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Abstract. A two-wheeled self-balancing mobile robot (TWBMR) represents a complex motion 
control system characterized by multi-variable, nonlinear, high-order, strong-coupling dynamics, 
and intrinsic instability. Aiming at the complexity of system development, this paper proposes an 
embedded software development approach based on model-based design (MBD) using 
Matlab/Simulink. By integrating a control strategy that combines a digital motion processing 
(DMP) attitude solver with a PID control algorithm, and leveraging the Android platform along 
with a Bluetooth communication module for online parameter tuning, effective self-balancing 
control of the TWBMR is achieved. Experimental results demonstrate that the system exhibits 
high accuracy in Bluetooth-based data transmission and reception, excellent control precision, 
robust system stability, and rapid time response. The main contribution of this paper is to make 
focus on concretely building a unique model architecture of the TWBMR control system able to 
implement all the major aspects of MBD methodology such as executable requirements and 
Processor-In-the Loop (PIL) simulation modes, verification and automatic code generation. It is a 
great advantage to develop the system faster and more efficiently, shorten the prototyping process. 
Keywords: two-wheeled self-balancing mobile robot, model-based development, parallel PID 
tuning, STM32 microcontroller, Android platform, Bluetooth control. 

Nomenclature 

TWBMR Two-wheeled self-balancing mobile robot 
MBD Model based design 
DMP Digital motion processing 
PIL Processor-in-the-loop 
LQR Linear quadratic regulator 
PWM Pulse width modulation 
HCI Human-computer interaction 
IoE Internet of everything 
RTW Real-time workshop 
IDE Integrated development environment 

1. Introduction 

With the rapid development of sensor technology, communication technology, automatic 
control technology and artificial intelligence technology, robots are more and more widely used 
in industrial, agricultural, medical and military fields. A TWBMR is an inverted pendulum-like 
system that maintains balance through the torque output of motors to the left and right wheels [1], 
featuring compact structure, high efficiency of control and flexibility of turning, etc. It is more 
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and more widely used in the fields of traffic, security, inspection, food service, etc., and it has 
become a hot spot of research in the field of mobile robots. 

Meanwhile, the TWBMR is a multivariable, nonlinear, high-order, strongly coupled and 
intrinsically unstable motion control system [2-5], which is a typical device to test various control 
theories and control methods. Thus, its study has great theoretical and practical significance. 

As early as the 1950s, experts in control theory at the Massachusetts Institute of Technology 
(MIT) designed an inverted pendulum system to study the attitude control problems in the 
guidance process of rockets and missiles [6], and used it to verify the various attitude control 
strategies proposed. 

In 1986, Prof. Yamato and his team in Japan, Matsushita Electric Industrial Co., Ltd. (now 
Panasonic Corporation) developed the first successful self-balancing robot, the robot is also 
known as the ‘dynamic balance car’ [7], which set off the prelude to the study of two-wheeled 
self-balancing robots. 

In 1995, American Dean Kamen announced the development of a full-fledged self-balancing 
robot. Kamen announced the mature self-balancing vehicle products Segway [8], the internal use 
of solid-state gyroscopes to measure the angular velocity of the balance of the car, the use of high-
speed operation of the central processor on the balance of the real-time tilt angle of the car for the 
solution, is the world’s first truly commercial self-balancing vehicle. 

In 2002, the Industrial Electronics Laboratory of the Swiss Federal Institute of Technology 
(ETH) designed an autonomous mobile self-balancing robot JOE [9], using linear state space 
theory to design the control algorithm, the controller obtains the tilting angular velocity through 
the gyroscope, and integrates the angular velocity to get the tilting angle, and obtains the forward 
speed of the vehicle through the encoder, so that it adjusts the robot's attitude and achieves the 
balancing purpose. 

In 2008, Tiger Electronics Company of the United States and Sega Toys Company of Japan 
launched a two-wheeled robotic toy AMP (Automated Musical Personality) [10] by applying 
advanced gyroscope technology with infrared sensors and sonar technology. 

In 2015, China Xiaomi Ninebot launched the classic ‘Nine Balance Bike’ (Ninebot) [11], 
which is different from the traditional walking tools, it supports Bluetooth connection to mobile 
phone APP, real-time monitoring and controlling the status of the vehicle, which is very popular 
and popular in the market. 

Currently, the development and research of the TWBMR control systems predominantly 
follow the traditional development process. During the design phase, a hardware platform must 
be constructed, which necessitates substantial initial investment. Testing can only commence after 
the prototype is completed, leading to high costs for error detection and correction, thereby posing 
significant market risks. Software programming relies on traditional manual methods, which 
demand high personnel expertise, are labor-intensive, inefficient, and prone to errors. To enhance 
the development efficiency of the TWBMR and reduce costs.  

This paper proposes a MBD methodology, integrating the mainstream V-model development 
process. Through the establishment of a hardware experimental platform, the various 
functionalities of the TWBMR are validated, thus verifying the feasibility of the model-based 
design approach. The parallel PID control strategy based on upright, velocity and direction loops 
are particularly suitable for scenarios with high dynamic performance requirements, which satisfy 
the stability, rapidity and accuracy of the control system. Integration with the Android platform 
provides a user-friendly interface and remote control, making the TWBMR more accessible for 
practical applications. 

