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ABSTRACT

This paper develops a three-dimensional guidance and control algorithm to ensure that a
manoeuverable target is preserved by a quadrotor in a long-term tracking scenario. The pro-
posed guidance approach determines the desired altitude of the quadrotor to adjust the field
of view (FOV) to the union of two desired trusted and critical regions. The dimensions of the
desired trusted region depend on the controller performance that is evaluated by the distance
of the target from the center of the FOV. The critical region is a predefined margin around
the trusted region that is defined by the operator based on the upper bounds of the quadrotor
and target localisation errors. It also depends on the duration and magnitude of the temporal
increase in the target velocity compared to the quadrotor velocity. A sufficient condition is
provided for the minimum desired altitude of the quadrotor to ensure that the target is main-
tained in the FOV. Furthermore, a model predictive control (MPC) is employed to preserve
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the target at the center of the aerial image and the desired altitude determined by the guidance
law. Also, the integrals of the position errors are used to achieve null steady-state errors in the
presence of wind disturbances. The simulation results show the effectiveness of the proposed
approach in preserving the manoeuverable target in the FOV in the presence of the wind,
the uncertainty of the target and quadrotor localisation, accelerations estimation errors, and
terrain altitude variation.

Keywords: Quadrotor; 3D guidance and control law; Ground moving target tracking; Model
predictive control (MPC)

NOMENCLATURE

GMT Ground Moving Target

UAV Unmanned Aerial Vehicle

MPC Model Predictive Control

Fov Field of View

LOR Linear Quadratic Programing

uGgv Unmanned Ground Vehicle

b,0, ¢ Rotational Variables of Quadrotor

ag, A, Ay Rotational Acceleration of Quadrotor

Wy, Wo, Wy Rotational Disturbance

X,V z Actual Translational Variables of Quadrotor
X, 9,z Measured Translational Variables of Quadrotor
Wy, Wy, W, Translational Disturbance

ay, ay, a: Translational Acceleration of Quadrotor

Ximts Yt Zmt Actual Translational Variables of Moving Target
Xt Vimt> Zmt Measured Translational Variables of Moving Target
al',ay,alt Translational Acceleration of Moving Target
ex, e, e: Target Tracking Errors

n Rotational state vector

T, Sampling Time of Control Loop

& Translational state vector

T Sampling Time of Guidance Loop

By, B,,B. Body-fixed Coordinate

E.E,E. Earth-fixed Coordinate

T,i=1,...,4 Thrust Forces

Ly Ly, I Moment of Inertia of the Quadrotor

m Quadrotor’s Mass

/ Length of Quadrotor’s Arm

g Gravitational Acceleration

vi,i=1,...,4 Normalised Input Voltage of each Motor
Lioy Actual Length of Field of View

Lroy Length of Truncated Field of View
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L¢ Length of Critical Region
Lrg Length of Trusted Region
Zp Altitude’s Reference of Quadrotor

uav uav uav
8, 854, 82

mt smt Smt
8, 85, 87

Measuring Fault of Quadrotor’s Position
Measuring Fault of Target’s Position

Ax, Ay, A Maximum Measuring Fault of Position
€ Constant Adjustable Parameter

P, Prediction Horizon

N, Control Horizon

Ju Cost Function

Eq, Input Vector of Cost Function

Ye, Output Vector of Cost Function

R, Penalty Factor of Inputs

Oy Penalty Factor of Outputs

1.0 INTRODUCTION

Tracking of ground moving targets (GMT) by unmanned aerial vehicles (UAVs) has a lot of
military and commercial applications in aerial surveillance, traffic monitoring, border patrols,
unmanned aerial/ground vehicles formation control, etc. The guidance and control of the
UAVs to track a GMT has been investigated in several studies!!~). The complications of the
target tracking are due to deceptive manoeuvering of targets, limitations of real-time data
processing, target localisation error, terrain altitude variation, and departure of the target from
the FOV.

