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ABSTRACT

In this paper, the problem of anti-windup compensator (AWC) design for implementation in the
autonomous guidance and control of quadrotors is addressed. The flight environment contains obstacles
with no prior knowledge of their locations. Instead, obstacles location are determined in real time, and
the locations are used by a guidance algorithm for avoidance. Wind disturbances are also considered since
their presence can potentially result in saturation of the propellers. When this occurs, the flight can become
unstable, leading to a crash. Designing an AWC to mitigate the effects of saturation in the control system
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of a quadrotor can be a challenging task due to the heavy couplings and complex nonlinear dynamics. For
this reason, we propose a new structure to design a static AWC-based control system to solve this prob-
lem. The effectiveness of the proposed theoretical results are verified by comparing results from simulation

experiments.

1. Introduction

Quadrotor unmanned aerial vehicles (UAVs) have been exten-
sively studied and utilised due to their simple structure and
vertical take-off and landing capabilities (Jeon et al., 2020; Lu
& Xing, 2022; Yang et al., 2020). These unique features make
quadrotors versatile for various applications, ranging from
recreational drones to professional use in industries such as cin-
ematography, agriculture, surveillance, and search and rescue
operations (Sabour et al., 2023).

UAVs, along with various other physical control systems,
encounter constraints in both magnitude and/or rate, where
an output greater than what the actuator can deliver may
be demanded by the system’s controller. This phenomenon is
referred to as actuator saturation, which significantly affects the
flight quality (Chang et al., 2023). When actuator saturation
occurs, the UAV’s control response may degrade, affecting its
stability, and potentially leading to a crash. Some studies offer
ad hoc solutions, where the control law and actuator require-
ments of the system are pre-designed to mitigate the tendency
of the system to saturate. However, these solutions that mitigate
saturation are not effective when controller response to large
exogenous inputs results in the need for large control signals.

Designing an anti-windup compensator (AWC) is an effec-
tive approach to alleviate the effects from actuator satura-
tion (Huang et al,, 2022). Generally, in anti-windup compen-
sation, a linear controller is initially designed without explicit
consideration of the saturation constraints. Subsequently, an
AWC is designed to handle the saturation constraints. In fact,
the AWC is designed to guarantee that stability is maintained
and that less performance degradation occurs compared to
when no anti-windup is employed (Tarbouriech et al., 2011).

In recent years, many studies have focussed on AWC design
for quadrotors (Buratti et al., 2019; Falkenberg et al., 2012;
Ghignoni et al.,, 2020; Ofodile & Turner, 2016, 2017; Ofodile
etal, 2015).

On the other hand, while the AWC is typically con-
structed from a linear (or linearised) model of plant’s dynam-
ics (Galeani et al., 2009; Tarbouriech et al., 2011; Tarbouriech
& Turner, 2009; Turner et al., 2007; Zaccarian & Teel, 2011), this
approach is inadequate for a multi-loop guidance and control
architecture for a quadrotor such as that presented in Kirven
and Hoagg (2021). More precisely, although some recent work
on attitude only control has been successtully applied to the lin-
earised attitude dynamics about the hover operating point (Far-
ber & Richards, 2024; Richards & Turner, 2020), linearisation of
the dynamics about the hover operating point fails to provide
a sufficient representation of the dynamics, especially during
aggressive maneuvers and/or when wind disturbances occur.
Therefore, the full nonlinear vehicle dynamics are necessary
for the design of an AWC-based guidance and control system
for quadrotors under these circumstances, which motivates this
study.

In this paper, we present an integrated autonomous guidance
and AWC-based control method for a quadrotor operating in
an environment with obstacles whose locations are unknown,
but measured in real-time during flight. Generally, designing
an AWC for quadrotors is difficult due to the highly coupled
nonlinear dynamics of the vehicle. This challenge is overcome
through a novel reformulation of the saturation constraints so
that the full nonlinear dynamics of quadrotors can be used in an
anti-windup control design scheme. This problem is converted
to a set of linear matrix inequality conditions so that by solving
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them, the controller and AWC gains are designed simultane-
ously. Simulation results are presented for three cases: 1-without
saturation, 2-with saturation and without AWC, 3-with satu-
ration and with AWC. The results show the effectiveness and
advantages of the proposed anti-windup method.

The main contributions of this article are as follows:

e An AWC-based controller is designed for a quadrotor to
track the desired signals from a guidance algorithm.

e To design the AWC-based controller, the full nonlinear
dynamics are employed, as the linearisation technique may
fail to provide a sufficient representation of the dynamics.

e The problem of determining the controller and AWC gains
are converted to a set of linear matrix inequalities despite the
complex nonlinear dynamics of the vehicle.

e The novel reformulation of the saturation constraints pre-
sented in this article has the potential to be extended to
various other constrained systems.

