
 

 

 
 



 

Abstract 

This project uses a vision-guided two-axis gimbal to autonomously track a soccer ball for real-time 

on-device streaming and inference. A camera mounted on the gimbal will stream frames to the laptop, 

where an object detection model will identify the ball and estimate its position. The laptop will convert 

this information into movement commands, which are transmitted to a custom PCB via Ethernet (or 

CAN). The PCB acts as the main control unit to orchestrate the brushless motors and the closed feedback 

loop for moving the gimbal. The final product will have the gimbal successfully moving with the 

movement of the soccer ball, with a laser pointing at the ball at all times.  
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1. Introduction 
Modern day sports broadcasting typically relies on a camera man to track the ball movement throughout 

the game. This makes it difficult to sustain it for a long time in addition to capturing fast paced 

movements across milliseconds. Furthermore, this is especially difficult in settings where 
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lower-production is required with fewer staff possibly missing out on capturing crucial moments within a 

game. This project can help smaller teams with fewer staff produce more consistent footage. However, 

our project still requires human operators and is intended to work in tandem with human operators 

rather than eliminate oversight. Finally, the gimbal must have safety constraints of a physical emergency 

stop, and it should never be aimed at people. 

1.1 Solution 
Our solution is a vision-guided camera platform that autonomously keeps a soccer ball near the center of 

the camera frame. A USB camera mounted on the two-axis gimbal captures a live video stream. A laptop 

runs a real-time object-detection model to identify the soccer ball and calculate the difference between 

the ball’s bounding-box center and the camera-frame center. This difference in space, along with 

knowing the offset between the laser and camera mounts, allows us to correct the laser to point toward 

the ball more accurately. 

The laptop communicates movement commands to an STM32 microcontroller on a custom PCB. The 

microcontroller reads motor encoder feedback, drives the motors through the inverter stage, and 

returns telemetry to the laptop. The firmware will implement several states, such as a searching state, 

initialization, calibration, idle, tracking, and fault states. Camera calibration will calculate the frame 

center through the camera’s intrinsic parameters. 
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1.2 Visual Aid 

 

 

1.2.1 Physical Design 
Overall size should be around 20cm x 20cm x 25cm, not including the tripod. The base will take around 

15x15cm, with the PCB in a small enclosure around 10x10x4cm. The power, ethernet, and other 

connectors will be on the side. The pan motor will sit at the base and rotate the whole upper assembly 

left and right, while the tilt motor will be mounted on a bracket above the pan motor that tilts the 

camera up and down. The camera and laser will be mounted in the center on the same bracket.  
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1.3 High Level Requirements 
-​ While the soccer ball is moving, the system should keep the ball visibly within the center 80% of 

the screen’s ROI (Region of Interest) for at least 30 seconds. 

-​ The system should detect the soccer ball and update the gimbal’s position at least 5 times per 

second (200ms). 

-​ After the soccer ball initially re-enters the frame, the camera system should lock on and center 

the ball within the frame within 1 second. 

2 Design 

2.1 Hardware 
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2.1 Vision 

 

2.2 Subsystem Overview 
 

2.2.1 Power 
The power subsystem will be responsible for taking in 24V DC from an external power supply and serve 

as the main point of power conversion, distribution, and filtering within the PCB. There are two main 

loads on the 24V rail being the 24V inverter stage for controlling the two brushless DC motors and the 

24V to 5V buck converter and its downstream loads. The 24V input should have proper capacitance for 

switching relatively higher power inductive loads like the two motors as well as a PI filter to prevent 

switching noise from the inverter from propagating back onto the 24V bus and into sensitive analog 

signals. The 24V rail should also have a schottky diode for reverse battery protection and a TVS diode for 

ESD protection. In addition to the 24V to 5V buck converter to generate a 5V rail, there will also be a 5V 

to 3.3V LDO for IC and microcontroller power. Depending on noise seen on the 3.3V rail, there may be a 

ferrite bead added to filter noise before feeding any reference voltages on the microcontroller. 
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Calculations for power design 

 

