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Abstract

Landing missions are of high importance in space exploration. A successful touchdown on
a celestial body surface is essential for sample return missions and deployment of exploration
technology such as rovers. Consequently, over the years a lot of research has been dedicated
for landing operations, such research includes landing trajectory optimization, landing gear
design, footpad design, and so on. In these studies spacecrafts and landers are often considered
as rigid bodies with landing gears and in few cases flexible components, but the presence of
large disturbances such as propellant sloshing is not taken into consideration.

So far, little or no research has been conducted to examine the effects of large amplitude
sloshing on a lander’s dynamics during touchdown and landing. Therefore, the purpose of this
research is to investigate the effects of large amplitude propellant sloshing on planetary landers
and small celestial body landers under varying landing conditions. To do so, a lander simulation
model is developed using MATLAB software. The lander is modelled as a rigid body with
landing gear and propellant slosh dynamics. Propellant sloshing is modelled using a mass-
spring-damper equivalent mechanical model. To provide a thorough and comprehensive
analysis, celestial bodies with both high and low gravity fields are considered in the simulations.
Several landing scenarios are simulated with varying conditions and the behavior of the lander
is analyzed with and without propellant sloshing. The effect of propellant sloshing on the

spacecraft attitude and translation motion is studied for all the cases.
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1. Introduction

1.1. Motivation

Spacecrafts usually have complicated structures with rigid platforms, flexible components
such as different kinds of appendages and solar arrays, and more often than not fluid propellants.
The existence of these different components and the coupling effects that arise between these
systems is a main cause of the difficulty and sensitivity of space missions. One phenomenon
that can impose significant disturbances on a spacecrafts’ dynamics is sloshing of liquid
propellants inside the tank walls. During sample return and lander missions, the spacecraft
utilizes significant amount of fuel. When the spacecraft reaches the target body, the fuel tanks
are about half full and this is when sloshing effects are most severe. At touchdown the
spacecraft is subjected to substantial forces and torques that can result in high amplitude
propellant sloshing. Numerous research studies have been conducted with the purpose of
studying the effects of propellant sloshing on spacecraft attitude and position. However, most
of these studies address propellant sloshing under low excitation for the purposes of attitude
control, pointing accuracy, and stabilization. So far, little or no research has been conducted to
examine the effects of large amplitude sloshing on a spacecrafts’ dynamics during touchdown
and landing. Therefore, the aim of this research is to model the dynamics of a lander with large
amplitude sloshing and study the effects of propellant sloshing on the behavior of the system.
To provide a thorough and comprehensive study we consider both planetary landers and small

celestial body landers such as asteroid landers.

1.2. Spacecraft Case Studies and Failures

There are several examples of space missions where the spacecraft showed abnormal

behavior resulting in mission delays, minor failures, or even complete mission failure with one
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possible cause being propellant sloshing in the spacecraft tanks. Some examples of such cases

include:

1. INTELSAT 1V series spacecraft (1974): During an extensive series of in-orbit tests, the
spacecraft, which carried liquid hydrazine in four propellant tanks, experienced unstable

attitude nutation effects [1].

2. ATS-V Satellite (1969): After upper stage burnout, the spacecraft, which weighed around
450 kg carrying only 1.2 kg of liquid propellant, experienced uncontrollable divergent nutation
behavior, causing the spacecraft to enter a flat spin and resulting in mission loss. This shows

that even small amount of liquid propellant can cause catastrophes [2].

4. NEAR shoemaker (1998): During the rendezvous mission to asteroid Eros, the spacecraft
experienced an abnormal series of attitude motions during its reorientation maneuver and went
into safety mode causing a 13-month delay in the mission. Propellant sloshing was identified

as the probable cause [3].

5. Apollo 11 Lunar Module (1969): During the last moments of the lunar landing, the spacecraft
experienced problems with the landing maneuver control due to sloshing of the remaining

propellant [4].

6. LEASAT mission (1984): Instabilities in the control systems of both the first and second
LEASAT spacecrafts were observed during the missions. Propellant sloshing frequency was

identified as the most likely cause of the instabilities [5].

7. Chang’e 3 lunar probe (2013): While carrying out the soft landing mission on the lunar
surface, liquid propellant sloshing caused the spacecraft to experience instability in its motion.
Although the lander kept a vertical attitude, it underwent a rocking back and forth motion

horizontally [6].
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8. Solar Dynamics Observatory (2010): Launched and deployed from Atlas V launch vehicle,
the spacecraft had two large propellant tanks. Abnormal attitude behavior was observed during

the second apogee motor firing and the cause was linked to propellant sloshing [7].

9. DemoSat (2007): After second stage ignition, the spacecraft experienced a divergent circular
coning oscillation because of propellant sloshing. As a result, the spacecraft failed to reach its

target orbit [8].

1.3. Lander Descent Phase

In a lander mission, typically, the descent phase comprises of sub-phases designed to
achieve the highest probability of successful landing. For instance, in the Altair lunar lander
mission, the descent phase is comprised of three sub-phases: the braking phase, the approach
phase, and the terminal descent and touchdown phase [9]. These subphases are demonstrated

in Fig. 1.

Descent Initiation Braking Phase Attitude Adjustment Approach Phase

Ne V4

Terminal Descent — =

Figure 1: Sub-phases during descent and touchdown.®

The braking phase starts at the descent orbit altitude of about 15 km, during the braking

phase the orbital speed of the vehicle is significantly and efficiently reduced. The vehicle then
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performs a pitch up maneuver to adjust the attitude of the spacecraft in preparation for landing.
The approach phase is then carried out bringing the vehicle near the surface at altitude of about
30 m above touchdown site. Lastly the terminal descent takes place, the thrusters are shutdown
when the vehicle is close to the surface (about 1 m), which means the vehicle experiences a

short period of freefall just prior to touchdown.

During this research we focus our analysis on the last portion of the terminal descent phase.
We wish to evaluate the effects of propellant sloshing on the stability and behavior of a lander

in a ballistic touchdown.

1.4. Literature Review

1.4.1. Propellant Sloshing
1.4.1.1. Overview

Research studies on propellant sloshing have been conducted since the beginning of the
1960s. Space vehicle require significant amounts of fuel for various space operations such as
trajectory maneuvers, momentum dumping, and attitude control [10]. As a space mission goes
on, fuel is being consumed and the fill level of the tank decreases, which has a significant effect
on slosh, as the fill level of the decreases sloshing increases within the tank walls, sloshing is
maximum when the tank is about half full. The uncontrollable motion of propellant in partially
filled tanks introduces a major source of disturbance on the spacecraft dynamics which can
cause several problems such attitude instability, pointing accuracy degradation, and nutation
behavior. As a result, many engineers and scientists were motivated to design control systems
for vehicles considering the dynamic interaction of propellant sloshing [11,12,13]. Numerous
analytical and experimental work has been conducted to study the stability of spacecraft taking

into consideration the effects of propellant sloshing [14,15,16]. The development of multibody
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dynamics allowed to successfully predict attitude motion and behavior of space vehicles taking

into consideration the effect of propellant sloshing [17,18,19].

1.4.1.2. Modelling

The exact formulation and simulation of propellant sloshing in various types of tanks is a
complex problem. The most accurate method to simulate the dynamics of propellant slosh is
by using computational fluid dynamics (CFDs). However, CFDs require high computational
cost and therefore not a feasible solution for online simulation and control purposes [20]. As a
result, dynamically equivalent mechanical models (EMMs) have been developed and adopted
to model and approximate the behavior of propellant slosh. In their slosh design handbook,
Roberts et al. described several equivalent mechanical models for sloshing [21]. Kana [22]
proposed a compound pendulum model including spherical and planar pendulums to model
propellant sloshing in a rotary tank. Mason and Starin examined the effects of propellant
sloshing dynamics on the Solar Dynamics Observatory [7], a three-axis controlled, single fault
tolerant spacecraft. The study determined that an anomaly that occurred during motor firing
was due to sloshing dynamics. Nan et al. considered a composite equivalent model to estimate
slosh forces and moments exerted on a spherical tank in a spacecraft [23]. A three-dimensional
model for maneuvering of a spacecraft with unactuated propellant sloshing was presented by
Navabi et al. using Lagrange method [24]. A multi pendulum model was adopted to simulate

sloshing dynamics, see Fig. 2.
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Figure 2: Three-dimensional multi pendulum model for propellant sloshing.?*

Hervas and Reyhanoglu [25] considered a multi-mass-spring model to characterize
propellant sloshing, see Fig. 3. They designed a lyapunov-based nonlinear controller for a

spacecraft with propellant slosh to control attitude and velocity.