2. Construction of the TWBMR control system 

The TWBMR can be simplified as a first-order inverted pendulum mode with a movable 
bottom, as shown in Fig. 1. The height of the center of gravity of the body is 𝑙, the mass is 𝑚, and 
the inclination angle is 𝜃. Force analysis of the model gives the equation of motion between the 
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acceleration of the wheels of the balanced robot, 𝛼ሺ𝑡ሻ and the acceleration of the external 
disturbance 𝑥ሺ𝑡ሻ: 
𝑙 𝑑ଶ𝜃ሺ𝑡ሻ𝑑𝑡ଶ = 𝑔 ∙ sinሾ𝜃ሺ𝑡ሻሿ − 𝛼ሺ𝑡ሻ ∙ cosሾ𝜃ሺ𝑡ሻሿ + 𝑙 ∙ 𝑥ሺ𝑡ሻ. (1)
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Fig. 1. The TWBMR simplified model 

When the inclination is small, the equation of motion Eq. (1) is simplified to: 

𝑙 𝑑ଶ𝜃ሺ𝑡ሻ𝑑𝑡ଶ = 𝑔 ∙ 𝜃ሺ𝑡ሻ − 𝛼ሺ𝑡ሻ + 𝑙 ∙ 𝑥ሺ𝑡ሻ. (2)

When in equilibrium, that is, 𝛼ሺ𝑡ሻ = 0, then: 

𝑙 𝑑ଶ𝜃ሺ𝑡ሻ𝑑𝑡ଶ = 𝑔 ∙ 𝜃ሺ𝑡ሻ + 𝑙 ∙ 𝑥ሺ𝑡ሻ. (3)

According to the analysis of the above formula, the angle 𝜃 and the current angular 
acceleration 𝛼ሺ𝑡ሻ of the robot are accurately detected, which are taken as feedback values and 
controlled by the algorithm to realize the balance control of the wheeled robot. 

2.1. Overall framework design of the TWBMR 

The operation principle of the TWBMR is to establish a kind of ‘dynamic stability’, the 
self-balancing ability is based on real-time detection of the robot body state and feedback sensing 
data to the central controller, and then the central controller according to the algorithm given to 
the robot body state of the movement instructions by the motor drive module to drive the motor 
to keep the robot body upright. The upright movement of the TWBMR can be separated into three 
basic parts for control. 

1) Balance control: Maintaining the upright balance state by controlling the forward and 
reverse rotation of the robot motor. 

2) Speed control: By adjusting the tilt angle to achieve speed control, it is essentially achieved 
by controlling the motor speed to control the wheel speed. 

3) Direction control: Steering control is achieved by controlling the rotational differential 
between two motors. 

The design takes STM32 microcontroller as the main control chip, which collects and 
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processes data from the gyroscope sensor, encoder, ultrasonic sensor, and instructions sent by the 
intelligent terminal in real time. After processing the data, STM32 transmits the terminal through 
the Bluetooth module. The system is remotely controlled and data is processed using an APP based 
on the Android system to enhance the autonomy, security, and reliability of the system. The overall 
design block diagram of the system is shown in Fig. 2. 
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Fig. 2. Block diagram of the TWBMR 

The TWBMR is composed of three parts: the main control, the peripheral devices and the 
power supply. The main control part takes the STM32 microcontroller as the core controller. The 
peripheral devices include the BLE module, ultrasonic distance measurement module, attitude 
measurement sensor MPU-6050, OLED display, LED, buzzer, encoder, TB6612FNG motor 
driver and two encoded motors. The power supply provides power for the TWBMR and outputs 
three voltages of 12 V, 5 V and 3.3 V. Socket protocol is used for data communication between 
the TWBMR and the smart terminal APP. 

2.2. Establishment of balance algorithm 

The power of the TWBMR lies in its two wheels, which are responsible for maintaining the 
robot's balance, speed, and direction. The speed control of the robot is achieved by adjusting its 
elevation or tilt angle, ultimately relying on the synchronization of the rotational speeds of the two 
motors. 

The design of the balancing algorithm is the core technology for implementing the TWBMR. 
Currently, various control theories have been proposed, among which the control algorithms 
commonly used in practical applications include conventional PID control [12-13], Linear 
Quadratic Regulator (LQR) [14], fuzzy control [15-17], sliding mode variable structure control 
[18], and neural network control algorithms [19]. 

Cihan et al. conducted research on the TWBMR utilizing the LQR [20]. They employed a 
high-performance, large-torque direct current servo motor, a transistor pulse width modulation 
(PWM) direct current servo control module, and a high-precision sensor to achieve upright control 
of the TWBMR. 

Ching‐Chih Tsai et al. established the dynamic model of the TWBMR [21]. S.A. Trefilov et 
al. adopted the robust pole placement method to perform stability control on the TWBMR [22]. 
Sangtae Kim et al. designed a PID controller and achieved the control of the coaxial TWBMR 
[23]. Emrah ATAC et al. proposed the application of PID control method to reduce the training 
time during the Reinforcement Learning (RL)-based training of self-balancing robots [24]. 

The Anh Mai et al. proposes a hierarchical fuzzy control method [25]. Two fuzzy controllers 
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are used to control the offset angle of the robot body and the rotation speed of the wheels 
respectively. The decision-maker coordinates the proportions of the two control quantities of 
standing upright and walking. Finally, the correctness of the design is verified through simulation. 

Lucas Lins Souza et al. proposed a nonlinear control strategy for an inverted pendulum-type 
TWBMR in the presence of uncertainties, establishing a comprehensive nonlinear model that 
accounts for external disturbances [26]. Leveraging Active Disturbance Rejection Control 
(ADRC), the proposed algorithm is characterized by its lightweight nature, enabling 
implementation on embedded systems with limited processing capabilities.  

Omar Mohamed Gad et al. designed and implemented the control system for the TWBMR by 
utilizing MATLAB and the Arduino IDE [27]. Firstly, the transfer function of the TWBMR was 
derived through mathematical modeling based on the Lagrange equation. Subsequently, a cascade 
PID controller was employed to ensure the robot's balance. 

The core of PID control algorithm is closed-loop control, and because of the uniqueness of the 
TWBMR, the control is divided into angle loop control, direction loop control and speed loop 
control. 

