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Abstract— In industrial control processes and in flight control systems PID have been widely
used because of their simple structure and robust performance in a wide range of operating conditions.
Along with classical controller artificial intelligence such as Fuzzy Logic Controller (FLC) algorithms
have been used for the optimum design of PID controllers. In this paper, Hybrid Fuzzy PID controller is
developed to improve the performance for longitudinal control of an aircraft dynamics. The hybrid
controller is designed based on the dynamic modelling of an aircraft system begins with a derivation of
suitable mathematical model to describe the longitudinal dynamics. Matlab-Simulink model is used to
tune each parameter of Proportional-integral-derivative (PID) controller by selecting appropriate fuzzy
rules through simulations. Mamdani-type of Fuzzy Logic Controller is employed in this paper dueto its
simple and robust approach. The simulation results shows that Hybrid Controller tuned by PID
algorithm is better in performance and more robust than the classical type algorithm for aircraft pitch
control.
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I. INTRODUCTION

The response of aerospace vehicles to perturbations in their flight environments and to control inputs [1-3]
deals mainly with dynamics characteristics of flight. To characterize the aerodynamic and propulsive forces and
moments acting on the vehicle, and the dependence of these forces and moments on the flight variables,
including airspeed and vehicle orientation is the main objective of aircraft dynamics. The rapid advancement of
aircraft design from the very limited capabilities of the Wright brothers first successfully airplane to today’s
high performance military, commercial and general aviation aircraft require the development of many
technologies, these are aerodynamics, structures, materials, propulsion and flight control. In longitudinal control,
the elevator controls pitch or the longitudinal motion of aircraft system [4]. Pitch is controlled by the rear part of
the tail plane's horizontal stabilizer being hinged to create an elevator. By moving the elevator control
backwards the pilot moves the elevator up a position of negative camber and the downwards force on the
horizontal tail is increased. The angle of attack on the wings increased so the nose is pitched up and lift is
generaly increased. In gliders the pitch action is reversed and the pitch control system is much simpler, so when
the pilot moves the elevator control backwards it produces a nose-down pitch and the angle of attack on the
wing is reduced. The pitch angle of an aircraft is controlled by adjusting the angle and therefore the lift force of
the rear elevator. Lot of works has been done in the past to control the pitch of an aircraft for the purpose of
flight stability and yet this research still remains an open issue in the present and future works [6 -7].

Il. MATHEMATICAL MODEL OF LONGITUDINAL CONTROL

The notation [8] for describing the aerodynamic forces and moments acting upon, flight vehicle is indicated
in figure 1. The variables x, y, z represent coordinates, with origin at the centre of mass of the vehicle. The x-
axis [9] points toward the nose of the vehicle. The z-axis is perpendicular to the x-axis, and pointing
approximately down. The y axis completes a right-handed orthogonal system, pointing approximately out the
right wing [10].
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Fig. 1 Force, moments, and velocity components in a body fixed coordinate

Angles 6, ¢ and J, represent the orientation of aircraft pitch angle and elevator deflection angle. The
forces, moments and velocity components in the body fixed coordinate are showed in Fig. 1. The aerodynamics
moment components for roll, pitch and yaw axis are represent as L, M and N. The term p, q, r represent the
angular rates about roll, pitch and yaw axis while term u, v, w represent the velocity components of roll, pitch
and yaw axis. The angles o and B represents the angle of attack and sideslip respectively [11 -13].

The atmosphere in which the plane flies is assumed undisturbed, thus forces and moment due to
atmospheric disturbance are considered zero. Hence, considering Fig. 1, the following dynamic equations
describe the longitudinal dynamics of atypical aircraft;

Force equations:

X-mgSg = m(u + qv-rv) (1)
Z + mgCeCy = m (W + pv- qu) ©

Momentum equation:
M = Iyq +rqx-1;) + Iy, (PZ - rz) ©)

Equation 1, 2 and 3 should be linearized using small disturbance theory. The equations are replaced by a
reference value plus a perturbation or disturbance, as given in equation 4. All the variables in the equation of
motion are replaced by a reference value plus a perturbation or disturbance. The perturbations in aerodynamic
forces and moments are functions of both, the perturbations in state variables and control inputs.

