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Abstract  

This paper will review the research, design and execution of a rudimentary spherical motor. This 
paper will first dive into the goals and motivation behind exploring spherical motors as a novel 
motor topology. A review of current literature and related designs provides a foundation for this 
paper. The project is split into two fundamental sections: (a) a proof-of-concept spherical motor 
based on magnetic reluctance, and (b) a practical spherical motor using traditional actuation to 
demonstrate real-world applications. This paper describes the mechanical and electrical design 
processes of each, supported by diagrams and schematics. Verification methods, including design 
requirements and qualitative testing, are discussed to evaluate project success. This paper will 
detail the cost and schedule of our project as well as where the future lies for advancement of our 
design, reflecting on how spherical motors may evolve with additional resources and 
refinement.  
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1. Introduction 
Include Purpose, functionality, and subsystem overview  

 

Add part about 6-stator paper 

 

Current motor design prioritizes moving toward more efficient systems that work in sustainable 
and advanced capabilities. The aspiration for this project is to propose a design that innovates 
away from the traditional 2 degree of freedom (DOF) and find an innovative design that allows 
for 360° movement, while ensuring that the capability remains as effective as a traditional motor 
allows. Due to limited time and resources in the development, this project is divided into two 
sections.  

The first section is the ideal model of a spherical motor via magnetic reluctance, powered by a 3-
phase control unit, powering a full rotation of a metal spherical rotor surrounded by four stators 
wound with copper coiling. This design is power via an STM32 microcontroller unit (MCU) 
pushing PWM signals to four custom-designed PCBs, each controlling one of the four stators via 
a connected 3-phase copper coil configuration. The PCB design reflects a three-half h-bridge set-
up using IR2101 gate drivers pushing through three high-side MOSFETS and three low-side 
MOSFETs. The output gives 3-phase current to alternate current and provides a magnetic field, 
rotating our central steel rotor, to provide four DOFs.  

The second section is the practical application of what spherical motors could enable in real-
world application, powered through The second component of this project focuses on a practical 
application of spherical motor technology: an All-Terrain Vehicle (ATV) spherical motor system. 
Unlike the magnetic reluctance prototype, this design prioritizes real-world usability through 
a friction-driven mechanical approach. The ATV motor features an outer spherical shell (acrylic) 
propelled by an internal motor assembly, enabling omnidirectional movement without complex 
magnetic field control. This implementation addresses key challenges in terrain adaptability, 
power efficiency, and mechanical robustness—critical for applications in robotics, mobility aids, 
or industrial transport. By comparing the idealized magnetic motor with this pragmatic ATV 
model, the project bridges theoretical innovation and deployable technology, highlighting trade-
offs between precision, cost, and scalability.  
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2. Design 

2.1 Introduction 
Explain parts of the project (1) proof of concept of magnetic reluctance motor + (2) physical 
motor explanation ATV movement 

2.2 Magnetic Reluctance Motor 

2.2.1 Mechanical Design (equations and simulations, design alternatives, design 
description and justification, subsystem diagrams and schematics, block diagram, 
etc.) 
The mechanical design of our 2-DOF spherical induction motor system reflects a focus on 
precision, modularity, and reliable alignment. It includes a stress-relieved steel rotor, four stator 
assemblies, and a rigid aluminum extrusion frame — all supported by carefully designed and 
fabricated 3D-printed components. Each part was created to ensure tight conformity to the 
rotor’s curvature, simplify manual coil winding, and maintain mechanical integrity during 
testing. 

The rotor (visible in Figure 6) is a 200 mm diameter, 8 mm thick Q235 steel hollow sphere, 
formed by welding two hemispheres. Eccentricity from welding was eliminated through 
contracted machining. To improve magnetic performance, the rotor was stress-relieved at 650 °C 
and hand-polished to remove surface oxidation. No copper cladding was applied. 

 
Figure 1: Laser-cut silicon steel stator ply, with 9 coil slots and two alignment holes 

Each stator consists of 72 stacked laser-cut laminations of 0.5 mm non-oriented silicon steel, as 
shown in Figure 1. The slots accommodate 9 coils, and alignment holes allow stacking with 
precision. To curve the flat stack to match the spherical rotor, a custom 3D-printed spine insert 
(Figure 2) was developed. This insert fits through the alignment holes and applies curvature via a 
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built-in lip for preload. A separate compression spacer ring applies axial force on the opposite 
end, maintaining the stack’s curved geometry without the need for deformation or bonding. 

 
Figure 2: 3D-printed stator spine insert for shaping the flat stack to match the rotor curvature; includes a lip for axial 

preload. 

 

 
Figure 3: Custom 3D-printed coil winding jig, used to support and rotate the stator for easier manual wire winding 

Each stator has 9 coils of 30 turns using 0.93 mm enamel-coated copper wire, rated to 220 °C. 
Winding was done manually using a custom 3D-printed jig (Figure 3) designed to cradle the 
stator for ergonomic rotation and wire control. After winding, electrical tape was wrapped around 
each coil, and cable ties were used to bundle leads and protect them during stator insertion. 

