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Aiming at the critical engineering pain points of visual tracking systems for small multi-rotor UAVs, including
onboard payload redundancy, high control loop latency, and the inherent trade-off between response speed
and steady-state accuracy in fixed-gain PID controllers, this paper presents a lightweight end-to-end edge
vision two-axis gimbal automatic tracking system. To address the link hysteresis problem of traditional relay
architectures, a middleware-free direct-connection architecture between OpenMV edge nodes and the Pixhawk
flight controller is implemented, significantly reducing system hardware payload and communication latency.
To mitigate integral windup and steady-state chattering caused by the mechanical backlash of micro servos, an
incremental PID controller with visual front-end signal compensation is designed, which suppresses invalid
oscillations through axis-differentiated dead-zone compensation. To overcome the poor adaptability of fixed
proportional gains, nonlinear exponential adaptive logic is introduced to resolve the contradiction between rapid
target convergence and overshoot suppression. To break through the limitation of flight controller low-level
filtering on servo bandwidth, a software-hardware cross-mapping decoupling strategy is adopted to enhance
the dynamic response performance of the system. Experimental results demonstrate that in high-frequency
transverse reciprocating sinusoidal motion tests, the system can rapidly overcome instantaneous large deviations
caused by target mutations; the step response settling time is reduced by 64% compared with the traditional
relay architecture; and target reacquisition is completed within 300 ms after 600 ms of target occlusion. While
strictly satisfying the onboard payload constraints of small UAVs, the system effectively improves the real-time
performance and robustness of visual tracking systems.

Keywords: Small Multi-Rotor Unmanned Aerial Vehicle (SUAV); Visual Servoing; Incremental PID;
MAVLinkCommunication; End-to-End Control

©The Author(’s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and

source are cited.

http:/ /dx.doi.org/10.6180/jase.202611_34.032

1. Introduction

Small Multi-Rotor Unmanned Aerial Vehicles (SUAVs)
have extensive application prospects in scenarios such
as environmental monitoring, target reconnaissance, and
emergency search and rescue due to their superior ma-
neuverability and rapid deployment capability. To break
traditional calculation barriers, deep learning-based visual
navigation engines running on ultra-low-power hardware

have demonstrated great potential for autonomous nano-
drones [1]. As the core payload enabling SUAVs to perform
closed-loop tracking of non-cooperative targets, the two-
dimensional visual tracking gimbal directly determines the
system’s target locking accuracy and response speed.
However, for lightweight platforms with a 450 mm
wheelbase, fixed-gain PID controllers in conventional so-
lutions fail to balance rapid convergence under large de-
viations and steady-state accuracy under small deviations.
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The inherent backlash of micro servos also induces integral
windup and steady chattering, posing high requirements
on the anti-windup performance of the control law [2—4].
With the advancement of edge computing and TinyML
technologies, deploying visual pose estimation algorithms
on MCU-level nodes has become engineering feasible [5-
7]. Existing visual tracking schemes for small UAVs are
mainly divided into two technical routes. The first route
is the onboard computer relay architecture represented by
Raspberry Pi and Jetson Nano. It has strong computing
power but usually weighs over 150 g and introduces 100-
200 ms of forwarding delay, which exceeds the payload and
latency constraints of 450 mm-wheelbase SUAVs [8]. The
second route is the edge vision node scheme, which has
been verified in feasibility studies, but most works adopt
fixed-gain PID controllers without targeted compensation
for servo nonlinearity and flight controller filtering limita-
tions. Li et al. [8] developed a real-time target detection
and tracking system based on monocular vision. Their
work verified the application potential of edge nodes on
lightweight UAV platforms, but did not address two core
issues: the low-level filtering limitation of flight controllers
and actuator nonlinearity compensation. Macenski et al.
[9] discussed lightweight distributed architectures repre-
sented by ROS 2. These architectures provide valuable
insights for the efficient design of SUAV visual systems,
but no low-level control law optimization targeting the
nonlinear characteristics of micro servos has been carried
out in their work [10].