Since the upright control of the TWBMR requires the angular velocity and angular acceleration 
measured by the gyroscope and accelerometer as input parameters, and the data measured by the 
gyroscope and accelerometer during dynamic movement are subject to interference errors, if 
integral control is added, it will lead to error accumulation and the failure of PID control. 
Therefore, only PD control is needed to achieve the upright function of the TWBMR. 

Since the running speed of the TWBMR is related to its tilt angle, for instance, to increase the 
speed of the robot moving forward, the angle of the robot tilting forward needs to be increased. 
After the tilt angle increases, the wheels need to move forward under the upright control to 
maintain the balance of the robot, and the speed increases. Considering that the encoder motor 
may have noise, to prevent the noise from being amplified, PI control is chosen for speed control. 

The steering control of the TWBMR is based on the speed loop, combined with the angle of 
the gyroscope in the 𝑍-axis direction, and the steering function is achieved by controlling the 
speed difference of the left and right motors. Considering that the TWBMR itself has heavy objects 
such as batteries installed, which may cause the TWBMR to overshoot during steering, a PI 
algorithm is adopted to suppress the overshoot. 

From the perspective of control, the input of the TWBMR is the speed of the two motors. 
Therefore, by controlling the rotational speed of the two motors, the balance, speed and direction 
of the car can be controlled. At the same time, to integrate and debug the PID parameters, the 
speed is set to a fixed value. The speed control system will consist of negative feedback upright 
PD controller and a positive feedback speed PI controller. The control algorithm is shown in 
Eq. (4): 𝑝𝑤𝑚 = 𝐾௣𝜃 + 𝐾ௗ𝜃ᇱ − 𝐾௣ ቂ𝐾௉భ𝑒ሺ௧ሻ + 𝐾ூభ෍𝑒ሺ௧ሻቃ, (4)

where 𝜃 is the angle, 𝜃ᇱ is the angular velocity, 𝐾௣ and 𝐾ௗ are respectively the proportional 
coefficient and differential coefficient in the upright PD control, 𝐾௉భ and 𝐾ூభ are respectively the 
proportional coefficient and integral coefficient in the speed PI control, 𝑒ሺ௧ሻ is the deviation 
between the expected speed and the feedback speed, and ∑𝑒ሺ௧ሻ is the integral of the speed control 
deviation. 

The vertical ring and the speed ring can only realize the car running in a straight line, and the 
steering ring needs to be added to realize the robot steering. The two uses of the steering ring are 
as follows: 

(1) Inhibitory steering: Due to the errors of the two motors and wheels of the robot, even if the 
same PWM is given to both wheels, different speeds may be output, causing the car to rotate 
slightly in place. At this time, a steering loop is needed to suppress the rotation of the car and 
make it move in a straight line. The parameters can be selected with negative polarity to suppress 
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the rotation. The 𝑍-axis angular velocity is collected. If it is a left turn, the steering loop parameter 
is taken as positive and added to the left wheel, and then subtracted from the right wheel. By 
increasing the speed of the left wheel and reducing the speed of the right wheel, it will turn right. 
The differential link is adopted: 𝑝𝑤𝑚ௗଵ = 𝐾ௗ ∗ 𝐺𝑦𝑟𝑜௓. (5)

(2) Expectation turning: When using a Bluetooth remote control to steer a vehicle, the vehicle 
must possess a steering function. Therefore, the suppression effect should be removed, and the 
desired steering angle should be used as input, with adjustments made through a proportional 
control system: 𝑝𝑤𝑚ௗଶ = 𝐾௣ ∗ 𝜃௘ . (6)

So far, we get a control algorithm that keeps the robot upright with a given speed, consisting 
of negative feedback upright PD controller, a positive feedback velocity PI controller and a 
positive feedback direction PD controller. The control principle of the TWBMR is shown in Fig. 3. 
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Fig. 3. The TWBMR PID control system 

First, the angular velocity and angular acceleration measured by the gyroscope and 
accelerometer are filtered through the MPU6050 DMP, and then used as the PD control entry 
parameters for PD control. 

The speed control is based on the vertical control, the pulse number measured by the left and 
right encoder is taken as the input parameter of PI control, and the PWM duty ratio is output by 
the PI controller to control the motor speed, so as to ensure the balance of the TWBMR in the 
moving state. 

The steering control takes the speed difference of the left and right motors as the inlet 
parameter of the steering ring PD control, outputs the balance value and converts it into PWM 
duty ratio, and controls the left and right motor drives to achieve balance control. 

By constructing upright ring, speed ring and direction ring, PWM output of motor speed 
regulation can be obtained. The control structure based on parallel PID designed above is suitable 
for scenes requiring high dynamic performance, which is different from the previous cascade PID 
and is suitable for scenes requiring long-term stable operation (such as fixed-point balance and 
low-speed Cruise). 

3. Bluetooth control 

With the development of science and technology into the IoE era, the TWBMR as intelligent 
hardware must has interconnection and intelligence. Bluetooth technology is a wireless 
communication technology that works in the 2.4 GHz ISM band. It adopts fast confirmation and 
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frequency hopping mode, which makes Bluetooth communication have good anti-interference 
ability and system stability. 

On the one hand, Bluetooth communication in the TWBMR is utilized to monitor the real-time 
operational data of the PC for debugging and performance optimization. On the other hand, it 
enables real-time interactive communication with the intelligent terminal application, facilitating 
information transmission and response between the robot and the terminal, thereby enhancing the 
overall intelligence of the control system. 

Serial 
communication

Bluetooth (main) Bluetooth (slave)

MicrocontrollerMotor drive

Bluetooth 
protocol

Control
TWBMR

Drive

Smart terminals 
or PCs

Send (receive) 
data

Status  
Fig. 4. Bluetooth control module workflow 

The workflow of Bluetooth control module is shown in Fig. 4. The Bluetooth module is used 
for communication between the APP and the TWBMR, and can achieve functions such as 
controlling the TWBMR movement and steering, viewing data, PID tuning, etc. 

