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Abstract

Currently, the power system and control module of disinfection robots have low coupling, resulting in
shortcomings in energy efficiency and reliability. Therefore, this paper proposes an embedded integrated
control system based on an ARM controller. First, system-level indicators such as overall weight, battery
life, speed, and dosage are given, and a unified DC bus and multi-level DC/DC topology are designed.
Then, a power-control integrated hardware architecture and an RTOS real-time software platform are
formed to achieve coordination between motion control, power management, and disinfection execution.
Furthermore, a differential motion control algorithm and a dosage constraint strategy are designed.
Experimental results show that the system has high power efficiency, relatively stable temperature rise,
small trajectory tracking error, speed response that meets real-time requirements, uniform disinfection
coverage, and a high logarithmic kill rate under various operating conditions. Its robustness is verified
after long-term operation and fault injection tests.

Keywords Disinfection Robot; Embedded Control; Power System; ARM Controller; Trajectory
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1 Introduction

In recent years, the demand for efficient and stable environmental disinfection in public places has
risen rapidly, driving the growth of mobile disinfection robot applications. The existing research can be
summarized in time as follows: Hassan et al. proposed a hybrid prototype, focusing on multi-mode
collaboration to improve coverage efficiency [1]; Bratu et al. designed an autonomous UV-C robot,
focusing on UV disinfection efficiency and its dual safety mechanism [2]; Ma et al. developed a modular
UVC platform, but there is still some separation in power and control [3]; Cao et al. used a dual-function
robot with safety filtering to complete the collaborative work of path and protection, but this
collaboration relies on complex perception fusion [4]; Chio et al. used disinfection modeling to improve
the uniformity of navigation, but the system integration is not sufficient [5]; Zaman et al. gave a low-
cost solution, but its energy efficiency and power capability are lacking [6]; Byun et al. investigated the
effectiveness of combining UV-C with wiping in hospitals, but did not pay enough attention to energy
allocation under high load [7]; In addition, Sulistiyowati et al. proposed an IoT spraying robot [8];
Krejci et al. studied the embedded structure in IoT robots [9]; Vrochidou et al. demonstrated how
embedded fusion can enhance reliability in agricultural robots [10]. Current research has made some
progress in disinfection methods and safety guidance, but it is still constrained by factors such as
insufficient power-control coupling, low energy efficiency and poor immediacy. Therefore, it is
necessary to build a deep embedded fusion architecture with ARM as the core to improve energy
efficiency, response speed and safety. This paper proposes a highly integrated control system suitable
for indoor use, creates a unified power-control framework, and formulates disinfection strategies from
multiple sources. After experimental verification, the energy efficiency, control accuracy and
disinfection performance of the system have been improved.
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2 System Requirements Analysis and Overall Architecture

2.1  Definition of Power and Control Requirements

Indoor disinfection tasks impose limitations on robot quality, battery life, and mobility, requiring the
use of limited battery capacity to ensure a stable disinfectant dosage and achieve a certain coverage rate.
During this process, the system design phase must clearly define indicators such as overall robot weight,
rated operating time, maximum operating speed, maximum gradient, and minimum disinfectant dosage
per unit area, and these system-level constraints should be presented in Table 1 in the form of "target
value/acceptance limit".

Table 1. System-level design targets

Parameter Symbol | Target Value | Acceptance Limit Description
Robot mass m <60 kg <65kg Including battery and disinfectant
Endurance time - 20h 15h Continuous disinfection
Rated electrical power B 300 W 280 W Nominal cruise
Peak Electrical Power B 600 W 550 W Acc./slope
Maximum linear speed Vinax 1.0 m/s 0.8 m/s Corridor operation
Maximum slope O 8° 6° Ramp capability
Minimum disinfectant dose D 10 mL/m? 9 mL/m? Per pass
Coverage ratio — >95% >90% Within target area
Allowable DC bus voltage sag AU /U <10% <15% Under peak load

On the power side, the rated power of each subsystem and the mission endurance determine the lower
limit of the battery capacity. Considering the nominal DC bus voltage U, and the overall system

efficiency 7, , the battery capacity is estimated according to equation (1) to guide cell selection and

series/parallel configuration:

Pt
¢, - 2Lt (1)

nom sy

Where, C,, is the nominal capacity of the battery (Ah), P and is the i-th ... The rated power of each

at

subsystem (W) ¢, is the target range (h), U, the nominal voltage of the DC bus (V) 7, is the overall

efficiency of the machine (dimensionless).