U= Ug + AU, V= Vg + AV, W= Wy + Aw

p=po +Apq=qo + Aqr= 714+ Ar (4)
X=X+ AX, M= Mg + AM, Z= Zo + AZ
8= 8o+ A

For convenience, the reference flight condition is assumed to be symmetric and the propulsive forces are
assumed to remain constant [14]. Thisimplies that,

V0:p0:q0:r0:(p0:¢0:W0:0 )
After linearization the following equations were obtained for the longitudinal dynamics, of the aircraft.
d
[E - Xu] u+g, cos 6y — X,,w = Xs,6, + Xs701 (6)

d :
—Z,u+ [(1 - ZW)E - ZW] w— [uo + Zq]q + g,sinby = Zs. 8, + Zsrdr (7
d d
_Muu - [(Mw) E - MW] w + [E - Mq] q= M&ede + M6T6T (8)

The equation 9 gives the transfer function for the change in the pitch rate to the change in elevator deflection
angle.
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The transfer function of the change in pitch angle to the change in elevator angle can be obtained from the
change in pitch rates to the change in elevator angle as given in equation 10, 11 and 12.
Aq=A0 (10)
AQ(s) = sAH(9) (1)
A0(s) lAq(s)
A8.(s) s 40(s) (12)
Hence, the transfer function for the pitch system dynamics of an aircraft can be described by,

MyZges MaZsey ZaMse
Aq(s) _l_(M6e+ u0 )S_( uo w ) (13)

= ZaM
46e(s) s 52—(Mq+Md+i—‘g)s+(—(Zoq—M“)

For simplicity, afirst order model of an actuator is employed with the transfer function as given in equation 14,
and time constant T = 0.0167sec is employed.
1
H(S) T s+l
Modern computer-based flight dynamics simulation is usually done in dimensional form, but the basic
aerodynamic inputs are best defined in terms of the classical non-dimensional aerodynamic forms. These are
defined using the dynamic pressure,

1 1
Q = —pV?=-pSLV;Z (15)

Where p is the ambient density at the flight atitude and Veq is the equivalent airspeed, which is defined by the
above equation in which pSL, is the standard sea-level vaue of the density. In addition, the vehicle reference
area S, usualy the wing platform area, wing mean aerodynamic chord ¢, and wing span b are used to non-
dimensionalize forces and moments.

(14)

I11. PID AND MAMDANI FUzzY LoGIC COMBINATIONS
The structure of PID is also known as parallel form and is represented by,

G(s) = K, + K, % + Kps =K, (1 + % + TDS) (16)

where K, is proportional gain, K, isintegral gain, Kp derivative gain; T; is integral time constant and Tp is
derivative time constant. The proportional term for providing an overall control action proportional to the error
signal through the constant gain factor. The integral term is to reduce steady-state errors through low-frequency
compensation by an integrator. The derivative term is to improve transient response through high-frequency
compensation by a differentiator. The selection of gains for the PID controlees can be determined by a method
developed by Ziegler and Nichols and the performance of PID controllers can be obtained by examining the
integral of the absolute error.

The non linear aircraft model is complex, and the complexity arises from the uncertainty in the form of
ambiguity [15]. The growth of fuzzy logic approach handles ambiguity and uncertainty existing in complex
problems. Fuzzy sets represents fuzzy logic provide means to model the uncertainty associated with vagueness,
imprecision and lack of information regarding aircraft dynamics. Fuzzy logic operates on the concept of
membership. The membership was extended to possess various “degrees of membership” on the real continues
interval between the value 0 and 1. Fuzzy sets are tools that convert the concept of fuzzy logic into agorithms
[21]. Since fuzzy sets allow partial membership, they provide computer with such algorithms that extend binary
logic and enable it to take human like decision. Fuzzy Logic Control (FLC) system is one of the main
developments and successes of fuzzy sets and fuzzy logic. A FLC is characterized by four modules: fuzzifier;
defuzzifier; inference engine and rule base. In terms of inference process there are two main types of Fuzzy
Inference Systems (FIS) the Mamdani-type and the Takagi Sugeno Kang (TSK) type. In terms of use, the
Mamdani FIS is more widely used, mostly because it provides reasonable results with a relatively simple
structure, and also due to the intuitive and interpretable nature of the rule base [22-24].