Gomes et al.") proposed a UAV stabilisation strategy based on computer vision and switch-
ing controllers for GMT tracking. A visual servo controller is designed to keep multiple
targets in the FOV of a mobile camera by Gans et al.?). Zhu et al.®) proposed a saturated
heading rate controller based on a guidance vector field to guarantee the global convergence
of the UAV to a desired circular trajectory around the target. The geo-pointing control system
is presented by Kim et al.. This paper has discussed three main topics including estimat-
ing coordinates, tracking the stationary target, and flying automatically around the target. In
another research, a vision system on a quadrotor is used to observe and track a visual target
over a ground vehicle®. In the leader-follower formation control strategy, a combination of
sliding mode control (SMC) and linear quadratic regulator (LQR) as the UAV local controller,
and a pure-pursuit strategy as the unmanned ground vehicle (UGV) guidance law are used
during takeoff, tracking and landing phases®. Engelhardt et al.”) employed a flatness-based
approach to obtain linear input-output dynamics as well as feasible reference trajectories using
a MPC in which the operator commands are translated to the camera motions. Tan et al.®)
developed control and guidance laws for a quadrotor to track manoeuverable ground targets.
In this reference, an optimal switching strategy is proposed, which is based on the analytic
solutions of the proportional navigation and proportional derivative methods. Prevost et al.*)
proposed a two-level hierarchical approach for GMT tracking by a fixed wing UAV using
MPC theory. Chen et al.!'? formulated the GMT tracking in cluttered environments using a
quadrotor as an optimisation problem. In this approach, collision avoidance and dynamical
feasibility are modeled as linear inequality constraints, which are considered in trajectory
generation by the quadratic programming method. Kim et al.') proposed a nonlinear MPC
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framework for coordinated target tracking by a pair of unmanned aerial vehicles. The pro-
posed controller is decentralised in which each UAV optimises its trajectory based on the
prediction of the vehicles and target states. Oh et al.'?) proposed a guidance law for standoff
target tracking based on the differential geometry between the UAV and the target to pro-
vide rigorous stability, explicit use of the target velocity, and tuning parameter reduction.
Liu et al.!3 proposed an on-board vision-based system for tracking arbitrary 3D objects
moving at unknown velocities by utilising a 3-axis gimbaled system. Moreover, a Kernelised
Correlation Filter (KCF) tracker is used in that paper to detect and localise the target of inter-
est from images acquired by the gimbaled camera, and proportional navigation (PN) guidance
law is proposed as the tracking strategy. Yang et al.() addressed the problem of real-time
object tracking for unmanned aerial vehicles via transforming the large-scale least-squares
problem in the spatial domain to a series of small-scale least-squares problems with con-
straints in the Fourier domain using the correlation filter technique. Dong et al.!>) proposed a
flight controller for a UAV to loiter over a GMT by designing a discrete-time integral sliding
mode controller using an integral sliding surface. Liang et al.!'® studied the UAV/UGV col-
laborative tracking task as a heterogeneous system. In this paper, the deviation between the
center of the ground vehicle and the center of the aerial image is used by the UAV as an error
signal in a simple PID target tracker. Esposito et al.!” proposed a vision-based system to
autonomously detect and track an evader UAV with a moving camera. The proposed frame-
work is based on a detection stage that exploits a Faster Region-based Convolution Neural
Network to detect the region of interest associated with the UAVs position in the image plane.

Among the published research, few works have considered the models uncertainties in
designing the guidance and control system!3-22). Also, most of the strategies presented
in the relevant literature haven’t paid enough attention to the important requirements of
the GMT tracking, such as terrain altitude variation, practical considerations include the
UAV’s dynamic constraints and the saturation of the actuators, the uncertainty of the tar-
get localisation, real-time implementation requirements, and the target temporal exit from the
UAVs FOV.

Due to the uncertainty of the target localisation, the relative dynamics between the quadro-
tor and the target, and the multivariate nature of the problem, the MPC methodology is used to
maintain the target at the center of the aerial images and reference altitude. Also, an altitude
guidance law is employed to adjust the quadrotor FOV to the union of the desired trusted and
critical regions. The dimensions of the desired trusted region are selected to be proportional
to the non-compensated distance of the target from the center of the FOV. The critical region
is a predefined margin around the trusted region, which is defined by an operator based on
the upper bounds of the measurement errors of the quadrotor and the target positions. Also, it
depends on the duration and the amount of increase in the target speed relative to the quadro-
tor speed. This three-dimensional guidance and control algorithm also can overcome changes
in ground elevation, which causes the temporal exit of the target from the FOV.

The main contribution of this paper can be summarised as developing a three-dimensional
guidance and control algorithm using the capability of adjusting the altitude of the quadrotor
for preserving the manoeuverable target in the FOV, in the presence of wind, target localisa-
tion errors, and terrain altitude variation. The proposed approach finds the minimum altitude
which preserves the target in the FOV in all circumstances. In other words, the proposed
approach finds a balance between increasing the altitude, which is relevant for preserving the
target in the FOV, and decreasing the altitude, which decreases the payload requirements.

The rest of the paper is organised as follows. The quadrotor nonlinear dynamics is rep-
resented briefly in Section 2. The proposed problem formulation and overall solution are
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discussed in Section 3. Section 4 is dedicated to the proposed MPC-based guidance and con-
trol law. A comprehensive simulation is performed in Section 5. Finally, conclusion and future
works are presented.

2.0 QUADROTOR NONLINEAR DYNAMICS

It is assumed that the quadrotor has a rigid body and symmetrical structure. Also, the pro-
pellers of the motors are considered rigid which means that the flapping effects of propellers
are negligible. Furthermore, the origin of the body-fixed frame coincides with the center
of the gravity of the quadrotor and the thrust forces are proportional to the input voltage
of the actuators. Two coordinate systems have been utilised including the body-fixed frame
B =By, B,, B3] and the Earth-fixed frame as illustrated in Fig. 1. The dynamic model of the
quadrotor, which is used in the current paper, is presented in detail in Ref. (23). This dynamic
model is explained briefly in the following.

By employing the Euler-Lagrange equation, the nonlinear dynamic model is derived in
the general form of X =F(X,U)+ W, in which X e R'2, U € R* and W € R'? are states,
inputs, and aerodynamic disturbances, respectively®®). The state vector consists of the quadro-
tor mass center position and the corresponding linear velocities of the quadrotor, i.e. £ =
[z, z, x, X, y, ], which is expressed in the Earth-fixed frame and the system attitude state vector,
which is shown as n = [¢, ¢, 0, 0, ¥, ¥r].

