 mm, and the nominal diameter is obtained
based on the results of the calculations using eq. (20) on several standard pipe diameters (as
shown in Table 3). The selection of reservoir volume also takes into account the weight and
strength of the solar panel platform. The mass of the water inside the pipe is calculated as
follows:



™2 (20)

Table 3. Specifications of PVC pipe

Dnom Dout Din / P Mw
(mm) (mm) (mm) (mm) (kg/m’) (kg)
50 63 37 680 998 0.729

Where Drom 18 the nominal diameter in mm, D;, is the inside diameter in mm, and Doy 1S
the outside diameter in mm of the reservoir. Length of the reservoir is / in mm and m,, is water
weight in kg. The solar panel platform is designed with a tiny and negligible frictional force at
the pivot point, allowing the system to rotate continuously. This movement can be overcome
using four identical springs with a calculated value of k. according to eq. (11). The
specifications of the solar panels are shown in Table 4.

Table 4. Specifications of solar panels

Performances Indicator
Peak Power (Pmax) 50 W
Cell Efficiency 16.93%

Max. Power Voltage (Vmp) 17.8V
Max. Power Current (Imp) 281 A
Open Circuit Voltage (Voc) 2139V

Short Circuit Current (Isc) 3.03A
Power Tolerance + 3%
Max. System Voltage 1000 V

Operating Temperature -4 °Cto 85 °C

Test location

The test was carried out in the equatorial region, which has excellent sunlight intensity
every year, namely in the city of Padang, Indonesia, with 0.9° south latitude and 100.4° east
longitude. There were five positions in the platform movement design, and those positions
changed every two hours using a time setting. The position change is based on the angle of
altitude a and the angle of inclination of the solar panel platform S. Figure 6 illustrates that
solar radiation falls on the surface of the solar panel at an angled position.

PVpanel:>
Shorz

Solar rays

=

A7)

ﬁHorizontal surface

Figure 6. The direction of the sun's radiation falling on the tilted position of the solar panel [26]

The altitude angle at the test location obtained from the Sun Position Demo application
shows that the average altitude angle from 07.00 am to 05.00 pm was 10.6° every hour or 20.1°



every two hours, and the solar panel platform changed position by 15° every two hours. This
shows that changes in the sun's position differed with a change in platform orientation of no
more than 10°. Based on the reference, the system can still produce 98.5% output of the
maximum radiation value if the platform is right in the direction of the sun's rays [17]. The
testing location for optimal performance can be carried out in the equatorial region, because
the system being developed is only one axis and is based on solar position data throughout the
year.

Simulation and experimental study

The simulation used MATLAB software, and it analyzed the effect of mass variation on the
platform’s orientation angle and transient response for two external input (wind) conditions,
i.e. without or with an external disturbance. The validation of the simulation model has been
tested experimentally using the initial angle deviation and the simulated and experimental
acceleration responses have been compared. The results of this comparison show an error of
0.04. The orientation angle of the simulation results will be compared with the experimental
results. Figure 7 shows the research flowchart that consists of simulation and experimental
study. The value of Am is the difference in the weight of water in reservoir 1 (m1) and reservoir
2 (m2), in the initial conditions, full m1 = 0.69 kg while m» = 0 or Am; = m1. Then Amz = 0.45
kg, Am3 =0, Ama = Ama (opposite direction) and Ams= m2 (m>=0.69 kg and m=0), water flow
speed is set time ¢.

A J h 4

Mathematical Set of equipment
model for expriment
“:: Y
Calculate the value of k, Control and
Specifically for wind disturbance measurement device set
calculate the value of 7,,

A4
v Calibrate Am value against
Set Am, g and £, fixed values of k; pump operating time
and 0.57,, Specifically for wind
disturbance set 7, Y
Turn on the water pump
1 for system operation
Record the system orientation
and response for each Am, ¢ v
and £ value

Measure system angle
No for each Am value

Compare
simulation
orientation with
the experiment,
ife 0.1

Figure 7. Simulation and experimental study flowchart

The experiment was carried out from 07.00 am to 05.00 pm using an initial weight of 0.69
kg and 0 kg for water in reservoir 1 (mw1) and reservoir 2 (mw2), respectively. The platform was
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initially directed to the east. A change in panel orientation was obtained by moving water from
reservoir 1 to reservoir 2 using a water pump. The difference between myw1 and mw2 is Am,
initial position as position 1, Am = mw1 (mw1 = 0.69 kg, mw2 = 0 kg), position 2 Am = 0.45 (mw1
= 0.575 kg, mw2 = 0.125 kg) position 3 Am =0 (mwi= mw2 = 0.345 kg), position 4 Am = 0.45
to the west (mw1 = 0.125 kg, mw2 = 0.575 kg) and position 5 Am = 0.69 kg also to the west (mw1

=0 kg, mw2 = 0.69 kg), as shown in Figure 8.