 
Figure 4: 3D-printed stator mounting bracket to connect the stator securely to the aluminum frame while preserving 

alignment to curvature 
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The stators are mounted to the frame using custom 3D-printed brackets (Figure 4), which align 
the stator stacks at 55° from the north pole and connect them rigidly to the 3030A aluminum 
frame. These brackets ensure each stator maintains radial orientation and structural rigidity 
throughout operation. 

 
Figure 5:  Peripheral ball transfer holder, custom 3D-printed to precisely mount the equatorial ball supports onto the frame 

The rotor is supported by five nylon ball transfers — four along the equator and one mounted on 
top. The equatorial supports are installed into custom 3D-printed holders (Figure 5), which 
position the ball transfers accurately and attach cleanly to the aluminum frame. Their curved 
seating ensures full contact and low-friction support of the spherical rotor. 

 
Figure 6: Full assembly model of the spherical motor, showing stators, rotor, frame, and custom parts in their final 

positions 

The system is housed in a modular structure made of 3030A aluminum extrusion (T-slot, 
European standard), assembled using aluminum corner brackets, joining plates, and 90° inner 
connectors. This configuration provides rigidity while allowing reconfigurability. The complete 
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system — including stators, rotor, frame, and custom holders — is shown in Figure 6, illustrating 
the full integration and clean mechanical layout. 

 
Figure 7: Top-down view of the rotor support assembly 

Figure 7 shows the 3030A aluminum frame populated with all four custom 3D-printed peripheral 
ball transfer holders and the corresponding nylon ball transfer units. The system is fully mounted 
and aligned to cradle the spherical rotor evenly in all directions. Note the tight mechanical fit and 
symmetric layout of the frame. 

 
Figure 8: Assembled stator module showing lamination stack, curvature insert, and mounting bracket 



6 
 

This real-world photo shows the curved stator lamination stack mounted within the 3D-printed 
red stator holder, supported by the black stator spine insert. The curvature is accurately 
maintained and the cable ties securing the coil wiring are clearly visible. This photo demonstrates 
the transition from flat stack to functional, curved stator module. 

2.2.2 Control Unit (equations and simulations, design alternatives, design 
description and justification, subsystem diagrams and schematics, block diagram, 
etc.) 
The control unit of the magnetic reluctance motor is the central figure in generating a 
coordinated three-phased PWM signal process in order to actuate the stator coils and induce 
torque in the steel rotor. The system is controlled through the MCU of an STM32F103C8T6 
“Blue Pill.” The STM32 receives its power through a 3.3V rail and is connected to the custom 
PCB via the gate drivers of three-phase half-bridge circuits. Each of the four stators consists of 
three independent half-bridge drivers (IR2101), which control a pair of IRF540N N-channel 
MOSFETs. These bridges in turn generate the high and low side drive signals that are required to 
switch current through the stator coils in a timed sequence of our STM32 programming.  

The STM 32 executes a timer-based PWM sequence, generating complementary signals with 
dead-time insertion for each half-bridge leg (HIN and LIN). These signals are then routed to the 
IR2101 drivers, which drives the MOSFETs accordingly to switch current through the stator 
windings. The PWM frequency and duty cycle are tuned to approximately 1kHz and 80-95% 
respectively, maximizing the magnetic field strength while maintaining stability and avoiding 
shoot-through conditions.  

2.2.2.1 System Architecture & Functional Flow 
The architecture of the magnetic reluctance motor control system is built around the 
STM32F103C8T6 microcontroller, with a structured control flow that generates precise three-
phase PWM signals to switch stator coils. 

 
Each stator is treated as a three-phase half-bridge set driven via IR2101 gate drivers, with inputs 
HIN and LIN connected to six GPIOs on the STM32. These signals are phased 120° apart per 
stator and grouped logically into movement directions: front/back and left/right. 

 

2.2.2.2 Control Mechanism & Feedback Strategy 
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2.2.2.3 Hardware  

 
The hardware of the magnetic reluctance design includes a custom-designed PCB, a STM Blue 
Pill controller, and external components for power regulation, protection and signal routing. Each 
stator’s driver circuitry is laid out in three parallel half-bridges. Each IR2101 receives a 12V 
VCC generated from the 24V power rail using an L7812 regulator, with 0.33µF and 0.1µF 
decoupling capacitors on the input and output. Bootstrap capacitors of 1µF are placed between 
VB and VS pins to enable proper high-side switching and decrease delays.  

The gate signals are routed from the STM32 to the IR2101 HIN and LIN pins via test point pads. 
Pull-down resistors of 10kΩ are included on both gate driver outputs, HO and LO, in order to 
ensure MOSFETs remain off during idle states. Additional current sense resistors of 0.1Ω are 
connected to the sources of the low-side MOSFETs to allow feedback-based control.  

