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MPS: A New Method for Selecting the Stable Closed-Loop Equilibrium
Attitude-Error Quaternion of a UAV During Flight

Francisco M. F. R. Gongalves, Ryan M. Bena, Konstantin 1. Matveev, and Néstor O. Pérez-Arancibia

Abstract— We present model predictive selection (MPS), a new
method for selecting the stable closed-loop (CL) equilibrium
attitude-error quaternion (AEQ) of an uncrewed aerial vehicle
(UAV) during the execution of high-speed yaw maneuvers. In
this approach, we minimize the cost of yawing measured with
a performance figure of merit (PFM) that takes into account
both the aerodynamic-torque control input and attitude-error
state of the UAV. Specifically, this method uses a control law
with a term whose sign is dynamically switched in real time to
select, between two options, the torque associated with the lesser
cost of rotation as predicted by a dynamical model of the UAV
derived from first principles. This problem is relevant because
the selection of the stable CL equilibrium AEQ significantly
impacts the performance of a UAV during high-speed rotational
flight, from both the power and control-error perspectives. To
test and demonstrate the functionality and performance of
the proposed method, we present data collected during one
hundred real-time high-speed yaw-tracking flight experiments.
These results highlight the superior capabilities of the proposed
MPS-based scheme when compared to a benchmark controller
commonly used in aerial robotics, as the PFM used to quantify
the cost of flight is reduced by 60.30 %, on average. To our
best knowledge, these are the first flight-test results that thor-
oughly demonstrate, evaluate, and compare the performance
of a real-time controller capable of selecting the stable CL
equilibrium AEQ during operation.

I. INTRODUCTION

A significant number of schemes developed for control-
ling the attitude of spacecraft, vertical take-off and land-
ing (VTOL) uncrewed aerial vehicles (UAVs), and micro-
robotic flyers use quaternion-based control laws [1]-[21].
Controllers based on the use of attitude-error quaternions
(AEQs) exhibit numerous advantages compared to con-
trol methods that use Euler angles and rotation matri-
ces [22], [23]. In particular, quaternions eliminate singular-
ity issues inherent to attitude representations that use Euler
angles and provide a compact four-element storage format in-
stead of the nine-element format of rotation matrices. These
characteristics improve numerical robustness and decrease
computational complexity, enabling faster sampling rates for
real-time control [24]-[26]. However, overlapping of the ro-
tational state-space induces a well-known ambiguity problem
characterized by the existence of two different symmetric
quaternions that can be used to represent the same attitude
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of an object in space. In particular, we show in [8], [9] that
when quaternion-based attitude representations are used in
a closed-loop (CL) scheme developed to control rigid-body
flyers, the resulting dynamical systems have two different
equilibria; one asymptotically stable and another unstable,
depending on the definiteness—positive or negative—of a
controller-gain matrix. Therefore, the stability of these two
equilibria can be interchanged in real time by simply mul-
tiplying a term in the control law by —1. It is important to
note that, even though both possible stable CL equilibrium
AEQs represent exactly the same control error, the rotational
trajectories required to eliminate this error are different; one
has exactly the same direction of the instantaneous Euler axis
of the first AEQ whereas the other has the opposite direction
of the instantaneous Euler axis of the first AEQ.

In the case discussed in [8], [9], the existence of two fixed
points with opposite stability properties and the utilization
of real-time switching do not represent a problem because
if a trajectory were to start at the unstable equilibrium, any
perturbation—Ilarge or small—would cause the system state
to asymptotically converge to the stable one. A main reason
for using stability switching is the simultaneous improvement
of flight performance and power utilization. Specifically,
this technique is commonly used to avoid unwinding [27],
a phenomenon characterized by an abrupt 27-rad rotation,
about the AEQ’s Euler axis, of the UAV’s body-fixed frame
during flight. Avoiding unwinding is important during the
execution of tasks that require high-performance flight and
synchronization, such as high-speed object tracking, precise
positioning, and landing on rotating platforms. Power opti-
mization is crucial in long-lasting operations, such as search
and rescue, traffic control, and surveillance.

