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Coordinate Systems

Inertial Frame: North,
West, Up

@ Body Frame

@ Wind Frame:
transformation from Body
to Wind frame includes
two Euler rotations a
about X-axis, and then —/3
about Y-axis

Coordinate
Systems

@ Limb Local Frame

@ Local Wind Frame:
transformation from Local
Limb to Wind frame
defines local angle of
attack, sideslip, and roll



BSP (Body Segments Parameters) Equations

The body is constructed by 16 segments connected
with joints, which provide in total 33 Degrees-of- \ 1 DOF (bend)
Freedom. The following data is computed for each pead ]

segment i: upper arm
& forearm =

@ Principal Moments of Inertia hand
(boxis lyyis 122 tocal
"] center of gravity (in local coordinates) pelvis

2 DOF (bend, flex)
3 DOF
3DOF

Biomechanical

Model Regjlocal 3DOF

") .. . . hip
origin of local coordinates relative to the

parent segment it is attached

1 DOF (bend)

leg | «— 2 DOF (bend, flex)

Dcitd Limbypy parent Limb
@ transformation between child and parent foot

segments, defined by Euler angles and

interpreted as a rotation quaternion

Parent Limb
AChild Limb
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Transformation Chain

Computing origin, center of gravity, and transformation of
Local Limb / frame relative to Body Frame:

R B Limb;
DUmbiIN Body RCgiBody7 9Body

Biomechanical
Model

Example: Right Hand

Right Hand __, _Right Forearm x Right Upperarm Thorax * Abdomen = Body  y*
Body = (qRight Hand )~ ® (Right Forearm ) © (ARight Upperarm)” ® (aThorax ) @ (Tapdomen)

2 DOF 1 DOF 3 DOF 3 DOF 3 DOF

3 _ ( Body \x o (7 Abdomenyx o (R
Dright Hand jpy gody = (9abdomen)” ® (PThoraxiy apdomen T (AThorax )~ ® (DRight Upperarmypy Thorax

Thorax o s Right Upperarmy+ o &
+(qught Upperarm) ® (DR:ght Forearm Right Upperarm + (qRight Forearm ) ® DRight Hand )y Right Forearm)))

B — B Right Hand B
RCé'Rigm Hand Bogy — Dright Hand )y Body + 9oy ® RCgRight Hand jocal




Summary: Body CoG and Inertia Tensor

Niimbs 3
221" Regigog, Mi

Nij,
Zi:{mbs mj

Biomechanical _
Model Reg=

AY2+AZ2 —AXAY —AXAZ
—AXAY AX?+AZ? —-AYAZ
—AXAZ —AYAZ AX24AY?

N, Limb; Limb; . T
I:E,‘:L]’_mbs (DCMBodyI Ilocali(DCMBodyl) +

m,-)
i

where m; - mass of Limb i, DC/\/IEZZ}?” - Direction Cosine Matrix,

Limb; X S~ Y
computed from quaternion qB’;’(’,y’, and [AY} = | Yy Y
AZ 1j Zeg—Zeg



Equations of Motion

X

Forces F = | Y| are obtained from linear momentum
Z
derivative:
p=mV +mQ X reg
. dp =
F=—4+Qxp
gt THEXP

ﬁ:mv+mﬁxr§g+mﬁxr?g+ﬁx (m\7+mﬁxrgg>

U P
where V = | V| - linear velocity, Q= Q| - angular velocity.
w R



Equations of Motion

Forces sum mary:

3

QW — RV Q(Pycg — Qxcg) — R(Rxeg — Pzeg)
+ +

L:/ chg - RYCg er.:g — Ry
V| + |Rxeg = Pzeg | + | Rxeg — Pzeg | +

W P.ng - QXcg PYég - QX.cg

RU — PW R(Qzeg — Pycg) — P(Pycg — Qxcg)
PV - QU P(RXcg - chg) - Q(chg - R)’cg)



Equations of Motion

L
Moments M = | M| are obtained from angular momentum
N
derivative:
[L=10+ Mrgg X %
dl
M:E—i—QxL—ka(merCg)

M:l§+iﬁ+rggxm\7+ré'gxm\7+\7x (mﬁxrgg)+
+Q x (19) + Q x (rog x mV)

