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ABSTRACT

In this study, mathematical modeling of biplane quadrotor with slung load is proposed. Performance of
the biplane quadrotor is degrade while swinging of the slung load so to compensate it nonlinear observer
based backstepping controller is designed that can not only handle the disturbance generated by the
slung load but can also capable to tackle partial rotor failure and wind gust. Simulation study carried
out by considering slung load swinging (only for quadrotor mode), wind gust, and rotor failure (for all
three modes) as the external disturbance and nonlinear observer is design to estimate it. Backstepping
control technique is used to design controller for all three modes of biplane quadrotor. Simulation study
shows that proposed control scheme is cable to handle the disturbance generated by the different sources
in quadrotor biplane.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Ain Shams University
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

Trajectory tracking

nd/4.0/).

1. Introduction

Unmanned Ariel Vehicles (UAVs) meant for agriculture, defense,
e-commerce, payload delivery, photography, surveillance and
inspection, wildlife monitoring, etc., use fixed-wings or rotary
wings. However, a hybrid vehicle like a biplane quadrotor can take
off and land like conventional rotary-wing UAVs and fly like fixed-
wing UAVs and is helpful for all such purposes. Many researchers
have worked to develop mathematical models and controller
designs of the biplane quadrotor. Hrishikeshavan et al. [1] dis-
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Disturbance Observer-based Control; ESC, Electronics Speed Controller; FD, Fault
Detection; FTC, Fault Tolerant Control; IMU, Inertial Measurement Unit; LQR, Linear
Quadratic Regulator; MPC, Model predictive control; NDO, Nonlinear Disturbance
Observer; PI, Proportional Integral controller; PID, Proportional Integral Derivative;
QBIT, Quadrotor Biplane Tail-sitter; SMC, Sliding Mode Control; UAV, Unmanned
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cussed the development of the quadrotor biplane. Swarnkar et al.
[2] presented a flight dynamics model containing a comprehensive
explanation of wing aerodynamics, prop wash modeling, and non-
linear controller design for the biplane quadrotor. Chipade et al. [3]
presented a theoretical design and proof-of-concept flight demon-
stration of an innovative variable-pitch quadrotor biplane UAV
conception for payload delivery. An evaluation study between
modeling methods of a quadrotor biplane utilizes blade element
theory to validate a reduced-order model that includes a simple
interference model for trajectory planning and tracking simulation
in [4]. Finally, Ryseck et al. [5] describe a morphing winglet for
Quadrotor Biplane Tail-sitter (QBiT) to improve the efficiency
within a broad flight envelope. Subsequently, mission-planning
strategies are described and evaluated for QBiT vehicle in [6] with
a folding winglet system in which the winglets offer two configu-
rations that increase aerodynamic efficiency for different airspeed
at the cost of increased airframe mass. Optimization-based trajec-
tory planner developed and simulated by McIntosh et al. [7] for the
independent transition of biplane quadrotor between hovering and
level flight and vise versa. (see Fig. 1).

Biplane quadrotor couples the advantage of rotary-wing and
fixed-wing UAVs to fly wing slung load while being in the quadro-
tor mode. Several researchers have worked on deriving the math-
ematical model of a slung load by combining its dynamics with
aircraft [8,9]. Some have implemented advanced control algo-
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Slung load Motion

Fig. 1. Animated picture of biplane with slung load.

rithms for trajectory planning, tracking, optimization, and control
of the slung load with quadrotor UAVs. Bisgaard et al. [10] pre-
sented the modeling and authentication of a generic slung load
system using a small-scale helicopter for simulation, control, esti-
mation, and pilot training. Notter et al. [11] derived a novel math-
ematical model for the multi-rotor with heavy slung load to
implement a Model predictive control (MPC) scheme comparing
the result with Linear Quadratic Regulator (LQR) control approach.
The mathematical model of slung load integrates with the nonlin-
ear model of helicopter. ELFerik et al. present a backstepping con-
troller with an anti-swing delayed feedback controller is designed
for trajectory tracking through damping of the load oscillations
[12].

Shirani et al. [13] presented a distributed controller for the sup-
portive task consignment to multiple UAVs for load transportation
with a marginal swing of slung load and the Udwadia-Kalaba
method used for the mathematical model of the whole system.
Yu et al. [14] presented a nonlinear backstepping controller for
the quadrotor with slung load for trajectory tracking. de Angelis
et al. [15] presented a filtering method established on a set of
recursive equations which use available data from the onboard
IMU without depending on an extra sensor and is applied to swing
angle approximation for multicopter slung load application. Yihua
et al. use Kane’s method on an established mathematical model of
a helicopter with an external load while considering the weight
and flexibility of the cable in spring-mass-damper mode [16].