PI Filter Simulation 

In order to filter out switching noise from the inverter and prevent it from propagating back onto the 24V 

rail which feeds the rest of the PCB, a PI filter is used. Below shows an LTSpice simulation which sweeps 

frequencies at 24V and shows attenuation before the expected switching frequency of the inverter of 

25kHz. 
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2.2.2 Microcontroller 
The microcontroller subsystem contains the microcontroller to run firmware and control the PCB, a 

flashing connector, a non-volatile memory IC, and some auxiliary buttons and potentiometers. The 

microcontroller subsystem interfaces with all other subsystems being the vision, communications, power, 

and motor + motor controls subsystems. The microcontroller will run the pcb state machine, controlling 

information flow, commanding the motor driver via PWM controls, and taking in 3.3V power from the 

power subsystem. The flashing connector is for uploading firmware to the microcontroller and 

debugging, the non-volatile memory IC is for storing motor position and calibration data, the auxiliary 

buttons are for boot modes and reset, and the potentiometer will be for initial testing of the motors for 

speed or position control without the communications in the loop. 

Calculations and Design for Crystal Oscillator 
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*Referenced STM32 Application Note AN2867 for crystal oscillator design parameters 

*Referenced STM32 Application Note AN4938 for Microcontroller schematic setup, i.e. decoupling 

capacitor scheme & auxiliary pin setup 

 

2.2.3 Communications 
The communications subsystem is responsible for converting board-level information into a protocol 

suitable for longer distance and protected against any incoming interference and interfacing with the 

laptop which runs the vision and will command the PCB to move the motors to a certain position. The 

communications subsystem currently consists of both ethernet and CAN protocol hardware. The CAN 

hardware serves as a backup in case the ethernet hardware is not successful. Ethernet could enable 

higher bandwidth and lower latency in the system. The communications subsystem interfaces between 

the microcontroller and vision subsystems.  

*Referenced LAN8742 Schematic checklist Application Note  for LAN8742 Ethernet Physical layer 

schematic setup and LAN8742 Placement and Routing Checklist Application Note for layout design 

2.2.4 Motor + Motor Controls 
The Motor + Motor controls subsystem is responsible for converting DC input from the power subsystem 

into AC signals to control the external motors which will drive the position of the camera for vision 

tracking. The subsystem consists of a smart gate driver, inverter stage, and several sensing circuits: phase 

voltage and current, inverter temperature, dc-link voltage and current, as well as an encoder interface 
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for mechanical position tracking of the motors. The subsystem interfaces with the microcontroller which 

sends inputs for the gate driver and takes in analog signals from the sensing circuits and I2C from the 

motor encoder to create a closed-loop feedback system. 

Inverter Stage Component Selection and Design 
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*Referenced DRV8304 Datasheet for design parameters and equations 

2.2.5 Vision 
The vision detection model is responsible for detecting the ball and providing a bounding box, then using 

camera intrinsic/extrinsic matrices to map from pixel coordinates to real world coordinates. These real 

world coordinates will then map to positional information which will be fed to the PCB from the laptop. 

In order to map pixel coordinates to real world coordinates, we have an option to either use different 

methods of pose estimation models due the monocular vision constraint, or to estimate the depth based 

on the proportion between how many pixels the ball takes up on the screen versus the actual diameter 

of the ball. 

The first requirement is camera calibration in order to get the camera’s intrinsic matrix. The intrinsic 

matrix describes the camera’s focal lengths and principal points (in x and y). The easiest way to do a full 

camera calibration is to use OpenCV’s camera calibration library, which captures images at different tilts 

and positions, uses a checkerboard to estimate the intrinsic matrix and lens-distortion coefficients. This 

is important primarily because we’re working with a moving object, and the camera that we’re using 

uses rolling shutter. The way rolling shutter works is that it goes line by line or column by column when 

capturing the image, versus global shutter, which takes the entire image at once. Due to the nature of 

how a fast-moving object is captured with rolling shutter, there may be distortion when capturing a 

moving object which will result in the object looking more oval-like. However, we can use OpenCV’s 

camera calibration library to account for this, as the matrix is able to account for these distortion effects 

that we get from using our camera. 
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Shown below is a figure detailing the math that we can use through simple geometry to calculate the 

actual depth from the camera to the ball. After camera calibration, we will know the focal length of the 

camera. Then, because we can “cheat” and know the actual diameter of the physical soccer ball, we can 

use these two, along with the diameter in pixels, to calculate the depth to the ball by using the equation 

, where D is the diameter of the physical ball, d is the diameter in pixels, and f is the focal 𝑍 = 𝑓 𝐷
𝑑

length.  