ISSN : 0975-4024 Vol 5 No 6 Dec 2013-Jan 2014 4754



S.N. Degpaet.al / International Journal of Engineering and Technology (1JET)

Fig 2. Fuzzy inferencein the Rule Viewer

The aircraft dynamics are highly nonlinear, trial-and-error procedures and experience play an important
rolein defining the rules. Each fuzzy set consists of three types of membership function, which are negative (N),
zero (Z) and positive (P). Here triangular membership functions are chosen for each fuzzy set. The universe of
discourse is set between -0.4 to 0.4 that implies the range of pitch angle (0.4 radian).

Fig 3 Fuzzy Rule Base

The appropriate membership function to represent each fuzzy set need to be defined and each fuzzy set
must have the appropriate universe of discourse. Using the FIS editor, the two inputs to the fuzzy controller are
the error (€) which measures the system performance and the rate at which the error changes (A€), whereas the
output of the control signal (Au). The FIS rule is shown in figure2 and 3. The plot of output surface viewer is
shown in figure 4.
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Fig 4. Three Dimensional View of Output Surface

IV.RESULTS AND DISCUSSION

The classical method, Fuzzy Controller and Hybrid Fuzzy Logic Controller response is obtained by
using Matlab Simulink model. The results for Dirac’s Delta impulse are given for PID and hybrid PID
Controller.

A. Classical Method
Thelongitudinal state space matrix for aircraft dynamics as given in equation 17.

—63.17 —203.14 —-776.4 0.0000
A = 1.00000 0.0000 0.0000 0.0000 (17)
0.00000 1.0000 0.00000 0.000

0.0000 0.0000 1.0000 0.0000

The eigen values of the longitudinal transport is given in equation 18 and 19.

/‘{ 1,2 =O, 60 (18)
/13'4 = _1.585 t l 3.22 (19)

The roots are real, there is of course no period, and only parameter is the time to double or half [26].
The modes are oscillatory; it is envelope ordinate that doubles or halves. The root locus of closed loop PID
controller for aircraft dynamicsis shown in figure 5.
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Fig 5. Root Locus of Aircraft Dynamics Response

The Dirac’s Delta impulse response of the PID controller is shown in figure 6. The delay time is 0.3secs, rise
timeis 0.6 secs and settling timeis 18 secs. The response is oscillatory in nature.

Fig 6. PID Controller Response
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B Fuzzy PID Method

Bl Output = | [ —"—
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Fuzzp PID Contraller

Fig 7. Fuzzy PID Controller Response

In the advanced modern aircrafts, the conventional PID (Proportional-Integral-Derivative) controllers
are used extensively even though they are not very efficient for non-linear dynamic systems, mainly because of
their intuitive nature, ease of operation and low cost. To overcome this flaw, an unconventional technique of
Fuzzy Logic could be used as it has proven to be more efficient than PID controllers and depends on human
experience and intuition [26-27]. This type of Fuzzy control was expressed by Mamdani and is very popular
compared to Takagi-Sugeno type which uses fuzzy sets to define the input variables but the output is defined by
means of functions or LTI systems. The Dirac’s Delta impulse response of the Fuzzy based PID controller is
shown in figure 7. The delay time is 0.3 secs, rise time is 0.8 secs and settling time is 6 secs. The response is
smooth in nature.

C Hybrid Fuzzy PID Controller (HFPID)

Fig 8. Hybrid Fuzzy PID Controller Response
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The PID controller and Fuzzy PID controller together are called Hybrid Fuzzy PID Controller. The
response of Hybrid Fuzzy PID controller is shown in figure 8. The results shown in table 1 clearly indicate
Hybrid Fuzzy PID controller is the best compared to the other Controllers. The biggest advantage of the hybrid
fuzzy PID controller is the robustness against noise, and its ease for implementation. There has been lot of
experiments and research regarding the implementation and application of fuzzy logic in flight control systems

from Unmanned Aeria Vehicle (UAV) to fighter jets. The combined response of controllersis shown in figure
0.