According to the nature of the quadrotor dynamic model, it is usual to consider two separate
subsystems, named rotational and translational subsystems containing & and n variables as it
is mentioned by Bouabdallah et al.®>. It should be noted that this consideration remains
admissible for the relatively slow translational velocities.

Based on these descriptions, the state space representation of the rotational subsystem
dynamic model is as follows®®.

Zz ainens + bi(T3 — Th) We
4 0
7?4 - aznen2 +71772(T4 - 1) * W -
7‘75 Ui 0
73)6 Lasnam +03(Tu+To — T3 —T1)]  Lwy |

Also, the state space representation of the translational subsystem dynamic model is shown

in Equation(2).

?).-'1 B & N m 0

& —g+cosn cosny Yi, Ti/m w;

& & 0

| = . N + @
&4 (cos¢sinB cosy +singsiny) Y ., Ii/m Wy

& &6 0

£ | (cos ¢ sin @ siny — sin ¢ cos ) Z?:l Ti/m| LWy
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Table 1
Quadrotor model parameters*)
Parameters Description
I Moment of inertia of the quadrotor around the E, axis
I, Moment of inertia of the quadrotor around the E,, axis
1. Moment of inertia of the quadrotor around the E), axis

Quadrotor mass
Quadrotor arm length
Thrust coefficient
Gravitational acceleration

R o3

Figure 1. Body and earth coordinate systems used for quadrotor dynamic modeling.
The parameters used in the above equations are described in Table 1. Other parameters used
for simplification in equations presentation are defined as follows.

ay = (]yy — 1)/, a0 =(I: — ]xx)/lyy
as = (Ixx - Iyy)/IZZ’ bl = la/IXXa b2 = la/lyy
by=1/L..

To apply the practical consideration, thrust forces are modeled as the following form.
Ti=kv;; withO<v;<landi=1,2,3,4 ...(3)
Also, the duty cycle of the actuators are considered using (4).
D; = (hovi + h1)/Tpm;  fori=1,2,3,4 RG]

In Equation (3), v; is normalised input voltage that corresponds to ith motor, which is typically
in the range of zero to one, T}, is the duty cycle period, 4o and 4, are parameters relate to
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the dead zone and the saturation limit of the actuators, and k; is motor parameter obtained by
a simple linear identification.

Substituting Equation (3) in Equations (2) and (1) yields the dynamic model of the system
in the following form.

EN s m T 07
U ainens + bikiug We
’:]3 N4 0
.| = + ...(5
N4 anen2 + bakoug Wo
’:]5 N6 0
_’76_ Lasnam + bsksuy | [ wy
_él_ B 52 7 B 0 7]
& —g + ky cos 1y cos n3u./m W,
é3 %‘4 0
.| = + ...(6)
&4 kiuyu,/m Wy
&s &6 0
é6 L ky ”yuz/m . LWy
in which
U, = C0S ¢ sin 0 cos Y + sin ¢ sin Y
U, = c0S ¢ sin f sin Y — sin ¢ cos ¥ ... (7)

4
U = Zi:l v;/m

uy, and u,, are considered as virtual inputs while u, and ug, ug, 1y are real inputs that corre-
spond to the total thrust and the attitude of the quadrotor. The real inputs of the system are
defined by the following equations.

vy Ug -1 0 I 0
%] :T71 Up : 7= 0 —1 0 1
U3 Uy, -1 1 -1 1
V4 Uy 1 1 1 1

It should be mentioned that the orientations of the quadrotor are restricted as follows.

—r/4 1) /4
/4| < |0 |<|m/4

-7 U b4
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The dynamic model of the ground moving target is considered as follows, which corre-
sponds to the accelerated three-dimensional motion of the target on the ground

B i oA
m
. 2 0
2mt mt
0 a’
< mt
mt
A I e 0 ®)
mt mt to
4 0 ay
< mt mt
5 6 0
& mt mt
. L 0 | L 4" |

: . . . . .
in which, §™ = [z, Zit, Ximt> Ximt> Vit Yme]-

3.0 PROBLEM FORMULATION

As mentioned earlier, the possible altitude variation of the quadrotor can be used to pre-
vent GMT loss. This section presents a guidance law and a sufficient condition to adjust the
minimum quadrotor altitude for preserving the target in the FOV in long-term tracking. For
this purpose, the FOV of the quadrotor is divided into two critical and trusted regions. The
dimensions of the trusted region depend on the controller performance that is evaluated by the
distance of the quadrotor from the target. The critical region is a predefined margin defined
by an operator to prevent target loss in situations in which the target speed is temporally faster
than the quadrotor speed. Also, it depends on the upper bounds of the quadrotor navigation
errors and the target localisation errors. The proposed guidance law generates the minimum
desired altitude of the quadrotor to adjust the FOV of the quadrotor to the union of the trusted
and the critical regions.

Let P and P be considered as the real and the estimated position vector, respectively. mf and
uav subscriptions are used through the paper to indicate the moving target and the unmanned
aerial vehicle.

