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A comparative Study of Control Techniques for
Tracking Aircraft Pitch Angle

Jawad Ali'", Nadir Mehmood?®

“engr.jawadmarwat@gmail.com
2Department of Electrical Engineering, CUST, Islamabad, Pakistan

Abstract Control of high-performance low-cost unmanned air vehicles involves the problem of
incomplete measurements and imperfections in models which leads to challenging control design
frameworks. Aircraft pitch control is fundamental to improve the performance of unmanned
aerial vehicles. This paper is aimed to present a comparative study of the control techniques
involved to track the aircraft pitch angle. The aircraft pitch control system is designed for Linear
model and the effect of various parameters is studied based on the overall performance of
various controllers in Flight control system (FCS). In order to reach our objective, four different
prevalent control techniques are presented in this work which includes the Proportional Integral
(PI) Control technique, Linear Quadratic regulator (LQR) control technique, Input Output
Feedback linearization (IOFL) control technique and Sliding Mode Control (SMC) technique are
analyzed to track an aircraft pitch angle. The performance of aforementioned controllers are
investigated and analyzed based on tracking response in order to identify the best control
strategy for aircraft pitch angle. The simulation results are carried out in Matlab/Simulink
environment by using the system’s linearized model. The outcome of this work suggests that
sliding mode control technique provides high precision regarding tracking of pitch angle and
leads the performance contest by providing fast dynamic response and achieve the steady state
quickly with zero steady state error.

Keywords: Input output feedback linearization technique, Linear quadratic regulator,
Overshoot, Proportional integral control, Rise time, Settling time, Sliding mode control,
Variable structure control.

I. INTRODUCTION

An aircraft dynamical system contains certain nonlinearities and constraints which include
maximum possible load factor, surface deflections and angle of attack. By considering such
limitations, the design of aircraft control system is becoming a popular and increasingly
important subject due to ever increased complexity and demand for high performance. The
design of Flight controller for a piloted aircraft has become more complex over a past few years.
PID control being a simplest control technique, is considered one of the most important closed
loop controller that is used in all most every industrial application [1][2].
The simplest design structure, high transient and steady state control performance makes it an
attractive choice for the vendors to make and advantage. However, this control technique comes
up with a limitation where it requires tuning of the closed loop control gains when a disturbance
is introduced in the system. As PID gains remain constant throughout the process, the need for
optimally tuned gains puts a limitation for the use of PID control which makes them unable to
control system parameters with zero steady state error in the presence of disturbance.

-11 -
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In 2000, a mathematical model was presented in order to develop an automatic control technique
that controls the aircraft landing by using fuzzy logic control [3]. Initially, the presented model
was non-linear, however later it was developed as linearized model that enabled to implement
the linear control mechanism. Afterwards, a mathematical model for aircraft motion had been
developed which described the aircraft motion but its major limitation involved the assumption
which include certain constraints over the range of aircraft motion.

By the end of 2011, another mathematical model was presented that described the translational
and rotational aircraft motion in 3D space by considering the dynamics of missile and aircraft
system [4]. The mathematical model of an aircraft system presents highly nonlinear and
complicated dynamics mainly including a set of six coupled dynamic equations. Based on certain
assumptions, the nonlinear dynamic model is decoupled and linearized into various lateral and
longitudinal equations. Furthermore, an aircraft control techniques can be divided into two
groups which include 1) lateral control and ii) longitudinal control [4]. Where pitch angle control
problem is a longitudinal control technique and roll and yaw control presents the lateral control
of an aircraft system.

An aircraft pitch angle is defined as a rotation of aircraft along the lateral axis. It can be
mathematically calculated as the angle of direction of speed in vertical plane where the elevator
of aircraft act as an actuator where it is used to control the aircraft pitch angle. The linearized
model of an aircraft basically exhibits three state variables.

Being longitudinal control, the aircraft pitch angle linearized model is considered to develop the
control techniques for the tracking of aircraft pitch angle. Pitch angle control has remained an
attractive research topic over past few decades where many researchers tried to design different
control algorithms in order to develop the pitch, roll and yaw angle control of an aircraft system.
These control parameters deliberately allow us to stabilize the closed loop control of aircraft
pitch model. The control of these parameters is a significant and challenging topic for present
and future research [5][6][7].

