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ABSTRACT: In this research, a reconfigurable intelligent controller for mobile robot is proposed. As 

stated by the proposed system name, the control system architecture was modified by software called 

reconfigurable control system, and the controller was designed and executed utilizing Field 

Programmable Gate Array (FPGA) technology. The robot performs the function of obstacles’ detection 

and avoidance while moving to a specific distance by a set point in unknown environments. The 

intelligent neural network (NN) controller was trained by the Levenberg-Marquardt algorithm using 

Adaptive Direct Inverse Neural Network (ADINN) control technique, then it was implemented on the 

FPGA board. The response appears completely the same as simulation response before implementation, 

so the software designed controller results can be relied on. The controller designed by both m-file and 

Simulink in MATLAB R2012a version 7.14. The hardware implementation of the mobile robot system 

used: FPGA board as the hardware platform of the proposed controller, Ultrasonic sensors, Analog to 

Digital Converters (ADCs), incremental encoders, motor driver and Direct Current (DC) motors. 
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INTRODUCTION 

The mobile robot control systems have been receiving a great interest due to the widespread of these 

systems in various mechanical, electrical, and service applications. Therefore, the realization for highly 

efficiency controller became very attractive for researchers who work in mobile robotics field. 

The best choice for robust and high efficiency controller realization is the intelligent controller that 

combines the techniques of Artificial Intelligent (AI) with the control engineering in order to design an 

autonomous system that can perform sensing, reasoning, planning, learning and acting in intelligent 

modality [1]. In many types of research, Artificial Neural Networks (ANNs) are utilized for controlling 

mobile robots. The repeated use of these kinds of networks comes from their ability of learning and their 

high performance in nonlinear problem-solving approaches [2]. 

The reconfigurable control framework is the framework that can adjust to perform distinctive 

calculations, as per the requirement of a given program [3]. The FPGA technology has a lot of benefits 

such as quick response, flexibility, reliability, and ability of reprogramming. In addition, it can be used 

in the complicated control systems. In motor control and robot control systems, FPGA technology is used 

as a hardware platform for the controller [4]. 

Many previous controllers and mobile robot systems published works are there in the literature. A study 

proposed a design and simulated an intelligent controller called fuzzy mimic Proportional-Derivative 

(PD) controller for an autonomous mobile robot, which had two DC servo motors to perform safe 

movements [5]. Others proposed an NN control system for a mobile robot, which detects and bypasses 

the obstacles while moving in obscure and overcrowded environments without human mediation. Three 

infrared (IR) and one ultrasonic sensors were built up on the robot, and the actuators of the robotic system 

were represented by a stepper motor and two DC motors [2]. The NN controller for a mobile robot that 

performs detection of an obstacle by utilizing neural network with (MLP) technique prepared in 

MATLAB environment. Three Ultrasonic sensors were used to offer data to the neural network controller 

that was implemented on a microcontroller [6]. A recent research presented inverse NN models which 

were used as velocity controllers for a two-wheel mobile robot. A multi-layer Feed Forward Neural 

Network (FFNN) used as neural models were trained to work as inverse dynamics of DC motors. The 
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performance of the proposed inverse NN controllers was compared with Proportional-Integral (PI) 

controllers in a simulation experiment. The comparison showed that the good performance for the mobile 

robot using an inverse neural controller could not be achieved using simpler PI controllers [7]. A re-

configurable FPGA execution for the tracking of maximum power point in photovoltaic frameworks. 

The proposed fuzzy logic controller based tracking of maximum power point MPPT and works under 

factor irradiance and temperature conditions. The presented configuration has the upside of high 

adaptability and reconfigurability. The structure has additionally the benefit of minimal effort and power 

consumption. The VHDL controller is executed and orchestrated on Spartan 6 FPGA [8]. A Partial 

Reconfiguration structure design of FPGA based Fuzzy Logic Controller (FLC) for electro-mechanical 

framework., a self-re-configurable framework is planned.  The system switches between various forms 

of the speed FLC based on the Zedboard Zynq Processor. The results of experiment were approved and 

the proficiency of the methodology was confirmed [9]. A changed and the strategy of adaptive control 

that will upgrade the framework reaction and ousts the consistent state error. The outcomes demonstrated 

that the additional adaptive gain factor with the Inverse Neural Regulator magnificently improved the 

framework yield response by disposing the error of the steady state, reducing the rising time, settling 

time, percent overshoot, and peak time, and in contrast with the PID reaction [10].   

