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The convertible UAVs (1/2)

UAVs are divided in two major categories :
 The rotary-wing systems : which lift is provided by the rotation of

the propellers
v Take-off and landing vertically, perform the hover flight,...

 The fixed-wing systems : which lift is provided by the airflow over
the wings induced by the own movement of the vehicle

v fly forward at high speed, long range, superior endurance,...
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The convertible UAVs (2/2)

The convertible aircrafts :

combines the advantages of rotary-wings and fixed-wings
aircrafts

minimizes the energy consumed in forward flights
can take-off and landing vertically

transition between the hover flight to forward flight and vice
versa

The transition between the flight phases :
tilfing the full vehicle body (tail-sitter or filt-body)

tilting only its rotors using a dedicated mechanism (tilt-rotor or
tilt-wing)




Modeling of the QTW UAV (1/3)

* Horizontal flight mode :
v behaves like a conventional plane
v' the ftilt angle of wings almost equal to zero

degree
v’ generates the aerodynamic forces to lift and
conftrol its movement Horizontal flight
* Transition operation mode:
#J v" links the two flight modes
Transition ‘ M Transition

=y =y
== - =

Vertical landing Vertical take off

* Vertical flight mode:
v’ the filt angles of the wings are nearly equal to 90°
v based only on its rotors
v behaves like a Quadrotors



Modeling of the QTW UAV (2/3)

The NEWTON-EULER formalism
W, =F,
| Q. =-M,+Q_0O(_xQ.)

Translational equations of motion :
mvV. =F
with F, is the total external force :
F=R,(F+F, +F, +F)

where
F :the total thrust forces

. the gravity forces

: the external disturbances

m-I-I Q.-I-I (.Q-rl

: the aerodynamic forces

Rotational equations of motion :
1 Q =-M +Q_0O(I,xQ)

with M, the total external forque :
M, =M +M_ +M,

where
M : the thrust forques

M g - The gyroscopic effects
M q- the external disturbances

M 4 - The aerodynamic torques



Modeling of the QTW UAV (3/3)

Dynamics model of a QTW vehicle
X=%[(c¢cﬁcy—(c¢s€w+s¢aﬂ)sy)ﬂ +(ccd) Ry, +(cmocy + sppy )F, |
y=%[($ﬂcﬁcy—(ccos6w—sca:tﬂ)sy)ﬂ +(spch) Fy +(cososy — sgay F, |
7= %[(—s&cy— cggsy)u, — sOF, +(cgb) F, |+g

_:s,yr$+(|yy - Izz)qr —(Jrea)p)sy+ Mq,]
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The control inputs of the QTW :
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QTW T-S Fuzzy Modeling (1/4)

Takagi-Sugeno Fuzzy Models

« T-S models are based on linguistic representation rules such as [Takagi et
Sugeno (198%)] .

If premise Then consequence

o If we use singleton fuzzifier, product inference engine and center of gravity
defuzzification the T-S fuzzy model can be represented as .

) =>" 4(6)(A X1 +B u())

; > A (X, U() =1et 0 4 (X, u()) <1
YO =" 4(6) G XV

Obtaining T-S models

 Identification [Tanaka et Sugeno (1992)]

 Linearization around different operating points [Johansen et al. (2000)]

» Sectors non linearity approach [Tanaka et al. (1998)] . Convex Polytopic
Transformation (CPT)



QTW T-S Fuzzy Modeling (2/4)

o 1st step : the transformation of a nonlinear dynamic model into an LPV
model

y(t) =C(6) x(t)
« 2nd step : the convex polytopic transformation is applied for each
premise variables :

{)’((t) = A(O) x(t) + B(&) u(t)

(x.u)=Fj8+F (6)8 as 8 = max{d(x,u)}

— ool

. . 6 -6(x,u - f(x,u)-8
W|Th Flj :1_#1(6) :gf(g) Gﬂd FOJ = (5_)Q —
The membership functions :
p .
u(6(y) =) with  w(e()=[1w ()

> w (1)) §

3nd step : The local models constituting the T-S models are given by:

. A=AB(), .8 =B(60), .G =C(e()), -0 =P(60), .