Disturbances and uncertainties widely exist in nonlinear under-
actuated systems like UAVs and adversely effect system perfor-
mance, and stability [17]. A disturbance observer reconstructs
the disturbance applied to the system (and can also estimate plant
uncertainties) using measured output variables and known control
input signals. Many researchers have studied and implemented a
disturbance observer on a nonlinear system like a robotic arm,
UAUVs, etc. Disturbance observer adds robustness to the controller
and is helpful with PID, Dynamic inversion control, backstepping
control, sliding mode control, etc. Besnard et al. [18] developed a
robust flight controller for a quadrotor by using the sliding mode
control method with sliding mode disturbance observer to deal
with external disturbance and model uncertainties. Chen et al.
[19] proposed a novel nonlinear observer-based backstepping con-
troller for a quadrotor to trajectory tracking. Chovancov et al. [20]
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implement different control methods like PD, LQR, and backstep-
ping control design on quadrotor for improved performance
despite external disturbances. Zhang et al. [21] propose an
infinite-dimensional disturbance observer to approximation both
the boundary disturbances and the distributed spatiotemporally
varying disturbances in a flexible aircraft wing system. Disturbance
observer-based tracking flight control scheme for unknown exter-
nal disturbance estimation is developed [22].

Wind gusts, considered a strong disturbance for rotary-wing
UAVs in hovering mode, are estimated using an observer that adds
controller robustness. A high gain observer algorithm for online
estimation and compensation of external disturbances like wind
gusts is proposed [23]. Furthermore, Madani et al. [24] propose a
novel approach of the backstepping control running parallel with
a sliding mode observer for a quadrotor UAVs. Also, Zheng et al.
[25] present a generalized disturbance observer (DOB) design
framework motivated by iterative learning without requiring
explicit plant inverse. Lyu et al. [26] present a disturbance observer
(DOB) based method using H, control technique to improve
hovering accuracy in the presence of external disturbances such
as crosswind. However, Li et al. [27] propose a robust nonlinear
controller using H,, and nonlinear disturbance observer (NDO) to
handle uncertainties in nonlinear terms, parametric uncertainties,
and external disturbances in flight mode transition control of tail-
sitter aircraft. Furthermore, Smith et al. [28] compare a baseline
LQR controller to integral extension and Disturbance Observer-
based Control (DOBC) with an anti-windup scheme to handle actu-
ator saturation for external disturbances rejection. Finally, Cas-
tafied et al. [29] design attitude and airspeed controller for fixed-
wing UAVs by using adaptive second-order sliding mode control
that is robust despite external disturbances.

Shi et al. [30] design a high precision disturbance compensation
scheme based on a harmonically extended state observer for atti-
tude control of the quadrotor slung load system. Zheng et al. [31]
present a nonlinear disturbance observer (DBO) based backstep-
ping action and a dual power reaching law for a subsystem, and
a multivariable sliding mode control structure for a second subsys-
tem of quadrotor UAVs. The results are effective when compared
with adaptive backstepping control. Recently, Dalwadi et al. [32]
present a nonlinear disturbance observer-based backstepping con-
trol of tail-sitters to ensure trajectory tracking in the presence of
wind gusts. Hou et al. [33] propose a terminal sliding mode
fault-tolerant controller for a quadrotor with a total rotor failure
considering model uncertainties along with the wind gusts. Li
et al. [34] developed a disturbance observer and integral sliding
mode technique-based fault-tolerant control subject to external
disturbances and actuator failures. De.Crousaz et al. [35] present
a generalized approach for (a) aggressive quadrotor maneuvering
to pass through constrained regions with slung load, and (b) itera-
tive optimal control with single and double rotor failure. Further-
more, a feedback linearization approach-based controller deals
with a rotor failure condition in a quadrotor for trajectory tracking
[36].

Lien et al. propose a flight control strategy using sliding mode
control (SMC) of quadrotors under two-stage single rotor failure
conditions: (a) fault detection (FD) and (b) fault-tolerant control
(FTC), including a dual observer-based strategy [37]. Merheb
et al. [38] developed an emergency PID-based fault-tolerant con-
troller for quadrotor UAVs suffering total rotor losses with control
reallocation among the healthy actuators. While Guzman.Rabasa
et al. [39] present a fault detection and diagnosis system under
partial actuator faults in quadrotor UAVs with the rotation subsys-
tem augmented by a robust linear parameter-varying observer for
actuator fault detection. A model reference adaptive Control
(MRAC) with PID helps develop a fault-tolerant controller [40],
and elsewhere [41] three different MRAC methods: (a) Conven-
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Fig. 2. Block Diagram of proposed Control Scheme.

tional MRAC, (b) MIT rule MRAC (c) Modified MRAC, handle a sim-
ilar control problem. Lippiello et al. proposed a backstepping
approach [42] and PID approach [43] to handle quadrotor propeller
failures by turning off the motor opposite to the failed one, consid-
ering the quadrotor to be functioning in bi-rotor configuration for
planned safe landing.

