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Accurate control law for low-cost UAV

Aurélien Cabarbaye; Titouan Verdu, Jacson Miguel Olszanecki Barth and Gautier Hattenberger
ENAC, Avenue Edouard Belin, France

ABSTRACT

Present article proposes a method to design a
control law and the associated observer to stabi-
lize a UAV. The design is only based on the UAV
geometry, mass and propulsion system charac-
teristics which do not require any expensive fa-
cilities or software to be obtained. The control
inputs are the longitudinal airspeed, the roll an-
gle and the slope angle to ease the guidance con-
trol whether manual or automatic. The result-
ing control only relies on the information pro-
vided by a 6 Degrees of Freedom (DoF) Iner-
tial measurement unit (IMU) that makes it suit-
able for implementation on very basic autopilot
board (cf. Paparazzi Chimera, Pixhawk XRacer,
ArduPilot APM...). The propeller acts indeed as
an airspeed probe which makes additional sen-
sor unnecessary. This low-cost implementation
makes it of particular interest for large UAVs
fleet.

1 INTRODUCTION

The ENAC UAV team has developed, since 2003, the Pa-
parazzi UAV (Unmanned Aerial Vehicle) open-source drone
project. It enables to convert quickly and easily an elec-
tric powered fixed-wing airframe in a semi-automatic drone.
However, just like alternative autopilot, the default control
law consists of various PID which gains must be tweaked
manually during the first flight tests [1] [2]. Such method
turns out to present some issues:

e It is time-consuming
e It requires good piloting capabilities

e It is hazardous since it does not offer any protection
against unstable modes

e It requires some practices to identify which gain must
be modified and how much it may be tweaked.

e the thrust control does not consider the complex be-
haviour of the propulsion system.

o The resulting gain adjustment does not usually offer the
shortest response time or oscillation attenuation.

*Email address: contact_aurelien.cabarbaye @enac.fr

To solve those issues, the present article proposes a more
accurate control. This latter is designed from the aeroplane
model detailed in section 2, page 1 whose procurement only
relies on free data and calculation tools. The control law is
exposed in section 3, page 4. This control depends on the
state vector which is estimated by the observer, presented in
section 4, page 5. The observer is based on the already known
aeroplane model of section 2. It takes thus into account the
aeroplane dynamics which makes it more precise than other
methods that only rely on IMU data (e.g. complementary,
Kalman filters [3]). However, as these alternatives, it is de-
signed to only require information from a low-grade IMU to
be implementable on a wide range of low cost existing autopi-
lot boards (e.g. Paparazzi Apogee [4], Pixhawk XRacer [5])
which is of great interest to make up a drone swarm [6]. The
resulting control law and observer are tested by simulation in
section 5, page 6

The whole process is implemented on the airplane shown
on figure 1

Figure 1: Experiment airplane

2 AIRCRAFT MODEL

The model of the UAV is constructed from its dynamics

[7]:
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where F'y , Fy and Fy are the forces, u, v and w are
the velocities, p (roll), g (pitch)and r (yaw) are the rotation
speed respectively and W, W, and W, are the wind speed
on the airplane axis X (upstream), Y (right wing direction),

Z (downward), mand I = | I, I, I,. are the air-
Iwz Iyz Iz

plane mass and moments of inertia. g is the gravity accelera-
tion. x, y, and z are the earth reference frame axis. ¢ (roll),
0 (pitch) and v (yaw) are the euler angles between the earth
and the airplane reference frames.

The model can be simplified with the following assump-
tions:

Assumption 1 Thanks to the relative symmetries around the

I, 0 O
airplane axis, I = 0 I, 0
0 0 I,

Assumption 2 The gusts are supposed to be slow so the wind
parameters Wy, W, and W, are constant.

Assumption 3 Roll and slope angles are likely to be small,
in the range : (¢, ¢) € [—0.5;0.5]"

Assumption 4 Roll, pitch and yaw rate angles are likely to
be small

However, the yaw angle (¢) is not bounded. Therefore,
stabilization and guidance must be addressed separately as it
is currently done in paparazzi [2].