As PID control is most simple technique that can be used for the control of aircraft Pitch,
however it is quite sensitive towards disturbances and parametric uncertainties which puts a limit
towards its wide spread use. The LQR control technique provides poor control performance
when used in practical scenario in the presence of disturbances. The performance of adaptive
control is also greatly affected when large variations are introduced in plant dynamics.

Sliding mode control is a non-linear control technique which does not depend on parametric
uncertainties and provides fast and robust performance even in the presence of large disturbances
and variations in system models [8]. Therefore this paper uses SMC to obtain the results with
desired dynamic and steady state responses.

This paper uses simulation of the aircraft linearized pitch model with PI control, LQR and IOFL
in Matlab/Simulink environment. Whereas the design of the control law for SMC and
simulations of the model in MATLAB are done by using Matlab’s S-function tool. Sliding Mode
Control technique is a nonlinear control technique which is suitable for systems with nonlinear
dynamics where parameters of the system continue to vary due to uncertainties. SMC is observed
to give a better control performance than PI, LQR, IOFL.

The paper structure is organized as follows; Section II presents a model of aircraft pitch control
system whereas section III provides its open loop step response. Section IV is dedicated towards

_12_



Global Conference on Engineering Research (GLOBCER'21) 02-05 June 2021

the discussion of proposed control schemes. The results are provided to verify the control
techniques in section V and finally the conclusion is presented in section VI.

II. AIRCRAFT PITCH CONTROL MODELING

Under this section, the mathematical model for pitch control of an aircraft is developed. In order
to avoid the complexity in analysis we made certain assumptions, based on these assumptions the
linearized longitudinal model is obtained [9]. The Fig. 1 (b) shows the general overview of the
aircraft pitch angle whereas Fig. 1 (a) represent the aircraft pitch angle control in two
dimensional plane. Pitch angle is angle between horizontal axis and vertical axis of the plane.
For the sake of simplicity, the basic assumption involves that the aircraft speed, altitude and
velocity are constant. Thus all the forces acting on aircraft are balancing each other along
horizontal and vertical axis therefore the speed of pitch angle is not changed and remains
constant. The equations governing the motion of an aircraft are a very complicated set of six
nonlinear coupled differential equations. However, under certain assumptions they can be
decoupled and linearized into longitudinal and lateral equations. The linearized model of an
aircraft longitudinal motion is presented in (1).

@ = —0.313a + 56.7q + 0.0320
g = —0.0139a — 0.426q + 0.0203¢ (1)
6 = 56.7q

a = Angle of attack

o = Elevator de f lection angle
q = Pitch rate

0 = Pitch angle

In above dynamics a is input and 8 is output of the system. The transfer function can be written
as expressed by (2) [10], [11] and [12].

0(s) _ 1.1515+0.1774
a(s)  $3+0.73952+0.921s

)

_13_
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pitch

horizontal axis

Fig. 1. Pitch Control System (a) Detailed view of aircraft pitch angle in two dimension (b) overall view of
aircraft pitch angle

III. OPEN LOOP RESPONSE OF AN AIRCRAFT PITCH ANGLE CONTROL

In this section the open loop response of the system is obtained, where the system output has no
influence on control input of the system. Without having the knowledge of the system output,
open loop response can be used to predict the stability of the entire system model. Therefore the
unit step input is used for the aircraft system to analyze the open loop stability of the system. It
can be seen from Fig. 2 that the pitch angle is neither decreasing nor attaining a constant value,
in fact it is following an open loop step response with unstable and ever increasing behavior.

_14_
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Pitch angle

Pitch angle (radian)

0 5 10 15 20 25 30
Time(sec)
Fig. 2.0pen loop step response of an aircraft pitch angle control

IV. CONTROL TECHNIQUES

In this section we have described four basic control techniques in detail, which include PI
control, LQR control, IOFL control and SMC control technique for the tracking of the aircraft
pitch angle. The results are evaluated, on the basis of results the most suitable control technique
is investigated among all previously discussed control techniques which can provide fast and
stable steady state and dynamic responses.

A. Proportional Integral (PI) Control

The PI control is the most simple and basic control that is used for the control of models with
linear dynamics. These attributes make it an attractive choice for vendors to utilize it in almost
every industrial and commercial application [13]. The desired performance of the PI controller
can be achieved by proper controller proportional K, and integral K; gains [14]. The variations in
the parameter values due to disturbances and uncertainties cause the variation in output response.
The mathematical expression of a PI control is written in (3).