(1) The Bluetooth control module uses the Bluetooth-enabled components of the 
Android-based platform to interactively communicate with the Bluetooth master module. 

(2) The Bluetooth protocol is employed, with the driver circuit acquiring balance correction 
control data and transmitting it to the Bluetooth slave module under the control of the 
microcontroller self-balancing module. 

(3) The Bluetooth slave module on the smart terminal utilizes serial communication to 
establish a communication link with the microcontroller. 

4. The TWBMR modeling based on STM32-MAT 

The MBD embedded software development method, utilizing the MATLAB/Simulink 
platform, involves creating a control system model within the MATLAB/Simulink environment 
and conducting offline simulations. Subsequently, the interface is modified to a Simulink driver 
module that is compatible with a specific hardware platform. Using the code generation tool, the 
control system model is transformed into an executable program for the hardware board, which is 
then automatically downloaded to the hardware platform for testing and verification of the control 
system. The rapid prototype controller, developed based on the V-model, significantly accelerates 
the development and verification of control algorithms, resulting in transformative changes within 
the control industry. The Real-Time Workshop (RTW) toolbox provided by MATLAB offers 
automatic code generation capabilities, allowing for the direct conversion of Simulink models into 
custom C code for target boards. The integration of Simulink and RTW tools empower developers 
to rapidly establish and verify control solutions within a visual development platform, marking a 
significant advancement in the development of rapid prototype controllers. 

The STM32 series microcontrollers are embedded application products based on the ARM 
Cortex-M3 core. Their high performance, low cost, and low power consumption contribute to the 
continual expansion of their application fields, underscoring the importance of efficient 
development and utilization. The STM32 MCU's code generation capabilities are fully supported 
by MathWorks, allowing software developers to create algorithms within the MATLAB and 
Simulink environments. These algorithms can then be compiled for PIL simulations, facilitating 
the integration, debugging, and testing of the models. The C code generated by Embedded Coder 
is designed to run on the STM32 microcontroller, thereby simplifying the code integration process. 

The MBD of the TWMR facilitates the integrated development of embedded systems using 
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software tools such as Simulink and STM32 Cube MX. Initially, the STM32 microcontroller is 
selected as the system controller, and STM32 Cube MX is employed to configure its clock settings 
and pin assignments. Subsequently, Simulink serves as the platform for designing the parallel PID 
algorithm. Finally, the model developed in Simulink is converted into a C file, and a HEX file is 
generated using MDK Keil software, which is then downloaded to the STM32 microcontroller. 

4.1. TWBMR control flow 

The TWBMR serves as a typical inverted pendulum model. According to the self-balancing 
principle of the robot, when the sensor detects that the angle deviates from the preset mechanical 
zero angle indicating that the vehicle body is tilting motor intervention is necessary. To maintain 
balance, the motor must drive the robot forward or backward to generate acceleration, thereby 
allowing the center of gravity to shift and achieve dynamic equilibrium within the system. The 
control flowchart of the system is shown in Fig. 5. 

Step 1. Attitude solving of the TWBMR is performed by accelerometer value and gyroscope 
value acquisition. 

Step 2. Read the encoded value of the encoded motor rotation during the timer interrupt time. 
Step 3. Feed the attitude angle and encoding value into the PID controller to calculate PWM. 
Step 4. Control the motor to rotate forward and backward according to the PWM value. If the 

PWM is negative, the motor will rotate in reverse; otherwise, it will rotate forward. And output 
the absolute value of PWM to the motor drive to control the motor speed. 

Start

Acquisition of Accelerometer 
and Gyroscope Values

Encoder reading

Tilt angle PID control

Two PWM outputs control the 
left and right motors respectively

Hardware initialization

 
Fig. 5. Flow chart of the TWBMR control 

4.2. The TWBMR control system model 

The environment software tools to be installed and configured for the TWBMR model-based 
development are shown in Table 1. 

Matlab/Simulink: a powerful and flexible simulation platform based on Simulink, enabling 
system modeling and simulation in many fields. It provides a rich module library, graphical 
modeling interface, and professional toolbox, supporting the full process application from 
algorithm design to hardware deployment. 

STM32CubeMX: a graphical configuration tool designed specifically for STM32 
microcontrollers. With its intuitive and easy-to-use graphical interface, users can easily configure 



DESIGN AND IMPLEMENTATION OF TWO-WHEELED SELF-BALANCING MOBILE ROBOT CONTROL SYSTEM BASED ON STM32-MAT AND 
ANDROID. WENZHENG ZHAI, LIANGWEI DONG 

604 ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635  

and initialize various parameters of the STM32 chip, including pin allocation, clock configuration, 
and peripheral initialization, ultimately generating underlying driver code automatically. 

Table 1. STM32 code auto-generation related software tools 
Software Introduction 

Matlab/Simulink Integrated environment for dynamic system modeling, simulation, and 
comprehensive analysis 

Embedded Coder Embedded system code generation 
Keil MDK-ARM Microcontroller/embedded C language software development environment 

STM32CubeMX Generate the driver code of STM32 microcontroller according to the required 
functions 

STM32-MAT/Target Matlab/Simulink library for stm32 

Keil MDK-ARM: an IDE widely used in embedded system development, providing powerful 
tools such as compilers, debuggers, simulators, etc., enabling developers to efficiently write, 
compile, debug, and burn embedded program code. 

STM 32-MAT/Target toolkit: the MCU CONFIG module provided can be configured for any 
STM32 processor chip supported by STM32CubeMX and encompasses nearly all resources 
available on STM32 chips. During embedded software development, complex control algorithms 
and embedded programming can be implemented by integrating existing Matlab/Simulink 
modules. Leveraging the configuration capabilities of STM32CubeMX software, graphical 
design, early verification, automatic code generation, and automated documentation can be 
efficiently achieved for STM32 microcontrollers. 

