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Computer simulations of spacecraft dynamics are widely used in industry and academia to predict how spacecraft
will behave during proposed mission concepts. Current technology and performance requirements have placed
pressure on simulations to be increasingly more representative of the environment and the physics that spacecraft will
encounter. This results in increasingly complex computer simulations. Designing the software architecture in a
modular way is a crucial step to allow for ease of testing, maintaining, and scaling of the software code base. However,
for complex spacecraft modeling including flexible or multibody dynamics, modularizing the software is not a trivial
task because the resulting equations of motion are fully coupled nonlinear equations. In this paper, a software
architecture is presented for creating complex fully coupled spacecraft simulations with a modular framework. The
architecture provides a solution to these common issues seen in dynamics modeling. The modularization of the fully
coupled equations of motion is completed by solving the complex equations analytically such that the spacecraft rigid-
body translational and rotational accelerations are solved for first and the other second-order state derivatives are
found later. This architecture is implemented in the Basilisk astrodynamics software package and is a fully tested
example of the proposed software architecture.

Nomenclature
a, by, cq, = vectors and variable required for backsubstitution effector equation
B, E. = rigid hub center-of-mass location and effector center-of-mass location
{by, by, b3} = Dbody frame basis vectors
c = vector from point B to center of mass of the spacecraft C
{e,,e,,e5} = effector frame basis vectors
F., = vector sum of external forces on spacecraft
et ,] = inertia matrix of effector about point E..
s8] = inertia matrix of spacecraft about point B
Ly = vector of sum of external torques of spacecraft about point B

Mg, Mpub > Metr mass of spacecraft, hub, and effector, respectively
N,B,E = inertial, body-fixed, and effector reference frames

N,B.E = inertial frame origin, body frame origin, and effector frame origin
Netrs Npor = number of effectors and number of degrees of freedom of an effector
Tg/N = position vector of B with respect to N

a = effector state variable

VRotLHS > VRot RHS = vectors required for backsubstitution rotational equation

UTrans.LHS» UTrans,RHS vectors required for backsubstitution translational equation

6B/ modified Rodrigues parameters representing 1B with respect to N frame
OB/ N = angular velocity vector of /3 frame with respect to N frame

I. Introduction

IMPORTANT aspects when considering software design are the scalability, maintainability, and testability of the software [1]. If the software is
not designed well, adding complexity (scalability), maintaining functionality amid a changing code base (maintainability), and the ease of
verifying functionality (testability) can become extremely laborsome [2]. For complex simulations of spacecraft, this methodology needs to be
considered to avoid these complications. However, multibody dynamics poses a difficult problem because of the coupled nature of the system
through the nondiagonal system mass matrix [3]. This mass matrix relates the dynamical effect of the second-order state variables between all of
the interconnected bodies.

Although multibody dynamics is a complex challenge, not only from an equation of motion (EOM) development perspective but from a
software implementation perspective, there is an abundant amount of open-source software packages simulating multibody dynamics. Bullet [4]
is an open-source multibody dynamics software package that uses the Gauss—Seidel method to solve the system mass inverse for diagonally
dominant matrices [3]. Project CHRONO is an open-source multiphysics software package that uses parallel computing to solve multibody
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dynamics with a large number of degrees of freedom [6]. The Rigid Body Dynamics Library is an open-source multibody dynamics software
package that uses the articulated body algorithm and the composite rigid-body algorithm for solving the dynamics [7]. Moby is a multibody
dynamics software package that uses an interior point quadratic solver to solve for constraints [§]. Although these software packages are powerful
for simulating a large number of bodies at a time, adding spacecraft-specific environmental factors and incorporating flight software into these
open-source packages can be laborsome and is not the intended use of these software packages. Additionally, validation and verification of the
simulation are important for spacecraft missions, and the capability to provide the necessary information for that process is not always a key
feature of these open-source packages.

In contrast to the open-source packages, there are commercial software packages that are solving multibody dynamics problems. COMSOL is a
multiphysics software package that has a multibody dynamics module for simulating multibody dynamics [9]. As this is a commercial software,
the details of the software architecture and the method for solving the complex multibody dynamics are not readily available. Similarly, Adams is a
multibody commercial software package that can simulate flexible and multibody dynamics. It allows for the input of CAD models to simulate the
dynamics of complex systems [10]. MathWork’s Simscape Multibody [11] can generate EOMs to be integrated and can output simulation code to
MATLAB or C code. MotionGenesis uses Kane and Levinson’s method [12,13] to output simulation code to MATLAB, C or Fortran and includes
energy and momentum verification [14]. One downfall of these equation-of-motion generators is that the equations are specific to the system,
which introduces scalability, maintainability, and testability issues for software architecture.

Computer graphics also has a strong influence in physics engine software, even though being visually realistic typically takes precedence over
the dynamics accuracy. For example, Interactive Computer Graphics has a library called Position Based Dynamics Library [15] that uses position-
based dynamics. This method, which integrates the position and velocity using kinematics, avoids physical constraints but is focused on being
visually realistic. This results in the dynamics not being as accurate but the computations being extremely fast. Indeed, the software can simulate a
very large number of degrees of freedom and is visually appealing [16,17]. Additionally, Interactive Computer Graphics has another physics
engine called IBDS: Physics Library, which uses both forward dynamics and position-based dynamics [18,19].