2.2 Overall Structure and Functional Breakdown of the Disinfection Robot

The system adopts a unified DC bus and modular electromechanical architecture. The chassis
implements differential drive, the disinfection module includes spray and UVC functions, the sensing
module integrates LiDAR, depth camera and IMU, the communication module connects to the host
computer and cloud, and the ARM module is responsible for control and scheduling. The interfaces of
each unit are standardized, which facilitates maintenance and expansion. Figure 1 uses a three-layer
block diagram to show the signal and power flow between the chassis, drive, disinfection, sensing, HMI,
wireless and controller.
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Fig. 1. Overall mechatronic architecture of the disinfection robot

Bus power balancing is modeled according to equation (2), which equates the power demand of each
subsystem to the DC bus side, and is used to verify the power supply margin under different operating
conditions:

Ul
B =2~ 2)

i T]cunv
Where, is £,
of each subsystem I, is the i -th subsystem. The operating current (A) 7

conv

the total power on the DC bus side (W), U, and is the i-th ... The operating voltage (V)

us

of each subsystem is the

corresponding power conversion unit efficiency (dimensionless).

2.3  ARM-based Power-control Embedded Integrated Architecture

As shown in Figure 2, the system integrates the power and control modules on a multi-layer board,
and uses partitioning and isolation devices to achieve high and low voltage isolation; the 48V battery
generates 24V, 12V, and 5V through the main DC/DC converter and multiple Buck/Boost converters,
which respectively power the load and control and sensing units. The ARM completes drive
communication, power modulation, and status acquisition through CAN, PWM, and ADC/SPI/I?C;
emergency stop, overcurrent, and overtemperature are forcibly disconnected from the power path by
independent hardware links. The duty cycle of the main buck topology and the relationship between the
input and output voltage are shown in equation (3):

in (3)

Among them, D is the duty cycle of the main switching device (dimensionless), U,

n

is the input

voltage, i.e., the battery or the DC bus voltage of the previous stage (V), and is the U, target voltage on
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the output side (V).
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Fig. 2. Embedded power—control integration topology based on ARM
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3 Design and Implementation of Embedded Power System and Control
Module

3.1  Design of DC Bus and Power Conversion Unit

The DC bus voltage needs to be balanced between efficiency, loss, and withstand voltage. This
system uses 48V as the main bus to drive the motor and UVC unit, and generates 24V, 12V, and 5V
from the main DC/DC converter and multiple Buck/Boost converters to supply various loads. The main
DC/DC converter is rated at S00W, and its efficiency is optimized at approximately 70% load point to
ensure cruise cooling margin. The efficiency and loss of the conversion stage are modeled according to
Equation (4), and the loss distribution is obtained through [variable] P, , P , which is used for the

in 2 out

design of heat sink and copper foil width.

Lo
nconv = P ’ Boss = Pin _Bml (4)

n

Where 77

conv

is the power conversion efficiency (dimensionless), P, is the output power (W), P, is

ut

the input power (W), B, and is the power loss (W). The bus ripple is estimated by equation (5) and

used to determine the nominal capacity and ripple current level of the output filter capacitor to meet the
voltage ripple constraints of sensitive loads.

A U ~ I load

ripple
C
out f.‘s’w (5)

Here AU,

ripple °

the bus voltage ripple amplitude (V), I,

oad

the load current (A), C,
filter capacitor (F), f,, and the switching frequency (Hz) are given.

the output side

ut

3.2 ARM Control Module Hardware and Real-Time Software Platform

The control module uses an ARM Cortex-M microcontroller of approximately 200 MHz, which has a
built-in FPU and integrates various types of ADCs, PWM, CAN, Ethernet, and UART/SPI/I’C
interfaces. By using voltage division, current sampling, and isolation amplification, the reliability of
measurements in high-noise environments can be improved. The software relies on a lightweight RTOS
to schedule core tasks such as motion, power, disinfection, human-machine interaction, and
communication. The duration and load of the tasks are shown in Table 2. There are also some critical
interrupts involving encoders, faults, and emergency stop inputs, thus achieving the goal of rapid
response to abnormal conditions.