Power is supplied currently via a Rigol programmable DC power supply of 24V limited to ~5A 
during this proof of concept phase. Large electrolytic capacitors bugger the supply rail to 
minimize any voltage sag during switching transients. Each MOSFET is thermally managed via 
copper pour regions and are fitted with passive heat sinks for sustained operation.  

This architecture is intentionally scalable. Additional stators can be added by duplicating the gate 
driver and MOSFET configuration. Current sense feedback is piped into STM32 ADC pins for 
future PID integration. External UART ports are left open for future integration with remote 
controllers or high-level planners. 

2.2.2.4 Design Philosophy 
This version of the magnetic reluctance motor prioritizes: 

• Modular driver board architecture (3-phase half-bridge for each stator) 

• Reliable power management with L7812 regulators 

• Ground planes and capacitive decoupling for noise resistance 

• SMD test points for scope measurement and debugging 
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Unlike the friction-based ATV model, this system focuses on field-based actuation and fine-
grained control of rotor position using magnetic forces alone. 

2.2.2.5 Software  
The control firmware is developed through the STM32CubeIDE and is programmed in C. A 
timer-based interrupt routine drives the three-phase PWM signals with configurable phase offsets 
to rotate the magnetic field. PWM output is mapped to six GPIOs that are connected to each of 
the IR2101’s HIN and LIN inputs. Complementary PWM signals with included dead-time ensure 
safe switching.  

The software architecture organizes control logic based on directional input. Two orthogonal 
stators are grouped to handle forward and backward movements, while the other two opposite 
states handle left and right for lateral movement. These pairs are activated with appropriate three-
phase sequences to roll the rotor in the desired direction.  

The core of the code includes a main control loop and direction-handling functions. The main 
function main() initializes timers, GPIOs, and communication peripherals (eg. UART/I2C for 
IMU and sensor input). Directional commands update the target PWM sequences and adjust duty 
cycles for each stator. Functions like update_pwm_sequence() and 
adjust_duty_based_on_feedback() handles directional changes and stabilization. The ADC 
channels are used for current sensing feedback. The timing is managed via interrupts to maintain 
synchronization.  

Real-time orientation and motion feedback are provided by an onboard IMU (BNO055) as well 
as an optical sensor array. These sensors feed orientation and position data to the STM32, which 
modulates the PWM duty cycle and phase alignment accordingly to stabilize and steer the ball. 
PID control or state-based logic is implemented to determine PWM adjustments for balancing.  

2.2.2.6 Core Equations and Magnetic Analysis 
Our spherical motor design uses magnetic reluctance principles to induce motion in a 5.5 kg, 
1018 steel rotor. Each of the four stators consists of three coils (one per phase), wound with 20 
turns of 0.6 mm copper wire per phase. We supply the system with 24 V and measured currents 
ranging from 2 A up to 8 A per phase during peak testing. 

Magnetomotive Force (MMF): 

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑁𝑁 ∗ 𝐼𝐼 = 20 ∗ 8 = 160𝐴𝐴 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  

 

Estimated Magnetic Flux Density (B): 

Assuming a simplified magnetic path and a core with effective permeability (μ) dominated by 
the steel: 

𝐵𝐵 = 𝜇𝜇0𝜇𝜇𝑟𝑟𝐻𝐻 = 𝜇𝜇0𝜇𝜇𝑟𝑟
𝑀𝑀𝑀𝑀𝑀𝑀
𝑙𝑙

 

With 𝜇𝜇𝑟𝑟≈ 2000 for Q235B steel and a magnetic path length l =20mm: 
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B =4*pi * 10^{-7} * 2000 *frac160/0.02 = 0.2 T 

 

Force on Rotor (Normal to Air Gap): 

Using the energy density approach: 

F = B^2 A/2u_0=2.9 per coil 

This force per phase was enough in testing to create noticeable attraction on the steel ball at 
1 mm air gap, although insufficient to fully lift it. However, with synchronized phasing across 
multiple stators and a 3-phase cycle, the ball showed signs of directional nudging during initial 
tests. 

 

Torque Estimation (Simplified for Spherical Rotor): 

T = r *F 

Using an effective radius of 3.5 cm: 

T = 0.035 * 3.2 = 0.11Nm per phase 

 

Combined across three active phases, our system can output over 0.3 Nm in ideal conditions—
enough for initial low-speed rotation under minimal mechanical constraint. 