 

 

 

After calculating Z, which is the depth, we can use this to calculate the actual real-world X and Y 

coordinates, which we will send to the motor controller. Deriving the equation for this is fairly similar to 

how we calculated Z, where we use similar geometry to get to  and , where u and v 𝑢 = 𝑓
𝑥
𝑋
𝑍 𝑣 = 𝑓

𝑦
𝑌
𝑍

are the horizontal and vertical pixel coordinates, Z is the real-world depth value, f is the focal length, and 

X and Y are real-word horizontal and vertical coordinates. Then, one important thing is that the 

displacement is measured from the optical axis. However, image coordinates usually start at the top-left 

corner. Therefore, from our camera calibration, we also have two values, and . which are the x and 𝐶
𝑥

𝐶
𝑦

y principal points (or offsets). We can use these offsets to get a final equation of   and 𝑢 = 𝑓
𝑥
𝑋
𝑍 + 𝐶

𝑥

. Then, we can solve for X and Y, and our final equations for finding X and Y are 𝑣 = 𝑓
𝑦
𝑌
𝑍 + 𝐶

𝑦

 and . Our motor takes in position coordinates relative to its origin, which 𝑋 =
𝑍(𝑢−𝐶

𝑥
)

𝑓
𝑥

𝑌 =
𝑍(𝑣−𝐶

𝑦
)

𝑓
𝑦

means that we must feed it an offset of coordinates relative to its origin.  

 

2.3 Subsystem Requirements 

2.3.1 Power 
High level requirement: Reliably deliver power to downstream loads; successful power conversion (24V, 

5V, 3.3V rails), filtering, and capacitance design. 
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Design Contribution: The Power subsystem allows the PCB responsible for motor controls to be powered 

reliably and for the camera to constantly be tracking the soccer ball. 

Interfaces: The Power subsystem interfaces with the microcontroller and communications subsystems 

via 3.3V and 5V rails, and the motor and motor controls subsystem via 3.3V, 5V, and 24V rails.  

R&V 

Requirement Verification 

The power subsystem should have reverse battery 

protection up to -50V  

Apply -50V from VIN to GND using a power 
supply, ensure system still functioning after event 

The power subsystem should supply at least 1A of 

current on the 3.3V rail with 5% tolerance 

Use multimeter on DCV setting to probe 3.3V rail 
while PCB is turned on, use a breadboard with 
load resistors or electronic load to draw power on 
3.3V rail 

The power subsystem should supply at least 

1.13A of current on the 5V rail with 5% tolerance 

Use multimeter on DCV setting to probe 5V rail 
while PCB is turned on, use a breadboard with 
load resistors or electronic load to draw power on 
5V rail 

The power subsystem should support at least 8A 

of current on the 24V rail with 5% tolerance 

Use multimeter on DCV setting to probe 24V rail 
while PCB is turned on, use a breadboard with 
load resistors or electronic load to draw power on 
24V rail 

The power subsystem should have a layout with 

polygons and traces sized to prevent >75C 

temperature rise from ambient temperature 

During a stall condition of the motor or high 
current draw on the 24V AC path, confirm 
components don’t exceed temperature rise using 
thermal camera 

 

2.3.2 Motor and Motor Controls 
High level requirement: Control the two-axis motors with enough precision (within 5% accuracy) and 

response to meet object tracking requirements (run a ~20kHz control loop) 

Design contribution: The motor and motor controls subsystem allows the system to move the camera’s 

intended field of view to keep the soccer ball within our specified window. The control loop of the 

motors will also contribute to the gimbal position frequency. 
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Interfaces: The motor and motor controls subsystem interfaces with the microcontroller subsystem via 6 

PWM signals, a SPI interface, and 3 analog signals for phase current sensing. 