& =

- III
\ my, | n.\/\l h I

Figure 3: Multi mass-spring model of propellant sloshing.?
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In recent years, research studies started to model spacecrafts as a combination of rigid
bodies, flexible appendages and propellant slosh EMMs. Deng and Yue studied the dynamics
and control of a spacecraft with large amplitude propellant slosh [26]. In their work, they used

an improved moving pulsating ball model to simulate propellant slosh dynamics, see Fig. 4.
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Figure 4: Moving pulsating ball model for propellant sloshing.?®

1.4.2. Small Celestial Body Landers

1.4.2.1. Overview

In recent years, several space missions have been conducted with the purpose of exploring
small celestial bodies. It is believed that small celestial bodies such as asteroids and comets
have the least processed material in the solar system, this is because their size is too small to
have high internal pressures and temperatures. It is most probable that even pre-solar grains
still reside in these bodies. Therefore, information about their physical properties and
composition are of great scientific value [27,28]. As a result, sample return missions to small

celestial bodies have been gaining momentum over the past years.
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1.4.2.2. Missions

On February 12 of 2001, the first successful asteroid landing was achieved by the Near
Earth Asteroid Rendezvous (NEAR) Spacecraft which descended onto the surface of asteroid
433 Eros [29]. The spacecraft was planned to perform four braking maneuvers to bring the
descent velocity to 1.3 m/s at impact. However, when NEAR reached the surface the target
velocity had not been achieved, the estimated speed of impact was around 1.6 m/s, which
caused it to continue burning pushing the vehicle into the asteroid. Eventually it came to rest
and data was received from the spacecraft proving it survived the impact. A major challenge

during the descent was the significant delay in communication.

In 2003 the Japan Aerospace Exploration Agency (JAXA) launched the robotic spacecraft
Hayabusa to retrieve a sample material from the near Earth asteroid ltokawa [30]. The
spacecraft rendezvoused with the asteroid in 2005. Hayabusa spacecraft stayed in close
proximity to asteroid Itokawa for three months mapping the surface prior to descent. The
spacecraft then successfully performed a touch-and-go landing retrieving a sample from the
asteroids surface. Following the successful return of Hayabusa, JAXA launched the spacecraft

Hayabusa 2 for another asteroid sample return mission to near Earth asteroid Ryugu [31].

In March of 2004, the European Space Agency (ESA) launched the Rosetta spacecraft
targeting comet 67P/Churyumov-Gerasimenk. The main scientific objective of the Rosetta
mission was to study the origins of the solar system through examining comets and their origins.
The mission contained two main components; the orbiter spacecraft Rosetta, and its lander
Philae. In 2014 the lander, Philae, was able to successfully land on the comets’ surface after

separating from Rosetta spacecraft at an altitude of about 1 km [28,32,33].

1.4.2.3. Challenges and Failures

Landing on the surfaces of small celestial bodies such as asteroids and comets is not an

easy task due to several factors. The extreme low gravity conditions make it far more difficult
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to stabilize the spacecraft upon touchdown. The unknown or unanticipated surface conditions
can increase the chances of undesired behavior. Furthermore, sample return missions to small
celestial bodies usually require deep space voyages, resulting in huge communication delays

which, as a result, further increases the need for a successful fully autonomous operation.

In the case of the Rosetta spacecraft lander, Philae, a failure of the anchoring harpoons and
thrusters occurred during touchdown sequence causing the lander to bounce off the surface
after initial touchdown with a high rebound velocity of 0.38m/s (escape velocity was = 0.44m/s).
The lander started tumbling and reached an altitude of about 1 km after the first bounce before
starting to descend again. Upon impacting the surface again, the lander bounced a second time
before coming to rest next to a cliff about a kilometer away from the intended landing site

[34,35].

During the Hayabusa mission, the spacecraft experienced failure of two attitude control
reaction wheels prior to the descent operation, causing the LIDAR to have oddly large
measurement errors. Due to the failures, it was not possible for the Hayabusa spacecraft to
approach asteroid Itokawa autonomously as initially planned. Consequently, the guidance and

navigation operation for the descent phase had to be redesigned.

1.5. Research Objectives and Thesis Overview

1.5.1. Research Contribution & Objectives

Numerous research studies have been conducted with the purpose of studying the effects
of propellant sloshing on spacecraft dynamics. However, most of these studies address
propellant sloshing under low excitation for the purposes of attitude control, pointing accuracy,
and stabilization. So far, little or no research has been conducted to examine the effects of large

amplitude sloshing on a spacecrafts’ dynamics during touchdown and landing.
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Therefore, the aim of this research is to investigate the effects of large amplitude propellant
sloshing on a lander during touchdown and landing. The overall objective is to provide a
comprehensive and thorough analysis of the behavior of a lander in the presence of large
disturbances such as propellant sloshing under different conditions and varying parameters.
The research focuses on the last phase, the terminal descent phase, of a landing operation. The
analysis covers cases where a significant gravitational pull is present as in the case of lunar
landing and cases where the gravitational field is extremely small as in the case of asteroid and

comet landing.

1.5.2. Method of Approach

A lander simulation model is developed to examine the effects of propellant sloshing during
touchdown and landing. The simulation model consists of four main components; the lander
rigid body model, the landing gear model, the propellant slosh model, and the celestial body
surface interaction model. The lander rigid body is modelled as a cubic rigid structure with
landing legs. For the purposes of this research, the presence of flexible structures such as solar
arrays and appendages is not considered. The four landing gears are modelled as spring damper
systems connecting the landing footpads to the edges of the lander body. Propellant sloshing is
characterized using spring-mass-damper models. In the case of low gravity simulations, a
modified spring-mass-damper model is used to model large amplitude propellant sloshing.
Lastly, to model the interaction of the landing footpads with surface of the celestial body,
virtual spring-damper models are used between each footpad and the surface while also
accounting for frictional forces. The systems equations of motion are derived and expressed as
a differential algebraic equation and solved using a 4™ order Runge-Kutta solver using

MATLAB software.
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1.5.3. Thesis Overview

This thesis is divided into 3 main sections. Chapter 2 explains the lander dynamics with
propellant sloshing in details. The propellant sloshing equivalent mechanical models are
presented and slosh forces and moments are derived. The interaction model between the lander
and the surface of the celestial body is presented in detail and touchdown forces and torques
are derived. The equations of motion of the lander rigid body are derived taking into account
landing gear forces and moments, slosh forces and moments, and the interaction between the

lander and the celestial body surface.

Chapter 3 covers the landing simulations and results. First an overview of the simulation
setups is presented. Simulations are divided into two main sections, the first section covers
landing simulation in the case of low gravity field, and the second sections covers landing
simulations in the case of high gravity field. For both cases, the effects of propellant sloshing
are investigated against several factors such as surface conditions, lander velocity, lander

geometry, etc.

Chapter 4 discusses attitude stabilization of landers using variable damper landing gears.
This concept was introduced by Maeda et al. [36] in their paper published in 2016, where they
propose improving the stability of a lunar lander using a variable damper landing gear. In
chapter 4, the effectiveness of the variable damper landing gear is examined in the presence of

large disturbances such as propellant sloshing for high gravity conditions.
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2. Spacecraft Dynamics with Propellant Sloshing

2.1. Introduction

This chapter discusses the derivation of the dynamic equations for the multibody system.
As stated before, the system model consists of four main components; the lander rigid body
model, the landing gear model, the propellant slosh model, and the celestial body surface
interaction model. The lander is modelled as a cubic rigid structure with four landing legs. The
landing gears are modelled as spring damper systems connecting the landing footpads to the
edges of the lander body. Propellant sloshing is characterized using spring-mass-damper
models. The sections below discuss the modelling and mathematical derivation for each

component and for the whole system in details.

2.2. Propellant Sloshing Mechanical Models

2.2.1. Slosh Modelling

By definition, sloshing refers to the motion of a free liquid surface in a partially filled
container as a result of any disturbance [13]. A free liquid surface can experience different
types of motion such as planar, nonplanar, rotational, irregular beating, symmetric, asymmetric,
quasi-periodic and chaotic. The motion of sloshing systems depends on four main variables;
gravitational forces, inertia forces, capillary forces, and viscous forces. Usually, some forces
are too small in comparison with other forces and can be ignored to simplify the analysis. The
relative importance of the different forces can be characterized using dimensionless numbers
like Weber number, Bond number, and Froude number, which separate the dynamic behavior
of a sloshing system into a gravity dominated region, a capillary dominated region and an

inertia dominated region [12].
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In the gravity dominated region the gravitational forces are larger in comparison with
capillary forces and capillary forces can be ignored. The Bond number, which is the ratio of
gravitational forces to surface tension forces, is used to check if a sloshing system is within a

gravity dominated region. The bond number is defined as,

_ Apgl?
14

B, 1)

where Ap is the difference in density between the two phases (liquid and gas), g is the
gravitational constant, L is the characteristic length (e.g. diameter of tank), and y is the
interfacial surface tension. The system is considered to be in a gravity dominated region if

B, > 1.