In this paper, we propose a biplane quadrotor model (quadrotor
mode) with slung load and then design nonlinear observer to esti-
mate the disturbances generated by the swinging of the slung load.
We also design an observer-based backstepping controller for all
three modes to remove the impact of wind gusts and disturbances
due to partial rotor failure. Finally, we perform simulations using
MATLAB Simulink with diverse possible scenarios for biplane
quadrotor trajectory tracking with wind gusts and rotor failures.
Biplane quadrotor has advantages of both rotary and fixed wing
UAVs, and a better choice for payload delivery because while in
the quadrotor mode, the payload is tied to biplane using cables.
After payload drop, the biplane performs a transition maneuver
to the level flight and flies to the original point while consuming
less power than traditional quadrotors. The objectives of this work
on quadrotor biplane are.

e Design an observer based backstepping controller for the
biplane quadrotor with slung load for a desired trajectory track-
ing in presence of wind gusts and partial rotor failure (in
quadrotor mode only).

e Observer design to estimate wind gust and rotor failure for all
three modes.

In the next section, we derive a mathematical model of slung

load, and then incorporate it with the dynamics of a biplane
quadrotor.

2. Dynamical Model of a Biplane with Slung load

A biplane quadrotor augmented with slung dynamics is
described in Fig. 2.

The desired trajectory is provided through a mode selector
mechanism such that the backstepping controller is provided with
an appropriate desired signal at the quadrotor, transition, or the
fixed wing mode. Wind gusts are applied to the augmented biplane
quadrotor. Nonlinear disturbance observer uses measured output

state to find an estimated disturbance d provided to the controller.
According to such estimated values, the measured output, and the
input signal based on the modes, the backstepping controller gen-
erates the output U given to the propulsion system. The propulsion
system consists of an Electronics Speed Controller (ESC) to provide
the desired signals [U;U,U3U,] to the respective motors for appro-
priate control of the biplane quadrotor. There is a change in the
propeller’s speed in partial rotor failure condition, calculated by
the reference system and nominal system model. We consider
wind gusts, partial rotor failure and the slung load swinging as
the disturbances, and the nonlinear observer estimates it. For tra-
jectory tracking study, we consider a spherical pendulum (slung)
fixed at one point [44] with the origin of the slung load coordinates
at the Biplane quadrotor’s center of gravity (CoG).

2.1. Mathematical modeling of slung load
For a simplified and realistic dynamic model, we assume that.

e The Biplane quadrotor is a symmetrical and rigid body, and the
CoG coinciding with the body fixed-frame origin is also the
point of suspension.

e The cable is mass-less and the cable force is non-negative and
non-negligible.

As shown in Fig. 3, the load does not swing above the lowest
level of the biplane surface. For a cable of length L, by Pythagoras
theorem, the slung load position about z-axis, { = V/[*> — 12 —s2 is
always non-negative for load positions s, r in y and x axes of inertial
frame respectively. For the augmented system, Euler-Lagrange
method helps compute the accelerations § and .



N. Dalwadi, D. Deb and S.M. Muyeen

Fig. 3. Schematic of biplane quadrotor with slung load.

As per Newton's second law, the cable force between the
Biplane and load equals the mass multiplying the absolute
acceleration

dy X+T
d=|d, | =-m| y+5 | (1)
d, Z+{—g(/L)

where m; is slung load mass, X,y and Z are the acceleration compo-
nents of biplane, and dy, d,, and d, are the cable force components in
x,y and z axis respectively, g is the gravitational constant, ¢, { are the
position and acceleration of slung load about z axis.

The suspended load at the CoG, affects only the translational,
while the rotational motion remains the same. The cable force
results in acceleration in the x,y and z directions. Typically, the
payload and weight of the biplane quadrotor ratio is around
10 — 15%, and so if the biplane quadrotor weight is 18 kg then it
can lift around 2 to 2.5 kg slung load in total.

2.2. Mathematical model of Quadrotor Biplane

Biplane dynamics [2], [46] are

[ % Fox —s0 v —qw

y :% Foy +8|cls¢p |+ |pw—ru|, (2)
| Z —T+Fg, cOco qu —pv
[¢ (bir + bap)q + bs(La + L¢) 4 ba(Na + Ny)

0| =| bspr—bsg(p?—1?) +bsy(Ma+M) |, 3)
L] L (bsp = bar)q + ba(La + Le) + bo(Na + Ne)

where the inertial terms are defined as constants b;:

b, [, - 1)L - 1% ]

b, (=1 + L)l be 1

bs| 1 L, sl

bo| LI I I CITL T
, b, 1

bg (L — 1)L+ 1,

by I I, ]

for ¢, 0 and y as the angular accelerations of the biplane quadrotor,
m as the mass of the biplane quadrotor, u,  and w as linear velocity
components, p,q and r as angular velocity components, and Fe, Fay
and F,, as aerodynamic forces acting on the biplane quadrotor, T as
the thrust, L, M, and N, as the roll, pitch, and yaw moments, and
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Lqs, Mg, and N, as the roll pitch and yaw moments due to the applied
aerodynamics forces.