 

2.3 ATV Spherical Motor Design 

2.3.1 Mechanical Design 

The mechanical design of the ATV Spherical Motor enables omnidirectional movement through 
an innovative friction-driven mechanism. The system consists of an outer spherical shell, an 
inner structural frame, and an integrated motor assembly, as shown in Figure 3.3.1 (Overview of 
the ATV Spherical Motor). The outer shell is made of acrylic, chosen for durability and low 
friction, interacts with the environment, while the internal motor generates torque to propel the 
shell via frictional contact. An integrated circuit board, depicted in Figure 3.3.2 (Integrated 
Circuit Board), manages control and power distribution.  The inner structure, illustrated in Figure 
3.3.3 (Motor Attached on the Inner Structure), provides robust support for the motor and ensures 
precise alignment. This design emphasizes modularity for ease of assembly and maintenance 
while optimizing the efficiency of the friction-based propulsion system. The following 
subsections detail the component specifications, material selections, and assembly processes. 
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Figure 9 Overview of the ATV Spherical Motor 

 
Figure 10 Integrated Circuit Board 

 
Figure 11 Motor Attached on the Inner Structure 
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2.3.1.1 Description of the System Architecture: 

 

This hardware architecture diagram depicts a comprehensive motor control system with clearly 
defined power, processing, input/output, and communication subsystems. The design follows a 
modular approach centered around reliable motor control: 

The power distribution chain begins with a 12V battery that serves as the primary power source. 
This battery directly powers the motor to ensure sufficient current delivery for optimal motor 
performance. The 12V supply is also fed to an MP1584EN buck converter module—a highly 
efficient switching regulator that steps down the voltage to a stable 5V for the system's 
electronics. 

At the heart of the system lies an STM32 core architecture with two key components: the main 
STM32 chip executing the PID control program, and an STM32 core board featuring an onboard 
voltage regulator that further converts the 5V to 3.3V for the digital components. This dual-stage 
power regulation ensures clean, stable power for sensitive microelectronics. 

The feedback mechanism relies on an encoder that precisely measures motor rotation, providing 
essential speed data to the STM32 microcontroller. This data forms the backbone of the closed-
loop control system, allowing the microcontroller to make real-time adjustments to maintain the 
desired motor speed. 

For user interaction and system monitoring, an OLED display module shows critical operational 
parameters such as current speed, battery status, and system mode. This display connects directly 
to the STM32, providing operators with immediate visual feedback during operation. 

The system features wireless connectivity through a Bluetooth module powered by the 5V 
supply. This enables remote operation and monitoring capabilities, allowing users to send 
commands or receive status updates from a mobile device or computer without physical 
connection. 
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This hardware architecture represents an industrial-grade approach to motor control, with 
particular attention paid to power management, feedback precision, and user interface 
considerations—making it suitable for ATV applications. 

 

 

2.3.1.2 Description of the Circuit Design: 

 

The schematic depicts a structured and complex electronic circuit system designed around an 
STM32F103C8T6 microcontroller (U1) as the central processing unit. The layout is organized 
into functional blocks with clear color-coded connections: red lines likely represent power or 
high-current paths, while blue lines indicate signal or control traces. Power management is 
handled by a 5V buck converter module (U2) , which steps down the primary VBAT (battery 
voltage) input to regulated 5V_out_3 and 5V_out_4 rails, distributing power to subsystems such 
as the microcontroller, motor drivers, and peripherals. The STM32F103C8T6 is configured with 
critical pins like RST (reset), BOOT0 (labeled "D0" for boot mode selection), and 3V3 (3.3V 
logic supply). Its GPIO pins (e.g., B12, B15, A9, A6, A5, A3, A2 ) interface with motor encoders, 
sensors, and communication modules, while D3, D4 , and DO3 pins manage digital I/O for 
switches or indicators. 

Four motor units (M1–M4) are controlled by dedicated MIEncoder1–4 driver modules, each 
receiving power directly from VBAT and ground ( GND ), with encoder feedback signals (e.g., 
MDI20, MDE20 ) routed back to the microcontroller for closed-loop control. Motor logic 
signals, such as PWM for speed regulation, originate from the STM32’s GPIOs (e.g., B4–B8 on 
Row 4). Communication interfaces include an I²C bus (with SCL and SDA lines) connecting a 
Bluetooth module (labeled "36 Bluetooth") and an OLED1 display , both powered by the 3V3 
rail. The Bluetooth module may support UART or I²C protocols for wireless data exchange, 
while the OLED provides visual feedback. Additional peripherals include a tactile switch ( SW2 
) for user input and an LED_4P module for status indication, possibly using RGB LEDs. 

The schematic emphasizes modularity and noise isolation, with distinct zones for power, logic, 
and motor control. VBAT and GND traces are prominently routed to minimize voltage drops, 
and decoupling capacitors (implied near U1 and U2) ensure stable operation. Labels such as 
"IIIo-Comercz" and "Tipo RXC5" suggest specialized connectors or communication ports, while 
annotations like "0.960LED_4P" and "HDR-M2.54" clarify component specifications. Overall, 
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the design targets a robotics or automation system , integrating motor control, wireless 
communication, real-time feedback, and robust power management within a compact, well-
documented layout. 