The aim of this research is to design a re-configurable intelligent controller for a mobile robot, and 

implement this controller on Xilinx FPGA Spartan 3A board. 

This paper is split into Part 1, displays the introduction, Part 2 explains the mobile robot and the Adaptive 

Direct Inverse NN Control Technique (ADINN), Part 3 explains the Proposed Reconfigurable Controller 

for Mobile Robot Control System. The simulation results and discussion are displayed in Part 4 while 

Part 5 discusses the hardware implementation, and Part 6, civilizes the conclusion. 

THEORETICAL FOUNDATION 

Mobile Robot  

The mobile robot is a high mobility platform that can moves in a specific environment (air, land, 

underwater) and changes its variable physical location. Mobile robots are widespread in industrial, 

household, amusement, exploration, security and military applications [11]. 

The robot can provide some features that cannot be carried out with human efforts, such as speed, 

precision, safety, flexibility and low operational costs [12]. Robotics-wise, wheeled mobile robot (WMR) 

is more energy-saving than the legged robot on rough or smooth roofs. Consequently, several wheels and 

motors are needed for all mobile robots, so they can perform their desired movements correctly. WMRs 

consist of one or more steering wheels and caster wheels, with one motor for each steering wheel [13]. 

The versatile robot movement control can be controlled using DC motors. The electric circuit of the DC 

motor appeared in Figure (1).  

 

Figure 1. DC motor electric circuit. 

The open loop Transfer Function (TF) of the mobile robot is represented by the DC motor TF, so it is 

derived from the circuit of Figure (1). Accordingly, the speed and position TFs are as shown in equations 

(1) & (2), respectively [14]:  

𝛳(𝑠)

𝑉(𝑠)
 =  

K

s[(Ls+R)(Js+b)+K2]
                                                           (1) 
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𝜔(𝑠)

𝑉(𝑠)
 =  

K

[(Ls+R)(Js+b)+K2]
                                                            (2) 

where 

𝛳(s) Angular position 

V(s) Input voltage 

b Damping of the mechanical system 

J Inertia moments of the rotor 

L Electric inductance 

R Electric resistance 

𝜔(s) Angular speed  

Regarding sensors, Ultrasonic sensors are frequently used in robotic systems for distance measurement 

and obstacle avoidance. A wide range of obstruction (including metal, wooden based article, plastics, 

elastic based item, straightforward item, and so on.) can be recognized by the Ultrasonic sensors since 

the obtained voltage for the Ultrasonic sensor doesn't rely upon the surface shading and smoothness [15].  

Adaptive Direct Inverse NN Control Technique 

The Adaptive Inverse control (AIC) is a new control which can always achieve better dynamic 

performance and optimal plant noise canceller without having feedback to prevent the instability problem 

resulting from the feedback control [16]. ADINN control is a special type of the adaptive control. The 

basic idea of this type of controller is to offer an open loop control system by using a series controller 

that has a TF that is nearly an inverse of plant TF. This type of neural control is also called series NN 

control because this controller is connected in series with the plant. The significance of utilizing the 

inverse of a plant as a controller is to make the response of output of the plant closer to the reference 

input [17]. The block diagram of inverse NN controller with plant shown in Figure (2).  

 

Figure 2. Block diagram of inverse NN controller with plant. 

THE PROPOSED RECONFIGURABLE CONTROLLER FOR MOBILE ROBOT CONTROL 

SYSTEM 

Reconfigurable systems are those computing platforms which can adapt according to the system 

responses by the software to suit the application and its mission, so they are often called 'Custom' or 

'Adaptive' systems. Making the framework reconfigurable implies that the parameters can be changed to 

adjust a certain activity and amend the mission for the proposed control system, the FPGA is the flexible 

reconfigurable platform that supports adaptive control system, with its flexible structures that can 

implement the desired reconfigurable control system [3].   