In the quadrotor mode, the rate of change in the linear and
angular velocity is low; we consider these zero in the translation
subsystem. Also, we consider that no aerodynamics forces are act-
ing on the biplane quadrotor. We considered the effect of the
swinging slung load as a disturbance estimated by the nonlinear
disturbance observer.

By using Euler (¥, 0, ¢) configuration, and Newton’s second law
of motion on (2), rotational matrix is defined to determine the
translation dynamics in the inertial frame given for quadrotor
mode as

0 Cocy SpsOcy —chpsy cpsicy +spsy 0
0 |+ | cOsy spsOsy+copcy chsOsy —spcy 0

%
mly|=
Z mg —s0 s¢ch coco -T

(4)

Using (1), (3) and (4) biplane dynamics with slung load in quadrotor
mode are

T

X= _UXE + dy (5)
. T

y=-U-+4 (6)
zZ= —c¢c0l+§1—m+ d, (7)
¢ = (b7 + byp)q + bsL + baN; (8)
0= bspr — bg <p2 — rz) + b;M, 9)
§ = (bsp — bar)q + baLe + boN,, (10)

where Uy = cpsOcy + sosy, Uy = c¢psOsyy + spcyy, dy = ff(,’;’—;),

d, :s(%) and d, :g%+%(w+@)s and ¥ are the
acceleration of the slung load about y and x axis respectively,
m+m; = m, is the combined mass of the biplane quadrotor and
slung load, $,# and { are the slung load velocity components.

For observer design, we assume that the disturbance and

derivative of disturbance are bounded and the rate of change of
the disturbance is slow.

lldp(6)]] < Dy, lds(t)]| < Do t > 0.

A nonlinear disturbance observer [32] for the biplane quadrotor
position is

np:—L,,np—L,,(LpP+c+miaup), )
d, =1, + L,P,

where U, = R(0)E3Us,d, is the disturbance estimation, n, is the
observer state vector. L, >0 are the tunable gain matrices,
G=[00 —g]",m, is the mass of the biplane and slung load com-
bined. Based on the desired trajectory given to mode selector, back-
stepping control strategy is applied for tracking.

3. Observer based Controller Design

Next, we design an observer-based controller for all modes of
the quadrotor biplane, using the backstepping technique.
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3.1. Quadrotor Mode

In the quadrotor mode, there are no aerodynamic forces acting
on the vehicle. The augmented dynamics along with slug load
given in (5)-(10), and written as

X1 X2
X2 (b1xs + bax2)X4 + bsLy 4+ baN: + d
X3 X4
X4 bsx,xs — bs (X§ - Xé) +b;M; +d,
Xs X6
X6 _ (ngz - b2X5)X4 + bgL; + bgN; + dd, (12)
X7 X3
Xg g — oxiexs +d;
Xg X10
X10 — Uy + dy
X1 X12
| X12 | L - mla Uy +dy ]

As shown in Fig. 2, three types of disturbances act on the biplane
quadrotor, and are selected as per the mode. The slung load is only
considered when biplane is in quadrotor mode. Wind gusts and par-
tial rotor failures are applied on biplane in all three modes. Partial
rotor failure is considered as a disturbance and calculated by the
difference between reference propulsion system and nominal
propulsion system of biplane quadrotor.
The dynamics of the roll subsystem are

= (13)
Xy = (b]XG —+ b2X2)X4 + b3Lt + b4Nt + d(p.

As in (11), a nonlinear observer for the roll subsystem can be
designed as

ﬁ4, = _L(P (n4, + L4,5(1 + (b1X6 + bzXz)X4 + bsL; + b4N[)7 (]4)
(ib = nd) + L(sz.

Differentiating the estimated disturbance in roll subsystem, El¢, we
get
f:ld) = ﬁd) + L(sz = —L(/)TM, — L4, (L(/)kl + (b]XG + bzXz)X4 + bsL;: + b4Nt>
+L¢ ((b1X5 + bzXz)X4 + bsL; + byN; + d¢)
= —Ly(ny +LyXo) + Lydy = —Lydy + Lydy = —Lyd,,
(15)
where a‘,, =d, — &(/, is the error, and L, > 0 is a tuneable observer

gain. For roll subsystem, error in roll angle is defined as
e = X1 — X1¢ and for a positive definite function V; = }e3, we get

Vi =eiér = e (X —Xig) = e1(X2 — X1a),

with k; >0. To satisfy this condition, a virtual control
X2a = X14 — ki1 is designed such that e, =x; —Xyq =X, — X4 +C1€1,
and so we get

V] 261((62 +5€1d—k1€1)—5(1d):elez—kle% (]6)

The next step is to enhance the function V; with e; = x, — x54 and
the error dynamics é, = X, — X14 + k;€;. Lyapunov positive definite
function is given as
1 1

Vy,=Vi+56€3

2= Vihaetar
By taking the first time derivative, and then using (15) and (16), we
get