In the inertia dominated region the inertia forces are larger than the capillary forces and
capillary forces can be ignored. The Weber and Froude numbers are used to check if a sloshing
system is within the inertia dominated region. The Weber number is defined as the ratio of

inertia forces to surface tension forces and calculated as,

_pv°L
Y

We )

and the Froude number is defined as the ratio of inertia forces to gravitational forces and

calculated as,

@)

where p is the liquid density, v is the velocity, L is the characteristic length, and y is the

surface tension. For an inertia dominated region W, > 1 and F,. > 1.

For the capillary dominated region, capillary forces are larger compared to gravitational
and inertia forces and therefore, the latter can be ignored. In addition to the above numbers, the

Reynolds number is used to characterize the significance of viscous effects calculated as,

Re =— 4)
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where 1 is the kinematic viscosity of the liquid. The Reynolds number must be determined
separately for each region. Different slosh models are defined depending on which region the
sloshing system falls in. In general, sloshing systems models are divided into two categories;

high gravity models and low gravity models [12, 37].

In high gravity models, the magnitude of surface tension forces is insignificant and
therefore ignored. High gravity models are employed when the spacecraft experiences high
accelerations as in during the main engine burns. In low gravity models, surface tension forces
are dominant and therefore are critical in determining the behavior of the propellant inside the
tank. In general, sloshing frequencies are smaller in low gravity models than in high gravity

models. Low gravity models are characterized by a very small Bond number, B, «< 1.

Several tests can be done to determine the values of the dimensionless number discussed
above, such tests include spin drop tests, air bearing tests, and energy dissipation tests [38].

However, these tests are not conducted and are not within the scope of this research.

Fluid dynamics modelling most accurately simulates the behavior propellant sloshing using
partial differential equations which are solved numerically using computational fluid dynamics
(CFD). However, CFD require high computational costs and therefore is not a feasible solution
for onboard processing and control purposes. Instead several equivalent mechanical models are
used for that purpose. In the case of a fully filled tank where the propellant has no free surface,
the propellant can be replaced by a rigid body. In the case of a partially filled tank, the
oscillating portions of the propellant mass with a free surface are replaced by an equivalent
mechanical model and the stationary potion is modelled as a rigid body [39]. For any equivalent
mechanical model to be valid it should preserve the static and dynamic properties of the liquid
[12]. The static properties of the liquid are preserved if the sum of all the sloshing masses and
the stationary mass is equal to the mass of the liquid, and the model center of mass is at the

same height as the liquid, these conditions can be expressed mathematically as,
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N
my + Z ms = Myiquid (5)

s=1

N
moho + sths = 0 (6)

s=1
where m,, is the stationary mass, mg are the sloshing masses, hy is the position of m, with
respect to the model center of mass, h; are the positions of mg with respect to the model center
of mass, my;qyi4 IS the mass of the liquid, and N is the number of sloshing masses in the model.
In addition to satisfying the static properties conditions, the model must also preserve the
dynamic properties of the liquid by reproducing the sloshing forces and moments, and the

natural frequencies of the sloshing system.

This research assumes the lander contains a half-filled spherical propellant tank(s);
spherical tanks are the most widely used due to the high volume to weight ratio, and sloshing
is most severe at around a 50% fill level. A mass-spring-damper is used to characterize
propellant sloshing, a damper component is included to account for viscous effects. Two
propellant slosh models are used in this research; a modified mass-spring-damper model is used
to characterize large amplitude propellant sloshing in a small celestial body lander, and a

typical mass-spring-damper model is used in case of a large body lander such as a lunar lander.

2.2.2. Low Gravity Slosh Mechanical Model

In comparison to planetary landing missions such as Mars or Lunar landing, landing on
small celestial bodies can be far more difficult due to the extremely low gravity. In Mars or
Lunar landing, it is easy to stabilize the spacecraft after a rebound due to the presence of
significant gravitational pull. However, in the case of small bodies, the gravitational pull is
significantly low, and the spacecraft is more sensitive to disturbances, therefore there is a higher
chance that the spacecraft cannot be stabilized after rebound or the rebound velocity is too high
causing it to “fall off”. In the case of a sample return mission the propellant occupies the

majority of the spacecraft mass and, therefore, it is important to consider the effects of slosh
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dynamics. Large Amplitude sloshing is often excited when the spacecraft body is subjected to
high acceleration as in the case of touch down, this violent sloshing can exert large forces and
moments on the spacecraft body, and negatively affect its stability. In the case of a partially
filled spherical tank, under low gravity conditions capillary forces become more dominant and
the propellant forms a spherical interface along the tank wall, when subjected to an external
disturbance the propellant is forced into a sloshing motion [40], this phenomenon is shown in

Fig 5.
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Figure 5: Result of CFD simulations for liquid behavior under low gravity.*°

To simulate this behavior a modified mass-spring damper model is used. Although the
propellant is a distributed constant system, it is modelled as concentrated constant system
without considering wave motion. The propellant is modelled as a mass point constrained by a
spring-damper system at the center of the tank and the mass point rotates freely about the center

of the tank. Figure 6 illustrates the concept of the low gravity propellant sloshing model.

Figure 6: Low gravity propellant sloshing model.

To duplicate large amplitude sloshing at touchdown, a free motion area is introduced in the
model characterized by length h.;. When the spring length is less than h¢; spring force is not

generated, so the propellant mass can move freely within a sphere of radius h; but is pulled
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back by the spring when the displacement exceeds h.. The spring force always acts towards
the center of the tank and the damping force acts in the opposite direction of the propellant

mass velocity vector. The length h.. is determined by the following equation [41],

Ba/ 1—2x%+x*
=— 7
hee =3 (1—1-5x+0-5x3 O
where a is the radius of the tank, and the variable y satisfies,
1 3
Vr=72=3x+x7) (8)

and V; is the fill level of the tank. The spring and damper coefficients are determined in terms

of the sloshing mass and frequency as,

ks = (2mwy)? X mg ©)

cs = 2 X & X ks X my (10)
where w,, is the natural frequency of the sloshing system and m is the sloshing mass. The

equation of motion of the propellant slosh is given by,

e —ksPs —c P ; |Ps|2hCG

where P is the position vector of the sloshing mass with respect to the center of the tank.

The sloshing force and torque acting the body of the lander are calculated as,

Fs — { CSPS ) ’ IPS| < hCG (12)
kSPS+CSPS ) IPS|2hCG

Ly = Pigny X F (13)

where P, IS the position vector of the tank center with respect to the center of mass of the

lander.
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2.2.3. High Gravity Slosh Mechanical Model

In the case of landing under high gravity conditions, capillary forces are insignificant and
gravitational forces dominate. The propellant accumulates on one side of the tank and sloshing
occurs only at the free surface. To model propellant sloshing under high gravity, the propellant
mass is divided into two parts a stationary component and an oscillating component. Because
sloshing only occurs at the free surface, only planar sloshing motion is considered in the case

of high gravity landing. Figure 7 illustrates the high gravity propellant sloshing model.

N

Figure 7: High gravity propellant sloshing model.

The equation of motion of the propellant sloshing system is expressed in a similar way to
the case of sloshing under low gravity with the exception of not having a free motion region
h¢c- The equation of motion for propellant sloshing under high gravity is given by,

msPs = —kPg — CsPs (14)

where m is the sloshing portion of the propellant mass, and P is the position vector of the
sloshing mas with respect to the spring damper system equilibrium point. The sloshing force
and torque acting the body of the lander are calculated as,

F, = kP + c P (15)

Ls = Prs X F (16)
where P is the position vector of the sloshing system equilibrium point with respect to the

center of mass of the lander.
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2.3. Spacecraft Mathematical Model with Propellant Sloshing

The spacecraft model consists of a cubic rigid body, with a spherical propellant tank, and
four landing legs, as shown in Fig. 8. Two reference frames are defined; the inertial frame Cy
and the lander body fixed frame Cz. The inertial frame Cy corresponds the celestial body

surface.

