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Article Info Abstract
Received: 5 May 2025 The TiunglLap drone, developed to address the high risks and
Accepted: 30 November 2025 inefficiencies associated with traditional high-rise window cleaning,

Available online: 31 December 2025 integrates a tethered high-pressure washer system to improve safety
and operational time. The drone features advanced GPS navigation,
real-time monitoring, and LiDAR-based obstacle avoidance for precise

Keywords cleaning in complex environments. The objective of this study was to
UAV, window cleaning, high-rise optimize the thrust, power consumption, and control stability of the
building, thrust analysis, power drone during cleaning operations. Utilizing four X9 motors, the drone
analysis, PID tuning achieved a maximum thrust of 21.23 kgf per motor, ensuring sufficient

lift to handle its 22 kg payload. Power analysis revealed the motors
consumed 4790.2W each, contributing to a total system power
consumption of 7421.25W. A key challenge was stabilizing the drone
under the influence of external forces from the tethered hose, which
was addressed through manual tuning of the PID controller. This tuning
reduced roll error by 94.9% and pitch error by 87.8%, significantly
improving drone stability. Future research should focus on enhancing
flight endurance and further optimizing control algorithms to handle
external forces more effectively.

1. Introduction

With the relentless progress of modern technology, researchers are increasingly focused on exploring innovative
solutions to either replace human labor or enhance human tasks while minimizing associated risks [1]. Among
these advancements, the application of technology to high-risk activities, such as cleaning windows on towering
skyscrapers, not only mitigates potential harm to human workers but also streamlines the task’s efficiency [2].

The traditional techniques to maintain these glass structures are not only time consuming and costly but also
endanger the lives of workers responsible for maintaining them. For instance, Merdeka 118 is a 118-storey,
678.9m -tall mega skyscraper in Kuala Lumpur, Malaysia that require a team of window cleaners from VerticalPro
Sdn. Bhd. labor to ensure the building’s pristine appearance [3].
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1.1 Window Cleaning: Modern vs Traditional Method

Advancements in autonomous technology have led to the development of various solutions for efficiently and
safely cleaning windows of high-rise buildings. A significant milestone in window cleaning robots is the
introduction of the first commercialization known as WINDORO [4]. Other notable robots in the market include
Winbot by Ecovas and Artdog S8 by HUTT [6][7]. These robots are designed lightweight and compact, which aids
in their movement across windows and helps in cost reduction. Unfortunately, these models are typically more
suitable for household use rather than high building window cleaning. However, Safe Building Cleaning Robot like
K3 and J1 by X-Human are small, wall embedded and come with a substantial price tag [7]. The technology
regarding window-cleaning robots is continually advancing to address the limitations of current solutions.

A glass curtain wall cleaning robot, equipped with 4 propellers, used to clean window frames with surface
groove heights of less than 4cm. It navigates by flexing its roller brush and two scrapers for cleaning method.
However, if the surface frame's height surpasses 4cm, the propellers produce a force that pushes the robot away
from the wall until it clears the groove height, enabling it to resume its movement along tracked line[8]. Taking
advantage of the robot's simple and practical design, alternative solutions employed tracked locomotion
mechanisms [2]. GEKKO by SERBOT implements a pair of flat tracks to surmount obstacles measuring 4cm in
height and can obtain a cleaning speed of 400 m”2 /h [9]. Despite that, this approach results in slower motion and
reduced turning ability, thereby decreasing its overall flexibility in multi-axis movement

The drone innovation aims to identify the optimal parameters for the cleaning operation using the UTHM
cleaning drone, integrating a high-pressure spraying mechanism into the drone for effective high-rise building
cleaning tasks, and evaluating the performance of the spraying system to ensure it achieves satisfactory
cleanliness levels during these operations. Unmanned Aerial Vehicles (UAVs) are frequently utilized for non-
contact tasks such as surveillance, reconnaissance, and hazard exploration. UAV is common for applications like
automated window cleaning, where the drones operate using Radio Frequency (RF) signals to clean glass
surfaces[10]. The cleaning mode activates when the drone contacts the window, and the drone's motion is
controlled by RF signals [11].

