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Abstract— Fuzzy PID controller design is still a complex task due to the involvement of a large
number of parameters in defining the fuzzy rule base. To reduce the huge number of fuzzy rules
required in the normal design for fuzzy PID controller, the fuzzy PID controller is represented as
Proportional-Derivative Fuzzy (PDF) controller and Proportional-Integral Fuzzy (PIF) controller
connected in parallel through a summer. The PIF controller design has been simplified by replacing
the PIF controller by PDF controller with accumulating output. In this paper, the modified Fuzzy PID
controller design for bench-top helicopter has been presented. The proposed Fuzzy PID controller
has been described using Very High Speed Integrated Circuit Hardware Description Language
(VHDL) and implemented using the Field Programmable Gate Array (FPGA) board. The bench-top
helicopter has been used to test the proposed controller. The results have been compared with the
conventional PID controller and Internal Model Control Tuned PID (IMC-PID) Controller.
Simulation results show that the modified Fuzzy PID controller produces superior control
performance than the other two controllers in handling the nonlinearity of the helicopter system. The
output signal from the FPGA board is compared with the output of the modified Fuzzy PID controller
to show that the FPGA board works like the Fuzzy PID controller. The result shows that the plant
responses with the FPGA board are much similar to the plant responses when using simulation

software based controller.
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1. Introduction

Helicopter flight is a very difficult task due to the
strong coupling of the various degrees of freedom
of the helicopter. In addition, many mathematical
models are unable to predict cross-coupling
satisfactorily, thus making accurate modelling is
difficult and controller design is challenging. The
work of a helicopter pilot is thought to be
significantly more difficult than any other pilot’s
due to the strong coupling of the various degrees of
freedom. Helicopter is naturally non-stable system
because of existence of great variations in system
dynamics, the strong cross coupling composition
and strict requirements on the system performance.
Like aircraft control, helicopter control is
accomplished primarily by producing moments

about all three aircraft axes: roll, pitch and yaw.
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Over the year, the problem of helicopter control

design has received much attention. The
researchers applied different design methodologies
to design a control system for helicopters [1-7].
The helicopter parameters are very dependent on
the operating point; therefore the controllers have
to be very robust to meet the control objectives.

In the last four dcades, the fuzzy controller
application becomes more familiar to propose as a
robust controller for many industrial applications.
In 1975, Mamdani and Assilian developed the first
fuzzy logic controller (FLC), and it was
successfully implemented to control a laboratory
steam engine plant [8]. There are several types of
control systems that use FLC as an essential system

component. The majority of applications during the
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past decades belong to the class of fuzzy PID
controllers [9-11]. Hu et al. described a new
methodology for the systematic design of the fuzzy
PID controllers based on theoretical fuzzy analysis
and genetic based optimization [12]. These fuzzy
controllers can be further classified into three
types: the direct action (DA) type, the gain
scheduling (GS) type and a combination of DA and
GS types. The majority of fuzzy PID applications
belong to the DA type; here the fuzzy PID
controller is placed within the feedback control
loop, and computes the PID actions through fuzzy
inference. In GS type controllers, fuzzy inference is
used to compute the individual PID gains and the
inference is either error driven self-tuning or
performance-based supervisory tuning.

Fuzzy PID controller is a fuzzy controller that takes
error, summation of error and rate of change of
error as inputs. A fuzzy controller with three inputs
may not be preferred, because it needs large
number of rules. The Fuzzy PID controller can be
constructed as a parallel structure of a PDF
controller and a PIF controller and the output of the
fuzzy PID controller is formed by algebraically
adding the outputs of the two fuzzy control blocks.
This procedure will reduce number of rules needed
significantly. It is difficult to formulate control
rules with sum-of error variable input, as its steady-
state value is unknown for most control problems.
To overcome that problem, a PDF controller may
be employed to serve as PIF controller in
incremental form.