Figure 8: Celestial body lander model.

Vector Ry represents the position vector of the lander with respect to the inertial frame. Mg
and I are the mass matrix and the moment of inertia matrix of the lander, respectively. The
rigid body translational equation of motion is given by,

MgRy = F; + Fs + Mgg (17)
And the rotational equation of motion is defined using Euler’s rotation equation as,

Ugl®w = —[@][Jglw + Lt + L (18)
where Fg and Lg are the sloshing forces and torques. F and L are the touchdown forces and
torques due to the impact with celestial body surface, the derivation of the touchdown forces
and torques are detailed in section 2.4. Vector w represents the angular velocity of the lander
with respect to the inertial frame. The tilde operator, [~], corresponds to the skew symmetric

matrix defined as,
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0 —w3 Wy
]. (19)

[6] = [ (OF} 0 —wW1q
—wy Wy 0

The attitude of the lander rigid body in the inertial frame is described using a unit quaternion

defined as,
q = [90, 91,92, 431" (20)

where g, is the scalar component of the quaternion and [q4, g, g3] is the vector component.

The differential kinematic equation of the unit quaternion is given as,

= LB (q)
=5 [B(q)]w (21)
—q1 —q2 —(q3
do —493 Q>
[B(a)] = qs Qo —1
—q2 do

The mathematical model of the system is represented in algebraic form as,
x = f(x)
x = [Ry, Ry, @, @, P, Py, g1, Sy, Sep2s Sppa, Sepss Sppss Separ Sppal”

where R, is the position of the lander in inertial frame, q is the quaternion representation
of the lander attitude, w is the angular velocity of the lander with respect to inertial frame, P
is the position vector of the sloshing mass in the tank, S¢,; are the position vectors of the
footpads with respect to the lander. The algebraic differential equation is solved using a 4™

order Runge-Kutta solver in MATLAB software.

2.4. Interaction with the Celestial Body Surface

There are several theories regarding the properties of a celestial body surface, but it is not
possible to know the actual properties without reaching the surface. If the surface is covered

with regolith, then it is considered safer for landing because the presence of regolith provides
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further damping action upon landing. On the other hand, little or no damping action occurs in
the case of a rigid surface and there is a high possibility of rebound. To model the surface of
the celestial body, a spring damper system is used, see Fig. 9. Soft and rigid ground conditions

are simulated by changing the spring and damper coefficient values.

Figure 9: Celestial body surface interaction model.

The touchdown forces and torques are computed for each leg separately. For each leg, the
impact force acting on the footpad is obtained from the penetration vector r,, and the velocity

vector component normal to the surface, v,,, of the footpad. The normal force component is

obtained as,
_ 0 ; =0
fn= {—krrn —Ccrv, ; 1, <0 (22)
the tangential force component is obtained as,

where v, is the velocity vector component tangent to the surface and the constant u is the

coefficient of friction. The total touchdown force on each foot pad is obtained as,

Fr=f,+f:. (24)
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Note that this force does not transfer directly to the lander rigid body due to the presence
of the landing gear (spring-damper system) between the foot pad and the rigid body. The

motion of the footpad is limited to linear motion along the leg direction vector #;, see Fig. 10.

Jrlf;

Figure 10: Landing gear dynamics

The touchdown force acting on the footpad is split into 2 components, a component along

leg direction vector #; computed using the dot product as,
fre = (Fp-T)7, (25)

and a component perpendicular to the leg direction vector #; computed using the cross
product as,
frn=Fp X7 (26)
the equation of motion of the footpad is given as,
MepSpp = (kidy + cdy) Py + Fry

where Sy, is the position vector of the footpad with respect to leg attachment point, and d; is

the displacement of the footpad form it resting position, d; is positive in the direction to extend
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the leg. The force acting on the lander rigid body from the landing gear of each leg is computed

as,
fi = (=kid; = c,dy) (27)
the torque acting on the lander rigid body from each leg is computed as,
L, =P Xf)+[(P+S¢p) X frn) (28)

The total touchdown forces and torques acting on the rigid body from all four landing legs are

computed as,

4

Fi=) fu (29

i=1

4

L= 2 L (30)

i=1
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3. Lander Modelling and Simulations

3.1. Simulations Overview

The system’s equations of motion are expressed as an algebraic differential equation and

solved using a 4™ order Runge-Kutta solver of the form:
X =F(X,t) ; h:stepsize

Ki =h*F(Xp t,)

K, h
Kzzh*F(Xn+_,tn+_)

2 2
K, h
K3:h*F(Xn+7'tn+§)

K, =h*F(X,+ Ks t, +h)
1
X‘l’l+1 = XTL + g (K1 + 2K2 + 2K3 + K4_) (31)

All simulations were carried out using MATLAB software. Although the lander is modelled
as a 3-dimensional structure, to simplify the analysis, the motion is considered in one plane
only. The simulations are divided into two main cases; low gravity simulations and high gravity
simulations. For each case several landing scenarios are simulated with and without the
presence of propellant sloshing and the dynamic behavior of the lander is analyzed to study the

effects of propellant sloshing.

3.2. Low Gravity Simulations

3.2.1. Overview

In low gravity conditions the effects of surface tension are dominant and the liquid spreads

along the wall of the tank in steady state, when the spacecraft is subjected to a large acceleration,
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as in the moment of touchdown, the propellant shifts and concentrates on one side of the tank
and is forced into sloshing motion. This is modelled using a 3-dimesional rotating mass-spring-

damper system as shown in Fig. 11. The details of the model are presented in section 2.2.
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Figure 11: Low gravity propellant sloshing model.

Several simulations were conducted to study the effects of large amplitude propellant
sloshing on the lander dynamics and examine how these effects change under different system
configurations. It is assumed that the lander is in a free fall situation and the only forces and
torques acting on the lander are from gravity, sloshing, and touchdown. The lander is modelled
as a cubic rigid body with a spherical tank at an arbitrary location, figure 12 shows a 2D front

view of the lander.

Propellant sloshing model }

Rigid body model

Landing gear model

Celestial body surface model }

L

(T rrrrrFrrrrrrrrrrrTy

Figure 12: 2D front view of lander
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Simulations are divided into 2 parts, in part | the effects of propellant sloshing are studied
for different landing situations. part Il examines how these effects vary under for different

system configurations. The simulation parameters are summarized in table 1.

Table 1: Low gravity simulation parameters

Parameter Value Unit
Dry body mass 600 kg
Sloshing propellant mass 350 kg
Slosh natural frequency 5.0 Hz
Tank radius 0.5 m
Surface spring constant 100 kN/m
Surface damping coefficient 0.1 kNs/m
Landing gear spring constant 1.0 KN/m
Landing gear damping coefficient 0.5 KNs/m

Part I: 2 high-risk landing situations are considered, A - Lateral Descent, B - Inclined Surface.
As previously mentioned, the tank is assumed to be arbitrarily located which means that the
lander is not necessarily symmetric. Therefore, for situation A (lateral descent), simulations are
done twice, each with different velocity direction. Similarly, for situation B (inclined surface),
simulations are done twice, each with different inclination direction. Figure 13 illustrates part

| simulations.

Part 2: 2 factors are considered in these simulations; tank location dependency and lander with
multiple tanks. To examine how the effects of propellant sloshing change for different tank
locations we consider 3 cases. In the first case the tank position only has a horizontal
displacement with respect to the lander center of mass, in the second case the tank position
only has a vertical displacement, in the third case the tank location has a vertical and horizontal
displacements, the 3 cases are illustrated in Fig. 14. The same simulations from part | are
conducted for the 3 cases. To examine the effect of sloshing on a lander with multiple tanks,
the same simulations are conducted for a lander with 2 tanks positioned symmetrically about
the lander center of mass.
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3.2.2. Simulation and Results

Part |

Effects of propellant sloshing are studied for different landing situations. The landing

L)

situations are illustrated in Figure 13.

A A

L)

Velocity vector / Velocity vector
l Case 1 \ I / Case 2
C, C,

] N

FErrrrrrrrrrrrrrierrrrrr rrrririrrrrriirerrrrriry

B B

L) )

/| 1

Velocity vector

Velocity vector
C I_ C L

N N
Case | Case2

Figure 13: low gravity simulations overview

A. Lateral descent

In case of descending with a lateral velocity component, the impact with the surface can
cause the lander’s angular velocity to accelerate which can cause the lander to tip over or start
tumbling. This simulation investigates how the lander’s behavior is affected by the presence of
propellant sloshing. As previously mentioned, because the tank location is assumed to be
arbitrary with respect to the lander center of mass, the lander is not necessarily symmetric in
structure, two cases are considered, each with opposite lateral velocity directions.