K.
Us) = (K, + ) E(s) (3)
K}, and K; are the gains of the proportional part and integral part of the PI controller respectively.

The tuning of gains in PI controller enables to achieve the optimal values of proportional and
integral gains in order to achieve the desired closed loop response. The values of proportional
and integral gains are tuned optimally by using the Matlab/Simulink design tool. Therefore the
best possible response is achieved for the tracking of pitch angle tracking.
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B. LQR Control

The LQR technique is modern control technique in control system research and widely used in
literature [15][16][17]. Its design structure involves the investigation of optimal control by
minimizing the cost function;

1
] = Ef(xTQx + uTRu)dt (4)
Where Q> and R> are positive semi definite matrices, the control law can be defined as;
u = —kx Q)
For reference tracking problem;
u=—k(x—x4) (6)

u=—RIBTW(x — x,)

Where W is positive definite matrix, calculate W using riccati equation;

ATW + WA —-WBR™IBTW +Q =0 (7)
The weighted matrices can be written as;
qgq - O r - 0
Q=|: - : R=|: - :
0 And,wn 0 Tdpxn
Weight-age matrices used in LQR control are presented as follows;
100 O 0
Q=10 200 0
0 0 300
R =[1]

C. Input Output Feedback Linearization (IOFL)

In this section the proposed model of aircraft pitch angle is controlled by using input output
feedback linearization technique. In this scheme the controller takes information from the states
and generates the control signal by using the state information. As this technique provides an
explicit relationship between input control signal and output control signal therefore it
differentiates the output until control input occurs to obtain the relationship between input and
output. If y is the output than the system states are expressed as following;

0

0

y
y
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y = 56.7q
y=20 )
¥ =56.7q

y = —788a — 24.15q + 1.150

The set of equations presented by (8) shows the state feed-back model of aircraft pitch angle
where ¥ is an equivalent of o which is the output of the system, the system has degree three and
whereas the relative degree of the system is two.

y=f+bo ©)
Here f = —0.7880 — 24.15q and b = 1.15,
Define 0 = %(—f + v).

So;
y=v (10)
Herev = —k,€é — k,e,
Definee = ref — 6 andé = —0
So finally the control input becomes:
6 ==(—f+v) (11)

D. Sliding Mode Control (SMC)

1) Sliding Surface: SMC is the robust and powerful technique for the systems with
nonlinearities and parametric uncertainties [18]. It is often used in the worst for example; in
the presence of the bounded disturbances, it tackles parametric variations with in both
bounds i.e. upper bound and lower bound. The precise dynamics of the model and the
controller can be easily used to get implemented in order to achieve the optimal performance
of pitch angle tracking and system stability even without having the knowledge of exact
system parameters. For pitch angle tracking we define an error surface, our goal is to achieve
the zero tracking error so that the pitch angle tracks the reference input reference command.
The sliding surface is designed as follows;

s=ce+é+ [edt (12)

2) Control Input: The aircraft pitch angle model is a system with third degree and it is also in
non regular form. Our control objective is to design the pitch angle tracking system using the
sliding mode control. Pitch angle is taken as output and by using the above mentioned
control law, the SMC technique based on Output Feedback Linearization law can be written
as follows;

o= %(—f + v) + Msign(s) + ks (13)

The sign function is a discontinuous function and it is described as follows;
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M forn>0
sign(s) =5 0 for n=20
—-M for n<0

3) Internal Dynamics: The stability of internal dynamics is very important for the stability of
entire system [19]. The aircraft pitch angle control system has relative degree of order 2
employing one zero in its the transfer function in left half plane, so the internal dynamics
is stable.

4) Variable structure control (VSC): Sliding mode control is also known as variable
structure control. In practical scenario, the perfect uncertainties rejection and reference
command tracking is required therefore SMC technique becomes the appropriate choice
to achieve the fast and stable system response. Variable Structure Control is type of a
nonlinear and discontinuous feedback control where the control input switches rapidly
between two states and alter its state with very high switching frequency as the states
cross the discontinuous surface.

V. IMPLEMENTATION AND RESULTS

This section is dedicated towards the implementation of all the foregoing control techniques on
the pitch angle aircraft model expressed in (1) that we have discussed in the previous sections.
The subsequent section provides the simulation results with PI control, LQR control, IOFL
control and then finally SMC control. All the results are discussed in detail with their dynamic
and steady state responses in their respective sections.

