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Abstract

The dynamic behaviour of parachutes is highly complex and characterised by non-linear,
time-dependant, Fluid—Structure Interactions, which is computationally intensive and hence
not a viable option for incorporating into trajectory simulations. The paper describes mod-
elling of a “Computationally efficient, High Fidelity Multi-Body” Parachute—Elastic Riser—
Payload system, capable of simulating trajectory from parachute deployment to parachute
separation. The matrix form of Kane’s method is used to derive the kinematic and dynamic
equations of motion for the system, which avoids the complications of symbolically de-
riving these equations. The developed model is validated with published literature results
formulated using the Newton—Euler method and simulation results describing the typical
trajectory and attitude of the system during the descent phase are presented.

Keywords Multi-body dynamics - Parachute—Riser—Payload system - Kane’s method -
Generalised coordinates - Parachute opening transients - Equations of motion

1 Introduction

Parachutes belong to the class of aerodynamic decelerators, serving the primary purpose
of controlling the descent rate of any payload and ensuring a smooth and accurate landing.
They are used in a wide variety of applications like skydiving, planet-probe landing, human-
capsule recovery, aerial delivery of equipments and supplies, etc. [10]. A typical deceleration
system for spacecraft recovery consists of a clustered parachute system comprising different
kinds of parachutes, which deploy in a predetermined sequence to bring down the velocity
of the spacecraft to safe levels at the instant of splash-down whilst maintaining the stability
of the system [13].

Available literature like Fallon (1991) [2], Guglieri (2012) [4], Ibrahim and Engdahl
(1974) [8] and Paul et al. (2016) [13], have modelled a multi-body Parachute Payload sys-
tem using the Newton—Euler method with varying degrees of freedom and validated their
model with actual flight data. However, this formulation involves deriving the internal con-
straint forces, which tends to become tedious when the complexity of the system increases,
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as in the case of a multi-chute system. On the other hand, analytical methods like the Euler—
Lagrange method requires differentiation of a scalar Lagrangian function, which can become
a laborious task for systems with higher degrees of freedom and can lead to the issue of in-
termediate swell, as reported by Duan (2006) [1]. Kane’s method is widely used to model
complex multi-body systems with high degrees of freedom, attributable to its use of gener-
alised speeds. It results in a simplistic vectorial form of equations of motion involving partial
velocity and accelerations, describing the system as a whole and eliminating the need to de-
rive constraint forces and moments. Stoneking (2013) [16] presented a matrix formulation
of Kane’s equation for fixed-mass systems, which has a form more suitable for computers
and that can be numerically solved in a faster and efficient manner [12]. However, matrix
expressions to model variable-mass systems are not provided, which has been addressed in
this paper.

Ke et al. (2009) [10] presented a generic algorithm to model and simulate the dynam-
ics of any general parachute-payload configuration, including the parachute-opening tran-
sients and contact forces, using the analytical form of Kane’s equation. During the phase of
parachute deployment and inflation, the canopy shape as well as volume of trapped air in-
side the canopy increases quickly due to inflation, resulting in a change in drag as well as the
overall CG of the parachute, which is not accurately modelled in Ke et al. (2009) [10]. How-
ever, modelling these processes with high fidelity is essential as maximum axial as well as
lateral loads on the payload occurs in this phase, which is highly critical for human-capsule
recovery missions.

This paper discusses the modelling of a Parachute—Riser—Payload System (PRPS) con-
sisting of a rigid payload and a rigid parachute linked using an elastic riser having a non-
zero mass using the matrix form of Kane’s equation. This high-fidelity model is capable
of simulating the parachute dynamics from parachute deployment till parachute separation,
including the parachute-opening transients where the PRPS acts as a constant-mass system
with variable-mass bodies. The variation in drag as well as parachute geometry during the
parachute inflation are also accounted for and validated with flight results achieved from the
payload-airdrop tests. Analytical expressions for fore-body wake effects and energy modifi-
cations due to apparent mass have also been included to make the model more realistic.

1.1 Notations

The list of notations used in this paper to represent various vector quantities and matrices is
given in Table 1, following the standards used in Pal (2020) [12].

2 Kane's method for variable-mass systems

Hurtado (2018) derived the Lagrange—Cayley equations for variable-mass systems from first
principles, considering the kinematic relationships due to mass variations [7]. For a variable-
mass multi-body system, consisting of N, rigid bodies with n degrees of freedom, the sys-
tem dynamics in Kane’s form is developed as a set of scalar equations following Kane and
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Table 1 Notations

Notation Description

BcA Transformation matrix to transform vector from frame A to frame B

C@HA/B Angular velocity of body A with respect to body B expressed in frame C

CqA/B Angular acceleration of body A with respect to body B expressed in frame C

CyP/n Vector representing position of point P with respect to reference point n expressed in frame C

CyP/n Vector representing velocity of point P with respect to reference point n expressed in frame C

CgP/n Vector representing acceleration of point P with respect to reference point n expressed in
frame C

CF B e Force vector identified with name acting on body B expressed in the frame C