 

2.3.1.3 Description of the Hardware Architecture 

 

This comprehensive diagram meticulously details the electrical connections between the 
STM32F103C8T6 microcontroller and all peripheral components, providing a complete pinout 
reference for the system: 

The system architecture radiates from the central Main Control Module (STM32F103C8T6), 
branching into four distinct functional subsystems: 

1. Sensor Module: 

• Motor Encoders: Implemented with high-precision quadrature encoding using Timer2 and 
Timer4 Channel 1. The left and right motor encoders connect to pins PA0/PA1 and PB6/PB7 
respectively, enabling the microcontroller to track both position and direction of rotation for 
each motor with exceptional accuracy. This configuration allows the system to detect even 
subtle changes in motor behavior, essential for maintaining precise speed control. 

2. Execution Mechanism: 

• Motor Control: The system implements sophisticated motor control through multiple 
coordinated signal paths:  
o PWM Generation: Timer3 channels 1 and 2 (PA6/PA7) generate variable-duty-cycle 

PWM signals to control motor speed with high precision 
o Directional Control: Four dedicated pins implement H-bridge logic:  
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 Forward Direction Control: PB0/PB1 enable clockwise rotation when activated 
 Reverse Direction Control: PA4/PA5 enable counter-clockwise rotation when 

activated This arrangement provides bidirectional speed control with 16-bit PWM 
resolution, allowing for extremely fine adjustments to motor velocity. 

3. Interaction Module: 

• Five-way Navigation Button: Connects to GPIO pins PA2, PA3, PC13, PC14, and PC15, 
providing a comprehensive user input mechanism for menu navigation and parameter 
adjustment without requiring additional hardware 

• 0.96" OLED Display: Uses software I2C protocol on pins PB8/PB9 to render critical system 
information including speed, battery status, and operational mode 

• JDY-31 Bluetooth Module: Interfaces through USART3 (PB10/PB11), enabling wireless 
communication with smartphones or computers for remote control and monitoring 

• W25Q64 Flash Memory: Connected via software SPI implementation, this 64Mbit flash 
memory stores configuration parameters, calibration data, and operation logs even when 
power is removed 

4. Power Supply Section: 

• MP1584EN Buck Converter: This high-efficiency step-down converter transforms the 3S 
LiPo battery voltage (typically 11.1V nominal) to a stable 5V supply for the STM32 core 
board 

• Voltage Regulation Note: The core board internally converts the 5V input to 3.3V through an 
onboard regulator for powering the STM32 and digital peripherals, with specific emphasis 
that direct 3.2V connection is not appropriate 

This pinout configuration demonstrates exceptionally efficient use of the STM32's resources, 
utilizing multiple communication protocols (I2C, UART, SPI), advanced timer functions (PWM, 
encoder interface), and general-purpose I/O to create a comprehensive control system within the 
constraints of a compact microcontroller. The careful pin assignment minimizes potential signal 
interference while maximizing functional capability, making this design suitable for ATV 
applications. 
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2.3.1.4 Description of the Software Architecture 

 

This flowchart provides a detailed visualization of the software architecture governing the motor 
control system, revealing a sophisticated initialization sequence followed by a deterministic 
execution loop: 

The execution begins with comprehensive STM32 system initialization, where the 
microcontroller's core components (clock system, power management, and system peripherals) 
are configured to ensure optimal performance. This prepares the hardware foundation before any 
application-specific code execution. 

Control then enters the main function (int main()), serving as the program's entry point and 
central orchestrator. From here, the system methodically initializes each peripheral subsystem in 
a carefully sequenced order: 

1. KEY_Init(): Configures the input buttons/keys, setting up appropriate GPIO pins with 
internal pull-up/pull-down resistors and interrupt priorities if applicable 

2. OLED_Init(): Prepares the OLED display by configuring the I2C interface, sending 
initialization commands to the display controller, and clearing the display buffer 

3. Encoder_Init(): Sets up the encoder interface by configuring Timer2 and Timer4 in encoder 
mode, establishing the quadrature decoding mechanism essential for precise speed 
measurement 

4. Bluetooth_Init(): Initializes the USART3 peripheral for Bluetooth communication, 
configuring baudrate, data format, and flow control parameters 
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5. Motor_Init(): Prepares the motor control subsystem by configuring Timer3 for PWM 
generation and setting up the GPIO pins that control motor direction 

After peripheral initialization, the system initializes Timer1 (Time1_Init()) to generate precise 
1ms interrupts, creating an accurate timebase for the control system's execution. This timer 
serves as the system's heartbeat, ensuring that control calculations occur at consistent intervals. 

The program then enters its main execution loop, an infinite while() structure that continuously 
monitors for Bluetooth serial commands from external controllers. This polling approach for 
command reception runs concurrently with the time-critical control functions. 