&.
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Vz =e16; — k] e% + ey ((b]XG + bzXz)X4 + b3Lt + b4Nt + d¢>
1+ ~
— 1 4o (17)
¢
Using (15) and (17), the control law is defined as
1 . . -
L[ = E (—61 — €2k2 + Xoq — k161 — (b]Xs — bzXz)X4 — b4N[ — d¢>7
(18)
so that V, = —k;e? — kpe2 — ai <0, ky,k; > 0. Using the same cal-

culation procedure, control laws for the pitch, yaw, altitude and
position subsystem are

1 . 3 N
M; = b_7 <—e3 — kqeyq + X3g — é3ks — bsxXg + bg (X% - Xé) - d()),
(19)

1 . . IS
N, = Fg (*6’5 — ke(‘l‘e + X5qg — €5k5 — (ngz — bsz)X4 — b4L[ — dv,)7

(20)
Mg . . m
= kgeg — k — — , 21
o (e7 + kges — X7q + é7k7 +gma dz), (21)
m . . -
Uy = Ta <€9 + k1o€10 — Xga + €oko — dx)7 (22)
m N . -
U, :Ta(en + kize12 — X114 + €11k11 —dy), (23)
where k; > 0,i=1,...,12. Biplane quadrotor flies in the quadrotor

mode while traveling to deliver a payload. After delivery, it is com-
manded to transition and switch from quadrotor to level flight
mode to return in (i) lesser time and (ii) consuming lesser energy
than the quadrotor. In addition, it can deliver more than one pay-
load on a single flight.

3.2. Transition Mode

Transition maneuver allows the biplane quadrotor to switch a
quadrotor mode to level flight mode. Initial command is to rotate
about pitch axis at ~ 90°. The primary stage of transition is gov-
erned by the quadrotor mode controller, and the last stage by the
level flight controller. The dynamics in transition mode is same
as the quadrotor mode but aerodynamics forces and moments
are added.

The control laws include aerodynamics forces [FaxFuyFaZ] and
moments [L,M,N,], and for k; > 0,i=1,...,12 are given as

L= (—e1 — ek + ¥oq — kréy — f + bsLa — ba(Na +No) — dy ),
M =2 (kzd — €3 — kyeq — e3k3 — bsXoXg + f5 — {1(,) —M,,

Ne =5 (—65 — kees + Xsq — esks — f3 — ba(Ly + L;) — boN, — aw),
T=ﬁ<€7+k398 — X7q + e7Kk7 +g7%7&2>,

Uy =15 <eg + kio€10 — Xog + gkg — — o — dx),

. . F, ~
U, =7 (en + kipe13 — Xqq1g + €11k — -2 — dy)-

3.3. Fixed wing Mode

Dynamics of the biplane quadrotor for the fixed wing mode is
same as a fixed wing aircraft. Variables defined in dynamic equa-
tions of biplane quadrotor concern the quadrotor axis. It can be
transformed from quadrotor axis to fixed-wing axis:
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Vy -V, V, 0 0 -1
V| =|V, | =RJ|V,| ,R{=]0 1 0
Velw Vi 1o Valo 10 0
Next, for bt = Le(Iy + L) /B, bwz = I2 /B, bys = L (I, + 1)) /B,

bw4 = IXIy/BabWS = )a/B~ bw6 = Z/B;bw7 = 1/Iy~,bw8 = X/IyisQ = z/Iys
bwlO = xz/1y7bw11 = 1,2(/B7bw12 = Ixz(Iy - Ixz)/B, bw13 = Ix/B and
B = IiI,— I,, the dynamics of the level flight mode are given by using

above equation and [45] as

X = cOcyu + (SPsOcy — chsy)v + (chsOcy + s Ssy)w, (24)
¥ = cOsyu + (SPpsOsy + chpcy) v + (cpsOsy — spcy)w, (25)
Z=—us0 + vs¢cl + wchco, (26)
N T

u:E_gSH+pv_qu+E+dX7 (27)
i/:%+gc95¢+pw—m+dy, (28)
W:%Z+gc0c¢+rv—qw+dz, (29)

P = —pq(bws + bwe) — qr(bwi1 — bwi2)

—buis(La + L;) + bys(Ng + Np) + dy, (30)
q = busr? 4 buop? + 2byw10pT + by (M: + My) + dy,
r= pq(bwl + be) + qr(bw3 - bw4) + wa (Lt + La)

~bus(Ne + Ng) +dy, (31)
d=p+qspto+rceto,
0=qcd—rse, (32)
.1/ o)
Y= T Tco (33)

For the roll angle subsystem, the error between desired and actual
roll angle is

ey =~ bs (34)

A positive definite function is defined as Vim, = %ei and taking time
derivative of it and using (31), we get the desired roll angle rate

Viu, :e¢<p+qs¢>t9+rc¢t0—¢d), (35)
So control law can be defined for the desired roll angle rate p, as