The paper is arranged as follows. The problem formulation
is provided in Section 2. The main results are given in Section 3.
The simulation results are presented in Section 4. Finally, a
conclusion is drawn in Section 5.

2. Problem formulation

First, we present the basic definitions that are needed in the
sequel.

Definition 2.1: The saturation function sat(-) : R™ — R™ is
defined as

Ui up < uj
E. _— .
sat(ui)y! = Yui w; < ui <up,  i=1-,m (1)
U, up <u;,

=i

where u; and u; are, respectively, the upper and lower saturation
limits of the ith row of u.

Definition 2.2: The deadzone function Dz(:) : R” — R™ is
defined as

DZZ:: (uj) == u; — satZ::(u,«). (2)

The inertial and body frames are illustrated in Figure 1. Con-
sider I as the inertial frame. The origin (o;) of this frame is
arbitrarily chosen on the Earth’s surface, with orthogonal unit
vectors 1, /, and k. Let B represent the body frame, attached
to the quadrotor’s centre of mass (op), with orthogonal unit
vectors ?71, Ez, and ?)3. The position of op relative to oy is g =
Xi+yJ + zk.

The rotation matrix from the inertial frame to the body
frame is

CoCy cosy —sp
O = | 5459Cy — CySy 84598y +CyCy SpCa | > (3)
CpSOCy + SpSy  CpSeSy — SpCy  CpCo

where ¢,6, and y are the Euler angles, ss =sind, and
Cy = COSO.

~>

0p

k

Figure 1. Inertial and body frames.

The thrust vector is — TlA73, where
4
T=k) o, )
i=0

k is the propeller thrust constant, and w; > 0 is the angu-
lar speed of the ith propeller. From (4), it is obvious that the
minimum value of the thrust force is zero, i.e. T = 0.

The translational dynamics of a quadrotor with constrained
thrust in the inertial frame can be expressed as

X = —satz(T) (c¢,sgc,,, + S¢SV/) /m,
= sl (e e, 9
z=g— satz(T)c(ﬁcg/m,

where m is the mass of the vehicle and g is the gravitational
constant.

The rotational dynamics of a quadrotor with constrained
body torques in the body frame can be described by

Jo+ o x Jo = satg(r), (6)

where @ = [w1, w2, w3]" is the angular velocity vector of the
quadrotor with respect to the body frame, J is the inertia matrix,
and 7 is the control torque vector given as

© = by + 02by + 13bs, (7)
where
7] :kl(wlz—wzz—w32+w42),
0 =kl (o} + w5y — w3y — o),
5 =b(of - o)+ o] -},

and / and b are the thrust moment arm and the propeller drag
constant, respectively.
The vector @ can be expressed as

o= Qr, (8)



where
1 0 —Sp ¢
Q = 0 Co S¢Co 5 = 0 . (9)
0 —sp cpcp W

For all @ # 7 /2, the vector I can be obtained as
I'=Q lo. (10)
The AWC-based attitude controller is constructed as follows:

(11)

T =18+ 1TC+ Th
where

15 = Jog+ wg X Jo, 1c=—Kyew,

= —K, DZ i (Tc+TA)

Ky, K, are the controller and AWC gains, respectively, and e, :=
@ — wg, where oy is the desired angular velocity.

In addition, the AWC-based velocity controller is considered
as

T=Tg+Tc+ Ta, (12)
where
Tﬁ _ M) Tc = iKy\;e)/\;,
CpCo CyCo

T-T,
Ta = —Ka Dzy_, (Tc + Ta),

and Kyy, K5 are the controller and AWC gains, respectively. In
addition, ey := W — Wy, where W = z and W, = z, is the
desired translational velocity in the z-direction.

The following assumptions are considered to obtain the main
results.

Assumption 2.1: It is assumed that for all t >0, ¢(t) €
(=n/2,7/2) and O(t) € (—x /2,7 /2). The range of the roll and
pitch angles (¢,0) for a quadrotor depend on its specific design
and flight control system, as well as its intended use. However, for
typical quadrotor flight, the roll and pitch angles (¢, 0) are usually
within (—x /2,7 /2).

Assumption 2.2: In this paper, it is assumed that

|Jwg + wg x Jw);| < Ty (13)

where (-); indicates the ith row of the vector within parentheses.
The saturation bounds for the control torques are considered sym-
metric (i.e. T = —1) and would be for quadrotors with identical
propellers and rotors.