The simplest automatic stability-switching technique can
be implemented by including in the control law, which gen-
erates the torque inputted to the system, the sign of the scalar
part of the AEQ [8]-[16]. In particular, by multiplying this
signum function and a term proportional to the vector part
of the AEQ in the definition of the control law in [8], [9],
we ensure that this new resulting term generates a torque in
the direction of the shorter rotational trajectory required to
eliminate the attitude error. However, as discussed in [28],
applying a torque in the direction of the shorter rotational
trajectory required to eliminate the attitude error does not
necessarily ensure the best flight performance because, de-
pending on the current angular velocity and orientation of
the UAYV, it might be more advantageous to apply a torque in
the direction of the longer rotational path. For example, [28]
proposes a set of a-priori rules for selecting the direction
of the instantaneous control torque inputted during flight
that decreases the cost of flight according to a heuristic
quantification method. These rules were derived from data
obtained through the simulation of maneuvers with different
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orientation and angular-velocity initial conditions.

Also, the problem can be approached with the methods
presented in [29] and [30]. The research presented in [29]
developed two methods for synthesizing hybrid controllers
aiming to minimize the cost of flight, respectively based
on energy-like and backstepping Lyapunov functions, while
[30] introduces a switching controller aiming to minimize
the cost of flight, explicitly quantified by a function of the
angular-velocity and attitude-tracking errors during opera-
tion. With the exception of the method in [28], which selects
the CL equilibrium AEQ off line using trajectory information
known a priori, all other CL-fixed-point selection algorithms
use instantaneous state information only. Here, we introduce
an alternative approach based on model predictive selection
(MPS), according to which a real-time controller employs a
dynamic model of the controlled UAV to estimate the sys-
tem’s state evolution and predict the most cost-efficient stable
CL equilibrium AEQ over a finite-time horizon, according to
a performance figure of merit (PFM). The main contributions
of this paper are: (i) a new model-predictive method for the
selection of the most cost-efficient, according to a chosen
PFM, stable CL equilibrium AEQ over a finite-time horizon;
and, to our best knowledge, (ii) the presentation of the first
real-time flight-test results that demonstrate the operation
and performance of a controller that dynamically selects the
stable CL equilibrium AEQ of a UAV during flight.

The rest of the paper is organized as follows. Section II
describes the kinematics and dynamics of the UAV used in
the presented research, discusses the structure of a contin-
uous controller used as the starting point in the analyses
that follow, and presents the stability analysis of the two
CL equilibrium AEQs of the system. SectionIII describes
the performance problem associated with the selection of
the stable CL equilibrium AEQ and the controller used as
benchmark to analyze the experimental results. SectionIV
introduces the proposed MPS-based controller. Section V
presents and discusses experimental results obtained us-
ing both the MPS-based and benchmark controllers. Last,
Section VI states some conclusions regarding the presented
research.

Notation:

1) Italic lowercase symbols represent scalars, e.g., p;
bold lowercase symbols represent vectors, e.g., p; bold
uppercase symbols represent matrices, e.g., P; and
bold crossed lowercase symbols represent quaternions,
e.g., p.

2) The real variable ¢ denotes continuous time. The inte-
ger variables ¢ and k are used to index discrete time.

3) Differentiation with resgect to time is denoted by the
dot operator, e.g., p = 3.

4) The symbol x denotes the cross-product of two vec-
tors. Multiplication between two quaternions is de-
noted by ®.

5) The 2-norm of a vector is denoted by the operator ||-||2.

6) The transpose of a matrix is denoted by [-]

7) The operator sgn {-} extracts the sign of a scalar.

II. DYNAMIC MODEL AND CONTINUOUS CONTROLLER
A. Reduced-Complexity Rigid-Body Attitude Dynamics

The UAV used in the research presented in this paper
is shown in Fig.1. Also, this figure graphically defines
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o
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Fig. 1. Photograph of the UAV platform used in the flight tests, the
Crazyflie 2.1, and depiction of the frames of reference used to describe
its kinematics. = {n1,n2,n3} denotes the inertial frame of reference;
B = {b1, b2, b3} denotes the body-fixed frame of reference, whose origin
coincides with the center of mass of the UAV.