However, releasing the cleaning mechanism destabilizes the system due to altered drone’s inertial dynamics.
Suction cups for drone adhesion onto glass surfaces are used to mitigate this positional constraint. Meanwhile in
power line cleaning, UAV implements an insulator detection and tracking algorithm to control its operations
[12][13]. Plus, an autonomous system is used for drone landing on a charging pad also enables the refilling of the
cleaning tank to cover larger cleaning areas [14]. While using UAVs for cleaning tasks is beneficial, a significant
drawback is their limited endurance and short operational time, which reduces cleaning efficiency. With tethered
spraying systems will resolve the main challenges discussed in previous work including stability and speed of
motion, cleaning performance and flight endurance.

2. Drone Ecosystem Setup

2.1 Drone Feature

After conducting thorough research on contemporary skyscrapers window cleaning robots and drones, TiungLap
distinguishes itself through 3 features including a tethered cleaning and powering system, real-time monitoring
capabilities, and the utilization of robust cleaning equipment.

The tethered design of TiungLap in Fig. 1 focuses on leveraging the Karcher High-pressure washer HDS 6/14
C to supply heated solutions, either water or cleaning solution, and pressure up to 120 Bar [15]. This system not
only enhances cleaning efficiency but also eliminates the need for onboard tanks, thus reducing the drone's weight.
The drone employs a hybrid power system, utilizing LiPo battery and DC generator from the EV under carriage,
allowing for prolonged cleaning operations and increased flight endurance until the DC generator cut off. This
setup mitigates potential safety risks associated with cable entanglement during the drone’s cleaning operations
while maintaining optimal performance due to flexibility of pressurized hose.

Real-time monitoring is a key feature in TiungLap, facilitating the effective supervision of the drone’s cleaning
process by the operator. The drone will be controlled remotely using RF through software-controlled instructions
in their embedded systems, working alongside onboard sensors and Global Positioning System (GPS). This allows
for comprehensive remote control of the drone ensuring safety of the operator and efficient execution of window
cleaning tasks.
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(b)
Fig. 1 Tethered pressurised hose (a) solar panel cleaning; and (b) facade building cleaning

The primary task of TiungLap is to ensure thorough cleaning of skyscraper windows. Therefore, the drone is
equipped with specialized cleaning materials and tools that meet safety, weight distribution, power system, and
stability constraints. TiungLap employs a grounded pressure washer with an onboard spraying wand, allowing
the drone motors to exert only necessary thrust and pressure to remove dirt from windows while maintaining a
safe distance from water splashes which will affect electronic circuits. The pressure washer's adjustable pressures
and temperatures offer versatile cleaning power for different high-rise building structures due to head loss.
Additionally, TiungLap integrates a LiDAR system for obstacle avoidance to ensure safe distances and optimal
distance for enhancement of cleaning performance.

2.2 Drone Architecture

The TiungLap drone is designed for efficient cleaning of skyscraper windows, with various onboard components
working together as in Fig. 2. The Flight Controller (FC) acts as the central processor, managing all components
based on commands from the Remote Controller (RC). The obstacle avoidance system is critical for the safe
operation of the TiungLap drone. It utilizes an omnidirectional LiDAR sensor to scan the environment and detect
obstacles in real time. This information is fed into the flight controller, enabling the drone to navigate around
obstacles and maintain a safe distance from the building surface[4]. This capability is vital for preventing collisions
and ensuring the drone’s stability during cleaning operations.
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Fig. 2 TiungLap architectural block diagram
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The TiungLap drone’s cleaning system includes a ground pressure washer and a gun trigger servo. The
pressure washer supplies the necessary cleaning solution and pressure to remove dirt and grime from building
windows. The gun trigger servo controls the activation and flow of the cleaning solution based on commands
received from the FC. This setup allows the drone to apply the appropriate amount of cleaning force, ensuring
effective cleaning without damaging the windows or the drone.