The whole design process is systematically divided into three key stages: first, the algorithm 
of the control system is designed on Matlab/Simulink, and then the PIL simulation, that is, the 
real-time simulation of STM32 microcontroller and Matlab/Simulink connected through UART. 
This process requires the collaboration of Matlab/Simulink, stm32cubemx, toolchain and other 
software, so that the model of automatically generated code can be built, and the corresponding 
input and output of the design model can be connected with the modules of STM 32-MAT/Target 
library. According to the specific settings in STM32CubeMX according to the model functions, 
the code can be automatically generated, and the generated C code engineering file can be 
generated through the corresponding development environment. The model-based design process 
of microcontroller is completed by recompiling and programming. 

4.2.1. The formulation and allocation of tasks 

Stateflow is an important tool in MATLAB/Simulink, based on finite state machines and 
flowcharts, specifically designed for designing and simulating state machine and event driven 
systems. Users can easily define multiple states and transitions between states by dragging and 
dropping components and setting state relationships, achieving the system's state logic. Open the 
Stateflow option to design the TWBMR task scheduling flowchart as shown in Fig. 6. 

In accordance with the TWBMR control requirements, the STM32 SysTick timer is utilized to 
manage the motor’s timing interrupt at a frequency of 1 millisecond. Specifically, the inner speed 
loop is regulated by capturing the encoded pulse, and the current and direction of the left and right 
motors are adjusted accordingly. To achieve this, time slice scheduling tasks are established at 
intervals of 5 milliseconds, 10 milliseconds, and 20 milliseconds, respectively, to control the 
TWBMR balance loop, speed loop, and direction loop. 

4.2.2. Balanced-loop PD control and output 

Extract and install the en.stm32-mat_target.zip hardware support package, with the default 
installation path being “C:\MATLAB\STM32-MAT\STM32”. Add this path to MATLAB 
working path, and when running Simulink, open the simulation/library browser option to see all 
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available modules in Simulink (including the newly installed STM32 hardware support package), 
such as ADC, CAN, DAC, GPIO, TIMERS, I2C, I2S, REGISTER, SPI, TIMERS, USART, 
xWDG, etc. In the process of embedded software development, the complex control algorithm 
and embedded programming can be realized by combining the existing modules of 
Matlab/Simulink. On the basis of the configuration of STM32CubeMX software, the graphical 
design, early verification, automatic code generation and document automation can be quickly 
realized for the STM32 chip. 

 
Fig. 6. The TWBMR task scheduling flowchart 

 
Fig. 7. Modeling of the TWBMR upright balanced-loop control 

As shown in Fig. 7, the TWBMR upright balance angle loop modeling, when the MPU6050 
gyroscope is placed stationary, there is a target balance state deviation constant 
BALANCE_OFFSET (the constant value is related to the zero position of the TWBMR machine); 
the target balance point and the difference between the target balance point and the KMP filtered 
angle, multiplied by the proportionality term of the coefficient BALANCE_KP, constitutes the 
PD control P term, Kp_Iterm. The angular velocity multiplied by the PD control differential 
coefficient BALANCE_KD constitutes the D term, Kd_Iterm, of the PD control. Multiply the 
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angular velocity by the differential coefficient of the PD control BALANCE_KD to form the D 
term of the PD control Kd_Iterm. Then, superpose the P term and the D term to form the PWM 
duty cycle of the balancing loop PD control to provide the motor drive module. This completes 
the control of the robot's balance from upright to forward balance. The robot’s self-balancing 
tuning is done by adjusting the BALANCE_OFFSET, BALANCE_KP and BALANCE_KD 
parameters. 

4.2.3. Speed-loop PI control and output 

As shown in Fig. 8, the robot speed loop is modeled, and the target speed can be set by 
keystroke, Bluetooth communication, or microcontroller serial port command. The current motor 
speed is determined by reading the motor code pulse, and the left and right motor speeds are 
averaged to calculate the actual robot speed. According to the model, two key inputs are 
debounced and then entered into the PI operation. 

 
Fig. 8. Modeling of the TWBMR speed-loop control 

4.2.4. Direction-loop PD control and output 

The TWBMR can either steer or rotate in place. If the target deflection angle 𝜃௘ is 0 when the 
robot is not steering, then it steers according to the actual value. See the direction loop PWM 
output shown in Eq. (6) multiplying the target deflection angle by the coefficient of the 
proportionality term, 𝐾௣, constitutes the P term of the PD control, and multiplying the 𝑍-axis 
gyroscope measurement data by the differentiation coefficient, 𝐾ௗ, constitutes the 𝐷 term of the 𝑃𝐷 control: 𝑝𝑤𝑚ௗ = 𝐾௣ ∗ 𝜃௘ + 𝐾ௗ ∗ 𝐺𝑦𝑟𝑜௓. (7)

The directional loop modeling is shown in Fig. 9, where the 𝑍-axis gyro angular velocity and 
the left and right encoder pulse counts are used as the PD control input parameters, and the PWM 
duty cycle of the directional loop control is derived from the P and D terms composed of the truth 
table logic operation and the proportional and differential calculations to control the left and right 
motors to realize the steering, respectively. 

According to whether there is an obstacle in front of the robot, ultrasonic sensor can be used 
as the direction loop control input for the robot to automatically steer after encountering an 
obstacle; considering that the direction control does not have high real-time requirements, it is set 
as a 20ms time slice scheduling task. 
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Fig. 9. Modeling of the TWBMR directional-loop control 

According to the TWBMR balance algorithm presented in Fig. 3, the three PID control 
variables of upright control, speed control, and direction control established above are added 
together, and then an offset is added to compensate for the mechanical static friction force of the 
car model. The output after the addition is saturated and used as the PWM duty cycle output. This 
ensures smooth and continuous control of the TWBMR system at all times, thereby enhancing the 
stability of the robotic system. Modeling of the TWBMR control system based on STM32-MAT 
as shown in Fig. 10.  