R&V 

Requirement Verification 

The subsystem must have inverter MOSFETs sized 

for 6A continuous current draw with less than a 

75C temperature rise above ambient temperature 

During motor stall event, and during initial 
bring-up, verify with thermal camera and current 
clamp that PCB is not exceeding maximum 
temperature rise in higher power conditions 

The subsystem must position each gimbal 

independently with less than 5% error of each 

axis’ operating ranges 

 

Use potentiometers on PCB as interface to control 
motors, use physical markings on mechanical 
assembly and position feedback to verify accuracy 

The subsystem should accept and process new 

position commands at >=5Hz 

PCB main loop should finish executing fast 
enough to accept new position command from 
the laptop, can just log timestamps of each main 
loop execution 

The subsystem should provide three phase 

current measurement, three phase voltage 

measurement, inverter temperature, and motor 

encoder position feedback for closed-loop control 

of each motor 

 

Use breakpoints in firmware dev and telemetry 
messages to confirm that phase current, phase 
voltage, inverter temperature, and position 
feedback are present. All signals are analog 
voltages with expected values which can be 
initially verified during bring-up via a multimeter 
at the ADC pin. 

 

2.3.3 Communications (Laptop to PCB) 
High level requirement: Relay information with low latency (~5ms) between the microcontroller and 

laptop. 

Design Contribution: The firmware converts board level logic into a differential, transformer-isolated 

physical layer suitable for a multi-meter cable run. It carries tracking error from the laptop to the 

STM32H743 on the PCB, and returns telemetry in the reverse direction. 

Interfaces: The Communications subsystem interfaces with the Vision and Microcontroller subsystems 

via differential CAN or Ethernet MDI and either CAN Tx/Rx or Ethernet MII.  

Requirements 

R&V 
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Requirement Verification 

The subsystem must deliver tracking commands 
from the laptop to the microcontroller with 
latency of <5 ms  

Send many timestamped commands from the 
laptop and have the MCU echo each one back. 
Measure round trip time on the laptop, and 
divide it by half to get one way latency. Make sure 
latency is less than 5ms for 99% of messages. 

The subsystem must transmit tracking commands 
to the microcontroller and return motor position, 
operating status, and fault telemetry to the 
laptop 

Run a long session sending continuous 
commands, log all telemetry on the laptop. 
Trigger fault condition and confirm telemetry has 
no gaps and fault is properly reported. 

The subsystem must detect and reject messages 
that fail the selected protocol integrity checks and 
prevent rejected messages from being applied as 
motor commands 

Send messages with errors such as wrong length, 
out of range setpoints, invalid sequence, etc. from 
the laptop and confirm that the reject counter for 
the MCU matches the number sent and the 
motor position doesn’t change. 

Ethernet ≥1 Mbps (or CAN FD ≥1 Mbps) Use USB to ethernet dongle and ethernet cable 
between laptop and PCB to confirm data rates by 
sending dummy messages. Use USB to CAN to 
confirm data rates by sending dummy messages.  

 

2.3.4 Microcontroller 
High level requirement: Control the pcb; Run state machine, motor control loop, communicate with 

laptop for position information. The entire loop should run in under 200 ms to match the speed of the 

ball. 

Design Contribution: The microcontroller converts the tracking error received from the laptop into an 

axis position using the camera, then closes the position and current loops against the encoder.  

Interfaces: The microcontroller subsystem interfaces with the power, motor and motor controls, and 

communications subsystem. It should be able to Tx/Rx to the communications subsystem over RMII. It 

will interact with the motor and motor controls subsystem by outputting six complementary PWM 

signals. From the power subsystem it takes 3.3V for VDD. 