TABLE | COMPARISON OF PID, FUzzy CONTROLLER AND HFPID CONTROLLER

PID Controller | Fuzzy Controller | HFPID Controller
Delay Time T4 in sec 0.3 04 0.3
Rise TimeT, in secs 0.6 0.8 0.75
Settling Time Tsin sec| 18 6 24
% Steady State Error Eg 0 8% 0
B Cutput3 =) = | —c—
25| a3k 0K Ea K ~

Hubrid Fuzzy PID Controller

Fig 9 Combined Controller Responses

V. CONCLUSION

In this paper, fuzzy logic based intelligent controller design is given for controlling non linear longitudinal
pitch control of an aircraft. Although, there have been many developed techniques to control a dynamic system
using feedback as PID control, but very few control techniques are actually implemented in the real world flight
control applications. The main reason behind not implementing the advanced optimal control techniques is that
they are not intuitive and in aerospace where safety is a high priority, unintuitive techniques are not trusted

ISSN : 0975-4024 Vol 5 No 6 Dec 2013-Jan 2014 4759



(4
(2
(3]

(4
[5]
(6]
(7
8]
(9]
[10]
(1]
[12]
[13]
[14]
[19]
[16]
(17]

(18]
[19]

[20]
(21]

(22]
(23]
[24]
[29]
[26]

[27]

S.N. Degpaet.al / International Journal of Engineering and Technology (1JET)

enough to be implemented in real aircrafts. The Hybrid Fuzzy PID controller can effectively eliminate these
dangerous oscillations and provides smooth operation in transient period. Also it is giving a steady state error of
8%, which isaconsiderable value. The fuzzy control works very efficiently for nonlinear dynamic systems and
it'ssimple and intuitive which is precisely what is required in the current and future aerospace industry.

REFERENCES

Bryan G.H, and W. E. Williams, “The Longitudinal Stability of Aerial Gliders’, Proceedings of the Royal Society of London, Series A
73(1904), pp.110-116.

Tobak, Murray and Schiff, Lewis B, “On the Formulation of the Aerodynamic Characteristics in Aircraft Dynamics’, NACA TR Report-
456, 1976.

Goman, M. G, Stolyarov, G. |, Tyrtyshnikov, S. L, Usoltsev, S. P, and Khrabrov, A. N,”Mathematical Description of Aircraft
Longitudinal Aerodynamic Characteristics at High Angles of Attack Accounting for Dynamic Effects of Separated Flow,” TSAGI Preprint
No. 9, 1990.

Q. Wang, and R. F. Stengel, "Robust Nonlinear Flight Control of a High-Performance Aircraft", IEEE Transactions on Control Systems
Technology, Vol. 13, No. 1, January 2005, pp. 15-26.

A. Snell, and P. Stout, "Robust Longitudinal Control Design Using Dynamic Inversion and Quantitative Feedback Theory", Journal of
Guidance, Navigation, and Control, Vol 20, No. 5, Sep-Oct 1997, pp. 933-940.

D. E. Bossert, "Design of Robust Quantitative Feedback Theory Controllers for Pitch Attitude Hold Systems', Journa of Guidance,
Navigation, and Control, Vol 17., No. 1, Jan-Feb 1994, 217-219.

A. Fujimoro, and H. Tsunetomo, "Gain-Scheduled Control Using Fuzzy Logic and Its Application to Flight Control”, Journal of Guidance,
Navigation, and Control, Vol. 22, No. 1, Jan-Feb 1999, pp.175-177.

John Anderson, Introduction to Flight, McGraw-Hill, New Y ork, Fourth Edition, 2000.

Bernard Etkin & Lloyd D. Reid, Dynamics of Flight; Stability and Control, John Wiley & Sons, New Y ork, Third Edition, 1998.

Robert C. Nelson, Flight Stahility and Automatic Control, McGraw-Hill, New Y ork, Second Edition, 1998.