A. PI controller: Fig. 3 shows the simulation results using PI controller, pitch angle track the
reference input command with the time delay of 22 seconds, the response is damped
however renders high overshoots. High overshoots are not desirous in practical situations
and the system may wear and tear out due to successive overshoots. Fig. 3 (a) shows the
reference step following whereas Fig. 3 (b) shows the steady state error offered by PI
controller.

B. LQR: Fig. 4 shows the simulation results of aircraft pitch angle control model by using
LQR control technique. The pitch angle is tracked according to the reference command
input with the maximum time delay of 13 seconds. LQR technique provides better
dynamic response then PI with no overshoots. Fig. 4 (a) shows pitch angle reference
command tracking whereas Fig. 4 (b) shows the steady state error encountered with
respective control technique.

C. Input Output Feedback Linearization (IOFL): Fig. 5 shows the simulation results using
IOFL controller, pitch angle tracks the reference input with the maximum time delay of
6seconds. From Fig. 5 (a), it can be seen the response of pitch angle control with IOFL is
better than PI and LQR control techniques. It provides well damped, smooth response
with no overshoots and peaks which is highly desirous. But as we want fast dynamic
response it is faster than PI and LQR as well. Fig. 5 (b) shows the steady state error with
IOFL control technique.
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D. Sliding Mode Control: Fig. 6 shows the simulation results using SMC control technique,
pitch angle tracks the reference input with the maximum time delay of 3 seconds. Fig. 6
(a) shows the aircraft pitch angle reference command tracking by using sliding mode
control whereas Fig. 6 shows the steady state error encompassed during the tracking of
pitch angle by SMC. The results show that SMC provides well damped, smooth and fast
dynamic response with no overshoots and stable steady state performance. SMC
performs better than all of the foregoing presented control techniques in this section.

Fig. 7 shows comparison of all the techniques that are developed and implemented to control the
aircraft pitch angle. It can be analyzed that PI being the simplest and old control technique
provides the poor control as compared to LQR, IOFL and SMC.

LQR performs better than PI but its performance is limited because it offers more time delay as
compared to IOFL technique while tracking the reference command. IOFL technique provides
better dynamic response than PI and LQR control system however the time lag it offers in
tracking the reference command is still high.

Sliding Mode Control gives best performance in comparison to that of PI, LQR and IOFL
techniques. The dynamic response is well damped with least time delay. The system incorporates
smooth and overshoots free reference command tracking. This result shows that SMC provides
fast dynamics along with highly stable closed loop system with zero steady sate error.

Table. I presents the comparative analysis of the dynamic response of aircraft pitch angle control
with PI, LQR, IOFL and SMC technique and provides evident results that SMC is a better
control technique which renders fast and stable dynamic response.

VI. CONCLUSION

This paper presented the development and investigation of pitch control system using PI, LQR,
IOFL and SMC. Pitch control system of an aircraft is a system that requires a controller to
maintain angles at the desired angle value. The developed control schemes have been
implemented within Matlab/Simulink environment where the performance is evaluated on the
basis of time domain specifications. Based on the simulation outcomes, this work provides
evident results which support SMC being a fast dynamical control technique as compared to all
of the prevalent and previously existing control techniques including PI, LQR and IOFL.
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Fig. 3.Pitch angle control using Proportional Integral (PI) Controller, (a) Pitch angle tracking, (b) Tracking
error.
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Fig. 4.Pitch angle control using Linear Quadratic Regulator (LQR) Controller, (a) Pitch angle tracking, (b)
Tracking error.
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Fig. 5.Pitch angle control using Input Output Feedback Linearization (IOFL) Controller, (a) Pitch angle tracking,
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Fig. 7.0pen loop step response of an aircraft pitch angle control

TABLE1
COMPARISON OF PROPOSED CONTROLLERS FOR AIRCRAFT PITCH CONTROL USING LINEAR
MODEL
Comparison of Proposed Strategies
Parameters Controllers
PI LQR IOFL SMC
1 Settling Time 21 seconds 18 seconds 7 seconds 3 seconds
2 Rise Time 3.5 seconds 9 seconds 5 seconds 2 seconds
3 Steady State 0 0 0 0
Error
TABLE II
THE PARAMETERS OF SMC, LQR, IOFL, PI
Controller Parameters
Parameters Values
PI LQR IOFL SMC
1 SMC k; =5 k, =4 M=5 k=1
2 LQR k; =9 k, =575 k; =55
3 IOFL k; =5 k, =2
4 PI k,=3 k;=0.5
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Abstract: Protecting and maintaining water distributions systems is crucial to ensuring high
quality drinking water. Distribution systems consisting of pipes, pumps, valves, storage tanks,
reservoirs, meters, fittings, and other hydraulic appurtenances.

