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ABSTRACT 

 

This project involves a rotary inverted pendulum mechanism which is connected to a ball 

and beam mechanism. The ball on the beam will move in one degree of freedom with the 

movements of the inverted pendulum. In this report the position of the ball is controlled 

using ultrasonic sensors to measure the position of the ball and an accelerometer which 

measures the acceleration and speed of the inverted pendulum. As the inverted pendulum 

moves in any direction the ball on the beam will also start to move according to the angle 

and speed of the inverted pendulum. A state space representation for the system was 

derived and used for the LQR controller. A Linear Quadratic Regulator (LQR) controller 

was implemented to control the mechanism based on the feedback of the sensors or states 

of the mechanism.  

 

Keywords: Inverted Pendulum, Ball and Beam, Position control, Linear Quadratic 

Regulator, state space, closed loop control 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background Information 

 

The field of mechatronics is sometimes concerned with creating new mechanisms and 

controlling them or improving a known control mechanism. PID control is a widely 

used controlling method used in this field.  LQR and fuzzy controllers are an improved 

control method that is preferred over PID controller for nonlinear systems. Because of 

the existence of friction, mechanical errors, air resistance and other mechanism specific 

errors a system cannot be a linear system. Nonlinear control is an advanced version of 

linear control which is widely used in undergraduate specific projects. In linear control 

it is assumed no additional forces are acting on the mechanism other than the forces 

that are measured and used in our mathematical model. It is assumed that the system 

follows a linear set of rules and behaves in a linear way but this is not the case in 

reality therefore it is better to use nonlinear control if possible to control these 

mechanisms. This will result in better control of the mechanism.  

 

LQR (Linear Quadratic Regulator) is one type of nonlinear controller used with the 

state space representation of the mechanism. There are several other nonlinear control 

methods but those methods are not discussed in detail in this report. The LQR 

controller focuses on the states of the mechanism and controls the mechanism based on 

the feedback from the states. This results in better nonlinear control compared to PID 

(Proportional Integral Derivative) controllers. Based on the number of states for that 

representation, the LQR controller needs the same amount of sensor feedback to 

measure the states of the mechanism and compute an output. 

 

Control Theory 

Control theory is a branch of engineering that deals with behavior of dynamic systems 

using feedback of the controlled value. The purpose of control theory is the efficient 

control of a mechanism or system. In control theory a value referred to as reference is 

chosen as the set value and the current value will be subtracted from the set value is 

known as error. This error is given back as feedback for the control loop and the 

control method will bring the actual output closer to the reference value.   

There are two known methods of control. One is linear control and the other is 

nonlinear control.  

 
Figure 1.1 Control loop 

In a typical application of control, the above loop (Figure 1.1) can be used to control 

the system (P) accurately using a control mechanism such as PID controller (C). The 

feedback system denoted by (F) gives the output from the system back to the PID 

controller.  

 



 

2 

 

Proportional Integral and Derivative Control (PID Control) 

A PID (Proportional, Integral, and Derivative) control system is a control loop 

feedback mechanism implemented in controlling a linear mechanism. A PID controller 

calculates the error of the current set value with the required value and changes its 

three constants (Kp, Ki, Kd) according to the error values given to the PID controller.  

The main problem in using PID for a real world application is the fact that real world 

mechanisms and systems are nonlinear and cannot be assumed to be linear. PID control 

algorithm assumes that the system in question is linear and controls the system. If the 

system is nonlinear sometimes using a PID algorithm will not be enough to control the 

system. 

Recent researches into this field of study have tried to improve the PID control. One of 

the improvements is combining the fuzzy theory, artificial neural networks, genetic 

algorithms and other intelligent control theories to improve the PID control of a 

system.  

 

Linear Quadratic Regulator (LQR) Controller 

Optimal control is the concern with controlling a dynamic system with minimum cost. 

The Linear Quadratic Regulator uses a quadratic function to describe and minimize the 

cost function and a set of linear differential equations to describe the state space 

representation of the system. The cost function is assumed to be a sum of the feedback 

signals and constants of the LQR controller. The controller therefore minimizes any 

undesired deviations when controlling the mechanism.  

After a LQR controller is implemented the cost function is changed according to the 

desired goals of the project. The difficulty of tuning the weight factors makes the 

application of the LQR difficult compared to other control systems such as PID or full 

state feedback with pole placement method.   

 

state equation  

Quadratic Cost function 

 

 
Continuous time Riccati Differential Equation  

 
 

Feedback control law 

 

 

 
 

1.2 Statement of the Problems 

 

The title was chosen with the hope that application of LQR controller for a system will 

make it possible to control a nonlinear system accurately. The project requires skills 

from mechanical design, electronics and programming aspects of control engineering. 

This project will also act as an introduction to LQR in control. As a result of this thesis, 

valuable practical knowledge was learned. 

1. Design and build an inverted pendulum mechanism 
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A rotary inverted pendulum was chosen and designed to be controlled by an LQR 

controller 

2. Assembling electronic components needed to control 

Electronic circuits are used to control motors as well as feedback sensor values for 

the LQR controller 

3. Implementing LQR controller 

After a failed attempt of using a PID controller for the system, a mathematical 

model of the system for the LQR controller was implemented using an Arduino 

Mega using the Arduino IDE 

4. Testing and improving the control 

The LQR controller was tuned to improve its control. The LQR constants used 

directly from the mathematical model calculation was not enough to control the 

mechanism accurately. The 6 constants for the LQR controller was tuned to 

improve the control of the mechanism using trial and error method. 

 

1.3 Objectives of the study 

 

The main objective of this study was to practically implement a nonlinear controller for 

control of an inverted pendulum with a ball and beam mechanism attached.  

1) Assemble and control a Segway type inverted pendulum which balances a ball on a 

platform. 

2) Implement a LQR controller on a Segway type inverted pendulum mechanism. 

3) Use a programming language to implement LQR controller on an embedded 

controller 

4) Tune the LQR controller to improve the control of the ball 

5) Achieve accurate position control of the ball 

 

1.4 Scope of the study 

1) The mechanism used, the Segway type inverted pendulum allows for only one 

degree of freedom control of the ball on the beam fixed on top of the mechanism.  

2) The LQR controller used in this project has a static tuning which needs to be 

changed manually if the system needs to be returned. This project does not include 

an adaptive controller which requires dynamic tuning of the constants of the 

controller.  

3) This research will not consider other nonlinear control methods other than the LQR 

controller 

4) The convergence times and settling time of the ball is not considered for this 

project. The end result has sufficient times therefore no additional attention was 

paid to this aspect of the controller 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Inverted Pendulum 

 

An inverted pendulum is considered as a benchmark of control theory and its application. 

It is widely used for teaching and research into control theory.   

 

2.1.1    Cart type Inverted Pendulum 

 

A paper published by Zhong Luo, Zhiyong Shi, Peng Hu, Lina Hao, Hongyi Liu, 2010 

discuss the simulation and results of optimal control theory which is used to control a cart 

type inverted pendulum on an inclination.  

 
 

Source: Luo, Shi, Hu, Hao, Liu, 2010 

Figure 2.1 Inverted pendulum on an inclination 

 

 
 

Source: Luo, Shi, Hu, Hao, Liu, 2010 

Figure 2.2 Block diagram of the triple inverted pendulum system 

 

In this research paper the error involved in control of an inverted pendulum in an inclined 

plane is modeled and the error is analyzed. An optimal state observer is used to reveal the 

control errors and propose a mathematical error correction formula which was simulated 

and the results were discussed in the conclusion.  

