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1. INTRODUCTION 

 
Since most of the actuators used in industries are dc/ac 

motors, the motion control technique is very important and  
become more integrated. In general, specialized commercial 
controller chips such as LM 629 that has a PID controller in it 
are used to drive motors. These chips may be used with/without 
a microprocessor. Programmable microprocessors are used 
most for controlling drivers of motors. However, most of 
microprocessors with controller chips have lack of fan-outs so 
that there is a limitation to be used in multi-channel systems 
due to slow calculation time of CPU or hardware limitation 
such as I/O pin number. These limitations lead to the use of a 
number of duplicate microprocessors or chips for controlling 
complicated system such as multi-joint robotic systems.  

In our previous researches, we have used three 80196KC 
micro controllers and a serial communication box to control the 
robot hand. One microprocessor controls each finger with two 
actuators. In order to perform multi-serial communication with 
a PC, we needed a serial communication box. For encoder 
measurements, 6 counter chips such as LM 629 are used. These 
make the whole system bulky [1].  

Here, we try to replace those massive duplicate hardware 
with an FPGA chip to make the whole control structure simple. 
The FPGA is a modifiable, flexible, and programmable device 
that can be implemented as many applied tool such as 
controllers, filters, computers, and etc [2-9]. 

We develop a general purpose motion controller using a field 
programmable gate array (FPGA). FPGA is known as a 
programmable hardware device that a user can design his/her 
algorithms and download it to a single chip. By using the high 
capacity of an FPGA, the additional hardware such as an 
encoder counter and a PWM generator, can be implemented in 
a single FPGA device. As a result, the noise and power 
dissipation problems can be minimized and it shows the cost 
effectiveness.   

In this paper, we design PID control algorithm on a FPGA. 
The PID controller is a well known and easily implemented 
device for motion control applications. It works very well for 

linear systems with optimal gain tunings.  
We also develop a PC GUI for an efficient interface control. 

The GUI has several functions such as setting of control 
parameters, downloading of trajectory, displaying the control 
states, and so on.  A user can specify PID controller gains 
through GUI program in PC. Those gains are transmitted 
though a serial communication to a microprocessor. And a 
microprocessor sends them to a FPGA. The purpose of a 
microprocessor here is to make communication between a 
FPGA and a PC possible. 

The total controller size and power dissipation are effectively 
reduced by developing a one-chip motion controller using 
FPGA. We test the FPGA based PID controller by controlling a 
robot finger and an inverted pendulum.  

The proposed controller is required to control the balance of 
the pendulum and the position tracking of the cart 
simultaneously. Performances of position tracking of the cart 
while balancing the pendulum were successfully achieved. 
 

2. OVERALL SYSTEM STRUCTURE 
The overall system block diagram of the robot hand control is 
shown in Figure 1. It consists of robot fingers, an FPGA 
controller, a motor driver, an 80196 microprocessor, and a PC. 
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Fig. 1 Overall structure of robot hand control 
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Different from the previous model [1], an FPGA replaces a 
communication box as well as several MCUs.  

The PC communicates with an 80196KC microprocessor 
through a serial communication for user's convenience. 
The 80196 microprocessor communicates with an FPGA chip 
to transfer desired trajectories and controller gains at each 
sampling time. The FPGA chip programmed for PID controller 
generates PWM signals to the motor drivers. Then each motor 
is actuated and each motor's encoder measurement is  
transferred to the FPGA chip for making positional errors. 
 

3. GUI 
The interfacing GUI program helps users to manipulate 
controllers' gains easily and to observe the response of each 
motor. Figure 2 shows the GUI window that has many 
functions.  

 
Fig.2 GUI 

 
Each part has the following function: 

① Motion control part(start, stop) 
② PID gain selection part 
③ Trajectory planner 
④ Download trajectories 
⑤ Selection of motors to plot 
⑥ Display panel 
⑦ Motor selection 
 

4. PID CONTROLLER ON FPGA 
4.1 Overall structure 
The PID controllers are implemented in an FPGA chip having 
300,000gates made from Altera Company. 
 

 
Figure 3. The design of motion controller on QuartusⅡ2.0 

 
The design of PID motion controller is programmed by 

QuartusⅡ2.0. Figure 3 shows the schematic design of the 
controller. The FPGA based PID controller consists of several 
blocks such as a communication block, an encoder counter 
block, a PID calculation block, and a PWM generation block. 

Table 1 lists functions of each pin shown in figure 3. 
 

Table 1. The pin name and its function 
 Pin name functions 

M1_CHA Motor 1 encoder phase A 
M1_CHB Motor 1 encoder phase B 
M2_CHA Motor 2 encoder phase A 
M2_CHB Motor 2 encoder phase B 
main_clk FPGA system clock 

Cs Chip select 
Rd Read 
Wr Write 
c_d Command, data  

 
 
 
 

Input 

data_HL High, low byte  
M1_motor_in1 Motor 1 output 1 
M1_motor_in2 Motor 1 output 2 
M2_motor_in1 Motor 2 output 1 
M2_motor_in2 Motor 2 output 2 

enable1 Motor 1 enable 

 
 

Output 

enable2 Motor 2 enable 
Bidirection data[7..0] 8bits data bus 

 
The detailed function of internal blocks of the FPGA is shown 
next. 
 
4.2 The communication block 

It receives PID gains and desired trajectory, and transfers 
encoder data from the controller to an MCU whenever they are 
needed. Data write from an MCU to the motion controller 
includes PID gains, enable/disable, the motion controller reset. 
Table 2 shows commands and their data. 
Data read from the motion controller to an MCU is to read 
encoder data. Since the size of encoder data is 16 bit, it should 
be read as high and low bytes separately. 
 

