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Chapter

Performance Improvement for
Fighter Aircraft Using Fuzzy
Switching LQI Controller

Emve Kemer, Hasan Basak and Hayri Baytan Ozmen

Abstract

In this work, a switching linear quadratic integral (LQI) controller based on fuzzy
logic is designed for the load-factor tracking problem of high-performance aircraft
referred to as the Aero-Data Model in Research Environment (ADMIRE). ADMIRE is
a new generation aircraft and has a wide flight operation envelope in terms of altitude
and speed. Hence, it is difficult to design a flight controller to achieve a high tracking
performance. First, the LQI controller is selected due to good tracking performance
and robustness in the model dynamics. Combining switching LQI controller and fuzzy
logic improves the transient performance of the closed-loop switched system. The
results obtained with the fuzzy switching controller have been compared with the
conventional LQI and the switching LQI in terms of robust demand tracking. The
simulation results have demonstrated that the fuzzy switching controller is superior to
the conventional LQI and switching LQI controllers due to better transient perfor-
mance and robust stability.

Keywords: fuzzy logic, switching control, LQI, load-factor tracking, fighter aircraft

1. Introduction

Conventional aircrafts have aileron, elevator, and rudder control effectors. Flight
control systems are generally developed using one control effector for each rotational
degree of freedom. The aileron is utilized to obtain a roll motion, a pitch motion is
obtained by using the elevator, and the rudder effector controls the yaw motion of the
aircraft. The control problem is the determination of the deflections of control effec-
tors that produce the desired motion specified by a flight controller that transfers the
pilot’s command given by a control stick. Three control effectors can generate desired
motions. However, modern aircrafts have more control effectors than conventional
aircrafts [1]. The design of reliable flight control systems is difficult for modern
aircrafts because these aircrafts are becoming more complicated. Also, the perfor-
mance of flight control systems must be very high and the stability of the aircraft has
demanded the development of different control systems [2]. In recent years, linear
control systems have been developed assuming that flight dynamics are linear time-
invariant about the operation points and the longitudinal dynamics are decoupled
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from lateral ones. Zhang et al. [3] proposed a mixed H,/H., flight controller using
enhanced linear matrix inequality, which stabilizes the aircraft system in case of
actuator loss. A gain scheduled linear quadratic regulator method is designed in [4] for
vehicle dynamics where the flight period is divided into different intervals because
flight condition varies during the flight. A proportional-integral-derivative (PID)
tlight control system is investigated in ref. [5] whose performance is not satisfactory
due to uncertainties and nonlinearities of vehicle dynamics. A flight controller law is
designed based on optimal control theory in ref. [6] ensuring the reliability of aircraft
for pilot’s commands in case of all operating conditions. A resilient linear controller is
proposed by Bouvier et al. [7] for the dynamic of aircraft in the presence of a loss of
control authority. Offline reference regulators and robust control allocation flight
controllers were developed in ref. [8] for aerodynamic nonlinearities and parametric
uncertainties. Besides, nonlinear controller methods have been proposed by
researchers. For example, a nonlinear dynamic inversion control law is proposed by
Da Costa et al. [9] where the nonlinear dynamics are transformed into linear dynamics
using state or output feedback assuming timescale separation between attitude and
altitude rates. Nonlinear dynamic inversion controllers require precise knowledge of
all nonlinearities that is not possible for modern fighter aircraft [10]. Sliding mode
differentiator [11], disturbance observer-based sliding mode control [12], and distur-
bance observer-based dynamic surface controller [13] are developed considering
nonlinearities and external disturbances.

A backstepping control based on fuzzy logic system is designed in ref. [14] for
vehicle dynamics with state constraints and actuator fault. A fuzzy tracking controller
[15] was proposed to satisfy the properties of disturbance rejection in aircraft vehicles.
Takagi-Sugeno fuzzy robust controller was developed by Luan et al. [16] for the
problem of part transportation. An adaptive fuzzy controller [17] was designed for a
vehicle dynamic with input saturation.