MacDonald, R, A, M. Garelick, and J. O. Grady, “Linearized Mathematical models for DeHAvilland Canada ‘Buffalo and Twin Otter’
STOL Transport, “U.S. Department of Transportation, Transportation Systems Centre Reports No. DOTR-TSC-FAA-72-8, June 1971.
Louis V. Schmidt, Introduction to Aircraft Flight Dynamics, AIAA Education Series, 1998.

R.C. Nelson, "Flight Stability and Automatic Control", McGraw Hill, Second Edition, 1998.

Chen, F.C. and Khalil, H.K., "Two-Time-Scale Longitudinal Control of Airplanes Using Singular Perturbation”, AIAA, Journa of
Guidance, Navigation, and Control, Vol. 13, 1990, No. 6, pp. 952-960.

S.N.Sivanandam and S.N.Deepa, “Control System Engineering using MATLAB” VIKAS Publishing company Ltd, New Delhi, India,
2007.

Alfaro, V. M., Vilanova, R. Arrieta O. Two-Degree-of-Freedom PI/PID Tuning Approach for smooth Control on Cascade Control
Systems, Proceedings of the 47th |EEE Conference on Decision and Control Cancun, Mexico, Dec. 9-11, 2008.

Ang, K.H., Chong G. LI, Yun PID Control System Analysis, Design, and Technology, In: IEEE Transactions on Control Systems
Technology, val. 13, no. 4, july, 2005.

Yurkevich, V. D. (2011) Advancesin PID Control, InTech, ISBN 978-953-307-267-8, Rijeka, Croatia.

M. Myint, H.K. Oo, Z.M. Naing and Y.M Myint, "PID Controller for Stability of Piper Cherokee's Pitch Displacement using MATLAB",
International Conference on Sustainable Development: Issues and prospects for the GM S, China, 2008.

X. Zhou, Z. Wang, H. Wang, "Design of Series Leading Correction PID Controller”, IEEE International Conference, 2009.

G. Chen, and T.T. Pham, Introduction to Fuzzy Systems, Chapman and Hall/CRC Applied Mathematics and Nonlinear Science Series,
2006, Boca Raton, FL.

N. Wahid, M.F. Rahmat, K. Jusoff, "Comparative Assesment using LQR and Fuzzy Logic Controller for a Pitch Control System",
European Journal of Scientific Research, Vol. 42, 2010, No. 2, pp. 184 - 194.

C. C. Lee, "Fuzzy Logic in Control System: Fuzzy Logic Controller 1", System, Man and Cybernatics, |[EEE Transaction, Vol. 20, 1990,
pp. 404-418.

C. C. Lee, "Fuzzy Logic in Control System: Fuzzy Logic Controller 11", System, Man and Cybernatics, IEEE Transaction, Vol. 20, 1990,
pp. 419-435.

C. Jianwen, H. Zhanjun, S. Jingcun, P. Changjian, "Simulation of Fuzzy Self-tuning PID Control Based on Simulink", Applied Mechanics
and Materials, Vols. 52-54, 2011, pp. 1644-1649.

A. Vick, K. Cohen, "Longitudinal Stability Augmentation Using a Fuzzy logic Based PID Controller”, The 28th North American Fuzzy
Information Processing Society Annual Conference, USA, 2009.

Edgar N. Shanchez, Hector M. Bacerra, Carlos M. Verez, "Combining Fuzzy, PID and Regulation for an Autonomous Mini Helicopter”,
Information Sciences (An International Journal), 2007, 177, pp. 1999-2022.

ISSN : 0975-4024 Vol 5 No 6 Dec 2013-Jan 2014 4760



	Longitudinal Control of an Aircraft UsingArtificial Intelligence
	Abstract
	Keyword
	I. INTRODUCTION
	II. MATHEMATICAL MODEL OF LONGITUDINAL CONTROL
	III. PID AND MAMDANI FUZZY LOGIC COMBINATIONS
	IV.RESULTS AND DISCUSSION
	V. CONCLUSION
	REFERENCES