In contrast to general multibody dynamics software, there are software packages that focus only on spacecraft simulation because of the unique
environment that spacecraft encounter, as well as the specific challenges that modeling spacecraft dynamics entails. STK SOLIS is a software
package for modeling spacecraft with both translational and attitude dynamics, but it does not model disturbances that can change the center of
mass of the spacecraft: for example, flexing solar arrays [20]. The Jet Propulsion Laboratory has a software package called Dynamics Algorithms
for Real-Time Simulation (or DARTS) [21]. This simulation software package uses spatial operator algebra for the development of the multibody
dynamics [22] to create the system mass matrix in a form that can be solved efficiently with a recursive algorithm [23]. NASA’s open-source
software package named 42 [24] allows for spacecraft composed of multiple rigid or flexible bodies using tree topology [25] to formulate the
dynamics, resulting in a system mass matrix inversion solution. OreKit is an open-source software package for spacecraft simulations and flight
software; it models the spacecraft as a rigid body, and the dynamics are primarily focused on defining perturbations as external forces and
torques [26].

The spacecraft-specific software packages described that involve multibody dynamics have to populate a system mass matrix and either have to
find the inverse of the matrix or use other linear algebra techniques [22,23], assuming explicit integration techniques are being used. Populating
the system mass matrix while retaining a modular software architecture is difficult because the system needs to know the locations of the states in
the system mass matrix and know the relative locations of other coupled states. Additionally, inverting the system mass matrix can be
computationally expensive because the calculation can scale with N, depending on the form of the system mass matrix and the method used to
invert the matrix, with N being the number of states.

To combat these common problems, this paper introduces a method to generalize the EOMs that is applicable to a wide range of spacecraft
configurations, uses a backsubstitution method to modularize the EOMs, and develops a software architecture that leverages the modularized
equations. Although the prior methods allow for general multibody setups, this method is specifically developed for common spacecraft
configurations in which there is a single rigid spacecraft hub onto which additional bodies (both rigid and flexible) are attached. This assumption is
a key enabler that leads to an elegant modular framework that can be implemented in numerical simulations without dropping any dynamical
coupling between the components. This allows for the underlying physics to be retained, which enables energy and momentum conservation
checks to be completed. The resulting dynamics software is a turnkey solution that allows the user to rapidly configure a broad range of spacecraft
configurations without having to derive equations of motion or integrate autocoded equations. The modular form allows for new types of dynamic
forces and torques to be added without having to rederive all the other spacecraft equations of motion, enabling a layered approach to increase the
simulation modeling capabilities.

II. Modularization of the Spacecraft Equations of Motion
A. Spacecraft Specific Compact Equations of Motion Form

Important considerations when first developing the EOMs are the associated assumptions because they will ultimately dictate how applicable
the mathematical structure is to different dynamical systems. Figure 1 shows an example spacecraft with flexing solar arrays and lumped mass fuel
slosh, and it will be the reference when discussing the assumptions [27]. Because both of these types of physical phenomena change the center of

Fig.1 Complex spacecraft with multiple degrees of freedom.
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mass of the spacecraft, they are good examples for the multibody spacecraft problems. The common aspect that the majority of spacecraft share is
that at least a small portion can be assumed to be rigid. In Fig. 1, the rigid portion of the spacecraft is the gray cylinder. This portion is called the
rigid-body hub. The hub is assumed to have a nonzero mass my,;,, a center of mass location B,., and an inertia matrix defined about its center of
mass [/ g, |- A

The most important aspect of the rigid-body hub is that it is the object that the body frame B: {b,, b,, b3} is attached to. To keep the formulation
as general as possible, the body frame origin (point B) does not have to be coincident with the hub’s center of mass (point B,.). Itis very common to
make the assumption that these two points are coincident, and it makes the derivation of the EOMs simpler [12,28]; however, allowing point B to
be located at any location fixed with respect to the rigid hub gives more generality. Itis very common in spacecraft missions that a structure frame is
defined by the structural engineering team, where its origin is not coincident with the rigid-body hub’s center of mass. Therefore, it gives flexibility
in where the body frame origin can be defined. An additional assumption that keeps the formulation as general as possible is the inertia matrix
[/hub, 5, ]> which does not need to be diagonal when defined in body frame components. The formulation would be simpler but less general if a
diagonal matrix were used [28-30].

Now that the rigid-body hub is defined, the state variables that define the state of the hub at any given time are the position of point B with respect
to the origin of the inertial frame N (rg,y), the inertial velocity of point B with respect to point N (75,y), the modified Rodrigues parameters
(MRPs) representation of the body frame B with respect to the inertial frame \ (63/,), and the inertial angular velocity vector of the body frame 3
with respect to the inertial frame N (w3 /v)- The MRPs are the chosen attitude parameterization set because it is a minimal set of three parameters
with elegant nonsingular implementations [29]. However, the dynamics are independent of the chosen attitude parameterization; therefore, any
attitude description can be used. These four variables represent the six degrees of freedom that the rigid-body hub exhibits and represent the
12 state variables that are needed to implement a second-order differential equation in software. These, at a minimum, are the states required for the
system. All of the additional degrees of freedom on the system will be referenced to the body frame 5.