In this chapter, we develop a control approach based on a switching control with a
tuzzy logic rule, which is evaluated in a nonlinear ADMIRE aircraft model. Combined
switching control with fuzzy logic has better tracking performance and strong
robustness for the nonlinear model of ADMIRE aircraft.

2. The ADMIRE aircraft model

The Aeronautical Research Institute of Sweden developed the ADMIRE model using
the generic aero-data model with dynamic models of an engine, actuators, atmosphere,
and sensors. The ADMIRE model has 12 states but generally, these states were reduced
to simply nonlinear dynamics of the system. The short-period longitudinal flight
dynamics governing the ADMIRE benchmark model are given as follows [18-20]:

Lo, Lo+ o, )L
n Ma Mq q Mae Mt” Lss

N, = [Ny Ny [ﬂ + [Nz Dyq [66} (1)

SS

a

q

where state variables & and g are the angles of attack and the Euler pitch rate,
respectively. The control inputs are the elevator angle, §, and throttle setting, £,
respectively, and the output variable is load-factor, n, (Figure 1).
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Figure 1.
ADMIRE aircraft model and control surfaces.

3. Fuzzy switching control development

In this section, a fuzzy switching control will be developed for the ADMIRE fighter
aircraft. Figure 2 illustrates a schematic of the control structure. Here, linear quadratic
integral (LQI) control computes an optimal state feedback gain for the regulating
closed-loop system. The control law consists of the solution of the Riccati equation in
the linear-quadratic regulatory framework with the integral of the output variable.
The linearized dynamics of the aircraft at a trim condition with state-space realization
are given as:

2
=
I
N
&
=
+
os]
<
=

3(€) = Cx(t) + Du) @)
The objective of the LQI control is to find the state feedback control law, such as
u(t) = —Klx(t)e;(t)]" (3)

where K is the feedback gain matrix, and e;(¢) is the integral state for the output
variable. The optimal feedback law minimizes the quadratic performance index.

{oo]
J= J (xTQx +xTR u)dt (4)
0
reference fiz
Saturators, Afreralt (1)
Ratelimiters irera N:
pon £2 and > Response ‘
Actuators States

Controller1

=]
. T
X +
States

Figure 2.
Schematic of the control structure.
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In which Q is a positive semi-definite weight matrix, and R is a positive-definite
weight matrix.

Then, this control law guarantees that the output y(¢) tracks the demand signal
r(¢). In fact, e;(¢) is

el) = | (r(r) =50 ©)
0
The state-space presentation of augmented dynamic is written as:
x@) | |A®)  0||x(@) B(t)
ol =2 olla*| oo 0 ©

To cover the flight envelope, the flight envelope is divided into some cells. Aug-
mented switched state-space model is given as:

Xo(e) (£ Agpn (t 0|y (¢ B, (t
. () :‘ () () N () u() o
e1o(r) (1) —Coiry(t) O] ers)(t) —Dy (t)
The system matrices of Eq. (7) are rewritten as:
Ay, B, A; B
R fli=1,..,M (8)
Cotry Do C; D,

where 6(t) is a switching rule that takes values {1, ..., M}, M is the number of
subsystems. The switched control scheme is

u(t) = —Ky[x(t)er(t)]" 9)
To design a fuzzy switching controller, ADMIRE flight envelope has been divided

into four overlapping cells as shown in Figure 3 with the dotted lines showing the
boundaries between cells. Here, the fuzzy switching control law is

u (t) N _I<fuzzy6(t) [x (t)el (t)]T (10)

The controller gains are designed using the data from each related cell center, and
the fuzzy switching controller is computed as follows, based on the fuzzy logic rule:

K, Alt <1550 and Mach <0.6,

K, Alt <1550 and Mach >1.1,

K3 Alt > 4500 and Mach >1.1,

K4 Alt > 4500 and Mach <0.6,
Kfuzzyo(r) = piK1 + p K> Alt <1550 and Mach € (0.6,1.1),