QTW T-S Fuzzy Modeling

« QTW UAV attitude dynamics during the VTOL mode :

. T [, —1
g= qu-l‘]rqu
XX XX XX ¢DD_H/2’+7—[/Z]
. T | - J
(6= P, with OO ]-71/2,+m/2]
Yy Yy Yy l//DD‘]T,"‘ﬂD
. T, IXX—IW
élle—"' | Pq
* The quasi-LPV system obtained :
{X(t) = A(G) x(t) + B u(t)
. y(t) =C x(t)
with :
(0180 0 0 01 & G @
000 0 0 ;e by 0 0
048 1 © U 0 0 0
A=) =109 00 0 0 b 1= g B @
000 0 0 1 0 0 0
00 0 a6 0 0 | 0 4 i
o Iyy o Iz:._ o I::: _ I.I".‘!'_ o J!r:t'.r o Iyy
11 "= IJ'.I‘ i IHH e If-:

(3/4)



QTW T-S Fuzzy Modeling (4/4)

» Based on the sectors non linearity approach two nonlinear continuous

terms (qo 9) can be observed.

e The nonlinear model is written as four local linear models (r =2P = 22) as .

g L B W8 0 (8 2@ o & o
000 0 0 =iz 000 0 0 az
" G om T U 0 L_|000 1 0 0
TT1000 0 0 az| 27000 0 0 axz
000 0 0 1 000 0 0 1
| 0 0 0 a3z 0 0 | 0 0 0 azzy 0 0
g L B W o8 4 3 30 o 0 @
0 0 0 0 0 1Z9 0 0 0 0 0 (1-1;_’2
(B8 EY T B U L_|000 1 0 0
371000 0 0 az| Y7000 0 0 az:
B 00 G 0 1 000 0 0 1
0 00 ezs © 0 | 00 0 azz2 0 0
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Particle Swarm Optimization(1/3)

e The PSO algorithm was first described in 1995 by James Kennedy

13

and Russell C. Eberhart inspired by social behavior of bird flocking
or fish schooling.

PSO is an artificial intelligence (Al) fechnique that can be used o
find approximate solutions to extremely difficult or impossible
numeric maximization and minimization problems.

PSO algorithm uses a swarm consisting of N, parficles, randomly
distributed in the considered initial search space, to find an
optimal solution of a generic optimization problem.



14

Particle Swarm Optimization(2/3)

e |In every iteration, each particle is updated by two "best" values:
v pL : the best previously obtained position of the ith particle;

v pg : the best obtained position in the entire swarm.

« At each algorithm iteration, the ith particle position, x' OR®
evolves based on the following update rules:

[ — [
Xk+1 _ Xk +Vk+1

View =W, 01 (B =Xy ) + 6, (P2 - %)
Where
W : theinertia factor;

C.,C, :the cognitive and the social scaling factors;

[ :Iok :random numbers uniformly distributed.



Particle Swarm Optimization(3/3)

Particle S warm Optimization Algorithm

1. Define all PSO algorithm parameters
2. Randomly initialize the particles positions and velocities . Evaluate the initial
population and determine and .
3. Increment the iterations . For each particle, apply the update motion
equations
4. Evaluate the corresponding fitness values : S
i if @ <pbest, then pbest =g, and P =X,
i, if P SObest then ghest, =@, and P =X,
5. If the termination criterion is satisfied, the algorithm terminates with the
solution . Otherwise, go to step 3. @
cr

A'.. 2 2,;;(?1? - 3’;)

". ...... > N ’
15 :
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TSMPC tuning based PSO

PSO Advanced
algorithms
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* An opftimization based approach for design and tuning of a MPC parameters

(NC, Np,A) for each local predictive controller.

