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Nestor A. Santos Ortiz* Edouard Laroche] Renaud Kiefert and Sylvain Durand?
ICube UMR 7357, 300 bd. Sébastien Brant - CS 10413 - F-67412 Illkirch Cedex, France

ABSTRACT

This paper presents a controller tuning strategy
for a quadrotor MAV carrying a cable-suspended
load. In our study, no measurement nor estima-
tion of the load’s position is used in the con-
trol strategy and only the quadrotor attitude and
position are controlled. The tuning of the con-
trollers has been done in order to satisfy mixed
H., requirements and a pole-location require-
ment. The resolution is made with an avail-
able tool based on non-smooth optimization. The
proposed methodology, allowing to find a good
trade-off between fast displacements of the MAV
and well damped oscillations of the load, is vali-
dated in simulation.

Keywords : PID control, quadrotor, suspended
load perturbations, fixed-structure controller tun-
ing.

1 INTRODUCTION

Multirotor micro air vehicles (MAV) are now considered
for multiple kinds of missions such as search and rescue
[1], surveillance [2], exploration, field recognition and cargo
transportation [3]. This project focuses on the payload trans-
port missions, specifically on the problem of carrying a load
suspended with a cable. Over the last few years, the increas-
ing demand of this capability on quadrotors has motivated
researchers to study this problem and diverse efforts have al-
ready been done to solve it. Different control techniques have
been already implemented for quadrotor applications with the
aim to improve their performances and capabilities.

In general, pioneers on the subject started with the design
of the control strategies of quadrotors. Altug et al. [4] pro-
posed the use of backstepping controllers for position control
considering the dependency with the attitude control. Hamel
et al. [5] developed control Lyapunov functions by separating
the rigid body dynamics and the motors dynamics. They also
introduced the use of quaternions for attitude error estima-
tion. Pounds et al. presented the design of a controller based
on two cascaded loops integrating a double lead compensator
and a pure proportional feedback loop [6].
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Returning to the specific problem here discussed, it can
be viewed and analyzed from different angles. One approach
focuses on the control of the suspended load so it follows a
specific trajectory while damping the oscillations. Faust et
al. developed an algorithm based on machine learning for the
generation of trajectories reducing the swing of the load [7].
They, as most of other researchers, use the model of a rigid
3D pendulum for the cable-suspended load. Dai et al. pre-
ferred to use a more accurate model considering the cable as
a series of connected links and they design a controller im-
plementation to align these links vertically while transporting
the load to a desired position [8]. In their results, an adaptive
controller is used to compensate the payload’s mass uncer-
tainty that demonstrates better performances than a PID con-
troller with constant gains. Other design methods have been
proposed in order to reject the perturbations generated by the
oscillations of the suspended load seen as a disturbance. For
example, in [9, 10], nonlinear controllers are presented for
trajectory tracking based on partial feedback linearization and
on the backstepping technique, respectively. In [11], both dis-
turbance rejection and swing reduction problems are consid-
ered. A nonlinear H, controller added to a control law ob-
tained by the Lyapunov redesign technique is proposed and
evaluated in simulation. Finally, a third variant of the prob-
lem considers the case of a load carried by multiple coopera-
tive MAVs [12].

In most of the cases, it is considered that the complete
state vector is measurable. For this reason, experimentation
is frequently done in rooms equipped with motion capture
vision systems. A problem that arises here is the implemen-
tation of these control strategies for outdoor flights. In this
paper, the classical PID control strategy is implemented on a
quadrotor where no sensor is employed to estimate the ori-
entation of the cable nor the load’s position. The PID struc-
ture here implemented is similar to the B-type presented in
[13] by Szafranski where derivation is applied directly on the
measurement signal and not on the error signal. The PID con-
troller has been commonly used on MAVs and, as in many
other applications, it is frequently included in studies where
different controllers are to be evaluated [14]. Moreover, this
kind of controller is commonly implemented in open source
and commercial autopilot frameworks used for MAV. The
analysis of the controller performance is presented with a tun-
ing strategy for the gain parameters with optimization algo-
rithms considering the dynamic model of the load in the sys-
tem.
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In Section 2, the complete system modeling is detailed.
Section 3 details the attitude control strategy, including simu-
lations results. Section 4 presents an analysis for the position
control. Section 6 concludes the paper and discusses some
future work.