IXX Xy Ixz
where | = |l I, I,| - inertia tensor

sz Izy lzz



Equations of Motion

Moments summary:
[ = IxxP — ny — /sz+ IXXP — Xy(o — RP) — IXZ(R + PQ)_

1y (Q% — R?) + (I — L,y ) QR + mysg W — mzigV+
+mycg(W + VP — QU) + mzeg(—V + WP — RU)

M = Iy Q = P = hzR+1,,Q — by, (P + QR) — (R — PQ)—
Iz (R? = P?) + (ha — I;2) PR + mzzg U — mxig W+
+mxeg(—W + QU — PV) + mzeg(U + WQ — RV)
N=1zR—1oP—1,Q+ R+ l(—P+QR)— ,,(Q+ PR)+
+hy (@2 = P?) + (hy — ho) PQ 4+ mxcg V — myig U+
+mxcg(V + UR — PW) + mycg(—U + VR — QW)



Equations of Motion

Forces and Moments acting on the Body:

Nlimbs . 0
= Z 'Eal + qlBody ® 0
i=1 —mg
A Nsegments ;
= > ( x Fy +/\/’a>+’cﬁg>< Igody @ | O
i=1 —ME

where Fa ,Ma , Ity - aerodynamic force and moment acting on body
limb i and its center of gravity expressed in Body coordinates,q,’gody -
rotation quaternion from Inertial to Body frame, updated as follows:

0 -P -Q -R
. P 0 R -Q
qlBody =05 Q -R 0 P qlBody

R Q —-P 0



Kinematic Equations

Computing inertial orientation [¢) 6 @] from q,’gody =

2(qog3 + 9192)
1—-2(q5 + a3)
6 = asin2(qog2 — q143)
2
& = atan (9091 er Q3q§)
1—2(q5 + q7)
Computing Body angles of attack « and sideslip 3:

1 = atan

Kinematic
Equations

; 74
= —atan—
“ W
B = —asin v

sqrt(U? + V2 + W?)



Kinematic Equations

Computing rotation quaternion from Body to Wind frame:

a =8
cosg cos—
qBody _ | sin5 0
Wind O sin—Tﬁ
0 0
Eauations Computing rotation quaternion from Local Limb i to Wind

frame and local angles of attack, sideslip, and roll:

Limb; __ _Limb; Body __
AWind = 9Body © AWind = [0 @1 a2 g3

]T
2(q093 — q192)
W@ -9 — g+ a3
Bi = —asin2(qoq2 + q1G3)
2(q093 — 9192)

9% —q3— a3+ q3

oj = atan

;i = atan



Aerodynamic Model: Forces

Aerodynamic force acting on Limb / consists of two
components: L; perpendicular and D; parallel to the local wind
direction:

2

COS% 0.5,0A,' \7 (C/ﬁ),‘
~_ ( Body\* 12

Li = (qund> ® 0 | © 0504 ||V (Cly)i
Mrogar ™ siny 0

where A; - limb characteristic area (local xz plane), p - air
density, (Cly)iand(Clg);- aerodynamic coefficients:

(Cl)i = (Cla)™sin(2a)

(Clg)i = (Clg)i™*sin(25;)

where (Cl,)?*, (Clg)™® are assumed to be known parameters



Aerodynamic Model: Forces

0

_ (gBodv\* 0
Di = (quZn§> ® N2
0.5pArea; VH Cdmax

where Area; - Limb area exposed to the air flow, for
belly-to-earth pose can be approximated as:

Aerodynamic
Model

max(Af* |cosBisinai|,  AY |cosBicosail, AY*|sinfi])

and Cd/™® is assumed to be a known parameter

References that inspired this model
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Aerodynamic Decelerator Systems Technology Conference and Seminar, 4 - 7 May 2009, Seattle, Washington
2. Nakashima, M.; Aoyama, A.; Omod, Y. “Development of simulation method for skydiving freefall”,
Engineering of Sport 5, Volume 1;2004, Vol. 1, p587

3. M. T. "PAT” WORKS, JR., “Wings of Man - The Theory of Freefall Flight", 6th AIAA Aerodynamic
Decelerator and Balloon Technology Conference, Houston, TX, March 5-7, 1979




Aerodynamic Model: Moments

Aerodynamic Moment acting on a body segment which is
angled relative to the air flow can be approximated as follows:

—

2
V| Length;(Cm,);

Cog% 0.5pA;

~_ ( Body\* S112
M= (aiine) @\ | o | @ |ospar| V] Lenge(cma)
inXi
Aerodynamic sin 2 0
Model

where Length; - limb characteristic length, (Cm,);and(Cmg);-
aerodynamic coefficients:

(Cma)i = —(Cmy) ™ sin(2cy;)

1

(Cmpg)i = —(Cmg)™sin(25;)

where (Cmy) 7, (Cmg)T® are assumed to be known

i i

parameters



Aerodynamic Model: Moments

After the moments of all limbs are summarized a small
damping moment is added [1].This moment occurs due to the
changes in the orientation of the local wind vector with
rotation rates across the parachutist:

Aerodynamic
Model

— 112 - —
Mgamp = —0.5pA H VH Height CmigampS1

where A - overall area exposed to the airflow, Height -
skydiver's height, Cmg,mp, damping coefficients assumed to be

known, Q - Body angular velocity



Calibration of model parameters

Skydiver dependent param-
eters, measured once

@ body mass and body height

@ segment dimensions

@ Note: Feet are most

sensitive @ Skydiver body model with
overlaid skeleton from Xsens

Aerodynamic .
Model Aerodynamic parameters, measurement system with 23
tuned from experiments gyros and accelerometers under
. . jump suit
@ Air density

@ drag, lift, and moment
coefficients, depending on
jump suit

@ damping coefficients for
various rotational
maneuvers @ Model pose and Xsens pose




Wind tunnel experiment: turning

Play

time [sec)
yaw rate

500

[degssec]

-500





Free fall experiment: barrel roll

Play

Roll angle during burrel-roll maneuvers

simulated
easured

Verification

ideg)

o\





TITO Controller Design

The project objective - explore a possibility to design a decentralized
controller able to track linear and angular velocity commands by the means
of only two inputs to the non-linear skydiver plant: first associated with
bending the legs (leg pattern), second - with deflecting the arms (arm
pattern). A successful design is such that allows the skydiver fol-

low a desired path, translated by a Guidance Algorithm into velocity profiles.

yaw
rate l arm yaw
com N pattern rate
F11 G
desired position
path | Guidance Plant orientation
i an
Bisgram oo Algorithm speed leg
com pattern speed
Fao *:(} : | Goa
-t
i

Block diagram: TITO decentralized design (precompensator [0 1], will

be modified during the following design stages)



Design Degrees of Freedom

The following decisions are made during the design process:

@ Coordinate Systems: reference signals (speed and yaw rate) can be given
in the Inertial or Body coordinate system, both options will be explored at
different design stages

@ Arm Movement Pattern: two options will be explored: a pattern normally
performed by novice skydivers, and a pattern observed in experienced
skydivers. The later produces very fast turns, while the former allows only
slow turns and causes stability loss if faster turns are attempted. The final
design will be based on the 'experienced’ pattern, but the first design step
will be computed for both in order to get an insight into the difference
between them

@ Leg Movement Pattern: consists of bending the knees and dropping the
thighs, while the human engineering is such that bending the knees in a
belly-to-earth position automatically causes some extent of dropping the
thighs. Therefore, the knees angle a will be a control input, and the thighs

Problem Block
Diagram angle 8 will be computed from « according to an empirically established

relation.

@ Cross-Coupling: Arm Pattern inherently has a strong coupling with the
speed. Leg Pattern coupling with yaw rate will be generated by introducing
some unsymmetry to the movement of right and left leg (one leg slightly
lags behind the other). This effect naturally happens in skydiving, since a
jumper can not see his legs and there is a natural unsymmetry between the
legs and the muscle memory associated with right and left leg movement.