Jun Xie, Xingying Xu, Keming Xie, 2008 have used a granular hybrid system to control a 

cart type inverted pendulum and show simulation results. The motion of the pendulum is 

categorized into different granularity worlds under granular hybrid system. A matlab 

simulation was conducted to simulate the experiment and show results which show that the 

granular control strategy can be used to stable the system quickly.   
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Source: Jun Xie, Xingying Xu, Keming Xie, 2008 

Figure 2.3 Cart type pendulum  

 

2.1.2       Rotary Type Inverted Pendulum 

 

Md. Akhtaruzzaman, A.A. Shafie, 2010 have simulated a system for rotary type inverted 

pendulum using 2 DOF PID control. Common root locust method is used to design the two 

compensator for the PID controller. The rotary inverted pendulum is challenging to be 

controlled due to its highly nonlinear unstable characteristics. This paper also discusses the 

control systems od Full State Feedback and Linear Quadratic Regulator for rotary inverted 

pendulum control.  

 
Source: Md. Akhtaruzzaman, A.A. Shafie, 2010 

Figure 2.4 Rotary inverted pendulum 

 
Figure 2.5 2DOF PID controller block diagram 

 
Figure 2.6 Upright mode controller block diagram 
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Figure 2.7 Swing up mode controller block diagram 

The results of the simulation show that the 2 DOF PID controller is efficient in the control 

of a rotary type inverted pendulum.  

According to research paper published by Ken-Ichiro Fukuda, Shun Ushida, Koichiro 

Deguchi, 2006 a PD controller and a JIT controller is used to simulate the control of a 

rotary inverted pendulum. The results show that the JIT method with time delay can realize 

human memory and human determination in a motor control task. The JIT method is an 

approach which corresponds to designing both time delay compensator and stabilization 

controller simultaneously.    

 

2.1.3        Spherical Inverted Pendulum 

 

A spherical inverted pendulum consisting of a pendulum connected to a universal joint. 

Authors of a paper [5] published in 2013 have used LQR to control the mechanism shown 

in the figure below. The experiment results show that a decoupled Linear Quadratic 

Regulator controller is improved when compared to a Linear Quadratic Controller used 

without decoupling the mathematical model. 

 

 
Figure 2.8 Schematic diagram of the spherical pendulum system 

 

Research done by Manish Kumar Verma, Prerna Gaur, S.k. Jha, A.P. Mittal, 2012 shows a 

system that simulates the spherical inverted pendulum being controlled using PID and 

fuzzy control. The results were compared and it was shown that fuzzy logic controller is 

faster than the conventional PID controller.  
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2.1.4       Double Inverted Pendulum 

There are two types of double inverted pendulum, 

a) Parallel double inverted pendulum 

 

b) Serial double inverted pendulum 

 

 
Figure 2.9 PDIP and SDIP system 

 

Research according to Jiang Jie, Tang Wei, 2012 show the simulation results of a double 

inverted pendulum control. The experiment uses the Gugao Tianlong I double inverted 

pendulum as the simulation object for the matlab simulation. Lagrange equation and an 

optimal controller based on LQR is proposed. The results show that the stability of the 

system depends on the initial state parameters.   

 
Figure 2.10 Double pendulum system model 

 

Qing-Rui Li, Wen-hua Tao, Chong-yang Zhang, Ling-hong Yao, 2008 shared research on 

a double inverted pendulum being controlled by fuzzy controller and the results from the 

simulation show that fuzzy controller has higher accuracy, quicker convergence and higher 

precision. The paper discusses the design of three new fuzzy controllers based on the 

weight variable and comparing the results for stabilization control.  

 

2.1.5        New Trends Related to Inverted Pendulum 

 

A paper written by Olfa Boubaker, 2012 show the importance of inverted pendulum in the 

field of control theory and its wide use. The author shares trends in robotics which are 

related to the inverted pendulum. 

1) Control of under-actuated robotic systems 

Includes systems with few independent actuators compared to the degree of 

freedom of the mechanism 

2) Design of mobile inverted pendulums  
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Mechanisms such as Segway is sold as products 

3) Gait pattern generation for humanoid robots  

The linear inverted pendulum model (LIPM) is used to involve inverted pendulum 

motion in the control of humanoid robot motion such as walking. 

  

2.2          Ball beam mechanism 

 

Even though the ball and beam mechanism is nonlinear the mechanism is relatively simple 

compare to other nonlinear systems.  

A paper published by Wenzhuo Chen, Xiaomei Sui and Yongghui Xing in 2012 analyze 

and design a ball beam mechanism shown in figure 2.2.1 below and implement a PID 

controller and simulate the results of the project. In the conclusion it is discussed that the 

PID controller is a smooth and effective controller for the ball and beam mechanism. The 

paper only discusses the simulation of the controller rather than the implementation of the 

controller.  

 
Figure 2.11 Ball and beam mechanism 

 

When implementing a mathematical model for a system there are a few assumptions that 

are made that assume the system is fairly linear. Therefore, even using mathematical model 

based controllers would not result in ideal control of the mechanism.  

A paper published in 2011 by Donatien Nganga-Kouya and Francis A. Okou discuss a new 

state feedback controller for the ball and beam mechanism. The suggested controller is 

similar to an adaptive backstopping controller. Simulation results suggest that the 

backstepping controller is ideal for a linear model while not ideal for a nonlinear model. 

The simulations done by authors suggest that the adaptive LI controller performs the better 

regardless of the linearity or non-linearity of the model used.  

Wu Haomin, Guo Yuqian, Gui Weihua and Jiang Zhaohui published a paper in 2013 that 

uses a hybrid control scheme named reset control. This controller resets parts of the 

controller state according to a law to overcome limitations of linear feedback control 

design and improve performance.  In the application the authors have used a PID controller 

that resets when the integral term increases beyond a threshold.  

Huan-Wen Tzeng and Sheng-Kai Hung published a paper in 2009 that discusses use of a 

Neural-Fuzzy System (NFS) for the control of the ball and beam mechanism. Since the 

controller includes a neural network it requires extensive training, learning and simulation. 

The controller first decides the fuzzy the output according to the fuzzy rule table then the 

neural part of the controller goes through a learning process to better control the 

mechanism.  
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Source: Tzeng and Hung, 2009 

Figure 2.12 Ball beam mechanism by Tzeng 

The figure above shows the mechanism used by the authors and they suggest reducing the 

time cost for the image processing, simplifying the fuzzy rules and improved gear gap will 

result in better results than the results achieved in the paper discussed above.  

 

2.3        LQR based control 

 

Paper published by Zeyan Hu, Lei Guo, Shimin Wei, Qizheng Liao in 2014 the dynamic 

equations of the mechanism shown below was determined using the Routh equation. The 

simulation results achieved through application of LQR and PID controllers suggest PID 

controller has smaller error but larger settling time compared to LQR. At the end of the 

paper a fusion between LQR and PID is suggested that contains all the advantages of both 

of the controllers. 

 
Source: Hu, Guo, Wei and Liao, 2014 

Figure 2.13 Unicycle robot by Hu 
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CHAPTER 3 

METHODOLOGY 

 

This project includes the control of an inverted pendulum with a ball and beam mechanism 

using a LQR controller. This research includes assembling the mechanism, implementing 

LQR controller, fine tuning the LQR controller and achieving nonlinear control of the 

system.  

 

3.1        Initially proposed mechanism for the Segway 

 

The inverted pendulum mechanism is an example of an unstable system.  

 

    
 

Figure 3.1 Rotary type/Segway inverted pendulum 

 

3.2        Initial CAD design 

 
Figure 3.2 CAD design 
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3.3        First assembly of the mechanism 

 

 
 

Figure 3.3 Initial mechanism of ball beam inverted pendulum 

 

The body of the mechanism was attached to 2 motors which act as the wheels of the 

inverted pendulum. The body also contained a steel rod on top of the mechanism where the 

ball is balanced and moves in 1 degree of freedom. This ball can only be controlled for one 

degree of freedom since the mechanism has only one degree of freedom. The motors are 

connected to the wheels using a frictionless joint that restricts its movements. The force 

exerted on the body will be used to balance the inverted pendulum on a vertical angle. 

Accelerometer feedback and angle of the pole is measured and given to the control loop for 

control of the mechanism.  