2 SYSTEM MODELING

After introducing the quadrotor MAV structure used for
the present study, the modeling of the system with the sus-
pended load is presented using the Euler-Lagrange formal-
ism. The suspended load is considered as a pendulum with
the cable assumed to be a rigid massless link attached at a
certain distance under the center of gravity of the quadrotor.

2.1 Millenium quadrotor

The Millenium quadrotor, developed at INSA Strasbourg,
is considered in this project [15]. Its structure is entirely
made with composite materials that offer excellent mechan-
ical properties while minimizing the weight, increasing the
payload that it can carry up-to 1 kg. Its configuration is of X
type, however its structure has only a longitudinal symmetry.
The two frontal arms are more open so they do not appear in
the field of view of a camera looking towards that direction,
see Figure 1.

A Pixhawk Autopilot board is used for the control of this
drone which runs the PX4 firmware pilot. PID type con-
trollers are used by default and their parameters can be easily
modified via a ground control station.
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Figure 1: INSA’s quadrotor’s framework and motors map.

2.2 Kinematics and system coordinates

Two main reference frames are used for modeling the
MAV: the inertial frame attached to a point in the earth
(#r = XEg,Yg,Zg) and the body fixed frame (Zp =
XB,YB, Zp). Inertial frame is defined as NED type since it
is the case in the PX4 board controller.

Position vector £ € Zp is defined as the position of the
body frame origin in the inertial frame coordinate system.
]T

ey

€:[$E YE ZE

Euler angles are used to define the attitude of the quadro-
tor with respect to the inertial frame in the following order:
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yaw (1) around the Z-axis, then pitch (6) around Y-axis and
finally roll (¢) around the X-axis.
T
n=[¢ 0 v] @
The rotation matrix Rg from body to inertial frame is
defined in (3).

CyCo  CpSeSy — SyCyp  CypSeCyp + SySy
E
Ry = | syCo SyS6Sp +CyCy  SypSacy — CySy 3)
—Sp CoSyp CoCyp

To transform the derivatives of the Euler angles from the
inertial frame, 1), to the body frame, wp, the transformation
matrix J defined in Equation (4) is used.
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Figure 2: Suspended load parametrization.

For the load displacement analysis, a new coordinate
frame fixed to the pendulum (Zp = Xp, Yp, Zp) is defined
with its origin on the attachment point and with Zp coinci-
dent with the cable. The rotation matrix RE from the pendu-
lum frame to the inertial frame is defined with angles a and
B corresponding to rotation of the pendulum firstly around
the X g axis and then around the already rotated Y7, axis, as
illustrated in Figure 2.

CB O 83
Sa88 Ca —SaCB 5
—CaS3  Sa CaCp

RY =

In addition, the position of the cable fixation point is un-
der a distance d from the center of gravity of the quadrotor
which is chosen as the body frame origin. Finally, the posi-
tion vector of the load in the inertial frame, £, is obtained in
Equation (6) with [ the length of the cable.
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2.3 Forces and torques

The quadcopter is an under-actuated system since only
four propellers induce the movement while it has a total of 6
degrees of freedom. In Figure 3, the forces and moments in-
duced by the propellers are illustrated. They are considered to
be proportional to the square of the propeller rotation speed:

{ 0 @)

Figure 3: Forces and moments induced by the propellers.

To simplify the analysis, a change among the input vari-
ables is defined as following: the control inputs are defined
as the total thrust, 7', and the torques, 7, 79 and 7, with
respect to the three body frame axis. These new inputs vari-
ables depend on the rotation speed of propellers, w;, and are
calculated with Equation (8). The matrix used in this equa-
tion is defined considering the particular structure geometry
of the quadrotor of this study depicted in Figure 1:

T ks kg ks ks w?
o [ Z | kil kgl kil kil || ed |
o | T | kple  —kple  Kple  —kgls w3
T ke ke —kec —kc wy

2.4 Dynamic model

Euler-Lagrange equations are used to obtain the dynamic
model of the complete system : quadrotor with suspended
load. The translational kinetic energy is composed by both
the quadrotor and the load energies :

1 T s T .
Kiransiation = 5 (mETE + ngLTEL) )

where m is the quadrotor’s mass and m, is the load’s mass.
On the other hand, considering the load as a punctual mass, its
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rotational kinetic energy is neglected and only the quadrotor
energy is included :

1
= inTIwB (10)

where [ is the inertial matrix of the quadrotor with respect
to the body frame and which is considered as a diagonal one
(I = diag(Iys, Iyy, I.~)) since the MAV principal axes are
supposed to be coincident with the body frame axes for sim-
plification. However, in reality they are slightly rotated.
Finally, the potential energy is defined in Equation (11)
where ¢ represents the gravity constant. The negative sign
of this equation is due to the positive direction of the Z axis

which is downwards.