Pl + 5K Al € (1550, 4500) and Mach > 1.1,

P3G+ paks Alt > 4500 and Mach € (0.6,1.1),

PR+ paKa Alt € (1550, 4500) and Mach < 0.6,

2K e+ p3Ks +paKa g1 e (1550, 4500)and Mach € (0.6,1.1),
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Fuzzy controller rules between two cells.

where p;,i [1 4] are multipliers for the related controllers as given in Figures 4 and 5.
Figure 4 illustrates fuzzy controller rules between two cells. One can see that multiplier
of the controller change linearly between active two cells, also multipliers of passive cells
remain zero. In addition, the change of the controller multipliers for overlapping four
cells is given in Figure 5.

4, Simulation results and discussion

This section represents simulation results and evaluates the performance of the
developed control law using MATLAB/Simulink. Three controller strategies are com-
pared in this section, which are the single LQI controller, the switched LQI controller
given in Eq. (9), and the fuzzy switching LQI controller given in Eq. (10). The single
LQI controller is designed for the data, which is taken at the center of the ADMIRE
flight envelope, whereas the switched controller is designed using the flight envelope,
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Fuzzy controller rules for overlapping four cells.
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Flight envelope with the four cells.

which has been divided into four cells as shown in Figure 6 with the dashed lines
showing the boundaries between cells. The feedback gains of the switched controller
are computed based on the data of each cell center.

The simulation scenarios were performed to analyze the robust stability and perfor-
mance of the closed-loop system at flight conditions (Mach = {0.75, 0.9, 0.75} and
altitude = {5000, 1500, 4500} m). The pilot command is constricted such that the load-
factor N, stays within the design limits -3 g < N, <9 g over the flight envelope. Load-
factor demand and responses of the closed-loop system with the controllers at flight
condition of Mach = 0.75 and Alt = 5000 is illustrated in Figure 7. The load-factor
response with the single LQI is slower than the switched and fuzzy switching control-
lers. The switched controller has an oscillatory response during the switching, which is
an undesired effect during flight operation. Figure 8 gives the angle of attack and the
Euler pitch rate responses of the closed-loop system with the single LQI, switched, and
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Figure 7.
Load-factor responses of the closed-loop systems at flight condition Mach = 0.75 and alt = 5000.
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Figure 8.
State variables, the angle of attack, and the Euler pitch rate responses at flight condition Mach = 0.75 and alt =

5000.

the proposed fuzzy switching LQI controllers. One can see from the bottom plot of
Figure 8 that the Euler pitch rate response has an oscillation during switching with the
switched controller. However, the proposed fuzzy switching controller has the best
transient performance. The corresponding control inputs to the related controllers are
given in Figure 9. Elevon deflection generates values between —4 deg. and 2 deg.
Oscillations are also seen in this elevon deflection and throttle setting, ¢, when the
switched controller is used. Figures 10 and 11 give the indexes of the switched control-
ler and the change in the coefficients of the fuzzy switching controller, respectively.
Feedback gains K1, K, and K4 are employed for the switched controller, but all com-
puted controller gains are used with the fuzzy switching controller. Figure 12 illustrates
the trajectory movement in the flight envelope for the different controllers.