For precise navigation, the TiungLap drone relies on a GPS and RTK-GNSS provides basic global positioning
data within meter, while RTK-GNSS significantly enhances this accuracy within centimeter [5]. The RTK-GNSS
setup includes a Rover-Drone that injects corrected GPS count into the FC, and a Base station that communicates
with satellites to receive correction data. This ensures that the GPS data collected by the drone is highly accurate,
enabling precise positioning and navigation during proximity cleaning tasks. The TiungLap drone is equipped with
a video transmission system for real-time monitoring of the cleaning operations. The camera will capture live
footage, which is sent to the ground station, allowing operators to oversee and adjust the process as needed. This
system ensures thorough cleaning, precise positioning, and safe operation.

2.3 Onboard Integration Setup

Onboard Component: Pixhawk 4 is used as the Flight Controller to control signal throughout the system. X9
Motor is used to create a thrust of 21Kgf each which consists of 4 motors controlled by each arm’s 150A Electronic
Speed Controller (ESC).X9 Motor is built in with its own ESC and connected to PDB HolyBro PMO07. From the PDB
the 2 outsource Power 1 and Power 2 wire will supply power to Pixhawk 4. The FMU and I/0 PWM cable will
transfer data to control all X9 motors.

Structural Chassis: TiungLap is implement using a quadcopter drone with a large carrying capacity up to 22
Kg[6]. All 4 arms and framework are made from carbon fiber that makes it a very lightweight option with high
structural stability and strength [17][18].

Remote Controlling System: ELRS is connected via GPS RX-TX in Pixhawk 4 Port. ELRS is renowned for its
long-range capabilities, allowing to control of TiungLap over 2Km distances using 25mW HappyModel EP2 [9]
which reliable for window cleaning accessibility since the highest skyscraper only. 828m (2717 ft) [10].
Meanwhile, the transmitter from RadioMaster TX12 helps to control multiple servos output up to 16 channel
availability.

Global Positioning System: In RTK-GNSS System, satellite facilitates communication between the Base station
(Emlid RS2) and Rover-Drone (Emlid M2), allowing the Base station to receive correction data from the satellites
and transmit it to the Rover-Drone [21][22].For Primary GPS, TiunglLap equipped with Here3 GPS which is
connected to CAN1 while Emlid M2 at TELEM2 port.

Obstacle Avoidance System: The detection from the omnidirectional lidar assists the TiungLap operates in
proximity high building distancing [12]. As mentioned in Fig. 3, RPLidar A2 is chosen due to the minimum distance
as near as 5 cm and as further as 40m range of detection [13]. RPLidar A2 is connected via pin UART i2c to utilize
the RX-TX communication protocol.
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Fig. 3 TiungLap electrical diagram assembly
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2.4 Grounded Integration Setup

2.4.1 Solution Supply system

The drone consumes 240L/Hr at 30 Bar and 560L/Hr at 120 Bar depending on what type of dirt and surrounding
building that deal which purposedly design to supply infinite power and unlimited water supply to shorten high
rise building cleaning task. Since TiungLap is developed within the area of UTHM, the targeted building of Tunku
Tun Aminah Library is covered with glass material which can endure up to 7 GPa[28][29]. The ideal pressure
ranging for dirt cleaning is from 50kPa up to 2 Bar [30][31] and temperature of 40°C to 80°C [32][33] which tally
with the Karcher HDS pressure washer specifications

2.4.2 Power Supply system

Power Supply System used to maintain full portability of the drone, the battery Herewin 22,000 mAh, 2.74 Kg LiPo
is deployed on TiungLap[20]. The battery capacity is what mainly decides the flight time, nevertheless, the higher
that battery capacity the more the weight. This cell would last TiungLap 15-20 operational minutes. TiungLap
drone is powered with a pair of 6S LiPo battery which a total rated of 44.4 - 50.4V [21] voltage supplied
throughout the drone by distributing via HolyBro PM07.