 

 

 

 

 

 

 

 

 
Figure 3.4 Nonlinear dynamic equations of the inverted pendulum system 
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A beam platform was attached to the pendulum and a ball was position controlled in one 

direction which is the degree of freedom of the inverted pendulum. The ball moves freely 

in one direction of the flat platform only one direction of its movement on the flat platform 

can be controlled.  

A PID controller was to be used to balance the ball on the flat platform as well as balance 

the inverted pendulum but the same motion as balancing the inverted pendulum will 

balance the ball as well. The accuracy of the ball movement and its position was to be 

measured and controlled. 

But it was discovered, while the PID controller successfully controls ball and beam 

mechanism and inverted pendulum mechanism separately but when trying to control both 

mechanisms the system becomes more nonlinear resulting in non-accurate control when 

using PID to control both mechanisms at the same time.   

 

3.4        Final assembly 

 

 
 

Figure 3.5 Final assembly 

 

 
 

Figure 3.6 Final design of the mechanism 
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Figure 3.7 The beam used for ball and beam 

The beam was changed to make sure the bends of the beam or the friction was not 

impeding the accuracy. 

 

Table 3.1 Parameter values of the mechanism 

Parameter Value 

Total Weight 0.88Kg 

Length of beam L 26cm 

Height of Segway 56cm 

Length of Rod 41cm 

Radius of the wheel R 3.5cm 

Mass of pendulum mp 1.09Kg 

Mass of wheel mw 0.04Kg 

Mass of ball mball 0.01Kg 

Mass of the beam mbeam 0.005Kg 

Distance from center of wheel to center 

of gravity (l) 

0.118m 

Radius of the ball rball 0.01m 

 

The mechanism consists of two motors which act as the base of the Segway type 

pendulum. These motors are controlled separately through the L298 motor driver. The 

motors are connected directly to the wheels of the pendulum. 

The motors used for this mechanism comes with attached encoder which was used to 

measure the distance traveled and the speed of the pendulum.  

A MPU 6050 gyro/accelerometer was used to measure the acceleration/angle of the 

pendulum to the vertical.  

An Ultrasonic sensor was used to feedback the position of the ball on the beam back to the 

controller. 

A potentiometer was used to give the position command to the robot, since it was found 

that the Arduino freezes during serial read command which makes the robot fall over. To 

avoid this a potentiometer was used to give the desired position to the controller.  

The beam was changed to a steel beam to reduce the effects of vibrations of the inverted 

pendulum on the ball and beam mechanism. It also results in smoother control of the ball 

on the beam since less friction and other related errors.  
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3.5        Electronics used in the assembly 

 

Arduino Mega 

 

 
 

Figure 3.8 Arduino Mega microcontroller 

 

Microcontroller based on ATmega2560, 54 digital I/O, 16 analog inouts,4 UARTS, 

16MHz Oscillator 

Relatively cheap and easy to program microcontroller offered by Arduino  

 

MPU 6050 

 
 

Figure 3.9 Invensense MPU6050 accelerometer 

 

This sensor includes a gyroscope as well as an accelerometer. This project uses both to 

measure the angle and the rate of change of the angle of the pendulum. The Arduino was 

chosen to make use of the DMP library available with the MPU6050 which offers better 

filtering of the data than complementary or kalman filters.  

Ultrasonic sensor 

 

 
Figure 3.10 HC SR04 ultrasonic sensor 
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This sensor was used to measure the position of the ball. This sensor has a range of 2-

200cm. IT has an accuracy of plus or minus 2cm. this sensor uses sound waves and its 

return time to measure the distance the soundwaves have travelled to get the distance 

measurement.  

 

Encoders 

 
 

Figure 3.11 Rotary encoder 

An encoder was used to measure the distance the motors travel and the speed of the 

mechanism movement. The incremental encoder used for this project came attached with 

the motors and it has 60 CPR which multiplies with the gear ratio of 30:1 of the motor to 

give a resolution of 1800 pulses per rotation.  

 

L298 motor driver 

 
Figure 3.12 L298 dual H bridge motor driver 

 

Contains one L28 IC which is used to directional control two motors. Each channel can 

only handle 2A. this driver is sufficient for this project.  

 

LM7805 

 
Figure 3.13 LM7805 
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This IC was used to convert the input voltage to a voltage usable by the microcontroller. In 

this case it is +5volts.  

 

Potentiometer 

 
Figure 3.14 Nonlinear potentiometer 

 

Also known as a variable resistor this potentiometer gives different resistance depending 

on the tuning of the above knob. The maximum resistance is stated on the potentiometer. 

So the potentiometer can have a resistance of 0- to its maximum resistance. In this project 

a potentiometer was used to give the desired position of the ball from the user to the 

controller at run time.  

 

An aluminum strip was bent to fix two wheels on its sides. Motors were attached to the 

other side of the wheels and fixed to the aluminum body. An aluminum rod was fixed to 

the middle of the body to make the inverted pendulum.  

After the inverted pendulum was tested for stability and inaccuracies the ball beam 

mechanism was added to the inverted pendulum. 

The ball beam was first controlled separately from the pendulum and finally they were 

combined after confirming both mechanism work well separately.  

When creating the beam for the ball beam mechanism two steel rules were used and a 

plastic tube was used as the base. The beam created by the two rulers were set on top of the 

half cut plastic tube and fixed on top of the inverted pendulum. This resulted in a ball and 

beam which moves the ball when the inverted pendulum changes its angle to the vertical.  

The electronics parts required for the project was mounted on the sides of the pendulum 

using a box that was fixed at the bottom of the pendulum.  

 

3.6        Electronic circuit 

 

After the required electronic parts were decided they were assembled together with the 

mechanism. The circuit diagram below shows how the electronics parts were connected to 

the power and the microcontroller. 
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Figure 3.15 Circuit diagram 

 

PID control 

 
 

Figure 3.16 PID control loop 

 

 

A PID loop based on the ball position error and the output of pendulum was first 

implemented for the system. It was observed that the system is too nonlinear to be 

controlled using only one control loop of PID.  

In an effort to fix this error and to achieve better control the controller was changed to the 

LQR controller and better results were apparent from the start. 
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3.7        LQR control 

 

The dynamics of the system must be mathematically found and the system should be 

represented in the state space format to implement the LQR controller.  

Dynamics of the system 

Dynamics of ball and beam 

 
Figure 3.17 Ball and beam mechanism 

Total Kinetic Energy K,  

 
Total Potential Energy P,  

Using Lagrange Equation, L = K-P 

 

q=r,  

q=α,  

 

Dynamics of the Inverted Pendulum system 

 

 
Figure 3.18 Inverted pendulum mechanism 
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Table 3.2 Parameters of the inverted pendulum 

Parameter Explanation 

mp Mass of pendulum 

mw Mass of wheel 

R Radius of the wheel 

L Distance to center of gravity of pendulum 

from center of wheel 

Mk Momentum of the pendulum 

Θ Angle of the pendulum in relation to vertical 

Φ Rotation angle of the wheel 

 

Total Kinetic Energy K,  

 
Total Potential Energy P,  

Using Lagrange Equation, L=K-P 

 
q=[φ; θ] 

τ =[Mk; 0] 

q= φ,  

q= θ,  

When using this mathematical representation for LQR, 

 

 
Figure 3.19 Control loop for LQR controller 

 

Using linearization, 

, , ,  

 -----------1) 

-------------------2) 

…………….A) 
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……………..B) 

 

state equation  

Quadratic Cost function 

 

 
Continuous time Riccati Differential Equation  

 
 

Feedback control law 

 

 

 
Using values, 

Mp=0.71kg, r=3.5cm, Mw=0.42kg, l=0.12m, g= 9.81ms-2 

Mp=mass of pendulum, r= radius of wheels, Mw=mass of wheels, l=length of pendulum 

A=  

B =  

C =  

D = [0] 

PA + ATP – PBR-1BTP – Q =0 

Choosing Q and R as below, 

Q =  

R = [1] 

 

Using K = R-1BTP, 

K =  
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Dynamics of the final system 

 