 FPGA Implementation Of Reconfigurable Intelligent Controller For Mobile Robot 

257 

 

The mobile robot control system utilizes DC motors for motion, who’s their angular wheel’s 

displacement is measured using incremental encoders sensor, three ultrasonic sensors to detect the 

obstacles, ADCs to convert sensors output from analog to digital form. The outputs from ADCs, as well 

as the set point displacement, will be entered to the ADINN controller. Two up counters were used. Each 

one takes the pulse signal from an encoder as a clock to count the number of wheels’ turns, which are 

compared with the number of turns estimated for the controlled set point displacement. 

The FPGA board is used as the hardware platform for the intelligent controller (ADINN controller with 

counters). The controller outputs will be the inputs to the L298N card that is used as dual H-bridge DC 

motor driver. Figure (3) demonstrates the block diagram of the proposed mobile robot control system, 

and Figure (4) shows the flowchart of the proposed system. 

 

 

Figure 3. the proposed control system for mobile robot. 

 

Figure 4. the proposed framework flowchart for mobile robot control. 

THE SIMULATION RESULTS AND DISCUSSION  

The DC motor parameters were measured in Diyala State Company, shown in Table (1). Then, the 

parameters were substituted in equations (1) & (2) to find the TFs used to build the ADINN controller. 
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Table 1. DC motor Parameters. 

Parameters of DC motor  Symbol Value 

Resistance Ω  R 5.61  

Inductance 𝒎𝑯 L 2.29  

Torque constant 𝑵𝒎/𝑨 K 0.16 

Damping factor  𝑵𝒎𝒔   B 5.0526 𝑒−3 

Moments of Inertia 𝒌𝒈. 𝒎𝟐  𝐽 0.4366  

The ADINN controller was designed by programming, using MATLAB, and saved in the form of M-

file. Then, it converted to Simulink block. The input, output and TF of the DC motor was used as training 

data for this type of controller. The output for motor becomes a training input for NN, and the input of 

the motor becomes a target output for NN. The actual output for NN controller is compared with the 

target output, and the difference between them is the error which is propagated back to the neural network 

until reaching the acceptable value for error. The structure for the NN has 7 neurons for a 1st hidden layer, 

4 neurons for a 2nd hidden layer, and one neuron in both the input and output layers. The response 

obtained with linear (purelin) activation function for the hidden and output layers. The acceptable value 

for error setting was up to 10-5, which makes the actual output to be very close to the desired output. The 

system response with ADINN controller is shown in Figure (5). 

 

Figure 5. the DC motor system response with ADINN controller. 

The parameters of system step response made for controller which clarifies the ADINN preference for 

control of position and speed, as shown in Figure (5) For more details, Table (2) explain the delay time 

(td), settling time (ts), peak time (tp), rise time (tr) and maximum peak overshoot (Mp). 
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Table 2. Simulation response parameters for the speed and position ADINN controllers with purelin 

activation function. 

 td (sec) tr (sec) 

(10%-90%) 

tp (sec) Mp ts (sec) 

(±𝟐%) 

Speed Controller 8.7 12 22 0.0006 16 

Position Controller 15 22 30 0.0068 31 

After comparison between performances of the controller types, the best one is ADINN controller; 

therefore, this type of purelin activation function in hidden layers was chosen to build the mobile robot 

controller. In this research, the reconfigurable mobile robot control system structure ensures different 

paths for the target point, will be controlled with no fail. The simulation of the reconfiguration process 

in MATLAB Simulink environment was modeled by the multiport switch with the gain schedule. The 

overall Simulink model of the proposed reconfigurable intelligent controller for the mobile robot is 

shown in Figure (6). 

 

Figure 6. the model of Simulink of the proposed reconfigurable intelligent controller. 