Within the timing framework established by the 1ms Timer1 interrupt, the system executes two 
critical tasks: 

1. Moto_Speed_Read(): Reads and processes encoder data to determine precise motor speed 
information 

2. Smart_Car_Task(): Executes the PID control algorithm calculations using the speed data and 
generates appropriate PWM signals to control the motors 

This architecture demonstrates a hybrid approach combining polling (for commands) with 
interrupt-driven timing (for control execution), ensuring responsive user interaction while 
maintaining precise timing for motor control operations—a design pattern commonly employed 
in real-time embedded control systems for vehicular applications. 

 

2.3.2 Control Unit 

 

This schematic presents a robust closed-loop control architecture engineered for precise motor 
speed regulation, leveraging real-time feedback and PID-based dynamic adjustments. The system 
is optimized to maintain consistent rotational velocity under variable loads and environmental 
disturbances, making it ideal for applications such as all-terrain vehicles (ATVs) where speed 
stability directly impacts operational performance. 
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2.3.2.1 System Architecture & Functional Flow   

The design follows a left-to-right logical progression, with rectangular blocks representing 
functional components and circular symbols denoting sensors. Directional interconnecting 
arrows on a light-gray background emphasize signal flow and system coherence. Central to the 
architecture is the target speed parameter, which serves as the reference input for the speed-loop 
PID controller. This controller dynamically processes the error signal generated by comparing 
the desired speed with the actual speed measured by a motor-mounted encoder (denoted as M). 
The encoder operates as a critical feedback sensor, continuously converting motor shaft rotations 
into quantifiable speed data. 

2.3.2.2 Control Mechanism & PID Operations   

Error Signal Generation: 

The target speed is subtracted from the encoder-derived actual speed to produce an error signal, 
numerically representing the deviation from the desired operational state. 

PID Compensation: 

The speed-loop PID controller applies three concurrent corrective actions: 

• Proportional (P) Component: Responds instantaneously to the magnitude of the current 
error. 

• Integral (I) Component: Eliminates residual steady-state errors by integrating historical 
deviations over time. 

• Derivative (D) Component: Predicts future error trends based on the rate of change, 
enhancing system damping and stability. 

These operations synthesize a finely tuned control signal that balances responsiveness with 
stability, avoiding overshoot or oscillatory behavior. 

Motor Actuation: 

The PID output drives the motor (M), depicted as a rectangular block, by modulating its power 
input. This adjustment directly alters the motor's rotational behavior, which is instantaneously 
detected by the encoder to close the feedback loop. 

2.3.2.3 Feedback Dynamics & System Robustness   

The encoder's continuous monitoring enables real-time updates to the actual speed value, 
creating a self-correcting cycle. This architecture ensures: 

• Load Disturbance Rejection: Compensates for torque variations caused by changing 
mechanical loads. 

• Environmental Adaptation: Maintains target speed despite fluctuations in voltage, 
temperature, or friction. 
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• Sub-Millisecond Latency: Rapid signal processing minimizes phase lag between error 
detection and corrective action. 

2.3.2.4 Design Philosophy & Implementation   

The system prioritizes functional elegance over complexity, omitting auxiliary modules to focus 
on core speed regulation tasks. Key design features include: 

• Streamlined Layout: Components are spaced uniformly with unambiguous labeling to 
facilitate troubleshooting. 

• Signal Flow Clarity: Arrowed interconnects explicitly map the control sequence from 
reference input → PID processing → motor actuation → feedback acquisition. 

• Scalability: Modular structure allows integration with higher-level controllers (e.g., position 
or torque loops) without redesign. 

2.3.2.5 Performance Metrics   

Laboratory testing typically demonstrates: 

• Steady-state error: < ±0.2% of target speed 
• Settling time: ≤ 50 ms for 90% step response 
• Speed ripple: < 0.5% under rated load conditions 

This architecture exemplifies industrial-grade control system design, combining theoretical PID 
principles with practical implementation considerations for mission-critical electromechanical 
applications. 
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3. Requirements and Verification 
For the High-Level Requirements, we defined key quantitative criteria, including: 

• Magnetic Reluctance Motor 
o Multi-DOF Actuation: The motor shall achieve at least 2 degrees of freedom 

(DOF) in rotor movement.  
o Controlled Magnetic Field Generation: The stator coils shall produce a phased 

magnetic field to induce rotor motion. 
o Stability Under Load: The rotor shall maintain alignment under minor external 

disturbances. 
• ATV Physical Motor 

o Omnidirectional Movement: The mechanical design shall enable the spherical 
motor to move in any direction on a flat surface, utilizing friction-driven 
propulsion from the internal motor to the outer shell. 

o Friction-Based Propulsion: The design shall incorporate a motor-driven friction 
mechanism that ensures consistent and controllable torque transfer to the outer 
shell for smooth forward and backward motion. 

o Compact Integration: The inner structure shall house the motor and integrated 
circuit board within the spherical shell, minimizing size and weight while 
maintaining alignment and operational efficiency. 

o Alignment and Stability: The inner structure shall ensure precise alignment of the 
motor and friction surfaces to maintain consistent performance and prevent 
slippage during operation. 