* These design parameters present the decision variables of the following multi-

objective optimization problem :

N

(minimize f, (x)

subject to:
9,(x)=3,-dr*<0

g,(x)=0,—-0*<0
9;(x)=0, -0, <0

x=(N_.N.A) Ds 00 =

where : {

J,.9,

f:0% -0 :the costfunctions
,5[/, : the overshoots of the controlled states



Analytical tuning approch
proposed

N. computation (1/2)

e Hessian condifion number
H=(d'd+ R)~! (ninNe X niaNe)

cond(H(K)) = | H(k)||, - || H (k) 7],
:Uma:r(k)
Tmin (k)

« Condition number & stability ~Ne — oo, N, = o

o Concept of effective rank

17



N. computation (2/2)

e Method proposed

I
2)

3)

4)

J)
6)

7)
18

To initialize N, + oo and N, +— oo (Nc < Np).
To take App = H [16].
To evaluate () defined as follows [9]:

Q =min{Mggr, Ner} = min{n;.Nc,n;, Nc}
— T84, IN C-
To decompose H into singular values and

T H =UgxDgxV,
to evaluate 0 = [o7 09 -+ 0o HYHVH

01 =@ = vn» 2 O

To evaluate the singular value distribution pg with
=1y 2y =»; O]
To calculate the Shannon entropy [16].

H Eex o
Né:-lpt p— ’I‘Duﬂd(e Shannon (P1:P2 - PDG}:]

To solve { Tin

min(N2Pt); min(cond(H (k)) — 1)




N, computation (1/3)

o Closed-loop eigenvalues

(ﬂfi’f[f!lr(nﬁxndq) = (A — BR )| =0

o Optimal closed-loop stability

Yalmip
- toolbox

Insensitivit i
y » { _A'FI{H_»&.‘JH?.A} i B-hmpr:)} <0 » (KTHPC}Dpt

approaCh (A = BKmpc)T _ﬁ.’:I{

nAXTA)
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N, computation (2/3)

» Relationship between K,pc and Q'O

From

Kfmpc : I{nmec)(@T(D s R)_I(I,TF

Under the assumption (Q)Tq}3—1}§ is nilpotent of order n,

20

H=(®"®)"'— (d"®) 'R(®T®)™!
+[(@T®) T RP(@TR) ! — -
4 (_1)?1—][((I)T(I)]—]ﬁ]ﬂ—l(q}T'l})—l

» (®T®)°Pt = [-R+ R(®T®)'R—--.

+ (=) H@eTe) (T ®)  R]" Y
% [(Kmpe) P FT(FFT) '@ — I, NoxniNo)]




N, computation (3/3)

e Focus on O'OP

-
Np—1

) (CcA'B)T(CA'B)

i=0

dYJ\I'U_l
e

N

—2

Z (CA'B)T(CA'B)
i=0

¥
Ngp—2
5

-
Ny

—3

=

21

. Relo’nonshuo be’rween CDTCD and N,

» (CA'B)T (CA'B)
i=>0

A Np—Ne
s

"-.- —Ne

Z (CA'B)T (CA'B)

i=(

NoP: 1




R computation (1/2)

e Expanded cost fonction [11]

J = (Yigus — Fa(k)) (Yass — Fz(k))
— 20U*®" (Yges — Fa(k)) + AUY(®'® + R)AU

e Cost fonction minimization

(
8&[» =0

o _

22



R computation (2/2)

e Cost fonction derivative

oJ

i (@Te)'cTGg(e' @)t
—2@Te) R@Te) TG o)
with {G = e
U = Yy, — Fa(k)
BLoI
) 1 . 1D AP
» Ropi: = E(@T@) » Ropt — : )
0
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INn summary

* Multi-objective issue adressed

min(/NPt)
min(cond(H (k)) — 1)
Nﬂpt == ’I‘Gund(EHSM :::::: (P1:P2+ " sPoc) )
Ne°Pt_ 1 ) .
XN, = PP (Z(C-"-mAﬁz.Bm)T(Om.A.f‘;l Bn)
k=0
_ 1
Ropt = E(@T@)