CA},?“/,ZE Moment vector identified with name acting on body B about the point o, expressed in the

frame C

Levison (1985) [9], extended from the Hurtado formulation using d’ Alembert principle:

Np Np

o[t (W — i — o — e i) |+ 0[5 - (Fe = mada i) |
k=1 k=1
A e (2 . 1)
F | 2 ( (F = riiadia)) | =0.
k=1 j
r=12,...,n,

where Fy and M, are the active forces and moments acting on the kth body, respectively.
% and @ are the partial linear velocity and partial angular velocity of the kth body with
respect to the rth generalised speed. d; and o are the linear and angular acceleration of
the kth body, and ¥ and @ are the respective linear velocity and angular velocity of the
CG. my defines the mass, and I; defines inertia tensor of the kth body in its own body axis
with respect to the CG [12]. T)ﬁ ; is the partial linear velocity of the ejected mass from the

Jjth ejection location of kth body with respect to the rth generalised speed, f;-,k is the force
acting on the jth ejected mass from the kth body and U; ; is the inertial velocity of the jth
ejected mass from the kth body.

Stoneking (2013) [16] styled the matrix form of Kane’s formulation for a constant-mass
rigid-body system. This is extended to include variable-mass effects, consistent with Equa-
tion (1) as

(Q@"NQ+VT[mIV)i=
Q" ({M}—[1fe,} — [T o} — {w} x [T ]{w}) )
VT ((F)=[ml{v)—[mla,}) + VL, ({Fes}—[Mes{ves))

where V and 2 are the partial linear and angular velocity matrices, a, and «, are the remain-
der linear acceleration and angular acceleration respectively, v and w are the linear velocity
and angular velocity vectors, F' and M are the multi-body force and moment matrices, m
and I are the multi-body mass and inertia matrices and i is column vector of generalised
speeds, consistent with the nomenclature used by Stoneking (2013) [16]. Vg, represents the
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Fig.1 Illustration of Coordinate
System and 12-DoF PRPS model
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partial linear ejection velocity matrix, Fg; is the ejected mass force matrix and M is the
generalised multi-body ejection mass matrix.

Vi defined in Equation (2) is a 3-dimensional array, which can result in computationally
intensive multiplication operation. Hence, a generalised reaction thrust generated as a direct
consequence of mass variation is added in A71k and ﬁk matrices, as described in Ge et al.
(1982) [3], simplifying Equation (2) as

(QTNQ+VT[mIV)i =
Q" ((M}—[11{e,} — [ H{w} —{o} x [[1{w}) )
+VT ({F}=Im]{v}—[ml{a,}).

3 Mathematical modelling
3.1 Modelling of Parachute-Riser-Payload system

The 3-body PRPS presented in this paper is shown in Fig. 1, with O;, O, and O3 being
the CGs of payload, riser and parachute, respectively. An elastic riser is connected to the
payload (at the riser attachment point) on one end using a universal joint J; and to the
parachute (at the parachute confluence point) on other end with a spherical joint J,. From J5,
the suspension lines of the parachute fork out, with a semi-oblate spheroid canopy attached
to it, forming the rigid-body parachute.

The following assumptions are considered while modelling the PRPS, consistent with
the assumptions used in Ke et al. (2009) [10] and Fallon (1991) [2]:
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— The surface area of the suspension lines and riser are considered small enough to neglect
aerodynamic forces and moments.

— The forces due to twisting of the riser and suspension-line cables are considered negligi-
ble.

— Variation in parachute geometry and aerodynamic forces and moments due to distortion
in the shape of the canopy are neglected.

— The aerodynamic centres of pressure remain on the axes of symmetry of the vehicle and
the parachute, but do not necessarily coincide with the centres of mass of those bodies.

— Trajectory simulations are carried out considering the flat-Earth assumption.

3.2 Coordinate frames

The reference frames used in modelling the PRPS, as shown in Fig. 1, are described below:

— Inertial reference frame N (Xy, Yn, Zy) — This reference frame is selected as the Launch
Point Inertial (LPI) frame. The origin is fixed at time ¢ = 0 on the Earth’s surface directly
below the Payload CG. The X axis is along the local vertical pointing away from the
ground, Zy lies in the horizontal plane making an angle ; with local north and the Yy
axis completes the right-handed coordinate system.

— B, frame (X1, Y51, Zp1) — This is the payload body frame with its origin at payload CG
O,. The Xp; axis is along the longitudinal axis and positive towards the apex cover, Z g,
axis is in the horizontal plane and pointing towards the hatch and the Y, axis completes
the right-handed coordinate system.

— B, frame (X2, Yp2, Zp>) — This is the riser body frame with origin at riser CG O, and
the X p, axis along the length of the riser pointing towards the parachute confluence point
Jo.

— Bj frame (Xp3, Yp3, Zp3) — This is the parachute body frame with its origin at the
parachute CG O;. The Xp3 axis is along the longitudinal axis of the parachute point-
ing towards the canopy.