Table 2. Task set and CPU load of ARM controller

Task name Period / ms Avg.exec.time / s CPU load / % Priority (0 = lowest)
Motion control 5 80 8 4
Power Management 10 60 4 3
Disinfection control 20 70 35 3
Sensor Fusion 20 120 6 2
HMI & diagnostics 100 150 1.5 1
Communication stack 10 100 5 2
Background/maintenance 1000 200 <1 0
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3.3 Implementation of Motion Control Algorithm and Drive Interface

The chassis adopts a differential drive structure. The left and right drive wheels are driven by
independent motors. There is a specific relationship between the linear velocity (v)and angular velocity

and (w) the wheel speed (7) . This relationship can be expressed by equation (6). The controller

calculates the expected angular velocity of the left and right wheels according to the value specified by
the planning layer (v,®), and then achieves the following target through closed-loop control.

r
2 || @
|:wR :| ©

Where is v the robot linear velocity (m/s), @ is the robot angular velocity (rad/s), 7 is the radius of

1
R <
| I
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N~y N
~

the drive wheel (m), L is the center distance between the two drive wheels (m), @;~ @, and are the

angular velocities of the left and right wheels (rad/s), respectively. Speed control employs a discrete PID
algorithm to achieve precise adjustment of wheel speed. Equation (7) gives the discrete form of the

control law, and the error e(k) is obtained from the difference between the desired speed and the actual

speed:
u(k) =K e(k)+K, i}e(j)Ts +K, w @

Here, u(k) represents the control output at the i-th k sampling moment, and its unit is a
dimensionless quantity, such as the PWM duty cycle; e(k) represents the current speed error (unit: m/s);
e(k — 1) represents the speed error during the previous sampling period (unit: m/s);
K, K, K, represents the proportional, integral, and derivative coefficients respectively (must meet

the corresponding unit requirements); and 7 refers to the sampling duration (unit: s). The speed loop

runs with a 5-millisecond delay. The PID parameters are tuned through simulation and experiments to
balance bandwidth and steady-state accuracy. The PWM is output to the driver by the timer. The driver
has an internal current loop and an external speed loop, forming a nested control architecture.

3.4 Disinfection Process Control Strategies and Safety Interlocks

In spraying mode, the dose per unit area is determined by the flow rate, spraying duration, and
coverage area; the control strategy adjusts the pump speed or valve duty cycle in real time according to
the vehicle speed to keep the dose within the target range under different paths and speeds; the dose
model is shown in equation (8), which is used to calculate the flow rate from the target dose and correct
it online as the vehicle speed changes:

D= C'Q'l‘

y ®)

Where, D is the disinfectant dosage per unit area (mL/m?), C is the disinfectant concentration
(dimensionless or %), Q is the volumetric flow rate (mL/s), ¢ is the spraying time (s), A4 and is the

coverage area (m?). For safety, the system imposes inequality constraints on variables such as dosage,
speed, and obstacle distance, as shown in equation (9):

Dmin < D < Dmax >V < vmax 4 dobstacle 2 dsafe (9)

Here, D, and D, _ represent the lower and upper limits of the dosage (in mL/m?), respectively;

vrepresents the current vehicle speed (in m/s); Vv, is the maximum permissible vehicle speed (in m/s);

d

msacte 18 the distance from the robot to the nearest obstacle (in m); and d

o 15 the safety distance
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threshold (in m). Human body detection, emergency stop, and liquid level monitoring are accessed via
hardware interlocks and dual software channels. If any condition becomes abnormal, the disinfection
unit will stop and a braking operation will be performed. The safety threshold, after calibration, is stored
in non-volatile memory and is checked by power and safety task duration.