Now that the important parameters have been defined for the rigid-body hub, other degrees of freedom need to be introduced and generalized.
Figure 1 shows an example with the flexing solar panels and lumped mass fuel slosh as additional degrees of freedom as an example system. Each
of these models are labeled as “effectors.” Each effector is assumed to have a mass m.¢, a center mass location E., and a position vector from point
Bto E, (rg, sp). If the effector has inertia properties, it also has a frame £: {é,, é,, €3} and an inertia matrix [/ r ] thatis defined about its center of
mass E,.. Each effector is assumed to be attached to the rigid-body hub, and therefore not interconnected between other effectors. This a key
assumption that enables the modular form introduced in this paper. However, interconnected effectors can be modeled as a single effector with
multiple degrees of freedom attached to the rigid-body hub.

With the hub parameters and the effector parameters defined, the general form proposed in this research for the hub’s EOMs is shown in Egs. (1)
and (2). This general form is formalized by using a systematic approach for multiple dynamics problem formulations including flexible solar
arrays [31], spring mass damper-based fuel slosh [27], pendulum-based fuel slosh [32], imbalanced reaction wheels [33], fully coupled mass
depletion [34], and imbalanced variable-speed control moment gyroscopes [35,36]. These references explain the derivations in detail and resultin
a familiar form. The first equation proposed for this general form is the translational motion equation:

Neir Npor.i
My Fp/N — My € X Dp/N + Z Z vTrans.LHS,-jaij = Fext - zmsch//\/' xc'
i=1 j=1
Neir
— Mg @Wp/N X (mB/N X C) + Z UTrans RHS; (D

i=1

The system parameters in Eq. (1) include the total mass of the spacecraft m., the vector from point B to the instantaneous center of mass of the
entire spacecraft ¢, and the body frame relative time derivative with respect to the body frame of ¢ (¢”). N is the number of effectors, Npof ; is the
ith effector’s degrees of freedom, UTyans LHS,, is a vector for the translational equation that corresponds with the jth degree of freedom of the ith
effector’s second-order derivative of its state a;;, and vy, rs, 18 the ith effector’s vector contribution to the forces on the right-hand side (RHS) of
Eq. (1). This proposed equation-of-motion form is general and common for any effector attached to a spacecraft. Later in this paper, specific
formulations are illustrated for a select set of effectors.

The rotational EOMs’ forms are proposed to be of the following form:

Negi Npor.i
Mg € X FB/N + [Isc,B]d)B//\/' + Z Z vRol,LHS,-j&ij = LB —Wp/N X ([]sc.B]wB//\/)
i=1 j=1
Negr

— U slosn + Z URot.RHS, )
i=1

where [/ g] is the inertia matrix of the total spacecraft (hub and effectors) about point B, [ p]is the time derivative with respect to the body frame
of [Iy 5], URorLs,, is @ vector for the rotational equation that corresponds with the jth degree of freedom of the ith effector’s second-order
derivative of its state @;;, and Vg rys, 18 the ith effector’s vector contribution to the torques on the right-hand side of Eq. (2).

Finally, the individual effector degree of freedom EOMs are proposed to fit the following form:

Npor,i
ajja;; + Z aj iy = @q, Ty + by, - @/ + cq 3)
k=15
where each effector has Npor; EOMs needed to fully describe the motion of that effector. If Npop; = 1 for an effector, Eq. (3) simplifies to the
following:
&i = Qg - FB/N + ba,v : d)B//\/ + Co; 4

Equations (1-4) are the generalized EOMs that can apply to a wide variety of spacecraft. Using this common form yields consistent EOMs that
enable the modular software architecture. While looking at Egs. (3) and (4), it should be pointed out that the ith effector EOM does not include the
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second-order state variables from other effectors, but only the individual effectors and their corresponding degrees of freedom. This is a result of
the assumption that effectors are not connected to other effectors but rather connected directly to the rigid-body hub. This specific form of the
EOMs is a key insight that will allow for modularity between all of the effectors attached to the rigid-body hub.

B. Backsubstitution Method

A product of multibody dynamics is the dynamic coupling between the second-order state variables that results in a nondiagonal system mass
matrix [28]. This can be troublesome in attempting to integrate the EOMs in software. When integrating EOMs, the form that is beneficial is
X = f(X, 1), where X is the state vector, X is the time derivative of X, and f(X, ¢) is a function of the current state and time ¢. This form is
convenient for numerical integration when using explicit integration techniques and, in this paper, implicit integration is not being considered.
When there is a system mass matrix [M] present, the form changes to [M]X = g(X, t). Therefore, a system mass matrix needs to be inverted to
solve this complex problem. This results in two problems with inverting a system mass matrix. First, inverting a matrix can be computationally
inefficient because the calculation can scale with the cube of the number of states, depending on the method used. Second, the modularization of
the dynamics from a software implementation perspective is a difficult task because the system needs to know the location of each effector within
the system mass matrix and locations relative to the other effectors. A backsubstitution method is developed to solve this problem.