Pa = —kses — qSHto —TCHLO + dy. (36)
Error between roll angle rate is given by e, = p — p; and positive

definite function is defined as Vpy, = Vim, +31€2 +ic~i§p. Taking
time derivative, we get

Vv, = €p(=ar(bwir — bwiz) — buis(La + Le) + bus(Ng + Ny))

+ep<_pCI(bw3 +buwo) +dy — pd) - k(ﬁeé + €e4ep — L%‘a(pd(p.
(37)

As explained in the quadrotor mode (15), (18), the roll angle rate
control law is given as

L= bv:T (kPeP — pq(bws + bwe) + qr(bwiz — bwi1) + bus(Na + N¢)
+dy + e — Pd>7
(38)
such that VFMp = —k(zﬁej) — kpel - afb which guarantees asymptotic
stable system for appropriately chosen k, > 0.

The control laws for the pitch and yaw subsystem and the
thrust are
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M, = b__w17 <kqeq + byt + byop? + 2p1by10 + busMa — Gg — €y + &9>7
(39)
Ne = 5= (krer + Pq(bw1 + buz) + qr(bws — bua) + bus(Le + La)
—buwsNa + €y — ' + 3,p)‘
(40)
T:ma<kueu—%":+g59—pv+qu—az—eu+ud>, (41)

By using (40), we rewrite (38) as

Lt =_—Pus 2
bywsbwiz—byys

(=PA(Bus + bus) —r(Buns — bura) +kpe, —pa+eudy)

. <pq(bw1 +buz) +r(bus +bua) +krer —fd+e./,ii¢,> —La,
(42)

for tunable gains kg, k, and k, > 0.
Desired pitch and yaw angle [45] are given as

—cin—1 [ za—k(z-29) -1 u _ —1(Ya—kya—y)
04 = sin (7_(12%2 ) + tan (705 T ¢), Wy = tan (mkx <xd—><>>
(43)

where z; is desired altitude, x4 and y, are desired x and y positions,
k«, ky, k, and k, are tunable gains. We consider roll angle as a linear
function of yaw angle, given as

ba = ks —g). (44)

3.4. Control Allocation

First, we consider a fixed pitch propulsion system used in
quadrotor biplane. The relation between the motor speed and the
controller output is given as

T k k k k o
L B —klI kI kI —ki Qg
M| Tk okl ko k| 2| (45)
Nl l-d a —d al|g

)

where k,d, and | are the lift and drag coefficients, and the arm
length of the biplane quadrotor, respectively. We calculate the
speed of the individual motors, by taking the inverse of the § matrix,
such as

o5 k k k k11T
2
— — L
Q; _ kI kI ki ki al (46)
Q; —klI —klI kI —ki M;
o) Ld d —a d] [N

For a partial rotor failure, we consider a reference mode and nom-
inal model for speed change using (46). By taking a difference with
the reference system, we get the change in thrust and moments
using (45). It is considered the disturbance and estimated by the
design nonlinear observer and eliminated by the backstepping
controller.
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Table 1

Biplane quadrotor parameters.
Parameters Value Parameters Value
g 9.8 ms—2 Wing area (single) 0.754m?2
Mass (m) 12 kg Aspect ratio 6.9
Lix 1.86 kg - m? Wing Span 229 m
Iy 2.03 kg - m? Gap-to-chord ratio 2.56
Iz 3.617 kg - m? slung load mass (m;) 2 kg

—>In

Scope

Disurbance

Disturbance
,‘ D_hat
Control_input
Observer

Biplane Quadrotor Dyamics

Controller

Fig. 4. MATLAB Simulink Model.

4. Results and discussion

Simulation is carried out by using the MATLAB Simulink. In sim-
ulation of the biplane quadrotor with slung load, wing gust and
partial rotor failure. Biplane parameters with slung load is given
in Table 1.

Initially the biplane quadrotor position [xyz] is [0.550.1] and
attitude [¢0y] is [000]. Biplane is take off during t = 0 — 20 sec
and then fly with 4 m/s speed up to t =294 s and then it com-
manded to land in between t = 294 — 314 sec.

Fig. 4 Shows the Simulink model of the proposed control
architecture.

Fig. 5 show the x —y position and altitude of the quadrotor
biplane with slung load during the whole flight envelop. There is
a very small fluctuation in y and z axis due to the swinging of

T T T

2 1000 {—Desired X Axis ---Actual X Axis_| 7
% 500f 1
o 1 1 1 1 1

m)

X
<C
% 15 50 100 150 200 250 300
2 10f - - - R
5 [—Deswed Y Axis ---Actual Y AX|s]
>_ 5 1 1 1 1 1
T ool 50 100 150 200 250 300
> 4ot .
Z 28' [—Desired altitude - --Actual Altitude] ]
N . - : : .

0 50 100 150 200 250 300

Time (seconds)

Fig. 5. Altitude and Position tracking with slung load.

the slung load. It shows the effectiveness of the designed observer
and controller.

