Autopilot to maintain movement of a drone in a vertical plane at a constant height
in the presence of vision-based navigation
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Abstract

In this report we describe correct operation of autopilot for supply correct drone flight. There exists
noticeable delay in getting information about position and orientation of a drone to autopilot in the
presence of vision-based navigation. In spite of this fact, we demonstrate that it is possible to
provide stable flight at a constant height in a vertical plane. We describe how to form relevant
controlling signal for autopilot in the case of the navigation information delay.
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Automatic control
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Delay of vision-based navigation
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The goal is to maintain stable movement :

- Estimate max value of delay
- Select control parameters
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Working process overview

What have we done?

- Considered a real system of differential equations which describes movement
of a flying drone

- Adjusted it to a proper way so that a theory of delay-dependent stability could
be applied

- Applied the theory to the concrete case
- Estimated max value of delay at which a stable flight of a drone is possible

- Calculated the control parameters for a stable flight of a drone
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Stabllity of the system. Theorem

We study stability of the following system:

X.(t) + Z Zug{r}x}-(r —65t)) =0, te[0,+00).
k=1

=
I=1,..., n,

X((E)=0, E<=0,1=1,....n.,

where af € Lo, 05 € Lo fork=1,..., m.
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Stabllity of the system. Theorem

Theorem. If the following conditions are fulfilled, then the system is
exponentially stable.

1) for every i = 1,..., n
there exists m; such that a%(t) = IIZIItfI t) < 0. 85(t) < Q’{H
fork = 1,..., m,j = m; +1,..., m, :’z’jaﬁ{r] >
N .
) ‘T:-;{”‘fo” € [0, +o0), (2) There exist positive numbersz1, . .., zy such that
t | m
1
[, (ko= 3 jaolfesg Y iz — Y- Y ldof5= 1. tei.+0)
t—6F (1) =1 e’ k=1 j=1, j#i k=
I’E[ﬂ.-{-:"..]. f=1.....ﬂ.
and
s+A; mj 1
f Y ai(§)ds = - Vs=0.
s k= €
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Parameters of drone’s motion

T SRR 2 "-ﬁ

V- flight velosity tangent to trajectory
Y - carrying force ortogonal to flight velosity
X - resistance force opposite to V

G - gravitational force

v - pitch angle, i.e. angle between lengthwise drone axis
and horizontal plane

0 - tilting of trajectory about horizontal plane

¢ - angle of attack, i.e. angle between lengthwise axis and projection of velosity on
the symmertry plane of drone

m = G/g - drone mass
P - tractive force directed along lengthwise dron axis
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Nonlinear equations of motion

dV
.w{— = Pcosa—-X -Gsind
et
mf*'t— = Psmna+Y —Gcos#
dt
dv
J.Z ”,r: - lez
cfH
7sin  + ([
dr
ffL
=} cos ) + (]
d!

P=P(5,, V') |v=6+a

X = (,J;pV y-c, sV

C, =C, (a, v, V, H);

C}' - c}l' (E[, Vr 21-1)’
Vv
Mz=mzbﬁSpT

I.n7 = ln?({lq d -'u\'.' -'.V- 6“".- p)

Mz - total moment of aerodynamical forces with respect to transversal

axis z

Jz - inertial moment of drone with respect of axis z

P - air density

UX and Uy - wind velosities with respect axes x and y, correspondently

S - area of winds
b, — tength of wina chora
111, - coefficient of moment

¢ and ¢, - coefficients of resistance and carrying forces, correspondently

Autopilot

Op

Os

"*frrfrfv--—n—*w-n_!

- position of control knob

- deviation of elevator
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Linear equations of motion

Desirable steady state trajectory:

ot v0,00.V,, 00, H
Deviations: ,90,V, , H

Av, A8, AV, Ao u AH,

(p+n v +npa+nu+ngh=n, 6,461 ) N, - coefficients

-Na; v + (p+n2;) @ - (p+na:)v + npyh = 1f5
, o ’ f, .0 [ vy -perturbations
Nz v + (Mpp+ns: o Hp +ngspho + nigh = -ngog+s: :

d
p- operator —
Ny v + Ny 0 -0 +ph =y, dt

Autonomous controls try to decrease deviations to zero.
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Linear equations of motion. Processing