 
Fig. 10. The TWBMR control system model 

4.3. Code generation 

After establishing the TWBMR control model, it is essential to convert the designed model 
into a .c file, compile it in the Keil MDK environment, and subsequently download the program 
to the STM32 Microcontroller. 

In the MATLAB/Simulink model editing environment, click the Simulink environment 
configuration button with the mouse, first set [Solver] to discrete mode and fixed step size, and 
then select “stm32.tlc” in [Browse] menu in the [Code Generation] menu. 

Fig. 11 illustrates the hierarchy and interface implementation of the entire generation project. 
This project encompasses control algorithms and their associated signals, which are connected to 
the microcontroller peripherals. The peripheral interfaces of the STM32 microcontroller are linked 
to external sensor components, including the TWBMR gyroscope and encoders, as well as 
execution hardware such as motors and human-machine interfaces. 

The initialization of the pins, clock tree, and related peripherals of the STM32 microcontroller 
is implemented using the .ioc file generated by the STM32CubeMX software configuration. The 
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STM32 microcontroller transmits sensor data to the BLE smart terminal via the Bluetooth master 
module connected to the USART2 serial port, while simultaneously receiving various control 
commands from the terminal application. Additionally, the STM32 microcontroller relays the 
real-time calculated PWM duty cycle to the two channels of timer TIM2, thereby achieving PID 
control of the TMBWR DC motor. 

Compared with the traditional programming method of firmware libraries and registers, the C 
code project file mode generated by Simulink modeling is more convenient and efficient, and the 
automatic code generation of Simulink model development method makes the established 
algorithmic model and programming integrated, so the design environment is more unified and 
the testing and modification are more systematic. 

Scheduler/Timer ISR

C project integrated and generated by STM32 Embedded Target

TWBMR Control 
Algorithm code 
generated by 
Embedded Coder

Physical ports 
of the STM32

Physical ports 
of the STM32Sensors Acuators

BLE Smart 
terminal

Motors

USART2

GPIOPush button

Angle sensor

Current sensor

Encoder pulses
Distance sensor

Input and output signals  

Peripherals initialised by STM32CubeMX

TIM2

ADC

TIM3

TIM1

Motor_speedup
Motor_slowdown

Angle,Gyro_Angle

Distance

Motor1Speed
Motor2Speed

Vpower

TIM2
Motor1_pwm
Motor2_pwm

USART1

OLED

Other signals

GPIO

Motor_rotation

Oled_print

 
Fig. 11. The TWBMR project outline 

5. Simulating and experimentally validating 

5.1. Experimental methods and procedures 

As illustrated in Fig. 12, the TWBMR employs the STM32F103 microprocessor as its control 
center. It gathers information regarding the robot's direction, attitude, and speed through the 
external MPU6050 three-axis attitude sensor and speed measurement. The 512-line encoder serves 
to determine the presence of obstacles through ultrasonic distance measurement, while the motor 
drive module facilitates motor operation through real-time PWM duty cycle value calculation by 
the microprocessor. Additionally, the BLE wireless transmission module enables motor operation 
and wirelessly facilitates communication between the robot and an intelligent terminal or host 
computer. 

 
Fig. 12. The hardware system 
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5.2. Attitude information acquisition 

After the TWBMR embedded software is programmed with STM32 microprocessor Flash, the 
robot attitude data and control information can be collected and analyzed. During the experiment, 
the master-slave Bluetooth module was used to establish the wireless communication between the 
TWBMR and the Android terminal or PC. The STM32 microcontroller sent the information of the 
robot's inclination angle, angular speed and drive quantity to the serial port every 20 ms. After 
data collection by the upper computer (Android terminal or PC), it was further unpacked and 
analyzed. 

The MPU6050 DMP converts the raw sensing data generated by the gyroscope directly into a 
quaternion output, which is more convenient for calculating the Euler angles to get yaw, roll, and 
pitch. using the built-in DMP greatly simplifies the design of the 4-axis code, and the MCU does 
not have to perform the attitude solving process, thus allowing more time to handle other events 
and this greatly reduces the burden on the MCU, leaving more time to process other events and 
improving the real-time performance of the system. 

 
Fig. 13. The TWBMR attitude information acquisition 

Wireless communication with the TWBMR is established based on the master-slave Bluetooth 
communication module and the upper computer serial port debugging tool, JCom. As shown in 
the robot attitude information acquisition in Fig. 13, JCom accurately parses and visualizes the 
data packets sent by the Bluetooth master module and acquires the left and right motor encoder 
counts and PWM outputs, gyro angle and steering angle, and ultrasonic distance. It is important 
to emphasize that the baud rate of Bluetooth communication module, STM32 serial port setting 
and JCom serial port tool must be consistent at 115200 bps. 

5.3. PID tuning 

Due to the implementation of the TWBMR parallel PID control, the vertical loop, speed loop, 
and steering loop are independently computed and subsequently weighted and superimposed to 
determine the final motor control output. The parameters of these three loops exhibit strong 
coupling; therefore, it is essential to prevent conflicts in control outputs by ensuring proper 
polarity alignment and parameter proportioning. The PID parameter tuning procedure is illustrated 
in Table 2. 

Due to hardware reasons such as motor performance differences, sensor deviations and 
mechanical structure deviations, the PID parameters of the different TWBMR will always be 
different. It is the best practice to establish a parameter mapping table to record the optimal PID 
parameter combination under different hardware combinations and form a version management 
system. 
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The actual parameter adjustment can also be transmitted through Bluetooth angle, angular 
velocity, motor PWM waveform to visualize the data to observe the oscillation frequency and 
amplitude. The Android APP was used to modify the PID parameters in real time, and the 
parameter combination effect was quickly verified, so that the parameters were dynamically 
adjusted. After debugging, multi-scene verification such as slope, load and emergency stop is 
carried out to ensure the robustness of parameters. 