Power consumption will provide insight into the endurance of the drone, and the power required to perform
effective cleaning processes. TiungLap has 2 packs of batteries powering the entire system. Both are crucial for
supplying the onboard while DC-DC Buck Converter used to power Karcher HDS 6/12. Power consumption of
TiungLap were calculated using the simple power equation as follows, where P is power consumed (W), I is
current flowing in the component(A), and V is potential difference of the component in(V). The hovering power
consumed by each component is shown in Equation 1.

P=1xV (1)

Uninterruptible Power Supply (UPS) carriage supplies a continuous voltage of 50.4V from the DC-DC buck
Converter modified beneath the carriage cart. Thus, there is no need to land UAV for battery replacement which
can increase operational time[22].

3. Methodology

3.1 Flight Tuning Setup

The tensioner should be kept the cable tighten enough for safety purpose to stabilize the drone without overly
restricting its movement as Fig. 4. During initial adjustments, we start with a low altitude to ensure safety. When
oscillations start, we avoid making large or sudden stick inputs. Reduce the throttle smoothly to land the aircraft
while using very slow and small roll and pitch inputs to control the aircraft position.

Value of Derivative (D) Term is used to smooth out the drone’s response, reducing overshoot and quick
corrections. Increasing (D) value helps dampen oscillations caused by the (P) adjustment. However, excessive (D)
can result in sluggish drone movements. Proportional (P) Term gradual increases will enhance the drone’s
reaction to positional errors. The (P) was increased until the drone begins to oscillate or "bounce" as it corrects
itself to slowly fine the optimal reduced value. Integral (I) Term is adjusted to correct any long-term drift or
steady-state errors. Increasing the (I) value gradually ensures the drone maintains its position over time.
Proportional value is directly proportional to Integral value. When, [ value too high can cause the drone to oscillate
slowly back and forth[23].

In Mission Planner, perform manual tuning useful to ensure aircraft is stable and confirm that
ATC_THR _MIX_MAN and MOT_THST_HOVER are set correctly before flying. If the aircraft already shows
oscillations, reduce the (P), (D), and (I) term by 50% until stability is regained. Start by increasing the (D) term in
50% steps until oscillations occur, then reduce it in 10% steps until the oscillation stops. Finally, lower the (D)
term by an additional 25%. Next, follow the same process with the (P) term: increase it by 50% increments until
oscillation occurs, then reduce it in 10% steps until it stabilizes. Afterward, reduce the P term by a further 25%.
Once you adjust the P term, set the (I) term to match the P term

After tuning each component, fine-tuning the PID values crucial to improve flight performance and maintain
stability as the drone handles the exerted forces[24]. TiungLap is tested at different altitudes and positions to
ensure it behaves consistently in all situations[25]. Testing with the pressurized hose connected simulates various
load conditions, revealing how the current PID settings perform under different pressures and directions.
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Fig. 4 Drone flight testing rig

3.2 Motor Thrust Simulation

When simulating the Hobbywing X9 motor's performance using Scorpion Calc, the motor’s specific characteristics
from its datasheet come into play, helping to create an accurate model of how it will function in a drone setup. The
Hobbywing X9 is a high-performance motor typically used for heavy-lift drones. Some key features of the X9 motor
include its KV rating of 110KV, which indicates that for every volt supplied, the motor will spin at 110 RPM under
no load. This high KV value means the motor is optimized for quick rotational speeds, making it suitable for larger
propellers, which the X9 is often paired with. The motor has a no-load current (Io) of around 2.3A, which is the
current the motor consumes when it spins without any load. The motor resistance (Rm) is typically around 0.031
ohms, a value that reflects the internal resistance of the winding and affects both efficiency and heat generation.
The weight of the X9 motor is approximately 1400g, a substantial weight that contributes to a lower power-to-
weight ratio but provides the torque needed for lifting heavier loads.