3.3 Vector of generalised coordinates and speeds

The degrees of freedom for this multi-body system are designated as:

— Payload is represented as a rigid body having 6 degrees of freedom — 3 translational de-
grees of freedom in the inertial space, given by V7 = (x¢, Yo, Z9) and 3 rotational degrees
of freedom about the CG O, denoted by space-fixed Euler angle 6,,,, and intermediate
body-fixed Euler angles ¥,,, and ¢,,,,. The rotational transformation from the N frame
to the B; frame is characterised using the following sequence of rotation:

about Y , about Z s about X

N 1 1
by Gpay by Ypay by Ppay

The rotation matrix is derived using the methodology as mentioned in Henderson (1977)

[6]:

NeBl _ (BICN)T
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€08 Opay COSWpay  —COSOpay SINYpay COSPpay  COSOpay SIN Y pay SINPpay
+8in6pay SinPpay +sinfp4y COS Ppay
= Sin Y pay €COS Y pay COS Ppay —COS Y pay SINPpay
—sinfpqy COS Ypay sin 6 pqy SIN Y pay COS Ppay —8in6pqy SIN Y pay SING pay
+ €08 Opay Sin P pay ~+ €08 0pay COS Ppay
4

— The riser B, has 2 rotational degrees of freedom about the joint J;, denoted by the body-
fixed relative Euler angles 6,;;., and v¥,;., and 1 translational degree of freedom due to
its elastic property, i.e. L,;s.,. The rotational transformation from the B; frame to the B,
frame is characterised using the following order of rotation:

about Y about Z
B, —— B, —— B,.
2
by Oriser by Yriser

The rotation matrix corresponding to the rotation sequence is

T Cos Griser Cos wriser —COs Qriser sin Wriser sin erixer

Bl ~B2 B2 ~B1 :

C = ( C ) = sin ‘(//riser Cos ‘(//riser 0 . (5)
— s eriser Cos Ipriser sin Oriser sin wrixer COos Qriser

— Parachute Bj; is considered a rigid body having 3 rotational degrees of freedom about
the joint J,, denoted by the body-fixed relative Euler angles 6,4, ¢pqr and ¥p,,. The
following order of rotation defines the rotational transformation from B, to Bz frame:

about Y , about X B about Z

B, B3.

3 3
by epar by bpar by Wpar
The rotation matrix is given by

B2B3 _ (33C32)T

SiN60,qr SIN Qo SINYpgr  SINO,a, SINP e COSY ey SINOpgy COS P gy

+ €080 par COS Y par — €080y SINY g
= cos ¢par sin wpar cos ¢par (o 1,Zf,nar —sin d)par
€S Opar SINPpar SINYpar  COSO g SINP oy COSYpar  COSOpar COSPpar
— 5N 60,4r COS Vpyr +8in 64 SIN Y por

(©)

Based on the 12 degrees of freedom of the system, the selected generalised speeds are
represented as a column vector as follows:

> - > . T
u = [wi, 02,03, V1, Lyiser]” )
where,
ppay 9 epar X0
- _ riser _ i - . 8
W1 = Ypay (> 0 = ] ) 03 = ¢par ’ Vi=13yXYo¢(- ( )
1r[/ri:er 7 .
rpay 1//par 20
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3.4 Derivation of equations of motion

The relative angular body rates of each of the bodies (w) can be represented in terms of the
joint angular rates (o) using a “joint partial matrix (T') [16]” as follows:

BIGBUN — & B2B2YBl _ g, B3GB3/B2 _ [y )
where,
sin wriser 0 COs ¢[mr sin wpar COos 1ppar 0
Iy=| cosYyiser 0|, T3=1{COSPpar COSYpar —siNVYpa O . (10)
0 1 —Sin@pqr 0 1

The angular velocities of the three bodies B;, i = 1,2, 3, with respect to the inertial frame
N expressed in the corresponding body frame can be derived as:

BI&’)BI/N :C_IB], (113)
32(7)32/N — B2CBIBI(7)BI/N 4 BZ(;)BZ/BI
(11b)
— BZCBle 4 FZGZ,
BB(;;B:%/N — B3CB2BZC—(')BZ/N + 335)83/32
(11¢)

— B3C810)1 + B3cB2r20_2 + 1—*30,3.

Angular velocities derived in Equation (11a)—(11c) can be added together to form the
“partial angular velocity matrix (2) [16]”, consisting of partial derivatives of angular ve-
locity with respect to the generalised speeds of the system:

B1;BI/N L 032 O3x3 O3x3 O3y
B8N | | B2CBI I, 033 033 O3, |i. (12)
B3 B3/N B3ICBl  B3CB2D, Ty 0343 Osyg

Q

Subsequently, the angular acceleration of the each of the bodies B;, i = 1,2, 3 with re-
spect to frame N expressed in their corresponding body frame can be derived, as mentioned
in Pal (2020) [12]:

BIGBUN _ BIZBIN (13a)
BZ&BZ/N:BZCBIBIJ)BI/N+F26’2+82af2/N, (13b)
B3&B3/N — B3CBIBI&")BI/N + B3CB21—~2('72 + F3é’3 + BB&rB:;/N’ (13C)
where B2a"*" and 836" are the “remainder angular accelerations [16]”, and T

and I'; are the time derivatives of the joint partial matrices I'; and I's, respectively:

B2&f2/N — 12‘202 + (BZCBI C?)l) x 32(2)32/81’ (1421)
wriser cos Ipriser 0

= _1//riser sin Ipriser 01, (14b)
0 0
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B3GBYN _ B3GBUN | gy (B3GPNY x B3B38, (14¢)
. _¢fpar sin ¢par sin Wpur + 1p.par Cos ¢par Cos Wpur _l'ﬁpur sin w;;ar 0
I3 =1 —@par SiNPpar COSVpar — Ypar COS Ppar SINYpar  —Vpar COSYpa, 0 . (14d)
_(ppar cos ¢par 0 0

Next, the position of the CGs of the three bodies O;, i =1, 2, 3 as well as the joints J;,
i = 1,2 are derived with respect to a point n fixed in the inertial space (assumed to be the
CG of the inertial frame N) and expressed in the inertial frame NV:

Npoi/On _ Nz (15a)
Nph/On — Np01/Oy | N CBIBIRR /01 (15b)
N302/Oy _ Nph/Oy _ N CB2B23)1/02 (15¢)
Nph/ON — NpO2/On 4 N(CB2B2pD/0s (15d)
N703/Oy — Nph/Oy _ N B3B3 ph/05 (15e)

where,

— BIFN1/01 is derived based on the riser attachment point on the payload.
— B2PN1/02 and 8272/ 02 satisfy the following equation assuming that the riser has a uniform
mass distribution

Lriser
0 — _32;11/02 — 32;,’]2/02. (16)

0

— B372/0s is worked out based on the Parachute centre of mass, which has been derived
as per Ibrahim and Engdahl (1974) [8] assuming the parachute canopy is a semi-oblate
spheroid with instantaneous height £, radius r and mass m ¢, and suspension lines having
length L, and mass m :

L _ (mpLems)+(ncL)+(myLy)
N cm mp+mc+my
BRpaos—| 0 |= 0 , (17)
0 0

where, L., is the centre of mass of the parachute, which is derived considering the in-
cluded mass of the canopy m; = %pnrzh, the density of the atmosphere p, the centre of
mass of the canopy and the included mass L; and the centre of mass of the suspension
lines of the parachute L.,,;.

Lems = (0.5L cos(sin™! (LL))). (18)

N

The instantaneous height / and radius r are computed by multiplying the steady-state
canopy radius and height as derived in Ibrahim and Engdahl (1974) [8] with f;,s as de-
rived in Equation (33).

Now, the velocity of the CGs for each of the bodies with respect to the inertial frame
origin expressed in the inertial frame N can be computed as in Equation (19a)—(19c¢):

NGO/ON =3, (19a)
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N502/0y _ N§501/ON (N;»ol/oz XNCBIBICBBI/N)

+ (NI-;J]/OZ < NCBZBZJ)BZ/BI)

(19b)
Lriser
+NcB2 ,
2
Nl—)'Og/ON _ N{}OI/ON + (N;:Ol/Og XNCBIBIJ)BI/N)
4 (N;:J]/Og ><NCBZBZC—Z')B2/BI) 4 (N;:Jz/03 XNCB3B3C—;)BS/BZ) (19(:)

+ NCBeriser .

The angular velocities of the bodies can be expanded in terms of generalised speeds as
mentioned in Equation (11a)—(11c) and then, Equation (19a)—(19c) can be grouped to form
the “partial velocity matrix V [16]”, derived in Equation (20):

NO1/0n 033 032 033 Lixs  O3x1
- 0,/0 J1/0 -
N302/0N | — erl/ 2N Bl erl/ ZNCle"z 033 Lis NCBZ/2 0
N703/0 0,/0 5/0 J2/0
03/0n erl/ 3N OBl erl/ 3N CB2r, erz/ SNCBID, Ly NCB?

(20)

J1/0 . . . . .

N rxl/ 2 and other similar terms in Equation (20) are skew-symmetric matrices of vectors,

which equivalently perform a cross-product of the given vector with some other vector.
Next, the accelerations of the points Oy, O, and Os, with respect to the origin of the
inertial frame are expressed as

NGouon =Ny, (2la)
NZ;02/Oy _N;01/Oy
_i_NCBlBlL—;*)Bl/NXN;:OZ/O] + VB2, x N7 02/ (21b)
_,’_NC-L')BZ/NXNCBZLHS” +Nar02/n’
NZ03/Oy _N;01/0y
+NCBIBIC-;')BI/NXN’-;O3/O] +NCBZF2(-I2XN’703/11 21c)
+ NCB3F3('73 x N703/h 4 oy NB2N XNCBZLriser + Nar03/n’
» Na)?z/ON and Nar03/01v

where the “remainder accelerations [16] are

Nzl’rOz/ON — NcBZBZ&rBZ/N x N?Oz/]]

L NGBIUN (NJ)BI/N % N}-;JI/OI) L NGBUN o (NJ)BZ/N % N;Oz/h) ’ (222)
NGO03/On _N502/Oy
4 NCBB2GBUN ( Nph /02 | NOBIBIGEI/N o Ny03/)s (22b)
4+ NGB2UN o (NC-L')BZ/N % N;:JZ/OZ) L NGBIN (NCBB3/N « N703/Jz) 7
NGBUN — N Bl BIGBIN. N BN _ N B2 B2 BN NB3/N _ N (B3 B3ZB3/N
(22¢)
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The active forces and moments acting on the system are the force due to gravity, aerody-
namic forces and moments, and forces and moments due to elasticity of the riser. Further-
more, during the parachute deployment and inflation phase, an additional generalised thrust
is also added to cater for the effects due to variable mass, as described in Ge et al. (1982)
[3].