the inertial and body-fixed frames, N = {n;,no,n3} and
B = {b1, by, bs}, employed to describe the kinematics of
the UAV during flight. The origin of B coincides with the
location of the robot’s center of mass. Here, we focus only on
the attitude dynamics of the flyer, which we represent using
the model thoroughly discussed in [1]-[9]. Namely, using
quaternion-based attitude representation and D’Alembert’s
laws, the open-loop state-space dynamics of the system can

be written as
. 1 0

(1)

w=J N1 -wxJw),

in which g is a unit quaternion that stores the attitude of B
relative to N} w is the angular velocity of B relative to NV,
written in B; J is the inertia matrix of the robot written in
B; and T is the aerodynamic-torque input signal computed
by the controller. As it is well known [31]-[33],

{ cos% ] )
q-= ..o |
us1n§

where, the unit vector u is the Euler rotation axis and O is
the rotation amount about u required to represent BB in space
relative to N [31].

B. Structure of Basic Continuous Controller

For the purpose of controller synthesis and implementa-
tion, we define the AEQ as

. =q ' g 3)
where g, = [m. nl] " represents the attitude of the desired
body-fixed frame, By, relative to the actual body-fixed frame,
B. Consistently, g is the measured instantaneous attitude of
B relative to N/, and g, represents the instantaneous attitude
of By relative to A/. Note that for

and T = Uesin %, 4

U, 18 the unit vector about which the robot must rotate an
amount O, to reach By from B. During flight, the control

O,
Me = COS —
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algorithm computes the desired angular velocity of the robot,
written in By, as

0
wq

Then, to obtain the desired angular velocity of the robot in
B, we use the transformations Sy and S” as defined in [8];
Sy transforms vectors from By to N and S? transforms
vectors from N to B. Consequently, wq = STSch:d. Last,
the aerodynamic-torque input is computed according to the
continuous control law

} =2¢;' ® 4. (5)

T=K,n.+ K, we.+Jwq +w X Jw, (6)

where K ,, and K, are positive-definite matrices; wy is the
angular-velocity reference for B; w, is the angular-velocity
tracking error given by wy — w; Jwy is a feedforward term
used for faster tracking performance; and, w x Jw cancels
the nonlinear term in the second line of (1).

C. Closed-Loop Fixed Points and Stability Analysis

By differentiating (3) and substituting the right-hand side
(RHS) of (6) into the last row of (1), we obtain the
closed-loop attitude dynamics of the system. Namely,

1[0 ],
Qe - 2 we Qe) (7)
We=—J N Kpn.+ Kowe).

This state-space system is autonomous and its state is
composed of seven variables. Also, as discussed in [8],
[9], the vector functions on the RHS of (7) are Lip-
schitz continuous for appropriately chosen references gy
and wgy. The two fixed points of (7) can be found us-
ing the method described in [8]; the first corresponds to
@ =[+1000]" and w* =[0 0 0]", and the second corre-
sponds to gf =[~1000]" and w* = [0 0 0]". These two
equilibria represent the same attitude and angular-velocity
tracking errors; therefore, convergence to either of them
represents convergence to the same physical orientation. The
stability properties of the first fixed point, {g},w}}, can be
determined using the method presented in [8], [9], where we
invoke Lyapunov’s direct method and LaSalles’s invariance
principle, as stated by Theorem 4.1 and Corollary 4.1 in [34].

Proposition 1. Let the attitude and angular-velocity refer-
ences, g4 and wq, be smooth functions of time, and let K,
and K, be constant positive-definite matrices. Then, the
fixed point {g},wk} of the closed-loop attitude dynamics
specified by (7), with ¢ = [+1 00 0]" and w? = [0 0 0]",
is asymptotically stable.

Proof. See Section 3.6 in [8].

As thoroughly discussed in [8], the proof of Proposition 1
relies on two logical steps. First, we show that {g’,w}} is
locally asymptotically stable; then, we show that {g!, w?} is
unstable and, therefore, any deviation from it always makes
the state of the closed-loop attitude dynamics converge to the
stable equilibrium point, {g}, wy}. Also, in [8], we prove the
instability of {q;r, wr}, using Lyapunov’s indirect method as
stated in Theorem4.7 of [34]. Here, we formally state this
result through a proposition.

Proposition 2. Let the same conditions of Proposition 1 ap-
ply. Then, the fixed point {gl,wg}, with ql =[-100 O]T
and w? = [0 0 0", is unstable.

Proof. See Appendix C in [8].