The parameter tuning summarizes and sums up the abnormal phenomena and corresponding 
solutions as shown in Table 3. 

Table 2. The TWBMR parallel PID tuning flow 

Phase Steps and Operations Key parameters and 
phenomena 

Objectives and key 
points of handling 

Mechanical 
median 

calibration 

1. Tilt the car forward and 
backward to the critical tipping 

point, and record the angle 
values 𝜃ଵ and 𝜃ଶ 

2. Calculate the median  𝜃଴ = ሺ𝜃ଵ + 𝜃ଶሻ/2 and write it 
into the program 

Real time angle display via 
serial port/OLED to ensure 

median error < 0.5° 

Ensure that the upright 
ring reference angle is 

accurate 

Vertical 
ring polarity 
verification 

1. Only enable the upright ring 
PD control 

2. Artificially tilt the car and 
observe the direction of wheel 

response 
3. When K୮ polarity is incorrect, 
the wheel accelerates in reverse 

and tilts 

K୮ polarity error: The car 
accelerates and tilts over K୮ polarity correct: wheel 

drive direction is consistent 
with tilt direction 

Prioritize verifying 
polarity matching to 
avoid losing control 
during subsequent 

debugging 

Initial 
tuning of 
three loop 
parameters 

1. Vertical ring: K୮ increases 
from 40 until low-frequency 

oscillation occurs in the vehicle 
body 

2. Speed loop: K୮ = 3-5,  𝐾௜ = 0.1-0.3 
3. Steering ring: K୮ = 1.0-2.068 

High K୮ of the upright ring: 
high frequency jitter of the 

body. 
The speed loop K୧ is too large: 

the motor output is abrupt. 
Steering ring K୮ too high: 

serpentine ride 

The three loop 
parameters are 

synchronously fine-
tuned to avoid 

coupling oscillation 
caused by too strong 

single loop parameters 

Dynamic 
balance 

optimization 

1. Add Kୢ to the upright ring to 
suppress oscillation (range 2-5) 
2.Superimposed low-pass filter 

for speed loop (cut-off frequency 
5-10 Hz) 

3. The steering ring introduces 
gyroscope 𝑍-axis angular 

velocity compensation 

Kୢ deficiency: continuous low-
frequency swing 

Insufficient filtering: motor 
high-frequency noise 

Missing steering compensation: 
body tilt over corners 

The dynamic response 
and steady-state 

accuracy are balanced, 
and the sensor noise 

interference is 
suppressed 

Parameter 
co-

optimization 

1. The ratio between vertical ring 
and speed ring is controlled at 
10:1 (for example, K୮ = 100 
vertical ring corresponds to  K୮ = 10 speed ring). 

2. The steering ring weight is set 
to 20 %-30 % of the upright ring 

output 

Weight imbalance: upright 
instability during steering 
Proportional mismatch: 

external force interference 
recovery lag 

Three-loop cooperative 
control is realized by 

parameter ratio to 
avoid control quantity 

conflict 

5.4. Real-time curve 

The TWBMR tilts under the influence of external forces while in balanced mode and achieves 
dynamic equilibrium through the implementation of self-balancing and motor drive algorithms. 
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As illustrated in Fig. 14, a multi-channel real-time curves with a sampling period of 5 Hz are 
obtained. The red, green, and blue curves represent the left motor encoder pulse count, robot 
inclination angle, and angular velocity, respectively. The values at any time on the horizontal axis 
of the real-time curve correspond to the values captured and parsed by the serial port debugging 
tool JCom shown in Fig. 13. 

Table 3. PID tuning anomalies and solutions 
Performance Possible reasons Solution 

The robot oscillates 
violently at high 

frequencies 

The K୮ in the upright loop 
is too high/the Kୢ is 

insufficient 

Reduce K୮ and appropriately increase Kୢ; 
Check the delay of the gyroscope data 

Slow periodic swing The accumulation of K୧ in 
the speed loop is excessive 

Limit the upper limit of the integral term 
or add a low-pass filter 

Cannot be restored after 
being postponed by 

external force 

The speed loop K୮/K୧ is too 
small 

Gradually increase the parameters of the 
velocity loop while observing the stability 

of the upright loop 

The vehicle body tilts more 
severely when turning 

The steering ring is coupled 
with the upright ring 

Reduce the K୮ of the steering loop or 
increase the differential term of the 

upright loop 

 
Fig. 14. The TWBMR real-time curve 

In the Fig. 14, at 5, 13, and 21 seconds, a positive force is applied to the TWBMR, causing it 
to temporarily lose balance and exhibit an inclination of less than 0.08 radians. It is evident that 
upon the application of external force, the angle value changes instantaneously. Following this, 
within the subsequent 3 seconds, a “hill-shaped” waveform appears due to the adjustments made 
by the self-balancing algorithm, ultimately stabilizing near the 0 value. Initially oscillating around 
the 0 value, the angular velocity experiences a significant change immediately upon the 
application of external force, remaining in a state of substantial fluctuation for approximately 3 to 
4 seconds before eventually stabilizing near the 0 value. 

These observations demonstrate that the TWBMR algorithm can effectively counteract 
external forces to a certain extent. In non-equilibrium states, the TWBMR can be re-balanced 
through the algorithm. 

5.5. Android HCI 

Android is an open-source operating system built on the Linux kernel and developed by 
Google [28]. It is the most prevalent smartphone operating system globally, widely utilized in 
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mobile phones, tablets, wearable smart devices, and other domains [8]. The TWBMR application, 
developed for the Android platform, is capable of receiving, storing, and displaying real-time 
attitude information. Additionally, it facilitates control over the TWBMR motion and PID 
parameter adjustments, thereby enabling effective HCI. 