In Scorpion Calc layout as Fig. 5, once these values are input, the tool calculates the motor’s performance
under different conditions. For instance, with a 46V LiPo battery (12S), the motor’s power consumption and thrust
production can be simulated. With X9's maximum peak current of 150A from its ESC, the motor can draw
significant power, efficiently converting much of it into thrust. By pairing the X9 with a 34.7” diameter with 11”
pitch propeller a strong thrust generation is expected. The 2-bladed propeller setup complements the motor’s
high-torque capability, allowing the drone to carry heavy loads while maintaining stable flight. Additionally, the
software evaluates power loss due to heat and inefficiencies. For instance, in Fig. 5, a value of 1.341W/g for
dissipated power indicates some energy loss, a factor that needs to be managed during operation.
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4. Performance Analysis

4.1 Power Analysis

TiungLap has a Maximum Take Off Mass (MTOM) of 22 kg which is supported by 4 motors [6]. Based on Table 1,
the drone's theoretical weight is 13,658.5g which is well within half the thrust from the 110kV X9 motor datasheet.
Table 1 includes an analysis of both external and onboard systems that exclude the pressure washer as part of the
payload. The drone can lift to 20 kg of payload, which is more than enough to handle its total weight ensuring it to
not stall.

Table 1 outlines the power consumption of various components in the TiunglLap system, split between
onboard drone components and grounded equipment. Key onboard elements like the drone chassis and spray
lance does not consume power directly, but their weight affects overall power requirements. The X9 motors are
the largest power consumers onboard, using 4790.4 W due to the energy needed for flight and maneuvre as
motors are generally power-intensive. Other components, like the GPS and flight controller, consume minimal
power as they only handle signal and control tasks.

Table 1 TiungLap component idling power consumptions

Component Weight (g) Classification Power (W)
Drone Chassis 6000.0 NA
Karcher 2m Spray Lance 1400.0 NA
X9motor 110kv [18][37] 5800.0 4790.4
GPS Here3 48.8 0.800
Pixhawk 4 49.0 0.049
RPLidar A2 190.0 Onboard Setup 3.000
Telemetry HolyBro Sik 22.7 0.500
Mg995 Servo 77.0 7.500
Emlid M2 35.0 1.500
Lora Radio 35.0 1.000
TOTAL TAKE OFF WEIGHT 13657.5 TOTAL TAKE OFF POWER 4804.749
Karcher HDS 6/12c 115600.0 Grounded Setup 3000.000
TOTAL SETUP WEIGHT 142,915.00 TOTAL POWER 7421.249

Moderate power-consuming components include GPS Module that needs 2.3W to scan satellite correction for
precision positioning and LoRa radio which requires 1W for long-range communication. Servos and the RPLidar
A2 consume more energy due to their mechanical functions and torque requirements due to spinning mechanism.
The total take-off power for all onboard components is around 4804.75 W indicate that motors and mechanical
component drive the bulk of energy use for the airborne setup.

For grounded components, the Karcher HDS 6/12C, a heavy-duty machine weighing 115.6kg consumes 3kW
contributing significantly to total system power. The total power for the entire system, combining both airborne
and grounded components, is 7421.249 W. The high-power consumption stems primarily from motors,
mechanical parts like servos, and the weight of onboard and grounded equipment, which demand more energy to
function effectively.

4.2 Thrust Analysis

The theoretical performance analysis was simulated with Scorpion Calc to measure the motor performance
benchmarking. The X9 motor achieved a torque of 11.63 Nm of torque with a 34-inch polymer propeller indicating
rotational force required to keep the propeller spinning under load. The output power from Scorpion Calc show
4790.2W for each motor which as average as X9 motor datasheet stated in Table 1 which 4790W. Scorpion Calc
determines the efficiency of the motor-propeller combination by calculating the thrust produced, which in this
case is approximately 3.18 grams per watt of input power.