The translational kinematics of the systems are derived in an inertial frame as seen from
Equations (15a)—(15e), (19a)—(19c) and (21a)—(21c), hence the active forces are to be ex-
pressed in the inertial frame, with translational dynamics being solved in the inertial frame.
Similarly, inspection of Equations (11a)—(11c) and (13a)—(13c), clearly shows that rotational
dynamics is to be solved in the body frame requiring the active moments to be expressed in
the corresponding body frame.

For body B4y, i.e. payload, the active forces and moments acting are

VI N ED N ED L @
B yyB1/0y :Blﬁjlfl/Ol _1_311\7[;91/01 +31A7[1€11E/0‘. (23b)

For body B, i.e. the riser, the active forces and moments acting are

NEB _NEB (24a)
B2ppB2/02 — 0y, (24b)

and for body Bs, i.e. the parachute, they are

NEB WED AV EB A NEE L NES, es0)
B3 4rB3/03 _ 331;153/03 + 33]‘7[;?3/03, (25b)

where, ﬁg, F As 135 and F we are the gravitational force, aerodynamic force, elastic spring
force, and mass ejection force, respectively, and My, M s and My are the aerodynamic
moment, spring moment and mass ejection moment, respectively.

Considering the flat-Earth assumption, the gravitational forces acting on all the three
bodies expressed in the inertial frame N can be written as

NEl=1 0 1}, (26)

where, m; is the mass of body B;, i =1, 2, 3, and g is the acceleration due to gravity.
The spring force caused by elasticity of the riser is computed in the riser body frame B,
as

-B ~p K(ALriser) - ;Lriser
BZFS 3 _ _BZFS 1 0 , (27)
0

where, K and ¢ are the spring constant and damping constant for the elastic riser.

Fgr is the generalised thrust added to the parachute to cater for the variable-mass effects
during the deployment and inflation phase as described in Ke et al. (2009) [10], with the
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equation
. i
BiFg=10t. (28)
0

The mass ejection force and moment acting on the payload CG expressed in its body
frame is derived as follows:

Bl 1Bl . (Bl _BI/N Bl Jj/O Bl yrB1/0; Bl1.J1/0, (Bl Bl
FME:m( WBUN Bl ph/ '), M, ;" = r/0n % Fyp. 29)

The aerodynamic forces and moments acting on the payload and the parachute CGs (i =
1, 3) are expressed in their corresponding body frames as:

Cri0Q:Si Cru,i QiSiL;
i B i xrBi/O; i . 0; ; i Bi
BFS = fir g CsiQiSi ¢, ° MA/ = finy \ Crm,i QiSiLi ¢ +° rOi/CPi B F,',
Cn,i0Q:Si Cyum,iQiSiLi

(30)

where S; is the reference area, L; is the reference length and Q; is the dynamic pressure
of the ith body. Since, the payload acts as a forebody to the parachute, Q,, would not
be the freestream dynamic pressure. Hence, a simplistic model as given in Peterson and
Johnson (2013) [15] is incorporated to simulate the wake effects, which consists of empirical
constants (a,k,m and n) proposed by Heinrich and Eckstrom (1963) [5]:

2 D, py? . D1 ap,2 Di
Qpa;~=QooX(l+(r—232[l—e2 i Do DY), 31y
where,
D a d D -1 (32)
= an = .
' (z/Dp)n 2= 0.435k2(Z/ D)2

fing 1s the inflation factor that models the increase in drag and normal forces during the
parachute-inflation phase. The force factor is modelled as shown in Equation (33) with the
interpolation scheme considered to be linear interpolation and f,...; being the ratio of reefing
of the canopy:

0 fort < Lstretchs
interpolation (, [0, freef]) for tyrerch <t < tyrereh + Linflates
freef for tstretch + linf[ate <t <lsreten + treef cuts

Jing = (33)

interpolation (ta [freefy 1]) for Lstreteh + treef cut =t
<Istreteh + treef cut T tdisreefa
1 for ¢ > tstreteh + treef cut + tdisreef~

The remaining terms in Equation (3), i.e. [m], [{], {®}, {@.}, {a.}, {F} and {M} are
derived as follows:

milg 0 0 [51/01 0 0
ml=| 0  malza 0 , = o B/ o |,
0 0 (m3 +m34) 33 0 0 [53/03

(34a)

@ Springer



610 P.G. lyer

Bl BI/N Bl&rBl/N NarOI/ON
(o} ={ B2&BYN L (o, )= Bz&rBZ/N . Ha) = NL_i,-OZ/ON , (34b)
B3 B3/N 33&53/N NarOS/ON
NI?-B] BIA_;[B]/Ol
(F} = lesz . M) = 321‘2152/02 , (34c)
N B3 B3 pyB3/03

where, [81/91 [B2/92 gnd [B3/93 gre the inertia matrices of the bodies By, B, and Bs,
respectively, and m3, is the apparent mass of the parachute.