For small consumer drones, the inertia values are typically rel-
atively low due to their lightweight and compact design. Therefore,
the value of the expression inside | - | in (13) is generally small.

Assumption 2.3: In this paper, we assume that

T<—— Wy) < T.
T C(}scg(g 1)

(14)
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Remark 2.1: For the main results, it is not necessary that condi-
tions (13) and (14) are satisfied for all t > 0. In fact, it is enough
that these conditions are satisfied for all t > t;, where t; > 0 is
a finite time.

We introduce the following lemma that is required to prove
the theorems.

Lemma 2.1: Given that the vectors vg, v, € R" and a positive
diagonal matrix W = diag(M1, . . ., Wan)- The following sector
condition is satisfied if v; < vg <V and v; <0 <V; for i=
{1,...,n}:

aty " (vp) # Dz, % (vp) > 0. (15)

Proof of Lemma: Since % is a diagonal matrix, condition (15)
can be rewritten as

n
> saty) Ty (vp) #4iDzy ) () > 0. (16)
Let us consider the following cases:
(1) Vi —vgi < vyt
In this case, we have:
sats‘_ﬁ‘”(vbl) =V; — v, > 0,
(17)
Vi—Vgi
Dz v._um(Vbz) = Vai + Vi — Vi > 0.
(2) v; —vai < vpi <V — g
This case leads to:
saty ) (vp) = v, Dz (vp) =0. (18
(3) voi <v;—vai
In this case, one can obtain:
sats‘_“j‘”(vbl) =V, — V4 <0,
(19)
Vi—Vgi
Dz v._um(Vbz) = Vai + Vi —v; < 0.

All the above three cases imply that the condition (15) is
satisfied. m

3. Main results

This section is devoted to an integrated control and guid-
ance approach for a quadrotor to avoid obstacles and reach a
desired destination while accounting for input saturation. A full
schematic of the proposed approach, which is based upon the
work of Kirven and Hoagg (2021), is illustrated in Figure 2.
The control approach operates as follows. The yellow box shows
that the guidance algorithm outputs the velocity commands X,
by using the obstacle locations, which can be provided by an
onboard sensor, along with the destination point and current
position, obtained through integration of the vehicle’s transla-
tional velocities . The magenta box indicates that the velocity
commands X provided by the guidance algorithm are passed
through low pass filters (58), which lead to the desired veloci-
ties ¥4 and their derivatives ¥ ;. The desired Euler angles I'y =
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[¢a,04, wq]’ and desired angular velocities w, are obtained in
the green boxes. Note that y, is the desired yaw of the vehicle,
which would be provided by the guidance algorithm if it were
necessary to rotate the vehicle to detect objects. In this study, we
assume that this is not necessary. Therefore, y; = 0 throughout.
In the purple boxes, the velocity and attitude controllers gen-
erate the nominal control thrust signals (T, Tc) and nominal
control torque signals (7, 7¢). Finally, the red and blue boxes
illustrate the proposed AWC method for the translational and
rotational dynamics, respectively.

3.1 AWC-based control

The coupled and nonlinear dynamics of a quadrotor introduce
challenges into the stability analysis and design of the con-
troller and AWC. This is further complicated by the fact that
we also deal with the tracking desired signals, which requires
the term 7 in the AWC-based attitude controller (11), and Ty
in the AWC-based velocity controller (12). In general, track-
ing problems are more challenging compared to stabilisation
problems, especially for nonlinear systems (Liu et al., 2014;
Tseng et al., 2001). Moreover, they become significantly more
difficult when control signals are subject to saturation. To
resolve this problem, we propose a saturation function with
modified limits so that 74 does not directly participate as an

e -~ - —-—-- L]
PP 1%, . Obstacle
1 <
15, 4 Filters * Guidance locations
“C-=====ZZ-=-i

input to the saturation function sat(-), as seen in Figure 3 for the
rotational dynamics. In this structure, we subtract 74 from the
saturation limits, and then, the output of the saturation func-
tion is added to 74. Note that the two structures illustrated in
Figure 3 are equivalent. A similar saturation function with mod-
ified limits is proposed for the translational dynamics, as seen in
Figure 4. In the following subsections, we make use of these pro-
posed structures in the design of the AWC-based attitude and
velocity controllers.

3.1.1 AWC-based attitude controller
Theorem 3.1: Consider the rotational dynamics (6), Assump-
tion 2.2, and the AWC-based attitude controller (11). If there
exist a positive definite matrix K,, € R**3 and positive diagonal
matrices Y,V € R>*3 such that the following LMI is feasible:
[—%(Kw +K) —-i(y+v+ KC’U):| o

* —(Y+V) (20)

then with K, = YV ™1, it can be concluded that ® — wg.