The motor speed at Wide Open Throttle (WOT) is 3933 RPM as shown in Fig. 6. This speed indicates speed
the motor shaft is rotating when operating at maximum throttle. Since the propeller is directly connected to the
motor, it spins at the same speed. This synchronized rotation ensures that the propeller delivers consistent
performance. Pitch speed was simulated at 18.3 m/s using the propeller’s pitch and rotational speed.
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Determination of the potential maximum speed of an aircraft is a crucial factor before flying. A higher pitch speed
usually indicates better performance in forward flight but may require more power.

Static thrust is the force generated by the propeller when the aircraft is not moving. In this case, the static
thrust is 21.23 kgf whereby each motor theoretically can lift up to 21Kg equivalent to 208.195N. The motor
operates with an efficiency of 81.4%, meaning that 81.4% of the electrical power is converted into mechanical
power to drive the propeller. The input power to the motor is 6,458 watts, but only 4.159.5 kW are used for
propulsion, with the rest lost as heat and other inefficiencies. This efficiency is crucial for determining how
effectively the motor uses energy, impacting the flight time and performance.

Fig. 7 shows the performance of Hobbywing X9 110kV motor, focusing on its efficiency (Eta%) and relative
RPM as current increases. The red curves represent motor's efficiency at elevated temperature while black curves
show motor efficiency at ambient temperatures (30°C) and purple dotted line shows the relative RPM.

Both efficiency curves peak around 80% at 100-1504, with the ambient temperature curve slightly higher. As
the current increases, the motor's efficiency rises quickly at first, reaching a peak before gradually declining. At
plotted circle, the efficiency is 75.5% when accounting for temperature rise as shown in Fig. 10. This means that
the with 34” propeller on X9 motor operates most efficiently at 144.94A current. After this point, efficiency drops
because more of the electrical power is lost as heat and other inefficiencies.
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Fig. 7 Efficiency (1) vs. current (A)

Fig. 7 shows that the small circle on this graph indicates the actual power output at the currentlevel the motor
experiences when the 34” propeller is attached. The red trend indicates the output power for arise temperature
and the green represent output power at ambient temperature. More electrical power is converted into
mechanical power as more current is supplied to the motor.

Penerbit
UTHM



177 Int. Journal of Integrated Engineering Vol. 17 No. 8 (2025) p. 169-180

Based on the Fig. 8 trend, output power of the motor increases steadily as the current increases. Since Power
Input at particular current is 6668.3 and output power is 4790.2W, the power losses during WOT is 28.16%.

As the current increases, the motor's rotational speed (RPM) decreases. This happens because higher current
indicates a higher load, which causes the motor to slow down. Fig. 9 small circle represents the maximum motor's
speed under 144.94A current drawn.

The motor's temperature rises as the current increases. This is because more current leads to more heat
generation due to power losses within the motor. The small circle on the graph marks the temperature of the
motor at the operating current level with the propeller attached, highlighting the importance of managing heat at
higher currents.

Fig. 10 illustrates important trade-offs in motor performance. As current increases, efficiency initially rises
but then begins to fall, especially at higher temperatures. This highlights ESC needs an effective cooling,
particularly when operating at higher currents. Meanwhile, the relative RPM gradually decreases as current
increases, showing the motor's speed drops under heavier loads. Overall, this data helps in finding the optimal
operating point that balances power output with efficiency and heat management.

4.3 Thrust Analysis

Forall P, I and D terms, method of adjustment was the same as shown in Table 2. First, Increase PID value in steps
of 50% until oscillation is observed. The value reduces gradually in steps of 10% until the oscillation disappears
and finally reduce the by a further 25% for slight adjustments.