Casel:
For case 1, the lander has a lateral velocity in the positive y-axis direction. Figures 14 (a)

and (b) show the simulations overview with and without the presence of propellant sloshing,
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respectively. Figures 14 (c) and (f) show the position and attitude displacement of the lander

with and without propellant sloshing, respectively. Figures 14 (d) and (g) show the linear and

angular velocity of the lander with and without propellant sloshing, respectively. Figures 14

(e) and (h) show the total angular momentum of the lander with and without propellant sloshing,

respectively.
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Figure 14: Lateral descent case 1 simulation results with and without sloshing (lateral velocity = 0.25 m/s)
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For the case of lateral descent in the positive y-axis direction, the simulation results show
that propellant sloshing has a significant impact on the behavior of the lander at touchdown.
With respect to the attitude displacement, propellant sloshing causes the lander to tumble in the
opposite direction compared to the case without sloshing. It also increases the vertical velocity
of the lander after rebound causing the lander to reach higher altitudes. Moreover, the presence
of propellant sloshing causes fluctuations in the angular momentum of the lander which can be
harmful as it might excite oscillations of other flexible components of the lander such as solar
panels. Table 2 summarizes the key parameter values of the simulation, note that the maximum
angular velocity magnitude in the presence of sloshing is higher, and there is a significant
difference in the average angular velocity of the lander after rebound. There is also a notable

increase in the maximum vertical velocity of the lander.

Table 2: Low gravity lateral descent 1 simulation results summary.

Parameter w/o Sloshing w/ Sloshing unit
Max angular velocity mag. 5.36 5.61 deg/s
Avg. angular velocity -2.26 1.13 deg/s
Max vertical velocity 0.08 0.20 m/s
Avg. vertical velocity 0.02 0.09 m/s

Case 2:

For case 2, the lander has a lateral velocity in the negative y-axis direction. Figures 15 (a)
and (b) show the simulations overview with and without the presence of propellant sloshing,
respectively. Figures 15 (c) and (f) show the position and attitude displacement of the lander
with and without propellant sloshing, respectively. Figures 15 (d) and (g) show the linear and
angular velocity of the lander with and without propellant sloshing, respectively. Figures 15
(e) and (h) show the total angular momentum of the lander with and without propellant sloshing,

respectively.
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Figure 15: Lateral descent case 2 simulation results with and without sloshing (lateral velocity = 0.25 m/s)

For the case of lateral descent in the negative y-axis direction, the simulation results show

that the effect of propellant sloshing is not as significant as in the previous case. Propellant

sloshing causes a slight increase in the angular velocity of the lander after rebound causing a

small increase in the attitude displacement of the lander. A significant increase can be seen in

the altitude of the lander after rebound due to the higher rebound velocity caused by propellant

sloshing. As in the previous case the presence of propellant sloshing causes fluctuations in the

angular momentum of the lander which can be harmful as it might excite oscillations of other
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flexible components of the lander such as solar panels. Table 3 summarizes the key parameter
values of the simulation, as shown both the maximum angular velocity magnitude and the
average angular velocity of the lander are higher in the presence of sloshing. In addition, there

is a significant increase in the maximum vertical velocity of the lander.

Table 3: Low gravity lateral descent 2 simulation results summary.

Parameter w/o Sloshing w/ Sloshing unit
Max angular velocity mag. 5.36 5.61 deg/s
Avg. angular velocity 2.26 2.75 deg/s
Max vertical velocity 0.08 0.19 m/s
Avg. vertical velocity 0.02 0.09 m/s

B. Inclined surface

More often than not, the terrain is characterized by rough surface, irregular structures, and
slopes, which makes it more difficult to maintain the stability of the lander a touchdown.
Therefore, this simulation examines the effect of propellant sloshing on the lander in case of a
touchdown on an inclined terrain. As in the lateral descent simulations, because the lander is
not necessarily symmetric in structure, two cases are considered each with opposite direction
of inclination.

Case 1:

For case 1,the surface is inclined in the counterclockwise direction about the x-axis. Figures
16 (a) and (b) show the simulations overview with and without the presence of propellant
sloshing, respectively. Figures 16 (c) and (f) show the position and attitude displacement of the
lander with and without propellant sloshing, respectively. Figures 16 (d) and (g) show the linear
and angular velocity of the lander with and without propellant sloshing, respectively. Figures
16 (e) and (h) show the total angular momentum of the lander with and without propellant

sloshing, respectively.
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Figure 16: Inclined surface case 1 simulation results with and without sloshing (inclination angle = 10 deg)

For the case of an inclined surface in the counterclockwise direction, the simulation results

show that propellant sloshing has a notable impact on the behavior of the lander at touchdown.

With respect to the attitude displacement, propellant sloshing causes a higher angular velocity

of the lander resulting in a larger attitude displacement. An increase in the vertical velocity of

the lander after rebound can be seen causing the lander to reach higher altitudes. Additionally,

propellant sloshing results in fluctuations in the angular momentum of the lander which can be

harmful as it might excite oscillations of other flexible components of the lander such as solar
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panels. Table 4 summarizes the key parameter values of the simulation, note that in the
presence of sloshing the maximum angular velocity magnitude is smaller, but the average

angular velocity of the lander is higher.

Table 4: Low gravity inclined surface 1 simulation results summary.

Parameter w/o Sloshing w/ Sloshing unit
Max angular velocity mag. 6.48 6.24 deg/s
Avg. angular velocity 4.08 5.22 deg/s
Max vertical velocity 0.07 0.09 m/s
Avg. vertical velocity 0.0 0.04 m/s

Case 2:

For case 2,the surface is inclined in the clockwise direction about the x-axis. Figures 17 (a)
and (b) show the simulations overview with and without the presence of propellant sloshing,
respectively. Figures 17 (c) and (f) show the position and attitude displacement of the lander
with and without propellant sloshing, respectively. Figures 17 (d) and (g) show the linear and
angular velocity of the lander with and without propellant sloshing, respectively. Figures 17
(e) and (h) show the total angular momentum of the lander with and without propellant sloshing,

respectively.

z[m]

a) Overview (w/o sloshing) b) Overview (w/ sloshing)
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Figure 17: Inclined surface case 2 simulation results with and without sloshing (inclination angle = 10 deg)

For the case of an inclined surface in the clockwise direction, it can be seen that propellant

sloshing has a positive effect on the attitude displacement of the lander, sloshing provides a

damping effect on the angular velocity of the lander after rebound. A small increase in the

vertical velocity of the lander can be seen. As in the previous case, fluctuations in the angular

momentum of the lander are caused by sloshing which can be harmful as it might excite

oscillations of other flexible components of the lander such as solar panels. Table 5 summarizes

the key parameter values of the simulation. As shown, in the presence of sloshing the lander

records a higher maximum angular velocity magnitude, but there is a significant decrease in

the average angular velocity value.

Table 5: Low gravity inclined surface 2 simulation results summary.

Parameter w/o Sloshing w/ Sloshing unit
Max angular velocity mag. 6.48 7.4 deg/s
Avg. angular velocity -4.08 -2.60 deg/s
Max vertical velocity 0.07 0.09 m/s
Avg. vertical velocity 0.0 0.04 m/s
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Part 11

Tank location dependency

The torques acting on the lander body from propellant sloshing are directly related to the
position of the tank. In the simulations presented previously, the tank is positioned with a
horizontal displacement along the y-axis only with respect to the lander center of mass, shown
as case 1 in Fig. 18. In this section, 2 more cases for the tank position are considered, tank
position with vertical displacement only, and tank position with both vertical and horizontal
displacement, shown as cases 2 and 3 in Fig. 18, respectively. The same landing simulations
from part | are conducted for the 2 cases, and the simulations results for the 3 tank position

cases are compared.

s () @
/ /

Case | Case 2 Case 3

Figure 18: Tank location dependency simulations overview

A. Lateral descent

For the lateral descent simulations, a lateral velocity in the positive y-axis direction is
considered. The simulation results for the 3 tank positions are presented in Fig. 19. Figures 19
(@), (d) and (g) show the position and attitude displacement of the lander for tank positions 1,
2 and 3, respectively. Figures 19 (b), (e) and (h) show the linear and angular velocity of the
lander for tank positions 1, 2 and 3, respectively. Figures 19 (c), (f) and (i) show the total

angular momentum of the lander for tank positions 1, 2 and 3, respectively.
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Figure 19: Tank location dependency lateral descent simulation results (lateral velocity = 0.25 m/s)

For the case of lateral descent, the simulation results show significant differences in the

behavior of the lander depending on the position of the tank with respect to the lander center

of mass. The results show that a tank position with vertical displacement only (case 2) results

in better lander behavior after rebound, sloshing provides significant damping effect on the

angular velocity of the lander causing minimal attitude displacement.
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B.