Proof of Theorem: For the sake of brevity, we define 7, := 7 —
tpand 7, := 7 — 7p. Utilizing the proposed saturation function
in Figure 3, the rotational dynamics (6) can be rewritten as:

Jo=-wxJo+ 1+ satZ (¢ + 7a). (21)

1

1

! | Translational |2 J-
1 | dynamics

1

1

I

1

Es < LTI
|Ed—PEq (49) 1
| €y =P 0,4 Ta,
I <
. ____T_ ______
Wa—p| — il B!
ew —p| Velocity o =
1 & =¥ control [_€ T
19 =P i} T
.
e ©df Attitude [
ilq
Ier =P Eq. (33)'_ﬁ' control
L““““-—‘———-n——-.—-

Rotational | @ [T
d . N
ynamics

Figure 3. AWC-based control structure for rotational dynamics: a) saturation function with actual limits b) proposed saturation function with modified limits.
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Figure 4. AWC-based control structure for translational dynamics: a) saturation function with actual limits b) proposed saturation function with modified limits.

Substituting (2) into (21) yields

Jo=—o %X Jo+1 — ng(zc + 74). (22)

Inserting the control torque (11) into (22) leads to
Jéew = —ew X Jo — Kyew — (Ko + T)Dzy" (zc + 14),  (23)

where 7 is an identity matrix.
Now, let us consider the following Lyapunov function
candidate:

View) = %eggew. (24)

Calculating the time-derivative of V(ey) along the solutions
of (23) leads to

V(ew) = e;)[_ew x Jo — (Ko + K:U)ea)

— (Ko + T)Dz7" (zc + 74))- (25)

Noting that ¢/ (—e,, x Jw) = 0, the above equation can be sim-
plified to

V(ew) = —€, (K + K),)ew — €, (Ka + Z)DZZ (tc + 14).
(26)

If Dzé: (tc + t4) = 0, the control torques do not exceed the sat-
uration bounds. Therefore, in this case, it is evident from (26)
that the following condition should be satisfied for the asymp-
totic stability of the rotational dynamics:

K, + K, > 0. (27)
According to the proof of Lemma 2.1 and Assumption 2.2, if
saturation occurs (i.e. DZ;Z (tc + t4) # 0), the following sector
condition is satisfied for a positive diagonal matrix # e R3*3:

satZ(rc + z'A)’WDZZ(rc +174) > 0. (28)

The above inequality can be rewritten as
[tc + ta = Dz"(tc + ta) ' #/ D2y (zc + 14) > 0. (29)

According to (11), condition (29) can be rewritten as

[~Kowew — (Ko + I)Dzy" (zc + 14)]'# D2y (¢ + 7a) > 0.
(30)

By combining (26) and (30), we can deduce that V(ew) < 0if
/ _%(Kw +Kc/o) _%(Ka +Z+Kw/W)
g x —Ka + D)W

T

}'7 <0, (31

where 7 = [e, DZZ (tc + 7a))’. Pre- and post-multiplying
both sides of Y <0 by diag{Z, # !} yields

1 / 1 —1 -1 /
—1(Ko+K}) —3KA '+ W+ K

2 (2 2
[ * —W K+ WY =0 (2

Notice that K, and % are diagonal matrices, therefore
K, # =V = W ~1K,. LettingV = #~land Y = K,/ "' in (32)
leads to the condition (20). [ |

Proposition 3.1: If under the conditions of Theorem 3.1, the
AWC-based attitude controller (11) is designed, and the desired
angular velocity is calculated as

wg = Q(I'q = Krer), (33)

where Kt is a positive matrix, er == — Ty, and Tj=
[¢a, 04, wal', it can be concluded that T — Ty.

Proof of Proposition: Subtracting (8) and (33) leads to

o = QI — Ty + Krer) = Q(er + Krer). (34)
Since e,, — 0, it follows from (34) that
er + Krer — 0. (35)

We can conclude from (35) that er — 0, which implies
I'— Iy |
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3.1.2 AWC-based velocity control

First, we present some definitions that are used in the following.
Let X := [U, V, W]’ be the translational velocities in the x-, y-,
and z-directions, respectively, and X, := [Uy, V4, Wy] are the
corresponding desired translational velocities. The translational
velocity errors are defined as ex := [ey, ey, eyy]’, where e :=
U—-Ugey =YV —Vgand ey :=W —W,.

Theorem 3.2: Consider the third equation in the translational
dynamics (5), Assumption 2.3, and the AWC-based velocity con-
troller (12). If there exist positive scalars Ky, Y, V such that the
following LMI is feasible:

—Kyy l[(V+17)/m+mKW]

where Kz = YV 1, it can be concluded that W — W;.