Requirements 

R&V 

Requirement Verification 

The selected microcontroller should have an 
Ethernet MAC and CAN FD peripherals 

Confirmed by the datasheet. The STM32H743 has 
a 10/100 Ethernet MAC and 2× FDCAN 
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The selected microcontroller should have >2 SPI 
channels,  1x I2C, >16 ADC inputs, and high speed 
timer channels specifically for motor controls 

Confirmed by the datasheet. Build full pin 
assignment in STM32CubeMX and check that it 
has no conflicts 

The microcontroller must generate six 
complementary PWM signals at 20 kHz with at 
least 10 bits of duty resolution and hardware 
dead-time insertion to prevent shoot-through on 
the inverter half-bridges 

Use oscilloscope and gate driver input testpoints 
to verify complementary switching output, 
switching frequency, and deadtime insertion  

The microcontroller must read the AS5600 angle 
register over I2C at 400 kHz and update the 
position loop at a minimum of 1 kHz, nested 
inside the 20 kHz current loop 

Use breakpoints during bring-up to verify the 
correct registers are read in the AS5600 and 
values are abstracted in firmware successfully  

The microcontroller must store encoder zero 
offsets and calibration constants in non-volatile 
memory and validate them by checksum on boot 
 

Verify during bring-up that can set and readback 
calibration values after a power cycle, potentially 
readout over ethernet for ease of validation 

 

2.3.5 Vision 
High level requirement: Detect the ball and produce a gimbal position command from each frame, with 

total latency from image capture to command transmission under 65ms. 

Design Contribution: The vision subsystem has to capture frames from the camera, detect the ball, and 

compute the offset between the ball’s bounding-box center and the camera frame center. This is the part 

that makes the system autonomous.  

Interfaces: The vision subsystem interfaces with the PCB subsystem via a USB connection to relay 

position commands from the laptop to the PCB and motor feedback and telemetry information from the 

PCB to the laptop. 

Requirements 

-​ Detection Inference: Detect object with >95% accuracy at 30 FPS within 50 ms of inference 

latency 

-​ Preprocessing and Postprocessing: Image pre and post processing should be less than 10 ms 

-​ Communication (Camera to Laptop): Gimbal positional movement information latency should be 

< 5ms when communicating from the laptop to PCB via ethernet.  

R&V 

Requirement Verification Note 
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The detection mechanism must 

have an intersection-over-union 

(IoU) > 0.5, and it must achieve 

> 95% precision while 

processing each image. 

 
At least 50 images will be 
collected across different 
distances, ball positions, and 
backgrounds. The labeled 
dataset will be used to calculate 
accuracy on predicted 
classification tasks by the 
model.  

 
IoU will be calculated by taking 
the area of prediction and 
intersecting it with the area of 
the ground-truth bounding box, 
then dividing that by the union 
of the predicted and 
ground-truth bounding boxes.  

The full end-to-end latency of 

pre-processing, inference, and 

post-processing must take less 

than 5 ms on a single image.  

 
The system will use timestamps 
to measure inference latency 
along with pre/post-processing 
latency. 

 
Pre-processing and 
post-processing will primarily be 
done on the CPU for tasks such 
as NMS, while inference will be 
entirely done on the GPU. Given 
our hardware and the size of the 
model we’re using, this should 
take less than 5 ms. If not, there 
may be issues such as low GPU 
utilization, blocking code, etc.  

 

 

2.4 Tolerance Analysis 
Assuming a 640x480 image resolution at 30 FPS, the YOLOv26 object detection is running on an Intel 

Core Ultra 7 16 Core, which is estimated to run inference and postprocessing in around 20 ms with 

around a 10 ms latency from the camera through USB to the laptop. From the laptop to the MCU via 

ethernet, there’s an estimated 2-3 ms of latency with around 20 ms of latency for the motor to receive 

and start moving from the data. Furthermore, there should be around a 10-15ms delay to account for 

additional latency bottlenecks such as waiting for frames or having an idle CPU throughput. In total, this 

accumulates to roughly 65 ms from image capture to visible gimbal response. This is significantly faster 

than our required baseline for around 200ms. However, for us to be able to capture a soccer rally well we 

should assume the ball is traveling at around 4 m/s, which roughly corresponds to around 75 ms in 

latency. With 65 ms as a minimum and not fully being conservative, it can easily exceed this 75 ms 

threshold. Therefore, a primary bottleneck in this is the image capturing and image detection stage 

where the CPU isn’t fully streaming data as efficiently as possible. To address this, we can avoid using 