4 Experimental Platform Setup and Performance Testing

4.1 Experimental Platform and Operating Condition Design

The experimental platform was constructed based on the prototype mentioned earlier. Its chassis,
power module, and ARM controller remained unchanged; only a replaceable disinfection module
bracket and sensor mounting positions were added. The test site included marked lines in the corridors,
lobby, and ward passageways, creating obstacle simulation scenarios. Operating conditions were
determined by a composite of speed, load, and initial SoC, covering various states from light load with
high power to heavy load with low power. These states were numbered according to Tab.3 and managed
uniformly. During testing, the system simultaneously recorded voltage, current, temperature, and
position information, providing data support for subsequent power, trajectory, and disinfection
performance analysis.

Table 3. Test scenarios and operating conditions

Scenario ID Area type Area/m? | Obstacles (#) | Target speed /m-s ! Disinfection mode | Initial SoC / %
S1 Straight corridor 80 4 0.5 Spray 95
S2 Straight corridor 80 8 0.8 Uv-C 90
S3 Open hall 200 6 0.6 Spray + UV-C 85
S4 Open hall 200 10 1.0 Spray 80
S5 Ward corridor 60 12 0.4 uv-C 75
S6 Ward corridor 60 16 0.6 Spray + UV-C 70

4.2  Power System Efficiency and Range Performance Testing

For power and battery life testing, select representative modes such as standby, low/high speed cruise,
acceleration, full load disinfection, and ramp. Use a programmable load and power analyzer to record
bus voltage, current, and main DC/DC power. Use thermocouples to detect device temperature rise. In
each mode, the device must be allowed to run stably for at least 15 minutes, and the battery SoC must be
within the specified range before switching.
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Fig. 3. Power efficiency and temperature vs load current

Fig.3 shows that the system maintains high efficiency at 40%—-70% of rated current. Although the

efficiency drops slightly under full load and ramp conditions, it is still higher than the 90% lower limit in
Tab. 4. The figure below shows that the temperature rise of the MOSFET and inductor stabilizes under
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long-term full load and does not trigger protection. Tab. 4 summarizes the power, efficiency and range
of each mode, providing a basis for task power budgeting and charging strategies.

Table 4. Power efficiency and runtime in different modes

Mode ID Description Avg. current/ A | Avg. power /W | Efficiency /% | Est.runtime/h | Maxcase temp /°C
M1 Standby 1.2 55 92 3.8 38
M2 Low-speed cruise 4.5 210 94 24 52
M3 High-speed cruise 6.8 320 93 1.9 57
M4 Acceleration bursts 9.5 450 91 1.6 63
M5 Full-load disinfection 7.8 360 92 1.8 59
M6 Ramp climbing 8.6 400 90 1.7 61
4.3  Motion Control Accuracy and Real-time Performance Experiment

The differential chassis trajectory tracking and real-time control experiment selected straight, circular,
S-shaped paths and complex paths including doorway passage and sharp turns. The host computer
generated reference trajectories offline. The robot ran according to the scenario described in section 4.1.
Each trajectory needed to be repeated 10 times. The actual trajectory was obtained by combining a laser
rangefinder and an odometer. The ARM controller recorded the speed commands, speed feedback and
timestamps during the control period.
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= Error
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Fig. 4. Trajectory tracking and velocity response

Fig.4 shows the superimposed expected and measured trajectories on the left to observe the error
distribution under different paths; the right figure shows the command, feedback and instantaneous
errors in the speed step to evaluate acceleration and deceleration stability; Tab. 5 summarizes the RMS
error, maximum lateral error and average delay of each path. The results show that the errors of straight
lines and circular arcs are small, and although the composite path has a peak at sharp bends, it still meets

the index.
Table 5. Trajectory tracking and control latency metrics
Path RMS error / | Max lateral error / | Avg. control delay / | Overshoot in speed | Path length deviation
Path type
1D cm cm ms /% /%
P1 Straight 1.2 3.0 2.1 3 0.5
py | Circular R=2 1.8 45 24 4 0.8
m)
P3 S-curve 2.6 6.2 2.7 5 1.3
py | Doorway 2.1 55 2.9 4 1.0
crossing
P5 | Tight turn (90°) 3.4 7.8 3.1 6 1.9
P6 | Mixed corridor 29 6.9 3.0 5 1.6
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4.4  Disinfection Effectiveness Evaluation and Coverage Uniformity Analysis