Puav == [x y Z] :Pmt == [xmt Ymt th] 5

A A

Py = [5% )A) 2] s Pt = [J%mt )A}mt 2mt]

Definition 1. By considering z. as the desired altitude reference; e;, e, and e, i.e. the
estimated tracking errors, are defined by the following equations.

e.=z—z
ex=5%—)%mt (9)
€y =Y —Vm

The uncertainty of the position measurements, which are denoted by §** and 8/ for the
quadrotor and moving target positions, respectively, are shown in Equation (10). Without loss
of generality, the upper bounds of these uncertainties are considered constant.
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Figure 2. lllustration of the parameters used in the problem formulation.

%mt = Xmt + (S;Cnt
j}mt =Vmt + (S;m
Emt =Zmt :t 8:"[
= x ok g
=y g

B=z gua,

...(10)

>

<>

As illustrated in Fig. 2, e,_, is the target tracking error in the horizontal plan and L%, is the
actual size of the smaller dimension of the field of view (FOV). To simplify the derivation and
improvement of the proposed approach, a square FOV with Lroy dimensions is defined as a
subset of the actual FOV which results the following relation;

Lrov < Loy .1

The considered square FOV is divided into critical and trusted regions. The dimensions of
these regions are shown with L¢ and L. Based on this description, it can be written;

Lroy(2) = L1r(2) + Lc ...(12)
As denoted in Equation (12), the dimensions of the critical region remain constant through an
operation, which are set by the operator. However, Lroy and Ly are functions of the altitude

of the quadrotor. In fact, Loy will be equal to the Lc when the tracking error (e, in Fig. 2)
becomes zero (13).
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Lroy(z0) = Lc- ...(13)

In Equation (13), zo is the required altitude of the quadrotor to provide a FOV with L¢
dimension.
The following assumptions are considered to develop the proposed strategy:

Assumption 1. Without loss of generality and to simplify the equations, the direction of the
camera is considered vertical to the x — y plane, which can be provided by a simple local con-
troller for the employed two axis gimbaled camera. Generally, the controller should maintain
the direction of the camera on fixed values or measure them. In this manner, the captured
aerial image should be compensated by the camera angles. The other phases of the proposed
approach are the same as following.

Assumption 2. Both angles of field of view of the camera are assumed to be larger than 45
degrees, which means L%, (k) > Z(k) — Z(k) for k> 0.

3.1 Critical region design

L is a constant value composed of € and A,_,_; as follows.
Le=e+ A3 €>0, Ay .>0 ...(14)

In the Equation (14), € is used to prevent the target loss when the target speed is temporarily
faster than the quadrotor speed. Its value is designed by the operator based on the maximum
estimated duration and the amount of difference between the quadrotor and the target speed.
Also, Ax_,_. is an upper bound for the effect of measurement errors on the horizontal plane,
which is defined by the following equation

Avy:=2%(Ac+ Ay y), ... (15)

where A is an equivalent value for the quadrotor and target al.titude measurement errors (A.)
on the horizontal plane containing the target.

Aoy = max(|8y] + 18], 18, | + 187"
A, =182 + 184

As previously mentioned about Equation (10), §“” and §™ are the upper bounds of the
quadrotor and the moving target localisation errors, respectively. i in this parameters denote
the x,y,z directions.

It should be mentioned that the average speed of the quadrotor should be bigger than
the average speed of the target in a long-term tracking scenario. The proposed algorithm
is designed to be robust to the temporary increase in the target velocity in relation to the
quadrotor velocity.

3.2 Trusted region design

Lyg 1s an ascending function of the quadrotor altitude that means increasing in the quadrotor
altitude causes the larger dimentions of L. Considering the relation between Lroy(z), and the
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critical and the trusted regions dimensions mentioned in Equation (12) and the Assumption 2,
a suitable function between Lz and the quadrotor altitude that satisfies the marginal constraint
in Equation (13) can be as follows.

o) ER) = 20(k)  Z(k) > zo(k)
LTR(Z) = 0 Else .. (16)

A sufficient condition to preserve the target in the FOV will be proven through the three
following lemmas. In the thired one, the desired altitude of the quadrotor is determined based

on the designed trusted region. Also, a sufficient condition for the loss of target during the
ususal target tracking without the FOV adjustment will be proven in the last lemma.

Lemma 1. 7o satisfy the inequality (11), it is enough to determine zy as
2o > Le + Zyy.
Proof. Substituting Equation (16) in Equation (12) takes the following form.
Lroy(z) =2(k) —zo + Lc = 2(k) — Zyws — (20 — Zme — L) ...(17)

Considering the Assumption 2 and the zy determination, which means zy — Z,,; — L¢ is not
negative, (17) can be rewritten as the following inequality.

LFOV(E) = 2(k) - th = L?TOV(k)'

Lemma 2. The real and the estimated distances between the quadrotor and the target satisfy
the following inequalities.

|x - xmt| < |ex| + Axﬂf
|y_ymt| < Iey| + Ax—y
|x - xmt| > |ex| - Axﬂf

|y _ymt| > |ey| - Axﬂf

Proof. Substituting Equation (10) in Equation (9), the following equations are obtained.

ey =X — Xy £ 840 £ 8

uav mt (18)
ey:y—ym,:tBy :i:(Sy s

Considering the definition of A,_, in the critical region design, it is straightforward to derive
the Lemma 2 from Equation (18).