Table 2 PID manual tuning

Roll Pitch Yaw
P I D P I D P I D
Initial 0.135 0.135 0.00237 0.135 0.135 0.00360 0.18 0.018 Default
Final 0.069 0.069 0.00243 0.062 0.062 0.00369 0.18 0.018 Default

In Fig. 11 and Fig. 12, show the comparison of pitch and roll for TiungLap before and after tuning. The drone's
behavior appears to oscillate, due to the influence of attached pressurized hose. Logically, flow-induced forces
from flexible hose can destabilize a quadrotor during fluid ejection, necessitating a combined feedforward-
feedback control strategy that can improve stability by over 61%[27]. The hose causes external forces and
constraints, making the drone harder to maintain stability and match its desired roll accurately, especially in
dynamic flight condition[24][28].

Comparison of Desired Roll, Roll, and Roll Error Comparison of Desired Roll, Roll, and Roll Error
5 I 8 . . . " :
L
Desired Roll Desired Roll
Actual Roll Actual Roll
4t Tracking Error | 1 61 Tracking Error |

o il | ©
30 i< | |3 (1"
= ‘R = bl i 11 ]
I
2 |
i
-5 K
0 2 4 [ 8 10 12 0 2 4 [ 8 10 12
Time (ms) w10% Time (ms) w104
(a) (b)

Fig. 11 (a) Roll vs desired roll before tuning & (b) Roll vs desired roll after tuning
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Fig. 12 (a) Pitch vs desired pitch before tuning & (b) Pitch vs desired pitch after tuning

Fig. 12 show the green line tends to close the gap near to red and blue lines. It is due to the average error pitch
before and after tuning is 0.257574 and 0.01298 respectively. Similarly, for pitch, the average error decreased by
87.8%, with P and I value adjusted from 0.135 to 0.062. This resulted in reduced oscillations and better alignment
between the desired and actual pitch values, improving stability when the drone is counteracting the lateral force
from the pressurized hose.

5. Conclusion

The TiungLap drone, developed by UTHM, is designed to safely and efficiently clean high-rise building windows.
Traditional window-cleaning methods are risky and slow, especially for skyscrapers. TiungLap solves this by using
a tethered system that provides continuous water or cleaning solutions, allowing the drone to stay lightweight
and operate for longer periods. The drone's advanced features, like real-time monitoring, precise GPS navigation,
and obstacle detection, help it clean buildings accurately and safely. TiungLap is specifically designed to clean
large glass surfaces on tall buildings, making it more effective than smaller cleaning robots typically used for
homes. By using TiungLap, the need for human workers in dangerous conditions is reduced, and the cleaning
process becomes faster and more efficient, offering a modern solution for maintaining skyscrapers.

The TiungLap drone was developed to address the specific challenges associated with cleaning high-rise
building windows, particularly focusing on safety, operational efficiency, and cleaning precision. The objective of
optimizing thrust power consumption and control stability during cleaning operations was successfully achieved
through several key advancements. The quadcopter system, utilizing four X9 motors, demonstrated a maximum
thrust of 21.23 kgf per motor, ensuring it could lift the 22 kg payload effectively. Additionally, the power analysis
revealed an overall system power consumption of 7421.25W, which allowed for consistent and sustained
operation during cleaning tasks. The drone's stability was a significant challenge due to the external forces from
the tethered hose. However, through manual tuning of the PID controller, the roll error was reduced by 94.9% and
the pitch error by 87.8%, resulting in significantly improved stability during operation. These performance
improvements highlight the drone’s ability to maintain control and precision in challenging environments.

In summary, TiungLap meets the initial objectives by offering a reliable, efficient, and safer alternative for
high-rise window cleaning. While its performance in thrust and stability optimization is promising, further
enhancements, such as extending flight endurance and refining control algorithms for managing external forces,
remain essential for future iterations. Future research could focus on improving the drone’s stability when
handling external forces, like the pressure from the tethered cleaning system. Additionally, refining its power
supply for longer operational times and enhancing its obstacle detection capabilities can make it even more
reliable in complex environments. Exploring lighter materials or more efficient propulsion systems could also help
reduce energy consumption, making the drone more effective for larger-scale operations. Addressing these areas
will push TiunglLap closer to becoming a widely adopted, fully autonomous cleaning solution for high-rise
buildings
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