In the last two decades, many researchers focused
on the development of a hardware implementation
fuzzy logic controller. Some researchers used an
analogue circuit to

implement each part of

fuzzy system (including: Fuzzification, Fuzzy
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Inference and Defuzzification) [13-15]. The
structure of fuzzy system is complex, so that the
analogue circuit has to be very complicated to
implement the logic system. Therefore, many
researchers proposed digital rather than analogue
circuits to implement the fuzzy logic system.
Microprocessors or microcontrollers are popular in
being used to implement fuzzy logic system.
Microprocessor based controllers are economical
and flexible, but often face difficulties in dealing
with control systems. Therefore, higher density

programmable  logic  devices  such  as

Programmable Logic Device (PLD) and Field
Programmable Gate Array (FPGA) have been
the problems of
The FPGA is suitable for fast

developed to overcome
Mmicroprocessors.
implementation and hardware verification. The
control systems based on it are flexible and can be
reprogrammed with unlimited number of times.
Many papers have reported this technology to
design Fuzzy Logic Controller (FLC) for different
applications [16-19].

In this paper the modified fuzzy PID controller has
been used as a control system for the pitch angle of
bench-top helicopter. The results have been
compared with the conventional PID controller and
Internal Model Control Tuned PID (IMC-PID)
Controller. Simulation results show that the
proposed Fuzzy PID controller produces superior
control performance than the other two controllers
in handling the nonlinearity of the helicopter
system. The fuzzy PID controller for the pitch
angle of bench-top helicopter has been developed
using Very High Speed Integrated Circuit
Hardware Description Language (VHDL) and
implemented by using the Field Programmable

Gate Array (FPGA) board.



Iraq J. Electrical and Electronic Engineering
Vol.8 No.1, 2012

A yiSIV 5 Al yeSl) dunigll 481 jall Al
2012 ¢ 1 2a=ll ¢ Balaa

2. Bench-top Helicopter Mathematical
Model

The physical model of bench-top helicopter is
shown in Figure 1 [20]. The model was based on a
3-dof helicopter from Quanser. Two DC motors are
mounted at the two ends of a rectangular frame and
drive two propellers. The total force F' caused by
aerodynamic makes the total system turn around an
angle measured by an encoder. The motors axes are
parallel and the thrust vector is normal to the
frame. The helicopter frame is suspended from an
instrumented joint mounted at the end of a long
arm and is free to pitch about its centre. The arm is
gimballed on a 2-dof instrumented joint and is free
to pitch and yaw. The other end of the arm carries a
counterweight mass M such that the effective mass
of the helicopter m is light enough for it to be lifted
using the thrust from the motors. A positive voltage
applied to the front motor causes a positive pitch
while a positive voltage applied to the back motor
causes a negative pitch. A positive voltage to either
motor also causes an elevation of the body (pitch of
the arm). If the body pitches, the thrust vectors
result in a travel of the body (yaw of the arm) as

well.

Body of the helicopter

v

Counterweight

Encoder

(a)

From Figure (1.a), the three body motions of the
helicopter are represented by: pitch motion 8, roll
motion ¢ and the yaw motiony. By applying
Lagrange’s equation, the dynamics of the pitch
angle can be governed by the following nonlinear
differential equation [21]:

b,

R

. mg
g ——<=
Je [

i (h + d)sin6 + cos0]
e

Mg
+]— (I, + lycosa)cosO +

e
’f—f(gsme — h)sin® + Fl (1)
where m 1s the total mass of the both motors; M is
the mass of the counterweigh; b, is the dynamic
coefficient; g is the gravity acceleration, J, is the
initial moment of the whole system around the
pitch angle 8; h, d, ), [, and /; are lengths (as
shown in Figure (l.a)) ; and «a is the fixed
constriction angle.

In this paper, three control systems have been
designed to control the pitch angle of the bench-top
helicopter

e Conventional PID controller

e Internal Model Control Tuned PID (IMC-
PID) Controller
e Fuzzy PID Controller

Figure 1 Physical Model of Bench-Top Helicopter
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The Ziegler-Nichols closed loop tuning method has
been used to tune the parameters of the
conventional PID controller. The structures of the
next two control systems that have been used in
this paper are discussed in section 3 and section 4
respectively.

3. The Structure of the IMC-PID

Controller

Many researchers used the IMC-PID controller to
design the control system for different applications
[22, 23]. The internal model control scheme has
been widely applied in the field of process control.
This is due to its simple and straightforward
controller design procedure as well as its good
disturbance rejection capabilities and robustness
properties.

Figure 2 shows the structure of the IMC-PID
controller. Where P(s) is the actual process object
being controlled; G (s) is the controller, G (s) is the
internal model of the process; G,.(s) is the controller
which can get the result of internal model
controlling structure after varying equivalently.
The IMC primary controller C(s) is given in the
following equation

C(s) = G (s)F(s) ()
where F(s) = ﬁ is the realizable factor [22].