Lemma 3. 4 sufficient condition to maintain the target in the FOV is defined as follows.

ek)+e>0 ;e,=z—2z ...(19)
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which is provided by
zp(k) = 2 max(ex|, ley[) + zo(k) .- (20)

Proof. To preserve the target in the field of view of the quadrotor, the following inequality
should be satisfied.

Lroy /2 > max(|x — Xpel, |V — Ymel), for k > 0 ... (21)
Applying the Lemma 2 to the inequality (21) results the following inequality.
Lroy /2 > max(|ex| + Ay, [ey] + Ax—y) .. (22)
Substituting Equations (15) and (12) in Equation (22) yields the following relation.
L1r(2)/2 + €/2 > max(|ex, |ey|) ...(23)
Defining ey, = Lyr(2) — L1r(z), Equation (23) takes the following form.
ey/2 +€/2 > max(le, ley]) — Lir(z)/2 .24

To eliminate the right side of the inequality (24), Lyr(z,) is designed using the following
form.

LTR(Zr) =2 max(lexl, |ey|)- o (25)

According to Equations (16) and (25), the desired altitude of the quadrotor to preserve the
target in the FOV is determined as follows.

zp(k) =2 max(|exl, ley|) + zo(k) )
Using Equations (16) and (26), e;,, changes to the following form.
eLp = 2(k) — zo(k) — z:(k) + zo(k) = ez(k) @27
Substituting Equations (25) and (27) in Equation (24), the Lemma 3 inequality is obtained.

Lemma 4. Considering the assumption LY., = Lroy, a sufficient condition for the loss of the
target using the usual target tracking approach without the FOV adjustment by the altitude
increasing is defined as follows.

e:(k)+€ —2min(|e, ley|) <0; e.=Z—z ... (28)
which is provided by

zr(k) = zo(k) .. (29)

https://doi.org/10.1017/aer.2021.23 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2021.23

1392 THE AERONAUTICAL JOURNAL AucusTt 2021

Proof. To lose the target from the field of view of the quadrotor, the following inequality
should be satisfied.

Lroy/2 <min(|x — Xpl, [V — Ymel),  for k > 0 ...(30)
Applying the Lemma 2 to the inequality (30), the following inequality is obtained.
Lroy /2 < min(|e| — Ax—y, ley| — Ax—y) -3
Substituting Equations (15) and (12) in Equation (31) yields the following relation.
Lir(2)/2 4+ €/2 <min(leg, le)]); €L A, ~e ...(32)
Defining e;,, = L7r(Z) — Lr(z,), Equation (32) takes the following form.
eLe/2 +€/2 <minle, le,) — Lix(z,)/2 . (33)

In the usuall approaches without the proposed strategy in the inequality (33), Lyr(z,) is
selected as follows.

LTR(ZV) =0 PN (34)

According to Equations (16) and (34), the reference altitude of the quadrotor is determined as
the follows.

zp(k) = zo(k) ...(35)
Using Equations (16) and (35), e;,, changes to the following form.
CLp = 2(k) — zo(k) — z,(k) + zo (k) = e=(k) ...(36)

Substituting Equations (34) and (36) to Equation (33), yields the inequality of
Lemma 4. (]

4.0 MPC-BASED GUIDANCE AND CONTROL

As shown in the previous section, to maintain the target in the FOV of the quadrotor, it is suf-
ficient to satisfy the inequality of (19) when designing the guidance law. Given this fact, and
without loss of generality, a feedback linearision (FL) is applied to the nonlinear model to
achieve a decoupled linear description of the system. Furthermore, the position error vec-
tor integral is added to the model to achieve null steady errors in the presence of wind
disturbances!”). The proposed MPC-based guidance and control system consist of three main
components, the quadrotor desired attitude generator, the reference x — y planar motion gen-
erator, and the desired attitude generator in a cascade structure. It should be noted that such
cascade architecture requires slower translational dynamics than rotational ones. The guid-
ance and control diagram including the non-linear system dynamic and the actuator model is
illustrated in Fig. 3.
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Figure 3. Block diagram of the MPC-based guidance and control subsystem.

4.1 Linear decoupled dynamic of the quadrotor

Initially, a linear decoupled dynamics of the quadrotor must be derived. To meet this need,
primitive nonlinear feedbacks for rotational and translational subsystems are considered in
the following forms, respectively.

uy = —(a1nane — ag)/c1
up = —(aznane — ag)/ca -..(37)
uy = —(asnans — ay)/c3
u; =m(g + a.)/(ky cos 0y cos n3)
u, = may/ku; ... (3%)
uy, = may,/kiu;

where, V =[ag, ag, ay, a., ax, a,] is the quadrotor movement acceleration vector.

Substituting Equation (37) in Equation (5) yields three decoupled identical linear dynamics
for the rotational subsystem as shown in Equation (39).