Inclined surface

For the inclined surface simulations, a clockwise inclination about the x-axis is considered.

The simulation results for the 3 tank positions are presented in Fig. 20. Figures 20 (a), (d) and

(9) show the position and attitude displacement of the lander for tank positions 1, 2 and 3,

respectively. Figures 20 (b), (e) and (h) show the linear and angular velocity of the lander for

tank positions 1, 2 and 3, respectively. Figures 20 (c), (f) and (i) show the total angular

momentum of the lander for tank positions 1, 2 and 3, respectively.
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Figure 20: Tank location dependency inclined surface simulation results (inclination angle = 10 deg)
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For the case of landing on an inclined surface, the simulation results show notable
differences in the behavior of the lander depending on the position of the tank with respect to
the lander center of mass. The results show that a tank position with a horizontal displacement
only (case 1) results in a smaller attitude displacement of the lander and smaller vertical

velocity after rebound.

Multiple tanks

So far, the simulations were done for a lander with one spherical tank (one propellant
sloshing EMM). However, in many cases, spacecrafts are equipped with multiple propellant
tanks, therefore in this section landing simulations are conducted for a lander with 2 spherical
tanks (2 propellant sloshing EMMs), the tanks are positioned such that the lander is symmetric
in the y-z plane, as illustrated in Fig. 21. Two landing situations are simulated, lateral descent
and inclined surface, for each simulation 3 cases are considered, first case is without sloshing,
second case assumes the initial states of the propellant sloshing models for each tank are

identical, third case assumes non-identical initial states of the propellant sloshing models.

{ Propellant sloshing models l

A

Rigid body model

Landing gear model

‘ Celestial body surface model J
CN

[T rrrrErrrrrrrrrrry

Figure 21: Lander model with multiple tanks
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A. Lateral descent

The simulation results for the 3 cases are presented in Fig. 22. Figures 22 (a), (d) and ()

show the position and attitude displacement of the lander for cases 1, 2 and 3, respectively.

Figures 22 (b), (e) and (h) show the linear and angular velocity of the lander for cases 1, 2 and

3, respectively. Figures 22 (c), (f) and (i) show the total angular momentum of the lander for

cases 1, 2 and 3, respectively.
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Figure 22: Multiple tanks lateral descent simulation results (lateral velocity = 0.25 m/s)
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The simulation results show that in the case of identical initial states, sloshing has no

significant effect on the lander attitude, but there is an increase in vertical and lateral

displacements after rebound. However, in the case of non-identical initial states of sloshing

models, the lander has a larger attitude displacement and larger linear displacement. Moreover,

a lander with multiple tanks shows larger changes in the angular momentum. Table 6

summarizes the key parameters of the simulation. As shown, a lander with sloshing models of

non-identical initial states records notably larger maximum angular velocity and average

angular velocity, and larger maximum and average vertical velocity after rebound.

Table 6: Multiple tanks lateral descent simulation results summary

Parameter w/o Sloshing VEII/ dSeIr?t?E;rI])g (l\\llvén?:j()ezsn}]'[lizgl) unit
Max angular velocity mag. 521 5.49 5.52 deg/s
Avg. angular velocity -2.34 -2.31 -3.01 deg/s
Max vertical velocity 0.10 0.14 0.19 m/s
Avg. vertical velocity 0.06 0.09 0.11 m/s

B. Inclined surface

The simulation results for the 3 cases are presented in Fig. 23. Figures 23 (a), (d) and (g)

show the position and attitude displacement of the lander for cases 1, 2 and 3, respectively.

Figures 23 (b), (e) and (h) show the linear and angular velocity of the lander for cases 1, 2 and

3, respectively. Figures 23 (c), (f) and (i) show the total angular momentum of the lander for

cases 1, 2 and 3, respectively.
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Figure 23: Multiple tanks inclined surface simulation results (inclination angle = 10 deg)

As in the previous simulation, the results show that in the case of identical initial states,

sloshing has no significant effect on the lander dynamics after rebound. However, in the case

of non-identical initial states of sloshing models, the lander has a larger attitude displacement

and larger linear displacement. Table 7 summarizes the key parameters of the simulation. As

shown, in the case of sloshing models of non-identical initial states, there is a significant

increase in the maximum angular velocity and average angular velocity of the lander, and larger

maximum and average vertical velocity after rebound.

Table 7: Multiple tanks inclined surface simulation results summary

Parameter w/o Sloshing V\(lll d?elr?tsizgll)g (I\\llvcﬁnsi:joesr?tliggl) unit
Max angular velocity mag. 6.30 5.61 8.28 deg/s
Avg. angular velocity 4.05 4.20 5.86 deg/s
Max vertical velocity 0.08 0.08 0.15 m/s
Avg. vertical velocity 0.03 0.03 0.06 m/s
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3.3. High Gravity Simulations

3.3.1. Overview

In the case of landing on large bodies with significant gravity constant, gravitational forces
are dominant over capillary forces and the propellant concentrates on one side of the tank in
steady state. When the lander is subjected to a disturbance, as in the moment of touchdown,
sloshing occurs at the free surface of the propellant within the tank. Although several sloshing
modes can occur at the free surface, lateral sloshing has the most significant effects and
therefore will be considered for high gravity simulations. Lateral sloshing is modelled using a
linear mass-spring-damper system as shown in Fig. 24. The details of the model are presented

in section 2.2.

Figure 24: High gravity propellant sloshing model.

Several landing simulations were conducted to study the effects of lateral sloshing on lander
dynamics and stability. Two landing scenarios where considered, landing with lateral velocity

and landing on an inclined surface, see Fig. 25.

® ®

Velocity vector Velocity vector
ch_. [
C
[P rrrrrrrrrrirrrrrrrri "

Figure 25: High gravity simulations overview.
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For each scenario several simulations were conducted at different gravity constants with
and without the presence of lateral sloshing, the dynamic behavior of the lander in both cases
are examined and compared to study the effects of lateral sloshing on a lander under high

gravity conditions. The simulations parameters are summarized in table 8.

Table 8: High gravity simulation parameters.

Parameter Value Unit
Dry body mass 600 kg
Sloshing propellant mass 100 kg
Slosh natural frequency 0.6 Hz
Tank radius 0.5 m
Surface spring constant 100 KN/m
Surface damping coefficient 0.1 kNs/m
Landing gear spring constant 1.0 KN/m
Landing gear damping coefficient 0.5 kNs/m

3.3.2. Simulation and Results

A. Lateral descent

A touchdown with a lateral velocity can result in a high risk of overturning, and in the
presence of lateral sloshing the risk of overturning can increase. Therefore, several simulations
are conducted at different values for the gravity constants with and without the presence of
lateral sloshing. To evaluate the impact of lateral sloshing, for each gravity value the maximum
stable lateral velocity is recorded with and without sloshing. The simulation results of lateral
descent at a gravity constant of 1.0 m/s? are shown in Fig. 26. Figures 26 (a) and (b) show the
landing simulations overview with and without sloshing, respectively. Figures 26 (c) and (d)
show the attitude displacement of the lander with and without sloshing, respectively. Figures
26 (e) and (f) show the angular velocity of the lander with and without sloshing, respectively.
Table 9 summarizes the maximum stable lateral velocities the lander can have before

overturning for different gravity constants with and without the presence of lateral sloshing.
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Figure 26: High gravity lateral descent simulation results with and without sloshing (gravity constant = 1.0 m/s?,

lateral velocity = 1.15 m/s)

The simulation results reveal that the presence of lateral sloshing can have a notable effect

on the stability of a lander approaching the surface with lateral velocity. As shown in table 7,

for each gravity value the maximum stable lateral velocity is smaller in the presence of sloshing.



Moreover, as the value of the gravity constant increases, the effect of sloshing on the stability
of the lander becomes more apparent, as evident by the increase in the difference of the

maximum stable velocity with and without sloshing as gravity increases.