The equivalent controller transfer function G.(s) is

given as

"k —ts) (2 i) —
R(s)
E:}. = G((s)

Gls) | —=()

__Ce
From equation 3, the equivalent controller transfer
function depends on the structure model of the C(s)
and G (s).

4. The Structure of Fuzzy PID

controller

Fuzzy logic control technique has found many
successful industrial applications and demonstrated
significant performance improvement. The PDF
controller is a fuzzy logic controller has two inputs
where the error and error change are used as the
inputs for the inference. PIF controller can be
produced by replacing the error change input of the
PDF by the sum of the error. The fuzzy PID
controller contains three inputs to design a fuzzy
inference system where the inputs are: the error,
error change and sum of the error. Figure 3 shows
the structure of fuzzy PID controller.

A fuzzy controller with three inputs may not be
preferred, because it needs large number of rules.
The total number of the rules in fuzzy inference
system can be calculated from the following
equation:

N, =[[L N_. 4)

mi

U(s

pls)}—1EL,

Figure 2 Equivalent the IMC-PID to General Control Structure
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where N, is the total numbers of the rules in fuzzy
inference system; # is the number of inputs for the
fuzzy inference system; and N,,; is number of the

membership function of "

input signal. For
example, if each input is described with five
membership function then the total number of the
rules of the fuzzy PID controller is5 X5 X5 =
125 rules. The number of the rules can be reduced
by construction of the fuzzy PID controller as a
parallel structure of a PDF controller and a PIF
controller as shown in Figure 4.

From Figure 4, the output of the fuzzy PID
controller up;p is formed by algebraically adding
the output of the PDF controller upp and the output
of PID controller up;. This procedure will reduce
the total numbers of rules needed to 5 X5+ 5 X
5 = 50 rules only.

It is difficult to formulate control rules with the
input variable sum of error Xe, as its steady state
value is unknown for most control problem [24].
To overcome the problem, a PDF controller may be

employed to serve as PIF controller in incremental

form.

The following equation represents the FPD
controller in the position form

u(n) = Kye(n) + K4 r(n) (5)

where e(n) is sampled error signal, »(n) rate of
change of sampled error signal (r(n) =e(n) —

e(n—1)).

The PIF controller is written in incremental form as

(6)
Now by comparing equation (5) with equation (6),

Au(n) = K,r (n) + K;e(n)

the FPD controller in position form becomes the

FPI controller in incremental form if:
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e ¢(n) and r(n) exchange positions,

e K,isreplaced by K; and

e u(n) is replaced by Adu(n).
From above, the structure of fuzzy PID controller
in Figure 4 can be modified as shown in Figure 5,
where PIF controller is replaced by PDF controller

with summation at its output is used.

5. Implementation of Fuzzy PID
Controller Using FPGA Board

5.1 Field Programmable Gate Arrays
(FPGA) Architecture

During the last years, consumer digital devices
have been built using either application specific
hardware modules (ASICs) or general purpose
software programmed microprocessors, or a
combination of them. Hardware implementations
offer high speed and efficiency but they are tailored
for a specific set of computations. Software
implementations can be modified freely during the
life-cycle of a device, through patches and updates.
However, they are much more inefficient in terms
of speed and area. Field-Programmable Gate
Arrays (FPGAs) is intended to fill the gap between

hardware and software, achieving potentially much

higher performance than software, while
maintaining a higher level of flexibility than
hardware. The FPGA is suitable for fast

implementation and quick hardware verification.
The systems based on it are flexible and can be
reprogrammed with unlimited number of times.
The rapid evaluation of silicon technologies has
helped to reduce the size of FPGA integrated

circuits and cost, therefore, the FPGAs can be used
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as final solutions to implement many control

systems like fuzzy PID controller.

A field programmable gate array (FPGA) is a logic

device that contains a two-dimensional array of

generic logic cells and programmable switch that
can realize any digital system with low cost and
reduced time. The FPGA consists of three major

configurable elements [25].

1. Configurable Logic Block (CLBs) arranged in
an array that provides the functional elements
and implements most of the logic in an FPGA.
Each logic block has two flip flop and can
realize any 5-input combination logic function.