Movement Patterns

Arm Pattern - responsible for turning right, left - Leg Pattern - responsible for moving forwards,

defined by combination of 4 angles: rotation about backwards - defined by combination of 4 angles:
[Xieft» Xright » Zieft s Zrightlshoulder = [Xieft s Xrightlknee = [ty &, [Xieft» Xright|hip =
[—e, a, a, a], where « is the control input uy(t) [B, B], where a is the control input uy(t) and
L g— _ 1802 180
VAR’ | DoF involved in arm pattern B = ﬁ(_0~0035(0"7) —0.0335(a =37 ) +17)
o
( ‘ oy A 4 » DoF involved in leg pattern
e -
Zright shoulder
4 )
S A ‘ X right kne
¥ S
" 4
X left knee

X right
shoulder p

left shoulder
./

Patterns

Movement l l






|dentification of Linear Design Model

Fourier Integral Method: |P(jw)| =

75,2
2VYetys yj‘+ys arg (P(jw)) = arctan <f)

sin(wt)

Asin(wt) = Vs
=

cos(wt)
_ 27
W=7
Record Transfer Functions:
(s) _ Yaw Rate(s) _ Yi(s) _ Yaw Rate(s)
P11(S) U1 (s) — Arm Pattern Angle(s) P12(S) T Ux(s) T~ Leg Pattern Angle(s)

_ Ya(s) __ Longitudinal Velocity(s) _ Ya(s) __ Longitudinal Velocity(s)
P21(S) - " Arm Pattern Angle(s) P22(5) T Ux(s) ©—  Leg Pattern Angle(s)

Movement 1(s)
Patterns . R R .
Relevant frequencies and input signal amplitudes:

Aarm pattem = [1,3,5,7,9,11,13,15] deg Ajeg pattern = [15, 20, 25, 30] deg while
each case includes the following amplitude mismatch between the right and left
leg: [0%, £15%, +25%] w = [0.01,0.1,0.25,0.5,0.75,1,1.2,1.4,1.5,1.6,1.75,
2,2.25,2.4,2.5,2.6,2.75,3,3.25,3.5,4,4.5,5,5.25,5.5,5.75,6,6.25,6.5,6.75, 7,
7.5,8,9,10,20,50,100] rad/sec



Arm Patterns Comparison

Arm Pattern - Novice Skydiver - rotation about

Xieft s Xright s Yieft Yrightlshoulder =
—a, a, —a, al, where a is the control input ug (t)

Arm Pattern - Experienced Skydiver - rotation

about [Xjert, Xright » Zleft s Zrightlshoulder =
—a, a, a, a, where a is the control input uy(t)

P 3y

) Arm Pattern Angle to Yaw Rate

Arm Pattern Angle to Yaw Rate

g g .

s o H

H] R
Movement £ o 2
Patterns g g

=, =20

=] =

g 3

2 2

o sl ®

2 &

£ 2

o o

Freatency rads) Freatency radey




Plant Transfer Functions (in Body Coordinates): pi(s) = 5 fpRecle)

Longitudinal Velocity(s) _ Yaw Rate(s) __ Longitudinal Velocity(s)
Arm Pattern Angle(s) T12(5) = Teg Pattern Angie(s) M P22(5) = ~Tor Pattern Angle(s)

Po1(s) =

Leg Pattern Angle to Yaw Rate

Arm Pattern Angle to Yaw Rate

Magnitude (dB)

Magnitude (dB)

'Experienced’ Pattern

right leg is lagging behind left

Phase (degh
Phase degr

left leg is lagging behind right ===———=—

Frequency (ad/s) Frequency (ads)

Arm Pattern Angle to Longitudinal Velocity Leg Pattern Angle to Longitudinal Velocity

a0

Magnitude (dB)
Magnitude (dB)

Identified Plant

Phase (deg)
Phase (deg)

o 100 Lot

ot 10° 10! 10!
Frequency radrs) Frequency (adss)



Identified Plant

Plant Transfer Functions (in Body Coordinates): py;(s)

Po1(s) =

30 0.2508

Open-Loop Gain (dB)

Open-Loop Gain tdB)

Longitudinal Velocity(s) P
Arm Pattern Angle(s)

Arm Pattern Angle to Yaw Rate

odB

2508
1d8

iR :
'Experienced’ Pattern
% +

180 138 90 a5 o

225 o
Open-Loop Phase deg

360 15 200

Arm Pattern Angle to Longitudinal Velocity

«

6048

360 315 270 25 180 13§ 45 0 45 90 13 180

Open-Loop Phase deg)

Yaw Rate(s)
1 Leg Pattern Angle(s)

Open-Loop Gain (dB)

Open-Loop Gain (dB)

Yaw Rate(s)
Pattern Angle(s)

Longitudinal Velocity(s)
Leg Pattern Angle

and Pyy(s)