Position 5+~ \
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~ ~ -
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- i e =
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NN pcl S
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. ¢ A N & ~3 DN
Position 27 _» ¥ i L4
Mmy1 i My
[Pty
Position 1 -
My1 My

Figure 8. Five position of platform solar panel

Figure 9 shows how the experiment was set up to compare how much power the proposed
method and the fixed panel method produced. Table 5 shows the mechanical and electrical
parts that were used in the experimental study.

Figure 10 and Table 6 show that the control system has some control devices and
measuring tools. The 12-volt water pump working voltage is supplied directly from the battery.
The fluid flow was regulated using a water pump and a solenoid valve working simultaneously
and was active every 2 hours for 10 seconds. When the water pump and solenoid valve were
active, water would flow from reservoir one to reservoir two. The measurement instrument
used a data logger system with a working voltage of 5 volts supplied from the battery and used
a buck converter to reduce the voltage to 5V.

Figure 9. Experimental setup with an additional mass controller

Journal of Sustainable Development of Energy, Water and Environment Systems 10
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Table 5. Components of additional mass controller

No. Component

1 Solar panels

2 Water pump

3 PVC pipe

4 Digital protractor
5

6

Spring
Controller and measuring instrument box

Figure 10. Water pump control and measurement instruments

Table 6. Components of control devices and measuring instruments

No. Component

Power supply terminals
Arduino mega

Current sensor

Voltage sensor

BTS drivers

LCD

On-off switch

NN N R W

RESULTS AND DISCUSSION

A simulation study intended to determine the effect of water flow on the response of
orientation angle. The simulation used some water mass differences (Am) between reservoirs
1 and 2. Table 7 shows the parameter data for the simulation. The value of J consists of the
solar platform’s inertia moment and the reservoir’s additional inertia moment. The inertia
moment from the reservoir system is calculated from the difference in mass values between
two reservoirs that changes due to the water flow from each reservoir. The value of the damping
ratio (&) is given by low damping, medium damping and high damping. The value of 7 (s) was
the time required for water to flow from reservoir one to reservoir two. The simulation results
obtained without external disturbance from wind pressure are shown in Figure 11.

Journal of Sustainable Development of Energy, Water and Environment Systems 11



Table 7. Simulation parameter value

No.  Parameter Value Unit Explanation
1 J 1.21 kgm? variable
2 & 0.05, 0.5, 0.85 - variable
3 k. 10.45 Nm/rad constant
4 Am 0.69, 0.45 kg variable
5 t 10,7.5,5 S variable
6 Tw 0.132, 0.264 Nm variable
7 0.5x 0.525 m constant

‘Time (sec) Time (sec)

(a) Am = 0.69 kg, &= 0.85 (b) Am = 0.69 kg, & 0.5

(c) Am=0.69 kg, & 0.05 (d) Am=0.45kg, & 0.85

eeeeeeeee

(e) Am=0.45kg, £&= 0.5 (f) Am = 0.45 kg, &= 0.05

Figure 11. Orientation and response of the system without external disturbances for variations in
the value of g (I/s), k= 10.45 Nm/rad

The simulation results in Figure 11, it show that the value of Am influenced the platform’s
orientation, the steady-state orientation for Am = 0.69 kg is 18.86°, 0.45 kg is 11.83° as shown in
Table 8. Variations in the ¢ value of 10s, 7.5 s, and 5 s had the main effect on water flow compared
to changes in water mass. The relationship between water flow and the percentage of overshoot
was linear. Variations in water flow ¢ of 0.09 I/s, 0.06 1/s, 0.045 1/s provide different system
responses. Water flow g of 0.045 1/s is the best water flow to avoid excessive oscillation due to
changes in the value of Am. The value of £ = 0.85, as the best damping ratio in this simulation,
could reduce oscillations due to water flow changes. Maximum overshoot always occurred at the
initial peak of the oscillation while the highest percentage value of overshoot happened at the
value of €= 0.05.

Table 8. Simulation result system inclination

Am (kg)
069 045 0  -0.45 -0.69
Orientation (°) 18.62 11.83 0 11.83 18.62




The simulation with a wind pressure disturbance as an external disturbance was carried out
by first determining the external torque value caused by the wind force that occurs on the
platform. The external force and torque value were calculated using eq. (14) and eq. (17). Eq.
(16) is used as the equation of motion of the system. The system’s response to changes in the
value of additional mass and external disturbances is shown in Figures 12 and 13.