T —— — e
D(v)(7) = =nyy W(1) — nyy 1) — 13 9(1) — ny, h(t) + n, Sp(r - 1)
D(0) (1) = (1) + by 8(1) + nyy ¥(2) — nyy 0lt) + 123 8(2) — 1y, Fo(1)

D' (g)(1)= -1y D( o) (1) — 133 D(8)(2) — nyy V(1) — 15y 0t) — 1y, (1) — g 63(5' — 1)
D(h) (1) = ng W(t) — ngy o) + 1y, 8(1)

D(8)(r) = ol1) + 5 8(t)  To decrease the order of the system
hlt)=h(t) — Mv(1) To get non-zero diagonal coefficients

6PI[r—1:] = pyv(t— 1) + pyoft— 1) + py8(t— 1) +p__1l[l|[r—1:] — Mv(t—1))

ot — 1) = bWt — 1) + byolt — 1) + by8(r — 1) + by (R(t — 7) — M¥(t — 1))
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Linear equations of motion. Processing

D(v)(1) = —nyy w(t) — nyy 0f1) — ny3 8(1) — nyg (1) — Mw(2)) + n;n{pl vt —1) +pyolt— 1) +py8(r— T) + py (At — 1)
—_‘Lj"r[r—r}}}
D(a)(t) = @lr) + bﬁﬁ[r] - n:l'r[r] — 1y, oft) + .??:33[?'] — My, (A1) — Mv(1))

D(8)(r) = @lr) + b, 8(1)

D(®P)(r) = —i‘rﬂ (q;{r] - bﬂﬁ{r]] — f_q:-tr} + E:D&[r) + 1y V(1) — 1y 01) + 13 8(1) — 1y, (A(r) — .U‘r[r}]}

— my3 (@l1) + by 8(1)) — ngy V(1) — gy alt) — gy (A(1) — Mv(t)) — ng (b v(t — 1) + by ot — 1)

-

+ 553{{— t) + by (A1 — 1) — My(r — '[]]}

Dir)(1) = M(pyWt—1) +pyolt— ) +py8(t — 1) +py (M1 — 1) — My(r - r}}}n;ﬂ—k (_'11";314—_‘11':;11 + n“] (1)

— [—_\J"nl; + ru:] olr) + (—_\Inl: - ru:] o) — MA(1) My
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Stabllity of the system. Applying

rﬁﬁmﬁm*”’ "**w

1= [”lap-'l*u_" g, M— 1, Py + ”11} o |—n;ap: + r?11|:: — |—;li;ap3 + 15
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—+ Mg .53 -+ Mg T3

o= |?i‘3 by — Mgty + Myl =5

i) 7
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Stabllity of the system. Calculation

[ —— "**w

- Get from B _ Handle
the table analytically
my | 0024 Fio Fiy g — Hha, )

ne | 011 My b, = 024 4 by = —1.001

' - 1
i3 0,2 ‘I{ E o, = 1
- 1

g | -4.3-107 + |14 Hip Flyny — Hia

Ny -0.4 Dy == - | 12 E?': = 0 *;:? 32 —_: =1

2> L 2.4 - ??P E 1

27 i ; - =

n23 0 | s - by + 1y by + 1y By + Hp g 3 10000000000
Mg | -1.22-10° 2 L= —

I3 0 M ’ F?E :_1 = 1

2 <+ 1774 - ) 10000000000
| 04 2 ‘ 13 _ My [a?ﬁ -+ 1] o

2 38 P3 = n =" Mg o

N3 | 2.45 P M= —063

VBT -0.053

Iy 49

m | 0022 - Calculate the rest in

Iy )

—— MatLab

Domoshnitsky, Kupervasser, Yavich, Kogan Autopilot TDS 30/06/2018 16/19



Stabllity of the system. Results

§(t—1) =pwvt—1)+pyolt—1) +p8(t— 1) + p (1 — )

Splt—1) = b W(t—1) +byolt—1) + b;8(r— 1) + b, (1 — )

b, == 0.01142857143 py= =3

: = —5.360750359

by = —0.7559183673 2 <745

by = 0.03777242857 Py = 9431659430

; ; ;= 05512345678 Delay estimation
b, == 0.0009820408163 ¥4 y

Control parameters
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Future plans
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