To solve the issues exposed in section 1, only the stabi-
lization must be modified. Therefore, the state vector is re-
duced to:

2

e IRV g e

Assumption S v << 1 w << u which imply that the
sideslip angle and the angle of attack are small: [ =
tan~! (%) << 1 (symmetric flight) and o = tan™! (%) <<
1 (unstall flight). Therefore, the aerodynamics should present
an almost linear behaviour.

Thanks to assumptions 3 4 and 5, the differences between
a linearized model and the real dynamics should be small.
The stabilization of the UAV around a flight configuration is
therefore based on its linearized model. This latter is obtained
in two steps. The main body is first studied. Then the propul-
sion system is modelled.

2.1 Main body

Athena Vortex Lattice (AVL) is an open source aerody-
namics simulation software based on the Vortex Lattice Meth-
ods [8]. It assumes an inviscid flow which does not allow
good zero-lift drag estimation. However, it seems very ac-
curate to assess aerodynamics evolutions [9]. It is therefore
used to generate the linear model of the UAV glider base.

AVL requires information about the shape and the mo-
ment of inertia of the aeroplane.

The aeroplane shape is defined with its main aerodynam-
ics characteristic dimensions as shown on figure 2 and with
the airfoil shapes.

If the airfoil shapes are unknown, they can be reverse en-
gineered with a profile gauge with sufficient accuracy.

Thanks to assumption 2, the moment of inertia can be
easily measured following the Bifilar Pendulum methodology
[10] as shown on figure 3

The model provided by AVL is of the form:

X = AX + BU (3)

Since the experiment airplane only have two aerodynamic
controls (elevons), the control input is defined as:

_ 6elevator
U= ( daileron ) @
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Figure 2: experiment airplane geometry in AVL

It must be noticed that the control surface deflections are
managed in degree by AVL rather than in radian for the at-
titude angles and rates. This particularity is kept unchanged
in the following of the article. The resulting elevons deflec-
tion e f¢ elevon aNd Oright elevon 1S computed as follows:

- 6aileron (5)

5left elevon — 6elevat0r

5right elevon — 5elevat07’ + 6aile7’on (6)

2.2 Propulsion system

The propulsion system is composed of a propeller and an
electric motor.

Propeller Propeller behaviour can be described by the
force F' and torque ) produced. F' and @ can be very well
assessed from the theory resulting in the mixt between Mo-
mentum theory and blade element theory [11]. Thanks to as-
sumption 5, the impact of the radial airspeed is neglected.
The equations can be thus simplified as follow:

F = Kf,w* + K fwU (7

Q = Kq,w? + Kq,U? + KqwU (8)

where w is the propeller rotation speed and K f.,, K f,, Kq.,
Kq,, Kqyx are constants that must be estimated from wind
tunnel test. Library of such test results are available for a
wide range of propellers [12].

The simplified modelled is adjusted to the test results ob-
tained for the APC 8x6E mounted on the experiments aero-
plane. The force estimation, as well as the test data, are shown
on figure 4. The model estimates very well the experimental
data except for those performed in hover (on the top left-hand
side). This is because the induced air velocity generated by
the propeller is no more negligible compared to the general

I

Figure 3: Moment of inertia estimation experiment

Propeller force
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Figure 4: Force function of advance ratio JJ (where V, w et
D are respectively the airspeed, the rotation speed and the
diameter of the propeller)

airspeed. However, this situation is very unlikely to happen
in normal flight, so it does not call into question equation
(7). The torque estimation and its corresponding test data are
shown on figure 5. The very little difference between exper-
imental and estimated data validates equation (8). The pro-
peller proposed model can be ultimately validated with the
propeller efficiency: n = % shown on figure 6. The results
confirm once more the suitability of equations (7) and (8).