The outputs of this model (A, B, C, D, Enable1, and Enable2) depend on the set point, signals produced 

from the front, right and left Ultrasonic sensors and the feedback signals produced from encoders. Table 

(3) shows the movement cases of the robot according to the output signal. 
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Table 3. The mobile robot movement cases. 

Sensor 

Front  

Sensor 

Right  

Sensor 

Left  

L298N inputs (A, B, C, D, EN1, EN2) Robot movement 

direction 

0 0 0 10 01 11 Forward 

0 0 1 10 01 11 Forward 

0 1 0 10 01 11 Forward 

0 1 1 10 01 11 Forward 

1 0 0 01 01 11 Right 

1 0 1 01 01 11 Right 

1 1 0 10 10 11 Left 

1 1 1 00 00 11 Stop moving 

X X X XXXX 00 Stop moving 

Where: 

0 represents no obstacle detected by the sensor. 

1 represents an obstacle detected by the sensor. 

X represents the do not care case. 

HARDWARE IMPLEMENTATION OF THE PROPOSED CONTROLLER BASED ON FPGA 

FPGAs are reprogrammable Integrated Circuits (ICs) utilized to execute any logic function. For example, 

addition, subtraction and at whatever mind-boggling capacities, percentage provisions in advanced filter, 

automobiles and robotic frameworks.  

After designing the reconfigurable intelligent controller of the mobile robot, a VHDL code is written, 

then compiled and downloaded on Spartan 3A/AN FPGA board according to the design steps in shown 

Figure (7). 
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Figure 7. FPGA design steps. 

The generated VHDL files can be fetched to the black Simulink block using Xilinx-system generator as 

a first step for the downloading process. The downloading process can be achieved by using the hardware 

Co-Simulation association, which is interfacing the FPGA board with the PC utilizing JTAG (Joint Test 

Action Group) and USB (Universal Serial Bus) connection. The black box and JTAG block with I/O 

ports of the proposed controller are shown in Figure (8). 

 

Figure 8. the black box and JTAG block with I/O ports of the proposed controller. 

By clicking the run button, the JTAG square instates the association and looks for the gadget "Spartan3A 

FPGA" on the USB port. At that point, the Simulink, which presents the correlation between the black 

box and hardware co-reenactment models, will run. The results for control signals (A, B, C and D) and 

(Enable1 and Enable2) are shown in Figures (9) & (10), respectively. 
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Figure 9. The JTAG test for (A, B, C, D) control signals. 

 

Figure 10. The JTAG test for (Enable 1, Enable 2) control signals. 

The practical connection of the robotic system needs to use the FPGA external I/O ports (FX2 connector 

and switches used in this research) to connect the FPGA board with the mobile robot hardware 

components, as shown in Figure (11). 
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Figure 12. the final product, the mobile robot with its control system. 

CONCLUSIONS 

The proposed reconfigurable intelligent NN controller was designed by ADINN control technique, then 

it was executed on an FPGA platform. The results explained well that the intelligent controller by ADINN 

control technique gives an excellent and efficient performance, and the proposed system is suitable for 

systems if high efficiency controllers are required. Utilizing the FPGA board in versatile control of robot 

framework gives like quick figuring to keep away from obstructions in an obscure condition during the 

movement due to the FPGA ultra-quick activity. Through the best of the knowledge of the researchers 

which deals with the hardware implementation of the intelligent controller based on FPGA, it was 

observed that the feature of reconfigurable was absent. In this work, a real time of the reconfigurable 

intelligent controller based on FPGA implementation has been accomplished and verified.  

The response of the FPGA based intelligent controller represented by the hardware Co-Simulation model 

was compared with the response intelligent controller based on MATLAB environment represented by 

the black box model. Both controllers gave exactly the same response. The implementation process was 

completed successfully and the excellent performance of the reconfigurable intelligent controller based 

on FPGA was proven. FPGA implementation of the ADINN controller with non-linear activation 

function such as (tansig, satlin, softmax …etc.) instead of purelin can be suggested for future work.  
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