Compared with typical onboard computer schemes, the
proposed direct-connection architecture reduces the system
payload by more than 40% and cuts the communication
link delay by an order of magnitude. Compared with con-
ventional fixed-gain edge vision solutions, the proposed
adaptive control law reduces steady-state jitter by 72%
while maintaining fast dynamic response. Aiming at the
above practical bottlenecks, this paper proposes a complete
lightweight end-to-end edge vision gimbal automatic track-
ing system for small multi-rotor UAVs. Different from the
traditional three-layer relay structure and fixed-parameter
control methods widely used in existing research, this work
adopts a direct connection structure without an onboard
intermediate computer to reduce payload and communica-
tion delay. It combines axis-differentiated dead-zone rules
with nonlinear adaptive control to overcome the limita-
tions of traditional PID, and further proposes a software-
hardware cross-mapping method to break the bandwidth
limitation caused by flight controller filtering.

2. System architecture and control algorithm de-
sign
This section elaborates the mechanical structure, hardware

topology, visual algorithm and control logic of the pro-
posed gimbal system.

2.1. Mechanical Structure Modeling and Overall Hard-
ware Architecture

As shown in Fig. 1, aiming at the compact layout,
lightweight design and low payload redundancy require-
ments of 450 mm wheelbase SUAVs, this study first per-
formed high-precision solid modeling of the UAV airframe
and its mounted two-axis direct-drive gimbal using Solid-
Works prior to physical fabrication.

This 3D model accurately constrains the spatial assem-
bly poses of the actuation servos, OpenMV vision node,
and high-strength lightweight U-shaped bracket. Through
the digital assembly environment, the mechanical interfer-
ence margin of the gimbal within the maximum motion en-
velope (£60°) was pre-checked and verified. Meanwhile,
the center of gravity offset caused by the camera module
was evaluated using the modeling software, which guided
the physical counterweighting of the pitch axis. This en-
sures that the pitch axis tends to natural moment balance
in the power-off state, guaranteeing the smoothness of the
actual servo mechanism from the mechanical level and sig-
nificantly reducing the static loaded power consumption

during dynamic tracking of the servo.

Fig. 1. SolidWorks 3D model of the multi-rotor UAV and
two-axis direct-drive gimbal.

The quantitative mechanical parameters of the gimbal
are obtained through physical measurement and structural
calculation. The total weight of the two-axis gimbal reaches
78 g, including a 22 g lightweight U-shaped bracket, two
MG90S micro servos with a total weight of 14 g, a 28 g
OpenMYV vision module and 14 g of connecting wires. The
mechanical rotation range of both pitch and yaw axes is set
to £60°, and the maximum mechanical backlash of MG90S
servos is less than 0.8° according to official specifications
and physical tests. The vision module creates a 2.1 mm
gravity offset on the pitch axis, and a 3.2 g counterweight is
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installed to balance the structure, which reduces the static
load torque by 67%. The rotational inertia of the yaw axis
is1.28 x 1074 kg - m?, and the rotational inertia of the pitch
axis is 4.15 x 107° kg - m2.

After establishing the mechanical actuation mechanism,
to break the bottleneck of traditional centralized computing,
this system designs a minimalist heterogeneous distributed
architecture.

The overall system topology is shown in Fig. 2.
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Fig. 2. Physical system topology diagram.

Logically, the system is divided into three core subsys-
tems: the Perception Layer, the Control Layer, and the
Actuation & Power Layer. The Perception Layer employs
an OpenMYV 4 Cam vision node based on the STM32H743
main control chip, with an algorithm operating frequency
of 50 Hz. The Control Layer adopts a Pixhawk 2.4.8 flight
controller equipped with PX4 v1.13 firmware [11]. The sys-
tem eliminates the traditional onboard intermediate com-
puter. Image acquisition, target feature extraction, and
incremental PID control calculation are all fully closed-loop
implemented within the edge vision node. The calculated
attitude control commands are directly sent to the underly-
ing mixer of the flight controller, which reduces the system
physical payload and communication latency caused by
protocol forwarding to a certain extent [9, 12].

2.2. Edge Vision Feature Extraction and Decoupling
Mechanism

The overall visual servo processing and control law calcu-
lation flow of the system is shown in Fig. 3.

Starting from the underlying CMOS image acquisition,
target extraction is completed sequentially through spatial
orthogonal decoupling and morphological filtering. The
extracted target information is then fed into a discrete PID
controller with an anti-integral windup mechanism. Finally,
the calculated control increments are encapsulated into
MAVLink messages to drive the gimbal.

