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Abstract — This paper discusses how a two-wheel self-balancing 

robot using the STM32F3-Discovery development Board from ST 

microelectronics can be used as a practical teaching platform for 

traditional and modern control schemes. The robot is first 

modeled and then its electronic architecture is reviewed. Methods 

for accurate angle estimation and the implementation of 

traditional control, namely the PID algorithm to achieve 

balancing/ stability are also discussed. Relevant graphical results 

are also provided as evidence of the system’s response and 

stability.  

Keywords — Self-Balancing; Two-Wheel; PID; 

STM32F3Discovery-Board; traditional control; Modern control; 

Teaching Aid;Educational Tool; 

 

I. INTRODUCTION 

The two-wheel self-balancing robot is a dynamic non-linear 

system that is mechanically unstable. It presents some 

advantages over the more common three and four wheel 

robots such as: It can navigate and maneuver easily in more 

confined spaces through zero-radius turning, it exhibits 

superior stability on steep inclines (by leaning into the incline) 

and is more energy efficient since it runs on two motors etc. 

Thus it has many areas of application. The theory behind the 

inverted pendulum is used as a basis for this study. Various 

methods have been proposed and implemented to control self-

balancing robots. For instance, the Industrial Electronics 

Laboratory at the Swiss Federal Institute of Technology, 

Lausanne, Switzerland, built a prototype of a two-wheeled 

vehicle. The controller was implemented on a Digital Signal 

Processor (DSP) board and comprised of a share floating point 

DSP, a XILINX field-programmable gate array (FPGA), four 

10-bit D/A converters, as well as fourteen 12-bit A/D 

converters [1]. Servo state feedback control is another method 

that has been used to achieve the goal of self-stabilization. In 

this method MATLAB and Simulink are used to send and 

receive control signals to and from the balancing robot plant. 

The FIO board serves as the main controller, which is 

programmed directly in MATLAB and/or Simulink [2]. The 

self-balancing robot has also been developed using an Arduino 

Mega board, which is based on the very popular ATmega2560 

processor. This required, in addition to the basic hardware, a 

single-axis gyroscope and a 2-axis accelerometer for attitude 

determination. Two control designs based on the linearized 

equations of motion were adopted: a proportional-integral-

differential (PID) and a proportional-integral proportional-

differential (PI-PD) controller based on linear-quadratic 

regulator (LQR) design [3]. 

The ARM Cortex-M processor family is a range of scalable 

and compatible, energy efficient, easy to use processors 

designed to help developers meet the needs of tomorrow’s 

smart and embedded applications such as; Internet of Things 

(IoT), connectivity, human interface devices, automotive and 

industrial control systems, domestic household appliances, 

consumer products and medical instrumentation [4]. Because 

of its wide range of application, the ARM Cortex-M4 

processor found on the STM32F3-Discovery development 

board (see section III) makes it particularly useful as a 

practical aid for programming and control systems’ education.  

II. MATHEMATICAL MODEL 

The dynamics of a two-wheel balancing robot (see Fig.1 [5]) 

have to be understood in order to derive a mathematical model 

of the system. A controller can then be designed and tested 

based on the linearized system equation using MATLAB/ 

SIMULINK. In this section the existing energies of the 

dynamic model are observed and substituted into Lagrangian 

equations.  

 

 
Fig. 1. Dynamics of Self-balancing robot  

 



The two-wheel balancing robot has three degrees of freedom 

namely: roll, pitch and yaw. Rotation about the Y-axis (pitch) 

is the main focus of this study, point P is assumed to be the 

robot’s center of gravity and 𝜃p is the pitch angle.  

 

𝑋𝑃 = 𝑥 + 𝑙𝑠𝑖𝑛𝜃𝑃         (1) 

 

𝑍𝑃 = 𝑙𝑐𝑜𝑠𝜃𝑃       (2) 

 

Equations (1) and (2) illustrate the displacement of point P 

along the X0 and Z0 axes. 

 

A. Lagrangian Dynamic Analyses 

The Lagrangian approach is used to generate the ordinary 

differential equations (ODE) of the system. 
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Equation (3) shows the general form of the Lagrangian 

equation where; 

 L=T-V, is the Lagrange function where, T is total 

Kinetic energy of the system from all inertia elements 

and V is total potential energy of the system from all 

stiffness and inertia elements due to gravitational 

effect. 

 𝑞𝑟  (r=1,2,3,…,n) are generalized coordinate/variable 

or displacement variable such as 𝑥1, 𝑥2, 𝜃1, 𝜃2 and etc. 

 𝑄𝑟  is the sum of non-conservative forces projected on 

direction of generalized coordinates such as applied 

forces. 