III. THE PERFORMANCE PROBLEM AND BENCHMARK
CONTROLLER

As mentioned in SectionIl, both CL equilibrium AEQs
of the system specified by (7), {g},w?} and {g!,w?}, cor-
respond exactly to the same physical state of the controlled
UAV; namely, the condition when the instantaneous position,
attitude, and angular velocity of B coincide exactly with
those of By. However, the first fixed point is stable whereas
the second is unstable. This apparent paradox results from
the quaternion-ambiguity phenomenon. To see this issue,
consider (4) and recall that u, is the unit vector about which
B must be rotated an angle ©, to exactly reach the attitude
of By. Therefore, Propositions 1 and 2 tell us that when
©. = 0 and w, = 0, small deviations from this condition are
easily corrected by the system’s controller; whereas, when
O, = 27 rad and w. = 0, any deviation from this condition,
small or large, induces the system’s controller to generate a
rotation on the order of 27 rad. Furthermore, it is straightfor-
ward to see that when m < ©, < 27wrad, the torque K, n.
is applied in the direction of the longer path. This dynamic
behavior does not pose any problems regarding stability;
however, from a performance perspective, it raises numerous
energy and state-error optimization research questions.

In the past, to avoid undesired 27-rad rotations during the
execution of flight maneuvers [27], we modified the first term
of the control law specified by (6) by multiplying it by the
sign of m. [7]-[11]. Namely,

Tp = sgn{me} Kpne + Kowe + Jwqg +w x Jw.  (8)

From this point onwards, we refer to (8) as the bench-
mark controller. Clearly, the direction of the torque
sgn{me} K ,n. is the same as that of u., for 0 < 0, < ,
and is that of —u., for m < O, < 2w, which ensures that
the torque sgn{m.} K, n. is applied in the direction of the
shorter rotational path between B and By. An alternative
interpretation of the switching method specified by (8) is
that when sgn{m.} becomes negative, {g!,w*} becomes
asymptotically stable and {g},w?} unstable. This stability
property of the system is reversed when sgn{m.} switches
back to positive. There is ample evidence that this method
is highly effective and robust in real-time flight applica-
tions [7]-[11]. However, it does not guarantee the best
performance regarding the control effort, which is directly
related to energy consumption. We hypothesize that replacing
sgn{m.} with a function that predicts the most cost-efficient
direction of the first term in the torque control input might
be a better option. This is the motivation for introducing the
MPS-based controller discussed next.

IV. MODEL PREDICTIVE SELECTION

To our best knowledge, all the published methods that
select the stable CL equilibrium AEQ during flight use the
current value of the system state only [29], [30]. Here,
we introduce the MPS algorithm, an alternative approach
that predicts and selects the most cost-efficient stable CL
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Fig. 2. Block Diagram of the MPS-based Control Scheme. The MPS
algorithm receives as inputs the attitude-reference quaternion, measured
quaternion, angular-velocity reference, and measured angular velocity; then,
it selects the value of o and sends it to the attitude controller, which
computes the aerodynamic-torque control input, 7. Last, the actuator
mapping receives as input T, and maps it into the pulse width modulation
(PWM) signals, e;, for j € {1,2,3,4}, that excite the DC motors of the
flyer as described in [1].

equilibrium AEQ over a finite-time horizon, according to a
PFM. In this case, we use the PFM

t+th
T () = / [T (O RTo(C) + T (O)Qne(C)] dC, (9)

where ¢, is the time horizon; T, is the torque exciting
the system, which is generated through a control law that
explicitly depends on the parameter o; and, R and Q are
Hermitian positive-definite weight matrices that function as
tuning parameters. We specify the control law as

Te =0Kpne+ Kowe + Jwg + w X Jw, (10)
where o € {—1,41} is dynamically selected according to

o, if —0<AT'<d
ot =¢ -1, if AT > 6
+1, if Al < -6

;Db

where o is the current value, initialized as 0 = +1; § > 0 is
a hysteresis margin included to avoid Zeno behavior [35];
and, AT =T* —T'f, in which T* and T'' are the PFM
values, computed using (9), associated with choosing either
{qt,w?} or {gl,w*} as the stable CL equilibrium AEQ,
respectively.