K’rotut’io’n

U=-mpgZg & —mr9Zs" &L (11)

The dynamic of the system is summarized with the La-
grangian L equal to the kinetic energy minus the potential
energy.

L= Ktranslation + Krotation -U (12)

Then, the Euler-Lagrange equations represents the equa-
tions of motion of the system for the generalized coordinates

T
a=[2g yg 2z ¢ 0 ¥ a B] :
d [OL oL
= . - = Qi7
dt 0qi ]

The generalized force vector @ is defined by the input
force F', the input torque 7 and the gyroscopic effect mo-

ment of the rotors I'. Note that the frictional forces due to air
resistance have been neglected.

i=1,..8 (13)

F
Q=|r-T (14)
O2x1
F=RE[0 0o -T]" (15)
T:[Tw To Ty ]T (16)

The gyroscopic moments of the rotors are calculated us-
ing Equation (17) with Q = w; + ws — w3 — wy and I, cor-
respond to the angular moment of rotors.

p 0 I.q2
I'=IL(wpxZp)Q=1I.| q |x]| 0 |Q= —1,.p) a7
r 1 0

Finally using the matrix representation of the Euler-
Lagrange equations, motion equation can be written as fol-
lows.

M(q)d+C(q,9)d+ G(q) =Q (18)
G=M(q)" (Q—-C(g,9)d —G(q)) (19
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Matrices M (q), C(q, q) and G(q) have been easily ob-
tained with a Matlab script but they are very extensive to ap-
pear in this paper.

2.5 Propellers dynamic model identification

Dynamic model of the motor-propeller set is commonly
identified by a first-order model [16], with a time constant 7
and a gain K in addition to a delay d due to the period of the
pulse-width modulated input signal to the motors ESC.

—as K
T(s)=e 7 s (20)

Identification experimental data showed that the time con-
stant is different when the motor speed is increased and when
it is lowered. In addition, the static gain identified follows a
quadratic behavior in function of the positive pulse duration
of the PWM input of ESC controllers which varies from 1.1
ms to 1.9 ms with a frequency of 400Hz. Then, the non linear
model in Equation (21) has been defined, with y the rotation
speed in RPM and « the ESC input in ms.

K = asu® + ayu + ag

y:%(Ku—y) JKu—y>0 21
j=+(Ku—y) ,Ku—y<0

A noticeable improvement fit has been observed with the
proposed nonlinear model compared to the linear model.

2.6 System parameters

The dimensions and mass parameters of the quadrotor
have been directly measured. Furthermore, the diagonal in-
ertia matrix values have been estimated with the compound
pendulum method described in [17]. The identified parame-
ter values are presented in Table 1 and compared to the values
obtained with the CAD model of the system. As observed, the
CAD model values help as an approximation to validate the
coherency of the measurements.

Table 1: Dimensions, mass and inertia parameters.

DATA CAD  Measurements
m [kg] 2.834  2.832 +£0.02
Iz [m] 0.262  0.270 % 0.005
ly1 [m] 0.284  0.295 4+ 0.005
lya [m] 0.222  0.225 4+ 0.005
I [kg-m?] 0.064 [0.054-0.061]
Ly, [kg-m?]  0.077 [0.060 - 0.068]
I..[kg-m?] 0.127 [0.107-0.118]

Thrust coefficient has been approximated from experi-
mental flight data where the quadrotor stayed on a hover posi-
tion. Drag coefficient has not been identified and an approxi-
mated value has been chosen based on online databases.
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3 ATTITUDE CONTROL

As already mentioned before, the interest of this paper is
not to design a better controller structure for this application,
but to suggest an original strategy to calculate the best param-
eters of the imposed controllers which structure is defined in
Figure 4. It is a pure proportional controller in the outer-loop
cascaded with a PID in the inner-loop.