Since these equations are very similar, propeller gener-
ated force and torque are shown together on figure 7. It can
be seen that torque varies in a linear fashion with the force
which gives the approximation:

where ag,F is a constant.
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Figure 6: Efficiency function of advance ratio .J

Electric motor The electric motor behaviour is assessed
thanks to two equations which gives the relation between the
electrical and the mechanical parameters [13]:

w= Ky (V — RI) (10)
I'=KyQ+ Iy (11

where V and I are respectively the voltage and the current ap-
plied to the motor and Ky, Iy and R are respectively the mo-
tor velocity constant, zero load current and electric resistance.
The model can be complexified to assess even better the mo-
tor behaviour but the adopted one seems to be sufficient [14].
Motor constants Ky, Iy and R can be easily retrieved if not
provided by the manufacturer [15].

Dependence between force and torque

y =0.0185x+0.0061

Torque (N.m)

Force (N)

Figure 7: torque function of force

3 CONTROL

The aim of the control is to stabilise the aeroplane to make
it as easy to steer as possible whether in manual or auto-
matic guidance mode (cf. AUTO1, AUTO2 [2]). To do so,
the control must integrate a stall protection, fly the aeroplane
symmetric and be easily integrated into existing autopilot.

3.1 Control idea

The control states are designed first. Usually, the thrust or
the power are directly controlled by the pilot in closed loop
fashion. I order to ease the control, a closed loop control is
built to stabilise the longitudinal velocity .

Most aeroplane lateral controls are built to set the roll an-
gle ¢ to a reference value. This enables an effective path
following since there is a direct relation between ¢ and the
turning radius. ¢ is therefore chosen as the second control
state.

For the longitudinal control, there is no consensus. Air-
craft are usually controlled in pitch rate, in vertical acceler-
ation or in pitch angle [16]. A control on a derivative (cf.
pitch rate, vertical acceleration) imposes more work to the
guidance control. A control on pitch angle is not very pre-
cise because of the angle of attack variations during the flight.
Therefore, the climb slope +y is chosen as third control state.
Thanks to assumption 5, v follows:

N=0-—a~fg- Y (12)
U
Applying the small disturbance linearization method [7]:

A 1
Ay=A0— 22 4 YOAu= A0 —Aw+ LAu (13)
Ug Ug Uug (')

Therefore, the output vector becomes:

u
Ye=1| ¢ | =CX (14)
o
1 0 0 00000
where C,. = 0 0 0 00 0 1 0
5—00—%00001

Three controls input are required to control the three out-
puts. F' is chosen for the third one to removes the non-
linearity of equations 7. Therefore, from equation (4) U be-
comes:

5ele'uator
U= 6aileron (15)
F

And equation (3) gives

X =A.X +BU (16)
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ﬁ The deflections of the ailerons are obtained from equations
0 (5) and (6). Resolving quadratic equation (7) to get Ui [3]
0 leads to w. Then combining equations (8), (10) and (11) leads
_9Q/F .

where A, =Aand B.=| B (I)m to:
0 V="t RKyKqw?+ RKyKqU’
0 Ky (22)
0 + RKy KqwU + Rl

Notice that the relation between force and torque of equa-
tion (7) has been considered to compensate the torque as soon
as it is applied, without the delay that would have been other-
wise induced by the dynamics.

The controllability matrix Cm =
[ B A.B. AB, ATB:. ] has a rank equal
to the length of A, so the system is controllable.

3.2  Control law

The control law is based on the method of the steady state
tracking which consists in stabilising first all the states of X
and then to alter some of them to converge the output to the
desired value [17].

The control law is of the form:

U=-KX+GR (17)

where K and G are two gain matrices ad R is the desired
output.
Combining equations (16) and (17) leads to:

X = (A.— B.K)X + B.GR (18)

K is first chosen to make all the states stable. Therefore, the
poles p, of the matrix (A. — B.K) are set negatives thanks
to the pole placement method. In order to offer good stability
properties, the poles are chosen from A, poles. Imaginary
parts are kept unchanged, positive real parts are substituted
by their opposite and non-sufficiently negative real parts are
changed by better ones.