Proof of Theorem: Utilizing the proposed saturation function
in Figure 4, the third equation in (5) can be rewritten as:

Ty Sat;:(Tc + Ta)

z=g— Zc(ﬁca - CHCh) (37)

m

where T, :=T— Ty and T,
into (37) results in

=T — Tg. Substituting (2)

Dzy" (Tc + Ta)
—chp- (38)
m

N

.. T n
Z=g— —cyC
g m $Co
Inserting the control thrust (12) into (38) results in

14+ K;

ey = —Kyyeyy + ( )CqueDZ;: (Tc + Ta).  (39)

We now consider the Lyapunov function candidate as:

View) = %ewz. (40)

Taking the derivative of V(e)y) along the solutions of (38) yields

Kz

. 1+ =
View) = ew |:—KW€W + ( ) C¢C9DZ£:(TC + TA)] .

(41)

The expression Dz?: (Tc + T4) = 0 means that the control
thrust lies within the saturation limits. Therefore, in this case, it
is enough for ensuring asymptotic stability that Ky be a positive
scalar.

Based on the proof of Lemma 2.1 and Assumption 2.3, if sat-

uration occurs (i.e. DZ?’(TC + T4) # 0), the following sector

condition holds for a positive scalar V&

satl (Te + Ta)#' Dzl (T + Ta) > 0, (42)

which is equivalent to
[Tc + Ta — Dz (Te + Ta)# Deg (Te + Ta) > 0. (43)

According to (12), the condition (43) can be rewritten as
m T
——Kwew — (1 + Kz) Dz"(Tc + Ta)
CpCo “n

x V/ADZE(TC +T4) > 0. (44)

According to Assumption 2.1, since ¢,0 # £x /2, then
(c¢ce)2 > 0 Vt. Therefore, (44) can be multiplied by (C¢CQ)2:

[mKwew — (1 + Ka)egcp Dz (Tc + Ta)]

X ”//Ac,;/,ceDz?”(Tc + Ty) > 0. (45)
After adding the left-hand side of (45) to (41), we can conclude
that V(eyy) < 0if

g [—KW L1+ Ka)/m + mKy#]

* —(1+Ka)# } c=0 0

IT

where ¢ = [eyy Dz?“ (Tc + Ta)cpcpl’. Pre- and  post-
multiplying both sides of IT < 0 by diag{1, # ~1 results in

<0.

|:—KW YO+ K H Y m + mKW]:| @)

. LK)

Notice that K; and # are positive scalars, therefore K~ =
WK, By letting V=+#"land Y = Kz# ! in (47), condi-
tion (36) is obtained. [ |

Remark 3.1: Determining the desired roll and pitch angles
is nontrivial since the x and y positions are controlled via
the roll and pitch of the vehicle. Therefore, the roll and pitch
angles can be obtained from the translational dynamics (Elkholy
& Habib, 2019),

0 =tan"!'| — ZJCV, + Vsl,,
W bl

d — Kyew — g
b= tan=1 |: ZJCQSW - VCQCW j| '

(48)

Wi — Kyew — g

We therefore define the desired roll and pitch angles as

05 = tan—l (Z/{d B Kueu) Cy + (Vd - Kvev) Sy
Wi — Kyey — g ’

¢a = tan™! (Ua — Kyew) cosy = (Va = Kvev) cocy
Wa — Kyey — g ’

(49)



where Kz, and Ky, are the positive velocity gains. From Proposi-
tion 3.1, we have that I' — Ty, which implies that ¢ — ¢4 and
6 — 0,. Therefore, from (48) and (49), we can conclude that

U— Ud — Kyey,

. . (50)
YV = Vg — Kyey.
It follows from (50) that
ey + Kyey — 0,
(51)

ey + Kyey — 0,
which imply that ¢, — 0 and ey — 0.

Remark 3.2: The desired yaw angle y is typically set to zero
and is only nonzero if the quadrotor requires rotation for point-
ing the object detection sensor. In this study, we assume that
obstacles can be detected without the need to rotate the vehicle,
therefore, g = 0.

Remark 3.3: The proposed structures illustrated in Figures 3
and 4 are utilised to obtain the LMI conditions (20) and (36).
More precisely, the key role of the proposed structures can be
seen in sector conditions (28) and (42) where the signals 74 and
Ty are absent. Otherwise, if a standard sector where used, 74
and Ty would appear in these sector conditions, leading to a
less tractable design solution.