N =Aun’ —i—Bmaf7 fors=0,1,2

...(39
o (39)

where

" =I¢, 91", n' =160,01",n* = [y, ¥]"

1M=[g ﬂsm=ﬁ]qﬁ41q

agza¢ a}]:ag af]:av,
Also, substituting the Equation (38) into the Equation (6) yields three decoupled identical
linear dynamics for the translational subsystem as follows.
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£ = A, + Byal +B,w} fors=0,1,2

, ...(40)
Y=ot
in which
' =z2".¢" =[x3", ="
ag a, aé ay aé a,
wg_wz’wé_wx’wg_wy
GMT dynamics in the Equation (8) can be written as
&, =Ank}, + Bua), fors=0,1,2 ... (4D
in which
S;(;)qt = [thaémt]Ta ‘i:l = [Xms> xmt]Ta ‘52 = [Vmts ).}mt]T
aSn =a, arlnt =ay, aﬁn = a;m

The virtual reference air vehicle defined in Ref. (19) has a linear dynamic model similar to
the quadrotor rotational subsystem.

0y = A1} + Bpal, fors=0,1,2 -+ (42)

where, n° = [¢,, 17, n! =16, 6,17, and n? =¥, ¥,]7. Based on Equation (39), the linear
acceleration reference values, i.e. a, can be defined as follows.

N S T S
a, =ag, =¢r,a, =dag, =06,,a, =ay, =Y,

To achieve zero steady state position errors, the augmented translational error vector is defined
as follows.

c

ey X — Xt
eé =| & |=| x—Xu ...(43)
[Ses] Lf%—3m
Ce T [P —iw
65 = ¢ | = V="Ym |,
LSed LfP=5m]

Substituting the Equations (40) and (41) in the Equation (43), the dynamics of the translational
error is written as follows.
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&4(t)=Ae} + Be, (1) + Bw; (1) fors=0,1,2

6. (0— el ..(44)
in which
e(a)s =2—2r=a2—a;”’—2max(|e}1§|, |e§S|), eﬂlls =X —Xp =a,—a™, ei_ =Y =P =
a, — ;”’

0o 1 0 0
A=[0 0 o|.B=|1|.c=[1 0 0]

1 0 O 0

By subtracting the Equation (39) from the Equation (42) and augmenting the attitude errors,
the rotational error dynamics model is obtained as follows.

€, (1) =Ae, —i—Bejn(t) +Bw, (f) fors=0,1,2

ef,”(t) = Cef](t), ... (45
ny = m;
where, ef] = = |, ejn = af] — af]y
[y —mi)

Considering the measurement rate of the sensors, T¢ and 7', are defined as the sampling period
for the guidance and control loops, respectively.
The discrete representation of the quadrotor error dynamics takes the following form(!”)

fors=0,1,2.
e‘;(k +1) =Ag€§(k) + Bg@jg (k) +ngg(k)
e;E (k)= Ceg(k), ...(46)
ef](k +1) =A,,ef](k) + B,,ejn (k) +Bw;(k)
e;n(k) = Cef](k), ...(47)
in which
! T 07 07
A:=| 0 1 0|,Be=|TI¢ |,
L 7: 0 1] L0 |
1T 7, 07 07
A, =10 1 0[,B,=|T,
L7, 0 1] | 0]

Using u to indicate both n and & subscriptions, the error dynamics, mentioned in Equations
(46) and (47), can be written in a common form as follows.
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& (k+ 1) = A, (k) + B, (k —0.1,2
?( V=i O+ Buea, (0 for | ... (48)
& () = Ce, (k). L=E.n

4.2 Guidance and control synthesis

In the previous subsection, the guidance and control problem for a nonlinear high order system
is simplified to a linear third-order model. In this section, the MPC formulation is discussed
for the Equation (48), which is common for s = 0, 1, 2. It should be noted that unknown effects
on the system such as unmeasurable disturbance are excluded from Equation (48).

J,, is considered as a cost function that has the following form®.

s T s T ps s S=O’1’2
=IO B RE, Sord ... (49)
in which
& (k+110) &, (k)
y“(k—i— 21k) &, (k+1)
Ygﬂ = : EZM = s
&), (k+Pulk) &, (k+ Ny~ 1)

and the P, N, are the prediction and the control horizon parameters, respectively. Also, the
0, = 0,R,, > 0 are penalty factors related to the errors and the inputs, respectively. «,, is the
pole of the first order filter on the reference signal to suppress its abrupt changes, as well
as noise effects®”). The guidance law is obtained by solving the optimisation problem in the
following form.

s=0,1,2
Ev * = minimize J; for
Ey, nw=E&n
subjectto Y = Fye) (k)+ Gue, (k) ...(50)
Y, <V <7,
14 I3 14
E <E <E.
Zay —Fay —ay
where
F,=[C4, ¢4 c4 ... ca]
- CB, 0 7

CA,B, C.B,
G,=| CALB.  CAuB,

LcaB-1B,  c4P?B, ... CALVB,
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Initial conditions of the dynamic model at instance kth is provided by the measurement of
the system at the same time.

Optimisation methods such as quadratic programming can be used to solve the problem
(50). In this approach, an optimisation should be performed at any time. The closed form is
obtained by replacing of Y. gﬂ in the Equation (49) and derivation with respect to eflM (k), as the

following equation®”):

E; " =—(G10,Gu+Ry) " GLOuFyeu(k) ... (5D)
High computational burden and consumption time are prominent disadvantages of the opti-
misation methods. Given this, Equation (51) is employed as the solution of the optimisation
problem (50) to derive the desired relative acceleration for the x —y planar motion. This
provides the admissible performance of the proposed algorithm. It should be noted that
inequality constraints can be satisfied via adjusting Q,, and R,, parameters®”; however, in
the considered case, it is assumed that inequality constraints remain passive using powerful
actuators.