Since the possible trajectories of 7,(t) and m.(t), for
t € [t:t+ ty], are unknown at time ¢, in order to compute
I'* and I'f, we estimate them using the model specified by
(1)—(7). Specifically, using (1)—(7) and (10), we simulate the
trajectory of the UAV during the time range specified by a
finite-time horizon, %, for both ¢ = +1 and ¢ = —1, and
then select the stable CL equilibrium AEQ associated with
the lesser cost of performing the corresponding maneuver,
according to the PFM specified by (9). The prediction
algorithm is based on the methods in Chapter 12 of [36]
and we briefly describe them here. First, since the algorithm
is implemented on a digital signal processor (DSP), we

define (i) = [gI (4) w;f(i)]T, where g, (i) and w.(i) are
the sampled versions of g.(t) and we(t), respectively. Then,
we define @;1|; as the state at discrete time 7 + k predicted
at discrete time 4, with the starting point x;; = (). Next,
we solve ;4 p11); = f(®;4x):), with k € [0 : i, — 1], for the
sequences ¢, (¢) and we(i), with ¢ € [i : i + 4p], where 4y is
the discrete-time horizon corresponding to the continuous
ty and f(x) denotes the sampled version of the RHS vector
function in (7). At each time instant, we predict the evolution
of the system state for the two possible inputs, 74 ; and 7_1,

Main Computer

Position and Attitude
Feedback =

- "',
4 ? 1 ,)) "',"

Controller

Vicon Computer

\ Vicon PoE Server

Fig. 3. Experimental setup used in the flight tests. Illustration of the
flying arena and signals-and-systems diagram. The setup is equipped with
a six-V5-camera Vicon motion-capture system, which is used to measure
the position and attitude of the UAV during flight at a rate of 500 Hz.
These data are then sent, via the Vicon PoE server, to the Vicon computer,
which records and transmits the data to the main computer using the virtual-
reality peripheral network (VRPN) interface. Last, the main computer
transmits the position and attitude real-time data to the UAV, using the
Python-Crazyflie-Client library, via radio at approximately 50 Hz. The UAV
transmits the signals generated by the online controller to the main computer
using radio communication.

associated with choosing either {g*,w?} or {g!,w?} as the
stable CL equilibrium AEQ. Last, we use these predictions
to execute the selection rule specified by (11).

The MPS-based control scheme is shown in Fig.2. We
do not provide a rigorous and detailed stability proof of this
scheme here; however, we state some basic facts regarding
this matter. The inclusion of the hysteresis margin, ¢, in
the definition of the switching law specified by (11) pre-
vents the system from becoming unstable due to chattering.
Once chattering is avoided, as long as the responses of
the two closed-loop subsystems corresponding to o = —1
and o = +1 approach zero as time increases, the switching
closed-loop system corresponding to the control law speci-
fied by (10), as a whole, remains stable. This conclusion fol-
lows from noticing that each switching event can be thought
of as the reinitialization of one of the two subsystems with a
finite initial condition. The experimental results presented in
Section V provide strong evidence supporting this statement.

V. REAL-TIME FLIGHT EXPERIMENTS
A. Experimental Setup

The flying arena used in the flight tests discussed
in Section V-B is depicted in Fig.3. This setup is instru-
mented with a six-V5-camera Vicon motion-capture system
running at 500 Hz. These cameras measure the position and
attitude of the UAV during flight. Then, these data are fused
with the angular-velocity signal, which is measured with an
onboard BMIOSS inertial measurement unit (IMU) sensor,
using the extended Kdlman filter in [37], [38]. Specifically,
the position and attitude of the UAV are sent to a processing
server (Vicon PoE) and, then, to the Vicon computer that
runs Tracker3.9 (software). The Vicon computer commu-
nicates with the main computer of the setup through the
virtual-reality peripheral network (VRPN) protocol. Last,
the main computer transmits the Vicon measured data to the
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Fig. 4. Experimental signals corresponding to two different attitude

references and two different controllers. (a) Real-time yaw reference
and measured yaw signal for the parameter pair {2 - bgrad-s~!,170°}
and benchmark controller. (b) Real-time yaw reference and measured
yaw signal for the parameter pair {2 - bz rad - s~1,170°} and MPS-based
controller. (c¢) Real-time AI' and o signals corresponding to the case
in (b), i, {2-bzrad-s~1,170°}. (d) Real-time yaw reference and
measured yaw signal for the parameter pair {4 -bzrad-s~1,90°} and
benchmark controller. (e) Real-time yaw reference and measured yaw signal
for the parameter pair {4 -bsrad-s~1,90°} and MPS-based controller.
(f) Real-time AI' and o signals corresponding to the case in (e), i.e.,
{4-bzrad-s~1,90°}.