© right leg is lagging behind left

left leg is lagging behind right
2o s am A3 S0 45 0 45 %0 1S 10
Open-Loop Phase deg)

315

Leg Pattern Angle to Longitudinal Velocity

%0
o
30 62508
05dB
o 1B 1dB
o398
i 3dB

o dB
2B
2048

o a5 %0 B 180

45
Open-Loop Phase deg)



TITO Templates

Templates from 1/ W11 Templates from 1/W22

1
10
s zoomin
° o
5 "
10 2
a5 5
20 +
s 5
50 78 &
0
%0 80 0 4y 0 <0 0 20 10 0
360 340 320
[E— Tempiateata radsec
w ) s
']
i a N 20
. 22
10
. N ok
Identified Plant
“ ‘100
% 20
i 0 ,
350 300 250 200 150 100 50




Design Specifications

Servo Spec: rise time of between 0.5 and 1.2 seconds to the default level
50%, a maximum overshoot of 10%, a settling time of 3 seconds to within
5%

@ Sensitivity Spec: 3db for the first design step, 6db for the second design
step

@ Cross coupling Specs: -35db for Tia(s) = ;;8 = #gf:ﬁff(s) and -15db

_ Ya(s) __ Longitudinal Velocity(s)
for T21(s) " Ri(s) = Desired Yaw Rate(s)

@ Zero steady-state error

Design Strategy

First, design the yaw rate loop (tracking desired yaw rate by the means of arm
pattern) since the coupling observed in P15 is small and arrises only from
inaccuracy of the leg pattern execution (syncronization between left and right
leg’'s movement). Representing the cross-coupling by worst-case 'disturbances’
will not significantly restrict the design.

Second, design the velocity loop (tracking desired speed by the means of leg

First Loop
Design pattern), with correct cross-coupling, since the coupling observed in Py is very

strong due to the nature of up: the arm pattern execution in addition to turning
induces a backward slide. This effect is well known amongst skydivers and
constitutes a serious challenge for novice jumpers.




Step 1: Arm Pattern Loop (Experienced Skydiver

Pattern)

025
Controller Design First Step
05

025
Significant Bounds First Design Step

25 os
20
of
e
J 10
5 ¥
-10 20
15
20 a0t
350 @00 280 200 50 100 50 o
-30
PreFilter Design First Step
s Bode Diagram
_ Simulated Open Loop
10 q Transfer Functions.
ey LWL
3
20 g,
g
=,
o
° 30
")
. as
First Loop
Design 40 5
& g 90
i
s0 £ s
[
: L 180
10° 10! 107 ot 10

rads Frequency (adss)



Step 1: Comparison of two Arm Patterns

(Experienced vs. Novice)

Arm Pattern of an Experienced Skydiver Arm Pattern of a Novice Skydiver
025

Controller Design First Step
5

Observations

@ The best stable design that uses the 'novice’ pattern does not satisfy any one of the three
specifications. This happens due to the anti-resonance - resonance pair observed earlier in the plant
transfer functions.

@ Novice skydivers perform turning very slowly and easily loose stability if attemp to speed-up their
maneuvers. This fact (though often considered a phycological factor) inherently follows from the
First Loop above nichols plots.

Desi . f . .. . N .
S @ 'Experienced’ pattern is not taught to novicies due to its complexity (the body never moved in such a

way, whereas the 'novice' pattern resembles swimming and is easily reproduced in the air after
watching its demonstration on the ground)

@ The body converges to perform an 'experienced’ pattern (after a few hundred jumps), however
experienced skydivers are not aware of how they perform high-performance turns, as this happens at a
subconscious level.



Step 2: Leg Pattern LOOp (using Experienced Arm Pattern loop)

Significant Bounds Second Design Step , 7
| 1/

T sensitivity

150 100

Bode Diagram

Magnitude (dB)

Second Loop
Design

Phase (deg)

Frequency (adss)




Summary of the Controllers

The design is decentralized: PO = [(l) (l)]

Step 1:
0.25(1+35%)1+5% 1

Lo =
s 1+ 1+ 13

1 1+ 5%

Fi1 = 3 5 ;

1+3)(1+3) 1+7

Step 2:

L GRS 14 2loes | o
s 14+ 814 514 20Les 4 )

1 143
Controllers F22 = 1 S\2 S
Summary ( + §) 1 + ﬁ




Specifications Verification in the Frequency

Domain (in Body Coordinates)