To obtain the desired relative acceleration for altitude, the inequality constraint (19) should
be satisfied. For this purpose, the following algorithm is proposed

e [Initially, the solution of Equation (51) is used to obtain égg (k)
o Ife.(k+11k)+¢€>0— Acel(k) —{—Bgégf(k) + € > 0 then (égé)* = agé

e Else, numerical optimisation algorithms such as QP is employed for solving Equation (50)
subjectto —e [1 1 ... 1] < 7.

Subsequently, the appropriate translational acceleration, which reduces the distance
between the quadrotor and the target, takes the following form.
d N N *
ag < = g% (k) = am + (625) + 2 max (|e}l€ [, Iezs I)
aldes _ adeS(k) =gm + (él )* (52)
3 — "x - “x ag e
azdes — adeS(k) =am 4+ o2 *
& =%y % ag ) >

where, a2, a}'" and &} are the measured acceleration of the moving target described by the
following equations.

~mt __ , mt mt
ay' =a;" £,
mt __ mt mt
ay' =ay' £, ... (53)

mt __ mt mt
ay' =ay j:éay,

where 87, 8 and 8} are estimation errors.
After calculating the desired translational acceleration, u.(k) and the reference of the roll
and pitch angles, i.e. ¢, and 6,, are derived using Equations (7) and (38). These references

should be provided for the quadrotor rotational loop as follows.

https://doi.org/10.1017/aer.2021.23 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2021.23

1398 THE AERONAUTICAL JOURNAL AucusTt 2021

Table 2
MPC-based guidance and control parameters
Rotational Translational
Parameters controller controller
P(s) 1 3
M(s) 1 2
o 0.1 0.1
0 diag[1, 1, 2] diag[500, 500, 1000]
R 10 1
f(h) 100 10
Ts(s) 0.01 0.1
ades(k) + g
w(h)y=m——=———""°>__
k1 cos(¢y) sin(6y)
des (J matfes k
(k) = arcsin (";( f;z(gc)) sin(y) — ;Z(;)) cos(wk)>

...(54)

aes (k) cos(Yy) + a* (k) sin(v)
<k1 uz(k)

m

0,(k) = arcsin

2
) — (o sin(y) — (k) cost))

Similarly, the desired rotational accelerations a4 (k), aj (k) and a%*(k) have been computed

to track attitude reference signals by the quadrotor.
&y =a (k) + (éjn (k)) for s=0,1,2 _..(55)
in which the (éfb7 (k))* is the first component of £; * in Equation (51).
General control inputs, i.e. wug(k), ug(k) and wuy(k), can be generated by substituting
Equation (55) in Equation (37).
The corresponding duty cycles of the quadrotor actuators are obtained using the
Equation (4) presented in Section 4.

5.0 SIMULATION RESULTS

The MPC parameters presented in Table 2 are designed to achieve fast disturbance rejection
and smooth output tracking. The sample time is selected to provide sufficient opportunity for
the translational controller to track the predefined trajectory using the roll and pitch angles
produced by the rotational controller.

The initial condition is defined in such a way that satisfies Equation (19) at k=0,
i.e. e;(0) + € > 0. The simulations are performed for the following initial condition of the
translational and rotational subsystems, respectively.
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Table 3
Problem formulation parameters
Parameters Value Parameters Value
S;"’ = S;’" (cm) 10 S;’““ = Sg’w (cm) 10
8y (cm) 15 5 (cm) 15
Ax_y (cm) 30 A; (cm) 20
€ (cm) 200 Az0 (cm) 280

y (em) 0 x (cm)

Figure 4. The 3D trajectories of the ground moving target and the tracker UAV.

£(0)=[200 0 50 0 50 O]
n0=[0 0 0 0 0 0

Problem formulation parameters are listed in Table 3. The quadrotor parameters are
selected based on a real model, which are as follows.

Ly =1, = 0.0069kg.m* I.=0.0137kg.m’
J,=0.0000551kg.m* [, = 0.27m

Sinusoidal external disturbances on the six degrees of freedom are included. The magnitude
of disturbances on the aerodynamic forces and moments have been set as in Ref. (24).

wy = 2u(t — 70) cos {(N/kg)wy = u(t — 130) sin #(N.m)
wy, = 2u(t — 100) cos {(N/kg)wy = u(t — 170) cos #(N.m)
w; = u(t — 40) sin #(N/kg)wy = u(t — 200) cos  (N.m)

Figures 4-11. show the tracking results in such a way that there is no error in estimat-
ing the target acceleration. This is not a general assumption and will be removed in the next
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Figure 5. The 2D illustration of the ground moving target and the tracker UAV trajectories on the x — y
and x — z planes.
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Figure 6. The components of the position of the UAV and the target over time.