;] max

= Limits /Saturation

min

Figure 4: PX4 attitude PID controller structure.

3.1 Tuning of the control parameters

For the tuning of the controller parameters, a solution
with optimization algorithms for non-smooth and non-convex
problems is available (see [18, 19]). The optimization prob-
lem solved by this algorithm, considering only one plant
model, is of the form

minimize max {f;(p)}
peR  1=1,..., ny 22)
subjectto max {g;(p)} <1 (
Jj=1,...,ng

where p is the vector of tunable parameters. Functions f; and
g; represent the requirements, considered as soft and hard re-
spectively. There can be as many requirements as desired in
the form of Hy or H., norms of weighted transfer functions,
or in terms of a pole location constrain. Values v, and 7y, rep-
resent the optimization results for the soft and hard require-
ments.

Moreover, this tuning method can be easily implemented
in Matlab with the ’systune’ tool. Here, this has been used
looking to satisfy three different hard performance require-
ments (same results are obtained with only soft require-
ments):

Req 1: Maximum tracking error from the angle reference to
the angle measurement in the frequency domain;

Req 2: Maximum gain from disturbance to angle measure-
ment in the frequency domain;

Req 3: Pole location of the closed-loop system.

To simplify the problem, the dynamic model for each of
the controlled variables has been separated and simplified.
Two different models have been used for roll and pitch, the
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Figure 5: Simplified control system for roll (KA2).

first one without considering the pendulum load, and the sec-
ond one including it. This way two different sets of parame-
ters for attitude controllers have been obtained and evaluated.
The following notations are used for next references:

KA1I: Tuning of the parameters when considering the model
of the system without the load;

KA2: Tuning of the parameters when considering the model
of the system with the load.

Figure 5 shows the general aspect of the simulink model
used for tuning the roll controller in case KA2. A linear model
has been used for the actuators with a gain M from the control
output to the system input due to the PX4 normalized mixer
(mixer transforms the controller outputs into the motors ESC
control inputs).

For both cases, the weighting functions used on the per-
formance channel have been adjusted iteratively by looking
for the most demanding performances that could be satisfied
(v < 1). In afirst step, the bandwidth, the reject of perturba-
tion, the damping ratio and the decay ratio (associated to the
phase and the real part of the dominant poles respectively)
of dominant poles were required to a relative high value for
this specific application. The system could never satisfy these
constrains but this gave an intuition of the performances lim-
its of the system. In a next step, the requirements have been
lowered until all of them could be satisfied. Figures 6(a) and
6(b) show the evaluation of the final requirements for cases
KA1 and KA?2 respectively.

It can be observed that in the case of KA/, the bandwidth
of the system is a little higher than in the case of KA2. Note
that when a higher bandwidth was requested in the case of
KA2, it could not be satisfied without affecting the stability of
the system (reducing the damping ratio and decay component
for the pole location constrain).

3.2 Simulation results

To evaluate roll and pitch controllers, two different tests
have been performed in simulation.
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In the first test, the MAYV is controlled to be on the hover
state, and the load is initially perturbed. Specifically, the load
is initialized with angles v and 3 of 20°. Figure 7 shows the
results for the control of roll attitude, for both set of con-
troller parameters KAl and KA2. The response for pitch
is almost the same as the obtained for roll. As it can be
clearly observed, with the KA2 parameters, the load oscil-
lations are rapidly attenuated, contrarily to the case with pa-
rameters KA1.

In a second test, the MAV attitude angles ¢ and 6 were
initially set to 20°, and the control reference is the horizontal
attitude. This time the load is initially at rest but it will be
excited by the horizontal movement induced with the initial
attitude of the MAV. For this test, results are presented in Fig-
ure 8. Again, with the controllers KA2, the oscillations of the
load are more rapidly attenuated while the reference attitude
is also reached.

These results already demonstrate that good stability per-
formances can be achieved considering the model of the load
in the tuning process, even when no feedback of the load po-
sition is used in the control strategy.