 

The three types of energies to be observed in order to develop 

the Lagrangian equation of the balancing robot are: 

 Kinetic Energy consisting of translational and 

rotational kinetic energy of the chassis and wheel 

respectively 

 Potential energy 

 Dissipation energy 
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Equation (4) illustrates the Lagrangian equation of the 

balancing robot where, E is kinetic energy, U is potential 

energy, F is dissipation energy and 𝜏𝑟  is the required torque 

for the left and right wheels. For the full derivation of the 

system the reader may refer to [5]. 

Only one equilibrium point for the robot exists when the robot 

is balanced or upright, i.e. 𝜃𝑃 = 0. Hence the robot can be 

linearized about this point. After generalizing of the 

𝑞𝑟 variables, the final linearized equations of the balancing 

robot are as follows: 

(𝑚 + 2𝑀 +
2𝐽𝑊

𝑅2 ) �̈� + 𝑚𝑙�̈�𝑃 + 2𝜇0𝑣 = 0                            (5) 

 

𝑚𝑙�̈� + (𝑚𝑙2 + 𝐽𝐶)�̈�𝑃 − 𝑚𝑔𝑙𝜃𝑝 + 2𝜇1𝜔𝑝 = 𝜏𝐿 + 𝜏𝑅           (6) 

 

A state space model of the dynamic system is then created to 

determine the future behavior of the system when the present 

state of the system and input signals are known. The resulting 

state space matrices are used for further analysis of the system 

in MATLAB/ SIMULINK [5]. Fig. 2 illustrates the step 

response of the robot as simulated in MATLAB. It can be seen 

that the system is naturally unstable and cannot balance 

without a suitable method of control.  

 

 
Fig. 2. Simulated Step Response of Robot 

 

III. SELF-BALANCING ROBOT PLATFORM 

The structure of the robot can be divided into three sections:   

A. Development board, sensors and motor control 

 
Fig.3. STM32F3-Discovery board 

 
The STM32F3-Discovery board is an evaluation board 
comprising of a 32-bit ARM Cortex-M4 processor core with a 
processing speed of 72MHz. This speed is sufficient to perform 
most processing tasks such as data acquisition and control 
computation within small sampling times. The discovery board 
is also equipped with a 3-axis digital gyroscope and linear 
acceleration sensor (See Fig. 3). These are both used in the 
measurement and estimation of the robot’s tilt angle.  

The motors chosen after the relevant torque calculations are 12 
V DC motors equipped with 64 Counts Per Revolution (CPR) 
Encoders that provide feedback for the closed loop control 
employed for the steering modes of the robot. A dual motor 
controller that receives Pulse Width Modulation (PWM) 
signals from the discovery board is used to drive and control 
the motors’ speed and direction of rotation. 



B.  Body/ Chassis Construction 

From Fig. 4 it can be seen that the robot’s body consists of 

two Perspex levels for supporting the different electronic 

circuits incorporated. 

 

 
Fig. 4. Structure of Self-Balancing Robot 

 
The development board is placed on the bottom-most level in 
order to place the tilt angle sensors along the axis of the 
wheels. This positioning gives the most accurate estimation of 
the robot’s tilt angle. The motors and the Li-Po (Lithium-ion 
Polymer) batteries are placed beneath the lower level to lower 
the robot’s center of gravity, thus improving the system’s 
natural dynamics. Large diameter wheels are used as they 
cover a larger displacement during the robot’s recovery 
maneuvers and thus assist in maintaining equilibrium within 
shorter periods of time. The wheels are outlined with rubber to 
increase the traction/friction with the surface on which 
balancing is taking place. 

C. Power Supply 

The robot is equipped with two parallel-connected 12V Li-Po 

batteries that supply the dual motor driver for the two motors 

that drive the robot. Two 9V batteries are also connected in 

parallel to supply the microcontroller as well as some of the 

additional control logic.  

 

IV. TILT ANGLE MEASUREMENT 

A. Gyroscope and Accelerometer for Tilt angle measurement 

Gyroscopes measure angular velocity, which is integrated with 

respect to time to get an estimate of the absolute angle. One 

negative aspect of this is that the integrated rate drifts over 

time due to the presence of bias errors even if small [9].  

Equations (7) and (8) show the integration of the gyroscope 

output to give the approximate tilt angle [6]: 

𝜃(𝑡) = 𝜃(𝑡0) + ∫ �̇�𝑑𝑡
𝑡

𝑡0
                                                          (7) 

Equation (7) can be approximated using rectangles for the 

instants 𝑡0 = 𝑘, and 𝑡 = 𝑘 − 1, then, 

𝜃𝑘 ≈ 𝜃𝑘−1 + �̇�𝑘−1𝑇𝑠                                                               (8) 

Where, 𝜃𝑘 is the angle value in the present instant 𝑘, 𝜃𝑘−1 is 

the angle value in the past instant 𝑘 − 1, �̇� is the angular rate 

given by the gyroscope and 𝑇𝑠 the sample period. 