Real-world operation scenarios are often accompanied

by drastic illumination variations. To enhance the robust-
ness of target feature extraction, this system adopts the CIE
LAB Color Space [13] for image processing. This space
enables orthogonal decoupling of luminance information
(L channel) from chrominance information. To realize the
nonlinear mapping from underlying RGB pixels to the LAB
space, the system first converts them to the standard XYZ
color space, and then performs the following orthogonal
decoupling transformation:

L* =116f (%) ~16
a* =500 {f (X%) —f (%)} o
- (3)s(2)

where X;;, Y, Z,, are the tristimulus values of the refer-
ence white point, and the nonlinear function f(f) is defined

3
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This transformation effectively decouples the interfer-
ence of illumination intensity on the subsequent feature
segmentation of the a* channel (red-green axis) and b*
channel (yellow-blue axis). The system first dynamically
relaxes the threshold range of the L channel to adapt to ex-
treme illumination environments such as strong backlight
or shadow; then applies strict band-pass filtering to the a*
channel and b* channel to accurately segment the target
red region. After completing connected component merg-
ing and noise filtering through opening and closing opera-
tions, based on the fundamental mathematical principles
of digital image processing [14], and classic visual servo
control approaches [15], the system calculates the centroid
coordinates (Cy, Cy) of the largest connected component
of the target using spatial image moments. The discrete
calculation models of the zero-order and first-order spatial
moments are as follows:

Mpg =) ) xPyil(x,y) 3)
Xy
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Where M, is the (p + q)-th order spatial moment of
the image, and I(x, y) is the binary pixel distribution of the
target region after band-pass filtering and morphological
processing (the pixel value of the target region is 1, and
the background is 0). My represents the area of the largest
connected component of the target, while My and My
represent the first-order moments of the image relative to
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the x-axis and y-axis within this connected component,
respectively.

This system adopts QQVGA resolution for image input.
Since the QQVGA resolution of the OpenMV 4 Cam H7 is
160 x 120, the physical center of the image is set to (80, 60).
Combined with the centroid coordinates obtained from pre-
processing, the system derives the two-dimensional pixel
deviation vector required by the control system:

w-w]-[ehel e

Where e(k) is the discrete attitude deviation vector of
the k-th sampling period. This deviation vector e(k) is
directly used as the feedback quantity of the control system
and fed into the underlying closed-loop control logic.
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Fig. 3. Overall flowchart of the edge visual servo tracking
algorithm and control system.

2.3. Axis-Differentiated Dead-Zone and Adaptive-K,
Based Incremental PID Controller

Aiming at the contradiction between "response speed and
steady-state chattering” faced by micro direct-drive gimbals
in dynamic tracking, this paper abandons the traditional
fixed-parameter PID and designs a set of control laws com-
bining "axis-differentiated dead-zone compensation" and
"nonlinear adaptive proportional gain K)".
Axis-Differentiated Dead-Zone Compensation Mecha-
nism: Since the yaw axis carries the entire physical load
of the pitch servo and the camera, its moment of inertia is
significantly larger than that of the pitch axis. According to
the strict equations of motion derived for a two-axes gim-
bal system [16], as well as composite decoupling control
frameworks designed for high-performance gimbal servo
configurations [17], the mechanical backlash of micro metal
gear servos is extremely prone to inducing high-frequency
resonance on this axis. To address this issue, the system
introduces an "axis-differentiated dead-zone compensation

function" before the error is input to the controller [18]:
B (6)

The dead-zone thresholds are calibrated based on the
0.8° mechanical backlash of MG90S servos and the cor-
responding pixel angular resolution of the visual system.
The yaw axis bears a larger load and is more susceptible
to backlash-induced oscillation, so its threshold is set to
dyaw = 6 pixels to fully cover the invalid deviation caused
by gear clearance. For the low-inertia pitch axis, the thresh-
old is set to 6 s, = 2 pixels to suppress micro oscillations
while preserving high-frequency tracking agility.

This design matches the inertia difference between the
two axes, suppressing yaw-axis resonance while preserving
pitch-axis tracking sensitivity.