— m3y is computed considering the potential flow around the semi-oblate spheroid geometry
of the canopy as described in Kidane (2009) [11]:

2
i =3 foao 3 prr2h, (35a)
o0 i
a0 =r2h / ) (35b)
0 0 AN+ SR

— I%1/91 s the inertia tensor of the payload, which is an input.
— I52/92 can be computed assuming the riser to be a uniform cylindrical rod of infinitesi-
mally small radius, which would result in

0 0 0
182/02 =10 mzLEiser 0 (36)
- 12 ) :
0 0 merixer

12

— The inertia tensor for the parachute, i.e. 753/93 is derived as expressed in Ibrahim and
Engdahl (1974) [8]:

I, 0 0
[B3/03 0 I, 0], 37
0o 0 I,
where,
1 2200 —1, 1 2 2 5
I, :EmLLs sin“(sin (L—)) + gmcr +0.063pRy, (38a)
L= Iy = iy L2 cos(sin~"(-=)) + 1 (Loms — Len)?
44 yy 12 Lty Ls L cms cm
(38b)

1
+ gmc(h2 + 73 +m3p(Ly — Lew)?
+m3a(Ly — Len)* +0.0420R;.

All the above terms are assembled into Equation (3), to form the system of equations
describing the dynamics of the Parachute—Elastic Riser—Payload System.
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Table2 Model parameters used

in validation simulation Parameters Value
g 9.80665 m-s 2
m 69,321 kg
my 1x10 0 kg
m3 2210.991 kg
me 1020.121 kg
mp, 1190.87 kg
o 2,259,151 kg-m?
o 9,667,065.6 kg-m>
121/ 9,667,065.6 kg-m?
Blz/1/01 (25,0,0) m
Lrixer 20.1 m
Ly 82.5m
Ly 93 m
Ro 18.5m
h 12.675m
r 14.04 m

4 Results and validation

This section describes the simulations carried out using the formulated model and analysis
of the results. The matrix form of the equations derived in Equation (3) is solved at each
instant using a LU-decomposition solver implemented in C++ to obtain the generalised
accelerations . These are integrated to obtain the generalised speed u that involves the
attitude and position of the payload and the joint angles for the riser and parachute [12].

The developed model is validated by modelling the SRB parachute-recovery system us-
ing Newton—Euler formulation as described in Ibrahim and Engdahl (1974) [8] and sub-
jecting the system to a 20 deg pendulum disturbance at an altitude of 1800 m and initial
downward velocity of 60 m/s. Furthermore, the reference literature assumes the riser to be
a massless body that transmits only axial forces to the attachment points, which has been
modelled by forcing m,;., to be an extremely small value. Additionally, the literature also
considers the simulation starts at the time instant when the parachute is fully deployed and
inflated. The simulation has been carried out assuming a flat-Earth model and altitude-based
density variation considering the Indian Standard Atmosphere. Table 2 gives the system
parameters used for validation.

The aerodynamic coefficients of SRB and parachute are given in polynomial form de-
scribed in Equation (39), with the polynomial coefficients as mentioned in Ibrahim and
Engadhl (1974) [8] and tabulated in Table 3:

N

Ca/Nypy = ZP[ xo. 39

i=0

Figure 2 shows an exact match between the two formulations, validating Kane’s formu-
lation for the system.

Furthermore, experiments to quantify the advantage offered by Kane’s method over the
Newton—Euler method in terms of time complexity is carried out by running 100 simula-
tions with the above model considering varying initial conditions, on a system with an Intel
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Table 3 Polynominal Coefficients for Aerodynamics Modelling (Ref: [8])

Coefficients Po P1 P2 P3 P4
CAsgp 0.6989 0.1915E78 12.56 —0.1682E~7 —35.59
CNsrp 0.2355E—° 3.645 —0.8473E8 15.20 0.4432E~7
CPMggp —0.1927 —7.032 —1.114 —12.87 33.24
CApar 0.5755 —0.1637E~10 —0.8091 0348310 0.4228
CNpAg 02172~ 11 0.3795 —0.9339g 11 0.3631 0.0
CPMpag —0.7229E4 —0.2742 0.2576 E—2 —1.271 —0.02333
Parachute Payload
20 T T T T T 20 T
Kane's Formulation ——— Kane's Formulation :
o— —o Newton-Euler Formulation | ! i| @ —o Newton-Euler Formulation |:
| T roff T
e S
3 3
£ g of
Oi OE
11 SR U . A S S S SR S
20 j i i j | ; 20 a ; i j ; i
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (in s) Time (in s)