Fig. 6 shows attitude tracking during the whole flight envelope.
It can be observed that there is a small oscillation in the roll and
pitch angle because of the fluctuation in the x — y position of the
biplane quadrotor due to the slung load and yaw angle is indepen-
dently controlled by the control law.

Disturbance observer performance is shown in Fig. 7. The obser-
ver effectively tracks the disturbance generated in the position
subsystem due to the slung load swinging.

Fig. 8 show the x —y position and altitude tracking of the
biplane quadrotor with slung load in the presence of the wing gust.
Slung load swing more due to the wind gust so there is a small
steady state error in the y axis. there is a no significant error in alti-
tude and x position these shows that designed controller is capable
to handle the disturbance and track the desired trajectory.

T . T T T T T T

g 2 l—Desired Roll angle - --Actual Roll angle ] |

= 0

R ‘ ‘ ‘ ‘ '

0 50 100 150 200 250 300

o C T T T T T ]

g2 | l —Desired Pitch angle - --Actual Pitch angle ] |

s 1

= 2 1 1 1 1 1 1

[

-~ 0 50 100 150 200 250 300

® 04 T = ‘ ™

= 02f . l —Desired Yaw angle ---Actual Yaw angle ] 4

z 0 '

8 -0.2¢ L L L L L | I
0 50 100 200 250 300

. 150
Time (seconds)

Fig. 6. Attitude Tracking with Slung Load.
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Fig. 8. Position and altitude tracking of Biplane quadrotor with slung load in the
presence of wind gust.
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Fig. 9. Attitude tracking of Biplane quadrotor with slung load in the presence of
wing gust.

Attitude tracking of the biplane quadrotor with slung load
despite wind gusts is shown in Fig. 9. There are small fluctuations
in the all three angles due to the wind gust and slung load swing-
ing. The proposed observer based controller handles the distur-
bances. Disturbance observer performance with wind gust
applied on biplane quadrotor and the slung load, is shown in
Figs. 10 and 11.

Position and attitude tracking of the biplane quadrotor with the
slung load and partial rotor failure is shown Figs. 12 and 13.

There is a small error in y and z axis, and a more significant error
while landing due to the partial rotor failure, but the controller
ensures safe landing. There are small fluctuations in roll and yaw
angles. Disturbance observer performance for position and attitude
subsystems are shown in Fig. 14 and 15.

Next, simulation is carried out for the quadrotor mode and the
transition mode. When the biplane drops the payload, it is com-
manded to perform the transition mode to switch the quadrotor
mode to level flight mode.

4.1. Quadrotor Mode and Transition Mode
We consider that in t = 0 — 30 sec, the biplane takes off, during

t =30 — 50 sec it is in hovering state and at t = 50 — 53 sec, tran-
sition mode is initiated. Wind gust is applied from the beginning of

I I I L
150 200 250 300
T T T T

i T—do-—di 1

05 I I I L L f
150 200 250 300

0 50 100 150 200 250 300
Time (seconds)

Fig. 10. Disturbance due to the slung load in the presence of wing gust in attitude
subsystem.
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0 50 100 150 200 250 300
Time (seconds)

Fig. 11. Disturbance due to the slung load in the presence of wing gust in position
subsystem.
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Fig. 12. Position and altitude tracking of biplane with slung load and partial rotor
failure.
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Fig. 13. Attitude tracking of biplane with slung load in the presence of partial rotor
failure.
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Fig. 14. Disturbance in position subsystem with slung load by a partial rotor failure.
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Fig. 15. Disturbance generated in attitude with slung load by a partial rotor failure.
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simulation and rotor partial failure is applied during transition.
Altitude and position tracking during the quadrotor and transition
mode under these conditions are shown in Fig. 16.

There is a small oscillation in the x —y position and negligible
error generated in the altitude. At t = 50 sec, transition maneuver
is initiated and at the same time partial rotor failure is introduced.
Because of the partial rotor, there is a small error generated in the
altitude subsystem. During transition, we cannot control the x — y
position that is why there is a error generated. So we can say that,
designed observer based controller is effectively tackle the distur-
bance and partial rotor failure and able to tracked the desired
trajectory.

Fig. 17 shows the attitude tracking during quadrotor and tran-
sition mode with wind gust and partial rotor failure. There is a
small fluctuation during the quadrotor mode due to wind gust,
and the transition mode with partial rotor failure at t = 50 sec,
effectively reduces pitch angle while maintaining the roll and
yaw angle around zero. It shows effectiveness of the controller
and observer.

Observer performance during the quadrotor and transition
mode with wind gust and partial rotor failure in position and atti-
tude subsystems are shown in Fig. 18 and Fig. 19. Designed obser-
ver effectively tracks the disturbance.