The final system is a combination of both of the dynamics systems shown above. The final 

mechanism has 6 states in its state space representation. The six states are, 

1) Position of the ball 

2) Speed of the ball 

3) Position of the wheel 

4) Speed of the inverted pendulum 

5) Acceleration of the pendulum angle 

6) Speed of the pendulum angle change 

state equation   

Quadratic Cost function 

 

 
Continuous time Riccati Differential Equation  

 
 

Feedback control law 

 

 

 
 

Assuming, 

 

 

 

………..(1) 

 

…………(2) 

 

………………(3)  

A =  
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B =  

Mp=1.09kg, r=3.5cm, Mw=0.04kg,Mball=0.01kg,Mbeam=0.005kg, l=0.118m, g= 9.81ms-

2, rBall=0.01m, l’=0.5238-l m, L=0.3m 

A =  

B =  

Choosing C and D, 

C =  

D = [ 0 ] 

PA + ATP – PBR-1BTP – Q =0 

Choosing Q and R as below, 

Q =  

R = [1] 

Using K = R-1BTP, 

K =  

 

Theoretically the 6 values for the K matrix are the constants to control the mechanism 

using LQR controller. In practical application a little bit of tuning is required to make the 

controller work on the mechanism. But the mathematical model brings the constants to a 

general area thereby making the tuning process much easier compared to PID trial and 

error tuning method. 

 

3.8        Programming 

 

The program was done using C language and the Arduino IDE. Since there was a DMP 

library for the Accelerometer there was no need to implement filters such as kalman or 

complementary to filter the accelerometer readings.  

The library for the MPU6050 sensor makes the integration of the sensor with an Arduino 

microcontroller relatively easy.  
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At the start of each cycle the program reads the 6 states of the mechanism (state space 

representation) and multiplies these values with the mathematically calculate 6 constants of 

the LQR controller and the output is determined and sent to the motor driver along with the 

direction of the motor.  

The LQR controller is relatively easy to program but harder to mathematically calculate 

and tune.  

in this project after the mathematical gains were found the program was written and 

implemented. It was seen that further tuning is need to better control the mechanism. After 

some tuning a relatively better control was found.  

 

 
Figure 3.20 Code of LQR controller 

 

Rest of the code will be shared in the appendix of this report 
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3.9        Program flow chart 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 Basic program flow chart 

 

3.10        Project flow chart 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 Flow chart of the project 

 

Design Mechanism 

Buy motors according 

to torque requirements 

Build 

Mechanism 

Implement 

Controller using 

LQR on embedded 

controller 

Fine- Tune LQR 

controller to get 

better control 

Read Sensors 

Compute Output 

based on 6 constants 

Send PWM and 

direction to Driver 
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CHAPTER 4 

EXPERIMENTS AND RESULTS 

After a LQR controller was designed it was simulated using matlab. One of the simulation 

results is shown below.  

 

 
 

Figure 4.1 Response of the first LQR controller with time 

 

4.1        Normal operation of the mechanism 

 

 
Figure 4.2 Output and error versus time (normal operation) 

Blue – Output signal 

Yellow – Error in position of the ball 

Cycle time of program is around 10-11ms.  
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4.2        Pushing the pendulum  

Pendulum was pushed when in zero position and the following graph shows the reaction of 

the mechanism to the push 

 
Figure 4.3 Output and error versus time (when pendulum pushed) 

 

4.3        Ball moved 

 

The ball was moved by hand instead of pushing the pendulum. The results are shown in the 

figure below.  

 

 
Figure 4.4 Output and error verses time (ball moved) 
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Figure 4.5 Achieving stability after being pushed 

 

4.4        Position control range on the beam 

 

Since a potentiometer was used to give position commands, the analog value of the 

potentiometer was scaled to a range of +4 to -4cm. By changing the range from the 

program the position control range can be changed as needed.  For the testing the position 

control range was kept at +4 to -4cm from the middle position. These positions are shown 

in red on the image below. The ball is on the middle position (zero position) in the image 

shown below.  

 

 
Figure 4.6 The beam with position control range marked in red 
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4.5        Repeatability of the mechanism 

 

Table 4.1 Average results of 5 random trials 

 Error (cm) 

Sequence/Position Trial 1 Trail 2 Trial 3 Trial 4   Trial 5 Sequence 

Average 

0 cm 1cm 2cm 1cm 1cm 1cm 1.2cm 

0 to +4 cm(3.99) 2cm 1cm 1cm 3cm 1cm 1.6cm 

+4 to -4 cm(3.84) 1cm 4cm 2cm 2cm 1cm 2.0cm 

-4 to 0 cm 1cm 2cm 1cm 1cm 2cm 1.4cm 

Trail Average 1.25cm 2.25cm 1.25cm 1.75cm 1.25cm  

 

Overall Trial Average = 1.55cm 

Overall Sequence Average = 1.55cm 

 

4.6        Effect of weight of the ball on the control 

 

Tests were done using two weighted balls. The first weighted ball is a ball with no 

additional weight added. The second weight is the same ball as the first ball but a few 

weights have been added to the inside of the ball to increase the momentum and weight of 

the ball. 

For this test the command was 0 position to +4 position. the results of the controller based 

on the weight of the ball are shown below.  

 

Table 4.2 Testing effects of the weight of the ball 

 Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 

Weight 1 1cm 2cm 1cm 1cm 2cm 1.4cm 

Weight 2 2cm 3cm 2cm 4cm 3cm 2.8cm 

 

Weight 2 is larger than Weight 1, therefore it was seen that as the weight of the ball 

increases the controller needs to be better tuned to stop the ball from oscillating around the 

desired position. It was seen that it is better to use a lightweight ball to control, since the 

lightweight ball will have reduced oscillation and therefore reducing the jerking of the 

inverted pendulum mechanism. As the movement of the pendulum increases in momentum 

the same momentum is transferred to the ball, making the ball harder to stop or control 

accurately. Even though a LQR controller is better for nonlinear control it is still not the 

ideal controller for nonlinear control. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

At the end of the thesis it is apparent that the LQR controller is better for nonlinear control 

systems compared to PID. The results show a problem with repeatability and therefore it is 

suggested to use better nonlinear controllers to control this mechanism in the future.   

It can be assumed problems in the mechanism such as vibration in the pendulum, friction 

and bends on the beam can result in lesser accurate control. The results show that the LQR 

controller used in this project achieves a control of + or - 2-3cm. Which is similar to the 

sensor error from the ultrasonic sensor. But this error is not primarily due to sensor errors, 

but due to mechanical errors, friction and other errors not considered for the mathematical 

model.  

When trying to implement a PID controller for the mechanism it was seen that the 

mechanism is too nonlinear for it to be controlled using conventional PID methods. Even 

though it is still possible to achieve nonlinear control through use of multiple PID loops, it 

is better to use a LQR controller to achieve better results compared to the PID method.  

Future applications of this mechanism should use better controllers suited for nonlinear 

control such as fuzzy LQR or feedback pole placement method to improve the control of 

the ball.  