The main problem in the operation of water distribution systems is the pressure deficit resulting
from events such as losses due to leaks and explosions and the loss of hydraulic capacity due to
the deterioration of ageing water pipes. This article examines the hydraulic behavior and water
quality of a selected water distribution network in the new city of Guelma by using EPANET
software. The EPANET modeling software, developed by the US Environmental Protection
Agency, enables the hydraulic and quality behavior of a water distribution network to be
simulated on the basis of its parameters

The system was simulated under a variety of hydraulic conditions, including a loss of hydraulic
capacity with the age of the pipes and the presence of 50% of the leaks in the network under
varying time conditions using extended period simulation models. The results show that the
increase in pipe roughness with age resulted in a decrease in pressure at the end of the system,
particularly during peak hours. It also led to an increase in the rate of chlorine decomposition.
Leaks in the system significantly affect the pressure, resulting in a pressure deficit at certain
points in the system.

In this study, the following conclusions can be drawn:

-The increase in pipe roughness with the age of the pipes led to a significant decrease in pressure
loads at the end of the network during peak hours. As the population grows and per capita water
demand increases, the likelihood of low water pressure in water supply systems will increase.

-A leak in the network leads to a waste of water and energy. The presence of a 50% leakage rate
has led to a lack of pressure at some points in the network.

-The distribution of chlorine concentration in the network is affected by hydraulic conditions.
Increased pipe roughness due to aging of the pipes has resulted in an increase in the rate of
chlorine degradation.

Keywords: Simulation, Hydraulic performance, Leakage, Water distribution network,
Water quality.
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I. INTRODUCTION

Water distribution systems provide adequate water needs for a variety of uses, including
domestic, commercial and industrial. They must meet the demands at each node at all times and
at a sufficient pressure head. However, the main challenge in the operation of water distribution
systems today is pressure shortages resulting from events such as leakage and burst pipes, as
well as the loss of hydraulic capacity due to the deterioration of aging water mains. These
conditions affect the hydraulic performance of the system and water quality. Thus, it is necessary
to consider the effect of these conditions on the hydraulic performance and water quality in these
water distribution systems.

1.1. Leaks in water distribution systems

Leaks in water distribution systems are a well-documented problem that affects both customers
and suppliers. According to the World Bank [1], the "real losses" from these systems globally
amount to more than 32 billion m3 of treated water per year - an estimated global average of
20%. In Algeria, the leakage rate of water systems is estimated at about 50% of the water
supplied [2].

Existing models attempt to model leakage from water distribution systems using the Orifice
Flow Equation (Eq. 1), which suggests that leakage is proportional to the square root of the
pressure head in the pipe.

q = CqAoy/2gh (1)

Here, q is the flow rate, Cd is the discharge coefficient, Ao is the orifice area (leakage area), g is
the gravitational acceleration and h is the pressure head. In practice, a more general leakage Eq
(2) is used [3].

q=Ch" 2

Where C and N1 are the leakage coefficient and the leakage exponent, respectively.

However, field and experimental studies [4, 5] show that leakage rates may be much more
sensitive to the pressure head of the pipe than the orifice flow equation suggests (i.e., leakage
exponent with a theoretical orifice value of 0.5). Leakage differs with pressure in response to a
power exponent value between 0.36 and 2.95, indicating that leakage in water distribution
systems is strongly affected by pressure [4].

1.2. Loss of hydraulic capacity with the age of the pipes

A number of research studies have examined the impacts of aging pipes on water transmission
[6, 7]. Colebrook and White examined the issue of changes in pipe roughness over time and
found that the accumulation of material on the inside wall of the pipe increased pipe roughness
and reduced pipe diameter. The effect of aging infrastructure is shown in the Hazen-Williams
CHW coefficients (Table 1). These data indicate that the load carrying capacity of a 30 year old
pipe is approximately 60% of the capacity of a new pipe.
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TABLE I
CHANGE OF FRICTION COEFFICIENTS OVER TIME FOR CAST IRON PIPES [8].
Age Va