UAV via radio, using a Bitcraze antenna (Crazyradio PA) and
the Python-Crazyflie-Client library at approximately 50 Hz.
The UAV transmits the signals generated by the online
controller to the main computer using radio communication.
Both the proposed MPS-based and benchmark controllers are
run onboard at a rate of 500 Hz. During flight, the position of
the UAV is controlled using the scheme described in [8], [9].

B. Flight Experiments

To test and demonstrate the capabilities of the pro-
posed MPS-based controller, we performed several different
high-speed yaw-tracking maneuvers. The results correspond-
ing to two different real-time attitude references are shown
in Fig.4. Each reference is composed of three stages. In
Stage 1, the quadrotor hovers stationarily and the rotational
commands are set to zero; in Stage2, an angular-velocity
reference in the bs direction commands the UAV to rotate
at the constant value w( about its yaw axis; last, in Stage 3,
once the yaw-angle signal v(t), with the form of a ramp,
reaches a desired initial angle (tg) = 1, the constant
yaw-angle reference v4(t) = 0°, for t > tg, is inputted to
the system, thus compelling the UAV to rotate toward

it. Executing pure yaw-tracking maneuvers allows us to
straightforwardly evaluate the functionality and performance
of different control methods. For the real-time implementa-
tion of the controllers, we selected K,, = 900-J N -m and
K,=90-J N-m-s-rad”! as the controller gains in (8)
and (10). Additionally, we empirically selected the finite-time
horizon for the MPS-based controller to be 0.4 s, and the tun-
able weights in (9)tobe R =T and Q = 1076 - T N?.m?,
where I is the identity matrix with compatible dimensions.
The reason for choosing significantly lower values for the
diagonal entries of @ is the difference in order of magnitude
between 727, and nI'n.. Last, we set the hysteresis margin
to be § = 5-10~7, which was empirically determined to be
large enough to avoid chattering.

The data in Figs. 4(a)-(c) correspond to an attitude refer-
ence defined by the pair {wo =2 - bs rad - s™, ¢ = 170°}.
Fig.4(a) shows the reference 1)y and measurement v, when
the UAV is flown by the benchmark controller. Fig.4(b)
shows the reference 14 and measurement 1), when the UAV
is flown by the MPS-based controller. For this value of
19, the MPS-based controller forces the UAV to continue
rotating in the direction of u. and not reverse its rotation
when the attitude reference drastically changes, whereas the
benchmark controller forces the UAV to reverse its direction
of rotation when the attitude reference drastically changes.
Fig.4(c) shows the time evolution of signals AI' and o
corresponding to the data in Fig.4(b), obtained with the
MPS-based controller. Since the controllers are implemented
on a DSP, to evaluate and compare the flight performances
achieved with the MPS-based and benchmark controllers, we
use a discrete-time version of the PFM specified by (9), over
the time interval during which the maneuver is executed.
Namely,

N
Pep = 3 [T (D) Rrep(i) + nlep()Qmean ()] - T, (12)
=1
where N is the number of samples collected during the flight
maneuver and 75 is the sampling time. In all cases discussed
here, Ny = 1500 and 7y = 0.002s. The subscript ‘exp’ sim-
ply means ‘experimental.’ For the cases in Figs.4(a)-(c),
the experimental PFM for the benchmark controller is
2.78 x 1075N? - m? - s, and for the MPS-based controller
is 6.25 x 10"N? . m? - s. Video footage of the two flight
tests corresponding to Figs.4(a) and (b) are shown in the
accompanying supplementary movie. Also, Fig. 5 shows pho-
tographic sequences of these two experiments. Here, the
superior performance of the MPS-based controller over the
benchmark scheme is evident.