 



 

30 

 

REFERENCES 

 

1. Error Analysis of an Inverted Pendulum on an inclined plane, Zhong Luo, Zhiyong Shi, 

Peng Hu, Lina Hao, Hongyi Liu, IEEE, 2010 

 

2. Modelling and Simulation of the inverted pendulum based on Granular Hybrid System, 

Jun Xie, Xingying Xu, Keming Xie, Taiyuan University of Technology, 2008 

 

3. Modeling and Control of a Rotary Inverted Pendulum using various methods, 

Comparative Assesment and Result Analysis, Md. Akhtaruzzaman, A.A. Shafie, 

International Conference on Mechatronics and Automation, 2010 

 

4. Just-In-Time control of Image-Based Inverted Pendulum Systems with a Time-Delay, 

Ken-Ichiro Fukuda, Shun Ushida, Koichiro Deguchi, SCIE-ICASE International Joint 

Conference, 2006 

 

5. Balancing of a Spherical Inverted Pendulum with an Omni-directional Mobile Robot, 

Sho-Tsung Kao, Wan-Jung Chiou, Ming-Tzu Ho, International Conference on Control 

Applications, 2013 

 

6. Artifical Intelligence based control of 3D Invreted Pendulum, Manish Kumar Verma, 

Prerna Gaur, S.k. Jha, A.P. Mittal, 2012 

 

7. Influence Analysis of Initial State Parameters on Linear Inverted Pendulum System 

Performance, Jiang Jie, Tang Wei, 2012 

 

8. Stabilization Control of Double Inverted Pendulum System, Qing-Rui Li, Wen-hua Tao, 

Chong-yang Zhang, Ling-hong Yao, Conference on Innovation Computing Information 

and Control, 2008  

 

9. The inverted Pendulum: A fundamental Benchmark in Control Theory and Robotics, 

Olfa Boubaker, International Conference on Education and e-Learning Innovations, 2012  

 

10. Modeling and Modulation of Nonlinear Ball-beam System Controller Based on Matlab, 

Wenzhuo Chen, Xiaomei Sui, Yonghui Xing, 9th International Conference on Fuzzy 

Systems and Knowledge Discovery, 2012 

 

11. Adaptive State Feedback Controller for the Ball and Beam System, Donatien Nganga-

Kouya and Francis A. Okou, 24th Canadian Conference on Electrical and Computer 

Engineering (CCECE), 2011 

 

12. Reset PID Control with an Application to Ball-beam Systems, WU Haomin, GUO 

Yuqian, GUI Weihua, JIANG Zhaohui, 32nd Chinese Control Conference, 2013 

 

13. Design of Ball-Beam Balance Control System using Neural-Fuzzy Algorithm, Huan-

Wen Tzeng, Sheng-Kai Hung, Fuzz-IEEE 2009 

 

14. Design of LQR and PID Controllers for the Self Balancing Unicycle Robot, Zeyan Hu, 

Lei Guo, Shimin Wei, Qizheng Liao, International Conference on Information and 

Automation, 2014 



 

31 

 

APPENDICES 

 

`//////state space implementation 

// I2C device class (I2Cdev) demonstration Arduino sketch for MPU6050 class using DMP 

(MotionApps v2.0) 

// 6/21/2012 by Jeff Rowberg <jeff@rowberg.net> 

// Updates should (hopefully) always be available at https://github.com/jrowberg/i2cdevlib 

// 

// Changelog: 

//      2013-05-08 - added seamless Fastwire support 

//                 - added note about gyro calibration 

//      2012-06-21 - added note about Arduino 1.0.1 + Leonardo compatibility error 

//      2012-06-20 - improved FIFO overflow handling and simplified read process 

//      2012-06-19 - completely rearranged DMP initialization code and simplification 

//      2012-06-13 - pull gyro and accel data from FIFO packet instead of reading directly 

//      2012-06-09 - fix broken FIFO read sequence and change interrupt detection to 

RISING 

//      2012-06-05 - add gravity-compensated initial reference frame acceleration output 

//                 - add 3D math helper file to DMP6 example sketch 

//                 - add Euler output and Yaw/Pitch/Roll output formats 

//      2012-06-04 - remove accel offset clearing for better results (thanks Sungon Lee) 

//      2012-06-01 - fixed gyro sensitivity to be 2000 deg/sec instead of 250 

//      2012-05-30 - basic DMP initialization working 

 

/* ============================================ 

I2Cdev device library code is placed under the MIT license 

Copyright (c) 2012 Jeff Rowberg 

 

Permission is hereby granted, free of charge, to any person obtaining a copy 

of this software and associated documentation files (the "Software"), to deal 

in the Software without restriction, including without limitation the rights 

to use, copy, modify, merge, publish, distribute, sublicense, and/or sell 

copies of the Software, and to permit persons to whom the Software is 

furnished to do so, subject to the following conditions: 

 

The above copyright notice and this permission notice shall be included in 

all copies or substantial portions of the Software. 

 

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND, 

EXPRESS OR 

IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF 

MERCHANTABILITY, 

FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT. IN NO 

EVENT SHALL THE 

AUTHORS OR COPYRIGHT HOLDERS BE LIABLE FOR ANY CLAIM, DAMAGES 

OR OTHER 

LIABILITY, WHETHER IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, 

ARISING FROM, 

OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE USE OR OTHER 

DEALINGS IN 
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THE SOFTWARE. 

=============================================== 

*/ 

// I2Cdev and MPU6050 must be installed as libraries, or else the .cpp/.h files 

// for both classes must be in the include path of your project 

#include "I2Cdev.h" 

#include <NewPing.h> 

#include "MPU6050_6Axis_MotionApps20.h" 

//#include "MPU6050.h" // not necessary if using MotionApps include file 

//=================================== 

//============== Variables ========== 

double sensorOffset=-2.0*M_PI/180.0; 

double tpTemp=3.0; 

//encoder program 

int encoder0PinA = 18; 

int encoder0PinB = 22; 

int encoder1PinA = 19; 

int encoder1PinB = 23; 

volatile int encoder0Pos = 0; 

volatile int encoder1Pos = 0; 

double value,uVal,phi,dphi,lastPhi,theta,dtheta,lastTheta,R,dR,lastR; 

double cycleTime = 0.01;//10/1000=10ms 

double posControl; 

int graph; 

//============================================= 

//double time,lastTime; 

//ultrasonic 

#define TRIGGER_PIN   10 // Arduino pin tied to trigger pin on ping sensor. 

#define ECHO_PIN      9 // Arduino pin tied to echo pin on ping sensor. 

#define MAX_DISTANCE 300 // Maximum distance we want to ping for (in centimeters). 

Maximum sensor distance is rated at 400-500cm. 

 

NewPing sonar(TRIGGER_PIN, ECHO_PIN, MAX_DISTANCE); // NewPing setup of 

pins and maximum distance. 

 

unsigned int pingSpeed = 30; // How frequently are we going to send out a ping (in 

milliseconds). 50ms would be 20 times a second. 

unsigned long pingTimer;     // Holds the next ping time. 

double previousValue; 

////new 

//double duration; 

//============================================= 

// Arduino Wire library is required if I2Cdev I2CDEV_ARDUINO_WIRE implementation 

// is used in I2Cdev.h 

#if I2CDEV_IMPLEMENTATION == I2CDEV_ARDUINO_WIRE 

    #include "Wire.h" 

#endif 

// class default I2C address is 0x68 

// specific I2C addresses may be passed as a parameter here 

// AD0 low = 0x68 (default for SparkFun breakout and InvenSense evaluation board) 
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// AD0 high = 0x69 

MPU6050 mpu; 

//MPU6050 mpu(0x69); // <-- use for AD0 high 

 

/* 

================================================================

========= 

   NOTE: In addition to connection 3.3v, GND, SDA, and SCL, this sketch 

   depends on the MPU-6050's INT pin being connected to the Arduino's 

   external interrupt #0 pin. On the Arduino Uno and Mega 2560, this is 

   digital I/O pin 2. 

 * 

================================================================

========= */ 

 

/* 

================================================================

========= 

   NOTE: Arduino v1.0.1 with the Leonardo board generates a compile error 

   when using Serial.write(buf, len). The Teapot output uses this method. 

   The solution requires a modification to the Arduino USBAPI.h file, which 

   is fortunately simple, but annoying. This will be fixed in the next IDE 

   release. For more info, see these links: 

 

   http://arduino.cc/forum/index.php/topic,109987.0.html 

   http://code.google.com/p/arduino/issues/detail?id=958 

 * 

================================================================

========= */ 

 

 

 

// uncomment "OUTPUT_READABLE_QUATERNION" if you want to see the actual 

// quaternion components in a [w, x, y, z] format (not best for parsing 

// on a remote host such as Processing or something though) 

//#define OUTPUT_READABLE_QUATERNION 

 

// uncomment "OUTPUT_READABLE_EULER" if you want to see Euler angles 

// (in degrees) calculated from the quaternions coming from the FIFO. 