3.2 Guidance

For autonomous guidance and navigation, a quadrotor must
possess the capability to move from one position to another
while avoiding obstacles. In this subsubsection, an algorithm,
which is borrowed from Kirven and Hoagg (2021), is described
for generating the desired translational velocities to achieve
collision avoidance and destination-seeking goals.

The guidance method includes two components:

e Obstacle avoidance (repulsive) component,
e The destination seeking (attractive) component.

These two components make up X, = [U, V., W], indi-
cating the velocity commands in the x-, y-, and z-directions,
respectively

u c Z/{ rep uattr
Ve = Vrep + Vattr (52)
We Wrep Wattr

We now present the repulsive and attractive components.

e Obstacle avoidance (repulsive component):
Letpj := [plj,pzj,p3j]/ be the position of the jth point on an
obstacle relative to op, resolved in B for j € {1,...,n}. To
generate the obstacle avoidance component of the velocity
commands, consider the following ellipsoids:

2 2
pij P2 P3;
Ei::[pjeR3:a—zj+—]+—2151]>

i i i

INTERNATIONAL JOURNAL OF CONTROL 7

P pa pa;
o:—[p,eR3 :+b—%]+c—§51]. (53)

where E; and E, are, respectively, the inner and outer ellip-
soids of a potential field. If p; € E; (E,), it means that p; lies
inside a physical elhpsmd with a geometric centre at op and
semi-principal axes g; bl, b; bz,and czb3 (aobl, b bz, and cob3)
Consider the following the potential field:

0, if pj € R3\E,,
o () —lIpjll .
U(P;) = max (%) > 1fP] € Eo\E;, (54)
Umax> lfP] € E;,

where Upax > 0 is the maximum potential,
ri(pj) := [ (a} cos® i(pj) + b} sin® Bi(p;)) cos® ai(p;)
—|—c,2 sin? oci(pj)]l/2 ,
ro(pj) == [(ag cos® Bo(pj) + bg sin® Lo (pj)) cos® ao(pj)

+c2 sin’ oco(pj)]l/2 ,
and
a;i(pj) == tan™" P/ ,
Jpi2/at + pa?/b?

P3j/co
VP15 + pay? /b
ﬁl(pj) 1= arctan 2 (pzj/bi,plj/a,-) s
Bo(pj) == arctan 2 (p;/bo, p1j/ao) -

ao(pj) == tan™!

Now, the repulsive component is considered as

urep 1 n O'p;
p
Vrep _i’l_ Z U (P]) _”P / > (55)
rep ¢ j=1 ]

where 7, is the number of obstacle points contained in E,,.
e Destination seeking (attractive component):

The destination seeking component of the velocity com-
mands is defined as:

U s i pg| = d
Vattr = .U,;ng (56)
Wittr d_gr if ”Pg ” < ds,

s

where p, is the position of the destination relative to op, resolved
in I, s4 is the desired speed, and d; is the stopping distance.
After obtaining the repulsive and attractive components, the
velocity commands X, from (52) are passed through a fourth-
order low-pass filter with unity gain at DC, which produces
the desired translational velocities Uy, V,;, and W, and their
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derivatives. Specifically, consider the following filter transfer
function:

Ua(s) _ oo (57)
U(s) s+ azsd +os> +as+oag
Therefore, U4, (t) satisfies
Ua —a3 —ay —a1 —0g Ua
g || 1 0o 0 0 U
Uy |~ | o0 1 0 0 Uy
Uy 0 0 1 0 Uy
a0
+ U, (58)

which can be solved to obtain 244 and {,. In the same way, one
can obtain V;, W, and their derivatives.

Remark 3.4: Ascanbe seen from (56), the goal speed is propor-
tional to its distance to the destination if the quadrotor is closer
than d; to the destination. On the other hand, the goal speed is
constant if the quadrotor is farther than d, from the destination.

4. Simulation results
In this section, the following three cases are simulated to illus-

trate the performance of our method:

e Case 1: Without saturation
e Case 2: With saturation — Without AWC
e Case 3: With saturation - With AWC

For the simulation, we consider the following parameters:

m=101kg, [=01185m, k=7.5x 10 °kg-m/rad?
b=14x10""kg-m?/rad’>, @ =630rad/s, Kr =47
J = diag(0.00585,0.0054,0.007), Ky =2, Ky =2.
Let the guidance parameters be
a;=085m, b;=07m, ¢ =0.35m,
a,=165m, b,=115m, ¢, =0.85m,
sqg=29m/s, di=29m, Upax =58m/s.