Nonlinear Adaptive Proportional Gain Kj, Control Law:
A variety of improved and adaptive PID methods have
been widely studied for quadrotor UAV control systems
[18-20]. To thoroughly solve the contradiction between
fast convergence under large deviations and steady-state
overshoot under small deviations, this paper proposes an
exponential adaptive gain mapping law based on the abso-
lute value of pixel error.

Its mathematical model is as follows:

Kp(k) = Kpmax - (Kpmax - Kpmin) " exp (_A ‘6/(k)|) @)

The parameter tuning of the controller follows a sys-
tematic procedure combining theoretical derivation and
experimental verification. First, initial PID parameters are
derived via the Ziegler-Nichols empirical method based
on the open-loop step response data of the gimbal servo
system, yielding initial values of K, = 0.55, K; = 0.018,
and K; = 0.015. Second, fixed-parameter fine-tuning is
performed targeting the nonlinear characteristics of mi-
cro servos. Considering the mechanical backlash and in-
tegral windup risk, the integral coefficient K; is reduced
to 0.012 to avoid control divergence during brief target
loss; the differential coefficient K is adjusted to 0.008 to fil-
ter high-frequency visual noise while providing sufficient
damping for overshoot suppression. The optimal fixed
proportional gain K, = 0.60 is finally determined through
multiple sets of comparative step response tests. Third,
adaptive parameters are calibrated on this basis. The gain
bounds K max = 0.60 and Kpmin = 0.10 are set according
to the critical oscillation gain and steady-state smoothness
requirements, and the decay factor A = 0.025 is optimized
via single-variable experiments to ensure smooth gain tran-
sition without chattering or response lag.
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where K, max is the upper bound of the gain, used to
provide transient step response burst capability under large
deviations; Kjmin is the lower bound of the gain, used to
ensure steady-state damping smoothness under small de-
viations; and A is the nonlinear decay factor. In the discrete
difference equation of the incremental PID controller, the
integral term K; bears the main steady-state driving force,
while K acts as the dynamic damping. The final attitude
increment output Au(k) of the system is:

Au(k) =Ky (k) [¢'(k) — ¢ (k= 1)] + K€/ (k)+ o
Ky [e'(k) —2¢'(k — 1) + ¢ (k — 2)] ®
2.4. End-to-End Communication Reconstruction and Un-
derlying Filtering Cross-Mapping
To break through the computing power and latency bottle-
necks caused by protocol forwarding in traditional onboard
computers, this system employs the ustruct module in Mi-
croPython on the edge vision node, and the communication
link strictly adheres to the MAVLink V1.0 protocol stan-
dard [12]. The vision node sends HEARTBEAT packets to
the flight controller at a fixed high frequency to maintain
underlying control authority. Meanwhile, the calculated
yaw angle and pitch angle increments are encapsulated
into the MOUNT_CONTROL data frame with MSG_ID=76
and the encapsulated messages are directly transmitted
via the UART serial bus at 115200 bps. In the underlying
mixer design of open-source flight controllers (e.g., PX4),
low-pass filters are applied to partial logic channels by
default for smooth aerial photography requirements [11].
Although this mechanism suppresses high-frequency jitter,
it easily induces physical phase lag in the servo system
[19]. Early experimental observations reveal that if the
pitch axis is directly connected to the default channel, the
control signal will be "hijacked" by the underlying filter-
ing, resulting in slow gimbal response. To eliminate this
hardware constraint, this paper proposes and implements a
"Hardware-Software Cross-Mapping Strategy" on the phys-
ical platform:

High-Bandwidth Pass-Through for Pitch Axis: The pitch
motion needs to resist gravity load and provide transient
response capability during target mutation. Therefore, the
system redirects the pitch axis control data to the unfiltered
high-bandwidth pass-through channel (Param 1) inside
the flight controller at the logical layer, and completes the
corresponding mapping of hardware pins at the physical
layer to ensure ultra-fast step response.

Smooth Tracking for Yaw Axis: The yaw motion is
mainly responsible for large-scale horizontal field-of-view
tracking, with core requirements of frame smoothness and
anti-oscillation. The system maps the yaw axis logical data

to the channel with low-pass filtering (Param 3), utilizing
the native hardware filtering of the flight controller to elim-
inate lateral high-frequency jitter and achieve complete
decoupling of the dual-degree-of-freedom control strategy.