The design of the TWBMR APP primarily encompasses four key components: Bluetooth 
communication design, communication instruction design, activity and service binding, and UI 
design. The Bluetooth communication design establishes a critical link for information 
transmission between the APP and the TWBMR. The communication instruction design 
formulates a protocol to facilitate data analysis between the TWBMR and the APP. The binding 
of activity and service enables seamless background data communication. To analyze and interpret 
various communication instructions and their meanings, a comprehensive communication 
protocol has been developed between the APP and the TWBMR, as illustrated in Fig. 15. 

0x55 0xAA 0xXX 0xBB

Checksum Packet tailPacket header

0xXX

Main instruction

0x72/0x73 0xXX 0xXX

Slave instructionReceive/Send
 

Fig. 15. Communication instruction composition 

The data packet comprises eight bytes. The first two bytes, 0×55 and 0×AA, serve as fixed 
headers. The third byte is either 0×72 or 0×73, corresponding to the ASCII values for the 
characters 𝑟 and 𝑠, respectively. These indicate whether the data packet is being transmitted from 
the TWBMR to the APP or from the APP to the robot. According to convention, only packets with 
these specific values are recognized as valid communication instructions. The fourth byte 
represents the primary instruction, while the fifth and sixth bytes constitute the secondary 
instruction. The seventh byte is the checksum value, and the eighth byte, 0×AA, serves as the 
fixed end-of-packet marker. 

Table 4. Communication instruction table 
3rd byte 4th byte 5th and 6th bytes Meaning of instruction 

0×72 

0×01 * Left motor encoder count 
0×02 * Right motor encoder count 
0×03 * Angle 
0×04 * Angular velocity 
0×05 * Left motor PWM 
0×06 * Right motor PWM 
0×07 * Distance 
0×08 * Residual electricity 

0×73 

0×01 – Stop 
0×02 mm Forward 
0×03 nn Back 
0×04 l Left 
0×05 r Right 
0×06 p Setting the 𝑝 parameters 
0×07 i Setting the 𝑖 parameters 
0×08 d Setting the 𝑑 parameters 

The details and meaning of the associated communication instructions are shown in Table 4. 
When the 3rd byte is 0×72, the 4th main instruction is 0×01, the 5th byte and the 6th byte values 
represent the lower and upper octets of the motor encoder readings; when the 3rd byte is 0×73, the 
4th main instruction is 0×02, the 5th byte and the 6th byte values represent the forward distance 
of the robot. 

As shown in Fig. 16, the Android APP UI mainly includes homepage, waveform display, PID 
parameter adjustment and debugging page. Fig. 16(a) represents the status display and 
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remote-control interface, in which the status display includes the left and right wheel encoder 
speed, tilt angle, battery remaining power display and command (data) debugging; the Bluetooth 
remote control supports gravity or keyboard mode to control the robot acceleration, deceleration, 
and forward, backward, left and right movements. When performing remote control operations, 
the instructions sent by each operation are displayed in the debug column. Fig. 16(b) is the 
real-time waveform display interface, the current three waveforms (the colors correspond to red, 
orange and yellow) represent the waveforms of the robot's Euler angle data in 𝑋, 𝑌 and 𝑍 axes, 
respectively. The three data displayed on the waveform page are all from the DMP attitude output 
of the gyroscope: yaw, roll and pitch. 

The PID parameter debugging interface supports up to 9 channels of data parameter 
adjustment, and supports the real-time setting of PID parameters of vertical loop, speed loop and 
direction loop. When each parameter adjusted slide rail slides, it will send data to the TWBMR; 
The debug page records the history of all communication processes. 

 
a) Attitude display and remote-control 

 
b) Waveform display 

Fig. 16. Android APP UI 

6. Conclusions 

This design is based on Matlab/Simulink MBD embedded software development method, with 
STM32 microcontroller as the core controller, using gyroscope and accelerometer to measure the 
tilt angle and acceleration of the balance vehicle, and realizing the self-balancing control of the 
TWBMR through the DMP attitude solving, PID control of the robot's upright loop, velocity loop 
and direction loop; based on the Bluetooth communication module and the Android APP, the robot 
status reading, remote control, waveform display and online parameterization are realized. 

The TWBMR model-based embedded development methodology frees from the complex 
register programming of microcontrollers, and through graphical simple operation and 
configuration, it quickly and efficiently builds project models in Simulink/Stateflow, 
conceptualizes project solutions, and realizes automatic generation of product C code, which 
greatly reduces the threshold of embedded system development, improves the transplantation 
efficiency, and reduces the development cost. 
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It is experimentally verified that the TWBMR has the advantages of fast response speed, high 
sensitivity and strong anti-interference ability while realizing the functions of fast upright walking, 
steering and maintaining balance; it can accurately send and receive data through Bluetooth, with 
high control accuracy, good system stability and fast time response. 

Future research should prioritize the optimization of control algorithms and Android 
interaction. Specifically, this includes pursuing a dual-state estimation strategy that combines 
Kalman filtering with particle filtering to enhance the accuracy of pose solutions. Additionally, 
efforts should focus on investigating reinforcement learning-driven LQR algorithms for real-time 
parameter adjustment in dynamic environments. Furthermore, integrating data from Android 
smartphone sensors (GPS/IMU) with vehicle-mounted LiDAR can be explored to construct a 
SLAM-based navigation system. The development of an ARCore-based virtual control interface 
should also be pursued to enable gesture and head posture control for mobile phone cameras. 
Subsequently, researching the TWBMR AI edge computing and cluster collaboration is 
recommended, where multi-robot collaborative control can be achieved by leveraging BLE Mesh 
technology, with the Android device serving as the cluster scheduling center. Finally, the 
exploration of ultra-high-speed control responses driven by bionic structures and quantum 
computing in real-time applications should be conducted. 
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