Table 2. The pin name and its function 
Command Data Command Data 
Motor 1 Kp 0x01 Motor 2 Kp 0x11 
Motor 1 Ki 0x02 Motor 2 Ki 0x12 
Motor 1 Kd 0x03 Motor 2 Kd 0x13 
Motor 1 Yd 0x04 Motor 2 Yd 0x14 

Motor 1 enable 0x05 Motor 2 enable 0x15 
Motor 1 disable 0x06 Motor 2 disable 0x16 
Read encoder 

Motor 1 
0x07 Read encoder 

Motor 2 
0x17 

FPGA reset 0x08   
 
4.3 Motor control block 
 Figure 4 shows the motor control block. It consists of 
encoder counter, PID controller, and PWM generator. The 
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clock synchronizes the process. It generates the trigger signal at 
each 1kHz sampling time and sends it to encoder counter block 
and PID controller block to synchronize the process of encoder 
counter and PID controller. 
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Figure 4. The structure of motor control block 

 
 Figure 5 shows the designed motor control symbol. It takes 
PID gains, a clock, a trigger signal, encoder signals, a reset 
signal as input and pwm signal and encoder counter values as 
output  

 
Figure 5. The designed symbol of motor control block 

 
4.3.1. Encoder Counter Block 
 It counts and determines the direction of motor rotation from 
encoder signals. The block diagram is shown in Figure 6. 
Difference in phase A and B determines the direction of 
rotation. Noise from a mechanical system can be filtered out by 
a digital filter as shown in figure 7. Every trigger signal enables 
to generate counter values. 16 bit of counter limits the range of 
the movements. 
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Figure 6. The structure of encoder counter 

 

 
Figure 7. The digital filter of encoder counter block 

 
 4.3.2. PID Controller block  
It receives encoder data from the encoder counter block and 
compares them with desired values to generate positional errors 
and then generates PID control torques. PID control equations 
are 
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 )(nτ  is control input, )(ne is error, dip KKK ,,  are 

PID gains, is  is a threshold value. 

. 
 4.3.3. PWM Generator block 
 The below is PWM generation program written in VHDL. 
It’s frequency is 12 ㎑.  
 

 
Figure 8. VHDL code of PWM generator block 

 
 Motion controller is designed by QuartusⅡ2.0, and 
implemented on  APEXⅡ Series EP20K300EQC240 by 
Altera company. 
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Figure 9. Whole resources amount of used FPGA 

 
6. EXPERIMENTS 

 
6.1. Robot hand 
 Figure 11 shows the real experiment setups. The robot hand 
has three fingers and each finger has three joints, but only two 
joints are actuated. The FPGA controller controls the 
movements of the robot hand. Movements are displayed on the 
screen. 

  
Figure 11. Finger robot system 

 
   Experiments of grasping an object are done. Each finger is 

commanded to move certain degrees to make grasping. Figures 
below show encoder values of the movements of robot finger. 
PID controller gains for upper joints of each finger are 1.875, 
0.04, 1.875, respectively. For lower joints, PID gains are 0.6, 
0.007, 0.6. 
Figure 12 show the position tracking of upper joint of the first 
joint. 
 

 
Figure 12. The trajectory of upper joint of first finger 

 

Figures 13-17 show the position tracking of each joint of the 
robot. We see that tracking is well done. 

 
Figure 13. The trajectory of upper joint of second finger 

 

 
Figure 14. The trajectory of upper joint of third finger 

 

 
Figure 15. The trajectory of lower joint of first finger 

 

 
Figure 16. The trajectory of lower joint of second finger 
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Figure 17. The trajectory of lower joint of third finger 
 

In order to see the robot hand movement to grasp an object, 
combine all the plots together. Combining all encoder values of 
the robot hand movements yields the plot shown in figure 18. 
The robot hand moves from initial position to grasp the object. 

 

 
Figure 18. The movement of finger robot in 3-dim space 
 
 Another experiment of tracking sinusoidal function 

trajectory with different frequency of 1 ㎐ is done. 
 

 
Figure 19. The trajectory of upper joint, 1.000 ㎐ 

 

 
Figure 20. The trajectory lower joint, 1.000 ㎐ 

 
 2 Inverted pendulum 
 Next experiment is to control an inverted pendulum by the 
same controller. Figure 21 shows the setups of the experiment. 
 

 

 
Figure 21. Inverted pendulum system 

 
 The angle of the pendulum is shown in figure 22. The 
pendulum is well maintained balancing. Oscillation range is 
about 0.4 degrees since the cart is moving 
 

 
Figure 22. The angle of inverted pendulum 
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The corresponding cart movement is plotted in figure 23. 
 

 
Figure 23. The position of a cart 

 
 The pendulum has successfully maintained balancing within 
±0.4 degree. However, the cart position oscillates within ±

0.02m, and keeps moving toward one direction This is due to 
nonlinear behavior of the system. This problem can be solved 
by using an intelligent controller [10]. 
 

6. CONCLUSIONS 
 

This paper addresses the hardware implementation of an 
FPGA based PID controller. The proposed controller was tested 
by performing control of a robot hand and an inverted 
pendulum. The PID controller for each finger joint is 
implemented by an FPGA. Control using an FPGA was 
successful and joint movements are displayed on GUI. 

Implementing PID controllers with FPGA turned out to be 
very effective since the size of the whole system was reduced 
tremendously and it was cost effective as well. Since the finger 
is actuated at the joint directly, smaller design of linkages and 
connectors were very difficult to meet very accurate 
specification. The implemented controller was successfully 
tested for controlling an inverted pendulum. 
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