2. Programmable interconnect resource that
provide routing path to connect between the
rows and columns of CLBs, and between CLBs
and input-output blocks.

3. Input-Output Blocks (IOBs) that provide the
interface between the package pins and internal
signal lines. It can be configured as input,

output or bidirectional port.

The CLBs, I0Bs and their interconnectors are
controlled by a configuration program stored in a
chip memory.

The conceptual structural of FPGA device is shown
in Figure 6. A custom design can be implemented
by specifying the function of each logic cell and
the

programmable switch. FPGAs are programmed

selectively  setting connection of each
using support software and a download cable
connected to a host computer. Once they are
programmed, they can be disconnected from the
computer and will retain their functionality until
the power is removed from the chip. Since this

process can be done by the user rather than by the

fabrication facility, the device is known as field
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Figure 6 Overall Schematic of a traditional FPGA
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5.2 Design a FPGA board for Fuzzy
PID controller
In this paragraph, the hardware implementation of
fuzzy PID controller using FPGA will be
explained. A Very High speed integrated circuit
Hardware Description Language (VHDL) codes
have been used to describe the operation of the
modified fuzzy PID controller that has been
designed in section 4. The Xilinx Integrated
Software Environment (Xilinx ISE 10.1) has been
used as an environment to type the VHDL codes.
Xilinx ISE 10.1 allows taking designs through
several steps: Analysis and Synthesis, Fitter (Place
and Route), Assembler (Generated Programming
Files), Classic timing Analysis and EDA net list
Writer. After successfully compiling the design, the
generated programming files (Configuration files)
will be downloaded using USB port to program the
FPGA boars. The response of the plant with FPGA
board are compared with the simulation response of
to make sure

the plant with fuzzy PID controller
the FPGA board works like fuzzy PID controllers.

6. Simulation and Results

To investigate the effect of the modified Fuzzy PID
controller on the pitch angle of bench-top
helicopter, the results of the proposed controller are
compared with the conventional PID controller and
internal model control PID tuned controller through
MATLAB simulation software.

The helicopter parameters used in this simulation
are shown in Table 1.

Three types of control systems have been designed
to control the pitch angle of the bench-top
helicopter

e Conventional PID controller

20

¢ Internal Model Control Tuned PID (IMC-
PID) Controller
e Fuzzy PID Controller

Table 1 The helicopter parameters

Variable Value Unit
l 20 cm
l, 6 cm
l; 18.5 cm
M 1.426 kg
m 1.87 kg
d 7 cm
h 2 cm
g 9.81 m/s”
J. 1.2 Nms”

To find the parameters of the conventional PID
controller, the Ziegler-Nichols closed loop tuning
method is used. The parameters of the conventional
PID controller that are used in this simulation are:
P= -203, [=13.5 and D=84.3. The transfer
function of IMC-PID controller

Ge (s)=K (
G.(s) that are used in this simulation are obtained

using the Control System Toolbox in MATLAB
(a=1; b=0.36; c=3.24;, d=1.7 and K=14.333).

is given as

a+bs+cs?

S(ds+1) ) , where the coefficients of

To design the fuzzy PID controller, the triangular
membership functions have been used for input and
output variables shown in Figure 7. Table 2 shows

the rule table of 64 fuzzy rules.
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NBE N NS NZ|PZ PS P PB Figure 9 shows the time response of the pitch angle
for the three control types. In the simulation, the

desired pitch angle is assumed 4°. Figure 10 shows

the comparison of the control signal generated from

each control type.
Figure 7 Triangular membership function

B e Fiizzy PIO Coritrol | E E E
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Figure 9 Time response of the pitch angle

for the different control types
For any fuzzy logic controller design, it is

200 T T T T
Fuzzy PID Controller | : : : :

""""" PID Controller :
proposed membership function and the control — —=IMCPIDGohtraligh

B0 et D ............ ............ ........... m

necessary to check the surfaces between the

action in order to make sure of the rounding
process inside the fuzzy system. Figure 8 shows the
100
control surface between inputs/output variables

using the proposed membership functions.