Then the convergence of the output is satisfied as follows:

lim (A, — B.K)X (t)+ B.GR=0
=00 . (19)
lim Y, (¢t) = lim C.X (t) =R
t—o00 t—o00
The system (19) leads to:
—1 -1
G=— (cc (A, — B.K) BC> (20)

3.3 Control saturation and trim

Saturations can be added to consider the servo travel limit
and the propulsion maximum power. A trim can also be added
to balance the model errors. It is simply implemented modi-
fying the values of the control required to fly in the condition
of the linearization. The actual control input Uy,.;,,, is:

5eleuator + §Oelevat07“
5ailer0n + 50aileron (21)
F+ Fy

Utrim =

where U = u+ Uy and Uj is the airspeed of the linearization.
NOtng that 0 S V S %att and 5min § 5elevon S 5maXv
the control applied becomes:

v

5right elevon =
5left elevon

applied
Viatt 14 0
min 5max , max 6right elevon 3 6min
5max 5left elevon 5min

3.4 Stall protection

A stall protection can be added to the control input . To
balance the weight, the lift must be [18]:

L cos () = mg cos (7) (24)

which gives

(25)

1pU2SCl cos (4,0))

TYmaz = COS_I (
mg

where “inq. 1S the limit of the desired output v when
1pU%SCl cos (¢) < mg, verifying Ymaz € [—3,0]. $pU?
is the dynamic pressure, S is the wing surface and C1 is the
lift coefficient. Cl can be for example fixed to fly, as for gen-
eral aviation, at least at 1.3 - V; in normal flight and at least
at 1.1 - Vj in final approach (Vj is the stall speed). That is to
say: Cl = El=as in normal flight and Cl = Smex in final
approach.

4 OBSERVER

A good estimation of the state vector X is required by the
control law (cf. equation (17)). An observer is therefore built
to provide it.

4.1 Baseline idea

To be as low cost as possible to implement, the observer
only relies on the information provided by a 6 DoF IMU. The
output vector Y, of the observer is therefore:

=CoX +D,U (26)

T e
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A(1:3,1:8) 5.1 Control results
0001 0O0TO0OTOO . . .
= = The control input of equation (17) is fixed to:
where C, 0000100 0 and D, p q (I7)
00 00O O0OT1TUO0OFO 5
By(1:3,1::3) R=1| -0.5 (30)
8 8 8 The Observability matrix O,, = 0.5
0 0 0 The initial state is fixed arbitrarily to:
el
CoA. !
C,A?% | has arank equal to the length of A, so the system 0 1
| CoAl Xo=| ¢ 31
is observable.
The dynamics of the simulated observer is [19]: 8 5
0

X=AX+BU+L (Yo - on) 7

where Y, = C, X + D,U From equations (16), (26) and (27),
the estimation error X = X — X dynamics is:

X=X-X=(A4 -LC)X (28)

To urge the X to zero, matrix L is chosen following the pole
placement method with all the poles p,, of (A. — LC,) nega-
tives.

4.2 Observer improvements

As it will be shown in section 5, page 6, the approxima-
tion introduced in equation (7) produces an error of estima-
tion. To improve the observer, the non-linearity of the propul-
sion system is considered. Equation (27) is thus modified as
follows:

X=AX+BU+EQ+L(Y,-Y,) (9

where B, = B and £ = and ma-

cococ oo ooz
&1
coocosllooo

trix L obtained in section 4.1, page 5 is kept unchanged. @
and F' are computed thanks to equations (7) and (8) where w
is computed solving quadratic equation (22), where V is the
result of equation (23).

5 SIMULATION

A simulation is performed for the experiments aeroplane.
The linearization has been made for v = 10 m - s~ ! in
trimmed steady flight. The resulting data considered for the

simulation are exposed in Appendix A:, page 8.

States evolution is shown on figure 8. All the states are stable

voN s

Rotation speed (rad/s)
]b
1]
~avo

Attitude (rad)

o ¢

o o (4]
1l

Speed (m/s)

0 5 10 15 20

10 15 20
time (s)

o
o

Figure 8: States X

and converge asymptotically which confirms that the control
law (17) can perform its first task. The control output Y, de-
fined in equation (14), is shown on figure 9. It converges well

=

speed (m/s)
(9]

o

0 5 10 15 20
time (s)

Attitude (rad)

S o

w o (53}
1

10 15 20
time (s)

(=
ol

Figure 9: Control output Y,
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to R fixed in equation (30), which confirms that the control
law (17) performs its second task.
The control U is shown on figure 10 The saturations work

z

o 3 N
2 3
L |
5 of ]
g1t i i i ]
a o 5 10 15 20
? time (s)

(=]

Q

ho) : : .