Fig.2 Pitch Angles of Parachute and Payload (SRB) w.r.t Inertial Frame

Table4 Execution time comparison between Kane’s method and the Newton—Euler method

Method Average simulation Average execution time Average time to solve EoM alone
execution time (s) per integration step (ms)  per integration step (ms)

Newton—Euler 1.49 0.149 0.098

Kane 1.33 0.133 0.087

Improvement (%) 10.73 11.23

Core 17-7700 processor, 3.60 GHz clock frequency and 8 GB RAM. Computational gain
was quantified by computing the average execution time for each simulation run as well as
execution time required for solving the equations of motion (EoM) alone in every integra-
tion step. The results from the experiment are given in Table 4 wherein an improvement
in average execution time to solve EoM by 11.23% is observed due to the elimination of
constraint-force computation and an improvement in execution time per integration step by
10.73% is observed. This advantage is also aided by the modular matrix formulation adopted
in this paper.

Next, the correctness of Equation (33) modelling the variation in aerodynamic force dur-
ing the opening transient is validated by matching the descent velocity in the simulation with
the velocity observed in the airdrop tests carried out. The results are shown in Fig. 3, where
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Fig.4 Effect of variable parachute geometry on the parachute and payload pitch angles

the mean descent velocity is closely captured in the simulation. Oscillations are observed in
flight, due to porosity and flexibility of the canopy material (whereas our simulation consid-
ers a rigid canopy), which affects the drag of the system. Pei et al. (2019) [14] modelled the
canopy breathing, wherein the deformation of the canopy is modelled as a second-order sys-
tem with an incremental drag modelled as a function of deformation. This incremental drag
is added to the basic drag to capture the oscillatory characteristics of the payload velocity.
The variation in attitude of parachute and payload, due to inclusion of varying parachute
geometry during the inflation phase, is studied considering a planar simulation with the
results shown in Fig. 4. When the parachute geometry is considered fixed, the CG of the
parachute L., is fixed due to a constant included mass m; of the canopy. When a variable
geometry is considered, the mass of included air changes during inflation, and based on
Equation (17) the CG of the parachute O is affected. With L; assumed to be the centre of
pressure (CP) of the parachute, L, — L., (i.e. the distance between CP and CG) defines the
stability characteristics of the parachute. In Fig. 5, due to the variable geometry considered,
the distance between the parachute CP and CG is higher during the reefed motion, resulting
in generation of a higher stabilising moment, and with the absence of damping derivatives in
the simulation, higher oscillations in parachute-pitch angles observed in Fig. 4. These higher
oscillations affect the total angle of attack of the parachute, affecting the moment exerted by
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Fig. 6 Effect of riser elasticity on payload velocity and attitude

the parachute on the payload, causing the slightly higher amplitude of oscillations observed
in the payload.

The PRPS model formulated in Sect. 3, considers the riser to be an elastic element with
the spring force and moment modelled as per Equation (27). The effect of riser flexibility on
the trajectory as well as attitude of the payload is shown in Fig. 6. When the riser is mod-
elled as an elastic element, the riser initially elongates as parachute drag acts on one end of
the riser and payload gravity acts on the other end, imparting forces in opposite directions.
As the elasticity of the riser increases (i.e. the spring constant decreases), the elongation
length increases, as seen from Fig. 7. During this elongation, the drag force generated by the
parachute is not entirely transferred to the payload, due to which the initial reduction in pay-
load velocity for the elastic model is less than the rigid-body model. Once the riser is elon-
gated enough, a restoring force is generated, which acts on the payload and the parachute.
This restoring force acts in the upward direction for the payload, due to which the payload
velocity in the downward direction is observed to decrease. It also generates a moment on
the payload, which results in the higher variation in amplitude of oscillations in the pitch
angle compared to the rigid-body model. The steady-state riser length is determined by the
elasticity of the riser, and the amplitude of the pendulum oscillation is observed to be di-
rectly proportional to the length of the riser, an observation consistent with the pendulum
motion amplitude derived in Pei et al. (2019) [14].

@ Springer



Modelling of 12-DoF Parachute-Riser-Payload system dynamics using... 615

Fig. 7 Effect of riser elasticity on 100
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Fig. 8 Effect of riser mass and parachute apparent mass on parachute and payload pitch angles

The effect of inclusion of the apparent mass (as mentioned in Equation (35b)) and in-
clusion of the riser mass (m; = 14.594 kg) is shown in Fig. 8. The effect of riser mass
on the system attitude is minimal with the small variation occurring due to the inertia of
the riser, which is much small than the inertia of the payload as well as the parachute. In-
clusion of the apparent mass on the other hand has comparatively greater effects on the
parachute and payload attitude. This is because during the steady-state phase the apparent
mass ms3, = 3455.154 kg is higher than the mass of the canopy mj3; = 2210.991 kg itself,
which is used in the multi-body mass matrix. Kidane (2009) [11] reported that the effect
of apparent mass on parachute drag is minimal, which was also observed from simulations
carried out with the model formulated in this paper.