To visualize the impact of the EOMs’ generalized form, the spacecraft seen in Fig. 2 is used as an example. The spacecraft has panels modeled as
two interconnected rigid bodies with a single rotational degree of freedom each. Figure 2 only shows two sets of dual-connected solar panels, but
the example is generalized to Ny number of sets. If the EOMs were put into the generalized form from the previous section, the dynamical coupling
of this complex system would be visualized in the following schematic of the resulting coupled differential equations:

[3%x3 3x3 3x1 3x1 3x1 3x1 . 3x1 3x1|[7sw] 3x1 |
3x3 3x3 3x1 3x1 3x1 3x1 . 3x1 3xl (bB/N 3x1
Ix3 1x3 Ix1 Ix1 0 0 . 0 0 0, 1x1
Ix3 1x3 Ix1 Ix1 0 0 0 0 0,5 1x1
I1x3 1x3 0 0 Ix1 Ix1 . 0 0 6, |=]1x1 5)
Ix3 1x3 0 0 1x1 1Ix1 0 0 65, 1x1
I1x3 1x3 0 0 0 0 . Ix1 1x1 || 6y, 1x1
[ 1x3 1x3 0 0 0 0 . Ix1 Ix1|| 8y, | [1x1]

Equation (5) shows the form of the second-order state variable coupling that results from this configuration. This equation is included as a
schematic to show the form and sparsity of the system mass matrix on the left-hand side (LHS) of the equation. Each element in the matrix is
showing the size of the corresponding submatrix. For example, a 3 X 3 element is indicating that a submatrix of size 3 X 3 is present at that
location. The dashed rows and columns are to indicate that this matrix has been generalized for N sets of panels and shows that the pattern repeats
throughout the matrix. Equation (5) confirms that the individual degrees of freedom for the sets of solar panels are coupled with each other, but
they do not directly couple through second-order state derivatives with the other sets of panels. This is a key insight and is exploited in the
following backsubstitution method.

Looking further into Eq. (), all of the solar panel second-order state derivatives are present in the hub translational and rotational equations. On
the other hand, the hub translational and rotational second-order state variables are present in the individual solar panel EOMs. This dynamic
coupling through the hub is another key insight that the backsubstitution method will use to modularize the EOMs.

This section of the paper expresses the vector equations shown in the past section as matrix equations. These equations do not specity a frame in
which the matrix components are expressed with respect to but when implementing the equations in software, a single reference frame must be
used. A common frame to in which to express the equations would be the body frame B. Since these equations are matrix equations the following
notation is used: the cross product is expressed as [a]b, the dot product is expressed as a’ b, and the outer product is expressed as ab” .

The backsubstitution method is presented for effectors that have Npop; = 1 for this paper but is extended to effectors with multiple degrees of
freedom in Ref. [36]. The first step in the backsubstitution method is to substitute Eq. (4) into both the translational and rotational EOMs for the
rigid-body hub. First, the substitution into the translational motion for Npop; = 1 is shown in the following equation:

8i1,3 .

i1,2 = Sil,2

Fig.2 Dual-hinged rigid-bodies frame and variable definitions.
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Neip
msci:B/N - msc[E]d)B/N + Z vTrans‘LHS,-[aZr‘,-i:B/N + bg,wB/N + C(z,-] = Fexl
i=1
Neir
- stc[wB//\/’]c/ - msc[wB/N][wB/N]c + Z UTrans,RHS; (6)

i=1

Simplifying and combining like terms yield the translational EOM that has been decoupled from the other effector accelerations:

Nege Nege
|:msc[13><3] + Z vTrans,LHS,»az;,»]i:B/N + |:_msc[6] + Z vTrans‘LHS;b(T;,‘]d)B//\/’ = Fext

i=1 i=1

Net
—2m[@p/nle’ = mel@sn)@snle + Y [VTansris, = VTransLis, €a] )

i=1
Following the same pattern for the rotational hub EOM [Eq. (2)] yields the following:

NC" NC"
|:msc[5] + Z vRot.LHS,ag,]FB/N + [[lsc,B] + Z vRot.LHsibg](bE/_/\/’ =Lg

i=1 i=1

NCH
—@p/n e slosn — Ui glopn + Z[DROLRHS,» — VRot,LHS; Co; ] (8)
i=1
The following matrices are defined to yield a more compact notation:

Nt
[A] = msc[l3><3] + Z UTrans,LHS; ll?;, )

i=1

Nesr
[B] = _msc[é] + Z vTrans,LHS,bZz,- (10)

i=1

Negr
[C] = mg[e] + Z VRotLHS, @ an

i=1

Nege
[D] = [I8] + Z Vo LS, Des (12)

i=1

Nege
Vrans = Fext — 2msc[mB/N]c/ - msc[wB/N][wB/N]c + Z[vTrans,RHSi - vTrans,LHS,ca,-] (13)
i=1
Negr

Vpot = Lp — [(UB/N][Isc,B](UB/J\/ - [Is,c,g]wB/N + Z[vRot,RHSi - vRot,LHS,»C(zi] (14)

i=1

Using these definitions, the coupled translation and rotation hub EOMs are written compactly as

[A] [B] ?B/N _ |: VUTrans ] (15)
[C] [D] || @B/x VRot
Equation (15) represents a system of six equations that can be solved using the Schur complement matrix formulation for the partitioned form of

the hub system mass matrix:

@p/n = (D] = [CIAT[BD ™! (VRot = [CTIAT v17ans) (16)

;B/N = [A]_l (vTrans - [B]wB/N) (17)

This shows that the backsubstitution method only requires two 3 X 3 matrix inverses. The additional degree-of-freedom second-order state
derivatives are found by backsubstituting these solutions into Egs. (3) and (4).
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C. Modularization of Energy and Momentum

A key part of EOM development is expressing the total energy and momentum of the spacecraft for verification purposes. This section describes
the proposed method for how the energy and momentum are calculated and modularized for each effector to add their contributions to the overall
total energy. It is advantageous to define the energy and momentum of the center of mass of the spacecraft (orbital) and about its center of mass
(rotational). This is because the orbital and rotational energies typically have different orders of magnitude, and so separating these terms will
avoid numerical issues in the verification process, and both quantities should be conserved in applicable scenarios.