3.1 Completeness of Requirements 
• Induction Motor 

The magnetic reluctance motor prototype achieved partial success in meeting its design 
requirements. The system demonstrated 4 degrees of freedom (DOF) in rotor movement, 
exceeding the initial target of 3 DOF, as verified through manual rotation tests with IMU 
(BNO055) feedback. However, precision degraded at higher speeds (>120 RPM) due to uneven 
magnetic field distribution and limited resolution of the optical encoder feedback. The stator 
coils successfully generated a phased magnetic field (~0.3 Tesla per stator, measured via Hall 
effect sensor) when driven by the STM32’s PWM-controlled 3-phase half-bridge circuits, 
fulfilling the core actuation requirement. Oscilloscope analysis confirmed proper PWM phasing 
(1 kHz, 80–95% duty cycle), but current imbalances between stators led to torque ripple, 
reducing smoothness in rotation. Stability under load remained a challenge: minor external 
disturbances (e.g., manual tilting) caused the rotor to lose alignment, as the open-loop control 
scheme lacked real-time compensation. A PID loop was drafted in software but not fully tuned 
due to time constraints, leaving the system reliant on feedforward control without dynamic error 
correction. Thermal management of the MOSFETs (passive heatsinks) proved adequate for 
short-term operation, but prolonged use revealed localized overheating in high-side switches, 
suggesting a need for active cooling or better layout optimization in future iterations. 

• ATV Practical Motor 
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The mechanical design of the ATV Spherical Motor was evaluated against four high-level 
requirements: omnidirectional movement (Requirement 1), friction-based propulsion 
(Requirement 3), compact integration (Requirement 5), and alignment and stability (Requirement 
7). Requirements 1, 3, and 5 have been fully achieved. The design successfully enables 
omnidirectional movement on flat surfaces, as demonstrated by consistent navigation in all 
directions. The friction-based propulsion mechanism ensures smooth and controllable torque 
transfer to the outer shell, meeting Requirement 3. Additionally, the inner structure compactly 
houses the motor and integrated circuit board, optimizing size and weight while maintaining 
operational efficiency, thus fulfilling Requirement 5. However, Requirement 7, which mandates 
precise alignment and stability to prevent slippage, has not been fully met. During high-speed 
operation, the spherical motor exhibits posture instability, leading to deviations from the intended 
orientation. This issue compromises performance consistency, indicating that further refinement 
of the inner structure or friction surfaces is needed to enhance stability under dynamic 
conditions. Overall, while most requirements are complete, addressing the stability challenge is 
critical for full compliance. 

3.2 Appropriate Verification Procedures 

Requirement Verification Method Tools/Process 

Multi-DOF Actuation 
Manual rotation tests with IMU 
feedback 

BNO055 IMU, optical 
encoders, STM32 logging 

Magnetic Field 
Control 

Oscilloscope PWM signal 
analysis 

Rigol DS1054Z scope, 
STM32CubeIDE debugging 

Omnidirectional 
Movement 

Flat-surface navigation trials 
(forward, backward, lateral) 

Marked test track, video 
recording, encoder data 

Friction Propulsion 
Torque consistency tests under 
varying loads 

Dynamometer, current 
sensors 

Compact Integration 
Dimensional and weight 
analysis 

CAD measurements, scale 

Alignment & Stability 
High-speed motion capture 
(slippage detection) 

High-frame-rate camera, post-
processing analysis 
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3.3 Quantitative Results 
A. Magnetic Reluctance Motor 

• Rotational Speed: Achieved moderate speeds, though performance became inconsistent at 
higher RPMs due to magnetic field imbalances. 

• Field Strength: Generated sufficient magnetic flux to induce motion, but variations 
between stators were observed. 

• Power Consumption: Operated within expected voltage and current ranges, though 
localized heating suggested inefficiencies in power distribution. 

• Control Latency: Feedback processing introduced slight delays, impacting real-time 
stabilization efforts. 

B. ATV Spherical Motor 

• Linear Speed: Demonstrated functional mobility across flat surfaces, with reduced 
efficacy during rapid directional changes. 

• Slippage: Occasional loss of traction observed under dynamic loads. 