Finally, end-to-end simulations from parachute deployment to separation are carried out
by modelling the parachute-opening force in reefed and disreefed modes (as defined in Equa-
tion (33)), considering the effects of mass variations and the effect of parachute CG variation
during the opening transients. The additional parameters used for this simulation are shown
in Table 5.

Figure 9 shows the velocity profile and aerodynamic load profile for an end-to-end
parachute simulation. When the time is less than .., i.6. when the parachute and riser
stretches out of the payload, the aerodynamic load acting on the payload is O and the pay-
load velocity increases due to gravity. Once inflation begins, the velocity reduces, which is
attributable to increasing parachute drag, and the aerodynamic load first increases as a result
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Table 5 Additional parameters

used in end-to-end simulations Parameters Value
B];’JI/OI (25,1,0) m
my 14.594 kg
Istretch 1.28 s
Linflation 0.63 s
reef cut 7.0s
ldisreef 145
Sreef 0.45
80 : : ; : 2000
b : ; i ; :
Inflation, — H H H H
Begins Z 1500 g R ——
60 ) H ; H H H H
» © : H H :
: H o H H H $
E { Disreefing | 2 1000 HHbfb e
§ Begins ! =
> £
40 I | o § H H H ‘
descend © 500 VS A O - N——
/ ¢ e
20 H H H H 0 H H H H
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

Fig.9 End-to-end velocity and aerodynamic load profile

of increasing drag of the inflating parachute, followed by an exponential reduction owing to
the reduction in dynamic pressure (reducing velocity). A similar profile is observed when
disreefing begins. After disreefing, the velocity profile slowly converges to the terminal ve-
locity of descent, but since the simulation considers altitude-based density variation, the
velocity tends to convergence only.

The motion of the CGs of the parachute and payload is shown in Fig. 10. During the
parachute-deployment phase, the payload descents vertically because of gravity and the
parachute CG moves in the lateral direction owing to the stretching of bridles and suspension
lines. When inflation begins, the drag builds up, and stable aerodynamic behaviour ensures
the initial lateral movement is corrected by the parachute. Post the deployment process, the
descent trajectory of the payload is determined by the parachute, where the lateral movement
is dependent on the direction of the wind, as the parachute drag force acts opposite to the
air relative velocity vector. In the current simulation PRPS movement is predominantly in
the eastward direction due to higher zonal wind, as shown in Fig. 11. It is also observed that
the pendulum motion undergone by the system is in a plane perpendicular to the dominant
motion of the PRPS system.

The rotational states of the system from parachute deployment to splashdown are shown
in Fig. 12. The oscillations in inertial pitch and yaw angles define the pendulum motion
wherein the parachute and payload oscillate about the mean vertical axis of the inertial
frame N. Oscillations in the payload are observed to have higher amplitude because of the
pivot point of the pendulum oscillation being closer to the parachute. The inertial yaw angle
of the payload, has a steady-state offset from 0° owing to the lateral offset in the attachment
point of the riser on the payload, as given in Table 5. The relative joint angles made by the
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riser w.r.t. the payload, and the parachute w.r.t. the riser are plotted in Fig. 12, which clearly
indicates that relative motion between parachute and payload predominantly occurs at the
riser—payload joint.

5 Conclusion

The dynamics of a Single Parachute—Riser—Payload system, consisting of a Parachute and
a Payload sculpted as rigid bodies connected using a elastic riser with non-zero mass, is
modelled as a 12-DoF system using the matrix form of Kane’s method. A simplistic reac-
tion thrust-based methodology is adopted to model the effects during a parachute-opening
transient due to mass ejection.

The formulated model is validated by comparing the achieved results with the results
obtained by using Newton—Euler formulation, with an improvement in execution time by
10.73% reported when using the model developed in this paper. This paper also described an
accurate modelling of drag variation during the parachute-inflation phase that was validated
with flight results. Furthermore, the effect of varying parachute geometry, inclusion of riser
mass and apparent mass, on payload and parachute rotational states were also critically
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Fig. 12 Inertial and Relative Angles of Parachute and Payload w.r.t. Inertial Frame (End-to-End Simulation)

analysed, with apparent mass and variable parachute geometry observed to have significant
effects on the parachute and payload rotational dynamics. The attitude dynamics variation
due to modelling the riser as an elastic element is also discussed, with a clear requirement of
modelling the riser as an elastic body brought out to simulate the parachute dynamics during
the inflation phase with highest accuracy.

The modular matrix formulation of PRPS system ensures that the model can easily be
extended to a cluster of parachutes, either by considering a single parachute equivalent to
a cluster (using a cluster coefficient factor to be used in parachute aerodynamics) or by ex-
tending the derived velocity, mass-inertia and force matrices for multiple parachutes (con-
sidering each parachute as separate bodies and modelling the contact aerodynamics). The
fidelity provided by the above model would enable analysis of parachute dynamics, espe-
cially the cluster interactions leading to various modes during descent, optimisation of the
loads exerted on the payload and understanding the effects on the payload trajectory.
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