All the poles of the low-pass filter transfer function are
placed at -10. The starting and the destination coordinates are
[—0.2,2,3]" and [4,0,1.1], respectively. The desired yaw y is
set to zero. Also, to induce saturation of the propellers, a simpli-
fied wind disturbance is considered: a rectangular signal with a
magnitude equivalent to 67.19% of the maximum thrust gen-
erated by a single propeller (i.e. 0.6719 k@ ?) is applied in the
positive y-direction over the time interval of 1s to 3s.

By using the YALMIP toolbox (Lofberg, 2004) and MOSEK
solver (ApS, 2023), the LMIs (20) and (36) are solved to calculate
the controller and AWC gains:

K, = 0.8915Z, Ky =09019, K,=7, Kz=1.

Remark 4.1: As can be seen from Figures 3 and 4, the two
structures are equivalent to each other, where

Sat;(f/i +ic+a) =18+ satz:zﬁ (z¢c + 74), (59)
T T—Tﬂ
saty(Tp + Tc + Ta) = Tp +satr_g,(Tc + Ta),  (60)
and
DZ?(Tﬁ +1c+14) = Dlz:ﬁ (tc + 74), (61)
T T—T,
Dzp(Tp + Tc + Ta) = Dzg_g)(Tc + Ta).  (62)

Therefore, for simulation, the left-hand side of the dead-
zones (61) and (62) are used in place of the terms 74 and T4y,
respectively, in the AWC-based controllers (11) and (12).

Remark 4.2: For quadrotors, the mechanism that causes satu-
ration is propeller speed, which occurs when the motors driving
the propellers reach their maximum rotational speed and can-
not increase their speed any further to generate additional thrust
or torque. However, as seen from Figures 3 and 4, the con-
troller produces torque and thrust commands while the UAV
(and AWC) are driven by the saturation (and deadzone) of the
torques and thrust. Therefore, we obtain sat%(T) and satg(r,-)
by perform the following real-time operations in simulation:

2 1 1 1 1
wi ik Ik 3k 4D T
2 1 =1 1 =1
Wy | | % Ik ik A 71 (63)
w2 o 1l =1 =1 1 ()
3 4k 4kl 4kl 4b
w}? B S 3
ik Ik 3K 4D
S

With propeller speed limited by sat? (w?2), i = {1,...,4}, one
can obtain:

T T2
saEI(T) kK k 2 satz 2 (wy)
sate}(z) | | K -kl —k K saty (w3
sat®(z.) kI kI —kI —kI at™ (2

S b —b b b v (3
satp) (z,) ~ satf’” (w?)

(64)

from which the deadzone functions of the control input thrust
and torques can be calculated. The process of applying (63)
and (64) in simulation of the quadrotor UAV is illustrated in
Figure 5.

The quadrotor trajectories for the three cases are plotted in
Figure 6. In Case 1, the saturation constraint is not applied in
simulation. As expected, the green line shows that the quadro-
tor avoids all the obstacles and reaches the destination viaa short
route. However, it is evident from Figure 7 that the propeller
speeds exceed the maximum propeller speed of @ = 630 rad/s.
In fact, the quadrotor has high maneuvering capabilities when
propeller speed saturation is absent, allowing for a broader
range of control inputs and enabling more flexible and efficient
movement, particularly in navigating complex environments.
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UAV -

satd () P S~ UAV

>
—diag(Kz K,)

Figure 5. The process of applying the control strategy to the quadrotor UAV for simulation.

\ 1000 .
Case 1
Case 2
Case 3
6 - @®  [Initial p9inl 800 | ]
@®  Goal point
i - WA
Q | |
. 3 600 \\ ;\,))@cb/ -
g, 2 WV
) 400 g
2 -
w1
1~ 200 F 2
w3
0> =
3 o ‘ ‘
0 1 2 3 4 5
y(m) ‘ -1 ’ time (s)
Figure 6. Comparison of the quadrotor trajectories. Figure 7. Propeller speed w (Case 1).
In Case 2, the saturation constraint is applied in simulation
but AWC is not implemented. The blue trajectory in Figure 6 700 ‘ ‘
illustrates that the quadrotor takes a significantly longer route to I e
reach the destination. The observed deviation in the trajectory 600 m W‘_ e \\ .
can be directly attributed to the saturation of propeller speeds, ‘ I “/ —
as depicted in Figure 8. 500 ‘ / |
In Case 3, the saturation constraint is applied in simula-
tion and AWC is implemented. Although saturation occurs (see |
Figure 9), the trajectory that the quadrotor follows to reach the 7= 400 f 1
destination is significantly shorter than the path of Case 2,as
seen in Figure 6. \B/ 300 - |
The distance from the quadrotor to the destination is pre-
sented in Figure 10. It is evident from this figure that, despite
Case 3 not performing as well as Case 1, it is significantly bet- 200 1
ter than Case 2. For a quantitative comparison, the distance Zﬁ
travelled by the quadrotor in the three cases are provided in 100 F s |
Table 1. This table indicates that the distance travelled in Case 3 @y
is noticeably less than Case 2, but it is more than Case 1, which | 1 ‘ ‘ - =
is the nominal case. 0 0o s 10 15
The translational velocities and Euler angles for Cases 1 and time (s)