Orientation (degree)

Time (sec)

(a) Am = 0.69 kg, &= 0.85

(degree)

Orientation
or

Time (sec) Time (sec)

(c) Am=0.69 kg, &= 0.05 (d) Am=0.45kg, & 0.85

jon (degree)

Time (sec) Time (sec)

() Am = 0.45 kg, €= 0.5 (f) Am = 0.45 kg, &= 0.05

Figure 12. Orientation and response of the system with external disturbance conditions 7, = 0.132
Nm, for variations in the value of ¢ (I/s), k- = 10.45 Nm/rad

(degree)

Orientation (degree)

Time (sec)

(a) Am = 0.69 kg, &= 0.85

PN
I\

(degree)

Orientation
or

Time (sec) Ti )

(c) Am = 0.69 kg, &= 0.05 (d) Am = 0.45 kg, & 0.85

Orientation (degree)

Time (sec) Time (sec)

(e) Am = 0.45 kg, £&= 0.5 (f) Am = 0.45 kg, &= 0.05

Figure 13. System orientation and response to external disturbance conditions 7, = 0.264 Nm, for
variations in the value of g (I/s), k. = 10.45 Nm/rad
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Figures 12 and 13 show that external disturbances only affect the maximum overshoot
value, but did not significantly affect the response value at steady-state conditions. The
maximum overshoot value when an external disturbance was not always at the initial peak of
the oscillation. The orientation angle at steady state conditions with and without external
disturbances was the same and this indicated that the given k: value could maintain the desired
orientation angle. Value £ = 0.85, in this simulation, could reduce the percentage of overshoot
for different values of 7w and Am.

The test results show that the maximum orientation of the solar panel platform system was
20.74° in the east and 20.76° in the west. The orientation of each Am is shown in Table 9.

Table 9. Inclination and direction of experimental solar panel platform

Position
1 2 3 4 5
Am (kg) 0.69 0.45 0 -0.45 -0.69
Degree 20.74° 11.08° 0.16° 10.02° 20.76°
Direction east east east west west

Figure 14 shows how the simulation and experiment both led to the same orientation for
the solar panels. It can be seen that the orientation angles obtained in the simulation and
experiment have a difference of <10% or an average of 8.9%. These results indicate that, an
external disturbances like wind load and mass differences do not significantly affect the steady-
state response of solar panels. In detail, the orientation changes in Table 9 which are not
precise between east and west orientations show limitations system.

25 1~
o 20
I
&
T 15
c
Rel
w 10
1S
@
S 5

0

0.69 0.45 0.00 -0.45 -0.69
Am (kg)
M Experimental  HSimulation

Figure 14. Comparison of the inclination

The results of the measurement of the power obtained during the measurement period are
shown in Figure 15. Based on the measurement results of testing the water mass control
system on the orientation control, a significant increase in output power was obtained compared
to the fixed system in the measurement period, which is 21.56%. This value was excellent
compared to some references. Generally, the power generated using a single-axis tracker
compared to a fixed system was around 12%-20%.

Journal of Sustainable Development of Energy, Water and Environment Systems 14
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Figure 15. Power measurement result

The energy consumption of the actuator in this study was important as an indicator of the
performance of the solar panel platform orientation system, as shown in Table 10. The amount
of energy consumed by the DC motor as a water pump during the operating period was 1.78
Wh or 0.79% for the ratio of Am to platform weight = 8.85% and &: = 10.45 Nm/rad. Based on
several references, the actuator energy consumption for controlling the orientation of solar
panels was generally 2% - 3%. The use of water weight control in this system shows that
changing the orientation of the solar panels required the energy consumption of the DC motor
as a water pump to be minimal compared to the power generated by the solar panel platform.

Table 10. Water pump power when operating

Position
1-2 2.3 34 45 5-1
Pump power 1 (W) 281 279 272 2.73 -

Pump power 2 (W) - - - - 3.29
Time (s) 10 10 10 10 40
CONCLUSION

This study used a semi-active control system consisting of a variable mass system and a
torsion spring. The system offered a low-speed orientation control mechanism with a variable
mass control technique. Variable mass is obtained by moving water from one reservoir to
another on the left and right sides of the solar panel using an electric pump and a solenoid valve
as a regulator of the flow direction. For the ratios of Am to platform weight = 8.85% and k; =
10.45 Nm/rad, the test results without external disturbances show that the maximum inclination
of the system that has been made is 20.74° when heading east, and when heading west is 20.76°.
In contrast, the maximum inclination from the simulation results is 18.62°, for k== 10.45
Nm/rad. The difference between the experimental and simulation results was < 10%.

Based on the simulation results, changes in water flow were the main factors for the
emergence of oscillations, while Am had no significant effect on the occurrence of oscillations.
In general, external disturbances only affected the maximum overshoot, not the steady state.
The maximum overshoot during external disturbances only sometimes occurred at the initial
peak of the oscillation. The orientation of the solar panel platform at a steady state is not
affected by external disturbances. The enormous overshoot value in the event of an external
disturbance also indicates that a lighter system is more easily excited.
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Based on the test, the increase in output power produced was quite large compared to the
fixed system during the measurement period, which was 21.56%. On the other hand, the
amount of energy consumed by the water pump as an actuator during the operating period was
tiny, namely 1.78 Wh or 0.79%. The findings of this test reveal that a variable mass system-
based solar panel orientation system had a convincing performance in terms of the enhanced
power generated and energy consumed during the measurement time.

In the future work, this platform orientation control can be developed as a low-speed
orientation control using an additional mass position change mechanism. In the framework of
economic studies of platform orientation control systems and optimization studies of two
crucial factors, namely the energy provided by solar panels relative to the energy utilized by
actuators, the next intriguing study can be conducted.
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