3. Physical experiment verification and data analy-
sis
3.1. Experimental Environment and Test Platform

To verify the control performance of the proposed visual
tracking system in real physical scenarios, a hardware ex-
perimental platform based on Pixhawk 2.4.8 flight con-
troller and two-axis direct-drive gimbal is constructed. The
physical appearance of core mechanical and sensing com-
ponents is shown in Fig. 4.

OpenMV 4 Cam
lightweight U-shaped i
bracket fabricated by :lz‘j‘: perception
3D printing
MG90S pitch

axis servo

Fig. 4. Photograph of the hardware test bench for the
visual gimbal tracking system.

The mechanical body adopts lightweight 3D printing
materials to comply with strict load constraints of small
multirotor unmanned aerial vehicles. The visual process-
ing unit uses OpenMV 4 Cam H7 module equipped with
STM32H743VI main controller, and MG90S metal gear ser-
vos serve as actuators. During joint debugging, the baud
rate of MAVLink serial port is set to 115200 bps, and the
sampling & output frequency of closed-loop control is con-
figured at 40 Hz.

3.2. Parameter Tuning and Adaptive Experiments of In-
cremental PID

Before establishing the control baseline, this study first
conducted comparative experiments with fixed gains.
Three representative proportional gain parameters (K, =
0.10,Kp = 0.60, K, = 1.50) were selected for step response
tests.

As shown in Fig. 5, the results indicate that the system
exhibits under-response at K, = 0.10 and severe oscillation
at K, = 1.50. The value K, = 0.60 is the optimal com-
promise parameter under fixed settings, achieving a good
balance between dynamic tracking speed and steady-state
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Fig. 5. Error convergence curves under different
proportional gains.

anti-oscillation capability. However, the fixed gain of tradi-
tional linear PID is inherently limited by the performance
trade-off between transient response and steady-state accu-
racy. To further break the physical response limits of linear
control — that is, to pursue faster transient response than
the optimal fixed-parameter solution while achieving more
extreme steady-state smoothness — this study introduces
the nonlinear adaptive K control law.

3.3. Step Response and Underlying Hardware Decou-
pling Experiments

To verify the effectiveness of the end-to-end direct connec-
tion architecture in boosting servo closed-loop bandwidth,
step response and underlying decoupling experiments are
carried out with optimal PID parameters (K, = 0.60). In
conventional PX4 firmware architecture, the underlying
mixer imposes heavy low-pass filtering (LPF) on auxil-
iary output (AUX) channels by default, causing noticeable
physical phase lag in visual servo applications. To over-
come this inherent hardware limitation, a hardware-level
cross-mapping decoupling strategy via pin rearrangement
is adopted on the test platform. With servo signal pins prop-
erly swapped, the pitch axis demanding rapid transient re-
sponse is assigned to the unfiltered Param 1 pass-through
channel inside the flight controller. Large-amplitude step
position commands are exerted on the system.

As illustrated in Fig. 6, filtering-induced hysteresis is
fully eliminated after pin swapping takes effect. Compar-
ative data shows that the settling time, the duration for
error convergence within steady-state range, is about 500
ms under original filtered channels. After hardware cross-
mapping decoupling, the settling time drops sharply to 180
ms, achieving a 64% reduction. The results validate that
pin rearrangement and channel cross-mapping can fully
exert the transient performance of direct-drive actuators.

= Fast-response Frror == Slow-response Error

60
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100 200 300 400 500 600
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Fig. 6. Step response curves before and after hardware
decoupling.

3.4. Anti-Interference and Robustness Experiments

To comprehensively evaluate the system’s robustness un-
der non-ideal conditions, light intensity mutation and
physical occlusion comparison experiments are conducted
in this section. The test distance is 40 cm. The control
group adopts a traditional position-based control archi-
tecture with RGB threshold segmentation and fixed gain
(Kp = 0.60); the experimental group employs the proposed
CIE LAB orthogonal decoupling perception and adaptive
incremental PID control law. The pixel error comparison
curves of the yaw axis for both systems are shown in Fig. 7.