// Note that Euler angles suffer from gimbal lock (for more info, see 

// http://en.wikipedia.org/wiki/Gimbal_lock) 

//#define OUTPUT_READABLE_EULER 

 

// uncomment "OUTPUT_READABLE_YAWPITCHROLL" if you want to see the yaw/ 

// pitch/roll angles (in degrees) calculated from the quaternions coming 

// from the FIFO. Note this also requires gravity vector calculations. 

// Also note that yaw/pitch/roll angles suffer from gimbal lock (for 

// more info, see: http://en.wikipedia.org/wiki/Gimbal_lock) 

#define OUTPUT_READABLE_YAWPITCHROLL 
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// uncomment "OUTPUT_READABLE_REALACCEL" if you want to see acceleration 

// components with gravity removed. This acceleration reference frame is 

// not compensated for orientation, so +X is always +X according to the 

// sensor, just without the effects of gravity. If you want acceleration 

// compensated for orientation, us OUTPUT_READABLE_WORLDACCEL instead. 

//#define OUTPUT_READABLE_REALACCEL 

 

// uncomment "OUTPUT_READABLE_WORLDACCEL" if you want to see acceleration 

// components with gravity removed and adjusted for the world frame of 

// reference (yaw is relative to initial orientation, since no magnetometer 

// is present in this case). Could be quite handy in some cases. 

//#define OUTPUT_READABLE_WORLDACCEL 

 

// uncomment "OUTPUT_TEAPOT" if you want output that matches the 

// format used for the InvenSense teapot demo 

//#define OUTPUT_TEAPOT 

 

#define LED_PIN 13 // (Arduino is 13, Teensy is 11, Teensy++ is 6) 

bool blinkState = false; 

 

// MPU control/status vars 

bool dmpReady = false;  // set true if DMP init was successful 

uint8_t mpuIntStatus;   // holds actual interrupt status byte from MPU 

uint8_t devStatus;      // return status after each device operation (0 = success, !0 = error) 

uint16_t packetSize;    // expected DMP packet size (default is 42 bytes) 

uint16_t fifoCount;     // count of all bytes currently in FIFO 

uint8_t fifoBuffer[64]; // FIFO storage buffer 

 

// orientation/motion vars 

Quaternion q;           // [w, x, y, z]         quaternion container 

VectorInt16 aa;         // [x, y, z]            accel sensor measurements 

VectorInt16 aaReal;     // [x, y, z]            gravity-free accel sensor measurements 

VectorInt16 aaWorld;    // [x, y, z]            world-frame accel sensor measurements 

VectorFloat gravity;    // [x, y, z]            gravity vector 

float euler[3];         // [psi, theta, phi]    Euler angle container 

float ypr[3];           // [yaw, pitch, roll]   yaw/pitch/roll container and gravity vector 

 

// packet structure for InvenSense teapot demo 

uint8_t teapotPacket[14] = { '$', 0x02, 0,0, 0,0, 0,0, 0,0, 0x00, 0x00, '\r', '\n' }; 

// 

================================================================ 

// ===               INTERRUPT DETECTION ROUTINE                === 

// 

================================================================ 

volatile bool mpuInterrupt = false;     // indicates whether MPU interrupt pin has gone high 

void dmpDataReady() { 

    mpuInterrupt = true; 

} 

//===============================================================

== 
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//===         ULTRASONIC READING SEQUENCE NEW             ========= 

//===============================================================

== 

//void distanceMeasure(void) 

//{ 

//    pinMode(10, OUTPUT); 

// digitalWrite(10, LOW); 

// delayMicroseconds(2); 

// digitalWrite(10, HIGH); 

// delayMicroseconds(3); 

// digitalWrite(10,LOW); 

// pinMode(10,INPUT); 

// duration = pulseIn(10,HIGH); 

//} 

//===============================================================

== 

//===         ULTRASONIC READING SEQUENCE                 ========= 

//===============================================================

== 

void echoCheck() { // Timer2 interrupt calls this function every 24uS where you can check 

the ping status. 

  // Don't do anything here! 

  if (sonar.check_timer()) 

  {double val; 

    val = sonar.ping_result / 57.0; 

  // Don't do anything here! 

   

    if(val<2 || val>30) 

    { 

      val=previousValue; 

      //Serial.println("NOOOOOOOOOOOOOOOOOOOOOOOISE"); 

    } 

    else 

    { 

      //val=-1*(val); 

      val=val-(14.5+posControl);//14.5 

      //val=val-(14.5); 

      previousValue=val; 

    } 

//    Serial.print("val:="); 

//    Serial.println(value); 

    uVal=val/100.0;//in meters 

 

  } 

} 

//===============================================================

== 

//===                ENCODER READING ROUTINE                  ===== 

//===============================================================

== 
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void doEncoder0() { 

  if (digitalRead(encoder0PinA) == HIGH) { 

    if (digitalRead(encoder0PinB) == LOW) {  // check channel B to see which way 

                                             // encoder is turning 

      encoder0Pos = encoder0Pos - 1;         // CCW 

    }  

    else { 

      encoder0Pos = encoder0Pos + 1;         // CW 

    } 

  } 

  else                                        // found a high-to-low on channel A 

  {  

    if (digitalRead(encoder0PinB) == LOW) {   // check channel B to see which way 

                                              // encoder is turning   

      encoder0Pos = encoder0Pos + 1;          // CW 

    }  

    else { 

      encoder0Pos = encoder0Pos - 1;          // CCW 

    } 

  } 

//  if(encoder0Pos>fullturnTicks*3 || encoder0Pos<-fullturnTicks*3){ 

//    encoder0Pos=0; 

//  } 

if(encoder0Pos>960 || encoder0Pos<-960) 

{ 

  encoder0Pos=0; 

} 

} 

void doEncoder1() { 

  if (digitalRead(encoder1PinA) == HIGH) { 

    if (digitalRead(encoder1PinB) == LOW) {  // check channel B to see which way 

                                             // encoder is turning 

      encoder1Pos = encoder1Pos - 1;         // CCW 

    }  

    else { 

      encoder1Pos = encoder1Pos + 1;         // CW 

    } 

  } 

  else                                        // found a high-to-low on channel A 

  {  

    if (digitalRead(encoder1PinB) == LOW) {   // check channel B to see which way 

                                              // encoder is turning   

      encoder1Pos = encoder1Pos + 1;          // CW 

    }  

    else { 

      encoder1Pos = encoder1Pos - 1;          // CCW 

    } 

  } 

//  if(encoder0Pos>fullturnTicks*3 || encoder0Pos<-fullturnTicks*3){ 

//    encoder0Pos=0; 
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//  } 

if(encoder1Pos>960 || encoder1Pos<-960) 

{ 

  encoder1Pos=0; 

} 

} 

//===============================================================

== 

//===                LQR CONTROLLER                           ===== 

//===============================================================

== 

//float K1=-17.3,K2=-14.3,K3=1348.1,K4=167.2;//first try and successfull, 2 videos 

//float K1=10.00,K2=10.2518,K3=70.9286,K4=-0.9810;//2nd try after math//small output 

//float K1=-17.3,K2=-15.4,K3=-1119.0,K4=-175.3;//Russian//INV direction 

//float K1=17.3205,K2=12.4050,K3=-435.9229,K4=42.429;//INV,My math pendulum, 

keep theta,new vals, tune 1 

//float K1=17.3,K2=15.2,K3=-1050.8,K4=-19.5;//INV,My math pendulum, keep theta,new 

vals, tune 2 

/////////////////////////////////////////////////////////////////// 

//float K1=28.2843,K2=16.885,K3=-916.7424,K4=156.5684;//INV,My Math new values 

tune 3 

//float K1=22.4,K2=21.8,K3=-1100.4,K4=10.5;//INV,my math old vals tune 2 

//float K1=22.4,K2=18.5,K3=-1523.4,K4=516.3;//INV,my math Ir=mrLt^2 old values 

//float K1=31.6228,K2=8.0757,K3=284.1858,K4=-30.9381;//new values russian 

controller//small output 

//float K1=-31.6,K2=-11.4,K3=1563.2,K4=177;//new values on working russian 

controller//Stable but moves around too much 

//float K1=31.6228,K2=3.048,K3=-36.3392,K4=8.3851;//INV,small output//my math 

Ir=Mr*L^2 new values 

//float K1=10,K2=1.4769,K3=-16.0201,K4=2.4642;//INV,Small//my math Ir=Mr*L^2 old 

values 

//testing 

//here 

//float K1=-17.3,K2=-14.3,K3=1348.1,K4=167.429,K5=0,K6=0; 

float K1=-20.3205,K2=-18.4050,K3=2500.9229,K4=160.429,K5=-1800,K6=80;//sorta 

working need tuning of K5 and K6//multiplle of 1. 