10 \/WWWM.N
8 5 —9 left elevon
T 0 _5

g 5 | | right elevon
c

9 0 5 10 15 20
> }

3 time (s)

Figure 10: Control U

properly (cf. 0right-ctevon)-
5.2  Observer results

The observer is based on the information given by an
IMU. This latter is supposed to be very noisy. To simulate it
properly, a white noise has been added to each state of equa-
tion (26). The resulting collected information is shown on
figure 11 The integration of the observer starts with the esti-

o
© 10
E
c 0
2
£ .10 | ‘
@ 0 5 10 15 20
@ time (s)
w
3 1
g
— 0
Q
S
Z , , ,
0 5 10 15 20
time (s)

Figure 11: Observer output Y,, provided by IMU

mate states X arbitrarily set to:

(32)

SO oo OO oo

Figure 12 shows what would have been the estimation er-
ror of the observer if it has been kept in its baseline form
defined in equation (27). It can be noticed that if it seems to

@
é 4 —Uu |
g 2 [
g o : : ‘ : M:
o 7W7
U’g 0 2 4 6 8 0
g time (s)
g1
;’.’_ o% _p=
c Il L L L q,
oS-l —r
=0 2 4 6 8 10
=5 time (s)
2 0.2F — 9|/
R : : e I
< o 2 4 6 8 10

time (s)

Figure 12: Estimation error X

converge, a bias remains, in particular for the airplane lon-
gitudinal airspeed u. That is why the observer is improved
in section 4.2, page 6. Figure 13 shows the estimation error
of the final observer defined by equation (29). All the states

Z,

S0 - o

g [ | | =
29 T 5 10 15 |—v| 20
g time (s) —w
el T
g 01
£0.05
e Of I ! ’ —p
2 1 1 2
g 0 5 10 5 —q| 20
&; time (s) —r
o4 ‘ ‘ ‘

§0.2

2 0 2

g —

< o0 5 10 15 ‘g 20

time (s)

Figure 13: Estimation error X

of equation (2) are precisely estimated. u estimation is very
little bias even though no specific sensor has been used (e.g.
pitot tube). That can be explained by the propeller which de-
pends a lot on airspeed u (cf. equation (7)) and therefore acts
as an alternative airspeed probe.

Moreover, the estimation errors converge very rapidly to
zero (less than a second) which makes it able to compensate
for most of wind gusts. If a faster convergence is needed, the
poles p, can be increased.

6 CONCLUSION

The aircraft model has been built in section 2 in two steps.
First, the linearized main aeroplane body model is obtained
from AVL software. Then the non-linear propulsion system
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model is adjusted from freely available wind tunnel tests. A
simplification of the propeller model enables to build a linear
overall model that is used as a starting point for the control
law design in section 3. This control law focusses on airspeed
u and angles ¢ and +y to ease the guidance whether manual or
automatic. The states knowledge required by the control is
provided by an observer designed in section 4. This observer
is based on the non-linear model resulting from the mix be-
tween the linear main body model and the non-linear propul-
sion model, rather than on the linear model used for the con-
trol law design. This enables to track much better the states
and in particular, the longitudinal speed since the propeller
plays the part of an airspeed probe. In addition, the observer
high convergence speed makes it suitable to deal with wind
gusts. Tests of control law and observer are performed by
simulation in section 5. Results seem to prove the suitability
of the proposed method.
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—0.2153
0
—0.8621
0
0.7595
—0.0003
0

0

—0.8080
—2.1717
7.4471

K f,, = 6.49343F — 06; (33)
K fe = —0.000209663; (34)
Kq,, = 1.03864F — 07, (35)
Kqe = 5.02077E — 0T; (36)
Kq, = —9.98076E — 05; (37)
ag/r = 0.0185 (38)
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