4 POSITION CONTROL

The same controller structure as used for attitude in sec-
tion 3 is employed for the position control. Note that for hor-
izontal movements, the position controller is cascaded with
attitude controller. The X, Y and Z control signals define a
reference thrust vector in the inertial frame which orientation
is used to define the pitch and roll reference angles. Besides,
in function of the current attitude of the drone, the thrust vec-
tor is redefined and its magnitude is calculated for the con-
trol of the altitude. As a result, control is done for X, Y, Z,
and yaw. Again, the same process followed for the attitude
controllers tuning has been implemented in this case. Two
models have been also used :

KP1I: Tuning of the parameters when considering the model
of the system without the load and KA/ attitude con-
trollers;



IMAV2017-13
http://www.imavs.org/pdf/imav.2017.13

International Micro Air Vehicle Conference and Flight Competition (IMAV) 2017

Requirement 1: Tracking error as a function of frequency
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Figure 6: Requirements for roll controller tuning.
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Figure 8: Quadrotor’s roll attitude in time, second test.

KP2: Tuning of the parameters when considering the model
of the system with the load and KA2 attitude con-
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trollers.

This time, only one test has been used for evaluation.
From an initial position at rest, the test consisted in step vari-
ations of the reference signal. Note that, rather than using a
trajectory generation algorithm as it is usually the case, steps
have been used to fully excite the system and emphasize its
stability properties. The reference positions formed a square
trajectory with the center in the initial position. A 3D visual-
ization of thethis test appears on Figure 9.

The comparison of the reference tracking results with the
different sets of parameters can be appreciated in Figure 10.
On the one hand, with parameters KP/-KA1, Figure 10(a),
the system shows relative good performances. The reference
is rapidly reached with a small overshot and few oscillations.
On the other hand, with parameters KP2-KA2, Figure 10(b),
the system is less dynamic. However, in terms of the stabi-
lization of the load, better results are obtained with the later
parameters. As it can be observed in Figure 11, with the sec-
ond set of controller parameters, the oscillations of the load
are more attenuated and the highest amplitude is around four
times lower.

5 DISCUSSION ON THE TUNING STRATEGY

From our experience in the tunning process, we draw sev-
eral recommendations.

Model with or without the load. It is possible to use a syn-
thesis model that does not include the load, which simplifies
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Figure 9: 3D visualization of the position control simulation (with
controller KP2 and KA2)
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Figure 10: Quadrotor’s position with respect to time.

the modeling step. With this model, it is possible to obtain a
much faster control of the orientation and the position of the
UAY, but at the cost of undamped or unstable load oscilla-
tions if the bandwidth is chosen higher than the load oscilla-
tion frequency. The model including the load displacements
was found convenient to tune a controller that damps the load
oscillations.
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Figure 11: Load angle a and 3 during the position control test.

Pole location requirement only. In an attempt to simplify
the requirements specification, the pole location constrain has
been used as the only requirement. However, we observed
that the resulting dynamics of the UAV is degraded and then
sticks to the dynamics of the load.

Remove the pole location requirement. We replaced the
pole location by a frequency requirement on the transfer be-
tween the reference and the load displacement, which results
in purely frequency-domain requirements. Even if these re-
quirements allowed to damp the load oscillations, we ob-
tained a better results by including the pole placement re-
quirements. Notice that once the pole placement requirement
is included, the requirements on the transfer between the ref-
erence and the load displacement can be removed without any
drawback.

Hard vs soft requirements. The possibility of prioritizing
some of the requirements (using hard and soft requirements)
has also been investigated. However, better results have been
obtained by keeping the same strength for all requirements.

6 CONCLUSIONS AND FUTURE WORK

The problem of the control of a quadrotor MAV with a
cable-suspended load has been studied. The modeling of the
system including the load has been described. It has been
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considered that the attachment point of the cable is not co-
incident with the center of gravity of the MAV, allowing the
load to induce perturbations on the drone’s attitude. More-
over, a tuning methodology for the controllers has been pro-
posed in order to find a good trade-off between the response
time of the vehicle and the damping of the load oscillations,
even when there is no feedback of them. The validity of this
methodology has been proved with simulations. This can be
useful during outdoor flights with standard quadrotors, avoid-
ing the need of adding sensors for the load position estimation
and maintaining the simplicity of this type of control imple-
mentation. In future work, the evaluation of the tuned con-
trollers will be performed experimentally using the Millenium
quadrotor from INSA Strasbourg to observe the robustness
against non modeled dynamics and uncertainty on the identi-
fied parameters of the system.
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