Control Signal (v)

o
o

Control
Signal

i i
1] 20 40 60 g0 100 120 140
Time(s)

Figure 10 Control signal generated from

different control types

From Figure 9, when the proposed fuzzy controller

is applied as a control system, the pitch angle
Figure 8 Control surface between reaches the desired value in a very short time and
inputs and output variable without overshot. While, when the PID controller

applied, the time response of the pitch angle
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oscillates around the desired value. Even the time
response of the pitch angle is without overshoot,
when the IMC-PID controller is used, but it takes
more time to reach the desired value. Simulation
results have shown, without doubt, that the
proposed fuzzy PID controller is more effective
and robust than the other control types.

After the design of Fuzzy PID controller has been
completed, the FPGA board has been used to

implement the proposed control system. Figure 11

shows the connection of the FPGA board with

chip. The digital control signal is sent to the D/A
convertor to generate an analogy control signal
which is applied as input to the helicopter model.
Figure 12 shows the output signal of the D/A
converter (control signal). By comparing Figure 12
and the simulation output signal of Fuzzy PID
controller (which is shown in Figure 10), it can be

seen that, the two output signals are identical.

____________________________

1

: FPGA board

: :

i I

i 1

| I

| I

: o : Pitch
Desired i > ]

: ! | DA »| Helicopter |angle
value AtoD i X Fuzzy PID 1 converter | ~ontrol

converte | > I
W = 5—*|_Controller i signal Model
| I

Figure 11 Layout of FPGA board with helicopter model

process a VHDL codes
downloaded into the FPGA chip (XILINX Spartan
XC3S700AN) by using USB cable. Then, the

system. First, are

Hirose 100-pin FX2 Edge connector (one port of
the FPGA board) is used to connect the FPGA
board with the helicopter system. The error
between the reference input and the system output
has been applied as input to the A/D converter.
The digital output of the A/D converter has been
applied as input data to the FPGA boards. The
FPGA board generates digital inputs to the Fuzzy
PID controller (error and error rate). The Fuzzy
PID controller generates a suitable digital control

signal based on the rules that store in the FPGA

22
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Figure 12 Control signal generated from FPGA board
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7. Conclusion:

A modified Fuzzy PID controller is proposed to
reduce the huge number of the fuzzy rules required
in the normal fuzzy PID controller. The fuzzy PID
controller is represented as Proportional-Derivative
Fuzzy (PDF) controller and Proportional-Integral
Fuzzy (PIF) controller connected in parallel
through a summer. The PIF controller design has
been simplified by replacing the PIF controller by
PDF controller with accumulating output. The
modified Fuzzy PID controller is used to design a
robust controller for pitch angle of bench-top
helicopter. The response of the plant with the
modified Fuzzy PID controller is compared with
the response of the plant with conventional PID
controller and Internal Model Control Tuned PID
(IMC-PID) Controller. Simulation results show that
the proposed Fuzzy PID controller produces
superior control performance than the other two
controllers in handling the nonlinearity of the
helicopter system. The FPGA board is used to
implement the modified Fuzzy PID controller. The
VHDL codes are written to describe the operation
of proposed controller. The results show that
response of designed FPGA board work like the

proposed controller.

References

1. Sanchez, LM., et al., Periodic motion planning
and nonlinear HI tracking control of a 3-DOF
underactuated helicopter. International Journal
of Systems Science, Vol. 42, No. 5, 2011, pp.
829-838.

2. Velagic, J., et al. Design of 3D Simulator for
2DOF Helicopter Model Control. in 52nd

23

International Symposium ELMAR-2010. 2010.

Zadar, Croatia.

. Leitener, J., A. Calise, and J.V.R. Prasad,

Analysis of adaptive neural networks  for
helicopter flight control. AIAA Journal of
Guidance Control and Dynamice, Vol. 20, No.

5, 1997, pp. 972-979.

. Wade, R.L. and G.W. Walker, Flight test

Results  of the Fuzzy Logic Adaptive

Controller  Helicopter. Proceedings the

International Society for Optical Engineering,

Vol. 27, 1996, pp. 200-208.

. Philips, C., C.L. Karr, and G.W. Walker,

Helicopter flight control with fuzzy logic and
genetic algorithms. Engineering Applications
of Artificial Intelligence, Vol. 9, No. 2, 1996,
pp. 175-184.

. Castro, J., et al. Helicopter flight control using

individual channel design. in Proceeding IEE
Conference Control Theory and Applications.
1995. Uk.