Accelerometers are designed to measure acceleration forces 

and can be used to measure seismic activity, machine 

vibration, and inclination. The absolute angle can be 

determined by the measurement of the direction of the 

gravitational acceleration [6]. Fig. 5 [6] shows how tilt angle 𝜃 

can be obtained from either one of the components of 

acceleration 𝑔𝑦 or 𝑔𝑥, 

𝑔𝑦 = 𝑔𝑐𝑜𝑠𝜃                                                                     (9) 

𝑔𝑥 = 𝑔𝑠𝑖𝑛𝜃                                                                    (10) 

 

Fig. 5. Tilt Angle Measurement 

However, it is not easy to measure the absolute angle if 

translation forces are included in the outputs of accelerometers 

[7, 8]. When accelerometers are used for tilt measurement 

based on measurement of a gravity component, the 

measurement is usually contaminated by parasitic 

accelerations due to system vibration or motion. This 

disadvantage can be overcome through the use of a gyroscope 

whose angular speed measurement after integration provides a 

pure angle. For this reason, the accelerometer-gyro 

combination has become almost standard for achieving a most 

accurate tilt measurement. 

B. Complementary filter 

The complementary filter uses data from two or more sensors 
in order to enhance the advantages of each sensor [9]. Angular 
estimation using a gyroscope has good accuracy in the sense of 
angular direction at high frequencies while angular estimation 
using an accelerometer has a good accuracy at low frequencies. 
Thus the best estimate of the angle is obtained from the 
combination of the two. The integrated gyroscope output feeds 
into a high pass filter and the output of the accelerometer feeds 
into a low pass filter, the sum of the high pass and low pass 
filter is shown in equation (11). 

𝐺1 + 𝐺2 = 1                                                                                      (11) 

 



 
Fig. 6. Complementary Filter 

 

Fig. 6 is a block diagram illustrating the operation of the 

complementary filter. Fig. 7 below shows the quality of the 

final tilt angle (complementary filter angle) after the 

translational noise from the accelerometer has been filtered 

out. For simplicity, the gyroscope angle is not included in this 

plot. 

 

 
Fig. 7. Complementary filter output 

 

V.  CONTROLLING THE ROBOT 

A. Traditional PID Controller 

The proportional Integral Derivative (PID) controller is one of 

the most common controller algorithms used for control 

systems because it is simple to implement and exhibits good 

performance. This controller can be used for systems whose 

mathematical models are unknown or are complex to derive. 

In such cases the PID parameters can be determined through a 

variety of standard practical tuning methods. 

The PID controller fundamentally comprises three basic 

control actions as seen in (12): 

 

𝑢(𝑡) = 𝐾𝑝. 𝑒(𝑡) + 𝐾𝑖 . ∫ 𝑒
𝑡

0
. 𝑑𝑡 + 𝐾𝑑 .

𝑑𝑒(𝑡)

𝑑𝑡
                            (12) 

 

Referring to (12), 𝑒(𝑡) is the system error, 𝑢(𝑡) the control 

variable, 𝐾𝑝 the proportional gain, 𝐾𝑖 the integral gain and 𝐾𝑑 

the derivative gain. Choosing the right controller parameters is 

key to obtaining the desired performance. Table 1 displays the 

effects of these parameters on the output response of the 

system “unpublished” [10]. 

 
Table 1. Effects of gains on system response  

Gain Rise Time 
Maximum 

Overshoot 

Settling 

Time 

Steady State 

Error 

𝑲𝒑 Decrease Increase 
Small 

Decrease 

Change 

𝑲𝒊 
Small 

Change 
Decrease Increase 

Small 

Change 

𝑲𝒅 Decrease Increase Decrease Eliminate 

  

B. Tuning PID Controller 

Many methods for tuning and determining the parameters of 

PID Controllers have been developed and discussed. The 

Ziegler-Nichols method is by far the most popular of these 

methods as it guarantees quick results especially where 

specialized skills for system modeling and controller design 

are lacking [11].  

 

 
Fig. 8. Self-Balancing Controller 

 

Fig. 8 shows the closed loop structure of the implemented PID 

controller on the balancing robot.  This controller successfully 

managed to balance the robot and when optimally tuned, could 

withstand various input disturbances. However, the 

performance quickly deteriorated as plant parameters were 

varied.   