In the second scenario, simulation is started at flight condition Mach = 0.9 and
Altitude = 1500 m. Load-factor demand and responses of the closed-loop systems are
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Figure 13.
Load-factor responses of the closed-loop systems at flight condition Mach = 0.9 and altitude = 1500 m.

given in Figure 13. Closed-loop response with the single LQI controller is the slowest
amongst the controllers. Load-factor tracking response settles a larger steady-state
error than the responses of other controllers. The switched controller has an undesired
oscillatory response during the switching instances. Figure 14 gives the angle of attack
and the Euler pitch rate responses of the closed-loop system with the single LQ],
switched, and the proposed fuzzy switching LQI controllers. The angle of attack
increases at t = 20 sec for a larger demand of load-factor. Input responses of the
related controllers are given in Figure 15. Throttle setting control input is the largest
with the switched controller. The single LQI controller requires 0.288 of the throttle
setting in the second scenario. Figures 16 and 17 display the index of the switched
controller and the varying coefficients of the fuzzy switching controller, respectively.
All computed feedback gains are employed with the fuzzy switching controller,
whereas feedback gains K, K5, and K4 are used for the switched controller. Figure 18
illustrates the trajectory movement in the flight envelope for the different controllers.
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These simulation results also demonstrate the efficacy of the proposed fuzzy
switching controller.

In the third scenario, simulation is started at flight condition Mach = 0.75 and
Altitude = 4500 m. Load-factor demand and responses of the closed-loop systems are
given in Figure 19. It is clearly seen that the switched controller is unable to stabilize
the aircraft when the controller switches. Load-factor tracking performance is suc-
cessful with the fuzzy switching controller. The switched controller drives the closed-
loop system from stability to instability shown in Figures 20 and 21. The index of the
switched controller and the varying coefficients of the fuzzy switching controller are
given in Figures 22 and 23, respectively. Figure 24 illustrates the trajectory move-
ment in the flight envelope for the different controllers. The fuzzy switching control-
ler improves the load-factor tracking performance and enhances the stability of the
aircraft.
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State variables, the angle of attack, and the Euler pitch rate responses at flight condition Mach = 0.75 and
altitude = 4500 m.
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5. Conclusions

In this chapter, a fuzzy switching controller for the ADMIRE aircraft model has
been developed and verification of the control scheme was conducted using
MATLAB/Simulink. Here, a switching controller is designed for the stabilization of
high-performance aircraft. To improve the switching controller performance, the
fuzzy logic rule has been defined and used to obtain a robust stabilization control
structure instead of a single conventional LQI and the switched LQI controller.

The proposed controller scheme was compared with the standard switched and the
single conventional LQI controller for load-factor tracking and robust stability under
the load-factor variations. The main conclusions of the simulation results are given as
follows:

* The proposed fuzzy switching controller provides better transient performance
rather than the single conventional LQI and the switched controllers.

e The standard switch controller drives the ADMIRE aircraft nonlinear model from
stability to instability due to switching between controllers.

* The proposed fuzzy switching controller has significant potential to improve
tracking performance.

* The proposed fuzzy switching controller is effective in increasing the stability of
the nonlinear system.

* Therefore, the proposed fuzzy switching controller can be preferred to control

complicated and nonlinear aircraft systems. Future work will involve the stability
analysis of closed-loop systems under the fuzzy switching rule.

Conflict of interest

The authors declare no conflict of interest.

14



Performance Improvement for Fighter Aircraft Using Fuzzy Switching LQI Controller
DOI: http://dx.doi.ovg/10.5772/intechopen.107032

Author details
Emre Kemer™, Hasan Ba§ak2 and Hayri Baytan Ozmen?

1 Department of Electrical and Electronics Engineering, Usak University, Usak,
Turkey

2 Department of Electrical and Electronics Engineering, Artvin Coruh University,
Artvin, Turkey

3 Department of Civil Engineering, Usak University, Usak, Turkey

*Address all correspondence to: emre.kemer@usak.edu.tr

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

15



Fuzzy Control Systems

References

[1] Zhang Y, Suresh VS, Jiang B,
Theilliol D. Reconfigurable control
allocation against aircraft control
effector failures. In: Proceedings of the
IEEE International Conference on
Control Applications; 1-3 October 2007.
Singapore: IEEE; 2007. pp. 1197-1202