The data in Figs. 4(d)-(f) correspond to an attitude refer-
ence defined by the pair {wo =4 - bz rad - s™1, 19 = 90°}.
Fig. 4(d) shows the reference 13 and measurement 1), when
the UAV is flown by the benchmark controller. Fig.4(e)
shows the reference 1y and measurement 1), when the UAV
is flown by the MPS-based controller. For this value of 1)y,
the MPS-based controller forces the UAV to continue rotating
in the direction of u. and not reverse its rotation when the
attitude reference drastically changes, whereas the bench-
mark controller forces the UAV to reverse its rotation when
the attitude reference drastically changes. Fig. 4(f) shows the
time evolution of signals AT' and o corresponding to the
data in Fig.4(e), obtained with the MPS-based controller.
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Two flight tests performed using the MPS-based controller and benchmark scheme. (a) Photographic sequence from video footage of a

flight test performed using the benchmark controller and the attitude reference defined by the parameter pair {2 - bz rad - s—%, 170°}. The third frame
corresponds to the instant when the yaw reference is set to 0°; in this case, the benchmark controller selects o = +1, which produces a reverse rotation
and performance degradation. (b) Photographic sequence from video footage of a flight test performed using the proposed MPS-based controller and the
attitude reference defined by the parameter pair {2 - bz rad - s—1, 170°}. The third frame corresponds to the instant when the yaw reference is set to 0°;
in this case, the MPS-based method selects o = —1, which maintains the current direction of rotation and, thus, leads to high flight performance. These

two experiments can be viewed in the accompanying supplementary movie.

x107° Comparison of Flight Performances
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{2,170} {3,150} {4,90} {4,140} {2,210}
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Fig. 6. Comparison of flight performances obtained using the bench-
mark and MPS-based controllers. Each data point represents the mean
and empirical standard deviation (ESD) of ten I'exp values corresponding
to ten back-to-back flight experiments performed with the same attitude
reference and controller.

For the cases in Figs. 4(d)-(f), the experimental PFM for the
benchmark controller is 4.82 x 10~3 N2 . m?2 - s, and for the
MPS-based controller is 1.29 x 1075 N? - m?2 - s.

Last, Fig. 6 summarizes ten sets of experimental results
obtained during Stage3 of flight tests. Each experimental
result in a set corresponds to a pair of attitude-reference
parameters, {wo, %o}, and a type of controller. Each data
point in the plot of Fig. 6 represents the mean and empirical
standard deviation (ESD) of ten I'cyp values corresponding
to ten back-to-back flight experiments performed with the
same reference and control system. The data collected using
the benchmark controller are shown in red and those col-
lected using the MPS-based controller are shown in blue.
These data show that, on average, the MPS-based controller
reduces the value of I'ex, by 60.30 % when compared to the
benchmark controller. Furthermore, in all the cases in which

the MPS-based and benchmark controllers select different
CL equilibrium AEQs, the worst performance obtained with
the MPS-based controller is better than the best performance
achieved with the benchmark controller. This comparison
compellingly demonstrates the superior performance of the
proposed MPS-based controller. In the last case, corre-
sponding to the pair {wy =2 by rad- s~ ¢y =210},
the performances achieved by both controllers are very
similar because they select the same stable CL equilib-
rium AEQ. It is worth noting that the ESD values for all
benchmark-controller data points are significantly larger than
those of the MPS-based-controller data points. This obser-
vation is explained by the reverse rotations forced by the
former method that the latter method avoids; reverse rotations
degrade the flight performance and make repeatability almost
impossible.

VI. CONCLUSIONS

We presented a new attitude control method that dynam-
ically selects the stable CL equilibrium AEQ of a UAV
during high-speed yaw-rotational flight. The main objective
of this approach is minimizing the cost of flight according
to a PFM that explicitly accounts for both the control input
and attitude-error state of the UAV. The method is based on
MPS, a new algorithm implemented in real time to estimate
the cost of flight over a finite-time horizon, using a dynamic
model derived from first principles. To test and demonstrate
the functionality and performance of the proposed method,
we performed one hundred yaw-tracking flight tests using
an MPS-based controller and a benchmark scheme. For
these tests, the experimental data show that the MPS-based
controller reduces the value of the cost-of-flight PFM by
60.30 %, on average, with respect to that obtained with the
benchmark controller. These results highlight the suitability
and potentials of the MPS-based approach.
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