First, the orbital energy is analytically expressed to be in terms of the state variables. The total orbital kinetic energy (i.e., kinetic energy of the
center of mass) of the spacecraft is

) .

Torb = Emsch/N ‘Tc/N (18)

Expanding ¢,y to be in terms of 7,y and ¢ results in

1 . L .
Tow = zmsc(rB/N + C) : (rB/N + C) (19)
This simplifies to the final desired equation:
1 . . . L.

Towy = 5mg(Fpyy - TpNy + 2Fpn - €+ €+ 0) (20)

2

Each effector contributes to ¢ and ¢, but it does not have direct individual contributions. Additionally, in this form, each effector does not need to
know about the center-of-mass location of the spacecraft, which is advantageous from a modularity perspective.

The total orbital potential energy depends on what type of gravity model is being used or if other conservative external forces are acting on the
spacecraft. For simplicity, the orbital potential energy due to point gravity is included here, but spherical harmonics and other higher-order effects
could be included:

"

__* (21
|rC/N|

Vo =

It is convenient to combine the kinetic and potential energies into one term E,y, because the total orbital energy of the spacecraft must be
conserved when there are no nonconservative external forces and torques acting on the spacecraft. This is shown in the following equation:

Eorb = Torb + Vorb (22)

Next, there is the expression of the rotational energy. The total rotational and deformational kinetic energy (i.e., kinetic energy about the center
of mass) of the spacecraft is

1 1 . .
T = S@B/N U8 Jos/n + 5 MhabTs,/C T, jC

N, eff

1 1 . .
+ Zl (5 @¢n e g, JOg v + 5 MettE, i/ " TE,, /c) (23)

Expanding and combining like terms results in

1 1 ) ) Nege
Tt = SOB/N [Uhub.8 Jos/n + 5 Miol's /8 " T /8 + Z[E“’ff//\f Nei g, Joe,
i=1

Negr

. ] =T
Z meffrE“/B:| e+ |:mhub + Z meff]c 4 24

1 . . .
+ 5 MettT /8 " TE, /Bj| - [mhubr B./B T >
i=1 i=1

Performing a final simplification yields the desired result for which each effector adds its contributions to the rotational energy:

1 1 . .
T = S@B/N Uhuo, 5. J0p/n + 5 bl /B " b, /8

Negr 1

1 . . ..
+ Z[Efﬂsmf Menw g, Jog v + 5 MettlE /8 " TE, /B:| Ml € (25)
p

This form is advantageous because each effector does not need to know the location of the center of mass of the spacecraft, but rather they define
their contributions with respect to point B. From a software architecture standpoint, this form will prove to be desirable.

The total rotational potential energy is specific to each effector. For example, the spring joint potential energy for a hinged rigid body is shown in
the following equation:

1
Vrot = Ekgez (26)

Each effector might not have a potential energy contribution; however, each effector will have the ability to add their contribution to the total
potential energy. Because the total rotational energy of the system is conserved when there are no nonconservative internal or external forces or
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torques acting on the system, it is convenient to combine the kinetic and potential energies into one term E . This is shown in the following
equation:

Erot = Tror + Vot (27)

It should be noted that, if there are nonconservative forces and torques present in the system, the rate of change of the energy expression in
Eqgs. (22) and (27) can be found using the fundamental power equation [29]. The total orbital angular momentum of the spacecraft about point &V is

Hopon = Mooy X ey (28)
Expanding in terms of the state variables yields
H o,y = my(rg/y +¢) X (Fg/n + €) (29)
The final form of this equation that does not have direct contribution from effectors outside of their contributions to ¢ and ¢ is
Howny = my[rg/y X Fpny +Tg/n X €+ ¢ XTgy + ¢ X (] (30)
The total rotational angular momentum of the spacecraft about point C is

Neg
H. ¢ = [IhaopJ0p/n + Muw?s.jc X Fp e + Z[[leff‘E(._,]{U&/N + megTg, 0 XTE,,/c) 3D

i=1

Expanding these terms yields

H o0 = Uiz los/n + muw(rp, 3 —€) X (Fp /8 — €)
Neg
+ Z[[Ieff,E(,f]ws,/N + e (rg, 8 — €) X (Fg, 5 — ©)] (32)

i=1

Distributing this result and simplifying yields the final equation:

H, ¢ = [Ihuop,J0p/n + Miu?s, 8 X /8
Ncﬁ
+ Z[[Iel'f.Ec_;]mS[//\/' + MeiTg, /g X TE, /8] — Mec€ X € (33)

i=1

Again, this form is desirable because the effectors define their contributions with respect to the body-fixed point B as opposed to the commonly
used center-of-mass location point C, which is varying and depends on the other effectors. This will be leveraged in the modular form of the
software architecture.

The results seen in Eqgs. (22), (27), (30), and (33) are the modularized equations for energy and momentum in which the effectors provide
contributions to orbital terms through ¢ and ¢ and to rotational terms through direct contributions. This form is vital to retain the modularity of the
system, and it validates the software implementation of the dynamics.