Table 9: Maximum stable lateral velocity under high gravity w/ and w/o sloshing for different gravity constants

Gravity constant Maximum stable lateral velocity (m/s) )
) - - Difference (m/s)

(m/s?) W/O Sloshing W/ Sloshing

0.5 0.99 0.77 0.22

0.75 1.16 0.91 0.25

1.0 1.29 1.02 0.27

1.25 141 111 0.30

15 1.51 1.19 0.32

B. Inclined surface

A touchdown on an inclined surface is one of the most high-risk situations a lander can
encounter, and in the presence of lateral sloshing the risk can increase. Therefore, several
simulations are conducted at different values for the gravity constants with and without the
presence of lateral sloshing. The simulation results of landing on an inclined surface at a gravity
constant of 1.0 m/s? with and without lateral sloshing are shown in Fig. 27. Figures 27 (a) and
(b) show the landing simulation overview with and without sloshing, respectively. Figures 27
(c) and (d) show the attitude displacement of the lander with and without sloshing, respectively.
Figures 27 (e) and (f) show the angular velocity of the lander with and without sloshing,
respectively. Table 10 summarizes the maximum stable surface inclination the lander can
perform a touchdown on before overturning for different gravity constants with and without

the presence of lateral sloshing.
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Figure 27: High gravity inclined surface simulation results with and without sloshing (gravity constant = 1.0

m/s?, inclination angle = 13 deg)

For the case of landing on an inclined surface, the simulation results show that lateral
sloshing can have a notable effect on the stability of the lander. As shown in table 8, for each

gravity value the maximum stable inclination angle is smaller in the presence of sloshing. In
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addition, note that as the value of the gravity constant increases, the effect of sloshing on the
stability of the lander becomes more apparent, as evident by the increase in the difference of

the maximum stable inclination angle with and without sloshing as gravity increases.

Table 10: Maximum stable inclination under high gravity w/ and w/o sloshing for different gravity constants

Gravity constant Maximum stable Inclination (deg) )
2 . ) Difference (deg)

(m/s?) W/O Sloshing W/ Sloshing

0.5 11.53 9.46 2.07

0.75 12.65 10.49 2.16

1.0 13.78 11.53 2.25

1.25 14.38 12.01 2.37

15 14.74 12.26 2.48
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4. Variable Landing Gear for Lander Stabilization

4.1. Concept

The most interesting regions of planets, moons, and natural satellites are often the most
challenging to access. Such regions include crater central hills, lunar lava tubes, highlands and
canyons, which hold valuable data of high scientific value. However, these regions often
feature challenging terrain with rough surface conditions, many slopes, and obstacle such as
rocks. Achieving a successful touchdown on these regions requires a landing gear that can

adapt to the different surface conditions that can be present.

Different surface conditions require different landing gears, horizontal flat surfaces require
soft landing gears, rough surfaces or slopes require more stiff landing gears to support the
attitude of the spacecraft. Passive landing gears are designed to satisfy the stabilization
requirements for specific cases, which can be unfeasible for other cases. To optimize all of the
performance parameters simultaneously and satisfy the conflicting requirements, Maeda, T. et.
al. proposed the use of a variable damper landing gear. Controlling the damping coefficient of
each landing gear of the spacecraft allows the landing system to adapt to the complex surface
conditions. A large damping coefficient supports the attitude of the spacecraft and prevents the
acceleration of angular velocity. On the other hand, a small damping coefficient provide higher

shock absorption for the landing leg that first touches the surface [36].

In their paper, several landing simulations are presented to validate the performance of the
variable damper landing gears. The simulations included landing on an inclined surface and
landing with lateral velocity, in both cases the results showed that the variable damper landing
gear provided higher stability than the passive landing gear. However, in the simulations the
lander is considered as a simple rigid body with no flexible components, and the presence of

large disturbances such as propellant sloshing is not considered. In this section, the validity and
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performance of the variable damper landing gear is examined in the presence of a significant

disturbance such as propellant sloshing.

4.2. Control law derivation

As in the case of high gravity lander simulations, the lander is modelled as a cubic rigid
body with four landing legs and a spherical tank. Landing gears are modelled as spring-damper
systems and lateral sloshing is modelled using a linear mass-spring-damper system, the lander

model is depicted in Fig. 28.

N W

i

Figure Zé:- Lander model with variable damper landing gear.
The rotational equation of motion of the lander body in three-dimensional space can be
expressed as,
Jy® = —[@]],w + L (32)
where J,, is the moment of inertia matrix of the lander body, w is the angular velocity vector
of the lander body with respect to inertial frame, and L is the vector of torques acting on the

body at touchdown. Vector L can be expressed as the sum of torques acting on the lander

body from each landing gear as shown below.
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L= iti (34)

The torque t; exerted on the body from landing gear i can be expressed in terms of the
force exerted on the body from the landing gear, f;, and position vector of the point of

application of the force, r;, see Fig. 29.

"
Z

Figure 29: Landing gear force diagram

T; = [filf: (35)

To derive the control low of the variable damper landing gear, a Lyapunov function is chosen

as,

1
V= EwT]bw (36)

and the time derivative of the Lyapunov function V' is,

Substituting for J, @ from Eq. 32 and for z; from Eq. 34, the time derivative of the Lyapunov

function becomes,
V=" (-[@]],w + [F]f) (38)

In matrix form the time derivative of the Lyapunov function is written as,
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VZ[wx Wy wz] — | Wy 0 —Wy 0 ]y 0 Wy,

0 —w; wy ||/, 0 0 [a)x]
—Wy Wy 0 [0 0 J,

Wz

39
0 —Tiz Tiy fix (39)

+| Tz 0 —1||fiy

riy Tix 0 fiz

performing matrix multiplication, the time derivative expands to,
. wywz(—Jy +Jz) ~Tizfiy + Tiyfiz
V=[wx @y @ -] ww,(x—];) [+ Tizfix — Tixfiz (40)
wxwy(_]x + ]y) 0

note that force f; and position vector r; lie on the same plane that is perpendicular to the x-y
plane and therefore the third component of the cross product r; X f; is zero. Multiplying in the

angular velocity, the time derivative expands to,

V= wx(_rizfiy + riyfiz) + W,y (Tizfix — Tixfiz)- (41)

The landing gear force f; can be expressed in terms of the direction vector of the landing
leg, §;, and the size of the landing gear force f;.

fi=fi8 (42)
Furthermore, the direction vector §; can be expressed in terms of the position vector r; and
constants 8 and y as,
Six = —PBrix 5 Siy= =BTy ;5 si;,=—y1y, (43)
constants 8 and y are described as,
_ SixTiy + TixSiy Siz

;oY== 44
27/'ixriy Tiz ( )

B =

substituting Eq. 43 into Eq. 42, force f; becomes,

fix —BfiTix
fiy = _ﬁ firiy . (45)
fiz —YfiTiz
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Note that all landing legs have the same value of § and y. The time derivative of the
Lyapunov function can be rewritten in terms of position vector r; components and constants

and y as shown below.
V = we(BfiriyTiz — ¥fiTizTiy) + 0y (=BfiTixTiz + VfiTizTix)
= wy(B — V) firiyTiz + Wy (=B + V) fiTixTiz (46)
= firiz(B — V) (wxTiy — WyTix)

Note that the landing legs are semi vertical with respect to the lander body frame, so y is
large compared to 8. In the model shown in Fig. 27 r;, and s;, have opposite signs in the lander
body frame, therefore if r;, is positive, then y is negative and vice versa. Consequently, the
term 7;,(B — y) is always positive, and can be replaced by a positive constant «, the time

derivative of the Lyapunov function becomes,

V = fia(wxtiy — wyTix) (47)
the size of the landing gear force f; is computed from the footpad displacement and velocity
(d; & d;), and the spring damper coefficients (c; & k;) as shown below.

fi = —kid; — cid; (48)
The spring constant k; is constant and equal for all the landing gears, the damping
coefficient ¢; is the controllable variable. Three values are defined to be used in the

computation of the damping coefficient, the nominal, minimum and maximum values of the

damping coefficient.

Cnom 5 Cmin = 0.3Cnom Cmax = 3-0Chom

Taking into account that the lander has 4 legs and substituting from Eq. 48 the time derivative

of the Lyapunov function can be written as,

4 4
V= z Vi = z —a(kyd; + ¢;d;) (WxTiy — WyTi)

i=1 i=1
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4
= —a {ci(wxrl-y — wyrix)di + kl(wxriy — a)yrix)di (49)
=1

2 term1 term 2

the optimum value of each damping coefficient c; is chosen from ¢;,;,, t0 Cpnqy t0 Minimize the
time derivative of the Lyapunov function V by minimizing V; for each landing gear. In Eq. 49,
only term 1 can be manipulated by changing the value of the damping coefficient c;, if the sign
of (wyTiy — wyTiy)d; is positive then V; is minimized by choosing a large damping coefficient
and vice versa, on the other hand if the sign of (w,7i, — wy7i,)d; is negative then a small
damping coefficient should be used. Consequently, the value for each damping coefficient c;
is calculated as,

+ Cmin

> (50)

e = SO ] i ) 2

4.3. Simulation and Results

The performance of the variable damper landing gear is evaluated for two common high-
risk landing situations, landing with lateral velocity and landing on an inclined surface. For
each situation the simulation is done with and without lateral propellant sloshing for a lander
with a passive nominal landing gear and a lander with variable damper landing gear and the
simulation results are analyzed and compared. Table 11 summarizes the simulation parameters.