simulation. This simulation evaluate the controller performance; however, the next simula-
tion focuses on the guidance law, which should maintain the target in the FOV in the event
of the controller errors. The 3D representation of GMT tracking is shown in Fig. 4, and its
2D representations are shown in Fig. 5. As can be seen, tracking and maintaining the moving
target in the field of view has been done in various target manoeuver. Figure 6 shows the
time history of the movement of the target and the UAV in x, y, and z directions. The tracking
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Figure 7. The components of the position tracking error by the UAV.

errors of the position and the attitude reference signals by the UAV are shown in Figs. 7 and 8,
respectively. The jumps in the error signals are caused by sudden changes in the direction of
the target trajectory. For example, at 25 and 35 seconds, the moving target changes its direc-
tion that causes jumps in the related error signals at the same time. Another reason for these
error jumps are the wind turbulence. For example, in the ey, error signal, perturbation occurs
at the 200 seconds which causes error jumps at the same moment. It should be noted that
despite the perturbation remaining, the controller has removed its effect well. These figures
show that the proposed controller has good performance in tracking the reference generated
trajectory by the guidance law.

Corresponding control inputs in this simulation are shown in Fig. 9. These signals indicate
the PWMs of four actuators of the quadrotor. As can be seen, the amplitude of the inputs did
not exceed the admissible interval [0 1], i.e. the actuators didn’t saturate. Figure 10 shows
y = e, + € is positive all over the simulation times. This means that Lemma 3 is satisfied
during the tracking mission which guaranties the target preserving in the FOV. Figure 11
shows the parameters affecting the guidance law designed in accordance with Equation (20)
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Figure 8. The components of the attitude tracking errors by the UAV.

in Lemma 3. It can be seen in this figure the relationship between the tracking errors on the
x — y plane, z,,, the proposed desired altitude and the results of the desired altitude tracking.

Due to some unpredictable reasons in the real world, such as target acceleration estima-
tion error, quadrotor actuator error, and etc., the quadrotor position deviates from the target.
Figure 12 shows the the x and y components of the relative distance between the quadro-
tor and the target caused by the presence of acceleration estimation errors as §” = 0.1m/s?,
8m = —0.5m/s* and s = —0.4m/s>.

In such circumstances, in order to examine the characteristics of the proposed strategy
in relation to existing researches, a comparison is made between two quadrotors called
Quad, and Quad,, in which the first quadrotor is equipped with the proposed guidance strat-
egy and the second quadrotor is guided regardless of the altitude adjustment to hold the
target.

For this purpose, y and A are defined as criterion parameters with the following form, which
are defined according to the Lemmas 3 and 4, respectively;

y=elk)+e with z,(k) = 2 max(|ex|, |ey]) + zo(k)
A =-e.(k)+ € —2min(le,|, |e,|) with z,(k) = zo(k)

According to Lemma 3, y (k) > 0 ensures the target retention in the FOV during the track-

ing mission by the Quad; and regarding Lemma 4, A(k) < 0 proves loss of target by the
Quad,.
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Figure 9. The control inputs of the quadrotor’s actuators.
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Figure 10. The sufficient condition parameter values.
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Figure 11. The parameters affecting the desired altitude calculation by the proposed guidance law.
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Figure 12. The x and y components of the relative distance between the quadrotor and the target.

As it is illustrated in Fig. 13, y is positive during this simulation, which obtains the target
retention in the FOV with Qaud,. On the other hand, X is negative, indicating the loss of target
by Quad,.

The desired altitude and their corresponding real values are illustrated in Fig. 14. As it can
be seen, in contrast to Quad,, the altitude of Quad, increases to provide the FOV needed to
ensure the target is maintained.
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Figure 13. The values of the criterion parameters to guarantee the target preserving by Quad1 and the
target missing by the Quad2.
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Figure 14. comparison between the reference altitudes of Quady and Quad» and their tracking results.

6.0 CONCLUSION

In this paper, an aerial tracking guidance and control system is presented to preserve the
ground moving target in the FOV. For this purpose, a reference altitude is generated for the
quadrotor to provide the required FOV of the quadrotor, which consists of two critical and
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trusted regions. The dimensions of the trusted region are suggested as a function of the relative
distance between the target and the quadrotor. Also, the dimensions of the critical region are
determined according to the upper bounds of target localisation uncertainty and the quadrotor
locations. In addition, the problem of temporal increase in the target velocity with respect
to the quadrotor velocity is solved by considering larger dimensions for the critical region.
Considering the desired dimensions of the regions, a sufficient condition is provided on the
minimum altitude of the quadrotor, which ensures that the target is preserved in FOV despite
the uncertainty of the target location and the changes in ground altitude. A MPC is employed
to maintain the target at the center of the image and the desired altitude. Furthermore, the
integral of the position error is used to achieve null steady-state error in the presence of
the wind disturbances. It is shown analytically as well as by simulation that the proposed
method ensures that the target is maintained in the FOV of the quadrotor in the presence
of wind, quadrotor and target localisation uncertainty and terrain altitude variation. Future
research includes evaluating the proposed method in the presence of a complete block of
target localisation in which a complete of localisation error model used instead the maximum
of the error. The altitude limit, which is influenced by the specifications of the quadrotor and
its payload, should also be considered in proposing the guidance law. The use of cooperative
UAVs is also one of possible solutions to reduce the flight altitude while preserving the target
in the field of view. Practical implementation is another important activity that should be done
in the future.
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