Desired Yaw Rate to Measured Yaw Rate Desired Longitudinal Velocity to Measured Yaw Rate
“
o —

Step 1: yaw rate loop 120

45 L L L 160

10 10° 10° 10 10 10 10 10
Desired Yaw Rate to Measured Long. Velocity Desired Long. Velocity to Measured Long. Velocity
10 - =
o ———
20 WA
0
s
w0
st
s0
o
hd” Step 1: cross coupling a5l Step 2: cross coupling

leg pattern — yaw rate arm pattern — speed

Simulations



Simulations

Simulations: Non-Linear Plant Implemented in

Matlab Reference Yaw rate and Speed in Body Coordinates

Simulation of step responce: Yaw Rate

Simulation of cross coupling: Leg Pattem to Yaw Rate

o008

0008

0006

0008

3 s o
time [sec]

Simulation of cross coupling: Arm Pattern to Longitudinal Velocity
o35

)
time [sec]

R
time [sec]

Simulation of step responce: Longitudinal Velocity

y s s
time [sec]



Simulations

Simulations (Continued)

Controller output: arm angle [deg]

time [sec]
Top View of Body Position during Rotation with 0 rad/sec

04 e —

West(m)

\
; i

B 25 2 4 1 o5 o os 1

North (m)

Controller output: knee angle (deg]

o 1 2 H 4 s s 7 s s 10

time [sec]

Summary: The design of both loops satisfies all
specifications and is verified by the simulations of non-linear
model. Nevertheless, it appears inefficient to use these
loops for tracking angular and linear velocity profiles
produced by a Guidance Algorithm that aims to follow a
desired path. The reason is that the Guidance Algorithm
produces an Inertial velocity command, whereas the control
loop was designed to track the Body longitudinal velocity.
The transformation between Body and Inertial frames is
known at each simulation step, however translating the
command into the Body frame gives poor performance,
since the inertial velocity has different dynamics, as shown
in the next section.



Longitudinal Transfer Functions:

P>, Inertial vs.Py, Body Frame

INERTIAL BODY
Leg Pattern Angle to Longitudinal Velocity Leg Pattern Angle to Longitudinal Velocity

Magnitude (dB)
Magnitude (dB)

Phase (degr
Phase degr

Frequency (ad/s) Frequency (ads)

Leg Pattern Angle to Longitudinal Velocity Leg Pattern Angle to Longitudinal Velocity

3. g
g 2. b8
3 5 | osm
g g e 108
3 8
S S
5 g topieE 3dB
2 2
o & e
“6aB
‘2B
20.dB
30 415 0 w5 0 s 40 45 0 o s w0 @ o0 s 5
Second Loop Open-Loop Phase deg Open-Loop Phase deg)

Re-Design



Plant Transfer Functions (in Inertial Coordinates): Pii(s) = 4 el

Poi(s) = Longitudinal Ve/oci¢\/(§) Pra(s) = Yaw Rate(s) and P(s) = Longitudinal Velocity(s)

Arm Pattern Angle( = Teg Pattern Angle(s) Leg Pattern Angl

Arm Pattern Angle to Yaw Rate Leg Pattern Angle to Yaw Rate

g g
o o
] ER
= 'Experienced’ Pattern =

20 )

& 1 right leg is lagging behind left
o sk o
8 2 o
[ [

ol left leg is lagging behind right ===———=—

h N FFEQUEV;!;Y (radss) » - - a FFEQUEV;[;Y {rad/s) - h

Arm Pattern Angle to Longitudinal Velocity Leg Pattern Angle to Longitudinal Velocity

s0 w0
g g
g’ g
2 phase starts from 2
£ I -90 since Inertial West g

is in the opposite direction to

e -Body, so that back- s
_ ositive in inertial _
Gl g
o °
[ [3

ot 1 ot o

Second Loop Frequency radss) Frequency (ad/s)
Re-Design



Second Loop
Re-Design

Step 2 - New Design Velocity Loop in Inertial Coordinates

Templates from 1/W22

Prefilter Design Second Step

-3

300 250 200 150 100 -50 o

Observations:

@ Since the dynamics of inertial Py, is much slower,
the specifications must be reasonably relaxed. The
new servo spec: rise time of 1 - 4 sec, a settling
time of 3 sec, and a maximum overshoot of 5%.
The new cross-coupling spec for Tp; is -10db.