YOLOv26 model detection as a whole, and entirely rely on classical computer vision techniques such as 

contour detection where we can base it off of recognizing a circular white or yellow object, which would 

run in only a few ms. 
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3. Cost & Schedule 

3.1 Cost 
 

Labor 

Discipline Hourly ($) Hours Total ($) 

Software 60 200 12,000 

Firmware 50 150 7,500 

Hardware 40 200 8,000 

Mechanical 30 50 1,500 

 

Parts 

i. PCB Components 
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ii. Non PCB Components 

Part Manufacturer Cost Quantity Total Cost 

Motors DFRobot $30 2 $60 

Camera NBPower $32.76 1 $32.76 

USB to Ethernet      

 

iii. Non-Standard Parts 
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Part 

Power Supply 

Oscilloscope 

Multimeter 

SWD Flasher + Adapter 

 

3.2 Schedule 

 

4. Discussion of Societal Impact, Engineering Standards, Ethics, and 
Safety Considerations 

4.1 Positive Contribution 

Our vision-guided gimbal tracks a moving soccer ball and estimates its distance using a single camera, 

which offers an affordable approach to automation when used inside the sports industry. Economically, 

using our simple approach of estimating the depth using the known size of the physical ball, we can 

reduce the need for additional depth sensors, making the design more accessible to schools and 

recreation centers. Environmentally, we will try to use as many off-the-shelf components as possible, 

which can minimize our footprint of producing unnecessary components. Socially and culturally, soccer is 

enjoyed across several communities, and it provides a familiar and accessible way to introduce robotics 

and computer vision. Globally, commonly available components make the design easier to replicate in 
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the case of schools or other organizations wanting to build our product. To support public safety and 

welfare, the design should include safe and secure mounting, a stop mechanism, a safe laser, and local 

on-device video processing to protect privacy. 

4.2 Engineering Standards 
IEEE 802.3: Ethernet communication between the laptop and control PCB. IEEE 802.3-2022 

IEC 60825-1: Laser classification and safety requirements. IEC 

IEC 62368-1: Relevant safety guidance for camera and computing electronics. 

4.3 IEEE/ACM Code of Ethics 
The code of ethics focus on public safety, honesty, privacy, and responsible engineering. For our 

ball-tracking gimbal, ethical concerns include eye injury from the laser, injury from moving components, 

and sensitive information being captured on the camera. We can address this by including laser 

restrictions, mechanical/electrical safeguards, and minimal video collection. In addition, we will ensure 

the video collection is done on-device to protect privacy and ensure it’s never uploaded to the cloud. 

Furthermore, we will ensure to keep everything as accurate and well documented as possible to follow 

the course ethics guidelines.  

4.4 Electrical and Mechanical Safety 
As prescribed by the IEEE Code of Ethics, we prioritize public safety in our design. The system uses a Class 

2 visible laser with a power below 1 mW, in compliance with ANSI Z136.1 and IEC 60825-1. The principles 

of Section 1 prevent the laser beam from being pointed at any person. Mechanical halts on the tilt 

mechanism stop the beam from dropping down to head position, and the firmware set limits play the 

same role. The choice of testing location is made with respect to specular reflections. The pinch 

components of the gimbal are managed according to standard scientific practice and the fault condition 

disables the motors. The camera images are printed only when a consent is given and deleted after the 

work is done; no face recognition is done. 

4.5 Procedures for Safety Concerns 
Before each test, we’ll ensure the wiring and gimbal mount are fully secure and ensure that all 

mechanical and firmware motion limits are correct. Then, we will confirm that the stop mechanism 

immediately stops and disables both the motors and the laser. Testing will occur in an environment 

where there are no hazardous conditions, with a safe area to mount the gimbal and kick a soccer ball 

around. Furthermore, we will ensure that there are no bystanders being captured in the image frames, 

and that the laser will remain off during everything except for when it’s testing. Finally, power will always 

be disconnected before mechanical or electrical changes to the system. All of these methods will provide 

protection against unintended motion, injures, and laser exposure, and their verification will be 

documented before the demonstration. 
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