Table 11: Variable damper landing gear simulation parameters

Parameter Value Unit
Dry body mass 600 kg
Sloshing propellant mass 100 kg
Initial vertical velocity 0.5 m/s
Slosh natural frequency 0.6 Hz
Tank radius 0.5 m
Surface spring constant 100 kN/m
Surface damping coefficient 0.1 kNs/m
Landing gear spring constant 1.0 KN/m
Landing gear nominal dampin

coefficiir?t (Cnom) " 0 KNs/m
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Landing gear variable damping
coefficient

O.3Cnom - 3.0Cnom

kNs/m

4.3.1. Lateral Descent

Several simulations were conducted to examine the effectiveness of the variable damper

landing gear in stabilizing a lander with a lateral velocity at touchdown in the presence of lateral

propellant sloshing. Figure 30 shows the simulation results for a lander with passive landing

gears without sloshing. Figure 30 (a) shows the simulation overview, figures 30 (b) and (c)

show the attitude displacement and angular velocity of the lander, respectively. Figure 31

shows the simulation results for a lander with variable damper landing gears without sloshing.

Figure 31 (a) shows the simulation overview, figures 31 (b) and (c) show the attitude

displacement and angular velocity of the lander, respectively. Figure 32 shows the simulation

results for a lander with variable damper landing gears with sloshing. Figure 32 (a) shows the

simulation overview, figures 32 (b) and (c) show the attitude displacement and angular velocity

of the lander, respectively. Table 12 summarizes the key parameter values of the simulation.

a) Overview
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Figure 30: Passive landing gear lateral descent simulation (w/o sloshing, gravity constant = 1.0 m/s?, lateral

velocity = 1.5 m/s)
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Figure 31: Variable damper landing gear lateral descent simulation (w/o sloshing, gravity constant = 1.0 m/s?,
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Figure 32: Variable damper landing gear lateral descent simulation (w/ sloshing, gravity constant = 1.0 m/s?,

lateral velocity = 1.5 m/s)

The simulation results show that the variable damper landing gears equally enhances the

stability of the lander with and without sloshing. However, it does not reduce the effect that

lateral sloshing has on the lander stability as evident in table 10, the difference in the maximum

stable velocity with and without sloshing is the same for both landing gear systems.

Table 12: Maximum stable lateral velocities w/ and w/o sloshing for landers with passive and variable landing

gears (gravity constant = 1.0 m/s?)

i Maximum stable lateral velocity (m/s) i
Landing gear Wio Sloshing wi Sloshing Difference (m/s)
Passive 1.29 1.02 0.27
Variable damper 1.66 1.40 0.26
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4.3.2. Inclined Surface

Several simulations were conducted to examine the effectiveness of the variable damper
landing gear in stabilizing a lander touchdown on an inclined surface in the presence of lateral
propellant sloshing. Figure 33 shows the simulation results for a lander with passive landing
gears without sloshing. Figure 33 (a) shows the simulation overview, figures 33 (b) and (c)
show the attitude displacement and angular velocity of the lander, respectively. Figure 34
shows the simulation results for a lander with variable damper landing gears without sloshing.
Figure 34 (a) shows the simulation overview, figures 34 (b) and (c) show the attitude
displacement and angular velocity of the lander, respectively. Figure 35 shows the simulation
results for a lander with variable damper landing gears with sloshing. Figure 35 (a) shows the
simulation overview, figures 35 (b) and (c) show the attitude displacement and angular velocity

of the lander, respectively. Table 13 summarizes the key parameter values of the simulation.

Lander Attitude Lander Angular Velocity

N

Angular velocity (deg/s)
@
8

time (s) time (s)

a) Overview b) Attitude displacement c) Angular velocity

Figure 33: Passive landing gear inclined surface simulation (w/o sloshing, gravity constant = 1.0 m/s2,

inclination angle = 20 deg)
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Figure 34: Variable damper landing gear inclined surface simulation (w/o sloshing, gravity constant = 1.0 m/s2,

inclination angle = 20 deg)
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Figure 35: Variable damper landing gear inclined surface simulation (w/ sloshing, gravity constant = 1.0 m/s2,

inclination angle = 20 deg)

The simulation results show that the variable damper landing gears enhances the overall
stability of the lander with and without sloshing. However, the effect of lateral sloshing on the
lander stability is greater for a lander with variable damper landing gear as evident in table 11.
The difference in the maximum stable inclination angle with and without sloshing is the notably

higher in the case of a lander with variable damper landing gears.

Table 13: Maximum stable surface inclination w/ and w/o sloshing for landers with passive and variable landing

gears (gravity constant = 1.0 m/s?)

i Maximum stable inclination (deg) )
Landing gear wio Sloshing Wi Sloshing Difference (deg)
Passive 13.71 11.53 2.18
Variable damper 22.62 19.03 3.59
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5. Conclusions and Future Work

5.1. Summary

This research investigates the effects of propellant sloshing in a partially filled tank on the
dynamics and stability of landers. To do so, a simulation model of a lander is developed, the
model consists of 3 main parts, the lander rigid body model, the landing gear model, and the
propellant sloshing model. A mass-spring-damper model is used to characterize the behavior
of liquid propellant in a partially filled spherical tank. The mathematical model of the lander
system and its components is described in section 2. Section 3 presents the landing simulations
and the obtained results. To provide a comprehensive and thorough analysis, the simulations
are divided into 2 main parts, the first part investigates the effects of large amplitude propellant
sloshing on a lander under low gravity conditions as in the case of asteroid or comet landers.
The second part addresses the impact of lateral sloshing on a lander under high gravity
conditions as in the case of planetary or lunar landers. In section 4, we evaluate the performance
of variable damper landing gears proposed by Maeda et. al. [36] for planetary lander

stabilization in the presence of lateral sloshing.

5.2. Obtained Results

For the case of low gravity simulations, the results suggest that large amplitude propellant
sloshing in partially filled spherical tanks can have significant effects on the dynamics and
behavior of the lander at touchdown. However, the nature of the sloshing effect and its extent
are very dependent on external factors such as terrain conditions, lander velocity and direction,
and tank position with respect to the lander center of mass. Though, in all the landing
simulations, the results show that sloshing causes oscillatory behavior in the angular velocity
of the lander which can be harmful as it can excite oscillations in other flexible components of

the lander such as solar panels and appendages.
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For the case of high gravity simulations, the stability of the lander is examined with and
without lateral sloshing for 2 common high-risk situations, landing with lateral velocity and
landing on an inclined surface, at several gravity constant values. The results reveal that for
both situations, the presence of lateral sloshing deteriorates the stability of the lander at
touchdown. Moreover, the results show that the effect of lateral sloshing becomes more

apparent when increasing the value of the gravity constant.

For the variable damper landing gears, the performance of the system is examined in the
same 2 high risk situations, landing with lateral velocity and landing on an inclined surface. In
both situations, the variable damper landing gear improves the overall stability of the lander
with and without sloshing. However, for the case of landing with lateral velocity, it does not
reduce the effect that lateral sloshing has on the lander stability. Moreover, for the case of
landing on an inclined surface, the effect of lateral sloshing on the lander stability is greater for

a lander with variable damper landing gear
5.3. Future Work Recommendations

So far very few research studies have addressed the problem of propellant sloshing in
landers. This thesis constitutes the first comprehensive study on the effects of propellant
sloshing on planetary and small body landers, therefore there still exists several issues to be

taken into consideration for future work. Several recommendations are presented below:

1- In all the simulations conducted in this thesis, the spacecraft is assumed to be unactuated
and in ballistic descent, future studies may consider sloshing in actuated landers using
thrusters.

2- Consider the presence of flexible components such as solar panels and appendages.

3- Design of active landing gears for planetary landers for suppressing lateral sloshing.

4- Use computational fluid dynamics (CFD) in the analysis instead of equivalent mechanical

models to obtain more accurate results.
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