[2] Han Y, Li P, Ma J. Vector-coupled
flight controller design based on

multivariable backstepping sliding
mode. Symmetry. 2019;11(10):1225

[3] Zhang Q, Sijun Y, Yan L, Xinmin W.
An enhanced LMI approach for mixed H2/

Hoo flight tracking control. Chinese
Journal of Aeronautics. 2011;24(3):324-328

[4] Ochi Y. Design of a flight controller for
hypersonic flight experiment vehicle.
Asian Journal of Control. 2004;6(3):
353-361

[5] Zhang L, Bi S, Yang H. Fuzzy-PID
control algorithm of the helicopter model
flight attitude control. In: Proceedings of
the IEEE Chinese Control and Decision
Conference; 26-28 May 2010. Xuzhou,
China: IEEE; 2010. pp. 1438-1443

[6] Herrmann AA, Ben-Asher JZ. Flight
control law clearance using optimal
control theory. Journal of Aircraft. 2016;
53(2):515-529

[7] Bouvier J-B, Ornik M. Designing
resilient linear systems. IEEE
Transactions on Automatic Control.

2022;67(9):4832-4837

[8] Da Costa RR, Chu QP, Mulder JA.
Reentry flight controller design using
nonlinear dynamic inversion. Journal of
Spacecraft and Rockets. 2003;40(1):64-71

[9] De Almeida FA. Robust off-line
control allocation. Aerospace Science
and Technology. 2016;52:1-9

16

[10] Sonneveldt L, Chu QP, Mulder JA.
Nonlinear flight control design using
constrained adaptive backstepping.
Journal of Guidance, Control, and
Dynamics. 2007;30(2):322-336

[11] An H, Fidan B, Wu Q, Wang C,

Cao X. Sliding mode differentiator based
tracking control of uncertain nonlinear
systems with application to hypersonic
flight. Asian Journal of Control. 2019;
21(1):143-155

[12] Li P, Ma ], Zheng Z. Disturbance-
observer-based fixed-time second-order
sliding mode control of an air-breathing
hypersonic vehicle with actuator faults.
Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of
Aerospace Engineering. 2018;232(2):
344-361

[13] Ma ], Li P, Zheng Z. Disturbance
observer based dynamic surface flight
control for an uncertain aircraft.
Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of
Aerospace Engineering. 2018;232(4):
729-744

[14] Su X, Chen CP, Liu Z. Adaptive
fuzzy control for uncertain nonlinear
systems subject to full state constraints

and actuator faults. Information
Sciences. 2021;581:553-566

[15] Abbasi SMM, Jalali A. Fuzzy tracking
control of fuzzy linear dynamical
systems. ISA Transactions. 2020;97:
102-115

[16] Luan T, Sun M, Hu Z, Fu Q,

Wang H. A novel TS fuzzy robust
control for part transportation of aircraft
carrier considering transportation time
and stochastic demand. Aerospace
Science and Technology. 2021;119:
107096



Performance Improvement for Fighter Aircraft Using Fuzzy Switching LQI Controller
DOI: http://dx.doi.ovg/10.5772/intechopen.107032

[17] Yahui W, Yitao L, Yuhuan L, Ying N,
Li L, Zhengrong L, et al. Adaptive fuzzy
control for input restriction airbreathing
hypersonic vehicle. Journal of Physics:
Conference Series. 2021;1738:012084

[18] Forssell L, Nilsson U. ADMIRE the
aero-data model in a research
environment version 4.0, model
description. Technical report FOI-R-
1624-SE FOI. 2005

[19] Sidoryuk ME, Goman MG,
Kendrick S, Walker D], Perfect P. An
LPV control law design and evaluation
for the ADMIRE model. In: Nonlinear
Analysis and Synthesis Techniques for
Aircraft Control. Berlin, Heidelberg:
Springer; 2007. pp. 197-229

[20] Simon D. Fighter Aircraft Maneuver
Limiting Using MPC: Theory and
Application. Linképing: Linkoping
University Electronic Press; 2017. p. 17

17