3 are plotted in Figures 11-14. As can be observed from Fig-
ures 11 and 12, the system signals track the corresponding Figure 8. Propeller speed o (Case 2).
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700 T T
- ||— - -~ ———————-—————-——-—-—
i |
\(V W— )
500 \ ]
@ 400 1
~
g
&
Na)
B 300 [ 1
200 1
w1
w2
100 w3 |7
Wy
-—— =
0 L 1 1
0 5 10 15
time (s)
Figure 9. Propeller speed w (Case 3).
Case 1
Case 2 |
Case 3
0 5 10 15

time (s)

Figure 10. Distance from the quadrotor to the destination.

Table 1. Distance travelled by quadrotor.

Case 2
14.9379 (m)

Case 3
7.9182 (m)

Case 1
6.5729 (m)

desired signals accurately. It should be noted that the differ-
ence seen in tracking the desired signal in the middle subplot
of Figure 12 is because of the disturbance in y-direction. On the
other hand, we can see form Figures 13 and 14 that although
there is deviation in the tracking of the desired signals due to
the saturation of the propeller speeds in some time intervals, the
signals due eventually track the corresponding desired signals.

T T
Translational velocities N
————— Desired translational velocities

& (m/s)

0 5 10 15

¥ (m/s)

10 15
0 T T
0
~
E-05¢ 1
N
-t L L ]
0 5 10 15
time (s)
Figure 11. Translational velocities (Case 1).
0.2 T T
= 0
CSS 0 2 A 4
;’ e Euler angles
-04 ————— Desired Euler angles |
0 5 10 15
0.4 T T
= 02 J
\g 0
< 02 J
-0.4 F . . ]
0 5 10 15
, x10 ' '
= M
=
R l/ ]
0 5 10 15

time (s)

Figure 12. Euler angles (Case 1).

The simulation results illustrate an autonomous guidance
mission when wind, which can be unavoidable during out-
door flight, is present. Case 2 illustrates how limited propeller
speeds under this wind condition can lead to a longer path to
the destination without the aid of AWC. Alternatively, Case 3
shows that this path can be significantly reduced with the use
of the proposed static AWC. As a result, the static AWC leads
to less power consumption, permitting the the vehicle to pursue
further destinations than when AWC is absent.

5. Conclusion

In this paper, the constrained control problem is addressed for
the autonomous guidance and control of quadrotors. This is
motivated by missions where operating in windy conditions, the



2 Translational velocities g

2z ————— Desired translational velocities

g 1 ]
I

0 5 10 15

10 15

0 5 10 15

time (8)

Figure 13. Translational velocities (Case 3).

“

4
.
1
I
)
i
]
g

¢ (rad)

Euler angles 1
——— Desired Euler angles | |

1

0 5 10 15

T

0 (rad)

10 15
<002 1
Na¥
=0 oo
0 5 10 15

time (s)

Figure 14. Euler angles (Case 3).

quadrotor’s controller may demand excessive thrust to counter-
act wind, which can exceed the physical limits of the propellers
and lead to actuator saturation. To address this issue, a static
anti-windup compensator is designed to mitigate the effects of
propeller speed saturation on the quadrotor’s stability and con-
trol. Because of the coupled nonlinear dynamics that govern
quadrotors, the challenge of designing an anti-windup com-
pensator is solved via a novel reformulation of the saturation
constraints. This new structure enables a linear matrix inequal-
ity formulation for determining the controller and anti-windup
compensator gains. The effectiveness of the design method is
illustrated through obstacle avoidance and destination seeking
simulations of a quadrotor in an environment that contains
wind and obstacles whose locations are unknown a priori but
are measured in real-time.

INTERNATIONAL JOURNAL OF CONTROL 1

This paper focuses on the saturation problem specifically
related to limits on the magnitude of propeller speeds. Future
research could explore the design of an anti-windup compen-
sator that addresses not only the magnitude of propeller speeds
but also rates at which the propellers change speed. This com-
bined approach has the potential of significantly enhancing the
performance of propeller systems across various applications. In
addition, since dynamic anti-windup compensation is known to
outperform static anti-windup compensation, future work will
include the design of a dynamic anti-windup compensator for
guidance and control of quadrotors.
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