€20 T T T T T T T T T 7
» 10 *\—Desired X position - - -Actual X posilion\ — /M
= { Quadrotor Mode |« —
— 0 5 10 15 20 25 30 35 40 45 50
E 6F T T T T T T T T E|
@ 4F kit i .
£ 2F \—Desired Y position - --Actual Y posilion\ R
< Ot 1 | 1 1 1 I I I I b
> 0 5 10 15 20 25 30 35 40 45 50
3 T T T T T T T T T
& 50 B
5 ‘—Desired Z position - --Actual Z posilion‘

0 . I I h N N N |
N "o 5 10 15 2 35 40 45 50

0_ 25 30
Time (seconds)

Fig. 16. Altitude and position tracking during quadrotor and transition mode.
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Fig. 17. Attitude tracking during quadrotor and transition mode.
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Fig. 18. Disturbance by the wind gust and partial rotor failure in position
subsystem.
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Fig. 19. Disturbance by the wind gust and partial rotor failure in attitude
subsystem.

4.2. Fixed wing mode with disturbance and partial rotor failure

In this section, simulation is carried out for the fixed wing mode
of the quadrotor biplane with the wind gust and partial rotor fail-
ure to check the efficiency of the design observer based backstep-
ping controller. First simulation is carried out for the partial rotor
failure and the combine with the wind gust. So for the partial rotor
failure, simulation is carried out for the 100 s in which after
t = 50sec, partial rotor failure is introduced and biplane com-
manded to fly with 15 m/s sec velocity while maintain y axis and
altitude at 30 m height. Figs. 20 and 21 show the position, altitude
and attitude tracking of the biplane in fixed wing mode in the pres-
ence of the rotor failure.

We observe small fluctuations in the y axis but negligible
changes in the x — z axis due to the rotor failure. There is a small
change also in the yaw and roll angle because of it but overall
biplane is able to track the desired trajectory with small deflection
in the y axis and small disturbance in roll and yaw angle. Nonlinear
disturbance observer performance is shown in Fig. 22 and Fig. 23
for the position, altitude and attitude subsystem. It can be seen
that agility and effectiveness of the observer is good.

Wind gust is applied with partial rotor failure while biplane is
in fixed wing mode. Figs. 24 and 25 shows the attitude and position
tracking in the presence of wind gust and at t = 50 sec, rotor failure
is applied.
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Fig. 20. Position and altitude tracking in fixed wing mode with partial rotor failure.
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Fig. 21. Attitude tracking in the fixed wing mode with partial rotor failure.
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Fig. 22. Observer Performance about position, altitude in fixed wing mode while
rotor fails.
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Fig. 23. Observer Performance about attitude in the fixed wing mode while rotor
failure.
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Fig. 24. Position and Altitude tracking in the presence of wind gust and rotor
failure.
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Fig. 25. Attitude tracking in the presence of wind gust and rotor failure.

Wind gusts result in small fluctuations in the y axis and yaw
angle. Biplane tracks the altitude and x axis position amidst exter-
nal disturbance, showing the effectiveness of the observer based
backstepping controller.

Observer performance in disturbance tracking is shown in
Figs. 26 and 27. The designed observer effectively tracks the distur-
bance. When partial rotor failure is introduced, there is a spike in
the altitude and altitude of the biplane at t = 50 s, but tracking
is achieved with small delay.

In this simulation study, we design an observer-based backstep-
ping controller for the biplane quadrotor with slung load, and it is
also capable of handling partial rotor failure. This algorithm can be
implemented on the actual hardware using MATLAB Simulink and
PX4 flight controller. Possible challenges are:
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Fig. 26. Disturbance performance for the position subsystem in fixed-wing mode.
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Fig. 27. Disturbance performance for the attitude subsystem in fixed-wing mode.

e Sampling time: In this simulation study, we set sampling time
as 0.01 sec, but that may change according to the hardware.

¢ Availability of onboard sensors.

e It is hard to implement partial rotor failure to test these algo-
rithms in the actual hardware.

e It is challenging to predict the behavior of the slung load in the
presence of wind gusts in the real world.

5. Conclusions

This simulation study is divided into three parts: (i) Quadrotor
biplane (only quadrotor mode) with slung load, wind gust, and par-
tial rotor failure (ii) Quadrotor biplane (quadrotor and transition
mode) without slung load but still wind gust, and partial rotor fail-
ure are there and (iii) fixed-wing mode with partial rotor failure
and wind gust. Simulation is carried out for all these parts. The out-
comes of this study are.

e Mathematical model of the biplane quadrotor with slung load is
proposed.

e Design Nonlinear Observer based backstepping controller for
the different disturbance combinations.

o This control architecture can handle any disturbance applied on
the biplane quadrotor with a slung load.

e The proposed control scheme is also effective while biplane
quadrotor performs transition maneuver during partial rotor
failure.

e There is a minimal error generated in the trajectory tracking
while fixed-wing mode of biplane quadrotor and in the pres-
ence of the wind gust and partial rotor failure.

e Nonlinear Observer based backstepping controller tracks the
desired trajectory in the presence of the disturbances for all
three modes.
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