Case of Nonlinear MIMO System

25

e MPC Conftrol structure

u(k)

y(k) )

(k) <+

Ydes (k:'

——



Application : comparative study

« Computing the weighting factor based on
— Our metaheuristic approch
— QOur analytical approach

« MPC parameters

Metaheuristic approach Analytical approach

0OAl 0A2 0A3 0A4 | 0OAl 0A2 0A3 0A4

N, D 0 D 0 D 0 D D

Np 29 29 29 29 29 29 29 29
0.9450 0.0495 0.1655 3 0.0095 0.0033 0.0133 0.051

A 1 1.6982 2.2678 2.9962 0.008 0.0024 0.065 1.022
0.0297 3 0.0018 2.9807 0.0067 0.005 0.0065 0.0065
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Application : simulation results
e Desired output and system output vs. time

i T T T T T T T 0.6 T T T T T T T T T
=—rhnalytical approach
n.6f . i = ==Motaheuristic approachp
Sl .-:-"'_'- 1 0 1
- o
.
w . = 1 L
B RENY : | =——Rpnalytical approach |
= ==Metahsuristic approach
1 A | | I I I I ; i 3 i ; » .
1 1 A [ T 2 3 1 1.2 = T
0 1 2 3 1 5 § : ] 10 0 7 S ; P - 3 : 2 7
Tima (5) Time {s)
LS T T T T T T T T T 0.8 T T T

. . —hnalytical approach
L1y 1 n.EF . : ===Mstaheuristic approach

AR s

-1 o o |

ytical appreach | B. -
heuristic approach :
- . i - -l b
7 8 3 B 7 8 ] 0
™ - T - 1 T 1 1 1 1 1 1 1
) —hpalytical approach
: i | ===Metahenristic approach|

y
i

~——n2nalytical approach ]
= ==Maraheuristic approach

3 B T B L] bi]

27 .-I ‘ - Iime [5)




Application : simulation results

o Confrol output vs. time

Analyvtical approach
- = =Metaheuristiec approach

: Analytical approach
= = =Mataheuristic approach]]

Analytical approach
= = =Metaheuristic approach|]

28



Application : perf. comparison (2/3)
 Performance obtained y1

Metaheuristic approach  Analytical approach

RT (s) 2.1895 (19747 )
ST (s) 3.8713 2.9816
oV (%) 1.2457 0

SE 0.0285 0.0091
SDI (%) 1.7764 1.1102
VARU (e~ 7) 5.4067 5.1076
CSE (e 4) 1.6959 1.3961
CEE (¢ 4) 2.9198 [ 2.7208 )

e Performance obtained y2

Metaheuristic approach  Analytical approach

RT (s) 2.0893 1.3022
ST (s) 3.8225 2.6328
OV (%) 2.1384 1.4898
SE 0.0149 0.0214
SDI (%) 3.1086 3.1086
VARU (7 7) 5.3987 5.1076
CSE (e 4) 1.6935 1.3961

29 CEE (e 4) 2.9121 2.7208




Application : perf. comparison (3/3)

e Performance obtained y3

Metaheuristic approach  Analytical approach

RT (s) 2.0358 1.3415
ST (s) 3.7998 2.6161
OV (%) 2.0401 0

SE 0.0245 0.0002
SDI (%) 1.9984 1.2273
VARU (™ 7) 5.4068 5.4026
CSE (e 4) 1.6959 1.5961
CEE (e™ 4) 2.9200 L 2.9107

30
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Conclusion & Qutlook

PSO Tuning approach:

Qg

Advantages
Applicable to NL MIMO systems

Efficient search for the optimal MPC
conftroller parameters

Easy implementation

Disadvantages
Offline optimization
Number of iteration

Don't take into account the
disturbances

Analytical Tuning approach:

Q

Advantages
Applicable to NL MIMO systems
Optimal closed-loop stability

Energy consumption reduced

Disadvantages
Requiert a representative model

Requiert an important computational
effort to be applied online
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