The disinfection effectiveness was evaluated using a combined method of bacterial culture dishes and
chemical indicator cards. Based on the scenarios in Table 3, culture dishes or indicator cards were
placed in a grid layout on the corridor floor and walls. These dishes or cards corresponded to different
path planning and velocity-flow parameter synthesis scenarios. Before the experiment, samples
underwent standardized contamination treatment. After one or more disinfection cycles performed by
the robot, the samples were incubated in a constant temperature incubator, and then the colony count
was calculated or the color change of the indicator cards was read. Each strategy was repeated at least
five times to reduce random errors.

B Positive Rate (%) |

o
=1

o
Positive Rate (%)

Log Reduction
o M
=4
T

=i

Dl D2 D3 D4 D5 D5 D6 D6
Disinfection Strategy

Fig.5 Disinfection Effectiveness and
Coverage Uniformity
Dose (3/m?] Coverage DS

Entrance

Obstacle Orostacle

Fig. 5. Disinfection effectiveness and coverage uniformity

Fig.5 shows the logarithmic kill rate and positivity rate under different strategies using parallel bars,
clearly demonstrating the difference in effectiveness between single-pass and double-cross-pass
strategies. The bottom figure presents the dose distribution using a 0.5 m x 0.5 m thermal grid, with
darker colors indicating more adequate coverage. Tab. 6 summarizes the kill rate, positivity rate, and
uniformity of the six strategies, showing that under dose-limited conditions, bidirectional cross-pass and
adaptive speed significantly improve coverage uniformity and reduce dead zones and overspray.

Table 6. Disinfection performance under different coverage strategies

Strategy Avg. log Positive rate | Uniformity index | Over-dose area | Under-dose area
ip | Path & control strategy | 4 Cion /% 0-1) /% /%
DI Single pass, constant 31 D 078 13 9
speed
D2 Dual pass, orthogonal 3.8 5 0.86 15 4
D3 Edge-following 34 9 0.81 20 7
D4 Spiral in open hall 3.6 7 0.84 17 6
D5 Adaptive speed vs. dose 3.9 4 0.89 13 3
D6 Non-uniform test 27 18 0.69 twenty four 13
pattern

4.5  System Reliability and Robustness Verification

The reliability test consists of two parts: long-term continuous operation and fault injection. In the
continuous operation test, the robot alternates between scenarios S2 and S5 to perform disinfection tasks
for more than 8 hours, collecting data on the changes in battery SoC, DC bus voltage, and power module
temperature over time. During the fault injection test, situations such as artificially applied voltage
drops, partial sensor blockage, and network interference are introduced. The system's protection actions,
the time from the occurrence of a problem to recovery, and the task completion status are recorded.
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Fig. 6. Long-term operation results and fault response

Fig.6 shows the SoC drop, slight bus voltage fluctuation, and slow temperature stabilization during
long-term operation, verifying the stability of power and thermal management. The figure below
compares the speed, power, and safety interlock status before and after fault injection, indicating that the
system can limit power or stop in an emergency when the voltage drops and sensors are blocked, and
resume operation on time after the conditions are restored.

5 Conclusions and Outlook

This paper takes an indoor mobile disinfection robot as the research object and creates an embedded
architecture that deeply integrates the power system and control module. This architecture includes
system requirements, hardware topology, and control software implementation, thus forming a relatively
complete planning process. Utilizing a unified DC bus and an ARM integrated control platform, the
drive, power supply operation, and disinfection execution units achieve collaborative cooperation in
electrical interfaces and real-time scheduling, comprehensively considering efficiency, size, and safety
factors. A combination of high-speed motion control and dose constraint strategies ensures trajectory
accuracy and disinfection uniformity. Experimental results show that under typical operating conditions,
the system has high power efficiency, acceptable temperature rise, and motion control errors at the
centimeter level. The disinfection coverage and logarithmic kill rate meet the design specifications.
After long-term operation and fault injection tests, the system's reliability and robustness are further
confirmed, providing a feasible reference example for the design of highly integrated control systems for
similar service robots.
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