During the sudden light intensity disturbance phase
(350-650 ms strong illumination interference), the control
group was affected by luminance-chrominance coupling,
which made the target feature fade out and the tracking
pixel error diverge to approximately 70 pixels. In contrast,
the proposed method effectively suppresses illumination
interference via luminance-chrominance decoupling. The
centroid calculation error is stabilized within +5 pixels,
which accounts for only 7% of the peak error in the con-
trol group. In the instantaneous physical occlusion test,
although the system experienced a brief loss of lock due to
feature disappearance, the underlying actuator did not ex-
hibit divergent or erratic rotation. Once the occlusion was
removed, the visual node completed target reacquisition
within 300 ms after the 600 ms occlusion ended, and drove
the gimbal to return to the steady-state tracking range with
an error of less than 5 pixels. The experiments confirm
that the proposed system possesses high engineering ro-
bustness and self-recovery capability when facing complex
light disturbances and transient occlusions.
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Fig. 7. Robustness curves under occlusion and
illumination.

4. Conclusion and prospect

4.1. Conclusion of the Thesis

This thesis addresses the Size, Weight, and Power (SWaP)
constraints and response latency issues in dynamic tar-
get tracking for small multirotor UAVs, and designs a
lightweight end-to-end edge vision gimbal system. The
proposed system features low cost, compact size and strong
practicability. It can be widely applied to scenarios such as
UAV power line inspection, field reconnaissance and emer-
gency search and rescue. The lightweight design effectively
extends the flight endurance of small UAVs, and the robust
anti-interference performance ensures stable tracking in
complex outdoor illumination environments. The main
contributions are summarized as follows:

First, an end-to-end edge-aware interconnection archi-
tecture is constructed. Visual processing is offloaded to
the OpenMYV node, which connects directly to the flight
controller via encapsulated MAVLink messages. This re-
places the traditional onboard relay computer, effectively
reducing the system’s hardware load and communication
latency.

Second, an adaptive incremental PID control law with
axis-differentiated dead zones is proposed. Differentiated
dead-zone thresholds are set according to the different ro-
tational inertia characteristics of the two axes. Through
nonlinear adaptive logic, both the convergence speed un-
der large deviations and the steady-state accuracy under
small deviations are balanced, reducing the steady-state
jitter amplitude of the yaw axis by 72% compared with
the fixed-gain scheme when the target is stationary. It also
performs well in anti-windup control during brief target
loss.

4.2. Limitations and Future Work

Although the compact, lightweight direct-drive gimbal sys-
tem designed in this thesis has achieved satisfactory en-
gineering verification results in two-dimensional tracking
tasks, there is still room for optimization due to hardware
cost constraints and the project development cycle. In view
of the current limitations, future research can be further
expanded from the following aspects:

Onboard flight tests will be carried out on a 450 mm-
wheelbase multi-rotor platform to verify the tracking per-
formance under wind disturbance and airframe motion
coupling, and feedforward compensation will be intro-
duced to further improve the tracking accuracy in dynamic
flight scenarios.

Migration of visual algorithms to lightweight deep
learning architectures. The current system performs tar-
get segmentation based on the LAB color space and mor-
phological features. While highly computationally effi-
cient, it is vulnerable to interference from "false targets”
in complex backgrounds with colors highly similar to the
target. Future work could explore deploying quantized
lightweight convolutional neural networks (e.g., YOLOvS-
nano) on STM32H7 edge devices [21], upgrading simple
"color block tracking" to "feature tracking" with semantic
understanding, thereby further improving the system’s
anti-interference capability [22].

Upgrading the actuation system to brushless direct-
drive (FOC) technology. The micro metal gear servos used
in this system are low-cost and easy to drive, but the inher-
ent mechanical backlash and response dead zones of their
gear trains limit the ultimate closed-loop bandwidth of the
system. Future research could investigate the combination
of micro brushless motors and magnetic encoders, paired
with field-oriented control (FOC) algorithms, to achieve
smoother, high-precision attitude response at the microsec-
ond level.

Furthermore, high-frequency serial lines, servo PWM
signals and high-current power lines coexist in an ex-
tremely tight layout. Future hardware optimization will
follow electromagnetic compatibility (EMC) guidelines [23]
to suppress coupling noise, and integrate efficient optical
flow and stereo vision algorithms [24] to combine target
tracking with proactive obstacle avoidance in unknown

environments.
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