III. Example Spacecraft Equations of Motion

To include a meaningful example to apply to this methodology, a first-order approximation to a flexing appended body by using hinged rigid
bodies is chosen. A diagram depicting this phenomenon is shown in Fig. 3. The EOMs developed for this system were discussed in detail in
Ref. [31]. The model is approximating flexing by attaching a rigid body to the rigid-body hub through a torsional spring with spring constant k;
and damping terms c;. Other frames and variables are defined in Fig. 3, and a further description can be seen in Ref. [31].

The equations in this section are matrix equations as opposed to vector equations to leverage some linear algebra techniques. This means that the
matrix quantities need to be expressed with respect to a common reference frame. The typical frame chosen is the body frame B. The translational
EOM for the hub is shown in Eq. (34) [31]:

61 b2
Fig. 3 Hinged rigid-bodies frame and variable definitions.
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N,
msc;B/N - msc[E]d)B/N + Z msp[dié\iﬁei =Fe — 2msc[(bB/N']c/

i=1

N
- myl@gnl@snle =Y me, i3S, (34)

i=1

This form is in agreement with the general form for the hub translational EOM introduced in Eq. (1). Similarly, the hub rotational EOM is,
in this case,

NS ~ ..
mg[€lFg n + [Lse sl@s/n + Z{IA',-.Zhi,Z + mg, dilFs, /518310,

N
= Ly — [0p/nlse lop/n — i glosn — Z{Hi[dls//\f](ls,.zhm + mg, di[Fs, /518 3)
i
+ gy, i [Fs, g1} (35)
Lastly, the hinged rigid-body single-degree-of-freedom differential equation is

M, diST3F gy + (L, 4 mg, dDST, — mg, diST5 [Py, pllos)

+ (U, + mg, d)0; = —k,0; — c,0; + ShTexin, + U, =1, + my Aoy o

— gy, diST 5[0/ N @ g/ 11, 8 (36)
and follows the same form that is introduced in Eq. (4). Equations (34-36) provide the 6 + N, EOMs required to describe the motion of the
spacecraft with flexing appended bodies.

Next, the equations of motion need to be placed in the backsubstitution form. The following backsubstitution method is repeated from Ref. [31]
for convenience. First, Eq. (36) is solved for the angular accelerations 6;:

- 1 AT ~ e .
0, = T T mod) (=mgp, diST5F gy = [y, + mg, d7)ST, — mg, diST5 [Py, pll005 0
Si2 Spi i

[ oT 2
- kiai - ciai + si,ZTEXLH,' + (Isi.s - 151.1 + mSPidi)wSi.wai.l

— mg, d:ST5[@p @0 1, /8) 37

Equation (37) is rewritten into the following compact form to match Eq. (4):

éi = aeiFB/N+b£d’B/N'+C€i (38)
where the terms ay,, by, and ¢y, are defined as
Mgy d; .
ag = — P §i3 (393)

1

by, = — [y, + m @S2+ m dlF k] (39)
(ISI.Z + mSpIdlZ) Si2 Sp; i sp; S /B
1 . )
Co, = 7(1 T dz) (—ki0; —ci0; + 5, - Texe.r; T (IS,:s -1, + msp,di)“’s,;sws,v_l
Shz Spi 1
- mSPidi‘ezZ:S[d)B/N][(‘N)B/N]r H,/B) (39¢)

Following the derivation seen in the backsubstitution method, Eq. (38) is substituted into the translational and rotational EOMs. The result of this
for the translation EOM is shown in the following equation:

N N
(msc[13><3] + stpidifi,sag)fsm + (—msc[5] + Z msp,-di§i,3b£,)d’8/,/\/'
i=1 i

i=1
N

= msc’.:C/N - zmsc[(bB/J\/’]c, - msc[d’B/./\/'][d)B/N]c - Z(msp,-diétzftl + msp,dicﬂ,-fiﬁ) (40)
i=1
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Following the same pattern for the rotational hub EOM yields the following:

N
[msc[c*] 3 Uodin + msp,di[r*s{._,/glszg)ag]fB/N

i=1

N
+ |:[Isc.3] + Z(I.c,»_ﬁi‘z + msp[di[fs(,i/B]sAi,a)bgTi:|‘bB//\/ = ~[@p/n s slos/n — U slop/n

i=1

N
- Z{(ai[(bs//\/] + collaxal) Uy, 810 + mg, dilFs, /518 3) + msp,‘diazz[fs(.‘,/B]*é\i,l} +Lp 41)

i=1

The following matrices are defined to match Egs. (9—14):

N
[A] = msc[13><3] + Z mspfdi§i,3a£, (42)
i=1
N
[B] = —m[é] + ) my, di; ;b 43)
i=1
N
[C] = my[e] + Z(Is,»vz*eiﬂ + msp,»di[fs(,,./B]SAm)a; (44)
i=1
N
[D) = Il + Y Uy, 82 + mg difFs, /518:3)b), 5)

i=1

Virans = msci:C/N - 2msc[a~)B/N]c/ - msc[(‘N)B/N][d)B/N]c
N

(msp,vdiétg‘ei,l + mspidi60,§i,3) (46)
i=1

N
Vot = — Z{(Gi[(I)B/N] + o 33D U, 810 + mgy, di[Fs_ /518, 3)
f

+ mg, &0 1Fs, 001} — (@55 e 80w — (I 5los/n + Lg “47

Equations (42-47) are the final equations needed for implementation into software and will be referenced in the following section when
discussing the modular software architecture.