//float K1=-17.3205,K2=-12.4050,K3=1435.9229,K4=142.429,K5=-1000,K6=-

10;//weightless//tune k5 k6 

//float K1=-17.3205,K2=-12.4050,K3=1435.9229,K4=142.429,K5=-

1000,K6=1;//weightless//tune k5 k6//kinda ok 

//float K1=-20.3205,K2=-18.4050,K3=2535.9229,K4=162.429,K5=-1500,K6=10;//sorta 

working need tuning of K5 and K6//multiplle of 1 

//float K1=-320,K2=-1570,K3=80260,K4=20640,K5=84130,K6=131190;//new 

values//multi 0.005 

//float K1=-320,K2=-1340,K3=81790,K4=19260,K5=92380,K6=123530;//old values 

long getLQRSpeed(float phi,float dphi,float angle,float dangle,float R, float dR){ 

  return constrain((phi*K1+dphi*K2+K3*angle+dangle*K4+R*K5+dR*K6)*1,-255,255); 

} 

// 

================================================================ 
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// ===                      INITIAL SETUP                       === 

// 

================================================================ 

void setup() { 

    // join I2C bus (I2Cdev library doesn't do this automatically) 

    #if I2CDEV_IMPLEMENTATION == I2CDEV_ARDUINO_WIRE 

        Wire.begin(); 

        TWBR = 24; // 400kHz I2C clock (200kHz if CPU is 8MHz). Comment this line if 

having compilation difficulties with TWBR. 

    #elif I2CDEV_IMPLEMENTATION == I2CDEV_BUILTIN_FASTWIRE 

        Fastwire::setup(400, true); 

    #endif 

    // initialize serial communication 

    // (115200 chosen because it is required for Teapot Demo output, but it's 

    // really up to you depending on your project) 

    Serial.begin(115200); 

    while (!Serial); // wait for Leonardo enumeration, others continue immediately 

 

    // NOTE: 8MHz or slower host processors, like the Teensy @ 3.3v or Ardunio 

    // Pro Mini running at 3.3v, cannot handle this baud rate reliably due to 

    // the baud timing being too misaligned with processor ticks. You must use 

    // 38400 or slower in these cases, or use some kind of external separate 

    // crystal solution for the UART timer. 

 

    // initialize device 

    //Serial.println(F("Initializing I2C devices...")); 

    mpu.initialize(); 

 

    // verify connection 

    //Serial.println(F("Testing device connections...")); 

    //Serial.println(mpu.testConnection() ? F("MPU6050 connection successful") : 

F("MPU6050 connection failed")); 

 

    // wait for ready 

    //Serial.println(F("\nSend any character to begin DMP programming and demo: ")); 

//    while (Serial.available() && Serial.read()); // empty buffer 

//    while (!Serial.available());                 // wait for data 

//    while (Serial.available() && Serial.read()); // empty buffer again 

 

    // load and configure the DMP 

    //Serial.println(F("Initializing DMP...")); 

    devStatus = mpu.dmpInitialize(); 

 

    // supply your own gyro offsets here, scaled for min sensitivity 

    mpu.setXGyroOffset(380/4); 

    mpu.setYGyroOffset(-75/4); 

    mpu.setZGyroOffset(62/4); 

    mpu.setXAccelOffset(-18700/8); 

    mpu.setYAccelOffset(-4800/8); 

    mpu.setZAccelOffset(13734/8);  // 1688 factory default for my test chip 
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    // make sure it worked (returns 0 if so) 

    if (devStatus == 0) { 

        // turn on the DMP, now that it's ready 

        //Serial.println(F("Enabling DMP...")); 

        mpu.setDMPEnabled(true); 

 

        // enable Arduino interrupt detection 

        //Serial.println(F("Enabling interrupt detection (Arduino external interrupt 0)...")); 

        attachInterrupt(0, dmpDataReady, RISING); 

        mpuIntStatus = mpu.getIntStatus(); 

 

        // set our DMP Ready flag so the main loop() function knows it's okay to use it 

        //Serial.println(F("DMP ready! Waiting for first interrupt...")); 

        dmpReady = true; 

 

        // get expected DMP packet size for later comparison 

        packetSize = mpu.dmpGetFIFOPacketSize(); 

    } else { 

        // ERROR! 

        // 1 = initial memory load failed 

        // 2 = DMP configuration updates failed 

        // (if it's going to break, usually the code will be 1) 

        //Serial.print(F("DMP Initialization failed (code ")); 

        //Serial.print(devStatus); 

        //Serial.println(F(")")); 

    } 

 

    // configure LED for output 

    pinMode(LED_PIN, OUTPUT); 

    pinMode(8, OUTPUT);//DIR2 M2 in 4 

    pinMode(7, OUTPUT); //DIR1 M2 in 3 

    pinMode(6, OUTPUT); //ENB 2 

    pinMode(5, OUTPUT);//DIR2 M1 in 2 

    pinMode(4, OUTPUT); //DIR1 M1 in 1 

    pinMode(3, OUTPUT); //ENA 1 

  //encoders code 

  pinMode(encoder0PinA, INPUT); 

  pinMode(encoder1PinA, INPUT); 

  digitalWrite(encoder0PinA, HIGH); 

  pinMode(encoder0PinB, INPUT); 

  pinMode(encoder1PinB, INPUT); 

  digitalWrite(encoder0PinB, HIGH); 

  attachInterrupt(5,doEncoder0,CHANGE);//pin 18 

  attachInterrupt(4,doEncoder1,CHANGE);//pin 19 

  //ultra code 

  pingTimer = millis();//start timer now 

} 
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// 

================================================================ 

// ===                    MAIN PROGRAM LOOP                     === 

// 

================================================================ 

 

void loop() { 

    // if programming failed, don't try to do anything 

    //Serial.print("start"); 

   //Serial.println(millis()); 

    if (!dmpReady) return; 

 

    // wait for MPU interrupt or extra packet(s) available 

//    while (!mpuInterrupt && fifoCount < packetSize) { 

//        // other program behavior stuff here 

//        // . 

//        // . 

//        // . 

//        // if you are really paranoid you can frequently test in between other 

//        // stuff to see if mpuInterrupt is true, and if so, "break;" from the 

//        // while() loop to immediately process the MPU data 

//        // . 

//        // . 

//        // . 