. Isik, Y. Pitch Rate Damping of an Aircraft by a

Fuzzy PD  Controller. in CONTROL'I0
Proceedings of the 6th WSEAS international

conference on Dynamical systems and control

2010. Stevens Point, Wisconsin, USA.

. Mamdani, E.H. and S. Assilian, 4n experiment

in linguistic synthesis with a fuzzy logic
controller. of Man-
Machine Studies (IJMMS), Vol. 7, 1975, pp. 1-
13.

International Journal

. Tipsuwanpornm, V., et al., Fuzzy Logic PID

Controller Based on FPGA for Process
Control. IEEE International Symposium on
Industrial Electronics, Vol. 2, 2004, pp. 1495-

1500.



Iraq J. Electrical and Electronic Engineering
Vol.8 No.1, 2012

iy Y1 Ay gl datil) K81 yal) Alsdl
2012 ¢ 1 222l ¢ 8alaa

10.Mann, G.K.I., B. Hu, and R.G. Gosine, Analysis
of Direct Action Fuzzy PID Controller

Structures. 1EEE Transactions on Systems,
Man, and Cybernetics—Part B: Cybernetics,
Vol. 29, No. 3, 1999, pp. 371-388.

11. Karasakal, O., et al., Implementation of a
New Self-Tuning Fuzzy PID Controller on
PLC. Turkish Journal of Electrical Engineering,
Vol. 13, No.2, 2005, pp. 277-286.

12. Hu, B., G.K.I. Mann, and R.G. Gosine,

New Methodology for Analytical and Optimal

Design of Fuzzy PID Controllers. leee
Transactions on Fuzzy Systems, Vol. 7, No. 5,
1999, pp. 521-539.

13. Gillbert, B., A monolithic 16-channel
Analog arry Normalizer. IEEE Journal of Solid
State Circuits, Vol. 19, No. 6, 1984, pp. 956-
963.

14. Ishizuka, O., Design of a Fuzzy Controller With
Normalization Circuits. 1EEE International
Conference on Digital Objective Identifier,
1992: p. 1303-1308.

15. Yamakawa, T., A Fuzzy Programmable Logic
Array  (Fuzzy PLA). 1EEE International

Conference on Digital Objective Identifier,

1992, pp. 459-465.

Manzoul, M.A. and D. Jayabharathi, Fuzzy

Controller on FPGA Chip. IEEE International

16.

Conference on Digital Objective Identifier,
1992, pp. 1309-1316.
17. Economakos, G. and C. Economakos, 4 Run-
Fuzzy PID Controller
FPGA

Time Recongurable

Based on Modern Devices.

Mediterranean Conference on Control and
Automation, 2007, pp. 1-6.

18. Hu, B.S. and J. Li, The Fuzzy PID Gain

Conditioner:  Algorithm,  Architecture and

24

FPGA Implementation. 1EEE International
Conference on Industrial Technology, 1996, pp.
621-624.

19. Cirstea, M., J. Khor, and M. McCormick,
FPGA Fuzzy Logic Controller for Variable
Speed IEEE
Conference on Control Application, 2001, pp.
5-7.

20.

Generator. International

Mansor, H., et al. Design of QFT

Controller for a Bench-top Helicopter. in

International Conference on Control,
Instrumentation and Mechatronic Engineering
(CIM)). 2009. Malacca, Malaysia.

21. Zaeri,A.H., Noor, S. B., Isa, M. M., and Tiap,
F. S., Design of Integral Augmented Sliding
Mode Control for Pitch Angle of a 3-DOF
Bench-top Helicopter. of
Electrical Engineering. Vol. 4, No. 3, 2010,
pp.-31-35,.

22. Rivera, D.E., M. Moraral, and S. Skogestad,

Internal Model Control. 4. PID Controller

Design. Ind. Eng. Chem. Process Des, Vol. 25,

Dev. 1986, pp. 252-265.

Majlesi  Journal

23. Ramirez, J.A., et al., Optimality of Internal
Model Control Tuning Rules. Ind. Eng. Chem.
Res., Vol. 43, 2004, pp. 7951-7958.

24 Reznik, L., Fuzzy Controllers First ed. 1997,
Newnes.

25. Brown, S. and Z. Vranesic, Fundamentals of
Digital Logic with VHDL Design. 2005, New
York: The McGraw-Hill Companies, Inc.