IV. Modular Software Architecture

Figure 4 shows the Unified Modeling Language (UML)-class diagram for the object-oriented computer programming languages proposed in
this paper. This is the design that allows complex fully coupled dynamics to be implemented in software while retaining a modular architecture.
Additionally, it aims to solve the issues of testability, maintainability, and scalability that fully coupled dynamics problems pose.

The dynamicObject seen in Fig. 4 is a parent class or abstract class that defines the base functionality of the object that will control the
calculation of the system EOMs and essentially solve for the well-known state derivative vector X = f(X, t). However, the term state vector is
used loosely here because the stateManager organizes, stores, and controls all states of the system. The dynamicObject is an abstract or
parent class because this will allow for different types of systems to be implemented in the future that are not necessarily using the proposed
backsubstitution method in this paper. Therefore, the spacecraftPlus is an instantiation of the dynamicObject and is the class that is
implementing the backsubstitution method.

In the generalized EOMs introduced earlier in this paper, the term "effectors" is used to define objects that are attached to the spacecraft and have
dynamic states that need to be integrated. Some examples are: reaction wheels, flexing solar arrays, variable speed control moment gyroscopes
(VSCMBGs), fuel slosh, etc. In this modular software architecture, those effectors are called stateEf fectors and are illustrated in Fig. 4. In
contrast, dynamicEffectors are phenomena that result in an external forces or torques being applied to the spacecraft. Examples of these
include: gravity, thrusters, solar radiation pressure (SRP), etc.

The stateEffector abstract or parent class is the class that defines the necessary methods (and variables) needed for each effector to
provide contributions to the spacecraft’s mass properties (mg, [I. 3], ¢, etc.) using the method updateEffectorMassProperties and
contributions to the backsubstitution matrices ([A], [B] . . . Upgns» €tc.) using the method updateContributions. Each effector needs to be
able to compute their own state derivatives using the method computeDerivatives. Finally, the method computeEnerMomCon-
tributions is the method that enables effectors to add their contributions to the energy and momentum of the system for verification purposes.
Additionally, it should be noted that, in Fig. 4, it shows that both stateEffectors and dynamicEffectors are aggregated in
spacecraftPlus. This allows for the modularity of the dynamics because spacecraftPlus does not know the type of effectors attached
to it, but rather has an array of stateEffectors or dynamicEffectors that makes it general.

Another important aspect of the software architecture is the hubEf fector instantiation of stateEffector. The hubEffector is
representing the rigid-body hub defined in the generalized EOM form and has translational and attitude states associated with it. The hubEffector
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stateManager
+ register()
+ getStates(stateName)
stateEffector + getStateDeriv(stateName)
+ updateEffectorMassProperties() dynamicEffector + setStates(stateName)
+ updateContrlibut-ions() + computeBodyForceTorque() + setStateDeriv(stateName)
+ computeDerivatives()
+ updateEnerMomContributions() Zl
| gravity | integrator
+ integrate()
| thrusters
| SRP anamichject k
+ equationsOfMotion()
reactionWheels | + integrateState()
+ computeEnergyMom()

. T

| spacecraftPlus |

<

| hingedRigidBody F————  fuelSloshPendulum |

| fuelSloshLinear

fuelTank I——| VSCMG E—

hubEffector ——— dualHingedRigidBody |

Fig. 4 UML diagram for modular architecture.

is unique to all of the stateEffectors because it is not included in the array of stateEffectors that are looped over in
spacecraftPlus but are rather defined as an object in spacecraftPlus, and its methods are always called in equationsOfMotion ().
This is because the assumption for the backsubstitution method, and the generalized EOM form is that the spacecraft will always have a rigid-body
hub with a body frame B attached and with the corresponding states rg,y, F'5/n, 655> and @) -

Because spacecraftPlus is an instantiation of dynamicObject, it inherits the methods that are defined in Fig. 4. The method
equationsOfMotion () isthe method thatsolves for all of the state derivatives of the spacecraft system. To explain this method in more detail,
Fig. 5 is included to show the flow in pseudocode. The spacecraft mass properties need to be calculated first because, in Egs. (1) and (2), the total
spacecraft mass m, inertia [/ ], and other parameters are needed. Next, the gravityEf fector classis called to compute the gravity acting
on the spacecraft. This is done at this location because some stateEffectors might need to know the gravitational acceleration. Following
this step, the stateEf fectors are looped over to find their contributions to the backsubstitution matrices and the dynamicEffectors are
looped over to get their contributions to F and L. Now, all of the necessary values have been computed for the hub state derivatives to be
calculated using Eq. (15), which is computed in the hubEf fector’s computeDerivatives. Finally, the stateEffectors are looped
over to compute their derivatives using #g/y and g,

Because the hubEf fectoxr’s derivative calculation is so vital in this structure, Fig. 6 is shown to explain the calculations needed for this step.
Again, this is shown using pseudocode. Additionally, this method shows the interaction between the stateManager and the rest of the system.
The stateManager stores the states of the system in individual objects. These objects can be accessed using a string and, once the object has
been accessed, the methods seen in Fig. 4 under the stateManager class are available. For example, the get State method delivers the
current value of the state stored in that state object. In Fig. 6, the hub effector uses those methods to retrieve the desired information from the
stateManager. Ultimately, setting the derivative values for the hubEf fector is the goal of the computeDerivatives method and does
so by using setStateDeriv for both ¥,y and @gy.