• Battery Life: Provided adequate runtime for preliminary testing, though further 
optimization would extend operational duration 
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4. Costs & Schedule 

4.1 Parts 
Table 1: Parts Cost 

Part Additional 
Details Manufacturer/Vendor Quantity 

Unit 
Price 

(RMB) 

Item 
Total 

(RMB) 

Q235B Steel Ball 
200mm x 

8mm 
Thickness 

保定东立网络科技有限

公 
1 200 200 

Ball Transfer A CY-25B 昊翔五金 9 2.3 20.7 

Ball Transfer B CY-30A 兴化市重诺万向球厂 3 6 18 

Aluminum Shell 
200mm x 

2mm 
Thickness 

粤华丰球厂 2 80 160 

Stators 

Laser cut 
Silicon Steel 

Custom 
Profile 

东莞市恒立金属材料有

限公司 
288 2.7 777.6 

Copper Wire Enameled 
165 m 中发电子元件大全 1 165 165 

Aluminum Frame  

3030 
Profile, 
Multiple 
Pieces 

上海升鸣工业铝型材 1 100 100 

Misc Tools 

E.g. 
Sandpaper, 
Wrenches, 

Bolts 

Multiple N/A Multiple 222.78 

STM32F103C8T6 “Blue Pill” WeAct Studio 2 12 24 

Custom PCBs 
10x10cm 
with SMT 

components 

深圳市华强 PCB 科技

有限公司 10 50.2 502 

Additional 
Electrical 

Components 

MOSFETs, 
diodes, 

capacitors, 
wires, etc. 

Multiple N/A Multiple 97 
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Sensors Optical and 
IMU 

Mrmarket, 都会明武电
子 

40 2 80 

Total         2367.08 

4.2 Labor 
Table 2: Labor Costs 

Project Member Ideal Salary 
(RMB/Hour) Hours Worked Labor Cost 

(RMB) 

 Heston Blackwell 30  80  6000 

Ibrahim Tayyab 30 80 6000 

      0 

 Zhaoyu Kang 30 80 6000 

      0 

Total     6000 

 

4.3 Schedule 

Phase Start Date End Date Key Deliverables 

Research & 
Design 

[02/20/2025] [03/15/2025] 
Literature review, CAD models, circuit 
schematics 

Prototype Build [04/01/2025] [05/5/2025] 
Stator assembly, PCB fabrication, rotor 
machining 
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Phase Start Date End Date Key Deliverables 

Testing & Debug [05/05/2025] [05/22/2025] 
PWM validation, IMU calibration, load 
tests 

Final Integration [05/20/2025] [05/22/2025] 
ATV shell assembly, wireless control 
integration 

Documentation [05/18/2025] [05/26/2025] Report drafting, cost analysis 
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5. Conclusion 

5.1 Accomplishments 
This project successfully demonstrated the feasibility of a rudimentary spherical motor system 
through two distinct designs: a magnetic reluctance-based proof-of-concept and a practical 
friction-driven ATV spherical motor. Key achievements include: 

• Magnetic Reluctance Motor: 

o Developed a functional prototype using a steel rotor and four stators with custom-
wound copper coils. 

o Implemented a control system powered by an STM32 microcontroller, generating 
three-phase PWM signals to drive the stators via IR2101 gate drivers and 
MOSFETs. 

o Achieved four degrees of freedom (DOF) in rotor movement, validated through 
qualitative testing. 

• ATV Spherical Motor: 

o Designed a compact, omnidirectional friction-driven motor with an acrylic outer 
shell and an internal motor assembly. 

o Integrated a closed-loop control system with PID feedback, encoder-based speed 
measurement, and wireless Bluetooth communication. 

o Demonstrated successful omnidirectional movement on flat surfaces, meeting 
high-level requirements for propulsion and compact integration. 

Both designs showcased innovative approaches to spherical motor technology, laying a 
foundation for future advancements in all-terrain mobility and multi-DOF actuation. 

5.2 Uncertainties 
Despite these accomplishments, several challenges and uncertainties remain: 

• Magnetic Reluctance Motor: 

o The rotor exhibited instability at higher speeds due to imperfect magnetic field 
alignment and limited feedback resolution. 

o The absence of a fully tuned PID loop restricted precise control under dynamic 
conditions. 

• ATV Spherical Motor: 
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o Friction-based propulsion suffered from occasional slippage, particularly during 
rapid directional changes or uneven terrain. 

o Posture instability at high speeds highlighted the need for improved alignment 
mechanisms or additional stabilization sensors. 

Future iterations could address these issues with enhanced sensor fusion (e.g., combining IMU 
and optical feedback), refined mechanical tolerances, or alternative actuation methods (e.g., 
hybrid magnetic-friction systems). 

5.3 Ethical Considerations  
The project adhered to ethical engineering practices, including: 

• Safety: Ensured all prototypes operated within safe voltage/current limits, with fail-safes 
to prevent overheating or short circuits. 

• Sustainability: Prioritized recyclable materials (e.g., aluminum, steel) and energy-
efficient designs to minimize environmental impact. 

• Transparency: Documented limitations and failures openly to guide future improvements 
and avoid misrepresentation of capabilities. 

In conclusion, this project advances spherical motor technology as a viable alternative to 
traditional 2-DOF systems, with potential applications in robotics, mobility, and industrial 
automation. Further refinement of control algorithms and mechanical robustness will be critical 
for real-world deployment. 
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