 

C. Modern Control Techniques 

Neural Networks (NN’s) have received widespread attention, 

especially for their ability to learn non-linear characteristics 

through experimental data, without prior knowledge of the 

plant. Research has proven that NN’s can estimate every non-

linear function with at least one hidden layer [13]. Unlike 

traditional controllers, intelligent NN controllers are able to 

adapt to parameter changes such as changes in the physical 

dynamics of the robot e.g. a shift in the robots center of 

gravity or a change in the texture of the driving surface. Thus 

the need for regular retuning, as found with traditional control, 

is eliminated [14]. It has also been shown that sensor noise has 

little effect on NN’s [15]. Special care, however, must be 

taken when training NN’s to ensure that they do not over-fit 

the training data and then fail to generalize well in new 

situations. Since NN’s can have several inputs and outputs 

they may also be used for multiple input and multiple output 

systems (MIMO) [15]. A popular controller that takes 

advantage of the robust yet simple attributes of the traditional 

PID controller as well as the adaptive nature of modern 

controllers is the PID-NN controller (see Fig. 9 ).   
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Fig. 9. PID-NN architecture  

VI. SELF-BALANCING ROBOT AS AN AID IN 

ENGINEERING EDUCATION  

Laboratory oriented teaching is used to help students connect 

engineering theory with relevant practical applications. 

Developing a theoretical and practical base is crucial as 

neither is useful without the other [12]. This study presents the 

two-wheel balancing robot as an educational platform that can 

be used for teaching various engineering aspects such as: 

 Familiarization with microcontrollers; specifically 

the STM32F303VCT6 microcontroller  

 Sensor calibration and configuration 

 Signal processing such as sensor output filtering  

 System modeling and linearization using MATLAB/ 

SIMULINK 

 Traditional controller design and implementation 

 Modern adaptive control and steering techniques  

A. The STM32F3-Discovery board  

The STM32F3-Discovery board as an educational tool 

presents a number of advantages over other microcontroller 

boards such as: 

 Multiple Integrated Development Environment (IDE) 

software that are free and downloadable 

 Integrated sensor solutions thus increasing its wide 

range of applications for students to learn with e.g. a 

3-axis gyroscope, 3-axis accelerometer, 3-axis 

magnetometer and temperature sensor etc. 

 Plug and play functionality meaning it does not 

require a separate programmer to be designed or 

purchased 

 Standard peripheral firmware applicable across the 

different ARM-cortex processors so the code is 

transferable to different microcontrollers in the same 

family 

 Debug and monitoring tools such as serial wire 

viewer, logic analyzers and watch tables etc. 

B. Laboratory Implementation 

Fig. 10 shows the layout of a test track on which students may 

carry out various experimental tasks using the robot. The track 

is made up of 3 differently textured surfaces to deliberately 

change the wheel-to-track friction. The track is curved and 

incorporates ramps and obstacles. Apart from modeling and 

simulation students are thus able to investigate the following: 

 PID controller tuning (each surface requires different 

gains) 

 Effect of each controller parameter on system 

response. Figures 11, 12 and 13 show sample PID 

plots from the balancing robot as Kp, Ki and Kd are 

varied and how these gains affect the system 

response 

 Effect of adjusting the center of gravity of the robot 

by incorporating ramps in to the track (or weights on 

to the robot)  

 Steering control and object avoidance 

 Modern adaptive control that overcomes the 

limitations of traditional controllers  
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Fig. 10. Layout of experimental track 

 

 
Fig. 11. 𝑘𝑝 = 2.533 & 𝑘𝑝 = 3.533. 𝑘𝑖 = 0, 𝑘𝑑 = 0, 𝑆𝑒𝑡𝑝𝑜𝑖𝑛𝑡 = 0  

 

 
Fig.12. 𝑘𝑝 = 2.533, 𝑘𝑖 = 0, 𝑘𝑑 = 0.933 & 𝑘𝑑 = 1.867, 𝑆𝑒𝑡𝑝𝑜𝑖𝑛𝑡 = 0  

  



Fig. 13. 𝑘𝑝 = 2.533, 𝑘𝑖 = 0.0000282 & 𝑘𝑖 =  0.0000563, 𝑘𝑑 =

1.867, 𝑆𝑒𝑡𝑝𝑜𝑖𝑛𝑡 = 0 

 

VII.  CONCLUSION 

The self-balancing robot provides students with a strong 

educational platform for demonstrating many aspects of 

control theory from very basic to very advanced concepts. 

Such a system can therefore be used repeatedly throughout 

multiple consecutive courses from programming courses to 

microcontroller and control systems courses without having to 

purchase new equipment. The STM32F3-Discovery 

development board is an easy to use, cost effective 

microcontroller and sensor solution that allows students to 

experiment extensively in real time without experiencing 

limitations in processing power or wasting time unnecessarily 

on interfacing of electronics. The self-balancing robot can also 

be used as a platform for further research.   
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