Another important method in this architecture is the computeDerivatives method for a generic stateEffector. To highlight this
method, the hinged rigid bodies example introduced in this paper is used. Figure 7 shows the pseudocode for the computeDerivatives method of a
hinged rigid-body effector. When this method is being computed, 75,y and @/, have already been calculated; therefore, the hinged rigid-body
effector can use the state manager’s method called get StateDeriv, which gives access to those precomputed values. Looking at Eq. (38), the
hinged rigid-body effector uses Fg/y and @p/ in its calculation, it uses used saved variables for faster results, and it is a benefit of the
backsubstitution method.

The power of this design is that stateEf fectors can just be attached to the spacecraft in no particular order and the scalability of this design
is unconstrained. Adding another effector does not depend on any other effectors, even though the fully coupled nature is still retained. All of the
coupling is through the rigid-body hub, and the analytical form of the backsubstitution method allows for this modularity. Additionally, a fixed-
size system mass matrix is inverted as opposed to a dynamically allocated matrix of varying size, which is common in fully coupled dynamics
simulations.
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[ spacecraftPlus |

equationsOfMotion()

hubEffector.updateEffectorMassProperties()
for(effector in stateEffectors)

effector.updateEffectorMassProperties()
end

gravityEffector.computeGravField()

for(effector in stateEffectors)
effector.updateContributions()
end

for(effector in dynEffectors)
effector.computeBodyForceTorque()
end

hubEffector.computeDerivatives()
for(effector in stateEffectors)

effector.computeDerivatives()
end

end

Fig. 5 Pseudo code for the equationsOfMotion () method within spacecraftPlus.

[ hubEffector |

computeDerivatives()
rBN_NState = stateManager.getStateObject(‘'hubPosition’)
rBNDot_NState = stateManager.getStateObject('hubVelocity')
sigmaBN_State = stateManager.getStateObject(‘hubRotPosition’)
omegaBN_BState = stateManager.getStateObject('hubRotVelocity')

rBNDot_N = rBNDot_NState.getState()
rBN_NState.setStateDeriv(rBNDot_N)

sigmaBNDot = omegaToSigmaDot(omegaBN_BState.getState())
sigmaBN_State.setStateDeriv(sigmaBNDot)

oy = (D)~ (CNAIB)) (w2 - (040

#p/v = [A]"} (v1 — [Blwg/n)

omegaBN_BState.setStateDeriv(omegaBN_Dot)
rBNDot_NState.setStateDeriv(rBNDDot_N)

end

Fig. 6 : Pseudocode for hubEffector computeDerivatives () method.

V. Modular Software Architecture Implementation and Verification

The Basilisk astrodynamics software package is chosen as the implementation code base for the modular dynamics architecture. Basilisk has
modularity as a key feature to the software package, and so retaining this functionality for the dynamics is an important influence. Because the
backsubstitution method attempts to solve the issue of scalability, maintainability, and testability, effectors can be added to this software package
with ease and do not affect the rest of the code base. For example, a software developer can add an effector without changing the
spacecraftPlus implementation and only needs to add code for the current effector while adhering to rules of the software architecture.

The method in verifying that a specific effector has been implemented correctly following the specific guidelines for effectors and that the
effector is in agreement with physics is that the four energy/momentum values of orbital energy, orbital angular momentum, rotational energy, and
rotational angular momentum must be conserved when applicable. The derivation for these quantities for effectors are shown in Egs. (22) and (33).
Figures 8a—8d are examples of the verification results for the hinged rigid-body effector and are the desired result: the orbital angular momentum,
orbital energy, rotational angular momentum, and rotational energy are conserved down to machine precision. Integrated tests can be used to
confirm conservation of these quantities to validate the different models. This gives verification in not only the hinged rigid-body model but also
the backsubstitution method and the modular software architecture.
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| hingedRigidBody |

computeDerivatives()

theta_State = stateManager.getStateObject('panelTheta’)
thetaDot_State = stateManager.getStateObject(‘panelThetaDot')
hubVelocity_State = stateManager.getStateObject('hubVelocity')
hubRotVelocity_State = stateManager.getStateObject(‘hubRotVelocity')

thetaDot = thetaDot_State.getState()
theta_State.setStateDeriv(thetaDot)

rBNDDot_N = hubVelocity_State.getStateDeriv()
omegaDotBN_B = hubRotVelocity_State.getStateDeriv()

T . T .
0; = ay,7p/N + by,wp/N + co,
thetaDot_State.setStateDeriv(thetaDDot)

end

Fig.7 Pseudocode for hingedRigidBody computeDerivatives () method.
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Fig. 8 Simulation verification results for a rigid hub with a single hinged panel.
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VI. Conclusions

This paper introduces a modular software architecture for fully coupled dynamics and solves the issues of maintainability, scalability, and
testability for this problem. The elegant modularity is achieved by considering a specific spacecraft dynamical system in which a range of
dynamical subsystems is attached to a central rigid hub. The proposed software architecture is shown to be maintainable, allows for a fixed-size
system mass matrix to be inverted, allows effectors to be attached to the spacecraft in no particular order, and does not have scaling limitations. The
modular software architecture is verified using energy and momentum conservation, and it is implemented in the Basilisk astrodynamics software
package.
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