//        Serial.println("here"); 

//    } 

//Serial.println("OUTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTT"); 

// reset interrupt flag and get INT_STATUS byte 

    mpuInterrupt = false; 

    mpuIntStatus = mpu.getIntStatus(); 

 

    // get current FIFO count 

    fifoCount = mpu.getFIFOCount(); 

    //if(fifoCount>500) 

    //{ 

     // Serial.print("fifo: "); 

      //Serial.println(fifoCount); 

    //} 

    // check for overflow (this should never happen unless our code is too inefficient) 

    if ((mpuIntStatus & 0x10) || fifoCount == 1024) { 

        // reset so we can continue cleanly 

        mpu.resetFIFO(); 

       // Serial.println(F("FIFO overflow!")); 

 

    // otherwise, check for DMP data ready interrupt (this should happen frequently) 

    } else if (mpuIntStatus & 0x02) { 

        // wait for correct available data length, should be a VERY short wait 

        while (fifoCount < packetSize) fifoCount = mpu.getFIFOCount(); 
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        // read a packet from FIFO 

        mpu.getFIFOBytes(fifoBuffer, packetSize); 

         

        // track FIFO count here in case there is > 1 packet available 

        // (this lets us immediately read more without waiting for an interrupt) 

        fifoCount -= packetSize; 

 

        #ifdef OUTPUT_READABLE_QUATERNION 

            // display quaternion values in easy matrix form: w x y z 

            mpu.dmpGetQuaternion(&q, fifoBuffer); 

            Serial.print("quat\t"); 

            Serial.print(q.w); 

            Serial.print("\t"); 

            Serial.print(q.x); 

            Serial.print("\t"); 

            Serial.print(q.y); 

            Serial.print("\t"); 

            Serial.println(q.z); 

        #endif 

 

        #ifdef OUTPUT_READABLE_EULER 

            // display Euler angles in degrees 

            mpu.dmpGetQuaternion(&q, fifoBuffer); 

            mpu.dmpGetEuler(euler, &q); 

            Serial.print("euler\t"); 

            Serial.print(euler[0] * 180/M_PI); 

            Serial.print("\t"); 

            Serial.print(euler[1] * 180/M_PI); 

            Serial.print("\t"); 

            Serial.println(euler[2] * 180/M_PI); 

        #endif 

 

        #ifdef OUTPUT_READABLE_YAWPITCHROLL 

        //ultra code 

        if (millis() >= pingTimer) {   // pingSpeed milliseconds since last ping, do another 

ping. 

    pingTimer += pingSpeed;      // Set the next ping time. 

    sonar.ping_timer(echoCheck); // Send out the ping, calls "echoCheck" function every 

24uS where you can check the ping status. 

           // Serial.println(millis()); 

  } 

//            Serial.print("start"); 

//            Serial.println(millis()); 

//            Serial.print("Setpoint: "); 

//            Serial.println(targetPosition); 

            //Serial.println(x); 

            // display Euler angles in degrees 

            mpu.dmpGetQuaternion(&q, fifoBuffer); 

            mpu.dmpGetGravity(&gravity, &q); 



 

42 

 

            mpu.dmpGetYawPitchRoll(ypr, &q, &gravity); 

//              Serial.print("encoder 0 Pos: "); 

//  Serial.println(encoder0Pos); 

//  Serial.print("encoder 1 Pos: "); 

//  Serial.println(-encoder1Pos); 

//  //new 

//  distanceMeasure(); 

//   

//if (Serial.available()>0) 

//{ 

  posControl=(analogRead(A0)- 512.0)/128.0; 

//} 

  phi = ((encoder0Pos-encoder1Pos)/2.0)*(2*M_PI/960);//problem here???? should be 

+??? 

  dphi = (phi - lastPhi)/ cycleTime; 

  lastPhi = phi; 

  theta =  (ypr[2]+sensorOffset);//in radians 

  dtheta = (theta - lastTheta)/cycleTime; 

  lastTheta = theta;  

//  //new 

//  distanceMeasure(); 

//    R = duration/57.0/100;//in meters 

//  dR = (R - lastR)/ cycleTime; 

//  lastR = R; 

  R = uVal;//in meters 

  dR = (R - lastR)/ cycleTime; 

  lastR = R; 

  value = getLQRSpeed(phi,dphi,theta,dtheta,R,dR); 

 

if(value>0)//> for working 

{   

  //output limit function to be used 

    //pid = map (pid,0,255,30,255); 

    //another output limit//(x - in_min) * (out_max - out_min) / (in_max - in_min) + 

out_min; 

    //pid = (pid - 0) * (255 - 30) / (255 - 0) + 30; 

    digitalWrite(4, LOW);  

    digitalWrite(5, HIGH);  

    digitalWrite(7, LOW);  

    digitalWrite(8, HIGH);   

    analogWrite(6,abs(value));  

    analogWrite(3,abs(value));  

} 

if(value<0)//< for working 

{  

    //output limit function 

  //  pid = map (pid,0,255,30,255); 

  //pid = (pid - 0) * (255 - 30) / (255 - 0) + 30; 

    digitalWrite(5, LOW);  

    digitalWrite(4, HIGH);  
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    digitalWrite(8, LOW);  

    digitalWrite(7, HIGH);   

    analogWrite(6,abs(value));  

    analogWrite(3,abs(value)); 

} 

//time=millis(); 

////if(time-lastTime>12) 

////{ 

////  Serial.println("YO YO YO "); 

////} 

//cycleTime=(time-lastTime)/1000.0; 

//Serial.print("Cycle Time: "); 

//Serial.println((time-lastTime)/1000.0); 

//lastTime=time; 

//Serial.println(value); 

//Serial.println(millis()); 

//Serial.println(phi); 

//Serial.println(theta); 

//Serial.println(dphi); 

//Serial.println(dtheta); 

//Serial.print("R: "); 

//Serial.println(R*10000); 

//graph=R*100; 

//graph=graph+10; 

//Serial.print("C"); 

//Serial.print(graph>>8); 

//Serial.print(graph&0xff); 

//Serial.print("dR: "); 

//Serial.println(dR); 

Serial.print(R); 

Serial.print("  "); 

Serial.println(posControl); 

//Serial.print(" "); 

//Serial.print(R*1000); 

//Serial.print(" "); 

//Serial.println(-R*1000); 

        #endif 

 

        #ifdef OUTPUT_READABLE_REALACCEL 

            // display real acceleration, adjusted to remove gravity 

            mpu.dmpGetQuaternion(&q, fifoBuffer); 

            mpu.dmpGetAccel(&aa, fifoBuffer); 

            mpu.dmpGetGravity(&gravity, &q); 

            mpu.dmpGetLinearAccel(&aaReal, &aa, &gravity); 

            Serial.print("areal\t"); 

            Serial.print(aaReal.x); 

            Serial.print("\t"); 

            Serial.print(aaReal.y); 

            Serial.print("\t"); 

            Serial.println(aaReal.z); 
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        #endif 

 

        #ifdef OUTPUT_READABLE_WORLDACCEL 

            // display initial world-frame acceleration, adjusted to remove gravity 

            // and rotated based on known orientation from quaternion 

            mpu.dmpGetQuaternion(&q, fifoBuffer); 

            mpu.dmpGetAccel(&aa, fifoBuffer); 

            mpu.dmpGetGravity(&gravity, &q); 

            mpu.dmpGetLinearAccel(&aaReal, &aa, &gravity); 

            mpu.dmpGetLinearAccelInWorld(&aaWorld, &aaReal, &q); 

            Serial.print("aworld\t"); 

            Serial.print(aaWorld.x); 

            Serial.print("\t"); 

            Serial.print(aaWorld.y); 

            Serial.print("\t"); 

            Serial.println(aaWorld.z); 

        #endif 

     

        #ifdef OUTPUT_TEAPOT 

            // display quaternion values in InvenSense Teapot demo format: 

            teapotPacket[2] = fifoBuffer[0]; 

            teapotPacket[3] = fifoBuffer[1]; 

            teapotPacket[4] = fifoBuffer[4]; 

            teapotPacket[5] = fifoBuffer[5]; 

            teapotPacket[6] = fifoBuffer[8]; 

            teapotPacket[7] = fifoBuffer[9]; 

            teapotPacket[8] = fifoBuffer[12]; 

            teapotPacket[9] = fifoBuffer[13]; 

            Serial.write(teapotPacket, 14); 

            teapotPacket[11]++; // packetCount, loops at 0xFF on purpose 

        #endif 

 

        // blink LED to indicate activity 

        blinkState = !blinkState; 

        digitalWrite(LED_PIN, blinkState); 

    } 

    //Serial.print("end"); 

   // Serial.println(millis()); 

//j++; 

} 

 

 