@ This difference between inertial and body
longitudinal velocity is a well known issue amongst
skydivers: initiating forward motion starts with
pitching down thus increasing the vertical
component of inertial velocity much more
considerably than the horizontal component. The
ability to reduce this effect as much as possible and
as fast as possible is the most crucial skydiving
skill, and it is acquired from experience.



Step 2 - New Design - Specs Verification in the Frequency Domain

Desired Long. Velocity to Measured Long. Velocity

Desired Yaw Rate to Measured Long. Velocity

140

107 10t i 10
Simulated Open loop Transfer Functions Lpg/Waoe Design Summary:
y -~ ) Controller:
i \é“ L20:0'1(1+ﬁ)1+ﬁ 142
E =25 e s 1+5% 1+ 1%
35 < PM < 45deg 7 < GM < 10 db .
8 ol ,’_{:/7\“ Prefilter: L 1
m S 2T arpa+s)
Bl BRI
T
270
Second Loop ' - Frequer;zi; radrs) '

Re-Design



Step 2 - Pre-compensator Design

Motivation: Even though all specs were shown to be satisfied, the
non-linear simulation shows that certain amplitudes of the yaw rate
command cause undesirable velocity that is outside of the cross-coupling
spec. This issue can be resolved if the design includes a Pre-compensator
other than | (PO =/ in a decentralized design shown earlier). The idea is
to use the knowledge of P, (a turn induces a backward slide), and to
compensate for the undesirable velocity by the means of a 'faster’
controller than L.

yaw

rate arm yaw
com ._> pattern rate
Fu G11
desired position
path | Guidance G - orientation
i an
Algorithm 21
speed leg

com pattern speed
Fx»




- Simulations - Last Design Update

of Longitudinal Velocity Simulation of cross coupling: Arm Pattern to Longitudinal Velocity
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Skydiver Position during constant yaw rate turn 05 rad/sec during 20 sec f

The Pre-Compensator PO = POy

that the following controller is obtained:

ﬂ is chosen such

—0.035(1+3) 1+ { 1+ g%
s s 1+ %

Gy =

Y, m)

The cross-coupling in the non-linear simulation is now
within the spec. The top view shows the improvement
resulting from the new pre-compensator: green trajectory
vs. blue trajectory (decentralized design), while the red

s P B 2 1 o trajectory is the open velocity loop.




Guidance Algorithm

The following Guidance Algorithm was used to simulate a basic task in the skydiving discipline called
" Relative Work" : flying towards another skydiver and stopping in front of him. This algorithm was developed
for the path following task performed by autonomous vehicles, and successfuly implemented in many vehicles,
working with different navigation concepts: inertial navigation, SLAM, and vision-only.

@ Desired path can be any path connecting the initial position and the point of destination. The path

is defined by equally spaced points along the trajectory with coordinates (X;, Y;);, 1 < i <n

The local curvature is computed along the path (numerically, from each pair of adjucent path

segments)

The dynamic constraints are defined (max allowed speed, longitudinal and lateral acceleration)

The velocity profile is computed: maximum velocity is computed at each path point, subject to the

dynamic constraints

The path is translated into the time domain: spline is used to create a path as a function of time

according to the computed earlier velocity profile. The time vector is spaced with the simulation

time step dt

@ At each simulation step two points are extracted from the path vector: X(indy), Y (ind;) and
X(indy), Y (inds), where indy = leckahead time gng i, — 2+(lookahead time)
rate commands are computed as:

. The speed and yaw

1
Veom = ————— ||(X(indy), Y (ind1)) — (Xpos, Y,
fom = e [|(X(inh). Y (inch)) = (s, Yies)|

1 X(indy) — X, Vv,
Yaw Ratecom = . atan ( 2) POS ) _ atan | =
lookahead time Y(ind2) — Ypos vy
where Xp0s, Ypos is the inertial position, Vi, V) - inertial velocity, and lookahead time conveys the
bandwidth of the tracking loops. In our case lookahead time = 4 sec was chosen




Simulation of Basic Relative Work (RW)

Play

Red star - skydiver position
Green circle - lookahead point for
computing the yaw rate command
Black circle - lookahead point for
computing the speed command

Play
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